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1. INTRODUCTION

Synthetic inorganic materials with well-defined structures and tailor-made functionalities
exhibit useful properties for the solution of today’s environmental and industrial problems and
for the design of novel composites used in advanced technological processes. Among the
several classes of lamellar solids, layered double hydroxides are of particular interest since
they qualitatively resemble the conventional intercalation compounds with nanoscale
periodicity and complete charge separation between the gallery ions and the layers.
Significant progress has been made in the synthesis of layered double hydroxides with new
compositions and morphologies over the last decade allowing improved applications in many
areas. In this work, the catalytic properties of the uncalcined and intercalated varieties are
demonstrated. Other functionalised solids like those displayed in this work can also have

many applications. Once again their catalytic properties are highlighted in the dissertation.



2. LITERATURE REVIEW

Layered double hydroxides (LDHSs) are a group of anion-intercalated inorganic functional
materials which are also known as anionic clays. These materials are not so prevalent in
nature as the well-known cationic clays, but are very easy to prepare and they are inexpensive.
The first natural mineral belonging to this family of materials was discovered in Sweden in
1842, and is known as hydrotalcite.® It has the formula of MggAly(OH)16CO3-4H,0. Since
hydrotalcite is one of the most representative minerals of the group, the LDHSs are also called
‘hydrotalcite-like compounds’ (HTIc), even though other natural as well as artificial structural
varieties also exist. The structure of hydrotalcite is related to that of brucite, Mg(OH), which
consists of Mg?* ions octahedrally surrounded by hydroxide ions. These octahedral units form
infinite layers by sharing edges, with the O—H bond perpendicular to the plane of the layers.?
In the lattice of LDHSs, trivalent M(I11) cations (i.e., AI** in hydrotalcite) substitute some of
the Mg?* cations in the brucite layers resulting in positively charged host layers, while in the
interlamellar area A"™ anions are located in hydrated interlayer galleries to maintain
electroneutrality. The host layers are stacked on top of one another to form a three-
dimensional structure. The general formula for other members of the family, based on a
combination of divalent and trivalent metal cations, can be written as
M 1M (OH) T [X™ wmxnH207*, where [M(11)1xM(111)(OH).]** represents the layer,
and [X™wmxnH,0]* the interlayer compositions (Figure 1). The divalent and trivalent metal
cations found in layered double hydroxides belong mainly to the third and fourth periods of
the table of elements (divalent cations: Mg, Mn, Fe, Co, Ni, Cu, Zn; trivalent cations: Al, Mo,
Fe, Co, Cr, Ga) The ionic radii are mostly in the range 0.65-0.80 A for divalent cations and
0.62—0.69 A for trivalent ones (there are some exceptions like Al: 0.50 A and Ba: 1.49 A).2
Tetravalent cations such as Zr*" and Sn** can also be incorporated into the layers.* Only one
example is known of LDH structure with monovalent
cation, the LiAl,-LDH that is. It has been speculated
that the ionic radii of M(Il) and M(IIl) and the
difference between them,>® as well as the solubility
products’ of M(11)(OH), and M(I1)COs, play roles in
defining the boundaries of the range of metal cations
that can form LDHs.

Many researchers have suggested®® that pure LDH

phases can only be formed for stoichiometries in the Figure 1. The schematic structure of
a layered double hydroxide (LDH).



range 0.20 <x < 0.33, corresponding to M(II)/M(I1l) molar ratios in the range 2-4. For
x > 0.33, the presence of M(111)-OH-M(I1I) linkages is unavoidable and this is energetically

unfavourable due to the strong repulsion between the adjacent trivalent cations.”'°

2.1.  Structure of the layers

In layered double hydroxides, the octahedral environment of metallic cations is far from
being a regular polyhedron. The octahedra are significantly flattened along the stacking
direction, lowering the symmetry from Oy, to D3q, as illustrated in Figure 2 for a ZnAl- LDH.
The higher is the metal ionic radius, the more flattened are the octahedra with lowering of the
layer thickness h and an increase of the distance a between metals — which is the same as the
one between the OH groups on the same side of the layer.** All brucite-like metal hydroxides

12,13

show this type of distortion, which results in hexagonal symmetry (space group P-3m1l).

The weak forces between the layers of brucite have been attributed to contributions from

dispersion forces and hydrogen bonding.>**

Figure 2. Flattening of the M(OH)s octahedron in a ZnAl-LDH.

Layered materials are characterised by strong polar covalent bonding along two
dimensions and weak bonding along the third dimension, which is also the stacking direction.
Given the weak bonding between layers, the layers can stack, in a multiplicity of patterns,
called stacking sequences, to yield different polytypes. Polytypism is best defined as
polymorphism in one dimension. All polytypes can be classified in the frame of the number of
stacked sheets along the ¢ axis in the unit cell. The brucite-like layers in LDHs may be
stacked in various ways, giving rise to a variety of possible polytype structures. If the
opposing OH groups lie vertically above one another; an interlayer with a trigonal prismatic
arrangement is resulted, whilst an octahedral arrangement is formed if they are offset.> There
are three possible two-layer polytypes with hexagonal stacking of the layers, denoted as 2H;
,2H>, and 2H3; where the 2H; polytype has all prismatic interlayers and the 2H, polytype has
all octahedral interlayers while both types of interlayers are present in the 2H3 polytype. There

are nine possible three-layer polytypes of which two have rhombohedral symmetry—3R; and



3R, — while the remaining seven (3H; — 3H7) have hexagonal symmetry. The 3R; polytype
has all prismatic interlayers; 3R,, 3H;, and 3H, have all octahedral interlayers and other
polytypes involve both types. The various possible six-layer polytypes with rhombohedral
(6R) and hexagonal symmetry (6H) have also been described.™*® Hydrotalcite [MgAI(CO3)-
LDH] has the 3R; polytype structure, which most other carbonate-containing LDHs also
adopt,™* since the prismatic arrangement of hydroxyl groups facilitates hydrogen bonding with
the oxygen atoms of the CO5° anion and the interlayer water molecules. It is difficult to
distinguish between the various polytypes, since the intensities of reflections in the XRD
pattern of an LDH are sensitive to the interlayer anion.

If the radius of one of the metallic cations becomes too high, the octahedral coordination
is lost by opening one side of the octahedron on the interlamellar domain leading to additional
coordination with one interlamellar water molecule. The symmetry around the metal is
lowered from D3y to Cay. Such behaviour is observed in minerals from the hydrocalumite
group. For CaAl-based layers, three different short range distances are observed'! around
calcium: 3 Ca—OH at 2.375 A, 3 Ca—OH at 2.455 A, and 1 Ca—OH, at 2.497 A. The structure
is based on corrugated brucite-like main layers with an ordered arrangement of Ca(ll) and
M(I11) ions, seven- and six-coordinated, respectively, the seventh apex of the Ca-polyhedron
is a water molecule from the interlayer. The composition of the hydroxide layer of this
structure type is limited; the divalent and trivalent
cations are typically Ca®* and AI**. These lamellar
calcium aluminium hydroxides salts have been
studied in detail, for they occur in the hydration
process of cement compounds.'” The replacement of
AP by Fe**, Cr¥*, Ga®*, and Ca** by Cd** have been
reported but only few data are available on these
phases.’® Several rhombohedral space groups, a
monoclinic one and the two triclinic space groups
have been observed for synthetic monoanionic
tetracalcium aluminates. In the rhombohedral space
groups R-3 and R-3c, the water molecules linked to

Ca atoms are on the straight line passing through the

Ca atoms and perpendicular to the (001) plane

: Figure 3. Crystal structure of
(Figure 3). Ca,Al(OH),Cl - 2H,0, in R-3
space group.



The neighbouring brucite-like layers may be stacked in two different ways building two
kinds of interlayers: either OH groups form prisms resulting in a three-layer polytype (3R)
and the R-3 unit cell or they form octahedra resulting in a six-layer polytype (6R) and the R-
3c unit cell. As already noticed,'® the change of space group from R-3 to R-3c depends on the
size of the anions. Indeed, chloride compound crystallizes in the space group R-3c, larger
anions like iodine and sulphate compounds crystallize in R-3 while intermediate anions like
bromide exhibit both unit cells.

The replacement of AI** cations by larger M®" cations in hydrocalumites results in a
linear variation of the unit-cell parameters: a increases and ¢ decreases as the M**~OH bond
length increases. In the octahedral layer, the accommodation of longer M*—OH distances
proceeds like in hydrotalcite-like compounds, i.e., by flattening the M**(OH)g octahedra along
the c-axis in order to minimise the repulsion between cations.?’ This distortion evidenced by

|.21

the HO-M(I11)-OH bond angle values given by Rousselot et al.”~ The overall effect on these

octahedral layers is thus a compression in the c direction and an elongation in the (a, b) plane.

2.2. lron-based layered double hydroxides

For natural LDHs the chemical composition is the main fundamental characteristic
feature to distinguish individual minerals and to name them. At present, the following major
cation compositions have been recognized among natural layered double hydroxide minerals:
MgAl (hydrotalcite-manasseite), MgFe (pyroaurite-sjogrenite), NiFe (honessite-reevesite),
NiAl (takovite), CuAl (woodwardite), MgCr (stichtite), etc. A particular type of LDHs which
contains only iron as a cation in the brucite-type layers is called green rust, Fe(I1)Fe(l11)-LDH
that is. If we focus on the layered double hydroxides synthesised in laboratory, we found that
a diverse combination of M**~M*" cations in the LDH host sheets has been extensively
pursued, and can be routinely attained through a convenient co-precipitation of corresponding
di- and trivalent metal salts under alkaline conditions. This in fact yields a large family of
LDHs. Nevertheless, the research interest on LDH materials has been traditionally driven and
predominated by M(I1)—Al(l11) category, particularly Mg®*~AI1**, partly due to the fact that
hydrotalcite is a widely known anionic clay found in nature. In addition, the amphoteric

feature of AP

also plays a very favourable role in promoting the precipitation and
crystallisation of Al-based LDHs. By virtue of this amphoteric feature, well-crystallized

M(IDAI(1T)-LDH crystallites have been readily synthesised.



Without the incorporation of amphoteric AI** into the host sheet, it is more difficult to
synthesise LDH in a highly crystalline form. Consequently, non-Al(I1l) LDHs remain as the
least explored category. Relatively few articles describe the structures of the layers in iron-
containing layered double hydroxides.?#%%*?> |t is surprising, since Fe(lll)-based layered
double hydroxides can be prosperous, especially if used in catalysis. In agueous media the
iron(111) ion is water-soluble in a much narrower pH range than aluminium(lll) ions. AI** ion
is considered toxic (e.g., thought to be related to the development of Alzheimer-disease), thus
its biological applications are highly restricted. The variable valence of iron is well-known
and, therefore, the iron-containing layered double hydroxides may be important in catalysis.
Another advantage of iron-containing layered double hydroxides, that they can be converted
into magnetisable materials, which can lead some non-conventional applications. It has to be
noted, however, that in industrial applications the amphoteric properties of aluminium may
also play a role, since in highly alkaline medium the Al(Ill)-containing layered double
hydroxides are not stable.

It is worth mentioning that many of the experimental methods (for example Mossbauer
spectroscopy, ESR, UV-Vis) can be employed for studying double hydroxides containing

iron, but not that of aluminium. Among them let me detail >

Fe Mdssbauer spectroscopy.
Relatively few articles describe the structures of the layers in iron-containing LDHs with the
assistance of Mdssbauer spectroscopy. - Fe Mdssbauer spectroscopy has been used to
investigate the mechanisms of oxidation of Ni(ll)Fe(ll) hydroxides and its role in the
synthesis of pyroaurite-type NiFe-LDH,”® the oxidation state of iron in complexes such as
[Fe(CN)e]*™ intercalated in layered double hydroxides®” and ferrocene sulphonates
intercalated in LDHs.?® Numerous studies focussing on the examination of the layers, deal
with green rust-type Fe(Il)Fe(111)-LDH. One explanation may be that the structural features of
this LDH can be established completely from the >’Fe Mossbauer spectrum presenting two
ferrous quadrupole doublets D; and D and one ferric doublet D5 in the paramagnetic state.?
In addition, the ferromagnetic behaviour of green rust® and the effect of intercalation of linear
C9-C16 carboxylates into layered Fe(l1)Fe(I1l)-hydroxides have also been reported.® It is
clear from these few examples that >’Fe Mossbauer spectroscopy has been used to study the

structure of layers at a scarce, but it is not entirely unprecedented.?®24253%



2.3. Interlamellar anions

In LDHs the interlamellar domains contain anions, water molecules and sometimes other
neutral or charged entities. One major characteristic of LDHs is that in most cases only weak
bondings occur between these interlamellar ions or molecules and the host structure. A great
variety of anionic species can therefore be introduced between the layers during the formation
of the lamellar structure or by further anionic exchange. The following families of anions can
be found within the layers:

halides (F,CI",Br,I"),

non-metal oxoanions (BOs*>", COs*, NOs, Si,0s>, HPO,*, SO, ClO,, AsO,,
Se0,*, BrO4~ etc.),

oxo- and polyoxometallate anions (VO4>", CrO,*", MO, V1002°", Cr,07%", M0702,%
etc.),

anionic complexes of transition metals (Fe(CN)g”~ etc.),

organic anions (CHzCOO™, C¢HsCOO™, C1,H,5CO0T, C,04%", CgHsSO3 etc.),

anionic polymers (PSS, PVS, polyacrylate, etc.).

The structure of interlamellar domains is more difficult to characterise than the main
layers. With small anionic species, such as halides and carbonates, and up to sulphate-
containing LDHs with a basal spacing of 1.1 nm, a regular stacking of the layers is observed
in the X-ray diffractograms. With bulky anions, in most cases the stacking of the layers does
not display long-range ordering any more (turbostratic effect) and the diffractograms show
only lines related to the basal spacing and the structure of the main layers.

Most of the articles on the intercalation chemistry of LDH describe the fully exchanged
products, while only a few report on mixed ion-exchanged forms. In one, the competitive
intercalation of ClO,~ and NOs~ into ZnCr-LDH has been investigated.®* The two phases
coexist, implying that the formation of phases with mixed anions in the interlayer space is
energetically unfavourable. Theoretical models would suggest that regular stacking, referred
to as 'staging', as commonly observed in graphite, does not occur in LDH due to the rigidity of
the layers.®* However, using in situ time-resolved XRD, it was demonstrated* that LiAl-LDH
can form second-stage intermediates, i.e., every second layer is filled by dicarboxylate anions.
Layer interstratification has been observed during the interlayer exchange of terephthalate
with chloride and nitrate anions.* This is ascribed to two orientations of terephthalate anions,
vertical and horizontal they are, which can be controlled by varying the layer charge density
and the extent of drying. Thus, it is possible that staging in LDH can occur either during the

10



exchange process, or by direct synthesis, and is associated with different interlayer contents or
different orientations of the same molecule.

The anions orient themselves in such a way that they maximise their interaction with the
positively charged hydroxide layer. This feature is reflected in the interlayer spacing and is
normally valid for 3R stacking, also denoted by the d(003) value. In pristine LDH, COs*
anions lie parallel to the hydroxide layer to ensure intimate interaction between the oxygen
atoms and the layer by forming hydrogen bonds.*” Organic anions always interact via their
anionic groups being strongly hydrogen bonded to the surface hydroxyl groups, while their
hydrophobic hydrocarbon chains are pushed far away from the hydrophilic layer surface, and

adopt the lowest energy conformation.*®

2.4. Preparative chemistry of anion-intercalated layered double hydroxides

Layered double hydroxides are simple and inexpensive to synthesise both on laboratory
and industrial scales. Many methods allow the preparation of materials with tailored physical

and chemical properties suitable for many applications.
2.4.1. Co-precipitation methods

This is the most common preparative method of LDHSs. It is based on the slow addition of
a mixed solution of divalent and trivalent metal salts in appropriate ratio. A second (alkaline)
solution is added to the reactor in order to maintain the pH at a selected value leading to the
co-precipitation of the two metallic salts. The mechanism of co-precipitation is ideally based
on the condensation of hexa-aqua complexes in solution, leading to the build-up of the
brucite-like layers with close to evenly distributed metallic cations and with solvated
interlamellar anions. Observation of the precipitates and X-ray diffraction characterisation
show that the co-formation of the main layers and interlamellar domains takes place at a very
early stage of the process without clear "delaminated" state of the layers.™

The metal cations in the layers of the obtained material are originated from the metal salt
solution, but the provenance of interlamellar anions has to be discussed. If these anions are the
counter anions of the metal salts they come from the same solution. If the preparation is
performed at very high pH values, the interlamellar anion can be the hydroxyl anion coming
from the alkaline solution. When the alkaline solution is a sodium or potassium carbonate, the
intercalated anion is likely the carbonate ion because of its high selectivity for LDHs
interlamellar domains. Moreover, when the preparation is performed at relatively high pHs,
one has to exclude air borne CO; in order to avoid carbonate contamination. Another way to

11



intercalate a given anion is to prepare a solution of this anion in the reactor prior to the
beginning of the co-precipitation. This synthetic route is often chosen as the method for
preparing LDHs containing organic anions, which are difficult to synthesise in any other way.
Depending on the precipitation conditions, it is possible to obtain well-crystallised LDH

phases or quasi amorphous materials. Some of the influencing experimental parameters are
obvious, like:

temperature in the reactor,

pH of the reaction medium,

concentration of metal salt solution,

concentration of alkaline solution,

flow rate of reactants,

ageing of the precipitate,
while the other parameters are less obvious, such as:

accumulation of electrolytes in the reaction medium,

hydrodynamics of the dilution of reactive species, related to the stirring

mechanism,

geometry of the reactor including reactants injection pipes,

complexation state of the metal cations.™

A supersaturated state is necessary to ensure the simultaneous precipitation of the cations;

this is generally implemented by controlling the pH value of the solution. The co-precipitation
should be carried out at a pH value not smaller than that at which the most soluble hydroxide

is precipitated® (Figure 4).

M"QOH

Coprecipitation

s M"(OH) Oxidation
T,
- DI - LDH['M"-MN]
= C : :
= :
E 1 f
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M i Al ix=o033 M
B G 2 T T T T “‘9
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x=n(M"y / [n(M") + n(M")]

Figure 4. M(II)(MII1) mass-balance diagram showing the co-precipitation and oxidation synthesis
routes.?
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A procedure using (hydro)thermal treatment following co-precipitation is often necessary
to increase yields and/or the crystallinity of amorphous or poorly crystallised materials. A
conventional ageing procedure is performed by heating the LDH suspension at temperatures
in the range of 0-100 °C during several hours or even days. Two main co-precipitation
methods have been commonly employed: (i) precipitation at constant pH value and (ii) at
variable pH values.

In order to obtain well-defined phases, the operating conditions have to be optimised for

each system.
2.4.2. The urea hydrolysis method

By using a base retardant as precipitating agent, the nucleation step can be separated from
particle growth, and ageing is prevented from the beginning. Urea is a very weak Bronsted
base (pKp =13.8) and can be employed as a reagent for "homogeneous" precipitation from
solution. The hydrolysis of urea results in a solution with pH =9, depending on the
temperature, which is suitable for precipitating many metal hydroxides and a variety of LDHs.
The urea hydrolysis method is suitable for the preparation of MgAI-LDHs with high layer
charge densities.”® This method results in LDH crystallites with a relatively large size
(microns in diameter) and a well-defined hexagonal shape due to a low supersaturation during
precipitation.** The particle size can be controlled by altering the reaction temperature which
affects the hydrolysis rate of urea and larger particles are formed at lower temperatures due to
the lower nucleation rate.*> The disadvantages of this method that the as-synthesised LDHs
usually contain carbonate ions, which generally cannot be deintercalated and that the LDHs

containing metal ions that precipitate at higher pH are not possible to obtain.
2.4.3. Anion-exchange method

The anion-exchange method is based on the exchange properties of the interlayer
anions.*® This method is especially useful when the co-precipitation method is inapplicable,
for example, the divalent or trivalent metal cations or the anions involved are unstable in
alkaline solution, or the direct reaction between metal ions and guest anions is more
favourable, or there is no suitable soluble salt of the guest anions. In thermodynamic terms,
anion exchange in LDHs depends mainly on the electrostatic interactions between the host
sheets and the exchanging anions and, to a lesser extent, on the free energy associated with
the changes of hydration.**** Another important remark is that the equilibrium constant

increases when the ionic radius of the bare anion decreases. Exchange is therefore favoured
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for in-going anions with a high charge density. From calculations of the equilibrium constant
of various exchange reactions, Miyata® gave a comparative list of ion selectivities for
monovalent anions: OH™ > F > CI" > Br > NO3; > I and for divalent anions: COz> >
C10HsN,05S% > SO4*". Moreover, it appears that the selectivities of divalent anions are higher
than those of the monovalent anions. According to these results, nitrate- and chloride-
containing LDHs appear to be among the best precursors for ion-exchange reactions. From a
kinetic point of view, the rate-determining step of the reaction is the diffusion of the in-going
anions within the interlayer, provided that the "infinite solution conditions™ are respected. The
diffusion of big anions inside the interlayer can be prevented by a too small basal spacing of
the precursor. Exchange reactions via organic-anion-pillared precursors are then used. It has
been verified that the favourability of the anion-exchange process is related to the following
five main factors. (1) The exchange ability of incoming anions increases with increasing
charge and decreasing ionic radius. The co-intercalation of a second anion was found to have
no effect on the order of anion-exchange preference.*® (2) Appropriate choice of solvent will
favour the swelling and anion exchange of an LDH precursor.”” (3) The pH value should
generally be greater than 4, in order to preserve the host hydroxyl layer against damage. A
low pH value favours the liberation of anions of weak conjugate acids and incorporation of a
less basic anion.*® (4) In some cases, the chemical composition of the LDH host layer affects

the anion-exchange process. (5) Generally, higher temperatures favor anion exchange.*
2.4.4. Dehydration-rehydration (reconstruction) method

Miyata was the first to describe in 1980 the reconstruction of the original LDH structure
by hydration of the calcined LDH.>® This unique property, ascribable to a structural memory
effect, can be used as a general preparation method of LDH. In the first step the LDH is

calcined into a mixture of oxides and then to rehydrated in an aqueous solution containing the

anion to be intercalated (Figure 5).

reconstruction
using memory
effect

Figure 5. A simplified representation of the calcination/reconstruction method.
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The calcination conditions (temperature, rate, and duration of treatment) are important
parameters determining structure recovery. Some limits of reversibility were observed.
Repeated calcination/hydration cycles with hydrotalcite decrease the content of interlayer
carbonate anions and increasing extraction the AI** from the brucite layers.® The
reconstruction method cannot be used for all M(I1)-M(I1l) combinations. Reconstruction of
Fe**-containing hydrotalcites is limited by the formation of MgFe,O, spinel, which appears
even at low Fe** content.

For most LDHs, during progressive calcination, four larger thermal events can be
identified in general, and experimental evidence suggests that they can be resumed as follows:
(1) continued dehydration process and dehydroxylation of layers between room temperature
and 250 °C, (2) interlayer anion decomposition, between 250 and 350 °C, with notable
increases in the activation energy values, revealing the existence of different and simultaneous
processes, (3) shrinkage and then collapse of the layered structure, between 350 and 550 °C
and (4) the crystallisation of new phases.*? Spinel formed at temperatures around 1000 °C will
not convert back to LDH by the memory effect, regardless of how hard one tries. The
complexity of these stages implies that the separation of the contributory rate processes is
difficult and kinetic analyses are complicated. The condensation of OH groups to form water
molecules imply strong local reorganization leading to the collapse of the layered structure.
This is probably a high-energy consuming step, which should be favoured by nucleation and
growth of new phases at some local critical dehydration extension. After dehydroxylation
quasi-amorphous mixed oxides are obtained, which crystallise progressively at higher
temperatures, generally as a M(1I)M(111),0,4 spinel-like phase and the divalent metal oxide.
The ill-organised mixed oxides display three broad X-ray diffraction peaks generally
corresponding to the future strongest lines of the spinel-like phase; they are therefore called
pre-spinel oxides and it is not impossible that the transformation from the layered structure to
this oxide phase could be topotactic. Generally, these mixed oxides display generally a
relatively high specific surface (100-300 m?g™") compared to the as-prepared LDHs
(= 15 m’gY).

This method is suitable for the preparation of hybrid LDH with large organic anions. An
inert N, atmosphere is required during the rehydration process when an anion other than
carbonate is to be incorporated. It is difficult to obtain pure crystalline intercalated products
because the lamellar structure of LDHs can often only be partially restored during the
reconstruction stage.> It has been found that the extent of intercalation observed using this

method depends on (i) the reaction medium, (ii) the composition of the host layer, and (iii) the
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geometric and electronic structures of the anions. A wide range of anions, inter alia amino
acids have been incorporated into layered double hydroxides using this method.>*

Besides the methods for preparation discussed above, various other ways have been
developed for the synthesis of LDHSs, such as hydrothermal synthesis,* the sol-gel process,>®
a method involving separate nucleation and aging steps (SNAS),*’ the salt—oxide (or salt—
hydroxide) method,*® electrochemical synthesis,> reverse microemulsion method® etc. but
they are used infrequently and only in special cases.

2.5. Applications of layered double hydroxides

Compositional diversity in the layers and in the interlayer anions leads to a functional
diversity that allows LDHs to be used for a variety of material science applications.

2.5.1. Catalytic applications

As a result of their relative ease of synthesis, LDHs represent an inexpensive, versatile
and potentially recyclable source for a variety of catalyst supports, catalyst precursors or
actual catalysts. In particular, mixed metal oxides obtained by controlled thermal
decomposition of LDHs have large specific surface areas, basic properties, a homogeneous
and thermally stable dispersion of the metal ion components, synergetic effects between the
elements, and the possibility of structure reconstruction under mild conditions. The thermal
treatments at low temperature lead to synergetic effects between the elements in spinel-like or
mixed oxide structures (e.g., Mg(AO mixed oxide with strong basic properties). The
opportunity is thus offered for the fine control of the nature of the active sites and their
environment, and the texture and the stability of the catalysts. This tailoring is supported by
the lamellar structure, resulting from the moderate-temperature dehydration. In this case both
the intercalated anion and the amount of remaining H,O determine the reactivity® and the
LDH behaves as a Bronsted-type catalyst and as such, it has been applied to aldol and

6283 epoxidation of olefins,®* halide exchanges,® phenol

Knoevenagel condensations,
hydroxylation,®® Michael additions®’ and transesterification.®® In these reactions the catalysts
are mixed oxides obtained through the thermal decomposition of the LDH precursors. Those
of the Mg(Al)O-type have attracted much attention due to the presence of Mg?*~0%" acid-base
pairs leading to specific catalytic properties. They find applications in reactions as diverse as
aldol, Claisen—Schmidt and Knoevenagel condensations, transesterification, alkylation of
phenol by alcohols, oxidation of thiols, Baeyer-Villiger oxidation of ketones, polymerization

of lactones, methanol synthesis, epoxidation of activated olefins with H,O,, and reduction of
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aldehydes and ketones by hydrogen transfer from alcohols.®**® Some examples are detailed in
the followings.

Industrial processes have hitherto used large amounts of liquid bases as catalysts for C—C
bond formation in condensation reactions. The replacement of these liquid bases by
environmentally friendly basic solids with similar activities and selectivities is a real
challenge. Basic oxides such as MgO, CaO and BaO are very active in these reactions. The
mechanism generally accepted for the aldol condensation of aldehydes and ketones involves
first a hydrogen abstraction leading to the formation of an enolate-type species, then its
condensation with another molecule, then the dehydration of the aldol thus formed to yield an
a,B-unsaturated compound. This mechanism shows that, aside from the basic sites of adequate
strength, acid sites are also required for stabilising the enolate species, and for the
dehydration.” The balance between basic and acidic sites is thus a key parameter for the
catalytic properties. lllustrations of the versatility of acid-base properties for catalytic
application are, e.g., the aldolisation of acetone, Michael addition of nitromethane and cyclo-
2-en-1-one, and cross-condensation of heptanal and acetaldehyde.”

There are a lot of examples when the active catalyst results from the intercalation of
specific anionic species in the interlayer space of the LDH, which is acting as the host
structure. In the field of catalysis, their preparation has been claimed in order to fulfill the
following objectives: (i) to obtain shape-selective chemical, electrochemical or photocatalysts,
(i) to stabilize homogeneous or biomimetic catalysts in order to increase their service life and
allow easy recovery and recycling, and (iii) to prepare supported catalysts with concentrations
of the active phase and activities higher than those obtained with conventional supports.
Although an LDH is seemingly a weak base, intercalation of acidic anions (such as many
polyoxometallate — POM anions) makes it simultaneously possess acidity, which has been
well demonstrated in the epoxidation of various olefins. Most interesting is the variation of
transition metal ions in the brucite-like layer that enables LDHs to show a spread spectrum of
catalytic activity for oxidation and reduction, which has been examplified in the applications
for total oxidation of volatile organic compounds, H, production, DeNOy and DeSOy
reactions and CNT formation.”® It has been demonstrated that both calcined and uncalcined
LDHs are effective supports for noble metal catalysts.”>"* For example, palladium supported
on calcined MgAI-LDH has been used for the one-pot synthesis of 4-methyl-2-pentanone
(methyl isobutylketone) from acetone and hydrogen at an atmospheric pressure.”> Choudary et
al.”® studied Pd(0) catalysts supported on MgAI-LDHs prepared by ion-exchange with

PdCl,*, followed by reduction. They observed that the catalysts, used in ionic liquids, not
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only exhibited higher activity and selectivity than the homogeneous PdCl, system in the Heck
olefination of electron-poor and electron-rich chloroarenes, but also showed superior activity
in the C—C coupling reactions of chloroarens compared with other heterogeneous catalysts
involving Pd(0) on supports such as silica, alumina or Merrifield's resin. Intensively
investigated polyoxometallate-based (POM) and sulphonato-salen-based (Salen) catalysts
have been intensively invetigated for oxidising C=C double bonds with H,O, or oxygen over
a homogeneous or heterogeneous catalyst in systems free of organic solvent. These two
catalytic anions can be intercalated and thus confined in the interlayer spacing of LDHs,
which leads to high activity and selectivity for epoxidation of various olefins.*” Since POMs
are restricted in the interlayer or on the surface, only part of the anion is exposed to reactants,
which probably causes the regioselective epoxidation of one C=C bond over another in the
same organic molecule, and stereoselective epoxidation of a C=C bond to form a specific
stereostructure. Stereo- and regioselectivities have been observed in the epoxidation of

terpene, 3-carene, squalene and (—)-carveol.”’

ZnAl-LDHs intercalated with sulphonato-salen-
Mn, Fe or Co complex anions have also demonstrated high activity and selectivity in the
epoxidation of various olefins. These catalysts are able to convert 95-100% of (+)-limonene
and (—)-a-pinene with nearly 90% selectivity to the relevant epoxides in various solvents with
O, or air as the oxidant at room temperature.”® The secondary and tertiary amines can be
oxidised with various oxidising reagents over the catalyst with a certain alkalinity. MgAl-
LDH is a weak base, and can be made stronger by intercalating OBu~ anion.” It showed an
activity similar or superior to KOBuU and NaOH for N-oxidation of N-methylmorpholine and
dibutylamine using H,O, as the oxidant in benzonitrile-methanol. Several secondary and
tertiary amines were readily N-oxidized with high yields (72-98%). It seems that N-oxidation
of tertiary amines is much faster than secondary amines, since the tertiary amines are almost
quantitatively N-oxidised with H,O, over WO,~MgAI-LDH under similar conditions (95%
yield).®?’ These LDH-based catalysts are all recyclable, without any obvious loss of activity.
Research involved coating LDH particles onto magnetic FezO, particle surface to form a
core-shell structure. The calcined LDH/Fe304 composite particles were then immersed in
W;0,,°" solution to load this POM during reconstruction of the LDH phase. This
magnetically recoverable POM-LDH/Fe;0, composite catalyst showed high photocatalytic
activity for the decomposition of hexachlorocyclohexane under visible light emitted from
high-pressure mercury lamp, and the activity was unchanged even after cycling for 6 times.®

8,82,83

Layered double hydroxides may also be useful support precursors of Ziegler—Natta

catalysts for ethylene polymerization or DESOy additives to FCC catalysts, showing high
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stability also under severe reaction conditions, and excellent catalytic properties as well as
easy regeneration. The more detailed description of the chosen reactions for catalytic testing
studies is given in Chs. 5.3. and 5.4., pp. 60-71.

2.5.2. Environmental applications

Recently, since serious contamination of water arises from various anionic compounds,
and cultivated soils extensively develop acidic property, attempts to remove anionic ions and
pesticides by adsorption to LDHs have steadily increased. LDH can take up a variety of
contaminants and toxic substances directly from the environment through anion exchange,
reconstruction, and adsorption.

Phosphate, a causative factor in surface water eutrophication, can be captured by the
chloride or nitrate forms of LDH through ion exchange.®*®®> Competing anions affect
phosphate uptake. For example, nitrate causes only a slight decrease in phosphate removal
whereas sulphate brings about 12-13%, and carbonate does 33%, reduction.

A few studies have been carried out to develop the potential of LDHSs as plant nutrients,
pesticides, growth regulators, and active component in animal feeds.®®®’

Only a few of natural antibiotic substances are available for pest control mainly because
of their inherent properties such as easy degradability, high minimum inhibition concentration
for practical application and often extremely low availability. The hybridisation of natural
antibiotic substances with layered double hydroxides could be an alternative for green
formulation of pesticides.®®

Humic substances constitute a major fraction of organic matter in natural water and
effluents from lakes and rivers. Their presence has been a problem in the water industry and
in environmental purification such as soil remediation. During the removal process of heavy
metal contaminants in soil remediation and the removal process of organic pollutants in
drinking water treatment, humic acids often reduce the removal of the target substances
through their adsorption onto adsorbents and/or a formation of a complex with the target
substances. The removal of the humic compound by conventional adsorbents is, however,
difficult due to their good solubility in water and their wide range of distribution in molecular
weight and size. Layered double hydroxides are ideal choice for the removal of the humic
substances, their removal occurs by both the intercalation into the positively charged
innerlayer (ion-exchange) and the adsorption onto hydroxyl groups of the layers.2® The main

advantages of LDHSs over the conventional anion exchange resins include their higher anion-
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exchange capacity for certain oxy anions and their good thermal stability. Furthermore, LDHs
can be fully regenerated in a short time for reuse.

Adsorption of carbon dioxide onto LDH was investigated as a possible method for
recovery of CO, from hot gas streams.’*®* The recovery of CO, from power-plant flue gases
is considered to be the first step in reducing total CO, emission. The carbon dioxide
adsorption capacity of LDH is dependent on the micropore volume, interlayer spacing, and
layer charge density of the material.

2.5.3. Additives for polymers

The incorporation of a polymer in the interlayer galleries may proceed via various
pathways such as co-precipitation, ion exchange, surfactant-mediated incorporation,
hydrothermal treatment, reconstruction, or delamination followed by restacking.®
Alternatively, various monomers can be intercalated and polymerised in situ within the
interlamellar space of LDH. This method requires appropriate monomers. To date,
intercalation of polyacrylate, polyaniline, poly(aminobenzoate) and poly(a,B-aspartate) have
been reported.®***% The spatial confinement is believed to increase the degree of
polymerisation, and, in addition, this type of in situ radical polymerisation process makes it
possible to tune the tacticity and the molecular weight of the resulting polymer by varying the
layer-charge density and the particle size of the host structure, respectively.

From several studies, it has been observed that the multicomponent LDH/polymer
systems are thermally more stable than the pristine inorganic compounds, leading to potential
applications such as flame-retardant composites. From an environmental standpoint, LDH-
based flame retardants are preferable to their halogen-based counterparts. Many flame
retardants are considered harmful, having been linked to liver, thyroid, reproductive or
developmental, and neurological effects In flame-retardancy tests, LDHSs are superior to other
inorganic hydroxides, such as magnesium and aluminium hydroxides.”® A throughout review
on the topic was given by Taviot-Guého and Leroux.”’

The literature regarding polymers with LDH additives is even more extensive. Now, the
LDHs are the guest materials (in previous paragraphs they were the matrices) and many
mechanical properties of the resulting polymer-nanocomposite (e.g., strength and heat
resistance, gas permeability and flammability, biodegradability, etc.) did improve with the
modification.®® These nanocomposites are prepared from the delamination of the hydroxide
sheets in a polymer matrix.” Synthetic LDHs are commercially used as acid neutralisers or

HCI scavengers in stabiliser packages for poly(vinylchloride) (PVC). PVC undergoes
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autocatalytic dehydrochlorination when exposed to heat or UV light, becoming brittle and
changing colour. Mori et al.’® reported that adding LDH to PVC in the presence of 6-anilino-
1,3,5-triazine-2,4-dithiol and zinc stearate, jointly used as a stabiliser, reduces the rate of PVC
discoloration. From the viewpoint of this work these type of applications have lower

importance, if a deeper insight is needed, please consult with the review of Kumar et al.***
2.5.4. Pharmaceutical and cosmetic applications

Pharmaceutical applications of LDHs mainly rely on their acid buffering effect and
anion-exchange properties. Hydrotalcite-derived antacidic and antipeptic formulations are
representative of their applications in pharmaceutics. Hydrotalcite has also found
pharmaceutical applications as an ingredient in sustained-release pharmaceuticals containing
nifedipine, for stabilising pharmaceutical composition, and for preparing aluminium
magnesium salts of antipyretic, analgesic and anti-inflammatory drugs.'> One principal area
that has been the focus of intense research in recent years is the use of LDH hosts as storage
and delivery devices for biologically important species. A number of important bioactive
species are based on carboxylic acids, and hence are suitable for intercalation into LDHs.
Furthermore, the wide variety of cations that can comprise an LDH mean that it is facile to
produce biocompatible materials. A variety of drugs have been incorporated into LDHs.*%3%
It is a long-term goal of pharmaceutical scientists to develop so-called ‘controlled release
formulations’ (CRFs). These are advantageous over current methods of drug delivery: instead
of taking doses of the drug regularly at given time intervals, CRFs allow the patient to take
only tablets far less frequently. Delivery of the drug is slow and sustained, and an effective
and non-toxic concentration of the drug may be retained in the body over a long period of
time. With traditional formulations, the drug concentration is in the effective region for a
relatively short period of time, at either side the concentration may be dangerously high or
ineffectively low. Choy et al. have made very significant contributions to this area. Mg,Al-
LDH was successfully employed to intercalate folic acid and methotrexate (MTX), both
commonly used to treat cancer sufferers.’® An in vitro bioassay was used to demonstrate that
in the initial stages after administration of the drug, MTX-Mg,Al-LDH has a significantly
higher efficacy against tumor cells than MTX alone. This could be because the LDH matrix
allows MTX to pass through the cell membrane more effectively, and also prevents
decomposition of the drug in the cell plasma. However, it is not exactly clear how this could
occur. The LDH is not simply acting as a delivery matrix, but is also improving the efficiency

of the drug. Another recent development is the synthesis of LDHSs intercalated with (-
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cyclodextrins.'®® These bowl-like molecules can be used to contain lipophilic drug molecules,
thereby increasing their stability, water solubility and bio-availability. LDHs can intercalate
many important negatively charged biomolecules such as oligomers, single or double stranded
DNA, and simple molecules like nucleotides.’%°" Especially, the single or double stranded
DNAs have a great deal of application potentials in various fields, expanding from gene
therapy to biosensing and even high density information storage. However, DNA strands are
very susceptible to degradation and denaturation occurring during manufacture processes and
storage. The intercalated DNA on the other hand was safely protected against harsh condition
including strong alkaline, weak acidic environments and DNase attack.’” It could also be
recovered very easily by exposing DNA-LDH hybrids to an acidic condition due to the
solubility of LDHs in acid, implying promising potential of LDHs in biological applications.
Further experiments have shown that vitamins may also be intercalated and discharged in a
controlled fashion.’® In vivo studies have demonstrated that LDH particles have little
systematic effect at low doses, and thus are likely to be suitable as drug delivery matrices.'®®
LDHs possess many fascinating features to be also applied in cosmetics like high
adsorption capacity, excellent anion-exchange ability and stabilising potentials. For example,
the high adsorption capacity can be used to remove skin exudates and to encapsulate skin
sensitive colouring and UV-screening agents, while the anion-exchange ability can be useful
to protectively deliver active substances for anti-wrinkling and skin regeneration. LDHs
stabilise unstable molecules such as retinoic acid, ascorbic acid, tocopherol, etc. often used in
cosmetics and can improve rheological properties of various formulations, especially
emulsions. Even if the practical application of LDHSs in cosmetics is not much developed,
there are some studies in which the potentials of LDHs for cosmetic purposes were

explored.“o'lll’llz
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3. THE MAIN AIMS OF THE DISSERTATION

Layered double hydroxides have a wide range of compositions which give rise to the
possibility of fine-tuning their properties in a variety of ways, allowing improved applications

in many areas. At the beginning of my work several goals were set out:

Exploring and finding the optimum experimental conditions for the synthesis of
pristine Ca(ll)Fe(111)- and Mg(Il)Fe(l11)-LDHs, representatives of hydrocalumite
and hydrotalcite structural types, respectively.

Characterising these materials with as many methods as it is possible.

Studying the catalytic activity of the pristine, uncalcined CaFe-LDH.
Functionalising CaFe-LDH via intercalating aromatic, partially or fully saturated
N-containing heterocycles — studying the effects of changing the solvents on the
intercalation and characterising the obtained organic-inorganic hybrid substances.
Functionalising chloropropylated silica gel at the N- or the C-terminal.

Comparing the catalytic activities of the L-prolinate— and DL-pipecolinate—CaFe-
LDH samples with those of the L-proline-functionalised silica gel samples and (a

purchased) L-prolinol-functionalised resin.
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4. EXPERIMENTAL PART

4.1. Materials

All materials used for experiments [calcium chloride (CaCl,, Molar Chemicals, puriss),
magnesium chloride (MgCl,-6H,0, Molar Chemicals, a.r. grade), iron chloride (FeCls-6H-0,
Molar Chemicals, puriss special) hydrogen chloride (HCI), sodium hydroxide (NaOH, VWR,
a.r. grade) potassium hydroxide (KOH, Reanal, a.r. grade), (S)-pyrrolidine-2-carboxylic acid
(L-proline, Sigma-Aldrich, >99%), DL-2-piperidine-carboxylic acid (DL-pipecolinic acid,
Sigma-Aldrich, >99%), (S)-(-)-indoline-2-carboxylic acid (dihydroindole-2-carboxylic acid,
Sigma-Aldrich, >99%), indole-2-carboxylic acid (Sigma-Aldrich, >98%), sodium
dodecylbenzenesulphonate (DBS, Sigma-Aldrich, technical grade) tert-butoxy-carbonyl-L-
proline (Boc—Pro—OH, Sigma-Aldrich, a.r. grade), L-proline methylester (H-Pro—OMe,
Sigma-Aldrich, a.r. grade) chloropropylated silica gel (SG, Sigma-Aldrich, a.r. grade, particle
size: 230-400 mesh, BET surface area: 500 m%g, functionalisation: 8%)] were used as
received without further purification. The resin-anchored L-prolinol-2-chlorotrityl ether was
also a commercial product (Sigma-Aldrich, particle size: 200-400 mesh, extent of labeling:
0.3-1 mmol/g loading). The resin in the acid-labile chlorotrityl resin is polystyrene cross-
linked with 1% divinyl benzene. Dichloromethane (CH.Cl,, Reanal), trifluoroacetic acid
(CF3COOH, Reanal) and sulphuric acid (H2SO4, CarloErba 96%) were used for removing the
protecting groups. The solvents [acetone (Sigma-Aldrich, >99.5%), methanol (Sigma-Aldrich,
99.93%), ethanol (VWR, >96%), 2-propanol (Molar Chemicals, a.r. grade) 2-methyl-2-
propanol (Sigma-Aldrich, >99.5%), formamide (Reanal, a.r. grade), 1,4-dioxane (Reanal, a.r.
grade), cyclohexene (Reanal, a.lt. grade), n-hexane (Reanal, a.lt. grade), dimethyl sulphoxide
(DMSO, Merck, 99.7%)] were also used without further purification. Filtered and ion
exchanged water (Millipore) was applied throughout the experiments.

The reagents used for the catalytic reactions [hydrogen peroxide (H,O,, 30 wt%), 2-
cyclohexen-1-one, benzaldehyde, 2-nitrobenzaldehyde, 4-nitrobenzaldehyde and 2-thiophene
carbaldehyde] were Sigma-Aldrich products. All these compounds were of analytical grade
and were used without further purification except the liquid aldehydes, which were freshly

distilled before use.
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4.2. Preparation of concentrated and carbonate-free NaOH solution

The preparation of the concentrated [c~20 M] and carbonate-free sodium hydroxide
solution was carried out by dissolving solid NaOH in water (~1:1 mass ratio). After
precipitating the sodium carbonate, the solution was filtered on polysulphone Nalgene
filter."™ The exact density of the solution was determined by a pycnometer. The concentration
of the solution was calculated from the known density vs. concentration curve of sodium
hydroxide.™* NaOH solutions of various concentrations were made from this stock solution

just before the synthesis.

4.3. Synthesis of the layered double hydroxides

The Ca(Mg)Fe-LDHs were prepared by the co-precipitation method via dropwise
addition of the two metal salt solutions with various molar ratios (M(I1):Fe(lI1) ranging from
6 to 2) to hot (ca. 80°C), vigorously stirred and Ny-blanketed NaOH solution. The
precipitates formed were rapidly filtered until air dry in a CO,-free atmosphere, with the aid
of a caustic resistant vacuum filter unit (Nalgene) equipped with an appropriate membrane
(Versapor, 0.45 um). The solid material was washed and filtered and the obtained crystals

were kept at room temperature in a desiccator over P,0s.

4.4. Intercalation of the layered double hydroxides

The anions of various N-containing carboxylic acid, aromatic (indol-2-carboxylate),
partially ((S)-(-)-indoline-2-carboxylate) or fully saturated (L-prolinate, DL-pipecolinate)
heterocycles were intercalated into CaszFe-LDH with the dehydration-rehydration method,
utilising the memory effect of the layered double hydroxides (for the structures of organic
anions, see Figure 6).

A typical recipe is as follows. The pristine CaFe-LDH was heat-treated at 773 K for 5 h
in N2 atmosphere. A portion of the obtained dehydrated material was suspended in 80 cm®
solvent mixture (ethanol/H,O/NaOH or acetone/H,O/NaOH both with 1:5:1 volume ratios),
which also contained the heterocyclic compounds in a high excess (usually 10 : 1 molar ratio
for the Fe(ll)-content of the LDO), after inert N, was bubbled through the mixture. The
reaction mixture was stirred for a week at 60 °C. The solid catalyst was filtered and washed

with water. The crystals obtained were kept at room temperature in a desiccator over P,0s.
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Figure 6. The structures of the intercalated organic anions (for simplicity, protons are uniformly
shown to be attached to the carboxylate groups).

4.5.  Immobilisation of L-proline in functionalised chloropropylated silica gel

The N-protected or C-protected L-proline was covalently grafted onto the modified silica
gel surface with esterification (tert-butoxycarbonyl-L-proline) or N-alkylation (L-proline
methylester) reactions. After 24 h reflux in a basic isopropanolic suspension (KOH was used)
the materials obtained were filtered washed and dried. Then, the protecting groups were
removed. The ester was hydrolysed with sulphuric acid (2 h reflux), while the tert-
butoxycarbonyl group was removed via a 2 h reflux under vigorous stirring at moderate
temperature (338 K) in a 1:1 mixture of CH,Cl, and CF3COOH.

4.6. Heterogeneous catalytic reactions

The pristine as-prepared layered double hydroxides were tested in the epoxidation of
electron-deficient carbon—carbon double bonds of an o,p-unsaturated ketone (2-cyclohexen-1-
one) using 30 wt% aqueous hydrogen-peroxide as oxidant under mild reaction conditions
(vigorous stirring at 298 K for 2 h) applying various solvents (methanol, ethanol, 2-methyl-2-
propanol, acetone, formamide, 1,4-dioxane, cyclohexene, n-hexane). Temperature
dependence (288-343 K range) was also examined. The catalytic properties of intercalated
derivatives (indole-2-carboxylate—CazFe-LDH and L-prolinate—CasFe-LDH) were also
examined. The general conditions for the reactions were as follows: 1 mmol 2-cyclohexen-1-
one, 4 mmol H,0,, 2.5 mL solvent, 0.075 g catalyst. Recycling and time dependence were
also studied.

The catalytic activities of the L-prolinate— and DL-pipecolinate—CasFe-LDH, the
functionalised chloropropylated silicagel and functionalised resin samples were tested in the
intermolecular cross-aldol dimerisation—condensation of acetone with various aldehydes
(benzaldehyde — on all the solid materials, 2-nitro- and 4-nitrobenzaldehyde and 2-thiophene
carbaldehyde — on the functionalised silica gel and resin samples). The reactions were run for
24 h at room temperature under vigorous stirring. Various solvents were used like water,

DMSO or the acetone reactant itself. The composition of the initial mixture was generally as
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follows: 4-5 cm® of solvent, 1-1 cm?® of the reactants (if the aldehydes were liquid) or 0.15 g
when they were solid and 0.3 g of catalyst. Recycling study with the L-prolinate—CasFeLDH

sample was also performed.

4.7. Instrumentation and characterisation methods
4.7.1. X-ray diffractometry

Powder X-ray diffraction (XRD) patterns of the air-dried and heat-treated solid samples
were registered in the 20 = 3-60° range on Rigaku Miniflex Il and DRON-2 instruments,
using CuK, and FeK, (A = 1.5418 A and 1.9374 A, respectively) radiations in Bragg-
Brentano geometry. Reflection positions were determined via fitting a Gaussian function.
They were found to be reproducible within 0.05° (20), therefore the uncertainty of the basal

spacing was estimated as £0.01 nm.
4.7.2. Thermal analytical measurements

Thermal analytical measurements (TG/DTG) were performed using a Setaram Labsys
derivatograph working under N, flow at 2 °C/min heating rate. Both the weight loss vs.
temperature (thermogravimetric — TG) and the differential weight loss vs. temperature
(differential thermogravimetric — DTG) curves were recorded. Approximately 20 mg sample
(measured accurately into a ceramic crucible sample holder) was applied in each experiment.

Measurements were started right after removing the samples from the desiccators.
4.7.3. ICP—OES measurements

Determination of the Fe(lIl) content of the LDH samples was done using a Thermo’s
IRIS Intrepid 1l ICP-OES spectrometer. The instrument was externally calibrated with a
calibration solution series prepared from ICP Multielement standard solution XXIII made by
CertiPUR.

4.7.4. Microscopic techniques

The morphology of the samples was examined with scanning electron microscope (SEM
— Hitachi S-4700 microscope with varying acceleration voltage). The samples were ground
before fixing them on a double-sided adhesive carbon tape. They were coated with gold in
order to obtain images with more contrast, using a sputter coater (Quorum Technologies

SC7620). The thickness of the gold layer was a few nanometers. The approximate
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composition and the elemental map of the substances were investigated by a Rontec QX2
energy dispersive X-ray fluorescence spectrometer (EDX) coupled to the microscope.

The layer thickness of the CasFe-LDH sample was estimated from a transmission
electron microscopic (TEM) dark-field image taken by a FEI TECNAI G?20 X-TWIN
microscope at 200kV accelerating voltage. Samples of the material to be analysed were
suspended in absolute ethanol by means of and ultrasound bath, the mixture placed on a lacey
carbon 200 mesh copper grid, and the solvent allowed to evaporate.

4.7.5. Mossbauer spectroscopy

"Fe Mossbauer spectra of the samples were recorded with conventional Mdssbauer
spectrometers (Wissel and Ranger) in transmission geometry at 78 K or 295 K. A *’Co/Rh v-
radiation source of 3x10° Bq activity was used. The spectrometers were calibrated with o-iron
at room temperature. Spectrum evaluation was carried out using the MOSSWIN code via

fitting Lorentzian curves.
4.7.6. XAS measurements

The X-ray absorption spectra (XAS) were measured at beamline 1511-3 (Figure 7) at the
MaxLab facility, Lund, Sweden. The station is based on a superconductive undulator injection
device connected to the 1.5 GeV MAX Il storage ring. X-ray radiation in the 50-1500 eV

energy range can be obtained from this system.

(b)

Figure 7. The 1511-3 station at MaxLab:(a) the beamline and (b) the spectrometers (for X-ray
absorption emission).

Since this is not the method one uses on an every-day basis (except one is working at a
synchrotron facility), the major characteristics of the method is described briefly in the
followings. The fundamental phenomenon underlying XAS is the absorption of an X-ray
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photon by a core level of an atom in a solid and the consequent emission of a photoelectron.
The absorption of the X-ray photon is based on the photo effect, i.e., the absorbed photon
pushes out an electron from the inner shell of the bombarded atom or ion. The absorption
coefficient decreases with the increase in energy, until it reaches the bonding energy of an
inner electron. At this point a sharp peak appears in the spectrum. The corresponding energy
is the so-called threshold energy. Beyond this energy a fine structure in the spectrum is seen
up to even 10000 eV. The various regions of the X-ray absorption provide different

information.
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Figure 8. The various regions of the X-ray absorption spectrum (XANES — X-ray absorption near-
edge structure, EXAFS — Extended X-ray absorption fine structure).

The part of the spectrum before the absorption edge is the pre-edge region. Information
on the bonding character, the oxidation state and the coordination geometry of the element
studied can be extracted from this part of the spectrum. Then, the absorption edge and its
immediate surrounding follow — this is the XANES region. Both XANES and NEXAFS are
acceptable terms for this part of the spectrum. The difference in usage is the energy range
beyond the absorption edge. NEXAFS is synonymous with XANES, but NEXAFS by
convention is usually reserved for soft X-ray spectroscopy ~photon energy less than 1000
electron volts. NEXAFS is generally used when applied to surface and molecular science,
while XANES is used in most other fields. In the XANES region, starting about 5 eV beyond
the absorption threshold, because of the low Kkinetic energy range (5-150 eV) the
photoelectron backscattering amplitude by neighbouring atoms is very large, thus multiple

scattering events become predominant in the XANES spectra. In the XANES region, the
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electron transfers occur to unoccupied bonding orbitals in most cases, and with much less
probability to the continuum. Changes in this region may serve as a fingerprint for the
materials. This region is the most sensitive to the changes in the geometry around the absorber
atom or ion, i.e., very significant spectral changes may be observed. They are mainly due to
the scattering of photoelectrons with low kinetic energies. Although in XANES the
atoms/ions in the first coordination sphere predominate, other strongly bound scatterers have
important effects as well. The last part is the EXAFS (Extended X-ray Absorption Fine
Structure) region, from this region structural parameters like coordination number, bond
lengths, etc. can be extracted.™®

During a NEXAFS measurement the sample is irradiated with monochromatic X-rays.
The energy of the X-rays is varied around the absorption edge. The predominant process in
the soft X-ray energy range (<2000 eV) is (by orders of magnitude) photoabsorption.
Opposite to the related X-ray photoemission spectroscopy (XPS or ESCA) technique, where
the photon energy is fixed and the electron intensity is measured as a function of electron
kinetic energy, in NEXAFS the X-ray energy is scanned and the absorbed X-ray intensity is
measured. NEXAFS spectra can be recorded in different ways, the most common methods are
transmission and electron yield measurements. The transmission technique requires thin foils
while the electron yield technique, often called total electron yield (TEY) detection, can be
used for conventional samples. The absorbed X-ray intensity is not measured directly in TEY
measurements, but rather the photoelectrons that are created by the absorbed X-rays. X-rays
are absorbed through excitations of core electrons to empty states above the vacuum or Fermi
level. The created holes are then filled by Auger decay (dominant in the soft X-ray region
over X-ray fluorescence). The intensity of the emitted primary Auger electrons is a direct
measure of the X-ray absorption process and is used in so called Auger electron yield (AEY)
measurements, which are highly surface sensitive, similarly to XPS. As they leave the sample,
the primary Auger electrons create scattered secondary electrons, which predominate in the
total electron yield (TEY) intensity. The TEY cascade involves several scattering events and
originates from an average depth, the electron sampling depth L. Electrons created deeper in
the sample lose too much energy to overcome the work function of the sample and, therefore
do not contribute to the TEY. The sampling depth L in TEY measurements is typically a few
nanometers, while it is often less than 1 nm for AEY measurements. In addition, electron
detection provides the higher surface sensitivity and in the majority of studies published in the
literature this detection scheme has been employed. The reason for the higher surface

sensitivity is the relatively low kinetic energy of the electrons and the corresponding mean
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free path in matter, which is typically less than 1 nm for energies between 250 eV and
600 eV. Although the X-ray photons penetrate many microns deep into the sample, the
electrons generated at that depth do not emerge from the sample. The inelastic scattering
process leads to an electron cascade, of which only those electrons with sufficient energy to
overcome the work function of the material will escape the surface. The resulting effective
escape depth — and therefore the information depth of electron yield NEXAFS — has been
estimated to be in the range of 5 nm for metals and semiconductors, and slightly larger for
insulators due to the reduced electron—electron scattering mechanism. The surface sensitivity
can be further enhanced by applying a retarding voltage before the electrons enter the
channeltron. By suppressing lower Kinetic energy electrons, only those electrons that emerge
from the outermost surface region (=3 nm) are detected. For the investigation of adsorbates on
surfaces, this so-called partial electron yield (PEY) detection has a better signal-to-
background ratio than total electron yield (TEY) detection, where all electrons that emerge
from the surface are detected. A further option is Auger electron yield (AEY) detection,
where only elastically scattered Auger electrons are recorded. The AEY mode requires an
electron energy analyser but provides the best surface sensitivity of the three detection
techniques.'*®

NEXAFS is element specific because the X-ray absorption edges of different elements
have different energies, and it is also very sensitive to the bonding environment of the
absorbing atom. Information concerning the orientation of the molecule can be inferred from
using polarised X-ray irradiation.

Actually, the 1511-3 beamline is dedicated to RIXS (Resonant Inelastic X-ray Scattering)
measurements, the prerequisite of which is registering the X-ray absorption spectra. Here, |
am going to give the parameters of this part, even though our longer term aim is to exploit the
full potential of the experimental station. (The RIXS spectrum is measuring X-ray emission at
the absorption edges and can provide more detailed structural information than the absorption
spectrum alone.)

The X-ray absorption spectra of the pristine CasFe-LDH as well as the L-proline
intercalated CasFe-LDH samples were registered around the Cals, Fe2p, Ols and N1s
absorption edges. The samples were inserted a high-vacuum chamber (the pressure was lower
than 3.4x10°® mbar), and the spectra were recorded at 0.05 eV steps around the absorption
edges. Measurements were performed in the total fluorescence yield (TFY) mode and at

various spots of the samples to avoid radiation damage.
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4.7.7. UV-Vis spectroscopy

The quantities of the intercalated anions (in the case of indole-2-carboxylate) were
measured by UV-Vis spectroscopy. After the acidic degradation of the layers, the indole-2-
carboxylic acid concentration was determined at two different wavelengths (218 nm and
292 nm) in a Hewlett Packard 8452A diode array spectrophotometer. The extent of the
intercalation is determined from the ratio of indole-2-carboxylate and Fe(lIl).

4.7.8. FT-IR spectroscopy

The Fourier-transform infrared (FTIR) spectra of the pristine, the organic anion-
intercalated LDH and the functionalised silica gel or resin samples were recorded on a
BIORAD FTS-65A/896 spectrometer equipped with a DTGS detector in diffuse reflectance.
Spectral resolution was 4 cm™* and 256 scans were used for a spectrum. The spectra were
baseline corrected and smoothed using the WIN-IR software package. The samples were

finely ground and combined with KBr (without pressing into pellets).
4.7.9. Molecular modelling

The sizes of the various intercalated carboxylate ions were determined after performing
full geometry optimisation with the PM3 semiempirical quantum chemical code included in

the Hyperchem 8.0 molecular modelling package.
4.7.10. Gas chromatography

The epoxidation of 2-cyclohexen-1-one was followed by gas chromatography with the
aid of a Hewlett-Packard 5890 Series II: instrument (50 m long HP-1 column, flame
ionisation detector) using the internal standard technique.

The chemical compositions of the reaction mixtures after the intermolecular cross-aldol
dimerisation-condensation of acetone were determined with an YL6100GC-6000 series gas
chromatograph (30 m long Cyclosil B column, inner diameter: 0.25 mm) working in the
isothermal mode, at 383 K. Product identification and quantitative analysis were done with

mass selective and flame ionisation detectors, respectively.
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5. RESULTS AND DISCUSSION

5.1. Preparation and characterisation of Ca(ll)Fe(lll)- and Mg(l1)Fe(lll)
layered double hydroxides

As it has been mentioned earlier, there are two main structural varieties in the family of
layered double hydroxides. One is the group of hydrotalcites resembling the structure of
brucite [layered Mg(OH);]. In this group the layers contain octahedrally coordinated two- and
trivalent metal ions, the edge sharing octahedra are connected by the hydroxide ions. They are
located at edges of the layers. The other one is the group of hydrocalumites. The divalent ion
is the calcium ion here, and it is heptacoordinated, thus, the layer consists of edge-sharing
heptacoordinated calcium hydroxide decahedrons and hexa-coordinated trivalent metal
hydroxide octahedrons. In this section | concentrate on describing the optimum experimental
conditions for the synthesis of pristine Ca(ll)Fe(l11)- and Mg(Il)Fe(I11)-LDHs, representatives
of hydrocalumite and hydrotalcite structural types, respectively.

Mg(I)Fe(111)- and Ca(ll)Fe(111)-LDHs are already known from the literature 3178
since we aimed at using them in intercalation studies, we needed more detailed information
about their structural characteristics and the optimal synthetic conditions.

The preparation protocols were optimised through varying the NaOH concentrations, the
ratio of the di- and trivalent ions, performing the synthesis in air or excluding the airborne

CO; by blanketing the reaction mixture with No.
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Figure 9. XRD patterns of the freshly prepared and air-dried Mg(ll)sFe(I1l)-LDH with varying
[NaOH]+ (A) and varying Mg/Fe ratio (B — The final pH value was 9.5 in the synthesis solution).
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Figure 10. XRD patterns of the freshly prepared and air-dried Ca(ll)sFe(lll)-LDH with varying
[NaOH]+; (A) and varying Ca/Fe ratio (B — The final pH value was 13 in the synthesis solution).
Reflections associated with Ca(OH), side product are indicated with *.

The diffractogram consists of basal and non basal reflections. The basal reflections (00I)
represent the thickness of an | number of layers, each consisting of one octahedral metal layer
and one interlayer. The typical reflections (003, 006) appearing on the diffractograms and
most of the interlayer distances (calculated from the positions of the first reflections) in Table
1, prove that our syntheses were successful. Another important reflection is the (110), which
represents the distance between two metal cations in the octahedral layer. The a-parameter of
the crystal equals two times the d-spacing of the (110) reflection.™® The intensities of the non
basal reflections are used to distinguish between the various polytypes.

As Figure 9. A) and Figure 10. A) attest the syntheses were not successful under highly
alkaline (5 M, 10 M NaOH) or hyperalkaline (20 M NaOH) conditions either because layered
double hydroxides were not formed or because the ratio of secondary products was too high.
However, when the final NaOH concentration was set to 0.1 M, the majority of the sole
products were layered double hydroxides. In methods A and B the final NaOH concentrations
were set t0 3.16:10"> M for Mg,Fe-LDH and 0.1 M for Ca,Fe-LDH, in methods C, and D they
were 1.875 M and 2.55 M, respectively. In method B N,-blanketing was applied.

XRD measurements confirmed the formation of LDH structures in Methods A, B and C.
XRD patterns of the samples with different Mg(l1)/Fe(l11) ratio exhibited broad reflections
corresponding to hexagonal LDH phase. Considerable (ca. 10 %) increase was found in the
d(003) basal spacing values (from 0.798 nm to 0.823 nm) as the Mg(ll)/Fe(lll) ratio was
increased from 2 to 6.

The XRD traces revealed that Ca,Fe-LDH was the only one that was phase pure,

21
l.

coinciding with the observation of Rousselot et al.~~ Here, all the reflections typical of a
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layered double hydroxide could be found and there were no other reflections. For the samples

with higher Ca(ll)/Fe(l1l) ratios new reflections showed up, which could clearly be assigned

to a Ca(OH), phase. There was some increase in the d(003) basal spacing values with

increasing n (it is though it is at the limit of detectability) verifying that LDH phase was

always present in the samples (Table 1). The relative quantity of the Ca(OH), phase could

also be estimated (Figure 11). On increasing Ca(ll) to Fe(lll) ratios from 2 to 6, the quantity

of Ca(OH), almost linearly increased from 0% to ~60%.

Table 1. Interlayer distance (d/nm) for Mg(ll)Fe(l11)-LDHs and Ca(ll)Fe(l11)-LDHs having various
di- to trivalent metal ratios prepared following different synthesis protocols.

Mg(ll) : Fe(111) molar ratio

Method 2:1 31 4:1 5:1 6:1
Interlayer distance, d/nm
A 0.796 0.798 0.809 0.806 0.812
B 0.798 0.801 0.799 0.823 0.806
C 0.758 0.771 0.785 0.793 0.788
D 0.793 0.478 0.775 0.441 0.469
Ca(ll) : Fe(Ill) molar ratio
Method 2:1 31 4:1 5:1 6:1
Interlayer distance, d/nm
A 0.789 0.778 0.763 0.759 0.769
B 0.782 0.774 0.775 0.754 0.761
C 0.773 0.775 0.775 0.773 0.777
D 0.489 0.489 0.490 0.491 0.481
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Figure 11. The relative quantity of the Ca(OH), phase in the function of the molar fraction (x) of
Fe(lll) in the Ca,Fe-LDH samples (where n is the Ca(l1)/Fe(l11) ratio in the synthesis mixture).
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As it is seen, the Ca(OH), content almost linearly increased with increasing Ca(ll)/Fe(l11)
ratio, i.e., as the relative Ca(ll) content increased, substantially smaller amount of Ca was
incorporated into the layers of the LDH compared to the intended composition. However, the
basal spacing increased as the Ca(ll) content increased, which may be taken as a sign of the
increasing number of Ca(ll) ions in the environment of Fe(l1l) ions.

Data reveal that 0.1 M concentration for the NaOH solution is adequate for the successful
synthesis of both hydrotalcite and hydrocalumite LDH types and using N blanket is
advantageous if one does not want the strongly adhering COs> ions to be present among the
LDH layers. The evaluation of the diffractograms with the aid of the EXRAY program and
comparing the results to ASTM standard data files reveals that the reflections of
Ca(ll),Fe(1l1)-LDHs can be indexed for a hexagonal lattice with R3m rhombohedral
symmetry (Hexagonal Scalenohedral class), which is commonly used for description of LDH

structures; from thus the lattice parameters could be determined (Table 2).

Table 2. Lattice parameters of Ca,Fe-LDHs.

Sample

(from Method B) d(003) / nm a/nm c/nm D (thickness) / nm
CayFe-LDH 0.782 0.583 2.302 35.37
CazFe-LDH 0.774 0.583 2.306 35.61
CayFe-LDH 0.775 0.586 2.329 36.66
CasFe-LDH 0.754 0.579 2.270 34.64
CagFe-LDH 0.761 0.581 2.277 34.36

The average value of D was calculated from FWHM of peak (003) and (006) using the
Scherrer equation:

D BA
" PBcosH
(where B is the shape factor, A is the X-ray wavelength, B is the line broadening at half of the

maximum intensity (FWHM) in radians, and 6 is the Bragg angle). The observed lattice
parameters (a and c) are similar to that reported elsewhere.!?® Ca,Fe-LDH has lattice
parameter a of ~0.58 nm due to the seven-coordination structure of Ca(I1).*** The FWHM of
(hk0) was determined to be higher in MgFe- than in CaFe-LDHs showing the better
crystalinity of CaFe-LDHs.

*"Fe Mbssbauer spectra recorded at 295 K and 78 K are displayed in Figure 12 and

relevant data are summarised in Table 3 for Mg,Fe-LDH and in Figure 13 and Table 4 for
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CanFe-LDH. The evaluation of the Mdssbauer spectra obtained at 295 K was optimal with
fitting an asymmetric doublet. It should be pointed out at once that this asymmetry is probably
not related to texture effects as one might think. The asymmetry may be attributed to Fe®*
positional disorder within the Fe(OH)¢ octahedra. This is expected since the iron centres are
surrounded by Fe** and M(II) at random, and these randomly distributed neighbouring
octahedra exert perturbations on the Fe** centres with varying intensities.”®

The >"Fe Mossbauer parameters reflect high-spin Fe(l11) microenvironments for all cases.
*"Fe Mossbauer measurements were repeated on a series of freshly prepared samples cooled
immediately to 78 K after their preparation to avoid structural changes due to the possible
reaction with aerial CO,. Spectra and parameters obtained were reproducible for every
sample. At 295 K the Mdssbauer parameters were in excellent correspondence with those
measured at 78 K, except the isomer shifts, which displayed some changes due to second

order Doppler shift.

Table 3. > Fe Méssbauer parameters obtained at 78 K and 295 K for Mg,Fe-LDHs.

Mg(Il) : Fe(l11) molar ratio

2:1 3:1 4:1 5:1 6:1

0/mm/s 0.46+0.004 0.46+0.003 0.46+0.005 0.46=+0.004 0.46=+0.005
78K  A/mm/s 0.63+0.01 057+0.01 0.54+0.01 0.52+0.01 0.52+0.01
W/mm/s 0.53+001 047+0.01 046+0.01 046+0.01 0.48+0.015

0/mm/s 0.36+0.000 037+0.003 036+0.002 0.37+0.002 0.37+0.008
295K A/mnm/s  0.62+0.001 0.54+0.003 0.51+0.002 0.51+0.003 0.52+0.009
W/mm/s 0.63+0.002 0.76+0.007 0.74+0.004 0.68+0.005 0.65+0.017

No change was observed in the isomer shift with the variation of Mg(Il)/Fe(lll) ratio,
reflecting no change in the electronic density at the site of the iron nucleus in these LDHs.
This is in agreement with the ionic character of these compounds. However, it has been found
that the quadrupole splitting significantly decreased with increasing Mg/Fe ratio indicating
that the electric field gradient at the iron site increased on increasing iron content. This is
consistent with the variations in the spatial charge distribution around the iron. At low iron
content, in MggFe-LDH, iron is situated in a layer where there are mainly Mg(Il) ions in its
second coordination sphere, which can supply a more symmetric charge distribution,

consequently, a smaller electric field gradient and quadrupole splitting. In Mg,Fe-LDH, some
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Mg atoms in the second coordination sphere must be replaced by Fe(l1l) atoms increasing the
electric field gradient and the quadrupole splitting. The results revealed that different
microenvironments of iron were incorporated into Mg site in Mg,Fe-LDH structures at
different Mg(I1)/Fe(111) ratios.
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Figure 12. The *'Fe Méssbauer spectra of Mg,Fe-LDH at 78 K (left) and 295 K (right).

>"Fe Mossbauer measurements revealed significant differences only in the values of
quadrupole splitting between Ca,Fe-LDH and the other Ca-containing samples (Table 4). It
may indicate a change in the charge distribution asymmetry between CaFe-LDH and the
other samples, which is also the sign of the change in the amount of Ca(ll) ions around the
Fe(Il) ions next to their immediate surroundings. The same isomer shift for all substances
shows that the electron field density measured at the iron nucleus — which is characteristic of

the chemical bond — was identical for every sample.
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Table 4. > Fe Méssbauer parameters obtained at 78 K and 295 K.

Ca(ll) : Fe(111) molar ratio

2:1 3.1 4:1 5:1 6:1
6/mm/s 0.46+0.001 047+0.002 047=+0.001 047+0.011 0.47+0.003
78K  A/mm/s 0.52+0.001 045+0.003 046+0.001 045+£0.01 0.45=+0.004
W/mm/s 0.49+0.003 0.43+0.005 041+0.003 0.41+£0.01 0.39+0.008
8/mm/s 0.37+0.003 0.37+0.002 0.37+0.003 0.36+0.005 0.37=+0.003
295K A/mm/s 0.49+£0.004 041=+0.002 041+0.004 0.40+0.005 0.40=0.004
W/ mm/s 0.60+0.007 0.54+0.004 0.61+0.007 0.64+0.010 0.56=0.007
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Figure 13. The *'Fe Mdssbauer spectra of Ca,Fe-LDH at 78 K (left) and 295 K (right).
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It has been observed that letting the Ca,Fe-LDH stand in air for an extended period of
time (~3 months), the quadrupole splitting has changed from 0.49 mm/s to 0.69 mm/s at
298 K. Since the Mossbauer parameters of a freshly prepared sample were the same as of the
original one before ageing, and those of the other samples did not vary with ageing, it can be
stated that phase-pure CayFe-LDH decomposed on ageing and CaCOj; became the
predominant crystalline phase. This is verified with the X-ray diffractogram of the aged

sample (Figure 14).

Intensity (counts)
1

200

Figure 14. The X-ray diffractogram of Ca,Fe-LDH after ageing in air for ~3 months — CaCOs; is the
predominant crystalline phase (reflections denoted by vertical lines).

It seems to be clear that the presence of Ca(OH),, even in small amount, inhibits the
decomposition of the LDH phase, and therefore, exerts a stabilising effect. Although the
M(I):M(I11) ratio is 2 in hydrocalumites — M(OH), is also formed in all other composi-
tions —, this ideal compositions of CaFe-LDH suffers from some instability. The 3:1
composition is proved to be ideal for further works of longer duration, since it is stable in air
and contains Ca(OH), of only ~10%.

For more detailed investigations, described in the followings, the MgsFe-LDH and the
CasFe-LDH samples were chosen, since they nearly completely phase pure and they do not
suffer such instability than lower M(I1)/Fe(l11) ratios. (In the sections where the intercalation
work is described and discussed they will be mentioned as CaFe- and MgFe-LDHs.)

X-ray absorption spectra of the pristine CagFe-LDH sample registered around the Ca2p,
Fe2p and Ol1s edges are seen in Figure 15. I am only going to give their qualitative

description, and they will be used as references for those of the L-proline—CaFe-LDH sample.
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Figure 15. X-ray absorption spectra of the CasFe-LDH sample performed around the Ca2p, Fe2p and
O1s absorption edges.

Both the Ca and Fe X-ray absorption spectra contain two intense peaks, since the 2p and
the 2py/, energies are close to each other for both elements. The less intense peaks probably
indicate separate phases and/or imperfections in the crystal structure. We know from XRD
measurements that Ca(OH), is present as a minor but important stabilising component beside
the LDH. Since there is no sign a separate Fe-containing non-LDH phase, the splitting in the
peak at higher energy in the Fe X-ray absorption spectrum may be due to imperfections,
probably vacancies in the LDH crystal structure. The Ol1s X-ray absorption spectrum has two
pre-edge features indicating that oxygen is present in various environments. Beside the
octahedral location in the LDH structure, the geometric environment in the Ca(OH), phase is
probably different, just as at the imperfections of the LDH crystal lattice.

The results of thermal measurements are consistent with those characteristic of MgFe-
LDH compounds.”® The DTG curve for Mg,Fe sample is shown in Figure 16. Two
endothermic peaks located between 100 and 170 °C and at 320 °C are observed. The first
thermal event is attributed to the loss of physisorbed and interlamellar water (without the
collapse of the layered structure) along with a grafting process of the interlamellar anion. The

second thermal event (at 320 °C) is related to the collapse of the lamellar structure where both
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hydroxyl groups and interlamellar anions are released. The results are qualitatively consistent
with those observed for other hydrotalcite systems.*??

As for the CasFe-LDH, until the collapse of the layered structure, water loss occurred in
three major steps: first, desorption of physisorbed water (100-150 °C), then removal of
interlayer water (175-350 °C) and finally, the loss of structural water (400-475°C — it is in
the form of structural OH groups) leading to the deterioration of the layered structure. The

temperature ranges differed for the two compounds.
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Figure 16. TG/DTG curves for Mg,Fe and CasFe LDHEs.
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The FT-IR spectra (Figure 17) indicate the presence of isolated (Ca(ll)sFe(lll)-LDH:
3640 cm ™, Mg(l1)sFe(111)-LDH: 3731 cm™) as well as hydrogen-bonded OH™ groups in both

samples (the broad bands above 3000 cm™). This hydrogen-bonded network is among OH"

groups and water molecules adsorbed on the outer surface as well as present in the interlayer

spacing. This band is much broader for Mg(Il)sFe(ll1)-LDH, indicating more extended

hydrogen-bonded network.
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Figure 17. FTIR spectra of the CazFe- and the Mg,Fe—LDH.
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Bands near 1620 cm™ (MgsFe-LDH: 1625 cm™, CasFe-LDH: 1619 cm™) are due to the
deformation vibrations of the interlayer water molecules. Although not as widespread but
equally important, FT-IR can describe the LDH lattice vibrations with an excellent degree of
validity. Bands under 1000 cm™* may be assigned to the O—metal ion-O units of the layers.
These vibrations are dependent on the type of metals in the LDH, so different metals will lead

to different vibrational mode®?®

assignments. Since chloride salts and NaOH were used in the
synthesis, CI” and OH™ ions were the main interlayer anions. It should be noted that the band
characteristic to the carbonate ion (~1360 cm™') is not seen in the spectra, therefore it is
present in insignificant quantities among the layers.

SEM images also indicated the layered structure for both chosen samples (Figure 18 for
MgsFe-LDH, Figure 19 for CasFe-LDH). This is fortunate, since arrangement at the atomic
level is not always reflected in the morphology of the materials. The basic shape of an LDH
crystal is a hexagonal platelet. These large amounts of tiny crystals hardly grow out; instead
they agglomerate in regions of less turbulence, resulting in a broad size distribution of
agglomerated particles. In the agglomerated particles, the platelets are piled on top of each
other. The di- and trivalent metal ions are largely evenly distributed in the samples, as it is

seen in the SEM—EDX elemental maps.
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Figure 18. SEM images of Mg(Il)4Fe(ll1)-LDH at various magnifications and elemental map at
magnification of 35,000.
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Figure 19. SEM images of Ca(ll)sFe(lll)-LDH at various magnifications and elemental map at
magnification of 10,000.

As stated earlier, CasFe-LDH has a rhombohedral crystal space group. When viewed
by SEM, the LDH crystals appear as (hexagonally shaped) platelets, but the actual hexagonal
shape is more clearly seen by the TEM image (Figure 20). The hexagonal platelets are the
most common image for LDH with simple anions (halides, nitrate and carbonate), even if the
LDH have a rhombohedral crystal polytype. This is not a contradiction, because the
rhombohedral polytype refers to the layer stacking sequence and the hexagonal platelets refer
to overall crystal growth. Note, that LDHs have been observed to have quite different
morphologies with certain organic anions.**

As can be seen, the pristine CagFe-LDH particles are of typical plate-like shape with
the lateral size of 150-300 nm, but the sample had a relatively broad size distribution because

of crystal aggregation.
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Figure 20. Bright field (a) and dark-field (b) TEM images of CazFe-LDH.

The distance of two layers in the CasFe-LDH sample was estimated from a transmission
electron microscopic (TEM) dark-field image (Figure 20. b), giving a value of approximately
0.58 nm. If one substracts this from the basal spacing obtained from powder XRD, the layer
thickness value (0.19 nm) is in good agreement with the 0.178 nm, determined by others from
high-precision XRD data.”*
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5.2. Intercalation into the CasFe-LDH

It has been found that the ideal LDH to prepare intercalated organic-inorganic composites
is the CagFe-LDH (denoted as CaFe-LDH in the followings), which is not air sensitive, stable
in aqueous solution, and has reasonably large primary particle size.

The carboxylate anions were intercalated into CaFe-LDH with the dehydration-

rehydration method, utilising the memory effect of the layered double hydroxides.

C fan o8y 3(104) (10) 009y
£ : CaFe-LDH after calcination,
rehydrated

CaFe-LDH after calcination,
dehydrated

Intensity / counts

CaFe-LDH before calcination

2e/°

Figure 21. Dehydration (at 500 °C, N) and rehydration (in ethanol/water solution) of the CaFe-LDH.

First, it was verified that upon these conditions the rehydration of the "layered double
oxide" occurred and the original structure restored indeed (Figure 21).

In the course of intercalation the heterocyclic compounds were suspended in alkaline
ethanol/water or acetone/water solvent mixtures. Upon rehydration, ion exchange occurred as
well. Powder XRD measurements were performed on the pristine LDH and the sodium salt of
the carboxylic acids, as well as the intercalated samples obtained from both solvent mixtures.
Carbon dioxide was carefully excluded from the reaction mixture, to avoid intercalation of
carbonate ion in the positively charged layer, since in this case further ion exchange (i.e.,
substitution of the carbonate ion) would have been tremendously difficult.

Obviously, one has to make sure that the intercalation was successful, therefore
characterisation steps followed to prove the presence of the organic anions between the layers
of the LDH. Powder XRD measurements were performed first on the pristine as well as the
intercalated samples. The diffractograms obtained (Figure 22) were typical of LDHSs, but for

ease of comparison and perspicuity, only the first reflection are presented (20 = 3—14°).
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Figure 22. XRD traces of the pristine CaFe-LDH, the intercalated LDH prepared from alkaline
ethanol/water and acetone/water mixtures and the Na-salts of the carboxylate anions.

Basal spacings were calculated from the (003) reflection. The measured interlayer
spacings contain one layer of the host material, which may be approximated as 0.178 nm,
according to Rousselot et al.* Thus, the distance of the layers is shown in Table 5 along with
the dimensions of the anions, optimised by the PM3 semiempirical code. Since the sizes of the

D and L isomers are different, the dimensions of both were calculated.

47



(WU 8/T°0) HAT-84%eD JO SsauxdIy} Jake] auy Aq paonpal €0p panlasqo Ajfeuswiiadxe ay) Se pere|nofed .«
poysw [eaidwsiwss SN 8yl Ag paziwndo ‘uy Ajasioaid uoiue ay) yaiym ul plogno e Jo sabipa ayl «

€50 geo0 6€°0
850 190 9,0 6.0 ajeuljosd-
¢so 820 6€°0
90T 090 £9°0 0E0 o vz 80 31e|AxoqJed
/S0 €0 €v0 -aulpuadid-z-1a
0T 190 O reh 080 2T 610 1e1Axoq.e0
8.0 00 0S°0 |N|®C__OUC_|A|V|AWV
90'1T 190 8L°0 0€0 050 vt 6.0 aje|Axoqued-z-ajopul
sx(WU) O?H/oU01B0Y sx(WUU) OPH/HOT (wu) » (wu) (wu) $9]0A204318Y
aouelsIp Jakepiaiu| aouelsIp Jakepiaiu| suolue ay) Jo suoisuswiq O%H/aU0182y OH/HO3 Bulurejuod-N

"SHQAT parejealaiul ay) o) sanjea ©0)p sy ‘g ajqeL

48



The interlayer distances were found to be significantly different in the intercalated LDHs
prepared in different solvents. If the rehydration took place in alkaline acetone/water, XRD
measurements indicated extremely increased interlayer distances in all cases except for the
intercalated L-prolinate — sure sign of successful intercalation. In contrast if alkaline
ethanol/water mixture was applied during syntheses the interlayer distances did not change
significantly. Two possible explanations may account for these experimental results. Either
there was no intercalation or the dimensions of the anions allow an arrangement in the gallery
space of LDH that does not cause appreciable change in the basal distance. This issue and the
possible arrangement of the organic molecules in the gallery space of LDHs will be discussed
in the followings.

Determination of the amount of the intercalated indole-2-carboxylate between the layers
was also attempted. Theoretically, the amount of the interlayer anions is equal to the Fe** —
content of the layer. By ICP-OES measurements the iron-content of our pristine LDH was
6.859 - 10 mol/g. This is the maximum quantity of the carboxylate anions that can be
intercalated. UV-VIS spectroscopy was applied to find out the actual intercalated amount.
Only the indole-2-carboxylic acid has appreciable absorbance in the range of 200-800 nm
(A =218 nm and 292 nm), therefore similar measurements could not be applied for the other

intercalated ions.

Table 6. The indole-2-carboxylate content of the LDHs.

indole-2-carboxylate—LDH indole-2-carboxylate—LDH
EtOH/H,0 acetone/H,0
indole-2-carboxylate intercalated to d ! a4 aed
the LDH (mol/g) 1.88-107"-2.20- 10 238-107-2.75-10
(Ningote/Nee) - 100 27-32% 34-40 %

According to the UV-Vis measurements, the intercalation of indole-2-carboxylate in both
in ethanol/water and in acetone/water was successful (Table 6), although slightly lower
amount of organic anion was incorporated between the layers when aqueous ethanol was the
solvent. A possible explanation can be that an aqueous medium favours the exchange with
inorganic anions, whilst an organic solvent does it with organic anions.*’

In order to confirm that the intercalation was successful, the samples were further studied
by scanning electron microscopy followed by elemental mapping and EDX measurements.

SEM micrographs of the samples were taken at various magnifications.
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Figure 23. SEM images of (a) the indole-2-carboxylate-LDH prepared in EtOH/H,0, (b) the indole-2-
carboxylate—LDH prepared in acetone/H,0, (c) the sodium salt of the indole-2-carboxylic acid.
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Figure 24. SEM images of (a) the (S)-(-)-indoline-2-carboxylate—-LDH prepared in EtOH/H,0, (b) the
(S)-(-)-indoline-2-carboxylate—LDH prepared in acetone/H,O, (c) the sodium salt of the (S)-(-)-
indoline-2-carboxylic acid.
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Figure 25. SEM images of (a) the DL-2-piperidine-carboxylate-LDH prepared in EtOH/H,0, (b) the
DL-2-piperidine-carboxylate-LDH prepared in acetone/H,O, (c) the sodium salt of the DL-2-
piperidine-carboxylic acid.
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Figure 26. SEM images of (a) the L-prolinate—LDH prepared in EtOH/H,0, (b) the L-prolinate—LDH
prepared in acetone/H,0, (c) the sodium salt of the L-proline.

The lamellar structures of the samples are clearly seen even at the lowest magnification.

At the highest magnification one can see some minor differences in the morphologies of the
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samples obtained from the different solvents. The images reveal that the carboxylate ions are
within the layers, since the significantly different crystals forms of the carboxylate salts are
not seen on the outer surfaces of the lamellae of the hybrid materials even at relatively high
magnifications.

The SEM-EDX combination allowed us to prepare the elemental map of the intercalated

material. They are seen in Figure 27. a) — h) on the SEM images of the hybrids.

Figure 27.a-h) Elemental maps made on the SEM images of the samples.

600k || I LI T LI TII 60.0k . Frrrrrerend
500 nm 500 nm

Figure 27.a) indole-2-carboxylate—LDH prepared in EtOH/H,O (magnification at 60,000).
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Figure 27.c) (S)-(-)-indoline-2-carboxylate—LDH prepared in EtOH/H,O (magnification at 9,000).
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Figure 27.e) DL-2-piperidine-carboxylate—LDH prepared in EtOH/H,0 (magnification at 25,000).
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Figure 27.9) L-prolinate-LDH prepared in EtOH/H,O (magnification at 13,000).
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Figure 27.h) L-prolinate-LDH prepared in acetone/H,O (magnification at 8,000).
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The Ca—Fe maps verify that we have double hydroxides in our hands indeed, not only
because the metals (ions) are evenly distributed in the sample, but also because there is no Fe
or Ca accumulation, i.e. individual segregated oxides are not formed. The C-0, the C and the
N maps indicate that the respective organic materials are also evenly distributed in the
samples, i.e. the SEM images and this map — supplemented with the fact that we could not
find any sign of Na which would refer to the presence of sodium salts — together convincingly
show that the intercalation, and not adsorption on the outer surface of the LDH took place.

Thermal properties of the neat LDH and those of the intercalated samples were also
compared and the major findings are shown on the example of the indole-2-carboxylate—
LDH. (Figure 28-Figure 29).
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Figure 28. TG and DTG analysis of the original LDH and the indole-2-carboxylate—sodium salt.
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Figure 29. TG and DTG analysis of the indole-2-carboxylate—-LDH prepared in EtOH/H,O and the
indole-2-carboxylate—-LDH prepared in acetone/H,0.

The LDH without the organic compound displayed the expected behaviour typical of
LDHs. First, the physisorbed water is desorbed in a relatively narrow temperature range
(383-423 K), after that, the interlayer water is gradually removed in a wide temperature range
(423-613 K), then the structural water leaves in a relatively narrow temperature range

(643-723 K) and the layered structure collapses. The intercalated structure behaves
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differently in the sense that now we do not see the slowly leaving interlayer water. Instead,
within 100 degrees (623—723 K) the organic material and possibly the structural water leave
and the layered structure collapses. In both examined cases weight losses happened at slightly
lower temperatures if acetone was used during synthesis.

The IR spectra of the samples (organic salts, and the intercalated CaFe-LDH) were also
taken and compared. The main goals were to see if there were organic molecules in the
sample on one hand and if the carboxylate anions remained intact on the other hand, i.e., no

undesired chemical reactions (e.g. degradation) took place during preparation.
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Figure 30. The difference IR spectra of the indole-2-carboxylate—LDH prepared in acetone/H,O (A),
the indole-2-carboxylate—LDH prepared in EtOH/H,O (B) (the spectrum of the LDH was subtracted)
and the Ir spectrum of the sodium salt of indol-2-carboxylate (C).

The difference spectra and those of the corresponding spectra of the indole-2-carboxylate
ions show close resemblance, therefore, it can be stated that the LDH samples contained the
organic ions and they were intact. The band due to the N-H stretching vibration
(3400-3250 cm™) is approximately equal in intensity in the spectra of the sodium salt and the
organic-inorganic composite. However, for the intercalated anion, the peak shifted to higher
energies and became less elongated demonstrating the success of intercalation. It can be seen
in the vibrations of the carboxylate group (~1550 cm™) that the peaks are displaced and their
intensities decrease also suggesting that the organic anion interacts with the layered double

hydroxide.
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Figure 31. The difference IR spectra of the dihydroindole-2-carboxylate-LDH prepared in
acetone/H,0 (A), the dihydroindole-2-carboxylate-LDH prepared in EtOH/H,0O (B) (the spectrum of
the LDH was subtracted), and the sodium salt of dihydroindol-2-carboxylate (C).
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Figure 32. The IR spectra of the sodium salt of dihydroindol-2-carboxylate (a) and dihydroindole-2-
carboxylate—LDH prepared in acetone/H,0O (b) (the spectrum of the LDH was subtracted) focusing on
the characteristics bands.

The same conclusions may be drawn regarding the composites containing dihydro-
indol-2-carboxylate: the amine band vibrations are approximately the same for the sodium salt
and for the intercalated compound. The vibration bands around 3100-3000 cm™ in all cases
are probably due to the —CH group in the framework of the anion. In Figure 32, the
characteristic band are enlarged: the vibrations due to the N-H stretching and of the

carboxylate group are depicted, thus one can clearly see the similarity.
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Figure 33. IR spectra of the DL-pipecolinate-LDH prepared in acetone/H,O (A), the DL-
pipecolinate—-LDH prepared in EtOH/H,O (B) and the sodium salt of DL-pipecolinate (C).
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Figure 34. IR spectra of the L-prolinate-LDH prepared in acetone/H,O (A), the L-prolinate-LDH
prepared in EtOH/H,0 (B), and the sodium salt of L-prolinate (C).

In Figure 34, the strong, wide bands at higher wavenumbers are most probably due to the
amino groups. In the difference spectra of the intercalated LDH they are much sharper and
less intense. There are significantly more absorption bands in the spectra of the pristine L-
prolinate, compared to the intercalated anion. Nevertheless, the spectra of L-prolinate-LDH
prepared in both solvents contain the peak around 1400 cm™, which is presumably the

vibration of the carbonyl in the carboxylate group. The difference spectra clearly show that
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the carboxylate anions are present in the composite and their bands are shifted compared to
the sodium salt, i.e., the anion interacted with the layers of the LDH.

X-ray absorption spectra of the pristine CaFe-LDH and the L-prolinate—CaFe-LDH
samples are depicted in Figure 35.
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Figure 35. X-ray absorption spectra of the L-prolinate—CaFe sample performed around the Ca2p,
Fe2p, N1s and O1s absorption edges.

It is to be observed that the intercalated prolinate does not perturb the structure of the
sample neither that of the LDH nor the Ca(OH),. One may think that it is not even
intercalated, however, the N1s X-ray absorption spectra clearly verifies its presence.
Moreover, the shoulder at 531 eV and the intensified peak around 547 eV the c—n* and
n—o™* transitions of its carboxylate bond.'?

In conclusion, it can be said with great certainty that the intercalation was successful in
all cases, but the application of different solvent mixtures during the synthesis affected
tremendously the arrangement of the anions between the layers, and thus, the basal distances
of the LDHs.

After verifying that the organic anions were intercalated indeed, whichever solvent
mixture was used, through the combination of the interlayer distance values and the
dimension data of the organic anions a schematic representation of the possible arrangement

of the anions between the layers may be given (Table 7). It can be envisaged that when
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aqueous acetone was used during preparation, both the indole-2-carboxylate and the
dihydroindole-2-carboxylate fit between the layers if they are located perpendiculary. Upon
using aqueous ethanol the anions can be accommodated in two layers of horizontal
orientation. By the calculated parameters it is also possible that one layer of anions are
intercalated in a vertical fashion, however, since the UV-Vis results indicated that the amount
of both incorporated anions were nearly the same, the bilayer arrangement seems plausible
even when the ethanolic mixture was applied in the synthesis. Nevertheless, the dimension
data for the DL-2-piperidine-carboxylate and the L-prolinate anion allow the perpendicular
orientation to the layers.

This phenomenon is not entirely unprecedented, although it was not observed for the
effects of solvents yet. For fatty acids there are three possible assemblies: monolayer, bilayer
and partial overlap packing. The various arrangements were induced by the amount of

accessible anion or the pH.*?%'?
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Table 7. A schematic representation of the possible arrangement for the intercalated anions of the

organic
compound

compounds between the layers of CaFe-LDH in both solvents used for the syntheses.
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5.3. The application of pristine CaFe-LDH as a catalyst in an epoxidation

reaction

Among other applications layered double hydroxides are very often used in catalysis,
mostly in base-catalyzed reactions.” Usually, they are employed as catalyst precursors. After
calcination, the layered structure collapses and the catalytic activity of the resulting mixed
oxide often increases, because of the presence of many defects in its structure.*?® To extend
the scope of catalytic applications it was decided to search for reaction that is catalysed by the
pristine, uncalcined LDH. Preferably, the reaction should be synthetically useful as well.
After surveying the literature, |1 ended up with the epoxidation of electron-deficient carbon-
carbon double bonds of a,B-unsaturated ketones using hydrogen peroxide as oxidant. An
earlier study with the most commonly used MgAI-LDH revealed that the reaction was
feasible.'®

The unsaturated ketone was 2-cyclohexene-1-one, the oxidant was 30 wt% H,0O, and the
reaction was performed in methanol at 298 K under vigorous stirring. A range of LDHs
(CaFe-LDH, MgFe-LDH, CaAl-LDH) were used in uncalcined forms, and for comparison the
reaction was performed over TiO, (P25), calcined CaFe-LDH as well as without catalyst. The
epoxidation of 2-cyclohexene-1-one takes place according to the following equation:

[¢] O
H202
—_— o +HO

In the first set of experiments, all
Table 8. Conversion data of the epoxidation . ]
reaction over various LDHs and other catalysts in reactions have been going on for 2 h and

methanol as solver. the degree of conversion was

Conversion (%)

Catalyst after 120 min determined. The results are summarised
without catalyst <1 in Table 8. The reproducibility of the
TiO, (P25) 8 data was within +1%. Each LDH-type
calcined CagFe-L.DH 10 was more active than the calcined CaFe-
Mg,Al-LDH 19 )
Mg,Fe-LDH 15 LDH proving that the layered structure
Ca,Al-LDH 27 was advantageous for the epoxidation of
2-cyclohexen-1-one. It is worth to notice
Ca,Fe-LDH ar that the hydrocalumite-type LDHs
Ca;Fe-LDH 36 . . .
resulted better conversions in the studied
Ca,Fe-LDH 29
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cases than the hydrotalcite-like layered materials. Varying the Ca(ll) : Fe(lIl) ratio had some
minor effect on the activity rendering: Ca,Fe-LDH is the most active, affording 47% yields of
the 2,3-epoxycyclohexanone. It is known that perfect hydrocalumite structure only forms at
this composition, pointing again at the observation that the layered structure suits best to this
reaction. However, as was discussed before, as far as stability is concerned the Ca(ll) : Fe(lll)
= 3:1 ratio is the best, and since the activity was just slightly lower than with Ca,Fe-LDH,
the CaszFe-LDH was used for temperature-, time- and solvent dependence studies.

The effect of reaction temperature on the efficiency of hydrogen peroxide utilisation was
also examined. Here methanol was the solvent and the results are summarised in Table 9.

The highest efficiency in hydrogen

Table_ 9. Conversion _data of the epoxidat!on peroxide utilization was observed when
reaction over uncalcined CasFe-LDH using _ )
methanol as solvent. the reaction was performed at mild
— . .
Temperature C:frtlg/frlszlgn n&f) temperatures. The increase of reaction
15 °C 27 temperature over 40 °C resulted in a
25 °C 36 slight decrease in efficiency. Epoxida-
40 °C 39 tion at 40 °C was the most suitable from
35°C 26 the standpoints of hydrogen peroxide
70 °C 29 . : .
efficiency and the reaction rate, in good
T ] agreement with the observations of
Reaction time Conversion (%) ] 128
Yamaguchi et al.
5 min 2 | d hi h ]
30 min 1 n order to achieve the maximum
1h 29 conversion, a time-dependence study
2h 36 was performed. The results are sum-
4h 48 marised in Table 9. The epoxidation of
6h 56 . .
2-cyclohexen-1-one carried out with the
24 h 63 _
as-prepared CaszFe-LDH catalyst in
Catalyst Conversion (%) methanol solvent at 25 °C leads to 36%
after 120 min . . .
conversion in 2 h and 63% in 24 h with
CazFe-LDH
(freshly prepared) 36 2,3-epoxycyclohexanone as the only
Reuse | 36 product (Figure 36). The time
Reuse 11 36

dependence data were fitted based on
first order kinetics. As a result, the experiments strictly follow the first order kinetics with
k=0.0068+0.0003 min™. It may point out that there is no catalyst degradation, but this fact

was also checked explicitly. The further increase of the conversion may be due to other
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effects, e.g. the conscious choice of solvent. The use of a solid LDH makes the workup
procedure very simple. The catalyst could easily be separated from the reaction mixture by a
simple filtration. The recovered catalyst was then reused in the same reaction (Table 9). The
oxidation using the spent catalyst gave the epoxyketone with the same conversion (under the
same conditions) as those of the first run. The conversion was not decreased even after the

catalyst was recycled twice.
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Figure 36. Catalytic activity of the CasFe-LDH in the epoxidation of 2-cyclohexen-1-one in methanol
solvent at 25 °C.

Altering the solvent had occasionally

reaction after 2 hour over uncalcined CasFe-LDH o
using various solvents. thus the reactivity of the catalyst. The
Solvent Conversion (%) highest conversion was observed in
2-methyl-2-propanol <1 formamide; n-hexane and cyclohexene
thanol 27 were better solvents than methanol. In
methanol 36

turn methanol proved to be a better
acetone 18
1 4-dioxane 12 solvent for this reaction than ethanol.
formamide 58 The rest of the solvents, 2-methyl-2-
cyclohexene 42 propanol, acetone and 1,4-dioxane
n-hexane 49

performed poorly in this reaction (Table

10). The excellent activity in the presence of formamide is most likely to be due to the

9

delamination of the layers’?® making the basic sites significantly more accessible. If the

solvent is alcohol, lengthening the carbon-chain results in a dramatic decline in conversion.

62


http://szotar.sztaki.hu/search?searchWord=lengthen&fromlang=eng&tolang=hun&outLanguage=hun

The explanation of the poor conversion rate in 1,4-dioxane may lie in the effect of the solvent
on the layered double hydroxide. It is similar to that of heat-treatment, in the sense that both

destroy the structure, as Figure 37 attests.

CaFe-LDH stirred in

= 1,4-dioxane

Ca,Fe-LDH after calcination,
dehydrated

Intensity / counts

Ca, Fe-LDH before calcination

5 10 135 20 23 30 33 40 435 50 53 60
260/°

Figure 37. The effect of heat-treatment (500°C) and treatment with 1,4-dioxane on CasFe-LDH.

The catalytic properties of intercalated derivatives (indole-2-carboxylate—CaFe-LDH and
L-prolinate—CazFe-LDH) were also examined. It is apparent from Table 11 that the quality of
the intercalated anion did not affect the conversion of 2-cyclohexen-1-one. Rather, the solvent
mixture in which the intercalated LDHs were synthesised had some effects on the
conversions. In both cases they increased when the ethanol/water/NaOH mixture were used. It
may be due to the solvent residue in the composite materials rather than the arrangement of
the anions since, e.g., for L-prolinate—LDH the basal spacing was similar irrespective to the

solvent mixture applied in the syntheses.

Table 11. Conversion data of the epoxidation reaction after 2 hour
over various intercalated LDHs prepared in different solvents and
the dodecylbenzenesulphonate-treated (DBS-treated) LDHs.

Catalyst Conversion (%)
L-prolinate—LDH EtOH/H,0 55
L-prolinate-LDH acetone/H,O 37
indole-2-carboxylate—LDH EtOH/H,O 47
indole-2-carboxylate-LDH acetone/H,0O 37
DBS-LDH 35
DBS + LDH (separate) 27
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This fact could be confirmed by the data obtained from reactions with the
dodecylbenzenesulphonate (DBS) intercalated CasFe-LDHs. DBS is an anionic surfactant
which inhibits the epoxidation of the unsaturated ketones.'® It is consistent with the fact, on
adding the CasFe-LDH and the DBS to the reaction mixture separately, the conversion of 2-
cyclohexen-1-one decreased. However, when the dodecylbenzenesulphonate was incorporated
into the layers by the dehydration-rehydration method (ethanol/water solvent mixture was
used), the surfactant had no effect on the conversion.
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5.4. Preparation of immobilised organocatalysts and their application in cross-

aldol dimerisation

In the organocatalytic transformations, the organocatalysts are in the same phase as the
reactants and the products in most cases. However, if they are attached to a solid or quasi-
solid support, the work-up procedure is made easier on one hand, and the catalyst can be
recycled making the reactions more benign to the environment on the other. No wonder that
the second generation organocatalysts are organic molecules immobilised on various supports.
There are many possibilities of immobilisation (covalent grafting, non-covalent attachment
[ion exchange, hydrogen bonding interactions], biphasic catalysis [organocatalyst bonded to
ionic liquids]) and the support can be of many kinds (functionalised/modified resins, silica gel
or silicates, cyclodextrins, etc.). It was not surprising that proline was also immobilised™*°*3!
using polyethylene-glycol (PEG), polystyrene, various forms of silica gel and silicates,
alumina, magnetite, dendrimers, ionic liquids, etc.’**! These catalysts were tested in aldol
dimerisation as well, in some cases in types providing enantiomers. Both the activities and
enantioselectivities of aldol dimerisation largely depended on the reaction conditions as well
as the supports and the modes of immobilisation.

In the followings, the behaviour of various functionalised materials are examined in this
reaction. First, chloropropylated silica gel was chosen as support and N- or C-protected L-
proline was covalently grafted on it. For immobilisation either Boc-protected L-proline
(Boc—Pro—OH) or C-protected L-proline (H-Pro—OCHz) were used (Figure 26 a) and b)) and
after covalent grafting (esterification or N-alkylation were the two reactions), the immobilised
amino acids were deprotected. The materials were used in the aldol dimerisation reaction in
these forms. For comparison the catalytic activity of the commercially available L-prolinol

anchored on polystyrene (Figure 26 ¢)) was also investigated.

c)
O—COOH [_B— O
N /—<j
COOCH;
NH J (O
| Cl
O(CH); O

Figure 38. The covalently grafted a) N-protected L-proline (tert-butoxycarbonyl-L-proline); b) C-
protected L-proline (L-proline methylester) and ¢) resin-anchored L-prolinol-2-chlorotrityl ether.

Layered double hydroxides were very sparingly applied as host for the intercalation of

deprotonated proline.”**** It is surprising, because they should be ideal hosts. Previously
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enantiopure proline was only intercalated into MgAI-LDH. The intercalated structures were
tested in aldol dimerisation—condensation of benzaldehyde and acetone. The catalysts were
active and selective towards dimerisation. Both low (6%, Choudhary et al.**) and high (94%,
An et al.**) enantioselectivity values were detected. In order to extend the scope of the
studied organocatalyst immobilised in LDHs, beside proline, another N-containing saturated
cyclic amino acid (pipecolinic acid) was used for intercalation. The host was also different,
CaFe-LDH was applied.

1556
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B 1387 928

Kubelka-Munk
=
=]
&

T T T T T T T T
1800 1600 1400 1200 1000

-1
Wavermumber /em

Figure 39. The FT-IR spectrum of (A) L-proline, (B) SG—Pro—OH (spectrum of SG is subtracted), (C)
H—Pro—-O-SG (spectrum of SG is subtracted).

From the detailed comparative analysis of the IR spectra of the amino acid and the
composite materials, one could see if the amino acids attached were intact or not (Figure 39).
To make comparison easier the spectrum of the support was subtracted from that of the
composite and it was compared to that of the pristine proline in the most informative region. It
is clear from trace A (see the bands between 1400—-1600 cm ™) that the pristine proline was in
zwitterionic form.

When L-proline was immobilised via the N atom, the compound is present in protonated
form — the carboxylate doublet disappeared and only the carbonyl vibration is seen at
1713 cm™. The wide, medium intensity band (1208 cm™) indicates aliphatic tertiary amine
while the intense band around 1000 cm™ refers the remaining aliphatic ring. These
observations verify that the covalent immobilisation of L-proline through its nitrogen atom
was successful.

In trace C, the wide band at 1032 cm™ indicates that the ring is kept during covalent

grafting and deprotection. The relatively intense bands at 1678 cm ™ and 1208 cm ™ are typical
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for esters indicating that the attachment of the N-protected proline via an esterification

reaction was successful.

1622

1098
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Figure 40. The FT-IR spectrum of (A) L-proline, (B) resin-anchored L-prolinol-2-chlorotrityl ether.

The resin-anchored L-prolinol-2-chlorotrityl ether was a commercial product with limited
amount of characteristic data provided by the supplier. Since | intended to use its resin-
anchored variety for similar purposes as the functionalised materials that | prepared, it seemed
worthwhile to learn about its properties. The wide, intense and structured vibration at
1098 cm* includes ring deformation vibrations as well as vibration typical for the secondary
nitrogen of the ring as shoulders (Figure 40).

The detailed characterisation of L-prolinate—LDH and DL-2-piperidine-carboxylate-LDH
was described in earlier (Ch. 5.2., pp 46-59.). For the catalytic studies the samples prepared
in EtOH/H,O/NaOH mixture were used.

5.4.1. Composite materials as catalysts for aldol dimerisation reactions

The synthesised functionalised materials were tested in the following reactions (Figure
41)

CHO OH o 0
YO — O — OK
(a)

Y CHO OH o C|)
C- L — — O~ L
© NO, *

NO» NO;
(b)
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Y CHO OH ¢ 0
1 + /O/ —> O)N @—*K)kﬂ OZNW
O5N

(©)
CHO OH ¢ 0
e . N — > (N I

(d)

Figure 41. Aldol dimerisation reactions and the accompanying condensations.

The test reactions were characterised by three sets of data: conversion, selectivity (rate of
dimerisation vs. condensation) and enantioselective excess (by definition: ee=
[R]-[SV/[R]+[S], where R and S refer to the absolute configuration).

The purchased catalyst was thoroughly studied, because significantly larger quantities
were available and thus it was possible to study the effect of solvents, and moreover the

processing and analysis of the reaction mixture were easier.

68



elep OU = pu
10npoud parespAysp + Ajuo Jswip =

M 862 ‘U g ‘opAysple + auolade + Jarem :(y)

M 862 ‘U 72 ‘apAysple + suoiede + OSING :(€)

M 862 ‘U 72 ‘apAysple + suolsde + Jajem + OSING :(2)

M 86¢ ‘U ¥'Z ‘apAysple + auoyade (1)
15AR1RD B £°0 : UISal—|ouljold
M 862 ‘U 2 ‘opAyaple + auoidde : 95—0—0id—H
M 862 ‘U 12 ‘Ajoanoadsal ‘apAysplequed suaydolys -z W 0Z ‘apAysplezusg oanu- 4o -z b GT ‘9S—0-0ld—H B T
'SMO0]|0} Se SeM aInIXiw ay) Jo uonisodwod ay |

pu xC9 £ 0 ¢L A 0T- g6 06 6- 98 29 ()

pu 4% ve € 6L 18 0 G'v6 €6 8T TS STL (€)

0 0 0 S GG 81 € G'¢6 ¥8 T c€ LE (@

pu GE 0L 17 G'E8 68 A% G06 G6 0¢ 629 G'v6 (™
uisai—jouljo.d

0 0 0 0 G8 ¢8 0 0 0 A4 06 0¢ 9S—0—0id—H

% % % % % % % % % % % %

99 19s "AUOD 99 §ES "AUOD 99 19s *AUOD 99 4ES "AUOD

apAyapeqJes apAyapjezusq apAyaplezuaq

auaydolyi-z + auoiaoe -ZON-¥ + au0)aJe -ON-Z + au01a0e apAuyaplezuag + auolaoe

"15AJe1e9 se auljoad
-7 payeab AjjusjeA0d Yim UOIIBaL UOIBSUSPUOI-UOIIESLIBWIP 8y} Ul erep (98) SS8dXa aA1109]asonueus pue AJIAII3|8S ‘UOISIBAUOD “ZT d|qel

69



According to the results detailed in Table 12 one can make the following observations: if
L-proline is grafted to the surface of the silica gel through its N-terminal, there is no aldol
dimerisation. If L-proline is grafted to the surface of the silica gel through its C-terminal, the
composite catalysed the dimerisation of acetone and benzaldehyde with moderate and 2-
nitrobenzaldehyde with high conversion rates, and with high selectivities. Moderate enantio-
selectivity was achieved in the reaction with benzaldehyde. There was no transformation with
any of the other reactants, but, perhaps, an optimisation of the reaction conditions would
change this situation.

The resin-anchored L-prolinol-2-chlorotrityl ether was active with almost every reactant
pair, with the exception of acetone-2-thiophene-carboxaldehyde in DMSO-water solvent
mixture. Generally speaking, this solvent (mixture) proved to be the worst option among the
solvents or solvent combinations tried. When a reaction occurs, the conversion and the
selectivity of the dimerisation were good and, occasionally, both data were very high (this
was the case in the acetone—2-nitrobenzaldehyde reactant pair, in particular). As far as
enantioselectivity of the dimerisation is concerned, many nonzero ee values were obtained,
but none of them is unusually high. It is worth to note that for two of reactant combinations
(acetone—benzaldehyde and acetone—2-nitrobenzaldehyde) the choice of solvent influenced
the direction of rotating the plane-polarised light of the product.

Unfortunately, the enantioseparation of the dimers from the reactant combination of
acetone—2-thiophene-carbaldehyde was not successful, therefore no information could be
gathered on the enantioselecivity of the dimerisation. It should be noted that in this reactant
combination products with much higher molecular weights than thus of the dimers were found
in almost all cases (except for the reaction in water). The resulting products have not been
identified yet.

It was hoped that providing a sterically confined environment with the L-prolinate—CaFe-
LDH catalyst system the selectivity of the dimerisation reaction would be significantly
influenced.

The immobilised organocatalysts (L-prolinate—CaFe-LDH and DL-pipecolinate—CaFe-
LDH) were tested in the cross-aldol dimerisation—condensation of benzaldehyde and acetone.
It was found that both catalysts were active and gave the dimer as well as the condensation
product. Let me note that there was no reaction with the pristine LDH at room temperature.
The reuse of the L-prolinate-CaFe—LDH catalyst was also attempted. The composition of the

mixture was as follows: 1 cm® of H,O, 4 cm® of acetone, 1 cm® of benzaldehyde, 0.3 g of
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catalyst. The mixture was vigorously stirred for 24 h at 298 K. Acetone served as the reactant
as well as the solvent, water was used as proton source. The L-prolinate-CaFe—LDH catalyst
was reused twice without any special reactivation except rinsing it with acetone. Results

obtained are summarised in Table 13.

Table 13. Conversion, selectivity and enantioselective excess (ee) data in the dimerisation—
condensation reaction of acetone and benzaldehyde catalysed by L-prolinate and DL-pipecolinate
immobilised between the layers of CaFe-LDH

Materials Convers.  Selectivity of Selectivity of ee (%)
(%) dimerization (%) condensation (%)
CaFe-LDH 0 0 0 0
L-prolinate—CaFe-LDH
Freshly prepared 3 85 15 53
Reuse | 19 88 12 12
Reuse 11 59 76 23
DL-pipecolinate-CaFe-LDH 0.5 95 5

At room temperature, initially, the activity of the intercalated materials was low.
Nevertheless, selectivity towards dimerisation was high and the ee value with L-
prolinate—CaFe-LDH was appreciable. The catalyst could be recycled and then gradual
activation and the gradual decrease in both dimerisation selectivity and enantioselectivity
were observed. This observation is in complete coincidence with the observation that under
basic conditions the carboxylate ions undergo enolisation.**® Due to this reaction the chirality
of the a-carbon atom is lost. Since LDHs are known to be basic materials they catalyse
enolisation. The other catalyst DL-pipecolinate—CaFe-LDH that is, had low activity in the
cross-aldol dimerisation—condensation reaction, however its selectivity for condensation was

very high. Since no chiral information was introduced into the system, racemate was formed.
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6. CONCLUSIONS

Layered Double Hydroxides (LDH) form a unique group of clays that have an anionic
exchange capability. Contrary to the large number of cation exchanger materials, the number
of known anion-exchange frameworks is rather limited. LDHs are known as structures
consisting of positively-charged mixed-metal hydroxide layers, between which balancing
anions and water molecules are found.

During the experimental work leading to this dissertation, a variety of MgFe hydrotalcite-
like and CaFe hydrocalumite-like compounds was synthesised using co-precipitation. The
synthesised materials were extensively characterised by various methods like X-ray
diffractometry (XRD), inductively coupled plasma-optical emission, IR, °’Fe Méossbauer and
near edge X-ray absorption fine structure spectroscopies, thermogravimetric analysis,
transmission and scanning electron microscopies and scanning electron microscopy coupled
with energy dispersive X-ray spectroscopy.

XRD patterns for the synthesised LDHSs exhibited characteristic features indicative of an
ordered layered material. The optimum synthesis conditions were identified both for CaFe-
and MgFe-LDHs and it was confirmed that if the LDHs are intended to be used as hosts of
intercalated anions, the syntheses should be performed under N, blanket and the NaOH
concentration should not exceed 3 M. It has been found that on increasing Ca(ll) to Fe(lll)
ratios from 2 to 6, the quantity of Ca(OH), almost linearly increases from 0% to ~60%. At the
same time stabilities of the materials increased — the ideal hydrocalumite structure
(Ca(l1):Fe(l11) = 2) is the least stable. >’Fe Mossbauer measurements revealed that Fe(I11) was
in a high-spin, somewhat disordered octahedral environment in both CaFe- and MgAI-LDHs
at every composition. The layer thickness, inevitable for assuming reasonable spatial
arrangements was estimated from TEM dark-field image and was measured to be 0.19 nm, in
good agreement with the 0.178 nm determined by others from high-precision XRD data.

The subsequent intercalation of various N-containing carboxylic acid anions was
performed by the dehydration-rehydration method. The structures as well as the morphologies
of the composite samples have been characterised by the instrumental techniques listed above
complemented with UV-Vis spectroscopy and molecular modelling. Particular attention was
paid to the influence of solvent mixture used during preparation; various solvent mixtures
resulted in different interlayer distances and thus different arrangements of the anions
between the layers. The intercalation chemistry of CasFe-LDH could be tremendously

influenced by the choice of solvent mixture used. The dimensions of the intercalated anions
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were estimated form those of the parallelepipeds used for the inclusion of the anions to be
intercalated optimised by the PM3 semiempirical quantum chemical method. These
dimensions gave clues for the reasonable prediction of the spatial arrangements of the anions
in the interlamellar space. The ethanol : H,O : NaOH and the acetone : H,O : NaOH solvent
mixtures allowed the intercalation of N-containing aromatic, partially as well as fully
saturated N-containing heterocycles in single and multilayers, respectively, while preserving
the layered structure in both cases.

There is an increasing interest to environmentally benign heterogeneous catalytic
processes in the chemical industry. It remains a continuous challenge to find highly active
solid Brensted-type basic catalysts that are able to bring about C—C bond formation with good
selectivity. Targeted transformations are various types of self- or cross-condensation reactions
between aldehydes and ketones. The uncalcined CaFe-LDHs were found to be useful and
efficient catalysts in an epoxidation reaction — they were significantly more active than the
calcined derivatives. The epoxidation of 2-cyclohexen-1-one over uncalcined CaFe-LDHs
were performed in various solvents (formamide, n-hexane, cyclohexene, methanol, ethanol, 2-
methyl-2-propanol, acetone and 1,4-dioxane) and temperatures. Formamide and 313 K were
the most advantageous solvent and temperature mix, however, the reactions could be
conducted with high activities in n-hexane, cyclohexane as well as in methanol and ethanol.
The uncalcined MgAl-hydrotalcite, MgFe-hydrotalcite and CaAl-hydrocalumite were less
active than CaFe-hydrocalumite, but still more efficient than the calcined derivatives (mixed
oxides) or another oxide like titania.

L-proline has for many years been widely used as a chiral organocatalyst for bond
forming organic reactions. It efficiently catalyses the aldol reaction with a range of ketones
and aldehydes, resulting in good yields and appreciable enantiomeric excesses. A great deal of
research has also been dedicated to catalyst immobilization, with desire to achieve easy
product isolation and efficient recycling protocols. Covalently functionalised silica gel could
be prepared by immobilising N- or C-protected L-proline on chloropropylated silica gel. After
deprotection L-proline anchored only at the C-terminal was active in cross-aldol dimerisation
of acetone and benzaldehyde with moderate and 2-nitrobenzaldehyde with high conversion
rates, and with high selectivities. Moderate enantioselectivity was achieved in the reaction
with benzaldehyde. The commercially available L-prolinol anchored on polystyrene resulted
in dimers of moderate enantioselectivities in a similar reaction, but with a larger variety of
aldehydes. So it has been found experimentally that for the catalytic activities of covalently
immobilised N-containing heterocycles freely available secondary nitrogens are inevitable.
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The above-listed results clearly attest that layered double hydroxides are versatile
materials. They can be functionalised in various ways with relative ease and, among many
possible applications, they can be tailored to reactions that can be useful to laboratory use as

well as in the fine chemical industry.
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MAGYAR NYELVU OSSZEFOGLALO (HUNGARIAN SUMMARY)

A réteges kettés hidroxidok (LDH-k) anioncseréld tulajdonsaguknak koszonhetéen
kiilonleges csoportot alkotnak a réteges szerkezeti anyagok kozott. A nagyszdmu
kationcseréld anyaggal szemben az anioncseréld asvanyok ritkabban fordulnak eld. A réteges
kettds hidroxidok alapképviseldje a hidrotalcit, amely Mg(OH), (brucit) alapu. Itt a Mg(II)-
ionok egy részét Al(Il)-ionok helyettesitik. A réteg szerkezete ettdl nem sériil, de pozitiv
toltésti lesz. Ezt a rétegek kozott elhelyezkedd (interkalalt), telejesen vagy részlegesen
hidratalt egyszerti anionok kompenzaljak.

Munkdm soréan hidrotalcit- (MgFe) ¢és hidrokalumit- (CaFe) tipusu réteges kettds
hidroxidok szintézisét optimalizaltam, az egyiittes lecsapas modszerét alkalmazva. Az
eldallitott anyagok szerkezetvizsgalatat (por)rontgendiffraktometria (XRD), Mdssbauer
spektroszkopia, rontgenabszorpcids spektroszkopia (XAS), termogravimetria (TG/DTG),
induktiv csatolasi plazma optikai emissziés spektrometria (ICP-OES), infravoros
spektroszkopia  (FTIR), pasztazoé elektronmikroszkopia (SEM), energiadiszperziv
fluoreszcencids mikroanalizis (EDX) ¢és transzmisszios elektronmikroszképia (TEM)
segitségével végeztem el. Az eldallitott LDH-k rontgendiffraktogramjai igazoltak a réteges
szerkezetet, ¢és lehtévé tették a racsparaméterek meghatarozasat. Az  optimalis
szintéziskoriilmények kialakitasakor fontos szempont volt az, hogyha a réteges kettOs
hidroxidok anioncseréld tulajdonsagénak kihasznalasa a cél, a szintézist N, atmoszféra alatt
kell végrehajtani, és a pH noveléséhez hasznalt NaOH koncentracidjanak 3 M alatt kell
lennie. Azt talaltam, hogy a Ca(Il) : Fe(Ill) arany ndvelésével a Ca(OH), mennyisége kozel
linedrisan nd 0 tomeg%-ro6l ~60 tomeg.-ig. Ezzel egyidejlileg az anyagok stabilitasa is
novekszik — a melléktermékekt6l mentes hidrokalumit szerkezetti LDH (Ca(ll):Fe(lll) = 2) a
legkevésbé stabilis. Az °"Fe Mossbauer spektroszkopias mérések szerint a Fe(IIl) nagyspinti,
némileg torzult oktaéderes kornyezetben van mind a CaFe-, mind a MgFe-LDH esetén az
Osszes kiindulési fémarany esetén.

A rétegvastagsagot, ami elengedhetetlen a térbeli elrendezddés megadasahoz, a TEM
dark-field felvételekbdl becsiiltem meg. A kapott 0.2 nm jo egyezést mutat az irodalomban
megtalalhato, nagyfelbontastt XRD-b6l nyert 0.178 nm-rel.

A N-tartalmu heterociklusos karboxilsavak interkaldldsa a dehidratacids-rehidratacios
madszerrel tortént, ami lényegében abbdl all, hogy a kiindulasi CagFe-LDH-t 500 °C-on, N3
atmoszféraban 5 oran keresztiil hokezeljiik, ezéltal a szerkezet Osszeomlik és egy sok

hibahellyel rendelkez6 keverék fémoxid jon létre. Ezt (N, atmoszféraban) enyhén lugos, az



aniont is tartalmazé aceton/viz ill. etanol/viz elegyben kevertetjiik, ezaltal a szerkezet az LDH
tulajdonsagainak kdszonhetden visszaall, kdzben pedig az interkalacio is lejatszodik. Az igy
vizsgalati modszerekkel jellemeztem, kiegészitve UV-Vis spektroszkopias mérésekkel és
molekulamodellezéssel. A szintézis soran hasznalt olddszerelegy az interkalacid6 modjat
nagymértékben befolyasolta. Az interkalalt anionok az olddszertdl fiiggden eltérd térbeli
elrendezésben ¢épiiltek be a rétegek kozé. Az interkaldlt anionok méretét a PM3
szemiempirikus kvantumkémiai moddszerrel szamolt paralelepipedonok dimenzidjabol
szamoltam ki. Mindezek alapjan kozelitd becslés tehetd az anionok térbeli elhelyezkedését
illetéen a rétegek kozott. Az etanol:H,O:NaOH és az aceton:H,O:NaOH oldoszerelegyek
lehetévé tették a N-tartalmu aromas, részlegesen vagy teljesen telitett heterociklusok
interkalalasat vizszintes vagy fliggdleges elrendezésben a rétegekhez képest, megdrizve a
réteges kettds hidroxid szerkezetét.

Az utdbbi idében a kémiai iparagak érdeklodése egyre nagyobb mértékben fordult a
kornyezetbarat, heterogén katalizist alkalmaz6 folyamatok felé. Tovabbra is kiilonosen nagy
kihivast jelent aktiv szilardfazisu Brensted-tipusu bazisos katalizatorok kifejlesztése, melyek
jo szelektivitassal katalizaljdk a C—C kotések kialakulasat, példaul aldehidek és ketonok
kozotti kondenzacids reakcidkban, melyeket a gydgyszeripari alapanyagok €s a finomkemi-
kalidk gyartasa soran hasznalnak. A hdékezelés nélkiili CaFe-LDH-k hatékony katalizatornak
bizonyultak egy epoxidacios reakcioban — sokkal aktivabbak voltak, mint a kalcinalt szarma-
z€kok. A 2-ciklohexén-1-on epoxidacidja végbement hokezelés nélkiilli CaFe-LDH-
katalizatoron, kiilonb6z6 oldoszerekben (formamid, n-hexan, ciklohexén, metanol, etanol, 2-
metil-2-propanol, aceton és 1,4-dioxan) és hoémérsékleteken. A legjobb eredményeket
formamidban és 313 K-en értem el, de a reakcid jo aktivitassl ment n-hexanban, cikohexén-
ben és metanolban is. A hoékezelés nélkiili MgAl-hidrotalcit, MgFe-hidrotalcit és CaAl-
hidrokalumit kevésbé volt aktiv, mint a CaFe-hidrokalumit, de jobb katalizatornak bizonyul-
tak a hokezelt szarmazékoknal (kevert fém-oxidok) vagy egyéb fém-oxidoknal, pl.
titandioxidnal.

Az L-prolint mar évek 6ta hasznaljak, mint kiralis organokatalizatort szerves kémiai reak-
ciokban C—C kotések létrehozasara. Sikeresen alkalmaztak aszimmetrikus intermolekularis
aldol dimerizacié katalizatoraként sokféle keton és aldehid esetében, jO hozamokat és nagy
enantioszelektivitast elérve. Sok figyelmet szenteltek a katalizator immobilizalasara, amivel

egyrészt ezzel konnyitjiik a reakcidelegy feldolgozasat, masrészt a katalizator visszanyeré-



sével ¢és ujraalkalmazasaval kevésbé terheljiik a kornyezetet. Kovalens kotésen keresztiil
funkcionalizalt szilikagél Aallithatdé el6 N- vagy C-védett L.prolin immobilizalasaval
klorpropilezett szilikagél feliiletére. A véddcsoportok eltavolitasa utan csak a C-terminalison
keresztiil kotott L-prolin mutatott katalitikus aktivitast az aceton és 2-nitrobenzaldehid kozotti
aldol dimerizécios rekcidban, kivalo szelektivitassal, de enantioszelektivitas nélkiil, illetve a
benzaldehiddel kis konverzié mellett, de elfogadhatd szelektivitds, enantioszelektivitds
értékekkel. A kereskedelmi forgalomban kaphatod polisztirolon kotott L-prolinol hasonld
reakcidokban, valtozatos aldehidekkel dimereket eredményezett kozepes enantioszelektivitas
értékekkel. Mindezek alapjan megallapitottam, hogy a kovalensen immobilizalt N-tartalma
heterociklusok szekunder nitrogénjének szabadnak kell maradnia a katalitikus aktvitds
biztositasahoz.

Az eddig felsorolt eredmények egyértelmiien igazoljak a réteges kettés hidroxidok
sokoldalusdgat. Kiilonb6z6 szerves anionokkal funkcionalizdlhatdk, és a sokféle teriileten

alkalmazhatok, tobbek kozott finomvegyipari reakciok katalizatoraként.
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