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Abstract

Silica supported vanadium complexes have attracted interest as catalysts
for a variety of catalytic reactions in the past two decades. Although many
strategies have been developed for incorporating vanadyl species on silica
surfaces, controlling dispersion and loading while simultaneously producing
single site catalysts remains a challenging goal in this context and in catalysis as
well.

A simple strategy for producing single-site and site-isolated vanadyl
species has been explored which allows for control of both the connectivity to the
support as well as the local surface structure around a V=0 group. The main
elements of this strategy involve construction of the support from silicate building
blocks linked by groups that both hold the matrix together and act as catalytically
active sites. Controlled sequential dosing lead to catalysts in which control of the
identity of the sites, their connectivity to the support and dispersion is maintained.
The specific system that will be described involves the controlled reaction of
vanadyl chloride (VOCI3) and vanadium tetrachloride (VCly) with the tin
functionallized spherosilicate cube, (SnMes)sSigO20. Labeled 'O
(SNMe3z*0)sSigO12, and (Cl3Si)sSisO2 molecule have also been synthesized
successfully by using totally new synthetic methodologies. The physico-chemical
properties of these vanadium catalysts were characterized by solid state >V and

0 NMR, gravimetric analysis, EXAFS, and atomic absorption spectroscopy.

\



A quick survey of isopropanol dehydration and dehydrogenation with
these vanadium (IV and V) catalysts has been studies. The acid-base property
of these single-site and site-isolated catalysts has been assessed by the
conversion of isopropanol. Preliminary results of highly selectivity (>97%) of

isopropanol conversion to propene will be described.
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Chapter 1

Introduction

1.1 Catalysts in our life

In the science of catalysis a substance, called a catalyst, accelerates or
slows down a chemical reaction without being consumed during the reaction. In
chemistry, catalysts change the activation energy and provide another pathway
that requires less energy to accomplish the reaction. Although the principles of
catalysis were not recognized until relative recently, a variety of catalytic
reactions were used in antiquity such as the fermentation of sugar to ethanol and
the conversion of ethanol to acetic acid. The industry revolution in the 18"
century accelerated the investigation and the usage of catalysts. Nowadays we
understand that the application of catalysts in the industry can improve our
environment and provide us a higher quality of life. The modern, industrialized
world would be inconceivable without catalysts. Developing a new generation
catalyst to reduce costs in the industry and control the pollution from industry will
be one of the most important issues for chemists or chemical engineers in the

future.

1.1.1 A brief history of catalysis
In 1746, a catalyst was used for the first time in the manufacture of sulfuric

acid in lead condensing chambers by John Roebuck and Samuel Garbett.! At



that time, the word “catalysis” had not yet been used. Jons Jakob Berzelius first
described in 1835 how a reaction can be sped up via adding certain chemicals.
About 30 years later, Deacon used CuSO,4 as a catalyst in chlorine production by
HCI oxidation in 1867. In 1897, P. Sabatier and R. Senderen discovered that
nickel was a good catalyst in the hydrogenation reaction. Pt, Rh, Fe, and Mo
oxide were sequentially discovered to be catalysts between 1875 and 1927 such
as nitric acid synthesis by NH; oxidation (Pt/Rh catalysts),”> ammonia synthesis
from N, and H; (Fe catalyst), and hydrogenation of coal to hydrocarbons (Fe, Mo,
Sn catalysts). In 1930s, Brunauer and Emmett discovered a new methodology to
measure the surface area and porous geometry of catalysts via physical
adsorption. The availability of isotopes in 1933 provides a new route for
chemists to identify a variety of catalysts and investigate the mechanism in
catalytic reactions. In 1954, Ziegler and Natta discovered ethylene
polymerization under low pressure by using Ti compounds as the catalyst and
were awarded the Nobel Prize in Chemistry in 1963. Other significant
developments of catalysts include the Mobil Oil Corporation discovery the family
of ZSM zeolites in 1975 and Monsanto Company development of a methodology
to convert methanol to acetic acid via carbonylation reactions. Nowadays a
variety of catalysts has been developed from the academic research fields and

applied to important industrial manufacturing process.


http://en.wikipedia.org/wiki/J%C3%B6ns_Jakob_Berzelius

1.1.2 Catalyst in industry

The chemical industry has grown tremendously in recent decades and
affects the economy and our life significantly. Although catalysts can be gases,
liquids or solids, most industrial catalysts are liquids or solid because they are
easier to be controlled and handled in the reaction. The industrial products made
from catalytic reactions cover several areas and have a great impact on our life.
Transportation (fuel, tires, and pollution control), construction (carpets,
engineering plastic, and insulation), clothing (polyester, nylon, and rayon), and
food (packaging, insecticides, and fertilizers), etc. are all related to our daily lives
and these products are manufactured from different catalytic reactions in different
industries. Deactivation and poisoning of catalysts are the two main problems
during the manufacturing process. Overcoming these problems through the
development of new catalytic reactions will be an important achievement in future

industrial manufacturing.

1.1.3 Catalysts and the environment

Environmental pollution problems increased tremendously after the
industry revolution. The application of catalysts has helped the development of
the industry but has also caused significant damage to our environment. One of
the most notable problems is global warming or the greenhouse effect. A
fundamental part of the solution of this problem is to minimize or eliminate the
release of carbon dioxide and methane to earth’'s atmosphere. Other chemicals
such as carbon monoxide, nitrogen oxides, and hydrocarbons from waste and
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exhaust gases also change the ecological balance and affect our environment.
Nonpolluting processes in manufacturing are the ideal goal. One of the most
important current missions of chemists is to find new generation catalysts to

decrease pollution and protect our environment because we only have one earth.

1.1.4 Biocatalysts-Enzymes

Catalysis is not only the key in most industrial syntheses but also plays a
critical role in many biological processes. Biocatalysis is an interdisciplinary area.
It combines organic chemistry, molecular biology, enzymology, and protein
chemistry. Its areas of application are very broad which include food,
pharmaceuticals, agriculture, fine chemicals, medicine, etc. The discovery of
enzymes illustrates how many biological functions are catalyzed chemical
reactions. Enzymes are catalytic proteins and highly specific catalysts in
biological systems. Human beings can be viewed as small catalytic machines in
which numerous catalytic reactions occur in our body every second. It is
generally held that biocatalysts such as enzymes are much more efficient than
chemical catalysts and industrial catalysts. All of the metabolic pathways in our
bodies depends upon specific contributions from the different functions of
enzymes. The high selectivity of different enzymes is one of the most interesting
properties that biochemists would like to understand. Enzymes in cells convert
substrates into different molecules efficiently because they decrease the
activation energy and accelerate the rate of the reaction. Nowadays
approximately 4000 different enzymes have been identified. Only about 400
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enzymes can be synthesized artificially by biochemists or chemists and
commercially available. About 40 different enzymes are actually used for

industrial processes.

1.2. Types of Catalysts

The impact and importance of catalysis have been described in the
previous section. A brief classification of catalysts will be discussed following in

order to understand their different applications.

1.2.1 Homogeneous catalyst

In homogeneous catalysis, starting materials, catalysts, and products are
present in the same phase. Many homogeneous catalysts are organometallic
complexes. The mechanism of homogeneous catalysis is easier to determine
and understand because more is generally known about the reaction site.
Having a single active site homogeneous catalyst generally leads to the
important property of high selectivities. But having all of the materials in one
phase also leads to a major disadvantage because it is difficult to separate the
catalyst from the product after the reaction is complete. Lower thermal stability is
another drawback of homogeneous catalysts that can restrict their applicability
because they can be destroyed if higher reaction temperatures are applied in a
reaction. Generally, homogeneous catalyst can perform catalytic reactions in a

reasonable temperature range (~<200°C).



Acidic catalysts with H" or catalysts containing transition metal ions in high

oxidation states such as Mo®*, Ti*'

, and Zn** can be classified as “hard” catalysts.
These catalysts can be used in oxidation, epoxidation, ester hydrolysis, etc.
reactions. Low oxidation state, transition metal complexes such as Rh*, Ni°, and
Cu’ are classified as “soft” catalysts which can be used in carbonylation,
hydrogenation, olefin oligomerization, etc. reactions. Many new transition metal
catalysts have been developed in the last two decades. Discovering and

synthesizing new homogeneous catalysts with higher tolerances in different

reaction conditions will be a significant achievement in this research area.

1.2.2 Heterogeneous Catalysts

For heterogeneous catalysts, phase boundaries are always present
between catalyst and reactants. This type of catalyst is generally more thermal
stable and easier to recycle when the reaction is complete. But the mechanism
of the heterogeneous catalytic reaction is more difficult to figure out because
most of these catalysts lack uniformity in the active sites present. Most
heterogeneous catalysts also involve porous materials with high surface areas.
A catalyst with a higher surface area provides reactants a larger number of
binding sites at which to enter into a catalytic cycle and be converted into
products. In heterogeneous catalysis, the reaction begins with physical
adsorption or chemical adsorption. If the substrate only interacts with catalytic
centers via van der Waals forces, and no electron transfer occurs during the
binding process, it is classified as physical adsorption. This type of the binding is
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needed to lower activation energy and is highly reversible. If covalent bonds
form between reactants and catalytic centers and electrons transfer during the
reaction process, it is classified as chemical adsorption. The chemical
adsorption reaction is normally temperature dependent and the activation energy
is generally higher than the physical adsorption. Different types of surfaces
influence the catalytic reactions because irregularities of surface in the structure
can change the catalytic activity. How to develop single site and site isolated
catalysts with well defined and predictable sites is one of the most challenging

issue in this research area.

1.2.3 Current challenges in catalysis

Theoretically, an ideal catalyst would not be consumed and maintain its
structure after any catalytic reaction. Actually, this goal is very difficult to achieve
especially for the larger scale manufacturing in the industrial companies.
Deactivation of catalysts always happens and requires that most catalysts must
be regenerated or eventually replaced. Poisoning, coke formation, and sintering
in supported metal system during the reaction are three major processes that
lead to catalytic deactivation. Increasing the tolerance for the homogeneous
catalysts in different reaction conditions and obtaining a higher selectivity for
heterogeneous catalysis are key challenges in future catalytic processes. In
order to maintain the advantage from different types of catalysts, single site and
site isolated catalytic centers in a rigid material with high surface areas will be the
fundamental principles involved in solving these problems.

7



1.3 Building block methodology to prepare new generation catalysts

The traditional methodologies of preparing heterogeneous catalysts
include the sol-gel process, incipient wetness impregnation, and zeolite synthesis
(natural and hydrothermal synthesis). The catalysts synthesized from each of
these different methodologies have their own special properties but none of them
can provide good selectivity because in most cases the catalysts lack uniformity
in the active sites. Utilizing a building block strategy to synthesize new
generation catalysts is a new approach to this challenge and is the major focus of

this thesis.

1.3.1 Traditional methods of heterogeneous catalysts preparation

Methods of catalyst preparation are very diverse and each catalyst is
produced via different routes. Many traditional catalysts involve metal catalysts
in metal oxide supports such as SiO,, Al,O3, MgO, TiO,, etc. One of the most
common methods to prepare heterogeneous catalysts is the sol-gel process
which is based on the hydrolysis-condensation of metal alkoxides and salts. This
process converts simple molecular precursors into nanometer-sized particles
which form colloidal suspensions. Three-dimensional solid networks are formed
after the colloidal nanopatrticles are linked with one another. Changing the pH of
the reaction solution is the most convenient approach to transform the colloid to a
gel. Although sol-gel process produces large scale materials in a short time, the

distribution of catalytic sites or metal centers is a random distribution inside the



pores. Therefore it is very difficult to obtain uniform and isolated catalytic centers
through this methodology.

Incipient wetness impregnation is another method to prepare
heterogeneous catalysts in which the active metal precursor is dissolved in an
agueous or organic solution and then the metal-containing solution is added to a
catalyst support. Normally, catalytic metal centers are deposited on the surface
after the materials are dried and calcined to remove volatile components within
the matrix. These methods provide quick routes to synthesis catalysts but the
drawback of this methodology is, like sol-gel process, that multiple catalytic sites
are generally spread randomly on the surface. Therefore it is not easy to identify
which metal centers in the material provide better activity or selectivity in different
catalytic reactions.

Zeolites with microporous and crystalline structures are one of the most
important families of heterogeneous catalysts currently used in the petrochemical
industry.> One feature of zeolites is the active sites in these materials are easier
to probe due to the crystalline nature of the material. Another feature is the
regular pore structure of these materials provides of good selectivity in the
catalytic reactions that take place in these materials. Most of the zeolites contain
both Bronsted and Lewis types acid sites and perform very well in terms of
reactivity of selectivity. But the microporous structure restricts the application of
catalytic reactions. Some catalytic sites in the zeolites are not totally isolated and

leaching of metal ions during the reaction are other drawbacks of these materials.



1.3.2. Building block methodology to prepare single-site and site-isolated
catalysts

The synthesis of new generation heterogeneous catalysts relies on two
major concepts which have not been used in the synthesis of traditional catalysts.
First, well-defined molecular building blocks chosen as the reactants can provide
a clearer structural picture of building block matrices that result. Second,
nonhydrolytic, metathesis reactions result in matrices in which only building
blocks are linked together to form cross-linked solids while maintaining the
integrity of building blocks. Nanometer sized, spherosilicate building blocks
combined with different transition metals present new opportunities to obtain
nanostructured, metal oxides catalysts.

The derivatives of cubic spherosilicate, SigOy (Figure 1-1), belong to the
polyhedral oligomeric silsesquioxane (POSS) family. POSS chemicals are well
defined three-dimensional shaped building blocks. These materials are larger

than small molecules but smaller than macromolecules.

Si-Si distance = ~0.5 nm
R-R distance = ~1.5 nm

Figure 1 - 1 SigO spherosilicate
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A variety of POSS chemicals has been synthesized in the past two
decades and used in functionalized monomers, polymers, resins, silanols, and
molecular silicates. These POSS chemicals are thermally and chemically more
robust than silicones and their nanostructured shape provides unique
opportunities for properties by controlling reaction at molecular level.
Incompletely condensed Si;Oi, cage molecules are one of the branches in
POSS chemistry which have different alkyl blocking groups on their corners. The
single site model compound of metal on POSS silicate can be synthesized by
reacting SizO12 molecule with different metal chlorides. (Figure 1-2)

The SigOyo spherosilicate with eight oxygen terminated corners has
completely different synthetic properties compared with the incompletely

condensed Si;O;, cage molecules because all eight corners are all available for

R \5' \ s
lee | ——8ij
\s|/ Si//o
RO N,

R

Si;0,, cage

Figure 1 - 2 Si;O1, molecule
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further reaction. Feher and Weller reported the synthesis of octakistrimethy! tin
spherosilicate (Me3Sn)sSisO20.* This molecule is the main building block we use
in this research project. All eight trimethyl tin corners in this molecule are
available for reaction with different types of linking groups. The synthetic
methodology is applicable to a wide variety of linking agents such as main group
(Si, Sn, and P), transition metals (Ti, Zr, V, and W) and polynuclear metal oxides.
The metal halide, linking agents will ultimately become the catalytic active sites.
Main group halides such as SiCl, and Me,SIiCl, are used to maintain site
isolation.

A building block approach to tailored catalysts is a totally new
methodology to prepare a new generation of heterogeneous catalysts. The
significant property of these catalysts is their single site and site isolated catalytic
centers. The robust building block also provides a good environment to avoid
metal centers leaching out when these materials are tested under catalytic
reaction conditions. We show in this work that catalysts synthesized from the
building block methodology will produce better catalysts than the traditional

catalysts.

1.3.3 Characterization of heterogeneous catalysts and their application
The amorphous catalysts synthesized from our building block
methodology lack long range order which makes it difficult to determine their

structures. Thus several techniques such as gravimetric analysis, solid state
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NMR, surface area measurement, and EXAFS spectroscopy will be discussed as
the methods used to characterize these materials in this thesis.

The ultimate goal of this research is to apply these new synthetic materials
in catalytic reactions. A variety of catalytic reactions such as dehydration,
dehydrogenation, transesterfiaction, epoxidation, and olefination can be tested by
using these new generation catalysts. A higher selectivity is expected from
different catalytic reactions because catalysts only contain single site. The
thermal stability should also be higher due to chemically the robust environment

of these building block materials.

1.4 Thesis overview

Single site and site isolated catalysts provide a clearer picture with which
information to determine the mechanism of different catalytic reactions.
Investigating novel and unique nanostructured metal oxide catalysts with single
sites and site isolated centers via building block syntheses is the main goal in this
thesis. These new catalysts are expected to provide not only better activities but
also higher selectivities in a variety of catalytic reactions. Our original design of
constructing single site and site isolated vanadium catalysts with silicate building
block has been accomplished successfully and is described in this thesis.

The three major phases of this research, synthesis, characterization and
catalytic application are discussed in this thesis. Optimizing reactions to obtain

high yields of the silicate building block and recycling a toxic byproduct are part
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of the goals of my work. Using different synthetic methodologies such as
changing the stoichiometry and the additional order to obtain a single type of
catalytic site and maintain sites isolation within the silicate matrix is a second
important goal. Characterization of these materials covers how to utilize different
techniques such as solid state NMR, surface area measurements, and EXAFS to
identify and prove that the type of metal (vanadium) centers in these materials
are indeed the ones we designed them to be. The section on catalytic
applications of these materials describes preliminary results of a survey of the
catalytic dehydrogenation and dehydration of isopropanol using these new
generation vanadium catalysts.

Six different projects were accomplished and are described in Chapter two
through seven. Chapter 2 presents results of exploring an efficient methodology
to separate large amounts of spherosilicate (HgSgO12 and Hi0SiipO15) mixtures
which are the precursor silicate build blocks in this research. Functionalizing
hydrogen corners of HgSgO;, in an one-pot reaction to obtain a high yield
(Me3Sn)sSigO2 building block is also discussed in this chapter. Highly toxic tin
materials are used in preparing the stannylated silicate building block. How to
increase the yield and efficiently utilize the different tin compounds in each
synthetic step are also very important issues addressed in this work.
Successfully recycling the MesSnH byproduct and obtaining a crystal structure of
trimethyltin peroxide, MesSnOOH, are also described. These new discoveries
provided us new routes to utilize tin compounds efficiently while synthesizing
(Me3Sn)gSigOp.

14



Chapter 3 describes how to react building blocks with different vanadium
reagents (VOCI; and VCl,) to obtain vanadium-SigO,, catalysts. The definition
and the difference between “embedded” and “surface” vanadium (+4 and +5)
samples will be discussed in this chapter. Different types of catalyst sites based
on these vanadium samples are prepared from different reagent addition
sequences while maintaining isolated vanadium centers in the silicate building
block matrix. Gravimetric analysis is the first simple and quick method to provide
information regarding the connectivity that exists in these vanadyl and vanadium
materials. °Si, 'V SSNMR spectra provide supporting information describing
the silicon and vanadium environments present in these materials. The effect of
changing the reaction temperature, reaction time, and solvent will also be
discussed in this chapter. Surface area measurement (BET method) will be
discussed last in this chapter and provide information on explain how the building
blocks aggregate together and form porous materials when different linking
reagents are used in the reaction.

Chapter 4 focuses on X-ray absorption near-edge spectrum (XANES) and
extended X-ray absorption fine structure (EXAFS) experiments which are direct
methods for probing the electronic and physical structure of metal sites at atomic
scale. All of the data were collected from the National Synchrotron Light Source
(NSLS) beam line X19A (focused beam) and X18B (unfocused beam). Data
analysis was performed with the IFEFFIT® data analysis software suite. The
Athena and Artemis® programs, which are used for data reduction and data
modeling, will be described in this chapter. The different XANES spectra from

15



surface and embedded vanadium (+4 and +5) samples provide some interesting
information on the effect of chloride ligands in the samples. EXAFS spectra of
model compound, OV[OSi(O'Bu)s]s, are analyzed first before examining different
vanadium samples. Detailed EXAFS analysis procedures will be discussed in
this chapter. The results of the analysis data strongly support NMR data that
suggest these vanadyl and vanadium materials contain the vanadium sites we
originally designed them to have.

Chapter 5 describes the application of these new generation vanadyl and
vanadium silicates to actual catalysis. A quick survey of catalytic reactions has
been performed. 2-propanol was used as the reactant and propene is the only
product after catalytic dehydration. This preliminary result of the dehydration
reaction indicates these vanadium catalysts are solid acid-catalysts. Time on
Stream (TOS) and Weight Hourly Space Velocity (WHSV) will also be discussed
in the chapter in order to obtain turnover numbers.

One of the most challenging projects in this thesis involved exploring to
explore a totally new synthetic procedure to prepare 'O labeled tin cube,
(MesSn'0)sSigO1..  This work is described in Chapter 6. The idea of putting
labeled *’O in the building block was based upon the desire to use 'O solid state
NMR measurements to identify and monitor the coordination environment of
catalysis sites. The most significant achievement in this project is that 'O
labeled tin-cube has been synthesized in good yield using a limiting amount of
extremely expensive starting material H.*’O. Solution #°Si, *Sn NMR spectra
and mass spectra prove this labeled building block can be synthesized via this

16



new synthetic methodology. The measurement of °Si, *°Sn, and 'O SSNMR
spectra were performed by Dr. Edward Hagaman and Dr. Jian Jiao in the Oak
Ridge National Lab. The preliminary results of the 'O spectra of hydrous and
anhydrous labeled (MesSn'O)sSisO1. building block are consistent with the
different oxygen environments found in their crystal structures. These
investigations are still ongoing and vanadium catalysts bound containing the
labeled 'O building block will eventually be synthesized and measured.

Chapter 7 presents a brief description of the synthesis and structure of
octakis-(trichlorosiloxy)octasilsesquioxane, (Cl3SiO)gSigO12. This new compound
is synthesized by slowly adding (Me3SnO)sSigO1, into excess SiCl, in CHCI,
solution. Due to the extreme air sensitivity of this compound, it was very difficult
to obtain the crystal structure. The ?°Si NMR spectrum is the first line of the
evidence to prove this compound has been synthesized successfully. Obtaining
the crystal structure is a second achievement in this research project. This
molecular structure provides information concerning Si-O, Si-Cl bond lengths and
Si-O-Cl and Si-O-Si bond angles. It is another good model compound for the
SigO12 building block family and has applications to future neutron and X-ray
scattering research. The multiple active sites at each SiCl; group at each corner
of this molecule allow this compound to be viewed as another type of building
block which we call it as the “second generation building block”.

The final summary, conclusions and future work are described in Chapter
8. Several significant discoveries presented in this thesis open other windows of
opportunity in this research area. @A complete discussion of synthesis,
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characterization and application indicates the importance of synthesizing single
site and site isolated catalysts. The same procedure of synthesizing different
type of catalysts via this building block methodology can be applied to a variety of
high valence transition metals such as titanium, zirconium and tungsten. Future
works will focus on investigating different catalytic reactions of single site and site

isolated catalysts with different metal centers in building block matrices.
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Chapter 2
Efficient synthetic strategy for preparing and purifying

functional spherosilicate building block molecules

2.1 Introduction

The chemistry of silicon has spread out into several domains of modern
science and technology. Polyhedral oligomeric silsesquioxane (POSS)
molecules have attracted much interest in the past two decades and are one of
the important areas of active research among silicon-based molecules.”™® These
molecules are unique, nanometer-size inorganic/organic hybrid structures with
chemical composition (RSiO15), (n = 6, 8, 10, ...) and the most studied member
of this series is the cubic polyhedral octa-silsequioxane, (RSiOq s)s.

In the research described here, my investigations into potential building
blocks for materials have focused primarily on developing efficient and high yield
syntheses of the polyhedral octa-silsequioxane, (RSiO15)s. The structure of this
spherosilicate, (RSiO;5)s, is essentially a cube with eight silicon atoms on the
corners, twelve oxygen atoms along the edges of the cube and eight R groups
outside the corners. The simplest form of the cubic silsequioxanes is the
octahydro analogue, HgSigO12, which has the R groups as hydrogen atoms. This
compound was synthesized according to the procedure of Agaskar by the
hydrolytic polycondensation of HSiCls in a biphasic medium.** The total yield a

mixture of the main product, HgSigO12, and byproduct, H10Si1 0015, is ca. 25 ~
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30% after crystallization (Eq.1). The ratio of the mixture of HgSigO1, and

H10Si10015 is around 7: 2.

HSICI, > HgSi;0, + H,Si 0 - (1)

FeCls, HCI, hexanes, methanol, toluene

If the addition rate of the HSICls in the reaction is too fast, the amount of
the product, HgSigOj,, will decrease and the relative amount of the byproduct,
H10Si10015, will increase. These two major products are UV inactive with similar
chemical properties. Therefore it is challenging to separate them via liquid
chromoatography on a large scale. In 1990, Buergy and Calzaferri reported a
separation methodology of the oligomeric silsequioxanes (HSiO15)s.1s by size-
exclusion chromatography.** Marcolli et al. in 1997 reported a useful alternative
approach of purification which was to remove HgSigO;, from the mixture by
sublimation.*® Both of these reports were applied on very small scales (less than
mg ~ 200 mg) mixture of the oligomeric silsequioxanes.

The first goal of this research project is to optimize the purification protocol
which was described in Claudia’s article to obtain large scale quantities of pure
HgSigO12 and H10Si100315. Large multi-gram amounts of HgSigO1, are needed as a
starting material in our building block materials project via functionalization by
replacing H atoms with Me3SnO groups to get a new kind of the building block,

(MGgSﬂO)gSigOlz.
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(Me3Sn0)sSigO;1, was synthesized according to the procedures of Feher
and Waller's reported in 1991.%* Although this compound, with eight trimethyltin
groups on the corners, can be synthesized in reasonable amounts and in good
yield (~80%) from HgSigO15, its synthesis involves the preparation and handling
of very toxic and volatile trimethyltin reagents and byproducts which could pose a
problem in incorporating this methodology into a technological setting. Therefore
| developed an efficient synthetic strategy to increase the yield to 90% based on
the trimethyltin reactant and simplify the synthetic procedure in a one-pot
reaction to avoid dealing with trimethyl reagents throughout the synthetic steps
leading to the final product. Furthermore, a highly efficient methodology of
recycling the byproduct trimethyltin hydride, Me3SnH, was successfully
developed and a procedure of recycling the trimethyltin hydride is described
below.

The reaction equations for preparing the trimethyltin building block

compound, (Me3Sn0O)gSigO1,, are as follows:

Me,SnCl + NaOH — Me,SnOH + NaCl .- (2)*
2Me,SnOH + CaH, — (Me,Sn),0 + CaO + 2H, - (3)'°
8 (Me,Sn),0 + H.Si,0,, — (Me,Sn0),Si,0,, + 8Me,SnH .- (4)*

21



From equation 4, it can be seen that only half of the trimethyltin groups in the
reactant, bis(trimethyltin) oxide, are incorporated into the product,
(Me3Sn0)sSigO12. The other half ends up as the byproduct trimethyltin hydride,
MesSnH. In previous synthetic processes, this toxic byproduct went to waste
without recycling. Several different reactions were explored in an attempt to
recycle MesSnH. Finally | developed an efficient procedure to convert the
trimethyltin hydride into trimethyltin peroxide, Me3SnOOH, by mixing 50% H,0-
with Me3SnH. The crystal structure of MesSnOOH has also been obtained as
apart of these investigations. This trimethyltin peroxide compound may be
converted to bis(trimethyltin) oxide when exposed to CaH, and again be utilized
to synthesize (Me3SnO)sSisO12. The entire synthetic and recycling schemes are

summarized in the Figure 2-1.

2.2 Experimental

Diethyl ether and hexanes (Fisher Scientific) solvents were dried over
Na/K alloy and distilled. Methylene chloride (Fisher Scientific) solvent was dried
using calcium hydride and distilled. Calcium hydride, powder, ca. 0 - 20 mm, 90
~ 95%, was obtained from Aldrich. Hydrogen peroxide, 50 wt% solution in water,
was obtained from Acros. Trimethyltin chloride ((CHz)3SnCl) was obtained from
Gelest, Inc. Caution: Trimethyltin chloride is highly toxic and causes cerebral
edema. It should be handled in the fume hood all the time. Trimethyltin

containing products and byproducts such as trimethyltin hydroxide (CH3)3SnOH,
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? ? H,0, (Me;Sn),Si;0,,

Figure 2 - 1 The procedures of synthesizing and recycling (Me3Sn0)gSigO12

trimethyltin  hydride (CHs)sSnH, bis(trimethyltin) oxide ((CHs)3Sn),O, and
trimethyltin peroxide (CH3)sSnOOH are volatile and toxic and all of these
compounds should also be handled in the fume hood at all times.

Solution *H and **C nuclear magnetic resonance (NMR) spectra were
acquired on Varian Mercury 300 MHz spectrometer. 2°Si and **°Sn solution NMR
spectra were acquired at 9.4 Tesla (400 MHz proton) on a Bruker Avance wide-
bore system with micro-imaging accessory spectrometer. Chemical shifts were

referenced internally to *H NMR & (CgDs): 7.15 ppm; *C NMR & (CgDs): 128.39

ppm; 2°Si & (CHs)4Si: 0 ppm; and **°Sn § (CH3),Sn: 0 ppm.
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The single crystal structure of trimethyltin peroxide ((CH3);SnOOH) was
determined using a Bruker model AXS Smart 1000 X-ray diffractometer equipped
with a CCD area detector with a graphite monochromated Mo source (Ko
radiation, v = 0.71073 A). X-ray intensity data from a colorless needle crystal
were measured at -100°C. Raw data frame integration was performed with
SAINT 6.02. The data were corrected for absorption effects with SADABS. Direct
methods structure solution, difference Fourier calculations and full-matrix least-

squares refinement against F? were performed with SHELXTL.

2.2.1 Efficient methodologies of separation HgSigO12 and H1pSi10015

As described above, a mixture of HgSigO12 and H10Si10015 is obtained from
the mother liquid then recrystallized as described by Agaskar's paper.** A dry
sample (~ 10 grams) of this solid was put in a sublimator (Figure 2-2) and heated
to 50 ~ 90°C under vacuum.

After several hours of heating, a crude residue consisting of pure
H10Si10015 remained in the bottom of the flask while HgSisO1> and a small amount
of H10Si10015 sublimed onto the cold finger (-10°C). Control of the temperature
and the duration of heating determine what ratio of HgSigO12 and H1¢Si10015 will
be obtained on the cold finger. Collecting the product from the cold finger and
subliming this mixture a second time increases the ratio of HgSigO12t0 H10Si10015
on the cold finger. As the ratio of the HgSigO1, and H10Si10015 reaches 9: 1 or

higher, the mixture of HgSigO1, and small amount of H1¢Si10015 can be separated

24



Figure 2 - 2 A picture of the sublimator

successfully by dissolving in hot hexanes and crystallizing in the refrigerator for
24 hours. For large scale mixtures of HgSigO1, and H10Si; 0015 (40 ~ 60 grams),
the sublimation step was repeated several times until the purity indicated above
was reached (checked by *H 300 MHz NMR).

The large scale synthetic procedure consumes lots of hexanes in the
crystallization step. Recycling hexanes then evaporating all solvent results in
some insoluble silica polymer in the mixture of HgSigO1, and H10Si10015. The
oligomeric silsequioxanes (HSiO15)s.1s8 Will slowly form a small amount of
insoluble silica polymer in the high concentration solution. A quick and easy way
to separate this insoluble silica polymer with the oligomeric silsequioxanes is to

heat the dry mixture at 120 °C for several hours until all HgSigO1, and H10Si;001s
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are sublimed to the cold finger. The nonvolatile polymer and unknown

compounds remain in the bottom of the flask.

2.2.2 Improved synthetic methodology of (Me3Sn)sSisO20
Trimethyltin hydroxide, Me3sSnOH, may be prepared by slowly adding a
solution of 4.8 g (0.12 moles) of NaOH in 10 mL of deionized water to a solution

of 24 g (0.12 moles) of Me3SnCl in 10 mL of water while stirring (EqQ. 2).

Me,SnCl + NaOH — Me,SnOH + NaCl --- (2)

A white precipitate immediately formed upon the addition of the NaOH
solution. After stirring for three hours, the precipitate was filtered by suction
filtration (one hour in air to dry) and transferred to a 250 mL round bottom flask

(Figure 2-3) with 100 mL distilled diethyl ether.

Figure 2 - 3 A picture of a 250 mL round bottom flask
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The solvent and Me3SnOH are then frozen with liquid nitrogen and excess
(12 g) CaH; are added into the flask on the top of the frozen solvent. The solvent
is thawed slowly in order to avoid uncontrolled reaction. Caution: This step is an
exothermic reaction and trimethyltin reactant and product are toxic. Be sure to
set up the apparatus in the fume hood. If CaH; is added to the flask without
cooling the solvent, vigorous reaction with residual water and Me3zSnOH will
occur which produces large amounts of hydrogen gas and may cause the
contents to exit out of the top of the Schlenk vessel.

The solution was stirred for another 48 hours or longer at room temperature
under a nitrogen atmosphere. Complete reaction can be accomplished within 12
hours at higher temperature (50°C). Due to the low boiling point of the diethyl
ether, installing a reflux condenser to the round bottom flask (Figure 2-4) for the

higher temperature reaction is necessary.

Figure 2 - 4 A picture of a round bottom flask with a condenser
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Figure 2 - 5 A Schlenk tube with a fritted funnel

The solution is then quickly filtered in air through a fritted funnel into a
Schlenk tube (Figure 2-5) by suction filtration. The product, bis(trimethyltin)
oxide, and diethyl ether were filtered into the Schlenk tube and the excess CaH,
NaCl from the first step reaction, and byproduct calcium oxide-CaO were isolated
by the fritted funnel. The filtered solution was purged with nitrogen as soon as the
fritted funnel was removed and kept in the Schlenk tube under a nitrogen
atmosphere during the rest of the reaction sequence.

A 2.0 g (4.71 mmol) portion of HgSigO12 (62% mole equivalents based on
the initial scale of Me3sSnCl) was added to the bis(trimethyltin) oxide solution and
stirred for 1 hour. Similar small doses of HgSigO41, were added to reaction and
the residual bis(trimethyltin) oxide was monitored via 'H 300 NMR until residual

bis(trimethyltin) oxide was less than 3%. The solution was stirred at room

28



temperature for 1 more hours. After the reaction was complete, solvent and
trimethyltin hydride were collected via vacuum transferring and recycled (see
section 2.2.3). The white powder was dried at 80°C for 8 hours to remove small
amount of unreacted bis(trimethyltin) oxide and obtained 95 ~ 98% pure
(Me3Sn)sSigOy0 (yield: 95% based on Me3SnCl). The resulting white powder was
dissolved in boiling hexanes in air and needle shaped crystals formed upon

cooling. The crystal (Me3Sn)gSisO20-4H20 yield was 90% based on MesSnCl.

2.2.3 Recycling Me3SnH and converting to Me3sSnOOH

The reaction of (Me3Sn),O with the octahydrido produces eight
equivalents of trimethyltin hydride (Me3;SnH) based on the amount of HgSigO1>
added in the reaction. An excess of 50 wt% H,O, (~2.5-fold equivalents) was
added to the solution in air and the beaker was covered with a watch glass to
avoid diethyl ether evaporating too fast. After 10 ~ 20 minutes, the H,O, started
to react with Me3;SnH vigorously. The reaction was stirred for several hours until
the white solid product, Me3sSnOOH, formed and precipitated in the solution. The
diethyl ether and byproduct, water, were evaporated at room temperature in air in
the fume hood after removing the watch glass. The product contained mostly
MesSnOOH and small amount of MesSnOH.  Trimethyltin hydroxide is a
byproduct of the reaction due to trimethyltin peroxide and trimethyltin hydroxide

can be attributed to a shift in the equilibrium if the system contains water (Eq. 5).

29



Me,SnOOH + H,0 <« Me,SnOH + H,0, . (5)

The yield of the reaction is around 80% based on HgSigO4,. Caution: Me3SnOOH
is not only toxic but also explosive. Do not sublime or heat the solid product. The
white powder is reported to explode at 75°C quite reproduciblly.’’

The precipitate was collected and put in a vial. Part of Me3SnOOH slowly
sublimed to the top of the vial to form crystals. Me3;SnOOH does not appear to
be stable for long periods of time (two to three weeks). The yield of the
bis(trimethyltin) oxide appear to decrease the longer the peroxide is stored as a

solid.

2.2.4 Conversion of Me3SnOOH to (Me3Sn)sSigO20

The white powder, Me3SnOOH and small amount of Me3SnOH, from
section 2.2.3 were transferred to a round bottom flask. Diethyl ether solvent was
added followed by CaH,. Caution: The crystal structure of Me3SnOOH shows
one water of hydration is formed per molecule of peroxide in the solid. The water
molecule react with CaH, warns up the solution and speeds up the reaction.
Ligquid nitrogen may be used to cool the solution intermittently in the first 30
minutes if the hydrogen generate too fast (bubbles come out too fast).
Me3;SnOOH and Me3SnOH were transformed into (Me3Sn),0 in the reaction with

CaH, (Eq 6).
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2Me,SnOOH + CaH, — (Me,Sn),0 + CaO + 2H, - (6)

The tin ether produced from the tin hydride may be used following the

procedure described in section 2.2.2. The yield was 90% based on Me3SnOOH.

2.3 Results and Discussion

2.3.1 Separation HgSigO12 and H1¢Si1001s5

The spherosilioxane (HgSigO12) was prepared according to the method of
Agaskar by controlled hydrolysis of trichlorosilane (HSiCls)."" Previous
approaches to the purification of octa-spherosilicate, HgSigO12, in our research
group involved recrystallization of the crude product (the mixture of HgSisO4, and
H10Si10045) from hot hexanes. H1,Si10O15 is more soluble than HgSigO1, in
hexanes. The mother liquid and washed hexanes from previous syntheses
contained previously H10Sit10O15 and a small amount of HgSisO4. If a
concentrated mixture of HgSisO12 and H1,Si10O+5 is stored in the air for a long
period of time, a small amount of the polyhedral oligomeric silsesquioxane will
polymerize and form insoluble compounds. These insoluble compounds can be
separated from H10Si10O15 and HgSigO12 via sublimation. Transferring a mixture
of H40Si10015, HgSigO12, and insoluble compounds into a sublimator and heating
at 120°C for few hours (10 g mixture for 4 ~ 5 hours) under vacuum obtain a pure
mixture of H40Si1pO15 and HgSigO1, on the cold finger. The insoluble compounds

are unsublimable and remain in the bottom of the sublimator. The different ratios
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of pure mixtures of H4Si10O15 and HgSigO42 can be separated further in the
following discussion.

Efficient methodologies for the separation HgSigO12 and H1¢Si10O15 without
insoluble compounds described above can be divided into three parts. Part I:
When the ratio of H1Si10O15 to HgSigsO12 is higher than 6 : 4 (H10Si10015 is more
than 60% and HgSigO1, is less than 40%): The mixture can be separated
efficiently via sublimation at 50°C to 90°C and obtain 97 ~ 100% pure H10Si10O15
in the bottom of the sublimator. Part II: When the ratios of H1Si10O15 to HgSigO12
are between 6 : 4 and 2 : 8 (H10Si10015 is 60% to 20% and HgSigO12is 40% to
80%): The mixture can be washed with hexanes. The hexane solution will
contain higher ratios of H10Si10O15 and the undissolved solid will contain higher
ratios of HgSigO12. Part lll: When the ratio of H10Si10O15 to HgSigO12 is lower than
2 : 8 (H10Si10015 is less than 20% and HgSisO12 is higher than 80%): The mixture
can be separated via crystallization in hexanes and obtain pure HgSigO1, crystals
(Figure 2-6).

Part I: Subliming the mixture of H10Si10O15 to HgSigO12 at higher
temperature shortens the time to remove all of the HgSisO42 and obtains pure
H10Si10015 in the bottom of the sublimator. More H1,Si100O15 accompanied with
HgSigO12 are sublimed onto the cold finger at higher temperature during the same
time. Adjusting the temperature and sublimation time (see below) are very

important to optimize the separation of H1,Si10O45 and HgSigO42, and avoid too
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Figure 2 - 6 Overall purification scheme of H10Si10015 and HgSigO12
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much H1,Si10O15 being sublimed onto the cold finger before removing all of the
HsSigO12 from the mixture.

As the amount of H¢Si10O15 in the mixture (for 20 grams scale) increases
above 85%, pure H10Si10O15 is obtained after subliming the mixture at 50°C for
12 to 48 hours. For higher ratios of HgSigO12 longer sublimation times will be
needed. All of the HgSigO1, are sublimed onto the cold finger mixing with a small
amount of the H¢0Si10O15. The white powder that remains in the bottom of the
sublimator is pure HSi10O+5. If the ratio of the H1,Si1¢O15 is around 70~85%,
pure HgSigO42 with a small amount of H1,Si10cO+5 is obtained on cold finger at
80°C in 12 to 24 hours and pure H10Si10O+5 is obtained in the bottom of the
sublimator. As the ratios of the H10Si10O15 decrease to 60 ~ 70%, all of the
HgSisO12 in the mixture can be sublimed onto the cold finger at 90°C after 6 to 24
hours (Figure 2-7).

Part II: When the ratio of H10Si10015 to HgSigO12 is between 6 : 4 and 4 : 6,
washing the mixtures with hexanes initially is a efficient method to separate the
mixture roughly and obtain higher ratios of H10Si10O15 in the solution part and
HgSigO12 in the precipitate part. For a 20 gram scale, stirring the mixture in 500
ml hexanes for 30 mintues then filtering the solution gives approximately 70%
H10Si10015 in the solution part. The components in the solution can be separated
further via sublimation procedure described in the part I. The undissolved
residue contains around 85% HgSisO42 and can be purified further via

crystallization (Figure 2-8). When the ratio of H1¢Si10O15 to HgSisO12 is between
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Figure 2 - 7 Sublimation of the mixture of H1¢Si10O15 (60-100%) and HgSigO12 (0-
40%)
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Figure 2 - 8 Separation of H10Si10015 (40-60%) and HgSigO12 (60-40%)
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4 :6 and 2 : 8, around 80% H10Si1001s5 is obtained in hexane the solution via the
same washing procedure described above. The precipitate part contains around
90% HsSigO+2 and can also be purified further via crystallization. (Figure 2-9)

Part Ill: When the ratios of HgSigO12 and H10Si10O+5 are higher then 8 to 2,
pure HgSigO1, are obtained after crystallizing from hexanes solution. For a 10
gram mixture of HgSigO12 and H10Si10O15 (ratio is 8 : 2), 800 ml hot hexanes are
used to dissolve the mixture and crystallize HgSisO42 from the solution. The
amount of the hexanes decreases gradually from 800 ml to 400 ml while the

mixture contains HgSigO1, increasing from 80% to 100%. (Figure 2-10)

2.3.2 Improved synthesis of(Me3Sn)sSisO20
The reaction procedures described in the literature were simplified to
achieve a significant improvement in the synthesis of the tin cube,
(Me3Sn)sSisO20. Additionally, contact with any tin compounds was minimized.
The traditional synthetic methodology involves reacting MesSnCl with
NaCl in water solution following by subliming the product to remove byproduct
NaCl to obtain pure MesSnOH (Eq. 2). The pure and dry trimethyltin hydroxide

then transfered to a Schlenk tube and reacted with CaHs in toluene or benzene.

(Eq. 3)
Me,SnCl + NaOH — Me,SnOH + NaCl - (2)
2Me,SnOH + CaH, — (Me,Sn),0 + CaO + 2H, - (3)'°
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The apparatus was set up under nitrogen instead of in the air because the
bis(trimethyltin) oxide, (MesSn),0, is moisture sensitive. When the hydroxide
reacts completely with CaHy, the product, (MesSn),0, was vapor transferred to
another Schlenk tube via the freeze-thaw-degas method. A disadvantage of this
procedure is that degassing and vapor transferring processes always requires
several hours (more than 3 hours). Vapor transferring the product, (Me3Sn),0,
also requires very good vacuum ( pressure < 50 milli-torr). Warming up the
solution to 90°C or higher temperature speeds up the vapor transferring process
but an unknown white powder or crystals form in the T glass tube occasionally
and the yield of the (Me3Sn),0 decreases significantly.

My first discovery in optimizing this procedure is that the byproduct, NaCl,
doesn’t affect reactions that follow. The crude product mixture from reaction in
equation 1 reacts with CaH; directly in the Schlenk tube without sublimation to

give the ether in high yield (Eq. 7).

2 Me,SnOH + NaCl + CaH, — (Me,Sn),0 + NaCl + CaO + 2H, - (7)

The reaction was stirred vigorously for 48 hours or longer at room
temperature under a nitrogen atmosphere. Different solvents such as methylene
chloride, diethyl ether, benzene, and toluene have been used and tested in this
reaction. Similar yields of the final product indicate that different solvents don't
affect the reaction. Another reaction parameter that was investigated is to

change the temperature of the reaction. Complete reaction can also be

40



accomplished within 12 hours at 50°C in the diethyl ether or 6 hours at 80°C in
toluene. In order to recycle the trimethyltin hydride, MesSnH, in the final step, the
diethyl ether with a low boiling point is a better solvent. This step will be
discussed in section 2.2.4 in more detail.

My second discovery is that pure (MesSn),O can be obtained via brief
suction filtration with a fritted funnel and quick washing with additional diethyl
ether. The clean solution with pure (Me3Sn),O was collected in a Schlenk tube
after filtration. Excess CaHa, byproduct-calcium oxide, and NaCl are trapped in
the fritted funnel. This procedure should be done as quickly as possible and only
take about THREE MINUTES. The Schleck tube should be purged with nitrogen
immediately after filtration. Caution: If the reaction hasn't proceeded to
completion, a product solution tends to form a gel with excess CaH, that slowly
clogs the fritted funnel. The (Me3Sn),0O will then be exposed to air and will slowly
decompose.

The spherosilicate-HgSisO1, can then added to the solution and reacted with
(Me3Sn),O immediately. This reaction was complete within 30 minutes and
produced the final product (Me3Sn)sSisO20 (EqQ. 4). The solvent with byproduct,
MesSnH, was recycled and pure (MesSn)sSisO2o will be obtained after

crystallizing from hexanes solution.

8 (Me,Sn),0 + HySi;0,, — (Me,Sn0O),Si;O,, + 8 Me,SnH --- (4)
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In the reaction of the octahydrido with the tin ether, if the reaction isn’t
complete or if the amount of HgSigO42 in the reaction is overshot, a signal
consistent with unreacted hydrogen on spherosilicate-HgSisO+2 will be observed
in the NMR spectra with a different chemical shift than the starting octahydrido.
The singlet peak of (Me3Sn)sSisO2p at 0.360 ppm will also be replaced by several
peaks in same range because the product, (Me3SnO)H;.SisO12, has a
distribution of trimethyltin groups and hydrogen groups. The chemical shift of
residual hydrogens on the (MesSnO)sHsx)SigO12 moves down field from 4.19
ppm to 4.69 ppm in CeDg (Figure 2-11). The product from incomplete reaction is
also stable in the air. It can be stored in the Schelnk vessel and reacted with
more (Me3sSn),0 again to obtain pure final product, (Me3Sn)sSigOx.

To summarize the improvements that have been made through this synthetic
methodology, the total yield of the sequence reaction is greater than 90% based
on the amount of trimethyltin chloride initially used. Skipping the sublimation
process increases the yield and saves time. Different solvents in the reaction
don'’t affect the results. The reaction process of synthesizing (Me3Sn),0 also can
be reduced from 2 days to several hours if the reaction temperature is rised from
room temperature to 50°C or higher. Shortening the reaction time and producing
higher yield product are significant progress in this synthetic methodology.
Doubling the scale of the reaction produces equally highly yield product but the

reaction time needs to be increased about 50% in each step. This improved
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synthetic methodology also helps us deal with toxic tin compounds and produces

product efficiently.

2.3.3 Recycling byproduct Me3sSnH and converting to MesSnOOH

As described in the previous section, reaction of the sphereosilicates-
HsSigO12 with the trimethyltin ether, (MesSn),0, gives the trimethyltin cube
(Me3sSn0)gSigO1,. Half of the trimethyltin groups in (Me3Sn),O are converted to

the byproduct trimethyltin hydride, MesSnH (Eq 4).

8 (Me,Sn),0 + H.Si,0,, — (Me,Sn0),Si,0,, + 8Me,SnH --- (4)

In previous synthetic processes, this toxic byproduct goes to waste
without recycling. Due to the fact that trimethyltin complexes are extremely toxic
and the starting material, trimethyltin chloride, is very expensive, it was deemed
wothwhile to explore ways to recycle trimethyltin hydride. Two approaches | have
investigated as quick and efficient procedures for recycling the trimethyltin
hydride are described below. One was successful and the other not.

The first involved reacting trimethyltin hydride (MesSnH) with 1, and
attempting to obtain MesSnl. The reaction of MesSnH with iodine was not
successful. | didn’t obtain desired product-MesSnl clearly after mixing
stoichiometric amounts of (Me3zSnH) and I,

The second approach involved reacting trimethyltin hydride (Me3zSnH) with

hydrogen peroxide. | found out the MesSnH can be converted to a white powder
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when reacted with 30% H20, in a CH»Cl, solution. When toluene was used as
the solvent, the yield of white powder was lower. Our first guess as to the
identification of the white product was trimethyltin hydroxide. After storing the
white powder in a sealed small vial for one week, needle crystals were observed
to have sublimed above the solid. An X-ray crystal structure determination was
successful.

The crystal structure indicates that the white product is trimethyltin
hydroperoxide (Me3sSnOOH) not that trimethyltin hydroxide, Mes;SnOH.
Replacing 30% H>0, with 50% H,O, and choosing diethyl ether as the solvent
increase the yield from 10% to 70%. The reaction in diethyl ether solution with
50% H»0, is very slow for the first 10 minutes. Then a gas is observed to form
and a white precipitate subsequently forms. Cooling the solution intermittently
and covering the beaker with a watch glass prevents Me;SnH from evaporating
with diethyl ether in the beginning of the reaction and the yield increases
(80%~85%).

The MesSnOOH was stored briefly in a vial (several days to week) and
can be used as a replacement for MesSnOH in the previously described
synthesis of (Me3Sn)sSigO20. Reducing the amount of waste toxic trimethyltin
compounds is important from a green chemistry perspective. This development
of a way to recycling MesSnH is important in our research project. All of Me3Sn
source can be utilized more efficiently in synthesizing (Me3Sn)gSisO29 and the

procedures to recycle byproduct are extremely simple and efficient.
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2.3.4 Single crystal X-ray structure of MesSnOOH

Two different tin hydroperoxide compounds, trimethyltin hydroperoxide
and triphenyltin hydroperoxide, have been synthesized and described in a 1965
publication from Ralph L. Dannley’s group.17 Both of these compounds were
synthesized from the tin hydroxide and structures of these hydroperoxide
compounds have not been characterized.

From my investigation of recycling trimethyltin hydride, the trimethyltin
hydroperoxide can be synthesized not only from tin hydroxide but also from tin
hydride. The crystal structure of the trimethyltin hydroperoxide is a good
example to compare the coordination environment with different trialkyltin

hydroxide or triorganotin halides.'®2°

The crystal structure of trimethyltin
hydroxide was reported in 1965.2" The structure of trimethyltin hydroxide
consists of chains of trimethyltin groups and hydroxyl groups arranged alternately
along the tin center. The trimethyltin group is nearly planar and oxygen atom lies
on the axis between two tin atoms. Other trimethyltin compounds such as
trimethyltin chloride™, triphenyltin floride®®, and [(MesSn{z-(MeSO,),N}MesSn(u-
OH)], % also have the similar linear or zigzag structures. These structures with
five coordinate tin are the distinguishing feature of many trimethyltin compounds.

The “structure” of trimethyltin hydroperoxide is not like trimethyltin or
triphenyltin hydroxide® which form linear polymers. It is a monomer with three

different pairs of hydrogen bonds between molecules. But all of these tin

compounds are bonded by two oxygen atoms with covalent bonds or weak Van
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Figure 2 - 12 The crystal structure of MesSnOOH-H,0

der Waals forces and form a penta-coordinated tin center. The structure of an
individual MesSnOOH molecule plus water is shown in Figure 2-12.

This compound consists of three methyl groups, one peroxide group and
one water molecule. The geometry of groups bound to the tin atom form a
distorted trigonal bipyramidal structure. The internuclear distance between water
oxygen (Os3) and tin atom (Sn-03) is 2.361 A. The bond distance between the
peroxide and tin (Sn-O4) is 2.167 A. It is obvious the interaction between tin
atom and water oxygen is weaker than interaction between tin and peroxide.
The bond between peroxide and tin is a covalent bond and the bond between
water and tin is a dative bond. Comparing the Sn-O bond length with other five-
coordinated tin compounds, the Sn-O covalent bond of triethyltin hydroxide is
2.156(4) A and triphenyltin hydroxide is 2.197(5) A. The O—Sn dative bonds

between oxygen and tin of triethyltin hydroxide (2.224 A) and triphenyltin
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hydroxide (2.255(5) A) are shorter then that of trimethyltin hydroperoxide (2.361
A). (Table 2-1) Therefore the interaction between water and tin is weaker than
the interaction between hydroxide and tin.

There are three different pairs of intermolecular hydrogen bonds in the
crystal. The hydrogen bond between the water molecule and the oxygen 1 in the
peroxide is 1.883 A. The hydrogen bond between water and the terminal oxygen
of the peroxide is 1.987 A (Figure 2-13). There is another pair of hydrogen
bonds between peroxide with a distance 1.989 A (Figure 2-14). These hydrogen

bonds elongate the bond length between water molecule and tin center.

2.3.5 Conversion of Me3SnOOH to (Me3Sn)sSigOy0
Both of trimethyltin hydroxide and trimethyltin hydroperoxide can be
transformed into (MesSn),O in the reaction with CaH,. Due to the explosive

nature of hydroperoxide compounds, trimethyltin hydroperoxide can’t be purified

Table 2 - 1 Sn-O bond lengths

Sn-0 (A) O—-Sn (A) 0-Sn-0 (A) Ref.
Et;SnOH 2.156 2.244 177.9 (2) 24
PhsSnOH 2.197 (5) 2.255 (5) 177.6 (3) 25
Me3SnOOH 2.167 (2) 2.361(3) 171.81(9) | this work
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Figure 2 - 13 Hydrogen bonds in Me3SnOOH molecule

Figure 2 - 14 Other hydrogen bonds in Me3SnOOH molecule

49



via high temperature sublimation. The residual water and water molecule bonds
with trimethyltin hydroperoxide consume extra CaH, in the reaction. Hydrogen
comes out vigorously for the first thirty minutes and it is important to cool the
flask intermittently in the first half hour of the reaction. The reaction is complete
within 12 hours at room temperature because the hydroperoxide compound is
more reactive than hydroxide. After the reaction is finished, the same procedure
as described in the 2.2.3 may be followed to obtain (Me3Sn)sSigO2. Utilizing
MesSnOOH to synthesize (MesSn)sSisO2 successfully proves MesSnOOH can
be converted to tin ether as Me3SnOH. All of the trimethyl compound will be

used efficient and the recycling procedure is simple and easy to be handled.

2.4 Summary and conclusions

Several efficient methodologies of preparing and purifying functional
spherosilicate building block molecules have been explored. The ultraviolet
inactive compounds, HgSigO12 and H1¢Si10O+5, can be separated successfully via
sublimation, washing with hexanes and crystallization in a large scale. Pure
H10Si100+5 separated from HgSisO12 can also be used as another new building
block for the further reaction. The Improved synthetic methodology of
(Me3Sn)sSisO20 not only save a lot of time through whole synthetic process but
also increases the total yield of the reaction. How to deal with the toxic and
expensive trimethyltin complexes is a challenging issue during these synthetic

processes. Exploring a simple methodology to recycle trimethyltin hydride and
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convert it to trimethyltin hydroperoxide is an important milestone in this research
project. The crystal structure of MesSnOOH also provides another example of
five coordinated tin compounds and can be compared with different trialkyltin
complexes. The discoveries of reducing reaction steps, avoiding exposing
ourselves to trimethyltin compounds and recycling trimethyltin compounds will be

great achievement in green chemistry.
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Chapter 3
Single site and site isolated vanadium (IV and V) complexes on

SigO,0-based building block solids

3.1 Introduction

Silica supported vanadium complexes have recently attracted interest as

catalysts for a variety of selective oxidation reactions.?**

Although many
strategies have been developed for incorporating vanadyl species on silica
surfaces, controlling vanadium dispersion and loading while simultaneously
producing single site catalysts remains a challenging goal for catalysis scientists.

In this chapter, a simple strategy will be described for producing single
site, site isolated vanadyl and vanadium (+4) species in which not only the
connectivity to the support may be varied by design but also the local surface
structure around the vanadium is controlled. The main elements of the strategy
involve construction of the support from silicate building blocks and a
combination of linking groups that both hold the matrix together and become the
catalytically active sites. Sequential dosing and changing of the stoichiometry
lead to catalysts in which the site identity and the connectivity to the support can
be controlled. The specific system that will be described involves the reactions of
vanadium in oxidation states +4 and +5 with the tin functionalized spherosilicate

cube, (MesSn)sSigO20. The physico-chemical properties of these vanadyl

containing materials were characterized by gravimetric analysis, atomic
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absorption/emission spectroscopy, solid state °'V, 2°Si MAS-NMR, and surface

area analysis.

3.1.1 “Embedded” vanadium complexes

The main goal of this research project is to prepare V-SiO, catalysts with
atomically dispersed single vanadium atom centers which are isolated from one
another in the silicate matrices. The fundamental reaction used to synthesize
silicate matrices has been described in J. Clark’s thesis.*® Reacting the
(Me3Sn0)gSigO12 building block with a limiting amount of vanadyl trichloride
(VOCI3) results in exclusively three-connected vanadium (V) centers bound to
silicate cubes. A similar synthetic procedure using limiting amount vanadium
tetrachloride (VCl;) as the vanadium source will result in all 4-connected
vanadium (IV) centers bound to silicate cubes. These products contain
‘embedded” vanadyl or vanadium oligomeric species because each vanadium
center is bound to the maximum number of SigOq, building blocks which is
determined by the original number of chloride ligands on the initial vanadium
reagent. Figure 3-1 is an illustration describing embedded vanadyl oligomeric
species that contain isolated vanadyl centers and Figure 3-2 shows an
embedded vanadium (IV) oligomeic species that has isolated vanadium (IV)

centers.
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3.1.2 “Surface” vanadium complexes

Tailoring the matrix via different methods of sequential additions is the
main technique used to vary the connectivity of either vanadium (IV) or vanadyl
(V) to the SigO12 building block in the final matrix. Silicon tetrachloride (SiCly) is
the first linking reagent that is reacted with a limiting amount of (Me3SnO)sSigO1>
to yield a silicate building block platform. This type of “synthetic silica” must have
some unreacted trimethyltin groups left in the matrix. Treating this material with
a excess VOCI; or VCly should result in only 1-connected vanadyl or vanadium
centers on the matrix. These products are referred to as “surface” vanadium
catalysts because each vanadium center only has one V-O-Si bond linking it to
the matrix. Figures 3-3 and 3-4 illustrate how to obtain the cross-linked silicate
platform in the first step then react it with VOCI; or VCl, to obtain “surface”
vanadium products.

The main purpose of synthesizing “embedded “ and “surface” catalysts is
to compare how changes in connectivity to the matrix influence the stability,
selectivity, and catalytic activity of different types of materials. Another
advantage of using the building block strategy is that a higher weight percentage
of catalytic centers in the silicate matrix is achievable while maintaining atomic
dispersion on the support. Different reaction times, temperatures, and solvents
have been investigated. Varying the loading ratios of the VOCI3 and VCl, in the

reaction will also be described in the following sections.
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3.2 Experimental

Diethyl ether, hexanes and toluene (Fisher Scientific) solvents were dried
over Na/K alloy and distilled. Methylene chloride (Fisher Scientific) solvent was
dried using calcium hydride and distilled. Calcium hydride, powder, ca. 0 - 20
mm, 90 ~ 95%, vanadyl trichloride (VOCIs - 99.995%), vanadium tetrachloride
(VCly - 99+%), chlorotrimethylsilane (Me3sSiCl - 98%), and dimethyldichlorosilane
(MezSiCl, - 99%) were obtained from Aldrich. Tetrachlorosilane (SiCls >99.5%)
was obtained from Fisher Scientific. Chlorotrimethylsilane (Me3SiCl or TMSCI),
dimethyldichlorosilane (Me;SiCl,), and tetrachlorosilane (SiCl,) were distilled and
stored in solvent bulbs and capillaries under vacuum. Solvent and reactants were
delivered using vapor transfer methods and a liquid nitrogen trap. All glassware
was treated with TMSCI to remove hydroxyl groups on the glass surface. If the
Schlenk reaction vessel is not silanized entirely, the VOCI3 or VCI4 will react with
the hydroxyl groups and generate HCI in the Schlenk tube. If this reaction
occurs, in the case of VOCIs, the color will change from gold yellow to orange;
and in the case of VCls, some precipitate will be observed in the dark black
purple VCl4 solution. Even though the glassware is silanized completely, VOCI;
and VCl, still decomposed very slowly in the solvent bulbs or capillaries.
Wrapping solvent bulbs and capillaries with aluminum foil and storing them in a
dark and cool place slows degradation of these starting materials for long term

storage.
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Solution 'H and "*C nuclear magnetic resonance (NMR) spectra were
acquired on Varian Mercury 300 MHz spectrometer. 293j solution NMR spectra
were acquired at 9.4 Tesla on a Bruker Avance wide-bore multinuclear NMR with
a micro-imaging accessory.

%1V solid state NMR experiments were acquired at 105.4 MHz at spin rates
of 5.555- 8.555 kHz, and 2°Si solid state NMR experiments were acquired at
79.48 MHz at spin rate 3.555 or 5.555 kHz on a Varian INOVA 400 wide-bore
system spectrometer. Samples were placed in 5 mm pencil rotors in a nitrogen
atmosphere dry box and sealed using paraffin wax. Solution chemical shifts
were referenced internally to '"H NMR & (CgDs): 7.15 ppm; *C NMR & (CgDe):
128.39 ppm; #°Si § (CH3)4Si: 0 ppm; *'V & (VOCI3): 0 ppm and "*Sn & (CH3)4Sn:
0 ppm. Solid state chemical shifts were referenced internally to 2gj §
(Me3Sn)gSigO20: 11.72 ppm; °'V § (VOCI3): 0 ppm

Surface area measurements (Brunauer-Emmett-Teller (BET) method)
were performed on a Quanta Chrome Corp. Nova 1000 High Speed Surface
Area and Pore size Analyzer using nitrogen gas adsorption. The adsorption
portion of the nitrogen gas adsorption/desorption isotherms was used to calculate

the pore size distribution of the samples.

3.2.1 “Embedded” vanadyl trichloride (VOCI3) and vanadium tetrachloride (VCls)

complexes on SigOz-based building block solids

For the embedded vanadium reactions, VOCI; which was stored in a thick-

walled glass capillary was delivered to the reaction flask via vapor transfer
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through a self-designed bent tee-shaped glass transfer piece (Fig. 3-5) to a
Schlenk tube (Fig.3-6).

The mass of the VOCI; delivered to the Schlenk tube is estimated by the
volume equation, V = nr’hd which provides a rough idea of the amount of VOCI;
that has been delivered into the reaction. In the equation above, h is the change
in the height of the liquid column in the capillary, r is the radius of the capillary,
and the d is the density of the VOCI;. Measuring the weight difference of the
capillary before and after vapor transferring VOCI; to the Schlenk tube
determines the exact amount of VOCI; added in the reaction. Caution: If the total
pressure of the vacuum system is higher than 50 milli-torr, the VOCI; will be
difficult to deliver to the Schlenk tube via vapor transfer. Delivering VCl, requires
an even better vacuum system. If the total pressure of the vacuum system is

higher than 35 milli-torr, VCl,s will not be delivered via vapor transfer efficiently.

Figure 3 - 5 A picture of bent tee-shaped glassware
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Figure 3 - 6 A capillary connects with a Schlenk tube via a tee-shaped glassware

The mass of the VOCI; delivered to the Schlenk tube is estimated by the
volume equation, V = nr’hd which provides a rough idea of the amount of VOCI;
that has been delivered into the reaction. In the equation above, h is the change
in the height of the liquid column in the capillary, r is the radius of the capillary,
and the d is the density of the VOCI;. Measuring the weight difference of the
capillary before and after vapor transferring VOCI; to the Schlenk tube
determines the exact amount of VOCI; added in the reaction. Caution: If the total
pressure of the vacuum system is higher than 50 milli-torr, the VOCI; will be

difficult to deliver to the Schlenk tube via vapor transfer. Delivering VCl, requires
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an even better vacuum system. If the total pressure of the vacuum system is
higher than 35 milli-torr, VCl4 will not be delivered via vapor transfer efficiently.
The Schlenk tube was cooled to liquid nitrogen temperature and VOCI3
was transferred and frozen at the bottom of the Schlenk tube. The solvent was
then delivered to the reaction vessel via vapor transfer and covered the frozen
VOCI;. The designated amount of (Me3SnO)sSisO+2 powder was poured into the
Schlenk tube under a slow nitrogen purge while the solvent was frozen then a
vacuum was reestablished. The solution was then thawed and the reaction
allowed to proceed at 40°C. After the reaction was complete, the solvent was
removed under vacuum and the volatile byproduct, Mes;SnClI, was removed via
sublimation by heating the product at 40°C for at least 12 hours under vacuum.
An alternate procedure for the same reaction involves adding
(Me3sSn0)sSigO1, to the Schlenk tube initially in a glove box and then delivering
VOCI; to the Schlenk tube via vapor transfer. The amount of VOCI; needed in the
reaction was estimated from the height of the capillary. The advantage of this
procedure is to avoid opening the Schlenk tube when transferring reactants in the
reaction vessel; but an approximate 5-10% error in the stoichiometric amount of
the VOCI3; which was designated to deliver to the Schlenk tube will occur
because the height determination of the capillary visually has a small error. The
calculated volume of the VOCI; from the height change is not as accurate as
measuring the weight difference before and after delivering VOCI; to the Schlenk

tube.
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Caution: Vacuum must be maintained at all times except when adding
(Me3Sn0)sSigO;2 into the reaction vessel. If too much solvent is delivered into
the Schlenk tube and the reaction temperature is higher than 45°C, the lower
boiling point solvents such as CH,Cl, will generate too much pressure. Pressures
above ~ 1 atm inside the Schlenk tube should be avoided otherwise the solvent
will slowly leak out from the joint of the Schlenk tube. For example, the reaction
temperature should be set up no higher than 40°C for a 400 ml Schlenk tube with
~15-20 ml CHCl; inside.

Reacting limited amounts of VOCI; or VCls with (Me3sSnO)gSigO12 is
expected to result in the formation of embedded vanadium (IV and V) centers in
the silicate matrices. This is called a “first dose” reaction. After the first dose
reaction is complete, the weight difference of the Schlenk tube before and after
the reaction indicates the amount of Me3sSnCl formed. This in turn defines the
average connectivity of the vanadium in the matrix. This concept will be
described further in section 5.3.1. At this stage, there should still be unreacted
trimethyltin groups on cube corners leftover in the silicate matrix. Solvent is
again delivered to the Schlenk tube followed by delivering SiCls or Me,SiCl; via
vapor transfer for the second dose treatment. The solution was allowed to react
at 40°C for 12~24 hours followed by removal of the solvent and Me;SnCl
byproduct under vacuum. A pale purple solid product was obtained with only a
small amount of unreacted trimethyltin groups still in the silicate matrix.

The final step of the reaction was to deliver trimethylchlorosilane, TMSCI,
to the Schlenk tube to remove any residual trimethyltin groups. This was
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achieved by adding an excess of TMSCI to the Schlenk tube (vapor transfer)
without solvent and heating the reaction at 40~60°C for 6~12 hours. The gas
phase reaction was more efficient than the liquid phase reaction; however
solvents could be used in this step without differing the final result. Caution:
Using too much TMSCI in the reaction caused some unknown reactions including
vanadium leaching. The color of the powder in the Schlenk tube changed from
pale purple to greenish yellow when too much TMSCI was delivered to the
Schlenk tube or the temperature of the reaction was too high (80°C in toluene).
A 2~3 equivalent excess TMSCI (2~3 TMSCI : 1 unreacted trimethyltin groups) in
the reaction is an appropriate ratio to use to avoid unwanted reactions or

vanadium leaching out from the silicate matrix.

3.2.2 “Surface” vanadyl trichloride (VOCI3) and vanadium tetrachloride (VCl,)
complexes on SigOz-based building block solids

“Surface” vanadyl or vanadium complexes were prepared by reversing the
addition sequence described for “embedded” vanadium (VI and V) solids. The
silicate platform is prepared first by reacting (Me3sSnO)gSigO12 building block with
silicon tetrachloride (SiCls) or dimethyldichlorosilane (Me,SiCl,) followed by
adding excess VOCI3; or VCl, to yield only one connected vanadyl or vanadium
centers in the silicate building block matrix. A general procedure for preparing
surface vanadium catalysts is described as follows.

About ~4.00 grams (2.16 mmol) cube, (Me3SnO)gSigO12, were added to a
130 ml Schlenk tube followed by 15~20 ml distilled toluene via vapor transfer
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under vacuum. After the (Me3Sn0O)sSisOq, dissolves completely, different
stoichiometric amounts of silicon tetrachloride (SiCls) (1 cube : ~2 SiCls ) or
dimethyldichlorosilane (Me,SiCl;) (1 cube : ~4 Me,SiCl, ) were then delivered to
the reaction vessel which was then stirred at 80°C for 48 hours. If the reaction
time is shorter than 48 hours or the reaction temperature is lower than 80°C,
incomplete crosslinking of cubes is observed leaving many unreacted Si-Cl
bonds in the matrix and producing mainly small oligomers with low surface area.
Precipitates were observed immediately if larger stoichiometric amounts of silicon
tetrachloride (1 cube : 3 SiC4) or dimethyldichlorosilane ( 1 cube : 6 Me;,SiCl,) are
used. After the reaction was complete, all volatiles were removed under vacuum
and the product was heated at 80°C for several hours until a fine, white powder
was observed. The products were then transferred to a glove box and analyzed
using multinuclear NMR techniques.

The silicate “platform” matrices described in the previous paragraph
contained isolated, unreacted trimethyltin groups. A subsequent reaction was
initiated at room temperature for 6 hours by delivering CH,Cl, and excess VOCI;
or VCls (~ 5-fold excess relative to the estimated unreacted trimethyltin groups)
to the Schlenk tube. Due to excess amounts of VOCIs or VCly in the reaction and
the rigidity of the silicate platform, only one chloride ligand on each vanadyl or
vanadium molecule is expected to react with each residual trimethyltin group. In
this manner only one-connected (all capping) vanadyl or vanadium materials are

obtained. A pale purple powder was observed after the reaction was complete
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and all volatiles and excess VOCI; had been removed from the reaction. A deep

purple powder was obtained in the case of surface VCI, samples.

3.3 Results and Discussion

3.3.1 Vanadium weight percentages and gravimetric analysis

A challenge in characterizing these vanadyl or vanadium solids is to be
able to determine extent of reaction without having to resort to specialized
techniques that are only accessible a couple of times a years (EXAFS) or require
time consuming handling procedures (Solid State NMR). For this reason we
developed a simple, quick, convenient method to follow reactions at the bench
where average cross linking in products could be evaluated in minutes without
exposing the sample to air. This technique involves simply weighting the sealed
reaction flask both before and after the reaction and after the volatile byproduct
MesSnCl was removed. The weight difference should be directly related to the
number of coupling reactions that have occurred between the tin groups on the
cube and the silane or vanadium chloride linking groups. The simple analysis
can be used to follow initial dose reactions described above. For fully embedded
samples (3-connected vanadyl and 4-connected vanadium materials), average
cross linking or newly forming V-O-Si bonds should be equal to the total number
of chlorides in the sample. In other cases such as 2- or 3- connected VCls only
average values of connectivity are obtained from weight changes. The only
limitation of this technique is sequential weightings for multiple dose reactions

are not accurate enough to give exact amounts of cross linking. In these cases
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*'V SSNMR and EXAFS measurements are necessary to characterize the
number and types of linking groups that are present in such samples.

In the discussion that follows, a 1 to 1 ratio of VOCI; to (Me3SnO)sSigO12 is
used as an example to develop reaction equations describing the cross linking
reactions that occur. Average molecular formulas derived from each equation
are utilized to calculate the weight percentage of vanadium in each compound.

For a one-dose “embedded” VOCI; reaction, assuming all of the chloride
ligands in the VOCI; react with trimethyltin groups, three equivalents trimethyltin
chloride will be generated and the final product will contain all three connected

vanadyl centers. The reaction is represented in equation 1.

(Messn)sSisozo + VOCI, _>(Me38n)8,3(VO)Si8020 +3Me,SnCl --- (1)

If two or one chloride ligands in each VOCI; react with trimethyltin groups, the
average connectivity of the final product should be two or one respectively. The

reaction equations for these cases are given below (Eq. 2) and (Eq. 3).

(Me,Sn),Si,0,, + VOCI, —(Me,Sn), ,(VOCI)Si,0,, +2Me,SnCl - (2)

(Me,Sn), Si;0,, + VOCI, —(Me,Sn), ,(VOCI, )Si;0,, +1Me,SnCl --- (3)
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The volatile byproduct, trimethyltin chloride, is easily removed via sublimation
while the nonvolatile product remains in the reaction vessel after the reaction is
complete. Tracking the weight loss observed in the reaction provides information
on how many chloride ligands react with trimethyltin groups and this information
can be converted to the average vanadyl connectivity of the product. As soon as
the average connectivity is found, the average molecular formula may be derived
and the weight percentage of the vanadium in the product calculated. Table 3-1
summarizes the theoretical vanadium weight % for different connectivities
starting with a 1 : 1 ratio of (Me3Sn)gSisO20 :VOCI3 = 1 : 1 reaction.

Equations 1 - 3 can be combined and rewritten as equation 4.

(Me,Sn), SigO, + VOCI, —(Me;Sn), , (VOCl,.y, Si0, +YMe,SnCl - (4)

Table 3 - 1 Theoretical vanadium weight % for different connectivities starting
with a 1 : 1 ratio of (Me3Sn)sSigO2 : VOCI3

(Me3Sn)gSigOy : VOCI; Average molecular Weight % Theoretical weight change for 1
=1:1 (Sn:Cl=8:3) formula gram (Me3Sn)gSigO, reaction
3 connected vanadyl (Me3Sn)s(VO)SigO40 3.56 % -0.3222 ¢g
2 connected vanadyl (Me3Sn)s(VOCI)SigOy 3.13 % -0.2148 g
1 connected vanadyl (Me3Sn);(VOCI,)SigO4q 2.79 % -0.1074 g
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Y is the connectivity (Y < 3 in all VOCI3 cases) which is determined by the
moles of byproduct, trimethyltin chloride. If the initial ratio of (Me3Sn)sSisO2 to
VOCI; is different than 1 : 1, the equation 4 may be rewritten as equation 5 where

the initial mole ratio is 1 : X ( cube : VOCIs).

(Me,Sn), Sig0,, + X VOCl, —

(Me,Sn), ., (VOCl;.y)), SigOy + XY Me,SnCl - (5)

8-XY

(X'is the molar ratio of VOCIs)

The same concepts may also be applied to VCls reactions. Equation 6
represents the stoichiometric formula for a one-dose “embedded” VCl, reaction
where X represents moles of VCls. Y represents the number of chlorides that
react to form V-O-Si linkers which also demonstrates the average connectivity of
the matrix. The connectivity can then be related to the initial moles of VCl, (X) in

the reaction and the measured weight loss (XY). (Y <4 in all VCl4 cases)

(Me,Sn),Si;0,, + X VCI, -

(Me,Sn), ., (VCliiy)), SigO, + XY Me,SnCl - (6)

8-XY (

Table 3-2 is one example of the theoretical vanadium weight % for different

connectivities starting with a 1: 0.75 ratio of (Me3Sn)sSigOzp : VCls.
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Using limiting amounts of VOCI; or VCl, in these reactions lead to all three
-connected vanadyl or all four-connected vanadium (IV) complexes. Each
vanady! or vanadium atom links with three or four (Me3Sn)sSigO2o building blocks
to form oligomeric species. Figure 3-7 is an illustration of a one-dose reaction of
using a limiting amount of VOCI; with tin cube, (Me3Sn)sSigO20.

If the ratio of VOCI; to (Me3Sn)sSigOy is higher than 1 (or Cl : Sn > 3 : 8),
the average connectivity will be less than three and some unreacted chloride
ligands will be leftover in the matrix. Increasing the reaction time or temperature

can help to obtain a higher connectivity. These results provide some important

information: (1) Rigid matrices or oligomers form after first and second chloride

Table 3 - 2 Theoretical vanadium weight % of different connectivities with a 1 :
0.75 ratio of (Me3Sn)sSigO4 : VCl4 reaction

(Me3Sn)gSigOy : VCl, Theoretical weight change for 1

=1:0.75 (Sn:Cl=8 Avera%?nrqw::l);ecular Weight % gram (Me3Sn)gSigO, reaction
1 3)

4 connected vanadyl (Me3Sn)4(V)SigO29 2.73 % -0.3222 g

3 connected vanadyl | (Me3Sn)s5(VCI)SigOq0 2.46 % -0.2417 g

2 connected vanadyl | (Me3Sn)s(VCl2)SigO2 2.25% -0.1611¢g

1 connected vanadyl | (Me3Sn);(VCl3)SigOyq 2.07% -0.0801 ¢
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J-connected V

® o

Figure 3 - 7 The molecular model of three-connected vanadyl compound

ligands react with building blocks. Residual trimethyltin groups in the building
block matrix and unreacted chloride ligands become specially isolated from each
other and can not react further. (2) The last chloride ligand in each vanadyl linker
is the least reactive. Lengthening the reaction time and increasing the
temperature force the last chloride ligand to react with residual trimethyl tin
groups and form three-connected vanadyl centers. Similar situations are also
observed in VCl4 reactions. If the ratio of VCls to (Me3Sn)sSisOy is higher than
0.75 (or Cl : Sn > 3 : 8), it is very difficult to react all chloride ligands with
trimethyltin groups to obtain all 4-connected vanadium centers. In order to obtain

only single types of vanadyl or vanadium materials the amounts of the VOCI; and
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VCl4 have to be limited otherwise the products will contain a mixture of different
types of vanadyl or vanadium centers.

The product from the initial oligomeric vanadium species is subsequently
exposed to a silane linking reagent such as Me,SiCl, or SiCls to yield cross-
linking silicate materials. The function of these silane reagents is to glue the
vanadyl or vanadium oligomeric species together with chemically robust bonds
and form porous materials. These reactions are written in equations 7 and 8
where P represents the moles of Me,SiCl, or SiCls in the reaction and Q is the
connectivity of Me,SiCl, or SiCls which is determined by the weight loss of the

reaction.

(Me,Sn)

8-XY(

VOCl;.y,), SigO, +P Me,SiCl, —
(Me,Sn), 4 pa(Me,SiCl, o), (VOCliy) ), SigO,  + PQ Me,SnCl - (7)

(Me,Sn), ., (VOCl,.y, ), SigO,, +P SiCl, —

8-XY (

(Me,Sn) (SiCluq), (VOCliy ), SigO, + PQ Me,SnCI - (8)

8-XY-PQ
The similar reactions for the VCl, oligomers are represented in equation 9

and 10 when one-dose embedded vanadium (IV) complexes react with Me,SiCl;

or SiCly.
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(Me,Sn)g ,, (VCl,y)), SisO, +P Me,SiCl, —

8-XY(

(Me,Sn), v ra(Me,SiCl, o), (VCly)) SOy + PQ Me,SnCl - (9)

(Me,Sn), ,, (VCl,y)), SO, +P SICl, —

(Me,Sn); y.pa (SiCliyq) ). (VCly)), Sis05  + PQ Me,SnCl -+ (10)

Figure 3-8 shows a molecular model to illustrate the proposed structure of
the matrix after embedded VOCI; oligomers react with Me,SiCl,. Each Me,SiCl,
molecule utilizes its chloride ligands to link two different (Me3Sn)sSisO2 building
blocks. The vanadyl atoms are still dispersed atomically in the silica matrix and
the connectivity of each vanadyl center remains unchanged. If all chloride
groups from Me,SiCl, react with trimethyltin groups, the average connectivity of
Me,SiCl, should be two (Q = 2 in Eq 7) and the product will contain no chloride
ligands. Replacing Me,SiCl, with SiCl, yields a similar structure but more
chloride ligands will remain in the matrix. Figure 3-9 shows a molecular model
which uses SiCl, as a second dose reagent.

Figure 3-9 shows a vanadium-silicate cube matrix that contains different
types of siloxane linking groups. Four-connected silicon has four building blocks
connect to the silicon center through Si-O-Si bonds and has no chloride ligands
leftover. The three-connected linkers have one chloride group remaining with
three building blocks around the silicon center and so on. The chloride ligands

left in the silicate matrix might affect the catalytic reaction when this material is
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2-connected Si

®v ®si @o @®cH, @ R (R =0SnMe,)

Figure 3 - 8 A molecular model of embedded VOCI; oligomers react with
Me,SiCls.

3-connected Si

oy Qsi @®o @®c ® R (R=0SnMe,)

Figure 3 - 9 A molecular model of embedded VOCI; oligomers react with SiCls.
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applied to different catalytic reactions. If this material is exposed to the air,
moisture will react with Si-Cl ligands to form Si-OH groups and HCI. Long term
exposure of the matrix to HCI should be avoided because strong acid might
affect the results of catalytic reactions. This concern is the reason these
materials need to pretreated with alcohol to replace chloride with alkoxy groups
before catalysis testing. This reaction will be described in more detail in Chapter
5.

When the second dose reaction is complete, some unreacted
trimethyltin groups may still remain in the matrix. These tin groups might also
play a role in the catalytic reaction. Removing all residual trimethyltin groups by
treating the product with excess TMSCI is a very important final step in the
preparation of a catalyst. Equation 11 illustrates the reaction of replacing
trimethyltin groups with inert cappers, TMS groups.

(Me,Sn), . po(Me,SiCl, o)), (VOClsy) ), SigO,  + (8-XY-PQ)Me,SiCl —

(Me.Si), y.pq (Me,SiCl, q) ). (VOCl,.,)), Si0, + (8- XY—-PQ)Me,SnCl--- (11)

8-XY-PQ

The final embedded product should have no trimethyltin groups left before
applying to catalytic reactions. Figure 3-10 illustrates an embedded vanady!
containing catalyst made by treating Me,SiCl, as the second dose reagent and
replacing all residual trimethyltin groups with TMS groups. Figure 3-11 is a
similar molecular illustration for the product when SiCl, is used as the second

dose reagent and no trimethyltin groups remain in the final product. All of the
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®v @si ®o @cH, O

Figure 3 - 10 A three-vanadyl compound with all TMS groups

3-connected Si

®v @ si ®o @®c O

Figure 3 - 11 The three-vanadyl compound with all TMS groups (SiCls is a
second dose reagent
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vanadyl and vanadium centers are still very well isolated and the vanadyl and

vanadium connectivity doesn’t change in the second and third dose reactions.

Different dose reactions produce different types of vanadyl and vanadium

materials. The average molecular formulas in the final product will be different if

different amount of reagents are used. To summarize these embedded vanadyl

and vanadium materials from different reactions, average molecular formulas of

final products are listed in Table 3-3.

Table 3 - 3 Average molecular formulas of embedded VOCI; and VCl, products

reactants

Average molecular formula

VOCls3

1st dose :VOCI;

(M838n)s-xy(VOC|(3-Y))xSisozo

2nd dose:Me,SiCl,

(Megsn )8_XY_PQ(MezsiC|(2-Q))p(VOC|(3-Y))xSigOzo

2nd dose:SiCl,

(Me3Sn)s.xy-pa(SiCl(s-q))p(VOCI(3.v))xSigO20

3rd dose:Me;SiCl

(Me3Si)s.xv-pa(Me2SiCli2.q))p(VOClz.v))xSisOz0
or (Me3Si)g_xy_pQ(SiC|(4-Q))p(VOC|(3-Y))xSi8020

VCl,

1st dose :VCl,

(MesSn)sxy(VCla-v))xSisO20

2nd dose:Me,SiCl,

(MesSn)s.xy-pa(Me2SiCl2-q))p(VClia-v))xSigO20

2nd dose:SiCl,

(Me3Sn)s.xy-pa(SiCl-q))p(VCla-v))xSigO20

3rd dose:Me;SiCl

(Me3Si)sxy-pa(Me2SiCl2.q))p(VClia-v))xSigO20
or (Me33i)8_xy_pQ(SiC|(4-Q))p(VC|(4-Y))xSisozo

X is the molar ratio of VOCI3 or VCls, Y is the number of vanadyl or vanadium
connectivity, P is the molar ratio of Me,SiCl, or SiCls, Q is the number of

Me,SiCl; or SiCls connectivity.
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The average molecular formula of surface vanadyl and vanadium samples
are derived from similar protocols as described in embedded samples. In the
“surface” samples, silicate platforms have to be prepared in the first step before
reacting with excess VOCI3 or VCls to yield all capping vanadyl or vanadium
atoms around the silicate matrices. The reaction to prepare Me,SiCl, platform is
illustrated in equation 12 where A is the Me,SiCl, molar ratio of the reaction and
B is the number of the connectivity of the Me,SiCl, which is determined by the

weight loss of the reaction.

(Me,Sn),Sis0,, + A Me,SiCl, —
(Me,Sn), ., (Me,SiCl ), Si;0,, +ABMe,SnCl .. (12)

Equation 13 is the similar reaction but use SiCl, as the reagent.

(Me,Sn),Si,0,, + A SiCl, —»

Me,Sn SiCl, g ), SigO,, + ABMe,SnCI .. (13
3 (4-B)Jp P82

8-AB
Reacting excess VOCI; or VCls with different silicate platform (products
from Eq 12 or 13) yield all capping vanadyl or vanadium products. (Eq 14 to 17)

(Me,Sn), s (Me,SiCl,,.5), Si;0,, + excessVOCI, —

8-AB

(VOCI, ), »s(Me,SiCl,5)), SigO,, +(8—AB)Me,SnCl .. (14)
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(Me,Sn)g 5 (SiClis) ), SigO, + excessVOCI, —

8-AB

(VOCI, ), »g (SiCliy5)), SigOy +(8—AB)Me,SNCI . (15)

(Me,Sn), s (Me,SiCl,g)), Sis0,, + excessVCl, —

(VCL,), o (Me,SiCl) ), SisO,, +(8—AB)Me,SNCI .. (16)

(Me,Sn), ,(SiCli,g)), SisO, + excessVCl, —

SiCl,g)), SisOy +(8-AB)Me,SnCl .. (17)

(VCly )y g
Table 3-4 lists average molecular formulas of one-connected all capping
surface VOCI3; and VCl4 reactions with Me,SiCl, or SiCly platform.
The experimental data of synthesizing different weight percentage

embedded VOCI; or VCls samples are summarized in Tables 3-5 and 3-6. When

Table 3 -4 Average molecular formulas of surface VOCI3; and VCl4 products

Silicate
Average molecular formula
platform
Me,SiCl, (VOCl,)s-as(Me2SiCl2.8))aSisO29
VOCl3
SiCly (VOCiI2)s-a6(SiCl(4-8))aSigO20
Vel MGQSiC|2 (VC|3)8-AB(MGQSiC|(2_B))ASi8020
4
SiCly (VCl3)s-a6(SiCl4-8))aSigO20

A is the molar ratio of Me,SiCl, or SiCls, B is the number of Me,SiCl, or SiCly

connectivity.
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Table 3 - 5 Summary of gravimetric analysis results from reactions of VOCI; with

tin cube
Weight
*cube VOCil; Ratio Ios% con Average
Code gram gram |~ | Gram | pec. molecular formula Time Wi%
+0.005 £0.005 1 0oy | +0.005 |tivity | (MesSN)ex(VOClaw)x | (hr)
.| 20. :
( mmol) ( mmol) SigOy
(mmol)
2.036 0.058 0203 304+  (MesSn),1(VO)oas
1 1188 1:0.31 12 0.90
(1.097) | (0.3347) (1.019) | 0.2 SigO20
2.538 0.086 0.315 3.19+ (Me3sn)6.92(VO)o_36
2 [11-208 1:0.36 24 |1.08
(1.368) | (0.4962) (1.581) | 0.2 SigOz0
1.989 0.120 0415 |3.01%| (MesSn)sos(VO)oss
3 [I-186 1:0.65 12 |2.10
(1.072) | (0.6924) (2.083) | 0.1 SigO20
3.538 0.241 1. | 0.819 [2.95: (MesSn)sss(VOCloos)os
4 |11-212 8 05)0.73 | 24 | 240
(1.907) | (1.391) | 0.73 | (4.110) | 0.06 SigO20
2.034 0.186 1: 0.638 2.98+ (Megsn)51(VO)098
5 [11-190 12 |3.47
(1.096) | (1.073) | 0.98 | (3.202) |0.09 SigOz0
2.532 0234 | 1: | 0812 [3.024 (MesSn)sor(VO)oss
6 [Il-206 24 |3.51
(1.365) | (1.350) | 0.99 | (4.075) |0.06 SigO20
1.713 0.160 0.554 |3.01+ .
7 (111 1:1 M Vv 18 |3.
8 | (0.9234) | (0.9233) (2.780) | 0.09| (MesSNs(VO)SiOz | 18 13.56
1.841 0.172 0.600 |3.03+ ,
8 [11-022 1:1 MesSn)s(VO)SigO 12 |3.56
(0.9923) | (0.9925) 3.011) |0.09] (MesSNs(VO)SisOz0
1.906 0.178 0.636 |3.11+ .
9 [1-056 1:1 A1 (MesSn)s(v0)SisO 12 [3.56
(1.027) | (1.027) (3.189) |0.09| (MesSMs(VO)SisOz
1.977 0.182 0.646 |3.09+ ,
10 |11-1 1:1 M Vv 24 |3.
0 11-138 | 1 066) | (1.050) (3.242) |0.09] (MesSNs(VO)SieOz0 3.56
2.205 0.206 0727 307+ _
11 |11-024 1:1 MesSn)s(VO)SigO 12 |3.56
(1.189) | (1.189) (3.649) | 0.08| (MeSMs(VO)SisOz
3.670 0.342 1184 [3.01+ .
12 [11-01 1:1 M Vv 12 |3.
010\ 1978 | (1.973) (5.042) 0.05| (MesSNs(VO)SieOz0 3.56
4.774 0.446 1571 |3.064 _
13 |11-054 1:1 MesSn)s(VO)SigO 12 |3.56
(2.573) | (2.574) (7.885) |0.03] (MesSNs(VO)SisOz0
1.583 0.190 0.467 [2.14+| (MesSn)s 26(VOCloss)1 26
14 |11-178 1:1.28 2 )28 | 12 |4.26
(0.853) | (1.096) (2.344) | 0.09 SigOs0

*Cube represents (Me3Sn)gSigOog.
X is the molar ratio of VOCI; to tin cube, Y is the number of vanadyl or vanadium connectivity.
All of the reactions were completed in CH,Cl, at 40°C.
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Table 3 - 6 Summary of gravimetric analysis results from reactions of VCl, with

tin cube
* Weight
Cube VCly Ratio | loss |Con- | Avle rafge | Time
Code gram gram Cube:| gram |nec- mao'ecular formuia Wit%
+0.005 i0005( - (Me3sn)3_xy(VC|(4_Y))x (hr)
VCl, | £0.005 | tivity :
( mmol) mmol) (mmol) SigOy0
2.498 0.064 0.278 |4.20+ .
1|11 1:0.2 M Vv 24 |07
B 1 (1347) | (0.3320) |' %% (1305 [0.32| MesSNI(V)o2sSieOz0 0.75
3.499 0.174 0.745 |4 14+ _
2 | 11-204 1:0.48 MesSn)s.os(V)o4sSisOz0 | 24 | 1.56
(1.886) | (0.9027) (3.739) |0.12| (MesSMs0s(V)osS1sOz
1.993 0.106 0.429 3.92+ (Megsn)5_96(VC|0_og)o_51
3 | 11-194 1:0.51 12 |1.69
(1.074) | (0.5499) (2.153) | 0.15 SigOs0
2.281 0.168 0.697 |4.01+ ,
4 | 11142 1:0.71 MesSn)s o(V)o71Sis0s0 | 24 |2.54
(1230) | (0.8716) (3.498) |0.12| (MesSMs2(V)o7:Sis0z0
2.488 0.186 0794 |4.13+ .
5 | 11-200 1:0.72 TS5 (MeySn)s 12(V)072Sis000 | 24 | 2.58
(1.341) | (0.9650) (3.985) | 0.12| (MsSMs12(V)o72S160z0
1.986 0.175 0.696 3.88+ (Me38n)4.7(VC|o_12)0135
6 | 11-192 1:0.85 12 |3.18
(1.071) | (0.9079) (3.493) |0.12 SigOz0
1.733 0.162 0.563 3.36+ (Me3sn)4_98(VC|o,64)0_9
7 | 111180 1:0.9 12 |3.22
(0.9341) | (0.8405) (2.8256) | 0.12 SisOs0
4.135 0.430 1.687 [3.80+ .
I1-11 1:1 M VCl 24 |3.
8 ®| (2200 | (2231) 8.467) | 0.03| (MEsSMe2(VCh2)SisOz 3.95

*Cube represents (Me3Sn)sSigOy. All of the reactions were performed in CH,Cl, at 40°C

the loading ratio of VOCI; to (Me3Sn)sSisOx is lower than 1 to 1 (entry 1 to 13 in

table 5), the connectivity is equal to 3 + 0.2 and the weight percentages increase

proportionally with the loading ratio of VOCIs.

(Me3Sn)sSisOz is constrained to 1 to 1

When the ratio of VOCI; to

while varying the amount of starting

materials (Entry 7 to 13), the results are quite reproducible and the connectivity

of these products is all equal to three.
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(Me3Sn)sSisOp increases to higher than 1 (entry 14) , the connectivity decreases
to 2.14 (lower than 3) and some V-CI groups remained in the matrix.

The maximum number of the connectivity in the VOCI; reaction should be
three and it consistent with the results in Table 3-5. Some other observations to
note from the data in Table 5 are as follows. If the amount of starting material is
too small such as entry 2, the error will be larger. When the ratio of VOCls to tin-
cube is larger than 1 (or the ratio of chloride ligands to trimethyltin groups is
larger than 3 : 8), some of the chloride groups do not react with trimethyltin
groups and the connectivity will be less than 3. It appears to be a limit to the
vanadium wt% in the matrix while maintaining site homogeneity. As soon as the
ratio is higher than one, sites with different connectivities will occur in the product
and V-CI groups will remain in the matrix.

All of the reactions in table 3-5 were accomplished in CH,CI, solution at
40°C and reaction times were controlled at 12, 18, or 24 hours. Other higher
boiling point solvents such as benzene or toluene have also been considered but
a danger in going to these solvents is that vanadyl chloride might decompose at
high temperature in the reaction. From the results shown in Table 3-5, three-
connected vanadyl compounds were synthesized within 12 hours. When the
reaction time was increased from 12 to 24 hours, the connectivity was not
observed to change. Thus 12 hour reaction times are sufficient. Scaling up the
reaction does not appear to alter these conclusions (entries 7-13). These

reactions also show that products are quite stable in solution at 40°C.
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One-dose, embedded vanadium (IV) compounds were synthesized in the
same manner as the one-dose, embedded vanadyl complexes. Table 3-6 lists
the results for the reaction of VCls with (Me3Sn)sSisO2. When the ratio of VCl4
and (Me3Sn)gSigOz is lower than 0.75 : 1 (or the ratio of chloride ligands to
trimethyltin groups is less than 3 : 8), the average connectivity of the vanadium
centers in the products is 4 + 0.2. If a smaller amount of VCl, is delivered to the
reaction such as entry 1 in Table 6, a higher error of the weight difference
determination will appear due to the limitation of the balance. When the VCl, :
cube ratio is larger than 0.75 (or the ratio of chloride ligands to trimethyltin groups
is larger than 3 : 8), some of the chloride ligands do not react with trimethyltin
groups and remain in the product. One important observation of these reactions
is the reaction time should be longer than 12 hours at 40°C in the vanadium (V)
system to force all of the chloride ligands to react with trimethyltin groups and
obtain four-connected vanadium centers. At low loading ratio (entries 1, 2, 4 and
5), the products contained fully four-connected vanadium centers when reaction
time was set for 24 hours. If the reaction time decreased to 12 hours (entry 3),
some chloride ligands did not react with trimethyltin groups and the connectivity
was less than four. When the ratio of (Me3Sn)sSisO2 to VCly is close to 1 to 1
(entries 7 and 8), longer reaction times enabled more unreacted chloride ligands
to react with trimethyltin groups and formed higher connectivity vanadium
compounds. The average connectivities increased from 3.36 to 3.80 when the
reaction time was doubled to 24 hours. These results are consistent with the

fourth chloride ligand in the vanadium tetrachloride requiring longer times to fully

84



react with trimethyltin groups. The reaction time for synthesizing all four-
connected vanadium compounds should be longer than synthesizing all three-
connected vanadyl products.

The one-dose vanadyl complexes reacted with different amount of
Me,SiCl, or SiCls produced silicate cross-linking materials and the results are
summarized in Table 3-7. Liquid phase and gas phase reactions were explored.
If the reaction was performed in gas phase without solvent, the byproduct,
trimethyltin chloride, was observed to condense at the top of the reaction vessel
while it was generated during the reaction and slowly formed crystals. Entries 1
to 5 in Table 3-7 used three-connected vanadyl as the starting material which
were reacted with different amounts of Me,SiCl, or SiCls under different
conditions. When the reaction times decreased from 24 hours to 12 hours
(entries 1 and 2), the connectivities of Me,SiCl, decreased from 1.72 to 1.54
even though a smaller amount of Me,SiCl, was used. If the reaction condition
was set in gas phase (entry 3), similar connectivity was observed after 12 hours
at 50°C. When Me;SiCl, was replaced with SiCls, more chloride ligands
remained in the silicate matrices under similar conditions in liquid or gas phase
(entries 4 and 5). The highest connectivity in SiCl, reactions should be four and
in Me,SiCl, should be two. Entry 6 used 2.95 connected vanadyl starting
material and set up the reaction in the gas phase for 24 hours, but the

connectivity of silicate still did not reach two. From this data, all of the chloride
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Table 3 - 7 Summary of gravimetric analysis results from second dose reactions

(vanadyl compounds with SiCl, and Me,SiCl,)

. Weight
1Vanady| (Silane) Ratio Iolsgs Con- .
Code gram gram Cube:| gram |nec- Average Reac_t|_on Wit%
+0.005 +0.005 ( silane | +0.005 | tivit molecular formula condition
( mmol) mmol) (_m'mol) y
. (o]
1 1028 | 1413 (Mg.2281|1CI2) 1:1.66| 0-962 |1.72% (MesSn)214(Me,SiClo2s)1.60 C4I-(|)2CC,‘:I2 3.62
09877) | 33g) 2.821) |0.04 (VO)SiaO2 el
. (o]
2 |58 | 3240 (Mg.ze,sglgb) 1:1.34 | 0932 11.54%) (MesSn)z.04(Me;SiClo.ag)134 c4r(|)zg|2 427
2265) | (304e) (4.678) | 0.03 (VO)SisOa0 ol
. 50°C
s | agg | 05710 (Mgzoség'” i173| 0218 [1.50+ (MesSn)yz(Me;SiClouhrs | Gas |, oo
©03992) | O 1731 (1.094) [0.09 (VO)SisOa0 phase |+
(0.6896)
12 hrs
. (o]
4 |iota| 0900 (OS_(')%g 1: | 0212 [2.87:  (MesSn)s(SiCh)oso 043282 407
(0:6291) | (o'arom) | 059 | (1.064) [0.23 (VO)SisOa0 el
0.8170 | (SiCl) 0221 |1.654  (MesSn)sor(SiClyas) (g);g
. . . . a 3 3.07 2.35)1.17
5 | I-146 1 o 5711y | 0114 11T 4500y |0.07 (VO)SigOa0 phase | 409
(0.6710)
12 hrs
. 50°C
6 | 1arg | 1:300 (M§23:°’1'(73'2) 103 | 0723|1482 (MesSn)ys:(Me;SiClosz)oss | Gas | 4 4
(08374) ’ - (3629) 0.02 (VOC|0,05)0_738i8020 phase )
(2.456)
24 hrs
. (o]
2 | 1208 | 08710 (M§2281'$'2) 1o 77| 0488|146+ (MesSn)oso(Me;SiClosi)z 7 c2|3 gl 611
©6071) | 3ogr | 27| 2449 |0.03 (VOYo 56SisO20 S

1. The average molecular formula of starting materials from entry 1 to entry 5 is (Me;Sn)s(VO)SigO,q

which were synthesized from one-dose reactions and the molecular weight is 1430.5 g/mol. The

average vanadyl molecular formula of entry 6 is (Me3Sn)s.g5(VOClg 05)0.73Sis029 Which is the product

from entry 4 in table 5 and the molecular weight is 1552.4 g/mol. The average vanadyl molecular

formula of entry 7 is (Me3Sn)s.01(VO)0.99SisO29 Which was the product from entry 6 in table 5 and the

molecular weight is 1434.8 g/mol.
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ligands in Me,SiCl, or SiCls do not appear to react with trimethyltin groups and
obtain all two- or four-connected silicate products in a second dose reaction.
Choosing Me;SiCl, as the second dose reagent or increasing the reaction
temperature helps the reaction goes further and avoids too many chloride ligands
remaining in the products. When a second dose reaction was set at room
temperature with the addition of Me,SiCl, (entry 7), the reaction still proceeded
well and a cross-linking silicate product with a similar connectivity was obtained.
Three different one-dose embedded vanadium (IV) compounds were
reacted with Me,SiCl, or SiCls under different reaction conditions as summarized
in Table 3-8. Some chloride ligands still remained in the products even though
the reaction time was increased to 24 hours under gas phase reaction (entries 1
and 2). These results are similar to the results observed in the vanadyl cases.
The connectivities were less than two in Me,SiCl, cases and no two-connected
Me,SiCl, silicate cross-linking products can be produced. Running the reaction
in the gas phase at 60°C for 12 hours and then vapor transferring toluene into the
reaction vessel and continuing the reaction in the liquid phase for another 12
hours did not increase the connectivity (entry 3).  The reaction time is an
important factor in the second dose reaction. Higher reaction temperatures
might be another possible factor to force more chloride ligands to react with

trimethyltin groups.
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Table 3 - 8 Summary of gravimetric analysis results from second dose reactions

(vanadium compounds with SiCl, and Me,SiCly)

*Vana- Silane Weight
dium gram Ratio |  loss | Con- Average Reaction
Code| gram £0.005 ( Cube:| gram | nec- molecular formula condition Wit
+0.005 _m.mol) silane | £0.005 | tivity
( mmol) (mmol)
. 50°C
Me,SiCl .
1 120 1.698 ( 02245 2) 1:1.44 0.4350 (1,154 (Me3Sn),54(Me;SiClogs)1as | Gas 4.44
(1.316) 1' 898 o (2.183) |0.03 (VClo.2)SigO20 phase | -
(1.898) 12 hrs
. 50°C
Me,SiCl .
2 II-216 1.274 ( 02335 ? 1:3.19 0.6280 |1.21+| (Me3Sn)223(Me;SiClo7e)s 19 |  Gas 202
(0.8141) 2'596 e (3.152) |0.02 (V)0.48SisO20 phase |~
(2.596) 24 hrs
60°C
Gas
SiCl .

o hgaa 09150 | S 102430 |1a7s  (MesS)a(SICeshias phase | oo
- ) 1. 0.05 . rs |4
(0.6417) (0.8299) (1.220) (V)0.71SigO20 then
toluene
12 hours

The average vanadium molecular formula of entry 1 is (Me3Sn),2(VCly2)SisO2 which is the product

from entry 8 in table 6 and the molecular weight is 1290.6 g/mol. The average vanadium molecular

formula of entry 2 is (Me3Sn)e.0s(V)0.48SisO29 Which is the product from entry 2 in table 6 and the

molecular weight is 1564.9 g/mol.

The average vanadium molecular formula of entry 3 is

(Me3Sn)s.2(V).71Sig029 Which is the product from entry 4 in table 6 and the molecular weight is

1426.0 g/mol.
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The final step to prepare tin-free products is to treat the matrix with excess
trimethylchlorosilane, TMSCI, with second-dosed vanadyl (entries 1 and 2 in Table
3-9) or vanadium (entries 3 and 4 in Table 3-9) products. One important issue of
this final step reaction is avoiding adding too much TMSCI to the reaction otherwise
disconnection of V-O-Si bonds appears to occur and vanadium leaches out of the
matrix easily. When 20 equivalences (or more) MesSiCl are delivered to the
reaction vessel and mixed with solvents such as CH,Cl, or toluene, the solution
changed color from pale purple to green. Gas phase reactions were better choices
because the byproduct, trimethyltin chloride was generated and crystals were
formed and visible in the top of the sealed Schlenk tube. As soon as the reaction
completed, excess TMSCI and byproduct, MesSnCIl, were removed from the
Schlenk tube via vacuum.

For the surface materials, silicate platforms are prepared by reacting SiCl4
or Me,SiCl, with (Me3Sn)sSisO2o building block. Longer reaction times and
higher reaction temperatures were explored to attempt to obtain higher cross-
linking products and have little chloride remaining in the silicate matrices. Table
3-10 shows two types of silicate platforms. Entry 1 was prepared from SiCls with
more residual trimethyl tin groups (3.75 trimethyltin groups remained in each
building block) and entry 2 was prepared from Me,SiCl, with less residual
trimethyl tin groups (1.49 trimethyltin groups remained in each building block).
Reacting different amount of Me,SiCl, or SiCls with tin cubes produces different

types of silicate platforms with different amounts of residual trimethyl tin
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Table 3 -9 Third dose (TMSCI) reactions

Starting Material

Code Vanadyl or vanadium parameters Reaqti_on Average W%
gram condition molecular formula
( mmol)
X=1
(MesSN)s 07(SiCla 3s) Y=3 50°C | MeySi)son(SiClass)
1 ”'146 3 3.07 2.35)1.17 - G h 3 3.07 2.35)1.17 383
(VO)SisOs P=1.17 iszphrzse (VO)SisOsz0
Q=1.65
X=1 50°C
(Me3Sn)2.25(Me2SiClo 41)1.73 Y=3 (Me;3Si)2.25(MeSiClo.41)1.73
2 | 11-148 G h 5.65
(VO)SisOs P=1.73 iszphrzse (VO)SisOsz0
Q=1.59
X=1. 60°C
(Me3Sn); 54(Me2SiCly.g5)1.44 Y=3.8 (Me3Si); 54(MezSiClo g5)1.44
3 | 1I-160 G h 5.56
(VClo.2)SigO20 P= 1.4 az ﬁrsase (VClo2)SigOz0
Q=1.15
X=048 | o
(Me3Sn); 23(Me,SiClo.79)3.19 Y=4 (Me3Si)2.23(Me2SiClg 79)3.19
4 | 1l-216 ; Gas phase , 243
(V)0.48SigO20 P=3.19 P (V)0.48SigO20
Q= 1.21 21 hrs

The starting material of entry1 was from entry 5 in the table 7, entry 2 was from

entry 3 in the table 7, entry 3 was from entry 1 in the table 8, and entry 4 was

from entry 2 in the table 8.

Table 3 - 10 Me,SiCl, and SiCl, platforms

* ; Weight
Cube | Silane Ratio loss |Con- .
Code | 94@m gram Cube : gram | nec- Reac_t!on Averafge
+0.005 |£0.005 ( silane | +0.005 |tivity condition molecular formula
(mmol) | mmol) (mmol)
3944 | SIC 1803 |2.25| TOUENe | 1o Sn),s(SICly7s)
11140 | Lo | 0683 | 1:1.89 | o | ) 80°C e
(2.126) (4.020) (9.049) 1#0.02] 44 pyrs 1820
Me,SiCl
2 | 11-202 4.578 16231I4 ’ 1-4.12 3.209 |1.58 Tglgoecne (Me3Sn)1.49(Me2SiClo 42)a.12
= . . . i . 2 .
(2.468) (10.18) (16.11) [£0.02 "~ SizOz

*Cube represents (Me3Sn)sSigO2o
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groups in the matrices. The average molecular formula is determined from the
gravimetric analysis. Both of these reactions were preformed at 80°C in toluene
for two days.

Reacting silicate platforms with excess VOCI; or VCl4 obtained all capping
one-connected vanadyl or vanadium materials. The vanadium weight
percentages are calculated and listed in Table 3-11. All of these reactions were
performed at room temperature and unreacted VOCI; or VCl; was removed
under vacuum. The final products were extremely air sensitive due to the
residual chloride ligands around the vanadyl or vanadium center. The deep
purple one-connected all capping vanadium materials changed color to yellow-
orange immediately in the air and one-connected vanadyl samples also changed
to orange color instantly in the air.

So far, different types of embedded and surface vanadyl and vanadium
samples have been described. The average connectivity of these samples was

determined carefully by gravimetric analysis. Vanadium weight percentage was

Table 3 - 11 All capping vanadyl and vanadium compounds.

Code Silicate platform Excess| Average molecular formula Wit%

1 11-156 (Me3Sn)3_75(SiCI1,75)1_398i3020 VOC|3 (VOC|2)3.75(SiC|1.75)1_898i8020 15.50

2 | 11-154 (Me3Sn)3 75(SiCly.75)1.89SisO20 VCl, (VCl3)3.75(SiCl4 75)1.89Sig020 14.63

3 11-224 (Me3Sn)1,49(MGZSiC|0_42)4,128i8020 VOC|3 (VOC|2)1_49(M928iC|0_42)4.128i8020 7.19

4 | 11-226 | (Me3Sn)q.49(MesSiCly 42)4.12Si802 | VCls | (VCls)1.49(Me2SiClg 42)4.12Sis02 | 7.00
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also calculated after the connectivity had been determined. Another important
line of evidence that may be used to determine the vanadium weight percentage
in each sample is to use atomic absorption (AA) or atomic emission (AE)
spectroscopy. Both of these spectroscopies are instrumental techniques used to
measure the concentration of metal ions in solution. Vanadyl or vanadium liquid
samples were aspirated via a nebulizer and burned in a flame. Three different
samples had been measured and all of the results from AA and AE
spectroscopies were consistent with the results from gravimetric analysis.
Differences between these two techniques are less than 5% (Table 3-12).

The results from AA and AE spectroscopies are in good agreement with
the results from gravimetric data. It proves the concept that the average
connectivity in these materials is accurate and that the weight percent vanadium

of each sample can be determined from the average molecular formula.

Table 3 -12 wt % from AA and AE

Average 3 Wit%
Code molecular formula mg model | “Average (ppm) With (From “GA)

AA 38.18 3.54 3.56

111054  (Me3Sn)s(VO)SigO2 108
“AE 40.36 3.74 3.56
AA 35.30 3.64 3.56

2[1I-060]  (Me3Sn)s(VO)SigOx 97
AE 37.18 3.87 3.56
. AA 45.96 4.60 4.27

3111-058 (Me3sn)2.94(M(.':'28|C|0.46)1.34 100
(VO)SigOz0 AE 47.30 473 427

All of the samples were digested in 100 ml solution. 1. AA: represents atomic absorption,
2. AE: represents atomic emission, 3. The number in the column were the average number from
three consecutive injections. 4. GA: represents gravimetric analysis.
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3.3.2 Solid state NMR
3.3.2-1 Reaction time, temperature, and solvents

Section 3.3.1 described how to synthesize three-connected “embedded”
vanadyl and four-connected “embedded” vanadium materials. As more V-O-Si
links are formed, more V-CI bonds are lost and more of the byproduct, MesSnCl,
is generated. Vanadyl trichloride reacts with (Me3SnQO)gSisO¢2 at room
temperature to form a cloudy solution. If the ratio of VOCI; to tin cube is higher
than 2 to 1, precipitates form immediately after the two reagents are mixed
together. The color of the vanadyl (V) trichloride dissolved in the methylene
chloride is orange. After the addition of (Me3Sn0O)sSisO+2, the transparent orange
solution changs to yellow with the formation of a precipitate instantly. Upon
standing for 30 minutes, color of the reaction mixture changs from yellow to pale
yellow followed by a change to pale purple after one to two hours. In this section,
*1V solid state NMR spectra of vanadyl samples are presented and analyzed. No
analogous spectra for vanadium (IV) materials were obtained because
paramagnetic vanadium (V) (d') samples can not be observed in °'V NMR.

The isotropic °'V chemical shifts for 1-, 2-, 3-connected vanadyl centers in
the matrix were predicted to appear at 0 ppm for VOCIs;, approximately -290 ~ -
310 ppm for (O=)VOCI, (cappers), -530 ~ -560 ppm for (O=)VO,CI (dilinkers),
and —640~700 ppm for (O=)VOs3; (triIinkers).rGf Figure 3-12 illustrates the
chemical shifts from different types of vanadyl compounds. The wavy lines

observed in *'V SSNMR spectra are spinning side bands. A higher spinning
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Figure 3 - 12 Isotropic peaks of >'V SSNMR

speed produces larger line width between each side-band. The positions of the
spinning side bands change as the spinning rate changes but the isotropic peak
does not move under different spinning rate. The spinning side bands and
isotropic peaks might overlap if the material contains more than one type of
vanadyl. Isotropic peaks are finally identified by changing the spinning rate and
identifying the undrifted peak. The highest spinning rate of the SSNMR
instrument in the Department of Chemistry at the University of Tennessee is
around 8.5 KHz. This is not sufficient to unambiguously separate the spinning

sideband patterns for two- and three-connected vanadyl linkers from one
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another. The two- and three-connected species would be resolved if 10 KHz or
higher spinning rate was available.

The *'V solid state NMR spectra of the products from the reaction of 1.33
VOCI; : 1.0 tin cube show that a mixture of di- and tri-linkered oligomeric species

was formed (Figure 3-13).

Spectra A and B in figure 3-13 show that extending the reaction time from
15 hours to 24 hours at room temperature (around 20°C) does not affect the
results. Increasing the temperature to 40°C and varying the reaction time (6
hours, 12 hours and 24 hours), did not cause the °'V SSNMR spectra to change
significantly (spectra C D, and E). The distribution of peaks at the chemical shift
ranges expected for three-connected and two-connected vanadyl also doesn'’t

change if the temperature is increased to 60°C for 12 hours (spectrum F).

Samples of spectra A to F were synthesized in CH,Cl, solutions which
have a boiling point of 39-40 °C. It is not possible to run the reaction at higher
temperature with methylene chloride in sealed reaction vessels. In order to
investigate higher reaction temperatures, other higher boiling point solvents such
as toluene (boiling point: 110°C) were used. When VOCI; (gold yellow) was
added to toluene, the solution changed to dark orange consistent with the
formation of a charge transfer complex between vanadium atoms and 1r-bonds of
the aromatic solvent. Once VOCI; reacts with (Me3SnO)sSisO42 and forms V-O-
Si bonds the interaction between vanadium and solvent decreases and the color

changes from deep dark orange to orange immediately and subsequently to
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Figure 3 - 13 °'V SSNMR, V51-MAS, spinning rate = 6.555 KHz, Ib = 200, d1=
0.2 sec, (Me3Sn)gSigOy : VOCI3=1:1.33(Sn: Cl=1:0.5)
A: MYL-I-200, room temperature, 15 hours in CH,Cl,, B: MYL-I-236, room temperature, 24 hours

in CH,Cl,, C: MYL-I-242, 40°C, 6 hours in CH,Cl,, D: MYL-I-246, 40°C, 12 hours in CH,Cl,, E:

MYL-1-250, 40°C, 24 hours in CH,Cl,, F: MYL-I-252, 60°C, 12 hours in CH,Cl,, G: MYL-I-256:
60°C, 6 hours in Toluene, H: MYL-I1-258, 80°C, 6 hours in Toluene
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yellow-orange. The *'V SSNMR spectra G and H were obtained from the
samples which were synthesized in the toluene at 60°C and 80°C for 6 hours.
Both of these spectra are similar to spectra A to F which were synthesized from
CH,Cl,. This observation is consistent with the vanadyl environments in these
materials being similar regardless of which solvent is chosen. Gravimetric
analyses of samples when the ratio of the VOCI3 to (Me3Sn)sSigO2g is higher than
1to 1 such as 1.33 : 1 give an average connectivity of the vanadyl centers of less
than three consistent with a mixture of two and three-connected vanadyl centers.
The °'V SSNMR data support gravimetric analysis results under variable reaction
solvents, temperatures and times.

29Si solid state NMR (Figure 3-14) spectra show that a significant number
of trimethyltin groups remained in these materials. The chemical shifts of silicon
atoms for Si-O-Sn and Si-O-V groups are slightly different. The peak at around -
100 ppm in 2°Si NMR is assigned to the residual trimethyltin groups in Si-O-Sn
groups. The peak at ~-105 ppm is assigned to silicon atoms engaged in Si-O-V
groups. The small peak at around -24 ppm arises from silicon grease which was
used to seal the NMR rotor.

Cross polarization magic angle spinning (CPMAS) NMR spectra (Figure 3-
15) show the same chemical shifts as the spectra in Figure 3-13. The cross
polarization from silicon to protons occurs through dipolar interactions between
these two nuclei. CPMAS experiments can be used to observe silicon signals

having hydrogen atoms around. The relative intensity of Si-O-Sn peak at ~ -100
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Figure 3 - 14 °Si SSNMR A: MYL-1-200, room temperature, 15 hours in CH,Cls,
B: MYL-I-236, room temperature, 24 hours in CH,Cl,, C: MYL-I-242, 40°C, 6 hours in CH,Cl,, D:
MYL-I-246, 40°C, 12 hours in CH,Cl,, E: MYL-I-250, 40°C, 24 hours in CH,Cl,, F: MYL-1-252,
60°C, 12 hours in CH,Cl,, G: MYL-1-256, 60°C, 6 hours in Toluene, H: MYL-I-258, 80°C, 6 hours
in Toluene
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Figure 3 - 15 %°Si CPMAS SSNMR

B: MYL-1-236, room temperature, 24 hours in CH,Cl,, C: MYL-I-242, 40°C, 6 hours in CH,Cl,, D:
MYL-I-246, 40°C, 12 hours in CH,Cl,, E: MYL-I-250, 40°C, 24 hours in CH,Cl,, F: MYL-I-252,
60°C, 12 hours in CH,Cl,, G: MYL-I-256, 60°C, 6 hours in Toluene, H: MYL-1-258, 80°C, 6 hours
in Toluene
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ppm is larger than Si-O-V peak at ~-105 ppm in Figure 3-15 because protons in
trimethyltin groups near Si-O-Sn groups generate stronger dipolar interactions

and therefore greater peak enhancements.

3.3.2-2 Different ratios of VOCl; to (Me3Sn0)sSigO;, reactions

Changing the loading ratio of VOCI; to (Me3SnO)gSigO12 resulted in
different distributions of vanadium centers in the matrix. Higher vanadyl loading
ratios produce more one-connected or two-connected vanadium centers. A lower
vanadyl loading ratio yields only two and three-connected vanadium centers but
no one-connected vanadium centers (“capping” vanadyl). 'V SSNMR spectra
show that when the ratio of vanadium to cube is 1.33 to 1, the product has a
mixture of di- and tri-linkers (spectrum M in Figure 3-16). When the ratio of
vanadium to cube increases to 2.66 : 1 (Cl : Sn = 1 : 1), the spectrum shows 2-
connected vanadium centers dominate the spectrum (spectrum N in Figure 3-
16). When the ratio is raised to 5.33 VOCIs : 1 cube (Cl : Sn =2 : 1), the product
contains predominately 1-connected vanadium centers (spectrum O in Figure 3-
16).

From 2°Si SSNMR spectra, lower vanadyl loadings yield materials
containing a larger percentage of unreacted trimethyltin groups based on the
relative intensity of the peak at ~ -100 ppm (Si-O-Sn groups) compared to the

peak at ~-105 ppm (spectrum | in Figure 3-17). As the ratio of VOCI; to cube
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Figure 3 - 16 °'V MAS spectra, spinning rate = 6.555 KHz, Ib = 150, d1= 0.2 sec,
M: MYL-I-200, VOCI; : cube =1.33: 1 (Cl: Sn=0.5:1), N: MYL-I-218, VOCI; : cube = 2.66 : 1
(Cl:Sn=1:1),0: MYL-I-228, VOCl; : cube =5.33: 1 (Cl: Sn=2:1)
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Figure 3 - 17 ?°Si SSNMR spectra, room temperature, 15 hours in CH;Cl,.

I: MYL-I-200, VOCl; : cube =1.33: 1 (Cl: Sn=0.5:1), J: MYL-1-218, VOClI; : cube =2.66 : 1 (Cl :
Sn=1:1), Ki MYL-1-228, VOCI; : cube =5.33: 1 (Cl : Sn =2 : 1), L: MYL-I-228, VOCl; : cube =
533:1(Cl:Sn=2:1), CPMAS
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increases to 2.66 : 1 or 5:33 : 1, the 2°Si spectra show that the intensity of Si-O-
Sn peak at ~-100 ppm decreases and Si-O-V peak at ~-105 ppm increases.
(spectra J and K in Figure 3-17). These results indicate more Si-O-V groups
were formed and less Si-O-Sn groups remained in higher VOCI; loading
reactions.  Spectrum L in Figure 3-17 is the result of a cross-polarization
experiment for a VOCI3 : cube = 5.33 : 1 reaction. Due to the high loading ratio
of VOClI; in the reaction, only small amounts of trimethyltin groups remain in the
product. Weak dipole interactions between silicon and protons in the matrix

result in weak signals in the 2°Si CPMAS spectrum.

3.3.2-3 The second dose and the third dose reactions

The purpose of using SiCls or Me;SiCl, as the second dose reagents is to
chemically “glue” the vanadyl containing oligomeric species together and form
cross linking matrices. Figure 3-18 shows the *Si SSNMR spectra of two-dose
reactions in which the precursor was the product from a 1.33 :1 (VOCI; : tin cube)
reaction. The sample of spectrum P in Figure 3-18 was synthesized by adding
excess SiCly (20 equivalents) to the reaction and reacting with vanadyl
oligomeric precursor for 15 hours at room temperature. Most of trimethyltin
groups have been lost through reaction with silicon tetrachloride. But the #°Si
SSNMR spectrum (spectrum P) shows that some unreacted trimethyltin groups
remain in the material. The product also contains a maijority of one-connected Si

centers (-45 ppm) and a small number of two-connected Si centers (~ -70 ppm).
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Figure 3 - 18 %°Si NMR, precursor: VOCls : cube =1.33:1 (Cl: Sn=0.5: 1)

A: MYL-I-200, precursor, P: MYL-I-206, excess SiCls 15 hrs, Q: MYL-I-244, cube: Si=1:1.1 SiCl,
40°C 7 hrs, R: MYL-I-244, CPMAS of Q, S: MYL-I1-254, cube: Si=1:2.6 SiCl, 40°C 6 hrs, T: MYL-I-
254, CPMAS of S
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The interpretation of this spectrum indicates that the reaction did not proceed
efficiently at room temperature even after 15 hours. Observation of a major one-
connected Si peak at -45 ppm indicates that only one chloride ligand in most of
the SiCls groups reacted with a tin group.

If a limiting amount of SiCl, is used in the second dose reaction (cube : Si
=1:1.11) at 40°C for 7 hours, the amount of two-connected Si centers increases
and fewer one-connected Si centers are formed (Spectra Q and R). Some
trimethyltin groups remained in this case and a new peak was formed at -110
ppm representing Si-O-Si groups which derived from tetra-linked silicon centers
between cubes. Raising the ratio of SiCly : cube to 2.6 : 1 and running the
reaction at 40°C for 6 hours results in a matrix containing a similar ratio of one
and two-connected linkers with some unreacted trimethyltin groups.

If a precursor derived from a higher vanadyl loading (VOCI; : tin cube =
2.67 :1) is reacted with excess SiCls at room temperature for 15 hours, only one-
connected Si centers are formed (Spectra U and V in Fig 3-19). It is difficult to
interpret whether trimethyltin groups still remain in the product from MAS
spectrum alone (spectrum U) because the signal at -100 ppm is not observed
clearly. But the CPMAS experiment (spectrum V) indicates that some trimethyltin
groups are present.

The *'V SSNMR spectrum W in Figure 3-20 was obtained from a sample
with a 1:33 :1 ratio of VOCI; : tin cube. When excess SiCls reacted with this

material, the °'V SSNMR spectrum changed dramatically and a significant
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Figure 3 - 19 %Si NMR, room temperature in CH,Cl,
A: MYL-1-200, VOCI; : cube = 1.33 : 1 (Cl : Sn = 0.5 : 1), J: MYL-1-218, VOClI, : cube = 2.66 : 1

(Cl:Sn=1:1), U: MYL-1-224, MYL-I-218 +second dose: excess SiCl, for 15 hrs, V: MYL-I-224,
CPMAS of U
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Figure 3 - 20 *'V-MAS spectra, spinning rate = 6.555 KHz, Ib = 150, d1= 0.2 sec,
W: MYL-I-200, VOCI; : cube =1.33: 1 (Cl: Sn =0.5: 1), X: MYL-I-206, VOClI; : cube = 1.33 : 1
then excess SiCl; 15 hrs, Y: MYL-I-244, VOCI; : cube = 1.33 : 1 then SiCl4 : cube = 1.1 : 1 at
40°C 7 hrs, Z: MYL-1-254, VOCI; : cube = 1.33 : 1 then SiCl4 : cube = 2.6 : 1 at 40°C 6 hrs, AA:
MYL-I-218, VOCI; : cube =2.66 : 1 (Cl: Sn =1 : 1), AB: MYL-I-224, VOCI; : cube = 2.66 : 1 then

excess SiCl, for 15 hrs,
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number of one-connected vanadyl centers were observed. When smaller
amounts of SiCls were used in the reaction (SiCl,4 to cube ratios of 1.1 : 1 and 2.6
:1), the spectra were not significantly different (spectra Y and Z). Similar results
were observed when a higher loading vanadyl precursor (VOCI; : tin cube = 2.66
:1) was reacted with excess SiCls (spectra AA and AB represent before and after
adding excess SICl4 respectively).

From these experiments, it appears that excess SiCl, in the reaction can
alter the vanadyl environment and connectivity in the matrix. The color of one-
dosed vanadium oligomer is pale purple. After reacting with excess SiCls, the
material changes to a gray-white color. The color of the material changes to
green (emerald) immediately when the material is exposed to the air.

Based on the experiments described to this point, exposure of vanadyl
linked oligomers in excess SiCls appears to disrupt V-O-Si linkages and form V-
Cl groups. A reaction that could explain these observations is given in equation
18. The three-connected vanadyl centers change to two or one-connected

center and form a new Si-O-Si group after excess SiCls add to the reaction.

I Q I .
° V. osicl, 0 Ve, ,o-Vae, OSICh
: _— Si Si Si
Q_I 3 (exces) [QJ' 1 N Q| + Q |
Equation 18
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Other tests of this reaction were to use excess PClz or TMSCI as reaction
reagents. The spectra AD and AE in the Figure 3-21 indicate both excess PCls;
and TMSCI also changed the vanadyl environment in a manner similar to what
was observed in the case of SiCls.

At this stage, several different reaction conditions were tried. °'V and #°Si
SSNMR spectra were used to characterize the vanadyl and silicate linkers’
distributions in different materials which were prepared from different loading
ratios, reaction temperatures, solvents, times, and reagents. In the following

discussion, the embedded vanadyl samples were prepared by using small
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Figure 3 - 21 Sly SSNMR, spinning rate = 6.555 KHz, Ib = 150, d1= 0.2 sec,
AC: MYL-I-236, VOCI;3 : cube =1.33:1(Cl: Sn=0.5:1), AD: MYL-I-238, VOCl; : cube = 1.33 :
1(Cl:Sn=0.5:1)then excess PCl;, AE: MYL-I-240, VOCI; : cube =1.33:1(Cl:Sn=0.5:1)
then excess TMSCI
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amount of VOCI; in the first dose reaction (VOCI; : tin cube < 1 :1). A limiting
amount of SiCl,; or MeySiCl, was used in the second dose reaction to avoid
altering the vandyl connectivity or environment. Then TMSCI was added in the
final step to remove residual trimethyltin groups.

Figure 3-22 shows spectra at three different spinning rates for the same
embedded vanadyl sample (VOCIs; : tin cube is 0.33 : 1). The spinning rates of
°V SSNMR spectra AF, AG, and AH were 5555, 6555, and 7555 Hz
respectively. The isotropic peak at ~ -675 ppm indicates that only one type of
vanady! group (three-connected VO(OSi)3) exists in this material. Changing the

spinning rate only alters the spinning side bands’ positions but does not change
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Figure 3 - 22 v SSNMR spectra, From MYL-I1-208, VOCI; : tin cube= 0.33 : 1
spinning rate = 5555 (AF), 6555 (AG), 7555 (AH) KHz
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the chemical shift of the isotropic peak. The isotropic peak was identified by
comparing the spectra at different spinning rates. A higher spinning rate gives
better resolution because the spinning side bands are better separated from one
another. The loading ratio of this vanadyl sample is very low and the weight % is
only 0.99 % (from gravimetric analysis). The signals in these spectra were very
weak. More than 10 thousand scans were required to obtain acceptable signal to
noise.

Increasing the vanadyl to cube ratio to 0.67 : 1 gave clearer spectra at a
higher spinning rate. 1V SSNMR spectra Al, AJ, and AK in Figure 3-23 were
collected under 5555, 6555, and 7555 Hz respectively from one-dosed
embedded vanadyl sample. Reacting this one-dosed embedded vanadyl sample
with Me,SiCl; followed by the addition of TMSCI gave spectra AL (6555 Hz), AM
(6555 Hz), and AN (7555 Hz). Only one type of vanadyl center was observed in
these spectra. The isotropic peak at ~-675 ppm was not affected by the addition
of limiting amounts of Me,SiCl, or by the removal of residual trimethyl tin groups
via the addition of three equivalents excess TMSCI.

When the ratio of VOCI; to tin cube increased to 1 : 1, a single type of 3
connected vanadyl remained in the product (Figure 3-24). °'V SSNMR Spectra
AO, AP, and AQ were collected at 5555, 6555 and 7555 Hz from one-dosed
embedded vanadyl sample. Adding Me,SiCl, and TMSCI in the second and third
dose reaction produced a trimethyl tin free sample. Spectra AR (5555 Hz), AS

(6555 Hz), AT (7555 Hz) and AU (8555 Hz) indicate three connected vanadyl
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Figure 3 - 23 *'V SSNMR, From MYL-11-212 and 218, VOCI3 : tin cube= 0.67 : 1
spinning rate = Al and AL 5555Hz, AJ and AM 6555 Hz, AK and AN 7555 HZ

111



AU

200 0 -200 -400 -600 -800 -1000 ppm

Figure 3 - 24 °'V SSNMR, From MYL-1-206 and 228, VOCI; : tin cube= 1 : 1 spinning
rate = AO and AR 5555Hz, AP and AS 6555 Hz, AQ and AT 7555 HZ, AU 8555 Hz.
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remained in the matrix after adding Me,SiCl, and TMSCI to cross link vanadyl
oligomeric species and remove tin groups. The highest spinning rate (8555 Hz)
in spectrum AU provided the clearest observation of the isotropic peak (~-675
ppm) and spinning side bands.

Different low loading ratios of VOCI; to tin cube are compared in figure 3-
25. °'V SSNMR spectra AH, AK, and AQ were collected at 7555 Hz and only
one isotropic peak at ~-675 ppm was observed. Spectrum AQ is the clearest
spectrum in figure 24 because the sample was prepared from the highest
vanady! loading ratio and has highest vanadyl weight percentage (3.51%). No
two-connected (~-540 ppm) or one-connected (~300 ppm) vanadyl centers were
observed in these spectra. It strongly proves that when the ratio of VOCI; to tin
cube is 1 : 1 or lower (or Cl : Sn ratio is 3 : 8 or lower), all of the vanadyl centers
are three-connected “embedded” sites in the silicate building block matrix.

29Si SSNMR MAS spectra from different vanadyl loading ratios of one-
dose vanadyl samples are shown in Figure 3-26. The peak at ~-100 ppm is
assigned to residual trimethyltin groups in the material and the peak at ~-105
ppm is assigned to newly formed Si-O-V groups after vanadyl reacted with the
building blocks. The spectrum AV was collected from the lowest vanadyl loading
sample (VOCIs : tin cube = 0.33 : 1) and the intensity of the peak at ~-105 ppm is
weaker than the other two spectra. When a higher VOCI; ratio was added in the

reaction (spectrum AX), the relative intensity of the peak at ~105 ppm which
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Figure 3 - 25 °'V SSNMR spectra, VOCI; : tin cube= 0.33 : 1 (AH), 0.67 : 1 (AK), 1: 1
(AQ) spinning rate = 7555 HZ
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Figure 3 - 26 %°Si SSNMR, (MYL-1I-208, 212, 206), VOCI; : tin cube= 0.33 : 1 (AV) ,
0.67 : 1 (AX), 1 : 1 (AX) spinning rate = 3555 HZ

114



represents the amount of Si-O-V groups increased because more Si-O-V groups
were formed and less trimethyl tin groups remained in the product.

When the one-dose vanadyl oliogmeric materials are reacted with
Me,SiCly, different types of silicon bonds are formed. If only one chloride from
Me,SiCl, reacts with one trimethyltin group, a Si-O-SiMe,CI group is formed and
the chemical shift of this type silicon in 295) NMR is ~10 ppm. If both chloride
ligands from Me,SiCl, react with two trimethyltin groups, a (SiO),-SiMe; group is
formed and the chemical shift of this type silicon in ?°Si NMR is ~-15 ppm. 2°Si
MAS spectrum AW was collected from a one-dosed vanadyl sample (VOCI; : tin
cube = 0.67 : 1) and lots of trimethyltin groups (~-100 ppm) remained in this
sample. #Si MAS spectrum AY and #Si CPMAS spectrum AZ in Figure 3-27
were collected on same vanadyl sample (VOCI; : tin cube = 0.67 : 1) after
treating it with Me,SiCl, and TMSCI. The peak at -15 ppm in spectra AY and AZ
is assigned to (SiO),-SiMe, groups. The smaller peaks at 10 ppm in spectra AY
and AZ represent a small amount of one-connected SiMe; centers in this sample.
The peak at ~15 ppm in spectra AY and AZ represents TMS group in the matrix.
Spectrum AX was collected from a higher loading vanadyl sample (VOCI; : tin
cube = 1:1). ?°Si MAS spectrum BA and ?°Si CPMAS spectrum BB (Figure 3-27)
were collected from this higher loading vanadyl sample after treating with
Me,SiCl, and TMSCI. Spectra BA and BB indicate this sample contains more
one-connected silicon linkers (10ppm) and less two-connected silicon centers ( -

15 ppm) after adding Me,SiCl;, in the reaction. TMS groups replaced most
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Figure 3 - 27 #°Si MAS and CPMAS NMR (From MYL-11-212,218,206,228)

AW, AY, AX, BA are MAS, AZ and BB are CPMAS
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remaining trimethyl tin groups in this sample and resulted in a significant peak at
15 ppm. The peak at -100 ppm in spectra BA and BB is smaller than in spectra
AY and AZ and indicates few if any residual trimethyltin groups remain in this
sample. %Si CPMAS NMR spectra (AZ and BB) provide stronger peaks at -15
ppm (two-connected silicon), 10 ppm (one-connected silicon) and 15 ppm (TMS
groups) because methyl groups around these silicon atoms enhance dipole
interactions and increase the intensity of these peaks.

Spectra characterizing the three-connected vanadyl samples have been
described thus far. Before focusing on the topic of surface vanadyl *'V SSNMR
spectra, the °Si SSNMR spectra of the silicate platform precursors will be
discussed briefly. Two different silicate platforms were prepared by using SiCl4
as the reagent. One was synthesized with a 0.75 :1 ratio of SiCly, : tin cube at
80°C for 24 hours in toluene. The other one was prepared from a 2 : 1 ratio of
SiCl, : tin cube at 80°C for 24 hours in toluene. Figure 3-28 shows both 2°Si
MAS and CPMAS spectra of these materials.

When the low loading ratio of SiCls-to-tin cube was used, only one type of
silicon center was formed (four-connected silicon). The ?°Si MAS spectrum BC
and ?°Si CPMAS spectrum BD show there are no one-, two-, or three- connected
silicon in the sample. All of chloride ligands in each SiCl4 molecule reacted with
trimethyl tin groups to form four-connected silicon centers. The peak at ~-110
ppm represents newly formed Si-(O-Si)s groups and the peak at ~100 ppm

represent residual trimethyl tin groups. There is no evidence for chlorine
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containing Si linking groups in the sample and it should be stable in the air. After
exposing this sample in the air for two days and recollecting %°Si spectra, no
extra peaks were observed in spectrum BE (*°Si MAS) and spectrum BF (*Si
CPMAS) in Figure 3-28. These observations are further evidence that all of the
chloride ligands reacted with trimethyl tin groups and formed fully embedded
silicate oligomeric species under this low loading ratio reaction. When the ratio
of SiCl, : tin cube increased to 2 : 1, two- and three-connected silicon centers
were observed at ~70 ppm and -90 ppm in ?°Si MAS spectrum BG and 2°Si
CPMAS spectrum BH. The reaction was set at 80°C for 24 hours. Longer
reaction times or reducing the SiCl, loading ratio are two choices to avoid leaving
chloride ligands in the silicate platform.

Other silicate platforms were prepared using Me,SiCl; as the linking
reagent. A sample was synthesized with a 4.13 : 1 ratio of Me,SiCl; : tin cube at
80°C for 48 hours in toluene. 2°Si MAS spectrum Bl and ?*Si CPMAS spectrum
BJ in Figure 3-29 indicate some Me,SiCl, formed two connected silicate centers
(~-15 ppm) and others formed one connected silicate centers (~10 ppm). This
silicate platform contained some residual trimethyl tin groups (~ -100 ppm). After
adding excess VOCI; (10~15 equivalents) into the reaction vessel (room
temperature for 8 hours in CH,Cly), the intensity of the peak at ~-100 ppm
decreased significantly and almost disappeared (*°Si MAS in spectrum BK and
29Si CPMAS in spectrum BL). Little change was observed in peaks at -15 ppm

and 10 ppm and no new peaks were observed in these spectra (BK and BL).
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Figure 3 - 29 #Si SSNMR (MYL-11-202, 224)

Me,SiCl, : tin cube
29Si CPMAS.

4.13 : 1 at 800C 48 hours in toluene. Bl and BK: 29Si MAS, BJ and BL:
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This result indicates excess VOCI; does not alter the connectivity of silicate
centers. It only reacts with residual trimethyl tin groups to form Si-O-V links to
the platform.

The final step in the characterization of these samples was to identify what
types of vanadyl were present via >'V SSNMR data. After reacting excess VOCls
with a silicate platform, only one type of vanadyl has been observed in the
spectra. Figure 3-30 illustrates 'V SSNMR spectra at four different spin rates.
The spinning rates are 3555, 4555, 5555, and 6555 in spectra BM, BN, BO, and
BP respectively. The isotropic peak at ~-305 ppm is assigned to one-connected
vanadyl groups (VOCI,(-OSi)). No other isotropic peaks are observed in these
spectra as the spinning rate was changed. These spectra indicate to that the
VOCI; reacted with only one trimethyl tin group to form a single (SiO)-V bond
linking the vanadyl group to the surface. The weight percentage of this single
type of one connected vanadyl material can be adjusted by reacting excess
VOCI; with different types of silicate platforms which have different amount of
residual trimethyl tin groups.

Paramagnetic vanadium (IV) centers can not be observed in >'V NMR.
But the ?°Si SSNMR spectra of low loading vanadium (IV) materials in silicate
matrices were measured. If the vanadium (IV) weight percentage is too high
(>10~15 %), too many paramagnetic vanadium (V) atoms are in the matrix and
broaden the silicon signals to the extent that no signal can be observed. Figure

3-31 provides one example of 2°Si SSNMR spectra from a low loading vanadium
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Figure 3 - 30 °'V SSNMR (MYL-11-224) Spinning rate : 3555 Hz(BM), 4555 Hz
(BN), 5555 Hz (BO), 6555 Hz (BP)
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(IV) sample. The sample was prepared from a 1 : 1 ratio of VCls-to-tin cube
reaction. 2°Si MAS spectrum BC and ?°Si CPMAS spectrum BD in Figure 3-31
are collected from one-dosed vanadium (IV) sample. The peaks at around -102
ppm and -107 ppm represent residual trimethyl tin groups and newly formed Si-
O-V groups, respectively. Chemical shifts of these signals from this vanadium
(IV) sample are consistent with those peaks in vanadyl materials. After delivering
limiting amount of Me,SiCl, into the reaction, one- and two-connected silicon
centers formed and two new peaks (-15 ppm and 10 ppm) were observed in 29g;
MAS spectrum BE and 2°Si CPMAS spectrum BF. 2°Si SSNMR spectra provide
useful information of the vanadium (V) sample. The other technique to identify

the connectivity of vanadium (IV) is EXAFS which will be discussed in chapter 4.

3.3.3 Surface area determination and porous size distribution

The Brunauer-Emmett-Teller (BET) method is the mostly widely used
procedure for determining surface area of solid materials.*® Materials with higher
surfaces are generally better catalysts because more collisions, absorption or
desorption among molecules occur, which increases the reaction rate. Surface
area measurements collected from different vanadyl or vanadium samples
provide some information or clues as to whether the products are oligomeric
species or cross linked materials. Generally higher surface areas materials
exhibit high cross linking and lower surface area materials are compounds that

are better described as small oligomeric species.
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Samples in Table 3-13 (entries 1-4) were prepared from one-dose vanadyl
reactions. When the ratio of VOCI; to tin cube is lower than 2:66 to 1, the
surface areas of these materials are very small no matter what temperature,
solvent or reaction time is used. These results indicate the products only form
oligomeric vanadyl species. When a larger amount of VOCI; was added in the
reaction (entry 4), the surface area increased to 197 m?/ gram even though the
reaction was set at 0°C for 12 hours. The vanadyl groups appear to have
generated enough cross links to produce porous, high surface area materials.

Low loading vanadyl materials (entry 5 and 6) (VOCIs : tin cube < 1 : 1)
subsequently reacted with Me;,SiCl; in the gas phase also form very low surface
area materials. When the ratio of VOCI; to tin cube increased to 1 : 1 and the
products were then reacted with a small amount of SiCly, PCl3, or Me,SiCl,
(entries 7 to 9), the products still appeared to be oligomeric species with very low
surface areas. When the reaction time in the second dose reaction increased to
24 hours or the reaction temperature increased to 80°C, high surface area
materials were obtained (entries 10 and 11). These results provide very
important information about the growth processes that this linking chemistry
follows on the way to form the designed high surface area materials. Higher
reaction temperature did help oligomeric species to cross link each other and
form porous materials. This conclusion also applies to silicate platforms. Entries
12 and 14 in Table 13 represent two different types of silicate platforms. When

the silicate platform was prepared from a 1 : 1 ratio of SiCl, : tin cube at 20°C for
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Table 3 - 13 Surface area measurement by BET method

. Surface
, Temp. Time
Code ratio solvent o area
("C) (Hours) (mz/gram)
1 | lI-010 | VOCIs : cube =1 :1 CH.CI, 40 12 1.3
2 | 1-258 | VOCI; : cube =1.20 1 Toluene 80 6 2.2
3 | 1-218 | VOCIs : cube = 2.66 :1 CH.Cl, 20 24 1.5
4 | 1-184 | VOCI;: cube =64 : 1 CH.Cl, 0 12 200
5 | 1216 | VCla : cube = 0.48 :1 then CHCl; | 40then 24 0.5
6 | ll.og | VOCls:cube =0.73 1 then | CH:Clz | 40then 24 13
Me,SiCl, : cube = 2.92:1 Gas phase 50 24
. -4 - CH,CI 40 then 12
7 | 11012 V_OCI.3 : cubf 1 .‘I.then 212 16
SiCls: cube = 0.59: 1 CH,Cl, 40 12
. — . CH.CI 40 then 12
8 | 11-014 VOQI3 : cub_e 1 .1. then 212 4.1
PCl;: cube = 0.74 : 1 CH,Cl, 40 12
. — 1. CH.CI 40 then 24
9 | 11228 VOCI_3 : c.ube 1_.1 thgn 212 17
Me,SiCl,: cube =2.77 : 1 CH,Cl, 20 24
. -1 40 then 12
10 | 1-028 \|\§|OC|'3 : c.ube 1_.1 the.n CH,Cl, 196
e,SiCl,: cube = 1.65: 1 CH,Cl, 40 24
. -4 40 then 12
11 | 1-030 \S/%CI? : cubf 1 .‘I_ then CH,CI, 235
iCly: cube =1.78 : 1 toluene 80 10
12 | 1-202 | SiCly: cube =1 : 1 CH.Cl, 20 15 <1
SiCl, : cube = 1:1 then 20 then 15
13 | 1-208 excess VOCl, CH,.CI, 20 15 2
14 | 11-202 | Me,SiCl, : cube =4.13 :1 toluene 80 48 249
iCl. - = . Toluene 80 then 48
15 | 11-224 Me,SiCl, : cube =4.13 :1 246
then excess VOCls CH,Cl, 20 8
‘el - = . Toluene 80 then 48
16 | 1-226 Me,SiCl, : cube =4.13 :1 375
then excess VCl, CH,Cl, 20 8
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15 hours in CH,Cly, the solution was transparent and no gel material formed in
the reaction vessel. The low surface area (<1 m?/g) measured for these samples
also indicates this material only formed oligomeric silicate species. Reacting
excess VOCI; with this low surface area silicate precursor at 20°C for 15 hours
dose not appear to effectively cross link these silicate oligomeric species. The
final surface area of this surface vanadyl product is still low.

When the silicate platform was prepared from a 4.13 : 1 ratio of Me,SiCl; :
tin cube at 80°C for 48 hours in toluene, a gel solution was formed with a much
higher surface area (240 m?/g). This shows again that high reaction temperature
and long reaction time help silicate oligomeric species cross link and form porous
materials. Reacting excess VOCI3; or VCl4 with this high surface area material at
20°C yielded all capping, one-connected vanadyl or vanadium products. These
one-connected vanadium compounds still exhibit high surface areas because
each VOCI; or VCls molecule only reacts with one trimethyl tin group in the
silicate matrix and the high surface silicate structure stays the same.

Figure 3-32 to 3-43 show plots of surface area measurement by BET
method and porous size distribution from sample MYL-I-184, MYL-11-028, MYL-II-
030, MYL-II-202, MYL-II-224, MYL-II-226 and the surface areas of these samples
are higher than 196 m2/g. The porous sizes of these materials are in the

mesoporous range (2-50 nm) and porous size distributions are broad.
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128



Volume N, Adsorption (cc/g)
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Volume N, Adsorption (cc/g)

MYL-II-224 isotherm Surface Area 246 m?/gm
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Volume N, Adsorption (cc/g)
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3.4 Conclusions

Atomically dispersed, vanadosilicate materials in SigO2-based building
block solids have been successfully synthesized. Different addition sequences of
vanadyl and vanadium chlorides react with the tin cube building block to produce
different types of isolated, vanadium centers in the silicate matrix. The three-
connected embedded vanadyl and four-connected vanadium (+4) samples
contain no chlorides in the metal center. These samples are synthesized using a
limiting amount of VOCI; or VCl, in the first dose reaction which is followed by
multiple doses of silyl chloride reagents to further crosslink the matrix and
remove all tin. Changing the synthetic strategy by preparing a silicate platform
first, followed by reaction with excess vanadium reagents produces materials
containing atomically dispersed surface vanadium species. The volatility of the
trimethyltin chloride provides an easy route remove this byproduct from the
reaction mixture. Simply connecting the reaction vessel to a vacuum line and
heating the product at 60 to 80°C for several hours will remove trimethyltin
chloride and leaving a pure nonvolatile product.

Gravimetric analysis provides information about average connectivity of
the linking groups. The results from gravimetric analysis indicate that all of
chloride ligands in the embedded vanadyl and vanadium samples react with
trimethyltin groups and generate three or four equivalents trimethyltin chloride
respectively. Average molecular formulas can also be determined after the

connectivity is known. Vanadium weight percentages may be calculated from
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the average molecular formulas and these results are consistent with the atomic
absorption and emission measurements.

295j and °'V SSNMR spectra indicate that the use of different solvents,
reaction temperatures, and reaction times does not affect the connectivity results
when synthesizing embedded vanadyl samples. ?°Si SSNMR spectra indicate
that second or third dose reagents (SiCls, Me,SiCl, or TMSCI) react with
trimethyltin groups and are incorporated into the matrix. The *'V SSNMR spectra
indicate that a single type of vanadyl species was synthesized successfully using
the sequential addition strategy outlined above. Too much TMSCI reacts with
embedded vanadyl or vanadium materials at high temperature should be avoided
because the different *'V SSNMR spectra indicate the vanadyl environments
have been changed after the reaction and the metals may leach out from the
silicate matrix.

Surface area measurements indicate the first dose reaction produces only
small oligomeric species with low surface areas. These small oligomeric species
are cross linked together after reaction with SiCl, or Me,SiCl, to form porous
materials with higher surface areas. Longer reaction times or higher reaction
temperatures may force the chloride ligands to react with residual trimethyltin
groups to further increase the rigidity of the building block matrix and increase
the surface area.

Several lines of evidence show that the building block methodology
produces single-site and site-isolated vanadosilicates. Different connectivities of
vanadyl or vanadium centers in the silicate matrices can be synthesized by
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simply changing the stoichiometry and addition sequence. These materials will
be applied to the catalytic reactions and the studies will be described in chapter

5.
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Chapter 4
XANES and EXAFS of Vanadium (IV and V) complexes on SigO,o-

based building block solids

4 .1 Introduction

)***%is a direct method

X-ray absorption fine-structure spectroscopy (XAFS
for experimentally probing the electronic and physical structure of metal
complexes at atomic scale. In an XAFS experiment, an energy-tunable x-ray
source is scanned through the binding energy of a particular core electronic level
of a metal atom. The X-ray absorption near-edge spectrum (XANES) is a term
used to describe the energy region just above (~50eV) the absorption edge and
focuses on the pre-edge and edge features of the absorbing atom. Before the
ionization absorption edge, pre-edge features contain information about core
electron excitations into bound states in valence molecular or atomic orbitals.
XANES spectra are dominated by intramolecular resonances of © or ¢ symmetry.
When the symmetry of the ligands around the metal center is lowered from
octahedral symmetry (Oy), the inversion center is lost. The 1s — 3d transition is
not strictly dipole forbidden any more and gives rise to the intense pre-edge
feature in the XANES spectra. The information about electronic configuration,

vacant orbitals, and the site symmetry of the absorbing atom can be obtained by

analyzing the near-edge spectrum. The absolute position and intensity (with
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respect to the absorption edge) of the pre-edge feature also provides information
of the oxidation state of the absorbing atom.

Extended X-ray Absorption Fine Structure (EXAFS) is another term used
to describe the oscillatory part of the X-ray absorption spectrum near the
absorption edge of a particular element and extends to about 1000 eV above the
edge. The coordination environment of a selected atom can be obtained by
analyzing the oscillating part of the spectrum after the edge.

Herein both XANES and EXAFS spectra for different vanadyl and
vanadium based heterogeneous catalysts will be discussed. VOCIz (V°*) and
VCl, (V*) were used as the starting materials and different types of vanadyl and
vanadium species in the silicate matrix were synthesized for XAFS
measurement. The products derived from each vanadium reagent may be
divided into two parts. The first is referred to as the “embedded” sites. In
embedded vanadyl samples (oxidation state is +5), there should be four oxygen
ligands around each vanadium center. Three of the oxygens form V-O single
bonds while the other oxygen forms a V=0 double bond as shown in the Figure
4-1a. The second type of site is referred to as “surface” vanadyl samples where
in two chloride ligands, one oxygen in the form of a V=0 double bond and one
oxygen in the form of a V-O single bond around the vanadium as shown in the
Figure 4-1b. The cubes in all the figures below represent cubic SigOy building

blocks.
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Figure 4 - 1 embedded and surface vanadyl models

In “embedded” vanadium (IV) samples, isolated vanadium centers are put
into an amorphous SiO; building block matrix. Four oxygen ligands are around
the vanadium with four V-O single bonds as shown in Figure 4-2a. In “surface”
vanadium samples, one V-O single bond and three chloride ligands are around
the vanadium atom as shown in the Figure 4-2b.

A number of independent “indirect” techniques such as gravimetric
analysis and SSNMR are used to predict what we should see in the EXAFS. In
the following discussion, the K-edge XANES spectra and EXAFS spectra of
several different vanadium samples with oxidation states four and five in the

silicate matrix will be described and analyzed.
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4.2 Experimental

4.2.1 Samples preparation
4.2.1-1. Model compound: OV[OSi(O'Bu)3]s** *'

Vanadyl oxytrichloride (0.482 g, 2.78 mmol) was delivered via vapor
transfer to a Schlenk tube with a solution of HOSIi(O'Bu); (2.299 g, 8.69 mmol)
and pyridine (0.655g, 8.28 mmol) in 80 ml distilled benzene. The reaction was
set at 40°C for 24 hours and stirred vigorously. The pyridinium hydrochloride
byproduct formed and precipitated from the solution immediately. The product
and unreacted HOSi(O'Bu); were separated by filtration and washed with 30 ml
hexanes. The resulting white solid was dried under vacuum for 12 hours at RT
and during this time volatile, unreacted HOSi(O'Bu); was removed. Some
HOSIi(O'Bu)s crystals were sublimed to the top of the Schlenk tube and 99% pure

product was collected after removed unreacted HOSi(O'Bu)s.
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4.2.1-2 “Embedded” vanadyl and vanadium compounds

Three-connected vanadyl and four-connected vanadium samples were prepared
as described in the experimental section to chapter 3. Different ratios of VOCI; to
cube were prepared in the first dose reaction followed by adding Me,SiCl, or
SICl; as the second dose reagent and then three-fold excess TMSCI to remove

residual trimethyl tin groups.

4.2.1-3 “Surface” vanadyl and vanadium compounds

Me,SiCl, was reacted with tin cube to form silicate platforms. Detailed
procedures are described in Ch3. Excess VOCI; and VCl; were reacted with
silicate platforms to form one-connected vanadyl and vanadium products. The
vanadium weight percentages of these samples are determined by gravimetric

analyses.

4.2.2 XAS spectra acquisition and data analysis®

All of the vanadyl and vanadium samples were prepared in sealed
aluminum or polycarbonate sample cells with polypropylene windows sealed with
two-sided transparent tape. Data were collected in fluorescence mode at the
National Synchrotron Light Source (NSLS) beam line X19A (focus beam) with a
12-channel solid-state Ge detector (Figure 4-3) and beam line X18B (unfocus
beam) with a solid-state passivated implanted planar silicon (PIPS) detector. X-

rays were monochromatized via reflection from Si (111) crystals. The incident
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Figure 4 - 3 Germanium detector

beam was detuned 30% to suppress harmonics. Samples were mounted at 45°
to the beam (Figure 4-4).

Spectra were recorded in four energy regions about the V K edge at
5465.0 eV: -150 to -20 eV (below the edge) in 5-eV steps (1 second integration
time per step), -20 to 30 eV (through the edge) in 0.1-eV steps (1 second
integration time per step), 30 to 12 k in 0.05-k steps (2 seconds integration time
per step), and 12k to 16k or 18k in 0.05-k steps (4 seconds integration time per
step). Calibration runs during each scan were not performed in the experiments
on beam line X19A because no significant energy shifts were observed between
each scan. The energy shifts of the standard, vanadium-metal foil were less
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Figure 4 - 4 A sample is mounted at 45°C on the beam

than 0.3 eV in beam line X19A before and after scanning various vanadium
compounds and this small value of the energy shift was smaller than the inherent
resolution of the monochrometer on the beam line. Spectra collected from beam
line X18B were calibrated to vanadium metal foils (K-edge 5465.0 eV) before and
after data collection. The energy shifts in beam line X18B were less than 0.2 eV
before and after each vanadium sample.

Three to six scans were collected for each sample and energy shifts between
these scans were determined to be only 0.02~0.03 eV. Data analysis was
performed with the IFEFFIT® data analysis software suite. The Athena® program
was used for data reduction. Merged files were generated after auto aligning

several scans in Athena program. The Artemis® program was used for data
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modeling. The theoretical phase and amplitude functions were generated from

FEFFG6L.

4.3 Result and Discussion

4.3.1 XANES analysis*
4.3.1-1 Vanadium (5+) sites

Glitches in the low energy range do not appear in all collected data but
arise significantly at high k value in most of the vanadium samples in beam line
X19A. Removing glitches at high k range does not affect the XANES spectra
because the energy range for the XANES is chosen between 5460 and 5500 eV
and the glitches appear at an energy higher than 6000eV. Individual XANES
scans overlapped perfectly to the eye. In the following discussion, all of the
XANES spectra are generated from merged files and required no deglitching.
The edge-jumps of all spectra were normalized to one and then used to generate
absorption spectra.

The three spectra in the figure 4-5 represent three different vanadyl
embedded samples. Sample “MYL-II-138” is synthesized via a one-dose
reaction which denotes the sample was prepared by reacting MesSn-cube with
limiting amount of VOCI; to obtain a three-connected vanadyl product (Fig 4-1a).
Sample “MYL-11-146” was prepared via a “three dose” reaction sequence in
which the product from the first dose was treated with a second dose of SiCl, and

then a third dose of TMSCI. Sample “MYL-111-48" was synthesized with the
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Figure 4 - 5 XANES spectra of different embedded vanadyl samples

same three-dose procedure as described in MYL-11-146 except that Me,SiCl, was
used as the second dose reagent.

The K-edge XANES of these three samples exhibit an intense pre-edge
absorption feature followed by a weak shoulder on a rising absorption curve.
The sharp pre-edge peak has been assigned to an allowed 1s — 3d transition in
the vicinity of 5470.5 + 0.2 eV.** The small shoulder at 5479 + 0.5 eV has been
assigned as the 1s — 4p shakedown transition** (a group of transitions involving
1s — 4p simultaneous with ligand-to-metal shakedown). The hump around 5487
eV has been assigned as the dipole-allowed transition 1s — 4p. XANES spectra
of these three samples are quite similar. They indicate the electronic

environments around the vanadium centers of these three samples are very
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similar. They also provide indirect evidence that second and third dose reagents
in the synthetic procedures did not change the connectivity of the vanadyl
centers to the cube matrix and the vanadium atoms stay embedded in the silicate
matrix.

The XANES spectra of surface and all-capping vanadyl samples are
shown in Figure 4-6. Sample “MYL-1I-156”" was prepared by exposing VOCI3 to
a silicate matrix in which the silicate matrix was synthesized by reacting Me;Sn-
cube with limiting amount of SiCls. The rigid silicate platform has some
trimethyltin group left over which should be widely separated from one another
thereby preventing cross linking from occurring. Each trimethyltin group reacts
with VOCI; to form one-connected VOCI, species on the surface of the matrix
(Fig. 4-1b). MYL-II-162 was also synthesized by reacting VOCI; with a building
block matrix. But the silicate matrix in the sample MYL-II-162 was synthesized
by reacting MesSn-cube with a limiting amount of Me,SiCl,. MYL-11-168 is the all-
capping vanadyl molecular species which was synthesized by reacting excess
VOCI; with MesSn-cube and obtained eight VOCI, groups in the corners of the
cube.

The weight percentage of the surface vanadyl samples (MYL-II-156 and
MYL-II-162) are around 8% and of the all capping molecular vanadyl sample
(MYL-II-168) is around 14%. Even though the weight percentage of these
vanadyl samples are higher than the vanadyl embedded samples (3~5%), the
data collected in the fluorescence mode still appear to provide clear undistorted
XANES spectra in beam line X19A.
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Figure 4 - 6 XANES spectra of different surface vanadyl samples

The XANES spectra of the surface and all-capping vanadyl samples also
have strong pre-edge features in the vicinity of 5471+ 0.5 eV. The similar pre-
edge features of these spectra show the vanadyl products in different silicate
matrices (from SiCl; and Me,SiCl;) have similar electronic environments and
coordination geometry.

The 1s— 4p shakedown transition in the 5479 £ 0.5 eV of the surface and
all-capping vanadyl samples is much more intense than that observed in vanadyl
embedded samples. Figure 4-7 shows the difference between embedded and
surface vanadyl samples. The small hump in the edge appears to correlate with

the presence of at least one chloride ligand around the vanadium center.
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Figure 4 - 7 XANES spectra of embedded and surface vanadyl samples

4.3.1-2 Vanadium (+4) sites

The vanadium (+4) embedded samples also have a clear pre-edge feature
(Fig. 4-8). MYL-11-120 represents a vanadium sample prepared via a two-dose
reaction sequence starting with VCl; and followed by Me,SiCl, as the second
dose reagent. MYL-1I-160 is a sample derived from MYL-II-120 by exposing it to
a third dose of TMSCI. Both of these samples have a pre-edge feature at 5471+

0.5 eV. The feature is similar in appearance and energy to the pre-edge feature

observed in the vanadyl (+5) embedded samples described previously.

MYL154 in Figure 4-9 is the surface vanadium (+4) sample prepared by
exposing VCl; to a silicate matrix which the silicate matrix was synthesized by

reacting MesSn-cube with limiting amount of SiCls. This “surface” vanadium (+4)
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Figure 4 - 9 XANES spectra of embedded and surface vanadium samples
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sample (Fig 4-2b) has a very weak pre-edge feature and at least two new
absorption edge features superimposed on the edge at approximately 5477 and
5479 eV. We interpret these notable edge features of the surface vanadium (+4)
sample as features induced by ligand-to-metal transitions from residual chloride
ligands around the vanadium (+4) atom. A vanadium (+4) atom with three
chloride ligands as in the surface vanadium (+4) sample has stronger edge
feature than vanadyl (+5) atom around with two chloride ligands (-VOCI,) in the
surface vanadium (+4) sample. More chloride ligands around the vanadium atom
provide more ligand-to-metal transitions and generate a stronger edge feature.
This might be a factor to explain why the edge feature of the surface vanadium
(+4) sample is stronger than all other vanadium (+4 and +5) samples.

Figure 4-10 compares the XANES spectra for embedded and surface
vanadium samples with different oxidation states. The purple curve is the
surface vanadium (+4) sample. The red curve is the surface vanadyl (+5)
sample. Both of these samples have stronger edge features than the embedded
vanadyl or vanadium samples. The pre-edge features in the vicinity of 5471 eV
are significant in these samples except surface vanadium (+4) sample. Distorted
octahedral, distorted square-pyramidal or distorted square-planer coordination
geometries don’'t have the inversion center. These structures apply to the
embedded vanadyl samples because the V=0 double bond of the vanadium (+5)
center breaks the symmetry and doesn’t have an inversion center. The
significant difference between these samples is the low pre-edge feature of the
surface vanadium (+4) sample. We currently do not have a clear understanding
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Figure 4 - 10 XANES spectra of embedded and surface vanadyl and vanadium
samples

for the low intensity of this feature in this sample. The vanadium species of this
sample might have higher symmetry structure because it shows a much weaker
1s — 3d transition (1s — 3d transition dipole forbidden) and decreases the
intensity of the pre-edge feature in the XANES spectra.

Different oxidation states of vanadium have different energy shifts in the
pre-edge. From the literature, the pre-edge energy value of vanadium monoxide
(VO) (oxidation state: +2) is 5468.0 eV, V,03 (oxidation state: +3) is 5468.4 eV,
V407 (average oxidation state: +3.5) is 5469.1 eV, V,0, (oxidation state: +4) is

5470.4 eV, and V,05 (oxidation state: +5) is 5470.6 eV. Higher oxidation states
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of the vanadium oxide compound give rise to higher pre-edge energies. Applying
this approximate correlation of oxidation states and pre edge energies to our
vanadium (+4 and +5) samples provides some useful information to identify the
oxidation state of each vanadium sample. The pre-edge energy of the vanadium
samples is between 5470.4 and 5470.6 eV. It is difficult to identify if the oxidation
states of our vanadium samples is +4 or +5 by looking at the pre-edge energy
values without calibrating the energy more exactly because the energy difference
between vanadium +4 and vanadium +5 compounds is only 0.2 eV. But at least

we are sure all of our samples are not reduced to vanadium +3 or +2.

4.3.2 EXAFS analysis
4.3.2-1 Model compound: OV[OSi(O'Bu)s]s

Three scans were acquired in NSLS beam line X18B (PIPS detector) for this
sample. The merged file was obtained by aligning three p(E) spectra in Athena
followed by merging these spectra to improve the signal-to-noise ratio. The
parameter panel used in the Athena program is shown in Figure 4-11.

The pre-edge range was set at -145 eV to -30 eV (relative to vanadium K-
edge, 5464.0 eV). It is the range in energy of pre-edge line regression (green
line in Figure 4-12). Post-edge range was set at 150 eV to ~929 eV which
represents the range of the post-edge normalization (purple line in Figure 4-12).
These two ranges decide how to normalize the E-space spectrum and the value
of the edge jump. Edge jump is the change in the absorption coefficient through

the edge which is evaluated by taking the difference of the pre-edge and post-
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Figure 4 - 11 Parameter panel in Athena
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Figure 4 - 12 The E-space spectrum before normalization

153




edge lines at Eo, the energy at the absorption edge. The edge jump is ~ 2.38 in
this sample and the normalized u(E) spectrum is shown in Figure 4-13.

The more useful XAFS formation, ky(k), is a function of the photoelectron
wave factor k and the k-space plot is derived from the E-space plot by using
equation 1 where M. is the mass of the electron, E is the incident photon energy
in electron volts, Eq is the threshold energy, and 7 is h/2x (h is Planck’s

constant). The equation can be rewritten to AE, (E-Eq) = ~ 3.81 k2.
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K = (1)
h
220—merge
T T T T T T T T T
Toe
o
2
E on| i
a [}
=
ol — |
1 1 1 1 1 1 |
3400 5600 5800 000 BIO0 5400
E (ev)

Figure 4 - 13 The normalized E-space spectrum
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The y(k) data is often weighted by k* or k®. Different k-weighting
emphasize different regions of the data. A higher k-weight value magnifies the
spectra in the high k region. Figure 4-14 shows k-space plots with different k-
weight. When the k-weight value changes from one to three, the relative
intensity of the signal in the high k region increases significantly. One glitch was
seen in the k-space plot at around k = 10.5 when k-weights of two and three are
used. The glitch can be removed from the raw data in Athena to improve the k-

space plot before FT.
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Figure 4 - 14 k-space plots with different k-weighting
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A Hanning window was applied to the data before Fourier transformation
to R-space. Fourier transform is a frequency filter that converts the frequencies
in k-space into localized signals in R-space. Before Fourier transformation of the
k-space plot, the R background (Rug) value should be discussed. A good
background function removes low frequency oscillations from y(k). There low
frequency oscillations appear as peaks in the low-R region of the Fourier
Transform. Figure 4-15 shows different R-space plots with different Rpyg values.
When the Ryg is 1.0, one peak at low R range (R < 1A) is shown in the
spectrum. This model compound, OV[OSi(O'Bu)s]s, should contain only one V=0
double bond at ~1.57 A and three V-O single bonds at ~1.78 A of the first
coordination sphere. The peaks at ~1.2 A and ~1.6 A represents V=0 double
and V-O single bonds, respectively, before phase correction of the R-space
spectra. Any peak lower than 1 A in R-space spectrum is physically unrealistic
and are artifacts of the background removal and should either be reduced or
removed from the plot without affecting the other peaks near them. When the
Rokg Value is set for 1.1 and 1.2, the intensity of the low-R peak at around 0.8 A is
reduced significantly. When the Ryg value increases to 1.3, the peak at 1.2 A is
also removed and only one peak remains in the first coordination sphere.

The finally reasonable Rykg value should be 1.2 in this model compound by
comparing these spectra with different Rpkg values and finding the best spectra

with no unreal low-R feature.

156



Rbkg=1.1
. n/\ g

ﬂa’-%m?ﬂm g'ﬂi

< /\ Rbkg=1..
E’ - 1

0
e
i
=
=

BN A

"
I
=

4

/\ ™ IR

[

Figure 4 - 15 R-space spectra with different Rpyg values

In a fluorescence experiment, the depth into the sample that the incident
beam penetrates is modulated as the beam energy changes. The edge jump and
the fine structure oscillations are also modulated as the penetration depth
changes, thus attenuating the amplitude of the measured y(k). This effect is
commonly called "self absorption". Booth*® and Pfalzer*® describe how to
account for self-absorption effects from fluorescence measurements. Athena
contains four functions to correct the spectra for self absorption effects. EXAFS
(Booth) function was chosen due to the function accounting for sample thickness.

Figure 4-16 shows R-space spectra before (blue spectrum) and after (red
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Figure 4 - 16 R-space spectra before and after self absorption correction

spectrum) a self absorption correction. It is obvious the relative intensity of
signals in the spectra improves significantly without changing the signal-to-noise
ratio. This final spectrum is saved as a “prj” file and used to model the data with
Artemis program.

A “prj” file which is generated from Athena is imported into Artemis and
used to generate an “apj” file. The k-space spectra were fitted to single-
scattering paths with use of the EXAFS equation (2) where N; is the degeneracy
of the path, So? is the passive electron reduction factor*’, Fi(k) is the effective
scattering amplitude, @i(k) is effective scattering phase shift, A is the mean free
path of the photoelectron, and o;? (Debye-Waller factor) is the root-mean-squared

displacement.
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x(k)= Z%};(k) exp(— 2k252)exp(_ iﬁ’j j sin(2R, + #,(&k)) ---(2)

The residual R is define in Equation 3 where yqps(ki) is the experimental

data and ycac(ki) is the calculated EXAFS.

N
Z| Kobs (kl )_ Kcaice (kz)
R = i=] -
Z| Xobs (kl )
=1

The k°-weighted y(k)-space spectra of the model compound,
OV[OSi(O'Bu)s]s, are shown in Figure 4-17. The red curves represent the
theoretical fit and blue curves represent experimental spectra which are
generated from Athena program. It can be seen here that the spectra at high k
range (k > 10) are fit better after processing self absorption correction.

The FT spectra of the imaginary part also show some differences (Figure 4-
18) before and after SA correction. The parameters were set up using a priori
knowledge of the sample. The CN number for V=0 is set to one, for V-O is set to
3 and for V- Si is set to 3 (Figure 4-19). For each path, the following free
variables “path length (R)’, “Debye-Waller factor (0?)’, and “inner potential
energy (Eo)” were then refined sequentially. Fit Parameters are summarized in
Table 4-1. The amplitude reduction factor is 0.93 + 0.06 after SA correction and
0.83 £+ 0.05 before SA correction.
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Figure 4 - 19 A R-space spectrum of experimental and fit data

Table 4 - 1 EXAFS Fit parameters for model compound before and after SA

correction
2
o AEo (eV
path | CN | R(A) (eV)
Before SA After SA Before SA After SA
0.0015 0.0001 1.3 2.7
V=0 1 1.57
+0.0015 +0.0012 +2.5 +3.3
0.0012 0.0012 1.3 2.7
V-O 3 1.78
+0.00069 +0.0006 +2.5 +3.3
0.0114 0.024 10.2 11.0
V...Si 3 3.25
+0.0032 +0.013 +1.9 +3.7
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4.3.2-2 Three-connected embedded vanadyl samples®®

“‘MYL-11-218” is an embedded vanadyl sample prepared with a ratio of 0.73
VOCI; : 1 cube followed by further cross linking with Me,SiCl, and then removal
of any residual trimethyltin groups with TMSCI. The vanadium content of this
sample is 4.0 + 0.3 % which is determined from gravimetric analysis. °'V
SSNMR spectra indicate that this sample should contain only three-connected,
vanadyl centers. The bond length of the V=0 double bond and V-O single bond
of this type of the material is shown in figure 4-20.

The E-space plot with pre- and post-edge ranges is shown in Figure 4-21.
Different k-weighting of k-space plot is shown in Figure 4-22, with and without SA
correction. The spectra before (blue curves) and after (red curves) SA correction
seems similar in different k-weighted k-space spectra. The plots indicate that
fluorescence data for this sample with ~4 % vanadium exhibit only a small SA
effect. A k3-weighting with SA correction is then chosen in the following fitting

processes.

o
azon |l I~1.53A
VN

oo
E
~3.3A

Figure 4 - 20 A model of the embedded vanadyl sample
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Figure 4 - 21 E-space plot of embedded vanadyl sample-MYL-I-218
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Figure 4 - 22 Different k-weight of embedded vanadyl sample-MYL-11-218
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Different Rpkg Values change R-space spectra tremendously. When Rpkg =
1.0, one prominent physically unrealistic peak in the low R region appears in the
spectra in Figure 4-23. A reasonable spectrum is generated by choosing the Rpkg
value equal to 1.2. When the Ry value is set to 1.3, the V=0 peak at ~1.2 A is
altered. Fixing the Rpkg to 1.2 and changing the k range yield the different R-
space spectra as shown in Figure 4-24. When a smaller k range is applied (k =
2~10), the two distinct fatures between R = 1 and 2 are unresolved. The V=0

double bond and V-O single bonds features are not distinguished from each

e I T bR . f o — bRl
. WAV BuVaY. w AVAVERVAY:
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Figure 4 - 23 R-space plots with different Rbkg value (MYL-II1-218)
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Figure 4 - 24 R-space plot with different k range (MYL-11-218)

other when the k range is smaller than 10. As the k range increases to 12 to 13,
these two different types of oxygens in the first coordinate sphere of vanadium
are well resolved in the spectra. Normally higher quality samples provide clearer
k-space spectra at high k and better resolution in the R-space spectrum. The
parameter Rpkg = 1.2 and k = 2-15 are finally chosen and saved as prj file.
‘MYL-11-228” is also an embedded vanadyl sample but prepared with a
different ratio VOCI; : cube (0.99 : 1) followed by exposure to Me,SiCl, and then
TMSCI. The weight percentage of this sample is 5.6 %, determined from
gravimetric analysis. °'V SSNMR spectra indicate that this sample also contains

only three-connected vanadyl centers.
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The E-space plot with pre-edge and post-edge ranges (Figure 4-25) and k-
space plot (Figure 4-26) of this sample are similar to the spectra observed in the
4.0 wt% vanadyl sample MYL-I1-218.

The parameters Rpkg = 1.2 and K =2-15 are chosen to FT k-space plot and
the R-space spectrum (Figure 4-27) is obtained. The red curve is the spectrum
after processing SA correction. The SA correction here exhibits only a small
effect in the R-space spectrum. The results from two different three-connected
vanadyl samples indicate the SA effect is small when the vanadyl loading ratio is

low in the silicate matrix.
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Figure 4 - 25 E-space plot of embedded vanadyl sample-MYL-I-228
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Figure 4 - 26 Different k-weight of embedded vanadyl sample-MYL-11-228
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168



Both of these embedded vanadyl samples provide similar EXAFS spectra.
In Artemis, the amplitude reduction factor is set at 0.93 which is obtained from
the model compound. The coordination number of V=0 double band is set at 1.
The single-scattering modeling of the MYL-11-228 sample in k*-weighted EXAFS
k-space and R-space spectra is shown in Figure 4-28 and 4-29. The final
EXAFS fit data are summarized in Table 4-2. The R factor of sample MYL-II-
218 is 0.063 and MYL-11-228 is 0.054.

The refined V-O coordination numbers of these two samples are very
close to three and there are no chlorine features (~2.15A) observed in the R-
space spectra. The fitted V=0 and V-O distances, at 1.60 and 1.79A,
respectively, are consistent with those for VOCI; and other vanadyl silanolates
(VO(OSiPhs); and [VOCI(O:Si'Buy)]s). The EXAFS results agree with the
information from gravimetric analyses and °'V SSNMR data. These samples
should contain only three connected vanadyl centers without any remaining

chlorine ligands, just as was targeted in the synthetic scheme.

'S 2EB-rrange’ in b gpace
T

Figure 4 - 28 Single scattering refinement of the MYL-II-228 sample in k*-
weighted EXAFS k-space
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Figure 4 - 29 Single scattering refinement of the MYL-II-228 sample in R-space

Table 4 - 2 EXAFS fits for single scattering path in embedded vanadyl samples

CN R (A) o? AE, (eV)
path | MYL- | MY | MYL- | MYl | MYL- | MY | MYL- | MY
1-218 | 11-228 | 11-218 | 11228 | 11218 | 11-228 | 1218 | 1-228
- 1 .| 160+ | 1.60¢ 0-0206 0-0212 062 | 2.18
) 0.015 | 0.005 | 50008 | 0.0013 | £0-86 | 23
Vo | 287+ 295+ | 1788 | 179x | OOD18 100924 1 062 | 218
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4.3.2-3 Four-connected embedded vanadium®

A four-connected vanadium sample was prepared from a ratio of 0.48 VCl,
to 1 cube reaction followed by adding Me,SiCl, and then TMSCI. The model of
this type of compound is shown in Figure 4-30. The weight percentage of this
sample is 2.7 £ 0.3 % from the gravimetric analysis. A significant glitch in the
EXAFS data was observed at k = ~ 10.5 - 10.9 in k®>weighted k-space plot
(Figure 4-31). The relative energy of this k range is 5905-5930 eV (Figure 4-32).
In order to find out the source of this glitch in the data, comparison with spectra
from different samples is necessary. Figure 4-33 shows k-space spectra for
different vanadyl samples. When the vanadium weight percentage is low (< 3.5
%) or if the sample contains residual trimethyl tin groups (blue curve in Figure4-
33), the relative intensity of this glitch is large with respect to the EXAFS

oscillations spectra. When the vanadium weight percentage in these samples is

-/

~1.79A
N

TR

Figure 4 - 30 A model of the embedded vanadium (+4) sample
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Figure 4 - 32 Relative energy of the glitch
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4.0 or 5.6 and without trimethyl tin groups (red and green curves), the relative
intensity of the glitch is small. For a surface vanadyl sample with 7 wt%, the
glitch still exists in the same position with a relatively small intensity. The same
observations are also apparent in vanadium (+4) samples (Figure 4-34). When
the vanadium wt% is 1.6~2.8 %, the glitch is significant in the k®-weighted y(k)
plot (blue, red, and green curves). When the vanadium weight percentage is 7%
(surface vanadium sample), the relative intensity of the glitch is small in the
spectra.  This information indicates the glitch should not be from the
contamination of vanadyl (+5) or vanadium (+4) precursor but from the
monochrometer associated with beam line X18B at ~5900 eV. If the vanadium
concentration of the sample is too low (<3%), it will not provide good data

especially in the k > 10 region.

After removing the glitch from the raw data, the spectrum improved
significantly (red curve in Figure 4-35). This sample was designed to contain
only one type of vanadium with four V-O single bonds. The R-space spectrum
(blue curve in Figure 4-36) shows only one peak at ~1.5A (not phase corrected)
after FT of the k range from 2 to 10. A small peak at ~ 1.0 A appears when a
larger k range is applied (k = 2 -11 red curve, k = 2- 12 green curve, and k = 2 —
13 purple curve in Figure 4-36). Gleeson et al. discussed a titanium model
compound with a similar small by fitting the data with a small k range (k = 4 ~
11). Comparing our data with this precious literature reports indicate that the

vanadium data are still usable if a smaller k range is used in the FT step. The
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glitch observed at high k range (k > 10) at NSLS beam line X-18B causes
problems especially when measuring low weight percentage vanadium samples

and should be avoided in the future measurement.

The fitted spectrum is shown in Figure 4-37 (red curve), and the
parameters are summarized in Table 4-3. This sample should contain only 4 V-
O single bonds without any chlorine ligands. The coordination number (3.99 +
0.46) is consistent with the result from the gravimetric analysis and no chlorine
feature is observed in the R-space spectrum which is consistent with this
embedded vanadium sample containing one type of vanadium center as

designed.

4 V-0 bonds
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Figure 4 - 37 R-space spectrum of four-connected vanadium sample
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Table 4 - 3 Refined EXAFS parameters for an embedded vanadium sample

path CN R(A) o2 AE, (eV) S’
3.99 1.78 0.012 5.13
V-0 +0.46 £0.028 | +0.002 +3.74 0.793

4.3.2-4 One-connected surface vanadyl sample®

For a surface vanadyl sample, three different types of bonds to the
vanadium center be observed in the spectra. One is a V=0 double bond at
~1.57A, another is the V-O single bond at ~1.78 A, and a final V-CI single bond
at ~2.16A. The model of this type of surface sample is illustrated in Figure 4-38.

This surface vanadyl sample is extremely air sensitive. V-Cl| bonds will
quickly react with water and be replaced with V-OH groups. Furthermore we
have seen evidences (discolorations) that these samples will react slowly with
the aluminum sample holders. The best way to obtain good data of the surface
sample is to pack a fresh sample in a polycarbonate sample cell just before the
measurement to avoid the sample decomposition. The E-space plot is shown in
Figure 4-39 and the chloride ligands in this surface vanadyl sample change the
edge feature as describe in the XANES section.

Different k-weighted k-space plots are shown in Figure 4-40. When the k-
weight is zero or one, the peaks at high k range are very weak. When the k-
weight increases to two, the intensity of peaks at high k range is modulated to the

intensity similar to that of peaks at low k range. When the k-weight is equal to
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Figure 4 - 38 A model of the surface vanadyl (+4) sample
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Figure 4 - 39 E-space plot of surface vanadyl sample (form X19A-Ge detector)
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Figure 4 - 40 K-space plots with different k-weight

three, peaks at high k are more intense than peaks at low k. The k*- weighting is
not suitable to be used for these data. Therefore a k-weight equal to two was
chosen for this sample.

Fixing the k-weight to two and Fourier Transforming the k-space spectra
with different k ranges results in different R-space spectra (Figure 4-41). When a
smaller k range (k = 2 — 12) was used, only one peak was observed at the
1.0~1.5 A in the R-space plot. The V=0 double and V-O single bonds can not be
distinguished with this small k range. As the k range is increased to 15, two

features which represent V=0 and V-O bonds appear in the R-space spectrum
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Figure 4 - 41 R-space plots with different k-range
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and the feature at ~1.8 A narrows. This feature represents V-Cl does not change
in intensity while altering the k range. The background noise is smaller when a
smaller k range is applied but increases significantly without changing the
intensity of V=0, V-O, and V-CI feature when Fourier transforming the k-space
spectra with a larger k range (k= 2 — 16 or 17). These results indicate that
Fourier transforming a k-space plot with a higher k range provides a better
spectrum but the noise in the background also increases. Finding the balance
between the quality of the spectrum and the noise in the background is very
important before fitting the EXAFS spectrum. A good data reduction in Athena
helps to produce better fit parameters in Artemis.

In Artemis, only single scattering path were included in the model for
refinement in this sample. Path lengths of V=0, V-O and V-Cl were refined first.
The refined V=0, V-O, and V-CI distances are consistent with those of VOClIs.
The Debye-Waller factor and inner potential energy were then refined
sequentially for each path. The two V-CI groups are constrained to be
equivalent. The amplitude reduction factor is 0.75 and the R factor is 0.20. The
coordination number of the V-Cl bond is 1.91 + 0.17 A which is consistent with
one-connected vanadyl center. The calculated fit curve (red) and experimental
data (blue) of k-space and R-space spectra are shown in Figure 4-42 and 4-43,

respectively. EXAFS fit parameters are summarized in Table 4-4.
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Figure 4 - 43 R-space of single-scattering refinement of the one-connected
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Table 4 - 4 EXAFS fits for single scattering path in the surface vanadyl sample

path CN R (A) g? AE, (eV)
1.57 0.0005 9.78
V=0 1
+0.037 +0.0020 +2.48
1.79 0.0011 9.78
V-0 1
+0.024 +0.0020 +2.48
2.16 0.0032 -1.62
V-Cl 2
+0.008 +0.0010 +1.35

4.3.2-5 One-connected surface vanadium sample
For the surface vanadium sample, two types of vanadium bond should be
observed. One is the V-O single bond at ~1.78 A and the other one is V-CI
single bond at ~2.16A. The model of this type of compound is shown in Figure 4-
44. This surface vanadium sample has a small pre edge feature in XANES
spectrum as was described in the previous section (Figure 4-45). The k-space
plots before (blue) and after (red) SA correction with different k weight are shown
in Figure 4-46. The k* and k2-weighted k-space spectra shows the spectra do
not change too much after processing the SA correction and the oscillations at
high k region are still very clear.
The first coordination sphere around vanadium should include one V-O single
bond and three V-CI bonds. EXAFS analysis of V-O and V-CI bonds show the
bond distances are longer than those for other vanadyl samples. The refined

coordination number of V-CI bond is 3.00 + 0.12 which is consistent with one-
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185



i mearge

i
2l e o groups

1 Ifl1 ik} ﬂ = Y2B-merge

o

(i
I B
>
B
>
kol )
—
T

| // \j{\f\“ .

o 5 3 1% 9 5 ¢ 15

o
_—
Jn
—
.
-0z
—
<

[t KRy
o marked groups o maried gravgs

== 226-mergs ﬂ S —

;A/\/‘*\/\\ Y % A/\MUMM,

W7 iy @7

Vv u\J\J/UA\V\Jv VVUU \juv\v
z ? v

LA [ 13 13

w kmh

Figure 4 - 46 Different k-weighted k-space spectra

connected vanadium centers. The second coordination sphere analysis shows
the V...Si bond distance is around 3.38 A which is longer than in other vanadyl
samples. The single-scattering refinement in R-space spectra is shown in Figure
4-47. The low R feature at 1.35A is a Fourier ripple and not a real peak. EXAFS
fit parameters are summarized in Table 4-5. The amplitude reduction factor is
0.92 and the R factor is 0.038. When the coordiatnion numbers of V=0 double
bond and V-O single bond are set to one, the fitted coordination number of V-CI
bond is 3.00 + 0.12. This result is consistent with only one-connected vanadium

center in the matrix.
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Figure 4 — 47 R-space of single-scattering refinement of the one-connected
vanadium (+4) sample

Table 4 - 5 EXAFS fits for single scattering path in the surface vanadium (+4)
sample

path CN R (A) g? AE, (eV)
2. .001 16.2
V-0 1 00 0.0019 6
+0.019 +0.0014 +3.1
V-Cl 3.00 2.37 0.0030 -0.91
+0.12 +0.006 +0.0003 +1.35
Vs 1 3.38 0.0040 12.7
+0.046 +0.0028 +5.87
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4.3.2 Edge jumps and weight percentages

The edge jump is the change in the absorption coefficient at the edge
which is evaluated by taking the difference of the pre-edge and post-edge lines at
Eo.. Different pre-edge and post-edge lines might change the edge jump slightly
but generally the value of the edge jump should be proportional to the number of
absorber atoms in the sample. A sample with a higher wt% should have a larger
edge jump theoretically. Therefore recording the edge jump for each sample is
another indirect technique to identify the wt% of the sample. Table 4-6
summarizes all of the samples that were measured at NSLS beam line X18B.
Entries 1 to 5 are vanadium samples with different wt% from different
preparations. Entries 6 to 10 are vanadyl samples with different wt%. Entry 11 is
the model vanadyl compound. The weight percentages of all samples are
determined from gravimetric analyses.

Figure 4-48 contains three different one-dosed four-connected vanadium
samples (entries 1 to 3). The weight percentage determined from gravimetric
analyses is closely proportional to the edge jump. When the data for a three
dose vanadium sample (entry 4 in Table 4-6) and surface vanadium (entry 5 in
Table 4-6) are plotted, the R? value of the plot decreases to ~84% (Figure 4-49).
It indicates the gravimetric analysis data of the samples with one dosed reaction
are reliable and the accuracy of the gravimetric analyses for samples with
multiple doses reactions is not as good as for samples with single dose

reactions.
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Table 4 - 6 Edge jump and wt% of different vanadyl and vanadium samples

Edge jump
(befor
sample Wit% normalization)
1 1198 embedded - VCl, 0.81 0.029
2 | 204 embedded - VCl4 1.56 0.11
3 200 embedded - VCl, 2.58 0.182
4 | 216 embedded-204 + Me,SiCl, +TMSCI 27 0.224
5 | 226 Me,SiCl,_platform + VCI, 7 1.427
6 | 212 embedded-VOCI; 241 0.129
7 | 206 embedded-VOCI; 3.51 0.204
8 |218 embedded-212 + Me,SiCl, +TMSCI 4.04 0.424
9 | 228 embedded-206 + Me,SiCl, +TMSCI 5.6 0.395
10 | 224 Me,SiCl,-platform + VOCI, 7.19 1.545
11 | 220 | VOCI3 model compound VOCI; + 3 HOSIOR; +Py 5.95 2.383
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Figure 4 - 48 edge jumps vs. wt% of three embedded vanadium (+4) samples

189




VCl;-embedded

1.6
14 1 y=0.1705x .
12 | RE=0.8427

0.8
0.6
0.4
0.2 L 4

edge jmup

wt%

Figure 4 - 49 edge jumps vs. wt% of all embedded vanadium (+4) samples

Similar results are observed in vanadyl samples. Figure 4-50 shows two
data points from one dosed vanadyl reaction. Figure 4-51 shows all of the data
points including different doses vanadyl samples and the model compound. The
edge jump of the surface vandyl sample (green spot) and the model compound
(orange spot) are not quite proportional to the number of the wt% because the
surface vanadyl sample is synthesized from a silicate platform with a higher error
of wt% determination and the composition of the model compound (orange point)
is not like other vanadyl or vanadium samples which contain much more silicon.

If different one-dosed vanadium samples with different oxidation state are
chosen in the edge jump-wt% plot, the result shows wt% is still proportional to
the edge jump (green spots are from vanadyl samples and blue spots are from
vanadium samples, Figure 4-52). It indicates the gravimetric analyses of one-
dosed reactions are more accurate and different oxidation states of the vanadium

samples do not affect the edge jump.
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Figure 4 - 52 edge jumps vs. wt% of one-dosed embedded vanadyl and
vanadium (+4) samples

To conclude the measurement from two different beam lines, the beam
line X19A with a focused beam provides better data for low weight percentage
vanadium samples with a Germanium detector. But some of the samples
changed color after exposing the samples under the focused beam for a long
time. If the sample is too concentrated, it has to be diluted with BN to obtained
better signals. The beam line X18B is an unfocused beam and it provides better
spectra for high weight percentage vanadium samples with a PIPS detector.
When the wt% is lower than 3%, the noise is larger and the quality of k-space

spectra is not good at high k range.
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4 .4 Conclusions

The results of a XANES and EXAFS analysis of vanadium (+4) and
vanadyl (+5) containing building block matrixes are described. The surface
vanadium (+4) sample provides a XANES spectrum with a low pre-edge feature
which is different from other vanadyl or vanadium (+4) samples. It indicates the
vanadium (+4) environment in the surface sample with three chloride ligands
should have a higher symmetry structure and weakened 1s — 3d transitions. A
higher intensity pre-edge peak superimposed on the absorption edge at
approximately 5479 eV is another feature of both surface vanadyl and vanadium
samples which correlates with the number of chloride ligands coordinated to the
vanadyl or vanadium centers.

In EXAFS spectra, the results from all of the data analysis using
theoretical phase and amplitude functions generated from FEFF6L are consistent
with the other indirect lines of experimental evidence that had been collected for
these samples. For an embedded vanadyl sample, no evidence of a V-ClI feature
has been observed in the spectra and the coordination number of V-O single
bonds is three. For an embedded vanadium (+4) sample, only one peak which
represents V-O single bonds with a four-coordinate number is observed in the
EXAFS spectra. For surface vanadyl and vanadium (+4) samples, a V-Cl feature
with two- and three-coordinate number respectively have been obtained after the

data analysis.
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Chapter 5

Highly selective catalytic reaction of Vanadium-SigO,, catalysts

5.1 Introduction

Catalysis is a multidisciplinary area of chemistry and plays a key role on
many useful chemical transformations. In a chemical reaction, reactants interact
with one another to create products. A catalyst for a chemical reaction may not,
by definition, be consumed during the reaction but converts reactants to the
products through a pathway with lower activation energy. New chemical bonds
frequently are formed during a catalyzed reaction. A key step in many catalyzed
reactions is the binding of a reactant which is transformed into product and then
released. A simple illustration of catalytic cycle is shown in Figure 5-1.

51, 52

For heterogeneous catalysis , most of the intermediates involved in a

cycle are difficult to detect because of their high reactivity. This challenge can be

compounded when multiple catalytic sites are present in a system. Single-site

Reactant

Catalyst Catalyst-Reactant

Product

Figure 5 - 1 Catalytic cycle
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heterogeneous catalysts synthesized from a building block methodology we have
developed may potentially provide clearer catalytic information than traditional

5% From our

catalysts especially for determining reaction mechanisms.
investigations, atomically dispersed and site-isolated vanadyl and vanadium sites
in SigOz0-based building block solids have been synthesized successfully and
described in previous chapters. The ultimate goal of this research is to relate the
“nano structuring” of these catalystic sites to their activity and selectivity.

A gas phase catalysis micro-reactor was built by Richard Mayes which
consisted of five mass flow controllers (MFCs), two multi-port switching valves, a
computer controlled gas chromatograph, residual gas analyzer (0-300 amu
quadrupole mass spectrometer), hydrogen generator, and split-tube furnace
(Figure 5-2). Several different protocols for using the micro-reactor were tested

in order to understand how to operate this newly built system efficiently and

correctly.

GC furnace MFC

Residual Gas Analyzer (RGA)
g ——— S

Figure 5 — 2 Micro-reactor
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In this project, we did a quick survey to determine whether the vanadyl
and vanadium materials were good catalysts for a series of well known reactions
described in the literature. Zhao at al. reported that lightly dispersed isolated
silica-supported vanadia based catalysts are less reducible and are selective for
acid catalyzed catalysis.”” The basicity or acidity characteristics of the catalyst
are the major factors that control the catalytic reactivity. The conversion of
isopropanol to acetone or propene is a common method to test the acid-base
properties of such catalysts.58' %9 The samples we prepared contain low loading
vanadyl (+5) or vanadium (+4). The preliminary results indicate these materials
have reasonable activity and are highly selectivity from the production of propene

from isopropanol.

5.2 Experimental

5.2.1 Sample preparation

Six different vanadyl and vanadium samples were tested. In order to
avoid complicating reactions due to residual trimethyl tin groups in the samples
(tin oxide is also a well known heterogeneous catalyst), all of the embedded
samples investigated were treated with TMSCI to remove any residual
trimethyltin groups. MYL-II-144 is an embedded vanadium (+4) sample which
was prepared from a ratio of 0.71 VCl,4 to 1 tin cube followed by adding SiCls and
TMSCI as the second and third dose reagents. MYL-II-146 is an embedded

vanadyl sample which was synthesized from a ratio of 1 VOCI; to 1 tin cube
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followed by SiCl, as the second dose reagent and TMSCI as the third dose
reagent. MYL-1I-164 is a surface vanadium (+4) sample which was synthesized
by adding excess VCl; to a silicate platform containing SiMe; linking groups.
MYL-I1I-216 is an embedded vanadium (+4) sample which was synthesized from
a ratio of 0.48 VCls to 1 tin cube followed by adding Me,SiCl, and TMSCI
reagents in the second and third dose reactions. MYL-II-228 is an embedded
vanadyl sample which is prepared from a ratio of 1 VOCI3 to 1 tin cube followed
by adding Me,SiCl, and TMSCI. MYL-II-218 is also an embedded vanadyl
sample which is prepared from a ratio of 0.73 VOCI3; and 1 tin cube reaction
followed by adding Me,SiCl, and TMSCI.  Details concerning synthetic
procedures for preparing these samples are described in chapter 3. Only one
surface catalyst was chosen in this investigation because surface samples
contain more chloride ligands and a significant amount of HCI is generated at the
beginning of the catalytic reaction. To begin to understand how to operate micro-
reactor and GC correctly, embedded samples were tested first. Therefore the
survey in this project mostly focuses on embedded vanadyl and vanadium

samples. The sample list and sample abbreviations are summarized in Table 5-1.

5.2.2 Instrumentation

The gas chromatograph (GC) used in these investigations is “SRI
GC Model 8620 Multiple Gas Analyzer”. The GC is equipped with 3 columns (6
m 13x Mol. Sieve and 3 m Hayesep-D packed columns, 30 m MXT-1 capillary
column) and 3 detectors (Thermal conductivity detector (TCD), helium ionization
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Table 5 - 1 Sample list and abbreviation

Vana
samole tvpe First dose vanadium : tin | djum Sggggd Thesis
P yp cube ratio abbreviation
wt% reagent
MYL-11-164| Surface V(+4) Me,SiCl; silicate platform NA VCl, V4-surf
MYL-1l-144| Embedded V (+4) 0.71 VCl, : 1 tin cube 29 SiCl, V4A-emb
MYL-11-216| Embedded V (+4) 0.50 VCl, : 1 tin cube 27 Me,SiCl, V4B-emb
MYL-1l-146| Embedded V(+5) 1 VOCiI; : 1 tin cube 3.8 SiCl, V5A-emb
MYL-11-218| Embedded V(+5) 0.73 VOCl; : 1 tin cube 4.0 Me,SiCl, V5B-emb
MYL-11-228| Embedded V(+5) 0.99 VOCl; : 1 tin cube 56 Me,SiCl, V5C-emb

detector (HID), and flame ionization detector (FID)). Herein, we report the data

collected from the FID detector because we obtained the best signal to noise

ratio from this detector.

substrates in a hydrogen-air flame.

The FID detector is a destructive detector that burns

A 0-50 cc/min helium mass flow controller (MFC) is dedicated to the gas

saturators. A 0-100 cc/min helium MFC regulates the make up gas to the micro-

reactor. A 6-port switching valve diverts the gas flow in the micro-reactor from

bypass mode to reactor mode. Make-up helium is provided to the reaction tube

when the catalyst is not exposed to the substrate gas. A 4-port switching valve is

used to divert the product stream from the RGA to the GC.
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Catalyst samples were put in a pyrex U-tube sandwiched between plugs

of quartz wool.

5.3 Result and Discussion
5.3.1 Weight Hourly Space Velocity (WHSV)

Catalysts are often investigated in continuously operated test reactors.
The space velocity is defined as the volumetric flow rate V,, relative to the

catalyst mass, mcat (Eq 1)

Space velocity = o ...... @)
Meat

Liquid hourly space velocity (LHSV) and weight hourly space velocity
(WHSV) are most commonly used terms to represent the space velocity. Herein,
all of our reactions were gas phase reactions. Thus, we only use weight hourly
space velocities with units of per hour on stream relative to one gram catalyst to
describe our reactions. In order to determine the volumetirc flow rate V,, the
partial pressure of the reactant and the moles of the reactant (isopropanol) need
to be calculated first.

The equation of partial pressure (Pipron) is shown in eq 2 where Pipon =

torr, t =°C, A=8.11778, B= 1580.92, C= 219.61 for isopropanol.

B
log Pipropy = A ——— (2)
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The moles of isopropanol in 1cc/min flow rate (0.001 L/min) is shown in
equation 3 with the unit of “mol/min” where n = moles of isopropanol in 1 cc/min
flow, Pipron = partial pressure of isopropanol in atmosphere, R = gas constant

(0.0820574 L-atm/mol-k), and T= temperature in Kelvin

n-Px0001 (3
RxT

Total volumetric flow rate V, in the reactor is shown in Eq 4 with units of
“‘mol/min” where Vo = moles of isopropanol per total isopropanol flow, n = moles
of isopropanol in 1 cc/min flow, Fsat = flow of isopropanol through the saturator.
The total mass of the isopropanl, mppon is equal to Vo, x m.w where m.w
represents the molecular weight of isopropanol.

Mprony =lo XMW =nFg xmw--.... (4)

The final WHSV equation is shown in Eq 5 with the unit of “hr™"”

WHSY = Mipron >r<n60 min/hr (5)

cat

For example, assuming 3 cc/min of isopropanol flow through the saturator
at 26°C mixed with a 95 cc/min of helium flow over 50 mg catalyst, the calculation

of WHSV will be as follows.
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log Pipron (26°C) = 8.11778 — (1580.92/(26+219.61)) = 1.681

Pirron (26°C) = 10" torr = 47.97 torr = (47.97 / 760) atm = 0.0631 atm
n =0.0631 x 0.001/ (0.082 x (26+273)) = 2.57 x 10°® mol/min

Vo = 2.57 x 10 mol/min x (3) = 7.71 x 10°® mol/min

Mipron = 7.71 x 10 mol/min x 60 g/mol = 4.63 x 10™ g/min

WHSV = 4.63 x 10 x 60/0.05 = 5.55 x 10™" hr™

The WHSV for six samples are summarized in Table 5-2

5.3.2 Response factor
The FID detector responds to many different compounds with differing

levels of sensitivity. A correction factor called a “response factor” is normally

Table 5 -2 WHSV of different vanadyl and vanadium samples

Isopropanol
Thesis I Weight | Vanadium WHSV
sample Fl t
abbreviation P owrate (gram) wit% (hr™)
(cc/min)

V4-surf MYL-II-164 3 20 NA 1.39
V4A-emb MYL-II-144 3 40 2.9 6.94 x 10
V4B-emb MYL-II-216 3 50 2.7 5.55x 10
V5A-emb MYL-II-146 3 40 3.8 6.94 x 10
V5B-emb MYL-II-218 3 50 4.0 5.55x 10"
V5C-emb MYL-II-228 3 50 5.6 5.55x 10"
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used to transform raw peak integrations from the detector to absolute or relative
mole equivalents for each species. Two common response factor formats are
‘response factor multiplier” and “relative response factor”

The response factor multiplier is equal to “actual concentration divided by
measured response. Using this method one needs to know the actual
concentration of the compound of interest before calculating the response factor.
For example, if a 50 ppm compound produces a 20 ppm FID reading on an
analyzer calibrated with methane, then the FID response factor for that
compound would be 2.5 (50 / 20).

The relative response factor is expressed as a percent or a ratio of a
compound’s response to that a calibration gas. In our investigations, we used
the relative response factor to obtain conversion percentages. The reactant in
our catalytic system is isopropanol and the major product is propene. The
calculation of relative response factor between isopropanol and propene is
described below.

The GC provides the integrated area for each peak which is proportional
to the actual moles of compound as shown in equation 6 where r is a constant

factor.

Actual mole = Area number from GC xr - (6)

If only one reactant and one product are observed in the reaction, the

relative areas of the unreacted reactant and product recorded by in the GC are
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proportional to A% and (100-A)%. The mole % can be represented in Eqations 7

and 8 where rq and r, are constant factors.

Unreacted reactant = A% product = (100-A)%
Mole % of unreacted reactant = A% X rq--- (7)
Mole % of product = (100-A)% X rp---- (8)

(mole% of unreacted reactant + mole% of product =100%)

Assuming the response factor for the reactant is 1, the relative response
factor for the product is RF (or ri: r, = 1 : RF). Equations 7 and 8 can be
rewritten as equations 9 and 10 and the actual mole ratio of unreacted reactant

to product obtained.

Mole % of unreacted reactant = (A% x 1) / [Ax 1 + (100-A) x RF] ---- (9)

Mole % of propene = (100-A)% x RF / [Ax1 + (100-A) x RF] --- (10)

5.3.3 Reactivity studies of isopropanol with vanadyl and vanadium building block
catalysts

The reaction chosen to investigate the catalytic activities of our surface
and embedded vanadium (IV and V) catalysts was the high temperature
decomposition of isopropanol to propene and acetone. This reaction has been

studied by many other groups in the context of both solid acid and oxidation
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chemistry. The two major products that are usually observed are propene via
acid-catalyzed dehydration and acetone from the oxidative dehydrogenation of

isopropanol. These two reactions are illustrated in Equations 11 and 12.

OH
c||_| dehydration H
HaC~ " CHa * M e=CCH, *HO e (11)
OH dehydrogenation '|:|}
H - c *H, ~(12)
HiC™ CHy Hi¢”  “CH,

In our investigations of the isopropanol conversion with vanadyl and
vanadium catalysts, propene is the major product observed from the dehydration
reaction and acetone is a minor product produced from an oxidative
dehydrogenation reaction. Another peak (total <1%) appearing when the
catalytic reaction is run at high temperature (>300°C) may be isopropy! ether.
This product has not been conclusively identified. The following discussion will
include the descriptions of control experiment studies, selectivity, and activity

with different catalysts.

5.3.3-1 Control samples: Building block matrices containing only silicon
A vanadium free silicon building block matrix with a small amount of

residual trimethyltin groups, (Me,SiCl; silicate platform) and a separate sample of
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TMS cube, ((Me3Si)sSigO20), were tested as control samples to determine if the
support was active in the decomposition of isopropanol. For TMS cube, over a
temperature range of 100°C to 350°C (Table 5-3), only the starting material was
observed with a constant area of integration. The silicon building block matrix
with a small amount of trimethyltin groups also shows no activity at temperatures
lower than 300°C. Trace amounts of unknown decomposition products are
observed when the temperature is ramped to 350°C or higher. (Figure 5-3)
These results indicate that the tin free silicate material without any metal in the
matrix has no activity in the dehydration reaction when the temperature is lower

than 350°C.

Table 5 - 3 Area number vs. Temp for TMS-cube and Me,SiCl, platform

Me,SiCl, platform (with
TMS-cube some trimethyl tin groups: 7
Temperature %S

(oC) . wt% Sn)

Isopropanol others isopropanol others
100 17596 0 NA NA
150 16859 0 18927 0
200 18070 0 18712 0
250 17991 0 18889 0
300 18294 0 18938 0
350 18421 0 17438 ~300
400 18938 267 16681 ~1500
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isopropanol area numbers from GC
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Figure 5 - 3 area number vs. Temp for TMS-cube

5.3.3-2 Selectivity

The selectivity of a reaction is the fraction of the reactant that is converted
to the desired product relative to other unwanted byproduct. Two general
reaction profiles that explain multiple products are parallel and sequential
reactions (Figure 5-4).

Before starting the catalytic reaction, the embedded catalyst was treated
in situ with isopropanol flowing at 3 cc/min helium through isopropanol and with
95 cc/min helium for 20 minutes because a small amount of chloride ligands still
remain in the SiCls or Me,SiCl, derived linkers from the second dose reaction
when the samples were prepared. The surface sample was treated with same
flow rate for 40 minutes at room temperature in order to remove all of the chloride

ligands from =Si-O-VCI; groups and convert them to alkoxy groups.
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Figure 5 - 4 Two types of reactions

The preliminary results from different catalytic reaction for the using six
different vanadyl and vanadium catalysts all show propene is the major product
and the amount of acetone is less than 4% for the “V4-surf” surface sample and
less than 2% for other five embedded samples. Both vanadium (oxidation state
+4) and vanadyl (oxidation state +5) samples that have been studied exhibit
almost exclusive dehydration chemistry when the reaction temperature is lower
than 350°C. Therefore we conclude these atomically dispersed vanadyl and

vanadium materials are solid acid catalysts.®*®
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5.3.3-3 V4-surf catalyst and response factor discussion

When “V4-surf” (MYL-II-164) is used as the catalyst, isopropanol is
converted in high yield to propene (> 95 %) and a small amount of acetone (< 3.8
%) at low temperature (~ 300°C). Because the reaction cleanly converts
isopropanol to propene the area numbers from GC which represent reactant and
product can be used to calculate an approximate relative response factor for
these two compounds. The area numbers and ratios obtained from GC are
summarized in Table 5-4.

The area number for 125°C is out of the range because the sample was
not injected into the GC correctly. Therefore this data point was not used in the
calculation of relative response factor. The relation between area number and
ratio % of isopropanol and propene is shown in Figure 5-5.

The equation derived from Figure 5-5 for isopropanol is y = 95.378x +
10642. The intercept of y axis is 10642 when the ratio of propene is 0% and is
20179 when the ratio of propene is 100%. The relative response factor is
derived as 20179.8/10642 = 1.896 =~ 1.9. The linear relation between
isopropanol and propene indicates that we can use the relative response factor
method to obtain the relative amount of isopropanol and propene at any
temperature and conversion. The conversion percentages after correcting the
GC integrations with the relative response factor of 1.9 are calculated from
equation 11 and 12 summarized in Table 5-5 and Figure 5-6.

Mole % of unreacted reactant = A% / (190 - 0.9 A) ---- (11)

Mole % of propene = (190 — 1.9A)% / (190 - 0.9A) ---- (12)
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Table 5 —4 Area number from GC (sample: V4-surf)

Temperature Area i-PrOH Area propene Area Acetone Area
(°C) i-PrOH (%) propene (%) acetone (%) (total)
105 19368 100.0 0 0.0 0 0 19368
125 27086 99.6 107 0.4 0 0 27193
175 18757 97.3 520 2.7 0 0 19277
180 19459 97.6 481 2.4 0 0 19939
210 16181 83.0 3311 17.0 0 0 19492
240 6104 42.0 8243 56.7 185 0 14532
270 320 3.0 9966 93.8 342 3.2 10628
300 92 0.9 10225 95.7 365 3.4 10682
330 53 0.5 9756 94.8 395 3.8 10289
300 822 7.5 9867 894 345 3.1 11034
270 5240 35.9 9119 62.5 240 1.6 14599
240 12863 67.6 6160 324 0 0 19023
210 17418 90.2 1882 9.8 0 0 19301
180 18719 97.7 439 2.3 0 0 19158
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V4-surf (MYL-II-164) vanadium (V) surface sample
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Figure 5 - 5 Area number vs. conversion %

Table 5 - 5 Conversion % before and after RF

Before RF After RF
Temperature Ratio of Ratio of Ratio of Ratio of
(°C) i-PrOH (%) propene (%) i-PrOH (%) propene (%)
105 100.0 0.0 100.0 0.0
125 99.6 0.4 99.3 0.7
175 97.3 2.7 95.0 5.0
180 97.6 2.4 95.5 45
210 83.0 17.0 72.0 28.0
240 42.0 56.7 28.0 72.0
270 3.0 93.8 1.7 98.3
300 0.9 95.7 0.5 99.5
330 0.5 94.8 0.3 99.7
300 7.5 89.4 4.2 95.8
270 35.9 62.5 23.2 76.8
240 67.6 324 52.4 47.6
210 90.2 9.8 83.0 17.0
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Figure 5 - 6 Calibration of isopropanol conversion of V4-surf sample

In the following discussions, all of the results from FID are calibrated by a

relative response factor of 1.9.

5.3.3-4 Behavior of vanadium (+4) catalysts

The sample V4-surf (surface vanadium (+4)) provides very high
conversion of isopropanol to propene. Only 20 mg catalyst were used in this
reaction and a high conversion percentage at low temperature. When the
temperature is approximately raised to 220°C, 50% isopropanol is converted to
propene with no side products observed. When the temperature is raised to
270°C, more than 99% isopropanol is converted to propene. The plot of

conversion percentage as a function of temperature is shown in Figure 5-7.
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Figure 5 - 7 isopropanol conversion of V4-surf sample

Each data point was collected after the sample was maintained at the
target temperature for 30 minutes.

For a 40 mg V4A-emb sample (embedded vanadium (+4)), 50%
isopropanol is converted to propene at a temperature of 240°C and about 80%
conversion occurs when the temperature is raised to 290°C (Figure 5-8).

For a 50 mg V4B-emb sample, 50% conversion also occurs at around
235°C and ~85% conversion occurs when the temperature was raised to 300°C
(Figure 5-9). A comparison of the temperature vs. conversion curves for all
vanadium (+4) samples is shown in Figure 5-10. The high conversion
percentage at low temperature condition (<300°C) indicates these materials are

strong solid acid catalysts for dehydration of alcohols to olefins.
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Figure 5 - 8 isopropanol conversion of V4A-emb sample
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Figure 5 - 9 isopropanol conversion of V4A-emb sample
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Vanadium (+4) samples
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Figure 5 - 10 isopropanol conversion with all vanadium (+4) samples

In all of the temperature studies just presented, the catalyst deactivates®*
slowly and the conversion percentage drops as a function of time on stream. In
order to probe the stability of our catalyst, the effect of time on stream (TOS) on
conversion to propene was investigated briefly. Figure 5-11 illustrates how the
activity slowly drops as TOS increased at different reaction temperatures for
sample V4B-emb. When the temperature is lower than 200°C, the conversion
percentage only drops about 5% in the first 30 minutes. As the temperature is
increased above 250°C, the conversion percentage drops more than 10% after
30 minutes. It is important to note, however, that the activity stabilizes after

isopropanol flows through the catalyst at target temperature for 30 to 60 minutes.
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Figure 5 - 11 Effect of TOS for V4b-emb

Possible reasons of deactivation might be sites become less accessible
due to annealing of the silicate support matrix and collapse of a small number of
pores and / or coke formation. Another possible explanation for the initial
deactivation of the catalysts is that a small amount of HCI may still reside in the
matrix that is desorbed as the temperature increases. A strong acid such as HCI
would facilitate dehydration reactions until it is leached from the matrix at longer
times at higher temperatures. In the discussions that follow, only catalyst

activities after initial deactivation will be considered.
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5.3.3-5 Behavior of vanadyl catalysts

For vanadyl samples, V5A-emb produces similar results as vanadium
samples. But 50% conversion occurs at higher temperature (around 290°C) than
vanadium (+4) samples and the 75% conversion occurs at ~330°C (Figure 5-12).
Each data point was collected after the temperature was maintained at the set
point for 30 minutes.

Two temperature cycles were tested for sample V5B-emb and the results
are shown in Figure 5-13. The first cycle shows the deactivation phenomena is
observed. When the catalyst is kept in the furnace overnight at 90°C in a
10cc/min helium flow following by a second cycle, the activity of the catalyst is
stable and its activity is essentially the same as the second leg of the

temperature ramp in the first cycle.
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Figure 5 - 12 isopropanol conversion of V5A-emb sample
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Figure 5 - 13 isopropanol conversion of V5B-emb sample

For sample V5C-emb, the effect of time on stream was also investigated
in order to compare the differences between vanadium (+4) and vanadyl (+5)
samples. After doing a quick survey, the effect of TOS on the embedded vanadyl
sample is similar to the vanadium (+4) sample. The conversion drops about 10%
in the first 30 minutes at each set temperature point then stabilizes. The
protocols of collecting TOS data between the vanadium (+4) sample (Figure 5-11)
and the vanadyl sample (Figure 5-14) are a little bit different. For V4B-emb
sample, isopropanol was kept flowing through the catalyst all the time during the
reaction before injecting the sample to GC. For V5C-emb sample, the 6-port

switching valve was rotated so the substrate stream did not pass over the
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Figure 5 - 14 Effect of TOS for V5C-emb

catalyst during temperature equilibrations. The substrate, isopropanol in helium,
was allowed to contact the catalysts for 2 minutes before injecting a sample into
the GC and then switched back to the bypass mode. The purpose of using this
protocol is to investigate whether isopropanol or the byproduct, water, binds to
the catalytic sites and prohibits the reaction. The results of the TOS study show
no significant change between these two protocols and the activity stabilizes after
one hour. Therefore, we speculate the deactivation of each sample is not
caused from the competitive binding of isopropanol or water on the catalysis sites.
Further investigation of the causes of dehydration involved treating the catalyst
with water at certain temperatures and observing changes in activity. For V5C-

emb sample, when the temperature is ramped to 390°C, the conversion of
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isopropanol drops from 87% to 82 % in the first 30 mins (Figure 5-15). After 30
minutes, 3 cc/min of helium through water was flowed into the system mixing with
3 cc/min of isopropanol (pink region in Figure 5-15) and continued for 45 minutes.
The conversion did not change significantly when catalyst was exposed to
additional water and alcohol simultaneously. After 45 minutes, the water was
turned off and isopropanol flowed through the catalyst again and the conversion
of isopropanol was still around 80~85%. The change of conversion is less than
5% when water flows through the system. This result indicates the byproduct,
water, from the isopropanol dehydration does explain the catalyst deactivation

that is observed.
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Figure 5 - 15 add water at 390°C for V5c-emb
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In order to investigate whether the reaction is reversible, a mixture of 5
cc/min propene and 3 cc/min of helium through water stream were flowed over
the catalyst at 390°C (Eq 13).

Hydration ? OH

=" CHy *HO L CCH_., (13)
dehydration HyC CH;

No isopropanol was formed under these conditions even after increasing
the helium flow rate to 10 cc /min through water. This result indicates that the
reaction is not reversible under these conditions.

The V5C-emb catalyst was tested for long term stability over three
temperature cycles (Figure 5-16). Each cycle has 50% isopropanol conversion at
around 270°C. The conversion percentages of isopropanol are similar among
these cycles. This indicates the activity of the catalyst is very stable and does

not decay when the reaction time increases.
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Figure 5 - 16 Three cycles of V5C-emb
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A comparison of the activities of all vanadyl samples is shown in figure 5-
17. Sample V5A-emb used SiCls as the second dose reagent and the other two
samples used Me,SiCl, as the second dose reagent. All of these materials
produce similar activity no matter what types of silane compounds are chosen as
the cross-linking reagents. These vanadyl catalysts produce 50% isopropanol
conversion at around 270°C which is about 30°C higher than vanadium (+4)
samples to obtain the same conversion. Different oxidation states of the
vanadium active sites should have different activation energies. Because similar
amounts of catalysts were used along with the same flow rate in each reaction,
these preliminary results indicate vanadium (+4) samples have a lower activation
energy toward isopropanol dehydration. Ongoing studies are currently focused
on relating the activities of the catalysts on a per site basis and will be presented

in the future.
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Figure 5 - 17 A comparison of the activities of three vanadyl samples
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5.4 Conclusion

Several different protocols have been tested to investigate the reactivity of
different vanadyl and vanadium samples in the dehydration of isopropanol to
form propene. All of the vanadosilicates samples function primarily as solid acid
catalysts in converting isopropanol to propene with high selectivity and
reasonable activity. The studies of time on stream with different measurement
protocols and flowing water through the catalysts indicate the deactivation of the
catalysts is not caused from the interference of the byproduct water. The
reaction reached steady state after the stream flows over the catalyst for about
30 minutes. The materials are capable of withstanding very high temperatures
while maintaining stable activity.

Further catalytic studies are ongoing. Although these preliminary results
indicate both vanadyl and vanadium exhibit reasonable activities in the
dehydration of isopropanol, the actual activation energies for each catalyst have
not been investigated yet. Applying different space velocities in the reaction will
provide information about the reaction mechanism. The dependence of the
reaction rates on temperature will allow an analysis of the reaction energetics

through the Arrhenius equation (k = A-exp(-E4/RT)).
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Chapter 6

A newly synthetic approach of labeled 'O SigO,, building block

6.1 Introduction

Oxygen-17 (Y70) is the only NMR active oxygen isotope and efforts to
exploit 'O in solid-state NMR have increased greatly in last two decades.®®™® It
has been routinely applied for the determination of the coordination geometry in
crystalline and amorphous materials. However, there are two major challenges
associated with '’O NMR spectroscopy which must be overcome. First is the low
natural abundance (0.037%) of the O isotope which results in low sensitivity
and complex spectra. Second is the anisotropic quadrupolar interactions of 'O
spins (5/2 nuclear spin) which result in broad lines. The first problem can be
solved by using enriched ""O compounds such as H,"’O and 'O, as starting
materials but the costs of these 'O labeled compounds can be extremely high.
The second problem can be overcome by applying high magnetic fields and new
multipulse experiments to enhance the resolution and sensitivity.

Herein, we have attempted to use 'O solid state NMR data to identify and
monitor the coordination environment of catalysis sites described in earlier
chapters. Although 'H, *C, and ?°Si NMR spectroscopies have been applied to
study the structure of the spherosilicates, to our knowledge no '"O NMR studies

have been published on this family of compounds. If oxygen-16 can be replaced

with oxygen-17 at terminal positions around the cube, then the labeled O
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building block, (MesSn'’0)sSigO+2, will be obtained (Figure 6-1). Using different
transition metals such as V, Ti, W, and Zr as linking groups and reacting them
with this labeled ""O building block will yield labeled O building block solids as
illustrated in Figure 6-2. These transition metals will be the potential catalytically
active metal centers in the system. The eventual goal of this project is to use the
7O spin to indirectly monitor changes in the identity and environment of catalyst
nuclei that are difficult or impossible to detect via NMR.

The first step in considering a '"O SSNMR project is to develop an
efficient synthesis of the tin cube that is enriched in 'O in the terminal positions.
The high cost of '"O enriched starting materials ($960 USD for 1 gram 40~45%
H,'’0) is the initial problem we faced. A new synthetic methodology had to be
developed using a limiting amount of 'O enriched water. After investigating
several different synthetic strategies, an efficient way to synthesize labeled

(Me3Sn 0)sSigO12 was successfully developed. This procedure involved first
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Figure 6 - 1 Molecular model of labeled (Me3Sn' 0)gSisO12
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Figure 6 - 2 Molecular model of amorphous crossing-link labeled O building
block with a transition metal

reacting MeLi with labeled water to obtain labeled Li'OH. By replacing NaOH
with LiOH and following the same procedure described in the Chapter 2 we were
able to obtain labeled (MesSn 0)sSigO12. The detailed experimental part of this
effort will be described in the following sections.

The crystal structures of hydrous and anhydrous (Me3Sn)sSisO2 have
been discussed and published by J. Clark et al.”” Several changes in the
coordination environments between hydrous and anhydrous (Me3Sn)sSigsO2 are
observed due to the hydrogen-bonding interactions in the tetrahydrate tin cube.
In agreement with the crystal structure of the tetrahydrates tin cube, several
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different "'°Sn signals are observed for the tin atoms in the solid state. 2°Si
SSNMR spectra of crystalline and amorphous (Me3SnO)sSigO1, also reveal the
different distortions in the edge Si-O-Si angles connecting SiO4 tetrahedral units.
Finally the different coordination environment of O-SnMe3 groups in the hydrous
(Me3Sn'0)sSigO+2 provide different chemical shifts in 'O SSNMR spectra and
the effect of the different bond angle, bond length and hydrogen-bonding
interactions between hydrous and anhydrous (MesSn 0)sSisO1, will be discussed.
Note: All of the 'O, #°Sj and *°Sn SSNMR spectra were collected by Dr. Edward

Hagaman and Dr. Jian Jiao in the Oak Ridge National Lab except where noted.

6.2 Experimental

Methyl lithium (1.6M in diethyl ether) was obtained from Aldrich. 1 gram
7O water (40~45% labeled) was purchased from Isotec, Inc ($ 950 USD / g).
Trimethyltin chloride ((CH3)sSnCl) was obtained from Gelest, Inc. Solution "H
and ®C nuclear magnetic resonance (NMR) spectra were acquired on Varian
Mercury 300 MHz spectrometer. 295 solution NMR spectra were acquired at 9.4
Tesla on a Bruker Avance wide-bore multinuclear NMR. 'O, #*Si and "'Sn
SSNMR measurements were collected by Dr. Edward Hagaman and Dr. Jian
Jiao in the Oak Ridge National Lab. Mass spectra were recorded on a JEOL-
DART MA instrument. All of the reactions were accomplished under nitrogen

without further notification.
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6.2.1 Labeled "O (Me3Sn*0)sSisO+ building block

Fresh 1.6 M methyl lithium (34 mL, 54.4 mmole) of was injected to a
Schlenk tube and frozen under liquid nitrogen ambient. Labeled 'O water (1.00
mL, 55.6 mmol) was then quickly injected to the Schlenk tube following by 20 mL

of dry diethyl ether. The ice was melted and the reaction was allowed to proceed

(Eq. 1).

CHaLi+H, O — CH, +Li OH----(1)

The byproduct, methane, was generated immediately when the
temperature of the solution reached to ~0°C and was vented through a nitrogen
line. Keeping the solution between 0-5°C in an ice bath for the first hour and
stirring the solution vigorously resulted in the formation of a fluffy white powder.
The temperature increased to 5-10 °C in the next 4 hours and then the ice bath
was removed. 10.98 g (565.1 mmole) of Me3SnCl was added in the Schlenk tube
and stirred for another 2 hours to obtain a colorless solution with a large amount

of white precipitate (Eq 2).

Li OH + Me;SnCl —> LiCl + Me,Sn OH------(2)

Calcium hydride (8 g, 190 mmol) was then added to the solution and

connected the Schlenk tube with a condensor to avoid diethyl ether evaporation
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(Eq 3). The LiCl in the solution did not affect the reaction and can be filtered out
in the next step. Fifty percent of the 'O formed CaO and the other 50% was

incorporated into the tin ether, (MesSn), O.

LiCl + 2Me,Sn'OH + CaH, — LiCl + (Me,Sn), O + Ca'O + 2H, ------(3)

The solution was stirred for 3 days and quickly filtered into another
Schlenk tube followed by addition of 1.334g (3.14 mmol) HgSigO12 and stirred for

4 hours (Eq 4).

(Me,Sn),” O + 8H,Sig0,, — (Me,Sn’0), Siz0;, + 8Me,SnH- - (4)

The solvent and byproduct, Me3;SnH, were removed under vacuum and
the white product, (Me3Sn*0)sSisO1,, was heated at 60°C and dried under
vacuum for 12 hours ( 5.2 g, yield: 80%). The product was crystallized from
hexanes and 4.5 g crystals were obtained. The yield of crystals is 70% based on
the labeled water. After heating the crystals at 80°C under vacuum for 12 hours,

waters of hydration were removed from the solid.

6.2.2 Labeled TMS-cube, (Me3Si*O)sSigO12
Anhydrous (MesSn 0)sSigO12 (0.649g, 0.350 mmol) was reacted with

excess Me3SiCl (1.20 g, 11.05 mmol) at room temperature for 6 hours. Pure
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(Me3Si'’0)gSigO12 was obtained after removing the byproduct MesSnCl and
unreacted MesSiCl (Eq 5). The crude yield of the powder (MesSi 0)sSigO1; is

98% (crystal yield is 64%).

(Me,Sn"0), Sig0,, + 8Me,SiCl - (Me,Si"0), SigO, + 8Me,SnCl------(5)

6.3 Results and discussion

6.3.1 A new methodology of synthesizing (Me3Sn*0)gSigO12

An efficient synthetic methodology to prepare a high vyield
(Me3Sn0O)sSigO12 building block (tin cube) has been discussed in Chapter 2. The
precursor, Me3sSnOH, is prepared in water by reacting Me;SnCl with NaOH. In
order to synthesize labeled 'O tin cube using a limiting amount of labeled 'O
water, a totally different synthetic methodology had to be explored. Initial
investigations focused on synthesizing NaOH via using a limiting amount of
labeled water. As soon as a new methodology of synthesizing a high yield, pure
labeled NaOH is discovered, this labeled NaOH could be used in the synthesis of
labeled (Me3Sn O)sSisO+2. Several different approaches were investigated and is
described as follows.

Before using 'O enriched water as the reactant, normal distilled water
was tested in different reactions. The first attempt to discover a new synthetic
procedure was to synthesize labeled precursor, NaOH, by reacting a limiting

amount of water with sodium (Eq 6).
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2Na + 2H,0 - 2NaOH+H, ------(6)

The problem with this reaction is that the sodium did not react totally with
limiting amount of water when the molar ratio of Na to water is 1 to 1. Some
sodium pieces were coated with product NaOH which prevented further reaction.
Newly formed NaOH also hydrogen-bonded with some water and reduced the
amount of reactive water. “Sodium sands” were then used in order to improve to
reactivity by increasing the sodium surface area. (“Sodium sands” were
prepared in a hot distilled toluene solution by heating the solvent at 100°C and
stirring the sodium chunks vigorously under nitrogen. Big sodium pieces were
broken into tiny sodium powders after stirring for a few minutes at 100°C.) When
the ratio of H,O to Na was increased to 3~4 : 1, the sodium did react totally with
water to form NaOH. But three to four-fold excess of water in the reaction is not
atom-efficient and this approach was not a good choice to synthesize labeled 'O
NaOH.

Adding 18-Crown-6-ether (1,4,7,10,13,16-hexaoxacyclooctadecane) to
complex the Na® ion in the reaction was also investigated. Crown-ethers are
cyclic polyethers that are capable of binding alkali metal cations. When a small
amount of 18-Crown-6-ether was added into a ratio of 1 : 1 of Na : water reaction,
more hydrogen formed immediately. It indicated Na cations from NaOH were
complexed by crown-ether and the reaction proceeded further. This

methodology did reduce the amount of excess water in the reaction, but a two-
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fold excess of water was still needed and problems were encountered when
using this synthesized NaOH in following reactions. Pure trimethyltin ether,
(Me3Sn),0, could not be obtained using NaOH prepared in this manner.
Dissolving Na in methanol to form sodium methoxide, NaOCHj3, as the
precursor was another approach investigated (Eq 7). NaOCH; is an air sensitive

compound and capable of reacting with water to form NaOH immediately. (Eq 8).

2Na + 2CH;0H — 2NaOCH; +H, ------(7)

NaOCH, + H,0 <> NaOH+ CH,OH-----(8)

Na dissolved in the methanol solution entirely and formed NaOCHs. A
white powder was obtained after removing unreacted methanol. The advantage
of this synthetic methodology is that only one equivalent of water is needed in the
reaction of sodium methoxide with water. The disadvantage of this methodology
is the reaction is reversible and the byproduct, methanol, reacts with NaOH to
reduce the yield of NaOH. The unreacted NaOCH3; caused some problems in the
following reactions involving tin. Some unknown products were always seen in
the "H NMR spectra after reacting MesSnCl with the synthesized NaOH and
therefore this methodology can not be used to obtain pure NaOH without

contamination with NaOCHjs.

231



The best procedure discovered so far involved the use of methyl lithium,
MelLi, as the deprotonating reagent to form lithium hydroxide (LiOH) instead of
sodium hydroxide (NaOH). It was found that LiOH also reacts with Me;SnCl and
forms Me3SnOH cleanly. Commercially available MeLi is dissolved in the diether
ether and is a good reagent for a homogenerous reaction. The byproduct LiCl is
air sensitive (easily absorbs water in air) and all of the reactions were performed
under nitrogen. It can be filtered out after the formation of (MesSn)O without
affecting the yield (Eq 3). Combining this new discovery with the one-pot
synthetic methodology described in Ch2, a high yield and pure product was
eventually obtained successfully using a smallest amount of labeled water as the
reactant.

This new synthetic methodology provided us with the following important
information. First, the reactivity of LiOH is similar to NaOH and it can be chosen
to react with MesSnCIl to form MesSnOH. Second, neither LiClI nor NaCl
byproduct in the reaction affect the yield of (Me3Sn),O. Third, the reaction in
which (Me3Sn0O)gSisO12 is formed can be accomplished in the diethyl ether
solution in high yield. Fourth, labeled oxygen successfully incorporating into the
(Me3Sn0)sSigO+2 building block supports the mechanism underlying the synthetic
procedures as presented in Ch2 (Ch2-Figure 1). It is a very important milestone
in our research projects because labeled 'O building block provides us another
opportunity to track the reactions as the SigOy building block reacts with different

metal chlorides.
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One drawback of this synthetic methodology is only 50% of the 'O
labeled reactant is theoretically converted to (MesSn),0, the other 50% of the 'O
label is lost, presumable as a mixture of CaO and CaOH. If the labeled CaO can

be recycled, this synthetic methodology would be even more efficient

6.3.2 Mass spectra

The first line of the evidence to prove that '"O was incorporated into
(Me3Sn'O)sSigO+, is mass spectra for this sample. The initial concentration of
the commercially available labeled water is 40~45% and the products from each
synthetic step such as Li'"OH, MesSn'’OH, and (MesSn),'’O should also contain
40~45% labeled oxygen. 40~45% labeled oxygen in the (MesSn),'’O reacts with
HsSigO12 should obtain a labeled (Me3sSnO)gSigO12 with 40~45% labeled Me3;SnO
groups in the eight corners of the building block. The molecular weight of the
labeled (Me3Sn0O)sSigO12 should increase 3.2 - 3.6 g/mol (8 corners x 40 - 45%).

The labeled and unlabeled (Me3Sn0O)sSisO+2 were analyzed by dipping the
outside surface of the sealed end of melting point tube into liquid solutions or by
picking up dry crystals with a melting point tube. Isotope pattern matching was
used to support elemental composition assignments based on exact mass. The
mass spectrum of unlabeled (MesSnO)sSigO42 is shown in Figure 6-3. The
theoretical isotope pattern [M+H]" and theoretical isotope distribution is shown in
Figure 6-4. The peak at 1856.5 m/z represent the most intense peak in the

envelop of the parent ion of (Me3SnO)gSigO12.

233



)
n, I o S
}I Al
‘ \
\
1
L}
50 1}
1 !F
’
oladd
U 0 = 2400
B — T T T T T T T T T T T LI —
1855 1860 1865 1870

1850
mz

234

Figure 6 - 3 The mass spectrum of unlabeled (Me3;Sn0O)gSigO12
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The envelop of peaks at ~2019 g/mol represents the parent
(Me3Sn0)sSigO42 with an additional Me3Sn group attached. The mass spectrum
with an enlarged pattern of unlabeled (Me3SnO)sSisO42 is shown in Figure 6-5.
The theoretical isotope pattern [M+H+MesSn]" and theoretical isotope distribution
of [(Me3Sn0)gSisO12 + MesSn] is shown in Figure 6-6. Comparing these mass
spectra with labeled (Me3sn*0)88i8012, the parent peak increases from 1856.5
m/z to 1860.5 m/z (Figure 6-7). The molecular weight of the measured and
theoretical parent peaks in each envelop are summarized in Table 6-1.

This information from the mass spectra indicates labeled 'O was
successfully incorporated into the building block. Around 4 m/z increment of the
labeled tin cube is consistent with what we expect when we used 40~45%
labeled water as the starting material. The intensity of the envelop at ~2020 m/z
which represents (Me3sSnO)sSisO+2 with an additional MesSn group attached is
stronger than the envelop at ~1856 m/z which represents (Me3SnO)gSigO12 in
both labeled and unlabeled tin cube mass spectra. It indicates the Me3;Sn
fragment quickly attached to the tin cube and formed a [(Me3SnO)sSisO12+Me3sSn]
complex during the MS measurement.

Table 6 - 1 Measured and theoretical mass of labeled and unlabeled
(Me38n0)88i8012

Measured mass (m/z) | Theoretical mass (m/z)
(Me3Sn0)sSigO12 1856.50352 1856.503970
(Me3Sn0)gSigO12 + MesSn 2019.46802 2019.476737
(Me3Sn*0)gSigO12 1860.51693
(Me3Sn*0)sSigO12 + Me3Sn 2023.48502
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The labeled (Me3Si'’0)gSisO12 (TMS-cube) was synthesized after reacting
excess TMSCI with labeled (MesSn'’0)sSisO+, building block. The molecular
weight of the unlabeled TMS-cube is 1131 g/mol and is ~ 1135 g/mol for the
labeled TMS-cube. More fragments attached with (Me3SiO)gSisO+, are observed
in the mass spectra (Figure 6-8). The envelop with the strongest intensity of
peaks at 1131 m/z represents the parent (Me3;SiO)sSisO12. The envelop with the
second strongest intensity of peaks at 1176 m/z represents the parent tin cube
attached with three additional methyl groups ([(Me3SiO)sSisOq2 + 3 CH3]). The
mass spectrum of labeled (MesSiO)sSisO1, contains an envelop with the
strongest intensity of peaks at around 1136 m/z (Figure 6-9). The observation of
approximately a 4 m/z increment in the mass of labeled TMS-cube is consistent
with MesSi groups from TMSCI reagent only reacted with MesSn groups and
formed new Si-'"O-Si groups in the building block. The labeled 'O atoms in the
building block after the reaction indicate that the Si-*O bond in each corner of the
building block is very stable and 'O atoms remain associated with the SigO12

cage in the reaction.

6.3.3 *°Si and "'°Sn SSNMR

The observation of identical chemical shifts of '"H NMR spectra of labeled
(Me3Sn'"0)gSigO12 and unlabeled (Me3Sn0)gSisO+2 is another line of the
evidence supporting the successful synthesis of labeled tin-cube. Both of these
samples exhibit the same chemical shift at 0.359 ppm in deuterated benzene.
2935j CPMAS SSNMR spectrum collected from the University of Tennessee
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shows two sets of silicon environments in the anhydrous crystalline
(Me3Sn0)sSigO12 molecule. One set is at ~-101 to -102 ppm and the other set is
at ~-104 to -105 ppm (Figure 6-10).

Dr. Edward Hagaman and Dr. Jian Jiao from the Oak Ridge National Lab
repeated the 2°Si SSNMR measurement of crystalline labeled and unlabeled
anhydrous (MesSnQO)sSisO12 samples and obtained similar results (Figure 6-11).
The simulated spectrum and deconvoluted peaks indicate there are four different
types of silicon centers in one tin-cube molecule. Both labeled and unlabeled tin-
cubes provide the same chemical shifts and the same distribution of different Si
sites. The parameters are summarized in Table 6-2. Slightly different ?°Si
chemical shifts of the anhydrous tin-cube sample indicate that the tin-cube
should have distorted Si sites with different Si-O bond lengths and Si-O-Si bond
angles which are consistent with the results observed in the crystal structure

(Figure 6-12).

Table 6 - 2 2°Si SSNMR parameters of labeled and unlabeled tin cubes

Sample Signals Assignment &/ ppm | FWHP /ppm | /%
Signal1 Si1 site -102.1 0.7 24

(Megsn0)88i8012 . . .
crystalline Signal2 Si2 site -102.8 0.8 25
Signal3 | Si3 and Si4 sites | -104.5 1.1 51
Signal1 Si1 site -101.7 1.6 26

(Me3Sn'0)gSis012 | o
crystalline Signal2 Si2 site -102.6 1.3 25
Signal3 | Si3 and Si4 sites | -104.5 2.1 49
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Figure 6 - 11 7O SSNMR of crystalline label and unlabeled anhydrous
(Me3SnO)88i8012
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Distorted / longer 4-coordinated

tetrahedral Si \ shorter Sn

Figure 6 - 12 Crystal structure of anhydrous (Me3SnQ)sSigO12

The "'°Sn SSNMR spectrum of crystalline anhydrous (MesSnO)sSigO12 is
shown in Figure 6-13. There is only one type of Sn atom in the molecule with a
chemical shift at 117.7 ppm because all of the Sn sites are four-coordinated.
When four water molecules coordinate to the tin-cube, the Lewis base and
hydrogen bonds between water and trimethyl tin groups change the coordinate
environment of tin centers and provide different chemical shifts in ''°Sn SSNMR
spectrum (Figure 6-14). Four different types of Sn centers are present in the
crystalline hydrous (Me3SnO)sSisO+2 with isotropic chemical shifts of 148.6, 137.3,
57.9, and -31.8 ppm based upon simulations of the raw spectrum. The tin atoms
coordinated with water change to a five-coordinate environment and change the

chemical shifts from low field to high field (more negative chemical shift).
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Figure 6 - 14 "'°Sn SSNMR of crystalline hydrous (MesSn0)sSigO12
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The hydrous crystal structure in Figure 6-15 shows both four- and five-
coordinated Sn atoms exist simultaneously in one (MesSnO)sSisO12 molecule.
The hydrogen bonds between the protons of water and the oxygen bonded to Si
and Sn (Si-O-SnMe3; groups) change the Si-O-Sn bond angles. One hydrogen
bond is formed to the oxygen bound to a four-coordinate Me3Sn group and the
other hydrogen bond is formed between the same water molecule and the
oxygen bound to a five-coordinatedMe3sSn group (Figure 6-16). Four-coordinated
Sn sites in the hydrous crystalline (Me3SnO)gSisO12 sample result in low field
"9Sn chemical shifts (148.6, 137.3 ppm). Five-coordinate Sn sites result in high

field '°Sn chemical shifts (57.9, and -31.8 ppm).

S-coordinated
Sn

L 4 4-coordinated
Sn

1

Figure 6 - 15 four and five-coordinated Sn atoms in hydrous tin cube

Oxygen from water
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Hydrogen bonds

Figure 6 - 16 hydrogen bonds in hydrous tin cube
When amorphous (Me3Sn0)sSisO1, was measured in ''°Sn SSNMR, only
two types of Sn sites are shown in the spectrum, and is similar to the spectrum of
the crystalline anhydrous tin-cube (Figure 6-17). Different O-Sn bond lengths
and O-Sn-C bond angles change the ''°Sn chemical shifts in comparison with

those in hydrous crystalline (Me3sSnO)sSigO12.

6.3.4 7O SSNMR
Two sets of oxygen sites with different Si-O-Sn bond angles are observed

in the crystal structure of the anhydrous (Me3SnO)sSisO+2 (Figure 6-18). One set
of the Si-O-Sn bond angle is ~ 140° (140.1° and 140.2°), the other set is ~ 130°
(129.1° and 132.4°). The different bond angles result in small chemical shift
differences in the "0 MAS SSNMR spectrum. The spectrum in Figure 6-19 was

collected from amorphous anhydrous (Me3Sn0O)gSigO42. The anhydrous
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Figure 6 - 17 ''°Sn SSNMR of amorphous anhydrous (MesSn0)sSigO12
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Figure 6 - 18 Crystal structure of anhydrous (MesSnQ)sSigO12
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Figure 6 - 19 "0 SSNMR MAS spectra of the anhydrous tin cube

crystalline tin-cube sample will be examined soon from ORNL and then can be
compared with the results from the amorphous sample.

In this amorphous material, two resonances with almost identical
parameters are present in the area ratio of 2:1. In the anhydrous form there is
high local symmetry at the labeled oxygen sites. This distribution may change if
we look at the anhydrous crystalline material. The splitting in the spectrum may
be due to a distortion in the crystal upon dehydration. The parameters are
summarized in Table 6-3 where & represents the chemical shift, n represents the

asymmetry parameter, SOQE represents the Second Order Quadrupole Effect

from the equation SOQE — Qeey/lL+ e ), and Qcc is the quadrupole coupling

constant.
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When four water molecules are incorporated into the lattice of
(Me3sSn0)sSigO1, cubes, the bond angle of Si-O-Sn and the bond lengths of O-Sn
change significantly. The crystal structure in Figure 6-20 shows there are smaller
Si-O-Sn bond angles and longer O-Sn bond lengths when the Sn atom in the
SnMes; group coordinates with a water molecule and changes the coordination
number to five. The O-Sn bond length increases about 0.05 A in the five-
coordinate O-SnMe; groups and the Si-O-Sn bond angle decreases from ~130°

to ~128°.

Table 6 - 3 O SSNMR parameters of anhydrous tin cube

dcs /ppm n SOQE / MHz | /%
Signal 1 35+2 0.02 £ 0.02 4.8+0.2 31+2
Signal 2 33+2 0.02 £ 0.02 49+0.2 69+2

1.998 A
./

\ .] )
129_2(5(" 2.003
%

>1 28.23

2.055 A —g—~ L

Figure 6 - 20 Bond angles and bond lengths in the Crystal structure of hydrous
(Me38n0)88i8012
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The ""O MAS SSNMR spectrum in Figure 6-21 shows multiple resonances
and prominent singularities. Two resonances are very similar at high field (signal
3’) and two resonances at low field are resolved nicely (signals 1" and 2’) in the
amorphous hydrous (MesSn*0)sSigO42 cubes. Signal 3’ is split into two peaks
when a crystal hydrous labeled tin cube is measured. (Figure 6-22)

The fit intensities of signals 1’, 2’, and 3’ are in the ratio: 1 : 1 : 2. All of
parameters are summarized in Table 6-4. The effect of the hydrogen bonded
water is to increase n (from ~ 0.02 to ~ 0.5) and to decrease SOQE (from ~ 4.8 to
~ 4.0, 4.2, and 4.6) for all sites compared to the anhydrous form. In the hydrate,
all enriched oxygen sites participate in hydrogen bonding with a single water
molecule bridging two sites. The oxygen atom from each water molecule bonds
to a Sn atom to form a five-coordinate Sn center and two hydrogen atoms from

each water molecule form two hydrogen bonds with two different O-Me3;Sn

Signal 1°

Signal 2°

Simulated

80 80 40 20 0 20 -40 60 -80 -100 -120
d170 /ppmm

Figure 6 - 21 7O MAS spectra of the amorphous hydrous material
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Figure 6 - 22 7O MAS spectra of the crystalline hydrous material

Table 6 - 4 7O SSNMR parameters of hydrous amorphous tin cube

des /ppm n SOQE / MHz [ /%
Signal 1’ 302 0.5+0.05 40+0.2 22+2
Signal 2’ 28+ 2 0.5+0.05 42+0.2 24 +2
Signal 3’ 9+2 0.6 £0.05 46+0.2 54 +2
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groups. Four sets of hydrogen bonds are shown in the crystal structures which
are 2.178, 2.189, 2.194, 2.216A respectively (Figure 6-23). The hydrogen bonds
to five-coordinate O-SnMe; groups are longer (2.216 and 2.194) than to four-
coordinated O-SnMe3; groups. Different coordination environments of the Sn
centers result in the change of Sn-O-Si bond angle and Sn-O bond length. The
signals 1’ and 2’ represent one type of oxygen bond with four- or five-coordinate
MesSn groups. The signal 3’ represents the other type of O-SnMes sites. The
complete assignments of the oxygen signals have not been made and both
measurement and analysis are ongoing. The preliminary results from the 'O
SSNMR indicate subtle changes in bond angles and length control the NMR

parameters and change the spectrum.

Figure 6 - 23 hydrogen bonds in hydrous tin cube
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6.4 Conclusions

One of the most important achievements in this research project is to
develop an efficient synthetic procedure to prepare the tin cube,
(Me3Sn 0)sSigO12, specifically labeled O in the terminal Si-O-Sn positions. The
results from mass spectra indicate that the labeled '"O atoms are successfully
incorporated into the trimethyltin analogue and TMS substituted building blocks.
"%Sn SSNMR spectra indicate the different coordinated environments of Sn
atoms in the hydrated analogue change the spectra tremendously. The
hydrogen-bonding interactions between water and tin groups affect the chemical
shift of both °Si and ""O SSNMR signals assigned to silicon atoms in the cube
and Si- O-Sn oxygen atoms. Different Si and O environments in the hydrous
and anhydrous tin cube provide slightly different °Si and 'O SSNMR spectra
and all of these results are consistent with the crystal structure.

The TMS labeled tin cube and an embedded vanadium sample with
labeled 'O building block have been prepared and will be investigated further.
This project is an ongoing collaboration with Dr. Edward Hagaman and Dr. Jian
Jiao at ORNL. If YO SSNMR spectra do present good results to distinguish
different V-""O-Si environments, the reactions of other metal chlorides such as

TiCl, or WClg will be investigated and "O SSNMR data collected.

256



Chapter 7

All capping (Cl3Si)gSigO, and it’s analogues

7.1 Introduction

Understanding the structure of a catalyst is one of the most important
issues in catalysis science. For homogeneous catalysts, single crystal X-ray
diffraction analysis is one of the most powerful techniques to determine the
structure of the catalyst. In the case of heterogeneous catalysts, many of these
materials are amorphous and their structures are difficult to determine. Solid
state NMR, EXAFS, and XANES are techniques frequently used to determine the
physical structure around metal centers (catalytic centers) in the heterogeneous
catalysts. Preparing a model compound in which the coordination environment
of the catalytic centers is similar to the heterogeneous catalysts is another
method to indirectly probe how the catalytic reaction happens in these catalytic
centers.

In our research, we developed a new synthetic methodology to obtain
single site and site isolated vanadosilicate catalysts in SigOzp-based building
block solids and these materials provide reasonable activity and high selectivity
in the dehydration of isopropanol in the gas phase. For surface vanadyl and
vanadium compounds, the catalytic centers attached to corners of each SigOy
building block are =Si-O-VOCI, or =Si-O-VCI3; groups. Other nonactive corners

contains different types of silane groups such as (=Si-O-),SiCl,, (=Si-O-);SiCl,
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and (=Si-O-),SiMes. If a model compound which contains all the same functional
groups at eight corners in each SigO2y building block can be synthesized
successfully, it will be very helpful for us to understand the properties of the
catalytic centers through a comparison of the catalytic reactions of the model
compound and these heterogeneous materials.

These new model compounds, which contain same functional groups at
eight corners around a SigO2o building block are called “all capping” molecular
species. They should crystallize into solids that have long range ordered
structures. Figure 7-1 shows some possible all capping building blocks (only one
function group at one corner is shown) which are related to our research projects.
Different main group halides such as SiCls, Me;SiCl,, and PCl; can be used to
synthesize these materials which may be considered nonactive catalyst models.
Different metal halides such as VOCIs, TiCls and ZrCls can be used as active
catalyst models.

All of these new materials have multiple chloride ligands at each corner.
These chloride ligands are very active and can be applied to numerous reactions
as illustrated in Figure 7-2. The multiple functional groups at each corner are
different than what is found on the tin cube build block for which each corner only
has one active site. Therefore we call these materials “second generation
building blocks”.

In this study, we describe a new synthetic methodology to prepare an all-
capping compound. Octakis-(trichlorosiloxy)octasilsesquioxane, (Cl3Si)sSigO2o,
has been successfully synthesized and its crystal structure has been obtained.
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Figure 7 - 1 Different RgSisO29 new building blocks
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Figure 7 - 2 Possible applications of all capping compounds
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Similar methodology to prepare all-capping VOCI3; compound has been

investigated and will also be discribed.

7.2 Experimental

The sources and purification of solvents (hexanes, methylene chloride,
and diethyl ether) and reagents (SiCls, and vanadyl trichloride) are the same as
described in Chapter 3.2. All glassware was treated with TMSCI to remove
hydroxyl groups on the glass surface. ?°Si solution NMR and *'V and ?°Si solid
state NMR spectra were also acquired as the same procedure which described in
Chapter 3.2.

SiCls (10.83g , 63.74 mmol) was delivered from a SiCls solvent bulb to a
Schlenk tube via vapor transfer followed by mixing with ~10ml CH,Cl, and kept
the Schlenk tube in a ice bath (0-5°C). Anhydrous tin cube (2 g, 1.078 mmol)
was dissolve in another Schlenk tube with 15 mL CH,ClI, and transferred to a 20
mL syringe which was connected to a syringe pump. The tin cube solution in the
syringe was slowly injected to the SiCls solution drop by drop with a 10 mL/hr
additional rate.  Transparent solution without any precipitate was observed
during the addition process. When tin cube solution was totally injected into the
SiCl, solution (~ 1.5 hours), the solution was kept stirring for another 30 minutes
then removed from the ice bath and stirred for another hour. The solvent and
unreacted SiCly liquid were removed through a vacuum line and collected in a
trap after the reaction was complete. The reaction vessel was then heated at

80°C for 6 hours under vacuum to remove the volatile trimethyltin chloride
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byproduct and obtained pure product (Cl3Si)sSisO20. This white, pure product is
extremely air sensitive and has to be stored under nitrogen at all times.
Similar procedures have been used in the attempted preparations of the

all capping VOCI3 molecular species.

7.3 Results and Discussion
7.3.1 All-capping(Cl3Si)sSigO20
7.3.1-1 sample preparation

Previous procedures to prepare materials with a tin cube building block
involved adding the reagents such as main group halide or metal halide into a tin
cube solution. A new synthetic methodology used here is called an “inverse
addition” which means tin cube building block is slowly added to an excess main
group halide solution. This method provides an efficient way to control the
reaction and avoids side reactions to occur.

Different reaction temperatures and additional rates to prepare this all-
capping molecule have been investigated. A pure (Cl3Si)sSisO2 molecular
species can be obtained at lower reaction temperatures and slow additional
rates. If the reaction temperature is higher than 30°C or the tin cube solution is
injected to the SiCls solution too fast (>20 ml/hr), a gel and cloudy solution will
form and be observed during the additional process. Keeping the SiCls solution
in an ice bath is a suitable choice to start the reaction. These conditions avoid
the vaporization of SiCl, at the top of the Schlenk tube where it may react with tin

cube on the tip of the needle in the syringe and form gel compounds. How much
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of an excess of SiCls is another factor that must be determined in preparing this
all-capping molecule. If the ratio of SiCl, to tin cube is lower than ~32 : 1 (or the
ratio of SiCl, to trimethyltin groups is lower than 4 :1 ) some cross linked product
such as linked cube dimmers will form.

The reaction equations of each trimethyltin group in a tin cube with SiCl,

are shown in Equation 1 to 3 with different reaction rate ki, k2, and ks.

SiCl, + Z=Si-O-SnMe,

=Si-O-8iCl; + MezSnCl - (1)

/O-SnMe,

QJSi jS

0-SiCl
/ 3

=Si-0-8iCl; + =Si-0-SnMe,

(8i-0-),8iCl, + Me,SnCl - (2)

-Si O1SiCl
jo-sicl, orsich

(Z8i-0-),SiCl, + =Si-0-SnMe, (Z8i-0-),SiCl + Me,SnCl - (3)

Our investigations into the preparation of the all-capping SiCls; molecule
under different reaction conditions indicate the first chloride ligand in a SiCls
molecule reacts with a trimethyl tin group faster than the second chloride ligand
and therefore only one-connected “capping” groups may be formed exclusively if
conditions are correct. Therefore k4 (one-connected silicate) must be larger than

ko (two-connected silicate) at low temperatures. The differences between k4 and
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k2 might become smaller at higher reaction temperatures. Under these
conditions more two-connected silicates are formed and a gel is obtained. A
kinetic study of these reactions will help us to understand the reactivity of
chloride ligands when they react with different numbers of trimethyltin group. A
knowledge of these reaction rates would help us define the conditions necessary
to produce species or materials with single types of linking groups (one-, two-,

and three-conneced).

7.3.1-2 »°Si NMR

Both solution and solid state ?°Si NMR data have been obtained for this
new all-capping silicate molecule. The solution ?°Si NMR spectrum is shown in
Figure 7-3. The peak at -113 ppm is assigned to the internal silicon atoms in the
SigOy cage and the peak at -45 ppm is assigned to the terminal SiCl; groups at

each corner.

113 ppm
0SiCl3 0SiCl3
Si—0——Si0SiCly Si—0——Si0SiCl3
o/| 0/ 0/| o
/0 osicly 0 /0 osicly 0
ClgSI081~—0~—Si CIgSiOsi™—0-—si
C|3Si05i—|—o—5i03i<:|3 |CI35iOSi7 -0——Si0SiCly
0 o 0 o 0 O/ 0 o
|/ | /
Cl3SI0si—0—Si ClSi0sI—0—3§

1
0SiCly 0SiCly

Glass SiO,
background

I I I I I I I I I I I I I I I I I I
20 0 -20 -40 -60 -80 -100 -120 -140 ppm
Solution 2°Si NMR
Figure 7 - 3 Solution 2SiNMR of (Cl3Si)sSisO20
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The broad signal at -100~-130 ppm region is derived from the NMR glass
tube. The peak at -113 ppm and the glass SiO, background overlap and
therefore it is difficult to obtain accurate relative integrations for the two peaks in
the spectrum. But the spectrum cleanly shows only two peaks and strongly
supports assignment to the all-cappping molecule.

For the 2°Si Solid State NMR spectrum (Figure 7-4), a sample is packed in
a ZrO; rotor and therefore the spectrum does not contain the glass background
signal. The chemical shifts of internal silicon atoms and SiCl; group are the
same as observed in the solution ?°Si NMR. A theoretical integration value of
these two peaks should be 1 to 1 but a ratio of 1 SiCls group to 0.6 internal Si is
observed in the spectrum due to the different relaxation times of the different
types of silicons in this molecule. Adding different amounts of Cr(acac)s might
help to reduce the relaxation time and change the relative intensity of these
peaks. This sample might be a good model to investigate how much Cr(acac); is
needed to obtain the expected 1 to 1 ratio for the peaks in the spectrum.
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7.3.1-3 Crystal structure

The (Cl3Si)sSigO20 molecule is extremely air sensitive and quite soluble in
most organic solvents. Several different crystallization methodologies were
investigated. Crystals were only obtained from concentrated hexanes solution.
Other methods such as diffusing diethyl ether to CH,CI, solution with high
concentrated (Cl3Si)sSigO20 or two layers solution crystallization were not
successful. The picture of crystals formed in the concentrated hexanes solution
is shown in Figure 7-5.

A high symmetric crystal structure is shown in Figure 7-6 with a R-3 space
group and a rhombohedral crystal system. All of the SiCl; groups are disordered
and the Oak Ridge Thermal Ellipsoid Plot (ORTEP) structure is shown in Figure

7-7. Data collection and refinement parameters are summarized in Appendix B

needled crystals
in hexanes

Figure 7 - 5 (Cl3Si)sSigOy crystals in a hexanes solution
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Figure 7 - 6 Crystal structures of (Cl3Si)sSisO20

Figure 7 - 7 ORTEP of (Cl3Si)sSigO2 with disordered SiCl; groups
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The labeled ORTEP structure without chloride ligands is shown in Figure
7-8 and a whole crystal structure with a unique set of Si, O, Cl atom labels is
shown in Figure 7-9 in order to provide a clearer view of this structure. The
combination of C; rotation symmetry and inversion symmetry at the center of the
SigO20 cube reduce the number of unique atoms in the structure to two —OSiCl3
groups and two Si-O-Si edges in the cube.

Selected bond lengths and angles are summarized in Table 7-1. All of the
Si-O bond lengths are around 1.55-1.56 A except Sis-O3 and Sis-O4 which belong
to O-SiCl; groups (~0.05 A shorter). All of the internal Si-O-Si bond angles inside

the SigO+, cage are around 148°. The external Si-OSiCl; bond angles may be
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Figure 7 - 8 labeled ORTEP structure without chloride ligands
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SI)

0(3)
Si(1)

0O(1)
Cl(4)

Si(4)
Cl(2)

cI(3)

Figure 7 - 9 crystal structure with one set of Si, O, Cl labels

Table 7 - 1 Selected bond lengths and bond angles for (ClzSn)sSisO20

Bond length (A) Angle (°)
Si(1)-0(3) 1.549(5) Si(1)-0(1)-Si(2) 148.2(2)
Si(1)-0(1) 1.556(3) Si(2)#4-0(2)-Si(2) 148.3(3)
Si(1)-0(1) 1.556(3) Si(3)-0(3)-Si(1) 180.000(1)
Si(2)-0(4) 1.553(4) Si(4)-0(4)-Si(2) 155.6(3)
Si(2)-0(2) 1.560(4) O(4)-Si(4)-CI(2) 110.0(3)
Si(2)-0(1) 1.561(3) O(4)-Si(4)-CI(4) 109.4(5)
Si(3)-0(3) 1.496(5) O(4)-Si(4)-CI(3) 109.1(6)
Si(4)-0(4) 1.510(4) 0(3)-Si(3)-CI(1) 118.0(4)
Si(4)-CI(3) 1.861(12) 0(3)-Si(3)-CI(1")}#2 99.9(6)
Si(4)-CI(4) 1.929(12) CI(1)-Si(3)-CI(1")#2 111.6(10)
Si(4)-Cl(2) 1.996(7) 0(3)-Si(3)-CI(1)#1 99.9(6)
Si(3)-CI(1) 1.851(10)
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divided into two groups: six that are close to ~155° (eg. Sis;-04-Si2) and two which
are rigorously linear (eg. Sis-Os-Siy). All of the SiO4 units are basically
tetrahedral with only slightly distortions observed. These results indicate SiCls
groups affect the external Si-O-Si bond angles and Si-O bond lengths
significantly. The Si-O bonds from the O-SiCl; groups significantly shorter than
Si-O bonds associated with the SigO, cage.

Crystal structures for as (MesSn)sSisO2,  (MesSn)sSigO20-4H20,”"
(MesSi)sSigO20, and (HMe»Si)sSisO20"° have been reported by J. Clark et al. and
N. Aumer et al. The SigOy cages attached with silyl groups at 8 corners
(compounds (Me3Si)sSisO2, and (HMe;Si)sSisO29) are highly symmetric and
each SisO4 face has similar Si---Si distances (squared structure) without any
elongated feature. The SigOyy cages attached with trimethyltin groups have
different Si---Si distances. Two opposite Si;O4 faces are close to square while
the other four Si,O4 faces connecting these are elongated with different Si-O-Si
angles especially in the hydrous tin cube structure. Figure 7-10 to 7-14 illustrate
different Si---Si distances and Si-O-Si angles in (Cl3Si)sSigO2, (Me3Sn)sSigO2o,
(Me3Sn)sSigO20-4H20,  (MesSi)sSisO2, and (HMeySi)sSisOzp  molecules,
respectively. The comparisons of Si---Si bond distances and Si-O-Si bond angles

are summarized in Table 7-2.
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(Cl3Si)gSigO4g

Figure 7 - 10 Si---Si bond distance and Si-O-Si bond angle in SisO2y cage of
(ClgSi)gSigOzo molecule

Elongated side

Figure 7 - 11 Si---Si bond distance and Si-O-Si bond angle in SigO cage of
(Me3Sn)sSigO29 molecule
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Figure 7 - 12 Si---Si bond distance and Si-O-Si bond angle in SisO2y cage of
(Me3Sn)sSisO20 molecule

(Me,Si)sSisOsz0

Disordered
Me,Si groups

Figure 7 - 13 Si---Si bond distance and Si-O-Si bond angle in SisO2y cage of
(Me3Si)sSigO20 molecule
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Disordered
HMe,Si groups

(HMe,Si)sSisOz

Figure 7 - 14 Si---Si bond distance and Si-O-Si bond angle in SisO2y cage of

(HMe32Si)sSigO20 molecule

Table 7 - 2 Si---Si bond distances and Si-O-Si bond angles of different SigO29
building blocks

(SIC|3)3 (Me3Sn)8 (Me3Sn)8 (Me3Si)g (HMe28|)8
Sisto Sisto Si8020~4H20 SigOgo Sisto
Crystal rhombohedral triclinic triclinic triclinic rhombohedral
system
Space group R-3 P-1 P-1 P-1 R-3
Si--Si (A) 3.165 3.201
(enlogated NA 3.085 3.019 NA NA
Si,O, face) ’ ’
Si--Si (A) 3081 3.052
(squared 2.997 3.072 3.019 3,082 -3.100 3.083
Si,0, face) ’
Si-O-Si
angle (°) NA 161.18 171.10 NA NA
(enlogated 144.04 137.20
Si,O, face)
Si-O-Si
angle (°) 144 .41 139.28 147.14 —
148.15 148.17
(squared 143.51 136.36 149 .53
Si,0, face)
J. Clark J. Clark N. Aumer N. Aumer
Refi Thi k
elerence IS wor etal.”’ etal.”’ atal.’ atal.’®




The SigOy building block carrying trimethyltin groups is distinctive by
having elongated SigO,y cages in which four Si;O4 faces have longer Si---Si
distances in the molecule. When the trimethyltin groups coordinate with water
(hydrous tin cube molecule), the effect of the elongation is even more significant.
The spherosilicates with silyl groups do not exhibit this elongated feature. Six
Si;O4 faces in (Cl3Si)sSisO20, (HMe2Si)sSisO20 and (MesSi)sSisO20 molecules are
close to square with similar Si---Si distances and Si-O-Si bond angles. The
(Cl3Si)sSigO29 molecule has the smallest SisO29 cage with the shortest average
Si---Si distances observed among these molecules.”” The significant elongated
feature in the hydrous trimethyltin cube may be due to the presence of Lewis
base and hydrogen-bonding interactions of stannylated spherosilicates and

exocage oxygen atoms.

7.3.2 All-capping Vanadyl (V) complexes

We also attempted to synthesize the all-cappping (VOCI,)sSisO20 molecule
by using a similar synthetic methodology. Unfortunately, the product always
contained some two-connected vanadyl groups ((=Si-O-);VOCI). Several
different reaction temperatures such as 25°C (room temp.), 0°C (ice bath), -10°C
(ice bath with salts), -42 °C (CH3CN with dry ice), and -77 °C (acetone with dry
ice) have been studied. But *'V SSNMR spectra from all of these reactions are
similar (Figure 7-15) which indicate majority one-connected vanadyl and minority

of two-connected vanadyl centers exist in the product simultaneous.
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Figure 7 - 15 °'V SSNMR spectra (-42°C synthesis)

The melting point of the VOCI; is —77°C. Therefore the lowest
temperature we can studies is above -77°C before VOCI3 frozen in the solution.
The first chloride ligands react with trimethyltin groups immediately and form =Si-
O-VOCI;, group as soon as tin cube is added to the VOCI3 solution. A small
amount of two-connected (=Si-O-);VOCI groups appears to also form even
though the reaction is conducted at low temperature. These results indicate the
values of kq and k; for the first and second chloride ligand in VOCI; molecule
react with trimethyltin groups are close no matter the reaction is run at what
temperature.

A #°Si SSNMR spectrum was collected for a sample of the capping
vanadyl which was synthesized at —77°C. Only one signal appears at ca. =110
ppm in the ?°Si SSNMR spectrum which represents different Si-O-V groups and

no residual trimethyltin groups are observed (Figure 7-16). This result indicates
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(Me,Sn0),Si,0,, + excess VOCI,
Inverse addition

| 295i MAS SSNMR
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Figure 7 - 16 ?°Si SSNMR spectrum

that all trimethyltin groups can react with VOCI3; and form one or two-connected
vanadyl groups even though the reaction temperature is low. Although the
targeted all-capping (VOCI»0)sSigO12 molecule was not obtained in pure form,
these materials with a majority of one-connected vanadyl center can still be

applied to catalytic reactions and their activities studied.

7.4 Conclusion

An all capping (Cl3Si)sSisO20 molecule has been synthesized successfully.
A new synthetic methodology which we call “inverse addition sequence” can be
used to control the reaction rate efficiently when (Me3SnO)sSisO4, reacts with
excess SiCly at low temperature. The multiple active sites of each SiCls group at
each corner in the SigO2y cage allow this compound to be viewed as another type
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of building block which we call the “second generation building block” The
crystal structure of this extremely air sensitive molecule has been obtained. The
new molecule is a very good model compound for the SigO12 building block family
and has applications to future neutron and X-ray scattering research.
Investigations into the preparation of different types of all-capping metal
halides (VOCIs, VClg4, or TiCls) molecules are still ongoing. Changing the reaction
temperature and the stoichiometries of reactants are two major factors that might

help us to achieve the goal in the future.
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Chapter 8

Conclusions and Future work

8.1 Conclusions

A new synthetic methodology to synthesize single-site and site-isolated
catalysts via a building block approach has been successfully developed. The
preliminary results of using vanadyl and vanadium (1V) building block materials in
gas phase catalytic dehydration of isopropanol are very encouraging from the
standpoint of product selectivity. The conclusions from the work described in this
thesis are divided into three parts: synthesis, characterization, and application of

new building block catalysts and are described as follows.

8.1.1 Synthesis

An efficient method to separate large scale mixtures of HgSisOq2 and
H10Si10045 (20~30 g), which requires no more than sublimation, washing the
mixture with hexanes, and crystallization, provides us with a rapid way to obtain a
large amount of pure spherosilicate from the mixture in a short amount of time. A
one-pot procedure for preparing the critical stannylated building block,
(Me3Sn)sSisO20 not only optimizes the large scale synthesis of (Me3Sn)sSigOy0.
but also lessens the contact with toxic tin byproducts and shortens the reaction
time for the synthesis. Recycling trimethyltin hydride, Me3SnH, and successfully

converting it to trimethyltin peroxide in high yield are important achievements in
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this research project. Trimethyltin peroxide, MesSnOOH, can also be used to
synthesize the trimethyltin-ether, (Me3Sn),0.

An efficient methodology to obtain high yields and large amounts of the
“tin cube”, (MesSn)sSigOy is an important first step in constructing a new
generation catalyst utilizing the SigOy cubic building block. “Embedded” and
“surface” vanadyl and vanadium materials which were described in chapter 3 are
successfully prepared via different sequences of linking reagent additions with
different stoichiometries. The stoichiometric ratio to obtain fully embedded three-
connected vanadyl and four-connected vanadium catalysts under a mild
condition (reaction temperature lower than 60°C) is a ratio of Cl to Sn of no more
than 3 to 8 (1 VOCIs3 : 1 tin-cube or 0.75 VCl, : 1 tin-cube). If the ratio of Cl to Sn
is higher than 3 to 8, some of the chlorides from VOCI; or VCls will not react
completely with the trimethyltin groups and will remain in the product.
Furthermore, some vanadyl centers will be less than three-connected or some
vanadium centers less than four-connected in the matrix.

For the “surface” catalysts, one-connected vanadyl or vanadium centers
exist in the silicate matrix with lots of VOCI;, or VCI; groups around the surface.
Therefore surface compounds are much more air sensitive than the embedded
compounds. The vanadium weight percentage in the surface compounds can be
adjusted by preparing different types of silicate platforms which contain a
different amount of residual trimethyl groups around the silicate matrices.

Successfully synthesizing labeled O tin-cube provides us with the
opportunity to use 70 SSNMR to identify the coordination environment near the
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catalytic centers which we can not observe from other SSNMR nuclei. Reacting
a limiting amount of labeled water with one equivalent of methyl lithium to obtain
labeled Li*OH is the key reaction in this new synthetic methodology. The same
procedure also can be used to synthesize unlabeled tin-cube.

The slow addition methodology to synthesize all-capping Si molecular
species, (Cl3Si)gSisO2 not only provides an important new building block
synthon but also provides information about the reaction rates of chloride ligands
in each SiCls molecule as they react with trimethyltin groups. The ability to
cleanly prepare the trichlorosiloxy analogue indicates that the first chloride reacts
much faster than the other chloride ligands. We have also attempted to
synthesize all-capping vanadyl and vanadium molecule species utilizing the
same procedure but have not succeeded yet. Mixtures of multiple vanadyl or
vanadium sites have always been formed in the products irrespective of the
reaction temperature. This synthetic methodology may be used to prepare
second generation building blocks which have multiple functional groups on each

corner if the differences in the reactivities of the chloride ligands are large.

8.1.2 Characterization
8.1.2-1 Gravimetric analysis

Gravimetric analysis is one of the simplest and fastest methods to obtain
the information of average connectivities of the linking groups by tracking the
weight change due to the loss of trimethyltin chloride. The average molecular

formula derived from different stoichiometric reactions provides useful weight
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percentage information for each sample. Another method to determine the
vanadium weight percentage is atomic absorption and atomic emission
spectroscopy. Atomic absorption and emission measurements are consistent
with the results which were obtained from gravimetric analyses. For the
embedded materials, the vanadium weight percentage can be adjusted by using
different amount of VOCI3 or VCls in the first dose reaction. For the surface
materials, different types of silicate platform with different amount of residual

trimethyltin groups will determine the final vanadium weight percentage.

8.1.2-2 Multinuclear Solid State NMR

Solid state NMR spectroscopy is one of the most powerful methods of
structure determination in the solid state. For the embedded materials, 2g;j
SSNMR spectra provide information about the silicate environment in each
vanadyl sample. The chemical shifts of Si-O-Sn, Si-O-Si, and Si-O-V groups are
slightly different and can be used to understand whether trimethyltin groups still
remain in the product. For second dose reactions, a mixture of differently
connected silicate centers exist in the sample when SiCl; or Me,SiCl, are used
as linking reagents. For the third dose (TMSCI) reaction, trimethyl silyl groups
were shown to completely replace trimethyl tin groups in the?*Si SSNMR spectra.

For ®'V SSNMR spectra, identification of the isotropic peak requires
collecting spectra using different spinning rates. For the embedded samples,
higher spinning rates are needed to identify two and three-connected vanadyl

centers. The low vanadium weight percentage embedded samples also need a
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longer collection times (about 12~24 hours) to obtain good quality spectra. The
surface vanadyl samples contain higher vanadium loadings and are easier to
obtain clear °'V SSNMR spectra for identifying isotropic peaks. Three-connected
vanadyl centers were observed in the embedded vanadyl samples. One-
connected vanadyl centers were observed in the surface vanadyl samples.
These °'V SSNMR spectra results are consistent with the design goals of the
project and prove that single-site vanadyl materials were successfully

synthesized via sequential additional techniques.

8.1.2-3 Mass spectra and 'O SSNMR

Mass spectra of enriched 'O samples of the tin cube and TMS cube
proved that the O label had been successfully incorporated into the final
product. 'O SSNMR spectra of tetrahydrate and anhydrous labeled building
block materials indicate the hydrogen bonds in the hydrate change the 'O
chemical shift slightly. ''°Sn SSNMR spectra of the hydrous and anhydrous
crystalline tin cube prove four and five coordinated tin center did change the
chemical shifts tremendously. The different chemical shifts in these materials
indicate the different Si and Sn environments between hydrous and anhydrous
tin cube which are consistent with different Si-O-Sn bond angles and Sn-O bond

lengths in the crystal structure.
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8.1.2-4 Surface area measurements

The results of surface area measurements indicate the one-dose reaction
for preparing embedded vanadyl or vanadium (+4) samples only form oligomeric
species with low surface areas. Surface areas increase after using SiCls or
Me,SiCl, as second dose reagents. This observation is consistent with the
aggregation of small oligomeric species to form porous materials. For the
embedded samples, the surface area can be adjusted by adding different
stoichiometric amounts of SiCl4 or Me;SiCl; in the second dose reaction. Longer
reaction times and higher reaction temperatures produce materials with higher
surface areas. For the surface samples, different silicate platforms have different
surface areas. After reacting VOCI; or VCl, with these silicate platforms, surface
areas do not change significantly. This observation is consistent with a model in
which one-connected surface vanadyl and vanadium samples are only on the

silicate surface and do not change the material’s porosity.

8.1.2-5 XANES and EXAFS

XANES data can be used to determine the oxidation state and the
geometry of the metal center in a sample that exhibits no longer range order.
The differences in the edge features of embedded and surface samples in
XANES spectra indicate the chloride ligands coordinated to the vanadium
centers have a dramatic effect on the absorption edge. EXAFS spectra of
vanadyl and vanadium samples can provide information on interatomic distances

as well as average coordination numbers for vanadium in each material. For the

282



embedded vanadyl sample, a feature corresponding to V-O single bonds was
observed in the spectrum with a coordination number close to three. For the
embedded vanadium (IV) sample, a similar V-O single bond feature was also
observed with a coordination number close to four. No evidence for a V-Cl peak
appeared in these spectra. These results indicate all chloride ligands react with
trimethyltin groups and form fully embedded three-connected vanadyl and four-
connected vanadium compounds.

For surface vanadyl samples, features corresponding to one V=0 double
bond, one V-O single bond and two V-CI single bonds were observed in the
spectra. For the surface vanadium sample, features corresponding to one V-O
single bond and three V-CI single bonds were observed in the spectra. The
results of the EXAFS data analysis are consistent with the SSNMR data and
strongly support our original goal of developing a methodology in which materials
containing different vanadyl or vanadium centers with different connectivities can

be synthesized by design.

8.1.2-6 Single X-ray crystal structures

The single X-ray crystal structure of Me3sSnOOH indicates that one water
molecule is bound to the tin center and forms a five-coordinate environment. The
water oxygen that coordinates to the tin atom has a longer bond distance than
the Sn-peroxide distance.

Obtaining the (Cl3Si)sSigO20 crystal structure is another important
achievement in the work described here. This compound is extremely air
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sensitive and easily decomposes if exposed to water. Therefore it is extremely
hard to obtain crystals of this molecule. The highly symmetric (Cl3Si)sSigO20
molecule is not like the hydrous or anhydrous tin-cube where the cube SigO1;
core is elongated along an axis through opposite Si;O4 faces. The Si-O, Si-Cl
bond distances and Si-O-Si, Si-O-Cl bond angles provide useful information for
future studies involving neutron and x-ray scattering. This compound also can be
used as a second generation building block since the three chloride ligands in
each corner are all reactive toward linking reactions with a broad class of

reagents.

8.1.3 Application: Catalysis

The preliminary results of catalytic reactions show that both embedded
and surface vanadium materials are good solid-acid catalysts. Highly selectivity
is the most encouraging results observed so far. The good thermal stability of
these catalysts also indicates the robust building blocks provide a good
environment to stabilize the catalytic centers. Investigation of the catalytic
activities of these materials is ongoing and is currently focused on determining

their activation energies.

8.2 Future work
8.2.1 H1oSi1oo15 bU|Id|ng block
An efficient methodology to separate HgSisO12 and H1¢Si10O15 provides a

potential opportunity to use pure H1,Si10O15 as a new building block precursor.
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Similar synthetic methodologies can be applied to the synthesis of
(Me3Sn0)10Si10015. Ten trimethyltin groups in each building block provide more
chances to react with more metal halides. The materials made from
(Me3Sn0)10Si10015 might have a higher surface area or higher porosity. Using
the same procedure to synthesize embedded and surface materials from the
(Me3Sn0)10Si100+5 building block will be of interest. The relation between
surface area and catalytic activity could be studies by comparing properties of Sig

and Siqg derived materials.

8.2.2 Different connectivities between embedded and surface materials
Embedded and surface vanadyl and vanadium material have been
synthesized successfully. However, single site two-connected vanadyl or three-
connected vanadium (+4) materials are more difficult to obtain. Changing the
reaction time or temperature are two parameters to probe while attempting to
achieve this goal. A study of the reaction rates between each chloride ligand and
trimethyl tin groups during the synthetic processes will provide insight into the
type of connectively achieved under a given set of conditions. As soon as the
other vanadyl or vanadium sites can be synthesized, the study of different
catalytic reactions with a series of single-site vanadyl or vanadium samples with

varying connectivity will be possible.
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8.2.3 Improvement of EXAFS data collection at NSLS

Obtaining good quality EXAFS data relies on careful sample preparation.
Besides this, we notice that different beam lines (X19A verse X18B) at NSLS
provide data of different quality. At X18B (unfocused beam), more concentrated
samples (weight percentage > than 3~4%) are required when a PIPS detector is
used. For X19A (focused beam), low concentration samples (weight percentage
< 3%) provide better spectra when the Ge detector is used. These observations
provide useful information and will help us to prepare samples with proper
concentrations for the beam time used.

The relation between edge jump and weight percentage is another
interesting project that is worth more investigation. If the weight percentage can
be determined from the edge jump of the XANES spectra accurately, it will

provide more information to compare with the results from gravimetric analysis.

8.2.4 0 building block application

Our investigations of 'O labeled building blocks are still ongoing in
collaboration with Dr. Edward Hagaman and Dr. Jian Jiao at ORNL. The three-
connected embedded vanadyl sample was prepared and analyzed but the low
concentrated vanadyl weight percentage (3.5%) in this sample made it hard to
observe clear spectra to identify the V-'"O-Si environment. High weight
percentage surface vanadyl samples or all capping vanadyl molecular species
with labeled 'O building block will be prepared in the future. If O SSNMR

spectra do present good results to distinguish different V-'"O-Si environments,
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the reactions of other metal chlorides such as TiCls or WClg will be investigated

and 'O SSNMR data collected.

8.2.5 Next generation catalysts

Single site catalysts should provide higher selectivities in the reactions
that they catalyze. But the activity of different types of vanadyl and vanadium
samples has not been determined yet. Several different protocols to test the
catalysts, such as changing the flow rate and temperature profiles, are still
ongoing. A more accurate response factor for each catalytic reaction from the
GC should also be investigated. Determining the reaction rate by using different
flow rates as a function of temperature will provide the information to derive the
activation energy. Determining the activation energies and the turnover numbers
can be used to decide which types of vanadyl or vanadium samples exhibit
higher activity.

Different catalytic reactions such as oxidation, epoxidation, and olefination
reactions can be tested with different types of the vanadium samples in the gas
phase catalytic micro-reactor. In the future, liquid phase reactions such as
transesterification and esterification can also be investigated. A variety of
investigations of these new generation catalysts will be very important. We
believe single site and site- isolated, robust catalysts in the SigO-based building

block are representative of “next generation” catalysts of the future.
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Appendix A

X-ray Tables for Me3sSNnOOH-H,0O

Table A-1. Crystal data and structure refinement for MesSnOOH-H,0

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 23.36
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

MesSnOOH-H,0

C3H12 03 Sn

214.84

173(2) K

0.71073 A

Monoclinic

P21/n

a = 6.6488(16) A a=90°
b =10.682(3) A
¢ =10.590(3) A y =90°
750.2(3) A3

8

2.936 Mg/m3

6.563 mm-1

624

0.25 x 0.10 x 0.05 mm3

2.71 to 23.36°.

-7<=h<=7, -11<=k<=11, -11<=I<=11

5564

1086 [R(int) = 0.0330]

100.0 %

Full-matrix least-squares on F2
1086/0/79

1.116

R1=0.0172, wR2 = 0.0458
R1=0.0193, wR2 = 0.0471
0.377 and -0.373 eA-3
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Table A-2. Atomic coordinates (x 104) and equivalent isotropic displacement

parameters (A2x 103) for MesSnOOH-H,0. U (eq) is defined as one third of the

trace of the orthogonalized Uil tensor.

X y z U(eq)
Sn(1) 1137(1) 2866(1) 2844(1) 22(1)
o(1) 1297(3)  4544(2) 3996(2) 23(1)
0(3) 885(5) 1233(3) 1339(3) 46(1)
C(@3) 4310(5)  2680(4) 2842(4) 36(1)
C(2) -452(6) 3938(3) 1414(3) 40(1)
c() -456(6) 1744(4)  4085(4) 41(1)
0(2) 1972(4)  4179(2) 5315(2) 30(1)

Table A-3. Bond lengths [A] and angles [°] for MesSnOOH-H,O0.

Sn(1)-C(2)
Sn(1)-C(1
Sn(1)-C(3
Sn(1)-O(1
Sn(1)-0(3
0O(1)-0(2)

)
)
)
)

2.118(3)
2.119(4)
2.119(4)
2.167(2)
2.361(3)
1.487(3)

120.23(16)
119.67(16)
119.34(16)
87.54(11)
97.16(13)
94.00(12)
84.81(13)
89.24(14)
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(Table A-3. continued) Bond lengths [A] and angles [°] for Me3SnOOH-H,0.

C(3)-Sn(1)-0(3) 87.25(13)
O(1)-Sn(1)-0(3) 171.81(9)
0(2)-0(1)-Sn(1) 108.13(15)

Symmetry transformations used to generate equivalent atoms: none

Table A-4. Anisotropic displacement parameters (A2x 103) for MesSnOOH-H,0.
The anisotropic displacement factor exponent takes the form: -2n2[ h2 a*2u'1

+.. +2hka*b*Ul12]

ui u22 u33 u23 ul13 ul2
Sn(1)  21(1) 21(1) 23(1) -1(1) -1(1) 2(1)
o(1) 29(1) 24(1) 17(1) 1(1) 1(1) 0(1)
0(3) 32(2) 43(2) 61(2) -29(1) -15(1) 11(1)
C(3) 25(2) 44(2) 38(2) -9(2) 1(2) 5(2)
C(2) 51(2) 38(2) 30(2) 1(2) -8(2) 13(2)
C(1) 38(2) 38(2) 45(2) 11(2) -3(2) -13(2)
0O(2) 28(1) 37(1) 24(1) -2(1) -2(1) 8(1)

Table A-5. Hydrogen coordinates ( x 104) and isotropic displacement parameters

(A2x 10 3) for MesSnOOH-H,0.

X y z U(eq)
H(3A) 4863 3402 2414 53
H(3B) 4635 1911 2394 53
H(3C) 4900 2640 3716 53
H(2A) -1438 3404 939 61
H(2B) 501 4277 838 61
H(2C) -1154 4628 1805 61
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(Table A-5. continued) Hydrogen coordinates ( x 104) and isotropic displacement

parameters (A2x 10 3) for MesSnOOH-H,0.

H(1A) -1030 2278 4720 61
H(1B) 469 1137 4510 61
H(1C) -1544 1297 3601 61
H(5) -220(70)  1060(40)  1020(40) 63(15)
H(4) 1180(50)  4530(30)  5620(30) 29(11)
H(6) 1650(70)  730(50)  1200(40) 62(16)
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Appendix B

X-ray Tables for (C|3SiO)SSiso12

Table B-1. Crystal data and structure refinement for (Cl3SiO)gSisO12

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 23.36
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

(C13Si0)gSigO12

Cl24 020 Si16

1620.24

173(2) K

0.71073 A

Rhombohedral

R-3

a=16.6337(9) A o=90°
b = 16.6337(9) A B=90°
c = 16.6438(9) A y=120°
3988.1(4) A3

3

2.024 Mg/m3

1.646 mm-1

2376624

0.10 x 0.05 x 0.05 mm
1.87 to 27.47°.

-14<=h<=21, -15<=k<=21, -21<=I<=21

7370

2041 [R(int) = 0.0567]

100.0 %

Full-matrix least-squares on F2
2041/0/128

1.045

R1 =0.0646, wR2 = 0.1807
R1=0.1039, wR2 = 0.2227
0.547 and -0.334 eA-3
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Table B-2. Atomic coordinates (x 104) and equivalent isotropic displacement
parameters (Azx 103) for (Cl3SiO)sSigO12. U (eq) is defined as one third of the

trace of the orthogonalized Uil tensor.

X y z U(eq)

Si(1) 3333 6667  10104(1)  49(1)
Si(2)  3416(1)  5240(1) 11145(1)  51(1)
Si(3) 3333 6667 8274(1)  80(1)
Si(4)  3355(2) 3662(1) 10228(1)  86(1)

O(1)  3393(2) 5815(2) 10414(2)  59(1)
O(2)  2515(2) 4903(2) 11652(2)  62(1)
O@3) 3333 6667 9173(3)  77(2)

O(4)  3469(3) 4388(3) 10834(2)  69(1)
cl(1 4390(9) 6839(8)  7752(6) 175(4)
Cl(2)  3308(16) 4094(9) 9119(3) 202(7)

)

)

CI(3)  4320(9) 3411(11) 10351(14) 235(7)

) 2161(10) 2561(9) 10377(7)  180(5)
Cl(1)  4608(10) 6898(16) 8069(13) 238(8)
CI(2')  3933(11) 4260(12) 9272(8)  202(6)
CI(3)  3970(18) 3009(15) 10545(17) 252(12)
Cl(4')  2118(9)  2773(15) 10173(15) 210(9)

Table B-3. Bond lengths [A] and angles [°] for (Cl3SiO)sSigO12.

Si(1)-0(3) 1.549(5)
Si(1)-0(1)#1 1.556(3)
Si(1)-0(1)#2 1.556(4)
Si(1)-0(1) 1.556(3)
Si(2)-0(4) 1.553(4)
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(Table B-3. continued) Bond lengths [A] and angles [°] for (Cl3SiO)gSigO12.

Si(2)-0(2)#3
Si(2)-0(2)
Si(2)-0(1)
Si(3)-0(3)
Si(3)-CI(1)#2
Si(3)-CI(1)#1
Si(3)-CI(1)

Si(3)-CI(1")#2
Si(3)-CI(1")#1

Si(3)-CI(1")
Si(4)-0(4)
Si(4)-Cl(4")
Si(4)-CI(3)
Si(4)-CI(2))
Si(4)-CI(3")
Si(4)-Cl(4)
Si(4)-CI(2)
0(2)-Si(2)#4

1.558(4)
1.560(4)
1.561(3)
1.496(5)

1.851(10)

1.851(10)
1.851(10)

1.986(11)

1.986(11)
1.986(11)
1.510(4)
1.839(12)
1.861(12)
1.868(13)
1.902(17)
1.929(12)
1.996(7)

1.558(4)

O(3)-Si(1)-0(1)#1  109.39(13)
O(3)-Si(1)-0(1)#2  109.39(13)
O(1)#1-Si(1)-0(1)#2  109.55(13)

0(3)-Si(1)-0(1)

109.39(13)

O(1)#1-Si(1)-0(1)  109.55(13)

o4

0(4)-Si(2)-0(2)

#2-Si(1)-0(1)  109.55(13)
i(2)-0(2#3  109.3(2)

109.6(2)

O(2)#3-Si(2)-0(2)  109.30(14)

)
3)
(1)
)
(1)
O(1)
(4)-S
(4)-
(2)
(4)-

0(4)-Si(2)-0(1)

109.3(2)
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(Table B-3. continued) Bond lengths [A] and angles [°] for (Cl3SiO)gSigO12.

O(2)#3-Si(2)-0(1)  110.2(2)

0(2)-Si(2)-0(1) 109.2(2)
O(3)-Si(3)-Cl(1)#2  118.0(4)
O(3)-Si(3)-Cl(1)#1  118.0(4)
CI(1)#2-Si(3)-CI(1)#1  99.8(5)
O(3)-Si(3)-CI(1) 118.0(4)
CI(1)#2-Si(3)-CI(1)  99.8(5)
CI(1}#1-Si(3)-CI(1)  99.8(5)
O(3)-Si(3)-CI(1'#2  99.9(6)

CI(1)#2-Si(3)-CI(1'}#2  18.1(6)
CI(1)#1-Si(3)-CI(1'}#2 109.9(9)
CI(1)-Si(3)-CI(1'}#2  111.6(10)
O(3)-Si(3)-CI(1)#1  99.9(6)
CI(1)#2-Si(3)-CI(1/#1  111.6(10)
CI(1)#1-Si(3)-CI(1'}#1  18.1(6)
CI(1)-Si(3)-CI(1#1  109.9(9)
CI(1"/#2-Si(3)-CI(1)#1 117.1(4)
0(3)-Si(3)-CI(1")  99.9(6)
CI(1)#2-Si(3)-CI(1")  109.9(9)
CI(1)#1-Si(3)-CI(1")  111.6(9)
CI(1)-Si(3)-CI(1")  18.1(6)
CI(1"#2-Si(3)-CI(1")  117.1(4)
CI(1"#1-Si(3)-CI(1")  117.1(4)
O(4)-Si(4)-CI(4')  108.6(7)
O(4)-Si(4)-CI(3) 109.1(6)
CI(4')-Si(4)-CI(3)  124.6(9)
O(4)-Si(4)-CI(2)  108.5(5)
Cl(4')-Si(4)-CI(2))  117.2(8)
CI(3)-Si(4)-CI(2')  86.6(8)

vvvv
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(Table B-3. continued) Bond lengths [A] and angles [°] for (Cl3SiO)gSigO12.

O(4)-Si(4)-Ci(3)  112.5(7)
Cl(4')-Si(4)-CI(3")  105.1(10)
CI(3)-Si(4)-CI(3")  21.6(11)
CI(2')-Si(4)-CI(3")  105.0(9)
O(4)-Si(4)-Cl(4) 109.4(5)
Cl(4')-Si(4)-Ci(4)  15.6(11)
CI(3)-Si(4)-Cl(4)  111.5(7)
CI(2')-Si(4)-CI(4)  128.8(6)
CI(3')-Si(4)-CI(4)  90.9(9)
O(4)-Si(4)-CI(2) 110.0(3)
Cl(4')-Si(4)-CI(2)  90.8(8)
CI(3)-Si(4)-Cl(2)  112.0(8)
CI(2')-Si(4)-CI(2)  28.7(4)
CI(3')-Si(4)-Cl(2)  126.2(8)
Cl(4)-Si(4)-Cl(2)  104.7(7)
Si(1-0(1)-Si(2)  148.2(2)
Si(2)#4-0(2)-Si(2)  148.3(3)
Si(3)-0(3)-Si(1)  180.000(1)
Si(4)-0(4)-Si(2)  155.6(3)

Symmetry transformations used to generate equivalent atoms:
#1 -x+ty,-x+1,z  #2 -y+1 x-y+1,z #3 x-y+2/3,x+1/3,-z+7/3
#4 y-1/3,-x+y+1/3,-z+7/3
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Table B-4. Anisotropic displacement parameters (A2x 103) for (Cl3Si0)gSigO2.
The anisotropic displacement factor exponent takes the form: -2n2[ h2 a*2u'1

+.. +2hka*b*Ul12]

Uil U22  U33  U23  U13  U12
Si(1) 61(1) 61(1) 24(1) 0 0 31(1)
Si(2) 64(1) 53(1) 40(1) -5(1)  1(1)  32(1)
Si(3) 106(2) 106(2) 29(1) O 0 53(1)
Si(4) 107(2) 80(1) 80(1) -23(1) 6(1) 55(1)
O(1) 76(2) 65(2) 4212) -1(1) 2(1) 39(2)
0(2) 69(2) 612) 55(2) -12) 8(2) 31©2)
O(3) 103(3) 103(3) 27(2) O 0 5102
O(4) 92(3) 64(2) 60(2) -92) 1(2) 46(2)
Cl(1) 211(9) 203(7) 106(5) 17(4) 87(5) 101(6)
Cl(2) 400(20) 233(9) 49(2) 0(3) 10(5) 211(12)
CI(3) 152(7) 223(14) 403(16) -41(12) 29(8) 148(9)
Cl(4) 205(11) 92(4) 139(5) -24(4) -22(5) -3(4)
CI(1') 130(7) 450(20) 173(13) 15(12) 58(8) 170(10)
CI(2') 206(11) 329(14) 73(5) -20(6) 44(5) 134(10)
CI(3") 320(20) 199(15) 360(20) -129(16) -120(19) 226(17)
Cl(4") 92(6) 152(13) 320(20) -84(12) -56(9) 10(B)
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