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Abstract

Polymeric materials have many functions in the modern world. This is due to their
tuneable thermal and mechanical properties, the ease at which they can be
functionalised, and the scalability of the synthetic methods. Advances in polymer
synthetic chemistry have allowed more exact design of these materials for their
function, leading to a rise in the complexity of the products and properties
available. As the need for more precise synthetic procedures increases as does the
need for analysis techniques to characterise their products. Polymers by definition

are complex mixtures which makes characterisation challenging.

Mass spectrometry is capable of rising to many of the challenges which polymer
research presents. Many important features of polymers are capable of being
determined by mass spectrometry such as, end groups, molecular weight,
composition, and architecture. A commonly used technique for polymer mass
spectrometry is matrix assisted laser/desorption time-of-flight mass spectrometry

(MALDI-ToF-MS).

In this thesis the author presents 3 published works which seek to improve the
molecular information which can be gained from polymer mass spectrometry
research, with a focus on the determination of monomer sequencing in copolymer

samples.

The first paper (chapter 2) shows a comparison between 2 commonly used tandem
mass spectrometry MALDI-ToF techniques (MALDI-ToF/ToF), and their effect on
the fragmentation species examined. These two techniques are post source decay
(PSD) and collision-induced dissociation (CID). The methods are used on a variety
of homopolymers, to examine the effect of different heteroatoms in the polymer
backbone. It is found that PSD produces less fragments than CID in most of the
homopolymers. The PSD fragments tend to be generated more often by
rearrangements/fragmentation around the heteroatom, whereas CID will provide

more fragments in carbon-carbon bonds



The second paper (chapter 3) is an investigation of PSD analysis of acrylate
homopolymers and copolymers. The paper shows a fragmentation pathway which
appears unique to the halide end group polymers. The paper also displays the
qualitative differences between a diblock copolymer and a statistical copolymer,
displaying the ease at which copolymer microstructure can be determined by
tandem mass spectrometry. The diblock copolymer is then examined in more detail,
displaying that there is a small amount of mixing discovered at the block boundary,
despite the use of controlled radical polymerisation methods. This shows the
powerful copolymer sequencing which can be provided by tandem mass

spectrometry.

The third paper (chapter 4) is centred on the development of a generic algorithm for
automatic peak assignment of copolymer MALDI-ToF data. This algorithm allows
quick assignment of the monomer composition of each peak present in the spectra,
producing a table of these results. This data can then be displayed as a heatmap of
the two monomers where the colour is the intensity of the peak. Here qualitative
differences can be seen between different copolymer compositions and different
copolymer microstructures. This is an examination of the composition distribution,

an often-neglected part of a copolymer sample.



Chapter 1

Introduction

1.1 Polymers

Polymers are a versatile class of matter, defined by the presence of 1 or more
repeating units bonded into long chains'?. They are one of the most industrially
important class of chemicals/materials due to their diverse thermal®** and
mechanical properties®, and the functionalisation capability®!!. It is for this reason
that they have been applied to all manner of products and applications which are
core to the industrialised modern world. Pharmaceuticals'>'3, agrochemicals'#'5,
aerospace'®', computing'®!, batteries?’?, solar cells?»?3, and many other industries
rely on polymeric materials to perform. It is this broad application to modern
processes which has led to polymer analysis being such an important field. As
polymer science advances, the polymers become more specific and more precisely
designed, and therefore, analytical methods must improve to be able to analyse the
exact chemical structure of the chains in polymer samples or as close to this as

possible to inform their synthesis and production.

The monomer(s) used within a polymer chain determines all of the chemical,
mechanical and thermal properties a polymer will have*2, along with the chain
length (molecular weight) of the polymer chains?*?. These factors also determine
the solution properties, as the monomer tends to determine solubility and non-
covalent interactions in solution?*?. In addition, in the solid state polymers can be
both amorphous or crystalline and this together with chain length determines
solubility with crystalline polymers and longer chains usually being harder to
solubilise®*?!. The thermal properties in the solid state are determined by both
monomer(s) and chain length, as this effects the interactions involved in
crystallisation, affecting the glass transition temperature, melting point, and thermal
degradation®-*. Different monomers and chain lengths also alter the mechanical

properties of the polymer chains, such as their stiffness, rheology, toughness etc®-%.
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Polymer chain length is measured as a distribution of molecular weight, often
measured using gel permeation chromatography (GPC, section 1.2.1). Polymers are
always mixtures of chain lengths and therefore at least two numbers are always
required: one to specify the relative size of the chains and the other to give
information on the breadth of the chain length distribution which then results in a
third number as a ration used to define the dispersity. Although there are different
mass averages that can be used the most commonly used measurements of
molecular weight are the number average molecular weight (Mn) and the weight

average molecular weight (Muw).

_ X(M X N)
M, == SN
_ X(M?*xN)
My, = (M x N)

Where M is the molecular weight of a chain, and N is the number of those chains.
Using these two values a measure of the broadness of the distribution known as
dispersity or molecular weight distribution (MWD) can be calculated as a ratio
between the two.

p=-2
My,

End groups provide opportunities for functionality to be added to polymer samples
through organic chemistry34. This can be achieved post synthesis*-4, or pre
synthesis*# depending on the approach used to synthesise the polymer chains.
There is a wide variety of chemistry used to functionalise polymers, such as click
chemistry“#” and new initiator synthesis*#. These end group functionalities can,
and are, used to for a wide array of applications such as peptide conjugation®!,
surface binding®*> or aggregation induced emission (AIE)**%, to name a few. The
end groups present on a polymer chain are, initially, tied to the method of

synthesis.

Polymer architecture is a further tuneable property of synthetic polymers.
Architecture refers to the shape of the polymer chains, where the polymers shown

previously have been assumed to be bonded in a linear architecture. There are



many other forms of architecture, such as branching, comb, brush, and star
polymers. These give rise to very different physical properties and we see thisin a
range of different polyethene (PE) available usually specified by density from High
Density (HDPE) to Low Density (LDPE) both with exactly the same chemical
structure but one being suitable for bullet proof vests and the other for garbage
bags. Different polymer architectures also affect solution properties, such as
solubility and viscosity®” as well asthermal®®* and solid state mechanical
properties®¢!, due to the changes in chain entanglement caused by the change in the
polymer molecular structure. There is also an increased opportunity for
functionalisation, as there can be more chain ends in many of the polymer
architectures, which can be spaced from one and other, providing easily accessible

functional sites on the architectures264.

-"'..-r.\"“ ‘"JEIJ

gradient block telechelic
hyperbranched dendritic dendritic-linear graft
surface-tethered brush

Figure 1: Examples of polymer architecture®.
Copolymers are polymers which contain two or more monomer units throughout
their structure. The combination of different monomer units allows for further
tuneable mechanical and thermal properties based on the selection of these
monomers, and the ratio which they are incorporated®. The way in which
monomer units are organised throughout the polymer chains dictates the properties
of the polymers. These organised microstructures include block copolymers,
random copolymers, gradient copolymers, alternating copolymers and many

others. Differences in polymer microstructures provide new and often unique



functionality, from unique solution properties to crystalline structure
manipulation®”!. As mentioned polymers are always complex mixtures and

characterisation is never trivial.

There are a range of polymerisation methods available for polymer synthesis.
Polymerisations can be categorised as either chain-growth or step-growth. Chain
growth polymerisation is when polymer chains are built by the addition of single
monomer units, allowing for the continuous growth of chains one monomer at a
time. Step growth, in contrast, is when monomers react together in a reaction
between different groups (e.g. a hydroxyl and an acid to make an ester) into small
chains then these small chains can react together into longer chains such that two
monomers can produce a dimer the dimer can react with a monomer to make a
trimer or a second dimer to make a tetramer etc until either one of the functional
groups is fully consumed or there is an intervention such as reducing the

temperature .

The work contained within this thesis will primarily focus on the analysis of vinyl

polymers synthesised by either catalytic chain transfer polymerisation (CCTP)”, or
copper mediated atom transfer radical polymerisation (ATRP)”, both of which are
chain growth polymerisation methods. Polymers made by other means are used in

chapter 4, as many of the samples in this section were purchased from suppliers.

1.2 Analysis

As mentioned, polymers are always complex mixtures, potentially containing
several of the different distributions, figure 1. Each of these distributions add
further complexity if they are present in the sample. This makes polymers a serious
analytical challenge, as methodologies used for determining the molecular
information of polymeric materials will aim to probe, characterise, and understand

these distributions.
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Figure 2: Different distributions which can be present in synthetic polymer samples™.

1.2.1 Gel Permeation Chromatography

Gel permeation chromatography (GPC) is a liquid chromatography technique
which uses columns filled with porous particles of well-defined size”>7¢. As a
polymer moves through the column it is retained based on its hydrodynamic
volume, where polymer chains of smaller hydrodynamic volume have a longer path
length entering more of the pores than the larger chains, hence the larger polymer
chains elute earlier than smaller chains taking a shorter time. The size of a polymer
chain in a given solvent is related to its chain length, and hence its molecular
weight, and thus GPC is used to characterise the chain length distribution, more
often called the molecular weight distribution or dispersity. Gel permeation
chromatography (GPC), size exclusion chromatography (SEC) and gel filtration
chromatography (GFC), all refer to a chromatography technique which operated by
the same principle of non-interactive separation by molecular size in solution. The
difference in naming is derived from its application, for example, in polymer
analysis GPC and SEC are both used and are interchangeable. Conventional GPC
analysis of polymer samples utilizes a single concentration detector (a detector

whose response to a given species is directly related to that species’ concentration),
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usually a differential refractive index detector” (DRI), or less commonly ultraviolet

(UV)8 or evaporative light scattering (ELSD)” detection.
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Figure 3: A diagram of the principle of elution in GPC analysis®.

When performing conventional analysis the values of the molecular weight
distribution are based on the elution times of polymers of a given size, which are
given relative to a given plot constructed from a set of narrow molecular weight
distribution calibration standards®'. These standards, for organic eluents, are
primarily poly(methyl methacrylate) (PMMA) or polystyrene (PS), whereas in
aqueous GPC poly(ethylene glycol) (PEG) standards are the most common. The
elution time for the polymers of known mass are plotted and fitted with an
appropriate curve which is then used to transfer time into molecular weight.
However, polymer chains solvate based on their size giving a volume of the
medium occupied (the hydrodynamic volume, Hv) based on the interactions
between the repeat unit structure and the solvent molecules. As every polymer type
solvates differently, the size of a macromolecule in solution and from solvent to
solvent and also dependent upon temperature changes relative to the standards
used thus molecular weight values as given by conventional analysis are only valid if

the polymer has the same chemistry as the standards used for calibration. As this is
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hardly ever the case, conventional analysis does not provide the exact molecular
weights of a given polymer sample unless universal calibration, or appropriate
Mark Houwink constants used in the calculation. Thus without these corrections
the values measured are relative, and hence are used more as a guideline when

comparing several samples of similar chemistry®.

A multi-detector approach can provide calibration free molecular weight
information — so called absolute molecular weights, this is usually achieved using a
viscometer and/or a light scattering detector. The addition of a viscometer to a GPC
alond with a concentration detector such as a differential refractive index detector
allows for a universal calibration, which utilises the intrinsic viscosity to calibrate
the elution volume to the hydrodynamic volume. This use of hydrodynamic
volume allows any linear polymer to have its molecular weight estimated in the
absence of the standards, by taking the contribution of internal viscosity out of the
elution volume and hence calculating a molecular weight independent of the

standards®.

Light scattering can be used in a similar way, by using multiple angles of light is
possible to estimate the size of the species in solution. It has been shown that in the
case of in-flow GPC samples two angles are sufficient for a reasonable estimation as
long as a low angle is used (<15°) and assuming zero concentration at the
concentrations used in the experiment, making multi angle light scattering
unnecessary when polymers are below a certain molecular weight/size, typically
<500K. In this case the molecular weight can be calculated from the radius of
gyration using the light scattering results alongside the DRI detector, acting as a
concentration detector. The only issue when compared to using a viscometer is the
limits of molecular weight detection, as light scattering requires quite large particles
compared to viscometer analysis, with DRI detection allowing for very low

molecular weights®.

In addition, these multi detector analysis techniques are capable of determining
architectural differences in polymer samples relative to one and other. This allows

for branching to be investigated, relative to other samples of the same class®#.
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GPC, being a non-interactive technique, does not provide much information about

the chemical structure of the sample, with a minor exception being when UV or
fluorescence detection is used. For this reason, it cannot provide in-depth

characterisation of copolymer composition or end group fidelity.

1.2.2 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance spectroscopy (NMR) is widely applied to polymers for

a variety of reasons. The most common purpose of NMR analysis is for chemical
characterisation, in polymers this is used to determine if the monomer in the
polymer chains is still the correct chemical structure, and if there are any
impurities®. Proton NMR is often used for determining the conversion of a
monomer in synthetic polymerisation, determining the amount of monomer
remaining in the sample relative to the polymer backbone as long at signals from
both monomer and polymer can be distinguished between each other and
integrated accurately. This can also be carried out at several time points to gain
kinetic information about the monomer conversion during (co)polymerisation,
leading to information such as reactivity ratios and determining whether a
polymerisation is a living polymerisation®$. Other methods can be used such as
GC, FTIR, HPLC, etc where the concentration of the monomer over time can be

measured with suitable accuracy.
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Figure 4: 'TH NMR spectra recorded at different time points in a bulk free radical reaction of poly(butyl
methacrylate). The peaks at 6.0 ppm and 5.5 ppm correspond to the vinyl polymers, and hence the
integral is decreasing over time. In contrast the peaks around 1.5 ppm broaden, as these peaks relate to
the polymer peaks. It is these changes that allow kinetics to be calculated from H NMR®S,

Proton NMR can also provide the average number of monomer units in the polymer
chains present in the sample if the end group can be identified and integrated
accurately. This is achieved by correlating the integration of a hydrogen
environment located on the end group of the polymer to the integration of a
hydrogen environment in the backbone. This can then be multiplied by the
molecular weight of the monomer to gain the number average molecular weight of
the chains in the sample, M. This does, however, rely on high end group fidelity to
be accurate, and becomes less accurate as polymers increase in molecular weight
and integration of end groups becomes more challenging. It is for this reason it

should be used orthogonally with GPC analysis®.

It also possible to gain end group information from NMR techniques of various
different nuclei, if they are of a significant enough abundance to be detected by
NMR'’s sensitivity®*l. The presence of several end groups can, therefore, interfere
with NMR’s calculation of average chain length, and hence the calculation of Mn by

this technique can be weighted significantly by this effect.
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For copolymers, one dimensional 'H NMR can be used to obtain the average
composition of the polymer chains present in the two samples. This is achieved in a
very similar way to the calculation of the average chain length, as it is comparing
the ratio of the hydrogen environments of the two backbone monomers to the
initiator environments again this required each monomer unit in the chain to be
integrated accurately independent of the other®2%. The issues which arise from end
group differences influence this measurement too, however, there is also the distinct
possibility that the two monomers are incorporated into completely separate chains.
This, therefore, would give a false positive result of copolymer composition, as the
sample could be a mixture of 2 different homopolymers — '"H NMR could not
distinguish between a block copolymer and a mixture of the two homopolymers

without further information.

Two dimensional NMR methodologies can also be applied to polymers to help
elucidate more complex structural information. There have been several studies
where 2 dimensional hydrogen NMR experiments are used to determine the
sequence structure of a copolymer sample®**. This is achieved by simulating the 2
dimensional hydrogen spectra of all possible 3 monomer sections (AAA, AAB, ABB
etc.) and then determining their presence in the real spectra of the copolymer to
determine if there was any block structure or if the sequence was more random.
This has then been used to determine reactivity ratios, however, it is a very time
consuming specialist methodology, and hence is only really applicable to expert

users”.

Diffusion ordered spectroscopy (DOSY) methods have also been applied to
copolymers. DOSY NMR is uses the measurement of spin echo spectra at different
field gradient strengths to determine their diffusion coefficients, and hence the
proton signals can be related to the diffusion coefficients to determine which
protons are a part of the same species®. This can be used to elucidate if the 2
monomers are bonded into the same chains, as if there are two separate
homopolymer chains made purely of each monomer they will have different rates

of diffusion to those of the copolymer®. In the case of homopolymers, it is also used
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to determine the confirmations of the chains!'®. It has also been applied to molecular
weight!?! and dispersity'® measurements of polymeric material. However, the

resolution of DOSY is very limited over quite low molecular weights.

NMR spectroscopy is a very powerful method for polymer analysis, however, it has
two key limitations when it comes to polymer samples. Firstly, it is inherently a
bulk methodology, and, while two dimensional studies can give some further
information, NMR tends to give values of averages and not information on
distributions which are present. Secondly, due to the fact it is a bulk methodology,
the sensitivity of NMR is very low when compared to mass spectrometry (Accurate
NMR experiments are possible in the 10-* M range routinely, whereas mass
spectrometry techniques can operate in the 10 M range)'®. This is a limiting factor
to how much information can be obtained by NMR for a sample which is a complex

mixture, as it is much more difficult to observe the trace components.

1.2.3 Liquid Chromatography

High pressure liquid chromatography (HPLC) techniques separate complex
mixtures based on their chemical interactions with either a polar stationary phase
with a non-polar mobile phase (normal phase chromatography) or a polar mobile
phase with a non-polar stationary phase(reverse phase chromatography)!®. In the
case of normal phase chromatography, polar compounds interact preferentially
with the polar column (as opposed to the non-polar solvent), causing more polar
components to be retained for longer. In reverse phase chromatography the
opposite is true, non-polar compounds interact with the non-polar column, causing

nonpolar compounds to elute later.

Polymeric samples can contain a wide variety of distributions, all of which can
affect the interactions involved in chromatography”. In standard reverse phase or
normal phase solvent gradient interaction chromatography these distributions can
all be separated, to varying degrees of success. The complexity of the
chromatogram, however, increases greatly with the number of distributions and the
dispersity'%. A further issue is detection, as many polymers are not UV active, and

so standard UV detection can be unreliable. DRI would be preferred, however, this
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often requires the method to have an isocratic solvent ratio, and hence in many

studies ELSD is the preferred method!%1%7,
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Figure 5: Liquid chromatography at the critical condition (LCCC) of poly(ethylene glycol) (PEG)
samples of different molecular weights and end groups. Note that since this was operating at the
critical condition, the PEG samples with the same end groups but different molecular weights (PEG 2k,
and PEG 6k) elute at the same time, whereas those with different end groups are separated!®.

Some methods of HPLC focus on removing some of these interactions to promote
separation by other factors. One example of this is liquid chromatography at the
critical condition (LCCC), which reduces the interactions of the repeat unit structure
by using a solvent ratio which is specific to a given repeat unit'®. This reduces the
effect of the molecular weight distribution on the elution of the polymeric species,
which causes the peaks to be less broad and hence allow more exact separation by
the changes in the polymer chain chemistry'®. This method is also usually an
isocratic technique, which means there is no solvent gradient applied. This allows
refractive index detection to be used as viable alternative to standard UV detection
(as many polymers are not UV active)!?. LCCC was originally designed to separate
end groups more accurately, however, it has been shown LCCC methods have the

capability to separate architecture and copolymer distributions to some extent!!!.
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Figure 6: Relationship of molecular weight (M) to retention time (tr) at different solvent ratios, where
46% acetonitrile is found to be the critical condition for polyethylene glycol (PEG)1%.

A method which uses an isocratic solvent system is temperature gradient
chromatography, which changes the temperature of the column over the elution
time to exploit the improved interactions with the mobile phase as temperature
increases!'>13, The practical usage of these methods relies on the usable temperature
range of the solvent system required for reasonable chromatography of the samples.
Even a small gradient of 20° C, however, has been shown to improve the separation

of polymer samples compared to an isothermal method'2114,

1.3 Mass Spectrometry

Mass spectrometry is a class of techniques which utilize the motion of ions to
determine their mass-to-charge ratio. This can be achieved by a variety of methods,
both in the generation of the ions and the motions which are used to analyse
them!>. Some of the key examples which have been applied to polymeric analysis
will be discussed here, with more detail given to MALDI-ToF as it is the primary

focus of this thesis.
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1.3.1 Basic Terms

1.3.1.1 Resolving Power
Resolving power is the ability for a spectrometer to separate the difference between

two peaks of the same intensity. It is often expressed as the equation:

my
R= ——
m; —m;

Where the peaks mi and m: are peaks of the same intensity with a valley between
them at a stated percentage of the peak height (IUPAC recommends the use of 10%
peak height).

A simpler way, however, to examine the resolving power of a mass spectrometer is
to use a single charged ion and its peak width at a specified height (this is often
using the full width half maximum of the peak, although it is common to see the
standard deviation of a Gaussian used to define the peak width). Resolving power

can hence be expressed:

Where m is the mass of the ion and Am is the peak width at a defined height. In this
thesis, this form of resolving power will be used, using the width at 50% of the peak

height.

1.3.1.2 Mass Accuracy

Mass accuracy is a measure of how close the experimental measurement of an ion is
to a known theoretical mass. This is expressed as a ratio of the mass error in the
measurement and the known mass, often expressed in parts per million (ppm).

Expressed as an equation:

Mass Error 6 Me—my 6
Mass Acurracy = X10°* = — x 10

Theoretical Mass m;

Where me is the experimental mass and m: is the theoretical mass.

1.3.1 Ionisation Sources

Ion sources describe the method which is used introduce charge to the desired

analyte for mass spectrometry analysis. Broadly, ionisation sources can be
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characterised into 2 categories, hard ionisation and soft ionisation. The difference
between the two is defined as whether they produce more fragmented ions, as in
hard ionisation, or intact ions, as in soft ionisation. While these categories are not
always distinct for some ionisation methods, they are useful when discussing the

methods of application to polymeric materials!'®.

1.3.1.1 Electron Ionisation (EI)

Electron Ionisation is the most common hard ionisation technique. The
methodology utilises an electron beam, usually provided by a tungsten filament,
which bombards gas-phase analyte molecules in a vacuum chamber. This process
strips the analyte of an electron, providing it a positive charge. Due to the high
energy of the technique, the analyte will undergo rearrangements and
fragmentation'”. A CsHs molecule, for example, has a mean excitation energy of

49.71 eV under electron irradiation.

When applied to polymer analysis this technique has three key drawbacks. The first
is in how the sample must be supplied, as the analyte must be present in the gas-
phase. This is an issue for many polymeric samples as they are non-volatile, and
hence will not enter the gas-phase readily for analysis''>. This means that only a
small group of very low molecular weight oligomers may be analysed by EI''. The
second issue is that it provides primarily fragmentation ions, which is an issue all
hard ionisation techniques face for polymer analysis. This is because polymers are a
mixture of chain lengths usually with one or more repeating structures, and hence
the information which can be gleamed about the intact structure is much more
limited. The third issue for polymeric analysis the ion source has a low molecular
weight range, usually less than 1000 daltons, which is not a particularly effective

range for polymer analysis'.

Hard ionisation techniques have found a niche in polymer analysis nonetheless,
with the utility of being coupled to gas chromatography, for monomer'* and
catalyst'? analysis, and/or pyrolysis, were the gas-phase thermal eluent is

analysed'?>1%,
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1.3.1.2 Electrospray Ionisation (ESI)

Electrospray ionisation (ESI) is a widely utilized soft ionisation method in mass
spectrometry. This technique takes analytes in the solution state, nebulizing them
into an electric field generated between a needle and a heated charged capillary'?.
As the solvent of the nebulized droplets evaporates the charge density within the
droplets increases, this causes charged molecules to emerge through a few different
proposed mechanisms based on the nature of the material being analysed'?. For
flexible polymeric materials, such as solvated synthetic polymers, the chain
expulsion model is considered to generate the majority of ions, however

mechanistic studies on synthetic polymer ionisation are quite limited'?.
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Figure 7: Schematic diagram of an electrospray ionisation source!!®.

Electrospray ionisation has been applied to a wide variety of polymers, across a
range of hydrophobicity and complexity. ESI is found to have advantages for more
polar polymers, such as polyethers'” and hydrophilic acrylates/methacrylates!?.
This is mainly due to these polymers being soluble in solvents commonly used for
ESI which are compatible with spectrometer components such as methanol, water
and acetonitrile, allowing for analytical procedures to be similar to those used for
biomolecules, where most advances in MS of large molecule is seen. ESI has also
been applied to more hydrophobic monomers, as new sample preparation
techniques have been developed. Analysis of polystyrene'” and more hydrophobic
acrylates/methacrylates'®13! have become almost routine for ESI, using mixed

solvent systems and along with better salt buffers for complexing these more
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hydrophobic monomers. One such advancement being the usage of supercharging
solvents, such as sulpholane, which are added to the solvent system to allow slower
droplet drying, leading to higher multiple charges, along with the use of chlorine
adducts for hydrophobic monomers operating in negative ion mode'.

These developments follow from the current understanding of the mechanism of
ionisation for polymer compounds in electrospray ionisation. The current model is
known as the chain ejection model, which was originally developed for unfolded
proteins. In this model chains are brought to the surface of a droplet by electrostatic
factors, and are ejected gradually via several intermediate phases, leading to the

droplet carrying a “tail” of the polymer chain!?>13%,
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Figure 8: Molecular dynamics snapshots of the chain ejection of an ayo-myoglobin protein molecule of
charge states a) 27+ and b) 33+ from a pH 4 water droplet'?.

This has led to ESI becoming more prevalent in the field of polymer analysis,
especially given its advantage of being able to be coupled to chromatography for

better complex mixture analysis — 2D methods. Coupled with chromatography
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techniques such as HPLC and GPC there have been a wealth of studies on a variety
of different polymer types. LCCC has shown separation of end groups'> and
copolymer composition'® when coupled with ESI-MS. GPC coupled to ESI has
presented the advantage of improving the analysis of broad polymers, especially in
those which have higher molecular weight species, by reducing the amount of
analyte present in the source allowing the multiply-charged higher molecular

weight chains to be detected with higher sensitivity!361%.

1.3.1.3 Nanospray Ionisation

Nanospray is very similar to ESI, with charged droplets being evaporated by the
same mechanisms mentioned previously. The key difference with nanospray
ionisation is the way the droplets are created, by using a glass capillary with a
nanoscale aperture containing the analyte solution'®. A potential difference is
produced between the sample capillary and the internal capillary in the mass
spectrometer, this can be achieved through methods such as making sample
capillaries out of conductive glass. or using an inserted electrode in the capillary'®.
The electrostatic forces cause small droplets of the analyte solution to be pulled
from the capillary allowing for a consistent nanoflow to be generated into the
spectrometer, with no requirement of a nebulizing gas, nor a dry gas, due to the size
of the droplets which emerge from the glass capillary. Nebulising and drying gases
are used in some scenarios, most commonly in techniques which are coupled with

flow systems such as chromatography.

Nanospray has been shown to have a significantly increased sensitivity when
compared to ESI'0. In the case of polymers, it has also been shown to provide less
biasing solvent to gas-phase transfer interactions caused by surface tension
differences between different polymer types. Hence, it can lead to much higher
signal especially in the case of more hydrophobic polymers, and polymers of higher
molecular weight as both of these factors will increase the surface tension'#!. A
further practical benefit is the disposability of the pulled glass capillaries after

analysis, the source in ESI can become dirty quickly due to polymer accumulation,
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avoiding this allows for cleaner signals with less noise and contamination in the

nanospray system.

A main drawback of nanospray, when compared to ES], is that when using glass
capillaries, it cannot be hyphenated with chromatography systems. There are some
low flow nanospray sources which use a constant pump flow which can be used in
such a way, however requirement of nanoflow makes the use of nano LC, a high
power flow splitting system, or a long time scale low flow LC system, a necessity.
Nanospray is also not necessary for using nano LC systems, as they can also be
hyphenated with low flow ESI systems. Hence LC-nanospray tends to be more

niche and expensive than its ESI counterpart!4.

1.3.1.5 Atmospheric Pressure Chemical Ionisation (APCI)

Atmospheric pressure chemical ionisation (APCI) utilizes a heated nebulizer, and a
high voltage needle to generate corona discharge. The is dissolved into a solvent
and nebulized in much the same way as an ESI source, the solvent is then removed
within the high temperature system. Corona discharge from the high voltage needle
causes ions of the solvent, or air, molecules to be generated, due to a series of gas-
phase reactions. These gas-phase reactions are related to the number of collisions
which occur in the ion source, and hence atmospheric pressure provides more
sensitivity when compared to a low pressure chemical ionisation system. The most
common of these reactions are around nitrogen atmosphere, where the N2molecules
ionise to form N4*, which then react with solvent molecules to form protonated
species. In the case of water this would form H*(H20)x» clusters which then react
with the analyte to form MH*(H20)x, the clusters of water are then removed in the
high vacuum of the mass analyser. Solvents with higher proton affinity than water

will lead to clusters containing that solvent, such as methanol'.

There are few applications to polymers and while APCI can be used as a direct
infusion of sample, it is more commonly used in LC-MS experiments. In LC-MS
experiments, it is much less reliant on polar solvents compared to ESI, meaning it is
much more uniquely suited for normal phase liquid chromatography and size

exclusion chromatography hyphenation'®. Examples of separation using normal
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phase liquid chromatography (NPLC) and SEC have been achieved using hexane
and dichloromethane as the mobile phase, two solvents with which ESI struggles to
achieve significant signal. APCI can also tolerate higher flow rates than ESI,
allowing direct coupling with no flow splitting, achieving much better separation
due to reduced mixing'#. It is also capable of producing spectra of compounds
which are normally difficult to analyse by ESI, such as poly(ethylene terephthalate)
(PET)".

APCTI has the unfortunate drawback that it can only provide singly-charged ions,
and also struggles to ionise high molecular weight products without thermally
degrading them'®. This results in it only being suitable for very low molecular
weight oligomers, only really exceeding the range of those which require vaporised
molecules such as EI, however, it can be coupled with pyrolysis, like EI, to provide
higher molecular weight polymer analysis, and hence occupies an interesting place

in the polymeric analysis'.
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Figure 9: Schematics of atmospheric pressure chemical ionisation (APCI, top) and atmospheric
pressure photoionisation (APPI, bottom) sources!#.

1.3.1.6 Atmospheric Pressure Photoionisation

Atmospheric pressure photoionisation (APPI) is very similar to the APCI source,
replacing the corona discharge needle with a UV lamp'¥, typically a noble gas
discharge lamp with photon energies around 10 eV'4. There are few examples of
APPI being applied to polymeric materials, however, the few that do exist show
ionisation of a few very hydrophobic polymers which are usually very difficult to
ionise. One example is a study analysing low molecular weight polyethylene'#,
which previously has only been achieved with very low signal-to-noise ratio or
derivitisation of the analyte'®. APPI provided direct analysis of polyethylene with
hydrogen end groups utilizing chloroform as an infusion solvent with a toluene
dopant. It has also been utilized by the same group to analyse polyisobutylene,
another polymer difficult for other ionisation methods to analyse'®'. In both cases
the oligomers were observed with Cl- adducts generated from photoionisation of
the chloroform solvent, the ionisation of which seems to be mostly unaffected by the
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end groups and hence adduction is taking place on the repeat unit. APPI can also be
hyphenated with an LC set up!*2'53, however this, to the author’s knowledge, LC-

APPI-MS has not been applied to synthetic polymer research.

1.3.1.8 Laser Desorption/Ionisation (LDI)

Laser desorption/ionisation is the direct precursor to matrix-assisted laser
desorption/ionisation (MALDI), the main focus of the work contained within this
thesis. It is, therefore, important to understand it as an ionisation method despite it
now being uncommon for polymer analysis. LDI utilizes a laser which is incident
on a, usually, solid sample on a substrate. The sample is then ablated from the
substrate by thermal processes, and ejected into the gas-phase!® %, It is common,
with polymeric materials especially, to add a salt to the solid sample to provide
cationic adducts to the sample and improve sensitivity and signal-to-noise'®. Once
the polymer analyte is ejected into the gas-phase, the thermal energy and photo
energy absorbed by the analyte and the salt compound contribute to gas-phase
collisions. These gas-phase collisions between high energy particles allow for the

adduction of the polymeric analyte to the salt ion'¥.

When utilizing a UV-LDI source for polymer analysis, it is most effective when
applied to samples which have an absorbance in the wavelength of the laser'’. This
leads to mostly those with conjugation'®, however, other examples also exist of
polymers which do not absorb in this region being analysed!®. In recent years UV-
LDI has received some new interest, due to the applications of heavily conjugated
polymers for solar cells'®'. IR-LDI sources have a much more ubiquitous application,
as most polymers will absorb somewhere in the IR region, and the vibrational
energy produced during laser ablation is enough to cause ionisation'®2. There are
two major drawbacks to IR-LDI. The first is that due to the depth of penetration of
IR radiation, when compared to that of UV, the IR measurement takes less laser
shots to ablate the sample from the plate. This causes a reduction in sensitivity,
however the technique does have faster analysis if automated because of this. This
also causes a reduction in the spatial resolution available for imaging experiments

due to the increase in the size of the ablated region. The second is that the range of
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IR-LDI analysis is in a low mass region, sub 2000 daltons, as the sensitivity and
resolution reduces significantly as molecular weight increases. It is the need for
higher molecular weight analysis which led to the development of the MALDI

source!les,

1.3.1.9 Matrix Assisted Ionisation Vacuum

Matrix assisted ionisation vacuum (MAIV) is a relatively new ionisation method
(sometimes referred to as MAI or vMAI) which utilizes a small molecule matrix
which is deposited along with the analyte on a glass slide'*. The glass slide is then
subjected to a low pressure vacuum which desorb the matrix and analyte molecules
from the slide, ejecting them into the gas-phase. This technique produces multiply-
charged ions'®®, and is capable of a good level of quantification'®. The source also
has a high signal-to-noise ratio, as well as keeping non covalent bonding intact as
long as it remains intact in the matrix crystal structure, due to the soft nature of this
ionisation technique. A very effective matrix for MAIV is 3-nitrobenzonitrile (3-
NBN), and it has been shown that in a MAIV ionisation regime it has a different
ionisation mechanism when compared to other matrices when observing the same

effect!.

The mechanism of MAIV, especially when using the 3-NBN matrix, is still under
contention due to the technique being relatively new. The current theory is that 3-
NBN produces multiple charges due dinitrogen discharge caused by a
triboluminescence-like effect when the crystal structure is broken, this is believed to
be introducing small localised electric fields into the crystal structure causing
ionisation of the analyte molecules!?”. Since the ionisation method is currently under
development polymer studies are rare, however, there has been a study which
investigated low molecular weight PEG, PMMA and polystyrene samples. These
polymers tend to be standards of mass spectrometry analysis, and hence the

ionisation method has not yet been fully investigated for polymer analysis'®®.

1.3.2 Analysers
Mass analysers, as a generic term, are the section of the mass spectrometer where

separation relative to m/z occurs'®. This separation can be achieved in a variety of
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ways depending on the analysis method used. In this section quadrupoles, ion
cyclotron resonance and orbitrap spectrometers will be discussed, with time-of-
flight spectrometers being discussed in more detail in a later section. All analysis in

chapters 2-4 of this thesis were performed using a time-of-flight mass spectrometer.

1.3.2.1 Quadrupoles

Quadrupole analysers use a potential difference between 4 rods operating as two
pairs to differentiate the mass/charge ratios of ions which are passing through. A
radio frequency voltage is applied to across both sets of parallel rods, with a DC
offset voltage which is subtracted from one set and added to the other. Thus ions
oscillate in the radio frequency field, and the ratio between the two voltages leads to
ions of only a selected m/z range to have a stable trajectory and all other m/z values
to have an unstable trajectory, leading to a selective mass analyser. Because of this
high level of selectivity there are two standard ways to operate a quadrupole as a

mass analyser, scanning mode, and selective ion monitoring mode!®.

Scanning mode produces what could be considered a “normal” mass spectrum, with
several different peaks of different m/z values. In this mode ratios of the applied DC
offset voltage and the applied radio frequency voltage are scanned through,
allowing different m/z values to reach the detector. Quadrupole analysers are low
resolution analysers, however, they can scan very quickly and produce mass
spectra. The sensitivity of a quadrupole instrument operating in scanning mode is
low, as at any give ratio of DC to RF voltage all ions which are not of the specific
m/z value are lost. Selective ion monitoring mode, instead, runs at only one ratio of
the potential difference across the poles, and hence only one m/z value will reach
the detector. This leads to an incredibly high sensitivity which can be in the

attomolar range, for a single m/z value!”.
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Figure 10: Quadrupole mass analyzer schematic!”!,
It is for this reason that quadrupole instruments tend to find the most usage when
coupled with chromatography techniques, such as GC and LC instruments. The
range of quadrupole mass spectrometers is usually given as up to 4000 m/z'?2,
however, it is rare for them to extend above 2500 m/z. When applied to polymer
analysis, therefore, it is mostly used for low molecular weight polymers!'73174, There
is potential for quadrupoles to use ion sources which can generate multiple charges,
such as electrospray ionisation (ESI, section 1.3.1.2), however this will complicate
the spectra greatly, especially if the polymer sample is complex, such as in
copolymers. In these complex mixtures the concentration of any one species can be
low, which coupled with the low sensitivity of the quadrupole, can lead to an
incomplete view of the sample. The complexity can be decreased using hyphenation
to reduce the number of species entering the mass spectrometer at any one
time'7#175. Quadrupoles are, therefore, not used as often for modern intact polymer
analysis, and are mostly used as the mass analyser in a GC-MS system with

pyrolysis at the front end!?>176.

1.3.2.2 Fourier Transform Ion Cyclotron Resonance (FTICR)
Fourier transform ion cyclotron resonance (FTICR) is an ultra-high resolution mass

analyser which functions based on the principles of cyclotron resonance. When a
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charged particle is subjected to a magnetic field it will experience motion
perpendicular to that magnetic field, this is due to the particle experiencing the
Lorentz force. The direction of this motion is given by the Fleming left hand rule,
rotating around the axis of the applied magnetic field. This motion will allow the
charged particle to take a stable orbit, if they are trapped in the ICR cell. This
motion has a frequency which is inversely dependant on the mass-to-charge ratio of
the charged particle, and hence, by measuring the frequency, the mass-to-charge
ratio can be measured. The trapping of ions within the ICR cell requires the usage of

two ion trapping plates, which adds further complications to the ion motion'”.

The radii of the orbit due to the Lorentz force when the ions first enter the ICR cell
are too small to be detected, and hence an excitation radio frequency potential is
applied to the ions. This radio frequency potential has to be matched to the
cyclotron resonance frequency of each ion, and therefore the excitation frequency
values are swept through. This puts all ions into the same radius of orbit, with
different frequencies. The detector results are gained from a pair of parallel plates
when a charged particle passes through them the potential difference between them
changes. Each charged particle which passes through will go through multiple
times, due to the non-destructive nature of the detection. In their original form, the
detector results are presented as a transient in the time domain, and hence the use
of a Fourier transform is necessary to gain a spectrum of the frequencies contained
within the transient. A Fourier transform is a mathematical transform which
converts temporal or spatial functions into functions of frequency and amplitude.
These frequencies are then converted to their mass-to-charge ratio using the

mathematics described previous'”s.
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Figure 11: Schematic cross section of an FTICR cell'?®,
In the field of polymer analysis, FT-ICR mass spectrometry is a rarity. This is
primarily due to its inhibitive initial cost and running cost. One of the factors most
important to polymeric analysis is mass range, as polymers have the widest
molecular weight range of any chemical structure. Mass range is heavily dependent
on the strength of the magnetic field'>'®, the size of which is a large factor to the

cost of this instrumentation.

The high resolution has been utilised in copolymer analysis, as it allows for
resolving of peaks which would overlap in lower resolution analyser
technologies'®1%3. Where MALDI is used in such studies it has the benefit of
producing single charges, making the data analysis simpler. The high mass
accuracy of FT-ICR lends it to fundamental studies of the reaction mechanisms of
polymer synthesis, as it is shown that the initiating species in radical
polymerisations are small and very exact, with minor differences between them
with respect to molecular weight'841%5. A further example of the advantages of FT-
ICR being utilized for polymer analysis is in the analysis of natural polymers such
as lignin, which is a highly complex copolymer system. Lignin samples are complex

arrangements of, primarily, 3 repeating units which can take hyperbranching forms,
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making them a challenge which can be met with ultra-high resolution mass

spectrometry methods!s¢187,

1.3.2.3 Orbitrap

Orbitrap instruments function in similar manner to FTICR instruments, as they
subject ions to a field and detect the frequency of their movement. In the case of
orbitrap instruments, the field they are subjected to is based on two electrodes, one
outer cylindrical electrode, and a central spindle shaped electrode. This orientation
leads to motion which repeats both rotationally around the spindle shaped
electrode, and axially along it'$8. The frequency of the rotational movement is
strongly dependent on the initial conditions of the ions, such as the initial position
and velocity of the ions as they enter the analyser. The axial frequency, however, is
independent of these initial conditions, and hence is dependant only on the m/z of
the ion'®. It is the detection of this frequency which provides high resolution, high
accuracy mass spectrometry results with much lower field strengths when
compared to FTICR instruments. Results are then detected in a similar manner to
FTICR instruments, with a time domain transient being converted into the

frequency domain, and relating these results back to their m/z values'®.

Figure 12: Schematic of the ion motion in an orbitrap analyzer!®.

The resolution of a commercially available orbitrap instrument is lower than an

FTICR instrument'”!, as well FT-ICR has certain features with respect to tandem
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mass spectrometry which will be discussed later (Section 3.3.1). They are, however,
comparable in mass accuracy, and the resolution is greater than other conventional
instrumentation such as time-of-flight instruments. Resolving power in both
orbitrap and FT-ICR instruments is dependent upon the m/z value, in which is
inversely related, leading to lower resolution as the m/z is*®. Orbitrap instruments,
therefore, offer an alternative to FTICR for ultra-high resolution analysis. The
orbitrap is the most recent commercially available analyser, the first commercially
available orbitrap was released in 2005'°, and hence the number of studies in
orbitrap technology is relatively low, but it has been embraced by the polymer

analysis community due to its high resolution for relatively low cost!>1%.

1.3.3 Tandem Mass Spectrometry

Tandem mass spectrometry is a category of mass spectrometry techniques which
aim to isolate ions within a small range of m/z values, selectively fragment them,
and analyse the resulting fragments'*. This is achieved in a multitude of different
ways, depending on which analyser is used, and the techniques can be
differentiated by any one of the stages. Here some common tandem mass
spectrometry techniques for polymer analysis will be discussed, both in the case of
analysers and fragmentation. In section 4.3.4 MALDI-ToF/ToF will be discussed in

more detail, as it forms a larger part of the work in later chapters.

1.3.3.1 Tandem Analyzers

Triple quadrupole analysers are very common analysers for fields which examine
small molecular weights of known m/z values, such as peptide and small molecule
analysis. A triple quadrupole functions with the first quadrupole acting as the
isolation step, using the relationship of the potential differences of the quadrupole
to the m/z value of ions allowed to pass through. The second quadrupole is where
the fragmentation occurs, usually by collision-induced dissociation, where an inert
fragmentation gas is added to the quad to fragment the selected ions. The third
quad then operates in a scanning mode, which allows for analysis of the fragments
produced’®”'*8, Triple quadrupole analysers are utilized for their high speed of

analysis, their high selectivity, and their sensitivity'®. This has seen them used
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extensively in fields such as environmental analysis, where very low quantities of
target molecules are present in samples?®-2%2, Similarly, to quadrupole analysers,
however, they are limited by the m/z values they can analyse, and hence polymer

analysis is very limited.

Quadrupole/quadrupole-time-of-flight (QqToF) analysers, in contrast, are much
more valuable for polymer analysis. This tandem analyser has the first two
quadrupole stages of the triple quadrupole analyser, however, the fragment
analysis stage is replaced by a time-of-flight analyser?® (see section 4.2 for more
details on time-of-flight analysers). The time-of-flight analyser allows for much
higher resolution, sensitivity and mass accuracy, when compared with triple
quadrupole analysers. They still suffer, however, from m/z range issues due to the
use of a quadrupole for ion selection'®. In spite of the molecular weight limitation,
it has been applied to polymeric samples using soft ionisation techniques such as

ESI and MALDI?*,

In the case of FT instruments, such as orbitrap or FT-ICR, it is common for the
tandem method to use a quadrupole ion trap or mass filter in its first stage to isolate
and fragment the precursor molecules?’52%. However, it is also possible to utilize a
radio frequency pulse to excite ions currently undergoing cyclotron resonance. In an
FT-ICR cell, if an ion is subject to a radio frequency pulse of matching frequency to
its cyclotron resonance, it falls towards the centre of the ICR cell. This allows it to be
subject to localised fragmentation methods which are based on adsorption of
photons, or electron beams?”. It is this principle which allows 2 dimensional
measurements, where all precursor ions are fragmented in a full scan, generating a
two dimensional spectra of pre-cursor ions and their fragments?®. This has recently
been applied to synthetic polymers, allowing investigation of multiple end groups

and also changes in fragmentation pathway with chain length2%210,

1.3.3.2 Fragmentation Methods
There are many different ways to generate molecular fragments in tandem mass
spectrometry, which may produce different fragments, and some which are only

usable by certain analysers. The most common and robust fragmentation method is

35



collision-induced dissociation (CID)?''. CID utilizes a neutral gas in a collision cell
which collides with the precursor ions increasing vibrational energy and causing
fragmentation?2. Commonly used collision gases include argon, nitrogen and
helium?®. The energy of the collision gas has an effect on the ions observed in CID
experiments, low energy CID (<1keV) tends to favour structural rearrangement over
direct bond cleavage, as the energy increases the amount of direct bond cleavages

tends to increase?14215,

This collision energy is referred to as the centre of mass energy, which is the energy
transferred as vibrational energy to an ion by collision with a neutral particle. It can

be expressed as the equation:

m;

Ecyy = Exyp————
cM KEm1_|_m2

Where Ecwm is the centre of mass energy, Exe is the kinetic energy of the ion, mu is the
mass of the ion and mz is the mass of the neutral particle. The kinetic energy of an
ion accelerated by an electric field is shown in section 1.4.2.1.1 to be equitable to the
product of the charge of the ion (q) and the potential difference of the applied
electric field (V). The centre of mass energy can therefore be calculated

experimentally as:

ms

Eppy = qV ——=—
cm =4 my +m,

For example, in a system with a 19 kV acceleration voltage, a singly-charged 2000
Dalton molecular weight ion colliding with an argon gas molecule (39.958 daltons)
the centre of mass energy is 372.21 eV. This, therefore, displays a positive
relationship between the potential difference applied to accelerate the ion (V), it’s
charge (q) and the mass of the neutral particle (m2) the ion collides with. These are

experimental factors which can be controlled in a CID experiment.

A fragmentation which can easily occur in any form of instrumentation is post
source decay. Post source decay (PSD) refers to the metastable decay of ions with
high energy afforded to them by the mass spectrometry process?'¢?7. As the name

implies, this decay occurs after the ion source in the optics of the analyser, in
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contrast to in source decay (ISD). In source decay is a term for any fragmentation
which takes places as part of the ionisation process, and hence these fragments
cannot be assigned to their precursor ion?'82', It is for this reason that in source
decay is not used as a fragmentation method for tandem mass spectrometry,

although can still be very useful for samples which are not complex mixtures.

Photodissociation refers to fragmentation methods which use light sources, in most
cases this is a high intensity laser. The individual photodissociation methods are
named after the wavelength range of the laser source, examples include infrared
multiphoton dissociation (IRMPD)?* and ultraviolet photodissociation (UVPD)?!.
The different wavelengths will be preferentially absorbed by different functional
groups??2%, the increase in energy is therefore much more localised than that of
CID?*#, and hence fragmentation occurs at more specific points on a compound’s
structure. Another benefit of photodissociation methods is that they are spatial, as
they rely on a laser beam, this has allowed them to be used in unique methods such

as 2-dimensional mass spectrometry, where spatial resolution is a necessity??.

Electron capture dissociation (ECD) utilizes an electron beam, similar to EI,
however, instead of the electrons bombarding the structure to fragment it with
kinetic energy, the electrons are propelled at a lower energy with the aim of causing
the compound to capture the electron??. This will cause radical fragmentation,
which can provide unique fragmentations when compared to those driven by
metastable decay and kinetic energy??. The analysis of ions by ECD tandem mass
spectrometry requires the target ions to be multiply-charged, due to the additional
electron neutralising one of the charges??¢. ECD is spatial due to its electron beam,
similar to photodissociation, and so can be used in similar ways in FT-ICR

instruments?2,
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1.4 Matrix-Assisted Laser Desorption/Ionisation Tine of Flight
(MALDI-ToF)

1.4.1 Matrix-Assisted Laser Desorption/Ionisation

1.4.1.1 Principles

Matrix-assisted laser desorption/ionisation (MALDI) is very similar to the laser
desorption/ionisation (LDI) method discussed in section 3.1.8. The key difference is
when the sample is prepared for analysis it is deposited with a high concentration
of a small molecule matrix which is often, but not always, crystalline, 2. This
matrix, to be most effective, absorbs heavily in the region of the wavelength of the
laser?. This is as the process of ionisation relies on high energy gas-phase collisions
between the analyte and the ionising agent. In the case of biomolecules, and
nitrogen rich polymers, an H* ion can be passed from the matrix itself, and hence
the high energy gas-phase collisions can occur between the analyte and the matrix
itself. It is possible, in such cases, for ions to be formed in the matrix structure, and
instead follow the “lucky survivor” model of ionisation, where the charges from the

matrix structure are instead lost in the gas-phase during collisions?'.
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Figure 13: Diagram of the MALDI process?®2.
In the case of polymers, however, the adduction of metal cations is much more
common. Often used ions include Li*, Na*, K* and Ag*, however, other transition
metals, such as copper, have also been observed to achieve ionisation?. With metal
adduction, it is the collisions between the analyte and the cation which cause the
ionisation, which makes the role of the matrix to simply collide with molecules in

the gas-phase to increase their energy to allow for adduction. The mechanism of
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metal adduction is understood to primarily occur in the gas-phase after ablation,
and the ablation process adds a large amount of thermal energy to system alongside

the photoexcitation of the matrix molecules?*2%,

MALDI produces very few multiply-charged ions, and has mostly been reported in
cases of large biomolecules?' and molecules with fixed charges?*. This is due to the
high energy gas-phase collisions causing any extra adductions which may be
present to be removed, and either put back into the gas-phase as free ions, or
adducted onto different analyte molecules depending on the collision which occurs.
As well these multiple charges can be limited kinetically and/or by the
thermodynamics of the ionisation process?!. There is much still unknown about the
MALDI process, and most of the research into the ionisation process involves using
biomolecules as a sample, and hence is usually concerning H* adduction, which is

known to have different processes when compared to metal cation adduction.

1.4.1.2 Sample Preparation

The quality of spectra recorded with MALDI depends heavily on the quality of the
sample preparation, which is reliant on several factors. The selection of a suitable
matrix is one of the key variables for obtaining successful spectra as the
polymer/analyte has to be molecularly dissolved in the matrix and polymers have a
tendency to phase separate — phase separation has to be avoided by solution or co-
crystallization. The first factor is whether the matrix is suitable for the wavelength
of the laser being used in the MALDI process, usually A =308 nm from a nitrogen
laser. In most cases the laser is either a UV or IR laser, common matrices which are
used for both of these techniques tend to have a broad wavelength range for
absorbing and hence exact wavelength is likely not as much of a factor. Some
matrices, however, which are suitable for IR are not suitable for UV, due to a lack of
UV active groups?’, especially in more unique cases such as the use of ice as a

matrix for IR MALDI23,

A further part of the selection process is what can be broadly termed as
“compatibility”, and is essentially how well the matrix forms the crystal structure

with dispersed polymer particles or the polymer is dissolved in a liquid matrix?®.
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When the polymer particles aggregate this has two effects. The first is that, as a
MALDI measurement ablates a small region of the MALDI spot for analysis, there
are less regions where the three components (matrix, cation and analyte) are
present, which makes the measurement much more inconsistent and leads to lower
quality spectra overall?*24, The second is that polymer aggregates require a much
higher amount of laser power to ablate from the target plate, this leads to the
analyte molecules having much higher energy when ablating from the plate, which
negatively effects the resolution of the spectra as described in the time-of-flight
section (section 4.2)?41. Essentially the matrix is burned away leaving the polymer as
a single molecule — thus it is in the gaseous state. Compatibility is not an easily
predictable factor and, outside of rule of thumb, there is no way to predict what
matrix will work with what analyte. The only factor which is known to affect the
compatibility is solubility, as the solubility of both analyte and matrix can be an
indication of how well one will interact with the other??. This will only give an
estimation of which matrix will work for a given polymer, however, and trial and
error is still the only effective way to select matrices outside of finding literature

examples or experience.
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m/z 4046

Figure 14: Optical (I, IT) and MALDI imaging results (Ia, Ib, IIa, IIb) of 4046 m/z ions (Ia, Ib) and 9052
m/z ions (IIa, IIb). This also compares in homogeneity in dried droplet (Ia and Ila) and air spray
depostion (Ib, IIb) sample preparation¥.

Selection of cations is simple in most cases. Many synthetic polymers, including
those which are measured in this thesis, are oxygen rich, such as acrylates,
methacrylates, polyols, etc. In the case of oxygen rich polymers, most alkali metals
will complex with them easily, and hence lithium, sodium, and potassium salts are
common cations used for these polymers in MALDI?*®. The only exception which
will be utilized in this thesis is Ag* adduction for polymers which contain aromatic

functional groups?*.

Sample preparation can be carried out in a multitude of ways, there are many ways
to form a crystal structure containing the 3 core components. The most common
method is the dried droplet method, where all three components are mixed in one
solvent system?/024, A small droplet of the resulting solution is then applied to a
target plate and left to dry, often forming a crystal structure with the polymer
embedded in it. The main benefit of this sample preparation method is its speed,
and, assuming all components are compatible, it can produce quality spectra. One
issue with dried droplet method is that, in systems with slow drying solvents like

water, it produces uneven spots with a large amount of the crystal structure on the
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outer edges of the dried droplet. For many synthetic polymers this is not an issue,
as many of them will dissolve in very volatile solvents such as THF?*. For polymers
which are soluble in less volatile solvents, such as water or even DMF, which are
common solvents for bio compatible polymers, the target plate can be placed in a
vacuum oven to quickly remove the solvent, resulting in much more even spots?¥.
Another issue is a lack of compatibility, especially in samples which are only
soluble in water as many matrices do not dissolve in water. In some cases, a co-
solvent system can be used to attempt to keep the components thoroughly mixed,
and hence provide an evenly distributed MALDI spot with the polymer well
dispersed. One consideration when using this co-solvent system is that there is a
rule of thumb which claims the matrix should be in the solvent which will

evaporate first?,

A method of sample preparation, which is very common for biomolecules, is known
as the “sandwich method”. A very similar methodology to the dried droplet
technique, except in this case not all components are mixed together. Instead the
matrix and sample are both separate solutions with the cationising agent in both.
The two solutions are then spotted in such a way as to make a “sandwich” of the
sample below a layer of matrix, or sometimes between two layers of matrix?*. This
ensures, even in systems of low compatibility with respect to mixing, all of the spot
will contain all three components. This ensures that all three components will enter
the gas-phase, however there will still be differences in the success of gas-phase
interactions, hence matrices will still give different qualities of spectra. This method
is common for biomolecules as many proteins are only soluble in water or water
with a small amount of organic solvent, because of this the concentrations of matrix
compared to sample would be limited for the dried droplet method, hence this

method is employed to improve the amount of matrix in the spot?°231,

42



Laser

Matrix \

A B R R 2
A TR N R

Analyte R R R

Plate

Figure 15: Diagram of the resulting crystal sample from a sandwich method (left) and the dried droplet
method (right)?®.

There are some methods which employ different deposition methods than the
standard dried droplet method. Such examples include air spray??, electrospray®,
and acoustic droplet ejection?**. In general, these methods are usually to move
towards automation, allowing the preparation of MALDI samples in a reliable,
repeatable manner with less human labour required. These methods, therefore, tend
to offer a much more spot-to-spot and shot-to-shot reliability. Hence, they are
mostly being employed for techniques such as MALDI imaging where shot-to-shot
reliability is very important, and for screening processes where spot-to-spot
comparisons maybe of great importance. These techniques often require more setup
when using several different samples which cannot have the matrix deposited
directly on them, and hence they are not currently universally applicable for
academic synthetic polymer research, but could be incredibly useful industrially for
polymer end group batch to batch testing. Automated techniques are also important
for hyphenation of MALDI-ToF due to limitation of MALDI hyphenation having to

be carried out offline?>, which is discussed further in section 4.3.3.

Sample preparation differs slightly for MALDI imaging techniques, which will be
discussed in light detail later on. This is due to MALDI imaging requiring the use of
intact solid samples, such as cells, and hence the matrix must be deposited atop the
sample which is being imaged. Air spray deposition is, therefore, the most common
sample preparation method for imaging experiments?>¢2, however, it can be
dependent on the type of sample which is being analysed?®. MALDI imaging is
discussed further in 4.1.5.3.
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1.4.1.3 Experimental Considerations

MALD], in terms of underlying mechanism, is a complicated source and the
ionisation mechanism is not completely understood. There is much work, however,
in developing an applied understanding of important factors which may impede
obtaining high quality spectra. These experimental considerations are often
grounded in theories of the ionisation mechanism, and are backed by experimental

results.

The power of the laser during the ablation procedure is a key factor for producing
high quality spectra. Increasing the laser power will increase the ablation of the
matrix crystal structure from the plate, ejecting more molecules into the gas-phase
and providing them more energy (through both the heat energy of ablation and the
increased number of photons for absorption by the matrix). The signal is, therefore,
increased by an increase in laser power, as having more molecules in the gas-phase,
and the higher energy, allows for more gas-phase collisions and hence a higher
signal®®. Increasing the laser power can, however, have an adverse effect on the
signal-to-noise ratio of the spectra. This is due to the increase in laser power leading
to an increase in matrix fragmentation by photo-dissociation, causing noise in the
low molecular weight region, as well as clustering of matrix and matrix fragments
due to the increase in gas-phase collisions, causing noise in the mid-high molecular
weight region. Increasing the laser power also has an adverse effect on resolution?!
due to an increase in the energy in the gas-phase, this is described in the time-of-
flight section (section 4.2). It has been shown that the relationship between laser
power and these spectra qualities is not simple, as many other factors involved in

sample preparation and measurement relate to them.

It has been observed is that samples have a threshold laser power, below which
there will be no observed signal, and above which there will be a significant
increase in signal®. This is likely due to the limiting factor below this laser power
being the ablation, with not enough molecules being injected into the gas-phase to
interact?®®. Once this threshold has been reached, the energy which the molecules

contain is enough for the ionisation process to take place. Polymeric samples can
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limit ablation greatly when at higher concentrations, due to their tendency to
aggregate and crystallise. This will then increase the laser threshold, resulting in
higher required laser power to cause ablation leading to poorer quality spectra. To
overcome this issue the concentration should be reduced during sample

preparation?®,

In a MALDI measurement the results from a number of laser shots are averaged to
improve the signal-to-noise ratio. The signal-to-noise is improved with respect to
the square root of the number of measurements taken?®. This means that the more
laser shots used for a measurement the less observable benefit is gained. Another
disadvantage to using a high amount of laser shots is it is common for the matrix to
be completely ablated from the target plate during a measurement. When this
occurs any subsequent shots will have little to no signal and will instead only

provide noise to the spectrum, and hence the signal-to-noise will not improve?.

1.4.1.4 Artefacts in Polymer Analysis

Mass spectrometry sources often have unique mechanisms of generating charge, as
such they are capable of producing some unique artefacts which may be present in
analysis where MALDI is certainly no exception. Due to utilizing a UV laser there
are many unwanted mechanisms which can occur, either through photo-initiated

mechanisms or the high, localized thermal energy caused by ablation.

An example of this is the production of metastable ions, ions which are in some
intermediate transition state which are observed in the mass spectrometer.
Metastable ions tend to be produced in very labile materials, with a common
example being azides?’. Metastable ion peaks can usually be recognised as a large
clustering of peaks, which in lower resolution analysers can appear as a wide
unresolved signal in the baseline. This is because metastable ions are a cluster of
intermediates of similar structure often with only slight variations of m/z>®.
Another characteristic of metastable ion peaks is that they are observable in
reflectron instruments but not linear time-of-flight instruments. This is due to
metastable decay occuring in the field free region, the products of the decay remain

in line with their intact predecessor, and hence are observed at the same m/z. In
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reflectron mode, however, the fragmentation may take place in the region before the

reflectron, and, hence, when they are reaccelerated by the ion mirror they are
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Figure 16: MALDI spectra of a poly (propylene glycol) and poly (ethylene glycol) copolymer with an
amide-halide end group. The four spectra were taken at a range of laser powers, at 11% (top), 20%
(second from top), 30% (second from bottom) and 40% (bottom). The species encircled in red is the
intact species, shown on the right of the image, whereas those encircled in blue are peaks generated

through metastable ions.
separated and hence the fragments no longer overlap with the intact precursor??.
The time scale for the flight of an ion is in the order of microseconds, as is
demonstrated in the time-of-flight section (section 1.4.2). An example, displayed
below (Figure 15), is a polymer with a halide end group and an amide group bound
to the same carbon. This halide end group becomes very labile in this circumstance
and hence a metastable ion is observed, however, this is not observed in the same
polymers with an ester group in the amide’s place. It was also observed that
adjusting the laser power causes the intensity of the metastable ions to increase with
respect to the intact ions. Metastable ion formation is less reliant on collisions in the
gas-phase and instead is more dependent on photo-dissociative processes. Because
of this, metastable ions are believed to be generated as a one photon process,
meaning its limiting factor is quantum yield, as their production increases linearly
with laser power. MALDI is not a one photon process, as it is reliant on gas-phase
collisions and thermal processes to generate charge, hence the metastable ions have
a much greater increase in intensity with respect to laser power compared with

MALDI generated ions (figure 13).
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Matrices can also generate some unwanted artefacts, such as matrix noise. Matrices
are often small molecules which are sub 500 daltons, which can present a challenge
in the analysis of lower molecular weight samples. Small molecule matrices are also
prone to photo-dissociation, which causes additional peaks in the low molecular
weight analysis region. This adds complexity, and can cause overlapping species in
lower resolution instruments, which is why MALDI is often not the first choice of
sources for lower molecular weight analysis*®. There are ways to overcome this
issue, one is to use LDI, avoiding using a matrix all together, which can provide
analysis for lower molecular weight polymers'®2. Another method is to use larger
matrix structures, such as porphyrin?® and graphene®”! structures, which provide
much less low molecular weight noise. Matrices also have a tendency to cluster and
fragement, which can cause these artefacts to appear at higher molecular weights?’?;
for example the author has observed clusters up to 1500 daltons when using DCTB
matrix. These clusters can also overlap with certain species, in an example shown
below, a 4 DCTB cluster with a sodium adduct overlaps with a DP 10 poly(methyl
methacrylate) peak with a sodium adduct (this could be resolved by ultra-high
resolution techniques). One benefit to matrix clusters is that they can be relatively
consistent for some matrices, and hence they can be used as calibrants in some

experiments.

There are also some examples of reactions which can take place in the MALDI
source due to interactions with the matrix or other contaminants. One such example
is that the DCTB matrix can react with primary and secondary amines, producing a
peak 254 m/z above the principle peak?”. This is especially problematic in polymers,
as in the case shown below polymers with an amine end group can produce an
entire series of additional peaks, as the artefact affects each polymer species in the

sample with the end group.

A final example is of a contamination artefact which was observed in one of the
authors co-authorship articles. In this case the catalyst dimethyl phenylphosphate
(DMPP) produces an additional repeating species. The oddity in this case is that the

positive charge does not appear to be generated from the sodium adduct, and is
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instead generated from the DMPP catalyst itself. It has been shown that there is a
mechanism by which DMPP can produce a positive charge on a methacrylate when
used for polymerization catalysis by binding to the double bonded oxygen atom on
the ester of the methacrylate?”. This is, therefore, how this species is believed to
have a charge, however, further investigation is required to demonstrate if this

theory is valid.

1.4.1.5 Additional MALDI Techniques

1.4.1.5.2 Atmospheric Pressure MALDI

Traditional MALDI sources are placed under a high vacuum (around 10 mTorr or
less) to protect the ablated products from interactions with atmospheric gas-phase
molecules, which would reduce shot to shot sensitivity?>27¢. There exists, however,
methodologies for performing MALDI experiments at atmospheric pressures. In the
case of atmospheric pressure matrix-assisted laser desorption/ionisation (AP-
MALDI), a nitrogen gas flow is incident orthogonal to the laser ablation, moving the
gas-phase ion cloud towards the inlet of the spectrometer. This quite simple change
allows the spectrometer to function in atmospheric pressure and alters the

properties of the MALDI source?”.

Laser
beam

-

N; flow j

Figure 17: AP MALDI source displaying the N2 flow which moves the plume ablated from the sample
stage (4) towards the mass spectrometer inlet (2)’5.
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AP-MALDI has displayed less in source fragmentation when compared to a
traditional high vacuum MALDI source?”. This effect is caused by the process of
thermalisation, where the hot ablated molecules begin to thermally equilibrate
when in the atmospheric conditions, which, while reducing shot to shot sensitivity,

reduces the energy of the ion cloud causing less dissociation processes.

The ion cloud produced under atmospheric pressure MALDI is more uniform than
its high vacuum counterpart, caused by the cloud expanding due to the pressure
differential between the cloud and the low pressure space surrounding it post
ablation?8. This has a beneficial effect on the resolution when coupled with time-of-
flight optics, however, this condensed ion cloud has a tendency to generate more
matrix analyte clusters. These clusters can complicate a spectra greatly adding
multiple peaks for each species present in the sample, which for polymeric samples
is a significant drawback on the analysis, due to the number of species present in

each sample?”.

A further feature is the reduction in sensitivity due to the loss of charges as the ion
cloud interacts with the atmospheric gas-phase?®. Because of this, much more
sample is ablated to achieve the same sensitivity as high vacuum MALDI, which, if

the sample is not uniform, can produce noisier spectra?®.

A beneficial attribute of AP-MALDI is its capabilities with respect to the analysis of
volatile products, which has been displayed in the analysis of metabolites?!. This
cannot be performed with high vacuum instrumentation, as the vacuum pressure

will result in evaporation of these species.

A key features of AP-MALDI, and the differences between it and high vacuum
MALD], display that the technique does not meaningfully advance research in
polymeric samples. As the matrix clustering is a much more adverse effect in
polymeric samples, the need for very uniform samples is in contrast with polymer
samples tendency towards aggregation, and the analysis of volatiles is unimportant
for most polymer research. The key benefit is the reduction in in source decay,
which can be an issue with some polymeric samples. Cases of in source decay of

synthetic polymers are relatively rare unless specific methods are employed to
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achieve it??, with post source decay being much more common. Therefore, while
this feature has some merit it is far more of an advancement for biomolecular

analysis than that of synthetic polymers.

1.4.1.5.3 MALDI Imaging

One of the benefits of laser ionisation methods is that they are spatially resolved,
allowing for measurements to be related to a position on the surface. By utilizing
the intensity of peaks within the spectra as pixel intensities it is therefore possible to
relate chemical structure back to features on the surface?. This allowed MALDI
imaging to emerge as a very popular mass spectrometry imaging technique. As
MALDI is very good at analysing all manner of biomolecules, MALDI imaging has,
therefore, been applied extensively to tissue samples, imaging the biomolecules
with micron level spatial resolution, and relating gaining chemical information to
features found within the structures?®. It has also been applied in the field of

forensic science for fingerprint analysis*® and drug analysis?®.

13- aminotridecanoic acid Oleic acid Stearic acid nonandecanoic acid

m/z 230.2 m/z 283.2 m/z 285.2 m/z 299.5
100% :
20% diacylglycerol Cholesterol  dimethyldioctadecylammonium

m/z 669.6 m/z 369.4 m/z 550.6

Figure 18: Example of MALDI images of fingerprints showing the presence of different molecular
components®,
There has been some application to polymer samples?”2%8, however, the full range

of analysis which this technique could be capable of in the field of polymer research

has not yet been pushed.
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1.4.2 Time-of-flight

1.4.2.1 Principles of Time-of-flight

1.4.2.1.1 Single Stage Acceleration ToF Analyzer

Time-of-flight (TOF) analysers are time dependant analysers which utilize the
difference in the speed which ions of different mass-to-charge ratios travel a given
distance. This motion is achieved with an acceleration voltage, accelerating all ions
with the same potential, followed by a drift time through a field free region. The
drift time taken to reach the detector is related to the mass-to-charge ratio, and
hence produce a mass spectrum. In the acceleration phase, the ions are subject to a
homogenous electric field, causing them to accelerate. Due to the homogenous
electric field all ions should be subject to the same force, and hence their
acceleration should only depend on their mass-to-charge ratio for a given force
applied. Then in the drift phase, the region is field free with respect to the direction
of acceleration. This allows the ions to separate based on their velocities based on

their final kinetic energy from the acceleration due to the electric field?®.

The potential energy (U) of a charged molecule in a field can be expressed as the
product of the molecules charge (q) and the potential difference it is moving
through (V). Charge can then be converted into unit charge (z) and the charge of an

electron (e):
U=qV =zelV

The potential energy of the charged ion is then converted into kinetic energy (Ex) as,

such U can be equated to the kinetic energy equation:

By = 2my,v? = zeV = U
k—zmkgv = zeVv =

Where my; is the mass of the particle (in kilograms as opposed to daltons) and v is
the velocity the molecule gains from the potential energy. Rearranging the equation,
and assuming the particle was initially at rest before the field was applied, the

velocity of a charged molecule subject to an electric field can be expressed as:
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2ezlV

v =
mkg

To convert this to a flight time a known distance, often referred to as drift length

(L), must be introduced:

2ezV
mkg

The resulting final equation can then be arranged to display the relationship

between t and m/z is:

¢ = L mkg
V2eV N z

This equation into mass in daltons (m) by multiplying mxs by 1.661 x 10? (mx) (this

constant is 1/12 of the mass of carbon 12 in kilograms):

This equation presents the variables which primarily affect the flight time of an ion,
mass-to-charge ratio (m/z) is the measured variable in mass spectrometry, whereas
the drift length (L) and acceleration voltage (V) are experimentally variable. It is
also possible to alter the unit charge (z), which will reduce the flight time, using
different ionisation sources and adjusting the conditions used to produce the ions.
For example, the flight time for a Ceo* ion, with a 19 kV acceleration voltage and a
2m drift length has a flight time of 28.049 us. The difference in flight time in the case
of Ceo* (720 daltons) compared to 719 daltons is 19 ns under these conditions, hence
time-of-flight mass spectrometry requires very small time differences to be
detectable. Due to the proportionality of flight time to molecular mass being a
square root, differences in larger masses give smaller differences in the flight time.
Using another example, the difference in flight times between 2000 daltons and 2001

daltons, using the same system described previously, is 11 ns.
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Figure 19: Linear Time-of-flight mass spectrometer schematic showing the pulsed ion source (1), an ion
cloud packet (2), a secondary electron multiplier (3), an amplifier (4), then finally a computer (5) and a
display (6)*.

One of the issues inherent to time-of-flight analysers is that when ionisation occurs,
and the ion cloud is generated, ions with the same m/z will have different initial
velocities and positions. This effect leads to the acceleration field having a different
effect on ions of the same m/z value, decreasing the resolution significantly>®. In
MALD], the resolution is less affected by spatial distributions, due to the ablation
taking place at a specific point in the ion source, and instead is far more affected by

a velocity distribution caused by the high energy ablation®".

There is a characteristic of using a single stage acceleration field which can help
resolve initial spatial distributions known as the spatial focus. There comes a point
in the field free region where ions with higher energy values will overtake those
with lower energy values, but the same m/z. At the point where this happens, all
the ions with the same m/z will have the same x position, this is the spatial focus
and the point at which it occurs is (mostly) m/z independent?*2. If our detector is
placed at this point, which is more of a narrow region than a single point, then the
initial differences are theoretically removed and the measurement will be based

upon the m/z value?*.

An issue with spatial focus is that the distance tends to be quite short, and hence the
field free region is limited by the length of the spatial focus. This limitation means
that the separation achievable between m/z values, and hence the resolution, is
severely limited in this system. There are two common methods for achieving
improved spatial focus distance, a two stage acceleration system, and the reflectron

system?*,
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1.4.2.1.2 Two Stage Acceleration ToF Analyser

In a two stage acceleration system there is a second acceleration field applied after
the first over a different distance with a different electric field. This application of a
second field causes the previously mentioned spatial focus to move with respect to
the size of the second acceleration region and the strength of the electric field. This
allows the spatial focus to be tuneable based on these factors, allowing for
improvement of the m/z separation®*. The ion compression effect of this variable
spatial focus, however, will suffer, and hence the separation of ion packets with
different m/z values will still have to be traded off for resolution stemming from the

focusing of these ion packets?”.

The spatial focus exhibited in the single stage system can be described as the time at
which the total flight time has no dependence on the initial source position. Hence it
could be described as a first order differential:

dt 0
dx
Where t is time and x is the spread the position of an ion of the same m/z in the field

free region.

This first order spatial focus is an extremum, and hence the flatness around this
point will determine the real resolution achievable at the first order spatial focus. In
real terms this means that the further from the source the spatial focus is, the more
spread the cloud will become at the first order spatial function?®. To counter a

second order spatial focus is utilized where both:

dt 2 dzt_o
dx dx?

This will give an inflection point in the compression of the ion cloud, allowing for
more flatness to the function around the spatial focus. In essence, the use of a
second accelerator allows us to use a new spatial focus which is, again, fixed for a
given geometry and allows for a much larger field free drift region than a single
stage first order spatial focus. It also will improve the compression of the ion cloud

significantly?®.
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Figure 20: Figure illustrating (top) single stage acceleration with a fixed first order spatial focus,
(middle) two stage acceleration with variable first order spatial focus, and (bottom) fixed second order
spatial focus. The fixed second order spatial focus results in a compact ion cloud which leads to a
higher mass resolution??.

The challenge with using a second order spatial focus is it requires a weak initial
electric field, which leads to a considerable increase in the impact of the initial
velocity distributions*®. One method to solve this is to utilize a delayed extraction.
Delayed extraction is especially important in methods involving MALDI sources

and hence will be described in more detail in section 1.4.2.1.4.

1.4.2.1.3 Reflectron Flight Path

Reflectron time-of-flight mass analysers contain an ion mirror, a set of electric fields
designed to deflect the ion path, in the field free drift region. This reflection process
is designed to compensate for the velocity distribution of ions which have the same
m/z value. This is achieved by decelerating the ions, deflecting their path, and
reaccelerating them. The process of reflection causes the ions with the same m/z to
exit the reflector at the same time, but in different positions, however, their adjusted
velocities will cause them to have a spatial focus which is located a symmetrical
distance from the ion sources first order spatial focus to the reflector?®. This greatly
increases the drift path, increasing the resolution between different m/z ions, as well
as improving the compression of the ion packets of the same m/z. Reflectron

technology, therefore, allows for measurements to be improved by compensating
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for the velocity distribution, maintaining spatial focus, and increasing the drift

time?”.
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Figure 21: Reflectron time-of-flight mass spectrometer%.
Reflectron time-of-flight is a significant advancement for MALDI experiments, as
the velocity distributions in MALDI experiments are vast, due to the energy
required for ablation. It is, therefore, imperative to take all steps possible to reduce
the spread of velocities between the same m/z ions. Reflectron, since its discovery,
has greatly improved the available resolution of MALDI experiments, with some
technologies, such as spiral ToF, introducing even more ion mirrors*”. The
challenge with ion reflection, is that the reflection is somewhat m/z dependant, and
hence it will only be effective for a small m/z range. This means that linear ToF
experiments often allow for a much wider m/z window, and tuning the reflector
voltages becomes a priority. It also tends to be most effective for ions which have
high velocities, which means it can display a negative bias against higher m/z ions.
This becomes more significant the more ion reflectors are introduced into the

instrumentation3%®,.

1.4.2.1.4 Delayed Extraction

Delayed extraction, sometimes referred to as “time lag focusing”*! is a part of time-
of-flight instrumentation which has become incredibly important to the
improvement of MALDI-ToF technology. This method allows the ion cloud

generated to sit in a low field zone before an extraction field (the acceleration
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voltage) is applied for a set period of time*2. The plume expands in a field free
region, as the molecules expend kinetic energy by moving through space, hence
converting their distribution of velocity into a spatial distribution as they cool and
spread out. This delayed extraction allows the velocity distribution of the ion cloud
to become a spatial distribution, which, as discussed previously, it is hoped could
be solved through using the spatial focus*®. Delayed extraction does have

drawbacks which lead to limitations in any ToF experiment where it is applied.

Delayed extraction is known to have a dependence on the m/z of the ions being
examined. This dependence means that when analysing higher m/z ions either
longer extraction times, or a larger extraction field are required to achieve similar
levels of focusing. This means that a spectrometer with delayed extraction is
somewhat focused on a certain m/z range for each measurement®?. Delayed
extraction, therefore, is very useful for improving measurement of simple samples
with a few species of a known m/z range. This relationship, however, is limiting for
polymer analysis, due to the broad range of molecular weights each polymer

sample will contain34305,

| Res.:2600 ’j\ Res.:4000 ‘\\n Res.: 4600

Figure 22: Comparison of time-of-flight techniques on angiotensin 1, showing the improvement of
delayed extraction and reflector time-of-flight3?2.

In the case of MALDI one benefit of it being a surface ionisation technique, therefore
it has a much more reduced spatial distribution, as the sample is ablated from the
sample stage. This has the makes spatial focusing less effective, as the ablated
sample ions are all in defined spatial points. Due to the high energy of the ablation
process, there is, however, a vast distribution of velocities which are generated by
the ionisation process. Hence, the improvement of resolution when using delayed
extraction is significant when applied to MALDI sources, as the trade-off of velocity

focusing at the cost of spatial focusing is much less of a factor. Delayed extraction
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experiments with MALDI sources have shown greatly improved resolution,
especially when the extraction time is tuned exactly to the m/z of the sample being

measureds306307,

As mentioned previously, delayed extraction has a m/z dependant component
when selecting a time delay before acceleration. When applied to polymers, the
delayed extraction time can have a significant effect on the values of averaged
molecular weights and dispersity calculated from mass spectra, especially in
polymers with larger dispersities. The improved resolution, however, is an absolute
necessity for copolymer samples and end group determination of complex polymer

systems308:30%,

1.4.2.2 ToF/ToF - LIFT Tandem Mass Spectrometry

Two stage time-of-flight mass spectrometry (ToF/ToF) is an experimental method
which utilises two separate ToF regions to generate ion fragments from parent ions
of a specific m/z range?>%°, LIFT technology is one method of creating these two
distinct fragmentation and analysis regions®!!. In the first region the ions are
accelerated with much lower ion source voltages when compared to a standard
time-of-flight experiment, and are left to drift over a shorter distance. This region
allows the parent ions to separate. As the parent ions separate they are subject to
fragmentation, this is either caused by post source decay®? (PSD, sometimes in the
case of MALDI called laser induced dissociation or LID) or collision-induced
dissociation (CID)3. If it is the latter, the CID cell is placed towards the end of this
initial drift region. Due to the conservation of momentum, fragments formed from
the same parent ion should remain at the same position, with the same flight speed

as their parent ion.

Due to this, the LIFT cell can be employed. The LIFT cell has several components
which aid in the process of ion selection and analysis. The first component which
the ion path reaches is the precursor ion selector (PCIS), this component utilizes a
grid with a potential applied across the grid generating an electric field. It is
designed to select precursor ions based on their time to reach the selector, when the

electric field is present the selector is closed and will deflect ions from progressing
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through the ion optics. The PCIS window opens by the current generating the
potential being grounded and hence removing the electric field. The time it is
opened and closed is adjustable, and hence ions can be selected based on their m/z
value, as well as the length of time for which it is open can be increased precursor

signal®“,

After the PCIS window there is the LIFT cell itself. The LIFT cell is a further
acceleration stage which will accelerate the ions allowed through by the PCIS
window. This voltage will provide the separation, and hence analysis, of the
fragments of the known parent ion. As all ions should be in a line, there should be
limited spatial resolution issues, as the lift cell is placed at a spatial focus point.
After this acceleration, the ions are a separated over a short space and a post lift
metastable suppressor (PLMS), which is the same component type as the PCIS, is
used to remove the parent ion and metastable ions which would have similar m/z
values to the parent ion3?. This is due to the parent ion, in many experiments, being
much more abundant than its fragments, which would cause the parent ion to
drown out the signal of the fragments. Furthermore any remaining parent ions are
likely metastable ions and may undergo fragmentation within the analysis region,
these fragments from the analysis region would have the same velocity as the
parent ion (as explained in the first TOF region). The fragments then, after the
PLMS extracts the metastable ions, pass through the usual ion optics of the one
stage time-of-flight system. The fragment ions move through the reflector and to the

detector, separating them based on their m/z and producing fragment spectra.
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Figure 23: LIFT - ToF/ToF schematic, the timed ion selector is another name for the pre-cursor ion
selector. In the case of post source decay the collision cell would not contain any collision gas®!.

One issue with the LIFT-ToF/ToF system is that when utilizing the CID cell the
parent ions will still undergo post source decay as a fragmentation method. This is
due to the post source decay fragment generation being increased by the long time
frame of the initial ToF stage, which is also utilized for the separation of the parent
ions. As the ions are subject to the CID cell after the slower ToF stage, hence
fragmentations from LIFT - ToF/ToF — CID experiments tend to be smaller and
contain different amounts of certain types of fragments when compared to CID

experiments from other tandem techniques?®.

These two standard fragmentation methods offer different fragmentation regimes
for polymeric samples, PSD is driven by metastable decay, whereas CID is driven
by high energy collisions®¢. This difference is investigated on a multitude of
polymer samples in chapter 2, including several homopolymers containing several

functional groups, and a comparison of the effect on copolymer determination.

1.4.3 MALDI-ToF for Polymer Analysis

1.4.3.1 MALDI-ToF for Homopolymer Analysis

Many aspects of polymer samples can be investigated via mass spectrometry, where
MALDI-ToF is a common technique for polymer research due to the single charge
as polymers are already complex mixtures without introducing multiple peaks for

each molecular species. With the case of homopolymers the basics of their structure
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can be very easily determined, such as their repeat unit and their end groups. The
repeat unit of a polymer is greatly important to determining its mechanical, thermal
and chemical properties. Repeat unit measurements can be quite simple and
routine, as it is usually known which monomer was utilized in the synthesis of the
polymer sample?”. There are some modifications which can occur with repeat units
which can be investigated by mass spectrometry, such as condensation®” and
hydrolysis®#3°. These modifications alter the properties of the polymers, providing
polymer chains containing new monomers which could be difficult to polymerise
directly. Additionally, some repeat unit modifications are unwanted, such as
transesterification of acrylate species®*. When this occurs mass spectrometry can be
a key tool as it is very sensitive to small changes in even a single repeat unit, which
is much more difficult to elucidate by NMR, for example. This can often be related
back to synthetic procedures which can then be altered to reduce these

modifications.

End groups are an important piece of information which mass spectrometry can
determine about homopolymers. End groups are usually determined from accurate
mass analysis of the monoisotopic peak where possible®!. This can elucidate
information about the success of the synthesis in the case of living polymerisations,
as the end groups in such case are important to the reactivation of the polymers,
such as in the cases of RDRP*? and RAFT?? polymers. Post polymerisation
modification of end groups are of great importance for allowing functionality to be
added to polymers, such as conjugation, altering thermal and mechanical
properties, and adjusting solid state and solution state structures®+32, Therefore,
determining the success of such modifications is incredibly important for improving
the function of a polymer, and hence can provide important information for
synthetic procedures. Other indicators of the correct end group analysis can be
found in the isotopic distribution, especially in the case of halide end groups such as
those found in RDRP polymers. There have been some reports of labile end groups
being altered during MALDI-ToF experiments, however, this has been shown to be

relatively simple to avoid in most cases®”. Only in cases where there are very photo
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dissociative species, such as azides as mentioned in (Section 4.1.4), is this a

consistent issue.

2500 " C
| N |
2000-| ‘ i
1 |
|
g 1500 |
2 [l
3
1000 \ Il
500 |
WU
g e WA i i L‘U.LJ.U,N,.
. | 0] OIS P T EEe T 7 e —
1000 1500 2000 2500 1000 3500 4000
Mass (miz)

Figure 24: Example of two end groups from RDRP, the polymer is polymethyl acrylate
(CH2CHCOOCHS3) with I having a brominated end group, and II having a vinyl, caused by HBr
elimenation®”.

A measure of a polymeric sample which has been explored extensively by MALDI-
ToF is the molecular weight distribution (MWD) of a polymer. MALDI-ToF, and all
mass spectrometry techniques, have the advantage that the molecular weight
measurements of individual species are only dependent upon the molecular mass
and charge of the species. This means that it does not have to rely on solution size
like other molecular weight analysis techniques, such as GPC and light scattering.
Thus mass spectrometry techniques can be calibrated with any standard that covers
the desired m/z range for analysis, unlike GPC where a “like for like” approach to
calibration is preferred where possible. Another distinct advantage is the resolution
is vastly greater than the resolution of GPC experiments. In GPC experiments the
polymers are rarely ever resolved into individual chains, and instead a broad
distribution is analysed. In mass spectrometry it is common to observe individual
polymer chains, allowing the signal to be exact for each polymer chain. Despite all
these benefits, however, there are several drawbacks to utilizing MALDI-ToF for
polymer distribution measurements. It has been shown that in simple MALDI-ToF
experiments it is not possible to obtain accurate molecular weight distributions for
broader polymers®?. The limit for where the dispersity becomes too high varies
(greater than 1.10!) depending on the molecular weight of the polymer, however

below 10,000 daltons dispersities of 1.2-1.3 are reported as the limit, depending on
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the instrumentation®”. This is due to the ion optics of the ToF system leading to the
signal produced being dependant on the m/z. As mentioned in the delayed
extraction and reflectron portions, many of these optics are tuned for a specific
range and hence it is difficult to gain signal for a wider range of m/z values?®. The
other reason is due to the physics of laser ablation, as higher molecular weight
species require more energy to move into the gas-phase®®. One way to improve the
range has been to introduce hyphenation to the system, which can improve the

dispersity limit. MALDI-ToF hyphenation is discussed in section 4.3.3.

1.4.3.2 MALDI-ToF for Copolymer Analysis

Copolymers represent an important challenge for mass spectrometry but an
important one as many useful polymers are copolymers and their properties
depend on the monomer distributions in the polymer chains. As homopolymers
introduce the difficulties of the chain length and end group distributions,
copolymers introduce further complexities based on the composition distribution.
This is the distribution of the incorporation of each of the monomer units into the
chains, this generates an increasingly complex distribution based on the number of
monomer units included and their stoichiometric ratios. MALDI-ToF has been
demonstrated to be adept at the routine analysis of 2 monomer copolymers of
<10,000 daltons. It is possible, using delayed extraction and reflectron optics, for
modern spectrometers to gain isotopic resolution in this range®*3!. This can be
necessary for some copolymer samples which have overlapping isotopic patterns,
especially as the molecular weight or the stoichiometric ratio increases, making the

copolymer more complex®2.
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Figure 25: Polymethyl methacrylate/butyl methacrylate copolymer3®.
There are many examples of different types of copolymers being analysed in a
single stage ToF analyser such as acrylates®*, methacrylates®®, acrylamides®®,
oxides®, styrenes®” and many other polymer types. In addition, different variants
of copolymer architectures have been examined by single stage ToF such as block
copolymers®®, statistical/random copolymers®”, gradient copolymers3 and

alternating copolymers®.

Similar to homopolymer analysis it is possible to gain information about end
groups and molecular weight distributions of copolymer samples. All analysis is
complicated by a second monomer unit incorporated into the system, and hence it
can be challenging to obtain end group information if there are more than 2 or 3 end
groups present®23%, This can cause significant overlap in the species, meaning
either fine tuning of the ion optics to improve the resolution, or some analysis of the

isotopic pattern may be required to fully elucidate the copolymer information.

There have been attempts in the past to examine copolymer composition using mass
spectrometry, with MALDI sources and ToF optics being employed heavily. In a
simple experiment, mass spectrometry is used for determining comonomer
incorporation, as it can directly measure which monomers are present on each
chain. There are examples of more advance composition analysis, investigating the
distribution of the two monomers across different chains and different chain

lengths3%340344, This information is important as the distribution of different
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polymer characteristics can greatly affect the performance of a polymer, and

copolymer distribution, while currently understudied, may provide further detail.

1.4.3.2.1 Data Analysis of Copolymer Data

One of the key difficulties of copolymer analysis is the complexity of the data sets
produced in copolymer mass spectrometry. As such there have been several
attempts to automate the analysis of copolymer mass spectrometry data, and
elucidate the information present in the spectra. Kendrick mass defect analysis is a
common method utilized for other complex mixtures such as fuel samples3#>34,
hence its application to polymers has been sought after for quite some time. Recent
improvements in Kendrick mass defect analysis have provided simple visualisation
of complex copolymer data sets, and hence aided in advancing mass spectrometry
of polymers towards full characterisation of these complex mixtures®. An
alternative is remainder analysis proposed by Nagy et. al**®. This analysis provides a
simple mathematic formula which, when applied to a copolymer spectra, produces
the same result as advanced Kendrick mass defect analysis®**. The downside, in
comparison to the Kendrick mass defect analysis, is that it lacks the adjustable
degrees of separation afforded by fractional mass defect analysis, which means
similar remainder values can be more difficult to visualise. In chapter 4 of this
thesis, a paper is presented on utilizing an algorithmic method for automated
analysis, which appears to be an unexamined avenue for polymer analysis before
this work. This analysis provides monomer unit information very quickly, and

allows for simple visualisation using heatmaps.

1.4.3.3 MALDI-ToF Hyphenation for Polymer Analysis

Hyphenating chromatography techniques with mass spectrometry techniques has
proven a very useful strategy for elucidating additional information, and has been
extensively applied in the field of biomolecules®%32. MALDI-ToF, being a solid state
technique, cannot be online hyphenated with liquid chromatography techniques the
same way liquid ionisation methods such as ESI can be. There is, however, a vast
array of offline hyphenation that has been applied to MALDI-ToF, and several

methodologies have been applied to polymer analysis.
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These offline methods can be as simple as collecting the fractions of the eluent from
the waste-line of the LC technique, this can be done either by hand or using a
fraction collection unit such as those employed for preparative HPLC
techniques®%%*, These fractions would then need to be combined with a matrix
solution and spotted onto a target plate. To reduce the required sample preparation
automation is often employed for offline hyphenation. One method of automation
which is commonly utilized is a robotic MALDI spotter, these methods directly spot
the eluent onto the target plate during the LC process. The spotter often has a
syringe which contains the matrix solution, this combines after the spotting process
to produce the MALDI spot®>3%, Other examples include the usage of spray
deposition, in a similar method to that of the automatic spotting. The advantage of
this over the automatic spotter is that it results in smoother spots, allowing for
better automation of the MALDI-ToF procedure®”3%, There are methods which do
not use a target plate along with the spray deposition, instead opting for a method
of constant spray on a Teflon block®?. This method provides higher time resolution,
as instead of using spots or fractions, the spray is continuous and the limiting factor

is therefore post column mixing and dimensions of the laser pulse.

The most common chromatography technique utilized in polymer analysis is gel
permeation chromatography (GPC). GPC offline hyphenation to MALDI-ToF has
been explored in a large variety of literature. Many studies have focused on
improving the molecular weight range for which MALDI-ToF measurements are
effective, as the GPC hyphenation provides spots of much narrower dispersities
which vary in molecular weight®. There have been many attempts to utilize this
method to measure the molecular weight distribution of a polymer, the goal being
to gain more accurate molecular weight information than traditional GPC detectors
for complex or novel polymer samples'®%!. Results are varied, and the molecular
weight dependence on signal in MALDI-ToF creates a very difficult hurdle for such
a method to overcome. This is caused by many factors such as the delayed
extraction time being m/z dependant, the increased amount of laser power required
to ablate higher molecular weight chains from the plate surface, different

acceleration voltages required to keep flight times within standard operating range,
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etc. All of these issues reduce the amount of quantification which is possible across
a large molecular weight range, such as those which can be seen in GPC, hence it
cannot perform routine analysis for polymer molecular weight analysis. It has been
displayed that GPC hyphenation does represent an improvement over MALDI-ToF
alone, allowing for more accurate measurement of the higher molecular weight
species in a polymer sample. This can provide significant end group and repeat unit

information for a larger amount of the polymer distribution.
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Figure 26: GPC-MALDI-ToF of poly(dimethyl siloxane) with a-f being the earliest and latest fraction
respectively?362.

Interaction chromatography methods provide a different mode of separation based
on the chemistry of the molecules. The LCCC method, which was discussed in
section 2.3, can provide separation which is independent of the chain length. Thus
it is possible for separation to be solely dependent on the end groups, which allows
for better elucidation of more complex polymer samples when combined with mass
spectrometry®?. This hyphenation has been applied to MALDI-TOF, the results are
high quality spectra of well separated polymer species®®. Other interaction
chromatography methods, such as gradient chromatography, have also been

applied, in some cases utilizing tandem mass spectrometry to elucidate polymer
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architecture. Using 2-dimensional LC techniques is a recent frontier for polymer

analysis, coupling this methodology with mass spectrometry even more so%*.

1.4.3.4 Tandem Mass Spectrometry for Polymer Analysis

Tandem mass spectrometry has a variety of uses in polymer analysis. As discussed
previously, end groups are key to polymer functionality, and hence their analysis is
of key importance for a variety of applications. Tandem mass spectrometry is
capable of providing orthogonal information to techniques such as NMR for
determining the structure more complex polymer end groups. End group
determination by tandem mass spectrometry is also important for any unknown
end groups which are determined in single stage mass spectrometry experiments.
Analysis of such mixed end group samples can be challenging for bulk techniques,
such as NMR, and mass spectrometry can fulfil this niche, especially when using
tandem techniques for further information, and even using hyphenation to provide

more degrees of separation for complex mixture analysis®>-37.

Polymer architecture is a useful part of polymer design as it alters mechanical and
thermal properties significantly®%3%, and can improve functionality by providing
several functional groups in more accessible locations®*%”!. Tandem mass
spectrometry can be used to elucidate branching within polymer samples, it can be
used to infer the location of branching points and what functionality is upon
branched chains®?%3. It can be used for star polymers to determine the number of
arms on each of the stars, as well as the chemical functionality at the end of the
arms®¥*. Similarly it can be used to determine whether polymers are of a linear or
cyclic form3. It is especially useful as the range which mass spectrometry covers is
low molecular weight when compared to a technique like GPC, which can

determine architecture if the molecular weight is significantly high.
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Figure 27: Polystyrene MALDI MS/MS results, displaying 4 unique fragments (a, b, y, z) repeating for
each monomer unit in the chain.

Polymer chemical structure is one of the most important factors to the properties of
polymeric materials, hence it is not just important to know what is contained within
a polymer compound, but how it is bonded. Tandem mass spectrometry has the
capability to elucidate the microstructure of polymer chains, and hence is useful for
copolymer compositional and block length determination. Copolymer
determination has been a goal of mass spectrometry for a very long time, and it has
been shown that tandem techniques can, in a qualitative manner, display the
compositional features of copolymers and determine their category
(random/block/gradient etc.)*”¢%”. In the case of block copolymers, it can be shown
that precise determination of block length can be determined, which can provide
new information when compared to single stage mass spectrometry of the same
sample®s. An example of this copolymer determination is included in chapter 3, in

which the author demonstrates the powerful microstructure determination of

MALDI-ToF/ToF techniques.

1.5 Aims & Objectives

MALDI mass spectrometry has a wide variety of frontiers which can provide value
to synthetic polymer science. This thesis will focus on two of these frontiers, tandem
mass spectrometry of copolymers, and developing new data analysis methods for
complex polymer spectra. Tandem mass spectrometry has increasing importance
when looking forward to discrete polymer sequencing, as well as routine analysis of
unknown polymers. The data analysis work is also in the hopes of simplifying
complex polymer data and providing automated methods of copolymer peak

assignment. The goal is to make complicated MALDI techniques/datasets more
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accessible, routine and viable for less experienced users, providing more value to

synthetic polymer science.
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Chapter 2 Summary

The aims of this work were to establish the foundation and general methodology for
further investigation into the tandem mass spectrometry of (co)polymers. Post source
decay (PSD) and collision-induced dissociation (CID) are both very common
fragmentation techniques used generally in MS which have been used to analyse a
wide variety of analytes, in conjunction with a wide variety of spectrometers,

ionisation methods and with different types of detector.

The two techniques use different mechanisms to induce molecular fragmentation and
we were interested to investigate if this caused different fragments to be observed.
Post source decay is a technique which fragments via metastable decay, as discussed
in section 1.3.2.2, while the collision-induced dissociation experiments cause
fragmentation via high energy collisions. It was the understanding that these were
separate mechanisms which inspired a direct comparison of their effect in MALDI-
LIFT-ToF/ToF experiments.
The investigation was carried out by comparing a variety of homopolymers and a
single copolymer. The homopolymers were chosen for to show a difference of
heteroatoms in the backbone, side chains, and end groups. For these experiments the
polymers chosen were polycaprolactone, poly(2-ethyl-2-oxazoline), poly(methyl
methacrylate, polystyrene, poly(methyl acrylate) with a bromine atom on the Q-
terminus, and poly(methyl acrylate — block — ethyl acrylate) also with a bromine atom
on the QO-terminus. The same mass spectrometer settings were used with the same
m/z peak for each comparison, with the only change enacted being the addition of

the argon collision gas.

It was found that, for the polycaprolactone, poly(2-ethyl-2-oxazoline), and the
bromine terminated polymers, the introduction of argon gas decreased the selectivity
of the observed fragmentations. This was characterised by either an increase in the
number of peaks present in the spectra, or peaks which were of low relative intensity
in the PSD spectra. The exceptions to this were poly(methyl methacrylate) and

polystyrene, which showed little difference between the PSD and CID spectra.

95



The value of this work is in the comparison for polymers, as work comparing mass
spectrometry techniques helps analysts to select the technique which will best suit
their outcomes. The increase in selectivity for PSD shows it may be preferable for
sequencing studies due to it providing less fragments per each repeat unit of the
polymer chain. CID, in contrast, gives less energetically favourable fragments which

shows it could be useful for understanding the exact repeat unit structure.

The work attempted to compare a variety of polymers to provide multiple examples,
with many more which could be investigated in the future. The polymers used in this
experiment, barring the bromine terminated examples, were purchased from
suppliers. Investigations with further collaborations, focusing on an individual
polymer class (such as polylactides) with a focus on investigating how changes to

side chains, end groups, and architectures effect results from the two techniques.

There are also other tandem mass spectrometry fragmentation techniques which
could be investigated for polymers, such as IMPRD, UVPD and ECD. These
techniques are more commonly applied to different mass spectrometers to those used
in this work (such as FT-ICR instruments) and so the extension of this work would

require further collaboration with experts with this instrumentation.
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Chapter 3 Summary

Authors Note: the technique in this paper which is referred to as laser induced dissociation
(LID) is a post source decay technique and is the same technique which is used in Chapter 2.
LID as a term is only used by the instrument manufacturer and in the author’s opinion does
not accurately describe the method of analysis, nor does it describe it in a way which is
comparable to other mass spectrometry techniques. The author discovered this fact after the
paper’s publication and apologises for any confusion caused. In this summary the technique

will be referred to as PSD to allow for a more obvious comparison.

The focus of this work was to investigate the use of post source decay (PSD) to
elucidate aspects of the microstructure of copolymers of bromine terminated

poly(methyl acrylate — co — ethyl acrylate).

Homopolymers were first investigated to establish mechanisms of fragmentation for
halide terminated polyacrylates. During this investigation the discovery of an
internal fragment which changed intensity in the poly(ethyl acrylate) sample led to
the investigation of a poly(butyl acrylate) sample to determine if it was linked to the
size of the side chain causing this discrepancy. This samples had a chlorine atom
termination via a choride containing initiator which was used as an alpha terminal
group of poly(butyl acrylate) initiated by ethyl-bromoisobutyrate (which all other
polymers were initiated with) having the same molecular weight as butyl acrylate,
which meant the internal fragment would always be indistinguishable from a
fragment with the intact a end group. Thus, for the synthesis of the poly(butyl
acrylate) a chlorine containing initiator was used (see appendix A.3 ). The poly(butyl
acrylate) then showed the same relative intensity of internal fragments to
poly(methyl acrylate), thus negating the conclusion the larger side chain was leading

to this change in internal fragment intensity.

A fragmentation mechanism was proposed for the halide terminated polyacrylates,
this mechanism was an attempt to explain the prevalence of only intact a end group
fragments, with no QO-end group fragments. This mechanism relies on the lability of

the halide, which leaves behind a radical which can be passed to carbons in the
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backbone through radical backbiting. This mechanism supports the fragments
observed in this work, however, further work would be required to prove this is how

these fragments occur.

The experiments carried out with copolymers were carried out on two different
copolymers, one statistical copolymer, poly(methyl acrylate — co — ethyl acrylate), and
one diblock copolymer, poly(methyl acrylate — block — ethyl acrylate). The polymers
had very similar MALDI-ToF spectra, showing that MALDI-ToF experiments cannot
elucidate the differences between these two types of copolymers. However, MALDI-
PSD-ToF/ToF experiments show clear differences in the spectra of the statistical
copolymer and the diblock copolymer. The statistical copolymer has a larger variety
of fragments, the key discovery is fragments which contain both monomers with the
a end group. These fragments can be found with all number of repeat units, which
shows that both monomer units have been incorporated throughout the polymer
chains. In contrast, in the case of the diblock copolymer the majority of the spectra
only have one peak at each chain length, these peaks display a clear block of
poly(methyl acrylate) followed by additions of ethyl acrylate after the expected block
boundary. At this block boundary it can be observed there is a small amount of
monomer mixing in the chain, which can primarily be accounted for by one displaced

ethyl acrylate monomer.

This work displayed the power of tandem mass spectrometry at examining these
differences in copolymers in a relatively simple and qualitative way. The spectra were
very different and observing the fragments containing the intact a end group it was
possible to determine the nature of the copolymers. This work could be extended to
a wider variety of polymers and investigating a change in the halide end group more
thoroughly might elucidate further information about the proposed fragmentation
mechanism. A futher extension of this work would be quantifying the composition
of copolymer fragments to determine how that composition changes throughout the
polymer chain. This may even lead to elucidating the reactivity ratios, as they

themselves relate to structure.
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Chapter 4
Automatic Peak Assignment and
Visualisation of Copolymer Mass

Spectrometry Using the Genetic Algorithm
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Chapter 4 Summary

This work focused on automating the data analysis of MALDI-ToF copolymer
spectra utilizing an optimisation algorithm to assign the monomer composition to
each peak in the spectra. The optimisation algorithm used was the genetic
algorithm, which is an algorithm which utilizes “random” initial seed values, with
the closest values to zero being selected as the elite children. More values are then
generated around these elite children within a set range, however, in each
generation a random mutation occurs, where a small number of the children are
given random values, to allow for the occurrence where the initial seed values are
not close to the zero value. These generations are then iterated until an end function
occurs, usually a change tolerance per generation or a set number of maximum
generations (usually to prevent the algorithm from running forever). This algorithm
provides us values with an answer to an equation which is supplied as close to 0 as
is possible. The work shows that an equation can be construced to make the only
unknowns in a polymer sample the number of the two monomer units in a
copolymer. The reason the genetic algorithm was chosen was due to its ability to
prevent bias from the initial seed values, and its ability to handle integer constraints
(as number of monomers can only be a whole number).

The algorithm is then applied to spectra of a variety of copolymers, made by
different methods and at different monomer ratios. The assignment of the peaks
within the spectra is displayed as a heatmap, with the number of each monomer on
the x and y axis, and the z axis as the intensity of the assigned peak. The heatmap
aids in optimising the use of the algorithm and determine any issues in the
assignment. It was found that issues primarily arise from the calibration of the
spectrum, as the peak assignment has an allowed error value and so if the spectrum
isn’t calibrated well across the entire m/z range holes will appear in the heatmap. As
well, isotopic peaks had to be handled using an allowed ratio of the main peak
intensity where an m+1 peak is determined to be an isotope. This is to allow
polymers with halide end groups to be analysed without the accidental assignment

of the m+2 peak. This method of determining isotopes is far from perfect, as it
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requires input from the user, but it is a workable alternative to the “averaganine”
methods used in protein assignment (which would be inapplicable here). More
appropriate methods for determining isotopes could be investigated in further

work.

The results for well optimised assignments are shown to provide smooth
distributions, which change with changes in the monomer composition used to
synthesise the copolymers. This is shown in figure 3 were assignments of
poly(methyl acrylate — co — ethyl acrylate) statistical copolymers of monomer
composition 50/50, 70/30, and 90/10 are investigated. The monomer composition has
an observable impact on the higher intensity peaks shown in each heatmap, and the
shape changes as the differences become larger. Statistical copolymers of different
monomers are shown to be able to take different shapes as well, as a copolymer of
poly(methyl methacrylate — co — styrene) is investigated as well. This polymer has a
thinner distribution compared to that of the poly(methyl acrylate — co — ethyl
acrylate) 50/50 samples, it is speculated this could be in some way related to the
reactivity ratios, however a much larger study would be required to determine if

that is the case.

The poly(methyl methacrylate — block — ethyl methacrylate) copolymer which was
assigned shows a much wider distribution, with a large amount of homopolymer in
the sample. This displays clearly that a large amount of the low molecular weight
chains in this polymer sample aren’t incorporated into the diblock. This sample has
a larger number of species compared to the previous poly(methyl acrylate — co -
ethyl acrylate) samples, this could be related to the higher dispersity of polymers
synthesised by CCTP compared to those synthesised by SET-LRP.

The main feature of this work is showing how the composition of a copolymer
sample can be investigated by automating the assignment of the monomer
composition of the peaks in the MALDI-ToF spectrum. This allows qualitative
analysis of copolymer composition to be as routine as end group analysis. It also

provides a table of values which could be used for further quantitative analysis,
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which may provide further understanding of copolymers.
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1 | INTRODUCTION

Yuqui Gao
Christophe J. Atkins |

| Ellis Hancox | Evelina Liarou |
David Haddleton

Copolymer analysis is vitally important as the materials have a wide variety of
applications due to their tunable properties. Processing mass spectrometry data
for copolymer samples can be very complex due to the increase in the number
of species when the polymer chains are formed by two or more monomeric
units. In this paper, we describe the use of the genetic algorithm for automated
peak assignment of copolymers synthesised by a variety of polymerisation
methods. We find that in using this method we are able to easily assign
copolymer spectra in a few minutes and visualise them into heat maps. These
heat maps allow us to look qualitatively at the distribution of the chains, by
showing how they alter with different polymerisation techniques, and by
changing the initial copolymer composition. This methodology is simple to use
and requires little user input, which makes it well suited for use by less expert
users. The data outputted by the automatic assignment may also allow for more
complex data processing in the future.

challenges become even more complex, often to the point of
becoming intractable and unsolvable, in the case of copolymers

Copolymers represent a wide range of materials encompassing
different chemical, mechanical, and thermal properties, which can
be somewhat tuned by altering the structure and compositional
make-up of the copolymer chain.*® It is due to the relationship
between synthetic methodology and tuneable properties that
copolymers have found such diverse and essential applications.”"**
Copolymers of vinyl monomers may be synthesised by a wide
variety of polymerisation methods, including catalytic chain transfer
polymerisation (CCTP),*?% atom transfer radical polymerisation
1819 reversible addition-transfer
(RAFT),®2  and

RAFT.22® These polymerisation methods can lead to different

(ATRP),*>* jonic polymerisation,

chain-transfer  polymerisation sulphur-free
challenges in mass spectrometry, from examination of labile end
groups?” % (e.g., ATRP and RAFT) to higher dispersities leading to

a wide m/z range to be covered®®* (e.g, in CCTP). These

due to the enormous number of different molecular species
present in a material. Therefore, improvements in copolymer
analysis methods are of significant interest.

Polymers are mixtures of different molecular species that
become increasingly more complex when two or more monomers
are introduced into the system. This complexity can make
characterisation extremely difficult, especially during exact
determination of the types of species that exist and their relative
quantity. Previous approaches have included 2D nuclear magnetic
resonance (NMR) methodology,>>” liquid chromatography/mass
spectrometry (LC/MS).%3? and 2D chromatography.*®“? All these
approaches are complex and may not always give the detailed
understanding of these copolymer materials that is required.

Data processing techniques for mass spectrometry data have
become more of a relevant field as the complexity of data has
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increased, with more powerful mass spectrometers being used, and
fields.
Polymeromics is no exception to this; however, as with many aspects
of mass spectrometry, this subfield lags behind the related fields
(proteomics, petroleomics, lipidomics, etc.).

the technique has gained a wider use in industrial

Kendrick mass defect (KMD) plots have proved invaluable to
other areas of mass spectrometry, such as proteomics,*>** and have
been applied rigorously to polymers. This includes improvements such

as fractional base units**“* and slicing,*” which have, or are likely to

in the near future, greatly improved their application to copolymer
analysis.*® The benefit of using KMD plots is that they are applied to
all the peaks in the sample, displaying all structures that have the base
unit as horizontal lines. The downside, however, is that although these
plots do simplify assignment by processing peaks into lines with the
same KMD, the assignment must still be carried out manually, or by
separate automation.

iSeIect ith pelk in mass list.

>

Apply Genetic Algorithm to
peak | to calculate N, & N,.

Find isotopes of the current peak.

!

ves | Discount peak | from final
‘ peak list.
No

their intensities into the current assignment.

Assign the isotopic peaks as isotopes and sum

i=i+1

No |
YES

for the final peak list.

Build heat map of x =N, y = N, and z = Intensity

FIGURE 1 Flow chart of the

Matlab script utilised in this work
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Mass remainder analysis (MaRA) as proposed by Nagy et al®

is similar to the Kendrick mass defect; however. it is much more
simplified, utilising the division of a peak by one of the repeat
units to allow for the separation of species into visual horizontal
rows. Therefore,

it still
technique is very similar to Kendrick mass defect analysis®® and

although it does give visualisation of the

copolymer, requires manual assignment, and so this
therefore shares similar drawbacks.

Willemse et al utilised matrix-assisted laser
desorption/ionisation (MALDI) data to develop contour plots for
copolymer fingerprinting, using an array-based assignment. They
were able to track the progress of a polymerisation of a block
copolymer and demonstrate the contour plot changing through
their spectra.®® They, however, ran into issues with multiple
assignments for a single peak, an issue that arose from the
lower-resolution mass spectrometers and the amrray methodology
used due to the lower computational power available at the time
of the study.

The genetic algorithm has been applied to mass spectrometry
analysis of metabolite systems before. This methodology is used for
predicting markers involved in the diagnosis of cancer in patients,
alongside more traditional principal component analysis.52 Its purpose
is different from the direct peak assignment that we will report in
this work.

Genetic algorithm analysis has also been applied to tandem mass
spectrometry data of glycosaminoglycans. This analysis, which is fast
and accurate, allows for high throughput structural determination of
these species by reducing the R groups to a binary sequence;
however, such a binary sequence may be more difficult to implement
on synthetic polymer samples due to the presence of different

monomers.>3

Intensity

3000

4000
m/z

No of EA Monomars

Rapid
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In this current work, we use the genetic algorithm to
automatically assign peaks in MALDI-TOF data for copolymer
samples. As an example of the usefulness of the generated output, the
data are used to generate simple visualisations of complex copolymer
spectra, which will allow non-expert users to analyse copolymer
samples. We believe that the genetic algorithm peak assignment could

lead to more advanced, automated copolymer analyses in the future.

2 | METHODS
21 | Matrix-assisted laser desorption/ionisation
time-of-flight mass spectrometry

MALDI-TOF experiments were carried out using a Bruker (Bremen,
Germany) Autoflex time-of-flight mass spectrometer, equipped with a
337 nm N, laser, operating at 21 kV acceleration voltage in reflectron
positive mode. Samples were prepared in tetrahydofuran (THF) (at
10 mg mLY) with sodium iodide salt (1 mg mL™%) and a DCTB matrix
(40 mg mL™Y), with the only exception being the styrene-methyl
methacrylate copolymer which was prepared with silver
trifluoroacetate (1 mg mL™) as well as the sodium iodide salt. The
solution was then spotted onto an MTP 382 ground steel target plate

(Bruker) for analysis.

22 | Mathematics and scripting

Matlab was utilised to script all the data analysis, including the
production of the graphs shown throughout this article (Figure 1). To
generate automated peak picking we utilised the genetic algorithm

O OH
/\0 f ) S\)\/OH
(o) CI) (o] 9

CH; CH,CH,

0 11 12 13 4 15 10
No of MA Monomers

0 Y23 4 5 67 80 7T 2DN

FIGURE 2 Methyl acrylate-co-ethyl acrylate 50/50 mol% synthesised by photomediated SET-LRP MALDI-TOF-MS (left), structure of methyl
acrylate-co-ethyl acrylate with a substituted thiol end group (top right), and heat map produced from the data (bottom right)
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FIGURE 3 Heat maps visualising the data for methyl-acrylate-co-ethyl acrylate statistical copolymers with ratios of 50/50 (top), 70/30
(middle), and 90/10 (bottom)
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function found in the global optimisation toolbox as it allowed for
integer constraints; the parameters to provide the fastest, correct
assignment are described in the supporting information. Equation (2)
shows the mass values of end groups (E), monomer 1 (M3), monomer
2 (M5) and ionising salt (S) which are all known given a single manually
assigned peak. The genetic algorithm, therefore, is utilised to find the
minimum value of error by adjusting the number of monomer 1 and
monomer 2 units (N, and No):

Error = theoretical mass — experimental mass (1)

\

Error =E + Ny X My + Ny X M, + S—experimental mass (2)

In a perfectly calibrated mass spectrum we would be able to
minimise this equation to 0. However, no mass spectrometry is ever
perfect, and therefore there will always be an associated error. The
script, therefore, includes an adjustable error cut-off which, after it
has finished assigning all peaks, is then used to remove any
assignments not satisfying this error. We recommend an error cut-off
of 0.1 m/z units or below, as this is perfectly achievable even with
external calibration in relatively low-resolution TOF instruments.

Once a peak has been assigned, to allow for better representation
of the intensity in the mass spectra, the script attempts to find all the

No of EA Monomers
N W & O O N & © 5

O «

3\ Rapid
20 s WILEY-L 22
isotopic peaks which relate to the assigned peak and sum up their
intensities. This is to avoid higher-molecular-weight peaks being
underrepresented by the intensity of their monoisotopic mass, which
is used to calculate the assignment, as this is not the highest intensity
peak for carbon-based polymers with molecular masses above ~2000
Daltons depending on the chemical formula. This is achieved by
attempting to find a peak, which is both 1 m/z unit higher, within the
assignment error, and has an intensity which is less than a selected
multiple of that of the original peak. This intensity factor is not set to
allow for adjustment for samples with halides, or other elements with
more complex isotopic distributions. Peaks which are determined to
be isotopes of a previous peak are discounted from being assigned
later, and are therefore not put through the genetic algorithm. The
genetic algorithm is by far the most computationally expensive part of
the code; therefore, discounting these peaks before assignment
allows for less processing time.

3 | RESULTS

3.1 | Optimisation of genetic algorithm parameters

The parameters used in the genetic algorithm were optimised using
a poly(methyl acrylate-ethyl acrylate) statistical copolymer, with a

0.7

0.64

0.6

1 2 3 4 5 6 7 8 9 1 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
No of MA Monomers

FIGURE 4
misassignment of isotopic peaks

60/40 methyl acrylate-co-ethyl acrylate statistical copolymer synthesised by photomediated SET-LRP, showing the issue of
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FIGURE 5 50/50 methyl acrylate-co-ethyl acrylate statistical copolymer synthesised by copper(0) wire (top) and photomediated Cu
(1) (bottom) SET-LRP
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50/50 ratio between the two monomers, synthesised by Cu
(0)-mediated SET-LRP. The optimisations carried out are presented
in the supporting information, including the specifications for
the laptop used to carry out the Matlab script, and the final
parameters utilised for the algorithm, which are in the

following table:

Initial Function Max

population Elite children tolerance generations

Permeations/4 0.7 * previous 101 40
population

Permeations is a value calculated as the number of all possible
combinations of the two monomers calculated as follows:

DP e = Pmaximum 3)
Mmaxi
|
Permeations = DPred! (4)

(DPpred —N(monomers))!

where DPpreq represents the predicted maximum degree of
polymerisation that the chains can take, calculated by dividing
the maximum m/z value in the dataset by the mass of the
highest-mass monomer being used for assignment. The
Permeations value is therefore calculated using the predicted
maximum degree of polymerisation (DP,es) and the number of
different monomers (N [monomers]). By altering the initial
population based on the number of possible results, the
algorithm does not have to be manually altered for polymers with
more or fewer possibilities, giving accurate results without

user input.
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2 10000 +
@ |
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FIGURE 6 Methyl
methacrylate-co-ethyl 2000 4
methacrylate diblock full
spectrum; the part that is zoomed

shows the overapping of isotopic
distributions between different
species
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With the current optimisation of this algorithm, the Matlab script
currently takes 17 seconds on a > 900 peak dataset, reducing it to
110 species with good repeatability.

3.2 | MA/EA statistical copolymers

The automatic peak assignment by the genetic algorithm is used to
generate a heat map with N4 on the x-axis, N, on the y-axis and a
transformed intensity at the colour gradient. This provides
visualisation of the copolymers, allowing for simple qualitative
comparison. The heat maps for methyl acrylate-co-ethyl acrylate with
monomer ratios of 50/50, 60/40, 70/30, 80/20 and 90/10 (Table S1,
supporting information) are distinct in their overall shape as the more
MA than EA in the monomer ratio , the shallower the gradient the
heat map appears to have (Figure 2). The heat maps also provide a
visual diagnostic for the assignment if the distribution provided on the
heat map has no gaps, which could imply peaks missed by the
algorithm, or higher intensity points lying outside the main
distribution, which would imply peaks which were assigned
incorrectly. The 70/30 copolymer displays this, as its width is due to a
misassigned peak on the very far right of the heat map (Figure 3).

It is therefore possible to use the heat map to find the peaks
which have been missed or which have been assigned incorrectly in
the original spectra. This allows for the visualisation as a diagnostic
tool for the genetic algorithm assignment. The assignment is reliant
on good calibration, as this will minimise the error that is set as a cut-
off for correct assignments. The example MA/EA 60/40 heat map, in
Figure 4, shows this effect of poor calibration. In this case it would
appear that several isotopic peaks have been assigned as real species.
This indicates that the calibration led to them not being correctly
assigned as isotopes, and therefore they were not removed from the
potential assignments. Falsely assigned isotopic peaks also have the

*DP=17
+DP =18

D> e
(o328 o B o S o Mo o

CH;  CH,CHs CHs

2000 3000 4000
m/z
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downside of causing the relative intensities in the heat map, and the
absolute intensities in the genetic algorithm output, to be less
representative of the real data, as the isotopic distribution is not
correctly summed into the real assigned peak.

Comparing methyl acrylate-co-ethyl acrylate copolymers made by
two different synthetic chemists using two different and distinct
forms of copper-mediated living radical polymerisation (one

57-60)

photomediated,>*>® the other using a copper(0) wire system , we

22
21 -
20
19

can draw some simple conclusions about the synthesis qualitatively
(Figure 5). By examining the heat maps of a copolymer with a 50/50
mole% composition side by side, we can see that the copper wire
system was more controlled, in that the distribution of the copolymer
spectra seems to be less dispersed. This form of examination is a new
way of looking at synthetic copolymerisations, as we can examine an
under-evaluated area of synthetic control, the control over the

composition of the chains.
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FIGURE 7 Methyl methacrylate-co-ethyl methacrylate diblock, synthesised by catalytic chain transfer polymerisation and sulphur-free
reversible addition-transfer chain-transfer polymerisation. Isotopic intensity issue shown (top), and then resolved (bottom)
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3.3 | Analysis of MMA/EMA diblock copolymers
When a 10 MMA 10 EMA diblock, synthesised using a
combination of CCTP?!® and sulphur-free RAFT (SF RAFT),22°
was analysed by MALDI-TOF, its spectrum had interesting features
as it did not contain a nomal compositional distribution with
narrow dispersity (Figure 6). The spectrum was then analysed with
the genetic algorithm and displayed as a heat map. One of the
issues in this spectrum is how broad it is; it is found that in
spectra over this range of masses it is difficult to get a very high
accuracy of calibration. Therefore, the assignment error is higher in
some of the real peaks, which, when accounted for, leads to some
misassignments. Lower-abundance species have overlapping
isotopic distributions with other higher abundance species, and
therefore some assignments are also lost when the intensity cut-
off factor of our isotopic distribution assignment is too high. This
is because peaks which come after the lower-abundance species
can be assigned as isotopes of those lower-abundance peaks,
similar to the MA/EA system.

The heat map in Figure 7 shows that the sample contains high
PMMA  homopolymer. This

incorporation of the macromonomer into a block copolymer was

amounts of implies that the
incomplete, even though the monomer conversion was taken to a
high percentage (>95%). The polymer has a broad dispersity,
around 1.7, which could mean that higher-molecular-weight chains
contain more of the EMA than the MMA polymers; however, the
limitations of the mass spectrometer prevent the accurate analysis
of copolymer distributions having molecular weight >10 000. The
other significant difference between this and the previous example
is the greatly increased number of molecular species. This is

because the number of copolymer species observed in a diblock
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copolymer sample is related to the molecular weight distribution of
the second block of the diblock, which is likely also to be very
broad.

This displays the importance of mass spectrometry relative to
bulk measurements which are traditionally used in polymer
characterisation, such as 1D NMR, which would not be able to show
this homopolymer problem; instead it would provide an average
monomer incorporation in all polymeric chains. Using MALDI-TOF-
MS, in collaboration with the genetic algorithm peak assignment, we
are able to display the data with ease.

34 | Analysis of an MMA-styrene statistical
copolymer

A methyl methacrylate-styrene statistical copolymer synthesised
by free radicals in bulk (supporting information) demonstrates
some of the effect of reactivity ratios on the number of
observed species in the mass spectrum (Figure 8). The reactivity
ratios of MMA-styrene copolymers have been shown to be
Istyrene = 0.49°%;  this

slightly

rnama =0.51  and implies that the

reaction tends toward a alternating  sequence.
This, therefore, would lead to a reduction in the number of
species, as alternating polymers would have a maximum of three
species per degree of polymerisation. Using the genetic algorithm
assignment to build a visual heat map, we can observe that the
width of the distribution appears very thin. This occurs regardless
of whether we use sodium or silver salt, showing that this is not
merely an effect of ionisation efficiency, as methacrylate and
styrene species ionise more efficiently with different cation

species.
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Styrene-co-methyl methacrylate statistical copolymer synthesised by bulk free radicals, using AgTFA (left) and Nal (right) as a
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4 | CONCLUSIONS

The genetic algorithm has been used for the automated
assignment of copolymer mass spectra, with high accuracy and
efficiency. Its utilisation on presenting usually complex mass
spectra as simple heat maps allows for the qualitative comparison
of data,

Improvements are still to be made on the implementation of the

in the case of low-molecular-weight copolymers.
data processing methodology, such as the way in which isotopic
distributions are handled means that the methodology is probably
ignoring certain overlapping species. To overcome this would
require either higher-resolution instrumentation or predicting the
amount of intensity within a certain overapping peak which is to
be allocated to each constituent species. Other ways to alter the
approach discussed here would be to allow for the assignment of
multiple end groups, as our approach only assigns all copolymer
peaks with a given end group. This is simple to overcome in the
genetic algorithm methodology; however, it will greatly increase
the computational power required to run such a script. The output
of having all copolymer peaks assigned, in a simple and automatic
manner, allows for a future of more advanced analysis of very
complex datasets.
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Chapter 5

Summary

The work described in this thesis describes some of the current frontiers of polymer
mass spectrometry applied to polymer science. Mass spectrometry is becoming
more embraced by the polymer community; however, it is still not being utilized
routinely for copolymer sequencing and composition analysis despite software
being available for both purposes. The methods examined and built upon in this
work serve to use routine instrumentation to gain further information from
polymers and do so in a way which is accessible to non-expert users. The aim is that
these methods can then be applied to wider polymer applications, exploiting the

power of copolymer analysis by mass spectrometry.

In chapter 2, by showing the differences in fragmentation patterns obtained by two
fragmentation methods, common to MALDI-ToF/ToF instruments, and doing so on
many different polymer types, fundamental information is provided to users who
are attempting to choose their experimental methodology. While much more work
is still to be carried out in this area, the number of polymer classes is ever
expanding and hence building a comprehensive library would be an extraordinary
undertaking, therefore the focus was on polymers containing different backbone
heteroatoms to provide example fragments for anyone analysing similar classes of
polymers. This tied with the understanding that in most cases the CID
fragmentation method produces more fragments than the PSD method, it is hoped
this paper provides valuable information for those wishing to begin using MALDI-

ToF/ToF as a technique for polymer analysis.

Chapter 3 utilized PSD in the analysis of polymers, referred to as LID in the paper,
and its capabilities for copolymer determination for both a statistical and diblock

copolymer. In this paper a fragmentation mechanism for acrylates with a halide end
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group is proposed, by which only one fragment class is observed in the copolymer,
it was later observed that this mechanism matched one proposed by Wesdemiotis et
al. for poly(styrene) with a halide end group. The qualitative difference observed
between the statistical and diblock copolymers is displayed, whereby they were
easily identifiable by the number of observed peaks in the spectra. The diblock
copolymer displays a large amount of microstructure determination, where small
differences are observed around the block boundary which suggests there is mixing
in the diblock structure. This work displays the ease with which polymer
sequencing can provide high quality data on the exact structure of copolymer

samples.

Chapter 4 describes a unique method of data analysis for polymer samples in
MALDI-ToF experiments. This method was based on a genetic algorithm designed
to determine the number of each of the monomers within each species of a
copolymer sample. The method was used to display the variety of unique features
in a heat-map form, showing qualitatively the distribution caused by the
copolymerisation of two monomers in both diblock and statistical copolymers. The
method was shown to quickly generate monomer composition data, with a
standard specification laptop (as listed in Appendix 5), producing data in 17
seconds. This method of assignment for copolymer peaks opens new methods for
understanding copolymer samples, as this composition distribution is rarely
discussed in polymer research. This work could also be applied to copolymer
MALDI-ToF/ToF results, as it may be used to understand the change in composition
along polymeric chains, to quantify the observed structure, and provide a

quantitative measure of the structure of the copolymer chains.

5.2 Further Work

The work from this thesis provides methods which can be applied to diverse
polymer synthetic research. Tandem mass spectrometry, with its ease at
determining copolymer microstructure, and genetic algorithm, determining the
compositional distribution, both allow for greater detail in the understanding of the

underlying structures and distributions present in the complex mixtures which
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make up copolymers. It is, hence, further explorations into these capabilities and
into more complex and challenging samples which will make up the frontier of

future work from this project.

There is developmental work which could be done for the genetic algorithm code,
such as bettering the method of isotopic determination, and solving some of the
selection issues (such as those arising from multiple peaks being present for the
same assignment, and how it chooses to handle them). The output of the genetic
algorithm is the composition of each peak along with the intensity values present in
the mass spectrum. This output is ripe for further analysis, as it was shown in the
paper different polymers have different conformations of their composition

distribution.

Currently, a new PhD student within the authors’ research group is starting a
project investigating using these methods for polylactide and other biodegradable
polymer research. This work is also currently being built upon in two new research
papers, one using the genetic algorithm for more complex samples of 3 monomers
involving higher resolution FT-ICR methods, and another using the genetic
algorithm on copolymer tandem data to provide automatic quantified structural

information which can then estimate reactivity ratios.
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Appendix A
Appendix

A.1 Corrections for “Tandem Mass Spectrometry for Polymeric
Structure Analysis: A Comparison of Two Common MALDI-
ToF/ToF Techniques”

A.1.1 Mass Errors
Figure 1: al = 167.84 ppm, a2 = 230.95 ppm, a3 =248.05 ppm, a4 = 154.32 ppm, a5 =
190.31 ppm, a6 =295.70 ppm

Figure 4: A =173.31 ppm, B1 =157.24 ppm, B2 =199.24 ppm

A.1.2 Centre of Mass Collision Energy
Polycaprolactone = 181.03 eV
Polyoxazoline = 241.11 eV

Poly(methyl methacrylate) = 204.55 eV
Polystyrene = 187.29 eV

Poly(methyl acrylate) = 153.85 eV

Poly(methyl acrylate — co — ethyl acrylate) = 150.95 eV

A.1.3 Resolving Power

Polycaprolactone = 2958

Polyoxazoline = 2162

Poly(methyl methacrylate) = 3224

Polystyrene = 2835

Poly(methyl acrylate) = 3335

Poly(methyl acrylate — co — ethyl acrylate) = 2293

A.1.4 Other Changes

Instances of “m/z [value]” in the paper should be changed to “[value] m/z".

Instances of “Pre curse ion selector” should be changed to “Pre cursor ion selector”.
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A.2 Published Supplementary Material for “Tandem Mass
Spectrometry for Polymeric Structure Analysis: A Comparison of

Two Common MALDI-ToF/ToF Techniques”
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A.3 Supplementary material for “MALDI-LID-ToF/ToF Analysis of

Statistical and Diblock Polyacrylate Copolymers”

A.3.1 Other Changes

Instances where the word “spectra” is used to refer to the single rather than the

plural should be changed to “spectrum”.

Instances of “m/z [value]” in the paper should be changed to “[value] m/z”.
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A.4 Full printed Matlab Script for “Automatic Peak Assignment and

Visualisation of Copolymer Mass Spectrometry Data using the

Genetic Algorithm”

clearvars -except L

Sa=22.989770;
E=532.033106;
Mnl1l=72.021130;
weight monomer)
Mn2=86.036780;

Errorcutoff = 0.3;
Contrast = 10;
Brightness = 10;
brightest)

ie = Errorcutoff;

i1 = 2;

N(1) = 0;

N(2) = 0;

K = zeros(length(L),

Mmax = max(L(:,1));
DP = ceil (Mmax/Mnl) ;
Perm =
EliteCount =
newoptions =
newoptions =

EliteCount, 'FunctionTolerance',
Perm) ;

'PopulationSize',

for i = 1:length (L)

ub = [DP,DP];

Isol = zeros(length (L)

Iso2 = zeros(length (L)

Iso3 = zeros(length(L)

Iso4 = zeros(length(L)

Iso5 = zeros(length (L)

nvars = length(N);

IntCon=1:nvars;

if K(i,6)
K(i,1:5) = 0;

else

FUN = @ (N)

[Ul, fval]=ga (FUN,

SP=(N1*Mnl) +

K(i,1:2) = L(i,:);

K(i,3:4) = Ul;

K(i,5) = fval;

$Error Cutoff

if K(i,5)>Errorcutoff
K(i,1:5) = 0;

else

%Isotope Section

Isol(:,1) = abs(L(i, 1)

abs (((((N(1))*Mnl) +
nvars,
(N2* Mn2)

%$Mass of the salt
$Mass of the end group
$Mass of Monomer 1 (use the lowest molecular
%Mass of Monomer 2

$Assignment error in daltons

(0 1s most
(0 is the

$Contrast of heat map 0-20
$Brightness of heatmap 0-20

contrast)

$Isotope picking error.

%$Isotope intensity cutoff (if isotope
$divided by peak intensity is over 1ii
%$not counted as an isotope).

intensity
it is

$Genetic Alorithm Setup and Application

6);

round ( (factorial (DP)/ (factorial (DP-length(N))))/4);
ceil (0.7*Perm) ;

optimoptions('ga');

optimoptions (newoptions, 'EliteCount’',

1*107(100), '"MaxGenerations', 40,

$Determining Isotopes

2);
2);
2);
2);
2)

(N(2)*Mn2) + E + Sa)
Beq, 1b, ub, [],

- L(i,1)));
A, B, Aeq, IntCon, newoptions);

+ E + S;

- L(:,1) + 1);
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Isol(:,2) = K(:,06);
Wclean = find(Isol (:,2) == 1);
Isol (Wclean, 1) = 10;
Wl = find(Isol(:,1) == min(Isol(:,1)));
if L(W1,2) < ii*L(i,2) && min(Isol(:,1))<ie
K(i,2) = K(i,2) + K(W1,2);
K(Wl,6) = 1;
Iso2(:,1) = abs(L(i,1) - L(:,1) + 2);
Iso2(:,2) = K(:,06);
Wclean = find(Iso2(:,2) == 1);
Iso2 (Wclean, 1) = 10;

W2 = find(Iso2(:,1) == min(Iso2(:,1)));
if L(W2,2)<ii*L(Wl 2) && min(Iso2(:,1))<2*ie
K(i,2) = K(i,2) + K(W2,2);
K(W2,0) = 1;
Iso3(:,1) = abs(L(i,1) - L(:,1) + 3);
Iso3(:,2) = K(:,06);
Wclean = find (IsoB( 2) == 1);
Iso3(Wclean, 1) = lO
W3 = find(Iso3(:,1) == min(Iso3(:,1))):;
if L(W3,2)<ii*L(W2,2) && min(Iso3(:,1))<3*ie
K(i,2) = K(i,2) + K(W3,2);
K(W3,6) = 1;
Iso4(:,1) = abs(L(i,1) - L(:,1) + 4);
Iso4(:,2) = K(:,06);
Wclean = find (Iso4( ,2) == 1);
Iso4(Wclean, 1) = 10;
W4 = find(Isod(:,1) == min(Isod(:,1))):;
if L(W4,2)<ii*L(W3,2) && min(Isod(:,1))<4*ie
K(i,2) = K(i,2) + K(W4,2);
K(W4,6) = 1;
Iso5(:,1) = abs(L(i,1) - L(:,1) + 5);
Iso5(:,2) = K(:,06);
Wclean = find (IsoS( 2) == 1);
IsoS(Wclean, 1) = lO
W5 = find(Iso5(:,1) == min(Iso5(:,1))):;
if L(W5,2)<ii*L(W4,2) &&
min (Iso5(:,1))<5*%ie
K(i,2) = K(i,2) + K(W5,2);
K(W5,6) = 1;
end
end
end
end
end
end
end
end
WX = find(K(:,1) ==0);
K(WX,:) = [];
M2T = mean ((K(:,2).*K(:,4))./(K(:,2).*(K(:,3)+K(:,4))))

$Heatmap Construction

minx
maxx

K (POX, :)
POY
K (POY,

1) =
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I =1./(l+exp(-(K(:,2)/(10"Contrast))));
Backgroundvalue = min(I)- (10" (-1*Brightness)):;
heatMapImage = BackgroundValue * ones (maxy+2-miny,maxx+2-minx) ;

heatMapImage (1,1) = NaN;
heatMapImage (1,2: (maxx+2-minx) )= minx:maxx;
heatMapImage (2: (maxy+2-miny),1l)= miny:maxy;
heatMapImage (2: (maxy+2-miny),1l)= abs (heatMapImage (2: (maxy+2-miny),1) -
maxy) ;
for k = 1 : length(K(:,1))

column = K(k,3) - minx +2;

if column > maxx+2-minx
column = maxx+2-minx;

end

row = maxy - K(k,4) + 2;

if row > maxy+2-miny

row = maxy+2-miny;
end
heatMapImage (row, column) = I(k);
end

imshow (heatMapImage (2: (maxy+2-miny),2: (maxx+2-minx)), []);
colormap ('gray');

colorbar;

truesize ([400 400171);

axis on

xticks (1:maxx+2-minx) ;

yticks (l:maxy+2-miny) ;

xticklabels (heatMapImage (1,2: (maxx+2-minx))) ;
yticklabels (heatMapImage (2: (maxy+2-miny),1));
xlabel ("No of Monomer One Name');

ylabel ('"No of Monomer Two Name');
title('Title");

% CODE END
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A.5 Supplementary material for “Automatic Peak Assignment and
Visualisation of Copolymer Mass Spectrometry Data using the

Genetic Algorithm”

A.5.1 Other Changes

The heatmaps are maps of signal intensity, this should be included in the legend

with the colour change.

The challenges with calibration when it comes to polymeric samples are that they
can cover a wide mass range, and hence require very broad calibrants to cover this
range and provide the best possible calibration. If a broad enough calibrant can not
be found, then every peak outside the region is calculated from the function which
is calculated using the calibration (usually using an enhanced quadratic in the case
of time-of-flight instruments). It is for this reason that internal calibrations would be
preferable, but this would only increase the complexity of an already “crowded”

sample.

To clarify the issue with resolution our current time-of-flight experiment displayed
a maximum resolution of around 16000 at roughly 2000 m/z. To separate the
difference between the isotope of one species and an overlapping one we would
require a resolving power of 33000. This example would split the MA10EA10 and
MAGEA16 (n+2) peak.

The laptop specifications listed in the optimisation section of the supplementary

information is the same laptop which is used throughout the paper.

The software used for peak picking was the mMass software version 5.5. Peak
picking was carried out at a signal to noise ratio of 1.5. We could use a low signal to
noise due to the assignment algorithm filtering out many of the noise peaks that

may have been picked.

Tables in the supplementary information should be labelled and numbered.
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Automatic Peak Assignment and Visualisation of Copolymer
Mass Spectrometry Data Using the Genetic Algorithm —
Supporting Information

Optimization of Parameters for the Genetic Algorithm Code

Computational parameters for the code were determined by running optimizations on a poly
(methyl acrylate — ethyl acrylate) 50/50 copolymer synthesised by Cu (0) mediated SET LRP. The
optimizations were performed on a HP Elitebook, with an Intel® Core™ i5-6200U CPU 2.30GHz
processor and 16 GB of RAM. Number of peaks assigned includes the assigned isotopic peaks, which
seems to have a cap of 110. The number of peaks put into the code was 992 which includes many
noise peaks, showing the algorithms power of exact determination. The qualitative assessment is
simply looking at the assignment and noting any gaps in the distribution. This is because a missing
peak can be due to the absence of an actual assignment, leading to a gap, or the absence of an
isotopic peak, which is harder to determine by eye.

Paramete | Initial Elite Function Max Time Number | Ending Qualitative
r set Populatio Count (as Toleranc | Generation | taken of Condition assessment
n Size fractionof | e s (seconds | assigne for of
populatio ) d peaks | Assignmen | assignment
n size t
2 331 0.5 10-2000 75 67 110 Function Very good
Tolerance
3 496 0.5 10-1000 75 62 110 Function Very good
Tolerance
4 992 0.5 10-1000 75 129 110 Function Very good
Tolerance
5 198 0.5 10-1000 75 30 108 Function One
Tolerance obvious
missed
assignment
6 124 0.5 10-1000 75 36 102 Function Several
Tolerance obvious
missed
assignment
s
7 99 0.5 10-1000 75 21 101 Function Several
Tolerance obvious
missed
assignment
s
8 50 0.5 10-1000 75 25 84 Function Very
Tolerance incomplete
assignment
Number of Assigned Time Taken (seconds) Qualitative Assessment of
Peaks the Assignment
Parameter Set 1 Repeat 1 109 56 Very Good
Parameter Set 1 Repeat 2 110 52 Very Good
Parameter Set 1 Repeat 3 108 55 One Missed Assignment
Parameter Set 1 Repeat 4 110 51 Very Good
Parameter Set 1 Repeat 5 110 48 Very Good




Parameter | Initial Elite Count | Function Max Time Number | Ending Qualitative
set Population | (as Tolerance | Generations | taken of Condition assessment
Size fraction of (seconds) | assigned | for of
population peaks Assignment | assignment
size)
9 248 0.1 101000 75 86 109 Function Very Good
Tolerance
10 248 0.2 10-1000 75 74 110 Function Very Good
Tolerance
11 248 0.3 102000 75 71 109 Function Very Good
Tolerance
12 248 0.4 101000 75 67 109 Function Very Good
Tolerance
13 248 0.5 10-000 75 56 109 Function Very Good
Tolerance
14 248 0.6 101000 75 49 108 Function Missing 1
Tolerance assignment
16 248 0.8 10-1000 75 31 109 Function Very Good
Tolerance
17 248 0.9 10-2000 75 24 108 Function Missing 1
Tolerance assignment
18 248 0.99 102000 75 24 57 Function Incomplete
Tolerance Assignment
Number of Assigned Time Taken (seconds) Qualitative Assessment of
Peaks the Assignment
Parameter Set 17 Repeat 1 109 26 Missing 1 assignment
Parameter Set 17 Repeat 2 109 25 Missing 1 assignment
Parameter Set 17 Repeat 3 108 26 Missing 2 assignments
Parameter Set 17 Repeat 4 108 26 Missing 2 assighments
Parameter Set 17 Repeat 5 110 24 Very Good
Number of Assigned Time Taken (seconds) Qualitative Assessment of
Peaks the Assignment
Parameter Set 15 Repeat 1 110 38 Very Good
Parameter Set 15 Repeat 2 110 38 Very Good
Parameter Set 15 Repeat 3 110 38 Very Good
Parameter Set 15 Repeat 4 109 38 1 Missing Assignment
Parameter Set 15 Repeat 5 110 38 Very Good
Paramete | Initial Elite Function Max Time Number | Ending Qualitative
r set Populatio | Count(as | Tolerance Generation | taken of Condition assessmen
n Size fraction of s (seconds | assigne | for t of
populatio ) d peaks | Assignmen | assignmen
n size) t t
19 248 0.7 10100 75 38 110 Function Very Good
Tolerance
20 248 0.7 107200 75 39 109 Function Very Good
Tolerance
21 248 0.7 100 75 38 110 Function Very Good
Tolerance
22 248 0.7 101 75 41 110 Function Very Good
Tolerance




23 248 0.7 100 75 36 110 Function Very Good
Tolerance
24 248 0.7 10t 75 36 110 Function Very Good
Tolerance
25 248 0.7 10t 75 39 108 Function One
Tolerance Missing
Assignmen
t
27 248 0.7 101000 75 8 35 Function Incomplet
Tolerance e
assignmen
t
28 248 0.7 1(03082547155589 | 75 36 110 Function Very Good
1 Tolerance
Number of Assigned Time Taken (seconds) Qualitative Assessment of
Peaks the Assignment
Parameter Set 26 Repeat 1 109 36 Very Good
Parameter Set 26 Repeat 2 109 36 Very Good
Parameter Set 26 Repeat 3 109 36 Very Good
Parameter Set 26 Repeat 4 110 36 Very Good
Parameter Set 26 Repeat 5 110 35 Very Good
Paramete | Initial Elite Function | Max Time Number | Ending Qualitative
r set Populatio Count (as Toleranc | Generation | taken of Condition assessment
n Size fractionof | e s (seconds | assigne for of
populatio ) d peaks | Assignment | assignment
n size)
29 248 0.7 10100 75 36 109 Function Very Good
Tolerance
30 248 0.7 1010 50 23 110 Maximum Very Good
Generation
s
31 248 0.7 10100 25 12 108 Maximum One missing
Generation | assignment
s
32 248 0.7 10100 5 6 81 Maximum Incomplete
Generation | Assignment
s
33 248 0.7 10100 35 16 109 Maximum Two missing
Generation | Assignment
s S
34 248 0.7 1010 45 21 110 Maximum Very Good
Generation
s
36 248 0.7 10100 65 24 110 Function Very Good
Tolerance
37 248 0.7 10100 60 21 109 Function One Missing
Tolerance Assignment
38 248 0.7 10100 52 22 109 Function Very Good
Tolerance




Number of Assigned Time Taken (seconds) Qualitative Assessment of
Peaks the Assignment

Parameter Set 38 Repeat 1 109 23 Very Good

Parameter Set 38 Repeat 2 110 24 Very Good

Parameter Set 38 Repeat 3 110 21 3 Missing Peaks

Parameter Set 38 Repeat 4 109 22 Very Good

Parameter Set 38 Repeat 5 110 23 Very Good
Number of Assigned Time Taken (seconds) Qualitative Assessment of
Peaks the Assignment

Parameter Set 30 Repeat 1 110 22 Very Good

Parameter Set 30 Repeat 2 110 21 Very Good

Parameter Set 30 Repeat 3 110 21 Very Good

Parameter Set 30 Repeat 4 109 20 Very Good

Parameter Set 30 Repeat 5 109 21 One Peak Missing
Number of Assigned Time Taken (seconds) Qualitative Assessment of
Peaks the Assignment

Parameter Set 35 Repeat 1 110 17 Very Good

Parameter Set 35 Repeat 2 110 17 Very Good

Parameter Set 35 Repeat 3 110 17 Very Good

Parameter Set 35 Repeat 4 110 17 Very Good

Parameter Set 35 Repeat 5 110 16 Very Good

Synthetic Procedures

General procedure for photo-induced polymerization - example target PMA-s-EA

CuBr;, MesTren, EBIiB and total volume were kept constant and volumes of MA/EA were
varied to achieve polymers of the same length (DP 20) but different monomer distributions.
These values were taken from the quantities for a EBiB initiated, DP 20 poly(methyl acrylate)
of 8.8 ml total volume. CuBr; (10.9 mg, 0.02 eq.) was dissolved in DMSO (4.4 ml) by sonication,
followed by addition of MegTren (78 pl, 0.12 eq.). MA and EA (volumes given in Table X) were
added according to the desired monomer distributions. The mixture was degassed with
nitrogen for 10 min before adding EBiB initiator (359 pul, 1 eq.) and further degassed for 5 min.
The reaction was then left under an ultraviolet lamp overnight. The resulting polymer was
dissolved in minimum acetone and precipitated in 50:50 deionised H,0:MeOH. Product was
dissolved in acetone and passed through neutral alumina, solvent removed and dried in a
vacuum oven at 25 °C overnight.

Table S1. Methyl acrylate and ethyl acrylate monomer volumes for 20 degree of
polymerisation polymers.

Entry MA/EA ratio (%) Volume MA (ml) Volume EA (ml)
A 50/50 2.0 2.4
B 60/40 2.45 1.95
C 70/30 2.90 1.50
D 80/20 3.40 1.0
E 90/10 3.90 0:50




Process for the synthesis of macromonomer (PMMA) by CCTP in emulsion.

In a typical CCTP emulsion polymerisation, CoBF (0.096 g, 0.2222 mmol) was placed in a 250
mL round bottom flask together with a stirring bar. Nitrogen was purged in the flask for at
least 1h. Subsequently, MMA (120 mL, 112.32 g, 1121.85 mmol) previously degassed for 30
min was added to the flask via a degassed syringe. The mixture was vigorously stirred under
inert atmosphere until total dissolution of the catalyst. Meanwhile, ACVA (2.2 g, 7.888
mmol), SDS (1.8 g, 6.242 mmol) and 250 mL of water were charged into a three-neck, 500mL
double jacketed reactor, equipped with a RTD temperature probe and an overhead stirrer.
The mixture was purged with nitrogen and stirred at 325 rpm for at least 30 min.
Subsequently, the mixture was heated under inert atmosphere. When the temperature in
the reactor reached 70 °C, the addition of the MMA -CoBF solution started using a degassed
syringe and a syringe pump (feeding rate= 2 mL/min, feeding time=60 min). When the
addition was over, stirring continued for another 60 min under the same conditions. The
number average molecular weight of the macromonomer was calculated by analysing the
1H NMR spectra.

Process for the chain extension of macromonomer Poly(MMA) with EMA (DPn = 10) by
Free-Radical polymerisation in emulsion.

50 mL of PMMA latex (0.2411 g/mL) were diluted by adding 40 mL of water to achieve a
22.4% solid content. The resulting latex was charged in the reactor and purged with
nitrogen for 30 min under stirring. Subsequently, the emulsion was heated. When the
temperature in the reactor reached 80-82 °C and was stabilised, the simultaneous addition
of EMA (13.64 mL, 12.509 g, 0.110 mol) and potassium persulfate aqueous solution (68.2 mg
potassium persulfate in 13.64 mL of water), both previously degassed for 30 min started by
the use of degassed syringes and a syringe pump (feeding rate=0.16 mL/min, feeding time =
232 min). When the addition was over, stirring continued for another 60 min under the
same conditions.

Typical procedure for the synthesis of the statistical P(MAy-stat-EAy) copolymers via Cu(0)
wire mediated Reversible Deactivation Radical Polymerization.

A glass vial was charged with MegTren (0.18 eq.), Cu(ll)Br; (0.05 eq.) and DMSO (4 mL). MA (x
eq.), EA (y eq.), EBiB (1 eq.) and pre-activated copper wire (5 cm) wrapped around a stirring
bar were added to the complex solution and the vial was septum sealed. N, sparging was
applied to the solution for 15 min for the removal of oxygen, and the polymerization was left
to commence at ambient temperature. Once quantitative conversion was verified through H
NMR analysis, a sample was taken and passed through a short column of neutral alumina for
the removal of dissolved copper salts prior to SEC analysis in THF.

Typical procedure for thiobromine substitution.



The obtained polymers were purified through precipitation in H,O-MeOH solutions (70-30 %
v/v) and dried under vacuum. Subsequently, in the purified P(MA,-stat-EAy) (1 mol equiv.)
copolymers, 1-thio glycerol (1.5 eq.), triethylamine (1.5 eq.), acetone (2 mL) and a stirrer bar
were added and the reaction was left to commence for 2 hours. The thioglycerol
functionalized copolymers were then used for mass spectroscopy analysis.

Poly (methyl methacrylate — co — Styrene)

A statistical copolymer of methyl methacrylate and styrene was prepared by introducing
equimolar amounts of both monomers into a 250 mL round bottom flask, along with a
magnetic stirrer. To the flask was subsequently added 0.5 mol% of AIBN initiator with regards
to the total amount of monomer and 0.5 w% of dodecanethiol with regards to the mass of
both monomers. The flask was subsequently deoxygenated and added to an oil bath pre-
heated to 65°C and left to react overnight. The reaction was quenched by introducing oxygen
into the system.



A.6 Declaration of Contributions

In the first presented paper ([JS Town et. al. Macromolecular rapid communications 40
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