CHAPTER II

THEORY

2.1 Molecular Sieves

Molecular sieves arey aterj lséselective adsorption properties, it

must separate componenissof ; h lar size and shape differences.”'
The different classes of'fnol ieye m ement composition in each type.
They can be classified into, p their pore size as shown in Table
21 * NG
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Table 2.1 Classification of pgfous {dterial:

TN,

Class of por s Examples
Micropores eolites, activated carbon
Mesopores 20 - 5()49L M418S, Pillared layered clays
Macro ] | E.Hm w EJ’] ﬂ i glasses
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2.191 Zeolites

Zeolites, a type of molecular sieves, are crystalline aluminosilicates of alkali
and alkaline earth metals. A zeolite has a three-aimensional network structure of tetrahedral

primary building units of [SiO,]* or [AIO4]? as shown in Figures 2.1 and 2.2.
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Figure 2.1 A primary building

Figure 2.2 Framework o

il

SuEdneningng...........
Figure 22. ﬁﬁgﬁmﬁmy “ﬁﬁwg pTaeETrge ofithe meia]

cations. Iq e basic zeolites these are usually cations of univalent and bivalent metals or their

a zeolite

combination. A representative unit cell formula for a zeolite is written as:

Mx/n[(A]O2)x (SIOZ)y]zHZO
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M represents the exchangeable cations, generally from group IA or IIA in the
periodic table of element

n  represents the cation oxidation state

y/x is equal to or greater than 2 because Al does not occupy adjacent

tetrahedral sites.

o
B

Zeolites are ciystalline mate 1al ¢ a solid framework defining large

internal cavities where mg an’ e ad 0 - tles are interconnected by pore

openings through which crystalhne nature, the pores and

cavities are all precisely th / 53 \\ \ e size of the openings, they can

adsorb molecules readif

_.f

adsorbing molecules of cértai

» SIOWIY. FOE u\ \ ctioning as molecular sieves-
in - flones.

The electrical cf ge. ;.“fig arit he molecules also functions to attract or
S
sort molecules. This ability to selectively adsorbmolecules by size and polarity is the key to

the unusual efficiency 9 and purifying liquids and

(7 xd
gases, and functions as*#e Y "r‘—' emistry and structure of the
i

m synthetlc zeolites can be modified to provide a wide range of

o a‘“‘“"“ﬂﬂﬂ ‘) ﬂﬂ‘ﬂ"’} WRI ARG rmrion ot or

numerous commet@ial applications.
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A Shape Selectivity

materials used to create

The pore size and shape in a zeolite may affect the selectivity of a reaction in
two ways.” (i) Reactant selectivity occurs when the aperture size of the zeolite is such that it

admits only certain smaller molecules and excludes larger molecules; hence, in a mixture,



effectively only the smaller molecules react. (i) Product selectivity occurs when bulkier
product molecules connot diffuse out, and if formed, they are converted to smaller molecules
or to carbonaceous depositing within the pore. (iii) Transition state selectivity occur when

geometry of intermediate or transition state molecules can not move out of pore. This led to

changing the geometry in order to pastd outside of pore. Figure 2.3 shows the models for the
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Figure 2.3 Diagram depicting three types of selectivity: reactant, product and

transition-state shape selectivity”'
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2.1.3 Mesoporous Materials

Mesoporous materials are member of molecular sieves which have larger pore

sizes than microporous zeolite. The utility of these materials is manifested in their

enhance catalytic activity and a Lcubfe he fundamental breakthrough in this
field, marked by the disco Vi ly precipitated research directed
- towards. Firstly, the underst : of ordered MesOporous arrays; secondly,

cdiefficientcy, reproducibility and

\ iceous solids by framework

substitution.”

2.1.3.1 Charagferjzation of M . ous Hexagonal Structure

(4 .‘:"l‘ iable technique that can
investigate the character : ' hexage S'strucCture f.f‘ ypically, the XRD pattern of
hexagonal symmetry showsﬁ well-resolved pealss that can be indexed to the corresponding

Latice plancs of ﬂ uﬂ’&oﬂ lﬂ WD’ (ﬂ) &L’}Oﬂ Tise XRD patterns show

at small angle (two theta (20) between 2%and 5°) due tofthe materials are®ét crystalline at the
aonic B Bk UM G0 F LA FAATERY

From Bragg’s law, when an X-ray beam strikes a crystal surface at
some angle 0, a portion is scattered by the layer of atoms at the surface. The unscattered
portion of the beam penetrates to the second layer of atoms as shown in Figure 2.4, where d is
the interplanar distance of the crystal.** Thus, the conditions for constructive interference of

the beam at angle 6 can be described by Bragg equation which is written as equation (2.1).
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nA = 2d sind 2.1

Figure 2.4 Diffraction,

Hexagonal structure have charagteristi J': acing f as follows :
2.2)
(2.3)

(2.4)

From Equationséjl.%ﬁZB \ id 2.4), will ob%dﬁ ﬂ ;1 ﬁe%(a) os
ARAN]) fLJlIVI’]’JVIEHﬂEl

A’ quantitative assessment of the porosity of mesoporous materials
can be attempted on the basis of the only available parameters which seem to be independent
of any assumption on the nature of the surface: the cell parameter (a), the total pore volume
(¥p), and the mesopore diameter evaluated by the pressure of the mesopore-filling step of the
isotherm (Dggp); hence, the mesopore diameter evaluated by the BB method in equation

2.6.%



In the case of mesoporous materials, the geometrical model of a
honeycomb structure formed by hexagonal pores accounts for all porosity parameters. From
the geometrical model schematically depicted in Figure 2.5, the wall thickness (¢) can be

evaluated as

(2.6)

_ -‘f
Figure 2.5 A hexagorgcel owing parameter (&) the wall thickness (), and the

cylindrical pére=of Dgpss diamett}whicij)ossesses the same section as the

LILEANEAINENND
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The main general synthesis strategies used to construct these
materials are shown in Figure 2.6. In all of these synthesis strategies, the chemical, spatial,
and structural properties of the texturing agent, or the “reaction pockets”, must be thoroughly

adjusted by controlling the rates of chemical reactions, the nature of the interfaces, and the

22



encapsulétion of the growing inorganic phase.” An adequate tailoring of the organomineral
interface is of utmost importance to obtain well-defined textured phases. The chemical,
spatial, and temporal control of this “hybrid interface” is a major task in the challenge of
developing cooperatively assembled inorganic-organic integrated systems. These synthesis

strategies can be categorized following tw

es are present in the synthesis media
templates is followed by (or
synchronized with) the fo e | '. ralinetweork, deposited around the “self-
Ceessible interfaces built by
preorganized or self ass ' 2 upral ulag, templates, which create the
mesostructure in the ma _,‘".’« ‘ Organic compounds (surfactant
‘gtc.) or biomolecules, forming
an also be preformed objects having
submicronic, micronic, or macro :.g»,',. 2

ex, silica), bacteria or virus, or even

"—-7 e —— —— ',. ‘, . .
mesoporous silica fraf """‘ ------------------------ fi€ (nano- or microcasting) to

embed any other componﬂt or materia; 0 only us@examples (route A). In many

cases a cooperative self-assefbly, can take place fnsitu between the templates and the mineral

network precurso%iulﬂhgrglﬂ Miﬁtu (Elnt’e]Bﬂ i
__(b) In the second approa > t i is formed (b
inorgani%ﬁgaﬁﬁ mcﬁﬁﬂﬁﬁgﬁﬁ ::jr'ﬁ:g]casn takeeplac:

not only in solution but also in micelle interiors, emulsions, or vesicles, leading to complex
shaped materials. The control of the dynamics of precipitation of this nanometric building
block (NBB) is a key point when syntheses are performed under these conditions. These NBB
can be subsequently assembled and linked by organic connectors or by taking advantage of

organic functions dangling on the particle surface (route €)1
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The key feature in the synthesis of mesostructured materials is to
achieve a well-defined segregation of organic (generally hydrophobic) and inorganic
(hydrophilic) domains at the nanometric scale; here, the nature of the hybrid interface plays a

fundamental role ( see in section 2.3).
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Micellar aggregates organize according to different shapes (spherical
or cylindrical micelles, lamellae) permitting the coexistence of two incompatible phases.”’

Some typical micellar structures are presented in Figure2.7. In some colloidal systems, a more



complex behavior has been evidenced, and other arrangements, such as the spongelike
bicontinuous structure (Figure 2.7E), are possible.
Upon progressive increase in surfactant concentration in the aqueous

solution, a number of phases appear, always following the same order: direct spheres, direct

cylinders, lamellae, inverse cylin erse spheres; this order corresponds to a

ifferent models have been proposed to

kT
hydrophobic interactions ains, .

packing, (3) molecule e |

(5) electrostatic repulsi cgh polar-heads
(X &
it |
“hi Ak | = )i )4
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2.1.3.3 Role of the Polar Head Charge

Both surfactant and inorganic soluble species direct the synthesis of
mesostructured MCM-41-type materials. The hybrid solids thus formed are strongly

dependent on the interaction between surfactants and the inorganic precursors. In the case of




ionic surfactants, the formation of the mesostructured material is mainly governed by
electrostatic interactions.”” In the simplest case, the charges of the surfactant (S) and the
inorganic species (I) are opposite, in the synthesis conditions. Two main direct synthesis

routes have been identified: S’ and ST". Two other synthesis paths, considered to be indirect,

bearing the same charge: counter ion get ir arge compensating species. The S*X°
" ‘ .—d.

I' path takes place under zeid fditions. in %of halogenide anions (X); the S

M'T route is characteristi fe/riddie,\in the.presence of alkaline cations (M"). The

different possible hybridg L cHinter aces a h¢ wn in Figure 10. Table 4 gives
different examples of inoEga C \~ obtained following the above
mentioned paths. Other ' _' T ‘ '\‘t_" surfactants, where the main
interactions between the te 0rga lC \ are H-bonding or dipolar, giving

\

birth to the so-called neutral

Figure 2.8 Representation of the different types of silica-surfactant interfaces®
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Table 2.2 Examples of mesostructured inorganic materials with different interactions

between the surfactant and the inorganic framework

Surfactant Interaction type Example materials (structure)
type
. s \\1//Z
cationic S a - ilica: MCM-41 (hex)
— '—umj 1-48 (cub)
\~§: ien oxide (lam, hex)
. \ Xide (V) (lam, hex, cub)
: ) “(lam)
n phosphate (lam, hex)
BA-1 (cub Pm3a) SBA-2 (hex 3D)
§ zin€ phosphate (lam)
zirconium oxide (lam, hex)
ium diexide (hex)
anionic S° " Mn, Fe, Co, Ni,

i¥
Zn (Tam) oxides

U} IANENIN VB

ARIAN ﬂ‘i»tUﬁJW]ﬂYI’ﬂﬁ’ﬁEl

alumina (lam)
neutral S° s’ silica: HMS (hex)
or N° NI° MSU-X (hex)
silica (lam, cub, hex)
Ti, Al, Zr, Sn (hex) oxides

N°XT* silica: SBA-15 (hex)
N°FT* silica (Hex)
(N°M™)I0 silica (Hex)

(hex, hexagonal; lam, lamellar; cub, cubic)



2.2 Block Copolymer-Templated Mesoporous Materials

The first studying related to mesostructured oxides described the use of ionic

surfactants such as the cationic alkyltrimethylammonium (C,TA", n = 8-18), anionic

thickness of 8-13 A, whichis™ us/ i tablllty for catalysis; (b) limited
pore size offered by m ‘ ] ants. 3 ' to go beyond 50 A pore size
consisted in employiag ‘ synthesis, and
irreproducibility (linked @ e . (or : \ eparation). Thus more versatile

supramolecular templates were
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Figure 2.9 Block copolymer used in mesostructure generation®’



Table 2.3 Characteristics of surfactants and block copolymer

Surfactant Block copolymer

Solution and mesophase behavior

Molecular/monodisperse Polymer can be polydisperse

Head-+chain structure object

\\\\“ i)

controlled by the g packing architectures: linear, branched,

Enormous range of

parameter L Y — tar and shape

Simple micelle-( N , : Possibility of complex

continuous mesost ) _ \ A ultiscale mesostructures (e.g.

‘Knitting patterns’)

Micellization dg | ' : ligellization driven by

Hydrophilicyhydrg | A \ B drophilic/hydrophobic

character Zi character, block size and

conformation

Cosolvent swelling Differential swelling of domains

curvature by cosolvents_ e ,_

Use in the design ¢ .

‘Hard’ well-de%d HI ‘@rry’ interface, swollen by
p the inorganic phase

re 8 991 TN G0

Walls nefjentangled with the Walls entangled with the

PhasnsalunIveses

degree, monomer nature or

polymer fraction
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Amphiphilic block copolymer belongs to an important family of surfactants, widely
used in detergency, emulsifying, coating, thickening, etc. The self-assembly characteristics of
these block copolymer permit to control the superstructure, to vary the typical length scales

and to add specific functions. Indeed, the properties of block copolymer can be continuously

tuned by adjusting solvent compositiog g weight or polymer architecture. Figure 2.9

shows typical block copolymenus pable 2.3 compares the characteristics
- d

of block copolymer vs. low ic rfa of block copolymer-template
can be classified following '

Oligomeric nonio (oxyeth and poly(oxyalkylene), have

been widely used and ¢ \ plates® (although not strictly

(a) Precipitation-bas T

i -
Pinnavaia {1 g fthe idea of using nonionic

surfactants ( alkylamines (C,NH,), oligo alky -poly(et@ene oxide) (C,(PEO),,OH), or
(PEO),,(PPO),(P 5 EO‘(Q-H CH,0-, and P@ = -CH(CH;)CH,0-) as porogen species, in
neutral media. ﬁuam’;i] ﬂnjamnijr;] sﬂaZnts over the ionic ones
were 1qqew§bl lcgiﬁ)ﬁafu‘lrﬁ j aﬁm ,(-fﬁ 8 enhancing the

hydrothenmal stability of the mesoporous ox b) easier pore diameter tuning, by varying

both the type and the concentration of the surfactant, (c) easier solvent removal, by solvent
extraction: H-bonding (instead of electrostatic) interactions between the template and the

inorganic framework should be easier to dissociate.
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(b) True Liquid Crystal Templating

Silica sol-gel was polymerized in lyotropic liquid crystals (LC), creating an

alternative to conventional precipitation methods (the true liquid crystal templating, TLCT

route). This path leads to mesostruc agonal, cubic or lamellar silica, as gels, cast
monoliths or membranes. M ials are obtained by chemical or

electrochemical reduction o salts, diss lvah“ic regions of the LC phase.

f nanoparticles.

\\

principle controlled by gnowin - by the surfactant (a kind of

A similar approach leads to gie

TLCT method ; the final phase should be in
thermodynamic control). vederfa 2 S inhomogeneity that can result
either by inadequate diffusio otlt '; ' \ in the pre-formed LC phase, or
uncontrolled phase. Separatlo dug : chization taking place in viscous LC
media. While PEO-PPO-PEO ¢ {” )4 \ ers are the most usual templates,
Antonietti and cowo -ﬁ_—————l\: variety of inorganic

frameworks and polymerﬂtem ates, iy t6"high molgcular mass ionic copolyrers

or poly(ethylene-co-butyleng)- -bs(ethylene oxide)y which afford very large pore size (20-30

nm). This ngUﬂhua&l g nﬂlﬂ g NEJ ’] ﬂtﬁquasn-hexagonal pore
arrangements.

ammmmumwmaﬂ

() Evaporatlon-lnduced Self Assembly

The evaporation-induced self assembly (EISA) denomination was coined to
encompass the synthesis methods leading to ordered hybrid mesophases from dilute solutions,

upon solvent evaporation. EISA can be considered an LCT-based method (after solvent
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evaporation, a hybrid LC phase is formed). Starting from solutions below the critical micellar
concentration, permits one to obtain thin films or gels with excellent homogeneity (high
dilution discouraging inorganic polymerization). BC-templated silica mesoporous films and

monoliths were obtained by EISA. This method is particularly interesting to work with non-

" ieformation of these mesophases,
\ \ |

domains : hydrophilic and ophiobic, -in/ ase “of the simplest block copolymer

Oithe self-assembly properties of

, which divides the space in two

surfactants.

b) The ;""‘_ h{_’g inorganic components are

placed in one of the Eatia y Ol thes D nanoheterogeneous systems.

Condensation reactions will@iye,rise to an extended inoreanic network; these reactions can be

tuned to take plaﬂiutﬂogymsﬂem@ mr l’Z.](ltJ pjceeds.
U
~ The sirﬁe@lﬁl)ﬁ; ﬁl! ﬁﬁe’jﬁw ; plil ﬁﬁtions that will
control ta‘fmo’t]a d cture: ctant-Sutfactant (S- )Horga ic-inorganic (I-I) and

surfactant-inorganic (S-I); these interactions take place in each of the microsegregated phases,

or at the inorganic-template hybrid interface (HI). The solvent will also take part in

mesophase formation. The most relevant thermodynamic aspects in the formation of a hybrid
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inorganic
precursor
{X=0R, -CL..}

Hydrophiic

Polymeri
Template

Figure 2.10 The steps leading

mesophase (AGys ) h t‘ been de ined in t heé ¢ooperative assembly model.

G- AGiner + AGing + Aoy + AGu

ﬂUEJ’JVIEJVI’iWEJ’]ﬂ’i

Th central points to @ well- deﬁnehmesophase formation®' are (a) the
adequatﬂéw%a@ﬂpgim um&gm& :;11 a:ﬂe (mainly AG)
(b) the selective positioning of the inorganic counterpart in one of these regions, without
disrupting organization; this is related to the creation of a well-defined and compatible HI
between the inorganic walls and the organic templates (i.e. AG,, is important). In principle,
|AGinorg|< |AGinier] OF [AGyr| to permit the latter two terms to direct the formation of organized

assemblies. Obtaining a well-defined templated hybrid is a matter of controlling a delicate
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thermodynamic and kinetic balance between multiple phenomena. Figure 2.11 shows the
three main components of a mesostructured hybrid (template, inorganic and solvent),
connected by their binary relationships. This gives a first-order general picture of the

important variables.

An important advant oplymer compared to ordinary surfactants is

’ .&&AGorg ) can be pre-designed from the
J

synthesis. The hydrophilic “balance (w_ape can be tuned by changing the

polymerization degree. Morédvef £t Antri R»\‘\l mygof each block can be changed,

that all relevant terms leadin

hat.buildup the framework.

Figure 2.11 Tﬂnuﬂgm; w jwﬂ :hlnite and the inorganic
Wﬁmn'sm URIANYIAY

2.2.3 The Role of the Hybrid Interface

The S-I interaction is particularly important in block copolymer-metal oxide
hybrids, especially in PEO-PPO based ones. Different possible interactions taking place at the

HI are shown in Figure 2.12. Schematic view of the SHHYXT ), 8 I, and SMHYyxr)
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HIs and three possible structures of a HI composed by a nonionic polymer and an inorganic
framework are shown in Figure 2.12. Right, a three-phase HI, the PEO block is completely
segregated from the inorganic phase. Center, an intermediate situation, where a fraction of the
PEO is free. Left, a two-phase HI where the inorganic polymer is completely integrated into

A1/

yon has been performed on PEO-based (di- or
————

(SOH*)V 1 ‘ ‘ . (SoMf)(lz
o 7 \ e Osi

the PEO block. Most of the fine HI

triblock) templates.

Figure 2.12 Different possible interactions of a HI*’

Melosh et al’® determined that in F127-templated silica monoliths,
organization arose for polymer weight fractions higher than 40%. For lower polymer/silica

ratios, non-ordered gels were formed. This lack of order was due to a relatively strong
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interaction (probably of H-bonding type) of the (Si-O-Si) polymers forming the inorganic
skeleton with both PEO and PPO blocks. These strong interactions extend the HI, hindering
PPO segregation. For higher polymer concentrations,the PPO/PPO (S-S) attractions take over

the Si-O/PPO (S-I) interactions, and microsegregationtakes place, resulting in mesostructural

2.3.1 Porosity of rmai v hanis)
, i () \
([ a0
AT
The formatio o aybrid ~.\. »

between two competitive prOcessessphase’

cture is the result of the balance

tion/organization of the template vs.

— o = -
inorganic polymerization. e ’

On the basis—of-

iy

'::' 4 d that the assembly of the
mesoporous silica SBA l| 5 organiz cne oxi ‘Lb triblock copolymer species,

PEO-PPO-PEO in acid mediasgccurs through a/(S"H+)(X-I+) pathway. First, alkoxysilane

species (silica %&ﬂﬂﬁﬂmi ﬁﬂlﬂ’b] n—ﬁ oligomerization at the
ARTEIA Tl AInenan

hydrolysis
EE—

Si(OEt); + nH;0" e Si(OEt),.,(OH,")" + nEtOH 2.7
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The EO moieties of the surfactant in strong acid media associating with

hydronium ions

H,O
REO, +yHX ———%  REO,,[(EO)H,0'], X" 2.8)

'/y se charge-associated EO units and the

her bmatlon of electrostatic, hydrogen
—

where R = poly(propylene oxid
cationic silica species are

bonding, and van der 507, yX -I", which can be

\

designated as (S’"H")( round the silicon atom by anion

(CI') coordination of the fouft N rtant role. During the hydrolysis

and condensation of thé'Siligh spcistinters e teimasc ~\ ses, as hexagonal for SBA-15.

(

Aged SBA-15 Pure mesoporous
Improved PEO-silica SBA-13
segregation

Figure 2.13 Scheme of the pore evolution upon thermal treatment, depending on pre-

treatment and aging”’
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For SBA-15 materials, aging time and temperature are particularly important.™
It found that mesoporous SBA-15 prepared from calcinations of an ‘as-prepared’ hybrid
precursor contained a significant fraction of microporosity; further aging of the precursor in

the mother liquors leads to an improvement on the pore size distribution as shown in F igure

2.13,
2.3.2 The Feature
Hexagonal ‘ licaStructures ;ST A- , with tunable large uniform
pore sizes (up to ~ 300 iflcd Dy uise of amphiphil block copolymers as organic
structure-directing agents. gUsi e 7__? ic copditionsyand dilute triblock copolymer
concentration, SBA-15 has ssized with a highlylorder two-dimensional hexagonal

mesostructure and thick unifo ca walls, in particular, are different

from thinner walled MCM-41 entional cationic surfactants and lead

to greater hydrothermai Siabtiity-on-the-parrot- SBA=tS = I_{"‘

V.

SEM imagﬁreve

particle morphology with whjfgrm mean sizes @f about 80 um and these consist of many

ropelike™ aggreaesu EII’\Q lmlﬂmﬁcmrﬂ aniows a similar particle
U
morphOIOﬁy,reﬂectirét‘hethermal stability o ﬁwfﬁc 'céjuﬁTr /
qﬁrrS]S ﬂnﬂrﬁk, ?L nd ‘te pi‘u are p§icg|'ajlrly important.”

Heating as-synthesized SBA-15 in the reaction solution at different temperatures (80-140 °C)

zed SBA- :;J has a wheatlike macroscopic

and for different lengths of time (11-72 h) results in a systematic series of structures as
illustrated in Table 2.4 with different pore sizes (47-89 A) and different silica wall thicknesses
(31-64 A). Higher temperatures or longer reaction times result in larger pore sizes and thinner

silica walls. The large pore sizes and silica wall thicknesses may be caused by the relatively
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(31-64 A). Higher temperatures or longer reaction times result in larger pore sizes and thinner
silica walls. The large pore sizes and silica wall thicknesses may be caused by the relatively
long hydrophilic EO blocks of the copolymer. Increasing the temperature results in increased

hydrophobicity of the EO block moiety and therefore decreases, on average, the lengths of the

EO segments that are associated with " all as illustrated in Table 2.4. This tends to

increase the hydrophobic vol regates, resulting in the increased pore

_‘I
res (80 °C).

sizes in SBA-15 materials

ress HUAIDHPINGINT
Table ;i mgl)ﬁnﬁaﬂprjﬁ@o&m gw,:a vn@gag@mgnd temperature
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Aging conditions d(A) BET surface area (m%/g)  Pore size (A) Pore volume (cm’/g)  Wall thickness (A)

(O
35 °C,20h 104 (95.7) 690 47 0.56 64
80 °C,24h 105 (97.5) 780 60 0.80 53
80 °C,48h 103 (99.5) 820 77 1.03 38
90 °C, 24h 108 (105) 920 85 1.23 36
100 ° C, 24h 105 (104) 850 89 1.17 31




2.4 Olefin Metathesis

2.4.1 Definition of Olefin Metathesis

Olefin metathesis is the ¢

isproportionation reaction’ in which is one of

the most original and unusual tran: ',try as shown in equation 2.9. In this

reaction, alkene are convertedwn eW prgductssvian & lipture and reformation of carbon-

carbon double bonds. Rem ¢ stfoRokst bo d i alkene, the C=C double bond, is
- F1) NN

broken during the react \ are exchanged between the

alkenes that participate in

M=CHR M=CHR’
+ + (2.9)
R/CH=CHR RCH=CHR

In the p &’"?'—— .‘:ﬂ ds, including various metal

" i 5 -
carbenes, olefins exchange the @ C double! bonds, resulting in several
¥ -

outcomes: straight swappiigeef groups Betwéea two acyclic olefins (cross-metathesis),

closure of large ﬂutﬂgnmﬂhu),ﬁomtﬂ (;ljaejrom cyclic and acyclic
U

olefins (ring-opening metathesis imeﬁ io pjﬁll v lijﬁiﬁﬂ ing metathesis

polymer%iﬂ’]na ﬂ)mri t ﬁcli ill acycli lene metathesis

polymerization). And different types of monoolefin and diolefin undergo metathesis via

contact with a suitable catalyst, resulting in a wide variety of possible products as shown in

equations 2.10-2.12.2
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Acyclic olefins

2RCH=—CHR' ==—= RCH==CHR + R'CH==CHR' (2.10)

(R and R" = alkyl or H)

Diolefins

Intermolecular Reaction

_ — , —cH, (211
n CH,= CH(CHy)CH y =]=n + CHFE=CH, (.11)

Intramolecular Reaction

H,C==CH, (2.12)

(where m represet i

Aﬁmwﬁéﬁ ﬂﬁﬁwlﬂ ﬂrﬂﬁ soluble products are

formed, displacem@ft of the equilibrium geeurs. Thus when R=H, removal of ethylene from

o QRS RGN AR AR o o

cross-metaﬂlesm and cross metathesis with ethylene is called ethanolysis. Both linear and

a heteroatom)

branched olefins can undergo metathesis.
Diolefins, such as o,w-dienes, undergo intermolecular and intramolecular
metathesis. Intermolecular reactions, as shown in Equation 2.12, eventually lead the

production of high polymers, known as acyclic diene metathesis (ADMET) polymers. If the
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diolefin couples undergo intramolecular to produce a cyclic alkene, the process is called ring-
closing metathesis (RCM). The reverse reaction is called ring opening cross-metathesis. In
general, ADMET is favored in highly concentrated solutions or when the substrate is neat,

whereas RCM is favored at low concentrations. The relative occurrence of ADMET and

RCM also depends on the size of the
2.42 Mechanism of@le

The fundaefit injolef thesis =~ anging between a metal car
bene and an olefin. Mecha *fin thesis eon serSia transalkylidenation reaction
and it is generally accep oteeds via the so-called metal carbene
mechanism. In the heterog ta "_‘ S Init etal carbene can oe formed by

etal center.” The most accepted route

pr——

: STIEDT :
to the first metal carbene is the fofira iron of ex between the reacting alkene and

the transition metal, o;'__ .;i"— nism as shown in equation
2.13. ) |
W

AU INENTNEINT
CHzﬁIﬁq 97 gﬁﬁm wﬁ @.13)

¥
|
4

- The propagation reaction involves a transition-metal carbene as the active

species with a vacant co-ordination site at the transition metal. The alkene co-ordinates at this



vacant site, and subsequently a metallacycle is unstable and cleaves to form a new metal

carbene complex and a new alkene as shown in equations 2.14 and 2.15.

+ (2.14)

‘M==CHR!
+ . \ -+ (2.15)
R3CH=—CHR* .. S N\ H=CHR4

If metallacycClob@itane ".';'-r"!’,‘“.a-f formed by reacting olefin with the metal-

alkylydene complex on heterogen Emclal-alkylydene sites [M=CHR] should be
firstly formed on the suffz rdsorbed ol b€ demonstrated by using MoO;

N Y )
film sublimated on a Juést: 2§ dare formed on the surface, the

olefin metathesis reactiof lS catalyzed on the sntes as described in Figure 2.15 until the

alkylydene speﬂ lucEjvﬂaufw Wﬁ-ﬂ EJ ’ﬂhﬂ %’analogous to the olefin

isomerization rea@fion. Therefore, this c‘:;m say that the oleﬁn metathesis catalysts developed

o QTG BB YT IR o e

olefins.

The metathesis reaction of alkene involves two types of the metathesis reaction
as described by equation 2.16 for reaction of propylene. So far, however, productive
metathesis (i) has been mainly studied because the degenerate metathesis of propylene (ii) can

be recognized by using isotope labeled olefins. As we can use deuterium labeled olefins on
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our activated catalyst, degenerate or cross-metathesis of propylene (ii) can be detected.
Therefore, it would be possible to derive a total mechanism for the productive and degenerate

metathesis reaction of propylene.

Figure 2.15 The olefinymetathesis reactionis e metal-alkylydene sites which

- [
- L .
are formed/! [ ther reactions>*

iF |

=CD, + CD;-CD=CH-CH;,

cnvencf] ummmw g9n3
AR ﬂﬂﬂ?m,ﬂ“’l?l(l&!’lﬁﬁm

Figure 2.16 shows a total mechanism for the propylene metathesis reaction,

where the productive metathesis is brought aboat by alternative formation of Mo=CH, and
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Mo=CH-CH; sites and the degenerate metathesis reaction occurs on either Mo=CH2. or
Mo=CH-CH sites by reproducing the same alkylydene sites. It is an interesting to note that
either site of Mo=CH, or Mo=CH-CH; predominantly contributes to the degenerate

metathesis of propylene.

CH=CH-CH,

CH,=CH-CH,

U

Figure 2.16 Total mechaffisg, for the pr?ﬁleﬂnetathesis reaction®*
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Supported metal catalysts are in the group of heterogeneous catalyst' as
shown in scheme 2.1. The supported metal catalysts generally have strong tendency for the

chemisorption of hydrogen, oxygen, carbon monoxide and light hydrocarbons. Thus they are
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often used in several reaction involving hydrocarbons. The catalyst is generally composed of
one or two transition metals, particularly the noble metals, and a stable porous support with
high surface area of support and metal. The reaction with this type of catalyst is often very

sensitive to the metal crystalline structure and active site distribution on surface of support.

y B - upported Metal Catalysts
Hetero u -
'iﬁ = ¥ : Supported Metal Catalyst
Catalysts s
i -
ga 3
—- | Unsupported Metal Catalyst
TREIN D
Homo ‘ plex and Cluster Catalysts

Scheme 2.1 C%i%tg‘ caawsﬂ VI %’w EJ ’] ﬂ ‘i
RARINIUAMINEIAL.. ...

surface area support (an inorganic oxide) are among the more effective heterogeneous
catalysts for olefin metathesis. The structures and properties of supported metal oxide species
are often strongly influened by various factors such as support, promotor. Hereafter, the most

three types active metal for metathesis are described.



(a) Rhenium

Rhenium oxide on alumina is the most common catalyst in this class. The

metal is softer, in spite of the high oxidation state, and reaction conditions are less harsh.

loading. For simple al v the » ibits catalytic activity, but the
turnover frequencies dra ' dmg

In contr. "- the Re,07/AlL,05 catalyst, the
specific catalytic activity | - u- with increasing rhenium content
when SiO,-Al,0; is used as #h ‘_L_ _' " is obtained for a silica-alumina-
supported catalyst with an alumi nte: ‘ ¥t% alumina, which has the highest
Bronsted acidity. This “hydroxyl groups: hydroxyl
groups attached to a Siﬂom : group%ttached to both Si and an Al

atom. The latter type of hydroxyl groups is morg.glectron-poor more Bronsted acidic than the

silanol groups. mIMl%Jl ’I’J m ﬂm)ﬁ wﬂ ’lnljwnh the Si-Al bridging
surface hydrox ’jrou s during calcmaﬁ’on resulti pi P1 centers (ReO,
tetrahed% ﬁ ﬂ njs xplai Re;O5 ipported on silica-

alumina is very active at low rhenium loadings. At higher rhenium loadings the hydroxyl
groups attached to a Si atom are also replaced, resulting in inactive rhenium centers of the
type =Si-O-ReOs (or rhenium clusters), as it is known that Re,0,/8i0; has no activity in
olefin metathesis. The inactivity of Re,0,/Si0, might be due to the fact that SiO, does not

stabilise the necessary intermediate oxidation state of rhenium. From studying of this

47



behaviour, there is an apparent discrepancy in the hypothesis that the ReO, ions react first
with the acidic hydroxyl groups of the silica-alumina support, but with the Lewis acid and
subsequently the basic hydroxyl groups of the alumina support. In fact, the role ReO, species

prefer to bind to aluminium containing sites, either during impregnation or during calcination.

(b)

gatalysts is molybdenum oxide

erials.” It is well known that

molybdenum oxides are g'metathesis, concurrently the first
discovery of metathesis v\ e of molybdenum oxide from
different precursors and © progessing) para -\»~ are consecutively studied. To

improve the activity of MoO3/Al f’ﬁm St In metathesis also involves the addition
of a third component._ Incorporating Re;0 it ALO,.can increase the activity for

metathesis of 1-he A ‘7:,17 ost the same found for

apable of crea& efficient metathesis sites, but
the rate of metathesis is stiff ot large enough t8-dompe e with the rate of isomerization. Due
to the active sﬂ“ uﬂ Qmﬂﬁlﬁﬁﬂﬂs’lﬁha ly responsible for the
isomerizatio L hexene. ahi e ot Wﬁviwgmrﬁﬁgr metathesis of
hexane Qﬂaﬁgﬁ imeu species. The reaction schemé of the metathesis

of 1-hexene over the catalyst can be expressed as follows in Figure 2.18.

MoO+/ALL0;.%° It seems Et the Re

In addition, a recent study pointed out the oxidation state of molybdenum
active species for metathesis of propylene. The formation of Mo** monooxo active species on
MoO;/SiO, were formed by prereduction with CO under photoirradiation’ while Mo*

monooxo species on MoO:/AL,O; were generated by H, prereduction, resulting active
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metathesis catalyst. Whereas some reports showed that Mo®* dioxo-species on SiO,, which

produced by photo-reduction with CO is also effective for metathesis.

), DRI

AR
ZAN

\

Figure 2.17 Metathesis of yfisomerization®®

S————— I

(©) Tungste , _
fa - .
ﬂ?&ﬂtﬁstﬂﬂl‘iﬁﬂﬂn&ﬂlﬁdenum analogues. It has
been widel acc?' ted that analogo | b ﬁ ies, ’Tiﬂ the surface of
heterog%o s r:iaasﬁl ﬁaﬁ v l@ﬁﬁ] ?rlpaj metathesis catalysts were

accepted by many researchers. Conventionally, silica-supported tungsten oxide (WO,/SiO,)

is the one of the most widely used heterogeneous catalysts in the metathesis of olefin.*
Although supported tungsten oxide catalysts are less active for metathesis than their rhenium
and molybdenum counterparts, These catalysts have been reported to have considerable

resistance to poisons as might be expected from the high operating temperature.’” The online
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lifetime of catalytic system with tungsten catalysts is also greater than both the rhenium and
molybdenum systems and it can also be regenerated continuously without any adverse effect
on structure and activity.37 However, tungsten oxide on other supports in metathesis were

studied. Alumina-supported tungsten were studied in propylene metathesis. This catalyst is

active in side reactions such as polymériz: isomerization and cracking. Studies showed
the Bronsted acid sites generaieg al e gesponsible for the lateral acid-catalyzed
reactions. It indicated that t0Ngsten e ) ild. 1S not good catalysts for metathesis.

‘ ‘ as \"3 Sis catalyst in a fixed bed reactor
NN

\. lene production and cross-

S

aterial L’ ith a catalytically active phase

Blmpre ation of suppo
is frequently employed wheh small ercenﬁs 8factive ma erﬁar equired. This technique
is centered arouﬁ&huqﬂlgieﬁiﬂn ﬁcu ﬂcu j support.

NIURIINYINY
AMRSDIRHUNMN]

Wet impregnation occurs when an excess of aqueous material is

added to the support medium. The volume of aqueous precursor is equal to or less than the
pore column of the support. This technique facilitates active metal deposition for systems

with weak or no support/metal interaction. By varying the solution properties (concentration,
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temperature, pH and ionic strength) one can control the final supported catalyst attributes

(particle size, dispersion and amount).

(b) Dry or Incipient Wetness Impregnation

The : g #/in*thesfinished catalyst that prepared by this
d

method is typically small afou --"" ho ""h:;r_l rate control of the amount of the

active ingredient that wil porous support is contacted, as
by spraying, with a solutiéh of# entration. Incipient wetness is
the situation when the glore; 3 beenfill ut the outside of the grain is dry. The

impregnated support are tj m the metal to active form.
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