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Abstract

Novel materials were designed from hybrid organic-inorganic silica-based mesoporous
materials containing Cu(ll) complexes and were applied in selective oxidation reactions. The
localization of the metal sites was controlled using three different organosilane-ligands and
two different synthetic routes, either the one-pot synthesis or the post-synthesis grafting.

The organosilanes were: N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (L),
N-salicylaldimine-propylamine-trimethoxysilane (L% and N-(salicylaldimine)
-(N’-propyltrimethoxyl silane)-diethylenetriamine, (L®). In addition, Ni(ll) ion was used as
structural probe. The Ni(l1)-L*, Cu(Il)-L* and Cu(l1)-L? complexes were co-condensed with
sodium silicate using the one-pot synthetic route in the presence of cetyltrimethylammonium
tosylate as templating agent to built well-ordered periodic mesoporous organosilicas (PMOs)
of MCM-41 type. The as-made materials were submitted to treatments using a mixture of
chlorotrimethylsilane and hexamethyldisilazane or an appropriate amount of HCI washing to
extract template and maintain the mesoporous structure. The Ni(Il)-L*, Cu(I1)-L* or Cu(I1)-L®
complexes have been also grafted in the preformed mesoporous silica and evenly distributed
using the a molecular stencil patterning technique. A multiple technique approach has been
applied to thoroughly investigate the structure and morphology of the material as well as the
coordination of the metal sites, using XRD, TEM, N, sorption isotherms, elemental analysis,
TGA, DRUV, FT-IR and EPR spectroscopies. In addition, the chemical accessibility and the
leaching properties of the metal sites were tested using isothiocyanate (SCN°) as a ligand
probe, metal displacement of Ni(ll) by Cu(ll) ions or resistance to acidic leaching. Apart from
the known channel species obtained from grafting that are solution-like, two different frame-
work species were identified from their structural and chemical properties: the accessible and
non-accessible ones, named “embedded” and “showing on” sites, respectively. The catalytic
activity in phenol hydroxylation using hydrogen peroxide as oxidant and catechol oxidation
reactions using dioxygen as oxidant depends on the metal location. The grafted Cu(ll)-L3
complex exhibited the best catalytic activities and was working in water solutions. The con-
version and selectivity into valuable products, catechol and hydroquinone, were investigated
in function of time, temperature, pH and substrate to oxidant ratio. Catalyst recycling has
been also investigated.

Key words: one-pot synthesis; molecular surface engineering; hybrid mesoporous materials;
polyamine ligands; Schiff-base ligands; copper(ll) complexes; nickel(I) complexes; phenol
hydroxylation.



Résumé

De nouveaux matériaux ont été concus a partir de matériaux hybrides orga-
nique-inorganiques mésoporeux renfermant des complexes de Cu(ll). Ils ont été mis en
ceuvre comme catalyseurs dans des réactions d'oxydation sélective. La localisation des sites
du métal a été contrblée en utilisant trois ligands synthétiques le type organosilane et deux
stratégies différentes, c. ad.,une synthése dite "one-pot", et un greffage post-synthetique.

Les organosilanes ont été le N-(2-aminoéthyl)-3-aminopropyltriméthoxysilane (L%), le
N-propylamine-salicylaldimine-triméthoxy-silane  (L?) et le de N-(salicylaldimine)-
(N'-propyltriméthoxylsilane)-diéthylénetriamine (L%). En outre, lion Ni(ll) a été utilisé
comme sonde structurale. Selon la synthése "one-pot”, les complexes Ni(Il)-L}, Cu(Il)-L* et
Cu(11)-L? ont été co-condensés avec du silicate de sodium en présence d’un tensoactif, le cé-
tyltriméthylammonium tosylate. Ce dernier avait le réle de gabarit structurant pour la cons-
truction d'organosilices mésoporeuses périodiques (PMOs), de structure bien ordonnée de
type MCM-41. Ces matériaux ont ensuite été soumis a des traitements mis au point pour pré-
server la structure mésoporeuse utilisant un mélange de chlorotriméthylsilane et hexaméthyl-
disilazane ou une quantité appropriée de HCI aqueux (lavage) pour extraire le tensio-actif.
Dans les greffages post synthétiques, les complexes Ni(l1)-L*, Cu(l1)-L* ou Cu(11)-L® ont été
liés de facon covalent a la surface de silice mésoporeuse préformée selon une distribution
uniforme mettant en ccuvre une technique dite de pochoir moléculaire. Une caractérisation
multitechnique approfondie fut mener pour Vvérifier la structure et la morphologie du matériau
et pour déterminer le site de coordination du métal (XRD, TEM, isothermes d'adsorp-
tion-désorption d'azote, analyse élémentaire, ATG, spectroscopies DRUV, FT-IR et RPE). De
plus, I'accessibilité chimique du site métallique et le relargage du métal ont été testés en utili-
sant 1) l'isothiocyanate (SCN’) comme ligand sonde, 2) I’ échange des ions Ni(ll) par les ions
Cu (I) d'ions ou encore 3) la résistance a la lixiviation acide. Outre les sites métalliques des
canaux obtenus par greffage et trés ressemblant a des sites "en solution”, deux autres sites ont
été mis en évidence. Ils sont tous les deux situés dans les murs des pores. L un non accessible,
est appelé “site enlise”, I’autre est “site émergenant”. L'activité catalytique en hydroxylation
du phénol par le peroxyde d'hydrogene et oxydation du catéchol par le dioxygene dépend de
la localisation du métal. Les complexes Cu(ll)-L* greffés présentent les meilleures activités
catalytiques et fonctionnent dans I'eau. La conversion et la sélectivité en produits valorisables
comme le catéchol et I'nydroquinone, ont été étudiées en fonction du temps, de la température,
du pH et du rapport substrat /oxydant. Enfin, le recyclage du catalyseur a également éte étu-
dié.

VI



Mots clés: synthese « one-pot » ; ingénierie moléculaire de surface; matériaux hybrides mé-
soporeux; ligands polyaminés; ligands de type base de Schiff; complexes du Cu(ll); com-
plexes du Ni(ll); hydroxylation du phénol.
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1.1 History of heterogeneous catalyst

Nowadays, more than 90 % of the manufacturing processes through the world involve ca-
talysis, since it makes the manufacture of desirable products safer and cheaper. Catalysis is
also increasingly implied in atmospheric depollution and in the design of environmentally
compatible new technologies. The catalytic converter of automobiles is among examples of
atmospheric pollution reduction in the most wildly spread. In the field of chemistry, cataly-
sis is more and more considered one of the central tools for the development of green che-
mistry to reduce energy consumption and tackle the problem of waste in fine and specialty
chemical industries by reducing reaction temperature, replacing stoichiometric reagents and
improving selectivity. Furthermore, it is also related in the pursuit of new ways of generat-
ing energy either by harnessing solar radiation or making use of exothermal conversion of
abundant hydrocarbons such as methane, or small molecules such as the oxides of carbon.
In fact, catalysis is a chemical process in which the rate of reaction is increased in the
presence of molecular ions, polymers or any solid additives called catalyst. This additive of
course participates into the chemical pathways leading from the reactant to the formation of
the products but it is regenerated at the end of the chemical route. As a consequence, it can
be used again and again as far as it does not undergo alteration, called ageing. Therefore, it
does not affect the thermodynamic of the reaction and can be used in a tiny amount. In ad-
dition, it allows to run a given reaction at lower temperature, saving energy during a chem-
ical process.® Furthermore, the catalyst may favor one route among the possible routes that
usually end on different products.?> Consequently, the production of one chemical among
the other can be favored, changing the so-called selectivity toward the desired product and
minimizing wastes. Indeed, catalysis implies one or several molecular steps of the reaction,
changes the nature of the intermediate that are hardly characterized. Therefore, research in

catalysis implies i) theoretical modelisation on well defined catalytic systems, ii) kinetics
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studies and iii) development of catalytic systems. The actual thesis pertains to the third
kind.

There are three kinds of catalysts, homogeneous, heterogeneous catalysts and enzymes
classified from the kinetic behavior and the phases included in the process. Homogeneous
catalysts work in the same phase as the reactants. By contrast, heterogeneous catalysts
work in a different phase, usually this is a solid while the reaction medium is liquid or ga-
seous. Enzyme are proteins manufactured inside the living cells and functioning under
quite mild conditions, i.e., room temperature. They are considered as a separate group that
is not studied here though they have been taken as an inspiring model for the choice of ac-
tive sites in this thesis. Indeed, those sites not always characterized at the molecular level
are fascinating since they provide ultimate energy saving, selectivity, molecular efficiency
in clean media for most of reactions that a chemist can dream off. By comparison homoge-
neous catalysis, a pure product of man made molecular engineering, provides high molecu-
lar control and selectivity on a relatively large panel of reactions, but in rather harsh condi-
tions (toxic solvents, controlled atmospheres, high pressure etc) with drastic separation
problems, and limitation in scaling up the production. On the contrary, heterogeneous ca-
talysis provides easy separation, on-line process, large scale production (often use in petro-
leum refining). However, it suffers of limited molecular control and usually poor selective-
ly, most likely because it involves the surfaces that are very difficult to characterize. The
ideal situation would be to develop catalysts as clean as enzymes, as controlled and selec-
tive as homogeneous catalysts and as productive as heterogeneous catalysts. To develop
molecular control in the surface of solids is the main aim of this thesis. However, the route
is long and heterogeneous catalysis is an old story early recognized though various Nobel
Prize awards.

The beginning of the use of heterogeneous catalysis can date back to the early studies of
alcohol dehydration over alumina and alcohol oxidation over platinum metal. The applica-
tion of heterogeneous catalysts on industrial process emerged in 1900s with the require-
ment of increasing the reaction rate and reaching the maximal yield of a desired product.
An important discovery, by the father of the hydrogenation process, Paul Sabatier, is the
catalytic hydrogenation at the beginning of the twentieth century. He introduced a trace of

2
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nickel as a catalyst to facilitate and accelerate the addition of hydrogen to unsaturated mo-
lecules of gaseous hydrocarbon. For this work Sabatier shared the 1912 Nobel Prize in
chemistry. Meanwhile, Wihelem Normann took a patent in Germany in 1902 and in Britain
in 1903 on the hydrogenation of liquid oils in presence of nickel catalyst: this was the be-
ginning of what is now world wide industry. The landmark in the history of applied cataly-
sis is certainly the successful synthesis of ammonia from nitrogen and hydrogen in the
presence of a reduced magnetite (FesO,4) catalyst using a high-pressure process discovered
by Fritz Haber in 1909. In that time, he invented a process for the large-scale production of
ammonia for use in nitrogen fertilizer. Then Carl Bosch and Alwin Mittasch at the labora-
tories of Badische Anilin & Soda Fabrik (BASF) in Germany improved this catalyst and
made ammonia commercially available in large quantities in the years preceding World
War 1. For considerable contribution, Haber and Bosch both won the Nobel Prize in chemi-
stry in 1918 and 1931, respectively, for their work on iron catalysts. Their so-called Ha-
ber-Bosch process held tremendous impact, since it made possible a huge increase in agri-
cultural production and thus underpinned the 20" century’s massive population boom. After
1930s, catalysis using modified clays, microporous and mesoporous solids played a grow-
ing role in the petroleum industry and clean technology. In 1930s, acid-treated clays of
montmorillonite type improved the petroleum cracking process. Then, Houdry developed
the fixed-bed catalytic process of cracking crude oil to obtain petrol, now known as the
Houdry process. The earlier thermal cracking technology was able to break down heavy
hydrocarbon fractions into a much wider range of lighter fractions, in particular, a higher
proportion of unsaturated hydrocarbon gases. After 1970s, the leading actor of catalysis in
the industrial chemistry belongs to zeolite family.® These crystalline microporous alumino-
silicates exhibited strong catalytic activity and high selectivity to the desired products, in
addition with easy separation and high recover. As a landmark in this field, Mobil Oil
Company in 1975 discovered one of most versatile zeolites, the ZSM-5 zeolite. It was suc-
cessfully employed as acid catalyst in the manufacture of methanol to gasoline (MTG) in
1980s, which opened a window for synthetic fuel. In 1990s, the titanium silicate analogue
of ZSM-5 (TS-1) firstly reported by ENichem Company* provided a convincing heteroge-
neous alternative for the catalytic conversion of phenol into catechol and hydroquinone,

3
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which is an important industrial reaction for production of fine chemicals. However, its ap-
plication is limited by the relatively small pore opening (ca. 0.56 nm)° and weak diffusion
of the reactants and products in and out of the catalyst. In 1990s, mobile scientists and
Japanese scientists reported for the first time a new type of porous silicate characterized by
channel diameter ranging from 2.5 nm to 10 nm, high surface area (~ 1000 m®-g™*) and high
thermal stability (~ 550 °C).> " These features compared to zeolites opened opportunities
for the inclusion of bulkier guest molecules such as organometallic compounds and even
enzymes for the design of immobilized homogeneous catalytic sites in confined space that
may conveniently be organically tailored.

Until now, a vast number of metal complexes have been included inside the mesoporous
silica through post-functionalization, i.e. mere physical deposition or covalent grafting.®
For the former route, high metal loading can be reached (> 5 %). However, low metal dis-
persion is produced with low recyclability mainly because of the weak interaction of the
metal with the support and high leaching problems. By contrast, covalent grafting is based
on the formation of direct oxo bridges, “Si-O-Si”, between the tether of functions and the
support, which generate efficient, robust and more recyclable catalysts. However, the mod-
ification of the complex structure under grafting may alter the catalytic activity.” In addi-
tion, the strong covalent grafting process may easily create non-homogeneous metal distri-
bution in the pore network of the solid. One of the alternatives is to graft very tiny amount
of species at low temperature for prolongated period of time, which is not efficient. Another
approach consists in the design of a method that specifically overcomes the diffusion prob-
lem. This method called “molecular stencil patterning” (MSP) has been recently developed
in the laboratory.™ It is based on the preparation of the surface according to a regular
pavement pattern taking advantage of the repulsive charge of the quaternary long chain
surfactant molecules that occupy the mesopore channel of the material at the end of the
synthesis. This will be described in the literature survey.

Another alternative strategy consists to introduce directly the organic function in the
synthesis of the siliceous framework. This has been reported for the first time in 1999,
leading to a new type of materials referred to as periodic mesoporous organosilicas
(PMOs)."™® PMOs have been prepared through so-called one-pot synthesis also known as

4
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the co-condensation method since it involves a mixture of silicate precursor and organosil-
sesquioxane molecules in the presence of templating surfactant. They are unique as their
channel walls contain both inorganic and organic fragments. These fragments are statisti-
cally distributed in the framework of the inorganic component, and do not occupy the void
space of the channel after the removal of surfactant. Thus, this new synthetic approach ex-
tends the realm of mesoporous materials to “chemistry of the channel walls”. Combining,
chemistry in the wall and in the channel may provide, particularly if metals are at stake, a
great deal of possibility to design materials with redox, optical, charge-transport and mag-
netic properties. However, it requires the development of the “in wall chemistry” from or-
ganic to organometallic chemistry.

To our best knowledge, the first report on a catalytic active metal complex introduced
directly in the one-pot synthetic route of a templated mesoporous silicate of MCM-41 type
came from Corma et al. in 2004. It implied a very large vanadium salen type of complex,
where its location in the wall was not really proved. Anyhow, the material was catalytically
active in the cyanosilylation reaction. Probably, the second paper in this field came from
our laboratory with organophosphine rhodium type of complex.” In this study, a through
investigation of this SBA-3 based solid clearly evidenced the location of the complex in the
wall. In this case, hydrogenation catalytic activity was found close to that of the homogen-
ous catalysts. However, Corriu et al. showed that Co(ll) and Cu(ll)-cylam complexes may
be fully embedded in the wall and rendered inaccessible in the large wall of SBA-15 mate-
rials.®8 Since it appears that the cationic accessibility depends on the synthetic procedure,
one question raises on the structural parameter that controls this property. This problem is

treated in this thesis.

1.2 Aims and objectives of this Research

In the framework of the above context it appears that catalysis needs well-defined solids in
the pore of which high molecular control over the catalytic (metal) sites is achieved together
with a given accessibility to molecule and eventual reactants. In addition, one of the most dif-

ficult tasks for catalysis is oxidation reactions. To tackle the problem, the metal system cho-
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sen here were nickel(Il) and copper(ll) ions that both provide a lot of possible spectroscopic
characterizations of the sites. Moreover, and particularly for copper, there is a lot of examples
of proteins containing this metal that is active in oxidation catalysis.***" Already, two articles
have been published this year in the laboratory on this subject.”* % They concern grafted spe-
cies using the MSP technique. Here, nickel has been used as a spectroscopic probe to inves-
tigate the location of the ethylenediamine like complexes in the wall of a 2D hexagonal peri-
odic mesoporous silica of MCM-41 type. Comparison of copper and nickel and a search for
accessibility control using different ligands has been also treated, for such a kind of frame-
work sites. Finally, reactivity of the copper containing solids has been tested on hydroxyla-
tion of phenol into catechol and hydroquinone.

The porous solids were thoroughly investigated using a multitechnique approach, where
texture and porosity and metal environment of the complexes, as well as the catalytic activ-
ity, have been at stake using XRD, TEM, IR, N sorption isotherm, EPR spectroscopy,
diffuse reflectance UV-visible spectroscopy, cyclic voltammetry, GC and HPLC, characte-

rization tools.

1.3 Structure of manuscript

This thesis is composed of six chapters. The first chapter is the general introduction. The
second chapter is the bibliography survey concerning mesoporous materials, metal complex
functionalized mesoporous materials, characterization techniques and various applications.
The third chapter presents the experimental work. The fourth chapter is related to the in-
corporation of nickel ethylenediamine complexes in the pore wall of nanostructured porous
silica via one-pot synthesis, in which nickel (I1) complex is used as a probe to monitor the
metal location in the mesoporous material. The fifth chapter is related to the incorporation
of copper ethylenediamine and Schiff base complexes in a nanostructured porous silica. It
is composed of three parts: 1) the properties of Cu(ll) ethylenediamine complex depending
on its location in the mesoporous material, i.e., redox properties and catalytic properties; 2)
preparation and characterization of Schiff-base copper(ll) complexes with 2N20 coordina-

tion type incorporated in mesoporous silica via the one-pot synthesis route; 3) for compar-
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ison, another Schiff-base copper(ll) complexes with 3N1O coordination type have been
grafted on a mesoporous material according to the molecular stencil patterning technique.
Both types of materials with immobilized Schiff-base copper(ll) complexes are also sub-
mitted to catalytic oxidation tests. Finally, the sixth chapter contains the general conclu-

sions and perspectives.
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2.1 Silica-based mesoporous materials

Silica-based porous materials have witnessed an intense research activity over the past

25,26 27,28

decades on chemistry,?* physics, biology,? 2 theory,?” 8 simulation and medicine,? * due
to their tailor-made pore sizes and shapes which can lead to different behaviors of active
species in the porous materials as their bulk behaviors. In chemistry, they have been broad-

3132 chemical sensing,®® shape-selective catalysis,® na-

ly applied on selective adsorption,
notechnology and separation.® Recently, porous materials in the form of membranes have
been applied on the microreactors field.* In addition, the low dielectric constant and high
modulus make porous materials useful for microelectronic packaging.®’

According to the International Union for Pure and Applied Chemistry (IUPAC) nomen-
clature,® on the basis of pore size (diameter), porous materials can be divided into three
categories: microporous materials (< 2 nm), mesoporous materials (2-50 nm), and macro-
porous materials (> 50 nm). Well-known members of microporous class are zeolites, which
consist of aluminosilicate minerals. Zeolites with very regular pore structure of molecular
dimensions possess the ability to selectively sort molecules, which is known as “molecular
sieves”. A zeolite may be thought as being built up from [SiO4]* tetrahedra, each oxygen
being shared by two tetrahedra, and the substitution of aluminium giving [AlO4]> ions. One
excess negative charge introduced by each aluminium atom can be balanced through
Bransted acid like proton or Lewis acid such as a metal ion. Zeolites were firstly discov-
ered in the nature but they are rarely pure and showing various degrees of contamination by
other minerals, metals, quartz, or other zeolites, which excludes them from many important
commercial applications where uniformity and purity are essential. Synthetic zeolites with
pure compositions and defined structure were emerged and firstly synthesized by Sainte
Claire Deville in 1862.% Synthetic zeolites having a general formula
My (AIO,)x(SiO)y-ZH,O have been synthesized using organic molecules as struc-

ture-directing agents in the synthesis process. Today, around 100 different types of zeolites
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are known. They have been widely used in industry process as catalysts like H-ZSM-5 and
TS-1. However, except in a few systems, the mechanism of their formation is poorly un-
derstood and a real design of an open framework is difficult to reach. Furthermore, their
applications are limited by the relatively small pore opening. Indeed, pore enlargement has

been one of the main aspects in zeolite chemistry. In the 1990s,% %

the discovery of the
M41S family of silica-based mesoporous materials with an open-framework and
well-defined geometry opened a new domain in the research of porous materials. These
new mesoporous materials present two important properties: high surface per unit mass and
large pore size above 2 nm. The larger pore size compared to that of zeolites allows them to
be host for the inclusion of bulkier guest molecules such as enzymes and organometallic
compounds.? ?® In the synthesis process, supramolecules were firstly used as struc-
ture-directing agents, replacing the organic molecules which are largely employed in the
synthesis of zeolites. With different supramolecules and synthesis conditions, various
structures of silica-based mesoporous materials have been prepared in the past decades.
Their formation mechanisms, although still a matter of discussion, are understood in prin-
ciple. Besides silica-based mesoporous materials, non-silica based mesoporous materials

41, 42

have also been reported: mesoporous carbons, metal oxides (e.g., titanium, aluminum,

43,44 45,46

zirconium, tin, manganese, niobium), metal sulfides (e.g., germanium), and metal
phosphates (e.g., aluminum, zirconium),**° for satisfying different practical needs. In this

work, we will focus on silica based mesoporous materials.

2.1.1 Early steps of mesoporous materials

The first examples of mesoporous materials were reported by Mobile scientists® *° and
Japanese researchers” * in the early 1990s through a supramolecular- templating strategy,
which has been a big breakthrough in materials synthesis. Three M41S mesophases, namely,
MCM-41 (hexagonal, pemm), MCM-48 (cubic, la3d), and MCM-50 (lamellar, p2) were
synthesized from the hydrolysis and condensation of tetraethyl orthosilicate (TEOS) in the
presence of ionic surfactants (C16- alkyltrimethylammonium halides) as structure-directing

agents (SDA) under basic conditions, and their structures are shown in Figure 2.1. These
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three types of mesoporous materials can be obtained by varying the surfactant/silicon ratio.
At a surfactant/Si ratio of less than 1, the predominant product appears to be the hexagonal
phase, MCM-41. When the ratio is beyond 1, a cubic phase (MCM-48) can be produced.
As this ratio further increases, a lamellar phase (MCM-50) is formed. Besides the surfac-
tant C16-alkyltrimethylammonium halides, other surfactants with different carbon chain
length (C8- C14 alkyltrimethylammonium chloride) as well as auxiliary hydrophobic swel-
ling agents have been used as structure-directing agents in the synthesis process, leading to
M41S like materials with various pore sizes. They show a regularly ordered pore arrange-
ment and a very narrow pore-size distribution that varies from 1.5 nm to 10 nm.

a) o]

o
0o

90

Figure 2.1 Structures of mesoporous M41S materials: a) MCM-41 (2D hexagonal, space group
pémm), b) MCM-48 (cubic, space group la3d), and ¢) MCM-50 (lamellar, space group
p2).°

2.1.2 Synthesis of mesoporous materials

After the first reports by Mobile scientists and Japanese researchers, various other silicate
sources such as fumed silica and sodium silicate have been successfully used for the prep-
aration of M41S like materials, taking economy and easy preparation into consideration. In
addition, counterion p-toluene-sulfonate replacing halides in the surfactant of
C16-trimethylammonium has also been used to successfully synthesized MCM-41 like
material named LUS.>

In the synthesis of M41S like materials, the supramolecular-templating approach can be
considered as a molecular imprinting method in which polymerization process takes place
around the template forming complex ordered periodic structures. According to this idea,
polymers, cationic, anionic, and neutral amphiphiles with various chain lengths as supra-

molecular templates and auxiliary hydrophobic swelling agents have been successfully
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used to prepare ordered mesostructured materials with various structures and pore siz-
es.>>*® The detailed description concerning these materials will be presented in section
2.1.3.

The removal of the template from the as-made material is usually achieved through ei-

11.12.57 j @ using ethanol, acid ethanolic solution or

ther calcination® or solvent-extraction,
on ion-exchange agent (NaCl or NH,4CI). The choice of the best approach to be employed
on the as-made solid should be done according to practical needs. The calcination approach
leads to an important loss of silanol groups of the internal surface which make the surface
less functioned for further grafting other groups, causes shrinkage of the pore sizes and is
also economically and ecologically unfavorable. The solvent-extraction approach can keep
a maximal number of silanol groups. However, the obtained structure is easy to collapse in
aqueous solution at high temperature. Some authors have reported that partial silylation or
capping the internal surface with hydrophobic groups such as trimethylsilyl (TMS) can in-
crease their aqueous-thermal stability.®® *° Generally, solvent-extraction and capping are
very favorable for the mesoporous materials functionalized with organic groups in order to
keep the organic functions.® In addition, supercritical fluids such as CO, have been applied

to mesoporous silica, resulting in an increase of the hydrolytic stability of the surface

groups.®

2.1.3 Different types of mesoporous materials

Nowadays, mesoporous materials have become a big family. Here, a table considering the
most representative mesoporous materials is given: the structure-directing agent (SDA)
used, synthesis conditions, silica source, dimensionality crystal system, space group and
mean pore size (¢) are reported (Table 2.1). Among these mesoporous materials, MCM-41,
SBA-15 and HMS are the most widely used. SBA-15 which possesses a very large pore
size of ca. 7.8 nm can be a good host for the inclusion of large molecules.”® HMS which
presents a less structured hexagonal structure is difficult to monitor the change in the
framework or in the channel.?* In this thesis, we will focus on MCM-41 type of materials

since they possess a well-defined structure (2D hexagonal), controllable pore size (homo-
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geneous diffusion regime), high thermal and mechanical stability and the synthesis of these
materials are highly reproducible.® In particular, we will use LUS (Laval University Silica),
which is a 2D hexagonal (p6mm) mesostructured silica which has been developed in our
group.®® The high specific surface allows high loading of active sites. Moreover, the or-

dered mesostructure of the solid facilitates the control of the internal pore surface and the

framework.
Table 2.1  Physical properties of various mesoporous silica materials.
Sample SDA? Silica conditions Dimensionality ¢° (nm)  Reference
code source crystal system,
and space group
MCM-41 CTACI, CTABr TEOS alkaline 2D hexagonal 3.7 Beck et al.’
(p6mm)
MCM-48  CTACI, CTABr TEOS alkaline  Cubic (1a3d) 35  Becketal®
MCM-50  CTACI, CTABr TEOS alkaline  Lamellar (p2) Beck et al.’
FSM-16 CTACI 8-Na,Si,Os alkaline 2D hexagonal 2.8 Inagaki et
(p6mm) al.®?
SBA-3 CTABr+HBr tetraalkyl acid 2D hexagonal 2.8  Huoetal”
orthosilicate (p6mm)
SBA-15 PEO-PPO-PEO  TEOS aicd 2D  hexagonal 85  Zhaoetal™
(p6mm)
HMS Dodecylamine, = TEOS alkaline  hexagonal (disor- 2.8 Zhang et
tetradecylamine dered) al.®
MSU-2 PEO TEOS neutral  Hexagonal (dis- 35 Bagshaw et
ordered) al.>®
KIT-1 CTACI Na,SiO3 acid hexagonal (disor- 35 Ryoo et
dered) al.>
LUS CTATos Na,SiO3 alkaline 2D hexagonal 3.7 Bonneviot
(p6mm) etal. >
a: CTA": cetyltrimethylammonium, PEO-PPO-PEO: poly(ethylene oxide)- poly (propylene

oxide)-poly(ethylene oxide); PEO: biodegradable polyethylene oxide; Tos: p-toluene-sulfonate; b:
TEOS: tetraethyl orthosilicate; ¢ : mean pore size report.

2.1.4 Formation mechanism

Two main formation mechanisms have been proposed for the M41S series of materials. The

first mechanism proposed by Beck et al. is known as liquid crystal templating (LCT),® as
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shown in Figure 2.2. In the pathway (1) ordered liquid crystalline arrays form before the ad-
dition of silicate species. In this case, the surfactant liquid-crystal phase serves as template.
And then silicate species nucleates and grows within the surfactant tubules. Further hydro-
lysis and condensation of silicates lead to an ordered array of surfactant-inorganic compo-
sites. In the pathway (2) silicate species in solution play a more active role in directing the
formation of the hexagonal ordering mesophase through the charge balance with the sur-
factant ions. In this mechanism, a large enough concentration of surfactant is needed to
form the liquid crystal phase. The second proposed mechanism is called cooperative

self-assembly suggested by Stucky et al.,*

as shown in Figure 2.3. In this mechanism, the
mutual interaction between the cationic surfactant (S*) and partially hydrolyzed silicates
creates well-ordered supramolecular aggregates. The partially hydrolyzed silicates are be-
lieved to serve both as charge balancing groups and to facilitate the ordering of the supra-
molecular structures. Therefore, the concentration of surfactant can be as low as the critical
micelle concentration (CMC). In Figure 2.3, prior to silicate addition, the surfactant is in a
dynamic equilibrium between spherical or cylindrical micelles and single molecules as
shown in the stage of the precursor solutions (Figure 2.3(A)). After the addition of the silica
source, the multicharged silicated species displace the surfactant counterions to form or-
ganic-inorganic ion pairs which reorganize first into a silicatropic mesophase followed by
silica cross-linking as shown in the ion exchange part (Figure 2.3(B)). The nature of the me-
sophase, i.e. hexagonal or lamellar, is controlled by the multidentate interaction via the in-
terface packing density (Figure 2.3(C)). Comparing these two mechanisms with experimen-
tal data, the presence of hexagonal, lamellar and cubic mesoporous silicates that are analo-
gues to liquid crystalline phases existing in a pure surfactant solution supports the former
mechanism. However, the dependence of the mesostructure on the precursor concentration
and the absence of some mesostructures with liquid crystalline counterparts seem to sup-
port the latter mechanism. Even in these cases, the general consensus currently seems to be

that the second mechanism is the correct for most of the syntheses even if there is still some

controversy on its details.
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The cooperative organization process is not limited to ion pairs formed by quaternary
ammonium surfactants (S*) and anionic inorganic species (1), (S'I") (Figure 2.4a). It can be
generalized to other three pathways:

1) halides counterion-mediated (S*XI*, X'= CI', Br). The preparation takes place under
acidic conditions (pH~ 2), whereby the silica species are positively charged. Thus a media-
tor ion X" is necessary to be added to produce an interaction between the surfactant and the
silica (Figure 2.4b).

2) alkali metal counterion-mediated (SM*I, M* = Na*, K*). In this case, it is possible to
work in basic media, whereby the surfactant is negatively charged. A mediator ion M™ is
required for ensuring interaction between the equally negatively charged silica species
(Figure 2.4c).

3) anionic surfactant such as phosphonates, sulphonates and carboxylates (S and cationic
precursors (I"), (S'1*; Figure 2.4d).

Furthermore, other nonionic surfactants are used for the synthesis of mesoporous mate-
rials, such as neutral monomers (S°), (S°I° pathway), non-ionic alkyloligoethylene (N°),
(N°I° pathway; Figure 2.4e), or ion pairs pathway (S°(X1)°; Figure 2.4f).

Besides aforementioned non-covalent interactions (electronic interactions, van der Waals
or H-bondings), in the so-called ligand-assisted liquid-crystal templating mechanism, co-
valent bonds are formed between the inorganic precursor species and the organic surfactant
molecules followed by self-assembling of the surfactant. Generally, non-covalent interac-

tions are favorable for a successful synthesis of mesostructured materials.
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b)

d)

Figure 2.4 Interactions between the inorganic species and the headgroup of the surfactant with con-
sideration of the possible synthetic pathway in acidic, basic, or neutral media. Electros-
tatic: S*I", S*X1I*, SM'I", S'1*; through hydrogen bonds: S°1°/N°1°, S°(X1)°.¢®

2.1.5 Textual properties

2.1.5.1 Morphology control

The morphology of mesoporous materials can be controlled by changing the synthesis pH,
the template, the reaction time, the synthesis temperature and the solvent. Various mor-
phologies such as thin films, membranes, curved shapes,®®® patterns,®® fibers, spheres® ©’
and monoliths®® ® have been developed since the final application of the material will im-
pose a preferable morphology. Generally, for the morphologies of thin films, membranes,
fibers and spheres, the (S*X'I") approach has been successfully employed since the S*XI*

interaction is weaker in acidic synthesis.”® Monoliths can be prepared using non-ionic sur-
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factants such as Pluronic copolymers.®® Solvent evaporation techniques, growth from solu-
tion and alternative deposition techniques have also been employed to synthesize meso-
porous materials with different morphologies. MCM-41 materials have been successfully

synthesized with the aforementioned morphologies such as sphere®” and monolith mor-

69, 71

phologies (Figure 2.5).

Figure 2.5 SEM images of spheres of MCM-41 samples synthesized in basic conditions with metha-
nol as cosolvent.®” SEM images of monoliths prepared by spinodal decomposition.”™

2.1.5.2 Adjustable pore size

The pore size of mesoporous materials can be adjusted above 2 nm through various ap-
proaches for satisfying the need of applications such as catalysis, sensors and drug delivery.
Different general approaches have been reported: 1) post-synthesis treatments;’* "® 2) the
use of surfactants with different chain length;’* 3) the use of polymers as templates,*such
as poly(ethylene oxide) and polyalkylene oxide blocks; 4) swelling agents incorporated in

> amine,” triisopropylbenzene,”

the formed micelles, such as 1,3,5-trimethylbenzene,
mesitylene® and tetraalkylammonium’®; 4) tetraethoxysilane (TEOS) served as both swel-
ling agent and a silica source®’; 5) high temperature during synthesis or post-synthesis
treatment’® " 8 6) suitable pH of synthesis, reaction time and calcination conditions.

In many cases, swelling agents are considered to be responsible for the enlargement of
the pore sizes. However, in high temperature synthesis, the swelling action is not contri-

buted from the original swelling agents added but from the hexadecyldimethlyamine that is
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generated in situ by the decomposition of part of the surfactant cations.” 8" 2

Combining the aforementioned different treatments and synthesis factors, the aim is to
tune much larger mesopores with relatively narrow pore size distributions. For the pore
size of MCM-41, it can be enlarged to 11 nm with a narrow pore-size distribution reported

by Sayari et al. using N,N-dimethylhexadecylamine as expander.”

2.1.5.3 High silanol density

The specific density of silanol groups per gram of silica depends on many factors such as
the synthesis conditions, surface area and the method used to remove the template (SDA).
Generally, mesoporous materials possess a high density of the silanol groups especially in
the internal surface due to incomplete condensation of silica source during the sol-gel syn-
thesis. Concentrations of between 1.4 and 1.9 groups/nm? have been determined for the
cubic MCM-48.2 For MCM-41, a concentration between 2 and 3 groups/nm? has been re-
ported.® In particular, the silanol density of a LUS silica (MCM-41 type), which is going
to be used in this work, is about 4.4 groups/nm?.%

In the surface of MCM-41, there are mainly three types of silanol groups: free silanol
(=SiOH), geminal silanol (=Si(OH);) and hydrogen-bonded silanol groups (Figure 2.6).
The first two can be used to graft functional groups, whereas, the last one is less accessible

to modification.®

H H H H H H
o/ o7 0o/ o
i — s
S
Silanol type: Single Hydrogen-Bonded Geminal
IR absorption band (cm ™'y 3738 cm ' 3200-3600 em™ 3738 cm™’
MNMR resonance (ppm) — 101 ppm - 101 ppm U2 ppm

Figure 2.6 Schematic representation of the three types of SiOH groups in siliceous MCM-41 and their
characteristics.*

A coin has two sides. Silanol groups can be used for grafting functions like organic

groups or metal complexes. However, in some cases, silanol groups may induce negative

15, 58 86, 87

effects such as in hydrothermal stability and in catalysis (vide infra). Therefore,
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partial silylation of surface silanols may be required to some extent depending on the ap-

plication of the material. This will be discussed later (cf. Chapter 4).

2.1.6 Characterization

Mesoporous materials are generally characterized by a variety of techniques, such as X-ray
diffraction (XRD), N, sorption measurements, electron diffraction (ED), transmission elec-
tron microscopy (TEM), scanning electron microscopy (SEM), Fourier transform infrared
(FT-IR) spectroscopy and silicon nuclear magnetic resonance (*°Si NMR), to name just a
few. Among these techniques, XRD, FT-IR and N, sorption measurements are very impor-
tant measurements to characterize the structure and the textual properties of mesoporous
materials. In the following, the main characteristics of LUS, the mesoporous silica that has

been used in this work, are presented.

2.1.6.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is one of the most important characterization tools used in solid
state chemistry and materials science. Each crystalline solid has its unique characteristic
X-ray powder diffraction pattern which can be used to determine its structure and as a
“fingerprint” for its identification. For example, LUS is a hexagonal structured material
with long-range ordered pores (Figure 2.7A). The XRD pattern shows four peaks assigned
to <100>, <110>, <200> and <210> reflections (Figure 2.7). In fact, these peaks reflect the
hexagonal unit of structure, for example, the <100> reflection corresponds to the diffract-
ing planes of the two layers of hexagonal structure (Figure 2.7A). The spacing between dif-
fracting planes digo can be obtained from the Bragg’s law: 2dsingd = n\ (0 is the incident
angle, n is any integer, and A is the wavelength of the beam). The L or ap which is the lattice
factor (Figure 2.7A), i.e., the distance between the center of two hexagons and can be cal-

culated from ag=2*d;00/3 2.
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Figure 2.7 XRD patterns of as-made LUS. Internal Figure A: arrangement of pores and plans reticular
Miller indices (100) and (110) for a symmetric hexagonal structure (part A).

2.1.6.2 Fourier transform infrared spectroscopy (FT-IR)

Fourier Transform Infrared Spectroscopy (FT-IR) is a spectroscopic technique that deals
with the middle infrared region of the electromagnetic spectrum (400 - 4000 cm™). Each
covalent bond of organic functions and inorganic species exhibits a characteristic frequency
of vibration in FT-IR spectroscopy which can be used to identify its component. The vibra-
tion forms of molecules are primary two types: 1) stretching vibration (v), 2) bending vi-
bration (5). Generally, stretching vibration modes are observed at higher frequency than
that of bending vibrations for a same covalent bond.

The main FT-IR features of as-made LUS are presented in Figure 2.8 and Table 2.2. The
absorption bands observed are attributed to the vibrations from both silica and template
(SDA). The characteristic absorption bands of silica are the following: bending vibration
8(0-Si-0) of valence angle of tetrahedral SiO, located at 450 cm™, symmetric stretching
vs(Si-0) of tetrahedral SiO4 located at 800 cm™, asymmetric stretching vas(Si-O) of tetrahe-
dral SiO4 located at 950 - 1300 cm™ range, stretching v(O-H) of H,O of silanol groups in
the surface of silica located at 3000 - 3600 cm™ range. The template (hexadecyltrimethyl-
ammonium p-tolunensulfonate (CTATos) exhibit bands at 2850 cm™ and
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Figure 2.8 IR spectra of as-made LUS.

Table 2.2 FT-IR data for an as-made LUS.

Wavelength (cm™) Vibration

450 3(0-Si-0) of valence angle of tetrahedral SiO4
800 vs(Si-0) of tetrahedral SiO4

950 v(Si-0) of silanol groups (=SiOH)

970~1300 vas(Si-O) of tetrahedral SiO4

1477 8ss (N-C) of CTA"

1500 8(C-H) of -CH, and —CH5 groups from CTA"?
1650 3(H-O-H) of H,0

2852, 2920 vs(C-H) and v,5(C-H) of -CH, groups from CTA"
3000 - 3600 v(O-H) of H,0 and silanol groups (=SiOH)

a: CTA": hexadecyltrimethylammonium

2918 cm™ which are assigned to the symmetric stretching vs(C-H) and asymmetric stret-

ching vas(C-H) stretching vibrations of the -CH,- groups of the template (CTA"), respec-
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tively, and band at 1477 cm™ which is attributed to asymmetric bending 8(N-C) of the tem-
plate (positively charged head). In addition, FT-IR spectra also can be used to quantify spe-
cies by an adequate treatment of spectra, such as amount of template, amount of trimethyl-

silyl, which will be presented in the next chapter.

2.1.6.3 N, sorption isotherm

N, sorption measurements have been used to determine the physical textural properties in-
cluding surface area, pore size distribution and pore volume per gram. This technique is
based on the physical adsorption of gas (generally N;) on the internal and external surface
of the solid. N, sorption analysis works under a constant temperature (usually 77 K), by
measuring the amount of gas adsorbed at each relative pressure (compared to the atmos-
pheric pressure). The adsorption-desorption isotherm can be thus obtained. The isotherm of
the mesoporous materials here studied is of type IV according to the IUPAC classifica-
tion.*®

The isotherm of calcined LUS is depicted in Figure 2.9 and the pore size distribution is
shown in the insert. Each step of the adsorption isotherm can be interpreted as follows:

- region A: the adsorption at very low relative pressure, P/Py < 0.05, is due to monolayer
adsorption of liquid N, on the walls of the pores. In addition, the rapid increase of N,
adsorption observed (P/Py < 0.05) is most probably due to the presence of micropores.

- region B: 0.05 < P/P, < 0.3, it corresponds to the multi-layer adsorption of liquid N, on
the walls of mesopores.

- region C: 0.3 < P/Py < 0.5, an rapid augment of adsorption is due to the capillary con-
densation on the walls of mesopores. The starting point of the hysteresis loop corres-
ponds to the liquid N, condensation in the smallest mesopores, the end of the loop is
relative to the filling of the largest mesopores with liquid N,.

- region D: 0.5 < P/Py < 0.95, the adsorption of liquid N, takes place on the extra surface;

0.95 < P/Py < 1, we think it is due to the N, adsorption between the grains of solid.

Different theoretical models can be applied to analyze the experimental data. Among the
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theories, Barrett-Joyner-Halenda (BJH)® and Broekhoff-De Boer (BdB)®® approaches are
widely used for calculation of the pore size. The pore volume is calculated from the max-
imal amount of adsorbed liquid nitrogen around P/Py= 0.98. The calculation of the surface
area is based on the BET (Brunauer, Emmett and Teller) theory which was developed in

1938 based on Langmuir adsorption model.*°
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Figure 2.9 Nitrogen adsorption-desorption isotherm of calcined LUS and pore size distribution using
BJH method (insert).

2.2 Mesoporous materials immobilizing organic groups

The field of organic-inorganic hybrid mesoporous materials bridges chemistry (organic,
inorganic, organometallic, and polymer) to materials science. In fact, the idea of combing
the properties of organic and inorganic compounds to form unique materials is relatively
old and started with the beginning of the industrial era. But only recently, more extensive
and systematic studies have been used to make hybrid organic-inorganic materials for many
applications, such as catalysis, optics, sensing, separations and microelectronics.
Silica-based mesoporous materials are the good candidates for supporting organic func-
tions due to their large pores sizes above 2 nm and abundant silanol groups on the surface.

A number of studies to locate functions on mesoporous silica are reported. Functions can be
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located either in the channels or in the pore walls. Three main approaches are available for
the synthesis of porous hybrid materials starting from type of organoalkoxysilane units
(Figure 2.10): 1) grafting (post-synthesis) approach, the subsequent modification of the pore
surface of a purely inorganic mesostructured silica; 2) co-condensation approach (or
one-pot synthesis), the simultaneous condensation of corresponding silica and organosilicas
precursors; 3) co-condensation (one-pot synthesis) approach, the incorporation of organic
groups as bridging components directly and specifically into the pore walls by the use of

bisilylated single-source organosilicas precursors (PMOSs).

P

Si(OR")s + @~ Si(OR); suoa'),) (RO);Si—(RD— Si(OR)

Figure 2.10 Three synthesis approaches for mesoporous hybrid materials.®®

2.2.1 Grafting method

2.2.1.1 Grafting with passive surface groups

Grafting approach or post-synthesis is based on the reaction of organosilanes with free si-
lanol (=Si-OH) and geminal silanol [=Si(OH)] groups on the surface of the mesostructured
silica using an appropriate solvent, e.g., toluene or cyclohexane, under reflux conditions
(Figure 2.11). Silica-based mesoporous materials have been functionalized with low reactiv-
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ity groups, such as, trimethylchlorosilane, chloroalkyldimethysilanes, disiloxane
[Si(CHs)s]20, disilazane agents of the type HN(SIR'R,?), (R = H, Me, Ph, vinyl, "Bu,
"Oct).”* The functionalized mesoporous materials exhibit a reduction of pore size and pore
volumes compared to the initial mesoporous material. The silanol groups in these materials
are passivated, the surface hydrophobicity is increased and thereby the stability to moisture
and mechanical compression is improved. This technique can be also applied to the design
of multifunctional mesoporous materials. Shanks et al. have reported the multifuntionalized
mesoporous silica (SBA-15 type) with sulfonic acid and hydrophobic organic groups
(Et-Si=) exhibiting a high catalytic conversion for the esterification reaction, which is most

probably due to the hydrophobic environment provided by the organic groups.®’

CI-SiR; or RO-SiR; or
H (S|R3)2NH or (SIRg)zO

OH iHi

Figure 2.11 Grafting (post-synthesis) for organic modification of mesoporous silica phases with vari-
ous organosilanes.”

2.2.1.2 Grafting with reactive surface groups

A number of reactive silane-coupling agents have been grafted on mesoporous silica in the
aim of various applications. These reactive agents are olefins, nitriles, alkylthiols, alkyl
amines, alkyl halides, epoxides, and other surface groups.” Olefins, such as vinyl groups,
can be modified by bromination or hydroboration. Alkylthiols can be oxidized to sulfonic
acid, and nitriles can be hydrolyzed to form carboxylic acids. Alkyl halides can introduce
other functions by nucleophilic substitution. Functionalized mesoporous silica with the
above agents can be used as absorbents, e.g., thiol-functionalized MCM-41, ami-
no-functionalized MCM-41 and SBA-15 for absorption toxic metals, vinyl-MCM-41 for
sorption organics, reported by Mercier, Pinnavaia,®* Feng,®® Su,** Stein,** Yoshitake® and
their co-workers. They have been also used for catalytic reactions, e.g., sulfonic

acid-functionalized mesoporous material as catalyst for esterification of glycerol with fatty
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87, 96 97, 98

acids and bisphenol-A synthesis, amino functionalized mesoporous materials as
catalyst for the Knoevenagel reaction.*®

Using this approach, the occupation of the channel space by the organic functions in
some cases takes place at the external surface and near the pore openings of the material
which is problematic. However, this method does not compromise the mesoporous struc-

ture.

2.2.2 Co-condensation method (one-pot synthesis)

Co-condensation of a tetraalkoxysilane [(RO)4Si (R=Et, Me)] and one or more organosi-
lanes of the type (RO)3SiR’ (R=Et, Me) in the presence of supramolecular molecules as
structure directing agents (SDA) is an alternative method to produce hybrid mesoporous
materials with organic functions in the framework (Figure 2.12). A large number of substi-
tuents R’ of the (RO)3SiR’ organosilane has been reported: 3-aminopropyl, 2-cyanorthyl-,
3-chloropropyl, ethyl-, propyl-, mercaptopropyl-, phenyl-, vinyl-, to a name few.** Like the
hydrolysis and condensation of tetraalkoxysilane, e.g., preparation of MCM-41 or SBA si-
lica phases, the sol-gel chemistry of organotriakoxysilanes depends on the trialkoxylsily
group R of (RO)sSIR’, size, length and steric hindrance of the organic groups R’ of
(RO)3SiR’, water quantity and pH.*® Hybrid mesoporous materials with organically mod-
ified surfaces can be prepared through a S*I°, S*X1*, S°1°, and N°I° pathways (Figure 2.4).®>
L A very interesting work using the S'I* pathway has been reported by Che and co-workers,
where the ammonium-functionalized silicas can be synthesized using the chiral anionic
surfactant N-acyl-L—alanate. After calcination, mesoporous silicas with helical chirality can
be formed.'*

Generally, the content of organosilane in the modified silica phases can reach 40 mol %,
and still maintain an ordered meosoporous structure. The template removal can be achieved
either via treatment with ethanol or an acidic ethanolic solution or through ion-exchange
(NaCl or NH4Cl). However, calcination is not suitable in most cases.

If grafting and co-condensation methods are compared, organo-units are generally more

homogeneously distributed in materials synthesized with co-condensation methods, and
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pore blocking is not a problem in the co-condensation approaches.

Figure 2.12 Co-condensation method (one-pot synthesis) for the organic modification of mesoporous
pure silica phases. R=organic functional group.®

2.2.3 Preparation of periodic mesoporous organosilicas (PMOs) by

co-condensation (one-pot synthesis) approach

The periodic mesoporous organosilicas (PMOs) were born in 1999 in three groups, i.e., In-
agaki,™* Ozin'? and Stein™. The synthesis approach of PMOa also profits of the supramo-
lecular templating technique. They were synthesized through co-condensation of
bis(trialkoxysilyl)organic units (RO)sSi-R’-Si(OR)3 in the presence of structure-directing
agents (Figure 2.13). These bridged silsesquioxanes are hexafuntional molecules with six
hydrolysable and polymerizable groups, thus they can quickly undergo hydrolysis even in
dilute solutions. The nature of the R’ group in the (RO)3Si-R’-Si(OR)3 units for the synthe-
sis of PMOs can vary from ethane, ethylene and methylene to ferrocene, 1,4-phenylene,
thiophene and benzene. The obtained PMOs possess high surface areas (> 600 m®.g}),
large pore size (> 2 nm) and a type IV isotherms determined by N, sorption measurements.
The framework of PMOs is composed of silica and organic units which are homogeneously
distributed in the pore wall. Even crystal-like pore walls of PMOs have been observed by

Inagaki and co-workers using benzene-bridged organosilane [(RO)sSi-CsHa-Si(OR)3]'%.
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PMOs have been applied in chromatography, host-guest chemistry, separations and cataly-
sis, due to the periodic and uniform arrangement of mesopores, the narrow mesoporous size

distribution and the presence of functional organic groups in the framework.

si .
(o] \ / o] extraction /
é | o ~ I' “ l‘ calcination
TS QN

Figure 2.13 General synthetic pathway to PMOs that are constructed from bissilylated organic bridg-
ing units using the co-condensation method (one-pot synthesis). R=organic function.®®

2.3 Incorporation of metals in mesoporous materials

Incorporation of metals in mesoporous materials has been largely developed for catalytic
applications, since the introduction of metals allows fine-tuning of acidity or redox proper-
ties, like in zeolites and amorphous aluminosilicates. Various metals have been introduced
in the mesoporous materials, such as B, Ga, Ti, V, Al, and transition metals (Ni, Cu, Mn, Co,
Fe).*® There are numerous of approaches for the introduction of metals into mesoporous
materials. Here, we present two types: 1) introduction of metal ions without organic ligands,
in which the final materials consist of metal oxides and silica; 2) introduction of metal ions
with organic ligands, in which the obtained materials are composed of metal complexes and

silica.

2.3.1 Without organic ligands
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Metal salts as precursors. We have seen that metal modification of the composition of
mesoporous materials is possible by the one-pot synthesis or post-treatment. In the one-pot
synthesis, metal salts are added in the initial gel. The post-treatment can be performed ei-
ther by impregnation or by ion-exchange; both cases the reaction takes place between the
metal salt and the initially prepared silica mesoporous material. The resulting materials
from these two different methods are not necessarily identical. The one-pot synthesis can
typically lead to a relatively homogeneous distribution of the metal ion, whereas, the
post-treatment primarily modify the pore surface and thus result in the increase of the metal
concentration mainly on the surface. The post-treatment also can be performed through a
grafting method. Tilley et al. were pioneered in the approach to prepare single-site “grafted
catalysts” by using a technique that they designate as precursor route.'® *** For example,
using (‘PrO)Ti[OSi('Bu)s]s and Ti[OSi(‘Bu)s]s as precursor, which are respectively grafted
on MCM-41 and SBA-15, respectively, catalysts with single sites (OH)-Ti-(OSi); and
Ti-(OSi),4 can respectively be obtained. Using this approach, orther mesoporous materials

with single-site metal centers, such as, Ti, Cr, Fe and V, have been obtained.

Metal complexes as precursors. There are also some examples to show that an adequate
choice of the metal precursor in the post-treatment can increase the metallic dispersion in
the mesoporous material. Che et al. have observed that during the adsorption of
Ni(NH3)x(H20)-2x) complexes on SiO,, the metal complex loose the aquo ligands which
are replaced by =SiO” from the surface of the silica.'® In addition, the mono-dentate NH;
ligand can be easily replaced by a water molecule during drying and calcination, which
may lead to condensation of the complexes by olation or oxolation, resulting in the forma-
tion of nickel phyllosilicates and nickel hydroxide on the final material.*® By the contrast,
the use of the bidentate ligand (ethylenediamine, en) instead of NH3 can lead after calcina-

tion to a relatively higher amount of isolated Ni species better dispersed in the silica."%’

2.3.2 With organic ligands

Hybrid materials composed of silica and metal complexes can possess advantages both
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from metal complexes and from the insoluble supports, such as, a heterogeneous silica cat-
alyst with metal complexes as active sites, which present an easy separation and recovering
because of the solid support. There are four methods for placing metal complexes into me-
soporous materials, i.e., encapusulating, exchanging, post-synthesis (grafting) and one-pot
synthesis. Encapusulating and exchanging methods are on electrostatic interactions be-
tween the complexes and the support, which are weak interactions, the anchored complexes
are thereby usually easily leached during the reaction process. Post-synthesis and one-pot
synthesis methods are nowadays very popular for immobilizing complexes on solids due to
the formation of stable covalent bonds =Si-O-Si-R’ (R’: functional group) between the
functions and the solids. Different grafted metal complexes are described, such as salen
metal complexes of Ni(ll), Co(ll) and Cu(ll), phosphine-type complexes of Rh(lll) and
Pd(I1), complexes of Mo(VI) and W(VI) with chiral ligands and Cu(ll) and Co(ll) com-
plexes with salicylaldimine ligand. In this section, we will focus on the incorporation of
polyamine and Schiff-base metal complexes, in particular Ni(Il) and Cu(ll), either by
post-synthesis or by one-pot synthesis. A special attention will be devoted to the characte-

rization of the copper species by electron paramagnetic resonance (EPR) spectroscopy.

2.3.2.1 Incorporation by grafting

Grafting metal complexes into the channel of mesoporous materials generates the active
centers in the solid. On the other side, silica-based mesoporous material can offer confine-
ment and changeable chemical environment (hydrophilic- hydrophobic), as shown in Figure
2.14. In some cases, the activity of the hybrid material can even be enhanced compared to
that of homogeneous complex due to the confinement effect of the support and the surface
properties (hydrophilic or hydrophobic). In addition, oligomerization of the complexes of-
ten observed in homogeneous catalysis, which can deactivate the catalyst, can be avoided

in the hybrid materials.
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Figure 2.14 Design of hybrid organic-inorganic mesoporous materials.

There are various strategies for grafting metal complexes into mesoporous materials.
Herein, we divide them into two types: indirect grafting and direct grafting. In the direct
grafting, the complex possessing an alkoxylsilane arm directly reacts with an initially pre-
pared mesoporous material. By contrast, in the indirect grafting, the ligand with an alkyl-
trialkoxysilane (OR)3SiR” is firstly grafted in the solid and then coordinated to a metal ion

in the second step.

2.3.2.2 Indirect grafting

Some examples from the literature have been selected to illustrate this approach. Groups of
Liu and Yoshitake have reported the grafting of aminopropylsilanes
[(N-[3-trimethoxysilyl)propyl]-ethylenediamine and N-[3-(trimethoxysilyl)-propyl]- die-
thylenetriamine] on MCM-41.%1% The grafted amino-ligands are then complexed with a
metal ion [Cu(ll), Fe(lll), Ni(Il)]. These obtained materials have been applied on sorption

of arsenate ions in the wastewater.
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In 1999, the group of Brunel has reported functionalized MCM-41 with halogenopo-
pyltrialkoxysilanes (chloropropyltrialkylsilane and iodopropyltrimethoxysilane) and ami-
nopropyltrialkoxysilane by post-synthesis method. The grafted halogeno organic moieties
were further modified by nucleophilic substitution of other functions like various amines,
leading to salen type of ligands grafted on the silica. Finally, Mn(ll) was complexed to the
ligand on the silica, obtaining a functionalized MCM-41 with a metal complex .

Stack et al. have reported the functionalization of SBA-15 with Mn(Il) bis-phen com-
plexes using a metal-template or a metal-exchange method [phen: ethyl
4-(3-(triethoxysilyl)propy lthio) -1,10- phenanthroline-3-carboxylate].’ In the first method
a bis-phen Cu(l) complex already grafted on SBA-15 is used as template. Then the grafted
Cu(l) in the grafted is exchanged with Mn(l1)(CF3SOg),, leading to the functionalized
SBA-15 with bis-phen Mn(Il) complex (Figure 2.15, right part). In the latter method, the
ligand was randomly with the grafted on the surface, then Mn(I1)(CF3S0O3), was complexed
to the grafted ligand. Comparison of the imprinted material with the material synthesized
by random grafting of the ligand show that the template method creates more reproducible
sites. The imprinted material presents a higher product selectivity in epoxydation, a more
efficient use of oxidant and a higher reactivity than the homogeneous analogue. By contrast,
the random grafted manganese material presents both bis-phen Mn(ll) complex and
mono-phen Mn(I1) compexes, the latter coordinated to the silanolate groups on the surface

(Figure 2.15, left part).

(Et0),Si F3CSO,4

Figure 2.15 Various metal species on SBA-15 by indirect grafting.’
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The use of a grafting post-treatment often leads to a heterogeneous distribution of the in-
troduced complexes. To handle this problem, a novel approach has been developed in our
group, the so-called “Molecular Stencil Patterning” (MSP) technique.'® %2 |t consists of
a consecutive grafting method which has been proved to be efficient for dual fictionaliza-
tions on the surface of MCM-41 (Figure 2.16). The surfactant molecules present in the
as-made silica the patterning during the grafting of the first function (trimethylsilyl groups)
which serves as the isolation group. Then the second function (organic ligand) is introduced
after displacement of the remaining template. The key point is that the amount of the first
(trimethylsilyl) group introduced can be well controlled since the template removal can be
accurately performed. Consequently, the second function can be isolated by the first func-
tion at different distances. Finally, the metal ion is complexed with the grafted ligand, ob-

taining the bifunctionalized material with a homogeneous distribution of the complex on

the solid.
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5-butanal-1,10-phenanthroline; f) incorporation of europium and complexation with
1,10-phenanthroline.'®®

2.3.2.1.2 Direct grafting

In direct grafting, complexation of the metal ion with the ligand occurs at the molecular
level, different from the indirect grafting where the metal ion reacts with the solid which
possesses the ligand. Therefore, in this method, the risk of modification of the metal com-
plex can be minimized. Typical synthesis processes are described in the following.

Johnson et al. have synthesized a ferrocenyl precursor, which was anchored to the sur-

11

face of a mesoporous silica MCM-41 support in a one-step reaction " (Figure 2.17).

Figure 2.17 Functionalized MCM-41 with bis(phenylphosphino)ferrocenyl- dichloropalladiumpropyl
via direct grafting of the metal precusor.**

Che et al. have reported that a chromium (I11) binaphthyl Schiff base complex was im-
mobilized on modified MCM-41."? The MCM-41 was firstly functionalized with amino-
propyl groups on the surface. Then, the chromium (111) complex is formed by coordinated
to the terminal NH, group of the surface-bound tether via simple addition (Figure 2.18).

Kureshy et al. have described the covalent bonding of a chiral Mn(l11) salen complex in
modified MCM-41 and SBA-15 with 3-aminopropyltriethoxysilane as a reactive tether
(Figure 2.19)."* Calcined MCM-41 and SBA-15 can be firstly functionalized
3-aminopropyltriethoxysilane and then the Mn(l11) salen complex is introduced by a Sn2
substitution of amine and chloro. The obtained materials present a high catalytic activity for
enantioselective epoxidation of nonfunctionalized alkenes and can be recycled several
times.
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Figure 2.18 Heterogenization of a chromium Schiff base complex on MCM-41."2

=2

- -
~0 = ~F %, 7, W
N A SN G AL S8 S AN
T eHe ot 0 Methanal { Reflux b
AN o
D
A B
Mn-:CHSCDOJ;.dH»(O
LiCl
Ethancl
-‘“_‘_a
—hhts Ii'hl"
Y {.0'_’-;; a.“'ia ) %
FoN {' il ‘ﬁ—.-"'_\l-_
iy K
I e 1
e
] B - ’
R T - i —— RN,
“1 o Tolwene 0 ’ .
“From Reflux A % Toluens
-3 \\ Reflus
-0k
Caloned EIF \
MCM-41 f SBA-15
-
—0OH
2,3
Il Mn(lil)salen supparted MCM-41 [ SBA-15

Figure 2.19 Synthesis of Mn(l11) salen supported on MCM-41/SBA-15.

35



Chapter 2 Literature survey

2.3.2.2 Incorporation by one-pot synthesis

The channel walls containing both metal complexes and inorganic substances in hybrid
materials provide some advantages: 1) quicker diffusion of reactants in comparison to the
occupation of channel by metal complexes grafted, 2) potential interesting electronic, opti-
cal, charge-transport and magnetic properties.

Hybrid materials containing metal complexes in the pore wall have been synthesized us-
ing the co-condensation of silica source and organosilica precusors in the presence of su-
pramolecular templating agent by sol-gel chemistry. The silica source most common used
is tetraethoxysilane (TEOS). Using a co-solvent is added to the aqueous solution, such as
methanol or ethanol. This type of materials presents a large surface area and a narrow pore
size distribution. Hybrid materials can be prepared via S*I” pathway as described for PMOs
materials possessing vanadyl Schiff base complexes and palladium carbapalladacycle com-
plexes (100 %) in the presence of cetyltrimethylammonium bromide (CTABr) under basic
conditions (Figure 2.20). They can also be synthesized via S°I° pathway, such as metal
1,4,8,11-tetraazacyclotetradecane (cyclam) complex in the pore wall (vide infra).*” Indeed,
the preparation conditions need to take care of the stability of the metal complexes and to
avoid leaching of the metal. The process of surfactant removal has to be adapted to not only
keep the mesostructure but also maintain the metal coordination environment as in the ho-
mogeneous complex. The surfactant removal can be achieved via ethanol or acid ethanolic

solution treatment, but the acid content need to be controlled to avoid metal leaching.
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Figure 2.20 Procedure to prepare several PdL«<PMOs by varying the 2 to TEOS molar ratio.
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2.3.3 Incorporation of metal-amino complexes into silica materials

Amino groups include aliphatic amines, aromatic amines, polyamines and cyclic polya-
mines. Polyamines are organic compounds containing two or more primary amino groups
such as ethylenediamine, ethylenetriamine and spermine. They can be used as bidentate or
tridentate ligands for the coordination with transition metals such as Ni(ll) and Cu(ll). Cyc-
lic polyamines like 1,4,8,11-tetraazacyclotetradecane, 1,4,7,10-tetraazacyclododecane and
1-(3,5,7-trinitro- 1,3,5,7-tetrazocan-1-yl)ethanone can be used as tetradentate ligand. There
are a lot of examples for immobilizing of metal-amino complexes on mesostructured silica
by post-synthesis as described above, while there is a few of examples by one-pot synthesis
of mesoporous silica containing metal-amino complexes with more than one alkyltrialkox-
ysilane arms. In this section, we will present these one-pot synthesized hybrid materials.

Metal-amino complexes have been introduced in silica through co-condensation with a
silica source via one-pot synthesis. Karakassides et al. have reported that under neutral
conditions Cu(ll)-ethylenediamine-containing MCM-41 can be synthesized by a sol-gel
approach using tetramethoxysilane (TMOS) as silicon source and the cop-
per-ethylenediamine precursor Cu[(CH30)3Si(CH2)sNHCH,CH2NH3],, [Cu(AAPTMS),],
AAPTMS = N-(2-aminoethyl)-3-aminopropyltriymethoxysilane. The as-made materials
have been characterized by EPR spectroscopy, showing the presence of a mixture of
Cu(AAPS)* and Cu(AAPS),** species. Both studies of Mercier et al and Karakassides et
al. suggest that neutral conditions are not optimal for metal ion coordination when the syn-
thesis of ethylenediamine (en) functionalized mesoporous materials is at stake.

Corriu et al. have synthesized a new type of mesoporous hybrid materials containing
cyclam moieties inside the framework complexed to transition metal ions such as Cu(ll) or
Co(11).***8 These syntheses are performed under neutral conditions using a metal-cyclam
precursor with either SiHz or Si(OEt); hydrolisable groups, tetraethoxysilane (TEQS) as
silica source and methanol as cosolvent. Two different transition metals can be selectively
incorporated, one on the framework and the other in the channel pores. The cyclam com-
plex in the framework of the mesostructured silica is quite stable and no decomplexation is

possible using a large excess of ligand.
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Indeed, pH is one of the determining factors during the one-pot synthesis of hybrid ma-
terials containing metal complexes with amino-ligands. For instance, the pK; and pK; of
ethylenediamine are 7.56 and 10.71, respectively. Thus if the pH of the solution is below
the pK, of ethylenediamine, the amino group can be protonated, thus losing the coordina-
tion ability. On the other hand, in order to avoid complex degradation during the synthesis
process, temperature is another important factor to take into consideration, since stability

constants of complexes can dramatically vary with temperature.

2.3.4 Incorporation of metal-Schiff base complexes into silica materials

A Schiff base, with general formula R;R,C=N-R3, is a functional group that contains a
carbon-nitrogen double bond (C=N) with the nitrogen atom connected to an aryl or alkyl
group (R3). Schiff bases are among the most used N-ligands, because the basicity of the
sp?-hybridized N lone pair, although lower than that of amines (sp* hybridization), is well
suited to complex metal ions. The family of Schiff base ligand is known as salen and sali-
cylaldimine ligand. The first salen-type Schiff base metal complexes were synthesized in
1933 by condensation of salicylaldehyde and ethylenediamine with various metal salts
(Figure 2.21). Salicylaldimine ligand can be seen as the half of a salen ligand and is synthe-
sized by the reaction of equivalent salicylaldehyde with only one monoamino group. Al-
though the imine group is prone to undergo an acid-catalyzed hydrolysis, reverting to the
corresponding salicylaldehyde and amine reactants in the presence of water, the stability of
the Schiff base group increases considerably upon coordination with a metal ion and for-
mation of the Schiff base-metal complex. Different from the Schiff base ligand, the Schiff
base-metal complex can be used in wet solvents or even in aqueous media without under-

going decomposition.

CHO ——N N—=
Alcohol
+ / \ ———>
2 OH H,N NH, Solvent OH HO

Figure 2.21 Synthesis route of salen.
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Schiff bases are known to be among the most convenient and attractive ligands for com-
plexes. The reasons are the following: 1) the two donor atoms, N and O, of the Schiff base
exert two opposite electronic effects: the imine nitrogen is a soft donor and accordingly will
stabilize the low oxidation state of the metal atom state whereas the phenolate oxygen is a
hard donor known to stabilize higher oxidation states; 2) steric and electronic effects
around the metal ion can be finely tuned by an appropriate selection of bulky and /or elec-
tron withdrawing or donating substituents into the Schiff base. Various Schiff base com-
plexes are primarily with transition metals such as Mn, Cu, Fe, Cr, Co, V, Ti, Ru, Al, Zn
and Au.** They exhibit a distorted square planar or square pyramidal geometry depending
on the tetradentate N,O, or pentadentate N,O,X coordination around the metal center.****!
Salen-metal complexes are widely used as catalysts for oxidation reactions which will be
presented latter.

Converting homogeneous metal-salen complexes into heterogeneous catalysts is a gen-
eral trend. The approaches for incorporating metal-salen complexes onto mesoporous silica
are grafting or one-pot synthesis mentioned above. Among them, few examples of one-pot
synthesized hybrid materials are reported. Here, we would like to present these examples.

The group of Baiker was the first to claim the immobilization of salen complexes [co-
balt(salen) and copper(salen)] on silica xero- and aerogels, which was achieved via sol-gel
method using a precursor N, N’-ethylenebis(salicylidenaminato) (salen) metal complex
which was co-condensed with tetraethoxysilane (TEOS) under acid conditions (Figure
2.22).*" The Schiff base ligands used contain only a single imine group, and the actual
complexes reported were bis(salicylidenaminate) complexes of Co(lll) and Cu(ll) which
lack of bridge connection between two nitrogen atoms. The obtained hybrid materials are
proved to possess imine bond and metal complexes. Aerogels have been tested on the cata-
Iytic aerobic allylic oxidation of a- and p-isophorone (a- and B-IP) to ketoisophorone (KIP)
and exhibit a much lower activity than the homogeneous analogue.*® The authors suggest
that the differences in the activities of homogeneous and heterogeneous systems may be
associated to the phenomenon of site isolation leading to different reaction pathways. In-
deed, due to the poor characterization of the hybrid materials, the coordination environment
around the metal could be different from that proposed, i.e., [2(NO)], which could be the
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reason for the lower catalytic activity compared to the homogeneous analogue.

Qoo e L

M HEIFHED
i) Nihe ﬂ“”
(E10)sSi Si(OEt) (i) Nihexytls Dr-'slxm o,
2
weeee (SiOg)ny

Figure 2.22 Immobilization via the sol-gel process of silyl ether modified salen catalysts in a silica gel
[M = Co, Cu].*’

Corriu et al. have synthesized hybrid materials containing Cu(ll) or Co(ll) Schiff base
complexes covalently linked to the silica matrix (SBA-15) by two Si-C bonds using two
routes via one-pot synthesis in acid conditions (Figure 2.23). The first (route A) corresponds
to the hydrolysis and polycondensation of a bis-silylated metal Schiff base complex. The
second (route B) consists of the hydrolysis and polycondensation of a bis-silylated Schiff
base followed by the complexation with metal. It was found that these two routes lead to
different results on metal environments and catalytic reactivity. For the hybrid material
synthesized via the route A, the Cu(ll) complex is in a trigonal bipyramidal geometry,
whereas, it possesses a geometry between a square planar pyramid and a trigonal bipyramid
if route B is used. In addition, only the materials prepared via the route A are efficient for
dioxygen sorption. Authors think that the reason of such a behavior is probably due to the
difference of geometry around the metal centers. Indeed, in the route A, Cu(ll) complexes
are already formed and then they were carried on the hydrolysis process, avoiding the
modification of the metal coordination. However, in the route B, the metal complexation
process is in the final step, which most probably can lead to multiple Cu(ll) coordination
states on the solid, and even some polymer Cu(ll) species on the solid surface. The various
Cu(ll) species can provide negative effects or positive effects on the dioxygen sorption.
Furthermore, this example reminds us again the advantages of the direct introduction of the

metal complexes.
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Figure 2.23 Two synthesis routes of hybrid materials containing Cu(ll) or Co(ll).

Corma et al. have synthesized hybrid materials incorporating chiral vanadyl Schiff base
complexes in the framework by one-pot synthesis, obtaining materials VO(salen)@PMO
and VO(salen)@ChiMO (Figure 2.24). The synthesis of the PMOs was performed like for
MCM-41 using cetyltrimethylammonium bromide as template under basic conditions, and
with the addition of ethanol as co-solvent in order to increase the solubility of the salen
complex in the aqueous gel.*****" The obtained PMOs materials [VO(salen)@PMO and
VO(salen)@ChiMO] possess a well-ordered hexagonal mesostructure as determined by
XRD characterization and BET surface areas of 900 m?- g™ and pore sizes of ca. 4.2 nm
from the Ar isotherm adsorption. The Salen-vanadyl complex is maintained under the basic
synthesis conditions which was confirmed by the following characterizations: 1) the PMOs
materials exhibit similar absorption bands on UV-visible spectra as the metal precursors; 2)
absorption bands assigned to the vibrations of imine and metallosalen were observed in
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FT-IR spectra; 3) a T peak attributed to Si atoms of —CH,-Si(OSi=); is presented in MAS
2°Si NMR. PMOs showed catalytic activity for cyanosilylation reaction and this catalyst

can be recycled several times.
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Figure 2.24 Preparation of VO(salen)@PMO and VO(salen)@ChiMO. Synthesis conditions: TEOS,
NHs, CTAB, H,0, EtOH, 90 °C, 4 days.™"®

2.3.5 Characterization

The characterization of hybrid mesoporous materials immobilizing metal complexes is re-
lated to two aspects: 1) characterization of solids’ textures; 2) characterization of metal
coordination environments. For the first part, the textual characterization of solids can be
performed by a panel of techniques, such as XRD, N, sorption measurements and IR spec-
troscopy, which have been presented before. Indeed, they can also provide indirect infor-
mation about the presence of grafted metal complexes. For example, functionalized meso-
porous material in the channel usually exhibits a reduced pore size, pore volume and sur-
face area compared to the material before functionalization. In the FT-IR spectra new bands

corresponding to the silanol groups on the surface diminish. For the second part, the metal
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complex can be characterized by UV-vis-NIR diffuse reflectance, Raman and electronic
paramagnetic resonance (EPR) spectroscopies. Among them, EPR spectroscopy can only
monitor paramagnetic species, such as Cu(ll) species, which can provide the information
about the environment and the geometry of complexes. In the following, this technique will

be introduced.

2.3.5.1 Electronic paramagnetic resonance (EPR) spectroscopy

EPR is a valuable technique, both because of its high sensitivity ([spin] ~10® mol/L) and
its general capability to identify unambiguously paramagnetic species which contain un-
paired electrons, such as O", Oy, Cu**, Fe*" etc. It can reveal the oxidation state, electronic
configuration and coordination number of a paramagnetic ion. This technique has been
used in catalytic chemistry (monitoring of the oxidative state of an ion during a reaction for
metal complexes in solution or immobilized on a solid, etc), biological systems (enzyme,
DNA, protein etc), food production (beer, wine, milk, etc). Here, we will focus on this

technique and its characterization on Cu(ll) species.

Principle

EPR is an absorption spectroscopy in which radiation having frequency in microwave re-
gion is absorbed by paramagnetic species to induce transition between magnetic energy
level of electrons with unpaired spin (S = n/2 = 0, S: total spin of the system, n: the
number of unpaired electrons) (Figure 2.25). Each electron processes a magnetic moment
and a spin quantum number S = 1/2, with magnetic components ms= +1/2 and ms=-1/2. In
the presence of an external magnetic field with strength By, the electron’s magnetic mo-
ment aligns itself either parallel (ms= +1/2) or antiparallel (ms=-1/2) to the field. The se-
paration between ms= +1/2 and ms= -1/2 state is AE = geusBo, Where g is the electron’s
so-called g-factor, Bgis the magnetic field, ug is the Bohr magneton. An unpaired electron
can move between energy levels by either absorbing or emitting electromagnetic radiation
of energy € = hv such that the resonance condition, € = AE, is obeyed. Therefore, the fun-

damental equation of EPR spectroscopy is obtained: hv = geugBo. In practice, the frequency
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(v) of radiant energy is usually fixed to approximately 9.5 GHz in X-band EPR, and the
external magnetic field (Bo) is varied until that the gap between the ms= +1/2 and mg= -1/2

energy states matches the energy of microwaves (Figure 2.25).

A
ms =4+ 1/2
&
& AE=E4+qp2-E.q2
wi
ms ==-1f2
ol
By=0 By #0 Magnetic Field

Figure 2.25 Energy-level diagram for S=1/2 and no zero-field splitting.

g-value For a free electron in vacuum, g is equal to 2.0023. In chemical systems, the
g-value reflects the unpaired electron occupying an orbital which may be more or less loca-
lized on a single atom or may be heavily delocalized across a molecular or radical. There-
fore, g-value can be smaller or bigger than that of a free electron in chemical systems.

In an isotropic system, the g directions in the X, y and z axes are equivalent and only one
g = Ox = gy = 0, can be observed [Figure 2.26 (a)]. However, many systems are anisotropic
[Figure 2.26 (b), (c)]. Under these conditions, the g value depends on the direction between
the magnetic field and the principal (Z) axis of the system. For complexes of copper (1),
there are mainly two principal g-values, g; and g, ; when the magnetic field and molecular
axes are alined, the signal appears at g [Figure 2.26 (b)]; when they are perpendicular it
appears at g, [Figure 2.26 (c)]. For a rhombic system three different g-values can be ob-

served (g, Gy, 9z) [Figure 2.26 (d)].
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Figure 2.26 Resonance pattern depending on the g tensor symmetry.?

Hyperfine structure The EPR spectra of Cu(ll) complexes usually show additional fine
structure (Figure 2.27). In fact, the Cu atom on which the unpaired spin is centred has a
nucleus which possesses a nuclear spin, I. The nucleus of spin I gives rise to a splitting of
the EPR line into 21 + 1 components (Figure 2.27). For Cu, | is equal to 3/2, and 4 lines can
be therefore observed in the EPR spectrum. The hyperfine coupling constant A is usually

higher for the g than for g, .

m
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+1/2
-1/2
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ms= +1/2

-3/2
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Figure 2.27 Hyperfine splitting of the ms = -1/2—+1/2 transition due to the interaction with the
nuclear spin | = 3/2. The four resulting transitions are equally spaced.
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Relation between gjand the Cu®* coordination state

g-value, gjand hyperfine coupling constant, A, are correlated with the coordination mode
of the complex. A good example can be given from the report of Sakurai and coworkers.'?®
They have studied several copper(ll) complexes with a CuN,4 type coordination mode and
with various geometries. The relationship between gjand Ay is presented in Figure 2.28. For
copper(Il) complexes with square-planar or axially-coordinated square-planar or distorted
square-planar geometries, in most cases, g-values are similar, whereas, the hyperfine para-
meters A values decrease for Cu(ll) complexes with axially-coordinated square-planar
geometry compared to these with square-planar or distorted square-planar geometries. Fur-
thermore, copper complexes with tetrahedral geometry exhibit higher g, and smaller A
values in comparison to these of square-planar geometry. Even for a given geometry, an
increase of gy is followed by a decrease of A. In fact, Aj-value is related to the delocaliza-
tion of the unpaired electron on the copper nucleus where while g is strongly affected by
the ligand field strength. We can take ethylenediamine complexes of copper(Il) with dif-
ferent number of ligands, [Cu(H20)s]*, [Cu(en)(H,0)4]**, [Cu(en),(H20),]**, as exam-
ples.?* In all these cases, the hyperfine coupling (I = 3/2) of copper(l1) complexes is easily
characterized (Figure 2.29). The higher the stability constant of copper(ll) complex, the
lower the gj-values and the higher the Aj-value: g = 2.400 and A; = 128x10™ (cm™) for
[Cu(H,0)e]**, gy = 2.281 and A = 181x10™ (cm™) for [Cu(en)(H20)4]*, g = 2.209 and A,
= 203x10™ (cm™) for [Cu(en)2(H20)2]** (Table 2.3).

Using a plot of A, vs g, (A; = Ai, 9 = qu), Peisach and Blumberg have discriminated de-
fined ranges parameters for CuN4, CuN,0O,, CuOy types of coordination in natural metal-
loenzymes. Some of us has used this type of diagrams to characterize copper complexes in
mesoporous silicas like in the present study.?? The ranges of Az ~ 180-200 x 10 cm™ and
gz ~ 2.19-2.25CuN, are generally for CuN, species, Az ~ 160-190 x 10* cm™ and g, ~
2.21-2.25common for Cu(N3O) species. However, the domains for various coordination

states overlap and do not provide unequivocal answer.
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Figure 2.28 Relation between g;-values and A,-values for a CuN, complex.'?® (o) square-planar, (A)

axially-coordinate square-planar, (<) tetrahedral, (o) distorted square-planar. 1. (ethyle-
nediamine),; 2. (N-Methyl-ethylenediamine),; 3. (N,N-dimethyl-ethylenediamine),; 4.
(N, N ’-dimethyl-ethylenediaming),; 5. (N-ethylene-ethylenediamine),; 6.
(N-Propyl-ethylenediaming),; 7. (1,3-trimethylenediamine),; 8.
(trans-1,2-cyclohexanediamine),; 9. 1,4,8,11-tetraazacyclotetradecane; 10. (NHs)4; 11.
(pyridine),; 12. (diethylenetriamine),; 13. tetraethylenepentamine; 14. pentaethylene-
hexamine; 15. (1,10-phenanthroline),; 16. (2,2’-bipyridine),; 17. triethylenetetramine; 18.
1,4,7,10-tetraazacyclododecane.

The gtensor contains also a lot of information on the ground state and the symmetry of
the complexes. In the case of copper(ll), which is a d° ion, there is a strong tendency for
Jahn-Teller distortion that is easily characterize by EPR. For g;> g, (Figure 2.6(b)) that
stands for a dy2.y2 ground state, copper is either in a pure square planar coordination (no li-
gand in the z axis) or in an elongated octahedral environment. It fits also the case of penta-
coordinated square pyramid arrangement. When g, < g, [Figure 2.26(c)], the unpaired elec-
tron occupies in the d,* orbital, the copper of complex is rather in compressed tetragonal or
trigonal bipyramid situation.’*® The latter case fits also with a compressed octahedral envi-

ronment through this is not often observed.
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EPR spectra of (a) [Cu(en)(H,0).** at -150 °C in 60 % glycerine/40 % water with

en/Cu(ll) = 0.83. The total Cu(ll) concentration is 0.02M with roughly 68 % as
[Cu(en)(H,0)4]*", 24 % as Cu(H,O)¢**, and 8 % as [Cu(en),(H,0),]*"; (b) 0.02 M
[Cu(en),(H,0),]** at -150 and [Cu(en),(H,0),] (b) at -150 °C in 60 % glycerine/40%
water with en/Cu(ll)= 2.25.*%

Table 2.3  Spin-Hamiltonian parameters for copper (1) complexes

Copper(ll) complex 9 9. A cm™)
[Cu(H,0)e** 2.400 2.099 128 x 10°
[Cu(en)(H,0).] 2.281 2.058 181 x 10
[Cu(en)y(H,0),]* 2.209 2.047 203 x 107

2.4 Applications of mesoporous materials modified with metal complex-

€S

Mesostructured hybrid materials containing metal complexes are potential candidate for a

large number of applications on catalysis, sensing, adsorption, enzymatic reaction and se-

paration. Here, we mainly focus on their applications on catalysis, enzymatic reactions and

adsorption, especially for the mesostructured hybrid materials immobilizing met-
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al-polyamine complexes and metal-Schiff base complexes.

2.4.1 Catalysis

Two catalytic reactions using grafted complexes on inorganic supports have been selected
and will be described in the following: 1) hydroxylation of phenol with supported Cu(ll)

solids; 2) cyanosilylation of aldehyde with supported vanadyl complexes.

2.4.1.1 Hydroxylation of phenol with supported Cu(ll) materials

Catalytic hydroxylation of phenol is one of the challenges in the industrial chemistry, spe-
cially to afford tunable selectivity between catechol and hydroquinone and also to mini-
mize the formation of byproducts (so-called “tars™) which are the mixture of oligomers or
polymers of phenol or products. So far, various heterogeneous catalysts have been em-
ployed to increase the conversion of phenol and the selectivity to diphenols. Here, a special
attention is given to the hydroxylation of phenol with H,O, by copper(ll)-containing cata-
lysts. The catalysts reported in the literature are mainly mesoporous silicas supporting
copper oxide, such as CuSBA-15, CUMCM-41, CuHMS, hydrotalcites containing Cu and
copper phosphate, while only a few examples of functionalized catalysts with Cu(ll) com-
plexes are described. The characteristics of some copper(ll) catalysts for phenol hydroxyla-
tion are presented in Table 2.4. Various key parameters, such as reaction temperature, sub-
strate/H,0O, molar ratio, phenol conversion, H,O; efficient selectivity and tar selectivity are
listed. However, comparison in term of phenol conversion and selectivity are difficult since
different experimental conditions are used for each catalytic system as we going to show
(vide infra).

Mapolie et al. have reported funtionalized mesoporous silica (MCM-41) and amorphous
silica with bis(N, N -ethylenebis(salicylidenaminato)) metal (Cu**, Co**, Ni**) complexes
[N, N’-ethylenebis(salicylidenaminato), sal]. The supported [Cu(sal)] acts as catalyst for
hydroxylation of phenol using H,O, as oxidant under a constant flow of oxygen (Figure
2.30).1?° For mesoporous silica and amorphous silica immobilizing Cu(I1) complexes, they

both shows activity towards hydroxylation of phenol, and when MCM-41 is used as sup-
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port, a higher activity of phenol conversion than the amorphous silica is observed. The

Table 2.4 Catalytic activity of Cu(ll)-containing solids reported in the literature.

Catalysis T(°C) pH?® phenol  phenol:  Cat/HQ® H,0, Tar sel  Ref.
Conv.%  H,0,° Eff%" ¥ %
Cu(sal)_MCM-41f 110 4 54.5 1.1 0.32 - - Mapolie
etal.'®
110 5 66.0 1:1 0.24 -- --
110 6 76.0 1:1 0.32 -- --
Cu(sal)_SiO,' 110 2 62.5 1.1 1.23 - -- Mapolie
et al.'®
110 4 45.2 1.1 1.12 -- --
110 5 40.0 1.1 1.14 -- --
110 6 47.8 1.1 1.32 -- --
Cu-HMS ¢ 80 H,0 38.7 1.1 19 -- -- Fu et
a|.127
CuSBA-15" 60 H,0 59.4 1:2 2.71 46.7 -- Wang et
a|.128
CuMCM-41' 80 H,0 -- -- 2.31 -- -- Sobczak
etal.'®
CuCMM ! 70 H,0 25.1 31 0.66 75.4 -- He et
a|.130
70 H,0 28.5 1:1 0.99 28.5 --
CuNay ¥ 60 H,0 50.3 1:1 2.26 38.6° 25.3 Lee et
al.lgl
50 H,0 47.9 1:1 2.30 355 29.7
50 H,0 17.4 31 2.77 60.2 9.9
CuNiAl2-1' 65 5 22.6 2:1 1.8 45.2 -- Kannan
etal.'*
5 40.3 1:1 16 39.8 --
CuCo31 ™ 65 5 22.1 2:1 34 447 -- Kannan
etal.’®
7 20.8 2:1 4.5 41.6 --
9 0 2:1 0 -- --
CUuAICO3-HTLc" 60 7 53.5 1:1 1.64 -- -- Wu et
a|.134
5 25 1:1 1.29 -- --
9 18 1:1 2.03 -- --
Cu,(OH)PO,° 80 H,0 283 31 112 846° 191  Xiao et
a|.135
80 H,0 48.5 1:1 1.22 49.7 --

a: buffer aqueous solution or water; b: CAT: catechol, HQ: hydroquinone, CAT:HQ molar ratio; c:
phenol/H,0, molar ratio; d: the efficiency conversion of H,O, was calculated as follows: H,O, eff.
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conv.%=100 x H,0, (mol) consumed in formation of diphenols and benzoquinone/H,O, (mol) converted; e:
tar selectivity %= [1- ([CAT]; +[HQ]:+ [BQI:)/([phenol]; - [phenol]s)] x 100 %, i: initial, f: final; ¢ The
amount of tar was determined on product samples from which the catalyst was removed by filtration and
the volatile products by evaporation in vacuo. f: [phenol]=0.22mol/L, 1 atm O; g: [phenol]=1mol/L, t : 4h;
h: [phenol]=1mol/L, pH=7(water), phenol: Cu=448, t : 4h; i: phenol (13 g), H,O (10 g), catalyst (0.2 g); j:
[phenol]=0.7mol/L, phenol: Cu=653, t : 4h; K: [phenol]=0.15mol/L, t : 3h; I: [phenol]= 1.06mol/L, phenol:
Cu=100, t : 2h; m: [phenol]=1.06mol/L, phenol: Cu=100, t : 2h; n: [phenol]=1.06mol/L, phenol: Cu=100, t:
1 h; o: [phenol: Cu]=22: 1, t: 4h.

product hydroquinone is preferred than catechol when MCM-41 was used as the support,
which is attributed to the shape selectivity of the porous channel of MCM-41. However,
these results are in contradiction with previous reports, for example, catechol was produced
in higher selectivity than hydroguinone using the catalysts of CuSBA-15, CuMCM-41 and
CuHMS where the Cu(ll) ion is in the framework or extra framework.*?"** They investi-
gated pH effect on functionalized MCM-41 and amorphous silica. The highest conversion
of phenol using functionalized MCM-41 with Cu(ll) complex is 76.0 % at pH = 6 buffer
solution, while for functionalized amorphous silica the highest conversion is 62.5%t at the
pH=2 buffer solution (Table 2.4). The metal-salicylidenamine complexes grafted on
MCM-41 lost their catalytic activity after first run. However, other important information,
such as H,0; efficient conversion and tar selectivity (or diphenols selectivity) can not be
found in this paper. Furthermore, the metal coordination state is poorly characterized, such
as the exact coordination stats of metals. In addition, we can not know whether these reac-
tion processes are heterogeneous processes or homogeneous processes, since the reaction
temperature is very high at 110 °C, which probably results in the decomposition of grafted

complexes.
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silica surface

Figure 2.30  Synthetic route of the supported salicylaldimine complex [Cu(sal)]."?°

Copper oxide supported on porous silica, i.e., CUSBA-15,"?® CuUMCM-41,"%° CuHMS,**’
CuCMM,™® CuNaY,"™, hydrotalcites containing Cu, i.e., CuNiAl2-1," CuCo31,'*
CUuAICO3-HTLc** and copper phosphate, i.e., Cu(OH)PO4,** have been used as catalysts
for hydroxylation of phenol with H,O,. Catechol is produced in higher selectivity than hy-
droquinone, except over CuUCMM. H,0, concentration (phenol/H,O, molar ratio) has a
strong influence on phenol conversion. The suitable H,O, addition is that phenol: H,O,=1
or 2 or 3. pH exhibit an significant influence on both phenol conversion and cate-
chol/hydroquinone (Cat/HQ) molar ratio as reported by Wu et al. and Kannan et al (Table
2.4).33%13% Generally, basic conditions are not favorable for hydroxylation of phenol, while
the neutral or slight acid conditions have the positive effect on hydroxylation of phenol,
which is related to the formation and stabilization of hydroxyl radical (OH-) in the reaction.
The majority of these catalysts lost the activity after first run which is most probably due to
the formation of tar. The activity can be recovered in a second run by regeneration of cal-
cination.**> 23 However, the activity of CuNaY and CUCMM can be maintained after the

first run only by solvent washing and drying the catalyst after the reaction.

2.4.1.2 Cyanosilylation of aldehyde catalyzed by supported vanadyl
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complexes

In the catalyst aspect, there are many approaches to optimize the catalyst in order to obtain
the best catalytic activity. Here, we take the work of Baleizéo et al. as example. They have
studied the cyanosilylation reaction of aldehydes with trimethylsilyl cyanide (TMSCN)
(Figure 2.31) over hybrid materials containing vanadyl(salen) complexes. In particular, the
effects of support, hydrophobic/hydrophilic properties of the surface, chain length of tether,
location of complexes, i.e., in the channel (grafting, Figure 2.32)' or in the framework
(one-pot synthesis, Figure 2.24) 1% 2! 'have been extensively investigated.

For functionalized hybrid materials with vanadyl complexes in the channel, i.e., VOsa-
len@SiO,, VOsalen@ITQ-2 and VOsalen@MCM-41, the synthesis has been performed
through the reaction of grafted mercaptopropysilyl groups on the solids with a terminal
carbon-carbon double bond pending alkyl chains of various lengths attached to the para
position of the salen ligand (Figure 2.32)."* However, when they were used as enantioselec-
tive catalysts for the aforementioned reaction lower ee values were found compared to so-
lution. After variation of the tether length, the solvent and the silylation of the free silanol
group, the optimized enantioselective catalyst was found to be the vanadyl salen complex
anchoring the trimethylsilyl modified amorphous silica with the longest alkyl chain of the
series (Cy1). Under optimal conditions (CH3Cls as solvent and 0 °C) for the reaction of
benzaldehyde (1.64 mmol) with trimethylsilyl cyanide (3 mmol) in the presence vanadium
complex anchored on silica (100 mg, 0.04 mmol/g of vanadium), the enantiomeric excess
was 85 %, slightly lower compared to the analogous complex (90 %). The heterogenised
catalyst can be reused up to three times by simple filtration, retaining a large part of the ac-

tivity of the fresh catalyst.

O OTMS

R)J\H 3 equiv TMSCN R H

Ny, rt.or0°C CN

R=CgHs, p-F-C¢H,
p-(CH30)-CeH,
n-CsHy
Figure 2.31 Cyanosuyiauon reacuon ot aidehydes with TMSCN over hybrid materials containing va-
nadyl(salen) complexes.*
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Figure 2.32

Preparation procedure for the covalent attachment of a chiral vanadyl-salen complex on

amorphous silica, mesoporous silica and delaminated ITQ-2 zeolite.**

For functionalized hybrid material

VO(salen)@ChiMO, it has been prepared through the co-condensation of chiral va-
nadyl(salen) complexes having two terminal trimethoxysilyl groups peripheral to the ligand
and tetraethoxysilane (TEOS) in one-pot synthesis (Figure 2.24).*° VO(salen)@ChiMO ex-
hibited activity toward cyanosilylation of benzaldehyde with 30 % ee for the carbonyl ad-
dition, which is much lower than the homogenous analogue (90 % ee). However, in this
case, the silylation of VO(salen)@ChiMO do not produce any positive effect on the enan-

tioselectivity of the catalyst, that is a slightly decreased, which is contrast with the above

study.**
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2.4.2 Enzymatic reaction

In the biological systems, the transport, the stockage and the activation of molecules or
some specific functions (O,, C-C, C-H) are key living chemical process. They involve
some particular sites of proteins containing usually a metal, which are named metallo-
proteins. Their mode of action involves transition metals ions (Fe, Cu, Co, Ni and Mn),
whose immediate environment condition their reactivity and become an intense research

137

subject in coordination chemistry.”" Catechol Oxidase is a copper metalloprotein involved

in dioxygen storage and activation for oxidation processes.™*"**° It presents a type-3 copper

active site,}*

consisting in a dicopper core in which each metal ion is chelated by three
amino groups (provided by three histidines), water molecules, peroxo or oxo bridges de-
pending on the oxidation state of copper.***'** Basically, these sites contain distorted pen-
tacoordinated copper environment. They have been extensively used as model to design
homogeneous catalysts for oxidation.***** The catalytic cycle proposed for oxidation of
substrates consider two copper centers that are far apart in the reduced form, and then upon
activation of dioxygen the metallic centers become closer thanks a peroxo brige. % 43

The current models simulate this system mostly at the structural level and immediate vi-
cinity of the metal which is the enzymatic pocket. However, the confinement effect of the
enzymatic pocket is seldom considered in the biomimetic models. Mimicking the environ-
ment of the active site of a metalloenzyme is a research subject at the interface of coordina-
tion chemistry and materials science. Here, several examples of placing metal complexes
on silica for mimicing catechol oxidase over oxidation of catechol are given.

Louloudi and co-workers have studied series of grafted biomimetic copper complexes on
amorphous silica for mimicing the function of catechol oxidase.**’**! They have reported a
immobilized copper (I1) monomer on silica that can exhibit activity for the oxidation of
3,5-di-t-butylquinone using of O, oxidant**’ The biomimetic material consists on a
Cu(histidine); [histidine: Boc-His(Boc)-CONH-(CH,)3Si(OEt)s] complex grafted on a sili-
ca matrix. It was synthesized through hydrolysis and co-condensation of the histine-ligand

with tetraethoxysilane via a sol-gel procedure. The Cu(ll) ion is coordinated to two inequi-

valent grafted ligands on the resulting hybrid material. The Cu(ll) material exhibits catalyt-
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ic activity for 3,5-di-t-butylquinone (DTBQ) formation in the presence of O..

The same research group has later synthesized the silicas grafted macrocyclic L; and L,
ligands with 3N20 and 5N donor atoms via post-synthesis.'*° The organic ligands Ly, L, or
grafted species L;-SiO; or L,-SiO, coordinated with Cu(ll), leading to the formation of di-
nuclear copper complexes Cuy(L;), Cua(L2), Cuyz(L;)-SiO, and Cuy(L,)-SiO, (Figure 2.33).
The heterogenised Cuy(L,)-SiO; and Cu,(L)-SiO, materials exhibited a higher conversion
of 3,5-di-t-butylcatechol (DTBC) than the corresponding homogeneous copper(ll) com-
plexes Cuy(L1) or Cuy(L>), respectively. This result may be due to the positive contribution

of support SiO,.

| 4 |
2 e _.--"'Q-_-.__. N _
J
i -
L,.5i0, L3.8i0;

Figure 2.33  Structure of L; and L, ligand.***

Mou and co-workers have synthesized and characterized a hydroxo-bridged dinuclear
phenanthroline cupric complex, [(phen),Cu-OH-Cu(phen)2](CIO4)3 (HPC,
phen=phenanthroline), dispersed in MCM-41 and sodium zeolite Y (Figure 2.34). They used
spectroscopic techniques (FT-IR, UV-visible, EPR and EXAFS) to characterize and study
the catalytic activities of immobilized HPC on the oxidation of DBTC to DBTQ to mimic
the functionality of catechol oxidases. It was found that HPC complexes can adsorb only on
the outside surface of the Y zeolite due to its smaller pore size. The EXAFS spectrum gave
3.51 A for the Cu-+-Cu distance in HPC encapsulated in the nanochannels of Al-MCM-41
mesoporous solids, which is comparable to the O---O distance of two hydroxyl groups of
DBTC, and this made a simultaneous coordination of the diol group to the dicupric center
possible. The resulting complex then allows the transfer of two electrons from DTBC to the
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dicupric center leading to the production of DTBQ, which is depicted in the reaction
scheme (Figure 2.34). The nanochannels of calcined AI-MCM-41 mesoporous solids pro-
vide stability, due to confined space and surface charge, which could prevent excessive se-
paration of the dinuclear cupric centers after removal of the hydroxo bridge during the cat-

alytic process.

...........
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Figure 2.34 Catalytic cycle for oxidation of 3,5-di-t-butylcatechol in the presence of dioxygen by di-
nuclear copper complexes encapsulated in the nanochannels of MCM-41 mesoporous
materials.*?

2.4.3 Adsorption

Organic-inorganic mesoporous hybrid materials have been largely reported as sorbents to
absorb toxic metal in water. There are few examples on functionalized mesoporous mate-

rials with metal complexes worked as sorbents.
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MCM-41 grafted nickel(11) amino-complexes have been used as sorbents for the selec-
tive removal of a pharmaceutical drug (Naproxen) from water via single component ad-
sorption equilibria measurements at ambient conditions. Preliminary performance tests
showed that this type of material can adsorb at ppm level from aqueous solution. Further-
more, no metal leaching was found in this grafting strategy. DFT calculations suggest that
the interaction between sorbate and sorbent generate a metal complex.

Yoshitake et al. have reported that Fe®**, Co?*, Ni** and Cu?* fixed by diami-
no-funtionalized MCM-41 and MCM-48 can behavior as adsorption centers for arsenate
ions.®* Different metal-diamino complexes show different adsorption capacities towards

arsenate. Fe** and Co®" were superior to the other cations.

4.1 Strategy and choices of this work

Our objective is to develop novel strategies and methodologies on the synthesis of multi-
functional catalysts using of mesostructured hybrid materials incorporating metal com-
plexes. The goal is to learn how to control, hydrophobicity, metal accessibility and catalytic
activity with the best molecular control as possible. Specifically, this thesis will investigate
the potentiality of one-pot synthesis versus postsynthesis methodologies.

The one-pot synthesis will necessitate the use of metal complexes with at least two con-
densable alkoxysilane groups. These complexes will also be used in the postsynthesis route.
Here, two different types of metal complexes have been chosen, one is a charged complex,
i.e., a metal-polyamine complex, and the other is a neutral complex, i.e., a metal salicylal-
dimine complex, at least in the molecular state as shown in Figure 2.35. The former is rather
hydrophilic, whilst, the latter is more hydrophobic due to the presence of aromatic rings.
Thus, they will be expected to exhibit different properties when they were incorporated into
mesoporous hybrid materials by one-pot synthesis. Furthermore, Ni(l1)-L* complex can be
well characterized through UV-visible absorption bands. Cu(ll)-L* complex and Cu(ll)-L?
complex are active in EPR spectra. Thus, these features are very useful to monitor the met-
al coordination state on the hybrid materials. In addition, Cu(l1)-L? complex are known to

possess catalytic properties for oxidation reactions.
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In addition, there are many synthesis approaches for the one-pot synthesized hybrid ma-
terials, but these approaches are usually using tetraalkyl orthosilicate (TEOS) as silica
source and co-solvents (like methanol), which are expensive silica source and environmen-
tal unkindly solvent. In our synthesis condition, the sodium silicate solution will be consi-
dered as the silica source which is a very low coast source of silica and organic free. Cetyl-
trimethylammonium tosylate (CTATos) will be used as the surfactant instead of cetyltrime-
thylammonium halides since CTATos is also the cheapest cationic surfactant source com-
mercially available.

Finally, phenol hydroxylation, which is one of the challenges in the industrial chemistry,
specially to afford tunable selectivity between catechol and hydroquinone and diminish of
byproducts such as tars, will be carried out using hybrid material incorporating Cu(ll) -L?
complex. Furthermore, tetradentate-Schiff base copper(I1) complex [Cu(L®)(CHsCO0)] (L3:
N-(salicylaldimine)-(N’-propyltrimethoxylsilane)-diethylenetriamine) with a 3N1O coor-
dination sphere, which presents a higher affinity to Cu(ll) than the bidentate L, with a 2x
IN1O type of coordination sphere, will be immobilized on mesoporous materials using the
“molecular stencil patterning” technique. This type of material will be investigated in the

catalytic hydroxylation of phenol.

HoN / \
OH [NH N
HN — N NH b
L! HL2 "o
3
. . . HL
Si Si Si—
H,CO |\OCH3 H4CO |\OCH3 ’ CO/ OCHs
OCH; OCHg 3 OCHj4

Figure 2.35 Three ligands (L', HL? and HL?®) used in this thesis.
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Chapter 3  Experimental part

3.1 Commercial products and treatment

3.1.1 Solvents

Solvents used in this dissertation are gathered in Table 3.1. They are used as received
except cyclohexane and toluene. Cyclohexane and toluene were treated under agron
atomosphere by adding 4 A molecular sieves which were pretreated at 500 °C for

absorbing the water traces of solvents.

Table 3.1 Solvents used in this dissertation.

Solvent Purity Provider
Toluene >99,8% SDS - CarloErba
Acetonitrile >99,5% SDS — CarloErba
Dichloromethane >99,95% SDS — CarloErba
Cyclohexane >99% SDS — CarloErba
Acetone >99,8% SDS — CarloErba
Technical ethanol 96% Elvetec Services
Ethyl alcohol anhydrous (plus for >99.5% Carlo Erba
HPLC
Absolute methanol >99% Carlo Erba
Petroleum ether SDS — CarloErba
Ethyl acetate >99% SDS — CarloErba
Deionized water Deionized by reverse osmosis

3.1.2 Reagents

The main reagents used are summarized in Table 3.2, where their source and purity is

specified. They were used as received.
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Table 3.2 Reagents used in this dissertation.

Product Purity Provider
Nickel (1) nitrate hexahydrate 99% ACros
Copper (1) nitrate trihydrate 99% Acros
Copper (II) acetate monohydrate 99% Acros
Potassium thiocyanate 99 % Sigma-Aldrich
Potassium phosphate monobasic 99 % Acros
Di-sodium hydrogen phosphate (anhydrous) >99 % Merck
Sodium hydroxide >99% Acros
Tetramethylammonium hydroxide pentahydrate >95.0% Aldrich
Sulfuric acid 95-97 % Fluka
Hydrochloric acid in water 1N Acros
Potassium iodide 99 % Aldrich
Potassium dichromate 99 % Avocado
Tetrabutylammonium hexafluorophosphate puriss Fluka
Polystyrene (average molar mass: 250 000) puriss Acros
lotect 99 % Prolabo
Ludox HS-40 40% SiO, Aldrich
Cetyltrimethylammonium tosylate > 99% Merck
N-propylethylenediamine 99% Acros
Ethylenediamine 99% Aldrich
Triethylamine >99 % Sigma-Aldrich
N’-isopropyldiethylenetriamine, techinque 75 %, Aldrich
3-aminopropyl-trimethoxysilane 95 % Acros
N-(2-aminoethyl)-3-aminopropyltriymethoxysilane 97% Acros
Chlorotrimethylsilane 98% Acros
Hexamethyldisilazane 98% Acros
Hexamethyldisiloxane 98% Acros
Sodium p-toluenesulfinate 95% Aldrich
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Salicylaldehyde 98 % Avocado
Phenol >99 % Sigma-Aldrich
Catechol 99 + % Acros
Hydroquinone >99 % Fluka
1,4-benzoquinone >99.5 % Fluka
3,5-di-t-butylcatechol 99% Acros
3,5-di-t-butylquinone 98% Acros
Naphthalene 99% Aldrich
Hydrogen peroxide (H,0;) solution in water 50 wt % Aldrich
3.1.3 Gas

The specifications of the gas used are collected in Table 3.3.

Table 3.3 Gas used in this dissertation.

Gas Quality Provider Utilization Treatment
Argon a Air Liquid Protection gas for Cartridge filtration
synthesis multifonctions:
dehydration,
deoxygenation,
dehydrocarbon
Nitrogen U Air Liquid Working gas for No
TGA
Air Industrial Air Liquid Working gas for No
TGA

3.2 Glossary of the nomenclature

Abbreviation of names and nomenclature of samples used in this dissertation are respec-
tively presented in Table 3.4 and

Table 3.5.
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Table 3.4 Abbreviation of names used in this dissertation.

Abbreviation Full name

PMOs Periodic mesoporous organosilicas

TMS Trimethylsilyl

CTATos Cetyltrimethylammonium tosylate

Pren N-propylethylenediamine

en Ethylenediamine

Lt N-(2-aminoethyl)-3-aminopropyltriymethoxysilane

L2 N-salicylaldimine-propylamine-trimethoxysilane

L? N-(salicylaldimine)-(N’-propyltrimethoxylsil
ane)-diethylenetriamine

L3 e N-(salicylaldimine)-(N’-isopropyl)-diethylenetriamine

CTMS Chlorotrimethylsilane

HMDSA Hexamethyldisilazane

HMDSO Hexamethyldisiloxane

TMAOH Tetramethylammonium hydroxide

MSP Molecular stencil patterning

DTBC 3,5-di-t-butylcatechol

DTBQ 3,5-di-t-butylquinone

CAT Catechol

HQ Hydroquinone

BQ 1,4-benzoquinone

Table 3.5 Nomenclature of samples in this dissertation.

Nomenclature Reaction or remark

M- Modified Laval University Silica, MCM-41 type, synthesized at 60 °C

M1’-, M2’- Normal Laval University Silica, synthesized at 130 °C, number corresponding to
the number of the synthesis

-OP Prepared according to the one-pot synthesis

-X Initial metal/SiO, * 100 % (mol/mol ) percent in sol-gel

-Y Initial Ligand/ metal molar ratio in sol-gel

-H Use 1 of eq. HCI (1 mol-L™) (HCI/ CTATos = 1) to extract the template (CTATOs)

-2H Use 2 of eq. HCI (1 mol-L™) (HCI/ CTATos = 2) to extract the template (CTATOs)

-TA Template extraction method using a mixture of CTMS and HMDSA with simul-
taneous capping by trimethylsilyl (TMS)

-TO Template extraction method using a mixture of CTMS and HMDSO with simul-
taneous capping by TMS

-HTA Template extraction method using HCI and then a mixture of CTMS and HMDSA
to extract remaining template and simultaneously cap by TMS

-T Template extraction method using CTMS with simultaneous capping by TMS

-EP Partial extraction of the template
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-EPS Partial trimethylsilylation by HMDSA on the partial template-containing materials

-ES HCI extraction of template in partial by silylated materials

-neu Basic neutralization using TMAOH

-SCN Use of KSCN to test a coordination vacancy to the grafted metal complex on the
solids

-CuN Wiash using TMAOH, and then complexed using Cu(NOs3),

-CuNH Wiash using TMAOH, then neutralize HCI, finally complex using Cu(NO3),

Three examples of nomenclature:

1) M-OP-0.3Ni(2LY)

Mesoporous material synthesized in the presence of Ni(Il) complex (L*/Ni = Y = 2 and
Ni/SiO,= X = 0.3 % in sol -gel) according to the one-pot synthesis at 60 °C.

2) M-OP-0.3Ni(2LY)-TA

As-made M-OP-0.3Ni(2L") sample after template extraction using a mixture of CTMS and
HDMSA.

3) M-OP-0.3Ni(2LY)-H

As-made M-OP-0.3Ni(2L") sample after template extraction using 1 of eq. HCI (HCI/
CTATos = 1).

3.3 Experimental part

3.3.1 Synthesis of Ni(ll) complexes

- Synthesis of Ni(ll)-Pren complexes with various Pren/Ni (Y = 1-18) molar ratios in
aqueous solution

Nickel (1) nitrate hexahydrate (0.1215g, 0.41 mmol) was dissolved in aqueous solution (30

mL). Then, N-propylethylenediamine (Pren) (0.052 mL, 0.104 mL, 0.156 mL, 0.208 mL,

0.312 mL, 0.468 mL, 0.936 mL, Pren/Ni =1, 2, 3, 4, 6, 9, 18, respectively) was dropwise

added. The resulting solution was stirred at room temperature. Colored solutions of 1-Pren

(green), 2-Pren (blue), 3-Pren (light violet), 4-Pren (violet), 6-Pren (violet), 9-Pren (vio-

let) and 18-Pren (violet) were formed, respectively.

- Synthesis of Ni(ll)-en complexes with various en/Ni (Y =1 - 4) molar ratios in

aqueous solution
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Ni(Il)-en complexes were synthesized using the same procedure as described for
Ni(I1)-Pren complexes. Colored solutions of 1-en (green), 2-en (blue), 3-en (violet) and

4-en (violet) were formed.

- Synthesis of Ni(Il)-L* complexes with various LYNi (Y =1-18) molar ratios in
aqueous solution

Ni(11)-L* complexes were synthesized using the same procedure as described for
Ni(11)-Pren complexes. Colored solutions of 1-L* (green), 2-L* (blue), 3-L* (light violet),

4-L* (violet), 6-L* (violet), 9-L" (violet) and 18-L" (violet) were formed.

- Synthesis of Ni(Pren),(C;H7SO;),, complex 1

N-propylethylenediamine (Pren) (0.16 mL, 3 eq) was added into the aqueous solution (8
mL) of nickel (11) nitrate hexahydrate (0.1215g, 0.41 mmol), and then an aqueous solution
(4 mL) of sodium p-toluenesulfinate (0.15 g, 2 eq) was added. After 2 days, blue crystals of

complex 1 were produced by slow evaporation of solvent.

- Synthesis of Ni(Pren),(NOs),, complex 2, and Ni(Pren)s(NOz3), complex 3

Nickel (1) nitrate hexahydrate (0.1215g, 0.41 mmol) was dissolved in anhydrous ethanol (5
mL). Then, N-propylethylenediamine (Pren) (0.104 mL, 0.156 mL, Pren/Ni = 2, 3, respec-
tively) was dropwise added and stirred at room temperature. Blue crystals of complex 2

precipitated in 2 days. Violet crystals of complex 3 precipitated in one week.

3.3.2 Synthesis of Cu(l1)-L (L = L? L®) complexes

3.3.2.1 Synthesis of L

A closed two necked flask with a condenser was vacuumed in room temperature and then
filled with argon. The same procedure was repeated for three times. Salicylaldehyde (0.57
mL, 5 mmol) and ethyl alcohol anhydrous (22 mL) was introduced in the flask.
3-aminopropyl-trimethoxysilane (0.90 mL, 5 mmol) was then dropwise added. The result-

ing mixture was stirred under reflux for 6 h in the argon atmosphere. The obtained yellow
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product was checked by *H NMR spectra.

3.3.2.2 Synthesis of HL®s and HL®

A closed two necked flask with a condenser was firstly vacuumed at room temperature and
then filled with argon. The same procedure was repeated for three times. Salicylaldehyde
(2.09 mL, 10 mmol or 0.11 mL, 1 mmol) and absolute ethanol (50 mL) were respectively
injected in the flask. Then, (3-trimethoxylsilylpropyl)-diethylenetriamine (2.71 mL, 10
mmol) or N’- isopropyldiethylenetriamine (0.22 mL, 1 mmol) was dropwise introduced in
the flask. The mixture was stirred under reflux for 6 h in the argon atmosphere. The ob-
tained yellow products were vacuumed and washed with a mixture solvent of petroleum
ether and ethyl acetate (7: 2) and then vacuumed. The final products HL® and HL3 . were

analyzed by measuring their *H NMR spectra.

'H NMR data:
L HC=N Aromatic proton -NHCH2CH2NHCH2CH2N= Propyl protons Ethoxy protons
NH NHCH, CH,NH CHN=
CH,

8.40 7.28-7.35  6.89-7.03 363 1.81- 0.72- 3.63 1. 62~

L2 1. 34
1.93 0.81
L3 8.29 7.29-7.40  6.93-7.02 2.94- 3.62 3.62 115 40
3.04

5 g8 7.25- 6.80- 2.24 2.66 2.96 3.43 058 157 261 1.18- 3.63-

' 7.36 7.00 137 371

3.3.2.3 Synthesis of [Cu(L?)]" and [Cu(L?),] complexes

The above mixture was evaporated at 40 °C through vacuum, and was reduced to 10 mL.
The flask was then equipped with a constant funnel. An ethanolic solution (40 mL) of cop-
per acetate monohydrate (0.476 g, 2.4 mmol or 0.952 g, 4.8 mmol) was dropwise added
through the constant funnel into the flask. The mixture was stirred under reflux for 2 h un-
der argon atmosphere. Then 1-L% and 2-L? (Y = L%Cu = 1 and 2, respectively) complexes

were formed in the ethanolic solution (48.5 mL).
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3.3.2.4 Synthesis of [Cu(L>.f)(OAc)] and [Cu(L%)(OAC)]

An ethanolic solution (10 mL) of HL2 (0.308 g, 0.73 mmol) or HL? ¢ (0.199 g, 0.81 mmol)
was added in a flask. Then, copper acetate monohydrate (0.15 g, 0.74 mmol or 0.17 g, 0.81
mmol) in absolute ethanol (15 mL, 10 mL) was dropwise added in the flask. The resulting
mixture was stirred under reflux for 2 h in the argon atmosphere. Dark blue solutions con-

taining Cu(L®)(CHsCOO) and Cu(L3)(CH3COO) complexes were formed.

3.3.3 One-pot synthesis of mesoporous hybrid materials

The sodium silicate solution was prepared as follows: Ludox (187 mL) was added to

sodium hydroxide (32 g) in deionised water (800 mL) and stirred at 40 °C until clear.

3.3.3.1 Synthesis of M-OP-XNi(YL) and M-OP-XCu(YLY

[Ni(YLY@PMOs, Cu(YL)@PMOs]

A sodium silicate solution (40 mL) was stirred at 60 °C for 1 h. A second solution of cetyl-
trimethylammonium tosylate (CTATos, 1.8 g) in deionised water (50 mL) was stirred dur-
ing 1 h at 60 °C. A solution of metal complex (Ni(NO3),, 0.24 mg; Cu(NOg3),, 0.25 mg; X =
Metal/SiO,*100 % = 1 %, Y = Ligand/metal) in deionized water (8 mL) was added to the
first solution, stirring until homogeneous. The resulting solution was dropwise added to the
second one during 20 minutes. The sol-gel formed, was stirred at 60 °C for 24 h. After fil-
tration and washing with deionised water (200-300 mL), the as-made solids were dried at
60 °C for 2 days. M-OP-XNi(YL') (X =1, Y = 1,2 3 and X = 0.3, Y = 2) and
M-OP-XCu(YLY) (X =1, Y = 1, 3) were obtained.

3.3.3.2 Synthesis of M-OP-XCu(YL?) [Cu(YL?>)@PMOs]

A sodium silicate solution (40 mL) was stirred at 60 °C for 1 h. A second solution of hexa-
decyltrimethylammonium p-tolunensulfonate (CTATos, 1.8 g) in deionised water (50 mL)
was stirred during 1 h at 60 °C. An ethanolic solution of 1.8 mL (n¢cy,= 0.09 mmol), 3 mL

(ncu = 0.15 mmol) or 8.5 mL (ncy = 0.42 mmol) Cu(11)-L? complex (Y = Ligand/metal = 2)
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was respectively added to the first solution, stirring until homogeneous. The resulting solu-
tion was dropwise added to the second one during 20 minutes. The sol-gel formed was
stirred at 60 °C for 24 h. After filtration and washing with deionised water (200-300 mL),
the as-made solids were dried at 60 °C for 2 days. M-OP-0.1Cu(2L?), M-OP-0.3Cu(2L?)
and M-OP-0.5Cu(2L?) samples were respectively obtained.

3.3.4 One-pot synthesis of metal-free material (M)

Mesoporous silica (M) with metal-free was prepared in the same composition molar
ratio and conditions as the hybrid materials except the addition of a complex. Therefore,
M was prepared as follows: a sodium silicate solution (40 mL) was stirred at 60 °C for 1
h. A second solution of cetyltrimethylammonium tosylate (CTATos, 1.21 g) in
deionised water (60 mL) was stirred at 60 °C for 1 h. Then, the first solution was
dropwise added to the second one during 30 minutes. The resulting sol-gel was heated
in the closed flask at 60 °C for 24 h. After filtration and washing with deionised water

(approximately 180 mL), the as-made solid was dried at 80 °C for 18 h.

3.3.5 Template (surfactant) extraction

3.3.5.1 Method TA

The solid (1.0 g) was first dried at 40 °C under argon flow for one hour, and then
vacuumized at 40 °C for one supplementary hour. Toluene (40 mL) was added; the
mixture was stirred until homogeneous at room temperature. Then, HMDSA (1.98 mL,
9.50 mmol) and CTMS (1.20 mL, 9.10 mmol; nympsa: Nctms: Nsufactant=6: 6: 1) were
added. This mixture was stirred for 2 h at 60 °C. After filtration the solid was finally
washed with toluene (10 mL x 2), ethanol (10 mL x 2) and acetone (10 mL x 2), and
dried at 60 °C. The obtained materials are M-OP-XNi(YL)-TA (X =1, Y =1, 2, 3 and
X =0.3,Y =2), M-OP-XCu(YL")-TA (X =1, Y = 1, 3) and M-OP-XCu(YL?-TA (X =
0.1,0.2and 0.5, Y = 2).
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3.3.5.2 Method T

Only CTMS was used to remove the surfactant of solid (0.50 g), in a molar ratio of
TMSCI: Surfactant = 1. Other procedure is similar to the method TA. The obtained
material is M-OP-XNi(YLY)-T (X =1, Y = 3).

3.3.5.3 Method TO

A mixture of two silanes was used, HMDSO and CTMS, to remove the surfactant of as
made solid (0.15 g), in a molar ratio equal of TMSCI: HMDSO: surfactant = 36: 36: 1.
The procedure is similar to the method TA. The obtained material is

M-OP-XNi(YLY)-TO (X =1, Y = 3).

3.3.5.4 Method H

The solid (0.4 g) was added into a flask with a condenser. Then technical ethanol (25
mol) and HCI (1mol-L?, 0.54 mL, HCI: surfactant = 1:1) were respectively added. The
mixture was stirred at 40 °C for 1 h. After filtration and washing with technical ethanol
(50 mL x 4) and acetone (50 mL x 2), the solids were dried at 60 °C for 1 day. The
obtained materials are M-OP-XNi(YL")-H (X = 0.3, Y = 2), M-OP-XCu(YL"-H (X = 1,
Y = 3) and M-OP-XCu(YL?)-H (X =0.1,0.2 and 0.5, Y = 2).

3.3.6 Post-synthesis of hybrid materials (“MSP” technique )

3.3.6.1 Synthesis of M’ (at high temperature, i.e. 130 °C)

A classical LUS was prepared in the same way as M except that the autoclave process

was performed at 130 °C, obtaining M”.>% %3

3.3.6.2 Partial surfactant extraction of M’

M’ (10 g) was placed in a round flask, and then ethanol (400 mL, 96%) and
hydrochloric acid 1 mol L™ (6.8 mL, 0.5 eq) were added. The mixture was stirred at 40
°C for 1 h. After filtration and washing with ethanol (100 mL x 2) and acetone (50 mL X
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2) the solid was dried at 80 °C for 20 h. Material M’-EP (7.1 g) was obtained.

3.3.6.3 Partial silylation of M’-EP

M’-EP (6.8 g) was added into a round bottom three-neck flask, and then dried at 130 °C
for 1 h under argon flow and during 2 h under vacuum. Cyclohexane (170 mL) and
HMDSA (30 mL, 30 eq.) were added under argon. The mixture was refluxed for 18 h.
The obtained solid was finally washed with cyclohexane (2 x 30 mL), ethanol (2 x 60
mL) and acetone (2 x 60 mL), and then dried at 80 °C for 18 h. This sequence of steps

was repeated twice. Partially silylated material M’-EPS (7.1 g) was obtained.

3.3.6.4 Extraction of remaining surfactant of M’-EPS

M’-EPS (2 g) was placed in a round flask, and then ethanol (86 mL, 96%) and
hydrochloric acid (1.28 mL, 1 eq, 1 mol/L) were added. The mixture was stirred at 0 °C
for 1 h. After filtration and washing with ethanol (50 mL) and acetone (50 mL) the
obtained solid was dried at 80 °C for 20 h. The same procedure was repeated again.

Finally, material M’-ES (1.4 g) was obtained.

3.3.6.5 Grafting complex onto M’-EPS

M’-ES (0.5 g) was dried at 130 °C under argon flow during 1 h, and then vacuumized at
130 °C during 2 h. A solution of metal complex (0.028 mmol of Ni(NOs), in Ni-L*
complexes, 0.029 mmol of Cu(NOs), in Cu-L* complexes, 0.74 mmol of Cu(OAc), in
Cu-L® complexes, Y = L/metal = 1, 2, or 3) in 2 mL anhydrous ethanol was added
together with 40 mL of toluene into the flask. The resulting mixture was stirred at 60 °C
for 18 h under argon. The obtained solids were finally washed with toluene (50 mL) and
ethanol (25 mL), and then dried at 60 °C. M1’-ES-Ni(YLY) (Y = 2, 3), M1’-ES-Cu(YL?Y)
(Y = 2) and M2’-ES-Cu(L®) were obtained.

3.3.7 Metal exchange
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3.3.7.1 Metal exchange 1

M-OP-Ni(3LY)-TA (0.08 g) was placed in a round flask, then ethanol (5 mL) and
TMAOH (3 mL, 0.1 M) were added. The mixture was stirred at 0 °C for 30 minutes and
filtered. The resulting solid was washed with abundant ethanol until neutralization of
the filtered solution. The solid was then treated with an ethanolic solution (10 mL) of
copper (I1) nitrate (0.08 g, 10 eq, ncy: Nni=10). The mixture was stirred at 0 °C for 5 h.
After filtration, the obtained solid was finally washed with ethanol (200 mL) and dried
at 60 °C for 12, obtaining material M-OP-Ni(3LY)-TA-CuN. For M-OP-Ni(L")-TA and
M-OP-Ni(2L')-TA the treatment with TMAOH was not performed; after reaction with
the copper nitrate solution, the solids M-OP-Ni(L')-TA-CuN (0.07 g) and
M-OP-Ni(2L")-TA-CuN (0.07 g) were respectively obtained.

3.3.7.2 Metal exchange 2

M-OP-Ni(3LY)-TA (0.10 g) was placed in a round flask, then ethanol (5 ml) and HCI
(10 eq, npci: 2ny= 10) were added obtaining a solution of pH 1.02. The mixture was
then stirred at 0 °C for 30 minutes and filtered. The resulting solid was washed with
ethanol (100 ml). Then this solid was treated with an ethanolic (10 ml) solution of
TMAOH (0.1 M, 12 eq, ntmaon: 2ny= 12), the final pH is 13. The mixture was stirred at
0 °C for 30 minutes, then washed with ethanol for several times until that the filtrated
solution is neutral. The solid was then treated with an ethanolic solution (10 mL) of
copper (I1) nitrate (0.10 g, 10 eq, ncy: Nni=10). The mixture was stirred at 0 °C for 5 h.
After filtration, the obtained solid was finally washed with ethanol (200 mL) and dried
at 60 °C for 12 h. The M-OP-Ni(3L")-TA-CuNH (0.06 g) solid was finally obtained.

3.3.7.3 Metal exchange 3

i) decomplexation: M1’-ES-Ni(2L") (0.09 g) was placed in a round flask, then ethanol
(5 mL) and HCI (0.32 mL, 1 mol L) were added. The mixture was then stirred at 0 °C
for 1 h. The obtained solid was washed with ethanol (200 mL) and dried at 60 °C for 12
h, obtaining the M1’-ES-Ni(2L")-H (0.06 g) material.
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ii) neutralization: M1’-ES-Ni(2L"Y)-H (0.6 g) was treated with TMAOH (1.6 mL, 0.1N)
in ethanol (10 mL) at 0 °C for 1 h. The obtained solid was washed with ethanol (200 mL)
and dried at 60 °C for 12 h, obtaining the M1’-ES-Ni(2L")-neu (0.06 g) material.

iii) complexation with Cu(ll): M1’-ES-Ni(2L%)-neu (0.3 g) in ethanol (8 mL) was
reacted with Cu(NO3),-H,0 (0.2 g) and stirred at 0 °C for 1 h 30. The final solid was
washed with ethanol (200 mL) and then dried at 60 °C for 12 h, obtaining
M1’-ES-Ni(2L")-HCu (0.37 g).

3.3.7.4 Metal exchange 4

M1’-ES-Ni(2L") (0.08 g) was placed in a round flask, and then an ethanolic solution (10
mL) of Cu(NO3),-H,0 (0.08 g, 10 eq, ncy: Nni=10) was added. The mixture was stirred
at 0 °C for 5 h and then filtered. The obtained solid was finally washed with ethanol
(200 mL) and dried at 60 °C for 12 h. Material M1’-ES-Ni(2L")-CuN (0.04 g) was

obtained.

3.3.8 Metal displacement

3.3.8.1 Metal displacement 1

Solid (0.10 g, M-OP-Cu(YL")-TA, M-OP-XCu(YL?)-H) was placed in a round flask,
then ethanol (5 mL) and HCI (1 mol-L™*, HCl/Ligand = 1) were added. The mixture was
then stirred at 40 °C for 1 h and filtered. The resulting solid was washed with ethanol
(200 mL) and dried at 60 °C for 12 h. The final solids, M-OP-Cu(YL")-HH (Y = 3) and
M-OP-XCu(YL?)-HH (X = 0.1, 0.2 and 0.5, Y = 2), were obtained.

3.3.8.2 Metal displacement 2

M-OP-XCu(YL?) (0.04 g) was placed in a round flask, then technical ethanol (5 mL)
and HCI (1 mol-L™, 2 eq, HCI: surfactant = 2) were added. The mixture was then stirred
at 40 °C for 1 h, then filtered, washed with abundant ethanol, and dried at 60 °C. The
final solids M-OP-XCu(YL?)-2H (X = 0.1, 0.2 and 0.5, Y = 2) were obtained.
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3.3.9 Catalytic tests

3.3.9.1 Oxidation of DTBC

The activity of catalysts was tested on the oxidation of 3,5-di-t-butylcatechol (DTBC). In a
typical reaction, catalyst (0.0088 mmol of Cu, M-OP-Cu(YL") or M1’-ES-Cu(YL") was
added into a mixture of acetonitrile solution (2 mL) of DTBC (0.1 mol-L™?, 0.2 mmol) and
naphthalene (0.1 mol-L™, 0.2 mmol, internal standard) and triethylamine (5 pL). The mixture
was stirred at room temperature under open air for 6 h, and aliquots were taken during the
reaction and analyzed by GC. The yield of products was estimated from the peak areas based

on the internal standard technical.

3.3.9.2 Hydroxylation of phenol

Phenol hydroxylation experiments were run in a 50 mL two necked flask with a condenser.

In a standard run, phenol (0.1g, 1.1 mmol), catalyst [Cu: phenol = 1:100, M-OP-XCu(YL?)

or M2°-ES-Cu(L®)] and buffer solution (7 mL) and H,O, (50 % aqueous) were orderly

added. The reaction was taken at 80 °C for 2 h. The phenol and the products catechol (CAT),

hydroquinone (HQ) and 1, 4-benzoquinone (BQ) were analyzed by HPLC. H,0, conver-

sion was determined by the following methods:

1) The H,0; conversion was determined by iodometry method.

2) The efficiency conversion of H,O, was calculated as follows: H,O, eff. conv.=100 x
H,0, (mol) consumed in formation of diphenols and benzoguinone/H,0, (mol) con-

verted.

3.3.10 Preparation of phosphate buffer solution

pH = 7. 0.68 g of KH,PO, and 40 mL of 0.1 mol/L NaOH were introduced in a 100 mL
volumetric flask. Distilled water was added until a total volume of 100 mL. [KH,PO,] =
0.05 mol/L

pH = 6. 2.085 g of KH,PO4and 0.353 g of Na,HPO, were introduced in a 250 mL volume-
tric flask. Distilled water was added until a total volume of 250 mL. [KH,PO4] = 0.06
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mol/L
pH = 5. 0.2 mol/L of NaOH was added into 100 mL of KH,PQO, (0.2 mol/L). Distilled eater
was added to adjust the pH until 5 controlled by pH-meter.

3.4 Analytical Techniques

Single-crystal X-ray: Single-crystal X-ray study of complex 1 was carried out using a
Nonius KappaCCD and the related analysis software.*** No absorption correction was ap-
plied to the data sets. The structure has been solved by direct methods using the SIR97
program®>® combined with Fourier difference syntheses and refined against F using reflec-
tions with [Z/o(1) > 3] with the CRYSTALS program.**® All atomic displacements parame-
ters for non-hydrogen atoms have been refined with anisotropic terms. The hydrogen atoms
were theoretically located on the basis of the conformation of the supporting atom or found

by Fourier Difference.

XRD: low angle X-ray powder diffraction experiments have been carried out using a

Bruker (Siemens) D5005 diffractometer using Cu Ko monochromatic radiation.

IR: infrared spectra were recorded from KBr pellets using a Mattson 3000 IRTF spectro-

meter.

UV-visible spectroscopy: liquid UV-visible spectra were recorded using a Vector 550
Bruker spectrometer; solid diffuse reflectance UV-visible spectra were recorded from alu-
minium cells with Suprasil 300 quartz windows, using a PerkinElmer Lambda 950 and PE

Winlab software.

Nitrogen sorption isotherms at 77 K were determined with a volume device Micromerit-

ics ASAP 2010M on solids that were dried at 80 ° C under vacuum overnight.

TGA measurements were collected from Al,O3 crucibles on a DTA-TG Netzsch STA 409
PC/PG instrument, under air (30 mL/min), with a 25-1000 °C (10 °C /min) temperature in-

crease.
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pH-meter (Meterlab pHM210) was calibraded in aqueous solultion, so that the pH meas-

ured for the EtOH-H,0 is only indicative.

EPR spectra were recorded using a Brucker Elexsys €500 X-band (9.4 GHz) spectrometer
with a standard cavity. Quantification of Cu(ll) species was performed using crystals of

CuS04.5H,0 as calibration reference.

TEM Imaging and analytical studies were performed on a JEOL 2010F microscope
equipped with a field emission gun and operating at 200 kV. EDX (Energy Dispersive
X-ray analysis) was performed thanks to a dispersive X-ray system (INCA-Oxford equip-

ment) with a detector owing a polymer ultra-thin window.
'H NMR spectra were recorded on a Bruker Avance 300 NMR spectrometer.

Electrochemical measurements Cyclic voltammetry of Cu(ll) precursor [Cu(2L")] and
one-pot synthesized material [M-OP-Cu(3L")-TA] and grafting material [(M’-PS-Cu(2L")]
was performed with a CH Instruments 600B potentiostat in a three-electrode cell. The
working electrode was prepared by taking a 1: 1 weight ratio of complex precursors or hy-
brid materials and fine graphite and dispersed in 1 mL of water, which was ultrasonicated
for 10 min. Several aliquots of this dispersion and added 5 uL of 5 % polystyrene were
coated on platinum disk (1 mm diameter). A platinum wire was used as the auxiliary elec-
trode, and an AgNOg3|Ag electrode was used as the reference. This latter was checked vs.
ferrocene as recommended by IUPAC (E? = 0.100 V). The electrolyte was a solution of
tetrabutylammonium hexafluorophosphate (TBAP, 0.1 M) in CH,Cl,, and the scan rate was
0.4 V-s™. Solutions were deaerated by argon bubbling for 10 min prior to each sequence of

measurements.

GC analyses were performed on a Shimadzu GC-14B chromatograph equipped with a FID
detector, a CP-sil-5CB column (30 m x 0.25 mm). Nitrogen was used as carrier gas (initial

temperature 80 °C, heating rate 10 °C min™ up to 280 °C).
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HPLC analyses were performed on a LC/MS Agilent 1100SLT. The working condition is

following: Column-ZORBAX-SB-C18 of dimension 4.6 mm x 250 mm, Protect-5 microns;

loop size-8 ul; temperature of column-room temperature; UV detector-245 nm and 280 nm;

mobile phase — water (10 mmol/L formic acid, 60 %) and acetonitrile (40 %); flow rate-0.2

mL/min.

3.5 Original data from elemental analysis

Table 3.6 Elemental data of samples in this dissertation.

Sample Si0,% | C% H% N % S% Cl% Ni% | Cu%
Complex 1 4441 8.95 9.44

Complex 2 35.78 22.07 12.07

Complex 3 31.14 21.60 1553

M 4192 | 3503 | 7.42 2.01

M-TA 86.19 | 1243 | 359 <0.1

M-H 8722 | 1241 | 358 0.1

M1’ 5158 | 3270 | 6.59 2.03

M2’ 5162 | 3389 |6.72 1.99

M1’-EP 9034 | 7.80 2.37 <0.1 <0.2

M1’-EPS 774 | 197 4.4 07

M1’-ES 8967 | 7.72 2.40 <0.1

M2’-ES 8967 | 7.72 2.40 <0.1

M-OP-0.3Ni(L}) 5268 | 3041 | 656 2.23 <0.2 0.61
M-OP-Ni(LY) 53.04 |30.77 |6.73 2.40 1.68
M-OP-Ni(2LY) 5478 | 2893 |6.31 2.97 1.56
M-OP-Ni(3L}) 5353 | 30.65 | 6.65 33 0.71 153
M-OP-Cu(LY) 568 | 27.30 | 5.96 2.21 1.80
M-OP-Cu(3LY) 5102 | 3116 | 654 3.22 0.88 1.67
M-OP-0.1Cu(2L?) 5158 | 3330 |6.76 1.97 <0.3 0.24
M-OP-0.2Cu(2L?) 5341 | 31.94 217 0.87 0.35
M-OP-0.5Cu(2L?) 53.27 | 32.09 1.79 <0.3 0.94
M-OP-0.3Ni(2LY)-H 86.63 | 2.43 1.90 1.01 <0.2 0.88
M-OP-Ni(L})-TA 8517 | 1177 | 3.43 1.08 2.24
M-OP-Ni(2L})-TA 81.82 | 1246 | 351 2.01 <0.2 1.79
M-OP-Ni(3L})-TA 7800 |1339 |3.78 2.44 <0.2 1.35 1.91
M-OP-Cu(LY)-TA 8655 | 1125 | 3.15 1.02 0.29

M-OP-Cu(3LY)-TO 7518 | 13.02 | 3.64 2.23 <0.2 5.54 121
M-OP-Cu(3LY)-TA 8045 | 1291 | 3.62 2.27 <0.2 0.94 2.33
M-OP-Cu(3LY)-HTA 8041 | 10.9 3.25 2.36 0.92 251
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M-OP-Cu(3LY)-H 83.70 | 5.97 2.58 2.60 <0.2 2.50
M-OP-0.1Cu(2L?)-H 89.62 | 3.04 1.57 0.27 0.31
M-OP-0.2Cu(2L?)-H 83.49 | 7.95 2.18 1.74 0.52
M-OP-0.5Cu(2L?)-H 80.44 | 4.34 1.60 0.56 1.06
M-OP-0.2Cu(2L?)-TA 85.95 | 12.02 <0.3 0.35

M-OP-0.5Cu(2L?)-TA 86.09 | 13.86 0.33 <0.3

M1’-PS-Ni(2L?) 80.7 12.1 3.0 35 2.5
M1’-PS-Ni(3L%) 76.1 12.6 3.3 46 2.3
M1’-PS-Cu(2LY) 7971 | 1115 | 2.78 3.53 2.55
M2’-PS-Cu(L?) 81.88 | 13.82 1.92 2.79
M-OP-0.3Ni(2LY)-HH 0.58
M-OP-Ni(L)-TA-CuN 2.1 11
M-OP-Ni(2LY-TA-CuN 1.7 1.6
M-OP-Ni(3LY-TA-CuN 1.9 3.1
M-OP-Ni(3LY)-TA-CuNH 1.4 4.9
M-OP-Ni(3LY)-TA-SCN 7961 | 1322 | 372 2.56 0.67 1.99
M-OP-Cu(LY)-TA-H 1.95
M-OP-Cu(3LY)-TA-H 2.25
M-OP-Cu(3LY)-HH 2.27
M-OP-0.5Cu(2L?)-HH 0.04
M1’-PS-Ni(3L%)-SCN 76.61 | 1257 3.09 4.6 1.83 2.14
M1’-PS-Ni(2LY-H 0.2 -
M1’-PS-Ni(2LY)-HCu 0.1 48
M1’-PS-Ni(2L)-CuN 0.4 3.9
M2’-PS-Cu(L%)-R 2.17
M-OP-0.2Cu(2L?)-HR 0.41
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Organization

One-pot synthesized materials

M-OP-Ni(LY)
M-OP-Ni(2L%)
M-OP-Ni(3L1)
M-OP-Cu(LY)
M-OP-Cu(3LY)
M-OP-0.3Ni(2L1)
M-OP-0.1Cu(2L?)
M-OP-0.2Cu(2L?)
M-OP-0.5Cu(2L?)

Template
extraction
Method TA

CTMS+HMDSA

M-OP-Ni(L)-TA
M-OP-Ni(2L1)-TA
M-OP-Ni(3LY)-TA
M-OP-Cu(L)-TA
M-OP-Cu(3L1)-TA
M-OP-0.2Cu(2L?)-TA
M-OP-0.5Cu(2L?)-TA

Metal
exchange

M-OP-Ni(3L')-TA-CuN
M-OP-Ni(3L)-TA-CuNH
M-OP-Ni(2L)-TA-CuN

Template
extraction

Method H
HCI

M-OP-0.3Ni(2L1)-H
M-OP-Cu(3LY)-H

M-OP-0.1Cu(2L?)-H
M-OP-0.2Cu(2L?)-H
M-OP-0.5Cu(2L?)-H

Metal
leaching

Y

M-OP-Cu(L1)-TA-H
M-OP-Cu(3LY)-TA-H
M-OP-Cu(3L1)-HH
M-OP-0.3Ni(2L%)-HH
M-OP-0.5Cu(2L?)-HH
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Post-synthesized materials

Ml

Partially remove the template

\
M'-EP

Silylate the surface

Y
M'-EPS

Remove the remaining template

M'-ES

Grafting complexes

M1'-ES-Ni(2LY)
M1'-ES-Ni(3LY
M1'-ES-Cu(2LY)
M2'-ES-Cu(L®)
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Chapter 4  Incorporation of nickel ethylenediamine complexes
in the wall of a nanostructured porous silica: Nickel (I1) used as

a probe

4.1 Introduction

In recent years, much attention has been paid on preparation and characterization of
new PMOs. Corriu et al. have synthesized a new type of mesoporous hybrid materials
containing cyclam moieties inside the framework complexed to transition metal ions
such as Cu(ll) or Co(I1).***® These syntheses are performed under neutral conditions
using a metal-cyclam precursor with either SiHz or Si(OEt); hydrolisable groups,
tetraethoxysilane (TEOS) as silica source and methanol as cosolvent. Two different
transition metals can be selectively incorporated, one on the framework and the other in
the channel pores. The cyclam complex in the framework of the mesostructured silica is
quite stable and no metal decomplexation occurs even using a large excess of cyclam
ligand for extracting metal in the framework.'® Mercier et al. have prepared a HMS
mesoporous silica with the 1,4-bis-[3-(trimethoxysilyl)propyl]ethylenediamine ligand,
bis(TMSP)en, incorporated inside the framework under neutral conditions and using
TEOS as silica source.”’ The obtained PMOs material possess a less ordered structure
as shown in XRD patterns, which prevents good monitoring any change in the materials.
They were used as sorbents for metal adsorption. However, they exhibit a low metal
adsorption ability: less than 10 % of the ligand can be used to complex Cu(ll) ions and
less than 1 % to complex Ni(ll) or Zn(ll) ions. Furthermore, Karakassides et al. have
reported that under neutral conditions Cu(ll)-ethylenediamine-containing MCM-41 can
be synthesized by a sol-gel approach using tetramethoxysilane (TMOS) as silicon
source and the copper-ethylenediamine precursor
Cu[(CH30)3Si(CH2)sNHCH,CH,NH,],, [Cu(LY),], L' = N-(2-aminoethyl)-3-amino-

propyltriymethoxysilane.’®® The as-made materials have been characterized by EPR
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spectroscopy, showing the presence of a mixture of Cu(L')?* and Cu(L'),** species.
Both studies of Mercier et al and Karakassides et al suggest that neutral conditions are
not optimal for metal ion coordination when the synthesis of ethylenediamine (en)
functionalized mesoporous materials is at stake. In addition, no conclusions have been
drawn concerning the low metal exchange ability observed in the PMOs materials. Thus,
it could not know the precise information on the coordination of the transition metal in
previous works.

We propose to tackle the problem in the actual chapter using Ni(ll) ions complexed
with bidentate ethylenediamine-like ligand to probe embedded or grafted complexes
sites in mesostructured porous silicas. Indeed, Ni(en)x(H20)e.2x(NO3)2 (x=1-3) are well
characterized by their UV-visible absorption bands."*® In addition, the nitrate counterion
exhibits also a well-defined absorption both in UV-visible and in IR regions. These
features are very useful to monitor any change in the coordination of Ni
(IN-ethylenediamine (en) complexes and in the nature of counterions when unknown
environments are at stake. These are the reasons to choose [Ni(L')x] complexes as a
probe to investigate the peculiarities of framework complex sites versus grafted
complex sites in a siliceous matrix.

From a structural point of view, N-(2-aminoethyl)-3-aminopropyltrimethoxysilane
(L) is different from ethylenediamine (en) due to the additional propyl group and
trimethoxysilane moiety. It will most probaly induce some differences on the metal
coordination environment comparison to en. Thus, in this chapter, molecular Ni(ll)
complexes with ethylenediamine (en), N-propylethylenediamine (Pren) and
N-(2-aminoethyl)-3- aminopropyltriymethoxysilane (L) ligand are firstly investigated.
In a second part, the incorporating of  Ni(ll)-N-(2-aminoethyl)-3-
aminopropyltriymethoxysilane (L) complexes (n.1: nni=1, 2, 3) into the framework of a
mesostructured porous silica is described using a novel one-pot synthesis route in the
absence of any organic solvent. It includes i) basic conditions, to favor ligand
coordination to the metal ion, ii) aqueous sodium silicate solution as silica source, and
iii) pure water as single solvent. For comparison, Ni(ll)-L* complexes have been grafted
in the channels of mesostructured porous silicas using a post-synthesis route already
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described for Ru(l11), Cu(l1) and Eu(l1) complexes.?* **® The structure of the materials
has been investigated using XRD, N, sorption isotherms and TEM techniques. The
nature and quantity of the loaded species has been determined from FT-IR, EA
(elemental analysis), ICP-MS and TGA measurements. Furthermore, the metal
exchange ability of Ni(ll) by Cu(ll) has been tested in both types of materials using
EPR spectroscopy. Finally, a complete UV-visible study is reported in order to
determine the coordination environment of the metal ion for both PMOs and

post-synthesis materials.

4.2 Study of the nickel complex precursors in solution

From N-propylethylenediamine (Pren) to N-(2-aminoethyl)-3- aminopropyltriymethoxysi-
lane (LY), this evolution satisfies the need of immobilization of the ligand on solids and
makes the active center reusable in the area of catalysis and adsorption. However, the ques-
tion is coming: are the structure and the coordination environment of the metal ion different
in Ni-L' and Ni-Pren complexes? Indeed, they are closely related to both preparation of
PMOs materials and elucidation of the metal coordination environment in the framework of

PMOs (cf. 3.3).

4.2.1 Results and discussion

4.2.1.1 Structure of the Ni(ll) -Pren complexes

Structure Solution and Refinement

Complex 1 crystallizes in the monoclinic system. According to the observed systematic ex-
tinctions, the structure has been solved in the C2/c space group. Crystallographic data and
refinement details are summarized in Table 4.1. Selected inter-atomic bond lengths and

bond angles are listed in Table 4.2.

Table 4.1 Crystal data and structure refinement for complex 1, 2 and 3

1 2 3
Ni(pren),(H,0)222A<2H,0 Ni(pren),(NOs), Ni(pren)z+2(NOs)

81



Chapter 4

Incorporation of nickel ethylenediamine complexes in the wall of a nanostructured porous silica

Refined formula

C:24H50N4Ni10882

Molecular weight 674.88 - -
(g.mol™)
Crystallographic monoclinic triclinic triclinic
system
Space group C2/c (No. 15) P-1 (No. 2) P-1 (No. 2)
Temperature (K) 293 293 293
z 4 - -
a(A) 26.640 (2) 6.96 (3) 15.935 (1)
b (A) 10.0382 (9) 7.31(5) 19.260 (2)
c(A) 12.423 (1) 30.2 (2) 19.432 (2)
o (deg.) 90 95.7 (3) 99.217 (4)
B (deg.) 101.240 (5) 91.54 (8) 105.938 (4)
vy (deg.) 90 112.08 (5) 104.075 (4)
Volume (A% 3258.4 (5) 14010 (16) 5395.2 (9)
D (g.cm™) 1.316 - -
p (mm™) 0.771 - -
Crystal size (mm?) 0,051 * 0,053 * 0,059 0,021 * 0,029 * 0,125 * 0,145 * 0,273
0,032
Crystal colour Blue Blue Blue
Crystal shape Cube Cube Aiguille
No. of ind. refl. 3818 - -
Rint 0.034 - -
R (Us(I) > 3) 0.0581 - -
Ry (I/s(I) > 3) 0.0663 - -
GOFonF 1.23
Apmax (6247 0.44
Apmax (€.47) -0.50 - -
Table 4.2 Selected bond lengths [A] and bond angles [°] for complex 1
Bond lengths
Nil - N1 2.096 (4) Nil - N4 2.129 (5)
Nil-011 2.085 (3)
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Bond angles
N4 - Nil- N1 82.3(2) N4 - Nil- 011 90.7 (2)
N1-Nil-011 91.1(2) N4 - Nil- N1 97.7 (2)
N1-Nil-N1 180 0O11-Nil-N1 88.9 (2)
N4 - Nil - N4 180 N1 - Nil-N4 97.7 (2)
011 - Nil-N4 89.3(2) N1 - Nil-N4 82.3(2)
N4 - Nil - 011 90.7 (2) N1 - Nil-011 88.9 (2)
011 -Nil-011 180 N1 - Nil-011 91.1(2)

Structural description
Complex 1 is built from a Ni(ll) cation located in a quasi perfect octahedral environment in
terms of Ni-N,O bond lengths and N,O-Ni-N,O bond angles (Figure 4.1 a, Table 4.2). The
basal plane (the metallic atom is located on the inversion centre) is composed by four ni-
trogen atoms (N1 and N4) belonging to the two pren ligands whereas the top position of the
octahedron are occupied by two water molecules coordinated to the metallic center, form-
ing then a cationic entity [Ni"(Pren),(H-0)-]**. In order to assume the electroneutrality of
the whole structure, two A" anions (A=C;H;SO,) co-crystallize. Note that two free water
molecules also crystallize in the unit-cell. Therefore, the refined formula is then
[Ni(pren),(H20),]*2A+2H,0, which is consistent with the result of elemental analysis.
There are also a lot of hydrogen bonds between the cationic metallic entity, the counter-
anions and the free water molecules (Figure 4.1b) forming neutral planes in the (b,c)-plan of
the unit-cell (Figure 4.2a). These plans stack one on the other one along the a-axis of the

unit-cell to form a sheet structure (Figure 4.2b).
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Figure 4.1 (a) Asymmetric unit of complex 1, [Ni(pren),(H;0),]*2A*2H,0, (A=C;H;SO,), with
atom labelling. Ellipsoids are represented with a probability of 30%. Hydrogen atoms have
been removed for clarity; (b) hydrogen bonds present in the structure of complex 1 and
hydrogen atoms are not involved in.

p o % RN
=L % ﬁi{}*@“ Y

(@) (b)

Figure 4.2 (a) Neutral plan of complex 1 in the (b,c)-plan of the unit-cell built from hydrogen bonds
(orange dash lines); (b) projection in the (a,c)-plan of the unit-cell of complex 1 packing
(including hydrogen bonds). Hydrogen atoms are not involved in and any hydrogen bonds
have been removed for clarity.

For complex 2, despite several attempts, it was impossible to obtain a crystal structure of

sufficient quality. This was certainly due to (i) the small size of the crystal and (ii) its low
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diffracting power in large angles. However, with data collected during a measurement, it
was possible to find a solution to present its model below.

This complex crystallizes in the triclinic crystal system (Table 4.1). In agreement with the
observed systematic extinctions, the solution was found in space group P-1 (No. 2). Unlike
the complex 1 previously described, it is a neutral entity since the NO3™ anions replace wa-
ter molecules of the complex 1 by coordination via an oxygen atom (Figure 4.3). The me-
tallic Ni(ll) is located in a distorted octahedral environment. The square of this environ-
ment is composed of four nitrogen atoms from two cis-Pren ligands position. The fifth and
sixth positions on both sides of the square are occupied by two oxygen atoms from two
molecules of NOs. This result is in agreement with the elemental analysis,
Ni(Pren),(NOs3),.

Figure 4.3 Model of the crystal structure of complex Ni(Pren),(NOs),, complex 2 (grayer C atom, blue
N atom, red O atom, yellow S atom, green Ni(ll)).

For complex 3, despite several attempts, it was impossible to find a crystal of sufficient
quality to obtain diffraction data to completely solve and refine the crystal structure. Indeed,
the complex co-crystallized with solvent molecules. The stability of the crystals tested un-
der ambient conditions was not sufficient to achieve a complete record before degradation
of the crystal due to evaporation of solvent. However, it was possible to obtain a model by
recorded diffraction data.

This complex crystallizes in the triclinic crystal system and the solution was obtained in
the space group P-1 (No. 2) (Table 4.1). Ni(Il) atom is located in a regular octahedral (link

lengths Ni-N all roughly equal to 2.15 ﬁ'\) exclusively composed of nitrogen atoms from
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three Pren ligands (Figure 4.4). The fifth and sixth positions on both sides of the square are
occupied by two oxygen atoms from two molecules of NOjs. Projection of the crystal
structure of Ni (Pren)s+2 (NO3) in the plane (a, b) cell (a) and in the plane (b, c) cell (b) is

shown in Figure 4.5.

Figure 4.4 Model of the crystal structure of complex 3, [Ni(Pren)s]** [grayer C atom, blue N atom,
red O atom, yellow S atom, green Ni(I1)].

Figure 4.5 Projection of the crystal structure of complex 3, Ni (Pren)s«2(NO3), in the plane (a, b)

cell (a) and in the plane (b, c) cell (b).

4.2.1.2 Comparison Ni(I1)-Pren complexes with Ni(I1)-L* complexes
A series of Ni(ll)-en, Ni(l1)-Pren and Ni(l1)-L* (Lt =
N-(2-aminoethyl)-3-aminopropyltriymethoxysilane) complexes with various ligand/Ni(l1)

molar ratios (1, 2, 3, 4, 6, 9 and 18) were prepared and monitored by UV-visible spectros-
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copy. The corresponding data are gathered in Table 4.3. All the Ni(ll) complexes presented
two absorption bands vsand v, in the range of 22000-38000 cm™ (Figure 4.6), and a third
large band, v;, appeared in the NIR region. The bands vs, v,, v1 can be attributed to the
spin-allowed electronic transitions of Ni** ions in an octahedral environment: *Tyy (P) «
SAag, *T1g (F) < Ay and *Toy (F) < Ay, respectively (Scheme 4.1). From the absorption
bands vz and v, the crystal field, A, and the nephelauxetic parameter, B, can be obtained

through Formula 4.1

Absorption

15000 20000 25000 30000
c (cm-1)

Figure 4.6 UV-visible spectra of 1-Pren, 2-Pren, 3-Pren, 1-L*, 2-L'and 3-L".

Formula 4.1 Assuming an octahedral symmetry, A,v; and B parameters can be determined from the
following formulas: '

val Vo= [15B+3*A+(225*B%-18*B*A+A?)Y2)/ [15B+3A-(225B%-18*B*A+A?)]
val B= 1/2*[15+3*A/ B+(225-18*A/ B+ (Al B)2) 7]
vi= A; 10Dg(cm™)= vy (cm™)
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Scheme 4.1 Simplified correlation diagram between the energy levels of the Ni** free ion (d®) and
those of the same ion subjected to a crystal field of octahedral symmetry. Solid line arrows indicate
spin-allowed electronic transitions and dotted line arrows spin-forbidden ones.

Table 4.3 Parameters obtained from UV-visible spectra for Ni containing samples.

Solution V3 v A* D B pH
+#50cm?  +50cm? 450 cm™ +50cm®  +0.015

l-en® 27000 16300 10070 1010 0.84

2-en © 28200 17600 11120 1110 0.80

3-en® 29100 18400 11820 1180 0.77

1-Pren © 26800 16100 9920 990 0.84

2-Pren 27820 17300 10900 1090 0.80

3-Pren® 28300 17700 11200 1120 0.79

1-Pren 26800 16100 9920 990 0.84 8.58

2-Pren 27800 17200 10790 1080 0.81 10.20

3-Pren 27930 17360 10930 1090 0.80 11.79

4-Pren 28100 17500 11040 1100 0.80 11.91

6-Pren 28200 17500 11000 1100 0.81 12.19

9-Pren 28300 17600 11090 1110 0.81 12.33
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18-Pren 28300 17600 11090 1110 0.81 12.31
1-Lt 26800 16100 9920 990 0.84 --
2-L! 27800 17200 10790 1080 0.81 --
3-L! 27930 17360 10930 1090 0.80 --
4-1* 28100 17450 10980 1100 0.81 --
6-L1 28200 17500 11000 1100 0.81 --
o-L1 28300 17600 11090 1110 0.81 --
18-L! 28300 17600 11090 1110 0.81 --

a: A: calculated crystal field considering Oh symmetry; b: B, nephelauxetic parameter,
B=B/B, (B, By Racah parameter, B calculated from Formula 4.1), B¢=1041 cm™ (free Ni**
ion); c: complexes in absolute ethanol, others in aqueous solution.

I:,/o—cz ........ @ 2
<28 4 L
£ a’ A
o
< /
™ 27 m)
b3
26 -
@
25 [ ™ [ ™ [ ™ [ ™ [
0 2 4 6 8
Y

Figure 4.7 v; absorption bands vs. Y (Ligand/Ni) molar ratio. “[]”, Ni-en complexes in water; “o”,
Ni-Pren complexes in absolute ethanol; “ A”, Ni-Pren or Ni-L* complexes in water.

The N-monoalkyl-substituted amines become slightly more basic with increasing length
of the alkyl chain,*® propylethylendiame (Pren) is thus a stronger base than ethylenedia-
mine (en). However, absorption bands v; and v, of Ni(ll)-Pren complexes decrease (Table
4.3, Figure 4.7) compared to Ni(Il)-en complexes with same ligand/Ni(ll) molar ratio in ab-

solute ethanol. and the spectra show a systematic decrease in Dq values Furthermore, with
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the increase of ligand/Ni(ll) (=1, 2, 3), the difference of Dq values between 1-Pren, 2-Pren
and 3-Pren and 1-en, 2-en and 3-en become progressively great. All these results indicate
that the steric effect is more important than the inductive effect.'®®

The ratio of the energy of the *P-3F term splitting in the complex to the free Ni** ion
value (Bo=1041 cm™) is the nephelauxetic parameter B. p correlates the extent to which the
d-electrons of the metal are delocalized on the ligand orbitals. The more electrons deloca-
lized, the smaller nephelauxetic parameter 3 is. The (3 values of both the Ni(ll)-Pren com-
plexes and Ni(ll)-en complexes decrease with the increase of ligand/Ni(Il) molar ratio (=1,
2, 3). When Ni(Il)-Pren complexes were compared to Ni(ll)-en complexes in the same li-
gand/Ni(Il) molar ratio, similar B values are observed (Table 4.3). Thus the nephelauxetic
parameter seems less sensitive to steric interaction than the Dqg value. Therefore,  is pri-
marily dependent on inductive and polarization factors.

The absorption bands vs and v, of both Ni(l1)-Pren complexes and Ni(Il)-L* complexes
shift to lower energy values in aqueous solutions, specially the complexes with ligand/Ni(l1)
> 3 (Table 4.3, Figure 4.7). When Ni(l1)-L complexes in aqueous solution were compared to
Ni(I1)-Pren complexes, similar absorption bands vs and v, and Dg values and nephelauxetic
parameter 3 are observed (Figure 4.6, Table 4.3), indicating that there are no effect on the
trimethoxysilane in L* ligand. For the Ni-L' solutions, a blue shift of the two transitions
was observed when Y was increased. Comparing the 1-L' complex with 2-L*, absorption
bands vs; and v are significantly shifted, from 26800 cm™and 16100 cm™ to 27800 cm™
and 17200 cm™, respectively. Concomitantly, the crystal field A increases from 9910 cm™
to 10790 cm™ and the nephelauxetic parameter p decreases from 0.84 to 0.81. For Y= 3, 4,
6, 9 and 18 the position of the vz band was shifted to 27930, 28100, 28200 , 28300 and
28300 cm™(Table 4.3, Figure 4.7), and the band v, was shifted do 17360, 17450, 17500,
17600 and 17600 cm™, respectively. The B decreases from 0.85 to 0.81 with the increase of
the ligand number, indicating that the electron of Ni (I1) delocalize to the ligand. Thus, the
progressive blue-shift of the absorption bands upon increase of the L* loading from Y = 3
to Y = 9 could be in agreement with the presence of a mixture of [Ni(L)-]** and [Ni(LY)3]*",
which should be richer in the latter species upon increase of the L' loading. Absorption
bands vs; and v, of 28300 cm™ and 17600 cm™ could probably be assigned to that of
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Ni(LY)s?*. This progressive blue-shift is also observed in that of Ni(l1)-Pren complexes in
aqueous solution, whereas, the absorption bands v; and v, can reach to 28300 cm™ and
17700 cm™ when Pren/Ni = 3 in absolute ethanol. Therefore, in aqueous solution, the gen-
eral shift of the absorption bands is most probably due to the complexity of aqueous solu-
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tions of amine coordination compounds ~* or the pH effect of solution.

4.2.1.3 Conclusions

The crystal structure of bis(propylethylenediamine) nickel(ll) and
tris(propylethylenediamine) nickel(1l) complexes indicate that the Ni(ll)-Pren complexes
possess octahedral structures as that of Ni(Il)-en complexes. The d-d transitions (3T1g (P) «
Aag, *Tag (F) < 2Ayg) of Ni(ll) -Pren complexes shift to low energy values compared to
Ni(ll)-en complexes, probably due to the steric effect indicated by Dq values.

On the other hand, the d-d transitions [*Tyg (P) < *Asg, *Tig (F) < *Azg] of Ni(Il)-Pren
complexes shift to lower energy from absolute ethanol to aqueous solution. Ni(ll)-Pren
complexes and Ni(I1)-L* complexes possess similar spectra in agueous solution, indicating
that the trimethoxysilane in L' ligand has no effect for the Ni(ll) coordination environment.
In addition, when Y=1 (Y= LY/Ni molar ratio), the main species are [Ni(L})]**, when Y=2,
the main species are [Ni(LY),] %", while Y = 3, the species are mixture of [Ni(L'),]** and

[Ni(LY)3]?* and an excess of ligand is required to obtain the [Ni(L*)s]** species.

4.3 Incorporation of the nickel precursors in the wall of nanostructured-

porous silica

4.3.1 Results

4.3.1.1 Synthesis and characterization of PMOs materials

Nickel (1) nitrate and N-(2-aminoethyl)-3-aminopropyltriymethoxysilane (L') have
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been used as starting reactants to form in a first step a Ni(Ll)y complex which is in a
second step used as a molecular organic block to build the PMO material. Indeed, these
organic blocks have been condensed with silicate oligomers in the presence of a
surfactant as template in order to obtain a mesostructured porous material of the type
LUS (Laval University Silica), which possesses a similar 2D hexagonal structure as

MCM-41 110, 164

Absorption

400 500 600 700 800
A(nm)

Figure 4.8 UV-visible spectra of the Ni-L' complex (X=3) in aqueous solution at room temperature
(a), 60 °C (b), 80 °C (c), 100 °C (d) and 130 °C (e).

In order to synthesize the PMOs materials in the presence of the Ni-L' complexes
using the above protocol, a study of the stability of Ni(ll) complexes at different
temperatures was performed. Therefore, the optimization of the synthesis conditions
was mainly about finding a suitable temperature for obtaining the hexagonal structure
corresponding to a mesostructured porous material while keeping the metal complex
inside the walls. A series of reaction temperatures (between 25°C to 130 °C for 24 h)
was investigated to test the stability of the Ni complex. UV-visible spectroscopy was
used to monitor the vz and v, absorption bands which are characteristic of the Ni-L?

complexes (Figure 4.8). The optimal temperature was found to be 60 °C, and it was
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considered as the optimal temperature to synthesize the PMOs materials. A blanc, i.e.
LUS without the Ni complex, was therefore synthesized at 60 °C for 24 h. The obtained
solid, M, presented a well-ordered hexagonal mesostructure as shown by XRD (vide

infra, Figure 4.9).

Intensity

NS

L " L i I -

289

Figure 4.9 X-ray diffraction pattern of M.

A gel with the following molar ratio was prepared: Y L* : 1 Ni(NOs); : 100 SiO,
45 CTATos : 500 NaOH : 77500 H,O, Y= 1, 2 and 3 for materials M-OP-Ni(L"),
M-OP-Ni(2L") and M-OP-Ni(3L"), respectively. The initial amount of Ni(ll) ion was
kept constant in all the syntheses and the L' ligand loading was varied. During the
synthesis of the PMOs materials three solutions were prepared: a solution of sodium
silicate, a solution of CTATos (template) and solution of Ni-L' complex. The order of
mixing of these three solutions was important: Ni-L' complex was added into the
solution of CTATos, and once the complex was homogenously dispersed, the solution
of sodium silicate was dropwise added, since a precipitate would have been produced if
the solution of Ni(Il) complex was in contact with the solution of sodium silicate. In all
cases, about 80 % of the Ni(ll) ions in the mother gel were incorporated in the final

hybrid material M-OP-Ni(YLY) (Y = 1, 2, 3) (vide infra, Table 4.4).
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Extraction of the surfactant in PMOs materials

Approaches reported for the extraction of cationic surfactants in PMOs materials are

mainly as follows: HCI, NH4Cl or NaCl in ethanol solution.'®®

If the inappropriate
amount of HCI is used for the extraction of the surfactant for materials M-OP-Ni(YL?),
the L' ligand can be protonated, promoting metal leaching.'®® Salts, like NH,CI and
NaCl, can remove the surfactant, but easily destroy the hexagonal structure of the
material, which was proved by XRD data. For SBA-3 based Rh-PMOs, synthesized in
acidic media, treatment with hexamethyldisilazane (HDMSA) evolves NH3 by reaction
with surface silanol groups; the templating surfactant is therefore displaced by
neutralization of the protonated silanol groups.*® Here, the same reasoning prompt us to
use chlorotrimethylsilane (CTMS) that is better suited for solids synthesized in basic
conditions. Then the HCI evolved neutralizes the silanolate groups and displaces the
surfactant. This treatment has a stabilizing effect on the structure.’®” **® Indeed, the
trimethylsilyl groups [-Si(CH3); = TMS] so-obtained cover the internal surface of the

material by capping the silanol groups and produce concommitantly a stabilization of

the fragile siliceous network.

V% \ S

| A [
CTMS HMDSA HMDSO

Scheme 4.2 Structure of three silanes CTMS, HMDSA and HMDSO.

To our knowledge, slianes, such as CTMS, HMDSA or HMDSO (Scheme 4.2), can
remove surfactant while maintaining the mesoporous structure.’®” '8 Then, three
methods denoted as for TA, TO and T were tested to find out the safer way for
simultaneous surfactant extraction and silanol capping (see experimental part). The
preservation of the coordination state of nickel (I1) was taken as the first condition to
fulfill; v, and v; absorption bands were taken as UV-visible fingerprints of the complex.

Data are reported for material M-OP-Ni(3L") (Table A), note that the same conclusions
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can be drawn from the treatment of material M-OP-Ni(L"') and M-OP-Ni(2L").

Table A UV-visible fingerprints of the complex before and after surfactant extraction according to
methods TA, T and TO.

Sample vs +50 cm* v, 50 cm?
M-OP-Ni(3LY) 27400 17000
M-OP-Ni(3LY)-TA 27400 16900
M-OP-Ni(3LY)-T 26000 15700
M-OP-Ni(3LY)-TO 24450 14300

Comparing the bands position of M-OP-Ni(3L') and M-OP-Ni(3L")-TA, before and
after treatment according to method TA using an equimolar mixture of CTMS and
HMDSA, reveals no significant shift (Table A). On the contrary, when hexamethyl-
disiloxane (HDMSO) is the silylating agent, the vs = 24450 cm™ and v, =14300 cm™
values observed for M-OP-Ni(3L')-TO are close to the values reported for nickel
phyllosilicate (vs= 24040 cm™).)®” This is reminiscent of a profound surface
modification, which is likely due to the evolution of water during the reaction of
HMDSO with silanol groups. When CTMS was employed instead leading to
M-OP-Ni(3LY)-T, vs, v2 were also shifted in an intermediate position indicating that the

evolution of HCI is also detrimental to the integrity of the nickel complexes.

M-OP-Ni(3L")-TA

M-OP-Ni(3L1)-T

M-OP-Ni(3L")-TO

Deri TGA (%/°C)

200 400 600 800
T (°C)

Figure 4.10 TGA diagram of M-OP-Ni(3L%)-TA, M-OP-Ni(3L")-T and M-OP-Ni(3L")-TO.
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Besides, the differential TGA profile of sample M-OP-Ni(3L')-TA (Figure 4.10)
presents one major weight loss centered at 492 °C, consistent with the presence of
grafted TMS groups and L' ligand bound to Ni that both appear to decompose in the
same range of temperatures. Again, both M-OP-Ni(3LY)-T and M-OP-Ni(3LY)-TO
materials present different features, i.e., an additional weight loss centered at about 267
°oC, most likely due to the decomposition of the protonated and non-complexed L'

ligand.

Na,Si0; + 5@ + &

M-OP-Ni(L')
M-OP-Ni(2L})
M-OP-Ni(3L})

¥ [ M-OP-Ni(L!)-TA
v @ M-OP-Ni(2L!)-TA
M-OP-Ni(3L')-TA

BANNNN=CTAY 6@2 Ni-AAPTMS YV =TMS

Scheme 4.3  Synthesis route of PMOs A
M-OP-Ni(YLY)-TA (Y=1, 2, 3) (above).

(o)
XY..7{
) . N N ) MI'-ES-Ni(2L')
post-synthesized M1’-ES-Ni(YL") (Y= 2, 3) (right). /x EI > MI-ES-Ni(3L})

Scheme 4.4 Synthesis route of materials

These results indicate that the best method for surfactant removal without mofication
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of the metal environment is the method TA. Therefore, we will focus on materials

M-OP-Ni(LY)-TA, M-OP-Ni(2L%)-TA and M-OP-Ni(3L")-TA in the following.

Characterization of PMOs materials

XRD. The mesostructure of all the materials was characterized by XRD. All the samples
present a well-ordered mesoporous hexagonal structure as shown for M-OP-Ni(2LY),
M-OP-Ni(2LY)-TA, M-OP-Ni(3L") and M-OP-Ni(3L")-TA in Figure 4.11. Three peaks as-
signed to <100>, <200> and <210> reflections based on a hexagonal unit were observed,
indicating the presence of uniformly sized pores. The dig value for M-OP-Ni(2L") and
M-OP-Ni(3L") is about 4.2 nm which is similar to that found for M (4.1 nm). The intensity
of XRD patterns increases upon decrease of the L' ligand content. The extracted and TMS
capped materials M-OP-Ni(2L")-TA and M-OP-Ni(3L")-TA exhibit a much higher intensity
due to the larger change in electron densities by the removal of the surfactant assemblies.
Furthermore, they show a silghtly higher dig value than the corresponding as made mate-
rials, M-OP-Ni(2L") and M-OP-Ni(3L"). This is probaly due to the trimethylsilyl groups on

the surface which may expand the lattice structure.

120000
M-OP-Ni(2L")-TA

_/L M-OP-Ni(3L")-TA

Intensity

M-OP-Ni(2L")

"\ M-OP-Ni(3L")
a 1 —— —
2 4 6

26 (°)

Figure 4.11 XRD patterns of M-OP-Ni(2L'), M-OP-Ni(3L"), M-OP-Ni(2L")-TA and
M-OP-Ni(3LY-TA.
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TEM. A transmission electron microscopy (TEM) study was performed on
M-OP-Ni(3L)-TA material which clearly shows the formation of ordered mesoporous
channels and a hexagonal structure (Figure 4.12A). As a comparison, the reference M-H,
i.e., the extracted solid without the Ni-L* complex, was also analyzed (Figure Figure
4.12B). Both solids present mainly as spherical particles, and some fibers are also
observed. For M-OP-Ni(3L')-TA a group of fibers is observed on the right of Figure
4.12A. The two lonely fibers perpendicular to this group of fibers are around 20 nm
thickness and clearly show the typical longitudinal channels of LUS. In addition, on the
top of the figure, a transversal view of one fiber is presented, where the hexagonal
channels are clearly shown. Finally, some defects are observed in the central lonely
fiber (cavities about twice larger than the regular channels). However, for material M-H
larger particles and fibers were observed without defects (Figure 4.12B). In addition, the
channel ordering was obseved in longer distance than for the Ni containg sample

M-OP-Ni(3L)-TA.

Figure 412 TEM of M-OP-Ni(3L")-TA (A) and M-H (B).

IR. In the IR spectrum of M-OP-Ni(3L'), bands at 2850 cm™ and 2918cm' are
assigned to the v¢(C-H) and v,s(C-H) stretching vibrations of the -CH,- groups of the
surfactant, respectively (Figure 4.13). After surfactant removal, these two bands
disappear in the spectrum of M-OP-Ni(3L%)-TA, which means that surfactant was
efficently removed by using the CTMS and HMDSA mixture. Bands at 2962 cm™ and
2903 cm™ are assigned to the vs(C-H) and vas(C-H) of —CH3 groups of thimethylsilane
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[-Si(CH3)s] on the surface of M-OP-Ni(3LY)-TA, due to the capping process
concomitant with the surfactant removal. Indeed, a band at 850 cm™, attributed to the
v(Si-C) stretching vibration, observed in the spectrum of M-OP-Ni(3L')-TA attests for
the presence of [Si-(CHj3)s], as shown in Figure 4.14. The absence of the peak
characteristic for NOs~ (1385 cm™) in both M-OP-Ni(3L') and M-OP-Ni(3LY)-TA
materials (Figure 4.14) is also in agreement with the presence of other ions such as OH"

or SiO” groups to counterbalance the positive charge of the Ni(ll) ions.

2918

Absorption

2800 2900 3000
-1
c(cm)

Figure 4.13 FT-IR spectra of (a) M-OP-Ni(3L") and (b) M-OP-Ni(3L")-TA.

Absorption

750 800 850 900 1400 1600 1800 2000
o (cm™) c (em”)

Figure 4.14 FT-IR spectra of (a) M-OP-Ni(3L")-TA, (b) M1°-ES-Ni(3L"), (c) M1°-ES-Ni(3L%)-NCS
and (d) M-OP-Ni(3L").
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Table 4.4 Nickel content and molar ratios deduced from elemental analyses and weight loss from

TGA.

Material Ni® wt% Ni/Si ® TMS/Si ° LY/si® LY/Ni

+0.1 +0.001 +0.01 +0.01 +0.1

M-OP-Ni(L") 1.7 0.036 -- 0.03° 0.9
M-OP-Ni(2L") 1.6 0.033 - 0.07°¢ 2.0
M-OP-Ni(3L") 1.5 0.033 -- 0.10° 2.8
M-OP-Ni(LY)-TA 2.2 0.036 0.25 0.03 ¢ 1.1
M-OP-Ni(2LY)-TA 1.8 0.030 0.22 0.07 ° 2.3
M-OP-Ni(3LY)-TA 1.9 0.034 0.24 0.09 ¢ 2.7
M1’-ES-Ni(2L%) 2.5 0.038 0.15 0.09¢ 1.9
M1’-ES-Ni(3LY) 2.4 0.040 0.12 0.12 ¢ 3.1

a: measured by ICP-MS; b: molar ratio per inorganic silica; the inorganic SiO, content is obtained
from the residual weight in TGA at 1000 °C upon subtraction of both NiO and the SiO, formed from
the grafted organosilanes; c: due to the presence of both surfactant and ligand, both species
contributing to the N amount, this value has been calculated starting from the ratio observed for the
corresponding M-OP-Ni(YLY) (Y = 1, 2, 3) samples, d: L* ligand is determined from N amount by
subtraction of the N corresponding to surfactant M-OP-Ni(YL')-TA or the nitrate ions
(M1-ES-Ni(YL") when present.

EA. Elemental analyses of nickel PMOs materials were preformed to know whether the
Ni ion leached during the gel formation and surfactant removal. Ni wt%, Ni/Si (pure
inorganic SiO) and ligand/Ni molar ratios are gathered in Table 4.4. The Ni wt% is
around 2% in all the PMOs materials. Indeed, the Ni content in the mother gel was
constant for all the materials and the L' ligand varied. Ni/Si is equal to 0.033 for
M-OP-Ni(3L"), which is higher than that of the mother gel which was equal to 0.01. A
yield in nickel is ca. 78 %, and a yield in silicon is partial (ca. 21 %) After the silylation
and surfactant removal, Ni/Siinorg Of M-OP-Ni(3L%)-TA was not significantly modified,
indicating no metal leaching. The same behaviour was observed for M-OP-Ni(2L") and
M-OP-Ni(L') before and after surfactant removal (Table 4.4). Moreover, the ligand/Ni
molar ratio for M-OP-Ni(L')-TA, M-OP-Ni(2L%)-TA and M-OP-Ni(3L})-TA is equal
to1.1, 2.3 and 2.7 which is similar to the values of M-OP-Ni(L'), M-OP-Ni(2L") and
M-OP-Ni(3L') in as-made materials, respectively. Finally, the TMS/Siinorg ratio
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decreases from 0.29 on the Ni(ll) free sample M-TA down to ca. 0.23 for
M-OP-Ni(LY)-TA, M-OP-Ni(2LY)-TA and M-OP-Ni(3LY)-TA. This shows that the
presence of the complex does affect the surface structure decreasing the OH density by
ca. 20 %. PMOs materials possess an average 3 Ni-L*: 24 TMS: 100 SiO, (inorganic)
molar ratio for (M-OP-Ni(YL'))-TA in Scheme 4.3 which was drawn in taking this into

account.

Volume ads. (cm’lg, STP)

02 04 06 08 0.2 04 06 0.8
Relative pressure (P/P)) Relative pressure (P/P)

Figure 4.15 Nitrogen adsorption-desorption isotherms at 77 K of one-pot synthesis materials (a)
M-TA, (b) M-OP-Ni(LY)-TA, (c) M-OP-Ni(2LY)-TA, (d) M-OP-Ni(3LY)-TA and
post-synthesis materials (e) M1°-ES, (f) M1’-ES-Ni(2L") and (g) M1°-ES-Ni(3L%).

N, sorption isotherms. Nitrogen sorption isotherms at 77K and the corresponding pore
size distributions are gathered in Figure 4.15 and Figure 4.16, respectively. The obtained iso-
therms are of type IV according to the IUPAC classification,*® and are characteristic of ma-
terials with uniform mesoscale porosities.® '*° Note that the acid extracted metal free mate-
rials prepared at 60 or at 130 °C, M-H and M1°-H, present similar surface area and pore
volume, which is advantageous for comparison with non-functionalized materials. In addi-
tion, M-TA Ni free material treated according to method TA provides an appropriate refer-
ence for a full capped surface using trimethyl silyl groups. The profiles for

M-OP-Ni(L}Y-TA, M-OP-Ni(2LY)-TA, M-OP-Ni(3L")-TA and M-TA account for a narrow
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pore size distribution and an average pore diameter of 3.7 nm, determined by using the
BdB model (Table 4.5). The unit cell a; parameter for M-OP-Ni(L')-TA, M-OP-Ni(2L")-TA,
M-OP-Ni(3LY)-TA and M-TA is 5.0, 5.0 and 4.9 nm, respectively, which gives an apparent
wall thickness of 1.4 £ 0.1 nm in all cases. The fact that both the pore size and the wall
thickness are not modified by the incorporation of the Ni-L* complex, is in agreement with

the presence of the metal complex inside the framework of the silica as previously ob-

served in Rh@PMOs.?®

dVv/dD (cm’ g’ nm™)

Pore size (hm)

Figure 4.16 Pore-size distribution of (a) M-OP-Ni(L})-TA, (b) M-OP-Ni(2LY)-TA, (c)
M-OP-Ni(BLY-TA, (d) M-TA, () MI-ES, () MI-ES-Ni(2LY) and (g)
M1’-ES-Ni(3LY). Gaussian simulation of the pore size profiles is indicated in dotted
line.

However, if the BET specific surface and the total pore volume are compared (Table
4.5), a decrease of both parameters is observed for the Ni containg PMOs materials,
M-OP-Ni(LY)-TA, M-OP-Ni(2LY)-TA and M-OP-Ni(3L')-TA compared to the
metal-free material (M-TA). Indeed, the specific surface and the total pore volume of
730 m?g* and 0.70 cmi.g’, respectively, in M-TA decrease gradually upon
incorporation of the Ni-L* complexes down to 470 m?.g* and 0.52 cm®.g, respectively,

in M-OP-Ni(3LY)-TA. These values are given per gram of dehydrated material. A
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correction considering the presence of the Ni-L' complex inside the framework of the
silica should be taken into account and it will be discused below (see discusion and
Table 4.6). In addition, a hysteresis is observed in the isotherms for P/Py > 0.43, which is
more pronounced for the M-OP-Ni(3LY)-TA solid. This is likely due to cavitation
because of the presence of defects in the porous mesostructure as observed by TEM
(Figure 4.12).2"% 1™ Finally, the microporosity present in the parent M-TA material
seems to diminish upon incorporation of the metal complex, as shown for low relative
preasures in Figure 4.15. Noteworthily, the large adsorption at low pressure (P/Py < 0.1)
due to micropores in classical MCM-41 and also in the parent materials M-H and
M1’-H (curve not shown here) is practically absent in silylated materials
M-OP-Ni(YLY)-TA. This feature is hardly seen in Figure 4.15 because of the offsets used
for the sake of clarity; otherwise the curves would have been almost superimposed one

with another.

Table 4.5 Textural properties of mesoporous hybrid materials deduced from N, sorption
isotherms at 77K.

Material dsas” (NM) Wi (nm)b Sger (mz-g_l)C Vp (Cm3-9_1) ‘

+0.1 +0.1 + 50 +0.02
M-OP-Ni(L")-TA 3.7 1.3 600 0.58
M-OP-Ni(2LY)-TA 3.6 1.4 530 0.52
M-OP-Ni(3LY)-TA 38 1.2 470 0.52
M-H® -- -- 1048 1.02
M-TA 3.6 1.4 730 0.70
M1’-H® 3.7 1.0 1030 0.96
M1’-ES 3.4 1.4 860 0.71
M1’-ES-(2LY) 3.1 1.6 600 0.46
M1’-ES-(3LY) 2.9 1.8 550 0.35

a: using BJH model instead of the BdB one, the diameter would be 0.8 nm smaller in each case; b:
apparent wall thickness is determined using W= 2*dy00/3 12 —0ggp; C: measured in the P/P, range
0.05-0.25; d: measured at P/P, = 0.98; e: the surfactant was extracted with an equimolar ethanolic
solution of HCI (1 mol.L™) at 0°C; f: M presents an ag-value of 4.8 nm in XRD.
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Table 4.6 Surface area and pore volume considering different residual mass.

M S S Sl Ve
(m°.g7)50 (m°.g7)+x50 (m°.g7)¥50 (cm’.g7)¥50 (cm°.g7)x50 (cm’.g7)+50

M-TA 730 800 940 0.70 0.77 0.90
M-OP-Ni(Ll)-TA 600 750 930 0.58 0.73 0.90
M-OP-Ni(2LY)-TA 530 670 920 0.52 0.66 0.90
M-OP-Ni(3L1)-TA 470 610 840 0.52 0.67 0.93
M1’-ES-(2LY) 600 788 982 0.46 0.60 0.75
Ml’-ES-(3L1) 550 681 965 0.35 0.43 0.61

a: the reference mass includes all the organic and inorganic matter of the materials except water, meas-
ured after treatment of the sample at 80 °C under vacuum overnight (pre-treatment conditions of the N,
sorption isotherm); b: includes all inorganic matter, i.e., NiO and SiO, both Ludox (inorganic) and or-
ganosilane (organic), obtained from the residual mass measured from TGA at 1000 °C, i.e. residual SiO,

and NiO; c: includes only inorganic silica.

Synthesis and characterization of post-synthesis materials.

Post-synthesis materials were synthesized to be compared with the PMOs materials.
The so-called molecular stencil patterning (MSP) approach developped by some of us*'®
180 \vas used to achieve an homogeneous distribution of the Ni complexes in the internal
surface of the silica (Scheme 4.4). Starting from the as-made LUS (M1°), half of the
surfactant was removed and trimethylsilyl (TMS) functions were grafted without
displacement of the remainging surfactant, obtaining material M1’-EPS. In this material
the surfactant molecules are homogeneouly distributed and they are acting as stencil to
further incorporate a second function, which is the Ni-L* in this study. Therefore, after
the removal of the remaining surfactant and grafting of the Ni-L'! complexes with Y=2-3,
materials M1’-ES-Ni(2L") and M1°-ES-Ni(3L") were respectively obtained. The molar
composition of the final material M1’-ES-Ni(2L") deduced from EA and TGA, was the
following: 89 SiO,: 12 TMS: 4 Ni(AAPMS),, and has been taken into account to
dessign the Scheme 4.3.

The XRD patterns of these materials (Figure 4.17) show the characteristic <100>,

<110>, <200> reflections of a hexagonal mesostructure with digp = 4.0 nm for
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M1’-ES-Ni(3L'). In both cases, a lower intensity for all the peaks was observed
compared to the parent support, M1’-ES, indicating the incorporation of the Ni complex
inside the channels of the silica. The IR spectrum of both samples (Figure 4.14) presents
an absorption peak located at 1385cm™ for M1°-ES-Ni(3LY). This peak corresponds to
NOj’, indicating that the conterions of the Ni (I1I) complex of post-synthesis materials

were still the nitrate ions of the initial nickel salt.

20000

—l

Intensity

M1'-ES

M1'-ES-Ni(3L")

200

Figure 4.17 XRD patterns of M1’-ES and M1°-ES-Ni(3L%).

A molar ratio N/Ni of 5.9 and 8.2 were calculated for M1’-ES-Ni(2L') and
M1’-ES-Ni(3L"), respectively, from EA. These results match the theoretical values of
N/Ni molar ratio for M1’-ES-Ni(2L") and M1’-ES-Ni(3L") which should correspond to
4 or 6 nitrogen atoms from 2 or 3 ligands, respectively, and 2 nitrogen from 2 nitrate
counterions. Therefore, ligand/Ni molar ratio of 1.9 and 3.1 can be deduced for
M1’-ES-Ni(2L") and M1’-ES-Ni(3L%), respectively (Table 4.4).

In the N sorption isotherm of the post-synthesis samples (Figure 4.15), a pronunced
decrease of both specific surface and total pore volume was observed upon grafting of
the Ni-L* complexes: from 860 m2.g™* and 0.71 cm®.g™, respectively, in M1’-ES to 550
m?.g™* and 0.35 cm®.g, respectively, in M1’-ES-Ni(3L"). The post-grafting of the Ni

complexes on the M1’-ES silica was characterized by a diminution of the pore size from
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3.4 nm in M1’-ES down to 3.0 nm in the M1’-ES-Ni(YL") (Y=2, 3) materials (Table
4.5). These results are all indicating the presence of the metal complexes inside the pore
channel for the post-synthesis materials M1’-ES-Ni(2L') and M1’-ES-Ni(3L').%
Finally, a hysteresis was also observed in the isotherms for P/Py>0.42, which was
already present in the parent material M1’-ES. Upon grafting of the Ni complexes, this

hysteresis is not modified.

4.3.1.2 Nickel exchange ability and metal displacement

We investigated the metal exchange ability on both one-pot and post-synthesis
materials. The stability constants of Cu(en),?* and Ni(en),?* are 10"*® and 10

respectively,*’

which indicates that copper (II) possess a higher affinity to
ethylenediamine (en). Therefore, the solids containing the Ni-L* complexes were treated
with copper(Il) nitrate. Four different experimental procedures were tested.

In method 1, an HCI pretreatment was performed: M-OP-Ni(3LY)-TA was firstly
washed with 10 eq of HCI in order to protonate the AAPS ligand to favour Ni(ll)
decoordination. Then the solid obtained was neutralized Dby using
tetramethylammonium hydroxide, and it was finally treated with an ethanolic solution
of copper (ll) nitrate, obtaining material M-OP-Ni(3L")-TA-CuNH. In the method 2,
M-OP-Ni(3L')-TA was treated in a similar way as in the previous procedure but without
HCI pretreatment, and the obtained solid was named M-OP-Ni(3L')-TA-CuN. We
noticed that in both process about 15-20% of TMS were lost via quantitative IR
analysis.'®® Table 4.7 lists the Ni and Cu weight % measured by ICP-MS and the Cu(ll)
content measured by EPR analysis. It is worth mentioning that Ni content in
M-OP-Ni(3L")-TA-CuNH decreases to 1.4 wt% compared to the parent material,
M-OP-Ni(3LY)-TA, with 1.9 wt% of Ni, while the Ni content in
M-OP-Ni(3LY)-TA-CuN is maintained at 1.9 wt%. In addition, in both
M-OP-Ni(3LY)-TA-CuNH and M-OP-Ni(3LY)-TA-CuN materials, a relatively high Cu

content of 4.9 wt% and 3.1 wt% was determined, respectively.
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Table 4.7 Elemental analysis for the ion exchange tests (wt %).

Ni £ 0.01% Cu = 0.01% Cu® +0.01% Yield of metal

Material (ICP-MS) (ICP-MS) (EPR) exchange mol. %
M-OP-Ni(L")-TA-CuN 2.1 1.1 0.1 4
M-OP-Ni(2L")-TA-CuN 1.7 1.6 n.a. n.a
M-OP-Ni(3L")-TA-CuN 1.9 3.1 0.15 7
M-OP-Ni(3L")-TA-CuNH 1.4 4.9 0.5 24
M1’-ES-Ni(2L")-CuN 0.4 3.9 2.4 89
M1’-ES-Ni(2L")-H 0.17 -- -- 100
M1’-ES-Ni(2L")-HCu 0.05 4.8 2.3 85

a: Quantification of the EPR signal was performed by double integration after base line correction.
Ni content: M-OP-Ni(L')-TA, 2.2%; M-OP-Ni(2L")-TA, 1.8%; M-OP-Ni(3L")-TA, 1.9% and
M1’-ES-Ni(2L"), 2.5% (See Table 4.4).
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Figure 4.18 EPR spectra at 298 K of (a) M-OP-Ni(3L")-TA-CuN, (b) M-OP-Ni(3L")-TA-CuNH, (c)
M1’-ES-Ni(2L")-CuN. Experimental conditions: frequency = 9.35GHz, power = 160 mW
(M-OP-Ni(3LY)-TA-CuN, M-OP-Ni(3L")-TA-CuNH) and 10 mW (M1’-ES-Ni(2L")-CuN),
modulation amplitude: 3 G and modulation frequency: 100 kHz.

The  coordination of copper (II) in  M-OP-Ni(3LY)-TA-CuN and
M-OP-Ni(3L')-TA-CuNH was investigated using EPR (Figure 4.18). For
M-OP-Ni(3L")-TA-CuN the gy and A parameters are equal to 2.28 and 16.6 mT,
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respectively, which corresponds to the EPR signature of a [Cu(L))]** species.’®
M-OP-Ni(3LY)-TA-CuNH exhibits two EPR signatures, the first one is the same as in
M-OP-Ni(3LY)-TA-CuN and the second one appears with roughly a similar intensity as
the first one. The EPR fingerprint of the latter, g = 2.19 A and A = 18.8 mT, matches
well with a [Cu(L");]**species.’”™ A quantitative analysis shows that alltogether these
EPR active species accounts for as 0.15 and 0.5 wt% of Cu in M-OP-Ni(3L%)-TA-CuN
and M-OP-Ni(3LY)-TA-CuNH, only. This is indeed a very small fraction of the copper
contained in the materials and far less than the initial Ni content to displace. Most of
copper is obviously EPR inactive.

These data suggest that method 1 is not efficient to displace Ni(ll) ions from their
sites. On one hand, copper (II) mostly reacts with the silica surface to generate EPR
silent silicate like species.” The acidic treatment that seems to promote this effect must
have some relation with TMS leaching leading to a less protected internal surface (not
further studied here). On the other hand, the EPR active species are isolated copper sites
stabilized by complexation by a single L' grafted ligand, as far as the EPR signal is
concerned. These extra L' ligands are more likely located in the channel and not
complexed by nickel in the mother material M-OP-Ni(3L")-TA. The preliminary acidic
treatment of method 2 seems to displace Ni(ll) ions only partially, 0.5 out of 1.9 wt%,
resulting 24 mol. % of metal exchange (Table 4.7). Since there is only 0.15 wt% of EPR
active Cu(LY),?", it is difficult to unequivocally correlate these sites with those left by
nickel (I1). Here, the displacement of nickel is due to partial protonation of L' site in the
wall apparently not reversed by the treatment with TMAOH. This illustrates how much
the nickel sites in the Ni(YL')@PMOs series are stabilized inside de framework of the
pore wall.

For comparison, replacement of nickel by copper was also tested on M1’-ES-Ni(2L")
according to methods 3 and 4 leading to M21’-ES-Ni(2L')-HCu and
M1’-ES-Ni(2L")-CuN, respectively. Method 3 includes an acidic pretreatment as seen
before, that drastically decreases the nickel content from 2.5 wt% down to 0.17 wt%
[M1°-ES-Ni(2LY)-H], corresponding to 100 mol. % of metal exchange (Table 4.4). The
sample was then neutralized to deprotonate the L' ligand and treated with Cu(NO3)s,

108



Chapter 4 Incorporation of nickel ethylenediamine complexes in the wall of a nanostructured porous silica

obtaining the M1’-ES-Ni(2L')-HCu material, with a Cu loading of 4.8 wt%. A lower
value of 2.3 % of Cu was measured for this material by EPR, which is close to the value
of the original Ni content. This sequence of reactions was monitored by UV-visible
spectroscopy attesting for the exchange of the Ni(ll) by the Cu(ll) ion (Figure 4.19).
Finally, M1’-ES-Ni(2L") was directly exchanged with the Cu (I1) solution (method 4)
obtaining M1’-ES-Ni(2L")-CuN. The Ni and Cu contents in this sample were 0.4 and
3.9 wt%, respectively. However, the EPR active copper content was 2.4 wt%,
corresponding to 89 mol. % of metal exchange. These results indicate that for the
post-synthesis materials, the Ni(ll) ions can be easly exchanged by the Cu(ll) ones.
However, an excess of copper is observed compared to the initial Ni amount, due
probably either to the formation of diamagnetic copper clusters or to the damage of the
internal surface by the formation of copper silicate. This last process could be
accelerated by the acid treatment that can promote TMS leaching leading to a less

protected internal surface.

M1'-ES-Ni(2L")-HCu

Intensity

M1'-ES-Ni(2L")-H

M1'-ES-Ni(2

400 600 800
A(m)

Figure 4.19 UV-visible absorption bands of M1-ES-Ni(2L'), M1-ES-Ni(2L")-H, and
M1’-ES-Ni(2L")-HCu.

4.3.1.3 Coordination state of Ni(ll) in the materials
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The UV-visible spectra were also recorded for the PMOs solids M-OP-Ni(YL?) (Y=1-3)
and the parameters deduced are gathered in Table 4.8 and Figure 4.20. v3 and v, bands for
M-OP-Ni(L') were observed at 25600 and 15800 cm™, which were shifted of Avs=
-1200 cm™ and Av,= -300 cm™ respectively, compared to the Ni-Pren solution Y=1
(Table 4.3). For material M-OP-Ni(2L") and M-OP-Ni(3L") a Avs shift of -600 cm™ and
-530 cm™ was observed compared to the aqueous solution Y= 2 and Y=3, respectively.
This shift is an indication of a change in the coordination environment of the Ni ion in
the solid, most probably due to the replacement of some water molecules by silanolate
or silanol groups (vide infra). In agreement, 3 was shifted for the solids compared to the
solution (Table 4.3 and Table 4.8) 0.75 for M-OP-Ni(L") compared to 0.85 in solution Y
=1, 0.79 for 2 compared to 0.81 in solution Y =2 and 0.79 for M-OP-Ni(3L") compared
to 0.80 in solution Y =3. Indeed, this shift was very important for material M-OP-Ni(L%)
compared to M-OP-Ni(2L") and M-OP-Ni(3L"), since more water molecules may be
replaced by silanolate or silanol groups of the silica in M-OP-Ni(L'). Finally, the
position of the bands in the UV-visible spectra did not change for the capped samples,
M-OP-Ni(LY)-TA, M-OP-Ni(2L")-TA and M-OP-Ni(3L%)-TA, indicating that the Ni

environment was retained after capping.
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Figure 4.20  UV-visible diffuse reflectance spectra of M-OP-Ni(L'), M-OP-Ni(2L') and
M-OP-Ni(3LY).
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The UV-visible spectrum for post-synthesis materials M1’-ES-Ni(2L') and
M1’-ES-Ni(3L") presents in both cases two absorption bands centered at 27600 cm™
and 17100 cm™ (Table 4.8). These values are very close to the v; and v, values observed
for the Ni-Pren solution Y=2, i.e. 27800 cm™and 17200 cm™, respectively, indicating
the presence of [Ni(L')2(H20),]** as major species, in both solids. Expectingly, p were
also very close in these materials and in solution of [Ni(Pren),(H,0),]** 0.80 and. 0.81,

respectively.

Table 4.8 Parameters obtained from UV-visible spectra for Ni containing samples.

Sample V3 Vo A B +0.015
+50 cm™ +50 cm™ +50 cm™
M-OP-Ni(L") 25600 15800 9370 0.75
M-OP-Ni(2L%) 27200 16800 10500 0.79
M-OP-Ni(3L%) 27400 17000 10700 0.79
M-OP-Ni(L")-TA 25400 15600 9370 0.75
M-OP-Ni(2LY)-TA 26900 16600 10400 0.79
M-OP-Ni(3LY)-TA 27400 16900 10600 0.80
M-OP-Ni(3L")-TA-SCN 27400 17000 10690 0.79
M1’-ES-Ni(2L") 27600 17100 10740 0.80
M1’-ES-Ni(3L") 27600 17100 10740 0.80
M1’-ES-Ni(3L%)-en 28300 17700 11210 0.79
M1’-ES-Ni(3L")-SCN 27900 17500 11110 0.77

A: calculated crystal field considering Oh symmetry, B: nephelauxetic parameter, p=B/By
(B, Bo Racah parameter, p caculated from formula S1), Bo=1041 cm™ [free Ni(ll) ion].

4.3.1.4 Nickel accessibility

Metal accessibility was tested by using ethylenediamine (en) and the thiocyanate ion (SCN")
as probes on PMOs and post-synthesis materials. Four equivalents of KSCN were added to

an ethanolic solution containing M-OP-Ni(3L")-TA or M1’-ES-Ni(3L"), and after reaction,
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washing and drying, M-OP-Ni(3L")-TA-SCN and M1’-ES-Ni(3L")-SCN were respectively
obtained. In the FT-IR spectra, both samples present an absorption band at 2090 cm™, that
can be assigned to the stretching band v(CN) of SCN". The peak intensity was much
stronger for M1’-ES-Ni(3LY)-SCN than for M-OP-Ni(3LY)-TA-SCN. In addition, for
M1’-ES-Ni(3L")-SCN the increase of the v(CN) band was concomitant with a decrease of
the peack assigned to NO3™ (Figure 4.14).

From EA, SCN/Ni molar ratios were found to be 0.44 and 1.58 for
M-OP-Ni(3LY)-TA-SCN and M1’-ES-Ni(3L)-SCN, respectively, indicating that SCN’
ions coordinate at least partially nickel in Ni@PMOs and nearly quantitatively in
post-synthesis material. In addition the intensity of the band at 850 cm™ indicates that
TMS groups were mostly maintained after SCN™ treatment in both cases, as determined
form quantitative IR analysis (Figure 4.14). This is consistent with EA providing
TMS/Siinery  molar  ratios were determined to be 0.20 and 0.10 for
M-OP-Ni(3LY)-TA-SCN and M1’-ES-Ni(3L")-SCN, respectively, which were 0.24 and
0.12 for the respective mother materials M-OP-Ni(3L')-TA and M1’-ES-Ni(3L"). The
position of the vs and v, bands in the UV-visible spectra was not modified for
M-OP-Ni(3LY)-TA-SCN compared to M-OP-Ni(3LY)-TA, whereas it was shifted to
27900 cm™ and 17500 cm™ for M1°-ES-Ni(3L")-SCN, from 27600 cm™ and 17100 cm™
in M1°-ES-Ni(3LY). In addition, p decreased noticingly from 0.80 to 0.77 on the latter
case. These results evidence a facile and substential reaction of the SCN" ligand with
Ni(ll) ions (SCN/Ni=1.58) in the post-synthesis materials with a concomitant
displacement of the nitrate counterion. By contrast, in the Ni@PMOs material the
thiocyanate does not reach the nickel coordination sphere.

Similarly, the bidentate ethylenediamine ligand can bind nickel centers in material
M1’-ES-Ni(3L"). According to the blue shift of the electronic d-d transitions observed
on the so-obtained M1’-ES-Ni(3L%)-en material, one equivalent is enough to reach
28300 cm™ and 17700 cm™, respectively, for a crystal field A of 11210 cm™, and f of

0.79 consistent with a coordination with a third bidentate diamino ligand en.
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4.3.2 General discussion

Specificity of the present synthesis route. Sol-gel synthesis of many oxides
including silica are performed via acid or base catalysis below pH of 2 or higher than 8
up to 13. Since polyamines have pKj, ranging from 9 to 11, their choice as complexing
agent to stabilize or trap transition metal ions like in the present study, imposes basic
routes to avoid competition between protonation and complexation. However, under
neutral conditions, amino-ligands such as L* can still be used as far as the complexation
constant pK is high enough. This is the case for copper(ll) as shown by Karakassides et
al.’*® Nonetheless, they observed that starting from [Cu(L'),]** complexes a mixture of
[Cu(LY)]? and [Cu(LY),]** species is present in the as-made PMOs material. Another
synthesis in neutral media was performed by Corriu et al. according to a recipe derived
from the SBA-15 with tribock copolymers.*’ It implies cyclam a strongly complexing
tetra aza cycle not sensitive as much as bidentate en, Pren or L' ligands at stake here. To
our knowledge there is only one report concerning one-pot synthesis of silica-metal
complexes hybrid materials in basic media, by Corma et al.’*® It is dealing with a
vanadyl Schiff base complex introduced in the silica framework using NH3 (20%) as
base source. There is unfortunately little information on the effective location of the
complex in the periodic silica. The emphasis is brough rather on the catalytic
performance in the enantiomeric excess for carbonyl addition.

The actual work appears to be the first one to fully investigate the specificity of the
basic route for the synthesis of a templated silica-metal complex hybrid material. In
addition, this is the first one to deal with bidentate ligand showing that conditions may
be found to preserve the complex integrity during the sol-gel evolution toward the full
elaboration of the structured porous system. The synthesis conditions have been adapted
from the known recipe of LUS using cationic surfactant with tosylate as counterion
(CTATo0s).>> %317 This led to a P6mm hexagonal porous structure similar to MCM-41
despite the quite low temperature (60 °C) of ageing.® '** In addition to the low
temperature process, the Ni@PMOs synthesis possesses several advantages. First, the

sodium silicate solution is a very low coast source of silica and organic free. Second,
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the CTATos is also the cheapest cationic surfactant source commercially available, it is
used in a low amount and very high yield (> 95% as in LUS). Third, in the Ni@PMOs
materials, the yield in Ni is about 80 %. Therefore, our synthesis route is element
efficient particularly considering the expensive and polluting precursors.

The point concerning the yield in nickel is surprizing. Indeed, the rate of the
hydrolysis and condensation of organotrialkoxysilanes (R’-Si-(OR)3) in basic
conditions is slower than that of tetraalkoxysilanes (Si(OR)4) and Si(OH),).}"® This
would be detrimental to the incorporation of the organosilane in the structure. To the
contrary, the high yield in Ni suggests here that the Ni-L' complexes are likely the
fastest to hydrolyze. This striking point is to be related with an activation of the Si-OMe
bond by direct linkage of Ni(ll) with the methoxy moities. This point needs further

investigation, not treated here.

The key point of surfactant removal. The material would have been useless without
extraction of the surfactant to liberate the porosity for further applications. To preserve
the integrity of the complexes at this stage of the process, one had to avoid also the
protonation of L and to prevent the collapse of the porous structure of these solids
synthesized at 60°C only. The first reports concerning the stabilization of templated
silicas of MCM-41 type were from Tatsumi et al. who brought the emphasis on the
mechanical resistance. Full silylation was proposed on calcined samples.®® Later,
Jaroniec et al. showed that the silylation treatment of MCM-41 using an excess of
CTMS performed directly on the as-made silicas led to simultaneous displacement of
the surfactant and full surface capping.®® When HMDSA is used instead, it was thought
that silyation occurs only with the external surface by keeping the surfanctant inside the
channels. In fact, this is not the case and Badiei et al. show that ca.1/3 of the surfactant
is indeed displaced during the silylation reaction leading to partial surface capping.’’
The retention or the removal of the surfactant is pH dependent and is related to an
eventual neutralization of the silanolate groups that retain the cationic surfactant.

Therefore, it depends on the nature of the reacting silane.'”’
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Scheme 4.5 Reactions of HMDSA with silanol groups of materials (A), and CTMS with silanol groups
of materials (B).
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Figure 4.21 FT-IR spectrum of the precipitate (NH,CI).

The silylation using the reaction of HMDSA with silanol (=SiOH) groups evolves
the basic NH3 molecule and avoids the silanolate (=SiO") neutralization, according to
Scheme 4.5A. By contrast, the reaction using CTMS generates HCI that neutralizes
silanolate into silanol groups. Consequently, the cationic surfactant is removed
according to Scheme 4.5. When HDMSO is the silylating agent, H,O is produced instead
of HCI. In this case, there is no pH change and no surfactant removal expected.'’” To
remove the surfactant, and to avoid excessive acidification CTMS was combined with

115



Chapter 4 Incorporation of nickel ethylenediamine complexes in the wall of a nanostructured porous silica

HMDSA (method TA). For comparison, method T was tested using CTMS alone and
method TO was using a mixure of CTMS and HMDSO. In agreement with the expected
pH control described above, the best treatment is method TA. The last concern was the
production of a white colloidal suspension of NH4CI as revealed by FT-IR (Figure 4.21).
Fortunately, a mere filtration sufficed for its elimination (absence of the FT-IR bands of

NH," in M-OP-Ni(YL")-TA materials).

Location of nickel (Il) in the materials. Here the emphasis is brought on the
characteristics that differentiate Ni@PMOs materials from post-synthesis analogues.
The first difference shows up on the XRD patterns of the surfactant containing materials
with broader XRD peak for Ni@PMOs in comparison with the Ni free sample M. In
addition, the peak intensity (integrated area) is increasing from the reference material M
to material M-OP-Ni(2L") and M-OP-Ni(3L") indicating a higher XRD contrast. This is
expected for nickel located inside the pore walls since it increases the electron density
of the wall while the electron density in the empty channel remains low. To the
contrary, when the metal is located in the channel the electron density shall increase in
the channel leading to a lower difference of electron density between the wall and the
channel. This is effectiveley observed in the grafted samples as shown in the series
M1’-ES, M1’-ES-Ni(2L') and M1’-ES-Ni(3LY).

The yield of the capping reaction measured from the TMS coverage is also an
indication of the location of the species. Note that in comparison to the Ni free sample
that exhibits a TMS/Si molar ratio of 0.29 (considered here as 100% coverage, materials
M-OP-Ni(LY)-TA, M-OP-Ni(2L%)-TA and M-OP-Ni(3L%)-TA exhibit a lower coverage
of ca. 80% (Table 4.4). By contrast this coverage drops down more drastically to less
than 52 % in the grafted materials M1’-ES-Ni(2L') and M1’-ES-Ni(3L%). For the latter,
this is consistent with a steric hinderence on the accessibility of the silanol groups that
are located nearby or below the grafted species. For the former the slight decrease of
surface reactivity suggests a lower silanol density probably in the zone where the
complex is underlying inside the wall; this is expected since the pore wall is very thin

(~1.4 nm) and about the size of the complex (~1 nm). By contrast, for materials with
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grafted Ni complexes, M-OP-Ni(2L") and M-OP-Ni(3L"), the unchanged pore size and
wall thickness for Ni@PMOs is also a strong evidence for the complex incorporation in
the pore wall, according to N sorption isotherms (M-OP-Ni(YL')-TA, Table 4.6, Figure
4.15 and Figure 4.16). However, as indicated earlier when specific surface and pore
volume are compared, the neat decrease of their values in Ni@PMOs need to be
commented. A better reference of mass for the specific characteristics may likely be the
inorganic SiO,, instead of the dehydrated material that contains both organosilane
ligands and nickel ions contrary to M-TA. The inorganic silica is calculated from
residual mass at 1000°C from TGA withdrawing the NiO fraction. After such a
correction, both characteristic for Ni@PMOs fall in the range of the metal free
reference M-TA (M-TA, 940, m%g™ and 0.90 cm®g™, M-OP-Ni(LY)-TA, 930 m?g™ and
0.90 cm®gt, M-OP-Ni(2LY)-TA, 920 m?g™* and 0.90 cm®g™* and M-OP-Ni(3LY)-TA, 840
m?g™* and 0.93 cm®g™, Table 4.6). For sample M-OP-Ni(3L")-TA the still lower value
observed is in agreement with the presence of higher defects concentration seen on the
TEM picture (Figure 4.12A) as already mentionned, and on the isotherms with the
presence of the horizontal hysteresis (Figure 4.15). Such defects are most probably
induced by the incorporation of Ni-L' complexes during the silica growth in the sol-gel
process, and also by the presence of none complexed L' in M-OP-Ni(3LY)-TA.
Consistenly, almost no defects were observed for the Ni free material M-H by TEM
(Figure 4.12B). Similar types of defects have been reported by Mou et al.'”® They
indicated that the hysteresis is associated with the pore-blocking effect around the
embedded voids in the framework structure.*’

The results of metal exchange ability and accessiblity are evidences of location of the
species. The Ni(ll) complex in the framework is stable and difficult to exchange by Cu
(I1). Even using HCI to protonate the amino-ligand, only a small amount of Ni was
removed. Indeed, when M-OP-Ni(3LY)-TA was exchanged by Cu (ll) obtaining
M-OP-Ni(3LY)-TACuN, the Ni content slightly changed and a high content of Cu was
observed (3.9 wt%, with only 0.5 % Cu EPR active). The same behaviour was observed
for M-OP-Ni(3LY)-TACuH, M-OP-Ni(2L)-TACuN and M-OP-Ni(L')-TACuN, with
most of the Cu EPR inactive. However, when the post-synthesis materials reacted with
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HCI in the same conditions, the color of the obtained solid turned to white, indicating a
quantitative decomplexation of the ligand (the Ni concentration tested by ICP-MS
decreased from 25 % to 0.17 %, Table 4.7). In particular, in the case
M-OP-Ni(3LY)-TACuN, the main Cu (1) species active in EPR was mostly the
[Cu(LY)]? (Figure 4.18), which should correspond to 12 % of the free L* ligand being
complexed with Cu(ll). This value is lower than the free ligand to total ligand ratio
observed in M-OP-Ni(3LY)-TA, indicating that no nickel was echanged in the PMOs
material, and that the only Cu(ll) incorporated into the material corresponds to the
coordination of the free ligand, the rest of the copper being as copper silicate or copper
clusters in the pore-wall interface. However, when a pre-treatment with HCI is
previoulsy performed, a mixture of [Cu(L)]** and [Cu(L%),]** is observed indicating a
slight access to the internal metal complexes. Furthermore, Ni (I1I) in PMOs materials
showed a low accessibility to the SCN™ ion while Ni (1) in post-synthesis materials can
be easily “touched” by SCN" ion and en. These results are also in agreement with the

presence of the Ni-L* complex in the wall close to the pore, but difficult to access.

Coordination of nickel (I1) in the materials. In contrast with the grafted Ni(ll)
complexes, the most striking properties of the Ni complexes in PMOs are: i) the
inaccessibility towards ligand exchange, ii) the unexchangeability of nickel by
copper(ll) ions and, iii) the resistence to metal leaching under acid treatment in the
former materials. This requires some explanation in terms of coordination. Figure 4.22
was designed to better analyze the frequency shift using the vs electronic transition.
Indeed, v3 is more sensitive and better characterized than v, and v,. The frequency
positions are compared with those of [Ni(H20)s.2v(L')y] species measured in fresh
dilute aqueous solution with the same ligand to Ni molar ratio, Y. The arrows of Figure
4.22 shows the Avz red shift discussed here since it characterizes the change of
coordination sphere from the solution to the solid. In materials M-OP-Ni(2L') and
M-OP-Ni(3L%), the similar shifts are interpreted first since it may easily be discussed in

terms of mere ligand exchange.
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Figure 4.22 Frequency of v; in octahedral Ni* ion versus Y = LY/Ni molar ratio, “O”: complexes in
solution (Y=1, 2, 3, 4, 6); “A”: PMOs [1: M-OP-Ni(L'), 2: M-OP-Ni(2L"), and 3:
M-OP-Ni(3LY)]; «<O”:  post-synthesis materials  (4: M1°-ES-Ni(2L") and 5:
M1°-ES-Ni(3LY), references R; = [Ni(H,0)¢]** and R, = [Ni(=Si0),(H,0)4]'**; down-
ward dashlined arrows for the frequency red shift discussed in the text.

In comparison with a solution of [Ni(H-0).(L%),]**, material M-OP-Ni(2L") exhibits
a red shift of ca. -600 cm™. A similar shift has been observed when [Ni(NHs)4(H20)-]
and [Ni(NH3)2(H,0)4] nickel complexes where adsorbed on amorphous silicas.’® This
was assigned to the formation of [Ni(NH3)2(H20),(=Si0),] and [Ni(NH3)4(=Si0),]
surface complexes, respectively. The authors used the average crystal field
approximation assuming that the octahedral symmetry is roughly maintained (symmetry
change ignored). They concluded that each water molecule substituted by a silanolate
moities produces a red shift of -300 cm™ on v; (reference Ry to R,, Figure 4.22).
Applying the same reasoning for the position of vz in material M-OP-Ni(2L") leads to
the conclusion that two silanolate groups substituted two water molecules in the mother
precursor [Ni(H20)2(LY)2]?* yielding a neutral [Ni(L')2(=Si0O),] complex (Scheme 4.6).
This hypothesis is fully consistent with the absence of nitrate as revealed in the IR

spectra. For material M-OP-Ni(3L"), a smaller red shift, of ca. -530 cm™ may also be
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explained similarly taking into account that the solution with a ligand to nickel ratio Y=
3, used for the synthesis of M-OP-Ni(3L!), contains a mixture of 76% of
[Ni(H20)2(LY)2]** and 26 % of [Ni(L)s]** species. If one assumes that the aqua ligands
of [Ni(H20),(LY),]*" are the only ones to undergo a substitution by the silanolate
moities, then one should have a mixture containing also 76% of [Ni(=Si0),(L"),] and
24% of [Ni(LY)s]** species. The final material would exhibit a single broad band with an
average position resulting in an intermediate shift of -460 cm™. The larger shift
observed indicates that the actual mixture is closer to ca. 90% of the former species and
only 10% of the latter.

Along the same line of reasoning, the shift of -1200 cm™ in material M-OP-Ni(L")
would correspond to the [Ni(=Si0)4(L")]* species. Such negatively charged species are
not likely to form in a thin wall already bearing negatively charged silanolate species. A
neutral [Ni(=Si0)2(H20)2(LY)] species is much more probable, however, the v;
transition would show up at ca. 26200 cm™ instead of 25300 cm™. The formation of a
silicate-like phase is an eventuality to take into account since it may form during
adsorption or reaction of nickel complexes in basic synthetic media.*" ** Then, v band
is expected at 25800 cm™, which is slightly to high.®* In addition, the broad linewidth
of 5000 cm™ in comparison with an expected value of ca. 3100 cm™ indicates the
presence of a mixture of species rather than a single type of species. Another type of
species may be envisaged assuming that some of the nickel(ll) ions underwent the
displacement of the last L' ligand leading to a species of [Ni(=Si0),(0\)4] type where
O stands for meutral O donor ligands. The archetype of such a species is the
[Ni(=Si0),(H,0)4] surface complex generated on amorphous silica by adsorption of
tetraamminonickel(1l) complex followed by thermal removal of the ammino ligands
(reference R, Figure 4.22).1% Here, the O, ligand may not only be H,O but also silanol
(=SiOH) or siloxane (=Si0Si=) moities from the amorphous siliceous pore wall. The v3
band for such a type of species is expected at ca. 24600 cm™ that is too low to represent
the only type of species present in material M-OP-Ni(L"). The rational is a mixture of
species such as [Ni(=Si0),(H,0)2(LY)] or nickel silicate-like and [Ni(=Si0),(H,0)a],
consistent with an unresolved large band width. An EPR study of material

120



Chapter 4 Incorporation of nickel ethylenediamine complexes in the wall of a nanostructured porous silica

M-OP-Ni(L") prepared with copper(ll) instead of nickel(11) shows that about half of the
copper is EPR silent as expected for copper engaged in a silicate like phase in
agreement with the hypothesis of mixture of species.'® An EXAFS investigation of
such samples may provide more insight in this complex situation, this study is in
progress. To the contrary in the post-synthesis materials M1’-ES-Ni(2L') and
M1’-ES-Ni(3L"), the Ni(I1) coordination exhibits the same characteristics than in the
[Ni(H20)2(LY)2]** molecular precursor. Furthermore, the presence of NOj ions to
counterbalance the charge of the Ni-L' complexes as shown by the analysis of FT-IR
and EA (Figure 4.14 and Table 4.4) is consistent with a grafted [Ni(L*),(H,0)]** species
as depicted in Figure 4.14. In both cases, the accessibility to en or SCN" ligand with no
displacement of the L grafted moities emphasizes the profound difference of both type

of sites (Scheme 4.6).
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Scheme 4.6  Ni(ll) coordination state in material M-OP-Ni(2L")-TA (A) and material M1’-ES-Ni(2L")
(B), omitting trimethylsilyl (TMS) groups for simplify.

4.4 Conlusions

In this study [Ni(L')y(H20)e.2v](NOs), complexes (Y=1-3) were used as molecular
organometallic block to built hybrid PMOs materials (M-OP-Ni(L'), M-OP-Ni(2L%),
M-OP-Ni(3L%). The latter were compared with MCM-41 materials inside the channel of
which the same molecular blocks were grafted (M1’-ES-Ni(2L"), M1’-ES-Ni(3L%)). The
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syntheses of the Ni@PMOs were optimized using soft conditions and green reactants
(low temperature of 60 °C, sodium silicate as silicon source, NaOH as base and no
organic co-solvent). The surfactant extraction were performed using a CTMS-HMDSA
mixture which led directly to capped well-ordered materials. XRD, N, sorption
isotherms and UV-visible spectroscopy showed that in the obtained materials
(M-OP-Ni(LY)-TA,  M-OP-Ni(2LY)-TA,  M-OP-Ni(3LY)-TA) both  hexagonal
mesostructure and Ni(ll) coordination state of the mother materials (M-OP-Ni(YL"))
were maintained. In comparison with the grafted materials, M1’-ES-Ni(2L") and
M1’-ES-Ni(3L"), the Ni@PMOs materials exhibited much less reduction of pore size,
surface area and pore volume consistent with the location of the Ni-L' complexes in
framework position inside the pore wall of the nanochannel of the PMOs. This is the
first time that well defined Ni(ll)-amino complexes were introduced in the framework
of a mesostructured silica using basic conditions.

These framework functions affect the yield of capping by trimethyl functions (TMS)
consistent with their location near the surface and a wall thickness comparable with the
inserted complex size. Contrary to grafted species, the framework species exhibit very
weak metal exchangeability, strong resistance to acid leaching and ligand
inaccessibility, which are reminiscent of the cryptand effect of the siliceous matrix.

In material M-OP-Ni(L"), poor in the diamino-organosilyl complexing moities (L"),
the framework species are most likely a mixture of species [Ni(L')(SiOH)(Si0),] and
[Ni(=Si0),(0.)4] where O, stand for a neutral oxygen donor ligand such as H,O, =
SiOH or =Si0Si= and others such as nickel silicate like. In material M-OP-Ni(2L")
and M-OP-Ni(3LY), the predominant species is the neutral framework complex,
[Ni(LY2(=Si0),]. In material M-OP-Ni(3L"), the presence of charged framework
species [Ni(L')3]*" is probable but still hypothetical.

Though chemically unaccessible these framework species are potentiel sites for
selective optical absorption, electron transfer sites and redox centers. Such properties

are very promising in many applications and are under on going investigation.
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Chapter 5 Incorporation of copper ethylenediamine and

Schiff base complexes in a nanostructured porous silica

5.1 Properties of copper (I1)-ethylenediamine complex depending on its
location in the nanostructured silica

5.1.1 Introduction

In chapter 4, we have systemically investigated the porosity, morphology and Ni(ll) coor-
dination state of Ni(YLY)@PMOs (L*: N-(2-aminoethyl)-3-aminopropyltri methoxysilane).
However, some of questions are still open: 1) a general nickel species on the PMOs can be
drown from UV-visible spectroscopy however no precise distribution of species could be
obtained; 2) the template extraction in as-made Ni(YL)@PMOs was realized thanks to a
treatment by a mixture of CTMS and HMDSA (method TA), that also covered the internal
surface with trimethylsilyl (TMS) groups; this led to the question on the relation of hydro-
phobicity and nickel retention in metal exchange process; is a framework metal complex
inevitably inaccessible or not? 3) which is the application of framework metal?

To address these questions, Cu(ll) has been chosen to be the metal instead of Ni(ll). The
reasons are: 1) Cu(ll)-L' complexes are EPR active due to the presence of one unpaired
electron of the Cu(ll) ion, thus a precise metal coordination state in PMQOs can be drawn
through EPR; 2) Cu(Il)-L* complexes possess redox properties that can be investigated by
electrochemistry or exploited in redox catalysis chemistry. In addition, two novel methods
HTA and H for template extraction have been developed. These two methods provide dif-
ferent levels of internal surface hydrophobicity: hydrophobic surface using method TA, par-
tial hydrophobic surface using method HTA and hydrophilic surface using method H.
Therefore, we can investigate the effect of the surface nature on metal retention property
and catalytic behavior.

In this chapter, two types of materials, i.e., Cu(ll)-L* complexes incorporated in the wall
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(Cu(YLY)@PMOs, Y=1, 3) by one-pot synthesis and in the channel [M1’-ES-Cu(2L")] by
MSP approach (described in chapter 4), have been prepared. The three methods for tem-
plate removal were performed on Cu(YLY)@PMOs, obtaining M-OP-Cu(YL')-H,
M-OP-Cu(YL")-HTA and M-OP-Cu(YL")-TA. All materials were investigated using XRD,
N, sorption isotherm, FT-IR, EPR, UV-visible spectroscopies and elemental analysis. A
preliminary study of the electrochemical properties of the hybrid materials was studied. In
particular, XRD and FT-IR were used to respectively monitor the difference of hexagonal
structure and internal surface property of M-OP-Cu(3LY)-H, M-OP-Cu(3LY)-HTA and
M-OP-Cu(3L")-TA caused by the above three treatments. The copper environment in all
materials was characterized by EPR and. Metal accessibility was carried on
M-OP-Cu(3L")-H and M-OP-Cu(3L")-TA using acid washing. The primary electrical activ-
ity was performed on M-OP-Cu(3L")-TA and M1’-ES-Cu(2L"). Furthermore, the catalytic
activity of M-OP-Cu(3L%)-H, M-OP-Cu(3L%)-TA and M’-ES-Cu(2L") was evaluated on the
oxidation of 3,5-di-t-butylcatechol (DTBC).

5.1.2 Results and discussion

5.1.2.1 Synthesis and porosity characterization

M-OP-XCu(YLY) (X = Cu/SiO, = 1 in sol-gel, Y= L*Cu in sol-gel) materials were pre-
pared in the same condition as PMOs containing Ni(ll) complexes, i.e., synthesized at 60
°C for 24 h. A molar composition of synthesis was Y L : 1 Cu(NO3), : 100 SiO, : 4.5
CTAToOs : 500 NaOH : 77500 H,0O, Y= L/Cu = 1 and 3 for materials M-OP-Cu(L") and
M-OP-Cu(3LY), respectively. Two novel methods H and HTA were developed to extract the
surfactant (Scheme 5.1, Scheme 5.2).

The surface of as-made LUS (MCM-41 type) is basic and the cationic heads of template
are in the electrostatic interaction with the silanolates of the surface of silica. Therefore, it
is possible to use a precise quantity of HCI to remove a known quantity of surfactant of
as-made material. In as-made LUS, the surfactant amount is ca. 1.4 mmol-g™, which is
calculated from the N atom percent in elemental analysis. In method H, a equivalent of HCI

(1 mol-L™, HCI: CTATos = 1) was used to extract the template, leading to a total hydro-
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philic internal surface, the resulting materials referred as M-OP-Cu(YL')-H. Quantitative

IR spectroscopy was used to monitor this reaction (vide infra).

OH

OH
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Scheme 5.1 Template removal routes of method H and method HTA.

+ 2CI@rnnn )

In method HTA half of the surfactant amount was firstly extracted through addition of a
certain amount of HCI (1 mol-L™, HCI: CTATOSiita = 0.5), leading to an internal surface
with half of the initial surfactant (Scheme 5.1, Scheme 5.2). Then, a mixture of CTMS and
HMDSA was added in the following molar ratios: CTMS: HMDSA: 0.5CTATOSnitia1 = 1: 1:
1. In this process, the mixture agents both removed the remaining surfactant and concomi-
tantly silylated the internal surface of materials, leading to a partial hydrophilic and hydro-
phobic surface. The obtained materials were named M-OP-Cu(YL")-HTA. The trimethyl-
silylation percent on the surface was checked by quantitative IR (vide infra).

Furthermore, the as-made M-OP-Cu(Y L") materials were also treated using a mixture of
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chlorotrimethysilane (CTMS) and hexamethyldisilazane (HMDSA) (CTMS: HMDSA:
CTATos = 6: 6: 1, method TA) that simultaneously removed the surfactant and caps the si-

lanol groups leading to materials M-OP-Cu(YLY)-TA (Scheme 5.2).

One-pot synthesized materials

. CU(NO3)2 + Ll .
Na,SiO3 (Y= metal/Ligand=1, 3) Template extraction

+ - »  M-OP-Cu(L') Method HTA )
CTATos Hz0, 24h, 60°C M-OP-Cu(3LY) » M-OP-Cu(3L"Y)-HTA
(X = Metal/ SiO, x 100 %=1)

Template extraction Template extraction
Method TA Method H
CTMS+HMDSA HCI

M-OP-Cu(L)-TA  M.op-Cu(3LY)-H
M-OP-Cu(3LY)-TA
l metal leaching
metal leaching
M-OP-Cu(3L1)-HH
M-OP-Cu(L')-TA-H
M-OP-Cu(3LY)-TA-H

.Scheme 5.2 Synthesized materials.

Therefore, these three methods lead to a progressive decrease on the hydrophilic- hy-
drophobic properties of the internal surface of the hybrid materials. In addition, the
post-synthesized material M1’-ES-Cu(2L") was prepared for comparison with the one-pot
synthesis materials using the “molecular stencil patterning” (MSP) approach for homoge-
neous distribution of the metal complexes in the internal channel of mesoporous materials

as described in chapter 4.

XRD. The XRD patterns of M-OP-Cu(YL") (Y=1, 3) samples with surfactant and without
surfactant, M-OP-Cu(LY)-H, M-OP-Cu(LY)-HTA and M-OP-Cu(LY)-TA, are presented in
Figure 5.1. The XRD patterns of M-OP-Cu(L") and M-OP-Cu(3L") both show one primary
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peak which can be assigned to <100> reflection with d;oo of 4.3 nm and 4.4 nm, respec-
tively, and a couple of small peaks 26 between 3 to 5°. These features are typical of un-
iformly hexagonal pores in the materials. However, the M-OP-Cu(3L") exhibited a much
broader digo peak than M-OP-Cu(L') due to a higher amount of ligand L' added in the
sol-gel. After surfactant removal, the XRD patterns of M-OP-Cu(3LY)-H,
M-OP-Cu(3L")-HTA and M-OP-Cu(YLY)-TA materials still presented dioo reflections, in-
dicating the preservation of hexagonal mesostructures after surfactant removal by using
method H, method HTA and method TA. If these three methods are compared, we can find
that a progressive increase of the intensity of the digo peak is in the following order:
M-OP-Cu(3LY)-H < M-OP-Cu(3LY)-HTA < M-OP-Cu(YL")-TA, indicating that the struc-
ture order is affected by the treatments of surfactant removal. Furthermore,
M-OP-Cu(YL")-TA and M-OP-Cu(3L")-HTA samples showed an increase d:qo spacing (ca.
4.5 nm) compared to the mother material, whereas, a decrease of djgo Spacing of 4.2 nm
was observed for M-OP-Cu(3L%)-H. The former is consistent with a surface tension release
through silylation process (method TA and HTA), and the latter is likely due to the conden-
sation of silanol groups through HCI extraction process (method H). Therefore, a partial
collapse or loss of hexagonal structure may happen in the condensation of silanol groups
using method H, especially for materials with a high metal loading. This is likely the reason
that M-OP-Cu(3L")-H processes a less intensity of digo peak which indicates a less ordered
hexagonal structure of the porosity.

For M1’-ES-Cu(2L?), the XRD pattern showed the characteristic <100>, <110> and
<200> reflections of an hexagonal mesostructure with digo = 4.1 nm, indicating that the
MSP method with sequential grafting and acid wash is safe for the hexagonal structure.

This is consistent with the results of previous studies.'® 10 160. 183
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Figure 51 XRD patterns of M-OP-Cu(YLY), M-OP-Cu(YLY)-TA, M-OP-Cu(YLY)-HTA and
M1’-ES-Cu(2Lb).

IR. The absorption band at 1381 cm™ assigned to v(N-O) of NOs is observed in the
grafted material M1’-ES-Cu(2L") while it is absent in one-pot synthesis materials despite
that NO3” ion is the initial counterion of the copper salt added in the sol-gel (Figure 5.2).
These phenomena was in agreement with the observations in M-OP-Ni(YL") and
M1’-ES-Ni(YL') materials (cf. chapter 4).

IR spectra confirmed the efficient surfactant removal on M-OP-Cu(3LY)-H,
M-OP-Cu(3L")-HTA and M-OP-Cu(YL')-TA from the disappearance of the absorption
bands of 5(N-C) at 1477 cm™ and the vs(C-H) and va(C-H) stretching vibrations at 2850
cm? and 2918cm™, respectively, of the surfactant (CTATos). Furthermore, for
M-OP-Cu(YL")-TA and M-OP-Cu(3LY)-HTA, IR spectra attested the success of the cap-
ping of the surface by trimethylsilyl (TMS) groups due to the absorption bands observed at
850 cm™ and absorption bands at 2962 cm™ and 2903 cm™ assigned to v(Si-C) and v(C-H)
of trimethylsilyl (TMS), respectively. Furthermore, the intensity of the absorption band at
950 cm™ assigned to v(Si-O) of silanol groups (=SiOH) decreased in the order:
M-OP-Cu(3L') < M-OP-Cu(3LY)-H < M-OP-Cu(3LY-HTA < M-OP-Cu(3LYH)-TA, con-
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firming the change from hydrophilicity to hydrophobicity upon various treatments (see
above). Furthermore, the intensities of v(Si-C) of the TMS groups are not identical in
M-OP-Cu(3L")-TA and M-OP-Cu(3L")-HTA spectra. The trimethylsilylation percents of
these two materials respectively correspond to 100 % and 65 % coverage of TMS on sur-
face by quantitative IR, considering a total coverage of TMS in M-OP-Cu(3L%)-TA material.
In other words, it is found that 2/3 of surface is covered by TMS in M-OP-Cu(3L%)-HTA.
In fact, for the as-made LUS, the molar ratio of CTAT0s/Siinorg is equal to 0.16, which is
calculated from N atom percent and the residual mass in TGA, and the maximal TMS cov-
erage on LUS is 0.24 per Siinorg. The molar ratio of CTATos/=SiO" is 2/3 in the as-made
LUS. Therefore, the values of 2/3 of TMS coverage on M-OP-Cu(3L")-HTA compared to
M-OP-Cu(3L")-TA is consistent with the quantity of agents added for the template removal

process and the theoretical values expected.
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Figure 5.2 FT-IR spectra of a: M-OP-Cu(3L"), b: M-OP-Cu(3LY)-H, ¢: M-OP-Cu(3LY)-HTA, d:
M-OP-Cu(3L")-TA, e: M1°-ES-Cu(2L"). IR spectra were after baseline correction.

In a word, IR results reveal that using these methods three different properties of surface

were formed: 100 % of hydrophilicity for M-OP-Cu(3L%)-H, 35 % of hydrophilicity and
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65 % of hydrophobicity for M-OP-Cu(3L')-HTA, and 100 % of hydrophobicity for
M-OP-Cu(3L%)-TA.

Table 5.1 Copper (I1) content and molar ratios deduced from elemental analyses, quantitative EPR and
weight loss from TGA.

Sample Cu®wt% Cu®wt% cuwsi®¢ LYsi®® LYcu TMS/Si®
0.1 0.4 +0.001 +0.01 +0.1 +0.01
M-OP-Cu(LY) 1.8 1.1 0.032 0.03 1.0¢ 0
M-OP-Cu(3L%) 1.7 1.5 0.035 0.08 2.4¢ 0
M-OP-Cu(LY)-TA 2.3 1.2 0.032 0.03 1.0¢ 0.23
M-OP-Cu(3L%)-H 2.5 2.2 0.032 0.07 2.3 0
M-OP-Cu(3LY-HTA 2.5 2.2 0.036 0.08 2.2 0.16
M-OP-Cu(3LY)-TA 2.3 2.0 0.037 0.08 2.3 0.23
M1’-ES-Cu(2L 3.0 2.6 0.045 0.90 2.0° 0.15
M-TA 0 0 0 0 0 0.29
M1’-ES 0 0 0 0 0 0.17

a: measured by ICP-MS; b: quantification of the EPR signal was performed by double integration
after base line correction; c: molar ratio per inorganic silica, the inorganic SiO, content is obtained
from the residual weight in TGA at 1000 ° C upon subtraction of both CuO and the SiO, formed
from the grafted organosilanes; d: due to the presence of both surfactant and ligand, both species
contributing to the N amount, this value has been calculated starting from the ratio observed for the
corresponding samples M-OP-Cu(LY)-TA, M-OP-Cu(3L") —TA; e: L' ligand is determined from N
amount by subtraction of the N corresponding to surfactant [M-OP-Cu(3L") and M-OP-Cu(L")] or
nitrate counteranions if present [M1’-ES-Cu(2LY)].

EA. The copper weight percentage (wt %), Cu to inorganic silicon molar ratio, trimethyl-
silyl (TMS) to inorganic silicon molar ratio, ligand (L") to inorganic silicon and ligand (L")
to Cu molar ratios are reported in Table 5.1. The copper loading (ca. 1.7 %) in M-OP-Cu(L")
and M-OP-Cu(3L") is much higher than in the mother gel. For instance, Cu/Si molar ratio
is ca. 0.033 in M-OP-Cu(3L"), while it is 0.01 in the mother gel. Indeed, the yield of copper
is 98 %, while a partial yield in silicon (ca. 30 %) is observed. After removal of the surfac-

tant using method H, HTA and TA, Cu/Si molar ratios in M-OP-Cu(LY)-H,
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M-OP-Cu(3LY)-TA and M-OP-Cu(3LY)-HTA were not significantly modified (ca. 0.036),
indicating that method H and method HTA are safe for the complexes. In addition, L*/Cu
ratio for M-OP-Cu(LY)-TA is equal to 1.0 which is in agreement with the initial addition of
ligand in the sol-gel, whereas, for Cu(3LY)@PMOs is equal to 2.3 and 2.2 which is lower
than 3 added in the mother gel, indicating a loss of free L. Indeed, the hydrolysis rate of
organotrialkoxysilanes (R’-Si-(OR)3) in basic conditions is slower than that of tetraalkox-
ysilanes (Si(OR),) and Si(OH),.*"®

The TMS/Si molar ratio decreased from 0.29 on the Cu-free sample M-TA down to ca.
0.23 for M-OP-Cu(3L")-TA, which is probably due to the slightly decrease of surface si-
lanol groups available for capping. The TMS/Siinorg molar ratio for M-OP-Cu(3LY)-HTA is
equal to 0.16, indicating 69 % of surface coverage with trimethylsilyl groups which is close
to the values deduced from quantitative IR spectroscopy (65 %), considering
M-OP-Cu(3L')-TA as 100 % TMS coverage. For the post-synthesis material,
M1’-ES-Cu(2L?), Cu loading was 3.0 % and Cu/Si molar ratio was equal to 0.045. L*/Cu
molar ratio was equal to 2 which is in agreement with the molar ratio in the initial gel

(LY/Cu = 2).

N, sorption isotherms. N, sorption isotherms at 77 K and the corresponding data are
shown in Figure 5.3 (a), (b) and Table 5.2. The shape of the isotherms is typical of a meso-
structured porous material.® The steep step of capillary condensation at about 0.33 P/P, in-
dicates a narrow pore size distribution for M-TA and M-OP-Cu(L')-TA, whereas, a slow
step at 0.33 P/P, evidences a large pore size distribution for M-OP-Cu(2L")-TA, which is in
agreement with the broad djqo reflection in XRD patterns (Figure 5.1). A diminution of BET
surface area and pore volume was observed for M-OP-Cu(L})-TA (530 m.g™, 0.46 cm®.g™)
and M-OP-Cu(2LY)-TA (480 m*g™, 0.54 cm®g™?) compared to M-TA (730 m%.g™, 0.70
cm®.g?) (Table 5.2). Materials, M-OP-Cu(2LY)-TA and M-OP-Cu(LY)-TA, present similar
pore sizes and apparent wall thickness [3.6 nm (BdB model), 1.3 nm] compared to M-TA.
By contrast, for M1’-ES-Cu(2L"), a pronounced decrease of pore size (2.9 nm) and an in-
crease of the apparent wall thickness (1.8 nm) was observed compared to the metal-free
material M1’-ES (3.4 nm, 1.3 nm). In addition, the C-parameter in BET, which is related to
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the nature of the internal surface, was found to be ca. 20-24 for M-OP-Cu(YL")-TA which
is similar to the blank M-TA (22), however, it increased to 34 for M1’-ES-Cu(2LY). All
these results highlight the fact that one-pot synthesized materials possess Cu complexes in
the framework, which is in agreement with incorporated Ni(YL) complexes into hexagon-

al mesoporous materials (M-OP-Ni(YL')-TA) (cf. chapter 4).
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Figure 5.3 Nitrogen adsorption-desorption isotherms at 77 K of one-pot synthesis materials M-TA,

M-OP-Cu(3L")-TA, M-OP-Cu(L")-TA(a); M1°-ES and grafted material M1°-ES-Cu(2L") (b).

Table 5.2 Textural properties of mesoporous hybrid materials deduced from N, sorption isotherms at 77K.

Material Sger (M*.97)° Vo(em®.gh)®  fpas” (nM) ac W, ¢ ce

+50 +0.02 +0.1 (nm)
M-TA 730 0.70 3.6 4.8 13 22
M-OP-Cu(3LY)-TA 480 0.54 3.7 5.0 13 20
M-OP-Cu(L")-TA 530 0.46 3.6 4.9 1.3 24
M1°-ES 860 0.71 34 4.7 13 34
M1°>-ES-Cu(2LY) 530 0.41 2.9 4.7 1.8 40

a. measured at P/Py = 0.98; b: if BJH model is used instead of BdB one, the diameter would be 0.8 nm
smaller in each case; C: ag= 2*d100/\3; d: W, = a, - bsas; €: C values determined from BET.

5.1.2.2 Physicochemical properties of the metal centers
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5.1.2.2.1 Cu(ll) coordination state characterization

EPR and solid UV-visible spectra. For molecular complex Cu(L%),, the gy and Ay para-
meters are equal to 2.20 and 19.5 mT (Table 5.3), respectively, which are similar to the these
of Cu(en),,"** **® indicating a CuN, coordination environment for Cu(L'),. This result con-
firms that the gy-value is mainly affected by electron density on the Cu(ll) ion despite that
L' ligand possesses higher steric hindrance than ethylenediamine ligand, which is consis-
tent with the report by Sakurai et al..*? In addition, this result reveals that the axial coordi-
nation of Cu(L'), is most probably H,O and should not be the Si-OMe or Si-O", since A is

quite sensitive to the axial coordination (cf. chapter 2.3.5.1).

Table 5.3 EPR parameters of Cu complexes and materials and wavenumber of the
absorption in UV-visible spectroscopy.

Sample i Ay (mT) T (K) v (cm™)
Cu(en), 2.20 19.5 100 18000
[Cu(LY]>*? 2.28 16.9 100 15650
Cu(LY),? 2.20 19.5 100 18000
M-OP-Cu(L) " 2.26 13.6 298 15100
2.19 18.8
M-OP-Cu(LY)-TA® 2.26 13.6 298 15100
2.19 18.8
M-OP-Cu(3LY) ° 2.19 18.8 298, 100 17000
M-OP-Cu(3LY)-H " 2.19 18.8 298 17000
M-OP-Cu(3LY)-TA" 2.19 18.8 298, 100 16900
M-OP-Cu(3LY)-HTA® 2.19 18.8 298 16900
M1’-ES-Cu(2LY) 2.19 18.8 298 17400

a: in water and glycerol; b: solid samples.

For M-OP-Cu(3L%), the EPR spectra exhibited one primary species with 2.19 for gy and
18.8 mT for A, parameters at room temperature and 100 K, indicating the successful im-
mobilization of Cu(ll) complexes on the silica (Table 5.3). After template removal using
method H, HTA and TA, M-OP-Cu(3L%)-H, M-OP-Cu(3LY)-HTA and M-OP-Cu(3L")-TA
exhibit primarily the gy of 2.19 and Ay of 18.8 mT values to M-OP-Cu(3L") [Figure 5.4 (a)],
confirming that the Cu environment was maintained during template removal process. If

these values are compared to those of the molecular complexes [Cu(LY),], Ay value dimi-
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nished from 19.5 mT to 18.8 mT while g, values are similar (ca. 2.19). These results are
most probably caused by a change in axial coordination of the framework species. Sakurai
et al. have found that the axially coordinated square-planar complexes of CuNsX type
present a smaller Ay-value but with a similar gy-value compared to that of square-planar
CuN, complexes, which was presented in chapter 2.3.5.1.'2® Therefore, in the solids, it is
likely that an axial ligand exists. This ligand is most probably charged and could be the
=SiO" groups which also serve as counterions, substituting both H,O ligand and the NOs
counterion ion, which is consistent with the results of Ni(YL)@PMOs.

The d-d absorption bands of Cu(3LY)@PMOs in the UV-visible spectra decreased to ca.
16900 cm™, which are much lower in energy than that observed for Cu(L"), (18000 cm™)
(Table 5.3). This confirms again the presence of a six-coordinated Cu(ll) in
Cu(BLH@PMOs, which is induced by Jahn-Teller effect, leading to substitution of the
complex and therefore a lower absorption band in UV-visible spectra.

For M1’-ES-Cu(2L"), the gy and Ay parameters are equal to 2.20 and 19.5 mT, respec-
tively. The absorption band in UV-visible spectra is observed at 17400 cm™. The IR spec-
trum and EA indicated the presence of NOs™ ion in M1’-ES-Cu(2L") with a NOs/Cu(ll)
molar ratio equal to 2. All these results allow us to propose that the Cu-L' complex grafted
in silica is also six-coordinated and that two NOs™ are most probably coordinated to the
metal ion in axial position, playing also the role as counterion, which leads to a small
Ay-value and lower absorption band. However, the effect of NOjs is different than that of
=SiO’, leading to a different absorption bands between M-OP-Cu(3LY)-HTA and
M1’-ES-Cu(2LY).

EPR spectra of M-OP-Cu(L') and M-OP-Cu(L")-TA exhibit two species [Figure 5.4(b)]:
one with gy = 2.26 and A, = 13.6 mT, another with g, = 2.19 for and A; = 18.8 mT. The

first species is most probably attributed to CuN, type complex,**

the second is likely the
aforementioned CuN, complex. The absorption band in UV-visible spectra is equal to
15100 cm™, which is much lower than M-OP-Cu(3L") (Table 5.3), indicating that the CuN2
species is major. The CuN, complex may probably have two =SiO", =SiOH or H,0 as li-
gand and counterion besides one L! coordinated to one Cu(ll), which is a similar situation
as that of M-OP-Ni(LY)-TA (cf. chapter 4).
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Figure 5.4 EPR spectra at 298 K of M-OP-Cu(3L") (expanded 1.5 times), M-OP-Cu(3L")-TA and
M-OP-Cu(3L")-HTA (a); M-OP-Cu(L") and M-OP-Cu(L")-TA (b). Experimental conditions:
frequency = 9.35GHz, power = 10 mW for (a) and 16 mW for (b), modulation amplitude: 3
G and modulation frequency: 100 kHz.

Quantitative EPR was employed to quantify the active Cu(ll) in Cu(YLY)@PMOs (cf.
Appendix B) (Table 5.1). For Cu(3LY)@PMOs, the EPR active Cu wt. % are 1.5 % for
M-OP-Cu(3LY), 2.0 % for M-OP-Cu(3L")-TA and 2.2 % for M-OP-Cu(3L%)-TA, which
correspond to 88 % of EPR active Cu(ll) to total Cu determined from ICP-MS. In addition,
the EPR active Cu(ll) for M’-PS-Cu(2L") is 88 % of total Cu(ll). These results indicate that
in both Cu(3LY)@PMOs and grafted material copper is mainly present as monomer. For
Cu(LY)@PMOs, the EPR active Cu is ca. 55 % of the total Cu for M-OP-Cu(L') (1.1 % in
EPR, 1.8 % in ICP-MS) and for M-OP-Cu(L)-TA (1.2 % in EPR, 2.3 % in ICP-MS).
These results reveal that the Cu(ll) states in Cu(L)@PMOs is complicate: half of the cop-
per monomers correspond to [Cu(L})]?* and Cu(2L?), and the other half is likely dinuclear
Cu(Il) complexes. Note that this point can be expressed more directly compared to the re-
sults of Ni(YLY)@PMOs (cf. chapter 4). These results will be checked by EXAFS (analysis

in progress).

5.1.2.2.2 Cu displacement

Metal accessibility was evaluated using HCI extraction. HCI (1 mol-L™?, HCI: Cu = 4: 1)
was added to extract the Cu(ll) on M-OP-Cu(3L')-H, M-OP-Cu(3LY)-HTA and
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M-OP-Cu(LY)-TA in ethanolic solution at 40 °C, obtaining M-OP-Cu(3L")-HH,
M-OP-Cu(3L")-TA-H and M-OP-Cu(LY)-TA-H (Table 5.4). The Cu wt % is 2.3 % for
M-OP-Cu(3L')-HH, 2.1 % for M-OP-Cu(3L")-TA-H and 2.0 % for M-OP-Cu(L")-TA-H,
corresponding 8 %, 9 % and 13 % of metal leaching, respectively. Note that in
M-OP-Cu(YL")-TA-H (L'= 1, 3) materials ca. 20 % TMS was removed during the metal
extraction process. Indeed, in all these materials ca. 90 % of Cu was retained. These results
indicate that the Cu(ll) ions are an accessible situation with no effect from the coverage of
TMS on the internal surface of PMOs and they are completely embedded in the siliceous

pore walls.

Table 5.4 Copper (wt %) of hybrid materials.

Material Cu£0.1% (ICP-MS)  Yield of metal leaching %
M-OP-Cu(3L")-HH 2.3 8
M-OP-Cu(3L")-TA-H 2.1 9
M-OP-Cu(LY)-TA-H 2.0 13

M-OP-Cu(3L")-H, Cu 2.5 %; M-OP-Cu(3L")-TA, Cu 2.3 %:
M-OP-Cu(LY)-TA, Cu: 2.3 %, see in Table 5.1.

5.1.2.3 Preliminary study of the electrochemical properties by cyclic

voltammetry

These inaccessible framework species are potential sites for selective optical absorption,
electron transfer and redox centers. Therefore, the electrochemical properties of
Cu(3LY)@PMOs were preliminarily studied by cyclic voltammetry. The working electrode
was papered by taking a 1: 1 weight ratio of complex precursor or hybrid materials and fine
graphite and dispersed in 1 mL of water, which was ultrasonicated for 10 min. Several ali-
quots of this dispersion were coated on platinum disk (1 mm diameter) and 5 pL of 5 %
polystyrene. The electrolyte was a solution of tetrabutylammonium hexafluorophosphate
(TBAP, 0.1 M) in CH,Cl,. However, during the analysis process, we found that the com-

plex precursor or hybrid materials were gradually decoated on the working electrode, due
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to the easy dissolution of polystyrene in CH,Cl,.

The response in cyclic voltammetry of the molecular complex [Cu(LY)2(NOs)], and the
hybrid materials, M-OP-Cu(3L%)-TA and M1’-ES-Cu(2LY), is shown in Figure 5.5. The vol-
tammogram of neat complex exhibited an obvious peak at -0.51 mV and a peak at -0.13 mV,
which was recorded in a three-electrode cell. The voltammogram of M-OP-Cu(3LY)-TA
exhibits a peak at -0.51 mV and a peak at 0.43 mV. The voltammogram of M1’-ES-Cu(2L")
exhibited only one peak at -0.53 mV. The scan rates were altered, however, the peaks are
not reproducible. In our opinion, the big problem here is that the experimental condition is
not the suitable for these materials. Thus, we also have tried the electrochemical measure-
ments on a home-built potentiostat equipped with efficient ohmic drop compensation in a
three-electrode cell. However, the results are still not good. Furthermore, Martinez-Ferrero
et al. have reported to a dip-coating method to measure the electrochemical property on
silica-based materials and they have obtained good responses in cyclic voltammogram.'®*

This study is in process in our group.
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Figure 5.5 Cyclic voltammogram of Cu(L%), (a), M-OP-Cu(3L") (b), M1’-ES-Cu(2L") (c) at scan
rate 0.4 V-s™.

5.1.2.4 Compared catalytic activity of copper (II) complex in the wall
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and in the channel

The activity of Cu(3L")@PMOs and M1’-ES-Cu(2L") was evaluated on the oxidation of
3,5-di-t-butylcatechol (DTBC), in which oxygen is used as oxidant (Scheme 5.3, Table 5.5).
For comparison, two blank experiments, i.e., partially silylated metal-free material
(M1’-ES), and for EtN3 without catalyst, were carried out. The conversions of DTBC over
M1’-ES and EtsN are 18 % and 44 %, respectively, however, yields of
3,5-di-t-butylquinone (DTBQ) are 0.5 mol. % and 6 mol. % and DTBQ selectivities are
3 % and 14 %, respectively. The by-products are most probably products of the polymeri-
zation of catechol.’® These results indicate that the oxidation of DTBC to DTBQ can not
occur in the absence of Cu(ll)-containing catalysts, whereas, the polymerization of catechol

can take place in the presence of EtsN and oxygen.

tBu tBu
o}
OH
Cu-catalyst
+ 050; —» + H,O
EtN 3
tB OH tB o

Scheme 5.3 Catalyzed oxidation of 3,5-di-t-butylcatechol (DTBC) to 3,5-di-t-butylquinone (DBTQ).

Table 5.5 Catalytic results.

Catalysis DTBC conversion %  DTBQ yield (mol %) DTBQ selectivity %
EtsN ® 44 6 14
M1-ES® 18 0.5 3
M-OP-Cu(3L")-H ° 50 4 8
M-OP-Cu(3L")-TA® 76 7 10
M1’-ES-Cu(2Lh) 69 59 86

Reaction conditions: ® [Cu]: [DTBC]: [EtsN] = 1: 23: 0.004, acetonitrile as solvent, room temperature, t
=6h; b \without catalyst; © without EtN;. DTBC: 3,5-di-t-butylcatechol; DTBQ: 3,5-di-t-butylquinone.

The catalytic activity of M-OP-Cu(3L")-H and M-OP-Cu(3L")-TA gave a high DTBC
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conversion (50 %, 76 %), but low DTBQ vyield (4 %, 7 %) and DTBQ selectivity (8 %,
10 %). However, M1°-ES-Cu(2L") exhibited a high activity, giving 69 % of DTBC conver-
sion, 69 mol. % of DTBQ yield and 86 % of DTBQ selectivity. The DTBQ selectivity in
post-syntheized material is silghtly higher than that reported by Louloudi et al. who
claimed a DTBQ  selectivity of 83 % using a  immobilized
Cu(11)-propyl-thiazol-2-yImethylene-amine complexes on amphrous SiO, as catalyst.** In
our study, a much simpler ligand has been used to afford similar results than Louloudi et al.

It can be seen that Cu(ll) complex immobilized on mesostructured silica by one-pot
synthesis show an obvious different behaviours on oxidation of DTBC compared to post
synthesized materials. The drastic difference of the catalytic activity between one-pot syn-
thesized materials and post-synthesized materials is most probably related to the different
location of Cu(Il) complex, i.e., one in the wall for Cu(3L")@PMOs, another in the channel
for M1’-ES-Cu(2L"). For the former species, the six-coordinated Cu(l1) complex by two L*
ligands and two =SiO" groups in the wall could hinder the coordination of extral spieces,
thus losing the formation of intermediate spiece in catalytic cycle. For the latter species,
although Cu(11) complex in the M1°-ES-Cu(2L") is also six-coordinated by two L ligands
and two NOgs  in the axial direction, NO3" is a good leaving group. Thus it is prossible to

form intermidate species in the catalytic cycle.

5.1.3 Conclusions

PMOs incorporating Cu(l1)-L* complexes (M-OP-Cu(YL"), Y = Ligand/metal = 1, 3) have
been synthesized under similar conditions as described for Ni(YL)@PMOs (cf. chapter 4).
The template removal of as-made materials has been achieved using method TA, and two
novel methods HTA and H, obtaining M-OP-Cu(YL")-TA (-HTA, -H) materials. These ma-
terials presented well-ordered hexagonal structures with trimethylsilyl (TMS) coverage
from 100 % to 0 %, which were determined by XRD, quantitative IR and EA. IR spectra
indicated that the counterion NO3™ is absent in PMOs M-OP-Cu(3LY), while it presented in
grafting material M1’-ES-Cu(2L"). Elemental analysis showed that L*/Cu molar ratio is

equal to 1 for M-OP-Cu(L"), whereas, it is 2.4 for M-OP-Cu(3L") despite that this value is
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equal to 3 in the initial sol-gel. After surfactant removal by using method H and HTA and
TA, Cu/SiO, molar ratios of Cu(YL)@PMOs maintained the same as the corresponding
as-made materials M-OP-Cu(L") and M-OP-Cu(3L"), respectively, indicating that the two
novel methods have developed suitable to remove the template of M-OP-Cu(YLY).

The comparative study of the N, sorption isotherms of M-OP-Cu(3LY)-TA and
M-OP-Cu(LY)-TA proves that Cu(Il) complexes are indeed in the framework of the PMOs
materials, which is in agreement with the results of Ni(YL')@PMOs (cf. chapter 4).

Reduction of solid UV-visible absorption bands of M-OP-Cu(L') and M-OP-Cu(3L")
compared to [Cu(LY)]?* and [Cu(L"),] complexes suggested a change of metal coordination
environment in the axial direction. The quantitative EPR study, for the M-OP-Cu(L"), al-
lows us to propose that half EPR active species may correspond to the
[Cu(LY)(=Si0),(=SiOH),]** complex and [Cu(L')»(=SiO),]. The EPR silent species are
probably [Ni(=Si0),(0.)s] where O_ stands for a neutral oxygen donor ligand such as
H,0, =SiOH or =Si0Si=. For M-OP-Cu(3L"), the major Cu(ll) species is the EPR active
and predominant metal state is [Cu(L")2(=Si0),] complex.

Cu(YLH@PMOs  materials,  [M-OP-Cu(3L%)-H, = M-OP-Cu(3LY)-HTA  and
M-OP-Cu(3L")-TA], with hydrophilic or hydrophobic internal surface all exhibited a high
metal retention property (ca. 90 %). This high metal retention is likely due to the nature of
incorporated complexes and not related to the internal surface properties (hydrophobic or
hydrophilic).

Cu(YLY)@PMOs and the corresponding grafted material [M1’-ES-Cu(2L")] have been
both tested on the oxidation of 3,5-di-t-butylcatechol. Only the grafted material
[M1°-EP-Cu(2L")] exhibited an important activity while the PMOs material showed almost
no activity, which is most probably due to the different coordination state and different lo-

cation of the Cu(ll) complexes in the material.

5.2 Incorporation of Schiff base complex (Cu-L?) with 2N20 coordina-

tion sphere using a one-pot synthesis
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5.2.1 Introduction

In chapter 4 and chapter 5.1, we found that in the Ni(YL)@PMOs and Cu(YL)@PMOs
the metal is inaccessible due to the additional coordination of silanolate groups from the
inorganic support to the charged metal-amino complexes.’® Thus, how can we make the
framework metal complexes accessible?

Schiff base copper(ll) complexes have been extensively studied due to their applicability
as catalyst for oxidation reactions.'***** Here, bis(salicylaldimine) copper (I1) complex was
chosen to be incorporated in the mesoporous material. From the structural point of view,
bis(salicylaldimine) copper (1) complexes are usually prone to be hydrophobic due to the
aromatic rings on the structure. Furthermore, Schiff base with negative charge from phenolate
can make neutral complex. Thus, these two parameters are supposed to be strong driving
forces to favour the location of the complexes in the organic side of the electrical pallisade
between the micelle and the aqueous solution during the initial steps of the silicate and orga-
nosilane moities condensation. Therefore, the neutral bis(salicylaldimine) copper (1I) com-
plexes [Cu(L?),, L= salicylaldimine-N-propylamine- trimethoxysilane] can be expected to be
located near the pore using a one-pot synthesis. This should increase the accessibility to metal
and therefore exhibit the catalytic activity. Indeed, a few examples using one-pot synthesis to
immobilize Schiff base complexes with two alkyltrialkoxysilane arms on mesoporous materi-
als are reported.'*® *** One example is from Corma et al. They have reported PMOs contain-
ing vanadyl-salen and chiral vanadyl-salen complexes which exhibit catalytic activity on
cyanosilylation reaction of aldehydes with trimethylsilyl cyanide (TMSCN). To our knowl-
edge, there are no reports on mesoporous hybrid materials incorporating copper
(11)-salicylaldimine complexes [Cu(L?),] via one-pot synthesis.

Here, we described the synthesis of hybrid materials incorporating [Cu(L?),] complexes
with different metal loading using similar conditions as that for Ni(YL)@PMOs and
Cu(YLY)@PMOs. For well elucidation of the ligand effect, Ni(YL)@PMOs with a similar
metal loading has also been synthesized. Surfactant extraction methods (TA and H) were em-
ployed on these materials in order to find a suitable method for surfactant extraction while

keeping the integrity of the metal complexes. The obtained materials have been tested in
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terms of metal accessibility through a metal extraction study. The porosity and morphology of
these materials have been investigated using XRD, TEM and N, sorption isotherms tech-
niques. The nature and quantity of the loaded species have been determined from FT-IR, EA
(elemental analysis), ICP-MS, UV-visible and EPR spectroscopies. Finally, the catalytic per-
formances of the hybrid materials incorporating [Cu(L?),] complexes have been tested in the
hydroxylation of phenol.

In order to characterize the metal environment in the solid hybrid materials, a preliminary
study of the Cu-L2 complexes in solution was performed using IR, UV-visible and EPR

spectroscopy.

5.2.2 Study of the copper-L* complexes in solution

The salicylaldimine-N-propylamine-trimethoxysilane (L%) with 1N10O coordination sphere
is a bidentate Schiff base. The Cu(L?), complex presents therefore a 2N20 coordination
sphere around the Cu(ll) ion,*** which is different from the known tetradentate salen com-
plex with 2N20O coordination sphere where the two N atoms are connected by an alkyl
bridge. Incorporation of the Cu-L? complex into the mesoporous material was performed in
the presence of surfactant (CTATO0s) in basic aqueous solution at 60 °C for 24 h. Thus, the
parameters of the sol-gel process, water, surfactant, temperature, pH and reaction time,
have probably an influence on the integrity of Cu-L? complex. Thus, it is necessary to mon-
itor the stability of Cu-L? complex in these systems. Furthermore, it can allow us to under-

stand if there is any change between the immobilized complex and the molecular species.

5.2.2.1 Results and discussion

Synthesis

Although there are various types of copper (Il) sources, copper (Il) acetate [Cu(OAc),] was
chosen as the copper source for the coordination to salicylaldimine, instead of Cu(NO3),,
CuCl; and Cu(ClOy),. The reason is that the all nitrate, the chloride and the perchlorate
copper salts generate rather acidic solutions most likely due to traces of the corresponding
acid (HNOs, HCI or HCIO,, respectively) presented as impurities in the commercial

142



Chapter 5 Incorporation of copper ethylenediamine and Schiff base complexes in the wall of a nanostructured porous silica

sources. Thus, the imine (C=N) bond in L? is easily hydrolyzed in such acidic solutions
which was observed by us and others.** 19 1% Here, the Cu-L? complex was synthesized
by the condensation of Cu(OAc), and L?) (L*Cu = 2) in absolute ethanol under reflux
(Scheme 5.4), and it was named 2-L? complex. In addition, the reaction of molar equivalent

Cu(OAc), and L? (L%Cu = 1) was carried out, leading to the 1-L* complex.

HaN oHC

EtOH
+ —
HO N
H3CO’S{\OCH3
OCH,

H300—7|\OCH3

H3CO

H3CO,
\ _OCH;
H;CO=—Si

Cu(OAc),

EtOH

H3co—/5i\ Cu(Lz)z
HsCO OCH,

Scheme 5.4  Synthesis route for [Cu(L?),] complex

IR spectra L? ligand and 2-L% complex were studied using IR spectroscopy. A band at
1633 cm™ can be attributed to v(C=N) of the azomethine group in the free ligand L?, whe-
reas, it appears at a lower frequency (1623 cm™) in the IR spectra of the 2-L? complex

(Table 5.6), indicating the coordination of the imino nitrogen to the metal atom.'®

Table 5.6 IR, UV-visible data of the ligand and complexes.
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Samples IR (KBr) UV-visible spectra, Amax (NM)
vic=n (cm™)
L2® 1633 217 254 279 314 404
2-122 1623 225 242 271 309 360 622
L2 11° 219 239 275 391
L 7° 219 239 275 391
L26" 219 239 275 391
2-L2 11° 219 240 275 313 384
2-L2 7" 219 240 274 378
2-L2 6° 219 240 275 391

a: UV-visible spectra of L? and 2-L? were measured in absolute ethanol; b: L? and 2-L* were dissolved
in aqueous solution with pH = 6 (phosphate buffer solution), 6.8 (deionized water) and 11 (sodium hy-
droxide solution).

UV-visible spectra The stability of the ligand in different solutions (ethanol and water)
and various pH from basic to acid aqueous solutions was investigated. Their UV-visible
spectra were recorded (Figure 5.6), and the corresponding data are gathered (Table 5.6). The
free L? ligand and 2-L? complex in EtOH present several absorption bands in the ultraviolet
region (200-380 nm) and visible region (380-780 nm). For L? ligand in ethanol, the absorp-
tion bands below 279 nm can be attributed to = - «* transitions of the benzene ring and the
absorption band at 279 nm corresponds to the & - ©* transitions in azomethine (-C=N)
groups of ligand."2*% 19" The absorption band observed at 314 nm can be interpreted as a
charge-transfer transition in which the azomethine group acts as an electron acceptor and
phenyl ring (Ph-O") as an electron donor.*® The absorption band observed at 404 nm is
most probably due to the transition of n - n* of (-C=N:) of the azomethine group of the li-
gand. In addition, the yellow color of the ligand may be attributed to this n - 7* transition in
the visible region.*® For the 2-L? complex in EtOH, the & - 7* transitions in the benzene
ring and azomethine (-C=N) group of ligand are also observed but shifted of + 5 cm™, con-
firming the coordination of the ligand to the metal ion. In addition, the two absorption

bands observed at 309 and 360 nm can be attributed to the metal-ligand charge transition
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(MLCT) transitions, " 19:200-201 the former is assigned to the MLCT transition of Cu—N,
and the latter is attributed to the MLCT transition of Cu—O. A shoulder observed at 420
nm is probably attributed to n-n* transition of azomethine.*® The absorption band centered
at 622 nm at lower energy with lower intensity can be attributed to the d-d transition of
Cu(l1) ion (dy,-dy*-y* and d,*dy*-?). All these results suggest that the L* ligand was suc-

cessfully coordinated to Cu(ll) ions.

2-L°_EtOH

Absorption

300 400 300 400
A (nm) A (nm)

Figure 56  UV-visible spectrum of (A) L? in absolute ethanol and aqueous solutions at various pH
(pH =11, 7, 6); (B) 2-L? in absolute ethanol and aqueous solutions at various pH (pH = 11,
7, 6). (pH=6, phosphate buffer solution; pH = 6.8, deionized water; pH = 11, sodium
hydroxide solution)

The L? ligand in basic, neutral and acid aqueous solutions displayed similar absorption
bands, but slightly different to that of L? ligand in the EtOH (Figure 5.6A). One absorption
band at 275 nm appears much stronger, whereas, the charge-transfer transition band at 314
nm disappeared. Indeed, the latter absorption band is considered sensitive to solvent. In the
visible region, a broad band centered at 391 nm was observed for the different pH solutions,
which may be assigned to the n - * transition of (-C=N:) of azomethine groups of the li-
gand. Furthermore, all these solutions with L? ligand exhibited yellow color as the L? li-
gand in EtOH. These results suggest that the L? ligand is stable in the pH range from 11 to
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6 without the hydrolysis of the imine bond.

Parallel experiments were performed on the 2-L® complex. The comparison of the
UV-visible spectrum of the complex in water at various pH with that in EtOH shows a
red-shift of the absorption bands below 300nm assigned to the benzene ring and azome-
thine (-C=N) groups. The intensity of the absorption band at 309 nm observed in ethanol,
which is assigned to MLCT (Cu—N) transition, dramatically decreased in aqueous solution.
Furthermore, the intensity was slightly diminished upon reduction of pH in aqueous solu-
tion. In addition, the intensity of the MLCT (Cu—O) transition band at 360 nm in ethanol
was also decreased upon lowering the pH in aqueous solution. In addition, the broad ab-
sorption band centered at 391 nm may be assigned to a mixture of transitions such as
MLCT (Cu—0Q) transition and n - «* of (-C=N:) of the azomethine group.

When the UV-visible spectrum of the 2-L? complex is compared to that of the L?ligand
in aqueous solutions at the same pH, a slight blue shift of absorption bands was observed
and the intensity of absorption bands are different (Table 5.6 and Figure 5.6B), indicating the
existence of Cu-L? complexes in aqueous solution. In addition, the color of these solutions
with 2-L% complexes is turquoise, which is different from the brown color of the complex in
ethanol. These results suggest that the 2-L? complex in aqueous solutions may be partially

decomposed. This hypothesis will be confirmed by the study of ERP spectroscopy.

EPR spectroscopy. Ethanolic solutions of 1-L% and 2-L? were characterized by EPR
spectroscopy (Figure 5.7). For 2-L%, one main species was observed. The g and A parame-
ters of 2-L? are equal to 2.23 and 16.7 mT respectively (Table 5.7), which corresponds to
[Cu(L?),] complex with a 2N20 structure of copper(l1) center.?%? Furthermore, it is reported
that the coordination geometry of the [Cu(L?),] complex is most probably planar at room
temperature.®> *** For 1-L? there are two species: one with g of 2.23 and A of 16.7 mT
corresponding to [Cu(L?),] complex; another possesses g of 2.30 and A of 15.9 mT, which
is assigned to 1N30 structure of copper (1) center, and should be a mono-L? copper com-
plex of [Cu(L?)]* type.?®® From the gaussian fit, the molar ratio of bis-L? copper to
mono-L? copper complexes can be deduced, which is 2.8 in the 1-L? ethanolic solution.
Considering that Cu®* concentration is equal to the L? ligand, we got that the concentration
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of [Cu(L)]**, [Cu(L?),] and Cu(OAc), can be determined, which are respectively 15.2 %,
42.4 % and 42.4 %.

2500 3000 3500
H (Gauss)

Figure 5.7 EPR spectra of 1-L?and 2-L? at 130 K in 20 % glycerine/80 %EtOH with L%Cu(l1)=1 and
2, respectively.

Table 5.7 EPR data of Cu(ll) complexes at 130 K.

Sample pH solution g A (mT) 01
[Cu(L)]* - EtOH 2.30 15.9 2.06

Cu(Ly), 5.37 EtOH 2.23 16.7 2.04
Cu(OAc), - H,0 2.37 145 2.05

CuSO, 6.89 H,0 241 121 2.65

The stability of [Cu(L?),] complex in both aqueous solution and template-containing
aqueous solution was studied using EPR spectroscopy to investigate the effect of water,
time, temperature and CTATos on the complex. The ethanolic solution of 2-L2 was treated
with either solution A [5H,O/1EtOH (v/v)] or solution B [5H,O/1EtOH (v/v) with 0.09
mol/L CTATos] at room temperature, obtaining EPR spectra 2-L2 solution A_Oh and
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2-L? solution B_Oh [Figure 5.8 (1), (2)]. Then both solutions were stirred at 60 °C for 24 h,
obtaining the EPR spectra 2-L2 solution A_24h and 2-L? solution B_24h [Figure 5.8 (1),
(2)]. The EPR spectra showed a mixture of species in all cases, probably Cu(L?),,
[Cu(L?)]* and Cu(OAc),. Indeed, in the initial 2-L* complex in ethanol, there are mainly
two species: [Cu(L?),] complex (Figure 5.7, 2-L? _EtOH) and CH;COOH (AcOH, produced
in the complex preparation process). When the ethanolic solution of 2-L? was added in so-
lution A or solution B, the Cu(L?), complex partially decomposed in agueous solution. The
ligand exchange reaction took place as shown in Scheme 5.5, since the acidic property of
HL? (pKa = 8.89) is lower than AcOH (pKa = 4.75). However in absolute ethanol, the fol-
lowing reactions are displaced to left direction due to the high pKa of absolute ethanol,

leading to the [Cu(L?),] as main species.

Cu(L?), +AcOH Cu(LZ)(OAc) HLZ  (A)
Cu(L)(OAc) + AcOH 2 Cu(OAc), + HL? (B)

Scheme 5.5 Ligand exchange reaction of [Cu(L?),] with CH;COOH (AcOH) in aqueous solution.

When the EPR spectra of 2-L* complex in solution A and solution B at RT for 0 h were
compared to that of after heating at 60 °C for 24 h (Figure 5.8 2-L solution A _Oh,
2-L? solution A_24h; 2-L% solution B_0Oh, 2-L% solution B_24h), a shift to higher g-values
was observed in both cases. It can be observed a change of ratio among the [Cu(L?),] and
[Cu(L?)]* spices and a decrease of Cu(OAc), species after 24 h reaction. This is probably
due to a displacement of the equilibrium in the above two reactions (Scheme 5.5), affected
by the temperature and reaction time. Furthermore, the EPR results suggest that the posi-
tion of equilibrium should shift to the right, leading to produce more Cu(OAc), and HL?.
The former Cu(OACc), could form dinuclear species which are EPR inactive. The produced
HL? could push the position of the equilibrium to the left, leading to the increase of
[Cu(L?),] species (Scheme 5.5). This is why in EPR the amount of [Cu(L?),] species in-
creased than that of [Cu(L?)]** at 60 °C for 24 h. In addition, the EPR spectrum of solution
A at 24 h (Figure 5.8 b’) exhibited less [Cu(L?),] amount than that of solution B (Figure 5.8
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b). This is probably due to a partial stabilization of the complex by the surfactant micelles

(CTA".

(1) cu(L’
1.L% EtOH (2) X 40 u(L), Yy,

1-L® EtOH
1 1 1 ]

Cu(OAc)Z_HQO
Cu(OAc)rHZO

2_L2_soluti0n A_Oh

2_L2_solution A_24h )
2-L _solution A_0Oh

2_L2_solution B_0Oh

2-L2_solution A_24h

2_L2_solution B_24h

2-L2_solution B_0Oh

2—L2_solution B_24h

1 N 1
2500 3000 3500 2500 3000

H (Gauss) H (Gauss)

Figure 5.8 EPR spectra of 1-L? EtOH (1-L?complex in absolute ethanol), Cu(OAc),_H,O [Cu(OAc),
in water], 2-L_solution A_Oh (ethanolic solution of 2-L? complex was added in solution A
at RT), 2-L% solution A_24h [ethanolic solution of 2-L? complex was added in solution A
and stirred at 60 °C for 24 h], 2-L% solution B_0h [ethanolic solution of 2-L? complex was
added in solution B at RT], 2-L2 solution B_24h [ethanolic solution of 2-L? complex was
added in solution B and stirred at 60 °C for 24 h]. Conditions: 130 K, ca. 20 v/v % glycerin.
(2): original EPR spectra; (2): EPR spectra enlarged 40 times.

5.2.2.2 Conclusions

2-L? complex in absolute ethanol consists of mainly [Cu(L?),] species. It is gradually de-
composed in aqueous solution in the pH range from 11 to 6, due to a ligand exchange reac-
tion [Scheme 5.5(A), (B)]. The reaction temperature and reaction time can affect the extent
of the ligand exchange in aqueous solution. The presence of CTATos surfactant can influ-
ence the above reaction and displace the equilibrium to prevent the decomposition [Cu(L?),]

complex.

5.2.3 Mesoporous hybrid materials incorporation Cu(l1)-L* complex us-
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ing one-pot synthesis

5.2.3.1 Synthesis and characterization

Hybrid materials incorporating [Cu(L?),] complexes were synthesized though the conden-
sation of sodium silicate and the metal complexes in the presence of CTATos under basic
conditions at 60 °C for 24 h, obtaining M-OP-XCu(YL?) (Y = L%Cu=2, X = Cu/SiO, *
100 % in sol-gel). Indeed, the synthesis conditions chosen are similar to Ni(YL)@PMOs
and Cu(YL")@PMOs. The reasons are the following: 1) the [Cu(L?),] complex is stable at
60 °C; 2) the metal-free material with complex (M) exhibits a good hexagonal structure de-
termined from XRD patterns®®; and 3) the porosity and metal accessibility of all of the
one-pot synthesized materials in this thesis can be therefore compared.

Indeed, the molar composition of the sol-gel was the following: 2X L? : X Cu(OAc); :
100 SiO, : 4.5 CTATos : 500 NaOH : 77500 H,0. Three X = 0.1, 0.2 and 0.5 were studied,
obtaining the following materials: M-OP-0.1Cu(2L?), M-OP-0.2Cu(2L? and
M-OP-0.5Cu(2L?). In addition, M-OP-0.3Ni(2L") was synthesized in the same conditions
except for the addition of 0.3 % of Ni(L"), in the initial sol-gel (Scheme 5.6).

One-pot synthesized materials

Ni(NO,), + L or

Na,SiO; Cu(OAc), + L2 M-OP-0.1Cu(2L?)
N (Y= metal/Ligand=2) M-OP-0.2Cu(2L?)
H,0, 24h 60°C M-OP-0.5Cu(2L?)
CTATOS (% = Metal/ Si0, x 100 % M-OP-0.3Ni(2LY)
=0.1,0.2,0.3,0.5)
Method H Method TA
HCl CTMS+HMDSA

M-OP-0.1Cu(2L%)-H  M-OP-0.2Cu(2L?)-TA

M-OP-0.2CULA)-H  \1.0p-0.5Cu(2L2)-TA
M-OP-0.5Cu(2L?)-H

M-OP-0.3Ni(2L%)-H

Scheme 5.6 One-pot synthesized materials.

Two methods, method H and method TA (cf. chapter 5.1), for surfactant removal were
performed on M-OP-XCu(2L?) (X = 0.2 and 0.5), obtaining M-OP-XCu(2L?)-H and
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M-OP-XCu(2L%)-TA, respectively. The surfactant in M-OP-0.3Ni(2L") was performed by
method H, obtaining M-OP-0.3Ni(2L%)-H. All samples can keep the hexagonal structures
using these two methods for surfactant removal (Figure 5.9 and Figure 5.10). Comparing the
UV-visible spectra of M-OP-0.5Cu(2L?) and M-OP-0.5Cu(2L?)-H, the absorption bands are
no significant shifted. By contrast, when method TA was used, in M-OP-0.5Cu(2L?)-TA the
absorption bands assigned to MLCT (Cu—N) and d-d transition of Cu(ll) ion showed a
lower intensity compared to as-made material (Figure 5.15, Figure 5.16 and Table 5.12). Two
new absorption bands at 312 nm and 420 nm appeared. The same results were also obtained
on M-OP-0.2Cu(2L?%)-H and M-OP-0.2Cu(2L?)-TA materials. Furthermore, from the results
of elemental analysis (Table 5.9), Cu/SiO, (total SiO;) molar ratio is 0.016 for
M-OP-0.5Cu(2L?), and 0.013 for M-OP-0.5Cu(2L?)-H, whilst a decrease to 0.002 is ob-
served for M-OP-0.5Cu(2L?)-TA. For M-OP-0.2Cu(2L?), Cu/SiO, molar ratio is not mod-
ified, after method H treatment, M-OP-0.2Cu(2L?)-H (0.006), while it decreased to 0.002
for M-OP-0.2Cu(2L?)-TA.

These results indicate that the best method for surfactant removal and protection of metal
environment is the method H. Therefore, we will focus on materials, M-OP-0.1Cu(2L?)-H,
M-OP-0.2Cu(2L%)-H and M-OP-0.5Cu(2L%)-H in the following. M-OP-0.3Cu(2L")-H and
M-OP-Cu(3L%)-H were used to compare the metal accessibility and complex location to

M-OP-XCu(2L%)-H.

XRD. One-pot synthesized materials, M-OP-XCu(2L?) and M-OP-XCu(2L?)-H (X = 0.1,
0.2, 0.5) were characterized by XRD (Figure 5.9). All the samples present the <100>, <200>
and <210> reflections, indicating hexagonal mesostructure of the porosity. The digo values
of M-OP-XCu(2L?) are all around 4.1 nm which is similar to that of the metal-free material
M (Table 5.8). After the surfactant removal, the intensity of materials M-XCu(2L?)-H in
XRD patterns becomes much higher than the corresponding material M-XCu(2L?), which
is probably due to the larger change on electron density between the channel and the
framework by the removal of the surfactant assemblies. The intensity of XRD patterns de-
crease with the increase of Cu content (Figure 5.9). Furthermore, the djpo values of
M-XCu(2L?)-H are reduced to ca. 3.8 nm (Table 5.8). This phenomenon is attributed to the
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condensation of silanol groups when the surfactant was extracted through acid treatment.
M-OP-0.3Ni(2L") and M-OP-0.3Ni(2LY)-H exhibited three peaks assigned to <100>,
<200> and <210> reflections, which is consistent with well ordered hexagonal array of

channels as in MCM-41 type of materials (Figure 5.9).> %

40000

M-OP-0.1Cu (2L ")-H

M-OP-0.2Cu (2L *)-H

M-OP-0.5Cu (2L °)-H

Intensity
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M-OP-0.3Ni(2L")-H

M-OP-0.3Ni(2L")

M-OP-0.5Cu(2L°)

M-OP-0.2Cu(2L")

M-OP-0.1Cu(2L°)
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Figure 59 XRD patterns of M-OP-XCu(2L?), M-OP-XCu(2L®)-H (X = 0.1, 0.2, 0.5),
M-OP-0.3Ni(2L") and M-OP-0.3Ni(2L%)-H.
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Figure 5.10 XRD patterns of M-OP-0.2Cu(2L?)-TA and M-OP-0.5Cu(2L%)-TA.

Table 5.8 Lattice factors of hybrid materials.

Sample d100 (NM) ap * (nm)
M 4.2 4.8
M-H 4.1 4.7
M-OP-0.1Cu(2L?) 4.1 4.7
M-OP-0.2Cu(2L?) 4.1 4.7
M-OP-0.5Cu(2L?) 4.0 4.6
M-OP-0.3Ni(2L") 4.2 4.9
M-OP-0.1Cu(2L?)-H 3.9 4.5
M-OP-0.2Cu(2L?) -H 3.7 45
M-OP-0.5Cu(2L?) -H 38 4.4
M-OP-0.3Ni(2L")-H 4.1 4.7
M-OP-0.2Cu(2L?) -TA 4.1 4.8
M-OP-0.5Cu(2L?) -TA 4.0 4.6

a: ag=2* d100/(3) 2
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Figure 5.11 TEM of M-OP-0.5Cu(2L?) —H.

TEM TEM was performed on sample M-0.5Cu(2L")-H, which possesses the highest Cu
content in their family (Cu: 1.1 %). As shown in Figure 5.11, this sample presents a
well-ordered hexagonal structure (on the left part) and longitudinal channels (on the right

side), which are typical features of MCM-41 type of materials.’

IR. Samples M-OP-XCu(2L?) and M-OP-XCu(2L?)-H were studied by IR spectroscopy
(Figure 5.12). The IR spectrum of M-OP-XCu(2L?) present absorption bands of §(N-C) at
1477 cm™ and the v5(C-H) and v5(C-H) stretching vibrations at 2850 cm™ and 2918 cm* of
the surfactant (CTATos). After surfactant removal (method H), the above bands were absent,
indicating that the surfactant removal was efficient although a gentle HCI extraction was
performed. The disappearance of the bands corresponding to vs(C-H) and v,s(C-H) stret-
ching vibrations of the surfactant also was also observed on M-OP-0.3Ni(2L")-H.

The baseline of the IR spectra was corrected and each spectrum was normalized to the
absorption band of the valence angle of tetrahedral SiO, units of §(0-Si-O) at 450 cm™ (cf.
Appendix A) (Figure 5.12). The absorption band centered at 1650 cm™ of all
M-OP-XCu(2L%-H samples exhibits a higher intensity than that of M-H without the metal
complex. The intensity of this band increase progressively with the increases of [Cu(L?),]
complex incorporated on the material. Furthermore, when M-OP-0.5Cu(2L?) was treated
with an excess of HCI (HCl: surfactant = 2: 1), the resulting material,
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M-OP-0.5Cu(2L?)-2H, with 0.06 wt % of Cu exhibits a much lower absorption band at
1650 cm™. These results strongly suggest that the imine group (C=N) present in the
M-OP-XCu(2L%)-H samples. However, this band is observed at 1623 cm™ for the molecu-

lar [Cu(L?),] complex.

_M-OP-0.5Cu(2L%)-2
1

Absorption

[ I R il SRR EEI BRI |
500 1000 1500 2000 2500 3000 3500

c (cm'l)

Figure 5.12 IR spectra of M-OP-XCu(2L?)-H (X=0.1, 0.2, 0.5).

EA. Cu weight percentage and Cu to total silicon molar ratios are presented in Table 5.9.
Cu/Si molar ratios in the mother gel are 0.1%, 0.2 % and 0.5 % and increased up to 0.4 %,
06 % and 1.6 % in the final materials M-OP-0.1Cu(2L?), M-OP-0.2Cu(2L? and
M-OP-0.5Cu(2L?%). Ni/Si molar ratio is 1.2 % in M-OP-0.3Ni(2L"). Indeed, for
M-OP-XCu(2L?), the yield of silicon at such low temperature of synthesis was only ca.
28 %, while the yield of copper was ~ 100 %. For M-OP-0.3Ni(2L"), the yield in Ni was
78 % and the yield in silicon was also partial (ca. 21 %).

After the gentle template extraction by method H (1 eq. HCl/template, technical ethanol
at 40 °C), the Cu/Si molar ratios are 0.3 % for M-OP-0.1Cu(2L')-H, 0.6 % for
M-OP-0.2Cu(2LY)-H and 1.3 % for M-OP-0.5Cu(2L")-H. The Ni/Si molar ratio was 1.0 %
in M-OP-0.3Ni(2L")-H (Table 5.9). These results indicated that the copper(I1) and nickel(11)

155



Chapter 5 Incorporation of copper ethylenediamine and Schiff base complexes in the wall of a nanostructured porous silica

are mainly kept after HCI extraction using method H.

Table 5.9 Metal content and molar ratios deduced from elemental analysis and weight loss from TGA.

Sample Si*wt% Cu®wt% Cu/Si® M%yield% Siyield%  Cu®wt%
M-OP-0.1Cu(2L?) 51.28 0.2 0.004 99 25 --
M-OP-0.2Cu(2L?) 52.83 0.4 0.006 96 26 0.4
M-OP-0.5Cu(2L?) 52.24 0.9 0.016 99 31 0.9
M-OP-0.3Ni(2L") 51.91 0.6 0.012 78 21 --
M-OP-Cu(2LY) 48.93 1.7 0.032 97 30 --

M-OP-0.1Cu(2L%)-H  89.23 0.3 0.003 -- -- --
M-OP-0.2Cu(2L%)-H  79.12 0.5 0.006 -- -- 0.4
M-OP-0.5Cu(2L?)-H  82.84 1.1 0.013 -- -- 1.0
M-OP-0.3Ni(2L")-H  85.53 0.9 0.010 -- -- --

M-OP-Cu(2L")-H 80.58 25 0.029 -- -- 2.3
M-OP-0.2Cu(2L%)-TA  85.76 0.2 0.002 -- -- --

M-OP-0.5Cu(2L%)-TA  85.85 0.2 0.002 - - -

a: the weight percent of total silicon (inorganic and organic) is obtained from the residual weight in TGA
at 1000 °C upon subtraction of CuO; b: copper weight content was measured by ICP-MS; c: Cu/Si molar
ratio; d: M: Ni(ll) and Cu(ll); e: determined from quantitative EPR measurement. Quantification of
Cu(Il) species was performed using crystals of CuS0,.5H,0 as calibration reference.

5.2.3.2 N, sorption isotherms of hybrid materials

The nitrogen sorption isotherms for the M-H, M-OP-0.5Cu(2L?-H and
M-OP-0.3Ni(2L")-H are presented in Figure 5.13 and the corresponding textural data are
gathered in Table 5.10. The isotherms of all the materials are of type 1V according to the
IUPAC classification.*® The steep step of the capillary condensation at about 0.38 P/P,
evidenced a narrow pore size distribution.® ** Strikingly, the pore diameter, calculated
from the BdB model, for materials M-OP-0.3Ni(2L%)-H and M-OP-Cu(2L')-H and the
metal-free M-H are within 0.1 nm the same, while it is much smaller for

M-OP-0.5Cu(2L?%)-H (Table 5.10).
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Figure 5.13 Nitrogen adsorption-desorption isotherms at 77 K of one-pot synthesis materials.

If the BET specific surface and the total porous volume are compared, a slight
modification was observed for both M-OP-0.3Ni(2L")-H (Sger = 910 m°g™, V,= 0.85
cm®g™) and M-OP-0.5Cu(2L")-H (Sger = 1010 m?g™, V,= 0.83 cm®g™) compared to the
blank M-H, (Sger = 1050 m’g™?, V,= 1.02 cm®g™") whereas a more prononunced
diminution was observed for M-OP-Cu(2L")-H (Sger = 650 m?g™, V,= 0.76 cm’g™),
which possesses a higher metal content (Table 5.10). These parameters are not trivial to
be compared, since defects due to the presence of the metal complex could be possible
in such materials, and this effect should be more important for higher metal content.
Moreover, similar copper-amino complexes grafted in the channels of the same silica
support and containing about 1 wt% copper,?®* lead to ¢sge~3.3 Nm, Sger~ 600 m?g™
and V,~ 0.4 cm*®g™ which are values considerable lower that those found for the present
materials. In addition, in the present study the wall thickness W is roughly the same for
all materials. These data strongly suggest that the metal complexes are not located in the
mesoporous channel in all these materials contrary to grafted species. Again, the
C-parameter calculated from BET, which is related to the nature of the internal surface,
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is about the same (104 + 5) for M-OP-0.3Ni(2L')-H and M-OP-Cu(2L")-H,
respectively, which is similar to the blank M-H (108), indicating that the chemical
nature of the internal surface was equivalent. However, for M-OP-0.5Cu(2L?)-H dealing
with the salicylaldimine ligand, the C parameter is definitively smaller (83), showing

that the nature of the ligand does affect the chemistry of the surface in this case.

Table 5.10 Textural properties of mesoporous hybrid materials.

SBET VBJH (I)BdB Wt a C b
Sample
(mz-g'l) (cms- g'l) (n m) (n m)

M-H 1050 1.02 3.8 0.9 108
M-OP-0.5Cu(2L?)-H 1010 0.83 35 0.9 83
M-OP-0.3Ni(2L")-H 910 0.85 3.8 0.9 106

M-OP-Cu(2L")-H 650 0.76 3.9 0.9 99

a: apparent wall thickness is determined using W= 2*d;00/(3)*? —¢ggp; b: C value determined from BET.

5.2.3.3 Cu (Il) coordination state characterization

EPR. EPR spectra for M-OP-XCu(2L?) and M-OP-XCu(2L?)-H were recorded at room
temperature (Figure 5.14). The corresponding spectral parameters are summarized in Table
5.11. A closer examination reveals g; > g, > 2.0023 in all the cases, which is consistent with

- ground state as the magnetic orbital and with an elongated square pyramidal or elon-

gated octahedral environment for Cu(l1).2% 2

Table 5.11 g and A values deuced from EPR spectra at 298 K.

Materials ol A (mT) gL
M-OP-0.1Cu(2L?) 2.31 13.9 2.04
2.22 17.2 2.01
M-OP-0.2Cu(2L?) 2.31 13.9 2.04
2.22 17.2 2.01
M-OP-0.5Cu(2L?) 2.31 13.9 2.04
2.22 17.2 2.01
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Figure 5.14 EPR spectrum of M-OP-XCu(2L?), M-OP-XCu(2L%-H and M-OP-0.5Cu(2L?%)-H-R at
298 K.

The EPR spectra of M-OP-0.1Cu(2L?), M-OP-0.2Cu(2L?) and M-OP-0.5Cu(2L?) all ex-
hibited two species. The intensity of these two species increases with the increase of Cu
loading. In the EPR spectrum of M-OP-0.5Cu(2L?), these two species can be well observed
and distinguished: one presents g; of 2.31 and A of 13.9 mT, and the other presents g; of
2.23 and A of 17.2 mT, which respectively correspond to a IN3O environment and a
2N20 environment of Cu(l1)."% ?2 This result indicates that two type complexes,
mono(salicylaldimine) copper(ll) [Cu(L®]* and bis(salicylaldimine) copper(ll) [Cu(L?)],
present in the M-OP-XCu(2L?) materials. The reason of the formation of these two com-
plexes are likely that the initial bis(salicylaldimine) copper(ll) complex in the sol-gel par-
tially decomposed and formed [Cu(L?)]* and [Cu(L?),] complexes, which has been eluci-
dated in the study of copper-L? complexes in solution (cf. 5.2.2). After template extraction
using HCI washing, M-OP-XCu(2L?)-H exhibit a broader signal which is probably due to
overlapping of [Cu(L?)]* and Cu(L?), species. Thus in the M-OP-XCu(2L?) materials, the
surfactant likely plays a role of isolation these species, which make the above mentioned

two species, distinguished. The studied of Murphy et al. can support this point.**” They ob-
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served a broad EPR signal of xero- and aerogels containing N,
N’-ethylenebis(salicylidenaminato) (salen) Cu(ll) complexes which were synthesized via
sol-gel method under slight acid conditions.™® Furthermore, the aerogels exhibited a dra-
matic reduction activity for isophorone oxidation. From observing the data of Murphy et al.,
Baleizo et al. have doubted the change of coordination sphere of the initial copper(ll)
complex with 2(NO) sphere in the obtained aerogels.?®’ Indeed, it is most probably that the
coordination environment around the metal is different from that proposed 2N20, which
can be supported by this thesis.

Active Cu(ll) complexes in EPR were quantified and the results are presented in (cf.
Appendix B) (Table 5.9). The active Cu(ll) species in EPR are 0.4 % for M-OP-0.2Cu(2L?)
and 0.9 % for M-OP-0.5Cu(2L?), which are close to the Cu(ll) content determined from
ICP-MS (0.4 % and 0.9 %, respectively). After surfactant removal, the EPR active Cu(ll)
species are 0.4 % for M-OP-0.2Cu(2L?)-H and 1.0 % for M-OP-0.5Cu(2L%-H, which are
consistent with the result from ICP-MS (0.5 % and 1.1 %). All these results reveals that
there is no dinuclear or polynuclear Cu(ll) species on these hybrid materials but mononuc-
lear Cu(l1) species on M-OP-XCu(2L?). Furthermore, these results revealed that in the ini-
tial bis-L? copper(11) complex only one L?replaced by one OAc™ [Scheme 5.5(A)] or one
=SiO" in the sol-gel process, due to the highly basic conditions (pH = 11.5) or the stabiliza-
tion by template which make the behavior of complex is different from the corresponding

molecular species.

UV-visible spectra

The UV-visible spectra of hybrid materials, M-OP-XCu(2L?) and M-OP-XCu(2L?)-H, have
been recorded (Figure 5.15 and Figure 5.16), and the corresponding data are gathered (Table
5.12). The materials show several intense absorptions in the ultraviolet region (200-380 nm)
and visible region (380-780 nm). The M-OP-XCu(2L?) exhibits several absorption bands
below 270 nm, attributed to = - «* transition in the benzene ring and the = - ©* transitions
of the azomethine (-C=N) groups, that are already observed in the spectrum of [Cu(L?),]

molecular complex. M-OP-XCu(2L?) presented two absorption bands of ca. 306 nm and

160



Chapter 5 Incorporation of copper ethylenediamine and Schiff base complexes in the wall of a nanostructured porous silica

368 nm, which are assigned to MLCT (Cu—O and Cu—N) transitions. In addition, the
shoulder at ca. 450 nm is mostly probably attributed to n - =* transitions of azomethine

(-C=N) group.

Table 5.12  Absorption bands in the UV-visible spectra for hybrid materials.

Sample Amax (NM)

L2® 217, 254, 279, 314, 404
Cu(L?),? 225, 242, 271, 309, 360, 622
M-OP-0.1Cu(2L?) 224, 244, 270, 306, 368, 634
M-OP-0.2Cu(2L?) 226, 268, 306, 368, 633
M-OP-0.5Cu(2L?) 232, 248, 268, 308, 368, 633
M-OP-0.3Ni(2L?) 368, 595

M-OP-0.1Cu(2L?)-H 224, 238, 268, 306, 362, 633
M-OP-0.2Cu(2L?%)-H 210, 240, 270, 310, 364, 633
M-OP-0.5Cu(2L?)-H 212, 240, 270, 308, 368, 637
M-OP-0.5Cu(2L?)-2H 220, 244, 276, 396, 686
M-OP-0.5Cu(2L?)-HH 216, 244, 278, 398, 890
M-OP-0.3Ni(2L?)-H 372, 602

M-OP-0.2Cu(2L?)-TA 218, 246, 274, 312, 370, 639
M-OP-0.5Cu(2L?)-TA 218, 248, 274, 312, 376, 630

a: determined in ethanol.

The absorption band centered at ca. 634 nm at lower energy and in lower intensity is attri-
buted to the d-d transition of Cu(ll) ion (dyy-dx2-y2; dz2-Ox2.y2), Which is at lower energy than
the [Cu(L?),] molecular complex (622 nm). The reason is highly likely the formation of a
mixture of species such as mono(salicylaldimine) copper(Il) and bis(salicylaldimine) cop-
per(11) complexes in the hybrid materials. Therefore, these results confirm again that the
copper-salicylaldimine complexes have been successfully introduced in the hybrid mate-
rials. M-OP-XCu(2L?-H materials display similar absorption bands to those of
M-OP-XCu(2L?), and the intensity of bands were maintained (Figure 5.15 and Figure 5.16,

Table 5.12). There results reveal that the copper species are not modified during the surfac-
tant removal process using the gentle HCI washing (method H). In addition, these results

indicate again that method H is a suitable approach to both maintain the hexagonal struc-
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ture and the complex integrity after template removal.

Two M-OP-0.5Cu(2L?)-2H and M-OP-0.5Cu(2L?)-HH were obtained by using an excess
of HCI (1 mol-L™, HCI: surfactant = 2: 1) treatment. Their UV-visible spectra are presented
in Figure 5.15 and Figure 5.16. They exhibit totally different UV-visible spectra to
M-OP-0.5Cu(2L?), especially because of the absence of the absorption bands attributed to
MLTC transitions and d-d transition of the Cu(ll) ion, indicating the leaching of Cu(ll)
complex, which is consistent with the low Cu content on materials checked by ICP-MS.

M-OP-0.3Ni(2L") and M-OP-0.3Ni(2L%)-H exhibit absorption bands vs and v, of 368 nm
and 595 nm, 372 nm and 602 nm, which is in agreement with the results presented in chap-

ter 4, indicating NiN,4 coordination sphere of complex.

M-OP-0.2Cu(2L")

Kubelka-Munk

M-OP-0.2Cu(2L%)-H

—
1 M 1 M 1 M 1 M 1 M I

300 400 500 600 700 800 900
A (nm)

' M-0P-0.2cu(2L?)-TA

Figure 5.15 Solid state UV-visible spectra of M-OP-0.2Cu(2L?), M-OP-0.2Cu(2L%-H and
M-OP-0.2Cu(2L?)-TA.

162



Chapter 5 Incorporation of copper ethylenediamine and Schiff base complexes in the wall of a nanostructured porous silica

M-OP-0.5Cu(2L")

M-OP-0.5Cu(2L")-H

Kubelka-Munk

M-OP-0.5Cu(2L")-TA

I M-OP-0.5Cu(2L")-2H

' M-OP-0.5Cu(2L)-HH
1 M 1 M 1 M II. 1 M 1 M L M
300 400 500 600 700 800 900
A (nm)

Figure 516  Solid state UV-visible spectra of M-OP-0.5Cu(2L?), M-OP-0.5Cu(2L?)-H,
M-OP-0.5Cu(2L?)-TA, M-OP-0.5Cu(2L?%)-2H and M-OP-0.5Cu(2L?)-HH.

5.2.3.4 Metal displacement

The metal extraction was tested by using an excess of HCI, and the results are presented in
Table 5.13. The M-OP-0.5Cu(2L?) material was washed with an excess of HCI (1mol-L*,
HCI: metal = 8: 1) in technical ethanol (the indicative pH is equal to 3), the obtained solid
is named M-0.5Cu(2L?)-2H. From the ICP-MS analysis, the Cu content decreases to 0.06
wt %, which corresponds to 95 % Cu(ll) leaching.

M-0.5Cu(2L?)-H material without surfactant was treated once again by HCI (1mol-L™,
HCI: metal = 4: 1), the resulted material is referred to as M-0.5Cu(2L?)-HH. The Cu(ll)
content of M-0.5Cu(2L?)-HH is equal to 0.04 %, corresponding to 96 % of Cu(ll) leaching.
However, only 0.58 % of Ni(ll) is observed for M-0.3Ni(2L")-HH and 2.27 % of Cu(ll) is
found for M-0.5Cu(3L%)-HH, which shows a quantitative Cu(ll) removal of ca. 70 % and

90 %, respectively.
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Table 5.13  Elemental analysis for metal accessibility tests (wt %).

Materials Cu wt % (ICP-MS) Cu leaching mol. %
M-OP-0.5Cu(2L?%)-2H 0.06 95
M-OP-0.5Cu(2L?%)-HH 0.04 96
M-OP-0.3Ni(2L")-HH 0.58 30

M-OP-Cu(2L")-HH 2.27 8

5.2.3.5 Location of metal complexes on PMOs

Hence in solids M-OP-0.3Ni(2L')-H and M-OP-Cu(2L%)-H, the [Ni(en),]** and
[Cu(en),]** complexes are located in a non leaching position in the framework of the
silica. Surprinzingly, this is the charged bisethylenediamine type of complex obtained
from enthat is “embedded” in the wall of the pore (Scheme 5.7). The local neutrality is
likely due to silanolate moities. This would explain the strong retention under the acid
leaching test. Similarly, the [Cu(L?),] and [Cu(L?)XL] complexes (X = SiO” or OH™ and,
L = H,O0 or silanol ligands) in material M-OP-XCu(2L?), are both likely located in the
wall according to the pore wall thickness and the high value of the pore volume.
However, their weak resistance to the acid leaching test attests for their accessibility to
proton attack and their propensity to be removed from their polydentate sites. It is
proposed here that both sites are “showing on” the porewall surface like outcrops and
called as such in Scheme 5.7. The rational for such difference between L' and L? resides
both in the more hydrophobic nature and in the neutrality of the complexes formed by
the latter in comparison with the former. Indeed, both parameters are strong driving
forces to locate the complexes in the micelles during the initial steps of the sol-gel

condensation of the silicate and organosila ne moities.
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Scheme 5.7 “Showing on” and “embedded” framework species in materials M-OP-XCu(2L?) and,
M-OP-0.3Ni(2L") or M-OP-Cu(2L"), respectively: L is any neutral ligand such as water
or silanol whilst X is any negatively charged ligand such as silanolate or hydroxyde.

5.2.3.6 Catalytic hydroxylation of phenol

Catalytic activities and selectivities in phenol hydroxylation by H,0, over M-OP-XCu(2L?)
were studied (Table 5.14). Blank experiments with M-H as catalyst exhibited no activity to-
ward phenol hydroxylation. Under the same conditions (phenol: Cu = 130: 1, phenol: H,0,
= 3: 1), M-OP-XCu(2L?) catalyst showed activity on phenol hydroxylation, 19.4 % for
M-OP-0.1Cu(2L?), 25.3 % for M-OP-0.2Cu(2L?) and 16.5 % for M-OP-0.5Cu(2L?). In ad-
dition, the tar selectivity decreased from 62.4 % for M-OP-0.1Cu(2L?) to 37.5 % for
M-OP-0.2Cu(2L?) and 14.5 % for M-OP-0.5Cu(2L?). In all cases, catechol (CAT) was the
predominant product. However, Ray et al. have reported that the predominant product is
the hydroquinone and no benzoquinone was formed when the catalyst the
bis(salicylaldimine) copper(ll) complexes immobilized in the channel of MCM-41, while
the characterization of catalyst is very poor.?® Other Cu(ll) ion incorporated in mesoporous
materials, such as Cu-SBA-15,'?® Cu-HMS™ and Cu exchanged Y,**! favor the formation
of catechol, while TS-1 and Cu-CMM favor the formation of hydroquinone. A possible
reason for a preference of catechol is probably that two-dimensional mesostructure shows a
non-shape-selective oxidation for hydroxylation of phenol.

After the first run, M-OP-0.5Cu(2L?)-H was recovered by filtration, and then washed

with ethanol and acetone, and dried at 60 °C for 18 h. This obtained material was named
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M-OP-0.5Cu(2L?%)-H and was characterized by EPR spectroscopy (Figure 5.14). A change of
the EPR spectrum was observed. The EPR active Cu(ll) species after reaction was 0.8 wt %,
which was 1.0 wt % in the initial solid M-OP-0.5Cu(2L?)-H. This result indicates a leach-
ing Cu(ll) species during the reaction. This may be due to either weak binding constant of

Cu(11)-L? complexes or hemolytic decomposition of the H,0, forming -OH radical.

Table 5.14Catalytic activities and selectivity in phenol hydroxylation with H,O, over various catalysts ®

Sample Phenol: ~ Phenol H,0, eff.  Products selectivity (%)  diphenols
H,0, conv. conv %" selectivity
(mol%) CAT HQ (mol%)
M-H 1:1 0 0 0 0 0
M-OP-0.1Cu(2L?)-H 3.0:1 19.4 38 65.4 34.6 38
M-OP-0.2Cu(2L?)-H 3.0:1 25.3 45 64.8 35.2 62
M-OP-0.5Cu(2L?)-H 3.0:1 16.5 42 64.0 36.0 85

a: Reaction condition : solvent: buffer solution pH = 6, phenol: 0.0989 g, phenol: Cu=130:1,t=2h, T
=80 °C, [phenol] = 0.15 mol/L

b: the efficiency conversion of H,O, was calculated as follows: H,0, eff. Conv = 100 x H,O, (mol)
consumed in formation of CAT and HQ / H,0O, (mol) converted. H,O, conversion was determined by the
iodometry titration.

c: CAT = catechol, HQ = hydroquinone, and BQ = benzoquinone. The product of tar is not included, and
the product selectivity is CAT (or HQ or BQ)/(CAT+HQ+BQ).

5.2.3.7 Conclusions

A novel synthesis of hybrid materials with Cu-Schiff base complexes has been optimized at
60 °C using sodium silicate as silicon source for co-condensation with various contents of
Cu(L?), (L2 N-salicylaldimine-propylamine-trimethoxysilane) complexes and using NaOH
as the base source in the presence of cetyltrimethylammonium tosylate (CTATos) without
any organic co-solvent, obtaining materials M-OP-XCu(2L?) [X = 0.1, 0.2, 0.5, 2 =
L2/Cu*100% in the sol-gel]. A mixture of chlorotrimethysilane (CTMS) and hexamethyldi-
silazan (HMDSA) (method TA) or an appropriate amount of HCI (method H) have been

tested for the surfactant extraction from the as-made materials. From the results of elemen-
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tal analysis and UV-visible spectra, using method H for template extraction, the obtained
M-OP-0.1Cu(2L%)-H (0.3 wt % Cu content), M-OP-0.2Cu(2L?)-H (0.5 wt % Cu content)
and M-OP-0.5Cu(2L?)-H (1.1 wt % Cu content) materials can not only keep the hexagonal
mesostructure but also preserve the integrity of metal complex.

The EPR and UV-visible study revealed that Cu(ll)-Schiff base complexes are success-
fully incorporated into the mesoporous materials via one-pot synthesis, but the Cu(ll) spe-
cies on solid consists of a mixture of [Cu(L?)]* and [Cu(L?),] complexes despite of the ini-
tial [Cu(L?),] complexes added in the sol-gel process. This result is most probably caused
by a partial decomplexation of the L? ligand in aqueous solution.

For comparison, M-OP-0.3Ni(2L")-H (0.9 wt % Ni content) and M-OP-Cu(2L")-H
(2.5 wt % Cu content) materials were presented in this study. The wall thickness W, is
roughly the same for all materials deduced from isotherms. In addition, for
M-OP-XCu(2L?%)-H materials, their weak resistance to the acid leaching test attests for
their accessibility to proton attack and their propensity to be removed from their
polydentate sites compared to M-OP-0.3Ni(2L")-H, M-OP-Cu(2L")-H. All these results
allow us to propose that the location of Cu(ll)-L®> complexes are most probably
“showing on” the porewall surface like outcrops, and charged bisethylenediamine type
of M(I1)-L' complexes are “embedded” in the wall of the pore. Furthermore, the
M-OP-XCu(2L?)-H materials exhibit activity on phenol hydroxylation in the presence
of H,0,, indicating again that the complexes are accessible to a substrate. These results

open novel opportunities for the design of multifunctionnel materials.

5.3 Schiff base complex with 3N10O coordination sphere in the channel

5.3.1 Introduction

Catalytic hydroxylation of phenol, which is an important reaction for production of fine
chemicals like catechol and hydroquinone, has been intensively investigated. Heteroge-
neous catalysts play an important role in the hydroxylation reaction of phenol for their ex-

cellent recovery ability and some environmentally friendly properties. Researchers have
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used many strategies for preparing heterogeneous catalysts one of these consists to intro-
duce different types of transition metal ion into microporous/mesoporous materials. For
example, TS-1 has exhibited attractive activity of hydroxylation, which was first realized in

208

commercial application by Enichem in 1986 in Italy*™ and was extensively investigated in

1. and Tatsumi et al.,**° but their syn-

the effect of various parameters by Ratnasamy et a
thesis is to some extent complicated and high cost. On the other hand, the Cu (Il) ion has
been planted into different mesoporous materials since the Cu(ll) owns a well redox prop-
erty and the mesoporous materials possess high surface area. Reported mesostructured
catalysts like CUMCM-41'%°, CuSBA-15%, CuHMS™" and CuCMM™® exhibit a good ac-
tivity for phenol hydroxylation reaction, however, they carry some weaknesses. As we re-
alized so far, the selectivity to diphenols and to so-called “tar” is not clearly provided in
these previous data. Furthermore, the activities of such catalysts significantly decrease on
the second run, and the unique way to recover the activity is to regenerate the catalysts by
calcination.

Another available strategy is to introduce the metal complexes in the micro/mesoporous
solids, either by encapsulation or by grafting (post-synthesis). Many types of metal com-
plexes have been encapsulated according to the former methodology, such as M(H2hybe)/Y
with M = Cr(11), Fe(lll) or Bi(lll) where H2hybe is
1,2-bis(2-hydroxybenzamido)ethane,”* CuCligPc/ZSM-5 with phthalocyanine as Pc,?*?
Cu(salen)/Y and Cu(5-Cl-salen)/Y where salen is N,N’-ethylenebis (salicylidenaminato)®®®
and [Fe(I1)phen]/MCM-41.%" They all exhibited activity toward phenol hydroxylation, the
reaction activity is limited by the leaching of the metal complexes out of the pores. The
second methodology making the use of covalent can minimize the leaching thanks to the
covalent bonding linkage of the metal complexes to the supports through a tether. Only few
examples are reported on such approach for mesoporous materials with application to phe-
nol catalytic hydroxylation.*?® ?** In the actual chapter 5.2, Cu(l1)-L? complexes incorpo-
rated according to the one-pot synthesized hybrid materials have been primarily applied on
phenol hydroxylation. Due to the lower affinity of L? for Cu(ll) in comparison with L, we
treat also in this section the case of a tetradentate-Schiff base copper(ll) complex
[Cu(L®)(CH5CO0)] (L% N-(salicylaldimine)- (N’-propyltrimethoxylsilane)- diethylene-
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triamine).

Cu-L2 complex linked via a single siloxane moieties will be immobilized on mesoporous
materials through the “molecular stencil patterning” technique to ensure as best as we could
an even distribution of Cu(11) complex [Cu(L®)(CHsCOO)] in the channel (Scheme 5.8). The
textural and chemical properties of the intermediate samples (M2’, M2’-ES) and the final
sample (M2’-ES-CuL®) material will be investigated following a similar approach as de-
scribed before. The latter material will be tested in phenol hydroxylation reaction with
H,0, as oxidant. Various reaction factors such as reaction time, H,O,/substrate, pH and
solvent will be investigated and phenol conversion and products selectivity will also be
provided. A preliminary study of the stability of the Cu-L3complexes in solution will be

also performed.

Scheme 5.8 Trimethylsilyl (TMS) and Cu(ll) complex [Cu(L?*(CH,COO)] functionalized LUS
(MCM-41 type) via molecular stencil patterning method.

5.3.2 Stability study of L3, and 1-L3. in aqueous solution

Here, tetradentate-Schiff base was chosen as the ligand (L3.f) with a 3N1O coordination
sphere. This ligand was reacted with one equivalent Cu(OAc), in absolute ethanol, obtaining
the so-called 1-L3¢ complex. The expected environment around the metal center in 1-L3 s is
constituted of 3N and 20 from L3 ligand and OAc™ ion ([Cu(L3)(CHsCOO)], Scheme 5.9
right). Theoretically, this complex possesses a higher affinity toward Cu(ll) ion than

bis(salicylaldimine) copper(ll) complex and copper(ll) salen complex with 2N20 coordina-
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tion sphere due to higher chelate effect of L3 ligand and a 3N10 coordination sphere.

Some reports have revealed that salen type complex is stable in aqueous solution.
However, there is no systemic investigation on 1-L%. complex in aqueous solutions at vari-
ous pH. Indeed, phenol hydroxylation is usually carried out in the neutral or acid aqueous so-
lutions at certain temperature and reaction time. Thus, functionalized heterogeneous catalyst
with metal complex needs to possess a high metal affinity in the above solutions to avoid
metal leaching during the reaction, despite that there are other reasons that may promote met-
al leaching. Therefore, a investigation of the stability of 1-L3. in various pH aqueous solu-

tions was required. The effects of pH, temperature and reaction time for ligand (L) and
1-L3¢s complex are presented in the following.

NH N== N’H \‘N—
G D eoma = A D
NH HO NH:O 0
_< A

I—Sref [CU(I—3ref) (OAC)]

Scheme 5.9  Synthesis route of Cu(L>.;)(OAc) complex.

5.3.2.1 Structural study of the Cu-L>.;complex

To our knowledge, there is no report on the crystal structure of Cu(11)-L3 ¢ complex. We have
tried to obtain good quality monocrystals, but have not yet gotten it. However, we can pro-
pose the structure from many other clues.

The crystal structure of Schiff base analogues of HL3 are 2-(2,5,8-triaza-1-octenyl)phenol
(Hsaden) and N-(2-hydroxyphenylmethenylimino)-1,5-diamine-3-azapentane (HDA), and
their corresponding Cu(ll) complexes have already been reported.?*>#*" Haber et al. have
studied a copper (I1) complex with Hsaden ligand using XPS spectroscopy. This ligand in the
complex Cu(Hsaden)CIO, is coordinated to the metal ion in a tetradentate fashion, via a

3N10 donor set. Interestingly, the 1S peak in XPS was asymmetric and appeared to consist of
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two components. The weaker component at a lower binding energy is attributed to the azo-
methine N atom, while the higher one was attributed to the two amino groups.?*® Zhu et al.
have synthesized a copper(ll) complex with HAD ligand. From the crystal structure determi-

nation, the Cu(ll) ion is coordinated by three N and two O atoms form HAD and a water mo-
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lecule in a distorted square-pyramidal geometry (Figure 5.17).

Figure 5.17 Ortep view (35 % probability displacement) of the [Cu(HDA)(H,0)]CI complex.*’

Here, we proposed that the Cu(Il) ion in 1-L% complex possesses a coordination sphere
composed 3N10 from the tetradentate L3, ligand and one acetate ion acting as ligand or
counterion, i.e., Cu(L>f)(OAC) (Scheme 5.9). This hypothesis will be supported by the com-
bined results of UV-visible and EPR spectra of the molecular complex (1-L3.) and the

grafted complex [M2’-ES-Cu(L)].

5.3.2.2 Stability study of L*.sand Cu(l1)-L3 complex

UV-visible spectra. The stability of L3¢rand 1-L% complex in aqueous solutions at various
pH was studied by UV-visible spectroscopy (Figure 5.18 and Figure 5.19, Table 5.15). For sali-
cylaldimine (L7 ligand in absolute ethanol, the absorption bands below 279 nm can be at-
tributed to = - 7* transitions in the benzene ring and = - «* transitions in the azomethine
(-C=N) groups of ligand.*2*% 17 The absorption band observed at 308 nm can be interpreted

as a charge-transfer transition.!*® The absorption band observed at 406 nm is most probably
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due to the transition of n - n* of the azomethine group (-C=N:) of the ligand which give a
yellow color.*®

The L3 ligand in basic aqueous solution displayed slightly different bands from that of
L3.r ligand in EtOH. A band at 279 nm appears much stronger and the band at 308 disap-
peared. The absorption band attributed to n -z* transitions of -C=N: exhibited a blue shift to
390 nm, which is most probably due to the solvochromic effect. In our case, it is likely that
the ground state can be stabilized in polar water than ethanol, thus leading to an increase of
the energy gap between the ground and the excited states, observing a blue shift of n -*
transitions of -C=N:. With the decrease of pH from 7 to 6, the intensity of the absorption
bands at 275 and 390 nm decrease, but new absorption bands at 255 and 330 nm appears and
their intensity increases with the reduction of pH. Indeed, these two bands are a contribution
of salicylaldehyde (Table 5.15): the absorption band at 255 nm corresponds to the © - «* tran-
sitions of aldehyde (-C=0:) function in the ligand, and the band at 330 nm can be attributed
to the n -m* transitions of -C=0:. These results suggest that L*. is hydrolyzed in aqueous
solution below pH = 7.

For 1-L3. complex in absolute EtOH, except the absorption bands from x - 7* transi-
tions in the benzene ring and of the azomethine (-C=N) group of the ligand, new absorption
bands in the range of 320-390 nm may be attributed to the metal charge transition (MLCT)
of Cu—0 and Cu—N.'9"198.200.201 Tha ahsorption band at 579 nm at lower energy and in
lower intensity can be attributed to the d-d transition of Cu(ll) ion (dxy-di2-,* and d,>-dy*-,?).
All these results suggest that the L3 ligand coordinates to Cu(ll) ion.

Parallel experiments of the pH effect were performed on the 1-L3 complex in water
[Figure 5.19 (A), (B), Table 5.15]. Comparison of the UV-visible spectrum of the complex in
aqueous solution at various pH with that of the complex in absolute EtOH shows that the
similar UV-visible spectra are similar, indicating that the 1-L3¢ complex is stable in
aqueous solution from basic pH (pH = 11) to acidic (pH = 5). An additional experiment was
carried out: the 1-L3 . complex was introduced in the solution at pH=6, and then the mix-
ture was stirred at 80 °C for 2 h. The UV-visible spectra of this complex is similar to that of
1-L3.f in solution of pH = 6. These results suggest that after complexation with Cu(ll) the
imine bond (-C=N-) of L3 ligand become much stable. The reason is likely that the free
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electrons on the imine nitrogen (-C=N:) serve as electron donor to the Cu(ll) ion, thus the

extra proton can hardly attack the imine bond of the ligand. Furthermore, the tetradentate

coordinated Cu(ll) complex has a high stability constant.
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I ' I
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Figure 5.18 UV-visible spectra of ligand (L) in absolute EtOH and aqueous solutions at various pH
(pH=11,7,6).
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Figure 5.19 UV-visible spectra of complex (1-L3) in absolute EtOH and aqueous solutions at various
pH (pH = 11, 7, 6 and 5). (A): 200-500 nm; (B): 380-810 nm, enlarged 100 times.
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1 L% 6-R: 1_ L3 complex was added in aqueous solution at pH = 6 and stirred at
80 °C for 2 h.

Table 5.15 UV-visible data of ligand (L>s) and their copper complex 1-L3.

Sample solvent pH Wavelength (Amax / (NM))
Salicylaldehyde H,0 255, 326
Salicylaldehyde EtOH 255, 326
L3 s EtOH 279, 308, 406
H,0 11° 274, 390
H,0 7° 255, 274, 330, 390
H,0 6" 256, 324, 390
H,0 0.3° 256, 280, 338

1 L3 EtOH 266, 353, 579
H,0 112 267, 354, 570
H,0 7° 266, 353, 571
H,0 6" 268, 353, 570
H,0 5P 267, 353, 573

a: NaOH solution; b: phosphate buffer solution, ¢: HCI solution.

EPR spectra

The EPR spectra of 1-L3 s complex in absolute ethanol or in deionized water were checked
(Figure 5.20). In ethanol, there is only one species with g; of 2.19, A, of 19.6 mT, which is
close to the reported bis(ethylenediamine) copper(11) with 4N coordination (cf. chapter 5.1).
However, in the synthesis process, one molar equivalent of L and copper(I1) acetate were
added. Consequently, if any bis(L>.f) copper(11) complex was formed, then this will result
in the presence of Cu(OAc), remaining in the solution. This is not the case according to
EPR spectroscopy. In addition, UV-visible spectra of the solution exhibited the presence of
the (Cu—0) metal to ligand electronic transition at 353 nm. This evidenced the full tetra-
dentate action of L3 via not only both amino groups but also via the imino and the pheno-
late moieties. Therefore, this species should be mono(salicylaldimine) copper(ll) with
3N10O coordination and acetate acting as ligand or counterion (Scheme 5.9). By analogy

215-217

with similar complexes (Figure 5.17), the acetate ion could play the role of the 5™ Ii-

gand since absolute ethanol is a poor ionizing solvent.
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Figure 5.20 EPR spectra of 1-L in absolute ethanol or deionized water (without buffer) at 130 K.

5 }@»( A0

[Cu(L>)(OAC)] [Cu(L3ref)(OAc)(H20)]

Scheme 5.10 Coordination evolution of Cu-L3ref complex in acidic water.

By contrast with the previous observation, in water there are two species formed for the
same L3ref/CU:1 molar ratio. One species is the same as the above-mentioned with the same
EPR parameters. The second species possesses g; of 2.25 and A of 17.4 mT, which cor-
responds to 2N20 environment of Cu(ll). This evolution of coordination state of copper in
the presence of water clearly showed that this tetradentate L complex undergone some
kind of hydrolysis. However, the striking stability of the L3 molecule in the presence of

copper strongly suggested that the imino group stayed linked to copper(Il). Furthermore,
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the 2N20 environment indicated that one N chromophore was removed. The decomplexa-
tion of this amino group was replaced by a water molecule coordinated to copper as illu-
strated in (Scheme 5.10). The driving force for such a change is certainly the protonation of
the ligand. Nonetheless, the absence of other species like tetra aquo or bis(acetate) cop-

per(11) complexes illustrated the higher stability of [Cu(L%.)]" over [Cu(L?);] complex.

5.3.2.3 Conclusions

The complex with one N-(salicylaldimine)-(N’-isopropyl)-diethylenetriamine (L3.f) was
obtained in absolute ethanol through the reaction of L3 with bis(acetate) copper complex.
The coordination of Cu(l1) ion in the 1-L3¢ complex in absolute ethanol is likely of the
3N10 type from the tetradentate L3¢ ligand plus 10 coming from one acetate ion. When
the pure ligand is solvated in water, it was found unstable below pH 7, since the imino
group was hydrolyzed under acid catalysis. However, this molecule is stabilized down to
pH 5 in the presence of copper(ll) since this imino group engaged a direct bond with this
metal ion. Nonetheless, EPR and UV-visible spectroscopies revealed that the tetradentate

L3.f ligand may evolve toward a tridentate state under partial protonation.

5.3.3 Grafting complex [Cu(L*)]* onto mesoporous material

5.3.3.1 Synthesis and characterization of hybrid materials

1-L® complex [L% N-(salicylaldimine)-(N’-propyltrimethoxylsilane)-diethylenetriamine]
linked one side with an alkyltrialkoxysilane arm was synthesized through the condensation
of equivalent Cu(OAc), and HL? (similar as 1-L3¢). 1-L® complex was grafted on meso-
porous material through a so-called molecular stencil pattering (MPS) approach developed
in our group,™' obtaining M2’-ES-Cu(L®) material. The detailed synthesis step is provided
in (Scheme 5.11). In the first step, the cationic template (CTA") as stencil covering the sur-
face of M2’ material was partially removed using a suitable amount of HCI (1 mol-L™) ex-
traction, obtaining M2’-E material. In the second step, trimethylsilyl groups (TMS), which

act as hydrophobic isolating function, are introduced in the empty place without removal of
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the remaining template molecules, leading to M2’-ESP. In the third step, the remaining
template molecules are extracted by a suitable amount of HCI in gentle conditions, giving
M2’-ES. Finally, the 1-L* complex is grafted. An appropriate ratio of TMS/1-L? is required
to lead to isolated metal complexes totally surrounded by TMS functions, obtaining
M2’°-ES-Cu(L®). This technique offers the advantage of affording a homogeneous disper-
sion of two functions at high loading. In addition, all synthesis steps were carried out under
anhydrous conditions in order to avoid pre-hydrolysis of silane or the decomposition of the

Cu-L3 complex (cf. 5.3.2.2).

% y Si
Si v 0
g AN \ 2 o
0,
LUS LUS

M2’-ES-Cu(L?) M2’-ESP

Scheme 5.11  Synthesis route of M2’-ES-Cu(L®) through “MSP” method based on sequential grafting.

XRD. The XRD patterns of materials M2’, M2’-ES and M2’-ES-Cu(L?) are presented in
Figure 5.21. All materials, M2’, M2’-ES and M2’-ES-Cu(L®), exhibit three peaks assigned
to <100>, <200>, <210> reflections based on a well-ordered 2D hexagonal unit, indicating
that acid extraction, silylation and grafting of 1-L> are safe for the mesoporous hexagonal
structure. The dqgo values for M2’-ES and M2’are about 4.0 nm, it decreases to 3.8 nm for

177



Chapter 5 Incorporation of copper ethylenediamine and Schiff base complexes in the wall of a nanostructured porous silica

M2’-ES-Cu(L®), suggesting the incorporation of copper complex on the mesoporous ma-
terial. Furthermore, the intensity of digo peak of M2’-ES-Cu(L?) is much lower than that of
M2’-ES, which is due to the larger change in electron densities between channel and

framework, indicating the successfully grafting of the1-L3 complex.

M2'-ES-Cu(L’)

M2'-ES

26 (°)

Figure 5.21 XRD patterns of M2’, M2’-ES and M2’-ES-Cu(L®).

IR spectra.

IR spectra of M2’-ES and M2’-ES-Cu(L®) were baseline corrected and normalized using
the band at 450 cm™ assigned to the §(0O-Si-O) of valence angle of tetrahedral SiO, (cf.
Appendix A) (Figure 5.22). The band at 850 cm™ attributed to the v(Si-C) of trimethylsilyl
[-Si(CHj3)s] is used to quantify the surface coverage with the trimethylsilyl (TMS) functions.
The TMS coverage to toal surface is 52 % for M2’-ES, decreases to 46 % after grafting of
the [Cu(L*)]* complex for M2°-ES-Cu(L>), losing ca. 12 % of TMS groups. In the IR spec-
tra of M2’-ES-Cu(L®) the band observed at 1542 cm™ may be assigned to N-H bending vi-
bration. The band at 1450 and 1605 cm™ can be attributed to the v(C=0) of unidentate ace-
tate since the v(C=0) of ionic acetate are at 1414 and 1578 cm™.**® These results suggest

that the 1-L3 complex was successfully grafted and acetate ion is most probably coordi-
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nated to the metal central to neutralize the charge of Cu(ll).
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Figure 5.22 FT-IR spectra of M2’-ES and M2’-ES-Cu(L®).

EA. The elemental analysis of M2’-ES and M2’-ES-Cu(L®) are listed in Table 5.16. For
M2’-ES-Cu(L®), the TMS functions to inorganic SiO, molar ratio is equal to 0.16, corre-
sponding to about 70% of surface coverage, considering that a totally trimethylsilylated
surface gives a TMS/SiO, of 0.23. The treatment of this material with the copper complex
to obtain the M2’-ES-Cu(L®) material slightly displaced some of the TMS groups, leading
to 0.14 of TMS/SIO, molar ratio, indicating ca. 12 % of lost of TMS, which is in agreement
with the result of the quantitative IR. The L/SiO, molar ratio was 0.043. In addition, the
copper content determined by ICP-MS was 2.79 wt%, which corresponds to 0.042 Cu/SiO5,
indicating that all the ligand was complexed to the metal ion. Finally, a N/Cu ratio of L?
was observed for M2’-ES-Cu(L®), which discard a possible hydrolysis of the imine func-
tion of the L ligand during the synthesis of the hybrid material and the formation of the

bis(salicylaldimine) copper(ll) complex.
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Table 5.16 Elemental analysis for M2’-ES and M2’-ES-Cu(L?).

Sample Cuwt % Cu wt % Sio," L3 Si0,®  TMS/ Sio," N/ Cu
(ICP-MS) (EPR)
M2’-ES - - 77.89 - 0.16
M2’-ES-Cu(L®) 2.8 2.6° 64.52 0.043 0.14 3.1

a: quantification of the EPR signal was performed by double integration after baseline correction and the
crystals of CuSO,.5H,0 were used as calibration reference (cf. Appendix B). b: molar ratio per inorganic
silica; the inorganic SiO, content is obtained from the residual weight in TGA at 1000 °C upon subtrac-
tion of both CuO and the SiO, formed from the grafted organosilanes.

BET For M2’-ES and M2’-ES-Cu(L®) materials, all the nitrogen sorption isotherms
(Figure 5.23) are of type IV according to the IUPAC classification.®® The steep step of the
capillary condensation at about 0.38 P/P, evidenced a narrow pore size distribution.® **® A
pronounced decrease of both specific surface and total pore volume from 820 m?g™, 0.66
cm®g! in M2°-ES down to 661 m’g?, 0.45 cm®gtin M2’-ES-Cu(L®) was observed (Table
5.17). In addition, the pore size, calculated from the BdB model was significantly reduced
from 3.2 nm in M2’-ES to 2.8 nm in M2’-ES-Cu(L?®), respectively. These results strongly

indicate that the location of the metal complex is in the pore channel for M2°-ES-Cu(L?).
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Figure 5.23 N, sorption isotherms at 77 K of M2’-ES and M2’-ES-Cu(L?).
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Table 5.17 Textural properties of M2’-ES and M2’-ES-Cu(L®) deduced from N, sorption isotherms at 77

K.

Sample Sget V,* dgaz " (M) a° w, ¢ cet
(m’g™) (cm’g™) (nm) (nm)

M2’-ES 820 0.66 3.2 4.8 1.4 35.2

M2’-ES-Cu(L®) 661 0.45 2.8 4.7 1.9 37.7

a: measured at P/Py = 0.98; b: using BJH model instead of the BDB one, the diameter would be 0.8 nm
lower in each case; ¢: ap = 2*ds00/(3)"%; d: apparent wall thickness is determined using W= 2*dy00/3 22 —
dggs; €: C parameters from BET equation.

5.3.3.2 Cu(Il) coordination state

As it was introduced in the chapter 2, direct grafting approach used here to synthesize
M2’-ES possesses an advantage of avoidance of modification of metal complex during the
grafting process compared to indirect grafting (cf. chapter 2.3.2.1). Therefore, 1-L® com-
plex was functionalized M2’-ES material through direct grafting approach. The Cu(ll)
coordination state of the grafted complex on mesoporous material was checked by
UV-visible and EPR spectroscopy. For a better comprehensive M2’-ES-Cu(L®), HL® ligand
and 1-L* molecular complex were also studied as references using the above spectrosco-
pies.

UV-visible spectra of HL® 1-L%® and M2’-ES-Cu(L®) were recorded in the range of
200-900 nm and presented in Figure 5.24. The corresponding data are gathered in Table 5.18.
In the UV-visible spectra of HL® and 1-L% complex, the observed absorption bands below
277 nm are attributed to the z - «* transition in the benzene ring and the absorption band ca.
277 nm corresponds to the = - * transitions in the azomethine (-C=N) group of ligand. For
HL?® ligand, the strong absorption band at 311 nm can be attributed to the charge-transfer
transition in which the azomethine group acts as an electron acceptor and phenyl ring
(Ph-O") as an electron donor.*® The observed absorption band at 395 nm is assigned to the
transition of n - n* of the azomethine in the ligand. For the 1-L® complex and
M2’-ES-Cu(L®), a broad absorption band observed in the range of 320-390 nm may be at-
tributed to the metal to ligand charge-transfer transitions (MLCT) of Cu—N and Cu—0.
And an absorption band at 588 nm at low lower energy and in lower intensity were all ob-
served, which can be assigned to the d-d transitions (dyy-Ox2.y2; dz2-Gx2.y2).
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Table 5.18 UV-visible characteristic of the samples.

Samples UV-visible spectra, Amax (nm)
HL3® 213 248 273 311 395
1-L32 221 247 277 305 369 590
M2’-ES-Cu(L?) 368 586

a: HL? and 1-L® complex were recorded in absolute EtOH.
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M2'-ES-Cu(L’)

Kubelka-Munk
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Figure 5.24 Liquid UV-visible spectra of HL® and 1-L* in absolute ethanol. Solid diffuse reflectance
UV-visible spectra of M2’-ES-Cu(L?).

The EPR spectrum for 1-L3 complex was recorded as ethanol glass at 130 K, and the
spectrum of the M2’-ES-Cu(L®) was recorded both at 130 K and at room temperature. The
corresponding spectral parameters are summarized in Table 5.19. Often g, and g are close
one to another, so we may assume that they represent the perpendicular (g2~ gz = g1) plan
while g; can be assimilated to g;. In both samples, g; value is bigger than g, value, which is
typical of d° complexes with dxo-y2 ground state and elongated square pyramidal or elon-

gated octahedral environment for Cu(ll). The values of gy, g, and A of M2’-ES-Cu(L®) are
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equal to 2.18, 1.99 and 19.4 mT at room temperature, and slightly changed to 2.20, 1.98
and 19.5 mT at 130 K, which are similar to that of 1-L3. and 1-L2 complexes at 130 K. In
addition, EPR spectra become broaden at low temperature (130 K) (Figure 5.25). The reason
is most probably that at low temperature the grafted complex has low mobility and is
blocked in various conformations due to the heterogeneity of the silanol and TMS position
in its vicinity.

The different parameters of g; and A;of Cu(ll) complexes in EPR spectra can be attri-
buted to a varying number of nitrogen and oxygen coordinating sites and to a change in the
symmetry around the metal center. Moreno-Carretero et al. have reported that
6-amino-1,3-dimethyl-5-nitrosouracilato (N°, N°)-aqua-2,2'-bipyridine (N, N') - copper(ll)
perchlorate hydrate and 2, 2-bipyridine (N, N')-chloro-I,3-dimethylviolurato (N°,
0°)-copper(l11) hemihydrate complexes display axial EPR powder spectra with g,= 2.03
and gy = 2.25 and g,= 2.03 and g; = 2.20, respectively, proposing a (4N)y,+O, and
(3N10)y,+0O, environment around the Cu(11).*® Abry et al. have observed that N,
N'-bis(2-pyridinylmethyl)-ethane-1,2-diamine copper(ll) trifluoromethanesulfonate com-
plex with tetradentate ligand grafted in mesoporous silica exhibits low g values with g; =
2.219 and g3 = 1.994. Combining EPR spectra with EXAFS analysis, they proposed the Cu
complexes with a 2N20 environment. For M2°-ES-Cu(L®), it seems that a (BN10)xy+0;
environment around copper is more reasonable than (2N20), and the coordination geome-

try is rather pentacoordinated.

Table 5.19 g and A parameters for complexes and solid.

Sample off gL A (mT) T (K)
1-L%2 2.20 1.98 19.5 130
M2’-ES-Cu(L?) 2.20 1.98 19.5 130
M2’-ES-Cu(L?) 2.18 1.99 19.4 298

a: recorded at 130 K in 80 % absolute ethanol/ 20 % glycerol.

Furthermore, the g; of 219 and Ay of 19.6 mT is close to the reported
bis(ethylenediamine) copper(ll) with 4N coordination (cf. chapter 5.1). In the synthesis

process, equivalent molar amounts of L3 and copper(ll) acetate were added. Moreover,
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there is no species attributed to Cu(OAc), in EPR spectrum. These results are in agreement
with molecular complex that of 1-L3. (cf. 5.3.2.2). Therefore, for M2’-ES-Cu(L®), it is
probably that the Cu center is in a (3N10),y+0O, environment.

Quantitative EPR was performed on M2’-ES-Cu(L®) solid. The EPR active copper (I1)
species was determined to be 2.6 % which is close to 2.8 % of the total Cu content deter-
mined by ICP-MS (Table 5.16), confirming that the copper complexes are isolated on the

surface of mesoporous material.

130 K 1-L°
298 K M2'-ES-Cu(L’)
1 " 1 " 1 " [
2500 3000 3500 4000
H (Gauss)

Figure 5.25 EPR spectra of 1-L* and M2’-ES-Cu(L®). EPR spectra of 1-L* and M2’-ES-Cu(L®) were
recorded at 130 K for the former, and 130 K and room temperature for the latter, with the
following parameters: frequency: 9.35 GHz; power: 10.1 mW, 32 mW and 10 mW, re-
spectively; modulation amplitude: 6G, 15G and 1G respectively; modulation frequency:
100 kHz.

5.3.4 Catalytic hydroxylation of phenol

M2’-ES-Cu(L?) catalyst was evaluated in the phenol hydroxylation with H,O,. The formed
products were determined using HPCL. The detail treatment of data from HPLC is pro-
vided in Appendix C. In addition to the catechol (CAT), hydroquinone (HQ) and

d,135' 220

1,4-benzoquinone (BQ), tar was also observe which exhibit much higher polarity

and are brown color. These products could be possibly the deep oxidation products such as
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maleic acid, acrylic acid, acetic acid, oxalic acid and oligomerization products.
reaction factors such as reaction time, H,O,/substrate ratio, pH and solvent, have been in-

vestigated on the effect of phenol conversion and products selectivity.

5.3.4.1 Comparison of the heterogeneous catalyst and its homogeneous

analogue

Catalytic activities and selectivities in phenol hydroxylation with H,O, over blank experi-
ments, heterogeneous catalyst [M2’-ES-Cu(L®)] and homogeneous analogue (1-L°) as well
as two blank experiments are listed in Table 5.20. There are no activity on phenol hydrox-
ylation in the blank experiments with metal-free solid (M2’-ES) and without the solid. Un-
der the same conditions, the heterogeneous catalyst M2’-ES-Cu(L%) showed lower phenol
conversion (48.1 %) than the homogenous 1-L3. (52.0 %), but with higher selectivity to
diphenols (76.1 % compared to 69.5 %). CAT/HQ molar ratio over M2’-ES-Cu(L®) was
1.73, which is higher than that of the homogenous 1-L%¢ (1.55). However, no 1,
4-benzoquinone (BQ) was observed over the M2°-ES-Cu(L®) catalyst. This result could be
caused by the different mobility of the active species on homogenous and heterogeneous.
We also tested the influence of the copper content on phenol hydroxylation. As shown in
Table 5.20, the phenol conversion decreases with the diminution of copper content added,
and the selectivity of diphenols also diminishes. This result suggests that the solid catalyzes

this reaction.

Table 5.20 Catalytic activity and selectivity in phenol hydroxylation by H,0, over M2°-ES-Cu(L?)

and others.
Sample F;heno' CONV.  piphenols slectivity (%)  Product selectivity (%)  CAT/HQ
v CAT  HQ BQ
No catalyst 10.7 0 0 0 0 0
M2’-ES 11.9 0 0 0 0 0
1-L3 52.0 69.5 60.7  39.1 0.2 1.55
M2’-ES-Cu(L?) 48.1 76.1 634  36.6 0 1.73
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M2’-ES-Cu(L3)° 44.4 52.9 621  37.9 0 1.90

a: Diphenols selectivity = yield of CAT and HQ and BQ (mol) % / total phenol coversion (mol) %. Yield
of CAT and HQ and BQ (mol) % are dertermined from HPLC.

Reaction condition: pH = 6, phosphate buffer solution as solvent, temperature 80°C, phenol: Cu = 100:1
(molar ratio), phenol: H,O, = 1: 1.2, reaction time 2h. b: phenol: Cu = 200:1

CAT: Catechol; HQ: Hydroquinone; BQ: 1, 4-benzoquinone.

5.3.4.2 Reaction time

The activity and selectivity in phenol hydroxylation by H,O, for various reaction times
over M2’-ES-Cu(L®) were investigated and the results presented in the Table 5.21. The
phenol conversion was 38.4 % at 1 h, increased to 48.1 % at 2 h, and continued to increase
to 51.2 % at 4 h. However, the diphenols selectivity decreased with the increase of reaction
time: 82.2 % for 1 h, 76.1 % for 2 h, and 70.5 % for 4 h. In fact, the yield of diphenols was
31.6 % at 1 h, and enhanced to 36.6 % at 2 h, and then this value was maintained at 4 h.
These results indicate that the increase in phenol conversion is due to the formation of tar.
The CAT/HQ molar ratio slightly decreased from 1.77 at 1 h to 1.73 at 2 h. This value was
maintained to 1.73 until 4 h. By the titration of H,O, concentration, it was found that at 2 h
the H,O, conversion already reached to 97 %. Thus, the reaction time during 2 h is the key

step for taking place the phenol hydroxylation.

Table 5.21 Catalytic activity and selectivity in phenol hydroxylation by H,0, over M2’-ES-Cu(L®)
with reaction time.

Time (h) Phenol conv. % Diphenols selectivity ® % CAT/ HQ
1 38.4 82.2 1.77
2 48.1 76.1 1.73
4 51.2 70.5 1.73

Other reaction conditions are the same as those indicated in Table 5.15.

5.3.4.3 Effect of the H,O, addition mode

It was reported that H,O, addition mode has influence on both activity and selectivity for

the oxidation reaction."*> ?** Here, H,0, addition modes were investigated on the phenol
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hydroxylation over M2’-ES-Cu(L®). Two modes of addition were studied: 1) H,O, was
added at once at the reaction temperature; 2) H,O, was sequentially added in a period of 1
h at the reaction temperature (Table 5.22). It was found that phenol conversions were 43.0 %
for the one-pot addition mode and 40.7 % for the sequential addition mode. The main dif-
ference appears on the selectivity on diphenols, which was much higher in the first mode
(73.0 %) than in the second mode (55.0 %). Furthermore, for the second mode, CAT/HQ
molar ratio was 1.69 which is higher than that observed in first mode (1.60). These results
suggest that in the sequential addition mode catechol and hydroquinone are most probably

are further oxidized and therefore more tar is produced.

Table 5.22 Effect of the H,O, addition mode on the catalytic activity and selectivity in phenol hydrox-
ylation over M2’-ES-Cu(L®).

Mode of addition Phenol conv. % Diphenols selectivity % CAT/HQ
1) one-pot addition 43.0 73.0 1.60
2) sequential addition 40.7 55.0 1.69

Reaction conditions: pH = 6, phosphate buffer solution as solvent, temperature 80 °C, phenol: Cu =
100:1 (molar ratio), phenol: H,0, = 1: 1, reaction time 2h.

5.3.4.4 pH effect

Various buffer solutions with different pH were tested on the phenol hydroxylation with
H,0, over M2’-ES-Cu(L®) (Table 5.23). Here, the pH of the buffer solutions was chosen in
the range from 7 to 5, where thel-L2 complex is stable in these solutions (cf. chapter 5.3.2).
Anyway, the basic solution is out of our investigation. The reasons are the following: 1)
hydrogen peroxide decomposes faster in basic conditions than acid conditions; 2) the gen-
eration of OH" species in basic condition probably approach the active center and thereby
inhibiting the absorption of hydrogen peroxides to the active site. In fact, Wu et al.? and
Kannan et al.*®* 3 have respectively reported that no activity on phenol hydroxylation was
observed in the basic conditions (pH = 9 or pH = 11) over hydrotalcite-like compounds
(CuAICO3-HTLc) and ternary hydrotalcites (CuNiAl or CuCoAl).

Here, buffer solutions with different pH can not only effect the phenol conversion but

187



Chapter 5 Incorporation of copper ethylenediamine and Schiff base complexes in the wall of a nanostructured porous silica

also the product selectivity. The phenol conversion increased with the decrease of pH:
21.1 % for pH 7, 43.0 % for pH 6, and 50.7 % for pH 5. However, the diphenols selectivi-
ties were low at pH 7 (40.3 %) and pH 5 (48.6 %). The highest diphenols selectivity was
73.0 % at pH 6. Therefore, we considered that pH 6 is the best condition for phenol hy-
droxylation considering both the high conversion of phenol and high selectivity to diphe-
nols. Wang et al. and Liu et al. have observed an increased activity of phenol conversion in
acid aqueous solution.™*"??* They consider the reason that hydroxyl radical is more easily
formed in a weak acidic medium. Indeed, the suitable pH for this reaction varies with the
catalysts used. For example, Zhu et al.”*® have claimed a maximum phenol conversion
(53.5 %) at 7.0 over CUAICO3-HTLc catalyst; Kannan et al."** have reported no significant
difference in phenol conversion between pH 7 (20.8 %) and pH 5 (22.1 %) over CuCoAl
ternary hydrotalcites. However, in both cases only phenol conversion is considered while
the distribution of diphenols and tar is out of consideration (detail results were presented in
Table 2.4).

For elucidation of the effect of phosphate used as better solution, we also studied the ac-
tivity of phenol hydroxylation over M2’-ES-Cu(L®) in deionized water. The phenol conver-
sion was 38.1 % and diphenols selectivity is 67.8 %, which is higher than in buffer solution
at pH 7 (21.1 % and 40.3 %, respectively). This result appears to indicate the negative ef-
fect of phosphate on phenol conversion and diphenols selectivity at pH 7. A further study
needs to be carried out. Nonetheless, here, a slight acidification in the presence of buffer
remains favorable for both phenol conversion and diphenols selectivity as in absence of

buffer 131, 224

Table 5.23 Catalytic activity and selectivity in phenol hydroxylation by H,O, over M2’-ES-Cu(L®)
with different pH buffer solutions

pH Phenol conv. % Dipehnols selectivity % CAT/ HQ
7° 21.1 40.3 2.62
6° 43.0 73.0 1.60
5% 50.7 48.6 1.51
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7° 38.1 67.8 1.64

Other reaction conditions are the same as those in Table 5.22, H,0, one-pot addition.
a: phosphate buffer solution ; b: deionized water without phosphate.

5.3.4.5 Substrate / oxidant effect

Various molar ratios of phenol/H,0, were studied on phenol hydroxylation with H,O, over
M2’-ES-Cu(L®). The obtained phenol conversion and product selectivity were presented in
Table 5.24. With the increase of phenol: H,O, molar ratio, phenol conversion enhanced
while the efficiency of H,O, decreased, and a reduction of diphenols selectivity was ob-

served. These results are in good agreement with the previous works reported by Lee et

al.,131 |.135' 225

and Xiao et a and Ratnasamy et al.*®® However, the diphenols selectivity was
maintained (ca. 73 %) below phenol/H,O, molar ratio of 1.2. The molar ratio of CAT to
HQ was not very sensitive to the change of phenol to H,O, molar ratio. This result is oppo-
site to those reported on TS-1, where the molar ratio of CAT to HA decreased sharply with

the increase of the molar ratio of phenol to H,O, from 1 to 3.2

Table 5.24 Catalytic activity and selectivity in phenol hydroxylation with H,O, over M2’-ES-Cu(L?®)
with different phenol/H,O, molar ratio.

Phenol: H,O,  Phenol conv. % H,0, eff. conv.* % Diphenols selectivity %  CAT/HQ

31 15.2 34 73.0 2.00
1:1 43.0 31 73.0 1.60
1:1.2 48.1 31 76.1 1.77
1:2.2 72.9 25 52.0 1.63

& The efficiency conversion of H,O, was calculated as follows: H,O, eff. conv. = H,0, (mol) consumed
in formation of diphenols and benzoquinone / H,O, (mol) converted. H,O, conversion was determined
by the iodometry titration.

5.3.4.6 Solvent effect

It has been reported that solvent significantly affects the phenol conversion and product
selectivity in the presence catalysts such as CuSBA-15 and copper hydroxyl phosphate.*?®
135 Herein, organic solvent acetonitrile was chosen to be compared with water on the phe-
nol hydroxylation with H,O, over M2’-ES-Cu(L®) (Table 5.25). When CH3CN was used as
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solvent, phenol conversion is very low (1.6 %), the only formed product is 1,
4-benzoquinone (BQ). However, when water was employed as solvent, phenol conversion
significantly increass (43 %), and the main formed products are diphenols (CAT and HQ).
This result is consistent with the previous reports.*? 3% 13 However, acetone is the best
solvent for TS-1 instead of water.?*??° The key point here is that water is a cheap, clean,

safe and environmental kindly solvent.

Table 5.25 Catalytic activity and selectivity in phenol hydroxylation with H,O, over M2’-ES-Cu(L®)
with different solvent.

Solvent Phenol Product selectivity % CAT/ HQ
conv. % CAT HQ BQ
CHsCN 3.7 0 0 100 0
H,0*® 43.0 61.5 38.5 0 1.60

Reaction condition: pH = 6, phosphate buffer solution as solvent, temperature 80°C, phenol: Cu = 100:1
(molar ratio), phenol: H,O, = 1: 1, reaction time: 2h.

5.3.4.7 Recycle tests

The catalytic activity of M2’-ES-Cu(L®) was monitored for three runs of the reaction, and
the obtained data are shown in Table 5.26. The activity of M2’-ES-Cu(L®) was maintained
between the first run (43%) and the second run (42.5 %). The catalyst was only generated
after the first run by washing using ethanol and acetone, and then drying at 60 °C overnight.
Indeed, in the second run, the Cu wt. % determined by ICP-MS was 2.2 %, which is close
to that of initial catalyst M2’-ES-Cu(L®) (2.3 %, with subtraction of weight of trimethyl). In
third run, the activity diminished from 20.3 %, which is probably due to the partial Cu

leaching.

Table 5.26 Catalytic activity and selectivity in phenol hydroxylation by H,O, over M2’-ES-Cu(L®)
with catalyst recycle.

Run Cuwt. %  Phenol conv. % H,O,eff. conv. %  Diphenols selectivity % CAT: HQ
First run 232 43.0 32 73.0 1.60
Second run 2.2° 425 30 70.6 1.67
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Third run - 33.0 20 62 1.90

Reaction condition: pH = 6, phosphate buffer solution as solvent, temperature 80°C, phenol: Cu = 100:1
(molar ratio), phenol: H,O, = 1: 1, reaction time 2h.

2 Cu wt. % is corrected by taking out of the weight from trimethylsilyl (TMS) groups; ° determined by
ICP-MS, TMS was totally removed during the reaction process as checked by infrared spectroscopy.

5.3.4.8 Characterization of the recovered catalyst

The catalysts M2’-ES-Cu(L®)_7 and M2’-ES-Cu(L®)_6, which were respectively after the
first run in reactions at pH = 6 and pH = 7, were checked by UV-visible spectroscopy. A
broad absorption band from 200 nm to 800 nm was observed. This is probably due to the
adsorption of tar on the solid, which is in agreement color change of the catalyst from in-
digo to dark brown after the reaction. The IR spectra revealed that the isolating function
trimethyl were ca. 99 % lost. The recovered catalysts were also characterized using EPR
spectroscopy to monitor the Cu(ll) coordination state. M2’-ES-Cu(L®) 7 and
M2’-ES-Cu(L®)_6 samples displayed g of 2.20 and A; of 19.4 mT (Figure 5.26), which are
the same g and A values as for the grafted 1-L3 complex on M2’-ES-Cu(L®), indicating that
the Cu(L*)(OAc) complex is stable in the neutral and slight acid conditions during the oxi-

dation reaction.

2500 3000 3500 4000
H (Gauss)
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Figure 5.26 EPR spectra of catalyst M2’-ES-Cu(L?) after the reaction. a: catalyst recovered in pH=7
condition [M2’-ES-Cu(L®)_7]; b: catalyst recovered in pH=6 condition
[M2’-ES-Cu(L®)_6].

5.3.4.9 Mechanism proposed

For Cu(Il) functionalized materials used as heterogeneous catalysts in the hydroxylation of
phenol with H,0O, as oxidant, until now, there is no mechanism proposed about mono cop-
per complex as catalyst on this reaction. However, there are mainly two types of proposed
mechanisms for copper oxide based catalysts (Scheme 5.12, Scheme 5.13) in the literatures.
The two mechanisms both consider that the production of hydroxyl radical (-OH) corres-
ponds to the formation of catechol and hydroquinone. However, they are different in the
way to form the hydroxyl radical (-OH) by the redox reaction of Cu(ll) and H,0O..

The mechanism (1) (Scheme 5.12) is supported by Wang et al.,**® Wu et al.,?*® Zhang et
al.,®" He et al.**® and Robbins et al..?*’ In this proposed mechanism, the active center Cu(ll)
and H,O; yield -OH and HO,- radical species, via redox cycling of Cu(ll) and Cu(l)
(process A). Then -OH species attacks phenol to in form the products catechol and hydro-
quinone (process B). Benzoquinone is the further oxidized products by the attack of -OH to
the diphenols. Tar can be produced by over oxidation. P-benzoquinone/hydroguinone redox
couple can be formed by the reaction of benzoquinone and hydroquinone as shown in the
process D. In addition, oxygen and H,O can be formed by the decomposition of H,0,

(process C),
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Scheme 5.12  Proposed mechanism (1) for phenol hydroxylation.'?

The mechanism (2) (Scheme 5.13) is approved by Xiao et al*® and Wu et al.??® In this me-
chanism, the interaction of Cu(ll) and H,O, results in the generation of -OH and HO,- rad-
icals, via redox cycling of Cu(ll) and Cu(lll). Catechol and hydroquinone are then pro-
duced in parallel processes by the attack of -OH radicals to the aromatic ring and hydro-

quinone can be oxidized to form benzoquinone and over oxidized to form tar.

Main reactions:
Cu?t + HaOs = Cu +"0OH + OH-

4 Q\“:—GH s 'OH ==
OoH

H . _oH

I\-\-\-\I‘l\'l
OH + Cudt —= Cu® + H* + [| ]
'\-\.1_\_;(__.-"""
GH— + H+r ====wen Hdﬂ
Side reactions
Cur & Ho(Qy ==———= Cu®* + HO,® + H*
Cu** &+ HOy == Cu* + Qg + H*

HO @--{JH + 20H == D:(_):-:] + 2H.O

Scheme 5.13  Proposed mechanism (2) for phenol hydroxylation.??®

193



Chapter 5 Incorporation of copper ethylenediamine and Schiff base complexes in the wall of a nanostructured porous silica

5.3.5 Conclusions

A novel catalyst of M2’-ES-Cu(L?) with N-(salicylaldimine)-
(N’-propyltrimethoxylsilane)- diethylenetriamine copper (11) complex Cu(L%)(CHs;COO)
complex was synthesized via the “MSP” technique to achieve a homogeneous dispersion
the metal complex (1-L%). The M2’-ES-Cu(L®) and its intermediate materials (M2’ and
M2’-ES) were characterized by XRD, FT-IR, EA, UV-visible and EPR spectroscopies.
These analyses indicate that M2’-ES-Cu(L®) with copper content of 2.8 % processes a
well-ordered hexagonal structure. The copper (Il) ion presents most probably a 3N20
coordination environment from the L* ligand and an acetate ion as a ligand or counterion.
2.6 % of copper (I1) ion is EPR active indicating that the Cu ion presents as monomeric
species. This material has been evaluated the catalytic activity on the phenol hydroxylation.
The effect of reaction time, H,O,/substrate ratio, pH and solvent was investigated. This
material exhibits good activity on phenol hydroxylation with phenol conversion at ca. 48 %
and diphenols selectivity at ca. 76 %. The H,O, concentration changes the phenol conver-
sion and product selectivity. Solvent has a profound effect on phenol hydroxylation over
M2’-ES-Cu(L®): in aqueous solution the catalyst activity is much higher than in organic
solvents like acetonitrile. The recycle tests show that the catalyst can maintain the same
activity between the first and the second run, and a slight decrease is observed after the
third run.

Results suggest that M2’-ES-CuL?® catalyst exhibit a highest activity in aqueous solution.
The recycle tests show this novel catalyst can keep the same activity on second run without

the process of calcination regeneration.
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Chapter 6  General conclusions and perspectives

6.1 General conclusions

In this dissertation, we have developed a novel methodology to control the location of a
metal complex and its accessibility either in “framework” or in channel position in
periodic mesostructured organicsilicas. This is examplified using Ni(ll) ions as a
spectroscopic probe and copper(l1l) to test the porous solids in catalytic hydroxylation of
phenol.

Three ligands were used: N-(2-aminoethyl)-3-aminopropyltrimethoxysilane (L%),
N-salicylaldimine-propylamine-trimethoxysilane (L% and N-(salicylaldimine)-(N’-
propyltrimethoxylsilane)-diethylenetriamine (L*). In addition, Ni(ll) ion was used as
probe. These complexes were incorporated in 2D mesostructured templated silica
through two synthetic routes, either the one-pot synthesis or the post-synthesis grafting.
The one-pot synthesis route was optimized using soft conditions and green reactants
(low temperature of 60 °C, sodium silicate as silicon source, NaOH as base and no
organic co-solvent). The Ni(ll)-L*, Cu(ll)-L' and Cu(ll)-L?> complexes were

co-condensed with sodium silicate using the one-pot synthetic route in the presence of
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cetyltrimethylammonium tosylate as templating agent and NaOH as the base source at
60 °C to built well-ordered periodic mesoporous organosilicas (PMOs) of MCM-41
type, obtaining materials M-OP-XNi(YL'), M-OP-XCu(YL") and M-OP-XCu(YL?) [X=
Metal/SiO, * 100% in the sol-gel, Y= L/Metal in the sol-gel]. The post-synthesis route
was based on a sequential grafting using the so-called “molecular stencil pattern” in
order to evenly distribute the metal complexes in the pores of mesoporous silica. The
Ni(I1)-L*, Cu(1)-L* and Cu(l1)-L® complexes have been respectively grafted in the

preformed mesoporous silica.

For Ni(l)-L* complexes, three materials M-OP-Ni(L'), M-OP-Ni(2L) and
M-OP-Ni(3L") with different molar ratios of ligand to metal (Y = Ligand/metal = 1, 2
and 3, respectively) have been prepared via one-pot synthesis. The template of the
as-made materials was extracted using a mixture chlorotrimethysilane (CTMS) and
hexamethyldisilazane (HMDSA) (method TA), leading to materials M-OP-Ni(L})-TA,
M-OP-Ni(2LY)-TA and M-OP-Ni(3L")-TA (~ 2 wt % Ni content). XRD, N sorption
isotherms and DRUV spectroscopy showed that all the obtained hybrid materials
[M-OP-Ni(YLY)-TA] are hexagnal mesostructured porous organosilicas. The
coordination states of Ni(ll) has been found the same as the as-made materials
[M-OP-Ni(YLY)] but different from the molecular complexes Ni(L)y(H20)s.2y(NOs)2
(Y = 1-3). The comparative study of the N, sorption isotherms strongly support the idea
that the Ni(ll)-L' complexes are indeed located in the framework for the PMOs
materials while they are obviously occupying the pore volume in the post-synthesis
solids. This is the first time that well defined Ni(ll)-amino complexes were introduced
in the framework of a mesostructured silica using basic conditions.

The Ni(YLY)@PMOs materials exhibited a very low metal exchange ability while
Ni(ll) can be totally exchanged by Cu(ll) under the same conditions for the
post-synthesized material M1’-EP-Ni(2LY). With the DRUV study, in material
M-OP-Ni(L"), poor in the diamino-organosilyl complexing moities (L'), the framework

species are most likely a mixture of species [Ni(L)(SiOH)2(SiO),] and [Ni(=
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Si0),(0.)4] where O, stands for a neutral oxygen donor ligand such as H,O, =SiOH or
=Si0Si = and others such as nickel silicate like. In material M-OP-Ni(2L") and
M-OP-Ni(3L"), the predominant species is the neutral framework complex, [Ni(L})(=
Si0),]. In material M-OP-Ni(3L'), the presence of charged framework species

[Ni(LY)3]** is probable but still hypothetical.

For Cu(ll)-L* complexes, two materials M-OP-Cu(L') and M-OP-Cu(3L") (Y = 1, 3)
have been synthesized via one-pot synthesis. The template removal of as-made materials
has been achieved by method TA, and two novel methods HTA and H using combination of
HCI washing and mixture of CTMS-HMDSA or a mere gentle acidification, respectively.
These treatments lead to full extraction with or without concomitant capping of the silanol.
The comparative N, sorption studies of M-OP-Cu(3L")-TA and M-OP-Cu(L")-TA prooved
that Cu(ll) complexes were indeed in the framework for the PMOs materials in agreement
with the results on the Ni(YL)@PMOs series. The bathochrome shift of the d-d electronic
transition of copper(ll) ion in M-OP-Cu(L") and M-OP-Cu(3L") compared to [Cu(L")]*
and [Cu(L"),] complexes suggested a modification of coordination like in the wall of Ni(ll)
ion, i.e., involving =SiO" groups in environment in the z axis. Qualitative and quantitative
EPR study, for the M-OP-Cu(L'), half of EPR active species was of
[Cu(LY)(=Si0)2(=SiOH),]** and [Cu(L")2(=Si0)] types. The EPR silence species were as-
sumed to be [Cu(=Si0),(0Oy)4] where O stand for a neutral oxygen donor ligand such as
H,0, =SiOH or =SiOSi=. In M-OP-Cu(3L"), most of the Cu(ll) species was EPR active
and the predominant coordination state was [Cu(L)2(=SiO),].

The framework sites in M-OP-Cu(3L")-TA, M-OP-Cu(3LY)-HTA and M-OP-Cu(3L%)-H
materials with hydrophobic or hydrophilic internal surface all exhibited high metal reten-
tion property (ca. 90 %). This indicated that high metal retention was due to the nature of
incorporated complexes and was not related to the internal surface property (hydrophobe or
hydrophile). Cu(YLY)@PMOs and grafted material [M1’-EP-Cu(2L")] have been tested in
catalytic oxidation of 3, 5-di-t-butylcatechol. Only grafted material [M1’-EP-Cu(2L")] ex-
hibited activity while the PMOs material showed no activity at all, most probably due to
the inaccessibility of copper like in the nickel materials studied in the previous chapter.
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With the ligand L? three materials M-OP-0.1Cu(2L?), M-OP-0.2Cu(2L?) and
M-OP-0.5Cu(2L?) with different Cu(ll) loading (X = metal/SiO, = 0.1, 0.2 and 0.5 in
sol-gel, respectively) have been prepared accrording to the one-pot synthesis route. A
mixture agent of chlorotrimethysilane (CTMS) Upon the extraction treatment including
method TA a large fraction of the metal was extracted, only the method H applied no
acid excess was found efficient for selective extractration of the surfactant, keeping
most of the copper in the materials. The metal integrity was also maintained during
latter treatment for the L%/Cu ratio of 2. The Cu(ll)-L? complex was successfully
incorporated in the mesoporous silica, while the Cu(ll) state on solid is a mixture of
[Cu(L?)]* and [Cu(L?),] complexes due to the partial decomposition of [Cu(L?),]
complexes in aqueous solution. In parallel, M-OP-0.3Ni(2L%)-H [0.9 wt % of Ni(ll)]
and M-OP-Cu(2L')-H [2.5 wt % of Cu] materials have been prepared and extracted
according to method H. All the PMOs, M-OP-XCu(2L?)-H, M-OP-0.3Ni(2L%)-H and
M-OP-Cu(2L%)-H, exhibited the same apparent wall thickness deduced from isotherms,
consistent with the location of Cu-L? species in the framework.

For M-OP-XCu(2L?)-H materials, their weak resistance to the acid leaching test
attests for their accessibility to proton attack and their propensity to be removed from
their polydentate sites compared to M-OP-0.3Ni(2L%)-H, M-OP-Cu(2L')-H. All these
results allow us to propose that the location of Cu(l1)-L? complexes are most probably
“showing on” the porewall surface like outcrops, and charged bisethylenediamine type
of M(II)-L? complexes is “embedded” in the wall of the pore. Furthermore,

M-OP-XCu(2L")-H exhibited catalytic activity on phenol hydroxylation.

The influence of reaction factors were investigated on a novel catalyst of
M2’-ES-Cu(L?) with N-(salicylaldimine)-(N’-propyltrimethoxylsilane)
-diethylenetriamine copper (I11) complex, since tetradentate-Schiff base copper(Il)
complex [Cu(L®)(CHsCOO)] with a 3N1O coordination sphere prossesses a higher
affinity to Cu(l1) than [Cu(L,)?] with a 2(NO) coordination sphere. M2’-EP-Cu(L?) has
been synthesized via the “MSP” technique for homogeneous dispersion the function
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group (CuL®) on the internal surface of mesoporous material. XRD patterns suggested
that the final M2’-EP-Cu(L®) exhibited a well ordered hexaganol structure. EA, DRUV
and EPR spectra indicated that the copper (I1) coordination state is most likely of a
3N10 type and with an acetate ion as a ligand or a counterion, and all the Cu(ll) species
grafted in the solid are EPR active (2.6 wt % active for 2.8 wt % measured from
ICP-MS). This material exhibited catalytic activity in phenol hydroxylation. The
infulence of the reaction time, the H,O,/substrate, the pH and the solvent on the phenol
conversion and product selectivity has been investigated. In aqueous buffer solution the
catalyst activity is much higher than in organic solvent like acetonitrile. CAT/HQ molar
ratio can be 2.62 by changing the pH of aqueous solution. The recycle tests showed that
the catalyst can keep the same activity between the first run and the second run while a

decrease in the third run was observed.

6.2 Perspectives

The results of this manuscript pen a wide area of development. Some can be suggested

such as:

1) For the salen of a better coordination accessibility control on showing on site, one may
suggest the use of a mono or bidentate protecting ligand during the one-pot synthesis.

2) To further tailor the redox properties of the embedded framework species one may en-
visage other metal such as manganese, other ligands such as those containing sulfur
donating groups or eventually dimmers or any small metal clusters.

3) To generated a variety of “showing on” framework species, one should investigate the
use of many other hydrophobic ligands of catalytic or adsorption or optical properties.

4) In line with the design of multifunctional materials, one should also demonstrate that it
is possible to combine both framework sites of different nature and grafted sites to tai-
lor catalyst on demand, for instance, the combination of Cu(ll) and Fe(lll) complex
within the same material might be efficient for successive hydroxylation and ring
opening of phenol into environment friendly diacids. Other metal complexes with
aromatic ring and higher affinity to metal can be incorporated into mesoporous silica to

built periodic mesoporous organosilicas (PMOs). These PMOs materials are expected
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to be “showing” on the framework with accessible site. They can be applied in catalyt-

ic reaction.
5) Synthesis of multifunctional hybrid materials with redox species in the framework and

active site in the channel for catalytic reaction in a “single-step”.

Appendix A: IR quantitative treatment

- Original IR spectra of M’ (LUS) (Figure A.1)

1.5

[EY
(@)
T

Absorption

1000 2000 3000 4000
Wavenumber)(cm

Figure A.1 Original IR spectrum of M”.
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- Chose certain points which belong to the baseline part (Table A.1).

Table A.1 Chosen points in FT-IR spectra.

Wavenumber (cm™) Absorption
356.768 0.312
2044.187 0.31
2499.308 0.316
3995.808 0.338

- Simulate a line according to these points, obtaining the new correction line (solid line)
(Figure A.2).
- Subtracte the original IR data from the baseline corrected data, obtaing a new absorption

data.

0.34 F
= = baseline
Corrected baseline /

0.33

0.32

Absorption

0.31

0 1000 2000 3000 4000

Wavenumber (cm ™)

Figure A.2 Baseline correction.

- Draw the corrected spectra through the wavenumber and the new absorption data (solid

line, Figure A.3).
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Figure A.3 IR spectrum after baseline correction.

- Normalize the IR spectrum by taking the absorption bands of 3(O-Si-O) of the valence

angle of tetrahedral SiO, units located at 450 cm™.

Appendix B: EPR quantitative treatment

- Use CuS0O,4.5H,0 crystals as calibration reference, obtaining several EPR spectra.
- Double integration after base line correction of EPR spectra, obtaining the figure regard-
ing Cu amount vs intensity (Figure B.1).
- Measure EPR active Cu(ll) species among sample.
1) Weight certain sample mass (~ 2 mg), and then put them in EPR tube

2) Put EPR tube in a suitable place of cavity in order to get the maximal EPR signal after

double integration

3) Use the relation between Cu amount and intensity (Figure B.1) to obtain the EPR ac-

tive Cu among sample.
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Figure B.1 Experimental conditions: frequency = 9.35GHz, power = 10 mW, modulation amplitude:
0.6 G and modulation frequency: 100 kHz.

Appendix C: Conversion of reactant and yield of product deter-
mined from GC and HPLC
C.1 Internal standard approach for calculation of DTBC conversion and

DTBQ yield from GC determination

An internal standard is inert during the reaction, thus it is considered as a constant product
with no consumption. Here, naphthalene is chosen as internal standard in the oxidation of
3,5-di-t-butylcatechol (DTBC). Therefore, the DTBC conversion can be calculated in the
following way:

Spo: retention surface area of initial DTBC; So: retention surface area of initial naphthalene;

Sot: retention surface area of DTBC at t h; Sy:: retention surface area of naphthalene at t h;
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DTBCconversion % = (SDt/ SIt - SDO/SIO)/ (SDO/SIO)

DTBQ yield was calculated in the following way:

- Prepare several concentrations of authentic DTBQ and naphthalene in acetonitrile

- Inject these aliquots into GC, obtaining certain retention surface areas which correspond
to the certain sample concentration. Obtain the average DTBQ/naphthalene correspond-
ing factor (r) in GC

- The yield of DTBQ at t h can be obtained in the following way:
Yield of DTBQ (mol) = Nnapthatene (MOI) * Sqt / Syt / 1
Si: retention surface area of initial naphthalene; Sq: retention surface area of DTBQ at t
h;

C.2 Calculation approach for phenol conversion and product yield

from HPLC determination

1) Prepare different concentrations of authentic products (phenol, catechol, hydroquinone)
in water

2) Inject these aliquots into HPCL, obtaining certain retention surface areas
3) Draw the diagram of retention surface area (S) vs sample concentration (C) (Figure C.1).

12000 - ® pheno
O CAT
10000 4 A HQ
< 8000 4
()
<
Y 6000 -
&
S
“ 4000 -
2000 -
0 ™ 1 ™ 1 ™ 1 ™ 1
0.000 0.004 0.008 0.012 0.016

Concentration (mol/L™)

Figure C.1 Calibration line of authentic phenol, CAT and HQ.
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4) Calculate retention surface area/concentration (S/C) values (Table C.1)

For example, phenol:
S/C = [101/0.00021 + 3706/0.00767 + 8216/0.173 + (3706-101)/(0.00767-0.00021) +
(8216-101)/(0.0173-0.00021) + (8216-3706)/(0.0173-0.00767)] / 6 = 477577

Table C.1 Retention surface area vs concentration.

Authentic sample Concentration (mol/L)  Surface area in HPLC s/C?
Phenol 0.00021 101 477577
0.00767 3706
0.0173 8216
Catechol (CAT) 0.000187 155 977815
0.00667 6945
0.0119 11898
Hydroquinone (HQ) 0.000218 208.2 875661
0.00666 6277.7
0.0122 10304.6

& S/C = surface area/ concentration

5) Phenol conversion and CAT yield (mol) can be obtained in the following formulas:
Spo: retention surface area of initial Phenol; Spy: retention surface area of Phenol at t h;
Sct: retention surface area of CAT at t h; [Phenol]: concentration of phenol; [CAT]: con-
centration of CAT.
[Phenol]o = Spo / [S/Clphenol
[Phenol]; = Sp: / [S/Clphenol
Phenolconversion Mol % = ([Phenol], - [Phenol]) / [Phenol]o x 100 % = (Spo - Spr) / Spo X
100 %
[CAT]:= Sct/ [S/Clcar
CATyiers Mol % = [CAT]; / [Phenol]o = St x [S/Clphenot / [S/Clear! Spo x 100 %
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