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Preface

Considering the diversity of the crystalline structures of crystallized materials and
their impact on these materials’ physical properties, this book describes the synthesis
methods most adopted for the preparation of crystalline phases. Many types of
materials have been processed, including inorganic, organic, organometallic, and
hybrid materials. Microstructure is one parameter influencing physical properties
of crystals while nucleation and crystallization are others. In fact, crystal growth
influences the size and morphology of crystals. Therefore, several examples of
materials have been controlled by scanning or transmission electron microscopy

as a function of the parameters influencing the microstructure, particularly, time,
temperature, reaction medium, and so on.

This book is the result of several years of scientific research in crystallography and
solid-state chemistry. We thank all who have contributed to this work from near
and far, especially Professors Mohamed Faouzi Zid and Ahmed Driss.
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Chapter1

Introductory Chapter: Crystalline
Materials and Applications

Riadh Marzouki

1. Introduction

The scientific research and development in crystalline materials science covers
the synthesis, crystal structure study, physicochemical properties, and applications
of solid crystals (inorganic, organic, hybrid, and organometallic). Indeed, the
synthesis and the physicochemical characterization of solid materials with interest-
ing physical properties can bring us back to the specific applications related to their
crystalline structures. Accordingly, technological development necessitates the
exploration of new crystalline materials.

Currently, energy storage, water treatment, and the synthesis of pharmaceutical
products are among the areas of intense research activity in materials chemistry.

Given the high energy demand which continues to increase, with a progressive
depletion of fossil fuels, which lead to the emission of greenhouse gases and their
environmental impact (greenhouse effect), current scientific research is focused on
renewable energy research areas and also energy storage. In this context, the inves-
tigation of rechargeable batteries constitutes a system of storage of electrical energy
in chemical energy. In fact, the research of new crystalline materials with open
frameworks formed by diverse polyhedra (tetrahedra, pentahedra, and octahedra)
bounding interlayer spaces and/or tunnels communicating through the intermedi-
ary of windows where cations are located is currently a field of intense activity
in energy storage, especially Li-ion batteries and Na-ion batteries, etc. [1-9]. The
preparation and characterization of new compounds are the driving forces of recent
technological development, and studies are progressing through the exchange of
views between relevant specialists. On the other hand, new research works on the
treatment of batteries are based on degradable polymers such as alkali-cellulose in
order to avoid materials based on expensive and less exploited metals (Li) [10].

2. Crystalline materials and applications

As part of the crystalline materials research for biologically active molecules,
groups of organic heterocycles appear, such as coumarin derivatives [11, 12], which
can be found in the plant kingdom. The synthesis and structural characterization
work carried out on these materials constitutes a vast field of research, in which a
large number of laboratories are involved in the world. Natural or synthetic com-
pounds are particularly sought after for their biological and pharmaceutical activi-
ties. These compounds have been used in different fields of application such as food
additives and dyes, as well as in the cosmetics field. In fact, these phases are power-
ful antioxidants and have antibacterial, hypolipidemic, cholesterol-lowering, and
anticarcinogenic properties, which give them a great importance in the pharma-
ceutical field. Charge transfer agents, solar energy collectors and non-linear optical
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materials require materials with inherent photochemical characteristics, reasonable
stability and good solubility in some.

Given the enormous increase in industrial activity, enormous quantities of
polluting chemical wastes are spreading in the air, soil, and air [13]. In fact, every
year more than 2 million gallons of synthetic dyes of which more than 10% are lost
in waterways during their use [14]. However, the presence of organic compounds,
unwanted metals, and dye waste requires treatments before use. In this context,
the photocatalytic treatment of water is one of the treatments used due to the great
precision of mineralization of organic compounds, and the ease of the process, in
addition to the advantages of replacing filters with all the problems. Regeneration
and fouling are associated with their use. Several crystalline materials have been
introduced into the filters of the catalytic treatments [15, 16]. These materials have
been used to eliminate various types of pollutants such as organic compounds,
heavy metals, and others.

This book is dedicated to the investigation of various types of crystalline
materials that can be used in several fields nowadays, such as energy storage
(rechargeable batteries). Other crystalline compounds can be used in photocata-
lytic treatments. Other pharmaceutical compounds are also processed due to
their interesting biological activities. The synthesis method of each compound
is detailed to facilitate those interested in its preparation. As the physical and
biological properties of the compound are related to the crystal structure, a
description of the structure of each compound has been discussed.
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Riadh Marzouki®*3

1 Chemistry Department, College of Science, King Khalid University, Abha,
Saudi Arabia

2 Laboratory of Materials, Crystal Chemistry and Applied Thermodynamics,
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Chapter2

Synthesis Methods in Solid-State
Chemistry

Youssef Ben Smida, Riadh Marzouki, Savas Kaya,
Sultan Evkan, Mohamed Faouzi Zid
and Ahmed Hichem Hamzaoui

Abstract

The synthesis of single crystal is an area of intense activity in the materials
science. The obtaining of the single crystal with sufficient dimension for X-ray
diffraction depends on several factors including the chemical composition, crystal
structure of the reagents, and physical parameters (temperature and pressure).

In this context, this chapter is dedicated to the description of the most common
synthesis methods of single crystal in the solid-state chemistry: solid-state method,
hydrothermal, and slow evaporation at room temperature. Same other materials can
be obtained at high pressure. There are also some physical techniques to grow single
crystal, each technique is specific for specific materials.

Keywords: synthesis, single crystal, hydrothermal, evaporation, crystal growth

1. Introduction

Synthesis is the most important step in solid-state chemistry research and in
materials science. The samples may be prepared as single crystals, polycrystal-
line powder, or a thin film. Glass and amorphous samples are from another class
of materials. In this chapter, we discuss only the methods of synthesis of single
crystals.

The discovery of new materials passes necessarily by the X-ray single crystal
method. Usually, the polycrystalline powder and thin film are designed for the
known materials, where their structures have been determined by X-ray single
crystal diffraction. It is possible to determine the crystal structure of the polycrys-
talline samples, but generally it shows some difficulty. However, powder XRD is
generally dedicated to materials that cannot be prepared as single crystals like some
pharmaceutical compounds.

The four most adopted methods of synthesis of single crystals are solid-state,
hydrothermal, slow evaporation at room temperature, and flux methods. Here, we
discuss also the crystal structure prediction method at high pressure. Each method
is controlled by several controllable and/or uncontrollable parameters. The param-
eters influence the obtaining of phase, morphology, and size of single crystals.
The most important criterion in determining the crystal structure is the size of the
single crystal and the crystallinity. These two parameters may be checked before
the X-rays single crystal diffraction by using the binocular magnifying glass and
the polarizing microscope.

9 IntechOpen
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2. Solid-state method

The solid-state method is the simplest method. The number of acting param-
eters is relatively few but difficult to control. This method is commonly used for
the synthesis of the single crystals and polycrystalline powders of phosphates and
arsenates of transition metals and monovalent cations [1-17].

The crystallization is a phenomenon which generally occurs during a phase
change and accompanied by a thermal effect. It is carried out in two stages: ger-
mination and growth. The germination begins at a point where the phases are not
in equilibrium, a condition can be favored by several factors such as crucible wall,
impurity, amorphous. This step consists of the appearance within the reaction
mixture of “germs.” The growth takes place in several stages: reorganization of the
atoms, adsorption on the surface of the solid, diffusion, and fixation of the atoms on
their final sites. Successive layers therefore aggregate on the faces of the crystal which
sees its volume increase.

The solid-state synthesis can be done into two steps:

Preliminary treatment: This step consists in weighing the desired quantities
of the precursors and then grinding them in an agate mortar. The powder obtained
is placed in a crucible or a porcelain basket (Figure 1) and preheated between 350
and 400°C for a few hours (Figure 1) This operation allows the decomposition of
the starting reagents and removes the volatile products such as NHs, NO,, CO,, and

Porcelain baskets Porcelain crucibles Muffle furnace

Figure 1.
Equipment used in solid-state synthesis.

Figure 2.
Image of a single crystal of the phase Na, ,,Co, 15,Al, 1,5(AsO,); [9] seen under the binocular magnifying glass.
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H,O0, only the oxides remain. The mixture is again ground at the outlet of the oven
to make it more homogeneous and to minimize the grain size.

Crystal growth: After the germination phase, and under the effect of a concen-
tration gradient, the cations have just migrated to the germs, forming well-ordered
layers. This migration is favored by heating at very high temperature. After cooling,
the crystals are separated from the stream by hot and sometimes boiling water.

The disadvantages of this method are that it is very slow and needs a lot of
energy. In fact, the reaction occurs at high temperatures (500-2000°C) for several
hours and for same time for several days. The heating at these temperatures may
decompose the desired compound.

Experimentally, oxides and nitrates are bad reagents in the synthesis of single
crystals, and they often give crystals with small size which is insufficient to do the
x-ray single crystal diffraction. The mechanical grinding can be used to decrease the
grain sizes and increase the specific surface then increase the reactivity.

The cooling rate is a very important factor to obtain a single crystal with good
crystallinity. The cooling rate should be as slow as possible and at least up to 50°C
below the crystallization temperature. The choice of the size and the confirmation
of the crystallinity of single crystals are initially done using a binocular magnifier
(Figure 2) then by using the polarizing microscope. This choice is confirmed by the
intensity and the width of the diffracted X-rays.

Table 1 summarized that same materials have been obtained as single crystals
by the means of solid-state reaction. The different parameters of the synthesis
(reagents, pre-treatment temperature, temperature of synthesis, pre-treatment
time, synthesis time, and cooling rate) are regrouped in the table.

The resolution of the structure same crystals needs the knowledge of its compo-
sitions by using elementary analysis such as the energy-dispersive X-ray spectros-
copy (EDX) (Figure 3).

=V

Figure 3.
SEM micrograph and EDX analysis of a single crystal of Na,CoP, ;As,;0, [8] showing the morphology, size,
and composition of the single crystal.
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3. Hydrothermal method

The synthesis of the single crystal by the means of hydrothermal method occurs
usually in water at temperatures between 180 and 300°C. The reactor can be an
autoclave (Figure 4) or a sealed glass tube (Figure 5). The pressure is controlled by
the gaslaw [P = f(T)]. The pressure of same reactors can be controlled, and it can
reach a value of 850 GP. Several materials have been synthesized using the hydro-
thermal method.

The hydrothermal conditions of an aqueous medium correspond to tempera-
tures and pressures above 100°C and 1 bar, respectively. These conditions allow
to considerably modify the chemistry of the cations in solution. They favor the
formation of complex metastable structures of lower symmetry and involving
smaller variations in enthalpy and entropy than under “normal” conditions [18, 19].
Hydrothermal conditions are also those of the geological processes during which
many minerals were formed. In the laboratory, such conditions are achieved by
heating a solution in a closed enclosure (autoclave and sealed glass tube) at tem-
peratures of the order of 200-400°C.

The thermodynamic properties of water up to temperatures of 1000°C and
pressures of several tens of kilobars are well known [18]. Quantitative data are
collected in numerous review articles [18-21]. There are three essential points to
remember.

* The dielectric constant of water drops when the temperature increases. It
increases by pressure increase [22] (Figure 6). The hydrothermal solutions are
therefore characterized by low dielectric constants and the electrolytes which
are completely dissociated under normal conditions preferentially form pairs
of ions or complexes of low electrostatic charge.

* The viscosity of water decreases with the increase of temperature [23], which
leads to greater mobility of the dissolved species than under normal conditions.

* The ionic product of water increases strongly with temperature [24] (Figure 7).

The conductivity measurements allow establishing the law of variation of the
ionic product as a function of temperature

logK, =—(3018/T)~3.55 1)

a3 B
| |
|
i |}
_,,? :
- %
Figure 4.
Autoclave.

13



Synthesis Methods and Crystallization

 — —

Figures.
Sealed glass tube.
F 5 ] T T T T T T T
kBar |o
= .
=1
70
3 =
21 //
: =]
i -
1 i i L
O 100 200 300 400 500 600 700 e C
Figure 6.

Variation of the dielectric constant of water as a function of the temperature and the pressure [22].
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Figure7.
Variation of the ionic product K, of water as a function of the temperature and the density of the liquid [24].

The phosphate AgNi;PO,(HPO,), [25] has been obtained after 3 weeks of
heating at 300°C in sealed glass tube filled with the mixture to about 25% in volume
(Figure 5). The phase has been prepared from an aqueous solution of AgNOs;,
Ni(NO;),.6H,0, and H;PO, in the atomic ratio Ag:Ni:P = 2:1:2.

In the other hand, most of the single crystals of the borophosphate family have
been obtained by the hydrothermal rout. Kniep et al. [26] have prepared a lot of
new borophosphates as a single crystal and they have developed an approach of the

14
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Figure 8.
Projection of the crystal structure of (C;H,sN,),[MogO.,4] along c-axis [27].

Figure 9.
Representation of the inorganic part [MogO,¢]*" and the ovganic part (CzH,sN,)* of (C3;HsN,),[MogO,6]
[27]. The two parts ave liked by a hydrogen bond.

borophosphate crystal chemistry. They have classified the different existing materi-
als in this family as the B/P ratio and as the coordination number of the bore [26].

It is possible to obtained hybrid (organic/inorganic) materials by using this
synthesis method. For example, the hybrid material with general formula Bis[4,4'-
(propane-1,3-diyl)dipiperidinium]p-octamolybdate (VI) [27] (Figures 8 and 9)
has been synthesized as single crystals by using the hydrothermal method in an
autoclave at 150°C for 2 days.

4. Reaction at high pressure

The effect of pressures on the crystal structure of same materials as the transfor-
mation of the ZnO from wurtzite to rock salt from 9 to 13 GPa is well known [28].
Another example is the transformation of the olivine structure at high pressure

15
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from the hexagonal close packing into the cubic close packing of the spinel struc-
ture [29]. Upon high pressure conditions (6 GPa, 1173 K) olivine-like LIMAsO,

(M = Fe, Co, Ni) transforms to spinel-like compounds where Li* and M*? ions
randomly occupy 16d octahedral positions and the As* cations occupy the tetrahe-
dral 8a sites [29] (Figure 10).

Since 2006, the prediction of the structure at high pressures became an area of
intense activity thanks to the development of the new computer program USPEX
[30] by Oganov et al. The code was used with success to predict many new crystal
structures, and the results were confirmed by the synthesis of same predicted mate-
rials such as Na-Cl system: Na;Cl, Na,Cl, Na;Cl,, NasCl;, NaCl;, and NaCly [31] and
H-Cl system: H,Cl, H;Cl, HsCl, and H,Cl; [32, 33]. This result allows the discovery of
new generation of materials where the core electrons can participate in the forma-
tion of chemical bonds. Thus, obviously, we will have very interesting physical and
chemical properties.

5. Synthesis by slow evaporation at room temperature

It is the simplest method, but it is suitable only for certain materials. The prepa-
ration protocol consists in weighing the reagents in the desired proportion and add-
ing water or an organic base in a ratio that should be determined experimentally.
Then the solution must be heated to reach the saturation.

This method takes a few hours to obtain crystals as in the synthesis of NH;H,AsO,
or NH;H,PO,, and for other materials, it needs a few days. The condensation of ions

0o AL A A High
g &“’. @‘ * pressure

Olivine

Spinel

Figure 10.
Structures of olivine-, Na,CrO,-, and spinel-like LiCoXO, (X = B, As) [29].
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in aqueous solution forms entities in which cations, identical or different, are linked
by different types of oxygenated bridges, HO™ or O>". Thus, the value of pH is a very
important factor in this method. In fact, the choice of pH must be chosen to co-
precipitate the various reagents simultaneously. For example, in the ternary system
H,0-NH;-As,0s, the adjusting of the pH at 4.3 allows the formation of NHsH,AsOy,
and for a basic value of pH, the preparation gives a second phase: (NH,4),HAsO.,.

The following phosphate KCAHP,0;2H,0 (Figure 11) [34] has been obtained by
slowly evaporation at room temperature. The method consists in the preparation of
a saturated solution containing the reagents in the desired proportion. The reagents
are dissolved in water then heated at 100°C for a few minutes to have a saturated
solution. The solution obtained is transferred into a petri dish and left in a corner in
the laboratory.

The hybrid materials (organic base+ salt) may be synthesized by slow evapo-
ration at room temperature. The best solvent can be used is the water. It is pos-
sible to add other solvent with water such as alcohol like in the preparation of
(C7H;7N,),[CuClL,].2H,0 [35]. In this type of materials, the organic part and the
inorganic part are linked via hydrogen bond and —m bond as shown in Figure 12.

Another example may be sited in this section, the synthesis and the crystal
structure of (C3HgN3) 4Bi,Clyg [36] which was grown by a slow evaporation of an
aqueous solution of bismuth chloride (BiCl;) and 3-aminopyrazole (C3HsN;3) in
molar amount (1: 2) with a small excess of hydrochloric acid (HCI). The single
crystals were obtained after 7 months of slow evaporation (Figure 13).

Many organic compounds also have been crystallize by slow evaporation at room
temperature such as alkyl-2-(2-imino-4-oxothiazolidin-5-ylidene) acetate [37],
3,4-cis-disubstituted pyrrolidin-2-ones [38] ethyl 2-(4-chlorophenyl)-3-cyclopen-
tyl-4-oxo-1-propylimidazolidine-5-carboxylate (C,0H,;CIN,0) [39]. The obtaining

Figure 11.
Perspective view of the structure of KCAHP,0,2H,0 showing the hydrogen bonds (dashed lines) and the
location of the alkali metal cations [34].
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Figure 12.

Projection of the structure of (C,H,N,),[CuCl,].2H,0 showing the alternating stacking of the organic and
inorganic layers connected through hydrogen bonds. The face-to-face w—m stacking between parallel organic
molecules is noteworthy with a centroid-centroid distance of 3.968 (3) [35].
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Figure 13.

Bi,Cl,, octahedron surrounded by aminopyrazolium entities, showing the H-Cl contacts [36].
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of single crystals depends in the case on the nature of the organic compounds and
solvent. The presence of heterocyclic group in the organic molecule promotes the
crystallization by the formation of hydrogen and 7—rm bond.

6. Flux method

Usually, the flux method is used to grow materials as single crystals [40]. The
main objective of this method is to decrease the crystallization temperature. This
technique has been used to grow high melting phosphate crystals, arsenates, oxides,
minerals, and ceramic crystals which cannot be obtained by the conventional
solid-state method (Section 1). In this growth technique, the basic materials (solute
precursors to crystallize) are reduced to a liquid form in an appropriate flow and
the growth process starts when the solution reaches critical supersaturation. The
resulting supersaturation and crystal growth are achieved by flow evaporation,
solution cooling, or a transport process in which the solute is caused to flow from
the hottest region to the coldest region.

The understanding of the phase information about the materials is indispensable
to optimize the crystal growth of multi-component system. Practically, binary or
other above compositional systems can be easily described using the phase diagram.
The phase diagram shows the crystallization or solidification within a material as a
function of the material composition (% elements) and material temperature.

The solvent can be a single element, compound, or combination of chemical
compounds. The solute is an element or a compound with a melting point generally
higher than that of the solvent but in principle it is quite possible to grow crystals
from eutectic systems in which the “solvent” has a higher melting point.

For more clarification, taking the example of LiPr(PO;), [40]. The material
has been synthesized as a single crystal by the means of flux method. A mixture of
Li,CO; and PrsOy; with stoichiometric ratio was dissolved in an excess of phosphoric
acid H;PO, (85%). The mixture was heated to 200°C for 12 h, then to 325°C for 5
days. Finally, the mixture was cooled slowly to room temperature. The single crystal
was separated from the excess phosphoric acid by washing in boiling water [40].

7. Crystal growth

When a solid is heated, some physical and chemical changes sintering, melting,
and thermal decomposition can be observed. Sintering process results from crystal
growth at the contact area between adjacent crystallites. As to conclude, the crystal-
lites connect to each other, and the size increases [41-43].

In high temperatures, as a result of ion movements, melting occurs. The ordered
lattice array is replaced by the short-range order of the liquid state. Crystallization
may proceed in the light of several different ways:

1. Vapor-solid (condensation)

2. Solution-solid (precipitation)

3. Melt-solid (freezing)

4.Solid A-Solid B (transformation)
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It is well-known that there is a remarkable correlation between stability and
energy. Stable states have low energy values. For the processes, final energy values
of solids must be lower from the free energy of initial state of the systems. It should
be noted that crystal formation process forms from two steps. First step is the for-
mation of a new nucleus. Second step is the growth of the nucleus formed to form
a particle of appreciable size. Crystals may contain some defects. In terms of the
determination of crystal properties, these defects are quite important. In addition
to these defects, distortion of lattice also may be possible. This condition is called
as dislocation. Many important properties of crystals are due to the regions and
numbers of these dislocations. Crystal growths can be via the following types:

* growth from melt

* high-temperature solution growth

* flux growth

* chemical vapor transport

* hydrothermal synthesis

* high-pressure synthesis

* electrolytic reduction of fused salts

In high-temperature solution growth, the constituents of the crystals are dis-
solved in a suitable solvent and then when the solution becomes over saturated,
crystallization occurs. In flux growth, crystals like ceramics and ferrites have been
grown by the slow cooling of a solution in a molten flux. Chemical transport reac-
tions are widely considered in the preparation of single crystals like magnetite.
8. Conclusion

In this chapter, the methods of synthesis of crystalline materials and their
stages are discussed. These methods are the most adopted and the most common
in solid-state chemistry. Each synthesis method brings back to crystalline materials
of different sizes returning to the synthesis conditions. The change of one of the
parameters such as temperature, pressure, and reactional environment can influ-
ence the crystallinity and the size of the sample obtained. For this, the control of

these parameters is essential in the synthesis of crystallized materials and in their
reproducibility.
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Chapter 3

One-Pot Synthesis of Chiral
Organometallic Complexes

Mei Luo

Abstract

Currently, organometallic complexes involving ligand oxazolines are typi-
cally obtained in two sequential steps, where the free ligand is given firstly from
a functionalized nitrile by condensation reaction with an amino alcohol in the
presence of a Lewis or Bronsted acid catalyst, followed by a further coordination
with metal salts to obtain the corresponding oxazolinyl metal complexes. Usually,
the yield of the two-step procedure is relatively low; considering that metal oxa-
zoline complexes often contain Lewis acidic metals, it is possible that the two steps
may be telescoped. A series of novel chiral organometallic complexes (1-23) were
assembled in a single step from nitriles, chiral D/L amino alcohols, and a stoichio-
metric amount of metal salts (MCl,-nH,0/M(OAc),-nH,0), with moderate to high
yields (20-95%). All the crystalline compounds were fully characterized by NMR,
IR, MS, and X-ray analyses.

Keywords: chiral organometallic complexes, nitriles, amino alcohols, metal salts,
crystalline compounds

1. Introduction

Chiral oxazolines constitute an important class of “privileged” ligands in
asymmetric catalysis [1-8]. Organometallic complexes involving oxazoline ligands
are typically obtained in two steps, where the free ligand is given firstly from a
functionalized nitrile through condensation reaction with an amino alcohol in the
presence of a Lewis or Bronsted acid catalyst, followed by further complexed coor-
dination with metal salts to obtain the corresponding oxazolinyl metal complexes
(Figure1) [9, 10]. Usually, the yield of the two-step procedure is relatively low, and
certain oxazolinyl organometallic complexes are difficult to obtain due to the poor
coordination ability of the imine group from the oxazoline. It is conceivable that the
two steps may be telescoped by using the requisite Lewis acid precursor. Herein,
through the assembly of three reaction components (a nitrile, an amino alcohol,
and metal salts), we first report a simple, one-step procedure for the preparation of
N-containing heterocyclic zinc complexes (1-15), with the yield of certain products
reaching 90% in the presence of a large amount of ZnCl, (0.4-2.6 eq.) and certain
chiral salicyloxazoline metal complexes (16-23) with yields ranging from 65 to 95%
using 1.0 eq. of copper, cobalt, nickel, manganese, palladium, and platinum salts
as the third component. In all the cases, the complexes were isolated, purified, and
characterized. All the structures reported in this paper were confirmed by X-ray
crystallography.
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Figure 1.
Common method for the prepavation of oxazolinyl metal complexes.

2. One-step multicomponent synthesis of chiral oxazolinyl-zinc
complexes

The one-pot procedure was initially tested from the reaction of different
1-piperidine propionitrile derivatives with 2-3 eq. of amino alcohol refluxed in
chlorobenzene for 72 h in the presence of 1-2.6 eq. of ZnCl,. After cooling to room
temperature, the solvent was removed under reduced pressure, and the residue was
dissolved in H20 and extracted with CH,Cl,. The combined organic extracts were
evaporated to give a crude red oil, which was purified by column chromatography
(petroleum ether/CH,Cl, 4/1) to afford the title compound as crystals. During the
preliminary work, it quickly became apparent that the reaction results are controlled
by the amount of ZnCl, used (Figure 2); for example, employing 1.1 eq. or 2.6 eq. of
ZnCl,, the desired crystal structures of the amino-oxazolidinyl zinc complex 1 and
bis-oxazolidinyl zinc complex 2 containing two monodentate ligands can be obtained
from the reaction of L-leucinol or L-valinol with 3-piperidin-1-yl-propionitrile,
respectively, followed by evaporation of different ratios of petroleum and dichloro-
methane from the mixture after column separation but with only a low yield (25%)
for complex 1 and moderate yield (65%) for complex 2.

The nature of the side chain (R') influenced the reaction outcome. Using
L-phenylalaninol with 1.6 eq. of ZnCl, or 1.5 eq. of ZnCl, with 1-morpholinepropio-
nitrile (X = O) and D-phenylglycinol, both led to the cleavage of the propionitrile,
providing asymmetric diamine complexes 3 and 4 at very good yields of 86%
and 90%, respectively. Interestingly, using 1-(2-cyanoethyl)-4-methylpiperazine
(Z = NMe) as a precursor with 2.5 eq. of ZnCl, led only to the formation of the zwit-
terionic piperazine complex 5, irrespective of the amino alcohol used. The results
again prove the effects of different amounts of metal salts on the reaction.

From the crystal structures of complexes 2-5, we conclude that the propionitrile
precursors are unstable and decompose into acetonitrile or the parent cyclic amines
to afford complexes 2 and 3-5, respectively, in the presence of a large amount
of zinc chloride. For this reason, a number of nitrile precursors with additional
N-donor were selected to be more robust against degradation under the reaction
conditions. Consequently, a number of aromatic nitrile precursors containing
additional N-donors were applied widely in these three-component reactions. In
the process of selecting these reactions, the appropriate amount of ZnCl, was care-
fully optimized to ensure specific results. Complex 6, listed in Figure 3, contains
two monodentate ligands coordinated via the oxazoline nitrogen and was afforded
from the use of 3-aminobenzonitrile and D-leucinol in the presence of 0.44 eq.
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Figure 2.
Effect of the reaction stoichiometry of (metal precursor) ZnCl,.

of ZnCl,. Similarly, the bis-chelated complex 7 and the mono-chelated complex 8
were afforded to the corresponding yields of 80 and 78% from the use of 2-cyano-
pyridine with L-phenylalaninol and D-valinol, respectively, in the presence of

1.2 eq. of ZnCl,.

The formation of complexes 9 and 10 were studied using different amino alco-
hols, as seen in Figure 4. C2-symmetrical bis-oxazolines formed seven-membered
chelate rings which derived from 1,2-dicyanobenzene, affording a 1:1 adduct with
zinc dichloride. Indeed, the addition of isophthalonitrile with D-phenylglycinol
(0.56 eq.) provided the predicted mono-chelated complex 9 [11] at a good yield
(68%). However, a combination of a slight excess of L-valinol (0.72 eq.) caused the
addition of three amino alcohols to give complex 10 with a yield of 66%.

Surprisingly, the combination of L-leucinol and L-phenylglycinol with tetra-
cyanoethylene in the presence of 0.42 eq. of ZnCl,, respectively, provided neutral
bis[bis(oxazoline)]zinc (II) complexes 11 and 12 with corresponding yields of
88 and 86% (Figure 5). The crystal structures of these methylene-bis(oxazoline)
indicate that the tricyanomethane was formed as an intermediate from a dispropor-
tionation-rearrangement of the tetracyanoethylene precursor, although the precise
mechanism of this pathway is unclear. In 2016, Kogel et al. reported the synthesis
of complex 12 by a different route [12]. Interestingly, complex 12 was reported to
exhibit an intense cotton effect as a result of exciton coupling. Indeed, the X-ray
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Figure 3.
Zinc complexes 68 derived from 3-aminobenzonitrile and 2-cyanopyridine.
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Figure 4.
Complexes 9—10 derived from isophthalonitrile.

crystal structures of complexes 11 and 12 have been proven that due to the their
coordination environments, isobutyl-substituted complex 11 has shown a fairly
symmetrical tetrahedral comformation, while complex 12 is in highly distorted.
This maybe the result of the favorable intramolecular n-interaction between one of
the phenyl groups with the semicorrin structure of the adjacent ligand within 3.5 A,
effectively leading to the two chiral chromophores’ close proximity to convenience
exciton coupling [13].

In further study, 2-hydroxy-6-methylnicotinonitrile was employed as a precur-
sor to test the applicability of the one-pot methodology in assembling complex
multinuclear structures. In the presence of different amounts of ZnCl, (1.72, 1.31,

28



One-Pot Synthesis of Chiral Organometallic Complexes
DOI: http://dx.doi.org/10.5772/intechopen.89865

CN
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Figures.

Neutral zinc complexes derived from tetracyanoethylene.
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Multinuclear zinc complexes 13—15.
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Figure7.
The crystal structure of complex 1.

Figure 8.
The crystal structure of complex 2.

Figure 9.
The crystal structure of complex 3.

and 1.54 eq.), the corresponding condensation products with valinol, leucinol, or
phenylalaninol furnished the binuclear zwitterionic complex 13 and highly sym-
metrical tetramers 14 and 15 at yields of 86, 80, and 82%, accordingly (Figure 6).
Presumably, the formation of higher aggregates is prevented by the sterically
demanding isopropyl substituents. A six-membered N,O-chelate ligand is com-
plexed at each zinc metal center and connected to another metal center with a
bridging donor ligand from the pendant pyridine. With each zinc atom located at
a corner of a square grid, the planar N,O,N-ligands are oriented perpendicularly to
one another with diagonal Zn---Zn distances of ca. 6 A.
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The crystal structures of all the complexes (Figures 7-21) are determined
and reported by X-ray diffraction, elemental analysis, and IR. In all the cases, a
distorted tetrahedral geometry is found at zinc(II), and the C—N double-bond
character of the oxazolinyl ligand is largely retained in the metal complexes
(Table1).

Figure 10.
The crystal structure of complex 4.

Figure 11.
The crystal structure of complex 5.

Figure 12.
The crystal structure of complex 6.
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Figure 13.
The crystal structure of complex 7.

Figure 14.
The crystal structure of complex 8.

Figure 15.
The crystal structure of complex 9.
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Figure 16.
The crystal structure of complex 10.

Figure 17.
The crystal structure of complex 11.
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Figure 18.
The crystal structure of complex 12.

Figure 19.
The crystal structure of complex 13.

Figure 20.
The crystal structure of complex 14.
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Figure 21.
The crystal structure of complex 15.

ZnCl, (%) Products Yield (%)?
114.2 1 25
259.8 2 65
152.8 3 86
144.6 4 90
245.8-256.0 5 56
441 6 90
121.8 7 80
122.9 8 85
56.1 9 86
726 10 90
42.2 11 88
422 12 86
1721 13 86
130.7 14 80
153.6 15 82"

“Isolated yield from silica gel.

Table 1.
One-pot synthesis of zinc complexes (1-15).

3. One-step templated synthesis of chiral organometallic
salicyloxazoline complexes

Chiral oxazolinyl organometallic complexes are very important catalysts
in organic chemistry [14-22]. Several organometallic complexes containing
2-(2'-hydroxyphenyl) oxazolines are reported in the literature [23-42]. The general
approach to the synthesis of metal complexes begins with ligand synthesis, fol-
lowed by ligand reaction with metal salts to afford organometallic complexes [43].

35



Synthesis Methods and Crystallization

In 2017, our research group first reported a one-pot multicomponent synthesis of
chiral oxazolinyl-zinc complexes [44] in the presence of a large amount of ZnCl,
(0.4-2.6 eq.); the yields of certain products reached 90%. Herein, the chiral sali-
cyloxazoline metal complexes 16-23 can be obtained by using 1.0 eq. of metal salts
such as copper, cobalt, nickel, manganese, palladium, and platinum salts as the
third component. The structures of these complexes were characterized by X-ray
crystallography. The results prove that organometallic complexes can be assembled
with two reactants and different amounts of metal salts.

Chiral bis(oxazoline) copper complex 16, nickel complex 17, cobalt complex 18,
and palladium complex 19 were generated as crystals with the chemical formula ML,
(L = 2-(4-R—4,5-dihydrooxazol-2-yl)phenol, Ry: b-Ph, M: Cu, Ni, Co; Ry: L-CH,Ph;
M: Pd). The syntheses of these complexes can be summarized as follows: A mixture
of 2-hydroxybenzonitrile and b-phenylglycinol or L-phenylalaninol in 50 mL of chlo-
robenzene was refluxed for 72 h with 1.0 eq. of each of the above appropriate metal
salts. After removal of the chlorobenzene, single crystals of chiral bis(oxazolinyl)
metal complexes 16-19 were present after natural evaporation of the recrystallization
or chromatographic solvent with petroleum and dichloromethane (Figure 22).

In Figures 23 and 24, refluxing a mixture of 2-cyanophenol and d-phenylgly-
cinol in chlorobenzene for 72 h with 1.0 eq. of cobalt chloride hexahydrate or 1.0 eq.
of cobalt acetate tetrahydrate, respectively, afforded complexes 20 and 21. Further,
through slow evaporation from a 1:1 mixture of ethanol and chloroform, crystals of
complex 20 were obtained. However, the crystals of complex 21 were present after
column separation with a 4:1 solution of petroleum ether and dichloromethane,
followed by evaporation of the volatile components.

Notably, the product complexes 18 and 20 were obtained using CoCl,-6H,0 as a
reagent with different solvents in the workup procedure. As seen in Figure 23, when
a nonpolar solvent, such as petroleum ether or n-hexane, was used in the recrystal-
lization medium, crystals of complex 18 were obtained. However, if the recrystal-
lization was carried out with a mixture of two polar solvents, such as ethanol and
chloroform, crystals of complex 20 were obtained.

Similarly, in the synthesis of chiral oxazoline manganese complex 22 by the title
method, 2-hydroxybenzonitrile and D-phenylglycinol were refluxed with 1.0 eq.
of manganese acetate tetrahydrate in chlorobenzene for 60 h (Figure 24). After
removal of the chlorobenzene and slow evaporation with a mixture of absolute
ethanol and chloroform, crystals of complex 22 were obtained.

Interestingly, in Figure 25, when employed by 1.0 eq. of PtCI2 in the reac-
tion of 2-hydroxybenzonitrile with D-phenylglycinol in chlorobenzene,
the crystal structure of the resulting Pt complex was different from the
aforementioned complexes 16-22 (Figures 26-32); a complex containing

Or,” /O
CH,0H M7
PhCI, reflux e,
2 Q\ + H+NH2 + MCI/M(OAC); — ——N/ N—;

CN R
OH (excess) (1.0 2quiv.) TRy Ri
16,17,18 R4:D-Ph
16: Cu(OAc),, 65% or CuCl,, 85%
17: Ni{OAC),, 92% or NiCly, 95%
18: CoCly, 72%
19: R4:L-CH,Ph; PdCl,, 86%

Figure 22.
Templated synthesis of complexes 16—19.
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CH,0OH 20 (n=0.44), 85%
PhCI, reflux
+ H NH T o -
CN Ph CoCly* 6H,0 petroleum/n-hexane
OH
(excess)
O, /O
'Co.,
__N/ ‘J,N—
o, o)
~ “Bh Ph
8 (n=0.44), 72%
Figure 23.

Solvent effects on the formation of complexes 18 and 20.

Q—< LPh
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i on T PTTNR: =" O'—-—M "0
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OH (OAc), * 4H, &
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o
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Ph PhA/

21: M =Co, 70%
22: M = Mn, 80%

Figure 24.
One-pot synthesis of tri(oxazoline) metal complexes 21 and 22.

OH
CH,OH PhCI, A o °
+ H—T—NH, + PtCI Pt
CN 2 > N
Ph (1.0 equiv.) =N N
OH O\) H
(excess) “/Bh
23: 82%

Figure 25.
One-pot synthesis of oxazoline platinum complex 23.
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Figure 26.
The crystal structure of complex 16.

Figure 27.
The crystal structure of complex 17.

Figure 28.
The crystal structure of complex 18.
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Figure 29.
The crystal structure of complex 19.

Figure 30.
The crystal structure of complex 20.

Figure 31.
The crystal structure of complex 21.
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Figure 32.

The crystal structure of complex 22.

Figure 33.

The crystal structure of complex 23.

Metal salts The amount of metal salts Products (%) Yield (%)
Cu(OAc), H,0 55.7 16 65
CuCl,-2H,0 53.2 16 85
Ni(OAc),-4H,0 51.0 17 92
NiCl,-6H,0 53.0 17 95
CoClL-6H,0 44.3 18,20 72,85
PdCL, 498 19 86
Co(OAc),-4H,0 423 21 70
Mn(OAc),-4H,0 52.6 22 80
PtCl, 337 23 82
Table 2.

One-pot synthesis of salicyloxazoline complexes.
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one unit of (R)-2-(4-phenyl-4,5-dihydrooxazol-2-yl) phenol and one unit of
D-phenylglycinol was obtained after column chromatography with petroleum
ether and dichloromethane (4:1) followed by crystallization via slow evaporation
(Figures 25 and 33).

The proposed mechanism shows that excess metal salts can activate the reaction
of 2-hydroxybenzonitrile with D-phenylglycinol in chlorobenzene to form ligand
intermediates and then directly furnish the corresponding organometallic com-
plexes via a one-step procedure (Table 2).

4, Conclusions

One-pot synthesis of oxazolinyl-zinc(II) complexes 1-23 at yields 25-95% was
firstly demonstrated by assembling three-component reactions between metal salts,
amino alcohols, and a variety of nitrile precursors. From the crystal structures of
the complexes 1-23, the reaction product is highly dependent on the presence of
ligands, the amount of metal salts, and the nature of the substituent at the stereo-
genic center, giving a variety of coordination modes, such as mono- and bis-chelate
complexes, mononuclear and mutinuclear complexes, etc.

Investigations into other oxazolinyl organometallic complexes and the cata-
lytic properties of these complexes as chiral ligands are currently ongoing. These
complexes exhibit bioactivities as anticancer reagents, and the future use of these
complexes in medical fields is currently being developed.
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Appendix
Additional information is provided in the article as follows:

1. The characterization spectra of compounds 1-15 [44] are available free of charge
via the Internet at https://ccj.springeropen.com/. The crystallographic informa-
tion of compounds 1-15 are available from the Cambridge Crystallographic Data
Center (CCDC) as supplementary publications CCDC 853709-853,710, 931,
745-931,746, 931,745-931,748, 931,751-931,753, 931,756, 1,014,806-1,014,807,
and 1,540,756, deposit@ccdc.cam.ac.uk or http://www. ccdc.cam.ac.uk.

2. Supporting information including the NMR spectra for compounds 1-15 [44]

are available free of charge via the Internet at https://ccj.springeropen.com/
articles/10.1186/s13065-017-0305-1.
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3. Supporting information including the NMR spectra for compounds 16-23 [45]
are available free of charge via the Internet at: Crystallographic Data Center
(CCDC) as supplementary publications CCDC 853709-853710, 931745-931746,
931745-931748, 931751-931753, 931756, 1014806-1014807 and 1540756.

4.The crystallographic information of compounds 1-23 are available from
the Cambridge Crystallographic Data Center (CCDC) as supplementary
publications CCDC 853709-853,710, 931,745-931,746, 931,745-931,748,
931,751-931,753, 931,756, 1,014,806-1,014,807, 1,540,756, and CCDC 1035470—
1,035,473, 1,035,475-1,035,476, 1,035,626, and 1,835,179, deposit@ccdc.cam.
ac.uk or http://www.ccdc.cam.ac.uk.
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Chapter 4

Nucleation

Wan Nur Athirah Magli, Mohd Afnan Ahmad
and Shafirah Samsuri

Abstract

Nucleation is one of the processes that involves at the beginning of the certain
process like freezing, melting, boiling, condensation and crystallization. This pro-
cess normally occurs in the industry, where it is involving the thermodynamic
phase that involves work, energy and temperature. The nuclei growth happens
when the initial phase changes to the other phase. Unfortunately, the detail for the
theory of nucleation is not well-known around the people who are working in the
industry, even though there are many reports or writings available. Thus, few types
of nucleation like homogeneous and heterogeneous nucleation and the other theory
of nucleation have been summarized in this chapter.

Keywords: homogeneous, heterogeneous, ice crystal

1. Introduction

Crystallization is the process where the molecules or tiny ice crystal are attached
to each other to produce bigger formation of molecule or ice layer. Large cluster is
stable compared to the smaller cluster as most of the molecules are far from the
surface of the solution. It starts to form at the center of the cluster and slowly spread
to the outward part of the cluster [1].

Besides, crystallization happens when there is phase change from the liquid to
solid or crystalline form. This process happens when concentration of the solute
already exceeds the equilibrium concentration or known as the supersaturated
solution. The solution provides the driving force for the process and develops the
growth of the particle but it not always develops the crystallization process because
the supersaturated solution might be in metastable state. The process will happen
when the limit of metastable has reached the limit and it depends on the kinetics
system [2].

Nucleation is the process that happens in the crystallization process and it can be
divided into few categories [2]. Ice nuclei appear at the solid surface when the
fusion of heat is transferred by the conduction toward the cooled surface. By this
time, the thin film starts to grow thicker until the ice crystal layer is formed. Most of
the nuclei are developed in the high supersaturation and it attaches to form the ice
crystal [3].

Activated process is known as nucleation because there is a barrier that the
growing nucleus needs to be defeated [4]. The nucleation phenomenon is widely
known in most aspects of science. Besides, it normally occurs at the beginning of the
form of the ice crystal, snow, volcanic and the rainfall [5]. The nucleation process
can be divided into a few parts as a different process has different conditions.
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Other than that, it is important to understand more detail about the formation of
ice for the nucleation and the supercooling condition in a science and technology

field [6].

2. Primary nucleation

The supersaturated state achieved is the first step considered in the crystalliza-
tion process. For supersaturation condition itself are not sufficient for a system to
crystallize. The crystal needs to grow where new crystallization centers must exist
in the solution. This formation of one phase in another, under conditions where a
free energy barrier exists, is known as nucleation [1].

Nucleation is a random process which in two same situations or system nucle-
ation will happen at a different time [4, 7]. Generally, the theory introduces in
describing this phenomenon include its nature and behavior of the new thermody-
namic phase is called classical nucleation theory (CNT). On the other hand, the
experimental result of vapor to liquid nucleation cannot be described using CNT
include the Argon by a few orders of magnitude for model substances [8].

For the formation of ice in the water below 0°C, if the system not changing with
time and the nucleation occurs in one step. Thus, the probability of nucleation
happens is denied through exponential decay as seen in radioactive decay. This
scenario can be seen in the nucleation of ice in supercooled [9]. Another example is
the self-organization process that forms like amyloid assembly associated with
Alzheimer’s diseases which the self-assemble system by the energy consumed such
as microtubules in cells are referred to the nucleation and growth [10].

There are two types of nucleation namely the homogeneous or spontaneous
nucleation and heterogeneous nucleation. This phenomenon happens when nuclei
are formed perfectly in a clean solution where there are no any foreign particles. In
any practical situation the presence of foreign particles includes impurity mole-
cules, dust particles or ions refer to the heterogeneous nucleation. Both the nucle-
ation process classified as primary nucleation [11].

Besides, primary nucleation refers to the early formation of a crystal in absence
of any other crystal or it will not affect or influence the process if there any presence
of crystal in a system that will happen in two conditions as stated above. In homog-
enous nucleation, the nucleation is not affected by solids and this include walls of
crystallizer vessel and particles of any substance [12]. While the second one is the
heterogeneous nucleation caused by the increasing rate of nucleation by the pres-
ence of other substance of solid particles would otherwise not be seen without the
existence of these foreign particles [13].

For homogeneous nucleation, it is rarely happening because higher energy is
needed to start the nucleation with the absence of solid particles. Primary nucle-
ation has been modeled with the following power-law expression.

dN

B:d—t:kn(cfc*)" (1

Eq. (1) shows that the nucleation requires the rate constant, the instantaneous
solute concentration, the concentration at the saturation phase and the empirical
exponent which is generally ranges between 3 and 4.

Basically, primary nucleation theories can be used to study the metastable zone
width (MSZW) data and kinetic of nucleation for the crystallization process.
MSZW is explained as the gap of supersaturation between the supersolubility curve
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and solubility curve. The kinetics of primary nucleation of NaNOj for fractional
crystallization process of high saline wastewater had been studied by Bian et al.
MSZW of NaNOj; was analyzed based on different stirring rate, present of seed
crystals and cooling rate by using ultrasonic velocity sensor [14].

3. Secondary nucleation

The development of nuclei which refer to the influential of microscopic crystals in
the magma is the phenomenon of secondary nucleation [15]. This nucleation happens
when the crystal growth is introduced with a contact of other existing crystal or
“seeds” [16]. For example, under a certain condition fluid shear forces are sufficient
to produce secondary nuclei from an existing crystal surface [17]. Fluid shear nucle-
ation happens when the fluid passes through the crystal with higher speed, sweep
away the nuclei that would otherwise be incorporated into a crystal. The scenario led
to the formation of a new crystal by the “swept away” nuclei. This contact nucleation
proves to be the most effective and common method in nucleation.

In addition, this secondary nucleation depends on supersaturation. As stated
Strickland-Constable that arises since the starting size distribution of potential
secondary nuclei is depend on supersaturation. However, the particle produces at
critical size ranged. This secondary nucleation has been performed in the agitated
system that many been found in industrial crystallizers [18]. Sometimes, for needle
breeding appear at high supersaturation where the dendrites may be expanding, or
the needle is growing from existing crystal. As a result, when the crystal breaks the
new centers for crystal growth are formed and this also refers to collision nucleation
where arises from contact between two growing crystals or between a crystal with
another solid surface [19].

The second nucleation gives many advantages includes lower kinetic order and
rate-proportional to supersaturation which allows easy control without unstable
operation, the nucleation occurs at low supersaturation which the growth rate is
optimal for good quality, lower energy needed where the crystal strike avoids the
breaking existing crystal to form new crystal, and the quantitative fundamental have
already been isolated and are being incorporated into practical [20]. The following
model, although somewhat simplified, is often used to model secondary nucleation.

B:d—N:lelMJT(c—c*)b )
dt

where k; is a rate constant, MT is the suspension density, j is an empirical expo-
nent that can range up to 1.5, and b is an empirical exponent that can range up to 5.

Xue et al. stated that secondary nucleation is one of the main steps in the
crystallization industrial. Most of the researchers are focused on the mechanism and
the kinetics of the secondary nucleation of the aluminum hydroxide crystallization.
Besides, it is related to the growth of the crystal process through the surface nucle-
ation mechanism. Other than that, secondary nucleation is known as the removal-
limited and chemical reaction controlled [21].

4. Homogeneous nucleation

Homogeneous nucleation is known when the nucleation is occurring without
any favorable nucleation sites. Normally, the nucleation process happens randomly
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as well as spontaneously. It requires supercooling or superheating for the medium
and it happens in the inner of the uniform substance with more difficulty. There
will be the formation of an interface at the boundaries of a new phase when the
nucleus is formed. To start the nucleation process, the supercooled phase is needed
where the liquids need to be cooled down to below the melting temperature which
is the maximum temperature of homogeneous nucleation but in the same time, the
liquid need to make sure that it above the freezing temperature (homogeneous
nucleation temperature) [22].

With the absence of external insoluble substance, supercooled water starts to
nucleate homogeneously due to the variation temperature, density and pressure.
This happens because of the endless formation of the ice cluster [23]. For homoge-
neous nucleation, after certain period of time when the nucleation begins, the
crystals or bubbles are growing and become bigger and at the same time new crystal
or bubble starts to nucleate. This can be shown through Figure 1.

According to the Abyzov et al., they approach new way to predict the homoge-
neous nucleation rates of silicate glass by estimate the nucleation rates. This is
because the temperature of glass transition is closed to the maximum homogeneous
rate. By using this approach, they can avoid some serious problem but in the same
time they could not solved the difference between the experimental nucleation rate
and the Classical Nucleation Theory, CNT [24].

Besides, Gibbs free energy is needed to determine the critical radius for homo-
geneous nucleation and it can be shown in Eq. (3). To find out the critical radius and
the critical free energy, the formula of the Gibbs free energy need to differentiate
[25]. Egs. (4) and (5) show the critical radius and critical free energy.

4
AGhomo = — §HV3AGV + 4mrtyg 3)
. 2rsp 2y Tm 1

* = = e 4
" T AGy ( Ly AT )

. 1671}/?% 16ﬂy§L fn 1
AGH =—TL = > 5 ®)

30G2 3.2 ) (AT)

The system can lower the free energy by the dissolution of the solid when the
value of r is less than by »*. Embryos are the unstable solid particle while nuclei are
the stable solid particles with the value r is more than the value of * Besides, the
nucleation rate for homogeneous nucleation also important as it will determine the
time for nuclei to transfer into the nucleus. To calculate the nucleation rate, the
population of critical embryos is needed and it can be shown in Egs. (6) and (7)
shows the formula of the nucleation rate for homogeneous nucleation. AG, is the

c 8 0 O 5 000

Figure 1.
Schematic diagram for transformation of homogeneous nucleation.
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excess of free energy, k is the Boltzmann factor and #, is the total number of atoms
in the system [25].

4
ny = — §mf3AGv + 47:72}/SL (6)

*
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5. Heterogeneous nucleation

Heterogeneous nucleation happens more often compared to the homogeneous
nucleation. It is applicable for the phase transformation between the two-phase like
bubble formation, solidification and the condensation of the gas. Normally, this
process happens at a favorable site such as surfaces of the container, impurities and
phase boundaries. At these sites, the effectiveness of the surface energy is lower;
therefore, it can ease the nucleation process and reduce the free energy barrier.

The example of the heterogeneous nucleation is when the person is putting the
finger into the carbonated water and the bubble is formed, this is because the
surface of the finger is rougher compared to the surface of the container [26].
Besides, it happens when the ice nuclei at the lower temperature of supercooling
[23]. For heterogeneous nucleation, after certain time when the nucleation starts to
begin, the crystals or bubble only growing and become bigger and no new nucle-
ation happens. Figure 2 shows the transformation for heterogeneous nucleation.

As stated by Fujinaga and Shibuta, athermal heterogeneous nucleation is the
process where the onset of the free growth of the phase is controlling the grain
initiation of the inoculated particles. The onset of free growth is dependent on the
particle sizes and undercooling temperature. In molecular dynamic simulation MD,
additional condition should be chosen carefully in order to fix the heterogeneous [27].

For the heterogeneous nucleation process, the wetting will encourage the nucle-
ation at the surfaces, thus the free energy is the same with the product of free
energy for homogeneous and the contact angle (6). Eq. (8) shows the free energy of
the heterogeneous nucleation. It also has the critical radius and critical free energy
and both of it can be shown through Egs. (9) and (10).

AGhete = AGhomoS(g) (8)
x _ 2ysy,

e 9)
167y3

AG* = 22TSLg ) (10)
3AGy,

o Q o O O O

Figure 2.
Schematic diagram for transformation of heterogeneous nucleation.
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To calculate the heterogeneous nucleation rate, it requires several atoms that
contact with the surface of the nucleating agent surface. Egs. (11) and (12) show the
formula for the number of atoms and nucleation rates for heterogeneous nucleation.
With minor undercooling situation, the nucleation process is happening in the
cracks. To ensure that the cracks are effective, the opening of the crack should be
large enough as it needs to let the solid to grow out freely without bothering the
radius of the solid is smaller than the critical radius [25].

7AGhete
n* =mne (11)
;ﬂe

Niete :f1C167 kT (12)

6. Ice growth

The crystallization process for super-cooled water will start when the ice cluster
solid has been formed by the nucleation. The ice starts to grow when the nucleation
process has happened. Apart from it, the initial nucleus interrupts the second ice
layer to growth when the latent heat is released [23].

Water forms the ices by undergoing the freezing process and this phase transi-
tion happens widely in nature. It is hard to redo the freezing process to transform
water into solid with the specific crystalline structure [28]. The study of the growth
of the ice layer on the subcooled surface started early in the field of geography.
According to the Neumann problem, the phase change of water supposed to be
uniform in the early process at the subcooled surface like ice crystal start to appear
as a thin film around the surface. The ice starts thicken in the perpendicular direc-
tion uniformly. Primary nucleation will not happen simultaneously at the surface
during the onset of the freezing on the subcooled surface [29].

The reaction of the ice particles in stratospheric clouds will change the halogen
chemistry and at the same time, it helps to deplete the ozone layer. For the reactiv-
ity of the ice surface, it depends on its mobility or density as it is important to
control the degree of the crystallinity and the structure of the ice film itself. To face
this issue, ice film need to be grown well on the solid surfaces and use it as a tool to
find out the reactions of the atmospheric. The structure of the ice film on the
different hexagonal metal surface is sensitive to attach the energy to the metal and
different structures of different transition metal surfaces [30].

For the phase change, heat and mass transfer is an important part of the onset
like freezing on the subcooled surface. It is because it can be a good opportunity for
the engineering application [29] such as ice formation on the cryogenic surface [31]
and the ice production using scraped-surface heat exchanger [32]. For a certain
process, the mass flow rate of the injected vapor is used to calculate the ice layer
growth rate which is forms on the plate. Normally, the ice layer grows until it
reaches the critical thickness is considered as the outcome of the process. Film-wise
condensation starts to occur on the surface of the ice layer when it reaches the
critical thickness [31].

The heat transfer coefficient in the scraped-surface heat exchanger without the
phase change (ice growth) is three to five times smaller compared to the phase
change. The torque for handle the scraper is increasing when the onset of ice growth
is happening until the scrapper becomes frozen. Ice started to growth at stage IT and
stage III, where the ice particle from the nucleation takes place. The ice particle
continuously freezes until it transforms into the ice crystal and the concentration of
the mother liquor is increasing [33].
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7. Kinetics of nucleation

As reviewed, the part of kinetics from the rate of nucleation gives a number of
the water molecule which has a potential incorporated into the ice crystal [34]. The
flux of water molecule that happens be incorporated with the ice crystal must be
counted for nucleation rate estimation. The flux can be written as diffusive flux (®)
and known as the Boltzmann distribution. The equation is expressed as below.

KpT 2
=—.6

® (13)

whereas h refers to the Planck’s constant and Ag” is the activation energy for the
transfer of a water molecule across the water-ice boundary. The @ can also be
introduced as the frequency at water molecules overcome at the activation energy
[34], as for the collisions rate or the probability in breaking the bond and
reassemble of molecular.

Besides, the second pre-factor stated as the Zeldovich factor (Z) is for the
depletion of the cluster population caused by crystal production. This factor
includes the non-equilibrium of the kinetics process which the value is between
1072 and 1, where the value 1 considers as assumed equilibrium. As a result, in
describing the expression for the @ and the pre-factor Z the rate (K) for water
molecule is transformed into ice crystal can be expressed as equation below;

K =n,.4nr?, .. Z.® (14)

whereas 7, refer to the number of molecules in jumping the crystal surface of the

neighboring crystal and the 4m’fyw ., is the surface are of the critical ice crystal.

8. Conclusion

Most of the basic theories of the nucleation have been summarized in this
chapter. The objective of this chapter is to introduce more about the primary,
secondary, homogeneous, heterogeneous, ice growth and the kinetics of the nucle-
ation. Even though the homogeneous and heterogeneous nucleation can be called as
part of the primary nucleation, both of it has different characteristic as both pro-
cesses happen at different situation and time. Basically, homogeneous always
nucleate new crystals while heterogeneous only focus on the growth of the crystals.
Both nucleations can be analyzed through the kinetics of the nucleation and the ice
growth of the crystals or bubbles.
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Chapter 5

Synthesis Methods and
Crystallization of MOFs

Yitong Han, Hong Yang and Xinwen Guo

Abstract

Metal-organic frameworks (MOFs) are a class of porous crystalline materials
constructed of metal centres with organic linkers, creating one-, two-, or three-
dimensional well-organized frameworks with very high surface areas. The study of
MOFs has become one of the research hot spots in many fields, owing to the broad
potential applications projected for these materials in various areas. It is well recognized
that synthesis strategies dictate the structure and thus the properties and performance
of the resulted MOFs. This chapter provides a comprehensive up-to-date overview
on the modulated synthesis strategies for MOFs. The ability to control crystal mor-
phology and size by a number of modulated synthesis methods is illustrated by the
zirconjium-terephthalate-based MOF, the UiO-66, and a number of other MOFs.

Keywords: metal-organic frameworks, synthesis method, crystallization, crystal
morphology and size control

1. Introduction

Porous materials are a class of solid compounds with an ordered and/or disor-
dered pore structure, high pore volume, and large surface area. These combined
with some of their unique chemistries make them a unique class of chemical and
engineering materials. Over the past three decades, porous materials have become
one of the research hot spots in the fields of chemistry, physics, and materials
science and engineering. The diversity in the pore orientation and dimensionality,
combined with the multiplicity in pore shapes and sizes, makes the porous materials
highly interested and widely studied. The IUPAC defines the porous materials based
on the pore dimensions and classifies them into the microporous materials with
pore dimension less than 2 nm, mesoporous materials with pore dimension ranging
from 2 to 50 nm, and macroporous materials with pores larger than 50 nm [1].

Porous materials have shown great application values in some traditional indus-
tries, such as the oil and gas processing, industrial catalysis, adsorption/separation,
and fine chemical industries [2-5]. In more recent decade, they are also being
recognized and explored in the research fields of water treatment, sustained release
of drugs, and fuel cells, to name a few [6, 7].

Among all porous materials, zeolites are perhaps the most famous microporous
materials. In the frameworks of the zeolites, different numbers of TO, tetrahedral pri-
mary structure units connect together to form shared apexes, which enable the creation
of the interconnected secondary structure units of various shapes and the formation of
the microporous zeolite structure. The “T” in the TO, tetrahedrons is usually silicon,
aluminum, and phosphorus. Chemically, zeolites have adjustable acidity, in addition to
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their excellent pore channel selectivity and hydrothermal stability. These support the
high research value of zeolites in industrial applications such as exchange, adsorption/
separation, and petroleum processing. However, the inorganic nature of zeolites limits
their adjustability in chemical properties and designability in pore structures and sizes,
which restrict the further development and applications of zeolites [2].

For decades, there have been research efforts trying to integrate various metal
centres and functional organic molecules into porous structures for the modulation
of physical and chemical properties. This effort has resulted in the development
of a novel type of hybrid porous crystalline materials formed by the coordina-
tion of inorganic metal centres and organic linkers in the 1990s. This new class of
porous materials is most commonly known as metal-organic frameworks (MOFs),
although they are also sometimes known as porous coordination polymers (PCPs)
or inorganic-organic hybrid materials [8-10]. Ever since their discovery, MOFs have
received significant attention from scientists, engineers, and technologists due to
their versatilities in structures and chemistries. Since the synthesis of MOFs directly
influences the crystallization of the MOF structure, thus dictates its properties and
functional performance, extensive work and thousands of research papers have
continually emerged focusing on the development of synthesis methods.

The aim of this chapter is to provide an up-to-date overview on the synthesis
methods of MOFs reported so far, with the objective to provide empirical guidance
for developing synthesis strategy for MOF materials targeting specific properties
and functionalities. We draw on our own extensive experiences on modulated
synthesis of the UiO-66 MOF material to demonstrate how the crystal morphology
and size can be controlled by different modulated synthesis methods, mechanisms
of crystallization, and effect of metal doping on MOF crystals during synthesis.

2. Structure and applications of MOFs

As stated in the introduction, MOFs are a unique class of hybrid porous crystal-
line materials and have been widely studied over the past two decades for their
inherent structure design flexibility and potential applications [11].

The structures of MOFs are constructed by self-assembly between the “nodes”
of metal-containing secondary building units (SBUs) and the “bridges” of organic
linkers, creating one-, two-, or three-dimensional well-organized network struc-
tures with very high pore volumes and surface areas. The framework topologies
and pore structures and sizes of MOFs can be designed via selecting various metal
centres and organic linkers. Their chemical properties can be modified by chemical
functionalization of linkers and post modifications [12-14].

MOFs have extended the chemistry of the porous materials from inorganic
to inorganic-organic hybrid. This compositional diversity, combined with the
structural diversity, gives them unique properties and functionalities. MOFs are
thus a class of highly attractive porous materials for a broad range of applications,
including in gas adsorption/separation [15-18], luminescence and sensing [19-22],
catalysis [23-25], and others [26-29].

3. Synthesis methods and crystallization of MOFs

3.1 Overview of synthesis methods for MOFs

At their discovery, the method for synthesis of MOFs is solvothermal. Typically,
metal precursors and organic linkers are dissolved in solvent and placed in a closed
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reaction vessel for the formation and self-assembly of MOF crystals. The common
solvents used include N,N-dimethylformamide (DMF), N,N-diethylformamide
(DEF), methanol, ethanol, and acetonitrile. The synthesis temperature is generally
below 220°C, and the crystallization time varies from several hours to several tens
of days.

After more than two decades of research and development, great advances have
been made in the synthesis of MOFs. New synthesis methods such as the electro-
chemical, microwave-assisted, mechanochemical synthesis, microfluidic synthesis
method, etc. have all been reported [30]. Figure 1 summarizes the development
timeline for the most common synthesis approaches of MOFs [30].

These diverse methods have enabled the synthesis of hundreds of new MOF
structures since its first discovery. On top of this, as clearly stated in the principle
of “structure dictates function” [31], having the ability to control and tailor the
morphology and size and their chemical functionalization of MOF crystals is vital
in delivering targeted properties and performances of the resulted MOF materials.
This demands the development of more sophisticated synthesis strategies based on
the understanding of mechanisms of crystallization occurred during synthesis. The
following provides an overview on the currently developed modulated synthesis
methods for morphology and size control of MOF crystals and doping to create
hybrid MOF crystals.

3.2 Morphology and size control of MOF crystals

The synthesis of MOFs involves the process of crystallization during which
the nucleation and growth of crystals occur. The nucleation and growth of MOF
crystals involve the self-assembly between metal-oxygen clusters and organic link-
ers. Understanding the influencing factors on the nucleation and growth of MOF
crystals during their synthesis will enable accurate controlling of crystal morphol-
ogy and size. The following discusses the morphology and size development of the
MOF crystals during different modulated syntheses.

3.2.1 Deprotonation regulation synthesis

It is well documented that synthesis conditions, such as temperature, time,
solvent type, and reactant concentrations, play important roles in the morphology
and size of resulted MOF crystals.

For example, an NH,-MIL-125(Ti) MOF material can be synthesized by a
solvothermal method in a mixed solvent of DMF and methanol. Figure 2 shows the
SEM images of the NH,-MIL-125(Ti) crystals synthesized with different reactant
concentrations, as indicated by the total solvent volumes. By changing the total
volume of the solvent alone while maintaining constant ratio between the DMF
and methanol and amount of reactants, the morphology of the NH,-MIL-125(Ti)

SOLVOTHERMAL MICROWAVE IONOTHERMAL
ELECTROCHEMISTRY SONOCHEMICAL SPRAY DRYER FLOW CHEMISTRY
I |
1995 1998 2001 200 T 2007 T 2010 T 2013 T 2018
HYDROTHERMAL TEMPLATE ] SUPERCRITICAL
MECHANOCHEMISTRY SOL GEL

ATOMIC LAYER DEPOSITION

Figure 1.
Timeline of the most common synthesis approaches for MOFs [30].
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crystals can be modified from circular plates to tetragons and octahedrons [32].

As the crystal morphology changes, the light absorption band of the NH,-MIL-
125(Ti) can be tuned from 480 to 533 nm, making it advantageous in photocatalytic
applications.

It has been found that the reactant concentration has a significant effect on the
deprotonation rate of the organic linkers during the synthesis of NH,-MIL-125(Ti)
crystals. The deprotonation rate plays a critical role in the nucleation and growth
of the NH,-MIL-125(Ti) crystals. Modulating crystal morphology and size of
MOFs by changing the rate of deprotonation is called the deprotonation regulation
synthesis [33].

3.2.2 Coordination modulation synthesis

Besides changing synthesis conditions, introducing additives during crystalliza-
tion is another strategy of controlling the morphology and size of MOF crystals.
The research lead by Kitagawa first reported the coordination modulation of
carboxylic acid additives on the growth of [{Cu,(ndc),(dabco)},] MOF crystals
[34]. In this work, a specific amount of acetic acid is added in the crystallization
mother liquor of the [{Cu,(ndc),(dabco)},]. Acetic acid hinders the coordination

Figure 2.
SEM images of NH,-MIL-125(Ti) crystals synthesized with different total solvent volumes of (a) 40 mL,
(b) 30 mL, (c) 20 mL, (d) 15 mL, (e) 14 mL, and (f) 13.5 mL [32].
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between metal clusters and organic linkers through selective coordination with
the metal clusters. This influences the expansion of lattice structure and alters the
growth of the [{Cu,(ndc),(dabco)},] crystals. Figure 3 shows the nanocrystals of
[{Cu,(ndc),(dabeo)},] formed under the capping effect of acetic acid [34].

Subsequently, Kitagawa’s group has also synthesized the HKUST-1 crystals using
three kinds of monocarboxylic acid additives, the acetic acid, dodecanoic acid,
and lauric acid under ultrasonic condition. Figure 4 shows the effect of additive
quantity on the morphology of the resulted HKUST-1 crystals. As seen, with the
increased additive quantity, not only the size of the HKUST-1 crystals increases
from tens of nanometres to several micrometres, the shape of the crystals also
changes from cube to octahedron, truncated cube, and tetradecahedron, progres-
sively [35, 36].

It has since been established that the coordination modulation which resulted
from using the carboxylic acids has certain universality. It is shown to effec-
tively control the crystal morphology and size of a number of MOFs, including
{Cu,(ndc),(dabco)},, HKUST-1, Zr-based MOFs, etc. The amount of the additive
used ranges from 2 to 100 equimolar of the reactants. The carboxylic acid additives
do not affect the crystal structure of the resulted MOFs.

3.2.3 Surfactant modulation synthesis

Some surfactants, such as the cetyltrimethylammonium bromide (CTAB) [37]
and polyvinylpyrrolidone (PVDF) [38, 39], can also be used for the modulated
synthesis of MOFs. In the crystallization of MOF crystals, the surfactant molecules
can be selectively absorbed on one or more specific facets of the MOF crystals, thus
hinder or alter their growth, and result in the modification of crystal morphology
and size.

Take the hydrothermal synthesis of ZIF-67 MOF crystals as an example. As
shown in Figure 5, by simply changing the amount of CTAB from 0.0025 to
0.025 wt%, a series of the ZIF-67 cubic or rhombic dodecahedron crystals with
sizes ranging from ~150 nm to 1 pm can be produced [40]. Additionally, by car-
bonization of the resulted ZIF-67 crystals in N, flow, a series of Co-based porous
carbon catalysts can be obtained. These Co-based porous carbon catalysts retain the

Crystal growth
9
b —
Orpar hoke
+
m!:. e
L P, R
0 - Crystal growth
by selective modulation
Competitive inferactions
Moduiated nucieabion
Figure 3.

Coordination modulation method for fabricating [{Cu,(ndc),(dabco) In] nanocrystals [34].
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Figure 4.

(a) TEM images of the HKUST-1 crystals obtained with various concentrations of dodecanoic acid and
H,BTGC; heve Cis the concentration of the H;BTC and r is the molar ratio of dodecanoic acid to H;BTC [35].
(b) SEM images of the HKUST-1 crystals obtained with different amounts of the lauric acid in mmol: (a) o,
(b) 2.34, (c) 4.75, (4) 7.13, (e) 9.5, and (f) 11.88 [36].
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Figure 5.
ZIF-67 crystals synthesized with different amounts of the CTAB additive (1: o, 2: 0.0025 wt%, 3: 0.01 Wt%, and
4: 0.025 wt%). SEM and TEM images of (a) as-synthesized samples and (b-d) carbonized samples [40].

original shape of the ZIF-67 crystals and display an outstanding catalytic perfor-
mance towards the CO, methanation at low temperatures.

It has also been reported that the addition of CTAB can modulate the crystal
morphology and size of some other MOFs. Figure 6 shows a number of such
examples including IRMOFs [41, 42], HKUST-1 [43], and ZIF-8 [44].
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I:IRMOF-3 1:HKUST-1 lI:ZIF-8
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Figure 6.

Thge influence of CTAB additive on the crystal morphology and size of several MOFs. (I) SEM images of
IRMOF-3 synthesized with different amounts of CTAB in mg: (a, a1, a2) o, (b, b1, b2) 5, (¢, c1, ¢2) 8, (d, d1, d2)
12, and (e, e1, e2) 15 [42]. (II) SEM images of HKUST-1 synthesized with different amounts of CTAB in M:

(a) o, (b) 0.005, (c) 0.01, (d) 0.05, (¢) 0.1, and (f) 0.5 [43]. (III) (a) XRD patterns of ZIF-8; (b) ZIF-8
synthesized without CTAB; ZIF-8 synthesized with different amounts of CTAB in wt%: (c) 0.0025, (d) 0.010, and
(e) 0.025; (f) mean particle size of ZIF-8 crystals versus the concentrations of CTAB added [44].

4. The UiO-66 MOF

As one of the most important MOFs, the Zr-BDC (ZrsO4(OH)4(CO,)1,) MOF,
commonly known as the UiO-66, has been extensively studied due to its high
porosity and excellent structural stability at high temperatures and pressures, and
excellent stability in chemical (acidic/basic) aggressive environments. The frame-
work of the UiO-66 is built on the [Zr¢O,(OH),] SBUs, each coordinated with 12
1,4-benzene-dicarboxylate (H,BDC) linkers. Figure 7 illustrates the crystal struc-
ture of the UiO-66. Its cubic structure is composed of octahedral cages close to 11 A
and tetrahedral cages close to 8 A, and these cages are connected through narrow
triangular windows close to 6 A [45].

4.1 Modulated synthesis of UiO-66 crystals using carboxylic acids

The UiO-66 crystals are commonly synthesized via a solvothermal method at
110-130°C and allowed to crystallize for 24 h. Without modulation, the obtained
UiO-66 crystals are usually agglomerates of small cube-like particles of 80-200 nm
in size and with low crystallinity. These UiO-66 crystals show low porosity with the
BET surface area below 1000 m* g .

To improve the crystallinity of the UiO-66 crystals, carboxylic acid additives have
been applied in the synthesis. Schaate et al. first studied the influence of benzoic acid
and acetic acid on the crystal growth of the UiO-66 and other Zr-based MOFs [46].
They have found the UiO-66 crystals synthesized are octahedrons of several hundred
nanometres in size, as shown in Figure 8. These crystals have a high crystallinity with
the BET surface area of up to 1400 m® g Schaate et al. suggested that the addition
of the carboxylic acid additives changes the original coordination equilibrium and thus
the crystal growth rate during the crystallization of the UiO-66 crystals. There exists a
competition between the coordination of the BDC linkers and carboxylic acid additives
towards the Zrg clusters. This becomes an obstacle for the connection of the BDC linkers
and Zr clusters, shifting the original coordination equilibrium. This behaviour can be
exploited as a way to modulate the morphology and size of the resulted MOF crystals.
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Schematic illustration of the UiO-66 structure [45].
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Figure 8.
(a) XRD patterns and (b—d) SEM images of the UiO-66 crystals synthesized with different amounts of benzoic
acid additive [46].

4.2 Modulated synthesis of UiO-66 crystals using HF

We have been working on precisely controlled synthesis of the UiO-66 and other
MOFs with the aim to optimize their properties and extend their application poten-
tials. We were the first to report a hydrofluoric acid (HF) modulated synthesis of the
UiO-66 crystals from reactants ZrCl, and H,BDC [47]. In the study, the amount of
HF was varied from 1 eq. to 3 eq., where “eq.” refers to the molar ratio of HF to ZrCl,
in a synthesis batch. A control sample was also synthesized without the addition of
HF but under otherwise identical conditions. Figure 9 shows the SEM images of the
UiO-66 crystals synthesized. As seen, the addition of the HF facilitates growth of the
UiO-66 crystals with the mean size of the crystals increasing from ~150 nm to 7 pm
with increased HF addition. By controlling the concentration of the reactants, the
morphology of crystals changed from truncated cube to cuboctahedron.
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To understand the impact of the HF additive, elemental mapping and "*F NMR
analysis of the resulted UiO-66 crystals were conducted.

Figure 10 shows the EDS mapping of the synthesized UiO-66 crystals. As seen,
without the addition of HF, a small amount of Cl was detected in the crystals even
after heat treatment up to 300°C. This somewhat unexpected observation of the Cl
is believed to be resulted from structure defects in the synthesized UiO-66 crystals.
It is known that the UiO-66 crystal structure contains defects in the form of missing
linkers, which would result in an unsaturated framework. To compensate for this
charge imbalance of the framework, negatively charged Clions (from the ZrCl,
reactant) are “needed” to coordinate with the defective sites.

For the crystals synthesized with the addition of HF, EDS analysis of the crystals
revealed noticeable F in the crystals, with no Cl observed. This indicates that, in
the presence of stronger electronegative F, the F ions now coordinate to the linker
defective sites instead of chlorine ions in the SBUs of the UiO-66 crystals.

This mechanism was further supported by the ’F NMR spectra shown in
Figure 11. As seen, the spectrum of 3F-UiO-66 heat-treated at 150°C (curve a)
contains a strong signal of two partially overlapped peaks cantered at —155 ppm
and —156 ppm. These peaks are assigned to the F bonded directly to Zr in the SBUs
and the F physisorbed, respectively. When the 3F-UiO-66 is heat-treated at 300°C,
as seen in curve (b), the peak at —155 ppm becomes stronger and narrower, whereas
the peak at —156 ppm disappears. It indicates that F remains bonded to the Zr in the
3F-UiO-66 framework even after being heat-treated up to 300°C.

The thermostability of the UiO-66 crystals was enhanced after the introduction
of fluorine in the framework structure. Figure 12 shows the TGA curves of the
UiO-66 crystals synthesized with different amounts of HF additive. The significant
weight loss event observed at ~500°C represents the complete decomposition of the

Additive amount of HF

1eq 2eq 3eq

13.6 mM

Concentration of reactants
18.2 mM

27.2 mM

Figure 9.

SEM images of the UiO-66 crystals synthesized with different amounts of HF additive and changing
concentrations of the reactants. At Cz, _ ppc = 13.6 mM, (a) HF =1 eq., (b) HF = 2 eq., and (c) HF = 3 eq. At
Cz -8pc = 182 mM, (d) HF = 1 eq., (¢) HF = 2 eq., and (f) HF = 3 eq. At Cy, . ppc = 272 mM, (g) HF = 1 ¢q.,
(h) HF = 2 eq., and (i) HF =3 eq. [47].
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Figure 10.
EDS maps of the UiO-66 crystals synthesized (a) without HF additive, (b) with 3 eq. HF additive, and
(c) with 3 eq. HF additive and then heat-treated at 150°C [47].

Intensity (a.u.)

-140 -150 -160 -170
ppm

Figure 11.
“F NMR spectra of the 3F-UiO-66 crystals heat-treated at (a) 150°C and (b) 300°C. The asterisks indicate the
spinning sidebands [47].

UiO-66 framework. It can be seen that the F introduction has stabilized the frame-
work, as indicated by the progressively increased decomposition temperature. This
is attributed to the higher coordination strength of Zr==F in the fluorine-involved
crystals than the Zr==Cl or Zr==0 in the fluorine-free crystals, resulting in the
stabilization of framework structure of the fluorine-involved UiO-66.
Furthermore, as the UiO-66 crystals were modulated from small cube-like
morphology to micron-sized cuboctahedron morphology with the addition of the
HF during synthesis, their porosity increases [47]. Figure 13 displays the Ar sorp-
tion—desorption isotherms and pore size distributions of the parent and fluorine-
involved crystals. As seen, the 3 fluorine-involved crystals (samplesc, f, and i in
Figure 9) exhibit significantly higher Ar adsorption values than the parent crystals
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Figure 12.
TGA curves of the UiO-66 crystals synthesized with different amounts of HF additive (C = 18.2 mM) [47].
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Figure 13.
(a) Ar sorption-desorption isotherms and (b) pore size distributions of the synthesized UiO-66 with various
crystal sizes and morphologies [47].

synthesized without HF, and the pore size distributions show the enhanced porosity
of the fluorine-involved crystals.

4.3 Modulated synthesis of UiO-66 crystals using solid Cu,0

In more recent years, nanosized MOFs (also known as nMOFs or NMOFs) have
attracted great attentions. nMOFs have short diffusion lengths and high specific
surface areas, both are of critical importance in catalysis and sorption, especially
in liquid-phase applications [34, 48]. In addition, nMOFs are highly desirable for
porous membranes [49, 50], thin film devices [51], and medical applications [52].

We have reported a novel method for the modulated synthesis of nUiO-66 crys-
tals, in which a new type of additive, solid Cu,0, was used to mediate the synthesis
[53]. Figure 14 shows the TEM images of the UiO-66 crystals synthesized with dif-
ferent amounts of Cu,0O additive. As illustrated, by increasing the amount of Cu,0
additive, the mean sizes of the UiO-66 crystals reduce progressively from ~265 to
40 nm. The crystals maintain an octahedral morphology until when the crystal size
is too small to display distinguishable facets and thus appear as spherical particles.
The synthesized nano UiO-66 crystals were found to be chemically pure without
the contamination of Cu. They have high BET surface area of more than 1100 m?

g " and contain rich porosity. Figure 15 shows the Ar sorption isotherms and pore
size distributions of the UiO-66 crystals. Although the amount of micropores
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Figure 14.

TEM images of the UiO-66 crystals synthesized with different amounts of Cu,0 additive. Here the molar ratio
R =n[Cu]/n[ZrCl,]: (1) R = 0, (1b) R = 0.2, (1c) R = 0.5, (1d) R = 1.0, (1¢) R = 1.2, and (1f) R = 1.5. The
scale bar is 100 nm [53].
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Figure 15.

(a) Ar sorption isotherms and (b) pore size distributions (measured between 0 and 50 nm) of the UiO-66
crystals synthesized with different amounts of Cu,O additive. Heve the molar vatio R = n[Cu]/n[ZrCl ]:
(1a) R=0, (1b) R = 0.2, (1¢) R = 0.5, (1d) R = 1.0, (1¢) R = 1.2, and (1f) R = 1.5 [53].

between 6 A and 10 A decreased gradually with the decreasing crystal size, notice-
able quantity of mesopores of 10-30 nm became prevailed, demonstrating the dual
micro- and mesoporosity of the nano UiO-66 crystals.

During the Cu,O-modulated synthesis, the added solid Cu,O was observed to
dissolve gradually in the mother liquor, resulting in the formation of a pale orange-
colored solution. Figure 16 shows the far infrared (FIR) spectra of solid Cu,O and
a number of mixed solutions relevant to the synthesis. As illustrated in the inset
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Figure 16.

Far-IR spectra of the solid Cu,0 and a number of mixtures relevant to the UiO-66 synthesis, where the molar
ratio of Cu/ZrCl, is 1.2. (a) ZrCl,/DMF solution, (b) Cu,0/DMF suspension, and (c) ZrCl, + Cu,0/DMF
solution. The inset is for solid Cu,0O [53].

of the figure, solid Cu,0 shows the Cu==0 absorption band at 138 cm™". Upon

the addition of solid Cu,0 in DMF, the Cu=0 bond shifts to 143 cm ™! as seen in
spectrum b. When the ZrCl, was added to the suspension of the Cu,0 and DMF, the
FIR spectrum (c) shows dramatically decreased Cu==O adsorption band accompa-
nied by the arrival of an intense adsorption band at 113 cm ™. This new band can

be ascribed to a shifted stretching vibration of Cu==Cl bonds, which are usually at
109 cm™ for the anionic [CuCl,]~ complex [54]. The FIR analysis seems to suggest
that the dissolution of Cu,0 in the precursor solution of the UiO-66 is driven by the
formation of the [Cu==Cl] complexes.

It has also been found [53] that the amount of ZrCl, in the Cu,0O-modulated
synthesis plays a crucial role in the growth of the UiO-66 crystals. The higher
the concentration of the ZrCly, the weaker the Cu,O’s impact on the crystal
growth and thus benefits the formation of large size UiO-66 crystals. In con-
trast, decreasing the concentration of the ZrCl, favors the production of small
UiO-66 crystals, which also accompanied with the loss of crystallinity. It is thus
believed that the [Cu==Cl] complex is capable of coordinating with the Zr*",
leading to a decreased coordination of the Zrg clusters with BDC linkers, pre-
venting crystal growth.

Additionally, under the modulation of Cu,O additive, the synthesized UiO-66
crystals not only have reduced sizes, but also enriched structure defects [53]. Both
the XRD and TGA analyses of the nano UiO-66 crystals indicate the existence of
linker defects and metal cluster defects. Table 1 presents quantified amounts of the
linker missing defects in the synthesized nano UiO-66 crystals. It is seen that the
number of linker defects increases with the decreasing crystal size, revealing a more
open framework of the nano UiO-66.

In recent years, there have been many reports on the structural defects of the
UiO-66 crystals [55-60]. These structural defects are found to relate strongly
to the structure stability, adsorption, and catalysts performance of the UiO-66
material.
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Sample Average crystal size of the synthesize nano R Cu0 addition
Ui0-66/nm x Formula
1a 265 0 0.42 Z1606.42(BDC)s 55
1b 155 0.2 0.50 ZreOg50(BDC)s50
Ic 96 0.5 0.84 Zr60684(BDC)s16
id 75 1.0 0.84 ZrsOg34(BDC)s16
le 48 12 0.84 Zr60684(BDC)s16
if 40 15 1.05 Zrs0705(BDC) 495
Table 1.

Amounts of linker missing defects in the UiO-66 crystals synthesized with the addition of Cu,0 [53].

Here R represents the molar ratio of Cu/ZrCL, and x is the number of linker
missing defects. The formula represents the defective molecular formula of the UiO-
66 crystals, and Zr¢Os(BDC)j is the formula of a defect-free dehydroxylated UiO-66.

4.4 In situ synthesis of Ti-doped hybrid UiO-66 crystals

Introducing foreign metal centres into the framework structure to obtain hybrid
(i.e. mixed metal) MOFs is a strategy for developing novel MOFs. We have explored
the possibility of facile synthesis of Ti**-doped hybrid UiO-66-nTi MOFs via an in
situ crystallization process [61]. In this work, a series of Ti**-doped UiO-66-nTi (n
represents the mass fraction of Ti**) crystals were synthesized following the synthe-
sis procedure of the UiO-66, but with the addition of varying amounts of Ti*" in the

45 60,85 70 75
Crystal Size (nm)

UiO-66-4.0Ti

Figure 17.
SEM images of the UiO-66-nTi MOFs and EDS elemental mappings of UiO-66-4Ti [61].
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form of titanium isopropoxide in the precursor solution. The ICP analysis showed
that the concentration of Ti** increases gradually from around 0.7 to 4.0 wt% in the
resulted crystals with increased addition of Ti** in the synthesis.

Figure 17 shows the SEM images and EDS elemental mapping of the synthesized
UiO-66-nTi crystals. It is evident that there is a significant difference on the crystal
morphology and size of the UiO-66 crystals as the result of Ti** doping. The parent
Ui0-66 contains octahedral crystals of a mean size ~265 nm. With increased Ti**
doping concentration, the UiO-66-nTi crystals change from octahedrons to sphere-
like crystals with rougher facets, and their mean crystal sizes decrease sharply from
265 to ~65 nm. This seems to suggest that the doping of Ti* restraints the growth
of the UiO-66-nTi crystals. It is noteworthy that when the Ti** concentration was
further increased, the UiO-66-nTi crystals maintain the sphere-like morphology,
but the mean size increases from 65 to 183 nm, unexpectedly.

Figure 18 shows the FT-IR spectra of the parent UiO-66 and doped UiO-66-
nTi crystals. As seen, for the parent UiO-66, the Zr==0,,; ¢ stretch in the [Zr=0]
clusters is observed at ~682 cm™", moving towards 664 cm ™" with the increase in the
Ti** doping amounts, indicating the structural change in the Ti**-doped UiO-66-
n'Ti crystals. As reported in the literatures [32, 62], the MIL-125(Ti) and NH,-MIL-
125(Ti) MOFs are built from coordination between Tig clusters and H,BDC-type
organic linkers. Both structures display a FT-IR band at between 600 and 700 cm™
which resulted from (O==Ti==Q) vibrations, and for the NH,-MIL-125(Ti), the
(O=Ti==0) vibrations occur at ~642 cm™'. We thus believe that the red shift of the
Zr=0,3.¢ stretch in the UiO-66-xnTi crystals could be caused by the incorporation
of the Ti** in the [Zr==0] clusters.

Figure 19 shows the EXAFS spectra of the parent UiO-66 and doped UiO-66-
2.7Ti crystals. It further demonstrates the alternation in coordination state around
the Zr** caused by the Ti** doping. As seen, the peak at ~1.7 A that relates to the
Zr==0 bonds shifts to 1.6 A after Ti** doping. Additionally, the peak at around 3.0 A
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Figure 18.
FT-IR spectra of the parent UiO-66, doped UiO-66-nTi (n = 0.7, 1.4, 2.1, 2.7, and 4.0), and NH,-MIL-
125(Ti) crystals [61].
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Figure 19.
EXAFS spectra of the pavent UiO-66 and the UiO-66-2.7Ti crystals [61].

that represents the Zr---Zr bonds connecting through the O,;3.0 or O,3.0n decreases
noticeably after doping, likely due to the formation of Zr---Ti coordination.

The synthesized UiO-66-xTi crystals have been found to be highly selective and
efficient in removing anionic dye, the Congo red, from water. The doped UiO-
66-2.7Ti (i.e. with 2.72 wt% Ti** incorporation) exhibited the highest adsorption
capacity of 979 mg g™', 3.6 times of the parent UiO-66 crystals.

5. Conclusions

MOFs, with their inherent high surface areas, uniform, versatile, and tuneable
pores, and tailorable physicochemical properties, have been projected to have a broad
range of potential applications in various areas. Since the discovery of the first MOF
structure in the 1990s, hundreds of new MOFs have been synthesized successfully.

In the past two decades, much attention has been paid to develop methods to
control the morphology and size of MOF crystals, in order to tailor the structure
properties and performance of MOF materials. Such research efforts have resulted
in the development of effective synthesis methods which are capable of modulation
of morphology and size of MOF crystals through different mechanisms, including
the deprotonation regulation, coordination modulation, and surfactant modulation
synthesis. This review chapter has highlighted a number of successful synthesis
routes using, for example, the carboxylic acids, HF, and solid Cu,0 additives to
modulate the MOF crystal formation and growth. It has also demonstrated the abil-
ity of doping to create hybrid MOFs with improved properties and functionalities.

It remains a significant challenge on how to best fully utilize the unique set of
properties and functionalities of the chemically versatile MOFs and realize their
application potentials in various identified areas. While there have been signifi-
cant achievements on the structure optimization and performance development
of MOFs to date, it is anticipated that further progress can be made with more
fundamental research and industrial application of MOFs.
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Chapter 6

Laser Floating Zone: General
Overview Focusing on the
Oxyorthosilicates Growth
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Abstract

This chapter reviews the laser floating zone (LFZ) technique, also known as the
laser-heated pedestal growth (LHPG), focusing on the recently produced rare-
earth-doped oxyorthosilicate fibers. LFZ has been revealed as a suitable prototyp-
ing technique since high-quality crystals can be developed in short time with low
consumption of precursor materials in a crucible-free processing that ensures to
practically avoid by-products. Moreover, additional advantages are the possibility
to treat and melt highly refractory materials together with the easy way for tailor-
ing the final microstructural characteristics and this way the macroscopic physical
properties. Thus, refractory rare-earth (RE) doped oxyorthosilicates following the
formula RE,Si0s have been recently produced by the LFZ technique for tuning laser
emission parameters. The oxyorthosilicates have high chemical stability and allow
incorporation of many rare-earth ions yielding different applications, such as laser
host materials, gamma ray detectors or scintillators, environmental barrier coatings
(EBCs) and waveguides, among others. Thus, different kinds of oxyorthosilicates
were produced by the LFZ technique, and the detailed effects of the main process-
ing parameters on crystal’s characteristics are discussed in this chapter.

Keywords: laser floating zone, crystal growth, oxyorthosilicates, rare earths,
single crystal, polycrystalline ceramics

1. Introduction

The production of high-quality silicate-based single crystals is mainly accom-
plished by solid state and Czochralski methods ([1-9] and references therein).
However, these methods require several amounts of material and the use of cru-
cibles that can introduce external contamination. Moreover, expensive crucibles
such as platinum or iridium and special atmospheres are usually necessary when the
desired materials are refractory or their chemical reactivity can negatively affect
the phase development. So, all these restrictions together with long processing time
considerably increase the production costs, being not the most suitable approach for
materials prototyping.

The micro-pulling down (pPD) and the floating zone (FZ) are alternative tech-
niques to grow crystalline fibers from a melt [10-12]. The pPD technique is suitable
for prototyping; however, the melt is continuously in contact with crucible, being
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also applied low pulling rates. Concerning the FZ technique, the preform materials
with cylindrical geometry (rods) are placed inside a mirror-like concave chamber
provided with halogen lamps that allow the material melting in a small region.
These techniques are complex and limited by the melting point of the materials.

The laser floating zone (LFZ) technique is similar to the FZ; however, a laser
beam, guided into a closed chamber through a ZnSe window, is used to melt the top
of a feed rod precursor material. Afterwards, a seed rod is immersed into the molten
zone and pulled at a controlled pulling rate [13, 14]. This technique presents many
advantages when compared with standard growth methods, namely the growth at
high pulling rates, the synthesis of materials with very high melting temperature
[15-17] and the most important one: it is a crucible-free process, thus avoiding
any external related contamination [14, 18]. This way high purity crystals can be
obtained in a short time from a small amount of raw material and minor energy
consumption. Moreover, being a nonequilibrium process, metastable phases can
be developed from the solid/liquid interface due to the very high thermal gradients
[19]. Figure 1 puts in evidence a scheme of the LFZ process.

The LFZ equipment comprises a laser system coupled to a reflective optical
setup, composed by a reflaxicon, and a plane mirror and a parabolic mirror. The
term reflaxicon was introduced in 1970 by Edmonds [20], and it describes a two-
stage pair of reflective linear axicon surfaces (Figures 1 and 2). As Edmonds [20]
did not consider nonlinear axicons, all the applications that he proposed were afocal
in nature. This reflective device essentially consists of a primary conical mirror and
a larger secondary conical mirror coaxially located with respect to the primary. The
function of this device is to convert a solid light beam into a hollow one in an essen-
tially lossless manner (except for absorption at the mirror surface and other similar
phenomena). This device is similar to the one patented by Martin in 1948 [21]. A
circular crown-shaped laser beam is obtained by the mirror aiming to produce a
uniform radial heating. In the LFZ process, after the reflaxicon, the plane mirror
setted up 45° allows the laser beam reflection to the vertical position in the direction
of the spherical or parabolic mirror. The rod precursor defines the crown size of
the fiber produced, and a floating zone configuration is obtained [14, 18]. It must
be noted that mirrors have a hole in their centers allowing feed and seed holders be
placed in the optical axis [14]. Furthermore, the use of a closed chamber allows the
growth under controlled atmosphere [22]. Additionally, the growth is controlled by
a camera video system focused into the floating zone area allowing to observe the
molten zone and particularly the melting and the crystallization interface [18].

Motorized :
ZnSe o :I
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o Feed Rod
-".
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1“‘
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Figure 1.
Laser floating zone setup, highlighting the molten zone.
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Reflaxicon performance noting light guiding with different colors to enhance comprehension.

Andreeta et al. [14] have reported a good description of the LFZ systems, put-
ting in evidence their modifications of the LFZ systems over the years. A highlight
is made to all processes developed to control/modify the temperature gradient at
the solid/liquid interface localized between the molten zone and feed/seed rods
(Figure 1). Noteworthy is the method of electrically assisted laser floating zone
(EALFZ) [23, 24] that explores a new mechanism for controlling the solidifica-
tion process by applying an electric current through the solid/liquid interface. In
the presence of an electric current, the solute transport depends not only on the
local solute gradient but also on the electromigration of solute that will modify the
composition and the characteristic length scale of the solute diffusion field ahead
of crystals. The application of an electrical current strongly modified phase devel-
opment, crystal shapes and effective distribution coefficients. The enhancement
of nucleation rate and of the driving force for ion migration along the fiber axis
promotes a strong increase in the grain alignment and consequently on the physical
properties [25, 26].

The LFZ method enables the development of high-quality light emitting materials
and transparent conductive oxides with rare-earth doping [15, 27, 28] along with the
growth of complex ceramic materials such as thermoelectric oxide materials [25, 29],
high-temperature ceramic superconductors [19, 23, 26] and eutectic oxides [13, 30].
Alongside, by controlling the laser irradiance and the pulling rate, it is possible to deter-
mine the crystallization kinetics aiming to obtain highly oriented single or polycrystal-
line materials, with enhanced physical properties [16, 19, 24].

2. Oxyorthosilicates

Considering the LFZ characteristics, the focus of this work is on oxyorthosili-
cates, following the formula RE,SiOs (RE = Gd, Lu and Nd). These silicates are
highly refractory materials, and despite they present high chemical stability, it
is possible to incorporate high concentrations of rare earth ions. Thus, they have
attracted the attention of the researchers for long time, yielding different applica-
tions [2, 31]. Indeed, since their discovery by Toropov et al. [32], they have been
applied as laser host materials [1-3, 9, 33-35], gamma ray detectors or scintillators
[36], environmental barrier coatings (EBCs) [37] or, even, as waveguides [38]. The
interest in this kind of compounds arose after the first study carried out by Hopkins
et al. [39] based on the growth of the rare earth oxyapatites. However, it is impor-
tant to highlight that these high refractory silicates were grown by the CZ method
[1-5, 35-37, 39-41]. For example, Ryba-Romanovski et al. [1] developed solid state
yellow lasers based on (LuyGd; +),SiOs:Sm crystals by CZ, while Wu et al. [41] have
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recently grown Cu co-doped Ce:Lu,SiOs crystals at 1.5 mm h™" using a iridium
crucible under nitrogen atmosphere for application as scintillators. Furthermore,
other approaches for oxyorthosilicates production have been employed during the
last years using different methods, like pulsed laser deposition [42], sol-gel [43] or
solid-state diffusional process [44]. On the other hand, their production by the LFZ
technique is more recent [18, 45-47]; besides, there are two experiments performed
in the 1980s decade by de la Fuente et al. [33] and Black et al. [34], who produced
GdNdSiOs and 7Gd,0529Si0,:Nd materials applying a high laser power (~185 W).
Aiming to develop new laser materials, Rey-Garcia et al. [18, 46, 47] have
recently produced a sort of gadolinium-lutetium oxyorthosilicate materials at low
laser powers (<100 W) and pulling rates two to three times faster than those used
by Czochralski or other standard methods (1-3 mm h™). Thus, transparent fibers
of GszlOs [18], (Gdo3Lll07)2SlOs [46] and 5 mol% Y3+Z(Gd0.3LUQ.7)2Si05 [47] have
been obtained at 10 mm h™" in air under atmospheric pressure presenting high
crystallinity degree. These single crystals present excellent photonic properties that
make them useful to be employed as laser host materials due to the Gd** charger
transfer band (CTB) that favors the transfer processes with 4f7 transitions from the
8S,/, ground state to energy levels of the dopant element [48-50]. Regarding com-
positional aspects, despite the similarity observed in these single crystals produced
by LFZ, the growing processes based on stoichiometric mixtures of Lu,O; or
Nd,0; with SiO, bring considerable deviations on the phases diagram associated to
crystallization paths that can induce materials evaporation or phases rearrangement
[45]. Likewise, the LFZ suitability could be sometimes compromised by precursor’s
properties, nominal compositions or growing conditions. Consequently, remark-
able crack formation can be developed due to internal stress mainly induced by the
biaxial character of these silicates and the experimental growing parameters [18].
Summarizing, this chapter will highlight the suitability of the LFZ technique on
developing compact and miniaturized crystals envisaging new photonic devices,
through the production of low volume bulks with an appropriate geometry based on
oxyorthosilicates. The optical fundaments of the LFZ technique together with practi-
cal aspects relating to oxyorthosilicates production will be described before showing
the microstructural and photonic properties of the materials produced. The idea is to
demonstrate the LFZ technique as a suitable, time-saving and economic process for
laser materials prototyping compared with traditional techniques [14, 40].

3. Experimental

The extrusion process is the most common way to prepare the precursor rod
cylinders for the LFZ process, since it is a simple method, not requiring special
equipment or additional hands. Thus, the commercial raw oxide powders are
mixed, according to the desired stoichiometry, and reduced into grain size with an
agate ball mill for 2 hours at 200 rpm. The purity of the precursors depends on the
desired application, being used, in this study, powders of 5-6 N of purity since pho-
tonics applications are envisaging. Aiming to bind the powder mixture for extrusion
process, polyvinyl alcohol (PVA, 0.1 g ml™") is added in mashing the powders until
a compact and plastic paste is achieved. Then, the obtained clay is extruded into
cylindrical rods, with diameters depending on the material applications. In the case
of the oxyorthosilicates, diameters ranging 1.5-2.0 mm were selected.

After extrusion, the cylindrical rods are dried in air, being ready to be used
as feed and seed materials. However, in the LFZ process, single crystals can
also be used as the seed rods [14], favoring the formation of a single crystalline
fiber. This approach helps laser processing and allows enhancing the structural
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Nominal formula Sample Power Obtained composition Fiber type
acronym (W)

Gd,SiOs GSO 72 Gd,SiOs Crystal
(Lup1Gdo9)5SiOs LGSO-1 67 (Lup 12Gdo 88)2Si0s Crystal
(Lug3Gdg7),SiOs LGSO-3 58 (Lug 31Gdg 69),S105 Crystal
(LugsGdy 5)25i0s LGSO-5 64 (Lug 53Gdo 47)2SiOs Crystal
Lu,SiOs LSO-10 92 Lu,SiOs/Lu20; Eutectics
Nd,SiOs NSO-10 69 Nd,Si0s/Ndg 33(Si04) 60, Biphasic

All fibers have diameters of 1.5 mm for all samples except Lu,SiOs that have 2 mm.

Table 1.
Oxyorthosilicates fibers grown at 10 mm h™ in air by LFZ.

characteristics of the single crystal fiber produced. However, this approach was
declined for oxyorthosilicates due to their high melting points.

The LFZ equipment employed for the oxyorthosilicates growth comprise a
200 W CO, laser (Spectron, GSI group) coupled to a reflective optical set-up
described in the previous section, Optical Fundaments. Once seed and feed fibers
are placed on the respective holders, a fast growth process was performed aiming
to obtain dense precursor materials. This densification step occurred at 100 mm h™*
pulling rate and promotes the PVA decomposition, the formation of the desired
phases and enhances the rods mechanical properties. A molten zone is formed by
irradiating the densified rods with the CO, laser. The fibers were grown in descen-
dent direction from this molten region at 10 mm h™" in air at atmospheric pressure,
(crystallization step). Simultaneously during growth, the feed and seed rods rotated
at 5 rpm in opposite direction. This procedure favors the mixing of precursors in
the melt, homogenizes the temperature of the molten material and contributes to
reduce the thermal stresses. In the case of oxyorthosilicate single crystals based on
(LuyGd; 4),Si0s5 (x = 0-1), the growing process should end by reducing the laser
power gradually. This procedure is very important to reduce the thermal stresses
and, therefore, avoiding the crack formation.

Table 1 summarizes the experimental conditions to grow oxyorthosilicate
fibers at 10 mm h™ ! in air by LFZ. Considering the Gd,0s, Lu,0; and Nd,O; melt-
ing points, (2420, 2490 and 2233°C, respectively), the slight variation of the laser
power irradiance well matches with this small melting point variation. Despite the
experimental conditions are similar, the fibers developed varied from single crystal
(GSO and derived silicates) to eutectic (LSO derived) and biphasic (NSO derived)
ceramics due to specific characteristic of each phase diagram. Concomitantly, the
most remarkable characteristics of the oxyorthosilicates produced in air by LFZ will
be described below.

4, Results

Regarding structural properties, the silicates having the formula RE,SiOs are
all monoclinic, presenting P2;/c (Gd,SiOs, [18]) or C2/c (Lu,SiOs, [45]) space
groups depending on the rare earth ions present (Figure 3) [46, 51]. This structure
provokes their biaxial character that compromises their crystallization, resulting in
internal crack formation when LFZ processing is carried out in air and the cooling
is not gradually performed [18, 47]. Figure 4 shows the XRD powder diffractogram
of the Gd, Lu and Nd oxyorthosilicates presented in this chapter. It should be noted
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Figure 3.
Structural scheme of P2,/c and C2/c spatial groups [46].
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Figure 4.
XRD diffractograms of the oxyorthosilicates produced by LFZ in air at 10 mm h™ [18, 45-47].

that the change from P2;/c (Gd,SiOs and (Lug 1,Gdy 85)2SiOs) to C2/c space group is
most visible in the diffractograms at 20 ranging from 20 to 30°.

Following the structural overview about oxyorthosilicates, the Raman spectros-
copy analysis can be divided in two groups or families considering the total number of
vibrational modes together with the shape of the high frequency region. Thus, assum-
ing the Voron’ko et al. [8] notation, oxyorthosilicates can be distinguished among
A-type and B-type silicates depending on whether a triplet or a doublet, respectively,
appears inside the (v; + v3) region [8, 9, 18, 45-47]. This way, the Raman spectra
can be divided in four vibrational regions denoted as vs, (V1 + 13), Vg and Vey: + 13
(Figure 5) [8]. The modes (11)—(v4) correspond to free internal vibrations of the
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tetrahedral [SiO,]*" complex in the reduced C; symmetry of the monoclinic lattice,
while the external oscillations produced by the translation of the [MO,]-complexes
are ascribed to the v, mode [8, 46, 52]. In addition, the modes related to rare earth
ions and RE-O stretching vibrations are also placed inside the (vey: + 1) region.

4.1 Gadolinium oxyorthosilicate (GSO)

One of the most important oxyorthosilicates is gadolinium silicate (Gd,SiOs,
GSO) due to the Gd** charger transfer band (CTB) that favors the transfer pro-
cesses from the ground state ®S;;, to energy levels of the dopant element [48-50].
Transparent crystalline fibers with a yellowish aspect at naked eye (Figure 6a) were
grown in 2017 by Rey-Garcia et al. [18] using the LFZ technique. These fibers pres-
ent a similar aspect to the ones obtained by Takagi et al. using Czochralski method
[53]. Moreover, the LFZ fibers were developed in air at higher pulling rates. SEM
analysis reveals a homogeneous fiber without visible grain boundaries (Figure 6b),
thus suggesting a single crystal character. Furthermore, the EDS analysis performed
confirms this homogeneity and putting in evidence the uniform elemental composi-
tion corresponding to Gd,SiOs stoichiometry.

Following the structural analysis, the XRD powders diffractogram shown in
Figure 3 well matches with the 04-009-2670 XRD card (International Centre for
Diffraction Data, 2019 [54]) putting in evidence the crystallinity and the monopha-
sic nature of the monoclinic P2;/c Gd,(SiO,) O oxyorthosilicate. Moreover, XRD scan
along the longitudinal section of a polished fiber matching the diffraction maxima
corresponding to {h 0 0} planes, suggesting a monocrystalline character. Aiming to
confirm this evidence, 3D pole figures on longitudinal and transversal cross sections
of the fibers were acquired (Figure 7). The crystallographic texture measurements
confirmed the production of Gd,SiOs single crystal fibers by LFZ, since only one
high intense peak was observed in both sections. This type of morphology is potenti-
ated by the strong thermal gradient that exists at the crystallization interface in the
LFZ process [55]. So, in conclusion, these observations, namely the preferential
orientation and the absence of grain boundaries in SEM analysis, permit to confirm
the single crystal character of the GSO fibers grown by LFZ. In addition, the Raman
spectroscopy analysis (Figure 5) of the GSO samples put in evidence several narrow
lines, as expected for a low-symmetry crystalline structure [18].
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Raman spectra performed under excitation of 441.6 nm line of a He-Cd laser (Kimmon IK series) of the
oxyorthosilicates grown in air by LFZ [18, 45-47].
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Figure 6.
(a) Photograph of GSO sample [18] and (b) corresponding SEM micrograph.

. T
0 _ 6262.750

Figure7.
XRD 3D pole figures of (a) longitudinal section, obtained for 20 = 30.7°, corresponding to the (3 0 0) plane and
(b) transversal cross section for (1 2 1) crystallographic plane of GSO fiber [18].

The optical spectroscopy characterization, performed from the ultraviolet to
the near infrared spectral region, by photoluminescence and photoluminescence
excitation suggests that GSO fibers are in fact suitable materials to be doped with
rare earth active ions envisaging developing optical efficient laser materials [18].
The spectrum is mainly characterized by a series of sharp lines in the ultraviolet
region corresponding to the intra 4f” transitions of the Gd*" ions. In fact, their
excitation with ultraviolet photons promotes intra 4f’ transitions of the Gd** ions,
and therefore, the energy transfer observed provokes internal f—f transitions of
trivalent dopant ions [56-58].

4.2 Lutetium and gadolinium oxyorthosilicate (LGSO)

The interest of researchers has progressively gone in crescendo to mixed
oxyorthosilicates of lutetium and gadolinium (LGSO) [1, 9, 59, 60] due to the fol-
lowing reasons:

i.Lu,0; precursor is expensive, increasing the production cost of photonic
materials. This way, the co-doping with gadolinium ions, using as raw
material Gd,0;, allows reducing the cost without affecting the structural and
optical properties.

ii. Gadolinium oxyorthosilicate single crystals tend to develop cracks during

growth. Considering this handicap, lutetium doping has been employed
aiming to reduce thermal stress and, therefore, avoiding crack formation.
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iii. Finally, comparing the melting points of Lu,0; (2490°C) and Gd,0;
(2420°C), the introduction of the second one on pure LSO materials should
slightly reduce the LGSO melting point.

Analogous to what has been previously mentioned, Czochralski (CZ) method
has been extensively used to develop LGSO [1, 9, 52] since Loutts et al. [61] pro-
duced LGSO for the first time in 1997. Thus, lutetium-gadolinium oxyorthosilicate
crystalline fibers were successfully produced by LFZ in air at 10 mm h™ [46]. Thus,
three compositions based on (Lu,Gd; +),Si0s formula were developed, establish-
ing the doping level as x = 0.1 (LGSO-1), 0.3 (LGSO-3) and 0.5 (LGSO-5). Plane
parallel-polished fragments of each one is shown in Figure 8. The transparency
degree is clearly observed at naked eye, being not gradual with lutetium amount. In
fact, LGSO-1 and LGSO-5 are translucent fibers, owning the first a yellowish tone
like to that observed for pure GSO fibers. On the other hand, LGSO-3 sample is
transparent, being distinguishable the colors and letters of the background image.
Transmission spectra (Figure 8) corroborate this appearance. Transmittance values
from 50% up to 77% along the visible range are observed. In addition, it must be
noted that the transfer bands of the Gd*>* have resulted for the LGSO-3 fibers higher
in intensity than pure GSO, highlighting this crystal as optimal host laser material.

On the other hand, the EDS analysis shown that LGSO crystalline fibers produced
by LFZ present compositions close to the initial mixtures, in opposite to compo-
sitional dissimilarity observed on LGSO materials developed by conventional CZ
method [1, 9, 52]. The expected structural change at x = 0.17 coming from the Lu
amount matches with that reported by literature [1, 9, 52, 62]. Thus, LGSO-1 presents
the monoclinic P2;/c structure, while the other two have a monoclinic C2/c structure,
as can be deduced from the diffractograms shown in Figure 4. This way, LGSO-1
matched with the 01-080-9851 XRD card ICDD, while LGSO-3 and LGSO-5 are iso-
structural with the 00-061-0488 and the 00-061-0369 XRD cards, respectively [54].

The phase transition observed with lutetium addition is explained from
atomic size and the differences of nearest surrounding rare earth ions, as reported
Ryba-Romanowski et al. [63]. In fact, GSO lattice present Gd1 and Gd2 sites with
different coordination number and local symmetries (CN = 9, Cs,and CN =7, C,
respectively), promoting the polyhedrons GdOg and GdO;. On the other side, LSO
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Figure 8.
Transmission spectra and photographs of LGSO fibers in the UV range [46].
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lattice present both lutetium ions, and therefore, the LuOg (Lul) and LuO; (Lu2)
polyhedrons present the C; local symmetry. The former has only one plane of sym-
metry, while the Cs, point group presents higher steric effect. Additionally, despite
the smaller ionic radius of the Lu™, its inclusion into the monoclinic P2,/c unit cell
strongly affects the crystalline structure. Concomitantly, the GSO structure type
allows low Lu doping. In opposite, the C2/c type structure presents minor steric effect
and higher symmetry degrees of freedom, allowing the introduction of large size

ions such as Gd** or Ce’* on the Lu sites. Consequently, LGSO-3 and LGSO-5 samples
have the C2/c crystalline structure, which is larger in size than P2;/c (Table 2). On the
other hand, Table 2 shows how introduction of Lu decreases the volume of the cell
together with an increase of the density. Concerning Raman spectroscopy charac-
terization, LGSO-3 sample presents an intermediate spectrum between the GSO and
LSO (Figure 5). In fact, when (1 + v3) region is revised, LGSO-1 relates to A-type,
like GSO structure, while LGSO-3 and LGSO-5 spectrum shape shows the typical
doublet of B-type silicates, such as undoped LSO. Finally, the transmission studies

of LGSO samples allow concluding that the Gd** ions are optically active. In fact, an
intra-ionic absorption due to the energy transfer band ascribed to ®S;, - °I; transition
is observed, and this band is the highest for LGSO-3 sample, the one that is the most
transparent and presents lower cracks. All these considerations allow to consider the
LGSO-3 fibers as the most suitable host material for photonic applications [46].

4.3 Rare-earth-doped lutetium and gadolinium oxyorthosilicates (LGSO:RE)

Once the best laser host properties were determined by developing the initial
Gd,SiO;s to the (Lugy 3Gdg 7),Si0s compositions, together with the enhancement of
the structural and morphological characteristics, the scientific interest was cen-
tered in a designed doping strategy considering the most suitable rare earth ions
(RE =Nd, Y and Yb).

4.3.1Yttrium-doped (LGSO:Y)

Yttrium was selected as a dopant, since it promotes an excellent thermal and opti-
cal properties [47], being usually introduced in oxide form as a stabilizing agent. In
fact, it has been largely employed in laser materials, namely yttrium aluminum gar-
nets (YAG) or thermal barrier coatings (TBCs) due to its good thermal conductivity
(13.6 W m™ K™), shock resistance and low thermal expansion coefficient [64-66].
Additionally, its melting point (2425°C) is close to the one of Gd,0; (2430°C).

Crystal Rexp R, Ryp GOF a(A) b(A) c(A) Volume Density

%) ) (%) 10°pm®)  (gem™)
GSO 2.82 423 5.70 2.08 9128 7.058 6.746 414.26 6.775
LGSO1 2.56 2.68 3.39 1.26 9123 7.021 6.738 411.69 6.954
LGSO3 333 3.75 529 1.59 14461 6.750 10.495 867.06 6.570
LGSOY 2.22 3.05 4.07 1.83 14.457 6.749 10.491 866.32 6.576
LGSO5 3.29 423 5.51 1.68 14.391 6.716 10.425 852.72 6.949

The conventional agreement indices Reyp R, and Ryp correspond to the expected, profile and weighted profile R-factors,
respectively. The GOF parameter represents the goodness of fit.

Table 2.
Refined unit cell parameters and relative densities of GSO and lutetium and yttrium-doped single crystals
calculated from XRD analysis in powders [18, 46, 47].
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The introduction of yttrium should bring stress hampering, maintaining the
role of a laser passive element, by substitution of Lu** ions due to their similar
atomic radius (212 pm for Y** and 217 pm for Lu’*) and considering that Y,SiOs has
C2/c monoclinic structure. Thus, the introduction of 5 mol% of yttrium provoked a
significant increase on transparency, with transmittance values around 86% along
the visible range, and also reducing or even avoiding crack formation when com-
pared with the pure LGSO (Figure 8). As additional advantage, the relative absorp-
tion intensity of the charge transfer bands of the Gd** ions, namely the intra 4f
transitions, has been significantly increased (Figure 9), enhancing their suitability
as matrix [47].

On the other side, the introduction of yttrium does not bring significant modi-
fications in the lattice structure of the crystal, since XRD powder diffractogram of
the LGSO:Y totally matches with the 00-061-0488 ICDD XRD card like the LGSO-3
single crystal fiber [54], and the Rietveld refinement shows similar unit cell param-
eters for both materials (Table 2). Indeed, Y* ions have substituted Gd** ions due
to their close ionic radii (0.90 A and 0.94 A in a 6-fold coordination, respectively)
along with similar electronegativity values (1.22 and 1.20, respectively) [67].
Concomitantly, Y>* has increased plasticity, thus reducing stress, minimizing crack
formation and maintaining the C2/c monoclinic structure.

4.3.2 Neodyminum (LGSO:Nd) and ytterbium-doped (LGSO:Yb)

It should be noted that the approach presented here is in production process.

Following the doping strategy for the (Lug3Gdo;),SiOs (LGSO-3) matrix, the
next step was the doping with laser active elements such as Nd** and Yb** aiming
to produce laser active materials. These dopants are extensively used as emitting
ions in several laser materials [4-6, 33, 34] produced by different crystallization
methods. Indeed, de la Fuente et al. [33] and Black et al. [34] produced GdNdSiOs
and 7Gd,0;°9Si0,:Nd single crystal laser materials by LFZ in Ar:O, atmospheres
30 years ago. However, most researchers employed standard growth methods. For
example, Xu et al. [5] produced a controllable dual-wavelength continuous-wave
laser emitting at 1075 and 1079 nm achieving an optical-to-optical efficiency of
63.3% for a Nd:Lu,SiOs crystal grown by CZ, in which a peak power of 2.34 kW
was measured under passively Q-switched operation. On the other side, Kim
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Figure 9.
Crystal photograph and transmission spectrum of LGSO:Y [47].
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et al. [6] produced by hot-pressing a 10% Yb:Lu,0s laser crystal pumped at
975 nm and emitting at 1080 nm presenting a slope efficiency of 74% with an
output power of 16 W.

Considering the previous results of LGSO-3 samples, new powder mixtures were
prepared by doping with 5 mol% of Nd,0; and Yb,0;, using highly pure (5 N) oxide
powders. Thus, neodymium (LGSO:Nd) and ytterbium (LGSO:Yb) doped LGSO
single crystal fibers were produced by LFZ in air at 10 mm h™". However, these
crystals present lower optical quality than those of LGSO doped with yttrium. The
absorption of the LGSO:Yb crystals checked in a Z-cavity varied between 35 and
50% for a pumping of 978 nm Ti-sapphire laser, emitting at ~1039 nm wavelength
(Figure 10a). On the other hand, LGSO:Nd diode pumped at 811 nm emits at
~1076 nm wavelength and absorbs 80% (Figure 10b).

4.4 Lutetium oxyorthosilicate (LSO)

Lutetium oxyorthosilicate (Lu,SiOs, LSO) has attracted the attention of
researchers due to their favorable thermal and optical properties, which make it
suitable as host materials to be used in photonics as laser media [3-6] or scintilla-
tors [7, 41, 59]. The main technique for producing LSO crystals is usually the CZ
method. As an alternative, Farhi et al. [68] in 2008 grew by laser-heated pedestal
growth (LHPG) rods of LSO and LSO:Ce** in air and N, atmosphere at 15 mm h™*
from square feed rods cut from a LSO pellet prepared by solid state reaction. Thus,
it was expected that these type of oxyorthosilicates could be produced in air at
10 mm h™" like the GSO. However, despite the fibers grown at 200 and 100 mm h™*
by the LFZ technique present a translucent aspect, the fibers obtained at lower
pulling rates (10 and 5 mm h™") are white and opaque (insets of Figure 11) [45].
SEM and EDS analysis of the samples produced by LFZ put in evidence a transition
from single crystal to eutectic ceramics with the gradual appearance of the Lu,0;
phase into the Lu,SiOs matrix as pulling rate is decreased. The eutectics present a
banded structure of alternated monophasic oxyorthosilicate regions with a biphasic
Lu,SiOs/Lu,0; phases. The presence of both phases was also corroborated by XRD
analysis [45].

The strong difference between the melting points of both precursors, SiO,
(1710°C) and Lu,0; (2490°C), explains this behavior. In fact, the high laser power
necessary to melt lutetium oxide induces SiO, evaporation, by overheating during
laser processing. This phenomenon was already observed by Farhi et al. [68]. The
most volatile compounds tend to evaporate due to overheating when two materials
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Emitting wavelength of (a) LGSO:Yb and (b) LGSO:Nd crystals.
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Figure 11.

SEM micrographs and photographs of LSO samples grown by LFZ at (a) 200 mm h™, (b) 100 mm h™,
(c) 10 mm h™ and (d) 5 mm h™ [45].
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Figure 12.

Compositional deviation from the nominal 1:1 composition to eutectic point (ved dot) into the Lu,0;-SiO,
phase diagram based on Yb,05-SiO, system [45, 69].

with a great melting point mismatch are processed by LFZ. Concomitantly, a devia-
tion from the nominal composition is observed, and consequently, the as-grown
material exhibits a different composition. This is what happened in the Lu,05-SiO,
system. Consequently, the crystallization path may vary, and therefore, the nature
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and amount of solidified phases present in the crystallized material can be dif-
ferent. Figure 12 puts in evidence the compositional deviation from the nominal
composition (Lu,0;:Si0; = 1:1) toward the eutectic point in the Lu,0;-SiO, binary
phase diagram (red dot). This compositional shift corroborates the SEM images of
Figure 11, where an almost complete eutectic morphology is achieved in the slower
processed fibers, the ones submitted to higher power for longer times. It is notewor-
thy the preferential alignment of the eutectic constituent, triggered by the strong
axial thermal gradients at the solidification interface [70, 71]. The introduction
of other rare earth ions such as Nd, with an intermediate melting point (2233°C),
contributes to the decrease of the evaporation process, since both Lu,O; lamellae
presence inside the Lu,SiOs and their size are reduced in diameter and significantly
decreased in number.

Another interesting characteristic of the LSO fibers grown by the LFZ process is
a pronounced photochromic effect, from white to pink-reddish tone. This behavior
was observed in samples grown at lower pulling rates when irradiated with UV
light. This effect persists for samples stored in the dark, even in the presence of
oxidant atmosphere, while the bleaching of the photochromic coloration is revers-
ible when samples are under natural illumination (Figure 13) [45].

4.5 Neodymium oxyorthosilicate (NSO)

The Nd,SiOs compound has been obtained only by solid state methods and,
in the most cases, accompanied by other silicate phases, namely the pyrosilicate
Nd,Si,0; [72-74]. In fact, it must be noted that the production of this kind of
orthosilicates is hard since the Nd,0;-SiO; system melts incongruently [73].
Concomitantly, Jiang et al. [74] have recently sintered for microwave device
applications, pure Nd,SiOs starting from Nd,0;5:Si0; = 1:1.05 mixtures. A mini-
mum deviation from this ratio promotes the formation of by-products such as
Nd48i3012 or Nd203.

The processing of stoichiometric mixtures of SiO, and Nd,O; oxides through the
LFZ technique produced large violet fibers. The apparent crystalline aspect of these
fibers increases with pulling rate from umber-like (5 and 10 mm h™") to brighter
materials (100-400 mm h™?) (Figure 14a). The XRD analysis identified the pres-
ence of two phases, which were confirmed by SEM analysis as elongated Nd,SiOs
crystals inside of the Ndg33(Si04)60, matrix (Figure 14b). The phases present a
preferential orientation along the fiber axis. Furthermore, the amount of each
phase significantly depends on the pulling rate. Lower pulling rates tend to increase
the nonstoichiometric phase, Ndy33(SiO4) 6O;.
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Figure 13.
Photographs of parallel-polished LSO fibers showing photochromic effect after irradiation with UV light
(254 nm) [45].
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a)

Nd, ,,(Si0,)0,

Figure 14.
(a) Photographs of NSO samples grown at 10 (NSO-10) and 400 mm h™ (NSO-400), and (b) SEM
micrograph identifying phases present in the NSO fiber.

Envisaging the applications of NSO fiber and considering the opposite electri-
cal behavior of both phases together with the fibers texturing, mainly the ones
grown at the highest pulling rate (200 and 400 mm h™"), it is important to study
their electrical properties. This way, the electrical conductivity and the dielectric
constant were measured from room temperature until 1000°C and varying the fre-
quency from 10” to 10° Hz. An increase of the AC conductivity with frequency and
temperature was observed for all samples. Specifically, at 1000°C and 10 Hz, the
electrical conductivity of 107> S cm™" at room temperature increases to 107> S cm™.
The NSO fibers exhibit a typical response of ionic conductors [30, 71] with a p-type
electronic behavior, according to Leén-Reina et al. [75] for Nd,SiOs samples. On
the other side, the dielectric constant decreases with frequency while an increase
with temperature is observed. Values of 10 at room temperature increase up to 10’
at 1000°C. The high densification degree of fibers and the different polarization
mechanisms, as reported Jiang et al. [74], underlie this behavior. This consideration
agrees with the typical characteristics of LFZ method that is known to produce
samples with a higher density when compared with standard solid state sintering
[76]. Additionally, these results confirm local variations in the Nd phases leading to
interstitial oxygen variations affecting the electrical response [75, 77].

5. Conclusions

This chapter puts in evidence several advantages of the LFZ technique with
respect to standard growth methods. In fact, LFZ is a suitable crystallization
technique that allows obtaining highly oriented refractory materials such as the
rare earth oxyorthosilicates. Focusing on the special characteristics of the LFZ
process and extrapolating to other hard-synthesis materials, the LFZ revealed to be
a suitable method for prototyping. This consideration is based on the capabilities
that directly promote a reduction of the effective production costs, namely: itis a
crucible-free technique, avoiding external contamination; it allows working with
low precursors amount, together with the possibility to produce low volume of
high-quality materials; it is a fast processing technique that allows reducing pro-
cessing time; it allows the production of small-in-size high-quality single crystal or
highly textured ceramics with an appropriate geometry, allowing the development
of compact and miniaturized photonic devices; it allows the growth of direction-
ally solidified eutectic ceramic materials; it allows the crystallization of metastable
phases. Thus, it was demonstrated the ability to produce high-quality single crystals
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of the (Lug 3Gdy7),Si05 based composition in air at fast pulling rates. These crystals
are suitable as laser passive and gain media. On the other side, Lu,03/Lu,SiOs eutec-
tic ceramics exhibit an interesting reversible photochromic effect. Last, biphasic
ceramics of Nd,Si05/Ndg33(Si0,) 0, suitable for microwave devices can also be
synthesized by the LFZ method.
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Chapter7

Solid Phase Evolution of
Nanodispersed Palladium Powders

Veronika Ivanovna Rozhdestvina

Abstract

The processes of solid phase evolution of nanodispersed palladium powder at
low temperatures were studied. It has been established that the process of solid
phase transformation, which develops over time, forms a hierarchically structured
organization of palladium grains from a structurally loose atomic cluster to a
micrograin—an encapsulated aggregate of hollow subgrains. The process of grain
ordering unfolds at several scale levels. It starts with the inner walls of the hollow
subgrains that form the channel structures of the microaggregate and then passes
to their surface and the unified encapsulating grain shell. In the collective effects
of self-organization, periodic activation of mass transfer is observed, in which
nanoparticles of various mesoscale structure organization are involved.

Keywords: palladium, nanodispersed powders, solid phase evolution

1. Introduction

Palladium is one of the most versatile elements of the platinum group met-
als. Ultrafine palladium particles exhibit unique catalytic properties (extremely
high activity and selectivity); they are used to create composite materials and are
capable of absorbing large amounts of hydrogen [1]. Current trends in the study of
nanostructured palladium are mainly aimed at the development of new methods
for the manufacture and stabilization of nanoparticles [1-5] and control of sizes
and shapes that determine the physicochemical properties [6]. Despite numerous
theoretical and experimental studies, structural-reactional relationships and the
understanding of mechanisms of the catalytic reaction on the surface of palladium
nanoparticles remain controversial.

In the study of evolutionary interactions between nanoparticles of the solid
phase, the emphasis is on the mass exchange theory, experimental and model stud-
ies of agglomeration in a dispersion medium (liquid or gaseous). Contact reactions
occur when particles approach each other randomly or in a controlled manner
[7-10]. Most studies of the contact interactions of metallic dispersed powders are
performed on systems in highly excited states caused by deformation influences of
thermally activated nature [11, 12]. As a result, processes go with high velocities,
causing the contact melting effect—sintering between contacting surfaces.

However, very little attention is paid to the study of the subsequent solid phase
evolution of a nanostructured system under conditions of surface energy dissipa-
tion, without deformation and thermal effects, since it is believed that solid phase
processes are not large-scale and proceed with extreme slowness. In this regard,
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a study of structural and morphological transformations of nanodispersed palladium
powders at low temperatures is of both practical importance and fundamental
scientific interest.

In the framework of this article, we studied the processes and mechanisms of
solid phase transformations that occur in freely contacting nanodispersed palla-
dium powders at low temperatures.

2. Materials and methods of study

We studied PAAP-0 nanodispersed powders manufactured by Krastsvetmet
JSC (mass fraction of Pd min. 99.98%) obtained by chemical reduction of pal-
ladium from solution, followed by filtration, washing and drying, packed in glass
ampoules (1 month from the date of manufacture to the beginning of the experi-
ment). The powder was agitated in ethanol, and a drop of suspension was applied
to a conductive carbon tape fixed to observation tables in an electron microscope.
After the droplet dried, the samples were placed in a vacuum column of an electron
microscope.

Among all elements of the platinum group, the Debye characteristic tempera-
ture Pd @p = 274 K is closest to the temperature of normal conditions. To observe
changes in the morphostructural characteristics of a nanodispersed powder, the
particles of which are in free contact; the following temperature regimes were
chosen for experimental observations of solid phase transformation. The first tem-
perature regime which is 293 + 5 K exceeds @p, Pd by no more than 24°, that is, the
increase in the vibration amplitude due to the temperature effects is insignificant.
The second temperature regime is 258 + 1 K, which is lower than ©&p, Pd by 16°. The
amplitude of the natural vibrations of atoms is still significant under these condi-
tions, but the temperature contribution to them is minimal. The third temperature
regime is 77 K, which is lower than @p, Pd by 197°. The amplitude of natural vibra-
tions of atoms is low, and interatomic interactions dominate.

The powder was placed in tightly closed ampoules, from which air was evac-
uated to prevent moisture condensation on the samples when operating at low
temperatures. The one ampoule was kept at room temperature, the second in a
cryostat (258 + 1K) and the third in liquid nitrogen (77 K). The total duration
of the experiment was 2 years. Control observations of evolutionary changes in
the morphostructural features of palladium powders in ampoules were carried
out after every 6 months of exposure of the samples to the respective condi-
tions. After this period, the ampoules were removed and stabilized without
opening to room temperature during the day. Powder samples were examined
with an optical microscope for the occurrence of larger particles in the powder.
If available, individual particles were extracted from the powder, and studies of
their structural and morphological characteristics were carried out. Then the
particles were again placed in ampoules from which air was evacuated, and
the ampoules were again placed in the appropriate temperature conditions for
the next holding period.

Systematic observations of solid phase transformation processes in finely
dispersed palladium powders were performed using the device base of the
Analytical Center of Mineralogical and Geochemical Research of the Institute of
Geology and Nature Management, Far-Eastern Branch of the Russian Academy
of Sciences: JEOL JSM 6390LV (Japan) scanning electron microscope and SIGMA
(Carl Zeiss) scanning electron microscope with the X-Max INCA Energy (Oxford
Instrument). X-ray diffraction studies were performed using a Shimadzu XRD-
7000 MAXima. X-ray diffractometer (2.2 kW, Cu Target, Long Fine Focus (LFF)
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type with a CM-3121 diffracted beam monochromator) with an MDA-1101 (with
Microscope unit) attachment for analyzing microobjects (a locality region of 1.00
mm), Bruker AXS Discover D8 X-ray microdiffractometer on CuK, radiation,
with rotation, vibrations and by points (Collective Use Centre of the Far Eastern
Geological Institute of the Far Eastern Branch of the Russian Academy of Sciences)
and photographic method on URS-2 X-ray unit (CuK, radiation with Ni filter)
with rotating and without rotating the sample using the RKD-57.3 camera. Lattice
parameters were corrected by the least-squares method using all reflections avail-
able for measurements.

3. Solid phase processes of self-organization of substance at nanolevel

In the chemical reduction of palladium from a solution at an early stage of nucle-
ation, metal ions are reduced to a state with zero valency and, when approaching,
are combined into atomic clusters to form irreversible nuclei (0.1-1 nm in size) [1].
These nuclei can increase in size due to the addition of other atoms or coagulation
among them, forming floccules. To reduce the effect of coagulation and stabiliza-
tion of nanoparticles, special agents are introduced into solutions that provide a
monodisperse state and the required forms of nanoparticles [5, 6].

Thus, metal particles (dispersed phase) are released from the solution (disper-
sion medium), which are suspended in a liquid. The interactions between them lead
to clustering (the first stage of substance integration). Clusters of various shapes
gradually increase in size and form loose flocs. After liquid removal, the system also
remains biphasic: solid particles in the form of floccules with a developed surface
and gas (air) filling the spaces between them. The system is energy saturated, and
it is in a non-equilibrium state. Metallic materials are dissipative systems capable of
energy dissipation. This can be manifested in the activation of morphostructural
solid phase transformations.

An analysis of the Debye powder diagrams obtained from the starting powders
confirms their ultrafine state. The X-ray diffraction pattern of palladium powder is
characterized by broadening of symmetric diffraction peaks for all crystallographic
directions, with an increase in the degree of blurriness and intensity with an
increase in the diffraction angle of reflection (Figure 1). Doublet (422) is not split.
The diffraction broadening of reflections caused by a decrease in coherent dissipa-
tion blocks begins at crystallite sizes less than 100 nm. In the area of small angles,

a wide halo is observed, which is characteristic of X-ray amorphous phases, due

to the presence of a significant number of particles with sizes less than 10 nm. To
study the degree of broadening of diffraction reflections, we used a method based
on extracting from a graphical representation of the dependence of the intensity on
the wavelength of a linear optical spectrum obtained by scanning X-ray diffraction
patterns and then storing it in the form of a full-profile bi-dimensional description.
It was found that the diffraction peaks have a symmetrical shape and the broaden-
ing is proportional to the tangent of the diffraction reflection angle, which indicates
the dispersion of the powder under study. The lines with Miller indices (kkl) h = k
are approximated by Gaussian curves, which also indicates a high dispersion. An
analysis of the degree of broadening of the diffraction reflections of the X-ray dif-
fraction pattern of the initial palladium powder indicates that according to the size
criterion of the composing particles, the powder can be divided into two dominant
fractions of 30-60 nm and less than 10 nm.

Electron microscopic studies show that palladium particles are a quasi-
amorphous substance in which isolated particles of two scale levels are identified:
5-20 nm and 40-150 nm (Figure 2). Among the first group, rounded particles with
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Figure 1.

X-ray diffraction patterns of palladium powder (T = 293 K)—initial state (a, b1) and state after 6 (b2),

12 (b3), 18 (b4) and 24 (bs) months. Changes in the preferved ovientations of crystallites in palladium grains
at different stages of conversion (state after 6 (c1), 12 (c2), 24 (c3) months).

fuzzy boundaries of 5.5-7 nm in size predominate; those larger than 15-20 nm are
observed occasionally. The second group is mainly represented by particles of vari-
ous configurations formed as a result of aggregation of particles of the first group or
having a quasi-amorphous structure without isolation of individual elements with

a predominant size of ~60 nm (Figure 2). At this stage, differentiation is already
observed in the total mass of particles with the individualization of elements of a
denser structure.
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Figure 2.

The structural organization of palladium powders (T = 293 K), which transforms over time: separation into
grains, their gradual compaction and the formation of flakes, their imposition on each other, and the formation
of multilayer plates.

The system is an ultrafine mixture of metal particles and gas (air) filling the
spaces between them. The morphostructural organization of metal nanoparticles
formed during synthesis is represented by clusters of various configurations (up
to 2 nm) and floccules (5-20 nm). The floccule structure is locally heterogeneous
with a pronounced gradient of density decrease from the centre to the periphery.
In the solid phase, the integration process continues. Floccules have a developed
contact surface; smaller clusters, forming contact with them, significantly
increase floccules in size, due to the expansion of a structurally loose boundary.
A small amount of substance covers a large amount of space. Floccules with
many interpenetrating and point contacts coagulate and form aggregates. The
system begins the processes of self-organization and structuring. Floccule nuclei
become denser, their flocculent boundary outgrowths and smaller free clusters
grow together to form a quasi-amorphous cement (Figure 3). Later, the floccules
are acquire a spherical shape. The substructure of the cementitious substance
becomes indistinguishable.

The process of interaction of nanoparticles with an active unfolded surface,
which provides multiple contacts, contributes to the development of their collec-
tive effects aimed at self-organization and structuring of the system. As a result,
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Figure 3.
Evolutionary scheme of transformation of a solid phase system at the nanolevel: floccule coagulation —
compaction with structuring elements — formation of structural elements (flakes).

new structural units form in the form of plates, flakes of various configurations
from the total mass of loose flaky substance. Due to the compaction of the sub-
stance, their edges are often curled up, and the plates are separated (Figure 2).
The substructure of the flakes in the form of stacking spheres at this stage remains
clearly distinguishable. Observation of the dynamics of the system showed that at
room temperature, the process of separation of particles of the second scale level is
gradually activated, and larger fragments up to 200 nm are also individuated. They
acquire clear boundaries as they condense. Their structure is composed of denser
spheres cemented by a quasi-amorphous loose substance.

Developing over time, the processes of structural self-organization evolve to the
consequent scale level, where the main structural units are no longer floccules and
clusters but nanosized lamellar formations (~50-180 x 5-15 nm) which are formed
from them. The process develops according to the planar contact deposition of
nanoplates (flakes). This determines the morphostructural specificity of this stage
of transformation. The scales continue to condense, the relief is gradually smoothed
out and they become more closely adjacent to each other (Figure 2). As a result,

a multilayer thin surface structure is formed of contact superimposed flakes, the
substructure of which is still quite pronounced. Since the density of the substance at
this stage of conversion is still quite low, the processes of compaction and structur-
ing are decisive.

Thus, in the area of nanolevel scales, the solid phase evolution of palladium
powders proceeds at three meso-levels of structural organization. The first
meso-level is characterized by the integration of substance with the formation of
clusters up to 2 nm in size (point, linear, volumetric of various configurations,
the substructure is filamentous, flocculent) and floccules—segregations with a
relatively dense core and indefinite flaky boundaries (5-20 nm). The second is the
integration of floccules and smaller clusters, densification and structuring with the
formation of nanoplates (flakes) (~50-180 x 5-15 nm). The third is the integra-
tion of flakes (“tiling” of flakes), the formation of thin multilayer submicroscopic
plates with a movable easily transformable substructure. All the transformations
described above took place in a thin layer of powder placed on a carbon tape sub-
strate which is put on an observation table in an electron microscope for 6 months
of observation.

A study of palladium powders in a sealed ampoule for 6 months at 293 +
5 K showed that larger formations appeared in them in the form of branched
micrograins, which are intergrowths of subgrains of rounded elongated shapes
(Figure 4). The microstructure of subgrains is composed of nanosized polydisperse
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Figure 4.
Structural organization of palladium micrograins formed from powder after 6 months at 293 + 5 K and their
surfaces.

particles of varying degrees of compaction, on the surface of the subgrains without
their mutual ordering and at the boundaries of intergrowth with other subgrains
with polygonization elements (Figure 4). The particles are identical in their mor-
phostructural features to the above-described particles which are formed in a thin
layer of powder deposited on a conductive carbon tape.

4. Low-temperature solid phase self-organization processes

In finely dispersed palladium powders aged at negative temperatures, the
integration processes take place at substantially higher rates than at a temperature
of 293 + 5 K. After 6 months of exposure to nanodispersed powders at a tem-
perature of 258 + 1K, the occurrence of micrograins with sizes up to 250 pm is
observed (Figure 5). The grains have a branched spongy structure, in the form of
intergrowth of subgrains of rounded elongated shape with a diameter of 1-3 pm.
The ratio of the volumes of voids and solids in the grains is comparable to each
other. Many subgrains have end-to-end surface discontinuities, which indicate their
hollow structure (Figure 6).

Studies of the structural organization of powder particles and palladium
micrograins maintained at a temperature of 293 + 5K (T < @p Pd) showed that the
main processes here also include coagulation, densification, the formation of thin
flakes and their aggregation with the creation of larger forms of thin multilayer
plates, but in structural organization, they advanced significantly further than
powders kept at a temperature of 293 + 5K (T < &p Pd).

The surface of the plates (flakes) is more compacted, smoothed, with well-
defined boundaries. Thin multilayer structural units gradually increase their
area and, having reached micron sizes, begin to bend and twist, forming hollow,
rounded, oval or tubular shapes (Figures 6-8). The multilayer structural organi-
zation of the plates (“tile laying” of the flakes) that form the walls of the hollow
subgrains during bending provides them mobility due to the displacement of the
layers relative to each other (Figure 7). With the increasing surface curvature, the
upper plates move apart, revealing the inner layers with a quasi-amorphous surface.
In this case, discontinuous discontinuities are often observed.
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Transformations of palladium micrograins at a temperature of 258 + 1 K: sponge aggregate formed from
nanopowder (after 6 months) (a), grain with a dense structureless surface and sponge internal structure (after
2 years) (b), X-ray diffraction patterns of palladium grain (after 6 (c), 12 (d), 24 months (e) at 258 K) and
changes in the preferred orientations of crystallites in palladium grains at different stages of conversion (state

after 6 (f1), 12 (f2), 24 (f3) months).

As aresult of the processes of coagulation and compaction of the substance and
the collective actions of nanoparticles of several scale levels, thin-walled hollow
formations of rounded, oval, tubular shapes with a diameter of about 1-3 pm
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Figure 6.
Structural organization: sponge aggregate of palladium formed from nanopowder at a temperature of
258 + 1 K (after 6 months).

Figure7.
Structural ovganization of multilayer planar intergrowth of plates (flakes). Destruction of the surface of
multilayer lamellar formations during the formation of hollow forms.

are formed (Figure 8). These formations are structural units of the microscopic
organization of matter. The structure formed in this way has an unfolded inner and
outer surface. The diameter of the internal channels is close to 1 pm. The thickness
of the multilayer wall is 30-60 nm.

By approaching each other, hollow micrograins grow together according either
contact or bridge mechanism (Figures 9 and 10). The first mechanism is due to
direct contact of curved surfaces (Figure 9). When the curved surfaces of two thin
layers come into mutual contact, the layer thickness in the contact zone doubles.
The scales composing the walls of the hollow grains come into motion due to the
collective effects of the interaction. Mass transfer is directed away from the contact
area (Figure 9). The outflow of particles causes opening of the cavity, the internal
channels are combined and the wall thickness is levelled. The intergrowth process
is not a sintering process with an increase in thickness in the contact area, but the
unification and expansion of the thin channel internal structure.
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Figure 8.
Spherical and oval palladium micrograins formed as a vesult of aggregation of nanoparticles.

Figure 9.
Models of the contact mechanism of intergrowth of hollow masses. Contact interactions. Contact expansion
and fusion of hollow structures.

The second aggregation mechanism, aimed at expanding the thin channel
system, ensures the intergrowth of hollow thin-walled structures that do not
contact each other. This mechanism is due to the effects of long-range bonds. When
the curved surfaces of thin-walled (~30-60 nm) hollow formations are located at
a distance comparable to the diameter of the internal channels (~1 pm) between
the dispersed particles from which they are composed, collective effects aimed at
combining the surface also appear. Collective actions of particles are manifested in
mass transfer to the area of maximum approximation of surfaces (Figure 10). In
this zone, a thin “bridge” begins to form, either in the form of a whisker-like out-
growth or a twisting effect forming an outgrowth cone that extends to contact with
each other. After the formation of the bridge, mass transfer is activated. The contact
bridge expands, and the transverse size becomes comparable with the size of the
channels. The rupture structures and partings between the plates and scales are
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Figure 10.
The “bridge” mechanism of intergrowth of palladium micvograins, the model of intergrowth by the “bridge”
mechanism. Formation of a contact “bridge”. Expansion of the isthmus.

smoothed, forming concentric bands similar to growth zones. A single expanded
channel system is being formed.

Thus, the palladium grains formed at this stage are a two-phase mixture con-
sisting of a solid phase (Pd) and two types of voids (air). The first type is a void
encapsulated in the internal cavities of micrograins and complex branched chan-
nels (~1 pm) formed when they merge. The second type is a spongy volumetric
structure formed during the intergrowth of hollow microparticles. A void is almost
evenly distributed over the grain volume.

The formed system has a developed inner and outer surface; it is energetically
saturated and metastable. The structural configuration of the dissipative system
involves its further transformation. The activation of interactions between hollow
subgrains is characterized by two processes occurring simultaneously: the forma-
tion of new contacts and the destruction of previously formed ones. The constant
movement of matter associated with the formation of new contacts often results in
rupture of the surface and opening of channel structures. Viscous deformation dis-
continuities, shears and disruptions without visible deformations of the accretion
boundaries are observed (Figure 11). Microcracks appear along the boundaries of
intergrowth, new contacts form and open-channel cavities are closed. The system is
transformed in a mobile way, reducing the volume of second type voids.

The processes of structural self-organization of particles in thin-walled bodies
quickly form geometrically regular shapes (negative crystals) on the inner side of
the channel wall, the outer surface is a multilayer packing of flakes and sometimes
ordering effects are also observed in their arrangement, with the formation of face
shapes (Figure 12). Particles whose structural organization is constructed in this
way (tubes, spheres whose walls consist of nanostructured particles in a quasi-
amorphous phase) are energetically saturated and have a high degree of freedom for
further transformation.

Opening of internal channels causes collective effects in the system aimed at
closing them. The process is due to transformations of the substance in the area of
the open hole and depends on the mechanism of rupture. If a rupture occurred due
to tensile forces, leading to the formation of a tension zone and a thin isthmus at
the time of the rupture, the boundaries of the rupture have thin ragged edges, with
a significant number of nanosized separation protrusions. Such discontinuities are
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500 nm

Figure 11.
Various types of strain breaks in palladium grains: after 6 and 12 months at 258 + 1 K.

closed as a result of the convergence of the walls and smoothing of the displace-
ment formed during the rupture (Figure 13). When the size of the holes formed,
for example, as a result of shear forces, corresponds to the diameter of the channel,
their closure occurs mainly due to the effects of quasi-viscous flow (Figure 13).
Incrusted structures grow, gradually closing the hole. This type of closure is

most common in the studied system. The convergence of the walls in the rupture
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Figure 12.
Recrystallization of the inner wall of hollow channel structures in palladium grains and elements of ovdering
of the outer layer.

boundary area is also observed; the outer diameter of the hole decreases until
contact interactions between the particles of the surface layer are established, caus-
ing the processes of restoring the integrity of the outer layer and the formation of a
common shell (Figure 13).

The development of the compaction process over time leads to the convergence
of the boundaries of hollow subgrains. When there are several surfaces of hollow
formations at a critical distance at a time, a unified surface is formed forming struc-
tural units of the next scale level in the form of intergrowth of rounded bodies with
sizes of 3-30 pm, which gradually form curved surfaces preserving the boundaries
(Figure 14). Their surface also has a scaly lamellar structure with elements of
polygonization, and there are residual pores of the second type, which gradually
decrease in size.

The main mobile structural units of the surface layer of subgrains are scaly
lamellar formations. They do not lose their structural identity for a long time
(Figure 15). After the merging of the hollow subgrains and the formation of rather
extensive zones with denser intergrowth, the process of surface transformation is
activated. Initially, the borders and shapes of the scales are structurally separated,
and then spicule-like elements appear in the structure of the scales with the order-
ing effect in their location; the relief contours are softened and smoothed. Then,
scales are flattened and boundaries are merged. Consequently, zones with struc-
tural corrugated bands are formed (Figure 16) which are gradually smoothed out
levelling the surface. On the surface, the elements of polygonization are manifested,
with the development of the process at the neighbouring subgrains.

In the processes of surface transformation, the key role is played by the size
effect. The collective actions of ultrafine particles determine the order of transfor-
mations that develop over time. In the initial stages, in spite of the volumetric filling
of space with particles, ordering has a planar distribution. Consequently, the trans-
formation process goes to the sub-grain level, and then it is activated in the contact
zones. With the coalescence of micrograins, the intergrain zones are also involved in
the collective processes of surface transformation, the boundaries gradually disap-
pear, and the structural organization of the surface becomes unified (Figure 16). At
later stages, the surface topography is smoothed and acquires soft forms, and then
banded and other forms with a relatively smooth relief appear. A structure identical
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Figure 13.
Closures of discontinuities in channel structures in palladium grains: walls convergence and displacement
smoothing, quasi-viscous flow effect and recrystallization.

Figure 14.
Different densities of micrograin intergrowths and stages of surface transformations.

116



Solid Phase Evolution of Nanodispersed Palladium Powders
DOI: http://dx.doi.org/10.5772/intechopen.91822

100nm

Figure 15.
Transformation of the surface shell of hollow grains, quasi-viscous flow effect and recrystallization.

Figure 16.
Extension of the area of smoothing of the surface and with the ordering of structural elements.

to the structures of the growth planes is revealed (Figure 17). A relatively stable
state is organized in which slow processes occur, aimed at ordering between the
particles of a thin layer—the shell. Subgrains lose their structural identity; former
contact zones acquire smoothed shapes.

The next important stage in the structural transformation of palladium
micrograins is associated with the creation of a unified grain shell as a whole.
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Figure 17.
Ordering within individual grains with the occurrence of growth planes and twins.

After the formation of a micrograin (50-300 pm) of a spongy structure, the
compaction processes contribute to its transformation as a whole, separating it from
the rest of the fine powder. Since the aggregation and occurrence of grains have a
progressive character with the simultaneous presence of both a finely dispersed
phase and already formed grains in the system, particles of various sizes and
degrees of compaction were found at various stages of the study. Transformation
processes are aimed at the individualization of each individual grain, the creation of
a common shell (the microencapsulation effect). When the displacement of voids
of the second level is activated, resulting in compaction of the substance, the most
active merging of particles occurs on the grain surface. A grain, as a whole object,
tends to acquire a single, generalized surface. The individuality of the substructural
components is first smoothed out due to effects similar to a viscous-flowing state,
and then sod-deformed, smoothed, worn-out forms are formed, gradually closing
the internal porous channel structure (Figure 18). The organized outer shell loses
smoothness, becomes fine-grained and is worn smooth. The microencapsulation
effect is aimed at organizing a common surface on which one can only detect relics
of a structural organization that has undergone significant evolutionary transfor-
mations. The surface acquires a structure that is described as rounded with defor-
mation elements (Figure 18). However, despite the presence of an external dense
shell, the internal organization of the grain remains nanoporous.

Stabilization of the temperature regime at temperatures below the Debye pal-
ladium characteristic temperature favours the occurrence of preferred orientations
of crystallites in palladium grains (Figures 1, 5 and 19). If the spongy grains, whose
crystallites do not exceed 1 pm, are kept at room temperature, no increase in crystal-
lite size will be recorded. Radiographs are characterized by sharp lines (Figure 19a),
and the intensity distribution is identical to the theoretical radiograph. The X-ray
structural characteristics of palladium grains maintained at various temperature
conditions are presented in Table 1.

The unit cell parameters for palladium grains transforming at room tem-
peratures are approximately 3.882 A. This value is reduced relative to the unit
cell parameters of native palladium, which indicates the incompleteness of the
transformations in the system of its metastability. And for samples aged under
freezing temperatures, the parameter values are as close as possible to the values
for native palladium. For negative temperatures close to the Debye characteristic
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Figure 18.
Grain encapsulation and surface transformation.

Figure 19.

Radiographs chavacterizing the changes in the preferred ovientations of crystallites in palladium grains, aged
at 293 + 5 K (a), at 258 + 5 K (b) and at 77 K (c) (shooting at the Collective Use Centre of the Far Eastern
Geological Institute of the Far Eastern Branch of the Russian Academy of Sciences).

temperature of palladium, the ordering process is accelerated, and the crystallite
sizes increase. It is likely that further transformation processes will lead to a single
crystal state. However, the presence of internal channels/voids leaves the system
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Sample For all available reflections In the precision area
2:0.0014 VA*  Ad Mn™  a:0.0001A  Ad* Mn*™*
Pd 00-046-1043 3.89019(2) 3.89019(2)
Pd 1 3.882 58482  0.00276 80.044 3.8831 0.00027 200.688
293:5K 2 3.882 58.512  0.00351 68.080 3.8839 0.00019 292.893
3 3.881 58467  0.00244 85.800 3.8825 0.00040 164.194
Pd 1 3.887 58.717  0.00135 85.196 3.8871 0.00087 62.679
281K 3.890 58.870  0.00163 98.430 3.8911 0.00042 135.758
3 3.890 58.857  0.00112  165.352 3.8906 0.00022 274.520
Pd 1 3.890 58.870  0.00096  153.662 3.8909 0.00007 906.799
77K 2 3.889 58.816  0.00072  183.220 3.8894 0.00024 233.847
3 3.888 58.765 0.00125 127.889 3.8885 0.00034 162.065

Ad*, average deviation of the calculated interplanar distances off the measured ones;
Mn™*, reliability criteria after de Wolf.

Table 1.
X-ray structural characteristics of palladium grains aged in various temperature conditions.

open. A significant decrease in temperature (77 K) promotes rapid encapsulation
(Figure 20), the formation of a dense shell, in which ordering occurs only at the
micro level. That is, the processes of separation of each individual grain in this state
are predominant over the processes of general ordering.

Thus, studies of interactions between ultrafine particles of palladium in free
contact showed that their aggregation leads to the formation of thin channel struc-
tures with a channel diameter of ~1 pm and a wall thickness of ~30-100 nm. The
sizes of the coherent dissipation blocks and the wall thickness of the channel struc-
tures are identical; their inner surface has flat faces in the form of negative crystals,
which indicates the ordering between the particles composing them. The estab-
lished effect of enlargement of coherent dissipation blocks and the occurrence of
preferential orientations are probably associated with ordering in the arrangement
of channel structures and their alignment in a certain order. Microencapsulation
favours an orderly distribution of voids in the grain volume.

Dissipative processes in dispersed objects contribute to the development of
long-range coherence in the system [13]. The determining parameter in this process,
in our opinion, is the ratio of the sample holding temperature to the Debye charac-
teristic temperature of palladium @p, = 274 K. The Debye characteristic temperature
is the temperature at which crystal lattice vibrations of all possible frequencies are
realized. A further increase in temperature does not lead to the occurrence of new
vibration modes but only leads to an increase in the amplitudes of existing ones,
that is, the average vibration energy increases with the increase in temperature. At
temperatures of the system T < @p, the atoms oscillate near a certain equilibrium
position, the intensity and amplitude of which depend on the difference between
the Debye characteristic temperature of the substance and the temperature of the
system (AT = Op — T). According to Debye, with a decrease in temperature in the
area T < Op, the energy of each individual vibrator decreases; moreover, the vibra-
tions of more and more new vibrators gradually decrease.

Thus, under conditions when T < @p, interatomic interactions become predomi-
nant. Long-range bonds are established between the atoms of matter; the collective
actions of atoms are aimed at ordering and tending of the system towards the
perfection of its crystal structure. The structure of the substance becomes denser.
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Figure 20.
Cryotemperature transformations of palladium grains with structure compaction at 77 K: 6, 12 and 24 months.

Further lowering the temperature reduces the amplitude and energy of the natural
vibrations of the lattice, thereby contributing to even greater structuring of the
substance.

5. Conclusion
Thus, studies of interactions between finely dispersed palladium powders that
are in free contact under dissipative conditions of low temperatures indicate the
group behaviour of particles at various scale levels. Structural aggregation takes
place in stages, with the allocation of an aggregation field area at each scale level:
* Lack of structure
o Small-scale clustering
* Prestructuring
o Medium-scale aggregation and divergence of cluster types in the aggregate
o Large-scale aggregation
e Structuring
o Aggregate formation and shell formation (microencapsulation)
o Recrystallization at the subgrain level
o Recrystallization at grain level
In the collective effects of self-organization, periodic activation of mass transfer

is observed, in which nanoparticles of various mesoscale structure organization are
involved. The solid phase finely dispersed substance evolves mobile in the process
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of dissipation of surface energy, which takes on new forms at every scale level of the
organization while maintaining the structural identity of its constituent particles.
The manifestation of a multiscale structure, close relationship and mutual influence
of various scale levels is one of the key points in the processes of mass transfer in
contact interactions.
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