Studies on Methylaluminoxane Catalyst Activators

Chrysoula Pateraki

PhD Thesis

University of East Anglia
School of Chemistry

September 2014

© This copy of the thesis has been supplied on condition that anyone who consu
understood to recognise that its copyright rests with the author and that use
information derived there from must be in accordance with current UK Copyrightlha
addition, any quotation or extract must include full attribution.



Statement of Original Work

The work presented in this thesis has been conductethébyauthor, Chrysoula
Pateraki, and is, to the best of her knowledge, original, except where references have been
made to other peopl ebs wor k. The correspon:

chapter.



Abstract

The first part of tt8 PhD was devoted to the structural characterization of
methylaluminoxane (MAO). Initially the work focused upon MAO formation by studying the
hydrolysis reaction of trimethylaluminium (TMA), with a greater interest in ithigal
reaction steps of TMAvith H,O. This was attempted by usifid VT NMR spectroscopy and
by combining infrared spectroscopy with the matrix isolation technique. Low temperature
NMR experiments successfully led to the identification of the AlIMgO adduct as the first
intermediag, followed by formation of MAIOH, when THF was employed as a solvent.

Another approach focused on the characterization of MAO by developing a fast and
reliable method for quantification of the TMA content of commercial MAO solutiondHsa
NMR spectrosopy with addition of donors. This research also showed that MAO contains a
small amount of certain structures, which upon addition of THF or pyridine can lead to the
formation of cationic species [AIME;]".

The second part of this wonkas devoted tothe nhancement of MA OO s
efficiency by kinetic studies on-ilexene The primary aim was to produce MAO soluble in
aliphatic hydrocarbons bgddition of branched olong chain aluminium trialkyls, which
proved to be effective solilizing agents, and by modification of MAO with long chain
silanols. Addition of silanols led to polymers with lower . Differences in productivity,
polymer molecular weight and number of active species were shown to be primarily a linear

function of theTMA concentration.

An important part of this PhD was the development of a synthetic route towards ethyl
iso-butylaluminoxane (EBAO) and use irhkxene polymerizationlhis is the first study
where EBAO is successfully used as a soluble componenthexéne polymerization in
heptane and leads to comparable or even higher productivities and higher number average
molecular weights compared to the MAO catalytic systems
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Chapter 1

Introduction

1.1 Homogeneous ZiegleiNatta Catalysts and the Discovery of Methylaluminoxane
(MAO)

Although the first homogeneous ZiegMatta catalyst, CGICl,, had been
discovered in 1957 by Breslow and Ndifaconsiderable attention was only given to olefin
polymerization by homogeneous Ziegiatta catalysts after the discovery and use of MAO
as an activator. In 1980, Sinn and Kamingkyliscovered that addition of water to a
CpZrMe,/TMA system creates agly active catalytic system for ethylene polymerization.
This led them to the hypothesis that a new compound was formed by the partial hydrolysis of
TMA, an oligomeric aluminoxane containing the structur®-[Al(Me)-],, which was

responsible for the surigmgly high activity of the system.

After the establishment of high polymerization activities of MAO (cocatalyst) and
group 4B transition metallocene (the main component of the homogeneous -Kiatjéer
catalyst systems) systems, many scientific groupssadhe globe focused their interest on
the olefin polymerization by singlgite ZieglerNatta catalysts in combination with an
alkylaluminoxane. This led to the synthesis of different metallocenes with specific
stereochemistry, e.g. the discoveryamisametallocenes which started with the synthesis of
the famous Brintzinger catalysts, Et(IsehCl, and Et(HInd),ZrCl,,> and to the conclusion
that stereochemical control of the final polymer can be achieved by tailoring the ligand

symmetry of the stereoiiymetallocené:’

MAO was superior to any other alkylaluminoxanes used as cocatalysts, and was soon
declared as the most important cocatalyst for the Group 4B metalldddne&ver, the large
excess of MAO needed to activate the catalyst in solpti@se (typically Al/transitiometal
ratios of the order of £010%1)2° the limited sheHife of MAO and the differences in
catalytic behaviour of MAO synthesized under eliéint methods (all the different synthetic
routes are discussed in detail in Chapter 2, Section 2.1.1) or slightly different conditions, also

attracted huge interest in the scientific community, leading to numerous studies in order to



elucidate the structal characteristics of MAO and improve its activity, solubility and

stability#%*

One major drawback when solutisased technologies are employed, is that MAO is
insoluble in aliphatic hydrocarbons, which are the preferred solvents in industrial
polymerization process€S?® For this reason, additives like long or branched chain
alkylaluminiums have been added to MAO in order to improve its solubility. More details
about this can be found in Chapter 5, Section 5.1.1. Chapter 5 also includes a study on 1
hexene polymerization after addition Af(i-Bu); or Al(Oct); in heptane, but it is mostly
devoted to the modification of MAO by long chain silanols and evaluating the catalytic
performance of the modified MAO catalyst system ihekene polymerizations itoluene
and heptane. The aim of this work was to produce an MAO soluble in aliphatic hydrocarbons

with enhanced catalytic activity.

Additionally, aluminoxanes with higher alkyl groups have been synthesized and used
in olefin polymerization, but are udlyainferior to MAO.2"*? Chapter 6 is devoted to a study
for the synthesis of ethyso-butyl-aluminoxane and its performance in-héxene

polymerization in heptane compared to an MAO catalyst system.

1.2 Characterization and Structure of MAO

Unfortunately, despite all the efforts the precise structure of MAO still remains
unknown. However, there are many studies that have shed light on the constitution of MAO

and helped towards a better understanding of its characteristics and the chewdbtegin

MAO solutions consist of two parts: a mixture of different MAO oligomers in
equilibria, which are usually presented with the chemical formuk(CH3)O-], or as
[AI(CH3)1.4 150075 08dn, and residual TMA, which interacts with MAO and adds heot
obstacle to the structural investigations of MX®3*****¥ TMA can be either
Oboundéd, but more details about the presenc
Chapter 4, Sector 4.1.1. Chapter 4 focuses on developing methods for &tstAhation in
commercial MAO solutions because it is crucial to accurately determine the TMA content of

MAO, which plays a major role in the properties and catalytic behaviour of the MAO.



The second chemical formula, [Al(GH 4 1.500.75 0.8dn, Was intoduced by Imhofet
al. who used @dH NMR method to determine the TMA content. They managed to measure
the number of methyl groups per aluminium in MAO by combining an independent method
for measuring the aluminium content and calculating the amount tfame evolved by
NMR.* In another study, Imhoff and emorkers proposed a Me/Al ratio between-1L4°>"
(when steps have been taken to remove or correct for residual TMA), while Sinn and his co
worker$®* reported a ratio close to 1.5.

Several differentmodels have been proposed for the structure of the MAO oligomers
over the years. Initially, Kaminskgssumed cyclic structures for the MAO oligomers (Figure
1.1). However, the Al atoms in these structures have a coordination number of three which is
notcommon for Al compounds without sterically bulky ligands. It would have been expected
that the Al atoms in MAO structures would form bridges with ©NMe groups) in order to

0

maximize their coordination number. Giannetti and hiswaker$® claimed a linar

structure (Figure 1.1) without ruling out the possibility of a cyclic one.

I\|/Ie

I ] — Al ~

Me /O o)

Me,Al O—1—Al—O0——AlIMe, Me—A\l Al—NMe
L Jn o\ /o

Al Al

~ . —
Me/ O \Me

Figure 1.1: A linear MAO structure on the left and a cyclic MAO structure on the right

Atwood and ceworkers successfully isolated and chaeaeed the [AJOsMeg]
anion (Figure 1.2) via Xay, and proposed a structure that consists of ghsAdlage capped
by a seventh Al atom which is bonded to three alternate oxygen atoms in the ring. Two
terminal methyl groups are attached to each of the six Al atoms of the cage, but the seventh
Al is bonded only to one methyl group. Each Al atom is foawdinate, while each O atom
is threecoordinate. The O atoms that are not bonded to the seventh Al atom, bridge two Al

atoms each and have one Me group attached®ach.
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Me S ~o" \ M AI\O/
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Me

Figure 1.2: The [Al;O¢Me; ¢ anion isolated and chanerized by Atwoodet al on the left
and the BuAl(ps-O)]s cluster synthesized and characterized by Basbal**** (the 'Bu

groups were omitted for clarity).

Barron et al***? synthesized a number ¢ért-butyl aluminoxane clusters, such as
['BuAl(ps-O)]s or [BuAl(ps-O)]s (Figure 1.2), and determined their structure byra)
crystallography, showing that they have thdémensional cage structures with feur
coordinate Al centres and O atoms bridging three Al atoms. Based on the known chafmistry
aluminiunt®** they supported that MAO also has thoBmensional cage structures.
However, the above structural models of MAO do not include the residual TMA that coexists
in MAO solutions, and its presence has been proven crucial in terms of structur

characterization and catalytic propertfes.

Theoretical and computational studiedso support MAO cage structures, similar to
Bar r temhutyl aluminoxane structures, and (AIOMgepr (AlOMe), >4’ have been
proposed as the most stable MAO caffégure 1.3). Linnolahti and his eworker$**® also
introduced the concept of nanotubular MAO structures, withsQAbMe,4) being in good

agreement with experimental evidence and being able to activate-sitegimetallocene

catalysts.



AR ViERY,
o~\ ________ / \ AAI Y
o ey
O_A'\“\ P "ZBAI \ A||"/. O\//O
\ /,‘o ------- Al / / A'\\/%'/ """ O“‘P;I’ Al
Al—p AIQ\O (AIOMe), d\\AI o/ (AIOMe),

Figure 1.3: An example of an (AlOMe)} and an (AIOMeyMAO cage structuré*’

Multinuclear NMR spectroscopy, and especidlil and 'O NMR have supported
the three dimensional MAO cage structures with foaordinate Al atoms and three

° reported an”’Al resonance

coordinate O atom8*° Babushkin and cworker$
149153 which they attributed to r-é&@whthiial T MA
attributed to MAO and is within the range reported for tém-butyl aluminoxane clusters

with cage structure. THEO r esonance of CMAaBo i digredmiént with a 5 0
threecoordinate oxo ligand. The existence of faoordinate Al centres in MAO is also

supported by ESR spin probe measurem&nts.

Anotherimportant parameter that many researchers have attempted to determine is
the molecular weight of MAO. The main method used is cryoscopyStand his ce
workers reported molecular weights between 10200 g/mol using benzene or TMA as
solvent, whilelmhoff et al®’ reported lower molecular weights in the range of-20@0
g/mol using dioxane (after correcting the values according to the TMA content). However,
different studies have reported different molecular weights covering a wide range between
400- 3000 g/moff&39:°5¥52

Other means of determining the molecular weight of MAO are gel permeation
chromatogaphy (GPC) and mass spectronétt®>*However, the results derived from these
methods proved to be unreliable. Recently, sw@adlle neutron sdatring (SANS)
measurements report an average molecular weight of 1800 + 100 g/mol, with approximately
30 Al atoms in an MAO polymer and approximately one TMA molecule per MAO polymer.
However, NMR diffusion coefficient measurements report a higher Al nuifi@e60 Al

atoms per MAO polymer}



1.3  Polymerization Mechanisms

When a metallocene is used in olefin polymerization as a catalyst, it needs to be
activated by a cocatalyst which acts as a Lewis acid. In the case of MAQ, it was initially
assumed that thremordinate Al atoms present on the MAO structure were responsible for
the Lewis acidity of MAO and consequently its ability to act as an activating agent by

extracting a ligand from the metallocene and creating a coordination site for thé'3lefin.

However, when further studies revealed the existence ofcfmardinate Al sites on

MAOQO, as described earlier, Barron and hiswor ker s i ntroduced the

c

(

Lewis acidityodé of MAO to interpretratediAls coc a

sites that are not Lewis acidic themselves, can open via heteroleptic bond cleavage to create a
Lewis acidic site. This cage opening becomes possible due to the ring strain present in the

cage>>>°

Barrort® isolated [(Bu),A{OAI (‘Bu),}] > which has two hreecoordinate Al centers
and[('Bu)AlO], where n = 6, 7 and 9, as it was described earlier, and observed their reaction
with CpZrMe;. [(‘Bu)A{OAI (‘Bu).}] 2 did not react with the zirconocene, while the four

coordinate Al cages activated theatgst successfully.

It is generally accepted that activation of a metallocene with two chloride ligands
starts with methylation and continues with methyl abstraction to give the cationic active
species. The first step is the monomethylation oftibklorometallocene (Scheme 1°¢§:°’

Cam and Gianninf supported the idea that the methylating agent is the remaining TMA on
the MAO, by studying the reaction of MAO with ¢4¥Cl, at different Al/Zr ratios (=1, 5, 7

and 15) by*H NMR spectroscopy. Tlyeclaimed that methylation did not occur when MAO
without the presence of TMA was used. Resatrl > suggested that TMA itself within the

MAO solution was the actual cocatalyst, responsible for the generation of the cationic species

in propylene polymezation with GHy(Ind),ZrCl,.

cl Me MAO Me

Cp,Zr + MAO —> Cp,zr + Al Me,410,Cl —> szzr\ * AlhMen10,Cly

AN

Cl Cl Me

Scheme 1.1Methylation ofCp,ZrCl, by MAO



However, Trittoet al.claimed that MAO is a better alkylating agent than TMA, based
on studies of the reaction of MAO and TMA with ZfMeCl by NMR.®° Deffieux and ce
worker$®® who studied the reaction of zirconocene dichloride catalysts with MAO or TMA
by UV/Visible spectroscopy supported that the catalyst is first monomethylated by MAO at
low Al/Zr ratios. Addition of TMA itself can also leadd complete monomethylation, but the
presence of free TMA is not indispensable since Fdbbleted or TMAfree MAO also has
the ability to monomethylate the zirconocene dichloride spéties.

Undoubtedly, the role of remaining TMA in MAO in the activatiorogess of a
metallocene is controversial. Additionally, some researchers like Sivetrah claim that
higher productivity is achieved with addition of TMA to an MAOMILCI, system for
ethylene polymerization under certain conditi6h$iowever, the sysm containing only
MAO with an Al/Zr ratio of 1000 was compared with the system where TMA was added; the
latter system had a higher Al/Zr ratio (= 1676). Sivaram did not observe an essential decrease
of the MW of the polymer after addition of TMA, whichhet studies have report&tOn the
other hand, Giannetti and his-smrkers® reported a decrease of the productivity and MW of
the final polymer upon addition of increasing amounts of TMA to an MAO/4Zn{{THs), or
Cp2Zr(CH,CgHs), system in ethylene pginerization. This agrees with our observations
where it was proven that catalyst productivity and of the polymer are decreasing with
increasing amounts of TMA in-Ahexene polymerization (catalyst system: MAdof
Me,Si(2-Me-Benz[e]Ind}ZrCl,).5"°®

The monomethylated metallocene species can undergo further methylation of the
second chloride ligand (Scheniel), under the presence of excess MAO. In the case of
Cp2ZrMe; at low Al/Zr ratios (<100) the methylated zirconocene species will interact with
MAO to give a weak complex (I) or/and proceed to the formation of the homobinuclear

species Il (see Schemetfor species | and 11§°

It is believed that at higher Al/Zr ratios species | and Il start to disappear, while new
species (Il and 1V, see Scheme 1.4) appear. Species Ill were identiffetldnd**C NMR
as the heterobinuclear igrair [CpZr(u-Me)AlMe ] [Me-MAO] . An upfield ift (5.53-
5.44 ppm) of théH NMR resonance of the bridging Me group of species Il wien[Zr]
was decreased frorB0 mM to 05 mM indicated that species Ill coexist in two forms

according to the equilibrium (Scheme 1.2):



Ila [Me-MAO]™ + [Cp,Zr(u-Me),AlMe,]|" (I1Ib)

Scheme 1.2Equilibrium of the two different species of Il

where the |11 a f-pareandillis thehselverdepavatet iamait. & wais o n
suggested that at high Al/Zr ratios only the highly Lewis acidic sites of MAO form anions.
These anions are easily dissociated to the Illb species. At lower Al/Zr ratios this dissociation

will not be so fast, because the Lewis acidic sites are wéker.

Tritto and his ceworkers® managed to verify the formation of monomeric
[Cp2Zr(BCHg)] [Me@®AQ]", dimeric [CpZr(**CHa)]2(u-°CHs) [MeAO]™ and [CpZr(u-
Me)AlMe,]* [Me®AQ]™ by 'H and**C NMR, after comparison with the reaction products
of CpZrMe" with Cp,ZrMe, or TMA which were studied by Bochmafinthe cationic
species CgZzrMe* were generated by reaction of £ZpVie, with B(CsFs)s.

Species IV possibly have an unsymmetrical Me bridge, as it was shown by Babushkin
and ceworkers™® although other studies had claimed that the bridge was an O atom, bound to
an Al*%"*2 The existence of the Me bridge was supported by the broadening ‘f tred
13C NMR signals attributed to this, and by the agreement of TBeNMR spectrum of a
structurally similar compound, GprMe(u-Me)AI(CeFs)s. Species IV probably represent a
dormant state, due to the tight igwair binding®

The unsaturated active species could be generated by dissociation of species IV or

dissociation of species Il (Scheme 1:3).

[Cp,Zr(u-Me),AlMe,]" [Me-MAO] [Cp,ZtMe]" + [Me-MAO]™ + 1/2 Al,Me,

Scheme 1.3Generation of the active speciesdigsociation of species Il

However, on a later study, Talsi and hisveorkers claimed that the actual active species
precursor is the ion pair Ill, supported by comparing the catalytic activitiesZo€lLL/MAO
systems depending on the ratio of IVAidlbsence of species IV was observed in some cases;
the system was catalytically active due to the presence of speci@s IlI).
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Scheme 1.4Activation of CpZrMe, by MAO



It is stated that the ratio of IV/Ill is vetyigh at low Al/Zr ratios, while at high Al/Zr
ratios (>500) the ratio of IV/IIl is between 4, depending on the amount of TMA present.
This is explained by the possible decrease in the average dissociation tendency of IV as more
and more Lewis acidic séeon MAO become occupiéd Talsi and ceworker$® supported
that the relative concentration of species Il increased with increasing the Al/Zr ratio (they

used various metallocenes of the general formpifaCl, and L TiCl,in their investigations)

1.4 Deactivation Processes, Stabilization of lofPairs in Solution and Chain Transfer

Reactions

In the presence of MAO, the metallocenium alkyl species might undengdragen
abstraction (Scheme 1.8hich leads to the formation of ZCH,- Al or Zr- CH,- Zr species,
liberating CH. This is the most common deactivation process of MAO catalyst systems. The
rate of formation of the inactive Z€H,- Al species depends on the zirconocene structure,
the polymerization temperature, the Al/Zr ratio and concentrati@wever, when excess

MAO is present these inactive species can be reactivated (Scherfre 1.6).

H CH,
| HsC
+ +
LoZr C—H + Al—O » | ,Zr—CH,—AI—O— + CH,
|
Scheme 1.5Formation of inactiveZr- CH,- Al species
CHs e
3
+ \ +
Lzzr_CHz_Al_O_ + Al—O > |_2Zr—C:H3
CHg CHj

—O0—A—CH,—AI—0——

Scheme 1.6Reactivation of the inactivér- CH,- Al species
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When Milhaupt and his cavorkers studied the kinetics of propylene oligomerization
using CpZrCIl,/MAO as the catalyst system, they suggested another type of deactivation
process which included a reversible second order decay attive cationic Zr sites, caused
probably due to zirconocene dimerization, and an irreversible deactivation of the active and

dormant Zr sites (see Scheme 1°7Y.

ky ky
2C" cC, —> G,
active -1 dormant inactive

Scheme 1.71rreversible deactivation of the active adtmrmant Zr sites

The reversible or irreversible deactivation of the cationic metallocenium species
might be prevented up to a certain degree by coordination of the anidhAX . Many
studies have investigated the interaction of methylaluminoxane withtallocene, via'H
and °C NMR spectroscop§*>°®"#"® and U\tvisible spectroscop$®* and attempted to
relate the coordination of the anion with the cationic species formed to the reactivity of the
catalyst system. In general, it was found that tleaker the coordination of the anion, the
higher the reactivity of a given catidn®®®! Association of the anion with the cationic
species is necessary in order to avoid deactivation or decomposition of the active species.
However, there is a fine lineebween stabilizing the iepair and compromising the reactivity
of the cation because the Lewis basicity of the coordinative anion can suppress the catalytic
activity of the sy s tparno achie migherrcaadyticiactigtiés canf t h e
be achieved by careful choice of the ligand subtituents of the metallGtene.

Brintzinger and caworker$? studied the reaction ofac-Me,Si(Ind),ZrCl, with
MAO, and discovered that two types on anions; MO, and MeMAOg", with different
coordinativestrength are generated along with the cationic species:Siilted),Zr]*. The
Me-MAOg" anion forms a more strongly bound contact pair, f8ignd),Zr"... MeMAOg],
which can be converted to a less strongly coordinative ion pair;Siied),Zr"... Me-
MAO "], when excess MAO is present. The latter species are the ones that are capable of
generating species Il upon reaction with TMA. When these adfrsitslied another catalyst

system, (MeGH,)ZrCl,/MAOQO, they were led to similar conclusions.

11



Terminationof the polymeryl chain in MAO based catalyst systems and subsequently
control of the molecular weight and molecular weight distribution of the polymer may occur
due to chain transfer reactions to Al, in addition to other common termination mechanisms in
homogeneous ZiegleXatta polymerizations(b-H elimination,b-Me transfer, chain transfer
to the monomer). Many factors may determine whether a chain transfer reaction to Al will
occur, and to what extent, such us the monomer employed, the polymerizatpmratire,
the type of the ligands and the transition metal of the metalldcénesome systems, like in
the copolymerization of ethyleradlylbenzene with CgZrCl,/MAO or Et(Ind)-ZrCl,/MAO
it is the main chain termination reactjs#°® or in the polymerization of ethylene with
CpZrMes/MAO at very low Al/Zr ratios’ while in other systems it does not occur at all like

in ethylene polymerization with a dichloride tantalum catalyst and NiZ&®.

1.5 MAO-ROBOTS project

Against this background of uncertainly about MAO and sometimes contradictory
reports, a more hepth study of the structure and function of MAO seemed highly timely.
This thesis is part of the work carried out within an -fEdded industryuniversity

consatium with just this aim.

The work was conducted under the Framework 7 actiNMi§P-20091.2-2, grant
246274: 6Methyl aluminoxane (MAO) activators
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Chapter 2

Studies on the Initial Reaction Steps of the Hydrolysis of TMA byH VT
NMR

2.1 Introduction
2.1.1 Synthesis of MAO

Methylaluminoxane (MAO)is primarily synthesized by the controlled and partial
hydrolysis of TMA. However, the finaproduct of the hydrolysis reaction might differ
significantly and exhibit different catalytic performance when used ascatatyst in olefin
polymerization, depending on the conditions of the reaction: the solvent, the concentration of

the reactants, éhtemperature and the method of introducing water into the system.

The method of introducing water into the system has been the main focus of many
research groups over recent decades, and many different methods have been developed,
which are assorted iwb basic categories: direct and indirect hydrolytic methods. Direct
hydrolysis of TMA has been performed by using different water sources or carriers in an
attempt to control the reaction, avoiding high exothermic runaway reactions that are likely to

occurotherwiset™

A common water carrier that has been successfully employed is an inert gas, such as
nitrogen, that is saturated with watepour>® Condensation of water vapointo a benzene
solution of the required trialkylaluminium (TMA in the caseMAO),” or water adsorbed
into molecular sievéshave been used as water sources too. Finally, a common way of
reacting water in a controlled way with TMA is by using the surface water of deeply cooled
ice in a toluene solution of TMA at low temperatute®f course other means like
temperature, concentration or mixing, play an important role in the final structural

characteristics and properties of the synthesized MAO.

Indirect hydrolysis introduces chemically bonded water in the form of hydrated salts,
andprovides a better way of controlling the reaction. The most commonly used salt hydrates
are CuSQ@5H,O and Ak(SO)s.18H,0.%* Synthesis of MAO withCuSQ.5H,0 would
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include addition of a TMA in toluene solution to a toluene solution that contains fine
CuSOy.5H,0 (typical Al/H,O = 1/1.1 n/n) at 20 C. The mixture is kept stirring a0 C

for 24 hours, and then the temperature is slowly raised {20 Addition of TMA when
Al(SQy)3.18H,0 is used, usually takes place at a higher temperature (e.g. & 20
70C)!

One of the main disadvantages when hydrated salts are used is the presence of
inorganic salts in the final product which might affect its properties. Additiortayyield of

the reaction is relatively low (about 40% of the initial Al is lost as insoluble mat&fial).

Since the reaction of water with TMA is not a simple procedure (it requires deep
thought in selecting the best way to introduce water into thersyatel control how the
reaction proceeds by choosing the appropriate conditions for the method), many researchers
focused on developing ndrydrolytic routes where milder conditions are used to produce
MAO.

When a norhydrolytic method is employed, wates completely absent, and an
oxygen containing compound is used instead. These compounds can be organic compounds
containing carbonyl groups such as £8enzophenone or benzoic atfd® or compounds
like Me;SnO*, phenylboronic acid@ and trialkylboroxie™. Treatment of TMA with
compounds that contain an oxygen atom bonded to a metal like PbO has also been®reported.

The present research is focusing on hydrolytic routes of synthesizing MAO, and more
specifically on the direct hydrolysis of TMA. The marget is to investigate the initial
reaction steps and intermediates formed between TMA and water in order to gain an insight
into the structural characteristics of MAO. Water was molecularly dispersed in toluene, but

other solvents were also employed #ested.
2.1.2 Possible Reaction Mechanisms of the Hydrolysis of TMA

In 1964 Sakharovskayat al,” have proposed a generic mechanism which includes a
two-step reaction for the reaction of TMA with water:

R;Al+ H,0 — R,AIOH +RH 2.1)

R,AIOH + R;Al —>  R,AIOAIR, +RH  (2.2)

The main intermediate of the reaction is the dialkylaluminium hydroxide.
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However the exact mechanism of the reaction, the structure of the final product and
the side reactions that might occur depend on many factors: concentration, temperature,
duration & the reaction, mixing of the reagents, the AllHratio and the solvent used. For
example, polar solvents might decrease the reactivity of the organoaluminium compound.
More specifically, Boleslawski and Serwatow<kihose diethyl ether as a solvent tody
the hydrolysis reaction of trialkylaluminium compounds ¢Me Et;Al andi-BusAl). Diethyl
ether complexesia hydrogen bonding with the starting materials, intermediates and final
products and decreases the reaction rate. In this way, it makesilildeg observe the

intermediates byH NMR spectroscopy.

They mainly studied the hydrolysis reaction using two different AWHatios: 1/1
and 2/1. In both cases, the first step of the reaction was the formation offd- MgO

complex (at 70 C) (Scheme 1):

Me
OFt, H---OEt,
Me;Al « OEt, + H)O « x OEty ——» Me——Al<<— O (1
H---OFEt,
Me
@

Scheme 2.1:First reaction step of the hydrolysis reaction of TMA in(Etaccording to
Boleslawski and Serwatowski

The amount of the Mdl- H,O complex increases as the temperature increasestbAtC

new sgnals appear on th&H NMR spectrum, which are attributed to the formation of
dimethylaluminium hydroxide and evolution of methane. This suggests that the next reaction
step is the intramolecular rearrangement of theAteH,O complex to give MgAIOH, as

described in Scheme 2.2.

Me
H---OEt, M O——H---OEt
OEt, | / e\ s 2
I —_— Me—Al ——O — A MeH (2
45°C | NS \ + MeH (2)
1) H“'OEtz Me OEt2

N
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Scheme 2.2Second reaction step of the hydrolysis reaction of TMA yOEfccording to

Boleslawski and SerwatowskKi

It is suggested that the MAEOH intermediate (Il) stabilizes to the dimeriorm by
autoassociation (see Scheme 2.3).

H---OEt,

Me\ /O\ /Me
Al \ /AI\
Me/ Cl) Me

H---OEt,

210 —

(I11)

Scheme 2.3:Stabilization of M@AIOH by autoassociation, according to Boleslawski and

Serwatowskit’

The hydrolysis reaction of BEAl and i-BuzAl proceeds by following a similar

mechanism as the one described for theAVsystem.

When excess M@l was used (AI/HO = 2/1), the conversion of (I) to (II) took place
at higher temperatures 30 C to - 20 C), meaning that a higher activation energy was
needed. The MAIOH did not react further with the excess TMA to form the JMEOAIMe ,
species, as would have been expected according to 2.2. This was attributed to the high
activation energy of this reaction and high stabilization if theAW@H associates (parallel
reactions of MgAIOH itself), causing low selectivity. High selectivity is expected for the

systems where higher alkyls were used.

Pasynkiewiczet al'® have also studied the reaction of TMA with@® but they
performed the hydrolysis in dimethoxymethane (DMM). They engaay 2/1 ratio of TMA/
H,O, and by usingH NMR spectroscopy and performing some IR measurements they

observed a two step reaction. The mechanism is described below (Reactions 2.3 and 2.4).
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-35°C
2 Me;Al e DMM + H,0O ——  Me,AIOH « DMM + Me;Al« DMM +MeH  (2.3)

DMM
-15°C

Me,AlOH « DMM + MejAle DMM  ———  Me,ALO * DMM + MeH (2.4)
DMM

It is interesting to notice that two resonances are observed fiMthdR spectrum
attributed to the OH protons of the dimethylaluminium hydroxide. This could be explained by
the presence of two different forms (see Figure 2.1), depending on the kinyirofyén
bonding with DMM.

Me
Me e
O Me 0 Ne)
\AI/ Ny N7 >N e
Me/ i / ~ 2
T ! Me T O\
o) 0 _ M
" P \c - \Me o) Me e
H, /
O——CH,
1)) | I
CH,4

Figure 2.1: Different forms of the dimethylaluminium hydroxide (with different type of

hydrogen bonding with DMM).

When Pasynkiewicet al. repeated the reaction in diethyl ether, only one $igas
observed for the OH protons of the dimethylaluminium hydroxide, supporting the theory that

different types of hydrogen bonding occur when DMM is used as a solvent.

Storr et al” investigated the partial hydrolysis of ethylalane compoundsABX ,
(wherex =0, 1 and X = CI, OEt), and proposed one possible reaction scheme with a hydroxyl

compound as an intermediate (see Reactions 2.5 and 2.6):

benzene

Ety AlX, + H,O —>  Et, Al(X),OH + EtH (2.5)

benzene

Etz_xAl(X)xOH + Et3_xA1Xx e Etz—xAl(X)xEtZ—x + EtH (26)
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When EtAl was reacted with KO in a 2/1 ratio, the final product of tiheaction was
(Et,Al) 20 (soluble oily, trimeric product) accompanied by evolution of ethane, as described

in Reaction 2.7.

benzene

However, when EBAl was reacted with FO in a 1/1 ratio, formation of an insoluble
amorphous mateaal was observed; probably a crdsdked high polymer of the type EtAIO.

The reaction of BAIl with H,O was investigated even earlier by Amdurskial®

who published an article in 19¢itoposing the general reaction seen in Reaction 2.8, based
on thestoichiometry of the reaction and kinetic results from measuring the rate of evolution

of ethane.

Et;Al + H,O — 0.4 EtAlO + 0.6 Et,AIOH + 1.4 EtH (2.8)

Barron et al® investigated the hydrolysis of ért-butylaluminium, '‘BusAl and
provided the first structural characterization of an alkylalumoxane. Direct hydrolysis of
‘BuzAl (Al/H -0 ~ 1/1) at low temperature {8 C) in pentane resulted in the formation of a
trimeric hydroxide Bu,Al(u-OH)]Js, accompanied by evolution of isastene, which was
verified by NMR ¢H, 'O, ?’Al) and Xray crystallography.

On the other hand, whéBusAl was hydrolyzed by the method of hydrated salts using
Alx(SOy)3-18H,0 (Al/HO ~ 1/1) in toluene, thermolysis of the product resulted in the
formation of tetrameric ‘BuAl(u-OAI'Bu,)], and octameric ‘BuAl(pz-0)]s.>° However,
Barron et al?! found out that when the amount of® added to the system was carefully
controlled (thermogravimetric analysis of £80,)3-18H,0 showed that the salt included
only 14 HO molecules, so a less than stoichiometric amount,@f Was probably used in
the previous studié9, it resulted to the formation of the dimeriB,Al(L-OH)], (main
product), and some [AfBu)(p3-O)y(u-OH)].
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2.2 Results and Discussion
2.2.1 Quantitative’'H NMR%?%

The basic principle for quantitative NMR is that the intensity of a resonance line
(integrated signal area ) is directly proportional to the number of nudleiwhich generate

the correponding signal response (see Eqn 2.1).
0 00 ¢®
where U is a spectrometer constant.

To obtain quantitative results it is necessary to determine the relative area ratios
0 jO0 of two compounds X and Y, where X is the unknowmpound that has to be
determined and Y is a compound of a known weight which is used as the internal standard
(see Eqn 2.2).
- &

B

The molar ratio of the compounds X and Y can be easily calculated (Eqn 2.3):

OlO
C:l Cs
Cll C-

e &
z C
whered and0 are the purities of the compounds X and Y, respectively. The above equation

was used to determine any quantitative NMR data presented here.

In order to ensure reliable results in quantitative NMR measurements, selection of a
suitable internal standard is of great importance. A compound should be used as internal
standard only if it provides unique and sharp stable signals and if it is soluible NMR
solvent which is used. It should be rawiatile and norreactive and it should be eause

(weighing).
2.2.2 Determination of the Solubility of Water in Toluene by Quantitative NMR

The amount of water that is molecularly dispersed in ta@usrvery small, so is the
water peak. In order to minimize the integration error when comparing two peaks of two
different compounds, it is important to ensure that the peaks will be of the same level. For
this reason it was necessary to initially perfoanseries of tests in order to estimate the
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guantity of the dissolved water in toluene and optimize the concentration oftri-(&&
butylbenzene used, and subsequently minimize the error of the method. The signalof 1,3,5
tri-tert-butylbenzene in toluee, using a minimal amount og§0sf or | oc ki ng,) at
is far from any other signa(see Figure 2.2).

Quantitative NMR analysis, after applying the equation 2.3 wijtk Ategrated area
of the peak that corresponds to the water protors G53 and A = integrated area that
corresponds to theBu protons of 1,3 8r-terttbut yl benzene at a 1. 47
was found that the water solubility in toluene is 0.0215 mmol/mL (0.4 ohiehe were
saturated with 8.6 mol H;O).

T 1152

B0
70
60

50

40
27 H (standard) 30
20
2 H (water)
JL rio
-0
170 1.65 155 145 1.35 1.25 115 1.05 0.95 0.85 075 070 0.60 0.50

f1 (ppm)

Figure 2.2: *H NMR spectrum of water in toluene, using 1,8i8tertbutylbenzene as
internal standard andsOs as NMRreferenceat room temperature.
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2.2.3 Non-Molecularly Dispersed Water

It was noted that when th#4 NMR spectrum was recorded a short period after
mixing water with toluene, a broadness of the peak that corresponds to water protons was
observed, along with the presence of a shoulder peak. When the sample was left to rest for
one day, théH NMR spectrum sheed a single sharp peak at the same chemical shift (
0.53) that appeared in previous experiments (see Figure 2.3). This indicatedbibadd
water was formed first (bottom spectrum, Figure 2.3), which was slowly converted to

molecularly dispersed (top spectrum, Figure 2.3).

The chemical shift of molecat H,O in toluene is due to the magnetic anisotropy of
the arene ring of toluene; any H that points into that region-igelgshifted. Additionally
bulk water will probably form aggregates; hydrogen bonding between these water aggregates
will be presentleading to a downfield shift of the water protons caused by the deshielding

effect of the hydrogen bonding.
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Molecularly dispersed water

N

Tis2

11

A

T T T T T T T T T T T T T T T T T T T T T T
0B 084 082 080 o078 07 074 072 070 068 066 064 062 060 058 05 054 05 050 048 046 044
f1 (ppm)

Figure 2.3: 'H NMR, water chemical shift (bottom spectrum: recorded after a short period

of time after mixing vater and toluene; top spectrum: molecularly dispersed water in toluene)

Addition of a water droplet in the NMR tube which contained 0.6 mL distilled
toluened8 exhibited two resonances that correspond to the water protons: molecularly
dispersed water al 0.4 ppm and a broad resonancedad ppm that it is believed to
correspond to nemolecularly dispersed water (see Figure 2.4). The broadness of the peak

could be due to hydrogen bonded water (probably water droplets).
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[Tol-d8 06-04 grease and H20

Non-molecularly dispersed water X
Molecularly dispersed

e S

Tol-d& 06-04

11

T T T T T T T T T T T T T T T
75 7.0 65 6.0 55 50 45 4.0 35 3.0 25 20 L5 1.0 05
f1 (ppm)

Figure 2.4:'H NMR of toluened® (bottom spectrum) antH NMR of toluened® containing
a droplet of water (top spectrum)

2.2.4 VT NMR Studies on the Hydrolysis Reaction of Trimethylaluminium
2.2.4.1 Toluene as a Solvent

As it has been reported literature®*?” TMA exists in toluene solution as a dimer
Al,Mes. The met hyl groups of the TMAO38dum®r di s|
their fast exchange on tHel NMR timescale (Figure 2.5, bottom spectrum). This exchange
becomes slower as weduce the temperature. Thd NMR signal of the methyl groups
becomes broadef- 20 ¢C), and eventually splits into two signals at temperatures below
- 40 ¢C. The two signals are attributed to the terminal Me groups dfiel( ©@0.54) and to
thebridging Me groups of AMeg( U 0 .- 70£Q (sea Figure 2.5 hese observations are

in agreement with the existing literature.
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TMA 2.c
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TMA 2.m
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Q15 o 00F o0 Q05 000 <015 <020 025 <030 n I:-{l.BS:I 040 -045 <050 <055 D) <065 <00 075 -DBD DS
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Figure 2.5:'H NMR spectra of TMA in toluene at 2Z& (bottom spectrum},20 C (middle

spectrum) and 70 C (topspectrum)

2.2.4.2VT H NMR Experiments in Toluene: Approach A

The hydrolysis of TMA was investigated by low temperatitéNMR using different
TMA/H 0 ratios (Al/HO = 2.3/1, 3.5/1, 1.2/1 in reactions 7.1, 7.2 and 7.3 respectively).

6 Reacti onO=2316 : Al / H

In reaction 7.1, a toluene solution (40 pL) of TMA (15.7 umol) was added to an NMR
tube containing 6.9 pumol of @, molecularly dispersed in toluene (0.6 mL).

The 'H NMR spectra of the hydrolysis reaction of TMA at increasing temperatures
are pesented in Figure 2.6. At low temperatw&3.7 ¢C) two main peaks can be detected
(at d - 0.60 and- 0.64). As the temperature increases-(48.9 °C) the peak ad - 0.60,

denoted as *, becomes more distinct and moves upfiett @64), while the secahsmaller
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peak starts to disappear. AB3.1 °C, the peak * is sharper and exhibits the highest
integration area (A).As the temperature increases even more, the peak shifts further upfield

and starts reducing until it disappears completely at22.6

One assumption is that this peak could be attributed to the formation of
dimethylaluminium hydroxide, M&IOH, while the smaller peak a63.7C could be due to
the formation of a TMA and water adduct, AlMd,O. This assumption could be supported
by thefindings during the VT NMR experiments of the hydrolysis reaction of TMA in THF
(see Section 2.2.4.4). However, the intermediates detected in the experiments in THF will be
more stable due to the association with THF, and we are not aware how stableethey a

toluene at the same temperatures.

Several other smaller peaks are present4&9 C between- 0.52 to-0.59 ppm.
While most of them disappear at higher temperatures, one peak remains. At room
temperature there is no signal for any residual TMA,amdl y t h e 0.57 ¢danotedeas U
**) is present which is attributed to the dimethylaluminium methoxideA@Me, implying
that some oxidation processes took place. Tt
attributed to the methoxy group pras of MeAlOMe. The absence of any other signals
apart from the one that is related to oxidation processes, leads to the conclusion that TMA
was fully hydrolysed (converted to Al(OHbdr Al,O3) or precipitated. Actually, a careful
observation of the contenof the NMR tube showed the existence of a gel on the walls of the
NMR tube. This could for example mean that an insoluble amorphous material, probably a
crosslinked high polymer of the type MeAlO, was formed (as Searal.” also mentioned

formation of EtAIO products when they studied the hydrolysis gAlEt

The attri but i -0b7toMeAlODMeewagpeorek byaddingiMeOH to
a solution of TMA in toluene and recording thé NMR spectrum. The signal attributéal
t he T MA-0.831awas still present but significantly reduced, and two new signals
appear ed a+t0.57whiéh.afe Attriruted to the formation of JMEOMe (MeO-
protons and MgAl- protons respectively with a 1/2 integration value). Evolutib€ld, was

also observed.
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Korneevet al?®

identified MeAIOMe as a typical oxidation product of TMA when
no-deoxygenated solvents were used. The assignment of the peaks comes in agreement with

the results presented above.

The experiments of thie-situ hydrolysis reaction of TMA presented by Zhaetcal 2°
were repeated with low [Al] = 0.095 M and high [Al] = 0.475 M TMA concentrations in
toluene instead of benzene, in order to prove that the pedk5t ppm is characteristic of
the MeAIOMe and not MAOwith low molecular weight. The peak a0.57 ppm was not
obvious when a higher [Al] concentration is used. When puiga® was bubbled through the
reaction flask, theH NMR results show clearly the formation of the oxidation product
MeAlOMe. The appearac e of t he p e-8%7swhea tow dbncéntrate@ TMAN d

samples were employed shows how reactive TMA is towards oxidation.

The spectra of the hydrolysis reaction of TMA show,@WMolution. The signal a
0.25 at-63.7 3C which moves slightlyupfield d 0.23 at 24.6C) as the temperature
increases is attributed to ti@H, protons. The assignment of the peak was verified by the
addition of CECOOH in a TMA in toluene solution which results in Qbtoduction. The
reaction took place in an NMRHha and it was studied by VAH NMR. The H subtracts a
methyl group from the TMA molecule to form Gkhile the CECOO coordinates to the Al
cente.
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Figure 2.6: 'H NMR spectra of the hydrolysis reaction 7.1 (AfH= 2.3/1):-63.7 (C

(bottom spectrum),43.9°C, - 33.12C, 32C, 15.5%C and 24.6C
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Quantitative'H NMR analysis showed that most of the Jioduction took place at

very low temperatures (11.09 pumol a¥4.5 2C) which indicates thatertain reaction

processes have already happened. A small increase jmp@Huction is observed as the

temperature increases, with the maximum amount of @eksured at 3C (1 3. 8 6

However, in terms of CHproduction, the reaction is practicallpraplete at 74.7 C (see

Figure 2.7 and Table 2.1 for methane evolution data). Afté€,3a reduction inCHy is

emol ) .

observed probably due to Gkbss in the gas phase. Additionally, it should be noted that a

large amount of Cllis probably released in the gas phase while mixing, because in a few

experiments the subaseal of the NMR tube flew off due to high pressure. This makes it even

harder to quantify the amount of Gtat is produced.

Integration of the two main peaks thaincbe detected at the-Alle area at 63.72C

leads to the calculation of 0.48nol of MeAIOH and 0.17 pmol of AIMgH 0, if the
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original assumption about the identification of these species is correct. In any case the
integrated areas would result imaich smaller quantity of alkgluminium species than the
expected one, given the initial amount of T
observation would imply that mixing of the two reagents in toluene inside the NMR tube,
while maintaining a veryolw temperature was unsuccessful, leading to full hydrolysis, or that
working with such low concentrations of TMA makes oxygen insertion a detrimental
problem leading to the formation of insoluble-fmpducts. However, as mentioned earlier the
insoluble pralucts might be attributed to the formation of amorphous aluminoxane gel.
Integration of the peak at - 0.57 at 24.6°C that is attributed to the,AlOMe species
shows formation of 0.25 mo®n.the other hand, in order to achieve full hydrolysis of the
initial TMA there should have been an excess ¢ 3 x 15.40). Perhaps,8 condensation

on the cold syringe needle led to introducing higher amountsOfwhile transferring the

TMA into the NMR tube.

Integration of the main AMe peak at 33.12C showsformation of 1.55¢ mo | of
Me,AlIOH which still is a very small amount compared to the initial amount of TMA.
Subtraction of the amount measured 68.7Cs hows a ri se ofurise. 82 e
from - 63.72C to-33.1°C corresponds to 0.9 mo | , girea WICH,iratio of 0.85,
relatively close to a 1/1 ratio that would have been expected if the reaction path shown in
Reaction 2.9 was followed

ALMeg+2H,0 —> 2Me,AlOH + 2CH,  (2.9)

Determination of the Al/BD ratio and correlation of this ratio toraaction path
leading to the formation of an intermediate product is not possible in this case, since only a
very small amount of alkylaluminium species was detected by NMR, and it is not possible to
know exactly how much water was consumed for the foonaif these species (because a

high amount of water was probably consumed during the full hydrolysis of TMA).
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Figure 2.7: Methane evolution during the reaction 7.1

Table 2.1 Methane evolution during the reaction 7.1

.
¢o)

-74.7

-63.7

-43.9

-33.1
-15

3

24.6

CH,
(e mol
111
11.3
11.7
12.2
13.6
13.9

13.7

40
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In order to gather further quantitative data on the hydrolysis reaction of TMA another
two TMA/H,O ratios were investigated: a higher excess of TMA (3.5/1), and an almost
stoichiometricratio (1.2/1). The main quantitative data from the three different ratios

employed, are summarized in Table 2.2.
OReacti onO=3526: Al /H

In reaction 7.2, a toluene solution (90 pL) of TMA (31.3 pmol) was added to an NMR

tube containing 8.9 umol ¢4,0, molecularly dispersed in toluene (0.6 mL).

When a higher excess of TMA was -@5Wpl oyed
and bridging (U 0.01) methyl groups of the |
low temperatures- (64.2°C) (see Figure 2.8)As the temperature increases the bridging and
terminal methyl groups of the unreacted TMA show only one broad resor&n€e30 at
- 27.22C), which becomes a sharper signal at higher temperatures (g1 at 22.9C).

At low tempeature ¢ 64.22C), one smaller peak akt- 0.64 appears, but it disappears with
increasing temperature. If this peak corresponds tgANDH, integrating the area with
respect to the internal standar d-0b6,wl54 | ead
ppm) are obvious at27.2 °C, and only one o056)trdmains agthche on
temperature increases. This peak is attributed to the oxidation produghl(®lele)] of

T MA, as it was IidDb&ataRgG6, eahoted asrandeorrespor{dsito 0.8

pmol.

Integration of the unreacted TMA shows that 22.6 umol remained into the solution.
Subtracting this amount from the initial amount of TMA (31.3 umol) would lead to 8.7 pumol
of TMA that have reacted. If 0.8 umol were oxidized, thare 7.9 umol of TMA that has
probably been fully hydrolyzed. The maximum amount of, @kbduced was recorded at
-27.23C (13.8umol), but integration of the peaks at the Me area is not possible because

they coincide with the broad TMA signal.
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Figure 2.8: '"H NMR spectra of the hydrolysis reaction 7.2 (AfH= 3.5/1):- 64.2 :C
(bottom spectrum),27.2°C, 2.92C and 22.9C.

6Reacti onO=1.2306: Al / H

In reaction 7.3, a toluene solution (25 pL) of TMA (8.7 umol) was added to an NMR

tube containing 7.0 umol of 4, molecularly dispersed in toluene (0.6 mL).

When a stoichiometric ratio of TMAAD was employed, TMA was completely
hydrolysed at higher tempéuaes (see Figure 2.9). AB4.22C one main peak (at- 0.57) is
distinct. The signal becomes sharper-46.2 ¢C but starts reducing and disappears
completely with increasing temperature. If this peak corresponds 38101, integrating
the area wouldesult to 1 pmol of Al. When the temperature reach&8.22C, all signals at
the Al Me area have already disappeared. The amount of @ekent at the lowest
temperature that a measurement was také®.22C) was 3.7umol, and reached a maximum

(7.6 umol) at 14.4C.
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Figure 2.9: 'H NMR spectra of the hydrolysis reaction 7.3 (AfMH= 1.2/1):-64.2 3C
(bottom spectrum),45.22C, - 27.23C and- 15.22C.

Table 2.2:Initial conditions and quantitative data for reactions 7.1, 7.2 and 7.3

(emc(ema (egmo (& mol (e mol
7.1 6.9 15.7 13.9 - 0.3
7.2 8.9 31.3 13.8 22.6 0.8
7.3 7 8.7 7.6 - -
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2.2.4.3VT 'H NMR Experiments in Toluene: Approach B

In an attempt to look at the quantitative results of the hydrolysis reaction of TMA in
toluene from another aspect, the hydrolysis reaction of TMA was studied by adding first the
TMA solution in toluene into the NMR tubia order to quantify the amount of methane that
was initially present (before any water addition), followed by addition of a molecularly
dispersed water solution in toluene. The initial TMA content was measured by integrating the
peak that corresponds taoet CH; protons of the TMA, using a longer pulse delay (d1=20 sec)
in order to permit full relaxation of the methyl protons according to literAturethis set of
experiments excess of TMA was used in each case, due to volume limitations (addition of a
relatively small volume of water/toluene mixture in order to maintain a low temperature
inside the NMR tube and do not exceed the maximum permitted volume for the NMR

measurements).
OReaction ,@=234: TMA/ H

In the reaction 8.5, TMA was reacted whhO at an Al/HO ratio = 2.3 (15.4 umol
TMA, 6.7 umol HO)

The background (TMA in toluene solution, before the addition of the water) was
recorded at 16.2C,-7.4 C,-25.4 C,-54.2 C and-84.9 C, and the amount of methane

present was evaluated mgegration (Figure 2.10):
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Figure 2.10:Methane background (16.2,-7.4 C,-25.4 C,-54.2 C,-84.9 C)

After addition of the water/toluene mixture, the total Qifesent at every temperature
step rise was calculated by integration. The initial amount of, @i¢sent at every
temperature rise was calculated by applying a linear equation based on the measurements
obtained for the background GKFigure 2.10). The agtl amount of Chlproduced during
the reaction can be calculated by subtraction of the backgroupdr@hl the total amount
(see Table 2.3 and Figure 2.11).
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Table 2.3:Methane evolution at every temperature step of the hydrolysis reaction

T | CHa(total) | CHa CH,
(O € mo | (background) | produced
€ mo | e mo |
-74 2.5 1.2 1.4
- 65 2.6 1.2 1.4
-54 2.9 1.1 1.8
-43.4 3.1 11 2.0
-34.4 3.6 11 2.5
-26.2 3.5 11 2.5
-16.4 3.8 1.0 2.8
-7.4 3.8 1.0 2.8
35 4.0 1.0 3.0
14.4 3.8 1.0 2.8
23.4 3.8 0.9 2.9

*produced CH= CH, obtained by integration (total)initial CH,4
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Figure 2.11:Methane evolution during the hydrolysis reaction

The maximum amount of CHvas produced at 332 (3. 0 e mol ) , a val
smaller than the expected; if the initenount of HO (6.7 umol) had reacted at 1/1 ratio
with TMA, then 6.7 pmol of Chlwould have been produced. Of course, a significant amount
of CH, might have escaped to the gas phase. At234 7. 0 ¢ mo |l of TMA rem
and 0. 4 gAlObé arpresenti@ee Table 2.3).

Table 2.4 summarizes the main quantitative data and initial conditions of the reaction
8.5. It also includes the main quantitative data and initial conditions of the reaction 8.4 where
an Al/HyO ratio of 9.7/1 was employed4.6 pmol of TMA were mixed with 1.5 umolJ9).
A maximum amount of Cliwas produced at43.4 C (1.9 umol). Some Clwas lost as the
temperature increased, but the amount of, §tidrted increasing again at 3G, reaching its

maximum at 12.5C (2.0 umo). At 23.4 C, 7.2 umol of TMA and 1.6 pmol of MAIOMe
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are present. The VTH NMR spectra of these reactions were quite similar to the ones

obtained for reaction 7.2 (see Figure 2.8), where an excess TMA was also used.

Table 2.4: Initial conditions andjuantitative data for reactions 8.5 and 8.4

ReaCtlon H 20 TMA init CH4 (max) TMA unreact MezAl(OMe)

(emc (emo (e€mo (&€ mol (€ mol
8.4 15 14.6 2.0 7.2 1.6
8.5 6.7 154 3.0 7.0 0.4

It was hard to obtain accurate quantitative data duringxperiments. Toluene is a
very poor mixing agent, which makes mixing the reagents difficult. Sufficient mixing is
made harder by using an NMR tube as the mixing vessel. Cooling down the solutions to just
above their melting points can also affect theulsitity of water in toluene (lower solubility
at lower temperatures) which can cause inaccuracies in determining the amount of water that
has reacted. Varying the AlfB ratio can influence the continuation of the reaction and the

nature of the compositiaof the intermediates and reaction products.

Moreover, not the whole amount of methane produced during the reaction is

detectable by NMR since some of it will escape to the gas phase.

Finally, shimming problems were observed in low temperatures bedaeid¢MR
tube was already cooled down to very low temperatures before insertion to the instrument, so
moisture was condensing on its surface. Properly drying the NMR tube was not possible

since the temperature would have been increased.

Because of all thesembiguous results and technical difficulties a different solvent
was employed, in order to prove that the general idea behind this method, the handling of the

compounds and performing the necessary measurements were correct.
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2.2.4.4VT *H NMR E xperimentsin THF

Addition of a base like THF to TMA causes the dimeric TMA to break to monomeric

TMA bonded to a THF molecule, according to the equilibrfidm

(AlMe;), + 2 THF <== 2 (THF+AlMe;)  (2.10)

Table 2.5: Initial conditions and quantitative data for reactions 9.8 and 9.7

Reaction Initial TMA | Initial H ,O = Max. Me,AlIOH produced
(umol) (Hmol) (Hmol)
9.8 Al/lH0=1/1 62 61 55.1
9.7 Al/lHO=2/1 58 29 17.7

O6Reacti opO=91/186 Al / H

The Me signal of TMA complexed with THF appearsdat0.65 at-84.9 C and
shifts slightly downfield as the temperature increade)(62 at 23.4C). The HO signal in
THF appears atd 3.79 at- 75 C and shifts upfield as the temperature increades8@ at
23.47C).

Studying the hydrolysis reaction of TMA in THF By VT NMR shows a two step
reaction. The formation of the AINtH,0 adduct (I) is the first step of the reaction, and it is
observed at84.9 C.The r e s 0 n-8.nA2amrd9.11a(se€igure 2.12 and 2.13) are
attributed to the Me protons of TMA and,®l protons respectively with a ratio of
(CH3)3s/OH, = 11.2/2, relatively higher than the theoretical value (9/2). The resonance of the
protons of complexed #® (0 9. 1 1 % hasva grémdiffArenbeecompared to the
resonance of uncomplexed® (d 3.79). The signal of the protons of the complexe® H
shifts upfield as the temperature increask8.67 at- 43.4 C), while the signal of the Me
protons of TMA shi f068at-93.4i Q).Thelsignalsl attributefd itoghle d (U
AlMe3z*H,0 adduct (ad - 0.72 and 9.11) decrease as the temperature increases..@0he H
signal is not obvious anymore-&25.4 C, while the Me signal is significantly reduced. Trace
of the Me signal is presemt higher temperatures, but it disappears completely at £3.4

This trace though could also perhaps be due to some unreacted TMA (since & fite2
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resonance of the peak is at- 0.62 in THF, comparable to the resonance of the TMA

complexed with THF at this temperature).

At -43.4 C three new peaks have appeared @t54, 0.54 and 0.60 (see Figures
2.12 and 2.13) which are attributed to the product of the second step of tienredach is
the MeAIOH (II) and evolution of CH (see Scheme 2.4). The signals @t60 and 7.54 are
attributed to the Me anidOH protons of MgAIOH with a ratio of (CH),/OH = 6.4/1 close to
the expected theoretical ratio (6/1). The two signals staihdrease as the temperature
increases. The peak attributed to ti@H protons shifts upfield with increasing temperature
(d 7.13 at 23.4 C), while the peak attributed to the Me protons shifts only very sligttly (
-0.59 at 23.4C). A trace of MAIOH is already present aB4.9 C, but it becomes more
obvious at 54.2 C.

The MeAIOH should stabilize in its dimeric form (lll). This exchange between Il
and 1ll might explain the distortion of the OH signal -5.4 C due to rapid proton
exchange. Thehtrd peak is attributed to CiHwhich is in agreement with the formation of
Me,AlIOH. The identification of the signal is supported by addition of@BFOH in a TMA
in THF solution in an NMR tube, followed by recording theNMR spectrum at R.T.
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Figure 2.12: '"H NMR spectra of the hydrolysis reaction 9.8 (region between 9.5 and 6.9
ppm). Background of TMA in THF at84.9 C (bottom spectrum), after addition of
H,O/THF at -84.9 C,-43.4 C,-25.4 C and 23.4C.
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Figure 2.13:'H NMR spectra of the hydrolysis reaction 9.8 (region between 0.7 &d

ppm). Background of TMA in THF at84.9 C (bottom spectrum), after addition of
H,O/THF at -84.9 C,-43.4 C,-25.4 C and 23.4C.

45



Me

H----THF Me O——H----THF
Me—TI—O - Al +  CH,
' H---THF Me THE
I I
H----THF
Me
\ / /
Me
H----THF

11

Scheme 2.4Possible intermediates and products of the hydrolysis reaction of TMA in THF

Me,AlOH starts reducing above25.4 C but the signal is still present at R.T. The
noticeably stability of the produccould be explained by the impact of the THF
complexation. Complexation with THF would also attribute to the stability of the
AlMe3z*H,0 adduct. Hydrogen bonds between tiiH protons and THF and water protons

and THF stabilize the intermediates.

The redwtion of the signals attributed to the p¢OH is not accompanied by the
formation of a new product, such as MEAIMe,. This could be explained by the low
selectivity of the whole reaction because of the parallel reactions #l®ld itself. As it has
been reported in literatur¥ a similar study of the hydrolysis of alkylaluminium compounds
in EtO, did not manage to observe the formation of.AM@AIMe, compounds during
MesAl hydrolysis.

As in Approach B, of the hydrolysis reaction of TMA in tolueaiéer addition

of the water/toluene mixture, the total Cldresent at every temperature step rise was
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calculated by integration. The initial amount of Cptesent at every temperature rise was
calculated by applying a linear equation based on the measeerobtained for the
background CHl(the background of the TMA sample used in this experiment was recorded
at five different temperatures, and the amount of, @kready present in the sample was
calculated by integration). The actual amount of,Qifoducedduring the reaction was

calculated by subtraction of the background,@tdm the total amount (see Table 2.6 and

Figure 2.14).

50
40+ B ® "
30
20

10 -

Methane evolution/ umol

7 T T T T T T T T v T
-100 -80 -60 -40 -20 0 20 40

Temperature/ °C

Figure 2.14:Methane evolution with increasing temperature, reaction 9.8

The initial amount of [Tchhiertdd ozhe AIMgHRD | ) wa ¢
(57. 9 ¢ mol-84.9 £daffeu additionaof HO (based on the integration of the Me

signal of TMA). Integration of the #D signal corresponds to a relatively lower amount (46.2

emol ) . However, I ntie @moaetrdliabla measurermehtesinc®® H i g n a |
signal is very broad. The small trace of MEOH present at this temperature according to the
integration of its Me signal corresponds to
evolution o0GH; Zhe amoanmad MAIbO®OH i ncreases sl owly
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-74 C(CHievolution = 7.2 emol, mAHCH aitaauldal mo s |
have been expected). A big increase onAlteH production is observed ab4.2 C (21.5

emol , whi agr esméant wi t hy prederd at 2hB temperature).orie CH
maximum amount of Ml OH (55. 1 e mol , based on the in
produced at 14.6 C. The amount of MAIOH calculated by integration of the Me signal is
quiteclose o t he amount <calculated based ong the O
present at this temperature (39 .43butthmasl ) i s
possibly due to loss of CHh the gas phase. Loss of ¢ the gas phase is proved the

reduction of CHfrom-254"C (| oc al maxi mulkhps C4233. 8mempl J o
Table 2.6).

The amount of Chlistarts increasing again at 3.8, and reaches a maximum (44.6
emol ) aC@. Althcigh4this increase of GHs not accompanied byncrease of
Me,AIOH (Me,AIOH is actually reducing above14.6 C) nor accompanied by the
appearance of another product. This would perhaps mean that if the dimethylyaluminium
hydroxides have formed dimers or higher alkylaluminiums could eliminate oner@kb g
accompanied by CHevolution. It is hard to know the exact amount of Qifbduced since
there is a loss in the gas phase. Any unreacted or complexed MitAMA could have also

been converted thle,AIOH at higher temperatures, and cause a smallaseren Chl

Table 2.6:Intermediates and reaction products of reaction 9.8

T CHs | (CHg)s| OH2 | (CH3)3s/OH2 | (CH3)2 1 OH | (CH3)/OH

(C) [ (emc( e mc( e m (emc( e mc

-849 24 57.9 46.2 5.6/1 3.7 *

-74 7.2 56.3 43.6 5.8/1 6.9 *

-542 220 35.5 * 21.5 *

-25.4 423 4.2 * 53.9 50.2 6.4/1
-14.6 39.3 3.2 * 55.1 52.3 6.3/1
23.4 | 446 - - - 374 33.6 6.68/1

*These peaks were not obvious or were unreliable for integration (very small or broad

signals)
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OReacti opO=2/1706 Al / H

In these systems the reaction proceeds in a similar way as described for the 1:1

system.

The first intermediate is the TM#vater complex at the lowest temperature
(-84.9 C). Although, as it can be seen in Figure 2.15, there is a downfield shiift dfle
signal of the AIMg*H,0O adduct @ - 0.67) compared to the reaction 98- 0.72) where the
Al/H 0 ratio was 1/1. This difference could be due to an exchange between free TMA (since
there is an excess) and TMA complexed witf©HThis could besupported by the fact that
integration of the Me signal results in 58.0 pmol of TMA (equal to the initial amount of TMA
inserted), but integration of the,@ signal results to just 14.6 umol. Even though th® H
signal might not be the most reliable peak ihtegration due to the nature of the signal, it
clearly shows that there is a big difference when comparing the two values, meaning that the
Me signal is a combination of the AlN1,0 adduct and the excess TMA. As in reaction
7.8, the HO signal is nobbvious at- 25.4 C or higher temperatures (see Figures 2.16 and
2.17).

A trace of MeAIOH is obvious at- 74 C (Me atd - 0.61), while the OH signal is
visible at-65 C (atd 7.61). The maximum amount of MEOH produced is observed at
-5.6 C, and is egal to 17.7 umol according to the integration of the Me signal (which is in
good agreement with the amount calculated by the integration of the OH signal = 17.8 pumol).

Me,AIOH starts reducing at higher temperatures, but it is still present atQ316mol).

A maximum amount of Clis observed at25.4 C (18.8 umol), and then it reduces
slightly. It starts increasing at 3.€, reaching its maximum at 23.€ (18.9 umol). The
production of CH at-25.4 C is in good agreement with the production of,M&®H (ratio
of CHyJ/ Me,AlOH = 1.1).

However, it was observed that even when excess of TMA was employed the low
selectivity of the reaction does not allow it to proceed toAW®-AlMe, formation. The
excess of TMA coordinates with the THF molecules, angaieed unreacted (22.9 pmol at
23.4 C).
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Figure 2.15: The difference of the chemical shift of the AIME.O adduct when excess
TMA is used.
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Figure 2.16:'H NMR spectra of the hydrolysis reaction 9.7 (region between 9.5 and 6.9

ppm). Background of TMA in THF at84.9 C (bottom spectrum), after addition of
H,O/THF at -84.9 C,-43.4 C,-25.4 C and 23.4C.
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Figure 2.17:*H NMR spectra of the hydrolysis reaction 9.7 (region between 0.7lafid
ppm). Background of TMA in THF at84.9 C (bottom spectrum), after addition of

H,O/THF at -84.9 C,-43.4 C,-25.4 C and 23.4C.

2.3 Conclusions

The extremely low solubilt of water in toluene has a crucial restrictive role in the
concentration of the reagents in each experimiddlitionally, the solubility of water will
undoubtedly be affected by cooling the water in toluene solution down to such low
temperaturesConsequently, it could be the case that the originally molecularly dispersed
water (at room temperature) will form bulk water (which could explain the full hydrolysis of
TMA). Kirschenbaum and Ruekbélgnvestigated the relationship between the solubilfty
water in various hydrocarbons and temperature, and related it to the vapour pressure of water

at those temperatures.
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Working with such limited concentrations and a highly reactive compound like TMA
has several disadvantages. Contamination with oxygas impossible to avoid, and
oxidation products were detected. Additionally, being unable to know the exact amount of
water consumed for the formation of the alkylaluminium species that were detected in very
small quantities made impossimble to determime Al/H,O ratio and correlate it with a
reaction path. Furthermore, identification of certain peaks by NMR is very difficult since
some small peaks corresponding to the water protons of the water adduct ©Htlpeotons
of the dimethylaluminium hydroxel both possible intermediates, are not detectable. Thus,
assigning the peaks which correspond to the methyl protons of possible intermediates or
impurities is very ambiguous. We could probably assume thafld&él does form, but it

reacts further even aiw temperatures.

When the reaction medium was changed to THF, it was proven that the method
employed in this research was successful in identifying the initial products of the reaction of
TMA with H,O. Complexation with THF decreases the reaction ratealods observation
of the initial products of the reaction Bl VT NMR. Useful quantitative data were also
collected by monitoring the hydrolysis reaction'byVT NMR using an internal standard for

guantification of the reactants and products at evamperature step.

The AIMe*H,O adduct was identified as the first intermediate of the hydrolysis
reaction, and the difference between the chemical shift of 1@eprbtons complexed (about

9.1 ppm) by TMA and that for uncomplexed@®(about 3.2 ppm) waseerved.

The MeAIOH seems to be the main product of the partial hydrolysis of TMA in THF
and it is relatively stable even at R.T. There is a reduction gAIM as the temperature
increases which is not accompanied by the appearance of other prodeotsw&he no signs
indicating that the reaction proceeded further, producingANBAIMe 5,
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2.4  Experimental
2.4.1 General Procedures and Materials

All manipulations were conducted using standard Schlenk techniques under argon.
All reagents were used as purchased without further purification unless otherwise stated.
Trimethylaluminium (TMA) was provided by Chemtura Europe Ltd.

Solvents were dried oveNa/benzophenone (tetrahydrofuran) or sodium (toluene)
before use and purged with argon. The deuterated NMR solvent€kCD0sDs, toluened8)

were degassed by several fre@izaw cycles and dried over activated 4 A molecular sieves.

NMR spectra were morded on a Bruker DRB00 spectrometer operating at 300.13
MHz, 16 scans wh a relaxation time (D1) of-20 sec. NMR chemical shifts were referenced
to CD.CI, (in a capillary) which was used as the external standard.-TtBibrt-
butylbenzene was usexs an internal standard. Phasing was performed automatically while
integration was performed manually. Shimming was necessary in every temperature in the

VT NMR experiments.

2.4.2 Determination of the Solubility of Water in Toluene by Quantitative NMR

Purified toluene was mixed with distilled water in a separating funnel. The mixture
was left to rest overnight. The next day the water (bottom) phase was removed and a sample
was taken via a 1 mL gastight Hamilton syringe from the centre of the solvesat. gliathe

experiments were carried out at room temperature.

1,3,5Tri-tert-butylbenzene was chosen as the most appropriate standard to use for
these measurements and it was further purified by recrystalizafioéMR spectrum were
recorded in @Ds for 1,3,5tri-tert-butylbenzene (97%H N MR : a TH341434 (s, 3 H,
(s, 27H,- C(CHg)s)

Several NMR tests were carried out in order to estimate the amount off fi;3¢5t-
butylbenzene that was needed to minimize the integration error. The optinca@ntrations
finally used for the determination of the solubility of water in toluene were the following: 0.2
mL of an aliquot of 1,3/8ri-tert-butylbenzene in toluenelQ.8 mg of 1,3,5tri-tert

butylbenzene in 5 mL of toluene) and 0.4 mL of the tolusplation saturated with water
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were added in the NMR tube and mixed. A minimal amountB§@0.1 mL) was also added
as the NMR standard (for locking).

2.4.3 Non-Molecularly Dispersed Water

A droplet of water was added in tolued® (0.5 mL), in the NMRube, and théH
NMR spectrum was recorded. TheNMR spectrum of toluerd8 was also recorded prior to
water addition. Due to the presence of small impurities (humidity, grease) talBenas
further purified by trago-trap distillation.

2.4.4 VT NMR Studies on the Hydrolysis Reaction of fimethylaluminium
a. Toluene as a solvent

In order to study the reaction of TMA and water in toluene two approaches were

followed.

In the T'set of experiments (approach A), a known amaimolecularly dispesesd
water (6.9, 8.9 and 7 pumol for reactions 7.1, 7.2 and 7.3 respectively) in toluene (0.5 mL) was
added to the NMR tube with an internal standard (1,3;errbutylbenzene, 1.3 pmol), and
the '"H NMR spectrum was recorded. Then, the system was cooled slowly to- 85 C.
'H NMR spectra were recorded in every 1D step to investigate the behaviour of water at
lower temperatures. When the NMR tube vegsctedfrom the NMR probe, it was cooled
down to- 116 C using an ethanol/liquid nitrogen coolibgth. At this temperature, a known
amount of TMA in toluene solution (15.6, 31.3 and 8.7 umol of TMA in 45, 90 and 25 L of
toluene respectivelyfor reactions 7.1, 7.2 and 7.3) was added via a high precision gas tight
Hamilton syringe to the NMR tube withe HO/toluene (the TMA/toluene solution was pre
cooled to- 75 C before transferring) and the two reagents were mixed just above the melting

point of toluene by shaking the NMR tube. The NMR tube was inserted into tueqss=
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probe ¢85 C), and theNMR spectrum was recorded. Each subsequent NMR recording was

preceded by a 10C temperature rise.

In the 29 set of experiments (approach B), a known amount of TMA (14.6 and 15.4
pmol for reactions 8.4 and 8.5 respectively) TMA in toluene solution (QLpwas added to
the NMR tube with the internal standard (1,3,5téri-butylbenzene, 1.3 pmol) and th
NMR spectrum was recorded betweeBb C to 25 C. Then, the NMR tube was cooled
down to- 116 C using an ethandiquid nitrogen cooling bath. At th temperature, a known
amount of molecularly dispersed water in toluene (1.5 pum@l id 50 pL and 6.7 pmol O
in 0.22 mL for reactions 8.4 and 8.5 respectively) was added and the two reagents were
mixed just above the melting point of toluene by shakirgNMR tube. The NMR tube was
inserted into the NMR probe, which was fm@led to- 85 C, and the NMR spectrum was

recorded. Each subsequent NMR recording was preceded byCatéMperature rise.

A stock solution of molecularly dispersed watertatuene was prepared by addition of

HO ( 0 . pto teluarmel(20 mL) and stirring overnight.
b. THF as a solvent
The hydrolysis reaction of TMA was also investigated in tetrahydrofuran (THF).

The procedure detailed in approach B was followed for the THFriexgets, with the
exception of higher water and TMA concentrations in THF (62 and 58 pmol TMA in 0.5 mL
THF in reactions 9.8 and 9.7espectively, and 61 and 29 pmob® in 0.1 mL THF in
reactions 9.8 and 9.Yespectively), because water and THF are iliscA backgroundH
NMR spectrum was recorded betweeédb C to 25 C (one in every 10C step) for a TMA

in THF solution and a $D on THF solution.
2.4.5 Additional Experiments

i. A stock solution of TMA (1.5 mmol, 0.15 mL) in toluene (5 mL) was areg.
0.5 mL of the solution (0.15 mmol Al) were transferred to an NMR tube and MeOH (0.15
mmol, 6 pL) were added. After shaking the NMR tub&H&MR spectrum was recorded.

ii. TMA (4.75 mmol, 0.46 mL) was mixed with toluene (4.5 mL). The solution was
cooled down te 78 C with a dryice/acetone bath. 4@ (4.75 mmol, 0.11 mL) was added to

toluene (5 mL) , the mixture was stirred rapidly and after 30 min it was transferred dropwise
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via cannula to the TMA/toluene solution. The mixture was allowed tchr&T. and an

NMR sample was taken for analysis after 1 Hdur.

After the NMR sample was taken, pure gas was bubbled for 30 min through the
mixture and then another NMR sample was taken.

The above experiment was repeated for a lower TMA concentrédi® mmol
TMA, 0.95 mmol HO, 10 mL toluene).

iii. 0.5 mL of a stock solution of TMA (1.5 mmol, 0.15 mL) in toluene (5 mL) were
transferred to an NMR tube. Two drops of;CPOH were added to the NMR tube. Fuming
was observed. After shaking the NMR tubdH NMR spectrum was recorded. The NMR
probe was gradually cooled down-t85 C, and aH NMR spectrum was recorded in every
10 C step.

iv. The procedure described in (iii) was repeated in THF instead of toluene.
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Chapter 3

Studies on the Initial Reaction Steps of the Hydrolysis of TMA by Matrix
Isolation Infrared Technique

3.1 Introduction
3.1.1 Infrared Matrix Isolation Spectroscopy

This chapter focuses on another way to investigate the initial reaction steps and
intermediates formed between water and TMA in order to gain an insight into the structural
characteristics of MAO. The method used here is a combination ofm#tex isolation

technique with infrared spectroscopy.

Infrared (IR) spectroscopy is a useful tool for the characterization and identification of
chemical compounds. IR spectroscopy on its own would not have been sufficient for the
purpose of this studsince the intermediates of the hydrolysis reaction of TMA are extremely

reactive, so it would have been impossible to capture them to record their IR spectrum.

Additionally, the IR spectrum of most polyatomic compounds is complicated and hard
to resolve,especially in the case of more than one compounds being present (which is
possible when studying a reaction that might lead to the presence of the initial reactants along
with the presence of more than one product). This happens because maghbmlealles
interact with each other when they are in a solid or liquid state causing perturbation of the
vibrational transitions of the molecule and subsequently line broadening of the resonances of
the vibrations and distortion of the fine details of the spettrThe IR spectrum of
compounds in the gas phase might not suffer from these neighdpanteractions, but
usually suffers from the presence of many additional resonances due to their molecular

rotations. The spectra of liquids also shows extra resosaueto rotational components.

It was crucial to combine IR spectroscopy with another technique to overcome the
above problems. The technique that fitted the profile best was the matrix isolation technique,
since it has been proved to be a very eiifectool for trapping unstable molecular species
like free radicals, reactive intermediates or vaporizing molecules in an inert solid matrix.
Matrix isolation can also achieve isolation of monomeric species of a compound that is
usually dimeric or polymeti (e.g. by the Knudsen cell technique). As a consequence, the

inert and rigid environment that surrounds the solute molecules reduces intermolecular
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interactions and inhibits molecular rotations (with the exception of a few small molecules
such as hydrogehalides, ammonia, water and methane), resulting in much sharper and

narrower absorption bands which are easily identfffed.

The main principle is that the molecules of the species of interest, which are often
named as Oguest spécias® orsobdtt apped swollwutrg
i nert materi al, Omatrix6 or O0caged6 materi al
transparent window (e.g. Csl) which is cooled to cryogenic temperatures. The inert material
is usually an inergas. Other materials have also been used but in general an appropriate
matrix material should: have high levels of purity, not mask the absorption bands of the
solute, not react with the solute, and it should provide a rigid matrix. The rigidity of the
matix prevents diffusion of the molecules at the chosen deposition temperature ensuring
stabilization of the reactive species. Argon has been one of the most commonly used matrix
materials, and it was also used in the present sttidy.

Ar gonos sphasé has a subid dlegacked structure, meaning that each
sphere has 12 nearest neiglisoand the unit cell is a fagentred cube (f.c.c.). A guest
molecule in an argon lattice could replace a host molecule (substitutional site) or occupy an
interstitial site. The vibrational levels of the solute are usually perturbed by the matrix
resulting in a shift of their vibrational frequencies from their gas phase values. In some cases
multiple bands appear due to rotation or libration of the solute in itsitigapjte, alternative

trapping sites in the matrix or aggregation of the sdifte.

The basic idea of this study was to-aeposit water and TMA, preferentially in its
monomeric state, in an argon matrix and study the reaction intermediates. In ordémnisy do
one method seemed appropriate: slow thermal annealing of the matrix up to a certain
temperature that would soften the matrix and allow diffusion of the molecules and reaction
with each other. It was anticipated that cooling the matrix to the Iquessible temperature
would stabilize the intermediates formed and allow sufficient time to record the IR spectrum.
Identification of the new species could have been possible through isotopic substitution
experiments and vibrational analysis and correlaticthe spectra.
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3.1.2 Matrix Isolation Studies and Trimethylaluminium

The infrared spectrum of matrigolated trimethylaluminium has been investigated by
Kvisle and Rytter; they reported the spectrum of a mixture of dimeric and monomeri¢ TMA
but they also managed to isolgterely monomeric TMA’ by dissociation of the dimer at
300 C using a Knudsen cell (deposition in argon at 12 K). Thermal annealing of the matrix
led to dimerization of the monomeric TMA, and observation of intermediate spddie
ratios of the monomeric, dimeric and intermediate species depended on the temperature and
time of annealing. It was reported that the final matrix after annealing probably contained
aggregates and crystallized dimers instead of matrix isolatedgjiared that methane slowly

escaped the matrix during annealing.

Various research groups have worked on assigning the vibrational modes of TMA at
ambient conditions using IR and Raman spectroscopy. These assignments correspond to the
dimeric form of TMA vith methyl bridge$:*® However, assigning the vibrational modes was
quite complicated due to confusion between the skeletal stretching and the methyl rocking
modes and the difficulty of distinguishing between the bridging and terminal methyl
vibrations ofd-TMA.*! The calculations by Almenningest al** of the skeletal modes of the
dimer are based on axPsymmetry, assuming that the bridging methyl groups have,a C
symmetry and rotate freely and the terminal methyl groups are staggered with respect to the

Al- C bonds radiating from the aluminium atoms.

The IR spectrum of the monomeric TMA was reported for the first time by Kvisle and
Rytter®” O6 Br i e n °ahave repdrzed a Raman gas phase spectrum; although their
interpretation of data was only partly correct. In both cases;, ayiilnmetry was assumed as
predicted by the gas phase electron diffraction study performed by Almenréngen’
Almenningenet al based their calculations on a model with freely rotating methyl groups;
Kvisle and Rytter use the term O6torsional t L
barrier (Almenningen estimated it to be less than 2 kcal/mol). However, &ganesentd a
more complete vibrational analysis of th&d ®IA molecule, assuming £ symmetry. Gy or

C,y symmetries are possible if the methyl bridging groups are in fixed positions.

The assignmenof the skeletal modes in Kvislknd Rytter 6s wor k w;:
hammo ni ¢ nor mal coordinat e cal cul a* forobots usi n

monomeric and dimeric TMA, assuming a trigonaj, Planar configuration of the MC
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skeleton for the monomer and the methyl group as the point of aasd Gy, symmetry,

fol owi ng Ogawabés model theory, for the di mer

More recently, Ault and Labd¥investigated the reaction of TMA with GBH and
H,O by infrared matrix isolation. The reactants were diluted in argon adepmusited onto
the cryogenic surface. Two different matrix isolation systems were employed. In the first one
called the oO0twin jet systemb ntirboeantd spayed a# act ar
the same time on the cold IR window from different nozzles. This technique allows only for
brief mixing and reaction time before depos
systemb6é, the two gas agamspparatasly butéheiradepasgi@ilines di | u
were joined in a merged region allowing time for reaction before deposition. The system used

in the present study resembles more the twin jet system.

Ault and Laboj'z8 found that no reaction occurred between Thidd CHOH or H,O
in the twin jet system. However, when the merged jet system was used in the reaction of
TMA with CH3OH, the parent bands started to disappear and new bands appeared. Methane
was also formed. Two species were distinguished: the mpéties was identified as
(CHs),AIOCHg3;, and the two possible candidates for the second species were the dimer of
(CHs),AIOCH3 and the dimethoxy derivative GAI(OCHj3),. The G O stretch near 1000
cm* was characteristic of the AD- C linkage in (CH),AIOCHs. This was the first time that
monomeric (CH),AIOCH3; was isolated and observed. Reaction wit®Hlid not show any
new bands associated with new product formation, but a reduction of the parent bands was
observed along with methane formation. Ault dradboy explained this observation by the
fact that the new species did not survive the transit to the matrix.

A similar study by Ault® investigated the reaction of TMA with,Qn an argon
matrix, resulting in the same reaction products described above avingerged jet system
was used. Galeposition using the twin jet system did not show any new species formed.
Ault?® had also investigated the reaction of TMA withSHand ethyl and methyl mercaptans
in an argon matrix at 14 K, which led to the formatiomulecular A}S;, (CHs),AISCH3
and (CH),AISC,Hs respectively. Earlier, Sanchet al®* investigated the reaction of TMA

with CO in argon matrix and their data showed the formation of a weakly bound complex

(CHg)3Al- CO.
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3.2 Results and Discussion
3.2.1 General

The matrix isolation technique has been used in conjunction with infrared
spectroscopy (see Section 3.5.1 for further details about the technique and a schematic
diagram of the system) in order to investigate the initial reaction products andediates
of the hydrolysis reaction of TMA. To achieve this it was decided tdeqwsit TMA and
water in an argon matrix (water was premixed with argon in the tank) at low temperatures
(~ 20 K). It was initially assumed that there would have beda bt no interaction between

the two reagents at such low temperatures.

The plan was to anneal the matrix up to a certain temperature to allow the molecules
to diffuse and react, and then cool the matrix down and record an IR spectrum to observe
changes irthe spectrum (appearance of new signals and disappearance of existing ones) that
would make the identification of new species feasible (intermediate products of the
hydrolysis reaction). If that step proved to be successful, the next step would include
amealing up to a higher temperature to allow the continuation of the reaction and gradual
identification of the next species formed. The intermediates of the hydrolysis reaction of
TMA are very reactive, and this is the reason why they have not beeniatkbgfore. A
technique like matrix isolation seemed a promising choice for isolating and studying these

reactive intermediates.

Prior to any cedeposition experiments (of water and TMA), it was necessary to
deposit TMA on its own in an argon matrix tatlger data that could be used for comparison
with the spectra of the hydrolysis reaction, and to perform control experiments in order to
find the ideal conditions (argon deposition rate, cooling temperature of the TMA flask,
deposition time, deposition tem@ture, behaviour of the matrix during annealing) to be used

in the cadeposition experiments.

It should be noted that under the current experimental conditions and with the given
equipment it was not possible to eliminate completely the rotationalrésatf small
molecules like atmospheric GGand water. The areas that were affected were the OH
stretching region of water between 39BBD0 cm', the CQ asymmetric stretching region
between 240@300 cm' with two peaks at-2344 and~2339 cmi', the bendig region of
water between 1850350 cm and the deformation/bending region of O@tween 68650
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cm* with a characteristic peak at 667 ¢rffor characteristic peaks in the water regions see
section 3.2.3). Interference fringes were also observednhdemeon the thickness of the
matrix material deposited in each experiment. Finally, in some cases imperfect background
subtraction was observed due to very small band shifts caused by the instability of the
spectrometer through temperature changes iraideout, leading to high levels of noise and
appearance of a number of artefacts that could have been mistaken for actual signals. For this
reason, the background single spectra were studied thoroughly and compared with the actual
spectrum of each depositi experiment (the background spectra for all experiments are
presented in section 3A&dditional Information). The background noise was more persistent

in areas affected by the rotational structures of remaining water or CO

When thermal annealing oféhargon matrix containing both reagents did not show
any spectral changes, meaning that no reaction had occurred, a different route was followed.
It was decided to test a new idea; not to use an inert gas as the matrix material, but to co

deposit TMA and ater directly on the cold surface of the windew@ K).

The results of all the experiments performed are presented below. It should be noted
that repeated breadowns of the turbopumgelayed this series of experiments significantly,
as well as failuref other parts (e.g. temperature controller, repair of the IR spectrometer).
Although the results of the new experiments seemed promising, due to a final failure of a part
of the equipment it was decided to terminate this work and continue with the hesearc
presented in the next three chapters. The
consisted of many different parts, operating at extreme pressures and temperatures) had a
crucial impact on the progress of this work. Additionally, the loreparation time of the
matrix isolation system prior to each experiment (at leé&tdays of pumping, especially
when water was introduced into the system), the long duration of each experménh),
and the careful disassembly and thorough cleaninth@fsystem after the end of each
experiment (e.g. polishing of the Csl window after TMA deposition required several hours

every time) were a significant time constraint.

3.2.2 Deposition of TMA in Argon Matrix

TMA was in a liquid state in the flask, vdii meant that before exposing it to the high

pressure of the system to deposit it onto the cold surface of the window, it needed to be
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significantly cooled down (otherwise a huge amount of TMA would have been pumped onto
the window once opening the valv&or this reason, several trials using different cooling

temperatures were made.

It was found that cooling the flask down-t&00 C or-60 C would not allow any
TMA to vaporize (mp 15C) and deposited onto the window upon exposure to the very low
pressire of the system (no bands were detected after recording the spectrum of the argon

matrix).

When a higher cooling temperature was us&b£2 C) in Exp. 1.1 new bands were
observed when the IR spectrum of the matrix was recorded. For the assignrhervarids,
the infrared matrix isolation studies of Kvisle and R{tfem TMA, and the Raman studies
on TMA vapour b ywéeuBed forecomparisod of e IR wibrations. It was
found that the spectrum consisted of a mixture of monomeridiametic TMA (mTMA and
d-TMA, respectively). The spectrum of TMA is presented in Figures 3.1 andh&2wo
main areas of the TMA spectrum are presented in two different graphs for clarity. The
monomer seems to be dominant, due to the very low pressuhe @ystem causing the

equilibrium to shift to the side of the monomeric species.

The target of experiment 1.2 was to isolate oy MhA, as mTMA would ideally be
the first candidate to study its reaction with water (simpler spectrum to interpretsamdtea
identify intermediate products). As is already known, TMA in gas and liquid state exists both

as a monomer and dimer, according to the equiliafitfi

2 Al(CHy); <~—  AlL(CH;), 3.1

Isolation of mMTMA or a mixture of m and dTMA is possibledepending on the
conditions used during deposition. It was found that the temperature of the cooling bath of the
TMA flask and the argon deposition rate played a crucial role on the form of TMA isolated in
the argon matrix. Exp. 1.2 was a successful gitémisolate only the ATMA species in the
argon matrix by using a lower cooling temperatur7¢2 C) and a higher argon deposition
rate. A large argon/TMA ratio would lead to low concentration of TMA, causing the
equilibrium presented in (3.1) to shift the left to form TMA.®?3 The argon deposition
rate of Exp. 1.1 was 3 mbar/min and the argon deposition rate of Exp. 1.2 was more than

tripled, 10.7 mbar/min (calculations are based on the argon deposition and deposition time
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reported in Table 3.125imilarly, lowering the cooling temperature would lead to a lower

[TMA]. The spectrum of RTMA is also presented in Figures 3.1 and 3.2.

The transmittance values {&kis) of the spectrum are multiplied by a scaling factor of
2, in order for the spectruto be comparable with the one of the mixture efamd dTMA,
the vibration of CH rock which is a characteristic monomer band at 74T ¢strong and
distinct signal in both spectra) was chosen for comparison and adjustment ofTié\ m
spectrum. The monomer/dimer absorbance ratigAffor this experiment was 5.4, based on
the intensity ratio (see Table 3@ integration values of theoaesponding peaks) of the gH
rock band (741 ci for the mTMA and the band at 771 ¢hwhich is also a characteristic
band that corresponds to thelrtMA (for comparison with literature data on thg/Ag4 ratio

and relation with experimental conditioreesref 7)

The observed frequencies of the spectrum for tREMA and dTMA are listed on

Tables 3.1 and 3.@2spectivelyalong with the frequencies reported in existing literatdre

—— TMA (monomer/dimer) in argon at 17.7K (Exp. 1.1)

039 | TMA (monomer) in argon at 19.8K (Exp. 1.2) -multiplied by 2-
O
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Figure 3.1 Infrared spectrum of MIMA in argon (Exp. 1.2) compared with-ftk TMA in
argon (Exp. 1.1). The region presented here is betweeni 3840 cn".
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—— TMA (monomer/dimer) in argon at 17.7K (Exp. 1.1)
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Figure 3.2 Infrared spectrum of AIMA (Exp. 1.2) in argon compared with-fd-TMA in

argon (Exp. 1.1)The region presented here is between 13@&®0 cm'. The CH band is

annotated with

6x06.

Table 3.1 Observed frequencies and assignments for monomeric trimethylalumintum (m

TMA) with effective point grousn

Vibrational modes Raman IR Ar matrix 12 K | IR Ar matrix
vapour _
Kvisle and Rytter | 19.8 K (Exp. 1.2)
O6 Br nla
A6 1 CHgsym. stretch 2900
3, CHzsym. def. 1200 m 1226 vw
33 MCj3sym. stretch 530 vs, p
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A0 67 CHga. sym. stretch 2948 s 2947 w
33 CHsa. sym. def. -
39 CHsrock 643 w
ES6 11 CHza.sym.stretch | 2996 2971 s 2968 w
312 CHzsym. stretch 2920 2905 m 2903 w
313 CHza. sym. def. 1440 vw ~1430 vw
314 CHzsym def. 1035 vw 1196 s 1195s
315 CHsrock 893 w 742 s 741 vs
316 MCza. sym. stretch 760 vw 689 s 690 s
317 MCzin-planedef. 170 s -
E 6 6,3 CHz& sym. stretch 2951
319CHza. sym. def. 1440 vw
2 138A16 + EO) 2830 w
Additional overtones and 1267 vw
Combination bands 1167 vw
717 vw (720 vw)*
CH; 33 3035 vs
3014 sh
CH4 34 1310 sh
1306 s 1305 vw
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*Abbreviations: vw, very weak; w, weak; m, medium; s, strong; sh, shoulder; br, broad; p,

polarized.

Careful comparison of the experimental vibrational frequencies shows good
agreement with the literature data for theTMA (Exp. 1.2). Only a few weak or vemyeak
bands presented in Kvisen d Ry t t°eerednst detecteddat 2830, 1430, 1267, 1226,
1167 and 643 cil), probably because of the low concentration of TMA ia thatrix. There
are some differences on the band shifts but this can be due to many factors: different
concentration of TMA on the matrix material, differences on the depositioretatape, and

possible matrix perturbation caused by the crystal packing effects.

One difference in ouexperimental date that the bands corresponding to vibrations
37, 11@ n O were relatively weak compared to their intensity characterizatioryin R e r 6 s
work. The bands observed in Exp. 1.2 for th&' KA were of course observed in Exp. 1.1
which also contains fitMA. However it seems that the vibrations presented in Figure 3.1 are
weaker in Exp. 1.2, which contains only TMA, than in Exp. 1.1 whicltontains the mAd
TMA mixture. The full range (3900 450 cm') of the spectra of Exp. 1.1 and 1.2 are
presented in Figure 3.13 in the additional information section for a better understanding and
comparison of the intensity of the bands.

A small peakappears at 810 chthat is not assigned and a trace eTMA at
771 cm'. Some weaker bands are also observed at 667, 663 and 66Thenband at 667
cm* is due to C@and the bands at 663 and 661 cane probably artefacts.

The data gatherefbr d-TMA from Exp. 1.1 are also in good agreement with the
existing literature data, as can be seen in Table 3.2. There is a band reported by Kvisle and
Ryttef for d-TMA in argon matrix at 2935 cth An observation of a band at this wavelength
under thecurrent experimental conditions (Exp. 1.1) was not possible, but an observation of
an additional band at 2958 €napart from those that correspond teTiA was made. (All
the bands attributed to-MMA reported in Table 3.1 were observed in the spectruaxpf
1.1, as expected.) The weak bands at 1435 and 2830were not observed. Kvisle and
Ryttef also report a strong band at 378 trand a shoulder at 368 émThe spectra
presented in Figure 3.2 contain interference fringes below 68bnsaking it difficult to

identify weak vibrations, and it was not possible to identify any bands below 450 cm

69



The band at 81@m™ observed in the spectrum of Exp. 1.2 is also observed in Exp.

1.1. The band at 1195 éattributed to FTMA is present in the spectm of Exp. 1.2 as
expected, but two more signals are distinguishable next to this band at 1199 and 202 cm
These signals can be seen more clearly in Figure 3.10. Kvisle and®Regfierted the
frequencies of the vibrations of a singledged intermedite form of TMA (iTMA)
observed when they annealed the matrix offMA (Mm-TMA dimerises after thermal
annealing of the matrix). A shoulder at 1200 twas attributed to the TMA, which could

be the explanation for one the bands observed here. Obserehtalditional bands is not
impossible since multiple bands may appear due to rotation or libration of the solute molecule

in its trapping site, alternative trapping sites in the matrix or aggregation of the solute.

Some additional weak or very weak baads observed on the spectrum of Exp. 1.1 at
1148, 1174, 1130, 629, 602, 525 and 516'cifhe bands at 1174, 525 and 516 ‘cafso
exist in the background spectrum (see Figures 3.34.8), so they are not related to the
material deposited, and the barais629 and 602 crhcould possibly be due to improper
background subtraction (the noise level at this area is relatively high). The band at 7130 cm
might be due to the existence of sorEMA in the matrix (Kvisle and Rytt&reported a
band at 1132 cththat was attributed to TMA). Some additional weak bands were also
observed by Kvisle and Rytfewhen TMA was deposited onto the argon matrix; these were

not assigned to any vibrations.

A trace of methane was observed in this spectrum (band at d3d% The
vibrational modes of methane have been studied thoroughly in infrared matrix isolation

experiments and assign&d.’

Thermal annealing of the matrix produced in Exp. 1.1 up to 54 K (the matrix was kept
at 54 K for 20 min and then cooled dowemthe original deposition temperature to record the
IR spectrum) did not cause any spectral changes. Originally it was expected that thermal
annealing to a higher temperature would allow the molecules T to diffuse and form
dimers, so a lower A4 ratio would have been observed. However thgMratio remained
the same, meaning that interaction between neighboring monomeric molecules of TMA did

not occur.

Thermal annealing of the matrix in Exp. 1.2, containing only (or mainif)Ma also
did not caise any spectral changes, whilst annealing of the matrix-dM# produced by
Kvisle and Ryttt up to 40 K over short periods of time (max. time = 60 min), caused the
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appearance of new bands assigned to intermediate or dimeric species. Annealing of the
matrix in the present experiment even up to temperatures of 74 K and accumulated time
reaching 1 h was not successful in allowing thd@ MA molecules to react with each other.

One possible explanation is that [TMA] in the matrix was very low and the TMAculds

were too far from each other to react.

Table 3.2 Observed frequencies and assignments for dimeric trimethylaluminiIi4J

assumingCzn symmetry

Vibrational modes Vapour 298 K | Solid 12 K | Ar matrix 12 K | Ar matrix
Kvisle and Kvisle and | Kvisle and LK
Rytter Rytter Rytter
A, CHza.sym. stretch | 2944 s 2936 s 2935 s 2958 m
CHs sym. stretch 2904 m 2894 m 2892 m 2895 sh
CHs a. sym. def. - ~1435 w ~1435w
CHj3' sym. def. - - 1235 sh 1237 vw
CH3" rock 774 s 768 s 766 vs 771s
CHs' rock - 725's 720 sh (720 vw)
CHs' rock - 683 m
3,6Al-C' stretch 567 s 563 vs 563 vs 569 s
317 Al-CP stretch 368 s 370s 378s
By CHsa. sym. stretch | 2944 s 2936 s 2935s 2958 m
CHsz sym. stretch 2904 m 2894 m 2892 m 2895 sh
CHza. sym. def. - ~1435 w ~1435 w
CHs’ sym. def. 1255 m 1252 m 1249 s 1249 s
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CHs' sym. def. 1208 s 1196 s 1193 vs 1199 vs
1202 vs
3gAl-C' stretch 700 vs 701 vs 697 vs 695 vs
CHs'rock ~650 vw 645 m 645 m 643 m
CHs'rock 609 m 611 s 612 s 614 s
CHs’rock ; 597 sh 597 sh 602 vw and
595 sh
b 487 m
313 Al-C" stretch 480 m 488 s 491 s
2826vw
2 X CH; a. sym. def. 2845 w 2832 w ~2830 w
Additional unassigned 674 sh 521 vw 520 vw
bands
519w 368 sh
CH, 33 3008 vw 3007 w
CH434 1301 m 1305 vw

*Abbreviations: , terminal; b, bridge; see also Table 3.1

**The skeletal modes are numbered accordinD4pesymmetry, see Ref. [28]
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Table 3.3:Integration values of the absorbance of the main peaks observed in the spectra of
Exp. 1.1 and 1.2.

Exp. 1.1: m+d TMA Exp. 1.2: mTMA
Peak Position (cnt) Intensity (Abs. Peak Position (cnt) Intensity (Abs.
Units) units)
2968, 29582947 4.756 2968, 2947 1.223
2903 0.593 2903 0.069
1305 0.025 1305 0.016
1249 0.230
1202, 1199, 1195 3.632 1195 0.668
771 1.592 771 0.073
741 8.591 741 2.479
695, 690 6.288 690 0.974
643 0.278
614 0.441
569 1.378

*When more than one peais reported, the whole region including these peaks was

integrated.

3.2.3 Co-deposition of TMA and Water in Argon M atrix

In Exp. 2.1 in order to study the hydrolysis reaction of TMA, a 1% gas mixture of
H,O in argon was cdeposited with the TMA. Thsame experimental conditions as in Exp.
1.2 were used in order to deposit onlyTiA. The aim was to allow the molecules of water
and TMA to diffuse and react with each other after thermal annealing, and trap the initial
intermediates of the reaction. Exp.2 is the same as Exp. 2.1, but using a lower water
concentration in argon (0.15% gas mixture g®Hn argon).

The two regions of the spectra (for Exp. 2.1 and 2.2) where the alkylaluminium
vibrations appear are presented in Figures 3.5 and 3.6, aitimghe spectrum of ATMA
(Exp. 1.2) for comparison. Figure 3.7 zooms in on the area betweeri 1B38D cn to
observe the very weak band of methane more closely. Figure 3.8 zooms in on the area
between 800 600 cm' to observe the small shift of ti@nds between Exp. 2.1 and 2.2 and
Exp. 1.2. The observed frequencies from the spectra presented in the graphs (Exp. 2.1, Exp.
2.2 and Exp. 1.2) are listed in Table 3.4.

The transmittance values {&xis) of the spectrum of Exp. 2.1 presented in Figure 3.6

are multiplied by a scaling factor of 10, in order for the spectrum to be comparable with that
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of Exp. 2.2. The transmittance values of Exp. 1.2 are multiplied by a scaling factor of 1.5;
the characteristic monomer band at 741'dstrong and distinct ghal in both spectra) was
chosen for comparison and adjustment of th@ MA spectrum. The same scaling factors
were used in Figures 3.7 and 3.8, however it was not possible to keep the same multiplication
factors for the spectra presented in Figure 3rbFigure 3.5 the transmittance values of Exp.

2.1 and Exp 1.2 were multiplied by a scaling factor of 5 and 4 respectively in order to result

to comparable peak heights.

Figures 3.3 and 3.4 present the OH stretching (330 cm') and bending (1850
1350 en') regions of water respectively, for Exp. 2.1 and 2.2 in comparison with those from
Exp. 1.2. The main bands observed in these regions are reported on Table 3.5. The

transmittance values of the spectra presented in these figures have not been ndoyalized

factor.
——— TMA deposition in 1% wet argon (Exp. 2.1)
TMA deposition in 0.15% wet argon (Exp 2.2)
—— Blank: TMA (monomer) in argon (Exp. 1.2)
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Figure 3.3: Infrared spectrum of ATMA in 1% gas mixture of water in argon (Exp. 2.1) and
m-TMA in 0.15% gas mixture of water in argon, compared witi MA in argon (Exp. 1.2).

The region presented here is between 398800cm*.
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—— TMA deposition in 1% wet argon (Exp. 2.1)
1.0 - TMA deposition in 0.15% wet argon (Exp 2.2)
—— Blank: TMA (monomer) in argon (Exp. 1.2)
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Figure 3.4: Infrared spectrum of ATMA in 1% gas mixture of water in argon (Exp. 2.1) and
m-TMA in 0.15% gas mixture of water in argon, compared witfi A in argon (Exp. 1.2).

The region presented here is between 185850cm*.
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——— TMA deposition in 1% wet argon (Exp. 2.1) -multiplied by 5-
TMA deposition in 0.15% wet argon (Exp 2.2)
— Blank: TMA (monomer) in argon (Exp. 1.2)-multiplied by 4-
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Figure 3.5: Infrared spectrum of ATMA in 1% gas mixture of water in argon (Exp. 2.1) and
m-TMA in 0.15% gas mixture of water in argon, compared witfi A in argon (Exp. 1.2).
The region presented here is between 312840cm*.
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——— TMA deposition in 1% wet argon (Exp. 2.1) -multiplied by 10-
TMA deposition in 0.15% wet argon (Exp 2.2)
—— Blank: TMA (monomer) in argon (Exp. 1.2)-multiplied by 1.5-
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Figure 3.6: Infrared spectrum of ATMA in 1% gas mixture of water in argon (Exp. 2.1) and
m-TMA in 0.15% gas mixture of water in argon, compared witfi A in argon (Exp. 1.2).
The region presented here is between 1380 cni*. The band attributed to nietne is

annotated with 6x6.
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—— TMA deposition in 1% wet argon (Exp. 2.1) -multiplied by 10-
TMA deposition in 0.15% wet argon (Exp 2.2)

— Blank: TMA (monomer) in argon (Exp. 1.2)-multiplied by 1.5-
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Figure 3.7 A magni fi cati on o fmethdne bamdagpeacsin the imfearece t h €
spectrum of FTMA in 1% gas mixture of water in argon (Exp. 2.1) an€fTMA in 0.15%
gas mixture of watein argon (Exp. 2.2), compared with-iMA in argon (Exp. 1.2).
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TMA deposition in 1% wet argon (Exp. 2.1) -multiplied by 10-
TMA deposition in 0.15% wet argon (Exp 2.2)
—— Blank: TMA (monomer) in argon (Exp. 1.2)-multiplied by 1.5-
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Figure 3.8: A magnification of the region between 80800 cn* for a closer observation of
the shift of the bands in the infrared spectra eT A in 1% gas mixture of water in argon
(Exp. 2.1) and RTMA in 0.15% gas mixture of water in argon (Exp. 2.2), compared with m
TMA in argon (Exp. 1.2).

Observation of thepectra between isolated iMA in argon matrix and RTMA in a
H,O/argon matrix reveals some distinct differences. These differences could be described as
appearance of new bands and disappearance of other characteristic bands-oMAeom
by a shift ofexisting bands (e.g. 2947 2942, 2968 2953, 741- 735, 690- 693) and
appearance of some new signals. Some very weak additional bands that are not listed in Table
3.4 were observed in Exp. 2.1 and 2.2 at 770, 565 and 640 Enese bands might be
asso@ted with traces of AMA (d-TMA from Exp. 1.1: 771, 564 and 643 & The
spectrum of Exp. 2.1 also shows some very weak bands at 1234, 1223 and 1087eny
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careful observation of Figure 3.6 might reveal these very tiny signals. It should aletede
that Exp. 2.1 shows the additional shoulder peaks at 2932, 2893 and 119feported in
Table 3.4) that are not present in Exp. 2.2. This might be due to the higher water
concentration leading to matrix perturbation caused by the crystal padfeats eor to the
formation of new reaction products (higher concentration of watéigher chance of
collision of a water and a TMA molecule when they meet in the gas phase, before they

solidify on the cold surface).

Obvious differences are also observadthe areas of the spectrum where the OH
vibrations appear (see Figures 3.3 and 3.4 and Table 3.5). These differences might simply be
related to the different water concentrations (e.g. water might form dimers, trimers or larger
aggregates in an argon matdepending on the concentration) or to the formation of new
species (e.g. formation of AINgH,0 adduct or AIMgOH). Some of the peaks in Exp. 1.2
where the [HO] must be very low (only traces of atmospheric water) might be attributed to
the water monomeor dimer e.g. the band at 3735¢tmi ght b gof theireonomer, 3
the bands at 3711 ¢chand 3753 cild u e t ;@ n td bf ehe dimer respectively, the bands
at 1611, 1593 cih due to the dimer and the band at 1590*cdue to norrotational
monamer. However, some of the bands (3515, 1625, 1622) are close to the frequencies
reported for polymeric bO. Exp. 2.1 and 2.2 which contain higher,(H show bands at
3694 or 1602 cih that were attributed to polymeric,8 (trimer or tetramer). The band at
3633 cnt is close to the one reported for the dimer. A list of the observed frequencies and
assignments of the # spectrum in argon matrix that have been reported in litefaftiis

also listed on Table 3.5.

Unfortunately, due to time constraints asygstematic failure of the equipment we
were unable to study the spectrum of isolated water molecules in an argon matrix. Careful
infrared matrix isolation studies, varying the (3] would have added a valuable insight to

the information presented here.

The shift of the main bands reported earlier (294722942, 2968 2953, 741-
735, 690- 693) was originally explained by the hypothesis that an intermediate between a
H,O molecule and a TMA monomer was formed possibly at the moment the two gas streams
hit the cold cell. However, the presence of such species should have shown a strong band
around 500 cm due to the rocking mode of the water molecule as was predicted by

computational studies by our collaboration partners, the Linnolahti group at the Uwpigérsi
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Eastern Finland (UEF); but such a vibration did not appear in the spectra of the present

experiments (the Linnolahti group also reported two distinct bands betweer3890@n,

one at 1624 cthand a band around 300 ¢rdue to Al O vibrations).

Another possible explanation for the shift of the bands referred to earlier, could be
lattice disorders in the argon matrix due to the addition of water molecules in the close
packed system of argon molecules (1 water molecule between 11 argon molecules).
However, a careful obser vat isGHyroak)fandt6®3ech s hi f t
( 8 MC3a. sym. stretch) shows that these bands move in opposite directions, meaning that
this phenomenon is less likely to be simply due to a change in the patking.Of course,
it should be taken into consideration that the shift of the bands is so small in energy terms that
it is difficult to interpret them.

This observation might actually be an indication of the initial interaction of TMA with
water, assoaited with the effect of hydrogen bonding, as when@ hholecule approaches,

the symmetry of the TMA molecule changes from planar to tetrahedral.

In the case of the formation of a TM&ater adduct as the only reaction product no
methane should have beeroked; however, an amount of methane was traceable (bands at
1305 cnifor Exp. 2.1 and 2.2 and 3019 ¢rfor Exp 2.2, see Tables 3.4 and 3.6, and Figure
3.7).

In fact, careful comparison of thepAua/Ach. of Exp. 2.1 (= 31.2) and Exp 2.2
(= 26.3 with that of Exp. 1.2 (= 154.9), where only-TMA was deposited without the
presence of water, shows that a lot more, @#ds detected in the ateposition experiments
of TMA and water in argon than in experiments of just TMA deposition in argon. The
calculation of the ratios was based on the integration values of the absorbance of the peaks at
735 cm' for Exp. 2.1 and 2.2nd at 741 ci for Exp. 1.2 for the A\tma, and the peak at
1305 cnt for the Acw. for all experiments. The integration values of the main absorbance

peaks observed in the spectra of Exp. 2.1 and 2.2 are presented on Table 3.6.

The existence of methanetime matrix could mean that the reaction betwegd bind
TMA proceeded further, forming additional products. Thes;Gihbrations of the new
products would show only small differences, so identification of the new species would not
have been easy without wlication of characteristic bands. Computational studies by the

Linnolahti group about the IR vibrations of AlM@H which could have been a possible
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intermediate of the reaction revealed a band around 3900aach a new one at 856 &m
They also repoed bands at lower wavenumbers, BID cm', related to the AD
vibrations. No new band was observed around 856" dm our experiments, and

identifications of peaks below 450 &rwas not possible.

Thermal annealing of the matrix of Exp. 2.1 up to 80nd annealing of the matrix of
Exp 2.2 up to 82 K did not cause any spectral changes. Although the highest possible
annealing temperature was used for the argon matrix (getting close to the m.p. of argon =
83.3 K, it seemed like the temperature was nghhénough to overcome the energy barrier
and allow molecules to react. As observed earlier, perhaps the low concentratidivz m
in the matrix makes it more difficult; the molecules have to travel a larger distance until they

meet another molecule.
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Table 3.4 Observed frequencies and assignments for monomeric trimethylaluminium (m
TMA) with effective point grouDsn (Exp. 1.2) and main observed frequencies in Exp. 2.1
and 2.2.

Vibrational modes Exp. 1.2: IR Ar Exp. 2.1 Exp. 2.2
matrix 19.8 K
A0 67 CHa. sym. stretch 2947 w 2942 w and 2942 w
2932 sh
E 6 11 CHza. ym. stretch | 2968 w 2953 w 2953 w
312 CHzsym. stretch 2903 w 2903 w 2903 w
2893 sh
314 CHzsym def. 1195 s 1196 s and 1196 s
1190 sh
315 CHzrock 741 vs 735 vs 735 vs
316 MCza. sym. stretch | 690 s 693 s 693 s
CH; 353 3019 vw
CHy 34 1305 vw 1305 w 1305w

*Abbreviations: vw, very weak; w, weak; m, medium; s, strong; sh, shoulder; br, broad; p,
polarized.
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Table 3.5: Observed frequencies ithe OH stretching region (39¢8B00 cm') and the
bending region of water (188850 cn) for Exp. 2.1 and 2.2 in comparison with Exp. 1.2.

H-0 frequencies reported in Exp. 1.2: Exp. 2.1 Exp. 2.2
literature 3 TMA in Ar
matrix 19.8 K | AH20 = ArTH 0=
100/1 1000/1.5
3777
3758
3736 nonrot. monomer | 3735
3722 nonrot. monomer 3724 3724
3709.5 dimer 3711
3702.5 polymer
3693.8 polymer 3694 sh, 3687
3634.1 dimer 3633 3634
3574.5 dimer 3573
3568 ? 3567

3544, 3514 sh (3546)

3517 polymer 3515

3372 polymer (3367) (3366)

1623 polymer 1625, 1622

1611.2 dimer 1611, 1607

1602.3 polymer 1602 1602
1593.6 dimer 1593
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1591.4 nonrot. monomer 1590

1590.1 nonrot. monomer

Table 3.6:Integration values of the absorbance of the main peaks observed on the spectra of
Exp. 2.1 and 2.2.

Exp. 2.1 Exp. 2.2
Peak Position (cnt) | Intensity (Abs. Units) Peak Position (cif) | Intensity (Abs. Units)
3019 0.177
2953, 2942, 2932 1.728 2953, 2942 1.823
2903, 2893 0.153 2903 0.201
1305 0.069 1305 0.132
1253 0.073
1234 0.023
1223 0.032
1196, 1190 1.110 1196 1.177
(771) 0.005 (771) 0.098
735 2.151 735 3.469
693 1.492 693 2.067
564 0.064 564 0.127

3.2.4 Co-deposition of TMA and Water (without inert gas)

Since thermal annealing of the argon matrix containing water and TMA (Exp. 2.1 and
2.2) did not produce the desired results and we were unable to follow a reaction between the
two reagents and identify pgible intermediates, a different technique was employed in this

series of experiments.

The temperature limitations due to the low melting point of argon made it necessary
to look for another matrix material. An interesting idea was to attempt to use agatiee
matrix material and reagent simultaneously. In this case, the TMA molecules will be trapped
in a water matrix and react either the moment the two streams hit the cold surface, before

they solidify, or during the thermal annealing which can now reagtter temperatures.

Although the attempt to trap TMA in a water matrix was successful, most areas of the
spectrum are saturated because of the higher refractive index of the matrix and due to
scattering. The areas that were mainly studied were betvd i 2750 cm* and 1375/
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1050 cn’. Initially, the two reagents were -ceposited on the surface of the cold window at
very low temperatures (Exp. 3.1¢ef= 17.6 K). However when thermal annealing of the
matrix of water and TMA neglected to show anyedpal changes, a new series of
experiments was designed. The idea was tdeposit water and TMA at gradually higher
temperatures allowing more time for the molecules to interact with each other before they
solidify. Different deposition temperatures ¢dwary the liquid transition state life time and

thus capture different intermediates.

Figures 3.9 and 3.10 present the spectra obtained for Exp. 3.1 and Exp. 3.2, including
the spectrum of the stand dTMA of Exp. 1.1 for comparison, and Figures 3.1i0 .12
present the spectra obtained for Exp. 3.3 and 3.5, including the spectrum eT MA (EXxp.
1.2) for comparison. Table 3.7 contains the observed frequencies for all experiments, and a
comparison with the frequencies observed in the same regioms A and dTMA, while
Tables 3.8 and 3.9 contain the intensity values of the bands seen on absorbance units (based

on integration of the area of the absorbance peaks).

In Figures 3.9 and 3.10 the transmittance valueaxi¥) of the spectrum of Exp. 3.1
are multiplied by a scaling factor of 4 and the one of Exp. 3.2 by a factor of 12, in order the
spectra to be comparable with each other and the one of the mixtureaolrdTMA; the
vibration of the dTMA (CHs® sym. def.) at 1249 cthwas chosen for coparison and
adjustment of the other spectra. In Figure 3.12 the transmittance valwess]Yof the
spectrum of Exp. 3.3 are multiplied by a scaling factor of 2.5 and the spectrum of Exp. 3.5 by
15, in order for the spectra to be comparable with eadr aitd the one of the-TMA; the
vibration of the riT MA 14( @GHz sym. def.) at 1195 cthwas chosen for comparison and
adjustment of the other spectra. However, the spectrumT¥is (Exp. 1.2) in Figure 3.11

needed a further multiplication by 4, in order the bands to be visible.

Experiment 3.1 reveals the presence of a high amount gt@Hpared to the amount
of TMA (see the intensity of the bands on Table 3.8). ThéAAy, is very low (= 0.9)
compared to the NAcu, (=41.8) of Exp. 1.2 (see Tabk1l for details), due to the high
amount of CH produced. The band at 3009¢m's at t r i b yvibetoh & CH,0 t he
andthebandat1301ém s as s i gnilerationt o t he 3
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The three TMA bands that are close together in the 308050 cni region [2969
(m), 2958 (d), 2946 (m) ctj, are not distinguishable in the spectrum of Exp. 3.1: a broad
band appears at 2926 ¢rinstead. The broadness of the signal might be due to the nature of
the new matrix. Also the signal of-fFMA at 2903 crit seems tdhave been shifted to 2887

cm™. A new, weak signal also appears at 2815.cm

Examining the second region of the spectrum at 187850 cm also reveals
differences when it is compared to the spectrum V. The band of the @MA at 1249
cm* seems tchave shifted to 1246 ¢ A very weak band at 1237 ¢mvas also observed
for the dTMA in argon matrix. For Exp. 3.1, a shoulder band is present at 123wbioh is
much stronger than the one in Exp. 1.1 (in comparison with their neighboring bardd6at 1
and 1249 cni respectively), indicating a change in the nature of the species trapped in the
matrix. Another broad signal is also obvious at 1186 ,awhich is comparable with the one
of m-TMA at 1195 cni. The broadness of the signal would shadowstgaration of smaller
signals related to the-TMA as the ones observed in the spectrum of Exp. 1.1 (at 1199 and
1202 cn). Some weaker additional bands were also observed (1094, 1083 and 131 cm

All these spectral differences, along with the obvipusduction of methane could
lead to the conclusion that an intermediate of the reaction could have been formed. In this
case, a logical explanation would be that the two streams (TMA and water) interact with each
other in the liquid state the moment thaly the cold surface of the window. It should be
recalled at this point that the matrix isolation system used in this study could be characterized
as a- @twisryst emod, all owing only a brief mixi
this reason, caleposition of TMA and water was attempted at higher temperatures (100 K
and 200 K) in order to prolong the time the molecules remain in the liquid state.

The matrix was annealed up to 270 K for 1 h but no changes were observed. The
matrix can start sublimg at these temperatures, so the reagents were sublimed before they
started reacting. Failing to observe spectral changes after annealing to temperatures lower
than 270 K can only be explained by the fact
in the solid state or that the activation energy needed is higher.

In experiment 3.2 theqfp,was raised to 100 K. Unfortunately, apart from the methane
band at 3009 cthno other bands were obvious in the 3658750 cn' region. The most
dominant band ahe 1375 1050 cnt region is also the methane band at 1299.cAmother
two bands are however distinct, at 1245 and 1188, amhich are in alignment with the
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bands observed in Exp. 3.1. Here, the shoulder at 1237am not observed which could
attibute to the belief that perhaps that band on Exp. 3.1 was due to an early intermediate of
the reaction. In this experiment more £Mas produced as was expected due to the higher
deposition temperature. The,MAcn.was even lower (= 0.6) than in Exp. &id the A/Ach,

(= 0.4) was also lower than the#Acu, (= 0.5) in Exp. 3.1. Thermal annealing of the matrix

did not cause any spectral changes, as observed in Exp. 3.1.

—— Blank: TMA (monomer/dimer) in argon at 17.7K (Exp. 1.1)
—— Co-deposition at 17.6K (Exp. 3.1) -multiplied by 4-
1.59—— Co-deposition at 100K (Exp. 3.2) -multiplied by 12-
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Figure 3.9: Infrared spectrum of edeposited TMA ad water at 17.6 K (Exp. 3.1) and at
100K (Exp. 3.2), compared with the spectrum of the mixture of TMé in argon at 17.7 K
(Exp. 1.1). The region presented here is between BIS60 cn'. The band attributed to

met hane is annotated with 6x6.
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—— Blank: TMA (monomer/dimer) in argon at 17.7K (Exp. 1.1)
—— Co-deposition at 17.6K (Exp. 3.1) -multiplied by 4-
— Co-deposition at 100K (Exp. 3.2) -multiplied by 12-
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Figure 3.10: Infrared spectrum of edeposited TMA and water at 17.6 K (Exp. 3.1) and at
100K (Exp. 3.2), compared with the spectrum of the mixture of TMé in argon at 17.7 K
(Exp. 1.1). The region presented here is betwk®75i 1050 cm'. The band attributed to

met hane i s annotated with 6x6.

While in Exp. 3.1 and 3.2 the bands at 1-B48nd 1237 ciare related to-TMA or
a product of dTMA after reaction with water, Exp. 3.3 and 3.5 do not show any bands in this
regon, leading to the conclusion that only TMA was isolated on the matrix. This series of
experiments was performed after a few months due to equipment failure, and the system was
re-assembled. The position of the radiation shield was in a slightly diffpresition allowing
a lower amount of TMA to be deposited on the cold surface of the window. Additionally, the

amount of water was slightly higher in these experiments, as can be seen in Table 3.13. To
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conclude, a lower concentration of TMA in the wateatrx might have shifted the

equilibrium to the side of the monomer.

The Tgepin Exp. 3.3 was 21.5 K. It was relatively hard to see the bands in thei 3050
2750 cni region, but three bands seem to exist at 2922, 2887 and 28%14N\arband for
methane \as observed in this region. The second region of the spectrum contains just one
band at 1186 cih(same frequency as in Exp. 3.1 and 3.2). No methane band is observed
here either, meaning that TMA did not react with water during this deposition (aTater

adduct formation is not excluded).

In Exp. 3.5 the Jep was raised to 200 K. The same bands were observed here as in
Exp. 3.3 (the band centred at 2922 %nis now centred at 2925 ¢&fyy with the only
difference being that methane evolutiorotsserved. The methane signals at 3009 amd
1300 cnt* are easily identified. The #Ach.is also very low (= 0.8) here (see Table 3.11).
This observation leads to the conclusion that increasing the lifetime of the liquid transition
state of the twestreams by increasing theef could allow the reaction to proceed and trap

different intermediates.
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Deposition at 21.5K (Exp. 3.3) -multiplied by 2.5-
—— Deposition at 200K (Exp. 3.5) -multiplied by 15-
11— Blank: m-TMA in argon at 17.7K (Exp. 1.2)-multiplied by 4-
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Figure 3.11:Infrared spectrum of ecdeposited TMA and water at 21.5 K (Exp. 3.3) and at
200K (Exp. 3.5), compared witlhe spectrum of FTMA in argon at 17.7 K (Exp. 1.2). The
region presented here is between 305@750 cnt. The band attributed to methane is

annotated with 6x6.
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Figure 3.12:Infrared spectrum of edeposited TMA and watett 21.5 K (Exp. 3.3) and at
200K (Exp. 3.5), compared with the spectrum e6TMA in argon at 17.7 K (Exp. 1.2). The

region presented here is between 1378050 cni. The band attributed to methane is

annotated

with o6x06.

Table 3.7 Observed frequencies aadsignments for m/@IMA (Exp. 1.1 and 1.2) and main
observed frequencies of Exp. 3.1, 3.2, 3.3 and 3.5 for the regions 2050 cnt and 1375

i 1050 cnf".

Vibrational modes m- d-TMA Exp. 3.1| Exp. 3.2| Exp. 3.3| Exp. 3.5
TMA

311 CHsza. sym. str. | 2968 2926 - 2922* | 2925
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CHza. sym. stretch (2958)
37 CHsza. sym. Str. | 2947 2887 (2887) | 2887
312 CHzsym. Stretch| 2903 2815 (2814)* | 2814
CHs’ sym. def. 1249 1246 1245
CHa' sym. def. 1237 vw | 1237sh
314 CHgz sym. def. 1195 1186 1186 1186 1186
CHg' sym. def. 1199
1202

Additional unassigne 1094
bands

1083

1031
CHy 33 - 3009 3009 - 3009
CHy34 1305 1305 1301 1299 - 1300
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Table 3.8:Integration values of the absorbance of the main peaks observedspeth@ of
Exp. 3.1 and 3.2.

Exp. 3.1 Exp. 3.2
Peak Position (cif) | Intensity (Abs. Units) Peak Position (cif) = Intensity (Abs. Units)

3009 1.026 3009 0.378
2926 1.011
2887 0.076
1301 1.065 1299 0.315

1246, 1237 0.559 1245 0.123
1186 0.919 1186 0.192
1094 0.057
1083 0.034

Table 3.9:Integration values of the absorbance of the main peaks observed on the spectra of
Exp. 3.3 and 3.5.

Exp. 3.3 Exp. 3.5
Peak Position (cif Intensity (Abs. Peak Position (cf) Intensity (Abs.

units) Units)

3009 0.228

2922 0.842 2925 0.398

2887 0.050

1186 1.050 1186 0.387

1300 0.510

Table 3.10: The An/Aq4ratios of Exp. 1.1, 2.2, 3.1 and 3.2 based on the absorbance of the
peak~1195 cn* for m-TMA and the peak1249 cn for d-TMA

Experiment Am/Ag m-band (cm?) d-band (cm)
1.1 15.8 1195 (+d: 1202, 1249
1199)
2.2 47.1 1196 1253
3.1 1.6 1186 1246, 1237
3.2 1.6 1186 1245

*In Exp. 1.1 the whole area including the peaks at 1195, 1199 and 12b@asrintegrated.
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Table 3.11:The Anw/Acn.and AyAcn, ratios of all experiments presented in this study based
on the absorbance of the peakl95 cn' for m-TMA, the peak~1249 cni' for d-TMA and
the absorbance of the pealt305 cn* for CH.

Experiment Am/Ach. m-band(cm™) Ad/Ach. d-band (cm™)
1.1 145.3 1195 (+d: 1202, 9.2 1249
1199)

1.2 41.8 1195 - -

2.1 16.1 1196 (1190 sh) - -

2.2 8.9 1196 0.2 1253
3.1 0.9 1186 0.5 1246, 1237
3.2 0.6 1186 0.4 1245
3.3 - 1186 - -

3.5 0.8 1186 - -

*Integration of absorbance peak of &t 1305 crit for Exp. 1.1, 1.2, 2.1 and 2.2 arti300
cm* for Exp. 3.1, 3.2, 3.3 and 3.5.

**|In Exp. 1.1 the whole area including the peaks at 1195, 1199 and 12b@asnintegrated.

3.3 Conclusions

Although thermal annealing of the matrix of TMA and waterdeposited in argon
(Exp. 2.1 and 2.2) did not produce the desired results (that is, no changes were observed,
meaning that no further reaction took place), some spectral changes were observed when
water was introduced to the system, compared to the @eposition in argon (Exp. 1.2).
These differences were attributed either to an early, weak interaction of a water molecule
with a TMA molecule or to the perturbation of the packing in the matrix because of the

presence of a significant percentage of water.

However it should be noted that it was the first time thaj @&k observed in matrix
isolation experiments containing water and TMA in argon using ajetisystem that allows

only a brief mixing and reaction time before deposition.

When TMA and water @re cedeposited without using argon, the evolution of,CH
was predominant (Exp. 3.1 and 3.3). Increasing the deposition temperature2dok to
100 K (Exp. 3.2) or 200 K (Exp. 3.5) shows an even higher evolution of CHis
observation led to the conion that increasing the Iifene of the liquid transition state of
the two streams by increasing thgglcould allow the reaction to proceed and trap different

intermediates.
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Unfortunately characterization of the trapped species was not possible, baeaus
were unable to see most regions of the spectrum due to saturation and scattering effects in
regions where it was most likely to observe and identify characteristic bands of new species.
Surprisingly in this series of experiments, TMA and water did neaict after thermal
annealing; leading to the hypothesis that perhaps when the two reagents are both in the solid

state they do not react with one another.

Table 3.11 presents a comparison of thgAkn, and A/Ach, in all experiments
(using the same bas)] showing a gradual increase in the evolution of &+we move from
a system were no water was added (only traces of atmospheric water vapour), to a system
containing a small percentage of water in argon, and finally to a system containing a high

percetage of water (without argon as a matrix material).

Unfortunately, under the current experimental conditions and with the current
equipment, it was not possible to achieve total elimination of the rotational features of small
molecules like atmospheric G@nd water. Removal of these traces is very difficult, but it
could perhaps be achieved by replacing certain parts of the vacuum system and sealing all the
joints perfectly Working at high resolution (0.5 ¢hiincreases the noise of the spectrum. To
reduce the noise, a high number of scans was required. It is the long running time of each

individual experiment that limits the optimization of these parameters.

Additionally, other improvements might be possibéeich as using an automated
system to regulate the deposition flow rate and consequently control the concentration of the
reagents in the matrix. The pressure control was performed manually in the present
experiments, so the concentration of the reageatsumknown (TMA) or estimated roughly

(water).

Finally, it has to be stated that each experiment is unique and it was impossible to
reproduce exactly the same experiment under identical conditions. The factors that add to the
limitations of the method werdeing able to reproduce an experiment with the exact same
concentration of reactants and the exact same material deposited on the window each time
(e.g. the position of the radiation shield was manually adjusted before each experiment and a
few cm couldmake a huge difference on the material deposited), the exact same temperature
of the interior window (deposition at the lowest temperature could vary from temperatures
between 17 to 23K, as the lowest achievable temperature was dependent on the system sinc
the system had to be taken down and reassembled each time), keeping the same the pressure
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in the system as this could depend on many factors (e.g. the whole system had to be
disassembled and cleaned after each experiment and then reassembled; scretweng al
different parts together was done manualByacuation of the entire system ewven the
atmospheric conditions (e.g. humidity). For all these reasons, it is hard to comment on the
reproducibility of each experiment separately, but performing assefiexperiments varying
deliberately specific parameters each time led to the observations of specific patterns that can

definitely be used to extract useful information and conclusions.

3.4  Additional Information

—— TMA (monomer/dimer) in argon at 17.7K (Exp. 1.1)

1|—— TMA (monomer) in argon at 19.8K (Exp. 1.2) -multiplied by 2-
1.4

. &
i

0.8

0_6_: /vm

0.4
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Figure 3.13 Infrared spectra of AiMA (Exp. 1.2) in argon compared with-fd-TMA in
argon (Exp. 1.1).
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Figure 3.14 Infrared spectra of the background of Exp. 1.1 (20 mbar of argon), Exp. 1.2 (20

mbar of argon), Exp. 2.1 (20 mbar of 1% water mixture in argon) and Exp. 2.2 (20 mbar of a

0.15% water mixture in argon). The region presented here is- 3300 cn-
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Figure 3.15 Infrared spectra of the background of Exp. 1.1 (20 mbar of argon), Exp. 1.2 (20
mbar of argon), Exp. 2.1 (20 mbar of 1% water mixture in argon) and Exp. 2.2 (2@habar
0.15% water mixture in argon). The region presented here isZ34Dcn.
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Figure 3.16 Infrared spectra of the background of Exp. 1.1 (20 mbar of argon), Exp. 1.2 (20
mbar of argon), Exp. 2.1 (20 mbar of 1% water mixture in argon) and Ex(2@rbar of a
0.15% water mixture in argon)h@& region presented here is 08EB50 cnf-
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Figure 3.17 Infrared spectra of the background of Exp. 1.1 (20 mbar of argon), Exp. 1.2 (20

mbar of argon), Exp. 2.1 (20 mbar of 1% water mixture in argon) apdZ& (20 mbar of a

0.15% water mixture in argon). The region presented here is 1560Om".
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Figure 3.18 Infrared spectra of the background of Exp. 1.1 (20 mbar of argon), Exp. 1.2 (20
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Figure 3.19: Infrared spectra of the background of Exp. 3.1 (IR window at 17.6 K) and the
background spectrum of Exp. 3.2 (IR window at 100 K). The backgl of Exp. 3.2 is
exactly the same as the one of Exp. 3.3 and 3.5. The region presented here2is580&@".
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Figure 3.20: Infrared spectra of the background of Exp. 3.1 (IR window at 17.6 K) and the
background of Exp. 3.2 (IR window at 100 K). Thackground of Exp. 3.2 is exactly the
same as the one of Exp. 3.3 and 3.5. The region presented here- 058751,
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3.5  Experimental
3.5.1 General Method

All experiments were carried out in a stainless vacuum system, equipped with a Divac
pump and a turbopump (Leybold BMH70) (Part A, Figure 3.21), reaching pressure$ of 10
mbar at the gauge (near the pump system). The Divac pump was running constantly, and the
turbopump was turned on one day before the beginning of a new experimenteeeachi
evacuation of the entire system to the minimum possible pressure (and both pumps kept on
during the experiments). The pressure was recorded at the beginning of each experiment. The
gas handling system was constructed using Swagelok fittings and ssastéel pipes. A

helium pump (closed cycle cryostat) was used, operating at temperatures dowa2tk.17

Matrix samples were deposited onto the cold interior window (Csl) of the IR cell. The
two external windows of the cell were KBr windows (see Figug®). The temperature at
the cold Csl window was measured by a thermocouple and controlled by a 1 W heating
system, when higher temperatures thar22K were required, during thermal annealing or
deposition of the reagents at higher temperatures. Theetatnre was measured with an
accuracy of N 3 K (Part E). The <cold cell
chamber 6) of a Br u-B6eoperatedky theQPUS u6.0 sofware)rin orddr F S

to record IR spectra during the experiments.

Figure 3.21 presents a simple schematic diagram of the most important parts of the
matrix isolation system.During deposition the upright section of the cryostat was placed
perpendicular to the deposition line coming from the TMA sample can; in this leay t
interior Csl window had the position presented in the left image of Figure 3.22. When it was
time to record an IR spectrum of the matrix deposited on the window, the cryostat was
rotated in order the interior Csl window to face the IR beam path (mgage on Figure
3.22).

Argon was kept in a stainless steel tank (part J in Figure 3.21) equipped with a
pressure gauge (part I) to determine the total amount and a needle valve (part H) to control
the deposition rate of argon during every experiment (apgssed through a column of(2
before transferring to the tank to remove any traces of water). In experiments where an argon
matrix (or a mixture of water/argon) was used, a small amount, associated with a pressure
drop of 20 mbar in the tank, was depedionto the cold window. Although, argon was

coming from a needle valve of a small diameter (2 mm), it coated the whole window (which
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had a diameter of 20 mm), along with the metal bracket that was holding the window.
Quantification of the volume of theedosited gas (or other reagents) was not possible with

the current equipment. After deposition of this small amount of argon, an IR spectrum was
recorded as a background spectr um, whi ch wa:
the gas spray wasrgeted correctly and that the system did not show excess levels of

moisture or atmospheric contamination.

The interior of the spectrometer was constantly purged with dry nitrogen (constant
pressure of750 mbar), and it was sealed as best as possibleén tar provide a stable inert

atmosphere.

Neat TMA was kept in a flask (part O) with a Young tap and connected to the vacuum
system through a glass window attached onto the IR cell. The sample was pumped for three
freezethaw cycles before each experimdnt remove any volatiles and decomposition
products like methane. A cooling bath was used to control the vapor pressure of TMA, before
opening the tap and expose it to the vacuum. The tap of the TMA is much larger than the
diameter of the argon needle, iow deposition rate was maintained by controlling the
temperature of the cooling bath.
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Figure 3.21:Schematic diagram of the (twin jet) system
The labelled parts are the following:

A: Turbopump and Divac pump

B: Digital pressure sensor (HV emission detector)

C: 0.5cm internal diametdiexible pipe

D: Double stage He expander cryostat (arm extends down to sample chamber F)
E: Combination of digital thermometer and heater

F: Sample chamber (see Figure 3.22 for detailed structure)

G: 0.5cm internal diameter flexible pipe

H: Needle valveao control sample spray pressure

I: Analog pressure gauge;1@00 mbar

J: 2250 critvolume primary tank

K: Analog pressure gauge;1@0 mbar
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L: 40 cn? volume small tank

M: Argon gas supply (after the argon gas cylinder, a drying tube containing powdéxgd P

attached, that is not drawn in this diagram)
N: sample can (for water)
O: sample can and cooling bath (for TMA)

and where(0) :is a tap.

In the experiments where the reaction of TMA and water in an argon matrix was
studied, distilled water was usadd kept in a flask (part N) with a Young tap and connected
to the vacuum system for several fredlzaw cycles. Water vapour was firstly introduced in a
smaller tank (part L), ideal for fine measurements of gas pressures (ideal gas behavior was
assumeddr the calculation of gas mixtures by pressure) and the pressure was determined by
a pressure gauge (part K), before mixing with argon in the main tank (part J). The water
sample was also exposed to three frabagv cycles before each experiment to remang
traces of @ Taps were used where noted to close off sections of the system during the

mixing procedure.

For the experiments performed without inert gas, the water flask was exposed to the
systembébs vacuum for 30 min nintothetank ghetwobgas al | oV
samples, TMA and argon or argon/water weredeposited from the two different nozzles
onto the window allowing only for brief mixing and short reaction time before deposition.

During deposition of any of the reagents (evenrdudeposition of 20 mbar of argon)
small increases in pressure were observed. It should be noted that pressure was measured

only in the sections indicated in Figure 3.21.

After each deposition or ther mal aemneal il
minutes before recording the IR spectrum. High quality scans {A024scans) were
performed in the range of 4000400 cm® with a resolution of 1 0.5 cm® for Exp. 1.1, 1.2,

2.1, 2.2 and a resolution of 0&n™ for Exp. 3.1, 3.2, 3.3 and 3.5. In &acase the
background was collected at the same resolution as the sample. The infrared spectra were
collected using a deuterated triglycine sulphate (DTGS) detector, and-filegydactor of

four (meaning that spectra of 0.5 ¢mesolution contain 56 data points).
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Figure 3.22: Left: Window position during deposition of the two streams. Right: Recording

the IR spectrum

At the end of each experiment the sample chamber had to be disassembled and
thoroughly cleaned. The Csl and the two KBr winddwasd to be polished. Deposition of the
reagents without argon required several hours of polishing the windows. After cleaning, the
system was reassembled and the Divac pump was kept on for several days, until reaching a
satisfactory low pressure. Then, therbopump could be turned on for 1 day before
performing another experiment (the sensitivity of the turbopump would not allow usage when

the system was under high pressure).

3.5.2 Deposition of TMA in Argon Matrix

Experiment 1.1

The system reached a pressure of 3.28° mbar and a temperature of 17.7 K before
deposition of 20 mbar of argon. After argon deposition a background spectrum was recorded.
Then, the TMA can was cooled down 1400+2 C and exposed to the system vacuum.
However, no traces of TMA were detected after the IR spectrum was recorded, meaning that

no TMA was deposited at this temperature.

The same procedure was repeated for cooling temperature$0a C and
-35+2 C. No TMA was deposited at60 C, bu IR signals showed TMA deposition at
- 35 C. The deposition time (duration), exact temperature of the Csl window and pressure of

the system for this deposition are summarised in Table 3.12.
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It should be noted that during TMA deposition, argon waslaemosied on the Csl
window (the argon tap was turned on and off before and after turning on and off the TMA
tap). The amount of argon deposited during the successful attempt to deposit TMA onto the
window is also present in Table 3.12.

Thermal annealing of thargon matrix containing TMA (monomeric and dimeric)
was performed. The matrix was heated up to 32 K for 20 min, then cooled back down to
17.7 K before recording the IR spectrum. The same procedure was repeated for annealing up
to 44 K and 54 K.

Experimat 1.2

The system reached a pressure of 3.35° mbar and a temperature of 20.4 K before
deposition of 20nbar of argon. After argon deposition a background spectrum was recorded.
Then, the TMA can was cooled down-td7+2 C and exposed to the systemcuum. The
same procedure as in Exp. 1.1 was followed and the experimental conditions are summarised
in Table 3.12.

Thermal annealing of the argon matrix containing TMA (monomeric) was performed.
The matrix was heated up to 44 K for 30 min, and tt@rled back down to 19.8 K before
recording the IR spectrum. The same procedure was repeated for annealing up to 64 K and
74 K (the matrix was kept at 74 K for 1 h).

Table 3.12: Experimental conditions in experiments of deposition of TMA and TMA and

waterin argon matrix

Experiment 1.1 1.2 2.1 2.2
DSBS 17.7 19.8 17.9 17.1
temperature/ K
Deposition 20 28 20 30
time/ min
Argon/ mbar 60 300 200 200
Temperature of
cooling bath/ - 35+2 -47+2 -47+2 -47+2
“C (TMA flask)
Water/ mbar - - 2 0.3
Pressure/mbar 1.3¢ 10° 1.2510° 9.9810" 7.210’
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3.5.3 Co-deposition of TMA and Water in Argon Matrix

Experiment 2.1

A 1% gas mixture of water in argon was prepared (e.g. 4 mbar of water were firstly
introduced and measured in tank D, then approximatelyn@@r of argon were transferred
to tank B; the 4 mbar of water in tank D were transferred to tank B, and tank B was topped up

with argon up to 400 mbar).

The system reached a pressure of 89 mbar at 17.6 K, before deposition of 20
mbar of the 1% gas ixture of water in argon. After deposition of the mixture a background
spectrum was recorded. Then, the TMA can was cooled dowA7s2 C and exposed to
the system vacuum. The deposition time (duration), exact temperature of the Csl window and
pressure bthe system for this deposition are summarised in Table 3.13.

During TMA deposition, the 1% gas mixture of water in argon wadepmsited on
the Csl. The amount deposited is also present in Table 3.13.

Thermal annealing was performed: the matrix wasdueap to 44 K, 54 K, 64 K and
80 K and kept for 40 min in each one of these temperatures. After every annealing the matrix
was cooled down to 17.9 K and an IR spectrum was recorded. The matrix was kept at 17.9 K
overnight, and an IR spectrum was recordesiiext day, followed by thermal annealing at
80 K for 4 h and recording of the IR spectrum after cooling back down to 17.9 K.

Experiment 2.2

The same procedure was followed for this experiment, as in Exp. 2.theithnly
difference that a 0.25 gas nixture of water in argon was prepared. The system reached a
pressure of 8.9 10’ mbar at 17.7 K, before deposition of 20 mbar of the 0.15% gas mixture

of water in argon.

The matrix was annealed to 82 K for 1 h, and the IR spectrum was recorded after
coding it down to 17.1 K.
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3.5.4 Co-deposition of TMA and Water (without inert gas)
Experiment 3.1

The system reached a pressure of B.0B)® mbar at 19.6 K, before recording the

background spectrum of the empty cell (without any material deposited).

20 mbar of water vapour were transferred to tank D, and the TMA can was cooled
down to- 47+2 C. Then, the TMA and water vapour weredeposited on the cold interior
window, by exposing them to the system vacuum. The exact experimental conditions during

the deposition are reported in Table 3.13.

The matrix was anneal to 200 K for 20 min, and to 274 K for 25 min and the IR

spectrum was recorded after cooling it down to 17.6 K.
Experiment 3.2

The system reached a pressure of21®° mbar at 21 K. Then theold window was
warmed up to 100 K by using the 1 W heating system. When the temperature reached 100 K,
the pressure was 2.4810° mbar. The IR spectrum of the empty cell was recorded at this

temperature, and used as a background spectrum.

Then, thesame experimental procedure was followed as in Exp. 3.1; the conditions

are summarized in Table 3.13.

The matrix was annealed to 150 K, 200 K and 250 K and kept for 20 min in each one
of these temperatures. After every annealing the matrix was cooledtdd®0 K and an IR

spectrum was recorded.
Experiment 3.3

The system reached a pressure of 2.6/0° mbar at 21.8 K before recording the

background spectrum of the empty cell.

Then, the same experimental procedure was followed as in Exp. 3.1; thearenditi

are summarized in Table 3.13.
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Experiment 3.5

The system reached a pressure of3310° mbar at 22.4 K. Then the cold window
was warmed up to 200 K by using the 1 W heating system. When the temperature reached
200 K, the pressure was 3110° mbar The IR spectrum of the empty cell was recorded at

this temperature, and used as a background spectrum.

Then, the same experimental procedure was followed as in Exp. 3.1; the conditions

are summarized in Table 3.13.

Table 3.13 Experimental conditions iexperiments with caleposition of TMA and water

Experiment 3.1 3.2 3.3 3.5
- EpOEior 17.6 100 215 200
temperature/ K
Deposmlon time/ 15 15 15 15
min
Temperature of
cooling bath/"C -47+2 -47+2 -47+2 -47+2
(TMA flask)
Water/ mbar 8 8.5 10 9
Pressure/ mbar 1.0810° 2.5310° 2.6810° 3.1 10°
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Chapter 4

Quantification of Lewis Acidic Sitesof Methylaluminoxane (MAQO) by
NMR Spectroscopic Techniques

4.1 Introduction
4.1.1 Determination of TMA in MAO

NMR spectroscopy ', **C or ?’Al) reveals the existence aksidual TMA in
commercial MAO solutions in toluefi&@ However, there are several different theories in the
existing literature on the interaction of TMA with MAO, distinguishing between two forms:
60freed TMA and O6éboundd or nbersrowedwhanttreddO T MA.
solution is dried wunder vacuum, but Obound:
reaction®’ The possibility of occlusion of a TMA molecule inside an MAO cage has also
been suggested, which could explain why TMA is not quaiviligt removed under

vacuum®®In general the following equilibrium has been propostd:

(AIOMe), + (m/2) (AlMe3), === (AlOMe), * (AIMe3),,  (4.1)

OFreed6 TMA exists as a dimer in toluene
(see Chapter 2 and 3 for detailed informationTdMA). This is proved by low temperature
NMR studies {H and**C); the signal attributed to TMA splits into two different signals upon
cooling the MAO solution-(70*C), one attributed to the terminal methyl (Me) groups and
one attributed to the bridging Mgroups, with the latter moving downfield. Talsi and co
workers stated that these signals corresponi

TMA signals are 6hiddendé in®the area of the

Tritto and ceworkers claim that TMA isnainly bound on MAO,; their investigations
were focused on low temperature NMR experiments, and suggested that the line broadening
of t he -Meadgaal cpndistsfof contributions from both free and bound or exchanging
TMA with MAO.™ On the other hah Ysteneset al. reported that there is no reaction

between TMA and TMAdepleted MAO. This conclusion was based on IR spectroscopic
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studies that showed that the spectrum of Fiiepleted MAO and the spectrum of TMA are
superimposable when the IR spectrufmacl MA-depleted MAO solution after addition of
TMA is recorded. Had there been some reaction between MAO and TMA, additional changes
in the IR spectrum would have been anticipaféd.

'H NMR spectroscopic studies by Fabio Ghiotto in our research gemg@led that
upon addition of the donors OPPHPMe and PCy polymeric MAO precipitates which
contains about 1/4 of the total TMA content .
while the rest 3/ 4 of the t otpanatant phdse. Thishe oOf
conclusion was also confirmed by pulsed field gradient spin echo NMR measurements by

Nicole Liihmann at the Research Centre Jiifich.

Determination of the TMA content in MAO
state, is a verymportant step for the characterization of MAO that would lead to a better
understanding of the catalytic properties of MAO. The influence of TMA content on catalyst
activity is described in detail in the next chapter. Although various research groups have
developed different methods to measure the TMA content, a systematic comparison between
them has not been made. For this reason, the present research study was focused on
developing a reliable and reproducible method of determining the TMA content of
comnercial MAO solutions in toluene, and comparing the various methods that have been
reported so far.

Two main direct methods have been reported in literature: titration of an MAO
solution with pyridine using phenazine as an indic&@mndH NMR spectroscpy. Pyridine
complexes TMA and provides an easy and fast method for measuring the TMA content.
However, pyridine also reacts with MAO sites that possess some Lewis acidity, leading to
apparently higher TMA valué¥.

This research was focused on the sdcomethod,'H NMR spectroscopy. The
overlapping of MAO and TMA signals does not allow direct quantification of the TMA
content in MAO solutions in toluene by NMR. However, as it has been already réforted
addition of excess THF to the MAO solution com@sxT MA; dimeric TMA will break to

monomeric TMA bonded to a THF molecule, according to the equilibrium:

(AlMe;), +2 THF <== 2 (THF+AIMe;)  (4.2)
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Computational studies by Toss€lhave also shown that the bond between THF and TMA
and polyhedral methylaluminoxanes is so strong that will complex all the TMA liberated, by
decomposing any aluminoxariEMA complexes. The peak attributed to TMA after
complexation with THF becomes sharp&d moves to higher field, allowing integration and
quantification by NMR. Imhofgt al'’. integrated the TMA peak after addition of THF to an
MAO solution by curve fitting on both sides of the peak to remove the broad MAO
resonance. The ratio of total & THF was 1/4, although the influence of the quantity of the

THF added has not been explored.

The present research focuses on the determination of the TMA content of commercial
MAO solutions after addition of THF or other Lewis bases like pyridine arektigates the
influence of the ratio of these bases to the total Al.

4.1.2 Other Lewis Acidic Sites on MAO

Apart from the TMA content of MAO samples, further information about the
structural characteristics of MAO is needed. Since MAO is an impaatavator in olefin
polymerization, determining the nature of the species (within the MAO framework) involved

in catalyst activation is crucial.

Many researchers have tried to identify the Lewis acidic sites that MAO contains,
which are responsible for &dyst activation. Talsi and his aworkers® performed EPR
measurements after addition of 2,2;&&amethylpiperidindN-oxyl (TEMPO) to MAO.
TEMPO coordinated to two types of acidic sites which were identifiedG&lIMe, and
- O,AlMe, where Al is unsatated. Quantitative EPR showed that one Lewis acidic site
corresponds to every 10030 Al atoms, meaning that not every oligomeric MAO molecule

contains an acidic site.

The formation of cationic species, [AIMé& during the interaction of MAO with
metallaccene catalyst precursors, has been discussed in a recent patent proposing that these
cations are responsible for/ or improve the activation efficiency of NAThis follows a
previous study by Klosin and amorkers, who synthesized [AIMEEL),]" salts ad used
them as catalyst activatots’®> However, as proven, nesolvated [AlMe]" cations are

extremely unstable and reactite.
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4.2 Results and Discussion
421 VT NMR Studies of an MAO Solution in Toluene

The'H NMR spectrum of an MAO solution in t
Oto-0. 6, and a s Hhoa80, pikich is ptrilbuted ta the TIMA present in the
solution, either as o6freed6 or Obound©od. Wh e n
becomes broader- @0 °C), and eventually splits into two signals at temperatures below
- 402C. The two signals are attributed to the terminal Me groups deél( €0.54, labeled
T) and to the bridging Me groups of Mes( G 0. 11, {783CdseecFigurd4.1). a t
These observations come in agreement with the existing litef#ttite.

Although it is possible to see thel NMR signal attributed to the TMA in an MAO
sample, quantification of the TMA content by integration of the peak is sitjedecause it

overlaps with the MAO signal.

NMR-VT

\ MAQ 30T in solution at -70 °C |,

NMRAT

//\_//_/LMAO 30T in solution at -40 °C s
33 [

NMR-VT

Wm in solution at -20 °C
22 2
Al 2 Me 6 ~—

NMR-VT

MAQ 30T in solution at 20 °C

T T T T T T T T T T T T T T T T T T T T T T T T T
o7 o6 05 04 03 02 01 OO 01 02 03 -04 05 06 -0.7 08 -09 -0 -11 -12 -13 -14 15 -16 -7
f1 (ppm)

Figure 4.1:*"H NMR spectra of an MAO solution in toluene fromD (bottom spectrum) to
- 70 2C (top spectrum), showing the temperatdependent splitting of the TMA signaito

terminal (T) and bridging (B) components.
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4.2.2 Interaction of MAO with O and N donors

When THF was added to the MAO solution the peak attributed to the TMAHh a
NMR spectrum of an MAO sample becameb&har pe
(see Figure 4.2). This allows integration of the peak and consequently quantification of the
TMA content.

Addition of THF to MAO cleaves the dimeric Mes to give monomeric AlMe
coordinated with a THF molecule: AIM@HF. This was validated by lotemperature NMR
experiments: when THF is added to an MAO solution, the signal attributed to the TMA
remained intact as the temperature decreased (no splitting into two signals was observed in
temperatures below40 2C since there are no bridging Me groups

The influence of adding increasing amounts of THF,(pI6)* was also investigated.

For Al/THF ratios between 1/1 and 1/10, the calculated TMA content of the samples of MAO
is consistent and reproducible at 3.3.1 wt% (see Table 4.2). When a higlanount of

THF was added (AlI/THF = 1/15 and 1/26), the wt% of TMA seemed to decrease (3.1 and 2.7
wt% respectively). The lower wt% of TMA when a low amount of THF was added (Al/THF

= 6/1) might be explained by the fact that the amount of THF was notisaoffito extract

TMA quantitatively. The ratio of AI/THF suggested by Imha#t all’ (1/4) for the
determination of the TMA content lies within the optimal range of Al/THF ratios found in
this study.

Furthermore, observation of the spectra presented in Figure 4.2 show the appearance
of a new small er peak upon -DHBS higa fietl ioftTMA n . Thi
for Al / THF = 6/1 and moves to |-®®®rAITHF el d at
= 1/26).
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Al/THF = 1/26

&

AI/THF = 1/10 |

* Al/THF = 1/2
N
3
AITHF = 1/1 |,
33 _..k k_“
NMR-THF *
MAO 30T

T T T T T T T T T T T T T T
0.4 0.3 0.2 0.1 0.0 -0.1 0.2 0.4 -0.5 0.6 =0.7 -0.8 -0.9 =1.0

0.3 -
f1 (ppm)

Figure 4.2:'H NMR spectra of MAO with increasing quantities of THF. The Al:THF ratio is
reported as total Al present in the sample. * denotes AlMe;AHF signal, ** the
[Me;Al(THF) 2] peak.

In order to explore the nature of the species that gave rise to the aforementioned peak,
[AIMe o(THF),] [MeB(CsFs)s]” was synthesised and added to a solution of MAO in
toluene/THF. ThéH NMR spectrum of the MAO solution after addition of THF (Al/THF =
1/4) was recorded (bottom spectrum, Figure 4.3). A small amount of the
[AIMe o(THF);] [MeB(CsFs)s]” was added to the NMR tube; after mixing the spectrum was
recorded (middle spectrum, Figure 4.3). Finally a higher amount of the JIME),]* was
added and thepectrum was recorded again (top spectrum, Figure 4.3). As it can be seen in
Figure 4.3, addition of [AIMETHF),]" does not lead to the formation of a new peak at the
Al- Me area. Instead, an increase of the small signal that appeared after additiof tf TH
t he MAO s ol-w38iix obseraed, affer addition of increasing amounts of
[AIMeo(THF);]*. By integrating the peak of the TMA (the TMA content of the sample does
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not change after addition of [AIME@HF),]) wi th respect tawsthehe t
relative increase of this peak ffAtma = 1/3.36 t0 AafAtma = 1/0.79).

The above observation allows the assignment of the new peak to the cationic
complex of [AIMe(THF),]" and comes in agreement with a similar observation by
Sangokoy& and ceworkers who synthesised the cationic [AWEHF),]* from the reaction
of [(CeFs)4B] [PhNMeH]™ with AlMes in THF, and then added a small amount of the

product of the reaction to an MAO in THF solution.

Quantification of [AIMe(THF);]" with increasng THF concentrations follows a
similar trend as the one observed for the TMA content. For AlI/THF ratios between 1/1 and
1/10, the calculated [AIMETHF),]® content of the MAO samples is consistent and
reproducible at at 0.12 mol/L (see Table 4.2). Whémngaer or lower amount of THF was
added (AI/THF = 1/15 and 1/26 or Al/THF = 6/1), the amount of [Al(WeIF),]" seemed to
decrease (0.09, 0.06 and 0.08 mol/L respectively).

MAOZ0 1.11

k%

MAOZ0 1.11 *

MAOZ0 1.11

T T T T T T T T T T T T T T T T T T T T
03 0.2 0.1 0.0 0.1 =0.2 03 -0.4 -0.5 0.6 =0.7 -0.8 -0.9 =10 =11 =1.2 -1.3 =14 1.5 -1.6
f1 {ppm)

Figure 4.3: Addition of increasing amounts pAIMe »(THF),]* to a toluene/THF solution of
MAO. (Bottom spectrum: MAO in THF/toluene without addition of [AIMEHF),] ")

121

he



Addition of pyridine (Py, p= 8.8f° to an MAO 30T solution led to similar results
to the ones observed with addition of THF. Fdfpy ratios between 1/1 and 1/10, the
calculated TMA content of the MAO samples was consistent and reproducible ‘aD25
wt%, very close to the values obtained with THF addition (see Table 4.1). For Al/py = 6/1, a
lower TMA value was obtained (2.2 wt%), perhaps because the amount of pyridine added is
not sufficient to extract all TMA. When larger amounts of pyridineeneanployed (for ratios
Al/py = 1/15 or 1/26), the value obtained for the TMA content was also lower (2.3 and 2.1
wt% respectively). At these ratios, thé NMR spectrum also showed the appearance of new
signal s -8.80 and- 085, ihdicating the fonation of side products. This might
explain the decreased values of the TMA concentration, and perhaps the higher values
obtained for TMA by the pyridine titration method, as pyridine does not simply form a 1/1
complex with TMA (see Figure 4.4).

Again, aswith THF addition, the formation of a new smaller peak is observed. This
peak is assigned to the cationic spe¢dde(py)]”. Ita p p e a - &32 fort Al/py = 6/1
and moves to | ower field as the pyri/a#).ne cor
Quantification of the amount ofAIMe x(py)]* shows an increase with higher pyridine
concentrations (up to Al/py = 1/10), possibly because a higher amount of pyridine binds to
more Lewis acidic MAO sites (see Table 4.1). Although, when a largeseategridine was
used (Al/py = 1/15 and 1/26) a decrease of the [A(W®2]* content was observed.
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Figure 4.4: 'H NMR spectra of MAO 30T with increasing Al/Py ratios. The Al/Py ratio is
reported as total Al present in the sample. * denotes AHdesRy signal, ** the
[MeAl(Py).]" peak.
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Table 4.1: The TMA and[Me,Al(L) ;]* content of the MAO 30T sample agunction of L
and the TMA/L ratio (L = THF, Py).

Ratio L =THF L=Py
AL TMA TMA  [MeAIL) " | TMA  TMA  [MeAlL),]"
weight% (M) M) weight% (M) M)
6:1 2.8 0.35 0.08 2.2 0.28 0.11
1:1 3.3 0.41 0.12 3.3 0.41 0.11
1:2 3.4 0.42 0.12 3.6 0.45 0.12
1:5 3.2 0.40 0.12 3.4 0.42 0.14
1:10 3.4 0.42 0.12 3.6 0.45 0.16
1:15 3.1 0.39 0.09 2.3 0.29 0.09
1:26 2.7 0.34 0.06 2.1 0.26 0.06

4.2.3 Reaction of MAO with 1,2-Difluorobenzene (FF)

Indications for the presence of specific Lewis acidic sites in MAO capable of
preferential binding of donor ligands are not only found with typical O and N ligands. The
addition of 1,2difluorobenzengFF) to MAO solutions leads to the formation of a well
def i ned -t10.450p:F 2.4 Hzp(Figuré 4.5). The chemical shift of this peak does not
change upon addition of increasing amounts of FF. Thealue is in agreement with the
existence of AF single bonds (e.g. ifiBusN][Me-AIF,] : - 1.85, t,Jur = 2.4 Hz, in THF).'
The®®™ NMR of the MAO solution wupo-i3lddnmdiat i on
smal | er -1B32&(kesides FF)i Thesesappear after addition of a small quantity of
THF. Attempts to generate a defined dissociated cationic dimethylaluminium complex in
solution, [AIMe(1,2-difluorobenzene)} from AlMe; and B(GFs)z in FF/toluene did not
succeed: no reaction was observeR Bt and only decomposition products at®@0
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Figure 4.5:'H NMR spectra of MAO 30T with increasing quantitiesl¢®difluorobenzene

4.3 Conclusions

The present research provides a fast and reliable method for quantification of the
TMA content of commercial MAO solutions by4 NMR spectroscopy with addition of
donors like THF and pyridine. It also adds an insight to the comparison between existing
techniques™H NMR spectroscopy upon THF addition and pyridine titration, and explains
why pryridine titration leads to higher valst Another method that was employed by the
postdoctoral researcher Fabio Ghidftavas addition of PPhand use of’P NMR. The
TMA content was determined by establishing a correlation relationship between Al/P. This
method has been used before by otkesearchers, although, more than one calibration curve
has been reportdd? The results obtained by F. Ghiotto using this method are in good

agreement with those obtained by addition of THF and pyridine.
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The results of this research also show that Mé&ddtains a small amount of certain
structures, which upon addition of suitable bases like THF or pyridine can lead to the
formation of cationic species [AIMe;]", where L= base, and may even bind-1,2
difluorobenzene. These Lewis acidic sites might havengortant role in the activation
process of metallocene catalysts by MAO in olefin polymerization. Addition of teBRNAO
did not lead to the formation of similar cationic species. The match of the results from this
method with the results from THF angirjgline addition show that the [AIME,] " species do
not arise from TMA. Their discovery and quantification, apart from the determination of the
TMA content, is another important step to a better understanding of the performance of MAO
as a catalyst ac@or. Computational modelling by M. Linnolahti andworkers> showed
that it is likely that these structures are associated with #Mle )-Q)eand Ab( €), 4-
rings, and that similar processes are highly likely involved in catalyst activation.

4.4  Experimental Part
4.4.1 General Procedures and Materials

All manipulations were conducted using standard Schlenk techniques under argon.
All reagents were used as purchased without further purification unless otherwise stated.
Samples of trimethylaluminium (PMRD+tTMANd [ M/
in toluene, respectively) were provided by Chemtura Europe Ltd. Their specifications are
summarised in Table 4.2 MAO 30T was stored 28 °C and it was 1@nonths old at the

time of the analysis.
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Table 4.2:Specifications of the MAO samples, as pr@ddy Chemtura
Specifications MAO 30T

Al content (%w/w) 13.58
Me/Al (mol/mol)  1.68
TMA (% wi/w) 7-9
MAO (% w/w) 21- 23
Toluene (% w/w) 70

Density (g/mL) 0.90

Solvents were dried over Na/benzophenone (tetrahydrofuran and light petroleum) or
sodium (toluene) before use and purged with argon.-Oiffiorobenzene (FF, Apollo
Scientific) and extralry pyridine (Py, Acros) were degassed with a stream of argon and
stored over activated molecular sieves (4 A). The deuterated NMR solvesCI(Cvas

degased by several freezbaw cycles and dried over activated 4 A molecular sieves.

NMR spectra were recorded on a Bruker Avance EBBR spectrometer operating at
300.13 MHz, 16 scans with a pulse delay (D1) of 23Hs.NMR chemical shifts were
referenced tdhe residual solvent peaks of €}, (in a capillary) which was used as the
external standard. 1,3Hi-tert-butylbenzene was used as an internal standard. Phasing was
performed automatically while integration was performed manuiallprder to compensa
for sloping baselines and peak overlaps,'théNMR signals were integrated by printing the
spectra on large sheets of paper (80%y/cutting the peaks and weighing on an analytical
balance.

4.4.2 VT NMR Studies of an MAO Solution in Toluene

Low tempeature'H NMR experiments were carried out for an MAO solution in
toluene. 0.5 mL of an MAQGOT solution in toluene was transferred to an NMR tube,
equipped with a CECl, capillary, and théH NMR spectrum was recorded at R.T. D).
Then, the probe of the instrument was gradually (byCL@ach time) cooled down, and

NMR spectra were recorded at every’fstep. The lowest temperature that a spectrum was
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recorded was 80 2C. Shimming was necessary in every temperature sté@ thgectrum was

recorded.

4.4.3 Characterization of MAO: Quantification of AlMe 3 and [AIMe,]" content by
THF and Py

MAO 30T (2 mL, 9.06 mmol Al) and THF (115245 mmol) were stirred for 30 min
at RT. An aliquot (0.5 mL) of the resulting solution wansferred to an NMR tube
containing a CBCl, capillary and 1,3 8ri-tert-butylbenzene (10 4 0 ¢ LM in tBlueibe)
and'H NMR spectra were recorded. The same procedure was followed for MAO 30T (2 mL,

9.06 mmol Al) and pyridine (1.5 245 mmol) solutias.

4.4.4 Reaction of MAO with 1,2-Difluorobenzene (FF)

MAO 30T (2 mL, 9.06 mmol Al) and FF (9.06109 mmol) were stirred for 30 min at
RT. An aliquot (0.5 mL) of the resulting solution was transferred to an NMR tube containing

a CD:Cl, capillary and'H NMR spectra were recorded.
4.4.5 Synthesis of [AIMe(THF) ] [MeB(CgFs)s] 25%%%°

A solution of AIMe; (0.14 mL, 1.46 mmol) in a mixture of petroleum ether (4 mL)
and THF (4 mL) was added dropwise to a solution of¢sB{)g (0.75 g, 1.46 mmol) in THF
(25 mL). The resulting mixture was stirred for 1 h at RT and dried under vacuum to yield a
viscous colourless oifH NMR (tolueneds) : -0.85 (s, 6H, (Ch)Al-), 0.32 (s, br., 3H,
CHs.B-), 1.31 (m, THF), 3.48 (m, THF).
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Chapter 5

Investigating the Performance of Modified MAO Catalyst Systems in
Aliphatic Hydrocarbons by Studying the Kinetics of XHexene

Polymerization

5.1 Introduction
5.1.1 Moadification of MAO by Silanols and Higher Trialkylaluminium C ompounds

As it has beemulescribed in Chapter 1, methylaluminoxane (MAQO) is a very important
cocatalyst in solutiophase olefin polymerization with group 4 metallocenes. One major
drawback derived from its use when solutlmsed technologies are employed, is that it is
insoluble in aliphatic hydrocarbons, which are the preferred solvents in industrial

polymerization processés.

Previous studies have shown that incorporation of longer alkyl chains into the MAO
structure by the use of branched or straight chain alkylaluminiunpa@onads, with at least
two carbon atoms, substantially improves the soluBiligf MAO in saturated
hydrocarboné?® These modified MAOs (MMAOs) can be synthesized by three different
routes:

(i) mixing of trimethylaluminium (TMA) with a higher alkylaluminm compound in
a hydrocarbon solvent, followed by hydrolysis (by direct addition of water or addition of
hydrated salts)

(i) mixing a methylaluminoxane solution with a higher alkylaluminium compound in
an aliphatic solvent or in toluene (mixing in tehe was followed by removal of the solvent,
leaving an oily product behind which wasdissolved in an aliphatic solvefignd

(ii) addition of higher alkylaluminium compounds to a methylaluminoxane solution
prepared via nohydrolytic route$®*®, usudly by reacting TMA with a compound that
contains a €0 bond or by mixing the higher alkylaluminium compound with TMA first,

followed by reaction with the oxygenating aggént
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The most commonly used compounds that achieve high solubility are:
triethylaluninium (TEA), trisobutylaluminium (TIBA) and trioctylaluminium (TOA). This
increased solubility is probably due to partial exchange of their alkyl groups with the methyl
groups of the aluminoxane. TOA is the preferred additive since it is a very effective
solubilizing agent and it does not cause any noticeable changes in the catalytic properties of
MAO. The molar ratios of methylaluminoxane or trimethylaluminium versus the
trialkylaluminium compound that is used as an additive varies, but are often bdtwieand
10: 1, depending on the trialkylaluminium compound used each“fith@he patent
application8® claim that the MMAOs produced following their synthetic procedures,
exhibited high activities in olefin polymerizations which were comparable &vem higher

than conventional MAO.

However, taking a closer look at the existing literature on MMAOs shows different
catalytic behaviors in olefin polymerization. For example, Kurokawa and Stigaported
that the ethylene polymerization activity of tMMAO produced by direct hydrolysis of a
mixture of TMA and TIBA, when using M8i(H4Ind),ZrCl, as catalyst, exhibited lower
activities with increasing amounts of TIBA, while a maximum activity was obtained for
propylene polymerization when a 1: 1 molaticaof TMA : TIBA was employed.

Charpentieret all’

reported that the molecular weight of the polymer and the molecular
weight distribution do not seem to be influenced by the different MAOSZfCly catalyst,

ethylene polymerization).

Our studie¥® have proven that heptasseluble MAO is produced by removal of all
volatiles from MAO solutions in toluene, followed by suspending the Td¢pleted residue
in heptane and adding a sufficient amount of TIBA or TOA. The MMAOSs produced were
evaluated accordg to their performance in-liexene polymerizations in heptane. Some of

the results of this study are presented later in this chapter.

TIBA has been used as an additive in silica supported catalyst8V&O/SBIZrCl,,
and it has been found that it solubds parts of the MAO and zirconocene into the heptane
solution, leading to the production of polyethylene with bimodal molecular mass distribution.
The polymer produced by the catalyst system in solution is believed to be of lower molecular

mass’
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Silica supported catalysts

Silica supports ar e u s-eldin pelynterzdtigns with het e
singlesite catalysts. The most commonly used forms of silica are amorphous silica and
surfacehydroxylated amorphous silica. The unmodified silica sugaghich are saturated
with silanol groups and contain residual water have to be thermally or chemically processed
in order to remove the residual water and hydroxyl groups which could deactivate the
catalyst. At high temperatures (above £8) the adjacenhydroxyl groups start condensing
to siloxanes, and the final density of silanol groups ranges betwBe®H/nnf."? As the
surface silanol groups are the most reactive groups present on silica, it is necessary to control
the amount that exists on a s#li support and subsequently the properties of that sufface.
One major advantage coming from supporting MAO on silica gel surfaces is that the required
amount of MAO versus the amount of catalyst can be reduced significantly froa0*10
equivalents to atut 100500 equivalent.

The interactions of MAO and other alkylaluminiums with silica surfaces have been
investigated by many research groups. Zakhat@l?>?* suggested that TMA reacts rapidly
with surface silanols via protolysis releasing methamig/e MAO reacts slowly with the
silica surface via chemisorption. The idea of the chemisorption of MAO on the silica surface
was introduced by Bartramt al,?> who based their observations on theN& and Al Me
ratio, while Soga and KaminaKasuggestd a quantitative reaction between TMA and MAO
with the surface silanols. Santes al?* supported that MAO shields the surface silanol

groups preventing them from further reactions due its steric effect.

Later on Scotet al?® studied the reaction ofMA with silica surface by deposition of
TMA onto Aerosil 380, and suggested the formation of an intermediate product due to the
strong interaction between a siloxide, which acts as a bridge between the two Al centers of
the dimeric TMA: [MeAl]o( #Me )-OS!). They proposed that the bridging Me group of
the intermediate is transformed to a methylene group-iby &:tivation due to the electron
withdrawing silica ligand forming SiOAl,Me;(CH,) and releasing methane. The second Al
centre is likely to coordinate with a nearby siloxide oxygen in order to maintain a
tetracoordinated formDeactivation reactioi$?’ that lead to the formation of MCH,- Al
and M CH,- M species in homogenous MAO/ rabcene systems seem to be suppressed
when the catalyst system i shydogep paosief eicet on s i

al.*® added TMA to a suspension of a silica gel surface in toluene or cyclohexane and claimed
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the formation of mainly fivecoordinate Al species. Three main types of aluminium species
containing Me groups were distinguished: Al(§Hwith Si- O- Al linkages, Si O- CH; and

(Si- 0)4nSI(CHg)n. The AI(CHs), and St O- CH3 species were converted to fewand six
coordinate Al after addition of water in diethyl ether. An example is illustrated on Scheme
5.1.

CHs H,O OH,

HsC | 2__CH,3 N
Al + 4HO0 —>  po—MN>~o4 + 3CH

/" \*
HO OH <|3 cl)
Si Si siSi

Scheme 5.1Example of a conversion of a famordinate Al structure on silica gl a six

coordinate structure, after addition of water

Additionally, there are several studies investigating the possible reactions of
alkylaluminiums with silica based compounds which resemble the interactions between
alkylaluminiums and silica gel surfaces. Seeking a better understanding of the reaction
bewveen alkyl aluminiums and the surfaceCBil groups, SkowronskBtasinskaet al®
studied the reaction of TMA with methyl aluminosilsesquioxanes : treatment of
(c-CsHg)7SigO12(OH) with  TMA yielded polymeric {[eCsHg);SigO13JAIMe o}, while

(c-CsHg)7Si,Og(OH),OSiMePh reacted with TMA to give
{[(c-CsHg)7Si7011.(OSiMePh)]AIMey, as the main  product as well as
{[(c-CsHg)7SiO11.(OSiMePh)](AIMe )2} 2 and a Bronsted acidic product,

{[(c-CsHg)7SizO11.(OSiMePh)],Al"{H “}.

Other research groups have studied the reaction of silanols with TMA. The
stoichiometric reaction of RBIOH with TMA produces [MgA | {OSiPh)], 3% while
the reaction of 'BuO)SiOH, (MeSiO)%SiOH or ' BuMeSiOH with one equivalent of TMA
has been found to produce the dimeric siloxyaluminium compoufBisCESiOAIMe;],
(1a), [(MeSiO%SIOAIMe,], (1b) and BuMe,SiOAIMe,], (1c) respectively. Their reactivity
towards catalytic activators has been studied in order to provide models for comparison for
TMA -treated silica surfaces. The compounds (1b) and (1c) were treated with the proton
donor [MeNHPh][B(CeéFs)j in a 1:1 mola ratio, to produce M&AIl { ¢
OSiRs),AIMe(NMey(CeHs)™ (2b, 2c) and Chl(see Scheme 5.2). The cationic aluminium
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complexes were then used to activate zirconocene dimethyl sgeemsion with LZrMe;
proceedsvia Me abstraction from 2b or 2c and leads tee tformation of neutral
[R3SIOAIMe;], species. The siloxalanes exhibit lower reactivity than the JTthated silica

gel surfaces which is probably due to the two bridgingS@R; ligands between the metal
centers?

R2 R2
R | R R | R
1\S|/ 3 1\S|/ 3
| | B(CsF5)4
(0) - (0)
Me Me B(C F ) Me Me
\Al/ \Al) N 6F5)4 . \/\ P I
X ‘v + XS ‘1,
Me™ \O/ “\e PhMe;NH Me™ \O/ “/NMe,Ph
Si i
R2 R2
1b, 1c 2b, 2¢
+ CpyZrMe,
Ry
R1\S|i/R3 B - B
| B(CsFs5)s
Me
Meag_ /O\ _aMe +
Al Al + CpoZr W,
W ‘1) /,
RN \O/ “Inte ”/NMe,Ph
Si
R— | TR,
R b) Ry, Ry, R3 = OSiMe;
1b. 1c c) Ry, Ry = Me, R; = 'Bu
b

Scheme 5.2:Reaction scheme afompounds (1b) and (1c) after treatment with the proton
donor  [MeNHPhT[B(CeFs)4] and reaction of the product Mel { €
OSiRs),AIMe(NMey(CeHs)™ (2b, 2¢) with zirconocene dimethyl species.
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The system that results afteeatment of a toluene solution of TMA with M&OH,
followed by reaction with CGZrCl, is active in ethylene polymerization (best yield for a
molar ratio of Si/Al = 1:10), but has a lower activity than a system where the reaction of
CpZrCl, with MesSiOH takes place before addition of TMA Brintzingeret al®* studied
the reaction of very bulky silanols like (2,4¥e3CsH2)3SIOH with TMA. These systems did
not produce dimeric siloxyaluminium alkyl compounds but gave a binuclear siloxalane with
one siloxyand one methyl bridge, M& | {O8i(2,4,6MesCgHy)3) (-Me)AlMe, (Scheme
5.3). This species, unlike siloxalanes with two siloxy bridges, react wi#ttCl, (L= (CsHs),
Me,Si(GsHg)2, n-BuCsH,4 via Me/Cl exchange, and it is believed that they represetisser
model for the activation reaction of metallocenes on Hviated silica gel surfaces (Scheme
5.4).

A12Me6 Me
2 R;Si—OH E—— 2 |R;Si—O—AI_
-2 CH, Me
| unstable i
-2 CHy | 0.5 Al,Meg
l A12M66
Me 2 /Me
o P 1.5 Al,Meg “Al
R3S| @) O S|R3 / \
\AI _— 2R;Si _O\ / Me
| 100 °C, Al
vacuum &
Me Me™ Me

Scheme 5.3Reaction scheme of some very bulky silanols like the (2,4)8;CgH>)3:SiOH

with TMA, as suggested by Brintzinget al>*
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\ \
/ / \ + L,ZrCiMe
\ \ /

/ /

X =Me, (2,4,6-Me;C¢H,)5Si0, surface Si-OH
L, = (CsHs),, MeySi(CsHy),, ("BuCsHy),

Scheme 5.4: Reaction of binuclear siloxalane with one siloxy and one methyl bridge with

L,ZrCl, via Me/Cl exchange, as suggested by Brintzirejeal >

The reactionof TMA with poly-organosiloxanes or cyclic siloxane oligomers has
been investigated as well. TMA cleaves theOS$i bond by alkylation of the silicon and
formation of an AIO bond. Reaction of TMA with silicon grease, poly(dimethylsiloxane) oil
or poly(dimethylsiloxane) rubber in refluxing toluefie or reaction of TMA with
octamethyltetrasiloxarie (180 "C, 24 hours) results in the formation of [M&OSiMes)]..
[Et,Al(OSiMe,Et)], is a widely used and the least expensive siloxafaarel is synthesized
by reaction of TEA with octamethyltetrasiloxane. [M{OSiMes)], has been used in the
preparation of a modified aluminoxane and tested in ethylene polymerization, achieving
activities comparable to conventional MAO with specific TMA/PAKOSiMes)]. ratios>’

MAO has been treated with additives such as hydrocarbylsiloxanes essentially free of
Si-OH group&® with hydroxysiloxanes and especially with siloxane diasid then tested in
olefin polymerization. These studies claim higher polymerization acsvitied higher
stability of the siloxyaluminoxane compositions compared to the unmodified
methylaluminoxanes. The TMA content of the original MAO solution is reduced after
addition of the organosiloxane compound, so the higher activity that is reporteti bmigh

simply a consequence of the reduced TMA concentrafion.

Finally, aluminoxane salt compositions soluble in aromatic and aliphatic solvents,
have been prepar&d? by mixing octamethyltrisiloxane (OMTS) with MAO. These
aluminoxane salts have then been treated with TIBA or more importantly TOA, and the
resulting compositions tested in ethylene polymerizations withraleeC,H4(Ind),ZrMe;

catalyst, where they exhibienigher activities than unmodified MAO systeffis.
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Taking into consideration the existing literature data, this study aims to produce a
modified methylaluminoxane composition that will be soluble in aliphatic hydrocarbons with
enhanced polymerization perfpance after treatment of MAO with branched or long chain

silanols or disilanols.

5.1.2 Kinetic studies of XHexene Blymerizations

The difficulty to extract detailed mechanistic information from MA&sed catalytic
systems due to the complex nature tbé structural characteristics of MAO, and the
complications that arise from the fact that different MAO grades and formulations exhibit
different catalytic performance, highlighted the necessity to study the kinetic profile of each
different polymerizatioa system concerned in detail, in order to be able to quantify and
compare the parameters that govern the catalyst initiation, propagation and termination.
Modification of MAO with various additives causes changes to the structural characteristics
of MAO arnd can be expected to lead to different catalytic results. The easiest and quickest
way to access the effectiveness of each modMéd catalytic system is to study the

reaction kinetics of the systet®**

For this reason, this study was focused on dlaluation of the modified MAO
systems produced based on kinetic studiekledene polymerization was chosen as the
standard polymerization test reaction aad-Me,Si(2-Me-Benz[e]Ind}»ZrCl, (1; Ind =
indenylf*® as the standard catalyst. The polymerization-bégene was selected because the
reaction remains homogeneous throughout and produces a polymer soluble in hydrocarbon
solvents at room temperature; it is also slower than ethylene or propylene polymerizati
which allows collection of data during all stages (initiation, propagation) without the need to

use time consuming quenchédw techniques.
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The tailored metallocene used in this study $itsicture is shown abojewas carefully
selected in order to have the desired catalytic activity (e.g. zirconocene catalysts are more active than
titanocene or hafnocene), and produce {hayene with a molecular weight within the rage that we
could easily and accurately studythvithe given equipment. Most importantly, this catalyst was
specifically chosen because it is an anmegdallocene; its M&Si bridge produces a rigi@,-symmetric
framework that leads to the production on an isoatactic polymer (the monomer coordinates
enantioface regardless of the side it coordinates to). By using this catalyst systeydride
elimination as a termination pathway is prevented; chain transfer to aluminium is the main
termination mechanism. This makes comparison of the different catgdgetrs in this study easier

and more focused on specific factors (e.g. amount of Al as TMA present).

The methods used in this study: quantitative NMR and gel permeation
chromatography (GPC), allowed the quantification of the catalyst performanchexeie
polymerizatiors by establishing the kinetics under rgiradystate conditions through the

simultaneous determination of rate constants and active species®ount.

The kinetics of alkenepolymerization with metallocene catalysts follows the

empirical ate law shown in eqn. 5%.
2 A0A A E #
—_— - 9]
AO @

where [M] = monomer concentration, G} catalyst concentration (usually taken to be equal
to the total concentration of the precatalyst added),reaction time andk is the chain
propagation rate constant. The rate condamthe apparent propagation rate constant, which

will be referred to as'Q , to distinguish from the actual rate of growth of the polymer

chains, Q. Calculation of'Q  was postble by measuring the-hexene consumption biA
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NMR spectroscopy using an internal standard and taking samples at regular time intervals

(quenching the samples in THHFeOH-HCI was necessary).

A second measure of propagation rate is obtained by detegrheraverage growth
rate of the polymer chains by monitoring the degree of polymerization as a function of
time. This is possible either by observing very short reaction times or by slowing the
polymerization reaction down to allow sufficiently fasampling to take place during the
initial phase of the polymerization. For fast polymerizations, such as ethylene and propylene
polymerizations, measurement of the time dependence ©f requires, as mentioned
above, quencheffiow techniques to sample thiene range before steadyate conditions are

attained, which may be as short as a few seéands

In quenchedlow polymerisations there are two reservoirs: one contains the catalyst
and the other the ecatalyst in a solvent (e.g. toluene); they arealigwsaturated with the
monomer. To start the polymerisation pressure is applied to the two reservoirs (e.g. by the
monomer if it is a gas, otherwise an inert gas is used) and the two streams are mixed in a
short, thin tube. The polymerisation conditioas d®e changed by varying the length or width
of the reactor tube (subsequently varying the reaction time). However, such quéoshed
techniques are slow, laborious and can suffer from polymer deposition in the reactor tubes
(the reactor tubes must be ahed after each polymerization reaction); quendimd

techniques do not lend themselves to automation or fast monitoring.

The analysis of € (eqgn. 5.2) provides essential information, because unlike eqgn.
(5.1), it makes no assumption about the catalgscentration and is a function only of the

initial monomer concentration [M]and the rate constants of propagati®®) termination
(Q) and initiation 1Q) (eqgn. 5.2).

g "0 0 AQRQRQ Lg

With fast activating catalysts, where monomer consumption grows linearly with time,
the Q term may be neglectéd but under norsteady state conditiori® needs to be taken

into account.

The data needed to calculate the paraméf®rsQ andQ were extracted from the
GPC measurements. Calculation of e 7'Q ratio is very important since it gives the mol

fraction [C] of the catalyst that is involved in polymer chain growth at any time (egn. 5.3).
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6“0 Q (53)

For metallocene catalysts, this fraction is typically around0®Bland in any case
much less than 100% of the catalyst adtiéd.This type of measurement of the active
species concentration differs from the determination by isotopic laB¥linghich measures

the concentration of the total-AC bonds formed during the polymerization experiment.

The polymerization of -hexene with the given metallocene catalyst is sufficiently
slow at 30°C to allow sampling for about an hour before stesidye conifions are reached.
This, coupled with fast size exclusion chromatography, allows the time dependence of both
conversion and the numbaverage molecular weight to be established within a few
hours, whereas previous measurements of this kind on @qpagmerizations may have
taken days or week$.For the above reasons, the method used in this study is suitable for
evaluating the influence of a variety of different MMAQOs and experimental conditions within
an acceptable time frame.

5.2 Results andDiscussion
5.2.1 Reaction of TMA with ‘Bu,Si(OH),

The reaction of TMA witHBu,Si(OH), in toluene is surprisingly complex and gives a
number of different products, which were difficult to identify. NMR spectroscopy shows
many different signals (see Figure 5.2, top spectrum). When the reaction was performed at
higher temperatures broadeninfjtioe signals was observed. Several attempts to crystallize
any reaction products failed. The reaction in THF (see Figure 5.2, bottom spectrum) shows
two distinct resonances in the-Me r e g-i061n-0.63)l and a smaller peak a.57
ppm. Integrationof the peaks was not possible because the signals overlap. Evolution of
met hane (U 0.22 and 0.52, in toluene and TH

expected.

The reaction of TMA witHBu,Si(OH), in an Al/Si ratio of 2/1 would be expected to
give [Bu,SiOAIMe;], as the main product, due to the steric effect of the bi#kygroups
(Figure 5.1, structure ii). Other possible reaction products are depicted in Figure 5.1. When
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reaction is performed in toluene, it is likely that polymeric producth s@as structure iv

(Figure 5.1) are formed.

The main focus was to study the interactionsBabSi(OH), with alkylaluminium
compounds in toluene, because toluene is the primary solvent usedheéxerie
polymerizatioss with modified MAO by addition 0Bu,Si(OH),. It was for this reason that
the reaction of TMA witHBu,Si(OH), in THF was not studied further.

o SOOS

Si AlMe

~
\ |
>( ° \O—AI—O/ \\<

—

></O—AIM92 \\ / ~y \\|/
I\O—AIMez 7( k 7( >V

iv

ii
Figure 5.1: Possible reaction products from the reaction between TMABuSi(OH), in
an Al/Si ratio of 2/1 od/1
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Bu plus TMA 2.1

Bu plus TMA 5.1

T T T T T T T T T T T T T T T T T T T T T T T T T T T
15 14 13 12 11 10 09 08 07 06 05 04 0.3f (0.2 ) 01 00 -01 -02 -03 -04 -05 -06 -0.7 -0.8 -09 -1.0 -1.1
1 (ppm

Figure 5.2: '"H NMR spectra of the reaction products for the reaction between TMA and
'‘Bu,Si(OH), with an Al/Si ratio of 2/1 and addition &u,Si(OH), at- 78 C. (Top spectrum:

reaction in toluene. Bottom spectruraaction in THF)

5.2.2 Reaction of TMA with PhSiOH, (CgH;7)3SIOH and 'PrsSiOH
TMA + PhSiOH

As it has been suggestéd®®?, the product of the stoichiometric reaction between
TMA and PhSIiOH is the dimer [MgA | {O8iPh)l.(*H N MR-:0.68lUMe; topspectrum,
Figure 5.3) formed by methane elimination (Reaction 5.1), which was crystallized from
toluene. Some residual AIMd& 1 0.46) is observed. The crystal structure is presented in

Figure 5.4 and it has not been previously reported.
AlMe; + Ph3SiOH —>  1/2 [Me,Al(u-0SiPh;)], + CH, (5.1)

No evidence of PMeSi (H NMR: d 0.81 ppm for the
when addition of P§SiOH took place at 78 "C. Barronet al'® reported that when the
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reaction of AlMeg with PhsSIOH took place at low temperatures8 C) hydroxide/methyl
exchange was observed along with the main alkane elimination reaction. This was explained
by the fact that at low temperatures Lewis dwide complexes of AlMeare formed, and

their formation inhibits alkane elimination. Additionally, & AlMe; coordinates to
PhsSIOH, the acidity of the hydoxy proton increases, leading to an increase of the
electrophilicity of the Si atom which favours its alkylation by AMEhe proposed reaction

of AlMe; with PhSIOH at low temperature via hydroxidegthyl exchange is described in
Scheme 5.5.

It was reported by Barron that when the reaction mixture was held for 178 &€,
only 5% of the relative fraction of the hydroxide exchange reaction was observed. This
means that in the present study whereréteetion mixture was kept for less than 20 min at
-78 C before starting to increase the temperature of the mixture gradually, the relative
fraction of the hydroxide exchange reaction would have probably been negligible. It should

however be noted tha& o me br oadeni ng -@40 totOlre) was pleserted u m (|

(bottom spectrum, Figure 5.3), which is in a
hydroxide/alkyl Ph
exchange T~ \Sia + o+
LS H
AlMe; + Ph3SiOH ——™ Phph\\\ \(|)/ " alkane climination
Ay,
M
Me/ \ ©
Me
\ Ph
J
PhP% ., M
MAO Ph;SiMe PR <|3
+ - + - Al
:III/I/
MeH [Me,Al(u-OH)], ve” N Me

Scheme 5.5:The proposed reaction by Barrat al’® of AlMe; with PhSIiOH at low
temperature via hydroxide/methyl exchange
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Ph3SiOH plus TMA D

22

Ph3SiOH plus TMA

11

T T T T T T T T T T T T T T T T T T T T T
0.20 0.15 0.10 0.05 0.00 -0.05 -0.15 -0.25 -0.35 -0.45 -0.55 -0.65 -0.75 -0.85 -0.95
f1 (ppm)

Figure 5.3:'H NMR spectra of TMA+ P48iOH in toluene. The spectrum at the top is from
addition of PBSIOH at- 152C, and the spectrum at the bottom from addition7&t*C.
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Figure 5.4: Crystal structure of the [MA& | {O8iPh)], dimer.
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TMA + (CsH17)sSiOH

The'H NMR spectrum of the products from the reaction of TMA witgHG)3SiOH
shows that there are 3 different-Mle environments; there are three main peaks at tdeAl
area at 0.24,- 0.31 and 0.37 ppm (Figure 5.5) with a ratio of 1.4/1.0/3 respectively. If the
only product of the reaction was the dimer pd {O8iOcs)],, then only one signal should
appear at the AMe area. So, perhaps apart from the dimer, the trimer or higher oligomers

were also formed.

When the reaction product was dried wunde

- 0.31 ppm) was reduced.

TMA plus Oct3SiOH B

22 H

TMA plus Oct3SiOH B

T T T T T T T T T T T T T T T T T T
0.05 0.00 -0.05 -0.10 -0.15 -0.20 -0.25 -0.30 -0.35 ( -()J.40 -0.45 -0.50 -0.55 -0.60 -0.65 -0.70 -0.75 -0.80
ppm

Figure 5.5:'H NMR spectra of the product of the TMA + GBIOH reaction in toluene. The
upper spectrum corresponds to the reaction mixture that was dried overnighidéssbheed
in toluene. (Different concentrationsmight explain the differences we observe in the

chemical shifts.)
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TMA + 'PrsSiOH

When 'Pr:SiOH was added to TMA at78 “C, two main peaks appeared in the
Al-Me r e g i-02b (Paak A)iand0.38 ppm (Peak B) with a ratio of 1/2.8. The most
favourableproduct of the reaction should be the dimer jJMé {O8i(-Pr))],, but the'H
NMR spectrum of the compound shows that two different products are competing (Figure

5.7, bottom spectrum).

When addition ofPrSiOH takes place at higher temperaturg5( C), the intensity
of t he -@®.2ikcreasds (ralio of Peak A/Peak B = 1/0.9), while two smaller peaks
appear2l,{0®R2) (Figure 5.6, top spectrum). Reaction at lower temperatures results in

less reaction products. In both cases, methane isfoaneed e x pect ed (verifiec
0.26).

TMA plus PrSiOH

22

TRIRE.
LA . L‘/\U l\#/“

TMA plus Pr3SiOH 2

11

A

T T T T T T T T T T T T T T T
0.6 0.5 0.4 0.3 0.2 0.1 0.0 0.1 -0.2 0.3 -0.4 0.5 -0.6 0.7 -0.8 -0.9
f1 (ppm)

Figure 5.6:'H NMR spectra of TMAPrSIOH in toluene (bottom spectrum: addition of
'Pr;SiOH at- 78 C, top spectrum: addition 8?;SiOH at- 15 C)

The main product of theeaction of TMA with (GH17)sSiOH and'Pr;SiOH is most
possibly a dimeric Al siloxide {[MgA| {OS8iOct)], and [MeA | {OS8i(i-Pr))]2,
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respectively}, as it was similarly observed in the reaction of TMA aniPid. However,
the low selectivity of the reaction is probably responsible for the formation of a mixture of

higher oligomers that give rise to the additional peaks of-tiéMR spectra.

5.2.3 Polymerizations in Toluene
5.2.3.1General Information

Four dfferent commercial MAO solutions, supplied by Chemtura, were used in this
study; the | abels AMAOO and AMAObO refer
different proprietary processes. All samples were supplied as toluene solutions containing 10
or 30 weight % of -ADO campdANRO t(MeMA®ei ght
percentage of the combined weight of MAO + TMA. The TMA content of these MAO grades
was determined by NMR spectroscopy following the addition of THF as discussed
previously®>>'their specifications are summarized in the Experimental Section (Table 5.1).

The performance of catalysts generated with modified MAOs using additives such as
silanols with long alkyl chains (@H2sPhSIOH, OcgSiOH), branched disilanols
['Bu,Si(OH),] or higher alkylaluminium compounds [A}Bu)s, Al(Oct)s] was tested in
heptane. The aim of adding such additives was to produce a hsptahke aluminoxane and
achieve better performance. However order to better understand the behaviour of a
modified MAO with silanols, some polymerization studies were performed firstly in toluene
(with 'Bu,Si(OH),, Ci2H-sPhSIOH and PESIOH). These studies highlighted the importance
of the TMA content of the M® solution used in the polymerization, which affects the
activity of the catalyst and the final of the polymer. This initiated a new series of
investigations on the performance of the catalyst system with varying amounts of TMA:
increasing the amounytadding TMA or reducing it by adding DBP (a TMA scavend@r).

For the A1 and A2 series the general protocol was:

0] the required amount of the MAO solution was allowed to react with the additive
(the silanol'Bu,Si(OH), or CizH2sPhSIOH or TMA and DBP) for 2 h at 30EC
(other reaction conditions were investigated: varying temperature up to reflux
temperature, varying the reaction time up to ~12 hours, but no enhancement of the
polymerization performance was observed so the study was focused on the
proceduralescribed in detail in the experimental part.)
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(i) the catalyst precursoac-Me,Si(2-Me-Benz[e]ind}ZrCl, was added and allowed
to react with the modified MAO in toluene for 1 h at 2D before addition of 1
hexene. For the A3 series the first step wagetonove all volatiles from the
required amount of MAO by drying it under vacuum overnight. It was then
suspended in heptane and allowed to react witBiPh for 2 hrs at 45C before

addition of the catalyst precursor.

When the polymerization started, samples were taken at regular intervals over a
period of 3 h at 3GC and quenched in THMeOH-HCI (100 : 1 : 1 v/v). The -hexene
conversion was followed by NMR spectroscopy using pentamethylbenzene as the internal
standad (e.g. Figure 5.7); the numbaverage molecular weiglit was determined by gel
permeation chromatography (GPC) techniques (e.g. Figure 5.8). The samples for NMR
analysis were filtered and spectra recorded as soon as possible (within a few houtey samp

for GPC investigation were left to dry overnight and analysed as THF solutions.

As required by eqn. 5.1 the initial monomer consumption proceeds linearly with time.
Deviation from linearity in the latter stages of the reaction reflects monomer daplas
reported previously by Songt al*’, the time dependence &f under norsteadystate

conditions (before the final equilibrium molecular weight is reached), given by eqn. 5.4.

Qb 0o b @ 0b Q0 Qb o
» (@ Q0 © Q0 P % 0 1o i
&0 L8
o P_q P
Q0 Q0D

where @O 0 jd& is the degree gbolymerization(d s the relative molar mass of the
monomer), 0  is the monomer concentrationtat 0, Q is the initiation rate constant

the termination rate constar, the propagation rate constant, drttie reaction time.

Curve fitting gives acceptable estimatesbfand™Q. Varying™Q over a wide range of
values has only a small effect on the curve fitting (e.g. vary@hgver 30 orders of
magnitude results in variations ® and™Q of less than 50%). The best estimatébivas

obtained for MAG30 solutions and then usedasonstant for the other MAO grades.

The NMR data gathered by all polymerization runs were fitted according to egn. 5.5,

as previously reportedf:
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31T P& 20 26 20Q L®
whered  concentration of total catalyst precursor &d  apparent propagation rate.

As explained in the Introduction sectiof, as determined by eqn. 5.4 describes the rate of
growth of the polymer chain, irrespective of the number of metal centres involved, while
Q  (eqgn. 5.5) takes intaccount the total catalyst concentration, whether active or dormant.
Eqgn. 5.3is a very useful tool because tf®@ 7°Q ratio gives an estimate of the active

species concentration involved in chain growth at any one time.

5.2.3.2Polymerizations in Toluene with Addition of ‘Bu,Si(OH), and C;.H,sPh,SiOH

(Al series of experiments)

As shown in Table 5.1, modification of MAO with 0.53 mmol 'BtLSi(OH), (i)
enhanced the polymer yield (33} relative to the tegiolymerization which usedinmodified
MAO and produced 2.§ of poly(:hexene). The highest polymer yield (3&) arose from
the reaction containing MAO modified with 1.06 mmolBfi,Si(OH), (ii), however when a
higher amount (2.12 mmol) du,Si(OH), (iii) was emplyed te polymer yield reduced to
2.4 g. Modification of MAO with G,H,sPhSIOH alsoenhanced the polymer yield (32
compared to the test polymerization. As expected the MMAO with 1.06 mmol and 0.53
mmol of 'Bu,Si(OH), showed the highes® (0.25, i TI O ), followed by the MMAO
with 0.53 mmol of GH,sPhSIOH (see Table 5.2). TH® of the test polymerization was
lower (0.19, I 1T O ) and the MMAO with the highest amount'Bf,LSi(OH), showed the
lowestQ (0.17, 1 11 O ).

MMAOs with 'Bu,Si(OH), or C;-H,sPhSIOH generate polymers with a lower final
0 (ranging from 46000 to 38500) compared to the final(66200) of the poly(thexene)
produced by the unmodified MAO. As expected, the unmodified MAO showed the [@wvest
andQ values, with théQ value (2.3% p 1 O ) being significantly lower than the those

associated with the MMAOs (ranging from 4.88 to 3558 ™ O ) , which comes into

agreement with the loweb values observed. The active species count walsehiépr
MMAOs with 1.06 mmol and 0.53 mmol #u,Si(OH), (0.20 and 0.19 respectively) as a

consequence of their high® ; the active species count for the unmodified MAO was not
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significantly different (0.17). The polydispersitias, U , of the polymers produced with
MMAOs were® 1.9- 2.1, with the same value being obtained by unmodified MAO (2.0).

Polymerizations with MMAO with'Bu,Si(OH), (i and ii) show a higher catalytic
activity, but this can simply be the result of the silanol acting as a TMA scavenger. Since the
MAO solution has not been dried before addition of the silanol, it contains its initial amount
of TMA. Therefore it is a pasbility that the silanol reacts preferentially with the free TMA,
since TMA is the most reactive component.

When MAO was treated with additives essentially free e©Bi groups, such as
hydrocarbylsiloxane¥ enhanced activity in ethylene polymerizatiovas observed for
certain siloxyaluminium compositions. However, a substantial reduction of free TMA is
reported which could imply that the hydrocarbylsiloxanes act, like in the present study, as
TMA scavengers, with the enhancement of polymerizationgbaitributed to this fact. The
study where hydroxysiloxanes and especially where siloxane’tisése used as additives

does not state if MAO had been previously dried to remove any free TMA or not.

Table 5.1: Polymerization conditions, productivity andquilibrium 0 of 1-hexene

polymerizations in toluene.

Polym. Run [TMA] 2 [Al as Si Alpao /Si/ | Polymer | Final
Al (mmol L MAO] ® (mmol Alua () 1y
Y (mol L™ LY

MAO-30 (1) 22 0.18 - - 26 66200
MAO-30 (I) + 2P 0.18 11 17.1:1: 34 43400
'‘Bu,Si(OH), (i) 2.1

MAO-30 (I) + 22 0.18 21 |86:1:1.0/ 35 44500
'‘Bu,Si(OH), (i)

MAO-30 (I) + 22 0.18 42 | 43:1:05] 24 46000
"Bu,Si(OH), (i)

MAO-30 (I) + 22 0.18 11 17.1:1: 32 38500
C12H25PhSiOH 2.1

%Concentration of TMA in th@olymerization reaction mixture

P This is the theoretical amount of TMA that would have been present in the reaction, without
addition of the silanol. It is verified by NMR studies (see section 5.2.5) that [TMA] is
reduced after addition of a silanol olasiediol.
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4 MAO-30 + (Bu),Si(OH), (i)
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Figure 5.7: Productivity as a function of reaction time for MAOs modified WBb,Si(OH),
or Ci2H2sPhSIOH in toluene. A tespolymerizationwith unmodified MAO is displayed for

comparison.
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Figure 5.8: Time dependence ofd  for MAOs modified with 'Bu,Si(OH), or
Ci12H2sPhSIOH in toluene. A tespolymerizationwith unmodified MAO is displayed for

comparison.

Table 5.2: Summary of the kinetic parameters for modified MAOs Wi, Si(OH), or
C12H2sPhSIOH in toluene. Theesults from a test polymerization with unmodified MAO are

presented.

Aluminoxane

40 v dgom v
MAO -30 1.10° 0.04  2.35° 0.12 0.19 ¢ 0.004) 0.17
+'Bu,Si(OH),  1.34° 0.08  4.19° 0.31 3.8 0.25° 0.01 0.19
(i)
+'BuSi(OH),  1.24° 0.07  3.93° 0.28 3.8 0.25 ¢ 0.007) 0.20
(ii)
+'Bu,Si(OH);  1.12° 0.07  3.53° 0.28 3.8 0.17 ¢ 0.006) 0.15
(iii)
+ 1.35° 0.06  4.88° 0.26 3.8 0.24(° 0.009) 0.18
C12H2ePh,SIOH
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The higher productivity of the polymerizations with MMAO wiBu,Si(OH), (i and
i) and G2H2sPhSIiOH, shown in Figure 5.7, is probably a result of the reduction of [TMA]
due to addition of the silanols. However, polymerizations with MMAO BipSi(OH), (i
and ii) and GH,sPhSiOH show an obvious decreaseiin, which was not anticipated
(reducton of [TMA] should have inhibited chain termination due to transfer to TMA, and
thus result in higher molecular weights). This phenomenon could only be associated with the
formation of new species due to side reactions of MAO with the silanols which may be

responsible for early chain termination.

5.2.3.3Polymerizations in Toluene with Addition of TMA or 2,6-di-tert-butylphenol
(DBP), (A2 series of experiments)

The results of the Al series of polymerizations highlighted the importance of the
TMA concentrdion in the polymerization reaction for the performance of the catalyst system
in 1-hexenepolymerizatiors in toluene. This initiated a new series of experiments with the
aim to establish the exact relationship between the TMA content and the polymeangeld
final 0 of the polymer produced. Two different MAO solutions were used for this study,
MAO-10 and MAQ30-II (coming from a second batch of MABD solutions supplied by
Chemtura); both solutions were two months old at the time of the analysised-f9rand
5.10 show the productivity and of MAO solutions with different TMA concentrations as a
function of reaction time, and prove that TMA has a primary role in determining catalyst

productivity and molecular weight.

MAO-10 has a higher TMA caent than MAG30-1I, which probably explais the
lower polymer vyield (2.4) andd (52300) whencompared to the MAEO-II (4.9 g and
70200). When BHT was added to the MAO solution an enhanceent of the polymer yield
(4.4g) andD (76900) was observed (see Table 5.3). DBP acts as a TMA scaVéiger
thus reducing the amount present in plodymerizationreaction. The final TMA content in
this polymerizationmixture should be close to that of the MAD-Il reaction mixture,
justifying the similar performance of the two syster@®nversely, when extra TMA was
added to the MAGBO-II solution, a derease of the polymer yield (2@ and final 0
(48700) was observed; this performance being almost identical to that exhibited b&@hre M
10 system. This could be explained by the fact that the two systems have the same
concentration of TMA. As expected the MAOs with the lower TMA concentratmwed
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the highesfQ (0.37- 0.31, I 1T O ) compared to théQ of the MAOs with the

higher TMA concentrations (0.180.19, | 1T O ); and the lowesKQ values (2.20 2.98
zpm O compared to theQ values (3.29- 4.17 zp m O of the high TMA
concentration MAOs (see Table 5.4). Th@irvalues are also latively lower and the active

species count is higher, as expected (0.R2RB0 for low TMA concentrations and 0.12.15
for high).

The comparison of the kinetic parameters shown in Table 5.4 with catalyst
productivities taken from the literature is noeaningful due to the scarcity of data available
for 1-hexene polymerizations and the variety of reaction conditions used (cocatalyst, Al/Zr,

temperature, [monomer]). The active site count®of 7°Q  0.12- 0.30 are higher than

reported forrac-Me,Si(1-indenyl»ZrCl,/MAO (0.08; 402C, Al/Zr = 2400, propené) and
resembles that found for trityl borate activated metalloc&i€ghe values found here are
however in line with data reported by Busiepbal. for propene polymerizations witltac-
Me,Si(2-Me-4-PhInd),ZrCl,/MAO, for which quenchedlow kinetic studies suggested an
active site count of 0.58 (at 4C, Al/Zr = 2200)*° The polydispersities were7li 2.3for all
MAO grades, which are close the values reported in the litePafiorethe catalyst system
used in this study.

The relationship between catalyst productivitylor and TMA concentration was
also investigated by the peddctoral researcher Fabio Ghiotto of the Bochmann group by
studying the polymerization performance of MAOsthwdifferent preparative histories
(6 MADD O , aMAOb provided also by Chemtur a, b u
di fferent proprie8@HY0 pwbcebBsj saad MWAOprep
process -3&ilsl @ MAWt it h a ent)aA shmmgtiveecompdrisbh of ¢the n t
MAOQOs examined in the current study and the study of F.Ghiotto in relation to the [TMA] is
presented in Ref. 18. The influence on catalyst productivity is due to thévoel® 6264
competition between the monomer strbte and TMA for catalyst binding sites; depicted in
Scheme 5.6. When a graph of the productivity vs [TMA] is plotted, the MAOs with different
preparative history do not fall into the same line, which could be explained by the fact that
they form counteions with subtly different structures, resulting in ion pairs

[LnZr(polymeryl)'...Me-MAO"] that have slightly different energies from one anotfer.
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Scheme 5.6Competition between the monomer substrate and TMA for catalyst binding sites

Endgroup analysis of the polyliexene) produced by MA@O and MAQG3CHI,
showed absence of unsaturated-Hviparydc elssrsde sv i(r
transfer to metab r -H fransfer to monomer) are absent or below the detection limit. This
means that the major contribution to chain termination and hence to the equilibrium
molecular weight limit is chain transfer to the aluminium (i.e. to TMA). The MAO/TMA
activation sgtem differs in this respect from hexene polymerizations with baciteated

metallocene, where aniatependent unsaturated end groups prévail

The rate of the transfer of the polymeryl chain to TMA depends on the concentration
of B (see Scheme 5.7),hich is a function of the TMA association equilibrium . This
could explain the different behaviour of MAOs with different preparative history when the
0 is plotted against [TMAF.

P P
®
/ Me
CH, ®_~
® / AlMe, © LoZt__ o)
Lzt . an\ AMe, | Me-MAO —> “Me_MAO
“Me-MAO -AlMe; Me
P
A B b N\—AMe,

Scheme 5.7Transfer of the polymeryl chain to TMA
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Table 5.3: Polymerization conditions, catalyst productivity and equilibritim of 1-hexene

polymerizations in toluene.

Polym. Run [TMA] @ [Al as MAO]® | TMA DBP Polymer | Final
A2 (mmol L™ | (mol L™ added added (9) 4,
(mmol L™ | (mmol L™
MAO-10 61 0.14 - - 2.4 52300
MAO-10 + 61 0.14 - 48 44 76900
DBP
MAO-30 (Il 13 0.19 - - 4.9 70200
MAO-30 (Il) + | 13 0.19 48 - 26 48700
TMA
4Concentration of TMA in the reaction mixture, without taking into accaddition of TMA
or DBP
= MAO-10
1 v MAO-10 + DBP
=l MAO-30
45 e MAO-30+ TMA
| v
4.0 -
. v
3.5 -
iy 3.0 - v
lq—) -
g 2.5—‘ v S
©]
£ 204 a . "
1.5 - @
104 B
] 3
0.5 -
0.0 | | | | I |
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Time /s

Figure 5.9: Productivity as a function of reaction time for different MAOs after adjusting the

TMA content
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Figure 5.10: Time dependence @f for different MAOs after adjusting the TMA content

Table 5.4: Summary of the kineti parameters for different MAOs and MAOs after addition
of TMA or DBP in toluene.

Aluminoxane <

d0com v v d0-.m v 40 v
MAO-10 1.25° 0.03 3.29° 0.10 3.8 0.19 ¢ 0.009) 0.15
MAO-10 + 1.06° 0.08 2.20° 0.24 3.8 0.31° (0.008) 0.29
DBP
MAO -30 (II) 1.24° 0.06 2.98° 0.17 3.8 0.37° 0.01 0.30
MAO -30 (II) 1.45° 0.09 4.17° 0.29 3.8 0.18 ¢ 0.008) 0.12
+ TMA

5.2.3.4Polymerizations in Toluene with Addition of Ph3SiOH (A3 series of experiments)

The results of the Al series of polymerizations showed that it was important to
investigate the behaviour of a modified MAO with a silanol after the MAO solution has been
predri ed in order t o redsswoived in lngne. dhis precedare vasl A

an

essenti al in order to be able to understand
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performance in the presence of silanol, when it is incorporated into the MAO structure

without the TMAsilanol reactio bl urri

ng

MAQOOG s

behavi

our i n

silanol that was chosen here wags$®H, because it is commercially available and because

the products of the reaction of TMA with #OH have been further investigated with

success in this study.

The productivity of thepolymerizationwi t h

unmod-L®Odednd MMRMAO wi

PhSIOH, and the) as a function of reaction time is given in Figures 5.11 and 5.12. The

polymerizationconditions, final productivity and final are presented in TableSand the

kinetic parameters are presented in Table 5.6.

The modified MAO produces awer polymer yield (2.@) compared to unmodified

MAO (2.5

9), and
Q (014 *0 & éa i

MAO. It also has a loweb

mean a higheilQ o® @ p 1 i

as

compared to théQ

compared to 242 p 1t i

expected,

is

associated

(0.18* 0 & €a i

with

a lower

) of the unmodified

(44600 compared to the 64700), and as expected this would
). As it can be predicted,

the MMAO is associated wita lower active species count (0.13 compared to 0.17 of the test

polymerization. The polydispersities of the polymer produced with MMAO was 1.6; very

close to the value obtained for unmodified MAO (1.7), with the catalyst retaining its-single

site charater, as expected.

Table 5.5: Polymerization conditions, productivity and equilibriuth of 1-hexene
polymerizations for MAO and MAO+RBIOH activators in toluene
Polym. Run [TMA] [Al as MAQ] Si Alyao : Si: | Polymer | Final
A3 added (mol L™ (mmol Al tva (9) o
(mmol L™ LY
MAO-10 23 0.14 - - 25 64700
MAO-10 + 23 0.14 42 3.3:1:09 2.0 44600
PhSiOH
2 The MAO-10 contains an additional amount of ~15 mmolTMA , due to

After reaction of MAO-10 with the PRSIOH any remaining TMAafter drying has

disappeared (see Section 5.2.5).
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Figure 5.11:Productivity as a function of reaction time for modified MAO withlsBIOH in

toluene. A test polymerization with unmodified MAO is displayed for comparison.
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Figure 5.12: Time dependence af for modified MAO with PRSIOH in toluene. A test

polymerization with unmodified MAO is displayed for comparison.

Table 5.6: Summary of the kinetic parameters for MAO modified withFOH in toluene.
The MAO solution was prdried The results from a test polymerization with unmodified

MAO are presented.

Aluminoxane <

doom v v d0cm v dgom v
dried MAO - 1.080.06 2.420.19 3.8 0.18 ¢ 0.008) 0.17
10
+Ph;SiOH 1.05°0.07 3.580.29 3.8 0.14 ¢ 0.004) 0.13

5.2.4 Polymerizations in Heptane
5.2.4.1General Information

Industrially relevant solutiopphase polymerizations are carried out not in saturated
hydrocarbons rather than toluene. Since the catalyst precursor is practically insoluble in non

aromatic hydrocarbons, the success of such polymerizations depends orethtioel rof
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catalyst activation. Unmodified MAO is also poorly soluble in heptane. The solubility of
MAO is improved slightly when Ai(Bu); (TIBA) is added, in agreement with the
observations of Panchenkbal about the solubilisation effect of TIBA on qagrted MAG"
Heptanesoluble MAO was produced by removing all volatiles from MAO solutions in
toluene, suspending the TMdepleted residue in heptane, and adding sufficient Al{Oct)
(TOA) to obtain a clear homogeneous solution. The solubilising effecOéf an MAO is
knowrf. A concentration of [TOA] = 32 mmol Lt was chosen as the standard so that the
AIR3 concentration is roughly comparable to those used for polymerizations in toluene,
where [TMA] = 13i 61 mmol L%,

In the present study, thseolubilizing effect of long chain silanols on MAO was
investigated. Adding a sufficient amount of €&OH or the reaction product of Q8iOH +
TMA results in a clear homogeneous MMAO solution in heptane. When &M or
'‘BuSi(OH), were used as additis, the same phenomenon was not observed: a clear

homogeneous solution of MMAO in heptane was not produced.

Two different strategies were investigated to overcome solubility problems of the

catalyst precursor in heptane:

(1) Dissolution of LZrCl, in a minimal amount of toluene, followed by activation
with modified MAO in heptane.

(2)  Preactivation of the catalyst in toluene, followed by removal of volatiles.
Here, LZrCl, was reacted with unmodified MAO in toluene for 10 minutes, followed by
removalof the volatiles in vacuo (1 h). The residue was then suspended in heptane, and the
specified amount of AlIRwas added to obtain a homogeneous mixture. It proved important to
avoid ageing of the catalyst, as faretivated catalysts that had been left undacuum
overnight resulted in bimodal polymer molecular weight distributions.

Polymerizations with addition of AlRwith the method A follow strategy (1), while
the ones with methods B and C follow strategy (2). Method B differs because the catalyst was
alowed to react with the MAO for longer (1 h) and then the mixture was left to dry
overnight. This resulted in a bimodal polymer molecular weight distribution, and for this
reason this research focused on methods A and C and no results from method B are
presented.

Polymerizatios with modification of MAO by silanols or silanol products follow the
1% strategy.
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The polymerization kinetics was studied following the same protocol as for reactions
in toluene: using NMR spectroscopy to determine the monomewumgm®n and GPC

techniques to obtaitn values.
5.2.4.2Polymerizations in Heptane with Addition of AIR3; (B1 series of experiments)

The productivity of the polymerizations with addition of AlpM&l(i-Bu)s or Al(Oct);

and thed as a function of reaction time are given in Figures 5.5316.

The different dried MAGBO/AIR; compositions show very clos&®  values
™ T TP o0 a & i and productivities (1.4 1.8 g). On the other hand, the final
values are strongly influenced by the nature of the;AliRlitive and decreases in the order R
= i-Bu > Oct >> Me. TMA is a more efficient chain transfer reagent than the lahgan
aluminium alkyls. As expectegqolymerizatiors with AlMe; as the additie show higher
Q e p x® ® pmi ) compared to the ones with ABu); or Al(Oct); ¢® p 08 @

p T

The results obtained by method A come in agreement with method C. The

polydispersities of the polymers produced here Wete31 2.6.

Table 5.7: Polymerization conditions, productivity and equilibriutn  of 1-hexene
polymerizations in heptanes.

Polym. Run [AIR 5] added | [Al as MAO]® | Polymer Final 4 |
B1 MAO-30 (Il) (mmol L™)? (mol L™ (9)
dried MAO-30 + 32 0.19 1.6 26600
AlMe; (A)
dried MAO-30 + 32 0.19 1.8 51600
Al(i-Bu); (A)
dried MAO-30 + 32 0.19 1.6 50000
AlOcts (A)
dried MAO-30 + 32 0.19 1.5 24200
AlMe; (C)
dried MAO-30 + 32 0.19 1.6 62100
Al(i -Bu); (C)
dried MAO-30 + 32 0.19 14 51000
AlOct; (C)

@ Concentratiorof AIR3 added to the polymerization reaction mixture
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Figure 5.13: Productivity as a function of reaction time for different dried MAOS/AIR

compositions in heptane (Method A)
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