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Abstract 

In this thesis, the reactivity and synthesis of methylalumoxane (MAO) via electrospray 

ionization mass spectrometry (ESI-MS) was investigated. The olefin polymerization 

catalyst [Cp2Zr(μ-Me)2AlMe2]
+ [B(C6F5)4]

− was also used to evaluate the efficacy of a 

nitrogen generator as a source for desolvation gas for ESI-MS analysis. The same catalyst 

was then used to study catalyst deactivation after 1-hexene addition.  

MAO ionizes very selectively in the presence of octamethyltrisiloxane (OMTS) to generate 

[Me2Al·OMTS]+ [(MeAlO)16(Me3Al)6Me]−. The advantage of this transformation was 

used to examine the reactivity and synthesis of MAO. The reactivity of this ion pair with 

other trialkyl aluminum (R3Al) components was studied both offline and in real-time. The 

exchanges are fast and reversible, and the methyl groups on the cation are also observed to 

exchange with the added R3Al species. MAO is also famously intractable to structural 

elucidation, consisting as it does of a complex mixture of oligomers generated from 

hydrolysis of pyrophoric trimethylaluminum (TMA). Synthesis of MAO was probed in 

real-time by ESI-MS, and the principal activated product of the benchtop synthesis was 

found to be the same as that observed in industrial samples, namely 

[(MeAlO)16(Me3Al)6Me]–. Computationally, a new sheet structure for this ion was 

proposed.  

The increasing competitiveness of nitrogen generators, which provide gas purity levels that 

vary inversely with flow rate, prompted an investigation of the effect of gas-phase oxygen 

on the speciation of ions by ESI-MS. The most reactive species studied, the reduced 

titanium complex [Cp2Ti(NCMe)2]
+[ZnCl3]

− and the olefin polymerization pre-catalyst 

[Cp2Zr(μ-Me)2AlMe2]
+[B(C6F5)4]

−, only exhibited detectable oxidation when they were 
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rendered coordinatively unsaturated through in-source fragmentation. The catalyst 

[Cp2Zr(μ-Me)2AlMe2]
+[B(C6F5)4]

− was further studied by ESI-MS to understand better the 

complexities of catalyst deactivation in the polymerization of 1-hexene.  

 I also contributed to other projects, namely the interaction of neutral donors with MAO, 

saturation problems in ESI-MS, and ligand substitution reaction in ruthenium complexes, 

and my work on all these projects are summarized in this thesis. 
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1. Chapter 1 Analysis of air and moisture sensitive 
compounds. 

 

Parts of this chapter will be submitted as a tutorial review to Journal of Mass spectrometry:  

“Handling considerations for the mass spectrometry of organometallic compounds” A 

Joshi, HS Zijlstra and JS McIndoe, Journal of Mass Spectrometry, to be submitted. 

1.1 Overview 

Anaerobic mass spectrometry is used for samples that degrade in the presence of either air 

or moisture. A reliable spectrum without any decomposition can then be collected though 

it requires certain modifications. The McIndoe group has used electrospray ionization mass 

spectrometry (ESI-MS) to study air and moisture sensitive compounds.1–8 The instrument 

used in this work has an ESI source, hybrid quadrupole-time of flight mass analyzers, and 

a multichannel plate detector. The following chapter begins with a brief introduction to 

these components. There have also been various strategies employed by researchers to 

avoid decomposition of samples during analysis; this chapter highlights these strategies 

based on different ionization types. 

1.2 Electrospray ionization 

Dole and co-workers in the late 1960s were the first to report the use of electrospray as an 

ionization source by electrospraying a dilute polymer solution into an evaporation 

chamber.9 This technique was improved later in 1984 by Yamashita and Fenn, who coupled 

the electrospray source to a quadrupole mass analyzer.10–12 Fenn also reported the use of 

ESI to analyze large molecules such as proteins,13 and due to his pioneering work in this 

field, he was awarded the 2002 Noble Prize in Chemistry.  
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In ESI, the analyte of interest is passed through a charged capillary (2-5 kV) into a chamber, 

maintained at atmospheric pressure. Due to the presence of an electric field, the solution 

that comes out of the capillary forms a Taylor cone, and from the end of it, a very fine 

spray of charged droplet appears.9 This process is called nebulization. The warm counter 

flow of N2 gas helps in the evaporation of the solvent, and droplets shrink in size gradually. 

This leads to the increase in the charge density in the droplet, and the gaseous analyte ions 

evaporate from the surface of the droplet. These ions can then be drawn into the inlet of 

the mass spectrometer.14–16 Another mechanism for ESI involves the formation of droplet 

fragments due to increased charge density. This process is called a Coulombic explosion 

and is more applicable to larger ions such as proteins.   

 

 

ESI is referred to as a soft ionization technique meaning that there is very little or no 

fragment of the sample. For this reason, it is a very popular technique among 

organometallic chemists and is used widely over the years. One of the drawbacks of ESI is 

Figure 1.1 An illustration of the electron ionization process. 
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that it can only analyze charged compounds. The McIndoe group over the years have used 

charge tagging to introduce a charge in a neutral analyte compound for analysis.17–22 

1.3 Mass analyzers 

The electrospray process discussed above happens at high pressure (atmospheric). The ions 

after this enter a low-pressure region of the mass spectrometer. The mass analyzer requires 

the low pressure for ion separation. As shown in Figure 1.2, the sampling cone and skimmer 

cone acts as small orifices between the two regions at different pressure. The capillary 

points orthogonal and not directly to the mass analyzer to limit contamination to the mass 

spectrometer.15  

 

 

Figure 1.2 Series of skimmer cones to enable the entry of the analyte ions into the mass analyzer. 
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The purpose of the mass analyzer to separate ions based on the mass to charge ratio. For 

this work, the instrument used has a hybrid mass analyzer, i.e., a combination of a 

quadrupole and time of flight mass analyzer. They are together abbreviated as a QToF mass 

analyzer.  

The quadrupole mass analyzer consists of four parallel rods with opposite pairs of poles 

connected electrically and charged by a DC voltage and a superimposed radio frequency 

potential.15,23 The trajectory of ions depends on the combination of these two fields. For 

example, if the positive ion comes to the mass analyzer, it is attracted to the poles that are 

charged negatively, but the polarity of the poles changes quickly, and the direction of the 

ion will change again. If the ion hits the rod due to an unstable trajectory, it will be 

discharged and not make it to the detector. Ions with selected m/z proceed to the detector.  

 

Figure 1.3 A schematic of a quadrupole mass analyzer. 
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In the instrument used in this work, the quadrupole acts as an ion guide in MS mode, and 

all ions, regardless of the m/z value, pass through (the quadrupole is used when performing 

tandem mass spectrometry). The quadrupole is combined with a time of flight (ToF) mass 

analyzer. A ToF separates ions based on the speed at which they reach the detector.24–26 In 

ToF, the ions are pushed by a pulsing electrode, which provides the same kinetic energy to 

all the ions. Since the velocity is inversely proportional to the square root of mass, the 

lighter ion is faster than, the heavier ion, and there is a difference in speeds as they pass 

through a drift tube (Figure 1.4). The ions reach the detector at different times, and the 

arrival times of ions can be transformed into a mass spectrum. The m/z value of the ion can 

be calculated if we know the time it takes for the ion to travel in the drift tube, the length 

of the drift tube, and the kinetic energy applied to the ion.   

 

Figure 1.4 An illustration of the ToF mass analyzer. 
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The ion leaving the ion source for the ToF instrument has different starting times and 

different kinetic energies.15 Ions with the same m/z can also have a range of kinetic energies 

depending on their formation conditions. In such cases, a reflectron is used to normalize 

the speed of the ions such that they reach the detector at the same time.27,28 A reflectron is 

an electronic ion mirror in which electrons can penetrate, and their paths are reversed. The 

ion with greater kinetic energy will penetrate the reflectron deeper than the one with less 

kinetic energy. As a result, the ion traveling faster spends more time in the reflectron and 

exits the reflectron later than the one traveling slower.  

 

 

1.4 Detector 

The ion beam is perpendicular to the pulsing electrode, and this avoids the detection of ions 

that have not been pushed; and the arrangement is called orthogonal ToF. In this 

Figure 1.5 An illustration of normalization of travel speeds of ions with the same m/z. 
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arrangement, it is important to use an array detector called a microchannel plate (MCP).29,30 

Since a whole section of the beam is pulsed away at once; the MCP detector ensures that 

all the ions are collected. An MCP detector consists of an array of individual electron 

multipliers, and each of them can register one ion with a short delay before it registers 

another. One can saturate the detector if the samples are run at higher concentration and 

the counts observed in the mass spectra will not be representative of the number of ions 

that reach the detector. A variety of strategies to avoid saturation are discussed in Chapter 

6.  

1.5 Tandem mass spectrometry (MS/MS)31 

The ions observed in mass spectrometry experiments are fragmented to aid with the 

assignment of the ion. These fragments provide insight into functional groups, or ligands, 

which are attached to the ion. For example, methylalumoxane anions have the general 

formula [(MeAlO)x(Me3Al)yMe]–, and by fragmenting these anions, one can observe losses 

of 72 Da that corresponds to the loss of Me3Al group. The collision cell in the instrument 

used in this study is a hexapole (Figure 1.6). The ion for fragmentation is selected in the 

quadrupole mass analyzer and enters the collision cell filled with argon gas. The ion 

collides with argon in the collision cell and results in the fragmentation of the ion. The 

second mass analyzer, ToF, is then used to collect the daughter ion spectrum. 
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1.6 Handling considerations for air and moisture sensitive samples 

Mass spectrometry is a powerful tool in disparate areas of chemistry, but its strength of 

extreme sensitivity can be an Achilles heel in the context of studying highly reactive 

compounds. A quantity of material suitable for mass spectrometric analysis often 

represents a tiny grain or a very dilute solution. Both are highly susceptible to 

decomposition due to ambient oxygen or moisture. This complexity can be hugely 

frustrating to chemists and analysts alike: the former being unable to get spectra free of 

decomposition products, and the latter often being poorly equipped to handle reactive 

samples. Fortunately, many creative solutions to such problems have been developed over 

the years, and this section summarizes some key methods for handling reactive samples. 

Figure 1.6 An illustration of the collision cell. 
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1.6.1 Electron Ionization 

Electron ionization (EI) (a.k.a. electron impact ionization) generates radical cations using 

high energy electrons that interact with gas‐phase molecules. Removing an electron 

imparts considerable internal energy to the ion and results in unimolecular decomposition 

of the ion.32,33 

EI is a widely used technique for volatile compounds. The sample introduction in EI can 

be directly in the source or as effluent from a GC column.34 EI has been used to study metal 

carbonyls, main group organometallics, and metallocenes, provided their masses are less 

than 1000 Da.35,36 In particular, metal carbonyls and metallocenes are widely characterized 

by EI due to its high volatility and thermostability (e.g., ferrocene, which forms a highly 

abundant molecular ion).37,38  

The sample introduction step in EI for air-sensitive compounds is problematic as the 

sample is exposed to air for a short time. There are a variety of different strategies for the 

analysis of such sensitive compounds.39,40 These include injection of an analyte via a gas-

tight syringe, working under a stream of inert gas, using a glovebag or doing the sample 

introduction fast (taking less time to transfer samples) to limit the exposure to air.41–43 Other 

modifications, such as a small purgeable glove chamber affixed to the front end of the mass 

spectrometer, can also analyze reactive organometallic species by direct probe methods.44 

This modification is more robust than a glovebag and does not need the requirement of a 

full glovebox dedicated to analysis (Figure 1.7).   
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Figure 1.7 Top: Schematic of the glove chamber. Bottom: Glove chamber in place on direct 

probe EI-MS. Adapted with permission from Penafiel et al.44 Copyright (2016) Royal Society of 

Chemistry. 

 

Excellent EI spectra of air and moisture sensitive compounds such as ZrCp2Cl2, ZrCp2Me2, 

TiCp2Cl2, and TiCp2Cl were recorded using the glove chamber (Figure 1.8).  
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Figure 1.8 EI-MS spectrum of ZrCp2Me2 (m/z 250). Top: Spectrum obtained using the glove 

chamber. Bottom: The measurement was performed under air (no glove chamber). Peaks marked 

* are unassigned decomposition products. Adapted with permission from Penafiel et al.44 

 
Volatile samples can also be analyzed by headspace analysis.45,46 Here, the sample vial is 

heated, and a volatile sample ends up in the headspace leaving the denser matrix at the 

bottom. The sample is injected into a GC without exposure to air using an autosampler. In 

EI, the sample is heated in an oxygen-free chamber (or tube) and the gaseous analyte is 
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introduced into the ion source. However, many air-sensitive compounds can decompose at 

elevated temperatures, limiting the use of EI to thermally stable compounds. 

1.6.2 Direct analysis in real-time (DART)  

Direct analysis in real-time (DART) is an ionization technique that uses high energy 

metastable He* atoms and molecules, e.g., N2* to analyze samples of interest.47 As 

discussed previously, the sample is placed under vacuum in EI, but for DART analysis, the 

sample is brought to the source in the open air. This feature makes it appealing for various 

applications but makes the analysis of air and moisture sensitive compounds very 

challenging by DART.33,48 However, DART requires minimum sample preparation as the 

analyte is simply held next to the source of excited atoms and using this simple setup, 

analysis of organogallium and  organoaluminium compound is reported in literature.49 

Borges et al. reported the use of DART in the detection of organometallic compounds.50 

The orifice of the DART ion source was positioned so that the stream of helium or nitrogen 

exiting the source was in line with the inlet orifice of the mass spectrometer (Figure 1.9). 

Samples were loaded as pure compounds or as a solution in toluene or methanol in the 

glass vial and sealed by a silicone septum. N2 was used as a purge gas, and the headspace 

vapors are directed to the inlet of the mass spectrometer. Several organometallic 

compounds of As, Fe, Hg, Pb, Se, and Sn were analyzed using this simple setup. Mazzotta 
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et al. also reported the analysis of fused ring heterocyclic organometallic compounds using 

DART.51  

 
Figure 1.9 Schematic representation of the setup for the gas-phase sampling of organometallic 

compounds for detection by DART-MS. Adapted with permission from Borges et al.50 Copyright 

(2009) American Chemical Society. 

 

1.6.3 Field Ionization (FI) 

In field ionization (FI), the neutral sample is heated under vacuum and driven into the gas 

phase near a high surface area emitter. If the molecule gets sufficiently close, an electron 

tunnels to the anode, and the molecule is repelled and drawn into the mass spectrometer. It 

is called field desorption (FD) if the sample is adsorbed on the surface of the emitter.52  

The main advantage of FD is the ability to form singly charged molecular ions for a variety 

of compounds and is used widely for organometallic compounds.53–56 Non-polar 

compounds, which are generally difficult to study by ESI or MALDI due to bad ionization, 

can be explored by FD. The main drawback of FD is the sample preparation, as the sample 
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must be introduced to the emitter. Two methods (both under open-air) are used to do this. 

One involves dipping the emitter quickly in the analyte, and the other involves dropping a 

small amount of analyte via a microsyringe in the emitter.57 These sample preparation steps 

make it very difficult to study air and moisture sensitive compounds by FD. 

The development of liquid injection field desorption ionization (LIFDI)58 benefited the 

analysis of air-sensitive compounds.59–64 The only difference between FD and LIFDI is the 

fused silica tubing, which connects the emitter to the sample vial outside and thus allows 

for easy analysis without breaking the vacuum and eliminating sample preparation under 

air.65  

 

Figure 1.10 Liquid Introduction Field Desorption Ionization (LIFDI) showing the capillary which 

carries the analyte and the emitter. Image provided courtesy of Prof H. Bernhard Linden. 
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Analysis of air sensitive compounds is done by rinsing the capillary with the inert gas from 

the headspace of the vial, and then it is immersed in the sample solution. Even after 

injection of the sample, the capillary continues to draw inert gas in the headspace into the 

capillary. This ensures an inert atmosphere throughout the analysis. Shown below is the 

LIFDI spectrum of some air-sensitive Ru complexes. 

1.6.4 Fast Atom Bombardment and Liquid secondary ion mass spectrometry 

Techniques such as fast atom bombardment (FAB) and  liquid secondary ion mass 

spectrometry (LSIMS) have also been used to characterize organometallic compounds.66–

69 Both ionization techniques involve bombarding a sample dissolved in a liquid matrix 

with fast‐moving particles: atoms such as Xe for FAB and ions such as Cs+ for LSIMS.70,71 

Air-sensitive alkyllithium compounds were analyzed by FAB by making a solution in 

Nujol72 or Schlenk techniques.73 Using organic solvents as matrixes, it was possible to 

analyze air-sensitive compounds by low-temperature secondary ion mass spectrometry 

(LT-SIMS).74 In this technique, the sample solution is frozen by applying it on the tip of 

the insertion probe maintained at -120 ℃ under a cold N2 stream. (Me2AlNEt2)2, a highly 

 

Figure 1.11 Liquid Introduction Field Desorption Ionization (LIFDI) MS data for a mixture of Ru 

complexes. Adapted with permission from Belli et al.59 Copyright (2015) American Chemical Society. 
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air-sensitive compound, was analyzed using LT-SIMS. The highest mass ion observed was 

[M−Me]+, and the fragmentation pattern is similar in different solvents. The analyte’s 

polarity was too low to allow dissolution in any viscous matrixes used in LSIMS. 

Therefore, no signal could be obtained by using LSIMS to analyze this compound at room 

temperature.  

 
Figure 1.12 Positive-ion LT-SIMS mass spectra of (Me2AlNEt2)2 (258 g/mol) dissolved in (a) 

benzene, (b) hexane, and (c) diethyl ether. Adapted with permission from Huang et al.74 

Copyright (1999) American Chemical Society. 
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1.6.5 Matrix-Assisted Laser Desorption Ionization (MALDI) 

In MALDI, the neutral sample is generally prepared by co-crystallizing the analyte with a 

matrix compound with a suitable chromophore to allow absorption of laser irradiation.75,76 

The matrix molecules absorb most of the photons and are ablated into the gas phase, 

carrying the analyte molecules with them and ionizing them through protonation and 

oxidation.33  

Finding appropriate matrixes for analysis of organometallic compounds is challenging, and 

therefore the use of MALDI in the characterization of organometallic compounds has been 

rare. However, Fogg and coworkers showed that unfunctionalized polyarenes, such as 

anthracene and pyrene, perform well as matrixes for fragile metal complexes. They also 

interfaced an inert atmosphere glove box with a MALDI-TOF to overcome problems 

regarding decomposition during sample transfer to the source.77,78 

  
Figure 1.13 a) Inert-atmosphere MALDI-TOF mass spectrometer; b) open loading chamber 

projecting into the glovebox; c) target plate. Adapted with permission from Eelman et al.77 

Copyright (2008) Wiley-VCH. 
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Using the above-mentioned MALDI setup, an oxygen-sensitive titanium (III) complex 

(catalyst for ethylene polymerization)79 was analyzed. The MALDI sample of the 

compound was made by co-crystallizing the analyte by dissolving it with pyrene in a 

volatile solvent (CH2Cl2 or C6H6). After this, microliter aliquots were spotted onto the 

MALDI target plate. A thin film of the sample with the matrix is left after solvent 

evaporation, and on that, MALDI-TOF was recorded.  

Laser desorption mass spectrometry uses a laser to ionize the analyte directly. The only 

difficulty is to transfer the sample to the mass spectrometer without any decomposition.80 

The solid sample could be pressed between cellophane tape or pressed in a KBr pellet. An 

inert gas purge box80 for laser desorption/ionization mass spectrometry of air-sensitive 

solids is done if the user is worried about contamination from the matrix such as tape, KBr, 

or Nujol. When a purge box is used, the air-reactive sample is always under inert gas while 

transferring the sample to the source. Using the inert purge box laser desorption/ionization 

mass spectra of sensitive compounds NbCl2(C5H5)2 and Zr(CH3)2(C5H5)2 are reported.   

Figure 1.14 MALDI mass spectra of an oxophilic Ti (III) complex in a pyrene matrix. Adapted with 

permission from Eelman et al.77 Copyright (2008) Wiley-VCH. 
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1.6.6 Electrospray Ionization (ESI) 

ESI is a popular technique to characterize and study organometallic compounds.81–83 

Pioneering work by Lipshutz et al.84 on the detection of organocuprates and by the 

Koszinowski group85 on the detection of highly reactive intact Grignard reagents by 

ESIMS are reported in literature. Analysis of air-sensitive compounds can be achieved 

using a gas-tight syringe,86 pressurized sample infusion87, or a more permanent solution of 

having a glovebox close to the mass spectrometer.88 A small hole on the side of the 

glovebox allows a feedthrough tubing (PTFE or PEEK) to pass, and samples for analysis 

can then be injected directly from inside the glovebox to the mass spectrometer without 

exposure to air. 

 

Figure 1.15 Glovebox adjacent to the ESI-MS. The syringe pump in use is located inside the 

glovebox. Adapted with permission from Yunker et al.43 Copyright (2014) John Wiley & Sons. 
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The ESI-MS spectrum of a highly moisture-sensitive iron borylene complex [(η5-

C5H5)Fe(CO)2BNCy2][BArF4] was reported with and without using the glovebox. When 

the iron complex is injected from outside the glovebox, decomposition of the iron complex 

by hydrolysis to [NH2Cy2]
+ at m/z 182 was reported. When the same sample was injected 

using a glovebox, the decomposition product was minimal in the same time frame, and an 

intense peak for the iron complex at m/z 368 was observed.  Further advantages of using a 

glovebox are that sealed samples (in ampules, Schlenk flask, screw cap vials) can be 

brought to the glovebox sealed and stored indefinitely. The sample can be opened securely 

at leisure without fear of mishandling.  

 

Figure 1.16 Handling the iron complex [(η5 -C5H5)Fe(CO)2BNCy2][BArF4] (inset, m/z 368.2) 

outside of the glovebox (a-c). Inside the glovebox, minimal decomposition is observed within the 

same time frame (d). Adapted with permission from Lubben et al.88 Copyright (2008) American 

Chemical Society. 
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Reactions can be performed in syringes if stirring and temperature control are not critical.89 

Pressurized sample infusion (PSI) is used to analyze air-sensitive compounds undergoing 

reactions.87 This technique can be thought of as a cannula transfer from a Schlenk flask 

directly to the mass spectrometer. The PSI flask is designed to have an inlet where inert 

gas (Ar or N2) could be introduced, and this positive pressure allows the solution on the 

Schlenk flask to be introduced to the mass spectrum via a PEEK/PTFE tubing. Reactions 

can be conducted at temperatures up to the boiling point of the solvent, and the PSI flask 

is designed in a way that contamination from the rubber septa leaching from the solvent 

can be avoided entirely.90 PSI is straightforward to implement in any laboratory and allows 

continuous monitoring of the reaction. PSI experiments can also be under the positive 

pressure of an inert gas from a rubber balloon.91 

 
Figure 1.17 Pressurized sample infusion (PSI) flask. 
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Zare and co-workers have demonstrated the use of a glass slide for droplet spray 

ionization of a highly air and moisture sensitive sample.92  

 
Figure 1.18 Illustration of the droplet spray. The angle between the MS inlet and the tip-end is 

10°. Adapted with permission from Jiang et al.92 Copyright (2015) American Chemical Society. 

The experimental setup uses a glass slide which can hold sample volumes up to 60 µL. The 

corner of the glass slide is positioned so that the distance of the end of the tip to the MS 

inlet is 10 mm for acetonitrile and 5 mm for THF and PhF. Using this simple setup, Zare 

and co-workers reported ethylene polymerization by Cp2ZrCl2/MAO system and observed 

vital intermediates. Figure 1.19 shows the catalytically active species analyzed by droplet 

spray ionization. The Zr species, as well as methylalumoxane, are both susceptible to air 

and water and decomposes very quickly.8,93–96 The fact that the authors observe these 

sensitive cations by this open-air technique is astonishing. Possible reasons for this could 

be the proximity of the corner of the glass side to the MS inlet, the decomposition products 

are deposited on the glass slide and not make it to the MS, or most importantly, quenching 

by acetonitrile or THF makes the adduct which is less sensitive to air or moisture. 
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Figure 1.19 Full-scan positive-mode droplet spray mass spectra of catalytically active species in 

different solvents:(a) acetonitrile/toluene and (b) THF. Ion 2 is [Cp2ZrMe]+ and ion 3 is 

[Cp2ZrCl]+. Adapted with permission from Jiang et al.92 Copyright (2015) American Chemical 

Society. 

The analyte studied by mass spectrometry sometimes requires running at a higher 

concentration (>10 μM). This is due to the high reactivity of the analyte with trace amounts 

of water and oxygen in the solvent, and therefore running it in dilute conditions increases 

the chances of decomposition. There is a range of strategies that can be employed to 

mitigate the inevitable saturation effects in these mass spectrometric experiments and can 

be achieved by detuning the instrument.97 In the case of methylalumoxane and zirconium 
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ions, the probe tip is kept adjusted close to the sample inlet of the mass spectrometer such 

that any reactions with air/moisture are minimized. 

Analysis of highly reactive compounds also requires the use of exhaustively purified 

solvents. Solvents employed for ESI-MS of sensitive compounds are distilled and stored 

over activated molecular sieves for three days inside the glovebox before analysis.98 Using 

samples with water before or even sometimes months before analyzing air-sensitive 

compounds interferes in the spectra. A good example is [Cp2ZrMe]+
 cation, which readily 

reacts with any residual water and gives M+2 species [M+H2O−CH4]
+ to give [Cp2ZrOH]+. 

For methylalumoxane anions, trace amounts of water could complicate the analysis as these 

anions can have dozens of Al-Me bonds, and multiple hydrolysis reactions could lead to 

very complicated spectra.  

The collision gas plays a significant role in getting reliable MS/MS spectrum.99 When the 

system being studied is very sensitive to air and moisture, such as [Cp2Zr(µ-Me)2AlMe2]
+ 

[B(C6F5)4]
–, often collision gas employed is passed through a gas drying unit. When active, 

indicating DRIERITE is a distinct blue color. When exhausted, it turns pink. However, the 

moisture could also be in the collision chamber inside the mass spectrometer and is very 

difficult to remove. Getting reliable MS/MS in such cases could be achieved by lowering 

the collision gas pressure.99 Trace amounts of water (background water) in quadrupole ion 

traps (QIT) also complicates the analysis of moisture-sensitive compounds.100,101 
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1.6.7 Atmospheric solids analysis probe (ASAP) 

The atmospheric solids analysis probe (ASAP) was first reported in 2005 by McEwen.102 

By using this technique, mass spectra could be acquired very quickly as both vaporization 

and ionization occur at atmospheric pressure. The ASAP technique utilizes the heated 

nitrogen desolvation gas to vaporize the sample and a corona discharge for sample 

ionization. In 2019, Giusti and co-workers reported the analysis of air-sensitive solids or 

liquids by paraffin inert atmospheric solids analysis probe (piASAP).103 This method 

allows the study of air-sensitive compounds using a glass capillary filled with a sample and 

then sealed by a paraffin plug to maintain the inert sample until the ionization process. The 

sample can then be taken out of the glovebox and inserted in the ASAP probe as long as 

the paraffin is intact. Since paraffin is a mixture of alkanes, it does not interfere in the mass 

spectra as alkanes do not ionize readily compared to the analyte, and it also melts quickly.  

 

Figure 1.20 (a) Paraffin-inert ASAP glass capillary. (b) Paraffin-inert atmospheric solids analysis 

probe (piASAP) principle. Adapted with permission from Naim et al.103 Copyright (2019) 

American Chemical Society. 
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Using the piASAP technique the air-sensitive dinuclear zirconium complex 

{BisInd}(Zr(NMe2)3)2 [1] was characterized. As shown in Figure 1.21, when ASAP is done 

of the same compound in air, the spectra show a lack of any [M+H]+ or any related ions. 

 
Figure 1.21 Analysis of E-Zr dimer (1) by piASAP and ASAP techniques. (a) and (b) are mass 

spectra of piASAP and ASAP conducted under inert and aerobic conditions, respectively. The 

zoomed areas showcase the theoretical and experimental isotopic patterns of complex 1. Adapted 

with permission from Naim et al.103 Copyright (2019) American Chemical Society. 
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Another technique that uses the ASAP probe to analyze air-sensitive compounds is called 

inert atmospheric solids analysis probe (iASAP). There were two reports in the literature 

on iASAP by two different research groups. The first is a patent by Krossing et al., and the 

analysis is done commercially by Advion using iASAP.104 In this technique, a probe vessel 

is engaged with an atmospheric solids analysis probe. The probe vessel is configured so 

that the sample is introduced into an ionization system under inert gas. Figure 1.22 shows 

a probe assembly engaging with an ASAP probe and the capillary, which contains the 

sample. The whole assembly is then connected to an ionization system. The iASAP probe 

is designed to provide analysis in less than 30 seconds without sample decomposition. 

 
Figure 1.22 The inert atmospheric solids analysis probe. Figure used with permission from 

Advion Inc. 

 

Mosely et al.105 reported using a melting point tube (MPT) in which they loaded the air-

sensitive sample for analysis in a glovebox. The melting point tube was enclosed in 

plasticine and then sealed with a flame after taking it out of the glovebox. The MPT is 

heated and stretched (2-3 cm away from the sample) and carefully broken to give a shorter 
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length MPT. This is then inserted in an ASAP holder, which is modified slightly to 

incorporate shorter length MPT. The MPT is then broken inside the inert atmosphere API 

source housing with a baffle, and the sample is ionized by hot N2.
 Using this technique, 

two highly air and moisture sensitive compounds were analyzed and compared with the 

standard ASAP procedure. The tungsten cluster was only observed by iASAP, and only 

decomposition products were observed with the ASAP technique.105 

1.6.8 Probe electrospray ionization (PESI)  

Mass spectrometry efforts are being made to develop “solvent-free” MS for green 

chemistry applications. This approach has advantages as solvent-free ionization enables 

easy handling of the sample, and a wide variety of compounds can be analyzed, including 

moisture-sensitive samples and samples which are not soluble in traditional MS solvents. 

Probe electrospray ionization (PESI) is an ionization technique that relies on “solvent-free” 

MS. Hiraoka and co-workers first reported probe electrospray ionization (PESI).106 It 

employs a conductive solid probe in which a small amount of analyte can be deposited. 

Chen and co-workers later reported solvent-free PESI ionization, and this technique was 

used to analyze moisture/air-sensitive compounds.107 The technique involves heating the 

needle probe to convert the solid sample into a liquid, followed by applying a high voltage 

to the probe for spray ionization.  
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Figure 1.23 PESI-MS apparatus using stainless steel as the probe. Adapted with permission from 

Liu et al. 107 Copyright (2014) American Chemical Society. 

 

A highly moisture-sensitive sample [bmim][AlCl4]) was analyzed by this approach, and 

the results were compared against ESI. It was reported that the negative ion [AlCl4]
−

 

remains intact in PESI analysis and appears as a dominant peak, whereas in ESI 

measurements, the sample is hydrolyzed, and ions resulting from  [AlCl4]
−

  hydrolysis 

could be seen. It is to be noted that ESI measurements in the paper are done in MeOH/ 

H2O, so it is not at all surprising that the authors see a hydrolyzed spectrum (MeCN would 

have been a much better option). Analysis of the organometallic complex Cp2ZrCl2 was 

also reported. In this case, a solid complex was melted around 240 °C on the probe and 

then sprayed with 5 kV applied to the probe. The desired peak of the cation [Cp2ZrCl]+
  was 

observed, but a peak at +18 Da (water adduct) was also seen and reported.  
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The authors also reported the analysis of a ruthenium complex [Rh-MeDuPHOS][OTf], 

which is used as a catalyst for asymmetric hydrogenation. This catalyst is extremely air-

sensitive, and it was analyzed in ionic liquids like [bmim][PF6]. The ionic liquid stabilized 

the catalyst by protecting it from oxygen, and PESI-MS was recorded after the catalyst was 

weighed in a glovebox, dissolved in [bmim][PF6], and diluted to 1 mM. The spectra below 

show the peak for the ionic liquid cation and cation cluster ions (m/z 139 and 423) and a 

peak for intact catalyst cation [Rh-MeDuPHOS]+, observed at m/z 517. 

 

Figure 1.24 PESI-MS spectra of extremely air-sensitive Ru complexes. Adapted with permission 

from Liu et al.107 Copyright (2014) American Chemical Society. 
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1.7 Conclusion 

Mass spectrometry analysis of air and moisture sensitive compounds can be extremely 

challenging, and this chapter mentions some of the problem-solving approaches taken by 

various research groups in this regard. Meaningful data could be obtained by taking the 

necessary precautions while running such samples. The work in this thesis drew upon and 

extended many of these ideas. 
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2. Chapter 2 Modifying Methylalumoxane via Alkyl Exchange  

Portions from this chapter have been previously published and are reproduced with 

permission from “Modifying Methylalumoxane via Alkyl Exchange”  HS Zijlstra, A Joshi, 

M Linnolahti, S Collins, J.S McIndoe, Dalton Transactions, 2018, 47, 17291-17298.  

A Joshi recorded all the MS spectra that are provided in this Chapter with the exception of 

two (Figure 2.1 and Figure 2.2 which were recorded by Dr. Scott Collins and mentioned in 

the caption). Dr. HS Zijlstra did all the preliminary experiments and started the project. He 

also co-wrote the paper along with A Joshi, and Prof Scott McIndoe. Prof M Linnolahti did 

computational studies included in this chapter. Supplementary spectra from this chapter 

are presented in Appendix A. 

2.1 Introduction 

Methylalumoxane (MAO) is an important activator for single-site, olefin polymerization 

catalysts.62,108 Its utility as a cocatalyst arises from its multiple functions: it transforms the 

precatalyst by alkylation and ionization, forming a weakly coordinating anion that 

stabilizes the active catalyst, and is an effective scavenger of trace impurities such as water 

and oxygen.109–111 Despite extensive use and decades of study, MAO remains incompletely 

understood, and its exact functioning and structure remain subject to ongoing 

investigations.112–115 The exact characteristics of this mixture vary with time and 

temperature, making it hard to obtain concrete structural information. Its average 

composition (Me1.4-1.5AlO0.75-0.80)n,
116 molecular weight (MW ~ 1200-2000)117 have been 

established and, in combination with computational studies118–122 and structurally 

characterized aluminoxanes123–125 it is generally thought that MAO is made up of cage-like 

structures that have the general formula (MeAlO)n(Me3Al)m.  
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MAO is supplied as a solution in toluene containing a variable amount of free 

trimethylaluminum (Me3Al) arising from incomplete hydrolysis. The amount of excess 

Me3Al is known to influence polymerization catalysis and often dramatically so.126,127 

Me3Al will reversibly bind to metallocenium ions leading to both stabilization of the active 

species but inhibiting direct insertion into the M-C bond,128 while efficiently participating 

in chain transfer reactions.129 This latter feature is undesirable for many applications, 

requiring physical or chemical removal of excess Me3Al.126,127 Moreover, the use of MAO 

for catalyst activation requires the use of toluene due to its low solubility and stability in 

pure hydrocarbons.130 

In attempts to develop more economical activator/scavenger combinations, higher 

trialkylaluminums (R3Al) have been used, with reduced amounts of MAO, in propene 

polymerization.131 In a very detailed kinetic study involving 1-hexene polymerization in 

hexane media, MAO, which had been previously depleted of free Me3Al, was used in 

combination with either Me3Al, iBu3Al, or nOct3Al for catalyst activation and 

polymerization.132 In this case, there was no effect on polymerization rates (at constant total 

Al:Zr) but rather reduced rates of chain transfer to Al in the order  iBu3Al ~ nOct3Al < 

Me3Al.  

Modified MAO (MMAO) prepared via non-hydrolytic routes from Me3Al and R3Al is 

widely used for activation and scavenging in pure hydrocarbon media.130 In comparison to 

MAO, the activation of metallocene or other catalysts using MMAO is not as well 

studied.62,108 MMAO or MAO that has been modified by iBu3Al is a more effective 

reducing agent than MAO and leads to the production of Zr-hydrides or  Zr(III) complexes, 

which are less active resting states or inactive, respectively.108 In the kinetic study just 
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discussed, it was noted that extended activation times using MAO, modified by nOct3Al, 

resulted in a polymer featuring a bimodal MWD, resulting from more than one type of 

active species.132 

Modification of MAO by R3Al involves alkyl exchange, forming MMAO and RnAlMe3-n 

type structures. Alkyl exchange between aluminum alkyls such as Me3Al and iBu3Al is 

known to be rapid.133 Studies of alkyl exchange in alumoxanes are rare, but it has been 

shown that strained tBu alumoxanes undergo facile ring-opening and alkyl exchange with 

Me3Al.134  

There are no reports on attempts to establish the rate of Me exchange between Me3Al and 

MAO, though separate signals for Me3Al are seen at low temperatures in the toluene 

solution by NMR spectroscopy.135 Labeled compounds such as Cp2Zr(13CH3)2 undergo low 

energy scrambling reactions with both Me3Al and MAO.136 NMR PFG-SE diffusion 

experiments on MAO, and Me3Al suggest that the exchange of free and bound Me3Al is 

more rapid than the time scale (< 50 msec) of those experiments.137 

Electrospray ionization mass spectrometry (ESI-MS) can be used to study the activation of 

metallocene catalysts by MAO in both positive and negative ionization mode, and the data 

obtained can be related to polymerization experiments.138–140 This technique gives 

information about individual MAO oligomers and their reactions.3,4 When MAO is exposed 

to a chelating Lewis base such as octamethyltrisiloxane (OMTS), a surprisingly clean 

spectrum is obtained.3 Negative ion spectra of MAO and this additive show almost 

exclusively a species with m/z 1375 which is readily assignable as 

[(MeAlO)16(Me3Al)6Me]− (henceforth [16,6]− and containing 35 Me groups) partnered 
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with a [Me2Al∙OMTS]+ cation as seen in the positive ion spectrum. These findings support 

the idea that MAO acts as a source of [Me2Al] + during catalyst activation.141 

We wondered what happens when MAO is combined with simple R3Al and whether this 

technique could characterize commercial MMAO. This chapter summarizes the previously 

developed, anaerobic real-time ESI-MS technique43,142,143 to probe the effect of higher R3Al 

species on MAO anions and new insights into the alkyl exchange process.   

2.2 MMAO-12 analysis via ESI-MS 

MMAO is sold under different trade names depending on the alkyl group (3A = iBu, 7 and 

12 = nOct) and composition (3A ca. 85:15 Me:iBu, 7 ca. 85:15 Me:nOct, 12 ca. 95:5 

Me:nOct).130 We investigated MMAO-12 using 5 mol % OMTS and obtained a reasonable 

total ion current with [Al] = 0.01 M in fluorobenzene (PhF). However, the negative ion 

mass spectrum (Figure 2.1) consisted of a broad continuum of ions from ~1000 to >3000 

Da. Expansion of the negative ion mass spectrum shows many signals separated in mass 

by 58 Da, which can be tentatively assigned based on their nominal mass. The major peaks 

are “normal” MAO anions, while others contain one octyl group (and one less Me group). 

There is also evidence of anion oxidation, containing one less MAO unit than their parent 

anion with the composition [(MeAlO)n-1(Me3Al)m-1(Me2AlOMe)Me].4  
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Figure 2.1 Negative ion spectrum of MMAO-12 + 5 mol % OMTS in PhF with [Al] = 0.01 M. 

MAO anions shown in black, and oxidized anions in red and those containing 1 nOct group in 

blue (assignments are tentative as MS/MS analyses were not possible due to extremely low 

intensities). This spectrum was recorded by Dr. Scott Collins and reproduced with his permission. 

 

The complex mixture of anions vs. that present in hydrolytic MAO likely reflects 

differences in their method of synthesis, along with random permutations of Me for nOct, 

possibly coupled with physical aging and oxidation upon prolonged storage or 

repackaging. On the other hand, the corresponding positive ion mass spectrum consisted 

of only two species [Me2Al∙OMTS]+ (m/z 293) and [Me(nOct)Al∙OMTS]+ (m/z 391) in 

about a 98:2 ratio (Figure 2.2). Thus, the mode of action of MMAO-12 is identical to that 

of MAO, though the anion distributions are different. 
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Figure 2.2 Positive ion mass spectrum of MMAO-12 + 5 mol % OMTS in PhF. This spectrum 

was recorded by Dr. Scott Collins and reproduced with his permission. 

2.3 Addition of iBu3Al to MAO 

As the quality of the negative ion spectrum in MMAO is marginal, the rest of this chapter 

is focused on the modification of MAO by the direct addition of R3Al. The addition of 

iBu3Al to MAO, either before or after ionization with OMTS, cleanly led to multiple 

substitutions of Me for iBu on the MAO anions. Depending on the amount added, the extent 

of iBu/Me substitution on [16,6]− could be controlled (Figure 2.3). Before the addition of 

iBu3Al, the expected spectrum, dominated by [16,6]− is obtained (Figure 2.3 a). The 

addition of 1 mol % iBu3Al resulted in Me/iBu exchange as indicated by the appearance of 

peaks 42 Da (the mass difference between iBu and Me) higher than the parent ion (Figure 

2.3 b). An equilibrium was quickly reached, and the distribution remained unchanged for 

the remainder of the measurement. 
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Figure 2.3  Room temperature negative ion ESI-MS spectra in PhF of  (a) 30 wt. % MAO at 

equilibrium ( 5 minutes after mixing), (b) modified with 1 mol % iBu3Al, (c) 5 mol % iBu3Al (d) 

10 mol % iBu3Al (e) 20 mol % iBu3Al . All at an OMTS:Al ratio of 1:100. Number of Me/iBu 

substitutions on [16,6]− is shown in red. 

a) 

b) 

c) 

d) 

e) 
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The distribution after adding 1 mol % iBu3Al is essentially statistical; it reaches a 

maximum at one iBu substituent and has a weighted average of 0.63 iBu groups. Since the 

30 wt. % MAO used in this study features 1.64 moles of Me groups per mole of Al, the use 

of 1.0 mol % of iBu3Al with respect to Al corresponds to a ratio of iBu/Me groups of 

0.03/1.64 = 0.0183 or 1.83 mol %.  As previously mentioned, [16,6]− has 35 Me groups, 

so upon addition of 1.0 mol % iBu3Al, 0.21 Me substitutions would be expected on a 

statistical basis if only one iBu group is exchanged per mole of iBu3Al to a maximum of 

0.64 if all three iBu groups are equilibrated.  

The addition of 5 mol % iBu3Al leads to a more extensive substitution, with a weighted 

average of 2.90 substituted Me groups (1.07-3.20 expected, Figure 2.3 c). The addition of 

more iBu3Al leads to a maximal replacement of 11 Me groups (Figure 2.3 d and 2.3 e). The 

substitution process is reversible, and upon addition of excess Me3Al to the mixture, the 

equilibrium is pushed backward to give a spectrum that consists principally of [16,6]− with 

a low level of residual mono-substituted product (Figure 2.4). 
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Figure 2.4 Negative ion ESI-MS spectra in PhF of (a) 30 wt. % MAO modified with 20 mol % 

iBu3Al (b) 20 mol % iBu3Al and 0.1 mL Me3Al (2 M) and (c) 20 mol % iBu3Al and 0.2 mL 

Me3Al (2 M). Number of Me/iBu substitutions in [16,6]− shown in red. 

 

a) 

b) 

c) 
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The mechanism of alkyl exchange in simple R3Al involves dissociation into monomeric 

R3Al, followed by the formation of mixed dimers.133 In the case of iBu3Al, which is largely 

dissociated, especially under these dilute conditions, exchange with MAO or the anions 

derived from MAO might involve dissociation of Me3Al from the latter, followed by 

association of iBu3Al. On the other hand, anions with three iBu groups are not prominent 

at low extents of substitution, suggesting that a mixed alkyl such as Me2AliBu is involved 

in the exchange process, having been formed by rapid scrambling between iBu3Al and 

excess Me3Al (Equation  2.1). 

 

 

Equation 2.1 Scrambling between Me3Al and iBu3Al 

 

 

This expectation is borne out in the MS/MS fragmentation pattern, which shows an over-

represented amount of Me2AliBu loss as compared to Me3Al when the ion with m/z 1501 

(three iBu groups) undergoes collision-induced dissociation with argon (Figure 2.5). The 

MS/MS spectrum shows that the first R3Al loss has a ~45% chance of iBuAlMe2, but with 

only 3 of 35 R groups being iBu, we would expect the ratio to be ~ 26% (chance of an iBu 

loss in the first R3Al loss is 3/35 + 3/34 + 3/33 = ~26%). This indicates that bound 

iBuAlMe2 is especially labile compared with bound Me3Al. There are no direct losses of 

either iBu3Al or iBu2AlMe from the parent ion, suggesting that if those compounds are 

involved in the exchange, they do so with the incorporation of iBu groups into less labile 

sites of the MAO oligomer.   
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Figure 2.5  Partial MS/MS spectrum of the [Me32iBu3Al22O16]− species (i.e., [16,6]− after three 

Me for Bu exchanges) at m/z 1501. Initial two losses are shown only to illustrate the preference 

for iBu loss of Me. 

 

The positive ion mode spectra show a mixture of [Men(iBu(2-n))Al∙OMTS]+ cations upon 

the addition of the iBu3Al. However, unlike the corresponding negative ion spectra, the 

order of addition of OMTS vs. iBu3Al has a pronounced effect on the positive ion spectra 

(Figure 2.6). 
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Figure 2.6 Positive ion spectra in PhF of (a) 30 wt. % MAO (b) 30 wt. % MAO with 15% iBu3Al 

added after ionization and (c) 30 wt. % MAO with 15% iBu3Al added before ionization. All at an 

OMTS:MAO ratio of 1:100. 

a) 

b) 

c) 
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When 15 mol % iBu3Al is added before ionization with OMTS, the main cation present is 

[Me(iBu)Al∙OMTS]+ (Figure 2.6 c). In contrast, when the iBu3Al is added after ionization, 

the spectrum is dominated by [Me2Al∙OMTS]+ (Figure 2.6 b). In the latter case, it is 

somewhat unanticipated to see any mixed alkyl cations given the chelating nature of the 

OMTS ligand. However, it is known that the alkyl exchange process involving R3Al does 

proceed in the presence of strong donors like pyridine, where rate-limiting dissociation of 

the donor adduct is involved.133 Perhaps, a similar process is operative in the corresponding 

[R2Al]+ cations. It is also possible that the ionization of MAO is reversible, though one 

never observes a spectrum resembling Figure 2.6 c. The order of OMTS addition does not 

change the equilibrium distribution of the anions, suggesting that alkyl exchange is equally 

facile between both neutral MAO and their ionized analogs. 

When iBu3Al is added first to MAO, all labile AlMen (n = 1-3) sites are involved in the 

scrambling process, including those that are reactive to ion-pair formation via [R2Al]+ 

abstraction when OMTS is added. In fact, at 15 mol % iBu3Al, an iBu:Me ratio of 0.45/1.64 

= 0.274 in the corresponding cations is expected if there is no difference in reactivity 

between sites substituted by Me vs. iBu. Figure 2.6 c suggests a slightly higher ratio of ca. 

0.35, indicating a preferential exchange at the active sites or that those active sites bearing 

an iBu group are more reactive towards [R2Al]+ abstraction. 

Linnolahti et al.3 have identified two types of sites that are reactive towards [Me2Al]+ 

abstraction in structures identified as stable aluminoxane products arising from the 

hydrolysis of Me3Al.119 One of those sites is shown generically in Scheme 2.1, and it is 

obvious from its structure that it should also be prone to exchange with R3Al through the 

loss of Me3Al.133 
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Three isomeric structures (2-4) will result in binding of Me2AliBu, though the one with 

iBu in the bridging position is expected to be unstable with respect to the other two. All 

three will interconvert through the process of alkyl exchange between bridging and 

terminal positions. In looking at structures 1-4, only one of these will react with OMTS to 

produce [Me(iBu)Al∙OMTS]+. Thus, on a statistical basis (which seems probable given 

that exchange is essentially complete at 20 mol % iBu3Al, and 15 mol % iBu3Al, one 

expects average labeling of 9.6 Me groups - cf. Figure 2.3 e) one would expect a ratio of 

[Me2Al∙OMTS]:[Me(iBu)Al∙OMTS]+ of ca. 1:1 assuming all reactive sites are substituted 

by at least one iBu group. The ratio of these two cations in Figure 2.6 c is close to that 

predicted. 

 

Scheme 2.1 Alkyl exchange between MAO and Me2AlR. 

Analogous structures are possible for reaction with MeAliBu2, but in this case, only two 

feature bridging Me groups, while of these, only one can react to form 

[Me(iBu)Al∙OMTS]+, with the other forming [iBu2Al∙OMTS]+. The latter cation is 
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drastically under-represented on a statistical basis in Figure 2.6 c. This suggests, as already 

mentioned, that iBu2AlMe may not be involved in the exchange process or that an O-

(Me)AlMe2AliBu2 site is much less reactive towards ionization. 

2.4 Addition of Et3Al to MAO 

The results with iBu3Al suggest that only limited substitution can occur (up to 11 

exchanges), but the isobutyl group is significantly bulkier than the methyl group. 

Substitution by Et3Al is expected to be much more like the self-exchange process involving 

Me3Al. The Et/Me exchange is extremely fast and depending on the amount of Et3Al that 

was added, [16,6]− derivatives with over 24 Et groups could be observed (Figure 2.7). At 

the 30 mol % level used, the Et/Me ratio is 0.90/1.64 = 0.55 and thus the average level of 

substitution should be 19.2 vs. ~ 20 observed, suggesting statistical labeling of the MAO 

and the resulting anions. 

However, at lower amounts of Et3Al, the distribution is far from statistical – for example, 

at 1 mol % Et3Al the average degree of substitution is between 2-3 Me groups vs. 0.64 Me 

groups for a statistical process (Figure 2.7). The ion-pairs may be more reactive towards 

exchange than the neutrals in the case of Et3Al at low levels of substitution. Some evidence 

for this is seen in the exchange of MAO vs. the ion-pairs with Me2AlCl, admittedly where 

there is a strong driving force for substitution.140 On the other hand, MS/MS spectra reveal 

that loss of Me3Al is significantly more favorable than the loss of EtAlMe2 from the parent 

ions (see Appendix A), while the direct loss of, e.g., Et3Al is still not observed, suggesting 

that binding of EtAlMe2 to labile sites on MAO is favored over that of Me3Al, or more 

likely, that the Et group is rapidly scrambled into less labile sites on the MAO anions, as 

in structure 4, Scheme 2.1. 
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Figure 2.7 Negative ion ESI-MS spectra in PhF of 30 wt. % MAO modified with (a) 1 mol % 

Et3Al (b) 5 mol % Et3Al (c) 10 mol % Et3Al (d) 20 mol % Et3Al. All at an OMTS:Al ratio of 

1:100. The number of Me/Et substitutions in [16,6]− shown in red. 

a) 

b) 

c) 

d) 
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These results point to R groups scrambling over the entire oligomer, meaning that the 

oligomer is highly dynamic with respect to exchange. The fact that the iBu exchanges are 

more limited is probably a function of steric effects because fitting the larger R groups into 

the oligomer becomes increasingly difficult. 

2.5 Addition of nOctyl3Al to MAO 

The most surprising results are obtained using nOct3Al. Despite being intermediate in steric 

hindrance (i.e., Et < nOct < iBu)144, no more than seven positions are substituted at the 

same 30 mol % loading (Figure 2.8 b). Moreover, the rate of substitution is Et > iBu > nOct 

(vide infra).  

In comparing Figure 2.8 b with, e.g., Figure 2.3 c where the anion substitution level is 

similar, it is obvious that the signal:noise ratio for nOct anions is very much reduced 

compared with iBu.  Total ion counts decrease when the MAO anions are substituted by R 

groups in the order Et < iBu < nOct at similar extents of substitution. Additionally, when 

monitoring substitution by pressurized sample infusion (vide infra), the more highly 

substituted ions are significantly less sensitively detected that those featuring lower degrees 

of substitution when R = nOct vs. Et (see Figure 2.10 vs. 2.11). Ions containing flexible 

alkyl chains exhibit lower ESI-MS response than rigid ions due to aggregation,145,146 and 

this effect may be in play here. If so, the distribution observed with nOct (Figure 2.8 b) is 

not representative of the actual degree of substitution. 
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Figure 2.8  Negative ion ESI-MS spectra in PhF of 30 wt. % MAO modified with (a) 30 mol % 

Et3Al and (b) 30 mol % nOct3Al. Number of Me/R substitutions in [16,6]− shown in the red, blue 

box indicates the original m/z value of [16,6]−. 

 



 

 

50 

2.6 Pressurized sample infusion to study alkyl exchange process 

To better understand the R3Al/MAO-Me exchange process, the reaction was conducted in 

real-time using pressurized sample infusion (continuous injection of a solution into the 

mass spectrometer using a variant of cannula transfer).43,142,143 Upon addition of 1% iBu3Al 

to MAO, the rapid exchange is observed, resulting in the formation of the one, two, and 

three iBu/Me substituted [16,6]− derivatives (see Appendix). These species equilibrate 

within a minute, and their ion counts thenceforth remain stable.  Further insight into the 

alkyl exchange can be obtained upon the addition of excess (10 mol % with respect to total 

Al) of iBu3Al to the MAO/OMTS mixture (Figure 2.9). Now a series of consecutive 

iBu/Me exchanges can be observed for 8 minutes. 

 

Figure 2.9 Pressurized sample infusion (PSI) of 10 mol % iBu3Al modified MAO/OMTS with 

Al:OMTS 100:1 in PhF. Inset: total ion counts over time (TIC). Numbers on top of traces 

corresponds to the number of iBu groups exchanged. 
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During this period, the total ion chronogram (i.e., the sum of the intensities of all ions in 

the spectrum) shows a large decrease in intensity (see Figure 2.9 inset). Real-time data of 

the addition of Et3Al and nOct3Al to MAO/OMTS mixtures show similar trends as the 

iBu3Al data (Figure 2.10 and Figure 2.11). The speed at which the exchange takes place 

varies with the individual exchanges being on the second-time scale for Et (t½ ~ 2 sec for 

the disappearance of [16,6]−), on the minute time scale for iBu (t½ ~ 40 sec), and on the 

multi-minute time scale for nOct (t½ ~ 200 sec). 

Figure 2.10 Pressurized sample infusion (PSI) of 10 mol % nOct3Al modified MAO/OMTS with 

Al:OMTS 100:1 in PhF. Numbers on top of traces corresponds to the number of octyl groups 

exchanged. 
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Figure 2.11 Pressurized sample infusion (PSI) of 10 mol % Et3Al modified MAO/OMTS with 

Al:OMTS 100:1 in PhF. Numbers on top of traces corresponds to the number of ethyl groups 

exchanged. 

The differential rates are likely a function of at least two different factors: the extent to 

which the R6Al2 dimer is dissociated (Kd = 6.0 M, 1.7×10-3 M, and 2.2×10-5 M for iBu, 

nOct, and Et at 25 °C in benzene),129,147–149 where low dissociation will lead to lower rates 

of exchange; and the relative rates at which monomeric R3Al can compete with monomeric 

Me3Al (Kd = 9.0×10-8 M) for the occupation of a vacant site on the “unsaturated” MAO 

(i.e., 16,5; this rate will be slower for sterically encumbered R3Al). Unfortunately, we are 

unable to quantitatively account for the observed differences in rate using these simple 

arguments. This suggests that the mechanism for exchange may well differ depending on 

R3Al, or at least the rate-determining step in the substitution process is different for Et and 

nOct vs. iBu to account for the strange order in the observed rates. 
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2.7 Computational studies on alkyl exchange 

In earlier theoretical work, Linnolahti et al. adopted a model for the precursor to this ion-

pair that was especially stable relative to other aluminoxane structures located during a 

systematic but targeted grid search of the reactions between Me3Al and H2O.5b This model 

and the corresponding anion formed by methide abstraction share structural features that 

are associated with the reactivity of MAO but are common to many other cage structures 

that were located during this process. As shown in Figure 2.12, the model for 

(MeAlO)16(Me3Al)6 has a total of 18 methyl groups that could be considered labile, in the 

sense that only Al-C bonds would be broken during the exchange (they are highlighted in 

blue). While this might account for the results seen with iBu3Al (6 of these positions are 

bridging rather than terminal and thus disfavored), it falls short of the 24 low energy 

substitution reactions observed for Et3Al.  

 

Figure 2.12 Optimized structure for neutral (MeAlO)16(Me3Al)6 (Al pink, O red, and C grey). 

Modeling studies are done by Prof. Mikko Linnolahti and reproduced with his permission. 
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To accommodate this number of substitutions, one would have to break Al-O bonds during 

the dynamic processes that interconvert R groups on the oligomer. There is only one Al2O2 

ring in this structure, with the rest being six-membered, Al3O3 rings and thus relatively 

strain-free. A similar interconverting process involving strained Al2O2 rings has been used 

by Barron et al. to explain the different isomers observed during the reaction of (tBuAlO)6 

with one equivalent of Me3Al.134 

Given the number of alkyl substitutions and their selectivity for a minor component of the 

mixture in the case of Et3Al, the MAO activator(s) must have unusual structures that depart 

significantly from the cage-like motifs or even nanotubes that have been considered in the 

past. A new structure of sheet structure [16,6]− is proposed in Chapter 3. 

2.8 Conclusions 

The selective ionization of MAO provided a unique opportunity to investigate a hitherto 

intractable problem: the modification of MAO with R3Al species. Rapid reactivity 

followed by statistical equilibration was observed in the case of iBu3Al, and the sequential 

reactivity suggested that the scrambling of the R3Al species with Me3Al was faster than an 

exchange with the MAO oligomer. The extent of substitution was very high with Et3Al, 

pointing towards exchange being facile not just for the most exposed methyl groups on the 

oligomer but possibly also for Me groups, which are less labile by incorporation into the 

aluminoxane structure. These observations will spur further examination of MAO’s 

structure by computational approaches and encourage that real-time kinetic analysis of 

MAO reactivity is possible. 
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2.9 Experimental 

MAO (10 and 30 wt. % in toluene) was obtained from Albemarle and stored in the 

glovebox freezer upon receiving. The samples were warmed to room temperature and 

thoroughly swirled to dissolve any precipitated content before use. OMTS (98%), Me3Al 

(2 M in toluene), Et3Al (1.9 M in toluene), iBu3Al (1 M in toluene) and nOct3Al (0.48 M 

in toluene) were purchased from Sigma-Aldrich and used as received. Fluorobenzene 

(Oakwood) was refluxed over CaH2, distilled under N2, and dried over molecular sieves 

inside a glovebox for at least three days prior to use.  

2.9.1 ESI-MS Details 

In a typical procedure, a stock solution (3 mL) was prepared by dilution of MAO (0.5 mL 

of 1.5 M (10 wt. %) or 0.15 mL of 4.6 M (30 wt. %) and 0.5 mL of a premade PhF solution 

of OMTS (0.015 M) to give a mixture with an Al:OMTS ratio of 100:1. After this, 0.2 mL 

of this solution was further diluted to 3 mL to give a mixture with the final [Al] of 0.0167 

M. To this mixture, varying amounts of R3Al (R = Et, iBu, or octyl; for exact details, see 

section 2.9.2) were added to give the desired MAO-Al:R3Al ratios. The resulting solution 

was injected from the glove box to a Micromass QTOF micro spectrometer via PTFE 

tubing (1/16” o.d., 0.005” i.d.). The capillary voltage was set at 3000 V with source and 

desolvation gas temperature at 85 °C and 185 °C, respectively, with the desolvation gas 

flow at 400 L/hr. MS/MS data were obtained using argon as the collision gas and a voltage 

range of 2-100 V. 

For PSI experiments, 0.4 mL of an MAO-OMTS solution was diluted with 6 mL of PhF 

and placed in a glass vial (0.0167 M). The vial was attached to a rubber septum, and a 178 

μm ID PTFE tubing was immersed in the MAO-OMTS solution, and the other end of the 
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tubing was connected to the MS source. PSI experiments were carried out by the addition 

of the R3Al to give the desired MAO-Al:R3Al ratio. 

2.9.2 Additional Experimental Details 

iBu3Al addition: A stock solution of 0.00167 M iBu3Al was prepared by dilution of 10 μL 

of iBu3Al (1 M in toluene) to 6 mL with PhF. The following amounts of this solution were 

added to the 0.0167 M solution of MAO/OMTS (Al:OMTS 100:1) to give the desired 

Al:R3Al ratios. All mixtures were allowed to equilibrate for 5 minutes before being 

analyzed by ESI-MS in negative ion mode (see Figure 2.3 for spectra). 

100:1 - 0.3 mL of 0.00167 M iBu3Al stock solution (final MAO [Al] = 0.015 M) 

100:5 - 1.5 mL of 0.00167 M iBu3Al stock solution (final MAO [Al] = 0.011 M) 

100:10 - 3 mL of 0.00167 M iBu3Al stock solution (final MAO [Al] = 8.4 x 10−3 M) 

100:15 - 4.5 mL of 0.00167 M iBu3Al stock solution (final MAO [Al] = 6.7 x 10−3 M) 

100:20 - 6.0 mL of 0.00167 M iBu3Al stock solution (final MAO [Al] = 5.6 10−3 M) 

For the reverse reaction Me3Al (2 M in toluene) was added to the 100:20 Al:R3Al mixture 

in 0.1 mL increments (2x) and the speciation was subsequently analyzed in negative ion 

mode (see Figure 2.4 for spectra).    

Positive ion spectra comparison: A stock solution of 0.033 M iBu3Al was prepared by 

diluting 0.1 mL iBu3Al (1 M in toluene) to 3 mL using PhF. Then 0.1 mL of this stock 

solution was added to the 0.0167 M MAO/OMTS (Al:OMTS 100:1) stock solution to give 

a solution with Al:iBu3Al of 100:15 (final MAO [Al] = 0.016 M). The mixture was 

equilibrated for 5 min. and then the positive ion ESI-MS spectrum was taken. To observe 

the speciation when iBu3Al was added before ionization, a stock solution of 0.0167 M 

MAO was prepared. To 3 mL of this solution were added 0.1 mL of the 0.033 M iBu3Al 
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solution. The mixture was allowed to equilibrate for 5 min. before 0.2 mL of a 0.000167 

M stock solution of OMTS was added. The mixture was again allowed to equilibrate for 5 

min. after which the positive ion ESI-MS spectrum was collected (see Figure 2.6 for 

spectra). 

nOct3Al addition: A stock solution of 0.0050 M nOct3Al was prepared by dilution of 63 

μL of nOct3Al (0.48 M in hexane) to 6 mL with PhF. Then 3.0 mL of this solution was 

added to 3 mL of a 0.0167 M stock solution of MAO/OMTS (Al:OMTS 100:1) to give an 

nOct3Al to MAO-Al ratio of 100:30. The mixture was allowed to equilibrate for 30 minutes 

before being analyzed by ESI-MS in negative ion mode (See Figure 2.8 for spectrum). 

100:30 - 3.0 mL of 0.0050 M nOct3Al stock solution (final MAO [Al] = 8.4 x 10−3 M) 

Et3Al addition: Stock solutions 0.00167 M and 0.0050 M Et3Al were prepared by dilution 

of 5 μL and 15 μL of Et3Al (1.9 M in toluene) to 6 mL with PhF. The following amounts 

of the solutions were added to the 0.0167 M solution of MAO/OMTS (Al:OMTS 100:1) to 

give the desired Al:R3Al ratios. All mixtures were allowed to equilibrate for 5 minutes 

before being analyzed by ESI-MS in negative ion mode (see Figure 2.7 for spectra). 

100:1 - 0.3 mL of 0.00167 M nOct3Al stock solution (final MAO [Al] = 0.015 M) 

100:5 - 1.5 mL of 0.00167 M nOct3Al stock solution (final MAO [Al] = 0.011 M) 

100:10 - 3.0 mL of 0.00167 M nOct3Al stock solution (final MAO [Al] = 8.4 x 10−3 M) 

100:20 - 2.0 mL of 0.0050 M nOct3Al stock solution (final MAO [Al] = 1.0 10−2 M) 

100:30 - 3.0 mL of 0.0050 M nOct3Al stock solution (final MAO [Al] = 8.4 x 10−3 M) 

PSI experiments: All glassware was oven-dried overnight before use. Reagents were stored 

and manipulated in a glovebox under an inert atmosphere. Then 0.4 mL of a 0.25 M Al 

MAO/OMTS (100:1) stock solution was diluted with 6 mL of PhF and placed in a glass 



 

 

58 

vial ([Al] = 0.0167 M). The vial was attached to a rubber septum, and a 178 μm ID PTFE 

tubing was immersed in the MAO/OMTS solution, and the other end of the tubing was 

connected to the ESI-MS source. A UHMWPE (10 µm) frit was installed at the beginning 

of the PTFE tubing to prevent blocking of the capillary, which hinders consistent data 

recording. This way, the solution was filtered before injection into the ESI-MS, thus 

preventing the blocking of the capillary. The experiment was started, and as soon as a stable 

ion count of [16,6]− was observed, the R3Al solutions described below were added at once 

iBu3Al aluminum addition: A stock solution of iBu3Al was prepared by dilution of 0.1 mL 

of iBu3Al (1M in toluene) to 4 mL solution with PhF ([iBu3Al] = 0.025 M). Then 0.4 mL 

of this solution was added to the MAO/OMTS solution as soon as a stable count of [16,6]− 

was observed to give an Al:iBu3Al ratio of 100:10, and the spectrum was recorded until no 

further ions were observed (see Figure 2.9 for spectrum). 

For the Al:iBu3Al ratio of 100:1 experiment, a stock solution of iBu3Al was prepared by 

dilution of 0.25 mL of iBu3Al (1 M in toluene) to 4 mL solution with PhF ([iBu3Al] = 0.062 

M). 0.1 mL of this solution was added to the MAO/OMTS solution as soon as a stable 

count of [16,6]− was observed to give an Al:iBu3Al ratio of 100:1, and the spectrum was 

recorded until no further ions were observed (see Appendix for spectrum). 

nOct3Al addition: A stock solution of nOct3Al was prepared by dilution of 0.21 mL of 0.48 

M nOct3Al solution to 4 mL with of PhF ([nOct3Al] =  0.025 M). 0.4 mL of this solution 

was added to the MAO/OMTS solution as soon as a stable count of [16,6]− was observed 

to give an Al:nOct3Al ratio of 100:10, and the spectrum was recorded until no further ions 

were observed (see 2.10 for spectrum). 
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Et3Al addition: A stock solution of Et3Al was prepared by dilution of 0.053 mL of Et3Al 

(1.9 M in toluene) to 4 mL solution with PhF ([Et3Al] = 0.025 M). 0.4 mL of this solution 

was added to the MAO/OMTS solution as soon as a stable count of [16,6]− was observed 

to give an Al:Et3Al ratio of 100:10, and the spectrum was recorded until no further ions 

were observed (see Figure 2.11 for spectrum). 
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3. Chapter 3 Real-time analysis of methylalumoxane formation 

Portions from this chapter have been previously published and reproduced with permission 

from “Real-Time Analysis of Methylalumoxane Formation” A Joshi, H S Zijlstra, E Liles, 

C Concepcion, M Linnolahti and  J S McIndoe, Chemical Science, 2020. Prof. Mikko 

Linnolahti did computational studies included in this chapter 

3.1 Introduction 

Methylalumoxane (MAO) is an oligomeric activator for single-site olefin polymerization 

precatalysts, prepared by the reaction of trimethylaluminum (TMA) with water.150–156 

MAO is a complete activator62,108,110 through playing multiple roles: it acts as a scavenger 

of oxygen and water; it can alkylate the precatalyst; and it can ionize the precatalyst via 

abstraction of a methyl group.109,157 TMA is a capable scavenger on its own,158 and will 

also methylate metal-halogen bonds,159,160 but it is not able to ionize the precatalyst.122 

MAO is however expensive due to the high aluminum to metal ratios required to achieve 

high productivities, with ratios of 104 being typical.110 A limited understanding of the 

structure of MAO has hampered efforts to improve its efficiency. Different grades of MAO 

are available commercially containing varying amounts of unreacted TMA arising from 

incomplete hydrolysis.109,111 The TMA in MAO can be divided into two kinds: “bound 

TMA” which is incorporated in the MAO and “free TMA” which can be removed under 

vacuum to form TMA-depleted MAO (DMAO).161 Free TMA can be effectively trapped 

by adding a sterically hindered phenol such as 2,6-di-tert-butyl-4-

methylphenol(BHT).127,162 The catalytic productivity and polymer molecular weight 

depends on the amount of free TMA in MAO and its synthesis history.126–128,163–167 

Replacing the methyl group in MAO by bulkier alkyl groups such as isobutyl or octyl leads 
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to the formation of modified MAO (MMAO), which have increased solubility and 

stability.109,130,163,168 

Ionization comes about via neutral MAO generating the reactive Lewis acidic species 

[Me2Al]+, with the resulting bulky MAO anions being sufficiently weakly coordinating to 

allow high reactivity towards alkenes at the cationic metal center.169–173 The McIndoe 

group have previously shown through mass spectrometric means that the anionic products 

of the activation process are dominated by a single ion, [(MeAlO)16(Me3Al)6Me]– 

henceforth [16,6]–.1 The three-dimensional structure of this anion has not been elucidated, 

but its mysteriously high abundance in the spectra of post-activation commercial MAO 

does raise all sorts of questions about why it is so prominent since the synthesis of MAO 

does not on the face of it appear to be particularly selective, being the controlled mixing of 

water and pyrophoric trimethylaluminum.174 Laboratory scale syntheses of hydrolytic 

MAO use hydrated salts175-176 to slowly release the water such that controlled hydrolysis 

of TMA is possible. Direct hydrolysis of TMA by the use of ice 177 or wet solvent 178,179 

has also been reported. Alternative methods for preparation of MAO from reaction of 

benzoic acid, CO2 with TMA or from the reaction of TMA with Me3SnOH have been 

reported.180–182 

The appearance of a “magic” ion that dominates a mixture with a broad distribution of 

possible products has always attracted attention from curious chemists. For example, the 

time-of-flight mass spectra of laser-vaporized graphite reveal a range of (C2)n ions, of 

which C60 was the most abundant component thanks to the exceptional stability of the 

truncated icosahedral structure of that molecule.183 Protonated water droplets [H(H2O)n]
+, 

feature [H(H2O)21]
+ as an especially prominent ion, thanks to the stability of a water 
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molecule surrounded by 20 others in an icosahedral array.184 Understanding the special 

stability of [16,6]− is challenging due to the pyrophoric nature of the matrix itself, so 

separation of this component is exceptionally challenging. We resolved to discover what 

we could by the generation of this ion by real-time monitoring of the synthesis process 

itself and to delve deeper computationally into its structure. 

ESI-MS reveals predominantly [16,6]– ion in MAO solutions in the presence of any 

additive that reacts readily with [Me2Al]+. Cp2ZrMe2 generates [Cp2ZrMe] [16,6]–, 

[NBu4]Cl generates [NBu4] [16,6]–, but the most convenient way to make the ion is via 

addition of octamethyltrisiloxane (Me3SiOSiMe2OSiMe3, OMTS).  OMTS chelates 

available [Me2Al]+ to generate [Me2Al(OMTS)]+ (Figure 3.1).1,185 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1 Ionization of MAO to generate [Me2Al(OMTS)]+ (green) and predominantly [16,6]– 

(red). 

The resulting anions can be characterized in negative mode ESI-MS. The McIndoe group 

has used this technique to study alkyl exchange,168 aging,3 and oxidation186 of MAO, where 
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the anion distribution changes in response to these processes. In this chapter, the dynamic 

behavior of MAO anions formed via the reaction of TMA and water is discussed. 

3.2 Monitoring experiments in 1,2-Difluorobenzene(DFB) 

When water and TMA are combined, a fast exothermic reaction generates MAO with 

methane as a byproduct.187 Severe methodological challenges were faced in studying this 

system mass spectrometrically, because of the evolution of methane, the exothermicity of 

the reaction, the low polarity of the toluene solvent188 generally used in synthesis, the 

propensity of the reacting solution to cause capillary blockages during analysis, the 

complexity of the mixture, and the inapplicability of normalization in the context of a 

system whose total ion count is changing. These factors conspired together to give 

extremely noisy time course data (Figure 3.2), though with consistent trends in speciation. 

Figure 3.2 shows the Total Ion Count (TIC) as a function of time for a typical ESI-MS run 

of MAO synthesis for seven different runs. The TIC was often highly erratic as it is 
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extremely challenging to run and analyze MAO mixtures. The most common problems are 

inconsistent spray/clogging while running these experiments. 

 

 
Figure 3.2 Total Ion Counts (TIC) as a function of time for seven different ESI-MS run of 

monitoring MAO synthesis. 

The rate of reaction was significantly affected by the amount of water present, and the 

reaction could be slowed considerably by reducing the concentration of water used. The 

water concentration in the solvent was measured after the addition of Cp2ZrMe2 by 1H 

NMR.189 None of the reaction components (TMA, H2O, OMTS, DFB) on their own provide 

significant quantities of ions, but their combination generates aluminoxane species capable 

of ionizing via capture of [Me2Al]+ by OMTS. More than 99% of the ion current during the 

hydrolysis experiments could be assigned to ions of the form [(MeAlO)x(Me3Al)yMe]− 
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(Figure 3.3); hence the general formula (MeAlO)x(Me3Al)y+1 for the neutral precursors 

applies for those aluminoxanes competent to act as activators.  

 

 
Figure 3.3 Summation of all negative ion ESI mass spectra collected for 30 minutes after mixing 

of Me3Al, wet (0.055 M H2O) degassed DFB and OMTS. 

The error in the TIC is huge, but the speciation remains the same irrespective of the TIC 

appearance. When the spectra are plotted at 10 mins for all the seven different experiments, 

we observe the anion [(MeAlO)16(Me3Al)6Me]− henceforth [16,6] − as the dominant ion in 

each case (Figure 3.4). The anion [16,6] – is observed when we run a commercial sample 

of MAO with the additive OMTS. The similarity in the spectra is remarkable considering 

the differences in reaction conditions between a small syringe and an industrial-scale 

reactor.  
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Figure 3.4 The anion distribution upon addition of TMA to wet (0.055 M H2O) degassed DFB 

and OMTS after 10 mins for seven different experiments. The red line shows the dominant 

[16,6]– anion observed in commercial MAO samples. 
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3.3 Reaction of TMA and water in Fluorobenzene (PhF) 

Toluene, fluorobenzene, and difluorobenzene provided essentially the same collection of 

ions but with increasingly better ion intensity as the solvent polarity increased. The rate of 

reaction was significantly affected by the amount of water present, and the reaction could 

be slowed considerably by reducing the concentration of water used or by releasing it 

slowly using hydrated salts as the water source. The reaction of TMA and water in PhF is 

slower than the reaction in DFB solvent. The formation of [16,6]– in PhF happens over a 

span of 4 hours compared to 10 mins in DFB.  Heating the mixture after 4 hours in PhF 

leads to a spectrum dominated by [16,6]– (Figure 3.5). The reaction of TMA and water in 

PhF was also done at elevated temperatures, i.e., 60 °C, and the formation of [16,6]– was 

observed in 20 mins but not as a single dominant ion (Figure 3.6). The spectra recorded for 

analysis at higher temperatures was complicated compared to that recorded in room 

temperature due to oxidation of the anions. Since reactions in PhF at room temperature 

take such a long time, it is not suited for reaction monitoring as the MAO system is very 

prone to clogging/spray problems, and longer reaction means chances for capillary 

blockages are high. The reaction at a higher temperature in PhF is faster, but heating also 

increases the rate of oxidation, and therefore the spectra observed is not clean and is 

accompanied by ions that are oxidized. The oxidized anions are seen by the presence of 

species 42 Da lower-than-normal MAO anions.4 The 42 Da mass difference is explained 

by the addition of oxygen and removal of one MeAlO unit (16 Da − 58Da = −42Da). The 

anion [16,6]– is also not a dominant anion when the reactions are done at higher 

temperatures. Considering all these factors, DFB was used as a solvent for monitoring the 

process of MAO synthesis. 
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Figure 3.5 Reaction of TMA in PhF with [H2O] = 0.009 M at 100:1 OMTS ratio. The lower 

amount of water slows down the reaction as compared to the reaction in DFB.  The anion [16,6]− 

is observed as a dominant anion upon heating the reaction mixture after 4 hours. 
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Figure 3.6 Reaction Monitoring at 60 degree in PhF with [H2O] = 0.009 M at 100:1 OMTS ratio. 

The reaction is faster than room temperature, but the spectrum is not as clean as the spectrum at 

room temperature. Also, [16,6]− is not observed as a single dominant ion under these conditions. 
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3.4 Order of addition of OMTS 

Speciation was also largely unaffected by whether OMTS was added at the start of the 

reaction or at the time of analysis (Figure 3.7). This meant that we did not have to add the 

additive OMTS in-situ, and it could be added at the start of the reaction. The offline 

experiments were performed with the additive OMTS present from the start but for 

monitoring experiments, since a dual syringe pump was used, the OMTS solution was 

added in-situ to the reaction mixture (TMA and water). 

 

Figure 3.7 MS spectra after 20 mins of reaction monitoring of MAO synthesis in DFB when (a) 

additive (OMTS) is added from the start (offline) and (b) when OMTS is added through a mixing 

tee (on-line). 
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3.5 Change in anion distribution with time 

As stated earlier, when experiments were monitored in DFB, the anion distribution changes 

rapidly, and the anion [(MeAlO)16(Me3Al)6Me]− is observed as the most intense peak 

within 10 minutes of mixing TMA and water (Figure 3.8). At earlier times, i.e., around 1 

min after mixing three ions with m/z 709, m/z 767 and m/z 825 are most intense. All these 

species are separated by 58 Da, which corresponds to one MeAlO unit. The ions fit in the 

general MAO formula and can be formulated as [(MeAlO)7(Me3Al)4Me]− (m/z 709), 

[(MeAlO)8(Me3Al)4Me]− (m/z 767), [(MeAlO)9(Me3Al)4Me]− (m/z 825). These three ions 

are very short-lived, and the intensity of these species goes away after an initial spike at 1 

min (vide infra). Anion distribution at different times for all seven separate experiments is 

shown in Appendix B.  
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Figure 3.8 ESI-MS spectrum at different times showing the change in the anion distribution 

during the synthesis of MAO in wet (0.055 M H2O) degassed DFB for one run. 
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The empirical formula of bulk MAO has been established by NMR116 to fall in the range 

Me1.3-1.5AlO0.75-0.85. Nearly all the activator species we observe are comparatively rich in 

Me3Al (all of them having higher Me and lower O content, in the range Me1.5-1.8AlO0.58-

0.73).  

Figure 3.9 Plot of mass spectrometric intensities (proportional to circle area) from Figure 3.3 

against x and y. The pink area shows Me:Al ratios between 1.3 to 1.5, the proportions reported 

for bulk MAO. 

The mass spectrometric results must be interpreted carefully because they encapsulate two 

separate processes: increase in molecular weight through oligomerization, and the 

propensity for species to ionize via [Me2Al]+ loss. As a result, the mass spectrometric 

abundance of a particular alumoxane is proportional to both its concentration and its extent 

of ionization (complicated further somewhat by the fact that not all ions have the same 

response even at the same concentration due to variations in surface activity,146 but given 

these ions are closely related these differences are likely to be comparatively minor). While 

the selectivity for ionized species complicates the analysis, it is nonetheless invaluable 

because it allows for molecular identification of only those species responsible for catalyst 

activation.  
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Out of a monitoring run, three collective data sets can be extracted: the total ion count, the 

average Me:Al ratio, and the average m/z. The ion intensity is high when the reacting 

solution first reaches the mass spectrometer, but rapidly drops away, and subsequently 

climbs again slowly. The average m/z value starts at ~800, climbs rapidly to ~1300, and 

very slowly climbs to approximately m/z 1350. The average Me:Al ratio starts at ~1.75 and 

drops to ~1.6, slowly decreasing to ~1.58. 

 

 

Figure 3.10 Plot of total ion current (TIC, red), Me:Al ratio (green), and average m/z (blue) as a 

function of time for the reaction of TMA with water followed by ionization using OMTS. 
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MAO oligomers are produced extremely rapidly (in the few seconds before the reaction 

solution even reaches the mass spectrometer), commensurate with the high reactivity of 

Me3Al with water. The initial stages of reaction probably involve a cascade of hydrolysis, 

oligomerization, and isomerization reactions.190–193 Species of m/z +2 (ions with -OH in 

place of -Me) were observed only in trace amounts, suggesting that these components of 

the mixture are short-lived in solution. Computationally it is possible to predict the lowest 

energy structures for a given x,y combination119,121 but the solution is evolving extremely 

quickly and we expect it to be a complex mixture of kinetic products, with the linear, ring, 

and ladder-type structures all present and prone to reaction with each other, any proximal 

-OH groups on other MAO oligomers, and with Me3Al.194–197  

3.6 Real-time monitoring of MAO synthesis in DFB 

Examining the ions contributing to the total ion current provides a complete picture of what 

is going on (Figure 3.11). Early on in the reaction, the initial high intensity is produced 

almost entirely by three ions:[7,4]–, [8,4]– and [9,4]–, suggesting that these ions are 

generated by the lowest mass precursors capable of acting as activators. Previous 

computations indicate that sheet structures dominate in this size domain, and beginning 

from (MeAlO)8(Me3Al)5, i.e., the neutral precursor for [8,4]– via [Me2Al]+ loss, the sheets 

undergo the transition from Al five-coordinate to Al four-coordinate structures.169 Slower 

reactions were also performed using lower concentrations of H2O, and these three ions 

were still the lowest mass ions observed (Figure 3.5). The three ions have relatively high 

Me:Al ratios and are short-lived, declining to baseline levels within a couple of minutes. 

Despite their effectiveness at ionization, they are unlikely to contribute to the performance 

of MAO because their time in solution is so short-lived. 
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Figure 3.11 Ion intensity by x value, classified into different groups: blue (x = 7-9), green (x = 

10-15), pink (x = 16) and red (x >16).  x refers to the number of (MeAlO) units as the general 

formula for the anion is [(MeAlO)x(Me3Al)yMe]−. 

Following the brief appearance of [x,4]− (x = 7, 8, 9), the total ion current dips, and the 

three intense ions are not correspondingly replaced by incrementally larger oligomers. 

Instead, we see ions mostly of much higher molecular weight, prominent amongst which 

is the “magic” [16,6]− ion, whose abundance steadily climbs over the 30 minutes of reaction 

time. Of the many potential ions of intermediate composition, we see only a limited subset: 

small amounts of [11,4]−, [12,5]−, [14,5]− and [15,5]−. At long reaction times, we observe 

[18,6]− and [19,7]−, ions previously observed in aged MAO solutions.3 

The very fast production of the [x,4]− (x = 7, 8, 9) species and the gradual emergence of 

higher mass species suggests that the oligomerization process involves multiple processes 

with very different rates. Given the high reactivity of water and TMA, free water will not 

survive for an appreciable duration. The early stages of oligomerization are probably 
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dominated by reactions involving methane loss (i.e., reactions between Al-OH and Al-Me) 

and incorporation of trimethylaluminum. The slower production of higher molecular 

weight species is likely the result of the aggregation of smaller methylalumoxane fragments 

(Scheme 3.1).198  

 

The progressive reduction in Me:Al ratio as the reaction proceeds points towards 

aggregation processes accompanied by loss of Me3Al. A possible explanation for the drop 

in ion current after the initial surge is due to aggregation processes forming open, high 

molecular weight, Me-rich structures that are ineffective activators until Me3Al attrition 

and subsequent rearrangement renders them capable of activation (ionization) through 

efficiently delocalizing the resulting negative charge.  
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Scheme 3.1 Plausible processes contributing to oligomerization: top, fast processes, bottom, 

slower aggregation. Structures shown are systematic examples; many isomers exist for each x,y 

combination. 
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3.7 Computational studies  

Combining the experimental results to ongoing computational studies by our collaborator 

Dr. Mikko Linnolahti on MAO using Gaussian 16 software199 with M06-2X200 DFT 

functional of the Minnesota series (as recommended for systems with dispersive 

interactions due to bridging Al-Me bonds)166 in combination with the def-TZVP basis 

set,201 allows us to propose a new structural model for the dominant [16,6]− anion. This 

new model, shown in Figure 3.12, has a hexagonal Al 4-coordinate sheet structure, and it 

could form via aggregation of smaller sheet structures (see above). Comparison to its 

previously reported cage isomers, preferably forming from the most stable neutral (16,6) 

cage located by DFT calculations119 by Me− abstraction,139 rather than from the higher 

energy (16,7) cage by Me2Al+ cleavage3, is eye-opening: The sheet anion is as much as 66 

kJ mol-1 lower in total energy, 94 kJ mol-1 lower in gas phase Gibbs free energy (T = 298 

K, p = 1 atm), and 86 kJ mol-1 lower in Gibbs free energy after corrections for condensed 

phase119,165,202–204. Each of the anions feature a Me3Al end group, as illustrated by the blue 

circles in Figure 3.12. 

The remarkable stabilization of the sheet anion in comparison to the cages arises from 

chelation of one of the methyl groups of Me3Al with the adjacent Me2Al end group, thus 

forming a six-membered ring in resemblance of bulk of the sheet. 
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Figure 3.12 Calculated structure of [16,6]– sheet (top) with comparisons to previously reported 

cage anions. Bottom left: [16,6]– cage formed from (16,6) by Me– abstraction.139 Bottom right: 

[16,6]– cage formed from (16,7) by Me2Al+ cleavage.3 Me3Al end groups, characteristic for the 

anions, are indicated by the blue circle. Hydrogens are omitted for clarity. The energies and Gibbs 

free energies (T=298K, p=1atm) of the cage anions are given relative to the sheet anion. DG-c = 

estimate for condensed phase Gibbs free energy. 

 

DE = 66 kJ/mol
DG = 94 kJ/mol
DG-c = 86 kJ/mol

DE = 105 kJ/mol
DG = 141 kJ/mol
DG-c = 128 kJ/mol
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It is also worth noting that the sheet anion features 24 potentially labile edge methyl groups, 

which is the number of low energy substitutions observed for methyl to ethyl exchanges in 

our previous alkyl scrambling study.168 With only 19 potentially labile methyl groups, the 

cage anions were in mismatch with those experiments, guiding us toward a more detailed 

investigation of alternative structural motifs. 

As such, rearrangement would be required after an aggregation event, explaining the slow 

appearance of [16,6]– following the rapid disappearance of the lower molecular weight 

species. Given the relatively low ion intensities observed even at the half-hour mark 

compared to analyses of mature commercial samples, it is likely that only a fraction of the 

mixture has undergone all of the reactions (hydrolysis, aggregation, rearrangement) 

required for the formation of competent activators. 

3.8 Conclusions 

While special precautions are required to successfully study the growth of MAO oligomers 

mass spectrometrically (conditioning the instrument with a solution of TMA as a drying 

agent is a far from the routine procedure), a considerable pay-off is obtained in the form of 

the only meaningful data, thus far collected on this process. The ability to examine the 

dynamics of individual oligomers having undergone activation is a considerable advance 

in characterization capability, and the production of a solution dominated by the same ion 

([16,6]–) observed in commercial samples is a remarkable observation considering the 

differences in reaction conditions between a small syringe and an industrial-scale reactor. 

The time course information suggests that the formation of higher oligomers does not 

involve incremental additions of Al1 species. Instead, it arises via aggregation of oligomers 
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of intermediate size followed by rearrangement processes that decrease the overall Me:Al 

ratio. The approach and results described here are a revealing first step towards 

understanding and optimizing the formation of those components of MAO most capable of 

behaving as activators. 

3.9 Experimental section 

All experiments were performed under an inert atmosphere using standard Schlenk and 

glovebox techniques. Fluorobenzene and 1,2-Difluorobenzene were obtained from 

Oakwood Chemicals Ltd. They were refluxed over CaH2, distilled under N2, and stored 

over activated molecular sieves 4Å inside a glovebox for a minimum of 3 days prior to use. 

Me3Al (2 M in toluene) and OMTS (98%) were purchased from Sigma-Aldrich and were 

used as received. Cp2ZrMe2 was purchased from Strem Chemicals. 

All mass spectra were collected on a Micromass Q-ToF micro mass spectrometer in the 

positive or negative ion mode using electrospray ionization. The capillary voltage was set 

at 3000 V with source and desolvation gas temperature at 85 °C and 185 °C, respectively. 

The desolvation gas flow was set to 400 L h-1. All MS/MS data was obtained as product 

ion spectra using 5.0-grade argon as the collision gas, and a voltage range of 2–100 V. The 

ESI-MS spectra was recorded by injecting the solution from the glove box to the 

spectrometer via PTFE tubing (1/16″ o.d., 0.005″ i.d.) at a rate of 40 μL/min. 

All experimental supplies, such as glass vial, syringes, gas-tight syringes, and PTFE 

tubings, were placed in a vacuum oven for 3 hours. Before the MS analysis, the materials 

were brought and stored inside a glovebox. Conditioning of the instrument was also done 

prior. A fresh capillary was used for each experiment to avoid unnecessary clogging issues. 
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The baffle and sample cone were rinsed with dilute HCl/MeOH mixture between runs to 

ensure that they were free of Al2O3 film formation (Figure 3.13).  

                    

Figure 3.13 Baffle cone (left) before and (right) after running MAO.               

Before analyzing these moisture and air-sensitive samples, the PTFE tubing and attached 

instrument were conditioned by running a dilute solution (ca. 0.01 M) of Me3Al. This 

precaution ensures the PTFE tubing, and the MS are free of trace amounts of moisture and 

oxygen. The probe tip was also adjusted for these experiments so that it was close 

(approximately 1 mm) to the sample cone.  

3.9.1 Solvent water estimation 

 

Cp2ZrMe2 (18.4 mg) was collected in a 10 mL glass vial with 0.5 mL of difluorobenzene 

and 0.2 mL of dry benzene-d6. A 1H proton NMR was recorded, and the amount of water 

in the solvent was calculated. The water concentration in the solvent DFB after enrichment 

with water was 0.055 M. 

3.9.2 Monitoring experiments 

A stainless-steel union tee was fitted with three lengths of PTFE tubing using PEEK ZDV 

low-pressure nuts and ferrules. The two short and equal lengths were fitted with Idex 

PEEK/PTFE syringe inlets using a PEEK union and ZDV nut/ferrule. The entire apparatus 
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was then dried in a vacuum oven before being transferred to an LC Technology Solutions 

LCB-120 glovebox. After flushing the entire apparatus with dry PhF via syringe, the 

measured, long-length PTFE tubing was connected to the QTOF Micro spectrometer. The 

dead time of this system was about 40 sec at a combined flow rate of 50 mL/min. 

Syringe 1: 0.16 mL of 2 M Me3Al was added to 5 mL of degassed DFB in a vial and quickly 

loaded into a 1 mL gas-tight syringe. Syringe 2: 16.8 mg of OMTS was dissolved in 5 mL 

of dry DFB. 0.4 mL of this solution was diluted with 10 mL DFB, degassed, and quickly 

loaded into a 1 mL gas-tight syringe. The two syringes were inserted into a dual syringe 

pump with PTFE tubing connected to the syringes. The tubing was connected to a mixing 

tee to combine the two solutions, and PTFE outlet tubing was attached to the mass 

spectrometer for analysis. The flow rates were set at 25 µL /min, and ESI-MS data were 

collected continuously. 
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4. Chapter 4 Reactive Metallocene Cations as Sensitive 
Indicators of Gas-Phase Oxygen and Water 

Portions from this chapter have been previously published and reproduced with permission 

from “Reactive Metallocene Cations as Sensitive Indicators of Gas-Phase Oxygen and 

water” A Joshi, S Donnecke, O Granot, D Shin, S Collins, I Paci and J. S McIndoe, Dalton 

Transactions, 2020,49, 7028-7036. Sofia Donnecke and Prof. Irina Paci did computational 

studies included in this chapter. Supplementary spectra from this chapter are presented in 

Appendix C. 

4.1 Introduction 

Electrospray ionization mass spectrometry (ESI-MS) is a useful tool to study reactions 

involving transition metal complexes.43,205–211 As this technique is very sensitive and 

operates best at low (charged) analyte concentrations (< µM), the air- and moisture 

sensitivity of many transition metal complexes requires rigorous precautions to remove air 

and moisture dissolved in solvents or other reagents to obtain meaningful results.2 An inert 

atmosphere glove-box, when interfaced to the mass spectrometer, using flexible PEEK or 

PTFE tubing and an airtight seal, protects analyte solutions from atmospheric 

contamination during transit to the source compartment of the mass spectrometer.88 

During the electrospray ionization process, charged droplets form and rapidly evaporate 

under the influence of an inert desolvation gas (nitrogen is typically used) to produce gas-

phase ions within a source compartment operated typically at atmospheric pressure and 

elevated temperature. The electrospray process can involve chemical reactions prior to 

droplet evaporation,212,213 even in the absence of charging effects.214 The ions are deflected 



 

 

86 

towards the mass spectrometer and accelerated using a modest voltage bias (cone voltage) 

through the low vacuum (ca. 0.01 – 0.13 kPa) region of the mass spectrometer.15  

During this transit, the ions encounter desolvation gas and other volatile materials such as 

solvent or contaminants like water and oxygen. The desolvation gas is rarely completely 

pure: 99.999% (5.0) nitrogen still contains as much as three ppm oxygen and five ppm 

water, and those contaminants are continually introduced into the mass spectrometer. If the 

source compartment and source are significantly contaminated, undesired ion-molecule 

reactions may occur during transit to the high vacuum regions of the instrument. Ion-

molecule reactions can also occur in the collision cell of a tandem mass spectrometer, as 

this relatively high-pressure region can accumulate neutral molecules (especially water) 

during MS/MS experiments. 

This chapter focusses on whether the reactive ions found in transition metal chemistry 

might be used to advantage to gauge experimental conditions within the mass spectrometer, 

and whether changes in desolvation or collision gas purity had demonstrable effects on the 

mass spectra of these species.  

In previous years, the McIndoe group has shown evidence of impurity (mainly oxygen and 

water) problems during ESI-MS analysis. Examples in the case of oxygen include 

phosphine oxidation during Rh(I)- or Pd(0)-mediated catalysis.91,215 In the case of Pd(0) 

triphenylphosphine complexes,91 it was established that oxygen dissolved in solution, or 

deliberately introduced during pressurized sample infusion,87 was responsible for the 

oxidation of excess phosphine, mediated by L2Pd(O2) complexes.216–219  

The McIndoe group has also mentioned the sensitivity of aluminoxane anions1,186,220 and 

zirconocene methyl cations2,94 towards both oxygen and water, obviously in solution, and 
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in the gas phase with reactive ions generated through in-source CID.2 Earlier gas-phase EI 

MS221–224 and recent solution ESI MS225 work had also revealed the high reactivity of 

zirconocene cations towards inter alia water. The group has also studied the reaction of a 

reduced titanocene complex, which is used as a colored indicator for atmospheric 

oxygen,226 with O2.
227  

This chemistry might form the basis for sensitively detecting impurity problems associated 

with the operation of the mass spectrometer, as opposed to solution contamination, where 

rigorous drying and deoxygenation protocols usually suffice. In this chapter, the focus is 

on the use of reactive titanium and zirconium complexes as indicators for both gas-phase 

oxygen, and in the latter case, also water. 

Nitrogen generators are becoming increasingly popular as a gas source for mass 

spectrometric applications.228 Nitrogen generators supply nitrogen on demand and save a 

significant amount of money in labs that require continuous N2 supply. Those advantages 

aside, an important query remains as to whether this source of N2 is of high enough purity 

for air-sensitive chemistry.229 As we had recently installed a factory-refurbished N2 

generator, supplied by Peak Scientific, we decided to investigate this issue using the 

transition metal complexes discussed above. 

4.2 Phosphine oxidation 

Exploratory studies using Pd(PPh3)4 and the charge tag [PPN][Ph2P(C6H4SO3)] salt (1)91 

revealed that phosphine oxidation was not observed using either 99.99% cylinder or 

generator N2 as desolvation gas. However, differences in the relative amounts of 

[Pd(L)(1)]− and [(μ-O2)Pd(L)(1)]− were seen in the ESI MS spectra (Figure 4.1). The very 
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low intensity of these ions (at mM concentrations of salt 1 in methanol) argued against the 

use of this system for analytical purposes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 ESI MS of [Pd(0)(1)(PPh3)]− complexes in MeOH solution [Pd] = 0.4 mM with 

desolvation gas supply from (a) 4.0 N2 cylinder or (b) N2 generator. 

From this and prior work91 it was clear that any solution-phase reaction would have to be 

effectively diffusion-controlled and irreversible for the reaction to be of use to monitor 

conditions within the mass spectrometer. The rest of the chapter is thus focused on the use 
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of reduced titanocene(III) complexes and cationic zirconocene(IV) alkyls as indicators for 

oxygen and water.  

4.3 Oxidation of reduced titanium complex [Cp2Ti(NCMe)2]+[ZnCl3]– 

The ESI-MS of [Cp2Ti(NCMe)2]
+[ZnCl3]

– prepared from Cp2TiCl2 with Zn in acetonitrile 

under “normal” (using 99.999% purity N2 from a cylinder as a source of the cone and 

desolvation gas) conditions results in a spectrum that is dominated by [Cp2Ti(NCMe)n]
+ (n 

= 1 or 2, m/z 219 and 260) ions (Figure 4.2 a).  

Figure 4.2 The [Cp2Ti(NCMe)2]+ system with N2 supply from (a) 5.0 purity N2 cylinder and (b) Generator. 

Inset in 4.2 b shows the expected (highlighted) and experimental isotopic pattern of the m/z 210 species. 
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When the source of N2 was changed to generator N2, we saw two additional low abundance 

species (Figure 4.2 b), readily assigned to [Cp2TiO2]
+ (m/z 210) and [Cp2Ti(O2)(NCMe)]+ 

(m/z 251) based on isotope pattern, m/z ratio and MS/MS behavior.  

The MS/MS spectrum of [Cp2Ti(O2)(NCMe)]+ shows acetonitrile ligand loss to form 

[Cp2TiO2]
+ (Figure 4.3 a). In the same vein, the MS/MS of [Cp2TiO2]

+ shows the loss of 

O2 to form [Cp2Ti]+ (Figure 4.3 b).  

Figure 4.3 (a) MS-MS of m/z 251 species showing loss of acetonitrile ligand and (b) MS-MS of 

[Cp2TiO2]+ (m/z 210) species showing loss of oxygen A prominent fragment ion with m/z 130 

could correspond to loss of cyclopentadienone from the parent ion (vide infra) 
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The  [Cp2TiO2]
+ species is proposed to be formed via the substitution of neutral acetonitrile 

ligands with O2. This process may or may not be accompanied by oxidation of the metal 

center, i.e. [Cp2TiO2]
+ can be formulated either as [Cp2Ti(III)(η2-O2)]

+ or as [Cp2Ti(IV)(η2-

O2
•−)]+ wherein the latter ion, oxygen has been reduced to the superoxide radical anion. 

To further support the claim that trace amounts of O2 present in the generator N2 reacts 

with the Ti species, the purity of N2 produced was changed. Since the nitrogen purity of 

these generators is flow rate dependent230,231 we changed the total rate of N2 produced at 

the generator while maintaining constant cone and desolvation gas flow rates at the 

instrument (see Experimental Section for details). The ratio of the oxidized to un-oxidized 

species was plotted against the total flow rate of N2 gas (Figure 4.4). It was observed that 

this ratio increases as the flow rate increases (as the purity of N2 decreases). 

 

 

Figure 4.4 The ratio of oxidized species to unoxidized species plotted against flow rate 

with the error bars showing 95 percent confidence level in the measurements. 
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4.4 Computational studies on the oxidation of titanium complex  

To better understand the observed oxidation reaction, we studied it computationally. Mass 

spectrometric results (Figure 4.2) suggest that [Cp2Ti(NCMe)]+ is the primary source of 

the oxygen-containing complex [Cp2TiO2]
+, given its reduced presence in Figure 4.2 b and 

its status as the only unsaturated species present. Ab initio molecular dynamics (AIMD) 

simulations232 at 300 K of [Cp2Ti(NCMe)]+ + O2 and [Cp2Ti(NCMe)2]
+ + O2 support this 

hypothesis, as the titanium in the [Cp2Ti(NCMe)2]
+ complex is inert to O2 while the Ti of 

[Cp2Ti(NCMe)]+ readily binds to O2 . 

As the concerted pathway from [Cp2Ti(NCMe)2]
+  to [Cp2TiO2(NCMe)]+  or [Cp2TiO2]

+ 

is not likely, energy diagrams for two possible mechanisms are calculated, both involving 

the initial dissociation of [Cp2Ti(NCMe)2]
+ to [Cp2Ti(NCMe)]+: a concerted mechanism 

wherein O2 replaces CH3CN as a ligand, and a stepwise mechanism where the O2 binds in 

a monodentate fashion before the loss of the second CH3CN and O2 reorientation to 𝜂2-O2 

(Figure 4.5).  
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Loss of the first acetonitrile ligand in the first step destabilizes the complex, creating the 

opportunity for attack from the O2 molecules present in the gas phase. Species 2, 3, and 4 

were all observed in the mass spectrometry experiments. The most stable structure of 4 had 

O2 in an η2 configuration, replacing both monodentate CH3CN ligands (see Figure 4.5). The 

2 → 3 → 4 pathway is a sequence of bond dissociation and association steps, thus barrier-

less, and the lowest energy pathway in the computational model. However, higher-energy 

species are accessible in the ESI-MS setup, making a concerted mechanism for the 2 → 4 

pathway viable.  

Figure 4.5 The [Cp2Ti(NCMe)2]+ + O2 reaction pathway calculated with SIESTA (UPBE-D2). In 

the stepwise mechanism for Ti ligand exchange, the reaction pathway can be modelled as a series of 

bond association/dissociation steps 1 → 2 → 3 → 4. Complex 1 is [Cp2Ti(NCMe)2]+ , Complex 2 is 

[Cp2Ti(NCMe)]+ , Complex 3 is [Cp2Ti(NCMe)(O2)]+  and Complex 4 is [Cp2TiO2]+ where O2 can 

bind in a monodentate or a bidentate fashion. Calculations were done by Sofia Donnecke. 
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4.5 Oxidation and hydrolysis of olefin polymerization pre-catalyst [Cp2Zr(µ-
Me)2AlMe2]+ [B(C6F5)4]– 

The final reactive system that was studied involved the ion [Cp2Zr(µ-Me)2AlMe2]
+ (m/z 

307), which can be conveniently generated in situ from Cp2ZrMe2, excess AlMe3, and 

[Ph3C][B(C6F5)4] in fluorobenzene solution.233,234 As discussed elsewhere, the appearance 

of the mass spectrum of this ion is sensitive to cone voltage (in-source fragmentation via 

collision-induced dissociation), and loss of 72 Da (Me3Al) in the gas phase via CID, either 

in source or the collision cell is facile.2,94 The resulting (gas-phase) 14 electron-ion 

[Cp2ZrMe]+ (m/z 235) is known to be exceptionally reactive towards a variety of gaseous 

species221–224, but its reaction with O2 or water has not been systematically studied.  

When these studies were initiated, the mass spectra obtained were unexpectedly 

complicated. Instead of a spectrum consisting of just [Cp2Zr(µ-Me)2AlMe2]
+ and 

[Cp2ZrMe]+,9 only trace amounts of the latter ion were present, while new ions with m/z 

237 and 255 were detected using 5.0 N2 (Figure 4.6 a). A spectrum at the same cone voltage 

(8 V) using generator N2 revealed additional ions at m/z 252 and 270 (Figure 4.6 b).  
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Figure 4.6 Positive ion mass spectrum of [Cp2ZrMe2AlMe2][B(C6F5)4] (0.25 mM in PhF, cone 

voltage 8 V) generated using a) 99.999% N2 from a cylinder b) N2 from the generator. Inset in 

Figure 4.6 a show that the ion is actually [Cp2ZrOH]+ instead of [Cp2ZrMe]+ 

 

In earlier work, Trefz et al. invoked the hydrolysis of [Cp2ZrMe]+ to account for the 

enhanced intensity of the M+2 peak at m/z 237, corresponding to the formation of 

[Cp2ZrOH]+.9 Since m/z 235 is generated via in source CID of [Cp2Zr(µ-Me)2AlMe2]
+

, the 

results depicted in Figure 4.6 suggest the source or source compartment was contaminated 

with water vapor, rather than either N2 gas supply. 
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After venting the spectrometer (which results in thorough flushing of the interior with N2), 

re-establishing vacuum, and conditioning the MCP detector, subsequent spectra obtained 

using 5.0 N2 showed no signs of oxidation or hydrolysis (Figure 4.7 a), indicating that the 

source of water was the instrument itself.  

Figure 4.7 The ([Cp2Zr(µ-Me)2AlMe2]+) system with N2 supply from (a) 5.0 purity N2 cylinder 

and (b) generator N2. Inset in 4.7 b shows the expected (bars) and experimental (line) isotope 

pattern of [Cp2ZrO2]+. 

The remaining ions in Figure 4.6 b have m/z 252 and 270. Since the difference in mass 

between these two ions is also 18 Da, it is reasonable to assign the latter as the aqua 

complex of the former. In agreement with this hypothesis, m/z 270 was not observed 
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following venting and flushing of the instrument with N2 on subsequent start-up (Figure 

4.7 b). It was, however, quite prominent while conducting MS/MS experiments on m/z 252 

(vide infra). 

The ion with m/z 252 persisted as long as generator gas was supplied to the instrument 

(Figure 4.7 b; the exact amount of product was dependent on the age of the generator, with 

less oxidation observed when using a brand new nitrogen generator, see Appendix C. This 

ion was assigned to [Cp2ZrO2]
+ by analogy to the results obtained using the reduced 

titanocene complex with oxygen (vide supra). The ion has the expected isotope pattern 

(Figure 4.7 b), correct m/z ratio, and a similar MS/MS product ion spectrum compared with 

[Cp2TiO2]
+ (see Appendix C).  

However, [Cp2ZrO2]
+ is not the expected product of oxidation of [Cp2Zr(µ-Me)2AlMe2]

+ 

nor [Cp2ZrMe]+ in solution; rather, Zr alkoxides are invariably produced, at least with 

neutral zirconocene dialkyls.235 The stereochemistry of this oxidation process proceeded 

with 50% racemization and 50% retention of stereochemistry. The authors invoked the 

homolytic cleavage of a Zr-R bond as the first step in this process to account for the 

racemization (Equation 4.1). The second step involved the recombination of these radicals 

to form a metal peroxide intermediate. In the gas phase, such recombination is much less 

plausible, and so one might expect to form [Cp2ZrO2]
+ via the initial reaction of a cationic 

alkyl with O2. 

 

Equation 4.1 Oxidation of Cp2ZrR2. 
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The hydrolytic sensitivity of [Cp2ZrMe]+ has been mentioned in several previous 

papers.222,225 As shown above, when the instrument is contaminated with both water and 

oxygen, ions formed by both processes are observed. Normally such ions are characterized 

by MSn studies, and our instrument is capable of both MS2 and pseudo-MS3 experiments 

(the latter requires in-source fragmentation of the precursor ion). Attempts to characterize 

[Cp2ZrO2]
+ via this process resulted in both the expected ion and one 18 Da (water) higher 

in mass with m/z 270 formed after turning on the collision gas (Ar at 103 kPa with collision 

voltage = 2 V). The effect is completely reversible, and the ratio of the [Cp2ZrO2]
+ and the 

[Cp2ZrO2(H2O)]+ ions was largely invariant with time.  

Collins et al., in earlier work, used helium as the collision gas to minimize this problem.94 

Still, this solution is limited in scope as any collisions are necessarily reduced in energy, 

which is a problem for ions resistant to fragmentation. The reduction of the Ar pressure 

from 103 to 20 kPa largely eliminates hydrolysis in the collision cell (compare Figure 4.8 

a vs. 4.8 b and 4.8 c). Low argon pressures were used in all subsequent work for ions 

requiring MS/MS characterization. Evidently, the source of the water in these MS/MS 

experiments is either the 5.0 Ar gas in use (≤ 3 ppm H2O) or adsorbed water in the collision 

cell, which is dislodged from the inner surfaces during analysis. Since the He gas used 

earlier and the Ar gas used here were of similar purity, we suspect that it is adsorbed water 

in the collision cell responsible for these artifacts.  
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Figure 4.8 MS/MS of [Cp2ZrO2]+ (m/z 252, green) species with argon collision gas at (a) high (b) 

medium and (c) low collision cell pressures to form [Cp2ZrO2(H2O)]+ (m/z 270, blue) 

 

As [Cp2ZrMe]+ forms from [Cp2Zr(µ-Me)2AlMe2]
+ via CID and the oxidized product with 

m/z 252 is formed by way of a reaction of O2 with [Cp2ZrMe]+, spectra were recorded at 

two different cone voltages (Figure 4.9). 
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When the cone voltage is at 12 V the predominant species is [Cp2Zr(µ-Me)2AlMe2]
+ but 

when the cone voltage is increased to 24 V both [Cp2ZrMe]+ and [Cp2ZrO2]
+ increase in 

intensity. This increased reactivity is in response to high cone voltage causing Me3Al loss, 

generating a vacant coordination site, and increasing the internal energy of the [Cp2ZrMe]+ 

ion.  

In a separate experiment, cone voltage was ramped up to 100 V, and traces from individual 

ions were plotted vs. cone voltage (Figure 4.10). As the cone voltage increases, the 

[Cp2Zr(µ-Me)2AlMe2]
+

 ion decreases in intensity and both [Cp2ZrMe]+ and [Cp2ZrO2]
+ 

Figure 4.9 The [Cp2Zr(µ-Me)2AlMe2]+ mass spectrum with N2 supply from a generator at 

(a) 12 V and (b) 24 V cone voltage. 
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ions form. The formation of [Cp2ZrO2]
+ largely parallels the behavior of  [Cp2ZrMe]+, 

suggesting that the former is generated from the latter.  

 

Figure 4.10 Normalized ion intensities for [Cp2Zr(µ-Me)2AlMe2]+ (blue), [Cp2ZrMe]+ (red) and 

[Cp2ZrO2]+ (green) using generator N2 vs. cone voltage. The latter was systematically ramped 

from 0-100V using an AutoHotKey script. 

 

The gas-phase reactivity of [Cp2ZrMe]+ is limited to the work published by Richardson et 

al.221–223 and Chen.224 Other than comments about the hydrolytic sensitivity in the 

experimental sections, there is no published work discussing the reaction with O2. We 

decided to model the reaction of the formation of [Cp2ZrO2]
+ from [Cp2ZrMe]+ in the gas 

phase computationally. 
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4.6 Computational studies on the formation of [Cp2ZrO2]+  

Conversion from [Cp2ZrMe]+ to the oxidized species via a [Cp2Zr]+
 intermediate is 

energetically prohibitive, so a concerted mechanism where O2 replaces the methyl group 

was considered (Figure 4.11). 

However, reaction coordinate analysis through linear transit scans at 0 K identified a stable 

intermediate where Zr is bound to both O2 and Me (Int 6 in Figure 4.11), which was not 

observed experimentally. The gas-phase calculations of the possible [Cp2ZrMe]+ + O2 → 

[Cp2ZrO2]
+ + Me· reaction via a concerted mechanism found that the methyl radical was 

too reactive to present as an independent leaving group. Instead, the metal center 

accommodated both ligands as [Cp2ZrMeO2]
+, an intermediate species not observed in the 

mass spectra. Instead, [Cp2ZrO2]
+ is observed directly in the experiment, suggesting that 

Figure 4.11 The [Cp2ZrMe]+ + O2 reaction pathways calculated with SIESTA (UPBE-D2). The 

Zr ligand exchange is assisted by stabilizing the Me leaving group (TS 67). Calculations were 

done by Sofia Donnecke. 
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the methyl group has to leave through a stabilized pathway, such as by attaching to a 

scavenging group. Gas-phase scavenging reactions have been observed in MS 

previously.236,237 Ab initio molecular dynamics calculations of the reactions between 

[Cp2ZrMeO2]
+ and possible scavengers were carried out at the PBE-vdwTS/DZP level in 

SIESTA, at a temperature of 300 K, for 2 ps. Fluorobenzene (solvent), N2, and O2 (present 

in the desolvation gas) being the only species present in abundance during the transfer from 

the solution phase to the high vacuum of the mass spectrometer, were all considered as 

scavenger candidates. Fluorobenzene and N2 are inert to the [Cp2Zr(O2)Me]+ complex, but 

O2 facilitates the removal of the methyl radical and formation of [Cp2ZrO2]
+.  

4.7 Conclusions 

For most applications in electrospray ionization mass spectrometry, nitrogen generators 

eliminate enough oxygen that spectra are indistinguishable from high purity sources of 

nitrogen. Only the most reactive ions generate byproduct ions attributable to gas-phase 

oxygenation. In the case of an indicator developed to detect O2
226,227 the extent of oxidation 

is <4 % at the highest flow rate examined (see Figure 4.4). On the other hand, extremely 

reactive ions such as the 14 e [Cp2ZrMe]+ complex are much more reactive towards oxygen 

and water; using such ions as probes, the source of contamination within the spectrometer 

can be readily discovered and corrected for as in the present work. Computational work 

provided insight into how the observed oxidation chemistry proceeded in the absence of 

species intermediate between the species injected and observed, which in the case of the 

zirconocene species required the involvement of another oxygen molecule to mediate the 

removal of the methyl group. Calculations pointed to both the oxidized titanocene and 

zirconocene species having dioxygen coordinated in a side-on binding mode. 
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4.8 Experimental Section  

All experiments were performed under an inert atmosphere using standard Schlenk and 

glovebox techniques. Acetonitrile and methanol (reagent grade, Fisher Chemical) were 

dried over CaH2 and distilled before use. Fluorobenzene (Oakwood) was refluxed over 

CaH2, distilled under N2, and dried over molecular sieves inside a glovebox for at least 

three days prior to use. Me3Al (2 M in toluene) was purchased from Sigma-Aldrich and 

used as received. Cp2TiCl2 (Sigma-Aldrich) and zinc dust (325 mesh, Anachemia) were 

used without further purification. Cp2ZrMe2 was purchased from Strem Chemicals and was 

used as received. [Ph3C][B(C6F5)4]
 was donated by Nova Chemicals Ltd. and recrystallized 

before use. [Ph3PNPPh3][PPh2(m-C6H4SO3)] was prepared using literature 

procedures.22,238 Polypropylene syringe filters (0.45 μm, Whatman) were dried before use 

in a vacuum oven. 

All mass spectra were collected on a Micromass Q-ToF Micro mass spectrometer in 

negative mode (for phosphines) and positive mode (for titanocene and zirconium), using 

electrospray ionization. The capillary voltage was set at 3000 V with source and 

desolvation gas temperature at 85 °C and 185 °C, respectively, with the desolvation gas 

flow at 400 L h−1. MS/MS data were obtained as product ion spectra using 5.0-grade argon 

as the collision gas and a voltage range of 2–100 V. 

Nitrogen for desolvation and cone gas was supplied from cylinders (4.0 and 5.0 grades 

were purchased from Praxair) or using a refurbished Genius 1053 nitrogen generator, 

purchased from Peak Scientific. The cylinder and the generator were connected to three 

different mass spectrometers via a common gas manifold with manual switching capability 

between the two sources using two ball valves. In experiments featuring variable N2 flow 
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rates, constant desolvation and cone gas settings were established at the Q-ToF Micro 

instrument, while flow settings at another instrument were adjusted to increase total N2 

flow from the generator. The use of a brand-new Genius 1053 generator resulted in even 

lower levels of oxidation. 

4.8.1 Analysis of Phosphine Oxidation using [N(PPh3)2][PPh2(m-C6H4SO3)] and 
Pd(PPh3)4 

[Ph3PNPPh3][PPh2(m-C6H4SO3)] (0.0100 g, 11.2 μmol) was dissolved in methanol (7 mL) 

in a Schlenk flask under N2. Pd(PPh3)4 (0.0052 g, 4.5 μmol; 40% loading) was suspended 

in methanol (3 mL) and added by syringe to the stirred phosphine solution. The resulting 

solution was injected from the glove box to the spectrometer via PTFE tubing (1/16″ o.d., 

0.005″ i.d.). 

4.8.2 Analysis of [Cp2Ti(NCCH3)2][ZnCl3] 

Preparation of [Cp2Ti(NCCH3)2]
+ was done using a previously published procedure.226 

Cp2TiCl2 (32 mg, 0.13 mmol) was dissolved in 60 mL acetonitrile. Zinc dust (2 g, 30.6 

mmol) was added, and the solution stirred for two days. Filtration gave a blue solution of 

[Cp2Ti(NCCH3)2]
+, which was injected from the glove box to the spectrometer via PTFE 

tubing (1/16″ o.d., 0.005″ i.d.) at a rate of 40 μL/min.  

4.8.3 Analysis of [Cp2ZrMe2AlMe2][B(C6F5)4]  

Trityl tetrakis(pentafluorophenyl)borate, [Ph3C][B(C6F5)4] (36 mg, 39.0 μmol) was 

weighed out and dissolved in fluorobenzene (5 mL). In a separate vial, 10 mg of Cp2ZrMe2 

(40 μmol) was dissolved in fluorobenzene (5 mL). To this 0.2 mL of 2.0 M AlMe3 solution 

(10 equiv.) was added. Finally, 0.2 mL of the [Ph3C][B(C6F5)4] stock solution was further 

diluted to 5 mL, and 0.2 mL of Cp2ZrMe2/Me3Al solution was added dropwise by syringe 
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with stirring. The resulting colorless solution of [Cp2ZrMe2AlMe2][B(C6F5)4] and excess 

Me3Al was injected from the glove box to the spectrometer via PTFE tubing (1/16″ o.d., 

0.005″ i.d.) at a rate of 40 μL/min. Once the total ion chronogram had stabilized, cone 

voltages were adjusted to generate the m/z 235 ion (and its hydrolysis or oxidation 

products) in the gas phase (cone voltage typically 16-24 V).  
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5. Chapter 5 Catalyst Deactivation Processes During 1-Hexene 
Polymerization 

Portions from this chapter have been previously published and are reproduced with 

permission from “Catalyst Deactivation Processes During 1-Hexene Polymerization” A 

Joshi, H.S Zijlstra, S Collins, and J. S McIndoe, ACS Catalysis, 2020, 10, 7195–7206. 

Supplementary spectra from this chapter are presented in Appendix D. 

5.1 Introduction 

In situ monitoring of olefin polymerization,239 mediated by a metallocene or other 

transition metal catalysts, has emerged as a powerful tool for detecting initiators, resting 

states, and deactivation reactions inherent to these complex catalyst systems.108 A variety 

of spectroscopic techniques, including UV-Vis240 and NMR spectroscopy,241 have been 

applied to this problem. Impressive gains in sensitivity have been achieved using NMR 

and isotopically labelled242 or hyper-polarized monomer,243 combined with the specialized 

flow or stopped-flow reactors.244 NMR spectroscopy remains the definitive method for 

structural characterization of reactive intermediates,245 though model compounds are often 

employed to confirm in situ spectroscopic assignments.246 Mass spectrometric methods 

have also been employed to study various catalytic processes77,78 including olefin 

polymerization,247 with ESI-MS emerging as a sensitive and potent method for both 

detecting and identifying catalyst intermediates in solution,92,225,248 and for studying their 

reactivity in the gas phase.249 

These studies have revealed a wealth of information – the nature of the catalyst resting 

states is dependent on catalyst structure, the method of activation, the nature of the counter-

ion, and even monomer.108 In the case of discrete metallocenium ions, generated in situ 

from metallocene dialkyls and activators such as B(C6F5)3 or [Ph3C][B(C6F5)4], dormant 
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states are π-allyl complexes formed in situ via C-H activation of α-olefins or unsaturated 

chain ends.250 The extent to which these well-studied complexes are competent for further 

chain growth is the catalyst, counter-ion, and monomer dependent.251,252 In other cases 

where the (unhindered) metallocene is prone to β-H elimination, dormant contact ion-pairs 

such as Cp2ZrR(μ-HB(C6F5)3) form using borane-activated catalysts253 and these can be 

rather resistant to further insertion.254 In MAO-activated metallocenes, where Me3Al is 

inevitably present as a chain transfer agent, the π-allyl species are also detected,255 though 

their concentration is lower than that of the main, chain-carrying [Cp2Zr(μ-R)(μ-

Me)AlMe2]
+ complexes identified some time ago by Brintzinger and Babushkin.242 

Further, in MAO-activated systems, the π-allyls appear susceptible to chain transfer to Al, 

which provides another mechanism for catalyst reactivation. 

In other work featuring the use of i-Bu3Al as the alkylating agent/scavenger and 

[Ph3C][B(C6F5)4] as an activator, π-allyl cations can form in situ.256 However, the principal 

resting state during polymerization in the case of i-Bu2AlH features [Cp2ZrR] cations, 

stabilized by coordination of i-Bu2AlH forming trinuclear Zr, Al2 complexes with strong 

Zr-H-Al bridging.257 Given the presence of i-Bu2AlH in i-Bu3Al solutions, one suspects 

these intermediates may play a role in olefin polymerization in a catalyst system developed 

many years ago – viz. Cp2ZrCl2/R3Al/[Ph3C][B(C6F5)4]
258 as an alternative to MAO-

activated catalysts.259 Hexene has often been employed as a model monomer in these 

studies as a surrogate for more reactive monomers such as propene or ethylene. The latter 

is difficult to study, depending on the activator, as mass transfer effects can dominate164 

while the tactic or crystalline polymers formed are generally insoluble and can complicate 

the kinetics.260 Further, at least one study has established that the rates of hexene 



 

 

109 

polymerization are insensitive to the nature of the counter-ion, while propene shows much 

wider variations.261 

Under typical conditions in hydrocarbon media, the recent work of Kissin and co-workers, 

where GC-MS was used to study the hexene oligomer distribution in the case of Cp2ZrCl2 

and MAO activation, is instructive.262 There was evidence for chain transfer to Me3Al, β-

H elimination, and minor secondary insertion under the conditions studied (neat hexene, 

50-100 °C, hydrolytic vs. non-hydrolytic MAO). It should be noted that incomplete 

monomer conversion was observed (50-75% conversion at or below 80 °C), and though 

not commented upon, that behavior is consistent with catalyst deactivation. 

In a very recent study employing UV-Vis spectroscopy, Brintzinger and co-workers 

studied hexene polymerization using [(SBI)Zr(μ-Me)2AlMe2][B(C6F5)4] (SBI = rac-

Me2Si(η5-indenyl)2) in benzene solution.252 They concluded that the propagating species 

formed two kinds of π-allyl complexes. Those formed from direct C-H activation of 

terminal alkenes (including hexene) were unreactive towards further monomer insertion, 

while those formed from iso-alkenes, formed following β-H elimination, were sluggishly 

reactive. The latter type also underwent slow reactivation through chain transfer to excess 

Me3Al.   

Over the past several years, the McIndoe group has applied ESI-MS to the study of MAO-

activation of metallocene complexes in fluorobenzene (PhF) solution where both cationic 

and anionic species can be readily detected and characterized.93,96 The group has studied 

ion-speciation in the case of additives such as octamethyltrisiloxane (OMTS), which forms 

well-defined ion-pairs [Me2Al(OMTS)][(MeAlO)16(Me3Al)6Me] through the process of 

[Me2Al]+ abstraction from the MAO.3 This additive has proven useful in monitoring both 
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aging and oxidation of MAO,4,118 features known to be important in affecting the efficacy 

of this elusive but important activator.109,112,263 The McIndoe research group has also 

studied the reaction of MAO-activated Cp2ZrMe2 with ethylene in the toluene solution at 

low ethylene pressures.140 In that case, a hitherto undetected, but long-suspected process 

for catalyst deactivation264 was revealed by ESI-MS – formation of inactive, dinuclear Zr2 

complexes arising from the reaction of active species (i.e. [Cp2ZrR]+) with each other. The 

authors explored using in situ reaction monitoring via pressurized sample infusion (PSI)87 

to study ethylene polymerization in PhF solution using diluted monomer (99:1 

ethane:ethylene mixture) as both reactant and pressure source. Considerable difficulty was 

encountered in pumping dilute MAO solutions via the PSI technique due to incipient 

clogging issues (i.e., the formation of boehmite gel at the spray tip or along the flow path, 

which included an in-line filter to remove solid PE). These features gave rise to both 

random and systematic variations in flow rate and spray instability arising from the latter. 

This has a negative effect on the appearance of the total ion chronogram (TIC), which 

renders the collection of reliable kinetic data problematic. This chapter is, therefore, 

focussed on 1-hexene polymerization using the MAO-free catalyst system, 

Cp2ZrMe2/Me3Al/ [Ph3C][B(C6F5)4. Since ESI-MS (and PSI) requires a polar solvent, 

these studies have been conducted mainly in PhF. The McIndoe group has shown a strong 

analogy between these conditions when it comes to catalyst activation using MAO vs. other 

spectroscopic studies in the toluene solution.93  

5.2 Catalyst activation 

The synthesis of [Cp2Zr(μ-Me)2AlMe2][B(C6F5)4] (1) involves addition of excess Me3Al 

to [Cp2ZrMe][B(C6F5)4] (2)  generated in situ from Cp2ZrMe2 and [Ph3C][B(C6F5)4] at low 
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temperature.233 High isolated yields are obtained upon subsequent crystallization. 

However, we attempted to monitor this activation process at room temperature in PhF 

solvent using ESI-MS. Aside from the use of PhF, this approach mimics what is typically 

done in olefin polymerization studies – i.e., in situ catalyst generation. 

One basic approach involved simultaneous pumping of a solution of [Ph3C][B(C6F5)4] in 

PhF and a separate solution of Cp2ZrMe2 and Me3Al in PhF into a mixing tee inside a 

glove-box with a short length of PTFE tubing running from the tee to the source 

compartment of the mass spectrometer.248 By varying the flow rate through the mixing tee, 

one obtains “snapshots” of the instantaneous product distribution at various time scales in 

a continuous process.   

An example of the data obtained is shown in Figure 5.1. At a 2:1 Al:Zr stoichiometry, 

formation of [Cp2Zr(μ-Me)2AlMe2]
+ (1 m/z 307) and the dinuclear complex 

[(Cp2ZrMe)2(μ-Me)]+ (3 m/z 485) occur at competitive rates. At longer reaction times (i.e., 

slower mixing rates), the formation of 3 is suppressed as the Cp2ZrMe2 is consumed, and 

2 is competitively trapped by Me3Al forming 1.  
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Figure 5.1 Monitoring of catalyst activation using [Ph3C][B(C6F5)4] (0.31 mM), Cp2ZrMe2 (0.31 

mM) and Me3Al (0.61 mM). Representative mass spectra after 11 seconds and 22 seconds are 

shown. 

Based on these results, slow addition of a 1:2 or 1:10 mixture of Cp2ZrMe2:AlMe3 to a 

rapidly stirred solution of [Ph3C][B(C6F5)4] in PhF (basically titration to a colorless 

endpoint) gave the cleanest formation of [Cp2Zr(μ-Me)2AlMe2][B(C6F5)4] (1). Hexene 

polymerization experiments were conducted with solutions dominated by 1, but 3 also 

reacted with hexene, confirming that both 1233 and 3265 act as reservoirs of 2. We attempted 

to generate 2 in situ by the addition of Cp2ZrMe2 to 1 equiv. of [Ph3C][B(C6F5)4] in PhF. 

At [Zr] = 4.0 mM the reaction affords a mixture of 2 and 3. The direct reaction between 

Cp2ZrMe2 and [Ph3C][B(C6F5)4] is slower in comparison to reactions conducted in the 

presence of Me3Al. It is known that competing formation of 3 impedes activation of 

Cp2ZrMe2.
233,265 Trace amounts of a fluorobenzene complex of 2 with m/z 33192,266 were 

[Ph3C][B(C6F5)4]

Cp2ZrMe2/Me3Al

m/z

Ph3C
+

1

1

3

3
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also detected in this experiment (see Appendix D). Since the reaction was not clean, and it 

appears 2 is also unstable in PhF, decomposing to form [(Cp2ZrMe)2(μ-F)]+ (among other 

species) over 3 hours, we focused much of our subsequent efforts on the reactivity of 1. 

5.2.1 Catalyst speciation at steady state  

Solutions of the activated catalyst [Zr] = 0.28 mM, and a solution of monomer 1-hexene 

(1000 equiv.) in PhF, each containing Me3Al ([Al] = 2.8 mM), were simultaneously 

pumped into the mixing tee referred to earlier. Shown in Figure 5.2 are some representative 

mass spectra of product mixtures at different reaction times at a 1000:1 hexene:Zr ratio. 

Flow rate is a proxy for reaction time, with high flow rates corresponding to a short reaction 

time before the mixed solution emerges into the ESI-MS source.  

With lag times of 4-16 seconds, we see a mixture of ions at m/z 279, 293, 311, 363, and 

471. In the earlier work from the McIndoe group,140 ions with m/z 279, 293, and 311 were 

also formed in PhF solution during PSI experiments involving diluted ethylene. The ion 

with m/z 279 was shown to be [Cp2Zr(μ-H)2AlMe2]
+ (hereinafter 6) based on its MS/MS 

spectrum (Appendix D). The ion with m/z 293 is [Cp2Zr(μ-H)(μ-Me)AlMe2]
+ (hereinafter 

7) based on its MS/MS spectrum (Appendix D). 
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Figure 5.2 Positive ion ESI-MS of the product ions formed at different reaction times 

with hexene:Cp2ZrMe2 = 1000:1 in PhF ([Zr] = 0.31 mM). R = n-Bu 

The ion with m/z 311, like complex 7, is more prominent in the mixture at short reaction 

times. Since this ion was not observed in ethylene (or hexene) polymerization experiments 

conducted in toluene solution,140 it was assigned to [Cp2Zr(μ-F)(μ-Me)AlMe2]
+ (8), 

ostensibly a product of C-F activation, a reaction that is known to be mediated by cationic 

zirconocene complexes in the presence of TiBAl.267 The intensity of this ion was maximal 

upon initial pumping of solutions of ion-pair 1 and hexene. Prolonged pumping of these 
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solutions led to a pronounced decrease in the intensity of this ion relative to the others 

present (Figure 5.3). Subsequent pumping of a fresh solution of monomer and catalyst also 

exhibited low levels of 8, suggesting this ion forms from a contaminant in the source 

compartment (rather than in solution), which is gradually depleted when pumping catalyst 

+ monomer solutions.  

Figure 5.3 Mass spectra at various times following mixing of [Cp2ZrMe2AlMe2][B(C6F5)4] (1 

[Zr] = 0.31 mM) and monomer with hexene:Zr = 10:1 in PhF. 

The ion with m/z 363 fragments with initial loss of 84 Da (i.e. hexene), to form m/z 279, 

followed by a 58 Da loss (Me2AlH) to form m/z 221 [Cp2ZrH]+ (Figure 5.4). It can thus be 
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formulated as [Cp2ZrH2AlMe2(hexene)]+ (9), though it could also correspond to the 

insertion product [Cp2Zr(μ-H)(μ-n-C6H13)AlMe2]
+. 

Figure 5.4 MS/MS of [Cp2ZrH2AlMe2(hexene)]+ (m/z 363). 

The relative intensities of dimethylalane adducts 6 and 9 were highly variable in this work, 

and experiments at different cone voltages established that the loss of hexene from 9 occurs 

at low collision energies, during transit of ions from the source compartment to the high 

vacuum region of the spectrometer. Even subtle changes in the pressure (and presumably 

atmospheric composition99) within the source compartment had noticeable effects on the 

ratio of these two ions. Similar effects have been noted before in the case of ion [Cp2Zr(μ-

Me)2AlMe2] (1), which generates ion [Cp2ZrMe]+ (2) via CID within the source 

compartment of the mass spectrometer.93,99 Indeed, in those experiments where ion 

dimethylalane complex 6 was prominent, the same was true of ion 2 - before introducing 

[Cp2ZrH2AlMe2(hexene)]+

[Cp2ZrH2AlMe2]
+

[Cp2ZrH]+

84

58
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hexene. When a solution containing 6 and 9 was treated with excess i-Bu3Al, the 

substitution of the two Me groups for iBu was observed (substitution of Me by iBu leads 

to a mass difference of 42 Da), leading to the formation of ions with m/z 405 and 447 for 

species 9 (Figure 5.5).  

 

Figure 5.5 Mass spectra of a mixture of m/z 279 and 363 before (top) and after (bottom) after addition 

of iBu3Al showing the exchange of Al-Me groups by iBu groups. 

[Cp2ZrH2AlMe(i-Bu)]+)

[Cp2ZrH2Al(i-

Bu)2]
+

[Cp2ZrH2Al(i-Bu2)(η
2-L)]+

[Cp2Zr(μ-H)2AlMe2]
+

[Cp2ZrH2AlMe2(
2 - L)]+

2 – L = hexene

[Cp2ZrH2AlMe(i-Bu)(η2-L)]+
+ (i-Bu3Al)
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However, no ions corresponding to the substitution of a Zr- or Al-hexyl group were 

observed. One cannot exclude the possibility that 6 and 9 are in equilibrium with each other 

through the process of reversible binding of hexene, possibly coupled with reversible 

insertion (Scheme 5.1).  

 

Scheme 5.1 Possible equilibria between ions 6 and 9. R = n-Bu. 

The ion with m/z 471 was quite resistant to fragmentation by MS/MS. It successively loses 

2 Da (i.e., H2) over the range in collision energies investigated (2-100 V) forming m/z 469 

and at higher energy m/z 467 (Figure 5.6). Its nominal mass is consistent with the formula 

[Cp2Zr(C6H10)(C6H12)2H]+ and the fact that it is resistant to CID of neutral species is 

consistent with it being assigned as a π-allyl complex with a formula of [Cp2Zr(η3-

C6H10)(C6H12)2H]+ (5). A related species with m/z 555 was also observed, which given its 

mass of 84 Da above that of π-allyl complex 5, can be assigned as the allyl complex 

[Cp2Zr(η3-C6H10)(C6H12)3H]+ (5a). 
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5.3 Catalyst Speciation during Slow Monomer Consumption 

The study of basic kinetics in more detail requires batch reactions using either off-line or 

PSI techniques.87,91,143 The advantages of the former are convenience and a consistent flow 

Figure 5.6 MS-MS of [Cp2Zr(η3-C6H10)(C6H12)2H]+  (m/z 471). Inset shows 3 consecutive losses 

of H2 from the parent ion (Top). Breakdown curves for [Cp2Zr(η3-C6H10)(C6H12)2H]+ (m/z 471) 

(Bottom). 

[Cp2Zr(η
3-C6H10)(C6H12)2H]+

H2H2H2

m/z 471

m/z 469
m/z 467

m/z 465
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rate (using a syringe pump) while PSI experiments are problematic to flow rate variations 

in reactions of this type (due to increasing viscosity of the medium and incipient clogging 

issues leading to variations in spray quality). On the other hand, PSI experiments feature 

lag times that are comparable to those just discussed and allow direct sampling from a 

reaction vessel. 

5.3.1 Off-line Experiments – 10:1 Hexene:Zr 

As illustrated in Figure 5.7 a, the mixture with 10 equiv. of hexene contains ions 6 - 9. 

Also, an ion with m/z 445 (henceforth 10a) was observed and was much more prominent 

in off-line experiments than the flow experiments discussed previously where it was not 

detected. Its MS/MS spectrum showed a low energy loss of 58 Da, followed by consecutive 

losses of 2 Da at higher collision energies (See Appendix D). Both lower (m/z 361, 10) and 

higher homologs at m/z 529 (10b) and m/z 613 (10c) were also seen in these experiments, 

though with significantly diminished intensity. Collectively, the formation of these 

products was most noticeable at low monomer:catalyst ratios. Tentatively, these related 

ions are assigned σ-allyl dimethylalane adducts with a formula of [Cp2Zr{σ-

C6H10(C6H12)nH}(μ-HAlMe2)]
+ (10, n = 0; 10a, n = 1; 10b, n = 2; 10c, n = 3) and will be 

discussed in greater detail later. 
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Figure 5.7 ESI-MS of reaction mixtures formed from 0.28 mM [Cp2ZrMe2AlMe2][B(C6F5)4]  

and Me3Al:Zr = 10:1 with a) 10 b) 100 and c) 1000 equiv. of hexene in PhF solution. Ions that 

are separated in mass by 84 Da (C6H12) are highlighted with different hues of the same color; 

R=n-Bu. 
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5.3.2 Off-line Experiments – 1000:1 Hexene:Zr 

In experiments featuring a large excess of hexene (i.e., conditions corresponding to 

polymerization), off-line experiments show the predominant formation of π-allyl complex 

5 and higher homologs separated in mass by 84 Da - i.e., 5a, 5b, etc. (see Figure 5.7 c). 

The other ions discussed above are also present but in significantly lower amounts (Figure 

5.7 c), as might be anticipated from the flow experiment presented earlier. Though higher 

homologs of complex 5 were readily detected, lower MW species (i.e., m/z 387, 303) were 

present in essentially trace amounts in these experiments, suggesting the formation of π-

allyl complex 5 is kinetically favored. In addition to this series of ions, ions differing in 

mass by +14 Da were seen with weaker and variable intensity (see Appendix D). These are 

assigned as analogous π-allyl complexes but involving chains that initiate with Zr-Me vs. 

Zr-H. 

 5.3.3 Off-line Experiments – Time-Dependent Behavior 

While monitoring these off-line experiments as a function of time, it was observed that π-

allyl complexes 5, 5a, 5b... were unstable in solution, while ions σ-allyl ions 10, 10a, 10b..., 

dimethylalane complex 6, and hexene adduct 9 formed at their expense. Typical data are 

shown in Figure 5.8. Note that the rate of disappearance of 5, 5a, 5b... is linear with time 

in this experiment (ca. 1.5 half-lives).  
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5.3.4 Repetitive Monomer Addition Experiments 

The reactivity of ions dimethylalane complex 6 and hexene adduct 9 towards monomer has 

not been demonstrated, and yet these ions are formed at the earliest stages of 

polymerization, at least under starved feed conditions. This was examined by looking at 

repetitive additions of hexene to a mixture of these ions using PSI techniques. As shown 

in Figure 5.9, the addition of 20 equiv. of hexene to a solution of 1 (0.25 mM) led to the 

rapid consumption of this ion with the formation of dimethylalane complex 6 and hexene 

adduct 9 as the principal products. Further additions of hexene did not lead to consumption 

(or further growth) of these products, even transiently. 

∑ 5, 5a, 5b...

∑ 10, 10a...

Total products

6 + 9

Figure 5.8 Sum of normalized ion intensities vs. time for reaction of [Cp2ZrMe2AlMe2][B(C6F5)4] 

with 1000 equiv. of hexene in PhF. 
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Figure 5.9 Normalized ion intensities vs. time for sequential additions of 20 equiv. of hexene to 

[Cp2ZrMe2AlMe2][B(C6F5)4] (0.25 mM in PhF). Vertical dash lines indicate the additions of 

hexene, while the intensity of the ion 10a has been expanded 10-fold. R = n-Bu. 

 

During these additions, slow growth of σ–allyl 10a is seen, but as it is nearly continuous 

and unperturbed by the further additions of monomer, it is not obvious that either 6 or 9 

are the precursors to this material. That monomer insertion is involved is evident from the 

higher MW of 10a relative to either possible precursor. It may be a very unfavorable pre-

equilibrium for dissociation of Me2AlH from either 6 or 9 that is rate-determining in 

forming 10a.  Similar behavior is exhibited by [L2HfH2AliBu2][B(C6F5)4] formed in situ 

from L2HfCl2, excess TiBAl and [Ph3C][B(C6F5)4] (L2 = 1,2-C2H4(Flu)(5,6-C3H6-2-

MeInd) on addition of propene.268 This experiment shows that the formation of 

dimethylalane complex 6 and hexene adduct 9 is accompanied by catalyst deactivation. 
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5.4 Pressurized Sample Infusion Experiments 

Initial work of this type focused on the use of PhF as a solvent. However, considerable 

difficulty using this solvent and this technique, at least within the confines of a glove-box 

and using a simple apparatus such as that described in the literature.87 However, better 

results were obtained using the more polar solvent o-difluorobenzene (ε = 13.4, o-

C6H4F2)
269, which is of similar volatility as PhF. Fortunately, the product distributions just 

discussed in detail were little perturbed by this solvent choice, while considerably more 

intense spectra were seen using this solvent. In Figure 5.10 are shown two experiments of 

this type at [Zr] = 0.28 mM with the addition of 10 or 1000 equiv. of monomer, with major 

ions illustrated. 

Note that in Figure 5.10, a consumption of ion 1 is incomplete. This is expected as 

dissociation of Me3Al from this ion is less favorable than for higher analogues129 while 

ion-pairing in the resulting 14 e species is expected to be tighter as well, leading to the 

well-known phenomenon that the first insertion of monomer (with rate constant ki) is 

generally quite a bit slower than subsequent insertions.250,270 The initial appearance of ion 

7 in Figure 5.10 a was observed. Both this ion (and ion 8) appears at the earliest times in 

these PSI experiments, consistent with them forming most rapidly from starting material 

(see Figure 5.2). Under starved feed conditions, 7 is the primary product formed, while the 

formation of ions dimethylalane complex 6 and hexene adduct 9 involves additional steps. 

In particular, complex 7 might form directly from [Cp2Zr(μ-R)(μ-Me)AlMe2] via β-H 

elimination, supposing that the propagating ions, in this case, are the same as those 

identified by NMR quite some time ago by Brintzinger and co-workers.242  
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Figure 5.10 Normalized ion intensities vs. time for addition of a) 10 equiv. and b) 1000 equiv. of 

hexene to [Cp2ZrMe2AlMe2][B(C6F5)4] in o-difluorobenzene with [Zr] = 0.28 mM. R = n-Bu 

The second experiment at 1000:1 monomer to catalyst ratios exhibits a plethora of transient 

behavior at both short and long-time length scales, fully consistent with all prior 

experiments. The rapid formation of 7 (and 8), subsequent formation of ions dimethylalane 
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complex 6 and hexene adduct 9, concomitant formation, and subsequent disappearance of 

π-allyl complex 5 and homologs (5a, 5b, etc.) are beautifully illustrated in this experiment. 

It is very clear from these two experiments that the π-allyl complexes 5 only forms in the 

presence of a large excess of hexene and at a time scale that is similar to the formation of 

6 and 9 under these conditions. They clearly transform under longer time scales to 6 and 9 

in this experiment where we have shown that these two ions are much less reactive towards 

monomer.  

The kinetic behavior seen in this experiment is strongly reminiscent of that recently 

reported by Brintzinger and co-workers under similar conditions;252 rapid consumption of 

the starting ion-pair with π-allyl intermediates detected at both short and long time scales 

by UV-Vis spectroscopy. Though we have not monitored these reactions by UV-Vis 

spectroscopy, there is an obvious color change (to pale orange-yellow) upon adding 

monomer to [Cp2ZrMe2AlMe2][B(C6F5)4] (which is colorless), and though this color 

persists during the PSI experiment,  the final solutions (which contain very little π-allyl 

complex 5) are colorless. Their basic conclusion was that π-allyl complexes form at both 

time scales with some competent for further insertion vs. relatively unreactive. In their 

work, they also observed species at short time scales, which they assigned to the 14 e 

propagating alkyls [(SBI)ZrR]+, though their presence was deduced from deconvolution of 

the observed spectra, rather than direct observation. In this work, we do not detect these 

species via ESI MS, and we believe that in the case of hexene, they are just too prone to β-

H elimination (forming dimethylalane complex 7) or reactive towards impurities (forming 

8) in the source compartment.  
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The formation of ions featuring coordinated Me2AlH (i.e., 6, 7, 9, and 10, 10a, and 

homologs) in these experiments and at the earliest stages of polymerization is without 

precedent as far as we are aware. That Me2AlH would strongly bind to a 14 e metal alkyl 

or hydride is not surprising.257,268 Given that ions such as dimethylalane complex 6 and 9 

are resistant to further insertion, their predominant formation under starved feed conditions 

represents a hitherto unappreciated mechanism for catalyst deactivation or dormancy. To 

generate Me2AlH in solution, a propagating intermediate would have to undergo β-H 

elimination, trapping of [Cp2ZrH]+ by Me3Al to form ion 7, which we do observe, and 

regeneration of [Cp2ZrMe]+ with the release of Me2AlH, which we do not observe (Scheme 

5.2). It is anticipated that the driving force for the formation of 6 vs. 7 from propagating 

intermediates [Cp2Zr(μ-R)(μ-Me)AlMe2] is the stronger bridging for Al-H vs. Al-R bonds. 

 

Scheme 5.2  Proposed formation of Me2AlH and its complexes. pHx = poly(hexenyl) R = n-Bu 
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5.5 Conclusions 

ESI-MS studies of hexene polymerization using [Cp2ZrMe2AlMe2][B(C6F5)4] reveal 

unanticipated complexity and identification of a new pathway for catalyst deactivation – 

formation of dimethylalane stabilized complexes which are resistant to further insertion. 

Ironically, these complexes also form under starved feed conditions, or under any 

conditions that lead to this condition, such as poor mixing. On the other hand, π-allyl 

complexes dominate under other conditions, and our work suggests they have the more 

hindered structure and form following 2,1-insertion. We believe they are, in part, 

responsible for slow monomer consumption seen with this catalyst, and that eventually, all 

of the added catalyst pools in dormant or deactivated dimethylalane-stabilized complexes. 

Since these same catalysts are observed in the toluene solution, we conclude that the 

formation of dimethylalane-stabilized complexes may be a general phenomenon at least at 

lower temperatures. 
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6. Chapter 6 Miscellaneous and Future work 

Portions from Section 6.1 have been previously published and are reproduced with 

permission from “Interaction of Neutral Donors with Methylalumoxane” H.S Zijlstra, A 

Joshi, M Linnolahti, S Collins, and J. S McIndoe, European Journal of Inorganic 

Chemistry, 2019, 2346–2355. 

6.1 Interaction of neutral donors with methylalumoxane 

Methylalumoxane (MAO) is a key activator for olefin polymerization catalysts, making its 

chemistry of ongoing interest. Strong and bidentate neutral donors such as 2,2’-bipyridine 

are effective abstractors of the dimethylaluminum cation, [Me2Al]+, from 

methylalumoxane (MAO), while monodentate, weaker donors such as THF and pyridine 

appear most prone to adduct formation with both free and bound trimethylaluminum.  The 

ionization process can be readily investigated using electrospray ionization mass 

spectrometry (ESI-MS) in fluorobenzene (PhF) solution 

6.1.1 Tetrahydrofuran 

Tetrahydrofuran has long been recommended for the determination of the Me3Al content 

of MAO using 1H NMR spectroscopy. Typically, the addition of 10 molar equivalents with 

respect to Al (4:1 v:v equiv. for 30 wt. % MAO in toluene) has been recommended for this 

procedure; this leads to optimal separation of the sharp signal, due to Me3Al-THF, from 

the main MAO resonances (Figure 6.1).116  
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Figure 6.1 1H NMR spectrum of a commercial MAO (30 wt. % in toluene) containing 10 equiv. 

THF-d8. 

 

Though not recognized at the time of this first report, an additional sharp signal that is 

superimposed upon the main MAO resonance arises from the formation of 

[Me2Al(THF)2]
+, as shown by comparison to authentic samples of this cation partnered 

with, e.g., a [B(C6F5)4]
– anion,141 an assignment subsequently confirmed by Bochmann and 

co-workers.137 Typically, commercial samples of 30 wt. % MAO have Me3Al content 

between 13-14 mol % using this technique while samples of MAO that have been shipped 

and stored cold have activator contents between 1-2 mol % when first analyzed by this 

method.  

The positive and negative ion ESI-MS of 10 wt. % MAO + THF (10 mol %) are shown in 

Figures 6.2 a and 6.2 b, respectively. The positive ion spectrum is largely invariant to the 

-2-101234

Me3Al-THF

[Me2Al(THF)2]+
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amount of THF added (between 1-40 mol % investigated) with the principle ions present 

being [Me2Al(THF)2]
+ and [Me2Al(THF)]+ with m/z 201 and 129, respectively. The 

relative intensity of these two ions is also largely insensitive to the amount of THF added 

at these levels. At sufficiently low cone voltage, only m/z 201 is observed. 

The negative ion mass spectrum resembles that of MAO and other donor additives (vide 

infra), but at 1-40 mol %, THF the spectra are characterized by a low intensity per transient 

(<500 counts for the major ion present). The relative intensities of the anions present are 

insensitive to the amount of THF added, and the mass spectrum is largely dominated by 

the ion at m/z 1375, assigned by m/z, isotope pattern, and MS/MS behavior as [16,6]−. 
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Figure 6.2 a) Positive and b) negative ion mass spectrum of a sample of commercial MAO (10 wt. 

% in toluene) containing 10 mol % THF in PhF solution ([Al] = 0.05 M). Cone voltage = 16 V. 

6.1.2 Octamethyltrisiloxane (OMTS) 

Disiloxanes and some cyclic siloxanes have been used as additives to furnish “stabilized 

MAO” formulations that are more resistant to gel formation while retaining their activation 

efficacy.125 With linear, tri- or poly-siloxanes, including OMTS, and at higher 

concentrations in toluene solution, phase separation occurs to form an upper layer which 

is enriched in Me3Al, and a lower layer that is an ionic liquid, swollen by an aromatic 

solvent271 – first termed a liquid clathrate by Atwood and co-workers based on an ionic 
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host and aromatic guest formalism.272 These liquid clathrates can be isolated in solid form 

by washing with hydrocarbon solvents, which remove Me3Al and toluene.271  1H, 27Al and 

29Si NMR spectra of the solid formed from OMTS have been published in the patent 

literature in 1,3-dichlorobenzene, and the same reaction has been studied in PhF solution.141 

These studies strongly indicate that material with the composition 

[Me2Al(OMTS)]+[MAO(Me)]– is formed where the composition of the anion was not 

defined. 

The negative ion ESI-MS spectra of MAO + OMTS are more intense at any given ratio 

than THF, and the signals due to higher MW anions are proportionately more intense 

compared to m/z 1375 (cf. Figure 6.3 with Figure 6.2 b). In earlier work, Zijlstra et al. 

showed that as the amount of OMTS was increased (from 1 to 100 mol %), the higher MW 

anions became increasingly accentuated relative to [16,6]−.3 This suggests that the 

corresponding neutral precursors are significantly less abundant in MAO than that due to 

[16,6]−, or, more likely, are less reactive towards OMTS. 

Evidently, a bidentate donor is more effective at abstracting [Me2Al]+ from the neutral 

MAO molecules than a mono-dentate donor of comparably basicity.273 The corresponding 

positive ion spectrum showed the expected cation with m/z 293.3 
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Figure 6.3 Negative ion mass spectrum of a sample of dried commercial MAO (30 wt. % in 

toluene) containing 2 mol % OMTS in PhF solution ([Al] = 0.05 M). Cone voltage = 16 V. 

6.1.3 Pyridine and 2,2’-bipyridine 

Pyridine was originally proposed for determining the Me3Al content of MAO, but it has 

since been shown that excess pyridine (>5 equiv.) leads to degradation.116,137,274 Pyridine 

disrupts dative Al---O bonding in tetra-t-butyldialuminoxane, which is dimeric in the solid-

state and associated in solution, forming a structurally characterized, monomeric 

bis(pyridine) adduct (eqn. 6.1).125 The mechanism for degradation of MAO by donors is 

unknown but likely involves similar reactions. We decided to investigate both pyridine and 

a chelating analog to compare with the oxygen-based donors already discussed. 
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Equation 6.1 Formation of a monomeric bis(pyridine) adduct. 

On the other hand, 2,2’-bipyridine (bipy), which gives well-defined chemistry at low levels 

with respect to MAO (i.e., < 10 mol % for the dried MAO). By ESI-MS, the clean formation 

of the [Me2Al(bipy)]+[MAO-Me]− ion-pair was observed. Positive and negative ion ESI-

MS of MAO and bipy appear in Figure 6.4. 

 

Figure 6.4 a) Positive and b) negative ion ESI-MS spectra of dried MAO + 4 mol % bipy in 

PhBr-d5 diluted to [Al] = 0.02 M with PhF. Cone voltage = 16 V. 
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By comparing Figure 6.4 b with Figures 6.3 and 6.2 b, it can be seen that bipy is the most 

effective donor in forming ion-pairs with the largest range of neutral precursors, based on 

the relative intensity of the various anions present with respect to m/z 1375. It should be 

noted that the signal due to m/z 1375 in Figure 6.4 b has saturated the MCP detector (as is 

evident from the isotope pattern, which is distorted compared to the other anions present). 

The intensity of the other anions has been accentuated, relative to m/z 1375, by this artifact. 

Similar effects are also seen with excess OMTS.3 Note that there are also anions lower in 

MW than m/z 1375 present at this level of bipy. As shown in Figure 6.5 at higher levels of 

bipy, only lower MW anions were detected in these mixtures so that high levels of bipy, 

like pyridine (or excess OMTS3) result in degradation of the MAO, presumably through 

adduct formation, which disrupts dative Al---O bonding as discussed earlier. 
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Figure 6.5 Negative ion ESI-MS of bipy + MAO in PhF under various conditions. a) 30 wt% 

MAO + >10 mol% bipy b) dried MAO + 4 mol% bipy c) 30 wt% MAO + 2 mol% bipy d) 30 

wt% MAO + 1 mol% bipy. 
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The positive and negative ion ESI-MS of pyridine + MAO are shown in Figure 6.6. As 

with THF, the appearance of the positive ion MS in Figure 6.6 a is sensitive to cone voltage, 

suggesting the mono-pyridine complex with m/z 136 is derived from fragmentation of the 

m/z 215 ion. In comparing Figure 6.6 b with Figure 6.4 b, it is seen that only [16,6]– and 

[16,7]– are especially prominent, while lower MW anions are also present. Thus, the 

monodentate and strong donor pyridine shows different chemoselectivity towards ion-pair 

formation from MAO compared with bipy, though both additives form lower MW material 

at the same donor level. 

 

Figure 6.6 a) Positive and b) negative ion MS of dried MAO + 8 mol % pyridine in PhBr-d5 

diluted to [Al] = 0.02 M with PhF. 
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6.1.4 Experimental Section 

Purification of Reagents. Pyridine (Sigma Aldrich), fluorobenzene (Oakwood), and 

bromobenzene (Sigma Aldrich) were all distilled from CaH2 under N2 and stored over 

activated 4Å molecular sieves (20% w:v) for several days prior to use. Tetrahydrofuran 

(Sigma Aldrich) was purified by passage through activated alumina under N2 and stored 

over activated sieves for several days prior to use. 2,2’-Bipyridine (Sigma Aldrich) was 

used as received but stored in a glove-box as it is hygroscopic. Octamethyltrisiloxane 

(Sigma Aldrich) was used as received and stored in a glovebox prior to use. 

ESI-MS Experiments. In a typical procedure, a stock solution (~3 mL) was prepared from 

MAO (0.75 mL of ~1.0 M), and the amount of a PhF solution of OMTS (0.5 mL of 0.015 

M) needed to give an Al:OMTS ratio of ~100:1. After mixing, the stock solution was 

further diluted with PhF to provide a final solution ca. 1.5 mM in Al. The same procedure 

was used to obtain the THF, pyridine, and 2,2’-bipyridine mixture. This solution was 

analyzed using a Micromass QTOF micro mass spectrometer via pumping it at ca. 40 

μL/min through PTFE tubing (1/16” o.d., 0.005” i.d.) to the ESI-MS probe and source 

using a syringe pump. The capillary voltage was set at 2700 V with source and desolvation 

gas temperature at 85 °C and 185 °C, respectively, with the desolvation gas flow at 400 

L/hr. MS/MS data were obtained on product ion spectra using argon as the collision gas 

and a voltage range of 2-100 V. 
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Portions from this Section 6.2 have been previously published in “Strategies for avoiding 

saturation effects in ESI-MS” A.A.J Wei, A Joshi, Y Chen, and J. S McIndoe,  International 

Journal of Mass Spectrometry, 450, 2020, 1163062.  

6.2 Strategies for avoiding saturation effects in ESI-MS 

All instruments with detectors are prone to saturation effects at high concentration, and 

mass spectrometers are no exception. The very high sensitivity of mass spectrometry makes 

the onset of saturation occur at lower concentrations than other methods, and in cases where 

the analyte of interest is very reactive, concentrations at which saturation can be 

problematic may be necessary to ensure decomposition is mitigated. A variety of detuning 

strategies can be employed to reduce saturation effects in the context of electrospray 

ionization mass spectrometry (ESI-MS), including lowering voltages on detector or 

capillary, increasing cone gas flow rates, or adjusting the probe position.97 A combination 

of strategies generally allows researchers to make the best possible compromises when 

studying compounds at relatively high concentrations. 

In this study, we primarily examined the trityl carbocation, [Ph3C]+, a reactive ionic 

compound used to abstract hydride or methide.275 It is stable in the presence of a weakly 

coordinating anion (in this case, [B(C6F5)4]
–), and as it is permanently positively charged, 

it is easy to detect using electrospray ionization mass spectrometry (ESI-MS). A common 

issue encountered for mass spectrometric analyses of highly reactive chemicals is sample 

decomposition at lower concentrations. As for trityl carbocation, data acquisition becomes 

challenging when the sample is at micromolar concentrations. An alternative solution is 

necessary when diluting the concentration is simply impractical. This section details how 
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the use of different diameter of cone sizes helps to detune the instrumental settings with a 

quadrupole time-of-flight (QTOF) mass spectrometer. 

6.2.1 Cone size 

The ion count, as seen on the spectrum, correlates to the number of ions entering from the 

sampling cone of the mass spectrometer. Tuning the number of incoming ions is an 

effective way to avoid saturation as it affects the ion transmission efficiency276  and detunes 

the sensitivity of the instrument. Two cones, with diameters of 0.80 mm, the cone that is 

more commonly used for mass spectrometric experiments, and 0.36 mm, the less 

commonly used, were experimented with, and the effect of the cone size was investigated 

(Figure 6.7).   

 
Figure 6.7 Two different cones used for the study. 

Comparing the two cone sizes, experimental results showed the dramatic effect caused by 

the large difference in the number of ions entering the mass spectrometer (Figure 6.8). A 
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smaller cone size that effectively avoids the saturation issue is used for acquiring 

experimental results.  

 

6.2.2 Experimental 

Experiments were performed with a Waters Micromass Q-ToF Micro Mass Spectrometer. 

Trityl tetrakis(pentafluorophenyl)borate, [Ph3C]+[B(C6F5)4]
–, (1.0 mg, 1.0 ×10-4 mol) was 

weighed out and fluorobenzene (10 mL) was added to prepare a solution with a 

concentration of 100 μM (1.0 × 10-4 M). Fluorobenzene was dried with calcium hydride 

(CaH2) overnight and distilled, kept over 4 Å activated molecular sieves prior to use to get 

rid of traces of moisture, and the sample was prepared in a glovebox under nitrogen 

atmosphere to avoid exposure to oxygen. Calibration curves were generated via the 

external calibration method. Twelve sample concentrations from 5 to 100 μM (5.0 × 10-6 

to 1 × 10-4) were prepared upon further dilution. Through a PTFE tubing that is connected 

directly from the glovebox into the mass spectrometer, sample was then injected via direct 

Figure 6.8 A graph where the calibration curves where the probe position the MCP detector 

voltage, the capillary voltage, and the cone gas flow all held constant and only the cone size 

changed. 
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sample infusion from the inside of the glovebox with a 1 mL syringe and a syringe pump 

set at a flow rate of 20 μL/min. For each parameter adjusted, a different ESI-MS(+) 

spectrum was acquired for one minute, where an average the total ion count at the ion peak 

m/z 243 Da was taken. A plot of ion intensity vs. concentration was generated.  

Portions from Section 6.3 have been previously published in “Competitive Ligand 

Exchange and Dissociation in Ru Indenyl Complexes” R.G. Belli, Y Wu, H Ji, A Joshi, 

L.P.E. Yunker, J.S McIndoe and L Rosenberg, Inorganic Chemistry, 2019, 58, 747−755.  

6.3 Competitive Ligand Exchange and Dissociation in Ru Indenyl 
Complexes 

A ruthenium complex [Ru(η5 -indenyl)(NCPh)(PPh3)2]
+(1) that is used by Rosenberg 

group as a catalyst precursor for hydrophosphination was studied by ESI-MS.5 Since the 

complex 1 is charged, the study of this complex via ESI-MS is straightforward. Using PSI-

ESI-MS ligand substitution reactions were performed on 1 upon addition of a secondary 

phosphine PPh2H at three different temperatures. The ligand substitution was over in 3 

minutes at 60 °C (Figure 6.11) as compared to 60 mins at 30 °C (Figure 6.9). 
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Figure 6.9 Experiment showing consumption of 1 in its reaction with 10 equiv. of PPh2H at 30°C  

in PhF, as monitored by PSI-ESI-MS. 

 

 
Figure 6.10 Experiment showing consumption of 1 in its reaction with 10 equiv. of PPh2H at 

45°C  in PhF, as monitored by PSI-ESI-MS. 
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Figure 6.11 Experiment showing consumption of 1 in its reaction with 10 equiv. of PPh2H at 60°C  in PhF, 

as monitored by PSI-ESI-MS. 

 

 

Figure 6.12 Preliminary experiments showing consumption of 1 in its reaction with 10 equiv. of 

PPh2H at 30°C (red), 45°C (blue), and 60°C (green) in PhF, as monitored by PSI-ESI-MS. 
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In Figure 6.12, slight induction periods were observed for the 45°C and 30°C runs and are 

attributed to the delay between the addition of phosphine to the solution and the time it 

takes for the mixed solution to move into the mass spectrometer (about 10-20 s). Inset in 

Figure 6.12 shows an Eyring plot with calculated activation parameters; the large positive 

ΔS‡ provides evidence for the dissociative substitution mechanism. The PSI-ESI-MS data 

also correlated very nicely to the 31P{1 H} NMR experiments by the Rosenberg group. The 

two techniques require two different conditions, with sample concentration being the most 

striking difference as the NMR sample requires higher concentration than the ESI-MS 

sample. ESI-MS experiment also produces one spectrum per second, while the 31P{1 H}  

NMR experiment gave one spectrum (128 scans) per 20 min. However, the kinetic profiles 

from both the techniques are almost identical, given the factor of three million between 

concentrations used for the MS and NMR experiments. 

6.4 Current and Future work 

Most of the experiments on MAO discussed in previous chapters are to be done in the ESI 

negative mode. That said, it bears mentioning that these negative ion species only account 

for active species in an MAO cluster, i.e., species that react with OMTS readily. The anion 

[(MeAlO)16(Me3Al)6Me]− that is formed upon the addition of OMTS to MAO is not 

believed to be the only species present; there are likely neutrals in MAO which are not 

observed by our technique. These species remain undetected by ESI-MS as they do not 

lose the [Me2Al] + unit. An important question that remains is whether the neutrals in MAO 

behave like MAO anions when it comes to processes such as aging and oxidation. It is a 

question worthy of future experimentation and one that will comprise the ongoing research 
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problem. The challenge that remains is to find a way in which we can observe these neutral 

MAO species via ESI-MS.  

Though our group has a long history of using charged tags to investigate neutral species 

using ESI-MS17,87,277 neutral MAO species have not been studied via charge tagging. 

Recently Zaccaria and co-workers reported phenol modified MAO by the addition of 2,6-

di-tert-butyl-4-methylphenol (BHT).172 As shown in Scheme 6.1, the BHT fragment after 

addition to MAO attaches to the MAO cluster, and this process occurs with the evolution 

of methane as a by-product.  

 

 

We hypothesize that if one can charge tag the BHT fragment, it would do the similar 

chemistry as the neutral BHT and lead to the analysis of the neutral MAO species. 

 

 

Scheme 6.2 Modifying MAO after addition of charge tagged BHT. 

Scheme 6.1 Modifying MAO after addition of neutral BHT. 
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The synthesis of the charge tag involves the addition of methyl iodide to 2,6-di-tert-butyl-

4-(dimethylaminomethyl)phenol followed by the exchange of the counter anion from 

iodide to a weakly coordinating anion such as BArF (Scheme 6.3).  

 

Scheme 6.3 Synthesis of charge tagged BHT. 

The ESI-MS spectra confirm the formation of the charge tag at m/z 279 in positive mode 

and the counter anion [B(C6F5)]
−  at m/z 679. 

Figure 6.13 ESI-MS spectra in a) positive mode and b) negative mode of charged tag BHT. 

[B(C6F5)4]−
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The addition of Me3Al to the charge tagged BHT leads to the formation of species with m/z 

334, which could be assigned to (CH3)3NCH2C6H2[C(CH3)3]2OAlMe2 (Figure 6.14).  

This charge tag would further be added to MAO such that the charge tagged unit exchanges 

with the Me group in an MAO cluster and result in the incorporation of a positive charge 

in an MAO cluster. So far, all the preliminary attempts to tag MAO using this charge tag 

have been unsuccessful. The instability of the current charge tag in the presence of R3Al, 

where the loss of Me3N occurs readily in the source, even at low cone voltages, is 

concerning. Future work could be focussed on adding a spacer in the current charge tag to 

avoid NMe3 elimination. 

Another way to incorporate a charge tag is via synthesis of Me2AlR (where Me2AlR = 

[Me2Al(CH2)nNR3][B(ArF)4] (where n is a large number to avoid both steric and inductive 

effects at Al as well as any possible intra-molecular, elimination, etc. reactions). This 

Figure 6.14 ESI-MS in positive mode after the addition of Me3Al to charge tagged BHT 

-NMe3
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material could be generated via hydroalumination of a charged tag alkene 

[H2C=CH(CH2)nNR3][B(ArF)4]. The resulting charge tag could then incorporate a charge 

in MAO via alkyl exchange.168 The choice of charge tag is very specific as the steric and 

electronic effects are crucial elements that need to be addressed in their design. As 

mentioned previously, charge tagging an MAO cluster would allow for a better estimation 

of the molecular mass.  
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7. Chapter 7 Conclusions 

 

My work explored the use of electrospray ionization mass spectrometry (ESI-MS) to 

analyze air and moisture sensitive samples. Chapter 1 summarized the advances by the 

various groups made to analyze air and moisture sensitive samples without decomposition 

via mass spectrometry. From this, the biggest breakthrough in the field had a glovebox next 

to a mass spectrometer such that samples could be sampled directly from inside the 

glovebox to the mass spectrometer via PEEK or PTFE tubing. This setup was used in 

addition to an ESI source for all my work.   

Chapter 2 summarized my work on the modification of MAO after the addition of R3Al (R 

= Et, iBu, Oct). In the case of iBu3Al addition, rapid reactivity followed by statistical 

equilibration was observed. The addition of Et3Al resulted in the highest number of 

substitutions of the methyl group in MAO. The higher substitutions for the ethyl suggested 

that the exchange was facile not just for the most exposed methyl groups on the oligomer 

but possibly also for Me groups, which are less labile by incorporation into the 

aluminoxane structure. The Oct3Al addition gave the least number of substitutions, and this 

result was unexpected as the octyl group is intermediate in steric hindrance (i.e., Et < nOct 

< iBu) and one would have expected more substitutions of octyl compared to isobutyl. 

Pressurized sample infusion was used to study the alkyl exchange process in real-time. 

These results are relevant to get insight into modified MAO (MMAO), which are routinely 

used as an alternative to MAO in polymerization studies. 

Since its discovery in 1973 by Sinn and Kaminsky, the structure and composition of MAO 

has been a mystery. The synthesis of prominent activator MAO was tracked by ESI-MS in 
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real-time, and the results are summarized in Chapter 3. The reaction of water to TMA 

followed by ionization by OMTS  produced a solution dominated by the same ion [16,6]–

observed in commercial  MAO samples, and this was remarkable considering the 

differences in reaction conditions between a small syringe and an industrial-scale reactor. 

Computationally, a new sheet structure was located for this ion. The approach and results 

in Chapter 3 are a revealing first step towards understanding and optimizing the formation 

of those components of MAO most capable of behaving as activators. 

Nitrogen generators are gaining attention for use in mass spectrometry labs as they supply 

nitrogen on demand and save a significant amount of money. As summarized in Chapter 

4, an N2 generator was installed as a source of desolvation gas, and in the case of an 

indicator developed for detection of O2, the extent of oxidation was <4 % at the highest 

flow rate examined. The extremely reactive ions such as the [Cp2ZrMe] + complex was 

more reactive towards oxygen and water, and using such ions as probes, the source of 

contamination within the spectrometer was readily discovered. The reduction in the 

collision gas pressure largely eliminates hydrolysis in the collision cell, and reliable 

MS/MS was collected.  

A study into hexene polymerization using [Cp2ZrMe2AlMe2][B(C6F5)4] was initiated, and 

it revealed unanticipated complexity and identification of a new pathway for catalyst 

deactivation – formation of dimethylalane stabilized complexes which are resistant to 

further insertion.  

In the future, studying MAO via charge tagging will be attempted as that could provide a 

more accurate estimation of the molecular mass of MAO. Overall, the work in this thesis 

demonstrates how to extract meaningful data on elusive and extremely reactive compounds 
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and will be of great interest to the catalysis and analysis communities looking to extract 

new information from complex and previously intractable systems. 
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9. Appendix A Modifying methylalumoxane via alkyl exchange. 

 

Figure A1. MS/MS spectrum of species containing one Me/iBu substitution (m/z of 1417). 

 

Figure A2. MS/MS spectrum of species containing two Me/iBu substitutions (m/z of 1459). 
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Figure A3. MS/MS spectrum of species containing three Me/iBu substitutions (m/z of 1501). 

 

Figure A4. MS/MS spectrum of species containing four Me/iBu substitutions (m/z of 1543). 
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Figure A5. MS/MS spectrum of species containing five Me/iBu substitutions (m/z of 1585). 

 

Figure A6. MS/MS spectrum of species containing one Me/nOct substitution (m/z of 1473). 
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Figure A7. MS/MS spectrum of species containing two Me/nOct substitutions (m/z of 1571). 

 

Figure A8. MS/MS spectrum of species containing three Me/nOct substitutions (m/z of 1669). 



 

 

180 

 

Figure A9. MS/MS spectrum of species containing four Me/nOct substitutions (m/z of 1767). 

 

Figure A10. MS/MS spectrum of species containing one Me/Et substitution (m/z of 1389). 
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Figure A11. MS/MS spectrum of species containing two Me/Et substitutions (m/z of 1403). 

 

Figure A12. MS/MS spectrum of species containing three Me/Et substitutions (m/z of 1417). 
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Figure A13. MS/MS spectrum of species containing four Me/Et substitutions (m/z of 1431). 

 

 

     Figure A14. PSI of 1 mol % iBu3Al modified MAO/OMTS with Al:OMTS 100:1 in PhF.  
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10. Appendix B Real-time monitoring of methylalumoxane. 

 

 

Figure B1. ESI-MS spectrum at 1, 2, and 10 minutes showing the change in the anion 

distribution during the synthesis of MAO in difluorobenzene with [H2O] = 0.055 M. Run #1 of 7. 
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Figure B2. ESI-MS spectrum at 1, 2, and 10 minutes showing the change in the anion 

distribution during the synthesis of MAO in difluorobenzene with [H2O] = 0.055 M. Run #2 of 7. 
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Figure B3. ESI-MS spectrum at 1, 2, and 10 minutes showing the change in the anion 

distribution during the synthesis of MAO in difluorobenzene with [H2O] = 0.055 M. Run #3 of 7. 
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Figure B4. ESI-MS spectrum at 1, 2, and 10 minutes showing the change in the anion 

distribution during the synthesis of MAO in difluorobenzene with [H2O] = 0.055 M. Run #4 of 7. 
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Figure B5. ESI-MS spectrum at 1, 2, and 10 minutes showing the change in the anion 

distribution during the synthesis of MAO in difluorobenzene with [H2O] = 0.055 M. Run #5 of 7. 
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Figure B6. ESI-MS spectrum at 1, 2, and 10 minutes showing the change in the anion 

distribution during the synthesis of MAO in difluorobenzene with [H2O] = 0.055 M. Run #6 of 7. 
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Figure B7. ESI-MS spectrum at 1, 2, and 10 minutes showing the change in the anion 

distribution during the synthesis of MAO in difluorobenzene with [H2O] = 0.055 M. Run #7 of 7. 
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Figure B8. Error in the TIC for seven different experiments shown in red (standard deviation), 

and the average counts of all the experiments are shown by the black line. 

 
Figure B9. Error in the average molecular weight for MAO anions formed in different 

experiments in blue and the average m/z of all the experiments are shown by the black line. 
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Figure B10. Error in the average Me:Al ratio for MAO anions formed in different experiments in 

green and the average Me:Al of all the experiments are shown by the black line. 

 

 

 

MS/MS Spectra  

 

The MS/MS product ion spectra show fragmentation exclusively through the loss of Me3Al 

(-72 Da). The number of Me3Al losses exceeds the y values for a given ion because, at high 

energies, the ion can rearrange to generate free Me3Al via the process 3(MeAlO) → Al2O3 

+ Me3Al.  
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Figure B11. MS/MS spectrum of [(MeAlO)11(Me3Al)5Me]−. 

 

 

Figure B12. MS/MS spectrum of [(MeAlO)13(Me3Al)5Me]−. 
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Figure B13. MS/MS spectrum of [(MeAlO)14(Me3Al)5Me]−. 

 

 
Figure B14. MS/MS spectrum of [(MeAlO)14(Me3Al)6Me]−. 
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Figure B15. MS/MS spectrum of [(MeAlO)11(Me3Al)4Me]−. 

 
Figure B16. MS/MS spectrum of [(MeAlO)15(Me3Al)6Me]−. 
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Figure B17. MS/MS spectrum of [(MeAlO)10(Me3Al)5Me]−. 
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11. Appendix C Reactive metallocene ions as sensitive 
indicators of gas-phase oxygen and water. 

 

 

Figure C1. ESI-MS in positive mode of the ([Cp2Zr(µ-Me)2AlMe2]+) system at a cone voltage of 

24V with an N2 supply from (a) factory refurbished N2 generator and (b) brand new N2 generator. 

The ion with m/z 252, i.e. ([Cp2ZrO2]+), was not prominent while using the new generator. 
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Figure C2. MS-MS of m/z 252 species showing no direct loss of O2 but instead a rearrangement 

(shown below) to lose the fragment with m/z 80. 

 

At low collision pressures, the lowest energy fragmentation of m/z 252 involves a loss of 

80 Da. Neutral losses with this MW involving only C, H, and O could correspond to either 

C5H4O or C6H8. A logical fragment for the former is cyclopentadienone, while, e.g., 

methylcyclopentadiene does not make as much sense. We are not sure of the most stable 

structure for m/z 252, but if it adopts a metal-peroxo radical cation structure, as postulated 

by Schwartz and co-workers, one might explain the loss of 80 Da as shown in the Scheme 

below where rearrangement proceeds the loss. Note that m/z 252 could also have the 

structure shown on the right, which makes some sense for its strong tendency to bind water 

to form m/z 270. 
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Figure C3. MS-MS of m/z 235 species showing hydrolysis at reduced collision energy. Due to 

water in the collision cell, we see m/z 237 [m/z 235 + 18 – 16 (CH4) Da] and m/z 255, which is 18 

Da higher in mass. 

 

 

 

 

 

 

 

 

 



 

 

199 

12. Appendix D Catalyst deactivation processes in 1-hexene 
polymerization  

 

 

Figure D1 ESI-MS of a 1:1 mixture of Cp2ZrMe2 and [Ph3C][B(C6F5)4] in PhF with [Zr] = 4.0 

mM with assignments given. a) On mixing and b) after 3 hours at room temperature. 

 

The M+2 isotopomer of m/z 235 is accentuated due to hydrolysis in the source 

compartment (cf. normal appearance of m/z 331). The identity of the ion with m/z 391 is 

unknown; its MS-MS is characterized by a single high energy loss of 152 Da forming 
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[Cp2ZrF]+. As 4-fluorobiphenyl is a minor contaminant of the fluorobenzene in use, it could 

be [Cp2Zr-(2-FC6H3)-4-C6H5]
+. 

 

 
Figure D2. MS-MS of [Cp2Zr(μ-H)2AlMe2]+ (m/z 279) species showing the loss of Me2AlH (58 

Da). Expansion shows the H2 loss (2 Da). 
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Figure D3. MS-MS of [Cp2Zr(μ-H)(μ-Me)AlMe2]+ (m/z 293). 

Figure D4. MS-MS of [Cp2Zr{σ-C6H10(C6H12)H}(μ-HAlMe2)]+  (m/z 445). Inset shows 3 

consecutive losses of H2. 
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Figure D5. Breakdown curves for [Cp2Zr{σ-C6H10(C6H12)H}(μ-HAlMe2)]+  (m/z 445). 

 

Figure D6. MS-MS of [Cp2Zr{σ-C6H10(C6H12)2H}(μ-HAlMe2)]+ (m/z 529). 



 

 

203 

 

Figure D7 Expansion of an ESI-MS spectrum of hexene (100 equiv.) and 

[Cp2ZrMe2AlMe2][B(C6F5)4] (0.28 mM) showing M+14 congeners of ions with m/z 445 and 471. 

 

 

 

 

 

 

 

 

 


