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ABSTRACT

New method for the matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) and
Fourier transform mass spectrometry (MALDI-FTMS) analysis of low molecular weight polyvinyl acetate
(PVAc) was developed and then applied to the characterization of commercially available chewing gum.
The optimization of MALDI analysis of PVAc was achieved by investigating the influence of sample
preparation variables such as the choice of solvent and choice of matrix-analyte ratio. It was
demonstrated that the use of ethyl acetate as a solvent and 2,5-Dihydroxybenzoic acid as a matrix
yielded the highest signal intensity for the pure polymer sample. The application of TOF technique did not
produce accurate molecular structure of PVAc, and so FTMS method was employed as well and allowed
to accurately establish the identity of the end groups of the polymer.

A sample preparation protocol for the successful MALDI analysis of [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) was developed by investigating the influence of the matrix, solvent, deposition
method and matrix-to-analyte ratio. It was found that the application of dithranol as a matrix, lowest molar
matrix:analyte ratio of 250:1, toluene as a solvent for both matrix and analyte and aerospray sample
deposition technique for MALDI analysis produced spectra with the highest intensity of PCBM signal, the
smallest amount of fragments, the fewest products of gas phase reactions and the best reproducibility.
Gas-phase reactions of PCBM in the high vacuum conditions of the FTMS and TOF mass spectrometry
experiments were also investigated and a possible mechanism for these reactions was proposed. It was
suggested that during or after desorption/ionization step of MALDI process, several kinds of oxidized and
reduced PCBM derivatives are formed.

The influence of the sample preparation parameters (the choice of the matrix, matrix:analyte ratio,
salt:analyte ratio) was investigated and optimal conditions were established for the MALDI time-of-flight
mass spectrometry analysis of the poly(styrene-co-pentafluorostyrene) copolymers. These were
synthesized by atom transfer radical polymerization. Use of 2,5-Dihydroxybenzoic acid as matrix resulted
in spectra with consistently high ion yields for all matrix:analyte:salt ratios tested. The optimized MALDI
procedure was successfully applied to the characterization of three copolymers obtained by varying the
conditions of polymerization reaction. It was possible to establish the nature of the end groups, calculate

molecular weight distributions, and determine the individual length distributions for styrene and



pentafluorostyrene monomers, contained in the resulting copolymers. Based on the data obtained, it was
concluded that individual styrene chain length distributions are more sensitive to the change in the
composition of the catalyst (the addition of small amount of CuBr;) than is the pentafluorostyrene

component distribution.
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l. MATRIX-ASSISTED LASER DESORPTION IONIZATION MASS SPECTROMETRY AS
APPLIED TO THE ANALYSIS OF SYNTHETIC POLYMERS — AN OVERVIEW

A. Introduction

Since its introduction by Karas and co-workers' and by Tanaka et al.2in the late 1980s, Matrix-
Assisted Laser Desorption/lonization (MALDI) has became a powerful analytical tool for the investigation
of important properties of industrial polymer materials, such as the identity of polymer chain repeat units,
end groups3’ * absolute molecular weights, molecular weight distributions®®, and the presence and nature
of any additives. The key aspects of the typical MALDI experiment are the generation of intact singly
charged ions and an absence of fragmentation. These features of MALDI ionization technique made
possible the analysis of such complex mixtures as synthetic polymers and allowed the quantitative
determination of average molecular weights. Other characteristics of MALDI important for the analysis of
chemically and physically heterogeneous samples are exceptionally high sensitivity of this method (with
modern instrumentation the attomole level is achievable)g. However, as applied to the analysis of
industrial polymers, MALDI ionization has one significant drawback — due to the diverse chemical nature
of polymers no standard sample preparation protocol or universal matrix has been developed and
therefore the success of the analysis often depends on a trial and error approach used to find the optimal
matrix, solvent and matrix-to-analyte ratio.

MALDI time-of-flight (TOF) mass spectrometry is the usual choice for characterization of polymer
weight distribution due to its relatively low cost of equipment, theoretically unlimited mass range and
simplicity of analysis'®. However, MALDI Fourier Transform lon-Cyclotron Resonance mass spectrometry
(FT-ICR MS or FTMS) offers high resolution and extremely high mass accuracy unreachable with TOF
mass analyzers. Thus, FTMS is well suited for the analysis of complex polymer-based materials and
allows not only determination of the molecular weight distribution but also identification of the end-groups
of different oligomeric chains, chemical composition distributions, block-length distributions for block
copolymers and the architecture of polymer molecules.

In this chapter, the fundamentals of the conventional solvent-based MALDI method and
parameters of experimental design important for the success of polymer analysis will be discussed and

an overview of the main principles of TOF and FT-ICR mass spectrometry will be provided.



B. Fundamental aspects of Matrix-Assisted Laser Desorption/lonization

The introduction of MALDI in 1988 was arguably the most important breakthrough in the field of
mass spectrometry of polymers and in a few short years along with another soft ionization technique —
electrospray ionization (ESI) has replaced other desorption/ionization methods utilized in mass
spectrometry of polymers. Previous methods include fast atom bombardment (FAB), desorption chemical
ionization (DCI), laser desorption ionization (LDI), plasma desorption (PD) and field desorption (FD). The
first examples of polymer characterization by MALDI were presented by Tanaka et. al’ in 1988. The
polymers analyzed were 4kDa poly(propylene glycol) (PPG) and 20 kDa poly(ethylene glycol) using a
slurry of ultra fine cobalt powder in glycerol as the matrix. The first application of small organic molecules
as matrices for MALDI analysis can be traced back to the pioneering paper by Karas and HiIIenkamp11
where they used nicotinic acid as a matrix to analyze proteins with high molecular weights (up to 67 kDa).
However, the first example of analysis of synthetic polymers with organic molecules as matrices was
demonstrated by Castoro, Koster and Wilkins'? in the early 1992. They successfully applied 3,5-
dimethoxy-4-hydroxycinnamic acid (sinapinic acid) to the FTMS analysis of series of polyethylene glycols,
with molecular weights ranging from 1000 Da to 10kDa. Another early example of application of organic
matrices to the analysis of polymers was described in a paper by Danis et. al.” published later in the
same year. They also used sinapinic acid as a matrix (probably inspired by the results obtained by
Castoro et al) in the analysis of water soluble 200 kDa poly(styrene sulfonic acid) and 3 kDa poly(acrylic
acid).

The MALDI experiment is a complex, multi-step event, accomplished by co-crystallizing the
analyte with a chosen matrix, which strongly absorbs light at the wavelength of the laser, consequent
excitation of the matrix, followed by ionization of analyte and detection of the formed ions in the mass
spectrometer. The co-crystallization happens after a small amount of the analyte and matrix mixture is
deposited on the target plate, and the solvent is evaporated. The homogeneity of the surface of the
deposited sample is of utmost importance, because it directly affects the quality of MALDI spectra with
respect to the reproducibility and signal intensity (this will be discussed in greater detail in subsequent
sections). After sample preparation is complete, the target plate is placed into a mass spectrometer and

the sample-matrix crystals are subjected to a short pulse of UV or IR laser (typically no more than a few



microseconds). During this time, the matrix molecules absorb the energy of the laser and begin to eject
off the sample surface, carrying with them analyte molecules into the gas phase forming a gas plume. It
has been shown that this gas plume forms as an explosive transition from solid to the gaseous phase
either due to desorption or ablation at higher laser fluences™. The current opinion on the mechanism of
MALDI is that during this first step in a very dense initial plume of excited matrix and analyte molecules,
primary ionization reactions take place15. The nature of these reactions and the source of ions formed is
still a topic of a debate, mostly because radical, protonated, cationized and de-protonated species all can
be observed in a single MALDI experiment, clearly indicating the complexity of underlying processes.

Two different models were suggested to describe primary ionization reactions that take place
during MALDI event — the cluster and photoexitation/energy pooling models. The first model was
proposed by Karas et al'® in order to explain the main feature of MALDI — abundance of singly charged
ions. Their model suggested that singly and multiply charged analyte ions are formed in the solution with
the matrix and retain their charge when co-crystallized with it on the target plate. After the desorption
stage, the large clusters containing the matrix and analyte ions are ejected from the surface and undergo
secondary neutralization reactions with free electrons that are always present in the primary plume. The
outcome of these reactions is that multiply charged analyte ions interact with electrons until they are
singly charged or neutral (hence the name — “lucky survivors”). The second model"’ suggests that the
ionization occurs due to energy “pooling” (re-distribution) of two or more matrix molecules in different
excited states to give matrix radical cations or products of excited state proton-transfer reactions as
demonstrated on eq. 1, 2 and 3 as well as multi-photon ionization of neutral matrix molecules (eq.3)":

M+M+2hy — [M*+M*] > M+ M" +¢ )]
M + M + nhv — [M* + M] — [M-H] + [M+H]" 2)
M+ nhy— M" + ¢ (3)
Reactions of highly excited matrix molecules with neutral analyte are also possible (eq. 4, 5):
[M* + M* ]+ A= M+M+A” + & (4)
M + hv — M* + A — [M-H] + [A+H]" (5)
The mechanisms of secondary ionization reactions, which happen after the initial dense plume

expansion further into the vacuum, are much better understood. It is also generally believed that the



analyte ions are formed mostly due to the bimolecular collisions with the excess of matrix ions in this
expanding plume. The products of secondary ionization reactions make up a significant portion of the
overall ion yield of MALDI process and are observed in the spectra. The most important secondary
ionization reactions that lead to the ionization of analyte include proton transfer from the matrix to analyte

(eq. 6), electron transfer (eq. 7) and cationization, if the salts of metals are present (eq. 8).

[M+H]" + A — M + [A+H]" (6)
M™+A—M+A" 7)
A + Cat" — [A+Cat]” (8)

Products of these reactions are mainly responsible for ions observed in MALDI spectra. Shortly after
these ionization reactions take place, an ion cloud of mostly singly charged analyte ions is formed and is
directed towards the mass analyzer (usually by using various ion optics) and then detected. The general
diagram of the overall MALDI process is presented on the Fig. 1.1.
C. Important parameters in sample preparation for MALDI analysis of polymers
1. Selection of the matrix

Although the mechanism of MALDI is still a topic of debate, it is widely known that the choice of
proper sample preparation conditions plays a crucial role in the success of any MALDI analysis. However,
due to the diverse chemical nature of synthetic polymers, no standard sample preparation protocol has

been established for their analysis. Over the years, multiple attempts have been made to optimize and

18,19 20,21

rationalize the choice of such important parameters as the nature of the matrix , its concentration ,
solvent” and cationizing agent®.
The choice of an appropriate matrix is the central point in designing MALDI a sample preparation

91924 "the main properties that a good candidate for a

protocol. As it is mentioned in several sources
matrix compound must fulfill are as follows:

B High absorption ability at the employed laser wavelength

B Good vacuum stability

B Good solubility in the solvents that can also dissolve analyte

B Good miscibility with analyte in the solid state

B Capability of efficient desorption



Aside from these more obvious requirements, it is vital that matrix must be able to strongly
interact with the polymer — only then it can efficiently transfer energy absorbed from the laser and
promote ionization. Therefore, close contact between matrix and analyte molecules is required. Some
sources describe this type of interaction as formation of “solid solution” in which polymer molecules are
evenly distributed within matrix crystals. If the polymer is segregated from the matrix in any way, the
analysis will most likely fail. As fundamentals of MALDI sample preparation for polymers were
investigated over the years, it was established that several factors influence whether or not close contact
between matrix and analyte can be established. Most significant factors contributing to the formation of
“solid solution” are 1) chemical nature of the matrix, 2) deposition method and 3) choice of solvent®.

Hanton and Owens investigated the influence of chemical nature of matrix and determined that
formation of a “solid solutions” when the polymer molecules are evenly dispersed in the matrix is
observed when the polarity of the matrix matches the polarity of the polymer, which in turn leads to
superior quality mass spectra26. The results of their experiments lead to the formulation of the mutual
compatibility guide to selecting the matrix for polymers analysis, which is based on their relative
hydrophilicity/hydrophobicity (Fig.1.2). To use the guide to narrow down the choice of a matrix for a
MALDI analysis of a new polymer, one must consider its solubility properties and structure and match
them to those of one of the common polymers from the right side on the chart. Knowing that, a matrix with
similar polarity can be selected from the left side.

The same authors also suggested the general guideline for the MALDI sample preparation of new
samples, which included 1) choosing the solvent able to obtain clear solution of the polymer; 2) choosing
the matrix, based on the hydrophobicity/hydrophilicity of both matrix and the polymer; 3) preparing
solution of the selected matrix in the chosen solvent”. Unfortunately, the situation is not as
straightforward as it seems. It will be shown in chapter V on the example of fluorinated (co)polystyrenes,
that sometimes the matrices that should work based on the reasoning and experimental observations
described above, do not. This once more proves that there are still discoveries to be made about exact

nature of interaction between the matrix and polymer and its importance in MALDI analysis.



2. Influence of the solvent

The choice of the suitable solvent is also essential for the success of any solvent-based polymer
MALDI analysis. First of all, if the sample doesn’t completely dissolve in the solvent of choice, it will lead
to severe mass discrimination — only the soluble portion of the sample will be detected in the spectra. For
example, it was demonstrated® that by varying the solvent used for MALDI sample preparation,
drastically different molecular weight values were obtained for the same unfractionated sample of poly(3-
hexylthiophene). When acetone and hexane were used, only low molecular weight fractions that are
soluble in these solvents were observed, whereas when methylene chloride, THF and chloroform were
employed, it was possible to detect gradually higher and higher molecular weight oligomers. This work
demonstrated one of the options available to prepare “problematic” polymers with high polydispersity for
MALDI analysis without involving GPC separation — simple Soxhlet extraction with a suitable solvent can
give a narrow fraction, perfectly suitable for further mass spectrometry analysis. Second, the other
important issue that must be considered when selecting a solvent for polymer MALDI analysis is the risk

22.2932 oonfirm that when even

of sample segregation during the crystallization process. Multiple examples
a very small amount of polymer’s non-solvent soluble portion is present, it leads to severe mass
discrimination and therefore errors in molecular weight calculations and very poor spot-to-spot signal
reproducibility due to the inhomogeneity of the surface of the samples. When a mixture of solvents is
used to prepare a MALDI sample, as the solvent evaporates, its composition changes due to the loss of
more volatile component of the mix, and therefore the solubility of the polymer changes as well. If the
non-volatile component of the solvent mixture is a non-solvent for the polymer (such as water for
polystyrene), it will start to precipitate before incorporation into the matrix crystals. This segregation of the
sample has been observed by various techniques, such as time-of-flight secondary ion mass
spectrometry,26 optical microscopy,32 MALDI imaging33. To minimize these complications, it is advisable
to avoid mixtures of solvents and use the same solvent to make all solutions throughout sample
preparation process. In this way, preliminary segregation of the polymer from the matrix during
crystallization of the MALDI sample could be minimized® '* ?* #. Segregation of the matrix and analyte

produces a non-homogeneous surface of the sample with clusters of analyte and matrix crystals of

various sizes, and ultimately leads to very poor spot-to-spot and shot-to-shot reproducibility of analysis



and can also lead to severe mass discrimination and errors in MWD calculations®. In order to improve
homogeneity and reduce segregation of the sample, it was also suggested that the use of fast drying
solvents (such as acetone) is beneficial, since when evaporation of the solvent happens quickly the

sample will have less time to segregate® % %

. It should be noted though, that the use of fast drying
solvent does not guarantee superior quality spectra every time, as it was demonstrated in a recent
comprehensive study of solvent effect on MALDI analysis of several different polymers® — it was
concluded that as long as the all components of the sample are soluble in the solvent, reliable good
quality data can be obtained regardless of the evaporation rate.
3. Choice of cationizing agent

Most synthetic polymers are neutral in solutions and don’t form ions easily by themselves.
Therefore, in order to perform their mass spectrometry analysis successfully, ionization aid is required.
Typically, salts of various metals are added to the matrix during the sample preparation to enhance the
analyte signal. The choice of the cationization agent is determined only by the nature of the polymer — it
should have high affinity to the chosen cation. For example, it is well known that oxygen-containing

polymers such as polyethers and polyesters® " %% %

readily cationize with ions of alkali metals whereas
unsaturated hydrocarbon polymers such as polystyrene most efficiently form adducts with transition
metals (Ag’, Cu+).4°’43 Therefore, It is clear that the polarity of macromolecules is very important when
considering a choice of cationizing agent. Interestingly, it has been proposed that the Lewis acid and
base theory can be used as a guide for selection of a suitable ionization aid. Llenes and O’Malley44
suggested that most polymers could be considered as bases that share an electron with a cation, which
can be considered as acid in this case. Non-polar polymers, especially those containing conjugated
systems, such as polystyrene or polybutadiene can act as donors of electrons, are easily polarizable and
can be considered as soft bases. On the other hand, polymers containing electronegative atoms like
oxygen or nitrogen do not have excess electron density to donate and can be considered hard bases.
Following the Lewis acid/base concept, soft acids form stable pairs with soft bases whereas hard acids
bind most strongly to hard bases. When considering the cations commonly used to promote ionization in

MALDI analysis, it can be noted that the large cations of transitional metals, such as Ag* and Cu® carry

extra electrons on their d-orbitals and can be polarized easily, and thus can be considered soft acids.



Small alkali metal cations like Na* or Li* have high positive charge density and do not carry any non-
binding electrons in their valence shells, making them hard acids. Therefore, based on the concept
described above, it can be predicted that soft bases like non-polar hydrocarbon polymers would most
successfully bind with soft acids like cations of transition metals, whereas hard bases like polyethers and
polyesters will be cationized most efficiently by hard acids like alkali cations. This reasoning explains
experimental data very well and allows simplifying the choice of efficient cationizing agent when
developing sample preparation protocols for new polymers.
4, Importance of a sample deposition method

Several sample deposition methods have been developed over the years. The simplest and still
very popular method is the dried droplet method, introduced by Karas and HiIIenkamp.11 This method
involves dissolving matrix and analyte along with an appropriate cationizing agent in a solvent (common
or otherwise) and mixing solutions together in an empirically determined ratio. Then a small volume of the
mixture is deposited onto a target plate and allowed to dry at room temperature and in air. Despite the
obvious benefits (simple, fast), the serious drawback of this method lies in the fact that the solvent is
allowed to evaporate from the deposited sample mixture slowly. During this evaporation process, the
polymer segregates from the matrix and starts to precipitate from the solution, thus producing a very
inhomogeneous surface of the sample with crystals of varying sizes, where polymer chains are excluded
from the matrix crystals to the significant degree. Because of this segregation of the sample, the close
contact between the matrix and analyte molecules, which is required for efficient ionization, can’t be
achieved uniformly throughout the sample surface. This, in turn, leads to the poor signal intensities, poor
spot-to-spot reproducibility and in worst cases, mass discrimination. The latter was clearly demonstrated

I** with the imaging MALDI-TOF mass spectrometry'® *> * % They observed that the

by Weidner et a
variation in number average molecular weight of polystyrene calculated from two different positions within
the same spot prepared by dried-droplet method could be more than 15%. To improve the situation,
either a fast drying solvent, or deposition methods that produce small droplets of the sample mixture
should be used. Both of these approaches allow for significant enhancement in spot-to-spot

reproducibility and better ion signal of the analyte. The reason for these improvements lies in the

reduction of the drying time, which leads to lesser degree of segregation between the polymer and the



matrix — there is simply not enough time for thermodynamically driven precipitation of the analyte. Also,
both of these approaches yield smaller and much more uniform matrix crystals, which also helps to
achieve a very close contact between the matrix and a polymer chains. Even if segregation does occur,
the matrix and polymer molecules on the surface are located very close to each other due to the small
size of the matrix crystals and can be desorbed with the same laser shot. The two most popular and

47 %8 and aerospray‘”‘ 9 Both these

widely used small droplet deposition methods are electrospray
methods were successfully applied to the analysis of macromolecules and demonstrated that formation of
a very homogeneous surface of the sample with uniform matrix microcrystals, generates much more
consistent MALDI results with respect to the reproducibility and in case of electrospray deposition, gives
up to 3 times higher signals of the analyte when compared to the dried droplet method®. In the
electrospray method, very small droplets of solution are ejected from an electrospray needle and are
deposited onto a target plate, which is held at a very short distance from the needle tip. Because of the
extremely small size of the droplets produced, they reach the plate almost dry, which again, prevents the
segregation of the sample. The only drawbacks of the electrospray deposition method are the relative
complexity of the process and possibility of a fragmentation of fragile analyte molecules. In aerospray
deposition, the sample mixture is being sprayed onto a target plate through a very thin capillary with
nitrogen gas. This method also produces a very homogeneous surface of the sample, with uniform
microcrystals of the matrix. The process is very simple, fast, and does not require a serious financial
investment needed to purchase an electrospray deposition device.
D. Time-of-flight mass spectrometry: an overview

The main attraction of time-of-flight (TOF) mass spectrometry for analysis of synthetic polymers
lies in comparatively low cost of the instrument, simplicity of its maintenance and operation and possible
molecular weight range up to 10° Da*. In addition, modern TOF mass analyzers offer high sensitivity and
mass accuracy 5-50 ppm25, which is sufficient for routine characterization of polymers. In this section, a
brief overview of the principles of TOF mass spectrometry will be provided, since various excellent
sources of more detailed information can be found elsewhere in the literature.® ' %> °* '

The simplest TOF mass spectrometer (linear TOF) consists of a high vacuum small source

region, a longer field free region (drift length D) and a detector. A simplified diagram of a linear TOF mass



spectrometer is shown in Fig. 1.3 to illustrate a general principle of time-of-flight mass spectrometry. lons
are formed in an electric field in the source by any ionization technique applicable, such as electron
ionization, chemical ionization, laser desorption ionization, matrix-assisted laser desorption/ionization and
electrospray ionization.*

Then, produced ions of all masses (m) are simultaneously accelerated by application of a high
voltage extraction potential (V) as they exit the source. lons with different masses will leave the ion
source region with the same final kinetic energy (K.E.) but will be moving with different velocities (v) as it

is follows from the equation for kinetic energy (eq. 9):

mv?

KE.=zeV =

(9),

where e is the charge of electron, z is the number of charges on the ion, and V is the extraction potential.
After the ions leave the source region, they enter field free region (a drift tube) of known length D, where
no electric field is applied. Since all ions have the same kinetic energy, from eq. 9 it follows that ions with
smaller mass will travel faster than heavier ions and therefore they will separate based on their velocities.
Lighter ions will reach detector faster than heavier ions, as it is demonstrated in Fig. 1.3. The time it takes
for an ion with mass m and charge z to travel from the exit of the source region to the detector through a

drift tube with length D, can be expressed by using eq. 9 and expression for velocity (v = D/t) (eq.10):

m

t = D
2zeV

(10)

By recording the time of flight (t) for different ions, their mass-to-charge ratios can be calculated from the

expression above as such (eq. 11):

2
g = ZeV# (11).
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E. The fundamentals of Fourier transform mass spectrometry

Fourier transform mass spectrometry (FTMS) possesses unique features, which makes this
technique one of most powerful tools for analysis of complex mixtures, such as synthetic polymers. These
features are extremely high accuracy and resolving power, attainable with FTMS but not possible with
other mass analyzers. The characteristics of the synthetic polymers are expressed by their molecular
weight distributions, chemical composition of the monomer units, the nature of the end groups, and
polydispersity index (PDI). The FTMS technique is not only able to characterize all of these aspects4, but
to detect side reactions and possible contaminants as well as to provide disambiguation of analysis when
more than one compositional assignment for observed oligomers is possible. This last feature is

especially valuable in the analysis of very complex samples — synthetic copolymerssz. In this chapter, only

53-55 56-58

the basic overview of FTMS will be given since there have been a number of reviews, tutorials and

book Chapters25' 50, 59

written on the subject, as well as numerous publications, exploring the fundamentals
and applications of this method.

FTMS is based on the ion cyclotron resonance (ICR) principless. After ionization of the analyte is
complete, produced ions are transferred and then trapped into an ICR cell at ultra-high vacuum
conditions, which is situated in the homogeneous magnetic field produced by a strong superconducting
magnet. To ensure the homogeneity of the field, the cell is located inside the bore of the magnet. In the
cell, the ions are trapped by application of a low potential to the trapping electrodes shaped as plates that
are positioned perpendicularly to the magnetic field. In addition to the oscillating motion between trapping
plates, as soon as ions enter the cell, they exhibit cyclotron motion in circular orbits with the frequencies f,

given by the fundamental eq. 12 due to the influence of the Lorentz force of a magnetic filed:

zB
fo=5— (12),
2mm

where z is the charge of the ion with mass m (amu), B is the magnetic field strength in Tesla and f
cyclotron frequency of the ion. The cyclotron motion is a product of the influence of Lorentz force and a
centrifugal force, direction of which is perpendicular to the magnetic field. Equation 12 demonstrates that

every ion has its own characteristic cyclotron frequency.
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In order to detect the ions after they are trapped, they are excited by application of a broadband
radio frequency signal to the second pair of opposing electrodes, which are located in parallel with
magnetic field (transmitter plates). When the frequency of the applied RF signal matches f; of the ion, a
resonance condition is fulfilled and the ions with the same m/z absorb the energy and are accelerated to
the orbits larger than their cyclotron radius from the center of the cell. This provides the basis for mass
spectrometry, since the mass separation happens because only ions with frequencies resonant with RF
are accelerated. As coherent packets of ions with the same values of m/z draws closer to the receiver
plates, the ions induce an AC image current, which then can be measured. The amplitude of the image
current is proportional to the number of ions in the packet. The detection of each individual packet of ions
by applying a fixed frequency RF pulse and testing for the presence of that specific m/z ratio is possible
but extremely time and labor consuming. Therefore, during an actual FTMS experiment, the multichannel
advantage is used, meaning that all ions in the cell are detected simultaneously. It is done by accelerating
all trapped ions in a short period of time by subjecting them to the short RF pulse (“RF chirp”), which is
swept across the entire range of cyclotron frequencies of interest. After the acceleration, the image
current, which is induced by the coherent ion packets of varying m/z ratios, is amplified and recorded.
This cumulative image current is the superimposition of individual sinusoidal image currents from each
coherent ion packet, each of which represents the cyclotron frequency of the ions versus the time during
image current induction. In order to convert the data collected from time domain to frequency domain,
Fourier transformation is performed on the composite transient signal and then the equation 12 is used to
convert frequencies to m/z>°.

Mass resolving power (R) in FTMS is directly proportional to the time duration of acquired
transient signal and the maximum mass resolution can be expressed as follows (eq. 13):

m _ fT

Am,, 2

R =

(13),

where m is the mass of the ion and f is its cyclotron frequency; Am;,, is the full width of the peak at half
height; T is the amount of time the transient is observed. The value of T is restricted by computational
capabilities of the computer system used for storage and amount of time available for the analysis and by

the level of vacuum in the system. It is very important to maintain an ultra-high level of vacuum in FTMS
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system because the amplitude of transient signal decays with time as collisions between the ions and
neutral particles in the cell disrupt the coherence of ion packets and force them to relax from their
accelerated orbits too early (so called pressure induced damping)® *°.

FTMS produces the highest resolving power and unmatched mass accuracy when compared to
any other mass analyzer. The reason why FTMS has this advantage over other mass spectrometry
techniques lies in that the mass separation is based on frequency, rather than on time (like in TOF) or
other parameter. The frequency can be measured more accurately than any other experimental

parameter, thus giving inherently higher resolution and therefore higher mass accuracy than any other

type of mass measurement.*
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Figure 1.1 The main steps in MALDI process. Reprinted from Zenobi, R. and Knochenmuss, R."®
Matrices Polymers
Hydrophilic
2,5-Dihydroxybenzoic acid (DHB) Polypropylene glycol (PPG)
a-Cyano-hydroxycinnamic acid (CHCA) Polyvinyl acetate (PVAc)
Ferulic acid (FA) Polytetramethylene glycol
Indoleacrylic acid (IAA) Polymethylmethacrylate (PMMA)
Dithranol Polystyrene (PS)
all trans-Retinoic acid (RA) Polybutadiene (PBD)
Diphenylbutadiene I Polydimethylsiloxane (PDMS)
Hydrophobic
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I SYNTHETIC POLYMERS
A. Introduction

It is difficult to overestimate the importance and omnipresence of polymers, also known as
macromolecules, in human society. In fact, all life as we know it depends on polymers — naturally
occurring bio-macromolecules such as nucleic acids, proteins and carbohydrates are both the foundation
and fuel of every known life form. These natural polymers in the form of wood, fibers such as cotton, silk
and wool as well as various gums and resins also utilized by humans to satisfy various needs of everyday
life from the dawn of human civilization. However, with the advancement of the technological progress,
the demand for these natural polymer-based materials increased and the need of improvement of their
properties as well as the need to reduce the cost of their production became evident, thus providing the
ground for the development new man-made materials — synthetic polymers.

The first steps were made in the nineteenth century, starting with the discovery of vulcanization of
rubber by Charles Goodyear in 1839, the synthesis of polystyrene by Simon (also in 1839) and with later
discoveries of Ebonite or hard rubber (1851, Nelson Goodyear), Celluloid (1868, John Hyatt), and
poly(vinyl chloride) (first discovered by accident in 1838 by Regnault and later in 1872 by Baumann)eo.
The first truly synthetic polymeric material based on the condensation reaction of phenol with
formaldehyde was introduced in 1907 by Leo Bakeland with the product named Bakelite. As a
consequence the 20" century can be marked as the beginning of the age of synthetic polymerseo’ o1,
However, despite discovery and application of several other important synthetic polymer-based materials
in the 1920’s, no significant progress was made in the area of polymer chemistry up to 1930s due to the
largely intuitive and empirical methods employed and lack of fundamental understanding of molecular
nature and properties of polymers. This situation changed with the approach of World War Il, when the
research in both theoretical and applied polymer chemistry accelerated to accommodate the military
demands. In a very short time remarkable developments were made: introduction of several types of
synthetic rubber, Nylon 6, silicones, Teflon and other fluorocarbon resins and polyethylene to name a

feWG‘l, 62

. Most importantly, the theoretical foundations of polymer chemistry were laid due to the efforts of
many organic chemists, physics, mathematicians and engineers, most notably the ‘father of synthetic

polymer science’ — Wallace Hume Carothers. His ideas were based on the macromolecular hypothesis,
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proposed in 1920 by Hermann Staudinger, stating that polymeric materials (such as natural rubber) are
made of long-chain molecules of very high molecular weight, and are not formed due to the physical
association of smaller molecules. Carothers took this concept further, suggesting the use of small organic
molecules as building blocks in the construction of large polymer chains by the means of established
organic chemistry reactions. He also suggested investigating how the final properties of the polymers
would depend on the chemical compositionm.

All these discoveries and ideas, along with the fact that a wide variety and vast quantities of
polymers can be made from inexpensive and readily available starting materials led to the explosive
growth of polymer science after World War Il. New materials based on synthetic polymers are developed
at an accelerated rate to suit the specific needs of transportation, rubber, coatings/adhesives, electronic,
military, textile, medical and food industries by providing required physical and chemical properties. As a
result, it is virtually impossible to indicate any area of modern everyday life where products made from
synthetic polymers do not play an important role. This explains why almost 90 billion pounds of synthetic
polymers are consumed every year in the United States and why the polymer production is the fastest
growing industry in the world®°".

The term ‘polymer’ is derived from the two Greek words — poly and meros meaning ‘many parts’
and used to describe a molecule made by the repetition of a simpler unit, called a monomer®®. The term
‘macromolecule’, meaning a large molecule of a high molecular weight is sometimes used as a synonym
for a polymer. A ‘monomer’ is a molecule of low molecular weight, which can be converted to a polymer
by combining with other monomers. A polymer molecule consists of thousands or even millions of atoms
linked by covalent bonds to form a chain-like molecule, and so hundreds up to thousands monomers are
joined together during the polymerization process. Because of the peculiarities of the polymerization
process in general, any polymer-based material consists of a mixture of molecules with a distribution of
various chemical and physical parameters. These include variations of chain length (and hence of
molecular weight), stereochemistry of individual molecules, branching or interconnections, overall
arrangement and nature of monomeric units, nature of end groups as well as variations in physical
conformations, organization and alignment of the chains. Therefore it can easily be perceived that the

final properties of a material “represent the sum total of the statistical distribution of the chemical and
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physical configurations of its component molecules™®

. It should also be noted that the physical properties
usually associated with polymers greatly depend on the large size of their molecular chains. As the
molecular weight and chain lengths increases during polymerization, the molecules start to twist and
tangle within themselves and with the other molecules. When a high enough molecular weight is reached,
the attractive intermolecular forces and entanglement of the chains leads to the increased strength and
impact resistance of the material®" %2,
B. Classification of polymers

Polymers can be categorized in various ways; in fact, the same material usually belongs to
multiple classes at the same time. In most general terms, such classifications can be based on molecular
structure of polymers, response to the environment, their physical state and chemical composition as well
as commercial applications.®’
1. Molecular structure

Based on the identity and arrangement of monomer units in the polymeric chains, the polymers
can be classified as homopolymers and copolymers® ®* .

* Homopolymers — consists of identical repeating units;

* Copolymers — has two or more types of monomers (polymers with three different monomers in
their structure are called terpolymers). Copolymers can be further divided into categories based on their
sequencing arrangement, such as:

1) Random copolymers — random distribution of different monomers along the chain, no
specific pattern;
2) Alternating copolymers — contains regular, alternating arrangement of different
monomeric units;
3) Block copolymers — the polymeric chain consists of groups of identical monomers,
following one another.
2. Molecular geometry
Polymer molecules, due to their size and endless variability of chemical composition can possess
several distinctly different geometries, based on how the monomeric units are arranged in their chains.

The main variations in macromolecular geometry include®" ®:
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* Linear polymers — consisting of monomeric units arranged in the simple straight chain.

* Branched polymers — have chain branches attached along the polymer backbone that are of the
same structure as the main chain. Graft copolymers are also branched polymers, in which the backbone
and the branches are made up of different types of monomeric units.

* Cross-linked (network) polymers — linear polymeric chains are bonded together by chemical
linkages, thus forming three-dimensional networks. Cycolmatrix polymers can also be classified as cross-
linked, in them ring systems are linked together to form an infinite matrix of connected units. Graphite and
some silicate minerals represent examples of inorganic cyclomatrix polymers.

e Star-shaped polymers — has several polymeric arms propagating from the same core.
Dendrimers are the special subcategory of star-shaped polymers with highly branched arms and with
overall spherical three-dimensional structure.

* Ladder polymers — have two linear polymeric chains that are joined together in a regular fashion
by crosslinking units.

3. Structural isomerism

Tacticity is a form of stereoisomerism that occurs in polymers when their constituent monomers
possess a steric center in the backbone of the polymeric chain. There are three classes of sterecisomers
possible for such polymersso’ o1,

* [sotactic — all substituent functional groups that are present in individual monomers are positioned
on the same side of the polymer backbone.

* Syndiotactic — the substituent functional groups are arranged on alternating sides along the
backbone.

* Atactic — the spatial distribution of the substituents down the polymer’s chain is random.

Another type of stereocisomerism possible for some classes of polymers is geometric (cis/trans)
isomerism. It occurs in polymers, which still contain double bonds in their backbone and are made from
diene monomers, such as isoprene and butadiene®.

Positional isomerism (orienticity) occurs in addition polymers obtained by certain types of
polymerization reactions, such as free radical and some cationic and anionic polymerizations. In the

polymers formed in these reactions, the attachment of every subsequent monomer to the propagating
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chain can happen either head-to-tail (the substituted carbon on the monomer is defined as ‘head’, and the
other and as ‘tail’) or head-to-head, although head-to-tail is always predominant due to the steric effects
and influence of resonance®* *°.

4, Response to the environment

The response of a material and its stability at different temperatures is critical when considering
its final application. Therefore, often classification can be made based on how materials behave as a
result of temperature variation. Based on the performance at high temperature, polymers can be divided
into two categories — thermoplastics and thermosets.

* Thermoplastics — soften and flow when heated, and therefore can be remolded many times to
new shapes. When cooled, they do not set or cure, but merely harden and hold their shape until
subjected to heat again. These polymers consist of mostly linear chains that have no chemical bonds with
adjacent molecules and so when heated, the chains can slide over one another thus allowing the polymer
to flow or stretch without degradingm’ 62,

* Thermosets — do not flow or soften when heated, but decompose completely instead. The chains
in these polymers are covalently joined by linkages, and form three-dimensional interconnected network
(cross-linked polymers), which forms during curing/setting of the polymer under UV light or in the
presence of heat. The presence of such a network prevents polymeric chains from being able to move as
chains in thermoplastics do when the heat is appliedm’ 62,

Depending on the application of the material, environmental factors other then variation in
temperature and materials’ response to them must be considered. Examples include among many others:
barrier properties of materials and their selective permeability to certain compounds that might be present
in the environment; conductivity (insulating versus conducting polymers) and surface properties when
polymer is in contact with other compounds.

5. Physical state

Polymers can be classified as amorphous or semicrystalline based on the distinct physical state
their chains can assume. As the temperature increases, both types of polymers undergo phase change
comparable (but not identical) to the physical state changes of small molecules. The properties of the

amorphous and semicrystalline materials within the same temperature range may be very different®®.
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*  Amorphous polymers — are composed of random entanglements of polymer chains that are in the
constant motion and do not demonstrate a significant degree of order in their structure. At low
temperatures these polymers are glasses and can crack or break just like glass. In this state, the
polymer’s chains are packed tightly together and do not posses considerable freedom of motion. As the
temperature increases, the chains begin to move faster and start to disentangle from one another once
the glass-transition temperature (Tg) is reached. At this temperature, the stiffness of the polymer
drastically decreases and it transforms into a rubber. In the rubbery amorphous state polymeric chains
have enough freedom of motion to be able to slide past one another and they are not as tightly packed
together as in the glassy state. If the temperature increases further, the chain disentanglement speeds
up, elastomeric material continues to soften and gradually turns into a viscous liquid. This process is
reversible, and if the temperature drops, the polymer goes back to a rubbery state and then to glass
without loosing its propertiessz.

* Crystalline (semicrystalline) polymers — contains microscopic domains where polymeric chains
are packed in ordered fashion (crystallites or spherulites) and are surrounded by material in amorphous
state®. Polymers can’t form macroscopic crystals like small molecules mostly due to the large length of
their chains: they can’t fully disentangle and align perfectly during the cooling time when the polymer’'s

chains are still mobile® ®*

. The degree of crystallinity in most polymers of this class is does not exceed
90% and is usually significantly less. Polymers can form various kinds of crystals, but they are all made of
segments from numerous adjacent molecules and a single molecule can contribute chain segments to
several spherulites, thus tying them together. In addition, some parts of the chain might not be involved in
the formation of the crystalline regions and therefore the same molecule contributes to both amorphous
and crystalline states serving as a link between two different physical states. At low temperatures,
semicrystalline polymers contain crystalline and glassy domains and behave like glass. As the
temperature rises, the motion in their amorphous sections increases and when T is reached, the material
becomes flexible, but the crystalline domains will remain intact, holding the polymer chains together. The

material will retain flexibility and strength until the rising temperature reaches melting point (T,). When it

happens, the polymers’ chains disentangle, crystallites will melt and material will liquefy®.
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6. Chemical composition

Another way to classify polymers is to evaluate their overall chemical composition and more
specifically which functional groups are present in the macromolecule. The elemental composition,
chemical groups present (ester, nitrille, ether, hydroxyl, aromatic, etc.) and a way of synthesis all can be
considered as means to classify polymers.
7. Application

It is often helpful to categorize polymers with their commercial applications in mind. From this
standpoint, polymers can be classified as rubbers/elastomers, rigid plastics, adhesives, fibers, coatings or
polymers for special use (such as conductive polymers for solar cells fabrication)®" ®.

* FElastomers (rubbers) — are defined as materials that “can be elongated to at least twice its
original length and which will retract forcibly to essentially its original Iength”ez. The elastic properties of
rubbers are mainly due to the entanglement of the polymeric chains, and so in order to achieve functional
degree of elasticity, molecular weights of these polymers must be sufficiently high. Another important
consideration here is that the use temperature of the rubber must be higher than T, of the polymer,
otherwise it will loose its elastic properties to the great extent.

* Rigid plastics — this category includes both thermosets and thermoplastics, as long as their T,
temperatures are higher than the use temperatures. It must be noted that the presence of various types of
additives is a key part of the formulation of modern plastics and allows fine-tuning their performance of by
enhancing desired physical and mechanical properties. Therefore, it is safe to define rigid plastics as
complex systems highly customized for specific commercial applications, which contains the polymers as
well as multiple additives including curing agents, stabilizers, processing aids and various performance-
enhancing additives®.

* Adhesives — modern adhesives are highly formulated, complex systems, in which synthetic
polymers plays integral par‘(.67 Depending on the type of adhesive, different classes of polymers are used
for their fabrication. Several broad categories of adhesives can be identified: solvent-based, latex,
pressure sensitive, hot-melt and reactive adhesives®. Each of these classes uses different mechanism of
interaction between substrate and the adhesive and therefore requires polymers with different properties.

For example, pressure sensitive adhesives are highly viscous elastomers, which flow when the pressure
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is applied to them and thus attach to the substrate surface, whereas hot-melt adhesives are thermoplastic
materials that applied to the substrate in the molten state and develop adhesion as they solidify.

* Fibers — natural polymers such as cellulose in the form of cotton, as still very widely used in the
manufacture of fibers, but the products made with synthetic fibers are ubiquitous and an integral part of
the modern world. Synthetic fibers are usually made from various types of crystalline thermoplastics,
modified with performance-enhancing additives and processed into fibers.®" %2

* Coatings — modern polymer-based coatings and surface finishes are complex mixtures that
contain all or most of the following: a film-forming polymer, pigments, stabilizers and a volatile solvent.®?
They can be classified into several categories, such as lacquers, enamels, varnishes, latex and oil paints.
Just as with the adhesives described above, each class of coatings interacts with the surface in a
dissimilar way, has different performance requirements and therefore calls for chemically different
polymers, depending on the specific application. Examples of the polymer classes used in coatings
include vinyl polymers, polyacrylates, amino-, phenolic and epoxy resins, and urethane polymers among
others®.

C. Main types of polymerization reactions

Polymerization can be accomplished in three different ways: (1) by breaking a C-C double bond,
(2) by using monomers with two functional groups and (3) by cleavage of a cyclic monomer. Therefore, it
is easy to understand why there are three main categories of polymerization reactions — addition,
condensation and ring openingGO’ 63,64,66

* Addition polymerization (“chain growth”) — monomers containing double bonds are added to the
growing end of the chain, which contains an active site®. Examples of monomers that can be used in this
type of polymerization include vinyl chloride, styrene, ethylene and other alkenes, since the
polymerization occurs by consequent additions of monomers across the double bond. The chain growth
occurs rapidly by addition of one molecule at a time at the end of the chain and the initiation species
continues to propagate until termination. Radical, ionic, group transfer and plasma polymerization are all
examples of addition polymerization. Depending on the exact conditions of the polymerization reaction

and on the nature of the monomers, the active site on the end of growing chain can be a free radical,

carbocation or carboanion. All chain growth polymerization has at least three kinetic steps: initiation,
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propagation and termination. Radical polymerizations initiated by free radicals, produced one way or
another (heat, UV-radiation, atom transfer to the catalyst) from small organic molecules, called initiators.
Most vinyl monomers undergo fast radical polymerization in the presence of the initiating free radicals by
consequent addition of monomers onto a free radical sites during a propagation step and continue to do
so until either the monomer is exhausted or until two propagating chains terminate by coupling. Radical
polymerizations are difficult to control and they lead to polymers with wide distributions of molecular
weight and chemical compositionGO. However, radical polymerization is a robust and simple technique,
forgiving to impurities present and functional groups of monomers. Therefore, the controlled living
polymerization methods, including atom-transfer radical polymerization (or ATRP) which will be discussed
in the later chapter, were developed in order to improve the controllability of reaction and allowed to
obtain well defined, narrow polydispersity ponmerseB. lonic polymerizations are much less forgiving in
terms of reaction conditions as compared with radical polymerization and specific conditions have to be
met to carry out polymerization effectively. For example, cationic polymerization requires monomers with
electron donating functional groups (alkoxy, phenyl) whereas anionic polymerization is restricted to the
reaction of monomers with electron-withdrawing groups. These limitations are due to the requirements for
successful stabilization of active anionic and cationic intermediates that are formed after the initiation
step. lonic polymerizations are initiated either by a strong acidic catalyst (cationic polymerization) or by
strong carbanion agents, such as organolithium reagents (anionic polymerization) and are typically
carried out in solvents with low polarity6°’ &,

* Condensation polymerization (“step growth”) — monomers and growing polymeric chain combine
through elimination of small molecules such as water or ammonia and without any initiator present.
Monomers that can participate in this type of polymerizations include monomers with at least two
functional groups, such as diols, diacids, diamines and others. In “step growth” reactions, the chain is
formed gradually, step-wise and the molecular weight of the system increases slowly. The most common
examples of polymers produced by polycondensation reactions, include polyamides, polyesters,
polyurethanes and polycarbonates.®® ®* &

* Ring-opening polymerization — takes place by cleavage of a ring with subsequent addition of the

linear product to the end of the growing chain®
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D. Molecular weight distributions of synthetic polymers

One of the most strikingly different properties of synthetic polymers, as compared with small
molecules, is that polymeric chains do not have a precise, singular structure with the same number of
atoms of each kind in each chain. Instead, due to the statistical nature of polymerization reactions,
multiple chains are produced that can differ not only in number of monomeric units which compose the
chain, but also in nature of the end groups, frequency and length of branching, nature of the side groups

and other structural features® ©2

. Therefore, synthetic polymers are always mixtures of individual
molecules that can differ significantly from one another and are therefore polydisperse. As such, they
can’'t be assigned uniform molecular weight like that of pure chemical compounds. Instead, polymers
have a heterogeneous molecular weight and to describe it, statistically derived averages should be
used®” ®. Essentially, these averages describe the distribution of chain lengths that are present in the
polymer sample.

Although there have been several different averages derived for the characterization of molecular
weights of polymers, the most widely used and generally accepted are number average M, and weight-
average M, molecular weights. These averages can be measured by analytical methods, for example
using colligative properties of polymers, light scattering and uItracentrifugation61. The number average
molecular weight is the arithmetic mean and can be calculated as any other numerical average, by
multiplying the molecular weight of each chain M; by the number of chains of that mass N,, then adding
them and dividing by the total number of polymeric chains® (eq. 1):

NM,
M. = (NM, + NoM, + ..+ NM) 2 i

: SN S (1)

Since the sum SNM; essentially represents total weight of the sample, number-average molecular weight

can be considered an average molecular weight per molecule. M, values are more sensitive to the
presence of low molecular weight molecules and affected by high molecular weight molecules to a
smaller degree. Because colligative properties of polymers are dependent on the number of molecules
present6°, analytical methods such as ebulliometry, cryometry, osmometry and end-group analysis can be

used to determine M,,.GO‘ 61,69
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Weight-average molecular weight is a weight-average arithmetic mean and is calculated by
multiplying molecular weight of each chain M; by its weight W;, summing them, and dividing by the total

weight of the sample (eq. 2):

M _

w
20 2
] I
By substituting W; = N; M;, more conventional expression for M,, can be obtained (eq. 3):

D NM;

M, = —’E NV (3)

W.M,
WM, + WM, + ..+ WM,) E o
- BEANIYY (2)

Weight-average molecular weight is more sensitive to the presence of heavier chains than M, and can be
derived from the experiments in which “each molecule makes a contribution to the measured result

relative to its size”®°

. The method most commonly used to determine M, is light-scattering photometry.
The width and shape of molecular weight distribution (MWD) of polymers contains information
about the polymerization mechanism and kinetics®®. To characterize the width of MWD, the ratio of two

molecular weight averages can be taken (eq. 4):

M,
PDI = Zx 4
M, )

n
This ratio, also called the polydispersity index (PDI), describes the range of variation in molecular weight
distribution. Thus, high PDI indicates that there are a significant number of chains with very different
molecular weights present in the sample whereas low polydispersity indices indicate that most molecules
in the sample have very similar molecular weights. As mentioned above, PDI values reflect the
polymerization mechanism. For example, conventional free radical polymerization usually produces
polymers with very broad molecular weight distributions with PDI from 3 to 5, due to the uncontrollable
nature of this reaction. Whereas for anionic polymerization, polymers with a very narrow MWD and PDI

close to 1 can be obtained because one can have much better control over the polymerization reaction®.
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[l METHOD DEVELOPMENT FOR COMPOSITIONAL ANALYSIS OF LOW MOLECULAR
WEIGHT POLYVINYL ACETATE (PVAC) BY MALDI -MASS SPECTROMETRY AND ITS
APPLICATION TO THE ANALYSIS OF CHEWING GUM

A. Introduction

Polyvinyl acetate (PVAc) is a thermoplastic polyvinyl ester prepared by the radical polymerization
of the vinyl acetate monomer. Due to its good adhesion to various porous surfaces and to a certain
extent, to its cold flow, polyvinyl acetate is widely used in production of water-based emulsion paints,
adhesives for textile, paper and wood. Other important applications of PVAc include the manufacture of
non-woven textile fibers, inks and its use in textile finishingm. Another particularly interesting and
important use of polyvinyl acetate is in production of chewing gum bases.

As described by manufacturers and other sources’'”®

, a chewing gum base is an inert and
insoluble non-edible substance used as a support for the soluble portion of chewing gum fit for human
consumption (various sugars, polyoils, and flavors). Regular chewing gum usually contains 20-25% of
gum base and sugar-free chewing gum up to 30% base on average76. In general, chewing gum utilizes a
combination of natural or synthetic elastomers such as polymers of limonene or other dipentenes with
rosin-glycerol esters in their formulation. Properly selected base provides the chewing gum with its
masticatory properties. The exact compositions of gum bases is usually a trade secret, but generally they
contain the ingredients from the following categories76:

* Elastomers — provide elasticity or bounce, and can be natural latexes or synthetic rubbers.
Natural latexes include couma macrocarpa (also called leche caspi or sorva), loquat (also called nispero),
tunu, jelutong or chicle, which is still commercially produced.

* Resins — provide a cohesive body or strength, and most often include glycerol esters of gum
rosin, terpene resins and polyvinyl acetate.

* Waxes — act as softening agents and are most commonly paraffin or microcrystalline wax.

* Fats — behave as plasticizers and mainly come from hydrogenated vegetable oils.

* Emulsifiers — help to hydrate the gum base,most common being lecithin or glycerol monostearate.

* Fillers — impart texture of the gum. Most commonly used fillers are calcium carbonate or talk.

* Antioxidants — protect from oxidation and extend shelf life; the most common type used is BHT.
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Historically, naturally occurring elastic materials such as natural latexes with additions of gutta
and various resins of natural origin were employed in the production of chewing gum bases. However,
due to various economic reasons such as high cost, the difficulty of obtaining naturally occurring
elastomers and the lack of a dependable supply, formulations of chewing gums bases were modified to
include synthetic polymers’” "®. Several synthetic polymers are the usual choice as elastomers in a base,
with the most popular being copolymers of styrene-butadiene and isobutylene-isoprene as well as
poly(isobutylene), polyisoprene and polyethylene. They provide the gum base with elasticity and with a
cohesive body. Low and medium molecular weight polyvinyl acetate and other polymers of vinyl esters
are also widely used in the chewing gum base formulations. These play an important role as a
hydrophilic type detackifier, by sorbing saliva and becoming slippery when the gum is chewed’® .
Polyvinyl acetate (PVAc) is the most useful vinyl polyester since it is readily available in non-toxic form
while having physical characteristics and masticatory properties most suitable for chewing gum base
manufacture. It was also discovered that the use of a two-component blend of PVAc consisting of low and
medium molecular weight oligomers, significantly improves the film formation and supports a thick bubble
shape in bubble gums. This improves the quality of the final product79. It also should be noted that
polyvinyl acetate comprises a significant portion of the gum base material: the contribution of this polymer
in the overall base composition can be as high as 60%, whereas the total contribution of all other
synthetic polymers is significantly less, rarely exceeding 20%.7° 9.

Based on the examples provided above, it can be concluded that the polyvinyl acetate is one of
the key ingredients in a successful chewing/bubble gum base formulation. As with any synthetic polymer,
its physical properties directly depend on its overall composition, namely on the molecular weight
distribution, chemical composition distribution, functionality type distribution, and the architecture of the
oligomeric chains. Thus, the development of an analytical method that would allow the determination of
these distributions could be extremely beneficial in development of new gum base compositions.

It should be noted that information about analytical methods for chewing gums overall is very
scarce. This information is usually geared towards the identification of its low molecular weight

components®® or to the studies of interaction between the base and the low molecular weight
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constituents®®. To the best of our knowledge, no open literature reports have been made on the analysis
of polymers present in the commercially available chewing gum bases.

Matrix-Assisted Laser Desorption/lonization (MALDI) mass spectrometry is a well-established and
powerful analytical tool that has been successfully applied to the analysis of various classes of synthetic
polymersm. It provides information not only about molecular weight of the oligomeric chains which
comprise the polymer sample, but also gives invaluable information about a polymer’s overall chemical
composition, structure and functionalityzs. It has also been demonstrated that MALDI-MS can be used

84-86 synthetic lubricants®’,

effectively in the analysis of very complex mixtures such as blends of polymers
high boiling crude oil fractions®, coal tar pitch® and soot®™. These examples demonstrate the great
versatility of the MALDI method, and its applicability to a wide array of types of samples, including
extremely complex heterogeneous mixtures. It therefore seems logical to suggest that MALDI mass
spectrometry would be perfectly suitable for the analysis of such multi-component polymer-based
samples used as chewing gum bases.

Only a few examples of MALDI analysis of polyvinyl acetate can be found in the literature over
the past several decades. The earliest example is the work by Danis et al.” published in 1993, in which
several synthetic polymers, including PVAc, were analyzed by MALDI-TOF mass spectrometry. These
researches investigated the use of different matrices, such as frans-3-indoleacrylic acid (IAA), 2,5-
dihydroxybenzoic acid (DHB) and 2-(4-hydroxyphenylazo)benzoic acid (HABA) and the influence of a
solvent chosen to prepare samples, as applied to the analysis of chemically different polymers. They
suggested the use of DHB as a matrix and methanol as a solvent for the successful analysis of PVAc,
although no additional details about sample preparation for this polymer were given. The work published
in 1996 by the same research group92 described application of gel permeation chromatography (GPC)
coupled with MALDI-TOF mass spectrometry to the analysis of two polydisperse polymer standards, one
of which was PVAc 40 kDa. In their sample preparation, the standards were first subjected to the
separation by GPC and then the fractions were collected and analyzed with MALDI-TOF. By using
acetone as a solvent and 0.2M solution of IAA as a matrix, it was possible to obtain mass spectrum of
PVAc and derive a correlation between measured mass and elution volumes of the fractions. Finally, in

the paper by Hanton and Owens” published in 2005, the importance of solid phase solubility in MALDI
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sample preparation of polymer samples was systematically examined. The series of polymers
investigated included a variety of samples with different polarities, ranging from very non-polar
(polybutadiene) to very polar (polyethyleneglycol). Polyvinyl acetate with molecular weight of 1500 Da
was also included in the investigation. A diverse set of matrices was chosen also based on their
polarities, and it was established that for success of MALDI analysis, matrix and polymer must match in
polarity. Also, a relative solubility scale which relates different polymers to matrices based on their mutual
solid state solubility was developed and used to correctly predict which matrix should be used for specific
type of polymers. For PVAc, hydrophilic matrices such as DHB and thiourea were recommended.

Time-of-Flight (TOF) mass spectrometry is a usual choice for characterization of polymer
molecular weight distributions and compositional analysis due to the relatively low cost of equipment,
simplicity of analysis and theoretically unlimited mass range. However, Fourier Transform Mass
Spectrometry (FTMS) offers high resolution and extremely high mass accuracy unreachable with TOF
mass analyzers. Due to these capabilities, FTMS is well suited for the accurate structural characterization
of complex mixtures, such as synthetic polymers.

In this chapter, the applicability of MALDI mass spectrometry techniques to the structural
characterization of a complex polymer-based sample will be demonstrated. The optimization of MALDI
analysis is first achieved by investigating the influence of sample preparation variables (choice of solvent,
choice of matrix-analyte ratio) on analysis of pure low molecular weight polyvinyl acetate and then the
optimized protocol is applied to the characterization of commercially available chewing gum.

B. Experimental
1. Materials

Polyvinyl acetate with unknown molecular weight was received from International Chewing Gum
Association (ICGA) for the characterization of low molecular weight fractions by MALDI mass
spectrometry. The matrix compound 2,5-dihydroxybenzoic acid (DHB) and three different solvents
(acetone, methanol, ethyl acetate, all HPLC grade) used to make solutions of polymer and matrix were
purchased from Sigma Aldrich and used without further purification. A sample of chewing gum Wrigley’s®
“Double Mint” was purchased from a local grocery store. The calibrant compound poly(ethylene glycol)

(PEG) with molecular weight of 1500 Da was also purchased from Sigma Aldrich and used as received.
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2. Instrumentation and analysis

MALDI-TOF experiments were performed using a Bruker Reflex Il TOF mass spectrometer
(Bruker Daltonics, Billerica, MA) operating in reflectron mode. A pulsed nitrogen laser operating at | = 337
nm was employed. All spectra were recorded in positive ion mode under delayed extraction conditions
(220 ns) and in reflector mode. The accelerating voltage was 20 kV. The average pressure during the
analysis was ~ 1*10° torr. Each spectrum was obtained as a sum of 500 laser shots.

MALDI-FTMS mass spectra were acquired using the 9.4Tesla lonSpec Ultima FTMS
(lonSpec/Varian Inc., Lake Forrest, CA) with an external ionization MALDI source. The mass
spectrometer was equipped with a pulsed Nd:YAG laser operating at | = 355 nm. Experiments were
conducted in positive ion mode with ions being generated in the external ionization source, transferred
into cylindrical ion cyclotron resonance (ICR) cell by quadrupole ion guide, trapped, excited and then
detected. The average base pressure during the experiments was ~1*10™"" torr. Each spectrum was
obtained as a sum of 5 scans, 10 laser shots each. External calibration of the spectra was performed
using PEG 1500 as a calibrant. Three spectra were collected for each matrix:analyte ratio from three
different spots on the target plate in order to check spot-to-spot reproducibility of the experiments. After
the spectra were collected, Data Analysis® software was used to subtract the baseline and perform the
calibration.

For the samples analyzed, number-average molecular weight (M,), weight-average molecular
weight (M,,) and polydispersity index (PDI) were calculated from obtained MALDI mass spectra using the

following equations®*:

2MN, 2MN y
M, ==— (1) M, = =] () PDI=> (3
N MN "
i=1 2

where M; is the molecular weight of the oligomer with i repeating units and N; corresponds to the intensity

of the peak /.
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3. Sample preparation
* Analysis of polyvinyl acetate

The chosen sample preparation procedure for both TOF and FTMS was based on the protocol
established by Hanton et al.” and was as follows. First, three different stock solutions of each matrix and
polymer were prepared in methanol, acetone and ethyl acetate. These stock solutions prepared in the
common solvent were then mixed in three different volume ratios. The concentrations of stock solutions
were 0.25M for a matrix solution and 5 mg/ml for a polymer solution. Volume ratios of polymer-to-matrix
used to investigate the influence of the amount of the matrix were 2:7, 1:7, 1:14. Sodium contamination
from solvents, glassware and matrix material provided sufficient alkali cationization aid for ionization of
the polymer sample. After mixing stock solutions in the ratios indicated, three 2 ml aliquots of each
mixture were deposited on a stainless steel target plate, and allowed to air dry prior to spectral collection.

* Analysis of chewing gum sample

In view of the fact that there was no similar investigation found in the literature, the sample
preparation protocol needed to be developed and optimized. The information about the overall
composition of the sample given on a package did not provide any information about the chemical nature
of gum base and attempts to find MSDS information were unsuccessful. Listed primary ingredients were
sugar, gum base, dextrose, and corn syrup. Minor ingredients (less then 2%) were natural and artificial
flavors, glycerol, soy lecitin, aspartame, acesulfame K, colors (yellow 5 lake, blue 1 lake) and BHT as a
preservative. Since the main aim of this investigation was the determination of PVAc in the chewing gum
base, the MALDI sample preparation protocol, which was optimized for the pure PVAc sample, was
employed. DHB was used as a matrix since it was possible to obtain good quality spectra of the chewing
gum base polyvinyl acetate sample. Matrix stock solution’s concentration was 2.5M (a lower
concentration of 0.25M was also tested but did not yield any PVAc signal), and concentration of the gum
sample employed was 50 mg/ml (a lower concentration was tested also, but was found insufficient).
Methanol and ethyl acetate were used as solvents to extract the PVAc from the gum sample and for
matrix stock solution preparation. To extract the polyvinyl acetate from the chewing gum sample,
appropriate amounts of sample and solvent were placed into a screw cap vial. The vial was then placed

into the ultrasonic bath and held at 70°C for 30 min to ensure efficient extraction of the polymer. After 30
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min, the supernatant solution containing the extracted PVAc was mixed with matrix stock solution to
achieve a 2:7 sample-to-matrix volume ratio and then three 2 ml aliquots were spotted on the stainless
steel target plate, allowed to air dry and analyzed.
C. Results and Discussion
1. Analysis of low molecular weight polyvinyl acetate used as a chewing gum base
*  Optimization of sample preparation protocol with MALDI-TOF

Although the mechanism of MALDI is still the topic of the debate, it is widely known that the
choice of proper sample preparation conditions plays a crucial role in the success of any MALDI analysis.
However, due to the diverse chemical nature of synthetic polymers, no standard sample preparation
protocol has been established for their analysis, although over the years multiple attempts have been

made to optimize and rationalize the choice of such important parameters as the nature of the matrix'® '

20.21 ‘solvent® and cationizing agent23.

and its concentration

Hanton and Owens investigated the influence of the chemical nature of matrix and determined
that formation of a “solid solutions” when the polymer molecules are evenly dispersed in the matrix is
observed when the polarity of the matrix matches the polarity of the polymer, in turn leading to superior
quality mass spectra. Therefore, following these principles, DHB was chosen as a matrix for polyvinyl
acetate analysis in this study, since these compounds match in polarity. The concentration of the matrix
and of the polymer, along with matrix:analyte ratios were also chosen in accordance with guidelines
suggested in the publications by these authors?’ %.

The choice of the suitable solvent is also essential for the success of any solvent-based polymer
MALDI analysis. Generally, it is advisable to use the same solvent to prepare all solutions during the
sample preparation process, this way preliminary segregation of the polymer from the matrix during

crystallization of the MALDI sample could be minimized® "% # %

. This segregation of the matrix and
analyte produces a non-homogeneous surface of the sample with clusters of analyte and matrix crystals
of various sizes, and ultimately leads to very poor spot-to-spot and shot-to-shot reproducibility of analysis
and can also lead to severe mass discrimination and errors in MWD calculations®. In order to improve

homogeneity and reduce segregation of the sample, it was also suggested that the use of fast drying

solvents (such as acetone) is beneficial, since when evaporation of the solvent happens quickly the
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5 2634 However, the use of fast drying solvent does not

sample will have less time to segregate
guarantee superior quality spectra every time, as was demonstrated in a recent comprehensive study of
solvent effect on MALDI analysis of several different polymers.35 It was concluded that as long as the all
components of the sample are soluble in the solvent, reliable good quality data could be obtained
regardless of the evaporation rate.

The solubility of polymers is an important characteristic since various industrial manufacturing
procedures requires either the polymer’s dissolution or swelling in order to be processed. Consequently,
from the very beginning of macromolecular chemistry, solubility properties of polymers were investigated
and quantified. Solubility, along with other physical properties of polymers, can be related to the strength
of interactions between chains and of covalent bonds in individual molecules. Since the strength of
intermolecular interaction is equal to cohesive energy density (CED), it can therefore be used to describe

solubility behavior®. The square root of CED is defined as Hildebrand solubility parameter d and can be

calculated based on the Hildebrand’s theory of regular solutions®”:

8=A/CED = A\’;:v (4)

where DE, is the molar energy of vaporization and V is the molar volume of the liquid. When the polymer
and the solvent have the same d, maximum swelling (or solubility) will be observed. Therefore, the
concept of solubility parameter allows evaluating whether or not the polymer and solvent are compatible.
Solubility parameters can also appraise compatibility of polymers, predict swelling of elastomers in
various solvents and predict chemical resistance. For these reasons, solubility parameters are widely

619 However, the theory of regular solutions does not

accepted by industry and polymer chemists alike
take into account strong interactions in the solvent, such as polar and hydrogen bonding interactions. In
order to improve the accuracy of the Hildebrand’s model, C. Hansen in 1966 suggested separating the
total solubility parameter into different components, representing different interactions (Hansen

parameters).93 These are d4 — dispersion forces, d, — polar interactions and d,, — hydrogen bonding. The

total solubility parameter d; can be calculated as a sum of these three components:

6= &+ +87  (5)
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These components can be visualized as a three-dimensional model where individual Hansen parameters
are the coordinate axes and unique spherical volume of solubility with the center at coordinates (dg, dp,
dn) can be obtained for different polymers. A polymer is likely will be soluble in liquids, whose total
solubility parameter lies within the radius of the solubility sphere (interaction radius, R) of the polymer. An
equation can be used in order to calculate the distance of the solvent from the center of the solubility
35, 93,

sphere (Ds)

DX = 4(8, -06,)" +(5,, -6, + (8, -6,)° (6)

N

where 6,.8 represents Hansen parameters of the solvent and 51}: Hansen parameters of the polymer. If the

distance Dy is smaller than the interaction radius, the solvent will most likely dissolve the polymer.

In order to investigate the influence of the solvent in MALDI analysis of polyvinyl acetate, three
solvents were selected: ethyl acetate, methanol and acetone. Hansen parameters of these solvents were
obtained from the literature®® and along with calculated D¢ values are presented in the Table 1. Vapor
pressures of these solvents at 25°C* can also be found in the Table 3.1. The Hansen parameters of
PVAc used in calculations were obtained from the literature as well®: dyg=20.9 MPaVz, d, =113 MPa%, dh
= 9.6 MPa” and interaction radius R = 13.7.

As it can be seen from Table 3.1, ethyl acetate and acetone are fast drying solvents, with close
values of solubility parameters and Ds. Both should be considered good solvents for polyvinyl acetate
since their Ds values are less than interaction radius for polyvinyl acetate. Methanol on the other hand,
has a Ds value that is higher than R, and lies outside of solubility sphere of PVAc. Therefore, methanol
should be considered as the worst solvent for PVAc out of all three, although it is more volatile than ethyl
acetate and therefore might produce more homogeneous sample surface in MALDI sample preparation.
Acetone is the most volatile solvent out of all selected, and therefore it can be expected that it will
produce sample surfaces with the least segregation of analyte from the matrix. Although based on its Dg
value, methanol should be a non-solvent for polyvinyl acetate, the polymer did dissolve in it at the
concentration required for the sample preparation and it was possible to collect mass spectra for the
samples prepared with this solvent. The explanation for this inconsistency might be explained by low
concentration of the polymer solution that was needed for sample preparation (5 mg/ml) and also by low
molecular weight of the polymer — the solubility of polymers is mass dependant. So, lower weight
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fractions are usually more soluble than the higher molecular weight ones. MALDI analysis was successful
for all chosen matrix:analyte ratios and all solvents investigated for the sample preparation optimization.
The results of the optimization are presented in Fig. 3.1. Here, the average intensity of the base peak
obtained from triplicate measurements for each solvent/matrix:analyte combination is plotted against the
solvent in order to reveal which combination of these sample preparation parameters produces the
highest ion yield. The error bars are the standard deviations obtained for the triplicate measurements and
illustrate spot-to-spot reproducibility.

As it follows from Fig. 3.1, the best signal intensity was obtained when ethyl acetate was used as
a solvent and volume ratio matrix-analyte was 7:2 (the lowest amount of matrix). Ethyl acetate as a
solvent resulted in reproducible spectra with low signal-to-noise and fairly high signal for all matrix-analyte
ratios investigated. It therefore was considered the best solvent for low molecular weight PVAc. Use of
acetone as a solvent produced spectra with somewhat lower signal intensities as compared to ethyl
acetate data. In addition, standard deviations obtained with acetone were significantly higher as
compared with data obtained with the other solvents for all matrix-alnalyte ratios, which is consistent with
observations made by other researchers®’. Data obtained when methanol was used as a solvent is in
good agreement with predictions based on comparison of solubility parameters of polymer and solvents —
it consistently produced the lowest signal intensities for all matrix-analyte ratios. Results obtained with the
other two solvents are not in the agreement with prediction based on their Dg values, since the highest
average base peak intensities were obtained with ethyl acetate and not with acetone. However, it should
be noted that the calculated D values of these two solvents are really close. It seems possible therefore,
that when comparing two solvents that interact with the polymer in a very similar way, other factors may
play major role in the outcome of MALDI experiment. For example, it is known that for successful MALDI
analysis, a homogeneous microcrystalline surface of the sample is required, and therefore it is possible
that ethyl acetate allows for a formation of more uniform, smaller crystals and less segregation of polymer
from the matrix. Smaller standard deviations obtained with this solvent also support this hypothesis, since
more uniform, homogeneous surfaces always give more reproducible spectraze. The MALDI-TOF
spectrum of PVAc obtained with volume ratio matrix-analyte of 7:2 and ethyl acetate as a solvent is

shown in Fig. 3.2. The overall look of the spectrum is typical for synthetic polymers, showing Gaussian-

35



type distribution of oligomers in the polymer sample. The inset in the Fig. 3.2 shows the expanded section
of the spectrum, demonstrating the mass difference between individual peaks in the distribution is 86 Da,
corresponding to the molecular weight of the ethyl acetate monomeric unit. Individual peaks are marked
with the corresponding degree of polymerization (number of monomeric units in a molecule) values. The
spectra were collected at low laser power (just above the threshold), and as it is evident from the
spectrum, there was little evidence of the laser-induced fragmentation of the polymer. A secondary
distribution was also detected in collected spectra, but had very low intensity. The peaks in this
distribution are shifted towards higher molecular weights and the difference between corresponding
peaks in main and secondary distributions is 16 Da, which matches the mass difference between sodium
and potassium. Therefore, it can be concluded that peaks in secondary distribution corresponds to the
same oligomers as in the main distribution, only with attached potassium cation instead of sodium.
Number-average molecular weight (M,), weight-average molecular weight (M,,) and polydispersity index
(PDI) were calculated from obtained mass spectrum and were found to be M, = 2293.23 Da, M, =
3352.73 Da and PDI = 1.46. The relatively high value of PDI indicates that this sample is susceptible to a
well-known problem of MALDI analysis of polydisperse polymers — mass discrimination against higher
molecular weight speciesm. This phenomenon was thoroughly investigated over the years and multiple

reasons for it were found®* %%

. However, since the main goal of this analysis was to develop the method
for the analysis of low molecular weight fractions of PVAc, the results obtained are deemed satisfactory.
The individual oligomeric peaks in the spectrum were assigned and the assignments for several
selected peaks are presented in the Table 3.2 along with the values of ppm errors for these assignments.
The values of calculated ppm errors were typical for MALDI-TOF analysis of polymers and were below
300 ppm for all peaks in the spectrum. However, even though the errors were not uncharacteristic,
several compositional assignments for each mass value with different end-groups and attached cation
were probable, as shown in the Table 3.2. Based just on the values of ppm error it is impossible to
accurately identify end groups and cation attached for this polymer sample, since all ppm errors were

close to each other and were within acceptable range for TOF measurements for polymers. In order to

determine chemical composition of this PVAc sample correctly, additional measurements that are more
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accurate were required and therefore FTMS analysis of the polymer using optimized sample preparation
conditions was performed.
e Structural analysis of polyvinyl acetate with MALDI-FTMS

After the sample preparation procedure was optimized as described above, FTMS was used to
identify the structure of the polyvinyl acetate sample. In addition, the influence of laser power on the
quality of spectra was investigated. Fig. 3.3 demonstrates the spectrum obtained with the optimized
conditions and on the lowest setting of laser power. The weight average molecular weight (M,,) calculated
for the sample from this spectrum was 1823.35 Da, number average molecular weight (M) was 1761.98
Da, and PDI was found to be 1.04. These values differs significantly from those obtained with MALDI-
TOF, since low intensity peaks in both low and high m/z ranges that are present in the TOF spectra were
absent from FTMS spectra. This might be explained by several reasons: it is possible that sensitivity of
FT-mass spectrometer is lower than that of TOF for this sample and therefore unable to detect low
intensity ions; it is also possible that the instrumental settings were not optimized when FTMS analysis
was performed, which resulted in mass discrimination. Overall, the spectrum obtained with FTMS has the
same features as the one obtained with the time-of-flight mass spectrometer. It demonstrates the same
general Gaussian shape of the MWD, with peaks distributed at equal distances of 86 Da from each other,
corresponding to the mass of the polyvinyl acetate monomeric unit. The peaks in the spectrum are
marked with degree of polymerization numbers.

However, there was a significant difference between FTMS and TOF data. As it can be seen from
the Fig. 3.3, there is a secondary distribution present in the spectrum with fairly high intensity of the
signals — in this regard the obtained spectrum was different from that obtained with the TOF mass
analyzer. Upon closer inspection, it became evident that the mass difference between peaks in the main
and secondary distributions is 60 Da, which corresponds to the molecular weight of acetic acid. It was
therefore suggested that the secondary distribution of ions appears due to the fragmentation during
MALDI-FTMS analysis, which leads to the loss of acetic acid. In order to test this hypothesis, laser power
was systematically varied during the experiment and the spectra were recorded at four different values —
0.891 md, 1.264 md, 1.450 mJ and 1.637 mJ. It was discovered that as the value of laser power

increased, the intensity and number of secondary peaks increased as well. The results of this
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investigation are presented in Fig. 3.4 where spectra collected at four different values of laser power are
shown. The expanded portion of the spectrum collected when the highest laser power was used clearly
demonstrates (Fig. 3.5) the loss up to 4 acetic acid molecules from each individual oligomer of polyvinyl
acetate. This unimolecular fragmentation of polyvinyl acetate results in the formation of macromolecular
polyenes as demonstrated in Scheme 3.1. The fragmentation pattern with the loss of acetic acid and

99, 100

formation of several unsaturated compounds was observed previously during pyrolysis of PVAc and

in the MS/MS experiments, such as the study performed by Collins et al'”

where tandem quadrupole
time-of-flight electrospray mass spectrometry (QTOF-ESI-MS) was used for analysis of low molecular
weight polyvinyl acetate. They discovered that under collision-induced dissociation (CID) MS/MS
conditions, de-acetylation of the polymer occurs by either elimination of acetic acid or ketene molecules
from the side groups. Similar results were obtained by Giguere and Mayer102 who also employed CID
ESIl-mass spectrometry to study mechanism of dissociation of PVAc. It can be concluded therefore that
this process is typical for polyvinyl acetate and happens not only under the harsh conditions of MS/MS or
pyrolysis-MS but also in the conditions of soft MALDI mass spectrometry if the laser power is high enough
and the transient length is long enough as it is during FTMS experiments.

The compositional analysis was performed in order to establish correct chemical composition of
the sample. The results of this analysis are presented in the Table 3.3. As it is evident from the table, the
use of FTMS allows unambiguous identification of the chemical structure of the polymer. There was only
one assignment, which allowed for errors less than 10 ppm, whereas other possible chemical
compositions produced errors of at least 20 ppm and therefore were unlikely. This assignment was found
to be [C,Hs(C4Hs0,),OCHs]Na®, where n stands for degree of polymerization (or for number of monomeric
units in the oligomer). Interestingly, this assignment gave the highest error with the TOF data and usually
would be rejected. This example illustrates the value of Fourier Transform mass spectrometry in the
analysis of complex mixtures such as polymers — due to its unmatched resolving power, very high
accuracy can be achieved and used to disambiguate chemical compositions when more than one option

is possible.
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2. Method development for the analysis of chewing gum

In order to test MALDI sample preparation methodology developed for pure PVAc chewing gum
base on a more complex, ‘real life’ sample, it was suggested to apply it to the analysis of PVAc in
chewing gum. In order to extract the polymeric component from the gum, an extraction protocol had to be
developed. Methanol and ethyl acetate were chosen as solvents for extraction and for matrix solutions
preparation. Two matrix concentrations of 0.25M (just as was used for the pure PVAc analysis) and 2.5M
along with two concentrations of the chewing gum (5 mg/ml and 50 mg/ml) were used in the sample
preparation process.

Two different extraction procedures were tested. In the first procedure, to reduce possible
interference from dextrose and other sugars which are the major components of the gum sample, it was
washed with hot water first (the reasoning was that sugars are very soluble in water and therefore could
be removed from the sample, whereas PVAc is not soluble in water and would stay in the sample) as
such:

* Enough of chewing gum and water to make 5 mg/ml solution were placed in a screw cap vial,
which then was placed into ultrasonic bath kept at 70°C for 30 min.
* After that, the water from the tube was discarded, organic solvent was added and the vial was
placed back into the ultrasonic bath for another 15 min.
* Appropriate amounts of resulting supernatant and 0.25 M matrix solutions were mixed and
spotted on the target plate.
This approach did not produce any usable data, however very weak signals that belonged to PVAc
(based on the difference between peaks) were detected. Also, despite the attempts to get rid of the
sugar-related interference, there were signals present in the spectra equally distributed at 162 Da from
one another, which is suitable for a poly/oligosaccharide, which consists of either glucose or fructose
units (data not shown). The most likely reasons for a weak signal from the PVAc chewing gum base were
the loss of the polymeric material due to its dissolution in water and low concentration of the gum sample,
which might be problematic in this case, since the polymeric base is already greatly diluted in the gum by

various fillers.
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To address these issues, a different extraction procedure was tested:

* Enough of chewing gum and organic solvent to make 50 mg/ml solution were placed in a screw

cap vial, which then was placed into ultrasonic bath kept at 70°C for 30 min.
*  After that, appropriate amounts of resulting supernatant and of 2.5 M matrix solutions were mixed
and spotted on the target plate.

This direct extraction approach was more successful and allowed spectra to be obtained with fairly high
signal intensities. Ethyl acetate solutions produced significantly better spectra with respect to the ion
yields compared with methanol, thus demonstrating once again its superiority in MALDI sample
preparation of PVAc-based materials and pure PVAc. The spectrum of the chewing gum sample obtained
by following direct extraction procedure with ethyl acetate as a solvent and 2.5 M DHB as a matrix is
presented on the Fig. 3.6. The spectrum had the same features and looked very similar to the one
acquired for pure PVAc with TOF mass analyzer, although the overall signal intensity obtained for the
chewing gum was significantly lower than that in pure PVAc spectra. The inset in the Fig. 3.6
demonstrates the expanded section of the spectrum, from which the mass difference between individual
peaks in the distribution can be seen. This difference was 86 Da, which corresponds to the molecular
weight of ethyl acetate monomeric unit. Individual peaks are marked with the corresponding degree of
polymerization values. The laser power was set just above the threshold, and as it is evident from the
spectrum, there was no evidence of the laser-induced fragmentation. Number average and weight
average molecular weights along with polydispersity index were calculated from the data obtained and
were found to be M,, = 2181.19 Da, M,, = 2781.73 Da, PDI = M,/M, = 1.28. In addition, end group analysis
of the sample was performed and chemical composition was established. Results of this analysis for
several selected oligomers are presented in the Table 3.4. There was only one assignment found that
was adequate from chemical point of view and allowed for errors less than 400 ppm. This assignment
was found to be [C,H5(C4He0,).CH,]Na®, where n stands for number of monomeric units in the oligomer.
Based on these results, it can be concluded that developed sample preparation procedure can be

successfully used for identification and characterization of polymeric base in the chewing gum samples.
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D. Conclusions

Matrix-assisted laser desorption/ionization mass spectrometry analysis of pristine low molecular
weight polyvinyl acetate chewing gum base and chewing gum sample was performed. In order to ensure
the best ionization efficiency for the polymer, sample preparation optimization was performed with time-
of-flight mass spectrometry. This was accomplished by investigating the influence of the solvent and
matrix:analyte ratio on the average base peak intensity of the pristine low molecular weight PVAc sample.
It was demonstrated that comparison of polymer’s and solvent’s Hansen solubility parameters could be
used as a guide when choosing the solvent for MADLI sample preparation. The highest intensity PVAc
signals were obtained when ethyl acetate as a solvent and lowest matrix-analyte ratio were employed. It
was impossible to accurately determine the identity of the end groups based just on the TOF data since
more than one compositional assignment was possible and therefore FTMS analysis of this polymer was
performed using optimized sample preparation conditions. The use of FTMS allowed disambiguation and
accurate determination of chemical composition for this sample. The influence of laser power was
investigated for MALDI-FTMS and it was discovered that PVAc undergoes unimolecular decomposition
by losing acetic acid molecules from its backbone. It was demonstrated that the degree of this
decomposition is laser power dependant — the higher the laser power, the more extensive fragmentation
was observed. Number and weight average molecular weights as well as polydispersity index were
determined with both methods. Developed sample preparation protocol was applied to the analysis of a
chewing gum sample. It was shown that optimized MALDI-TOF mass spectrometry could be successfully

used for the complete characterization of the polymeric chewing gum base.
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Scheme 3.1 Mechanism of unimolecular decomposition of polyvinyl acetate by elimination of acetic

acid

Table 3.1 Hansen solubility parameters, D values and vapor pressure at 25°C of selected solvents
Solvent dg [MPa”] d, [MPa”] dn [MPa” D, (PVAC) Pyapor [kP2]
Acetone 15.5 10.4 7.0 11.1 30.7
Ethyl acetate 15.8 5.3 7.2 12.1 12.7
Methanol 15.1 12.3 22.3 17.2 16.9
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Table 3.2 Compositional analyses of selected PVAc oligomers obtained with MALDI-TOF using

optimized sample preparation protocol (ethyl acetate as a solvent, volume ratio matrix-analyte 7:2)

Experimental mass Compositional assignment Theoretical mass ppm error
1115.219 PVAc 6 CH3 C2H5 K 1115.468 223
PVAc 6 CH20H CHO Na 1115.452 209
PVAc 6 CH3 CHO K 1115.431 190
PVAc 6 C2H5 OCH3 Na 1115.489 242
1201.233 PVAc 7 CH3 C2H5 K 1201.504 226
PVAc 7 CH20H CHO Na 1201.489 213
PVAc 7 CH3 CHO K 1201.468 196
PVAc 7 C2H5 OCH3 Na 1201.525 243
1287.324 PVAc 8 CH3 C2H5 K 1287.541 169
PVAc 8 CH20H CHO Na 1287.526 157
PVAc 8 CH3 CHO K 1287.505 140
PVAc 8 C2H5 OCH3 Na 1287.562 185
1373.247 PVAc 9 CH3 C2H5 K 1373.578 241
PVAc 9 CH20H CHO Na 1373.563 230
PVAc 9 CH3 CHO K 1373.542 214
PVAc 9 C2H5 OCH3 Na 1373.599 256
1459.262 PVAc 10 CH3 C2H5 K 1459.615 242
PVAc 10 CH20H CHO Na 1459.599 231
PVAc 10 CH3 CHO K 1459.578 217
PVAc 10 C2H5 OCH3 Na 1459.636 256
1545.256 PVAc 11 CH3 C2H5 K 1545.652 256
PVAc 11 CH20H CHO Na 1545.636 246
PVAc 11 CH3 CHO K 1545.615 232
PVAc 11 C2H5 OCH3 Na 1545.673 269
1631.273 PVAc 12 CH3 C2H5 K 1631.688 255
PVAc 12 CH20H CHO Na 1631.673 245
PVAc 12 CH3 CHO K 1631.652 232
PVAc 12 C2H5 OCH3 Na 1631.709 267
1717.262 PVAc 19 CH3 C2H5 K 1717.725 270
PVAc 19 CH20H CHO Na 1717.710 261
PVAc 19 CH3 CHO K 1717.689 248
PVAc 19 C2H5 OCH3 Na 1717.746 282
1803.288 PVAc 20 CH3 C2H5 K 1803.762 263
PVAc 20 CH20H CHO Na 1803.746 254
PVAc 20 CH3 CHO K 1803.726 243
PVAc 20 C2H5 OCH3 Na 1803.783 274
1889.290 PVAc 21 CH3 C2H5 K 1889.799 269
PVAc 21 CH20H CHO Na 1889.783 261
PVAc 21 CH3 CHO K 1889.762 250
PVAc 21 C2H5 OCH3 Na 1889.820 280
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Table 3.3 Compositional analyses of selected PVAc oligomers obtained with MALDI-FTMS using

optimized sample preparation protocol (ethyl acetate as a solvent, volume ratio matrix-analyte 7:2)

Experimental mass Compositional assignment Theoretical mass ppm error
1115.495 PVAc 6 CH3 C2H5 K 1115.468 -24
PVAc 6 CH20H CHO Na 1115.452 -38
PVAc 6 CH3 CHO K 1115.431 -57
PVAc 6 C2H5 OCH3 Na 1115.489 -5
1201.535 PVAc 7 CH3 C2H5 K 1201.504 -25
PVAc 7 CH20H CHO Na 1201.489 -38
PVAc 7 CH3 CHO K 1201.468 -56
PVAc 7 C2H5 OCH3 Na 1201.525 -8
1287.569 PVAc 8 CH3 C2H5 K 1287.541 -22
PVAc 8 CH20H CHO Na 1287.526 -34
PVAc 8 CH3 CHO K 1287.505 -50
PVAc 8 C2H5 OCH3 Na 1287.562 -5
1373.606 PVAc 9 CH3 C2H5 K 1373.578 -20
PVAc 9 CH20H CHO Na 1373.563 -32
PVAc 9 CH3 CHO K 1373.542 -47
PVAc 9 C2H5 OCH3 Na 1373.599 -5
1459.644 PVAc 10 CH3 C2H5 K 1459.615 -20
PVAc 10 CH20H CHO Na 1459.599 -31
PVAc 10 CH3 CHO K 1459.578 -45
PVAc 10 C2H5 OCH3 Na 1459.636 -6
1545.685 PVAc 11 CH3 C2H5 K 1545.652 -22
PVAc 11 CH20H CHO Na 1545.636 -32
PVAc 11 CH3 CHO K 1545.615 -45
PVAc 11 C2H5 OCH3 Na 1545.673 -8
1631.718 PVAc 12 CH3 C2H5 K 1631.688 -18
PVAc 12 CH20H CHO Na 1631.673 -28
PVAc 12 CH3 CHO K 1631.652 -40
PVAc 12 C2H5 OCH3 Na 1631.709 -5
1717.763 PVAc 19 CH3 C2H5 K 1717.725 -22
PVAc 19 CH20H CHO Na 1717.710 -31
PVAc 19 CH3 CHO K 1717.689 -43
PVAc 19 C2H5 OCH3 Na 1717.746 -8
1803.788 PVAc 20 CH3 C2H5 K 1803.762 -14
PVAc 20 CH20H CHO Na 1803.746 -23
PVAc 20 CH3 CHO K 1803.726 -35
PVAc 20 C2H5 OCH3 Na 1803.783 -3
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Table 3.4 Compositional analyses of selected PVAc oligomers obtained with MALDI-TOF from the

chewing gum sample using optimized sample preparation protocol (ethyl acetate as a solvent, volume
ratio matrix-analyte 2:7, 2.5M DHB as a matrix)

Experimental mass Compositional assignment

Theoretical mass

ppm error

1012.821
1098.691
1184.599
1270.465
1356.268
1442.069

PVAc 11 C2H5 CH2 Na
PVAc 12 C2H5 CH2 Na
PVAc 13 C2H5 CH2 Na
PVAc 14 C2H5 CH2 Na
PVAc 15 C2H5 CH2 Na
PVAc 16 C2H5 CH2 Na

1012.449
1098.486
1184.523
1270.559
1356.596
1442.633

-367
-187
-64
74
242
391
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V. MALDI MASS SPECTROMETRY ANALYSIS OF [6,6]-PHENYL-C61-BUTYRIC ACID
METHYL ESTER (PCBM)

A. Introduction

Photovoltaic cells (PVCs) or solar cells are one of the most attractive ways to use solar energy,
an inexhaustible renewable clean energy. Organic photovoltaic technology, as a potential competitor to
silicon-based PVCs, has undergone gradual progress with power conversion efficiency (PCE) over 6% '*

1% The key innovation in the development of organic photovoltaic cells (OPC) was the introduction of an

interface between two organic semiconductors, called the donor and the ac:ceptor105

. The organic
semiconductor donor materials based on mr-conjugated systems have a lower HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular orbital) compared with the acceptor.
Therefore, the donor is the hole transporting material and makes ohmic contact with the anode, while the
acceptor material transports electrons and contacts the cathode. In a typical polymeric PVC, the
photoactive blend layer is sandwiched between an indium tin oxide (ITO) positive electrode and a metal
negative electrode, and is usually composed of a low band gap conjugated polymer donor and a soluble
nanosized acceptor.'®®'® Fullerene and especially its soluble derivatives such as [6,6]-phenyl-C61-
butyric acid methyl ester (PCBM) have been a key components for the development of bulk

199119 Besides having a LUMO level which

heterojunction (BHJ) solar cells and are widely used acceptors.
allows efficient photoinduced charge transfer from the donor, the spherical geometry of Cgy leads to
isotropic electron transport through a 3D percolation system, which seems “particularly appropriate for

charge transport in disordered media”' "

. Physical properties and thus the efficiency of the OPCs depend
on the variations of the chemical composition of their active layers. Accordingly, accurate information
about their composition is of critical importance, motivating development of fast, simple, reliable,
sensitive, and accurate analysis methods.

Matrix-assisted laser desorption/ionization (MALDI) is a soft ionization technique which allows for
the sensitive detection of large, non-volatile, and labile molecules by mass spectrometryg’ "2 The MALDI
technique is based upon co-crystallizing the analyte with a compound called a matrix, which strongly

absorbs laser radiation. Laser excitation of the matrix molecules results in the ejection of the irradiated

material and the formation of a gas phase plume. The molecules of analyte are transported into the plume
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as it expands into the vacuum and then, after undergoing primary and secondary ionization reactions
involving the matrix and analyte, the desorbed species are detected in the form of ions 9

Since its introduction in the late 80’s' 2, MALDI has become a powerful analytical tool for the
investigation of important properties of various classes of organic compounds including industrial polymer
materials® *. The key aspects of the typical MALDI experiment are the generation of intact singly charged
ions and an absence of fragmentation, which simplifies the analysis of complex multi-component
samples. Other characteristics of MALDI that are important for analysis of chemically and physically
heterogeneous samples are the exceptionally high sensitivity of this method (with modern instrumentation
the attomole level is achievable)®.

The choice of proper sample preparation conditions plays a crucial role in the success of any
MALDI analysis. A significant drawback of this method is that the choice of the proper sample preparation
protocol depends on the chemical nature of the analyte. The variations in methods being used for actual
sample preparation include the choice of the solvents employed, choice of cationizing agents, matrix-to-
analyte ratios, and deposition techniques. A general recommendation for the choice of the matrix for the
successful analysis of heavy organic molecules (such as polymers) is to match the polarity of the

19.27 " As for the choice of the solvent, when

molecule under the investigation and the polarity of the matrix
a fast drying solvent is employed, the segregation of matrix and analyte is lower, thus improving the
homogeneity of the co-crystallized sample. Several sample deposition methods have been developed
over the years, including the slow crystallization dried droplet method, and fast crystallization methods
such as aerospray and electrospray which offer improved spot-to-spot and shot-to-shot reproducibility
and better ion signals.'® *> *® However, despite these developments the success of the analysis often
depends on an empirical approach used to find an optimal matrix, solvent and matrix-to-analyte ratio.

It has been demonstrated by numerous researchers that the choice of matrix heavily influences
the outcome of MALDI-analysis of fullerene derivatives in both positive and negative modes.""*"% Several
investigations concerning matrix performance comparisons, as applied to analysis of fullerene derivatives

were conducted ' 11 116117

and show that some matrices consistently provided better quality spectra
(low or no fragmentation, high intensity of the analyte signal, lower laser power threshold) compared with

the others. These electron transfer matrices include dithranol, trans-4-tert-butyl-4’-nitrostilbene (TBNS), 9-
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nitroanthracene and especially 2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]Jmalononitrile
(DCTB). The reason for such distinctive differences in matrix performance is attributed to the fact that
ionization of fullerene derivatives occurs predominantly due the electron transfer reactions between
matrix and analyte, producing radical molecular ions [M]™ (or [M]™). This occurs rather than protonation
or cation attachment, as is often observed for other compounds.

In this chapter, a sample preparation protocol for the successful MALDI analysis of PCBM was
developed by investigating the influence of the matrix, solvent, deposition method and matrix-to-analyte
ratio. Gas-phase reactions of PCBM in the high vacuum conditions of the FTMS and TOF mass

spectrometry experiments were investigated and a possible mechanism for these reactions was

proposed.
B. Experimental
1. Materials

The sample of [6,6]-phenyl-C61-butyric acid methyl ester (PBCM) was purchased from Nano-C
and was analyzed as received. The matrix compounds 2,5-dihydroxybezoic acid, 9-nitroanthracene and
dithranol (2,5-DHB, 9-NA, DH), as well as the solvents (toluene, o-dichlorobenzene, glacial acetic acid),
trifluoroacetic acid (TFA) and the calibrants polyethylene glycol (PEG) with molecular weights of ~600 Da,
and a standard mixture of peptides including angiotensin I, angiotensin Il and substance P were
purchased from Aldrich and used without further purification. Chemical structures of PCBM and the
matrices used are given in Scheme 4.1.

2. Instrumentation and analysis

Time-of-flight experiments were carried out using a Bruker Ultraflex TOF/TOF mass spectrometer
employing a Nd:YAG laser operating at | = 355 nm. Experiments were performed in reflectron mode using
a delayed extraction pulse in the source region with a 20 kV acceleration voltage. The average base
pressure during analysis was ~ 5*10°® torr. The spectra obtained were calibrated externally with PEG 600
Da. All spectra resulted from averaging of 300 laser shots.

FTMS experiments were performed using the Bruker APEX Qe 9.4T FTMS (Bruker Daltonics,
Billerica, MA) with a dual external ionization ESI and MALDI source. The mass spectrometer is equipped

with Nd:YAG laser operating at | = 355 nm. Experiments were conducted in positive ion mode with ions
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being generated in the external ionization source, transferred into cylindrical ion cyclotron resonance
(ICR) cell by a hexapole ion guide, trapped, excited and then detected. Each spectrum was obtained as a
sum of 5 scans 10 laser shots each. Laser power was set up for each experiment just above the
threshold of the analyte signal for consistency of the analysis and to avoid fragmentation of PCBM.
External calibration of the spectra was performed using a peptide mixture as a calibrant. Three spectra
were collected for each matrix:analyte ratio from three different spots on the target plate in order to check
spot-to-spot reproducibility of the experiments. After the spectra were collected, Data Analysis® software
was used to subtract the baseline and perform the calibration.

3. Sample preparation

For the analysis of PCBM, optimization of ionization conditions was performed by using several
different sample preparation protocols and by changing important variables, such as matrix-to-analyte
ratios, matrices, solvents, and sample deposition techniques. To start, the procedure developed by
Hummelen et al.'® was reproduced as follows. PCBM solutions (0.02 mM) were prepared in two different
solvent systems: toluene mixed with glacial acetic acid (3:4 by volume) and o-dichlorobenzene mixed with
glacial acetic acid (1:1 by volume). A matrix solution consisting of 50 mM 2,5-DHB and 0.1% TFA in
methanol was added to sample solutions to achieve a matrix/analyte ratio of 5000:1. Approximately 2 ml
of this mixture was spotted onto a steel target plate and allowed to dry. Samples prepared using this
protocol were analyzed using both Bruker APEX Qe 9.4T FTMS and Bruker Ultraflex TOF/TOF mass
spectrometers.

In addition, another sample preparation protocol was used. The matrices 9-nitroanthracene and
dithranol were used in combination with pure chlorobenzene or toluene to achieve several different molar
matrix-to-analyte ratios. Molar matrix-to-analyte ratios of 5000:1, 2000:1, 1000:1, 750:1, 500:1, and 250:1
were prepared in toluene for both matrices. Further, molar matrix-to-analyte ratios of 5000:1, 2000:1,
1000:1, and 500:1 were prepared in chlorobenzene for both matrices. The prepared samples were then
applied to a stainless steel target plate by a dry droplet technique. The 1000:1, 750:1, 500:1, and 250:1
molar matrix-to-analyte ratios composed in toluene for both matrices were applied using the aerospray
technique. The dry droplet technique consisted of using approximately 2 ml of each sample and applying

it to the stainless steel target plate followed by air-drying. The aerospray technique consisted of aerosol
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particles being ejected from the end of a needle after being conveyed from the sample container by a
controlled flow of nitrogen, each application consisting approximately of 50-75 pl of the sample. Samples
prepared using this protocol with matrix-to-analyte ratios of 5000:1 and 1000:1 were analyzed using both
Bruker APEX Qe 9.4T FTMS and Bruker Ultraflex TOF/TOF mass spectrometers. However, the
remaining samples were analyzed only by FTMS.

For LDI analysis, ~2 pl of PCBM sample in corresponding solvent was applied to the stainless
steel target plate and allowed to air dry.
C. Results and Discussion
1. Sample preparation optimization — preliminary investigation

Following the procedure developed by Hummelen et al."® described above, samples were
prepared, and mass spectra of PCBM were collected. MALDI analysis of toluene-based solvent systems
resulted in significant yields of PCBM molecular ion along with highly abundant fullerene Cg, molecular
ions. The spectrum of the PCBM sample obtained with TOF mass spectrometer is shown in Fig. 4.1.
Along with fullerene signal and the products of gas phase reactions (C4H,0O and CggH350), hydrogenated
PCBM species with up to two hydrogens attached were observed in the spectrum (see inset on the Fig.
1). It should be noted that the molecular ions formed by fullerene and PCBM species are radical cations
rather then protonated ions, which is consistent with literature reports.m’ 123

FTMS analysis of the same sample resulted in a significantly different spectrum with large
number of fragment ions as it can be seen in Fig. 4.2. Products of gas phase reactions of the parent
molecule or fullerene were also observed. The intensity of the signal corresponding to PCBM was very
low and so was the intensity of fullerene signal, which could be the result of excessive fragmentation. The
noticeable variation between spectra collected with FTMS and TOF detection methods could be attributed
to the much longer residence time in FTMS (milliseconds in FTMS versus microseconds in TOF), thus
resulting in a higher probability of gas phase reactions occurring in the FT-ICR cell.

LDI analysis for both FTMS and TOF showed fullerene Cg as the most abundant molecular ion
(spectra not shown). Very low intensity peaks corresponding to PCBM and few fragment ions were also

observed. It can therefore be concluded that the LDI ionization method is not suitable for the analysis of
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PCBM because it leads to the dissociation of the molecule resulting in the formation of fullerene C¢y and
various fragments.

Different results were obtained following the same sample preparation protocol but with the o-
dichlorobenzene-based solvent system. Both MALDI-FTMS and MALDI-TOF produced spectra
dominated by fragment ions and peaks corresponding to products of hydrogenation reactions of fullerene
(e.g. 663.5, 685.4, 701.4 m/z) as it can be seen in Fig. 4.3 and 4.4. Fullerene and PCBM molecular ions
were observed at very low abundances, which could be explained by excessive gas phase reactions, and
abundant fragmentation products that were observed in the spectra.

LDI-FTMS spectra showed fullerene Cg, as the most abundant peak with several products of its
gas phase reactions (results are not shown). This observation is similar to MALDI-FTMS and MALDI-TOF
spectra obtained with the toluene-based solvent system. On the other hand, LDI-TOF spectra
demonstrated only a few low intensity peaks corresponding to fragment ions. The most abundant peak
observed was also fullerene. In both cases of LDI analysis, no PCBM ions were detected. These results
confirm the previous conclusion that the direct LDI ionization method is not suitable for the analysis of
PCBM due to the complete fragmentation of this fragile molecule resulting in the formation of fullerene Cg
and various products of gas phase reactions.

2. New sample preparation protocol development: analysis with TOF mass spectrometry

The outcome of the preliminary work described above was found unsatisfactory because the
intensity of the ion of interest (PCBM) was comparatively low and fragments, namely fullerene Cgy and
products of gas phase reactions, dominated spectra. Therefore, in order to improve the quality of MALDI
analysis of PCBM, the experiments with electron transfer matrices were repeated. It was hoped that this
protocol would increase the yield of analyte molecular ion and reduce the unwanted fragmentation.

The results were compared with those obtained using DHB as a matrix. Other alterations of the
sample preparation protocol included: 1) the use of the same solvent for both matrix and PCBM to avoid
unwanted effects of phase separation during crystallization process; 2) elimination of glacial acetic acid
from the solvents because of the high acidity of the medium. Therefore, the significant excess of protons

might be responsible for formation of hydrogenated fullerene derivatives observed in the spectra; 3)
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investigation of lower molar matrix-to-analyte ratios, since the general consensus is that low molecular
weight molecules do not require a relatively large amount of matrix.

MALDI-TOF analysis was performed for the samples prepared with both 9-nitroanthracene and
dithranol with matrix-to-analyte ratios 5000:1 and 1000:1. As a consequence, it was demonstrated that 9-
nitroanthracene was much more efficient as a matrix for PCBM analysis when TOF was used as mass
analyzer. When dithranol was used as a matrix, the spectrum is shown in Fig. 4.5 for the matrix-to-analyte
ratio 5000:1. In can be observed that the features of the spectrum were similar to those obtained with
DHB. The spectrum was dominated by the fullerene Cgq molecular ion and hydrogenated fragments; the
intact PCBM signal was not detected. However, when 9-nitroanthracene was used as a matrix, the
appearance of the spectra was very different. Unlike spectra obtained with all other sample preparation
protocols, the signal with highest intensity belong to PCBM. In addition, the presence of oxidized species
with addition of up to 11 oxygen atoms was detected. The influence of matrix-to-analyte ratio investigation
revealed that in the case of the dithranol a higher amount of sample (molar matrix-to-analyte ratio 1000:1)
did not yield any PCBM or fullerene signals. However, when 9-nitroanthracene was used as a matrix, a
higher amount of sample produced a spectrum (shown in Fig. 4.6) with PCBM signal intensity almost
twice as high as the spectrum obtained with matrix-to-analyte ratio of 5000:1, although the intensity of
fragment peaks stayed about the same. The feature of the spectra common with the ones obtained with
sample preparation protocol involving DHB as a matrix was the presence of various products of gas
phase reactions; however the abundance of these species was significantly lower than when DHB was
used as a matrix, which can be attributed to the elimination of the source of protons (glacial acetic acid)
from the solvent.

3. Further sample preparation optimization and FTMS analysis

The optimization of ionization conditions was continued with the help of the FTMS mass analyzer:
several matrix-to-analyte ratios, two different solvents (chlorobenzene and toluene), two matrices (9-
nitroanthracene and dithranol), and two deposition methods (dry droplet and aerospray) were
investigated. The preliminary analysis using molar matrix-to-analyte ratios of 5000:1, 2000:1 and 1000:1
demonstrated that toluene was a better solvent for MALDI when compared to chlorobenzene as it

resulted in an order of magnitude higher PCBM signal intensity. Therefore, further analysis was
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conducted using only toluene as the solvent. As for the matrix comparisons, preliminary results showed
that dithranol gave an order of magnitude higher PCBM signal intensity when compared with 9-
nitroanthracne, which is inconsistent with previous findings performed with TOF mass analyzer. The
influence of matrix: analyte ratio investigation however, revealed the same trend as it was observed with
TOF analysis — the lowest ratio of 1000:1 produced the highest intensity of PCBM signal.

It was reasoned that lower matrix: analyte ratios might produce even better spectra and so ratios
of 750:1, 500:1, and 250:1 were also examined. As expected, the use of the lowest matrix-to-analyte ratio
of 250:1 produced spectra with the best PCBM signal yield for both matrices, regardless of sample
deposition technique. The comparison between aerospray and dried droplet sample deposition
techniques revealed the aerospray method to produce superior results with respect to signal-to-noise
ratio and spot-to-spot reproducibility when compared to the dry droplet technique for all investigated
matrix-to-analyte ratios with both matrices. The application of dithranol as a matrix at a molar matrix-to-
analyte ratio of 250:1 with the use of aerospray deposition technique resulted in the best spectra
(demonstrated in Fig. 4.7 and 4.8). The signal with highest intensity was assigned to PCBM, and only a
few other fragment species with low intensities were observed in the spectra.

The unmatched resolution obtained with FTMS mass analyzer (the resolution of ~140,000 was
achieved with FTMS opposed to ~5000 obtained with TOF mass spectrometer for PCBM samples)
allowed resolving the fine structure of the spectra and detection of several types of oxidized and reduced
species. In Fig. 4.8, the portion of the spectrum behind the PCBM peak is demonstrated with the
assignments of the species. It can be seen that during or after desorption/ionization step of MALDI
process, several kinds of PCBM derivatives are formed presumably due to the gas phase reactions.
Hydrogenated species with up to four hydrogen atoms attached to the PCBM were detected (see the
inset in the Fig. 4.8, the positions of peaks belonging to hydrogenated species are circled in red). These
species has molecular weights isobaric to peaks, which are a part of the isotopic distribution of PCBM
and would be impossible to detect unless the mass spectrometer has high enough resolving power.

Two different types of oxidized species were detected as well. There were scarce quantities of
species with up to five oxygen atoms added and much more abundant species with one hydrogen atom

and various numbers of oxygen atoms added. It is suggested that because of much higher abundance of
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the latter, they could be products of either reactions of hydrogenated species [PCBM+H]™ with various
numbers of oxygen atoms or of addition of one hydrogen atom to oxidized species [PCBM+nQ]™. It was
suggested in the previous report that the transfer of oxygen from the matrix to the analyte can easily
occur under MALDI conditions. A possible mechanism of formation of all these species is presented in
Scheme 4.2.

The quality of spectra when 9-nitroanthracene was used as a matrix was significantly improved
when the sample was applied using the aerospray technique. However, the signal intensity and signal to
noise ratio were an order of magnitude less than those obtained by with dithranol. Otherwise, the features
of the spectra were essentially the same as the ones obtained with dithranol. The best spectrum obtained
with this matrix is shown in Fig. 4.9.

A composite summary of absolute peak intensity of PCBM at various molar matrix-to-analyte
ratios obtained with both matrices and with two deposition techniques is presented in Fig. 4.10. It can be
clearly seen that the use of dithranol as a matrix with the aerospray sample deposition technique
produces significantly improved results with respect to the PCBM signal intensity. It can also be
concluded that the use of lower matrix-to-analyte ratios also produces superior quality spectra with the
use of both matrices and sample deposition methods. The significant deviations in standard deviations
(the data presented on the Fig. 4.10 are the average of three measurements) are intrinsic for laser
ionization mass spectrometry methods and are attributed to several factors. These are inconsistent
fluctuations in laser power and \the inequality of sample deposition on the target plate. The second factor
is greatly reduced by the application of aerospray or electrospray deposition techniques. These methods

result in much more even surface of the sample and more homogeneous analyte distribution.
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D. Conclusions

The analysis of pristine PCBM was performed with the use of laser ionization techniques such as MALDI,
LDI-TOF and FTMS. Extensive optimization of ionization conditions was performed for the analysis of
PCBM and a new sample preparation protocol was developed. The influence of several important
parameters was investigated — choice of the matrix, molar matrix:analyte ratio, solvent for both matrix and
analyte and sample deposition technique. It was found that the application of lowest molar matrix:analyte
ratio of 250:1, toluene as a solvent for both matrix and analyte and aerospray sample deposition
technique for MALDI analysis produced spectra with the highest intensity of PCBM signal, the smallest
amount of fragments, the fewest products of gas phase reactions and the best reproducibility. As for the
choice of matrix, the results were inconsistent, since out of two electron-transfer matrices compared (9-
nitroanthracene and dithranol), dithranol was found superior when the FTMS mass analyzer was
employed, whereas 9-nitroanthracene gave higher PCBM signal with TOF mass spectrometer. Direct
laser desorption/ionization (LDI) analysis was found unsuitable for the analysis of PCBM due to the
complete fragmentation of this molecule under conditions of LDI and resulting in the formation of fullerene
Ceo and various products of gas-phase reactions. The extremely high resolving power achieved with
FTMS mass spectrometer allowed detecting and identifying the species formed under MALDI experiment
conditions. It was suggested that during or after desorption/ionization step of MALDI process, several
kinds of oxidized and reduced PCBM derivatives are formed, presumably due to the gas phase reactions.
Hydrogenated (reduced) species included derivatives with the loss of one hydrogen atom or with up to
four hydrogen atoms added. Two different types of oxidized species were detected as well: species with
up to five oxygen atoms added and much more abundant species with one hydrogen atom and various

numbers of oxygen atoms added.
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Figure 4.1 MALDI-TOF spectrum of PCBM (positive ion mode); toluene/glacial acetic acid (3:4 vol) as a solvent for the sample, 50 mM

DHB/0.1% TFA in methanol as a matrix, molar ratio matrix:analyte is 5000:1
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Figure 4.2 9.4T MALDI-FTMS spectrum of PCBM (positive ion mode); toluene/glacial acetic acid (3:4 vol) as a solvent for the sample,

50 mM DHB/0.1% TFA in methanol as a matrix, molar ratio matrix:analyte is 5000:1
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Figure 4.4 9.4T MALDI-FTMS spectrum of PCBM (positive ion mode); o-dichlorobenzene /glacial acetic acid (1:1 vol) as a solvent for the

sample, 50 mM DHB/0.1 % TFA in methanol as a matrix, molar ratio matrix:analyte is 5000:1
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V. STRUCTURAL CHARACTERIZATION OF FLUORINATED POLYSTYRENES BY MALDI
MASS SPECTROMETRY

A. Introduction

Fluorinated polymers are a class of specialty polymers which aside from being morphologically
very versatile (can be thermoplastic, elastomeric of totally crystalline) they possess many unique
properties. They are properties are related to the high electronegativity of the fluorine atom and strong C-

F bonds present in their molecular structures'®*. Such properties include'?>'#

low surface energy and
therefore great water and oil repelling qualities, exceptional chemical, thermal, aging and weather
resistance, inertness to the corrosive mediums (acids, strong bases) and organic solvents, resistance to
the photo-oxidation, low flammability, low dielectric constants and optical transparency. Because of these
extraordinary characteristics, fluorinated polymers found their way into various branches of industry and
are used for numerous functions* > ¥° Some examples include use as transmission fluids and
lubricants for moving parts in automotive industry; as pipes liners resistant to the corrosive environments
in petroleum industry; as antioxidants in paints and coating formulations; as elastomeric seals and O-
rings capable to withstand extreme temperature conditions in aerospace applications; as non-linear
optical materials in optics and microelectronics'?” '3%1%2,

Because many advantages of fluorinated polymers have been realized, the there have been
attempts to develop rapid and reliable methods for their analysis. Among those are the application of

techniques such as MALDI™*™'" and ESI™* ™2 4

mass spectrometry. Matrix-assisted laser
desorption/ionization (MALDI) is one of the soft ionization mass spectrometry techniques which was
developed for the sensitive detection of large, non-volatile, and labile molecules * 2. The MALDI
technique is based on the co-crystallizing of analyte with a matrix compound, which strongly absorbs
laser irradiation. Laser excitation of the matrix molecules results in the ejection of the irradiated material
and the formation of a gas phase plume. The molecules of analyte are transported in the plume as it
expands into the vacuum and then after primary and secondary ionization reaction involving the matrix
and analyte, desorbed species are detected in the form of ions'®. Because the key features of a typical

MALDI experiment are the generation of intact, singly charged ions and an absence of fragmentation,

since its introduction by Karas and co-workers' and by Tanaka et al.2, MALDI has became a powerful
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analytical tool for the investigation of important properties of industrial polymer materials. These
properties include the identity of polymer chain repeat units, end groupss’ 4 absolute molecular weights,
molecular weight distributions>®. In addition, MALDI can reveal the presence and nature of any additives.
Other characteristics of MALDI important for the analysis of chemically heterogeneous samples such as
synthetic polymers, are the exceptionally high sensitivity of this method, With modern instrumentation the
attomole level is achievable.,’ This technique allows high speed of analysis, small sample size,and a
large, potentially unlimited, mass range. However, as applied to the analysis of polymers, MALDI method
has one significant drawback. Due to the diverse chemical nature of polymers, no standard sample
preparation protocol or universal matrix has been developed. Therefore, the success of the analysis often
depends on the empirical approach used to find the optimal matrix, solvent and matrix-to-analyte ratio.
The choice of proper sample preparation conditions plays a crucial role in the success of any MALDI
analysis. Over time, several attempts to rationalize the sample preparation protocols for the analysis of
polymers have been made. The general recommendation for the choice of the matrix in polymers analysis

10.27 1t was

is to match the polarity of the polymer under the investigation and the polarity of the matrix
demonstrated that when the polarity of the polymer matches that of the matrix, much better quality
spectra were obtained with higher signal intensities due to the lower degree of segregation between the
matrix and a polymer in the deposited samples. As for the choice of the solvent, when a fast drying
solvent is employed, it was also demonstrated that segregation of matrix and analyte is lower thus
improving the homogeneity of the sample. The choice of the cationizing agent is determined only by the
nature of the polymer. The polymer should have high affinity with the chosen cation, because only then
will cationization be efficient and the ion yield high. Several sample deposition methods have been
developed over the years, including slow crystallization (the dried droplet method) and fast crystallization
methods which offer improved spot-to-spot and shot-to-shot reproducibility and better ion signal, such as

aerospray and electrospray deposition of the samplem’ 45, 46

All these important variables were studied by
various research groups over the years except for one - matrix:analyte molar ratio. When it comes to this
parameter, no rationalization on why to choose one ratio over another is usually offered despite the
recognition of its importance. So far it have been only a few publications dedicated to the investigation of

the influence of this parameter'**'*°.
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Fluorinated polymers are a challenging subject for mass spectrometry analysis and there have
been very few successful MALDI studies reported, despite significant interest to these compounds. The
reason for this lies in the chemical nature of this class of polymers. Their hydrophobicity leads to their
poor solubility in most solvents, consequently complicating the sample preparation. It is also difficult for
these compounds to form solid mixtures with commonly used MALDI matrices without significant
segregation, thus making the ionization process inefficient and therefore producing low ion yields. A
possible solution to this problem suggested by Marie et al."® was to use fluorinated derivatives of the
common matrices. In their study, a sample of perfluoropolyether was analyzed using pentafluorocinnamic
acid (PFCA) and pentafluorobenzoic acid (PFBA) since when the conventional matrices of a-Cyano-4-
hydroxycinnamic acid (HCCA) and 2,5-dihydroxybenzoic acid (DHB) were used, no signal was obtained
for the polymer. The choice of cationizing agent was also found to have profound influence on the
outcome of the MADLI experiment. In these studies cations investigated were Na*, Li*, Fe?*, Cu®* and
Ag’. However, only when Ag” was present, were intense oligomer signals observed. In later years, other
researchers applied the combination of PFCA with Ag” to the analysis of other types of fluorinated

135

polymers: Ameduri et al™ used this technique to characterize the vinylidene fluoride telomers and

Kostjuk et al'

successfully characterized perfluoropolyethers they synthesized by ring-opening
polymerization of hexafluoropropylene oxide.

However, it must be noted that conventional MALDI matrices were also successfully applied to
the analysis of fluorinated polymers. A dithranol and Na® combination was used by Wesdemiotis et al."®
to characterize poly(fluorooxetane) and poly(fluorooxetane-co-THF) and Marie et al."® applied DHB to the

analysis of one of the industrial fluorinated polymers. Latourte, et al."*

performed MALDI sample
preparation optimization for a model fluorinated compound by comparing various common and fluorinated
matrices, such as DHB, dithranol, PFBA, 2,4-bis(trifluoromethyl)benzoic acid (TFMBA), HCCA and others
and by varying composition and polarity of the solvent systems used. It was also discovered that the use
of DHB produced spectra with the highest signal intensities for protonated oligomers of the model
fluorinated phosphazine. The optimized sample preparation protocol which included DHB as a matrix was

then successfully applied to the analysis of two industrial fluorinated polymers —

poly(perfluorooctadecyl)acrylate and a poly(acrylic acid) polymer with a perfluorinated end group.
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Therefore, in can be concluded that there is no consensus on the best sample preparation approach
within the same class of fluorinated polymers. Thus, it would be prudent to perform a study of the sample
preparation conditions, in order to properly characterize new polymer samples.

In this work, we explore the possibilities of method optimization for MALDI TOF-MS analysis of
several poly(styrene-co-pentafluorostyrene) copolymers produced by the atom transfer radical
polymerization (ATRP) technique. To the best of our knowledge this is the first attempt to optimize the
analysis of STY-co-PFS copolymers synthesized via ATRP with MALDI mass spectrometry. In the first
part of this investigation, sample preparation conditions were optimized for one out of three samples by
investigating the influence of the matrix, polymer-to-salt and matrix-to-polymer ratios on the quality of the
spectra. Optimized conditions were then applied to the other two samples, evaluating several important
characteristics such as molecular weight distributions, end group identities and sequence distributions for
all samples in order to determine how the change in the synthesis conditions affected these properties of
the polymers.

B. Experimental
1. Materials

Matrix materials 2,3,4,5,6-Pentafluorocinnamic acid (PFCA), all-trans-Retinoic acid (RA) and
Dithranol (DH) were obtained from Alfa Aesar, 2,5-dihydroxybenzoic acid (2,5-DHB), trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) were purchased from Sigma Alrdich and
2,3,4,5,6-Pentafluorobenzoic acid (PFBA) was acquired from Tokyo Chemical Industry co. LTD. Silver
trifluoroacetate (AgTFA) was used as a cationizing agent, HPLC grade THF was used as a solvent to
prepare all solutions and both were obtained from Sigma Aldrich. Poly(ethylene glycol) (PEG) with
molecular weight of ~ 4000 g/mol was used as a calibrant and purchased from Fluka (now Sigma Aldrich,
St. Louis, MO). Three samples of poly(styrene-co-pentafluorostyrene) (STY-co-PFS) synthesized by atom
transfer radical polymerization (ATRP) were received as a generous gift from Dr. Coleen Pugh of
University of Akron, Ohio. All chemicals were used without further purification. Chemical structures of

STY-co-PFS and matrices used are given in Scheme 5.1.
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2. Instrumentation and analysis

MALDI mass spectra were acquired using a Bruker REFLEX Il Time-of-Flight (TOF) mass
spectrometer (Bruker Daltonics, Billerica, MA). The mass spectrometer was equipped with pulsed
nitrogen laser (National Electronics, Inc. Miami, FL, USA) operating at 337 nm. Collected spectra
represent the average of 1200 laser shots. All spectra were recorded in positive ion mode under delayed
extraction conditions (250 ns) and in reflector mode. The accelerating voltage was 20 kV. The pressure in
the TOF mass spectrometer was ~1x107 torr. External calibration of the spectra was performed using
PEG 4000 as a calibrant. Three spectra were collected for each matrix:analyte:salt ratio from three
different spots on the target plate in order to check spot-to-spot reproducibility of the experiments. After
the spectra were collected, Bruker's Data Analysis® software was used to subtract the baseline, perform
the calibration and smooth the spectrum. Contour maps of chemical composition of the copolymers were
prepared with Origin® 8.5 software (OriginLab Corporation).

For the copolymer samples analyzed, number-average molecular weight (M,), weight-average
molecular weight (M,,) and polydispersity index (PDI) were calculated from obtained MALDI mass spectra

using the following equationse“:
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where M; is the molecular weight of the oligomer with i repeating units and N; corresponds to the
integrated area under the peak i.
3. Sample preparation

The solutions of all matrices were prepared at concentrations of 0.2M in THF and stored in the
dark. Fresh solutions of AgTFA in THF were prepared at the concentration of 5 mg/ml before every
analysis and kept wrapped while preparing samples to protect from decomposition induced by light.
Copolymer solutions were also prepared fresh before the analysis in THF at the concentrations of 5
mg/ml. To perform the optimization study, one out of three copolymer samples was chosen. After the
solutions of copolymer, matrices and salt were prepared, they were mixed to achieve chosen

matrix:analyte:salt volume ratios. Several matrix:analyte ratios were investigated for each matrix while
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keeping the amount of added AgTFA solution constant: 20:5:1; 40:5:1; 80:5:1; 100:5:1; 160:5:1; 320:5:1.
Also, to reveal the influence of the amount of added salt to the signal intensity, three additional samples
were prepared by adding various amounts of salt solution, while keeping matrix:analyte ratio the same:
40:5:0.2; 40:5:2; 40:5:5. Once mixed, approx. 2 ml of the combined solution was deposited onto a
stainless steel target plate at three different spots and allowed to air-dry. The sample target plate was
then submitted to MALDI experiments. After the best matrix:analyte:salt ratio was established, the
procedure above was repeated with the rest of the samples.
C. Results and Discussion
1. Sample preparation optimization for MALDI-TOF mass spectrometry analysis

*  Choice of the matrix

MALDI-mass spectrometry is a powerful soft ionization technique, which allows for ionization and
subsequent detection of the intact molecules of high molecular weight and various chemical structures.
However, the mechanism and processes that take place during MALDI are poorly understood and are still
a topic of a debate. However, what is evident is that the choice of the proper matrix is extremely important
to the success of the MALDI analysis since it is responsible for transfer of the absorbed laser energy to
the analyte. It is also established that reactions which take place immediately after the ablation of the
matrix-analyte mixture in the primary plume, and the kinetic energy of the desorbed molecules strongly
depends on the chemical nature of the matrix "’ among other factors.

As is discussed above, there seems to be no consensus on which matrix should be used for the
analysis of fluorinated polymers. It is possible that this is because this is a chemically diverse class of
compounds. For example, a matrix suitable for fluorinated ethers will not work for fluorinated aromatic
polymers. In addition, to the best of our knowledge up to date there is no tested sample preparation
protocol available for the MALDI mass spectrometry analysis of STY-co-PFS copolymers. The only
example containing MALDI-MS measurements obtained for STY-co-PFS we were able to find was the
work by Becer at al.”" where copolymers were synthesized via nitroxide-mediated polymerization, but
unfortunately it did not contain information about sample preparation procedures. Thus, to begin the
optimization of sample preparation conditions several matrices needed to be tested. The sample

preparation protocol was optimized for the sample STY-co-PFS(B) and then applied to the analysis of the
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other two samples.

The matrices were chosen because they were either successfully used for analysis of other
classes of fluorinated polymers (such as PFCA, PFBA, 2,5-DHB, DCTB) or to the analysis of the
polystyrene or the substituted polystyrene (RA, DH). Silver ftrifluoroacetate (AgTFA) was used as a
cationizing agent also because it is well known that silver salts are very efficient in promoting ionization of

polystyrene and its derivatives®" '*

. When RA, DH and DCTB were used as matrices, no signals
corresponding to the copolymer oligomers were observed at any of the matrix:analyte:salt molar ratios
investigated. Instead, intense peaks corresponding to the silver clusters up to 6000 Da and in some
cases to the carbon clusters were present in the spectra. Therefore, it can be concluded that these
matrices are unsuitable for the analysis of the fluorinated polystyrene copolymers. This conclusion is
somewhat surprising, considering that RA and DH are well known matrices that work particularly well for

the analysis of polystyrene and its derivatives'*"’

. It was suggested that the reason for the success of
these matrices lies in their chemical structures — both are highly conjugated, non-polar molecules and in
that, they are similar to the chemical structure of polystyrene and match its polarity. When PFCA was
used as a matrix, very weak copolymer signals were observed, barely above the noise level, and only for
lowest matrix:analyte ratios out of all tested (20:5:1, 40:5:1). Silver clusters dominated the spectra
collected with this matrix, and combined with low analyte signal intensities deemed spectra unusable. The
situation was different when the other fluorinated matrix was used. Although silver clusters were also
present in most of the spectra collected with PFBA as a matrix, the copolymer signal intensity was
significantly higher when compared with spectra acquired with PFCA. The best signal intensity for this
matrix was obtained when matrix:analyte ratio was 40:5:1. It must be noted however, that with PFBA
usable spectra were obtained for only a few matrix:analyte ratios tested and the reproducibility of the data
was problematic. Out of the all matrix compounds tested, 2,5-DHB allowed acquisition of spectra with
highest intensities for peaks corresponding to the copolymer and with minimal amount of silver cluster

interference. Also, meaningful data was collected for every matrix:analyte ratio tested, thus making this

matrix much more reliable as compared to the PFBA.
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*  Choice of the matrix:analyte:salt ratio

Several matrix:analyte ratios were tested for each matrix in order to establish which combination
would allow to obtain the highest signal from the polymer sample. The best signal intensity out of all
combinations tested was observed when 2,5-DHB was used as a matrix and when matrix:analyte:salt
ratio used was 40:5:1, in this case the intensity of the base peak was twice as high as that obtained with
PFBA. The matrix-to-analyte vs maximum average signal intensity plot obtained with this matrix for
sample STY-co-PFS(B) is presented on the Fig. 5.1. This plot demonstrates that the maximum of signal
intensity is observed when matrix-to-analyte ratio is around 40:5 (vol) and decreases drastically when
more matrix is added (higher M/A ratios) or when more analyte is present (lower M/A ratios) — in other
words, the signal “saturates” at 40:5 (vol). The M/A response curves with maximum at the saturation point

are typical and were observed previously for various analytes, including peptides and proteins'** "> as

well as synthetic polymers154’ 158

. The exact location of the maximum on the curve as well as its slope
depends on the analyte and on the matrix chosen. For example, Chavez-Eng152 used a mixture of low
molecular weight peptide and high molecular weight protein to prepare response saturation curves with
different matrices by changing the amount of analyte used in sample preparation. It was demonstrated
that the compounds in the mixture had drastically different saturation points that changed based on the
matrix used, thus revealing significant variation in desorption/ionization efficiency for low and high
molecular weight components at any given M/A ratio. To explain the phenomenon of a “saturation point”,
it is suggested that at low M/A values, there was not enough matrix to efficiently desorb and ionize the
analytezs. When there is an excess of matrix present, too much energy is transferred to the ions thus
promoting fragmentation of the analyte and decreasing of the overall signal.

Similar arguments can be used in order to explain observed signal intensities as a function of
amount of salt added to the sample. When there is not enough cationizing agent, the cationization will not
be efficient, but when too much salt is present, clusters of cations dominate the spectra and the analyte
signal is suppressed. Therefore, evaluation of the influence of cationizing agent amount is critical in any
optimization study. In this work, after the optimum M/A volume ratio was established as 40:5, the same
optimization procedure was performed to find the amount of salt needed to obtain the highest polymer

signal. The polymer-to-salt ratio vs maximum average signal intensity plot obtained with DHB for sample
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STY-co-PFS(B) is presented on the Fig. 5.2. The plot demonstrates that the “saturation point” is observed
when polymer-to-salt ratio is around 5:1 (vol) and that signal drops significantly when more analyte is
present (vol. ratio 5:0.2). When more salt was added, high intensity signals produced by silver clusters
were observed and the intensity of polymer peaks greatly diminished.

Based on the results of the optimization, it can be concluded that DHB as a matrix at
matrix:analyte:salt volume ratio of 40:5:1 should be used in order to obtain maximum ionization efficiency
and therefore the highest signal for the analytes under investigation.

2. Structural characterization of fluorinated copolymers synthesized by ATRP

In order to better understand the structure-function relationship of copolymers with respect to their
physical, chemical and mechanical properties, complete characterization of their molecular composition is
needed. This includes the information about nature and compositional distribution of monomeric units in
oligomer chains, the degree of polymerization, the identity and structure of the end groups, calculations of
molecular weight distributions and molar fractions of monomers. The usual analytical methods employed
to obtain these characteristics include Gel-Permeation Chromatography (GPC) along with infrared (IR)
and nuclear magnetic resonance (NMR) spectroscopy, viscosimetry and canrimetrym. Although all these
methods are well established and have been applied successfully to the analysis of (co)polymers, mass
spectrometry has a significant advantage over them: the classical methods provide an average
distributions and are not suitable for the characterization of the individual oligomers that compose a
sample, but mass spectrometry analysis can provide such information. More importantly, from this precise
chemical composition of a polymer, details about polymerization mechanism can be obtained®.

The mass spectrometry analysis of copolymers is significantly more difficult than analyses of
homopolymers due to the presence of more than one repeating unit in their structure. This complicates
the mass spectra tremendously. One must also take into account the possibility of structural mass
discrimination due to the different ionization efficiency of the species with slightly different compositions,

81,158 Furthermore, it

such as different end-groups or a variation in number and identity of repeating units
is possible that for some types of copolymers, multiple composition assignments can exist for the same
mass/charge ratio, and therefore ultra-high resolution mass analyzers must be employed in order to

disambiguate them®. Despite these difficulties, when successful, MALDI mass spectrometry can provide
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a wealth of structural information and therefore is an extremely useful complimentary technique in
copolymers analysis.
* Atom-Transfer Radical Polymerization of styrene with pentafluorostyrene

The fluorinated copolymer samples in this work were synthesized by atom transfer radical
polymerization (ATRP), which is one of the examples of controlled/living radical polymerization (CRP).
Since its introduction, CRP techniques have became very popular with polymer chemists because they
combine advantages of radical polymerization (simplicity, tolerance of functional groups and impurities,
versatility) with controlled nature, which allowed synthesis of (co)polymers with well defined molecular
weight distributions (MWDs), functionality distributions and architectures.®® *” ®® Main CRP methods,
including ATRP, utilize the same basic principle: establishing equilibrium between a small amount of
active, growing propagating radicals and a large amount of dormant chains, which can’t propagate or self-
terminate. In ATRP the radicals are produced by a reversible redox reaction, which involves a transition
metal complex, typically a Cu'—X/Ligand (activator, catalyst). The catalyst undergoes an inner sphere one-
electron oxidation with acquisition of a halogen atom X from dormant species R-X — this key atom
transfer step is responsible for the uniform growth of the chains. Polymer chains grow by the addition of
propagating radicals to monomers, and after propagation step react reversibly with the oxidized metal
complex Cu”—Xz/Ligand to restore dormant species and the catalyst. The mechanism of ATRP is
presented in scheme 5.2

The components of ATRP system include the monomer, a suitable initiator containing a halogen
atom (usually an alkyl halide) and a catalyst. For the synthesis of copolymer samples examined in this
work, the ATRP system consisted of styrene and pentafluorostyrene as monomers, ethyl-2-
bromoisobutyrate as initiator and CuBr/PMDETA complex as a catalyst. In one case (sample C), a small
fraction of CuBr was substituted with CuBr,, which acts as deactivator during poymerization. It was
demonstrated that the addition of a minor amounts of copper (Il) halides leads to better-controlled
polymerization and a decrease in polydispersity, can reduce the proportion of terminated (dead) chains
and help establish atom transfer equilibrium®® '*°. The ATRP reaction conditions used for the synthesis of
three copolymer samples are listed in the Table 5.1. From this table, it can be seen the only difference

between samples A and B was that the reaction was quenched much sooner when STY-co-PFS (A) was
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synthesized: after just 8 min versus 90 min for STY-co-PFS (B). As it was noted above, the composition
of catalyst was different for STY-co-PFS (C) as compared with sample B, but the reaction time and other
parameters were the same. These differences influence the resuling MWD and compositional
distributions and the mass spectra of the samples should be able to demonstrate this influence.

Any ATRP reaction includes several fundamental kinetic steps, which include initiation, activation,
deactivation, propagation, termination and side reactions, such as elimination of HBr (loss of end group)

68, 159

induced by the deactivator. Based on the accepted mechanism of ATRP and on the kinetic models

suggested for compositionally similar systemsm’ 158

elementary reactions corresponding to the main
kinetic steps as applicable to the systems under investigation were suggested and are outlined on
Scheme 5.3.
* [dentification of peaks in MALDI-TOF mass spectra — end groups analysis

The MALDI-TOF mass spectra obtained for samples A, B and C using the optimized protocol
described in the previous section are presented in Fig. 5.3-5.6. The overall organization and main
features of the spectra obtained for all three samples were practically identical. As is can be seen from
the Fig. 5.3, 5.4, and 5.6, all spectra are complex displays showing multiple clusters of peaks. Closer
investigation shows that these clusters consist of at least 4 peaks, each corresponding to a molecular ion,
produced by different oligomeric species present in the sample (Fig. 5.5). Every such molecular ion
consists of several units of pentafluorostyrene (molecular weight Mprs = 194 Da), a few segments of
styrene (molecular weight Msty = 104 Da); two end groups (molecular weights Menps and Menpz) and the
cationizing species (molecular weight M.,). Therefore, the theoretical calculated molecular weight of the
cationized molecular ions can be defined as a sum:

(M/Z)caicuiated = NMprs + MMsty + Menpt + Menp2 + Meat 4)

where n and m are the number of PFS and STY units respectively. Thus, in order to determine the
individual composition of oligomers present in the sample, the identity of cationizing species as well as
end groups must be established first and then measured value of m/z obtained from the spectrum should
be compared with the calculated mass value. Since AgTFA was added during sample preparation to
promote ionization of the copolymers, it was suggested that Ag” is the cationizing specie in this case. The

identity of the end groups was proposed to be Br and CgH{,0, based on the mechanism of ATRP outlined
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in Scheme 5.3. Using equation (4), theoretical m/z values of various oligomers were calculated and
compared with those observed in the spectra. It must be noted that other possibilities for end-group
compositions were considered as well, since it is known that polymers synthesized by ATRP are prone to
loose their Br functionality157. It is possible that the dead chains — products of bimolecular coupling and b-
elimination terminations, in fact produced the molecular ions visible in the spectra and therefore would
have very different end-groups as it can be seen in Scheme 5.3. However, it was discovered, that only
with Br and C¢H¢,O, as end groups and Ag’ as a cation, was it possible to produce compositional
assignments for every peak in the spectra for all three samples while keeping the accuracy of the
assignments within acceptable range for the analysis of such samples with TOF mass analyzer (the
average ppm error was ~300 ppm). Therefore It can be concluded that overall chemical composition of
the copolymer samples can be expressed with the following formula: [CgH110, (CgHsF5)n(CsHs)m BrIAg”
*  Compositional distributions in styrene-pentafluorostyrene copolymers

Since copolymers have a distribution over the chain length as well as the chemical composition,
their mass spectra can be extremely complex and difficult to interpret. This complexity is demonstrated in
Fig. 5.5, where the expanded portion of the spectrum obtained for sample B is presented. It reveals that
each individual molecular ion is a part of two different series of ions at the same time: one with peaks
evenly distributed 104 Da apart from each other and the second one with peaks 194 Da apart. Becer et
al™ also observed this pattern in the MALDI-TOF spectra of STY-co-PFS obtained via nitroxide-mediated
polymerization. The first type of series are observed due to the subsequent addition of styrene monomer
to the oligomer containing an unchanging number of PFS units. For example, the ions in a series marked
with red markers on the Fig. 5.5 contain the same number of PFS monomeric units (six), whereas the
number of STY units systematically changes from nine to twenty. The second type of series is observed
due to the chain’s growth through successive addition of PFS monomer: series marked with blue markers
on the Fig. 5.5 begins with an oligomer which is 194 Da apart from the oligomer with composition of n=6,
m=9 (marked with red), and therefore it has one more PFS unit, but the same number of STY units, which
gives it a composition of n=7, m=9. Because all peaks in the spectra are interconnected this way, it was
only necessary to obtain accurate compositional assignment for a few most abundant peaks for each

sample and after that the elucidation of the (n, m) combinations for the rest of the peaks was simple.
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After structural identification was carried out for every peak in each spectrum, resulting n and m
values obtained were plotted against each other to reveal overall chemical composition of the copolymers
under investigation. The resulting plots are presented as insets on the corresponding spectra on the Fig.
5.3, 5.4 and 5.6. Another, more informative way to present compositional data obtained from MALDI

mass spectra of copolymers was first introduced by Wilzec-Vera et al.”® '’

and later was successfully
applied to the characterization of various types of copolymers52’ 162164 This method includes
representation of a mass spectrum as a matrix consisting of n; rows and m; columns, where each position
corresponds to a composition of the oligomer possibly present in the sample. In this way, the peak in the

mass spectrum with intensity I;; can be assigned to a location in the matrix based on the compositional

assignment (n;, m;) obtained for the corresponding oligomer as follows (the example of the matrix and

notations are taken from the paper by Willemse et al'®):
Mo my m;
Ng |0’0 |0’1 IO,j
N4 |1’0 |1’1 I'I,j
n; Ii,O Ii,'l Ii,j

This matrix can be then presented as a two-dimensional contour plot, also known as copolymer
‘fingerprint’. These plots give an overview of the chain length distribution and the chemical distribution of
copolymers under investigation and can provide a valuable insight into the mechanism of a
polymerization reaction.

The fingerprint plots were constructed as described above for all three samples and presented on
the Fig. 5.7. On the y-axis the number of styrene monomeric units (STY) is shown and on the x-axis the
number of pentafluorostyrene units (PFS) is displayed. The corresponding intensities of the peaks in the
mass spectra are indicated by color. From these fingerprint plots it is evident that the polystyrene chain
length varies from 2 to 16 units for sample A, from 6 to 22 units for sample B and from 8 to 20 units for
sample C. Pentafluorostyrene chain length ranges from 2 to 11 units for sample A, from 2 to 16 units for

sample B and from 1 to 17 units for sample C. The compositions (n, m) of most abundant oligomers
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corresponding to the peaks with highest intensities also can be easily obtained from the plots: (5, 10) for
STY-co-PFS(A), (9, 14) for STY-co-PFS(B) and (7, 12) for STY-co-PFS(C). Examination of fingerprint
plots makes the similarities and differences between copolymers compositions very evident. First, when
comparing the plots of samples A and B, it is clear that as polymerization reaction progresses, the
number of both PFS and STY units in polymeric chains changes, but in a different way. From the PFS
chain lengths listed above it can be noted that the distribution obtained for sample B includes all values
obtained for sample A plus 5 more units, therefore it gets broader, but starts at the same point. However,
when considering distributions of STY chain lengths, it is evident that the size of the range for both
copolymers is comparable, but for sample B the distribution is shifted towards higher values and chains
with smaller number of STY units that were present in sample A disappear. This indicates that the
number of STY units during polymerization grows by adding monomers to the already existing chains with
lower number of styrene units, which allows keeping the chain length distribution fairly constant. In case
of PFS the situation is different — the chain length distribution becomes broader because as
polymerization progresses, more and more molecules with a various number of PFS units (high as well as
low) are made, but not inevitably by adding them to already existing chains. When comparing the
fingerprints of samples B and C, it can be concluded that the PFS chain length distributions for both
copolymers if practically identical, but in case of sample C there is less variation in number of STY units.
Another way to follow the polymerization reaction and make these differences in chemical
composition more evident is to consider the individual distribution curves of STY and PFS units, also
called marginal probability distributions G,,. The distribution for STY can be obtained by summing all
measured intensities for the peaks along the PFS axis (values in columns in the matrix of intensities
above) and by summing the intensities along STY axis (the values in rows) in order to find distribution for

PFS as shown in eq. 510,

L, (1) = Y I(n,.m;)
j

L, (m)) = Y I(n.m;)

where | (n;, m;) is the intensity of the peak with the given n and m. The marginal probability distributions

constructed for all three samples are presented in the Fig. 5.8.
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The PFS chain length curves on Fig. 5.8(1) confirms the observations discussed above and
clearly demonstrates that samples B and C have nearly identical distributions (including their intensities),
the only difference being that the maximum on the curve for sample C is slightly shifted towards a lower
number of PFS units as compared with curve for sample B. It also shows the notable shift of the
maximum on the curves for samples A and B from 5 to 9 units respectively, which is to be expected
considering that polymerization was carried out much longer for STY-co-PFS(B). The curves on the Fig.
5.8(2) reveal several features. First, when comparing samples A and B, the maximum shifts towards a
higher number of STY units in the same way as is observed in the PFS distribution curves and is
expected. Most interesting are the discrepancies clearly observed between the samples B and C: 1) the
distribution of STY units for sample C is visibly narrower than that in sample B; 2) there is a shift in
maxima between two curves from 15 STY units for sample B to 12 STY units in sample C; 3) there is a
significant difference in intensity of the most abundant oligomer. The fact that none of these differences
are detected for the PFS distributions, leads to the conclusion that the alteration of the composition of
catalyst, namely introduction of a small amount of deactivator CuBr; is responsible for these changes and
that the styrene compositional distribution is more sensitive to the presence of deactivator than
pentafluorostyrene unit distribution. Therefore, it can be suggested that if the objective is to produce the
material with a narrow compositional distribution of styrene units, the addition of deactivator to the ATRP
system will accomplish that goal.

*  Molecular weight and PDI calculations

Number-average, weight average molecular weight and polydispersity index values were
calculated for all three samples using equations 1-3 and compared with the values obtained by Gel-
Permeation Chromatography (GPC). These results are presented in the Table 5.2. As it is evident from
the Table 5.2, the molecular weight and PDI values obtained for the sample A from MALDI-TOF specira,
are in very good agreement with the ones obtained with GPC. However, for the other two samples with
higher molecular weights, there is a notable discrepancy between the values obtained with two methods.
The reasons for such discrepancy can be two-fold. On one hand, GPC method of determination of
molecular weight relies on the use of calibration curves obtained by measuring hydrodynamic volumes of

polymer standards with narrow PDI values and known molecular weights. However, because the
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hydrodynamic volumes of polymers heavily depend on their chemical structure and macromolecular
architecture, the use of standards that are very unlike the polymers under investigation will introduce an
error into the measurements (sometimes very significant error). Another well known, very common and
more likely reason for the observed discrepancy is the discrimination effects in MALDI-TOF analysis. The
multiple reasons for discrimination effects can be roughly divided in two categories: mass differences and
differences in ionization efficiency due to the variation in chemical composition within the copolymer
sample. It has been established that discrimination due to the mass differences can be minimized by pre-
separation of polydisperse polymer samples (with PDI>1.2), careful attention to the MALDI sample
preparation and to the instrumental parametersm. However, in case of compositionally heterogeneous
samples such as copolymers, the differences in ionization efficiency of the species present in the sample
can cause significant deviation between compositions and molecular weight measured by conventional

methods such as 'H NMR or GPC and mass spectrometry data'®"

. For the samples analyzed in this
investigation, mass discrimination due to the polydispersity is unlikely since all three samples have PDI
values less than 1.2. Therefore, it can be concluded that the observed inconsistency in molecular weight

values obtained with GPC and MALDI-TOF is due to the unequal ionization efficiency of lower and higher

molecular weight oligomers present in these samples.
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D. Conclusions

The optimization of sample preparation conditions for MALDI-TOF mass spectrometry analysis of
three poly(styrene-co-pentafluorostyrene) copolymers prepared by ATRP was performed by investigating
the influence of the nature of the matrix, choice of matrix-to-analyte and analyte-to-salt ratio. It was
determined that out of all matrix compounds tested, only DHB produced high ion yield consistently for all
ratios examined. It was also established that when matrix:analyte:salt volume ratio was 40:5:1, the
highest analyte ion intensity was observed.

Using the optimized sample preparation conditions, MALDI-TOF spectra were obtained for all
copolymer samples and then used to carry out compositional analysis of copolymers. Chemical
composition for all samples was elucidated and using copolymer ‘fingerprint’ method it was possible to
determine the individual length distributions of both styrene and pentafluorostyrene monomers. These
distributions provided detailed information about polymerization of the systems under investigation not
attainable by any other method. It was possible to observe the changes in the composition of copolymers
as the polymerization reaction progressed and also to investigate how the alteration in the catalyst
composition (the addition of small amount of deactivator CuBr,) would affect the chemical composition of
the resulting copolymers. It was discovered that individual styrene chain length distribution is more
sensitive to the change in the catalyst composition than pentafluorostyrene. As a consequence, this

observation can be possibly used to manipulate the overall chemical composition of the material.
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Scheme 5.1 Chemical structures of (a) poly(styrene-co-pentafluorostyrene) (STY-co-PFS); (b)
Dithranol (DH); (c) 2,5-Dihydroxybezoic acid (DHB); (d) all-trans-Retinoic acid (RA); (e) trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-propenylidene]malononitrile  (DCTB); (f) 2,3,4,5,6-Pentafluorobenzoic acid
(PFBA); (i) 2,3,4,5,6-Pentafluorocinnamic acid (PFCA)

+ M
v (%)

R-X + Cul-X/Ligand ~<—— R + Cu"-X,/Ligand
Kda Kt

R-R + Cu"-X,/Ligand

Scheme 5.2  Mechanism of ATRP. Here k, stands for constant of polymerization, k; — constant of

termination, k, — constant of activation, k,, — constant of deactivation. M represents a monomer molecule
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1. Initiation

Br
P .
+ [CuBrlPMDETA|] - ‘e a\ + [Cu'Br/PMDETA]
o Kia 0" o

+ [CuBr,PMDETA]

m
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3. Termination

1) Bimolecular coupling

+ [Cu'Br,/PMDETA] + HBr

+ [CuBHPMDETA] + HBr

Scheme 5.3 Proposed elementary reactions in atom-transfer radical copolymerization of polystyrene

with pentafluorostyrene using ethyl-2-bromoisobutyrate as the initiator
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Table 5.1 Reaction conditions for Atom Transfer Radical Polymerization Synthesis of poly(styrene-

co-pentafluorostyrene) samples

Sty/PFS/EBriB/CuBr/CuBr,/PMDETA Reaction time,

Copolymer (mol ratio)* min
STY-co-PFS(A) 10/10/2/1/0/2 8
STY-co-PFS(B) 10/10/2/1/0/2 90
STY-co-PFS(C) 10/10/2/0.95/0.05/2 90

* Sty represents styrene, PFS represents pentafluorostyrene, EBriB represents ethyl-2-bromoisobutyrate,
PMDETA represents N,N,N’,N’,N”-pentamethyldiethylenetriamine

Table 5.2 Molecular mass values (g/mol) and PDI of poly(styrene-co-pentafluorostyrene) samples
determined by GPC and MALDI-TOF mass spectrometry

Copolymer M, M, (by M, M,  (by PDI PDI  (by
(by GPC)  MALDI) (by GPC)  MALDI) (by GPC)  MALDI)
STY-co-PFS(A) 2313 2410 2549 2489 1.10 1.03
STY-co-PFS(B) 4160 3501 4709 3672 1.13 1.05
STY-co-PFS(C) 3656 3230 4201 3407 115 1.06
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