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“Equipped with our five senses, along with telescopes and microscopes and
mass spectrometers and seismographs and magnetometers and particle
accelerators and detectors across the electromagnetic spectrum, we explore the

universe around us and call the adventure science.”

Neil DeGrasse Tyson - an American astrophysicist, planetary scientist,

author, and science communicator
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1. INTRODUCTION AND OBJECTIVES

Mass spectrometry is one of the best methods to analyse complex
chemical mixture and compounds. As a compound becomes more complex, it
is complicated to evaluate the spectrum. To solve this issue, we apply recently
invented data mining method - Mass-Remainder Analysis (MARA) and
develop it further to Tandem Mass-Remainder Analysis (TAMARA) to get a
simplified graphical representation of the MS/MS spectra.

In our research we perform mass spectrometric measurements on
different types of polymers such as polyether polyols, various polymer
blending and copolymers, and epoxidized vegetable oils. Figure 1 briefly
demonstrates our work plan and describes the most important points during
the research.

Nowadays, increasing of plastic waste causes a big eco problem on our
planet. That’s why there is a big demand on the production of biodegradable
polymers. Since epoxidized vegetable oils can undergo photopolymerization
reaction to produce biopolymers, the characterization of these compounds is
very important to propose new materials.

We measure the epoxidized soybean and linseed oils with ESI-QTOF and
MALDI-TOF mass spectrometers and characterize them by applying mass-
remainder analysis. We determine the number of carbon atoms and epoxide
groups, the degree of epoxidation as well as applying tandem mass
spectrometry we study the fragmentation mechanisms and propose the
fragmentation pathways for the sodium and ammonium ETG adducts.

As another part of our research, we investigate the copolymer blends. A
wide range of demands for various applications of blending polymers makes
it necessary to study and explore them. We study random or block types of

different blends with average molecular weight up to 3000 Da. We develop



multi-step mass-remainder analysis method, which produces a simplified
graphical representation of the complex mass spectra, to comprehend between
samples consisting of a single copolymer or blend of copolymers as well as
the similarities or differences in the chemical compositions. This method
allows us to assign elemental composition of EO/PO copolymers easily and
fast as well as to filter the different homopolymer/copolymer series in blends
and to identify them. Multi-step Mass-remainder analysis can be especially
effective for quality control in polymer/copolymer production companies to

save time and increase accuracy and precision.

various polyether
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characteristic
collision energy

Processing

Determination of I
MS/MS data

Polyether
Polyols

assignment of EO/PO

] Elemental compositioul
copolymers
epoxide groups DOy

I Number of ‘
(NEG) I

Epoxidized N P N | TFiltering of different
o Vegetable ) 4  Polymer W | homopolymer/copolymer
X Oils 4 N\ Blends /’ .. f——

Degree of
epoxidation
(DOE)

Identifying the type

Number of ’
of homo/copolymers

Carbon atoms

in blends

Figure 1 Demonstration of our work plan



Furthermore, we expand our research to investigate the structural
characterization of the polyether polyols applying tandem mass spectrometry
(ESI-QQ-TOF MS). We examine the multi-arm polyol polymers such as
glycerine and sorbitol-based polyether polyols. Developing tandem mass-
remainder analysis (TAMARA) allows us to process complex mass spectra
and propose a novel method for the distinction of diol, triol and hexaol
polyether (co)polymers. We also perform CID experiments to find the
characteristic collision voltage for all polyether polyols. Different industrially
important copolymers as well as another type of distinctions such as number
of heteroatoms, rings or aromatic moieties can be analysed and differentiated

by tandem mass-remainder analysis method.



2. LITERATURE REVIEW
2.1 Polymers

2.1.1 Introduction to Polymers

Polymers are macromolecules built up by the attaching covalently
together of large numbers of monomers forming polymer molecules. (Fig. 2)
[1]. Depending on the number of repeating units, polymerization product can
be either oligomer or polymer [2,3]. There are two types of polymers:
synthetic, which are derived e.g., from petroleum oil (nylon, polyethylene,
polyester, polyurethane, PVC etc.) and biopolymers, which derived from

living organisms (silk, wool, DNA, cellulose, proteins etc.) [4,5].

o .
@ polymerization
e _©
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Figure 2 Monomers vs polymer.

Polymers are classified into chain and step-growth polymers
(condensation and addition polymers) [6,7] based on polymerization
mechanism. Table 1 demonstrates some important condensation and addition
polymers. The most important difference between chain and step
polymerizations is the reactivity of the identities of the species with one
another. Another difference is the way in which polymer molecular size
depends on the extent of conversion (Fig. 3). [8] Living polymerization is a
type of chain polymerization where termination of growing polymer chain and

chain transfer reactions are suppressed. Growing polymer chains consistently
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remain “living” and the molecular weight can easily be controlled. This feature

of living polymerization increases its use in several applications [8-10].

Table 1 Condensation and Addition Polymers.

Condensation polymers

Addition polymers

Polymer Characteristic Polymer Repeating
Linkage unit
Polyamide Polyethylene
—NH—CO—- —CHy—=CH,—
Polyester —CO—0— Polyacrylonitrile
—CHp=CH—
CN
Polyurethane —O—CO—NH—  Poly(vinyl chloride)
_CHz‘(IZH—
Cl
Polysiloxane —=Si—0— Polystyrene
Y Y —CH,—CH—
/
Polyacetal ~—O—CH—O— Ppolytetrafluoroethylene
! F F
R ] 1
F F

Polymers can further be classified as linear, branched, or crosslinked

polymers depending on their structural arrangement. The difference between

the shapes of linear and branched polymers molecules can be seen from the

structural representations shown in Figure 4. Branch points are marked by

heavy dots. In crosslinked polymers, polymer molecules are attached to one
another at points other than their edge points [8].



Macromolecules can be classified as amorphous, crystalline, or semi-
crystalline polymers. Example of crystalline polymers include polyamide,
Teflon, PET, PE, PP; while examples of amorphous polymers include ABS,
PMMA, PS, PVC [11].

As shown in Figure 5, polymers are also classified into thermoplastic
and thermosets based on physical properties. Thermoplastics can be reheated,
reprocessed, and cooled as necessary without causing any chemical changes,
while thermoset plastics remain in a permanent solid state once hardened

[12,13].
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Figure 3 Variation of molecular weight with conversion; (a) chain (b)
step and (c) living polymerization.
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Thermosetting Thermoplastic
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Figure 5 Classification of polymers depending on physical properties.

2.1.2 Polyethers

Polyethers contain ether linkages in the backbone: (R-O-R’ where R,

R are alkyl or aryl group). Polyethylene glycol (PEG) and polypropylene
glycol (PPG) are simple polyether compounds. They are prepared by ring-

opening polymerization (ROP) of ethylene oxide and propylene oxide,

respectively. (Fig. 6) [14].

n H,C—CH, —> —(CH,CH,0),—

L ¥
(@) PEG
ethylene oxide
CHy CHg
n Hzc\—/CH = T (CHCHO),—
o] PPG

propylene oxide
Figure 6 Schematic of PEG and PPG polymerization.

PEG has a large variety of applications such as in pharmaceutical,
cosmetic, and medical fields and is used for a wide range of products diverging
from skin care products to tablet formulations, laxatives, and food additives

[15,16]. PPG is used as lubricants, antifoaming agents, softeners, rheology



modifiers, flexible poly(urethane) foams, non-ionic surfactants, wetting agent,

and dispersant in leather finishing [17].

2.1.3 Polyether Polyols

Polyether polyols have one or more functional end-groups such as a
hydroxyl group. Polyalkylene oxide polyether polyols (Fig. 7) are the most
important group of polyols for polyurethane (PU) production [18]. Because
polyols and di- or polyisocyanates are raw materials for synthesizing of
polyurethanes (Fig. 8). One of the reasons of this variety of the PU
applications arises from the adjustability of the nature of polyols. The essential
characteristics, such as the molecular structure and the number of reactive
hydroxyl end-groups influence the properties of the final PU product [19].
Therefore, polyurethanes are used in a wide diversity of applications such as
flexible and rigid foams, adhesives, coatings, sealants, elastomers, fiber
composite materials, paints, etc. [18,20]. PUs are extensively used in the
automotive industry in many applications such as cushioning, bumpers, and

sound insulation [21,22].
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=
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Figure 7 Polyalkylene oxide polyether polyols.
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Figure 8 Synthesis of polyurethanes.

2.1.4 Copolymers

A copolymer is a polymer formed when two or more different types of
monomers are attached in the main polymer backbone. Copolymers can be
categorized based on the arrangement of repeating units as:

Alternative Random Block Graft

In a block copolymer, all monomers aligned in a linear arrangement of

blocks and two or more homopolymers linked together in a sequence:
-A-A-A-A-A-B-B-B-B-B-B-A-A-A-A-
In a random copolymer, monomers link in any order [23]:

-A-A-B-B-B-A-B-A-A-B-B-B-A-B-A-A-A-
9



2.1.5 Poloxamers

Poloxamers are non-ionic triblock copolymers composed of a central
hydrophobic chain of PPO flanked by two hydrophilic chains of PEO (Fig. 9).

HO 7 0 Oy
CH; i
Figure 9 General structure of triblock copolymers.

Triblock copolymers of EO and propylene PO are widely used as non-
ionic surfactants in the chemical industry, antifoams and wetting agents in the
paper industry, water treatment, fermentation or as a component of machine
dish washing mixtures and spray cleaners and novel nonviral vectors in
therapeutics for drug and gene delivery. Triblock copolymers can be arranged
in an EO-PO-EO or PO-EO-PO sequence. This arrangement results in an
amphiphilic copolymer, in which the block sequence and block length
determine the properties of the copolymer [24-29].

In our study we worked with Pluronic type triblock copolymers such
as PE3100, PE3500, PE8100 and RPE 1740. Pluronic PE 3100 is used to
disperse dyes and pigments and employed as an antifoam agent in many
applications. PE 3500 is used in formulations for textile appliances. PE 8100
is engaged as a detergent and antifoam in washing and sanitation applications.
RPE 1740 is a Pluronic RPE type copolymer. Reverse type block copolymers
are flanked by two polypropylene oxide blocks where polyethylene oxide
block is in the centre [30,31].

As a random copolymer we used polylactide/polycaprolactone
(PLA/PCL) and Rokopol RF551. They are commonly used for biomedical

applications due to their biodegradability and biocompatibility, and for

10



production of polyurethane (PUR) rigid and semi-rigid foam production in
reaction with isocyanate, respectively [32,33].

Poloxamers are also used to inhibit multidrug resistance (MDR)
proteins and other drug efflux transporters on the surface of cancer cells. MDR
proteins are responsible for the drug efflux from the cells and therefore
develops the susceptibility of cancer cells to chemotherapeutic agents.
Moreover, it has been demonstrated recently that Pluronic can effectively
deplete tumorigenic intrinsically drug-resistant cancer stem cells (CSC) [34-
37].

2.1.6 Polymer Blends

A polymer blend is a mixture of two or more polymers that have been
blended to create new physical properties. Because of an easy and cost-
effective method of developing polymeric materials, polymer blending has
significant importance in a wide variety of commercial applications [38,39].
Containing different types of copolymers in the blend, the mixture provides
materials with better compatibility and develops nanoparticles in drug delivery
systems [40-42].

In many consumer-oriented and robust applications, the mechanical
strength and thermal properties of polymer blends is the most important
aspect. Blend has been reported to have more mechanical and thermal stability
than individual polymers [43-46]. Having good dielectric constant values
creates further opportunities for blends to be used in electrical industries such
as for capacitors [47]. High optical properties of polymer blends allow to use
in a wide range of applications ranging from packaging to glazing products in
construction and automobile industry [48]. Figure 10 summaries the main

applications of polymer blends.
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Figure 10 Applications of polymer blends [49].

2.2 Epoxidized Vegetable Oils

Vegetable oils are edible oils extracted from mainly seeds containing
triglycerides, i.e., triesters of glycerol with saturated and unsaturated fatty
acids (FAs). There are many vegetable oils available such as canola oil, corn
oil, olive oil, cottonseed oil, linseed oil, palm oil, rapeseed oil, soybean oil etc.
Epoxidized oils are formed by converting of carbon-carbon double bonds in
the unsaturated fatty acids into epoxy groups [50], which are non-toxic and
can be used in photopolymerization [51,52]. Soybean oil and linseed oil are
most popular epoxidized vegetable oils to produce biopolymers. Epoxidized
soybean oil (ESBO) is as a green plasticizer used in the production of
polyvinyl chloride (PVC) plastics [53,54]. Epoxidized linseed oil (Fig. 11) is
also used as a plasticizer as well as a toughening agent. [55,56]. With acrylate
and urethane derivatives they can be used as surface coatings [57,58] and in
ink applications [59,60], respectively.

Applying our method, we determined the fatty acid composition, the
degree of unsaturation, the number of epoxide groups per molecule (NEG) and

12



the degree of epoxidation (DOE, the percentage of conversion from double
bonds to epoxide groups) of the epoxidized soybean and linseed oils.
I
0/\/\/\/\//>/\/|\\/\/\
28 . : e S
o v e NN
o (0]
o)\/\/\/véb/\/,\/\/\

(o]

Figure 11 Structure of epoxidized linseed oil.

Triglyceride oils were previously characterized with different methods
such as infrared spectroscopy, particularly Fourier transform infrared (FTIR)
spectroscopy, gas chromatography—mass spectrometry (GC-MS), nuclear
magnetic resonance (NMR) spectroscopy and electrospray ionization mass
spectrometry (ESI-MS) [61-63].

2.3 Mass Spectrometry

2.3.1 Introduction to Mass Spectrometry

Mass spectrometry (MS) is one of the analytical techniques used in
characterization of polymers with a high range of molecular mass. It simply
measures the mass-to-charge ratio of ions. Obtained plot is called a mass
spectrum representing intensity on the y-axis and mass-to-charge ratio (m/z)
on the x-axis.

New era to mass spectrometry started by J.J. Thompson in 1897 [64].
A couple of year first isotopes were observed by Aston F.W with MS. [65]
Detection of trace biomolecules was possible after invention of accelerator
mass spectrometry in 1939 [66]. Time-of-Flight (TOF) and lon Cyclotron
Resonance (ICR) mass analysers were the beginning of ultra-high resolution
mass spectrometry [67,68]. There are other important techniques such as

Quadrupole [69], Fourier Transform lon Cyclotron Resonance (FTICR) [70]

13



and Orbitrap analysers [71] and Electrospray lonisation (ESI) [72]
Atmospheric Pressure Chemical lonisation (APCI) [73] and Matrix-Assisted
Laser Desorption lonization (MALDI) [74] ionization methods which are used
to study biological samples, proteins, peptides as well as oligonucleotides and
nucleic acids.

Mass spectrometer mainly consists of three parts: an ion-source, a
mass analyser, and a detector. lons are formed in an ion source by ionising the
molecules. There are many types of ionization techniques, depending on the
sample phase (solid, liquid, gas). After ionization, ions travel through the mass
analyser into the detector. Mass analyser sorts the ions according to their m/z

values. Figure 12 shows schematics of a mass spectrometer.

Tons Mass
\ Analyzer
vl
%0 o e
.
Ion Source Detector

Figure 12 Schematic diagram of a mass spectrometer.

2.3.2 lon Sources

Introductory part of the mass spectrometer is called ion-source where
samples are ionised and sent to mass analyser to be separated and measured
[75]. Depending on the degree of excitation during ionization techniques ion-
sources are divided into two groups: soft and hard ionization techniques.
Example for hard ionization method is the Electron lonization (EIl) [76].

Sample is thermally vaporized in high vacuum and ionized by collision with

14



an electron beam. This method produces many extensive fragmentations -
molecular radical cations. In soft ionization method it produces ions of the
molecular species such as matrix-assisted laser desorption ionization [77],
electrospray ionization [78], atmospheric pressure ionization (API) [79] etc.
Figure 13 displays general overview of ionization methods.

In our experiments we used MALDI and ESI ionization sources. We

will concentrate on the working principles of these two ion-sources.

lonization methods

lonization of Desorption/lonization = Spray ionization
volatile samples methods methods
Electron Fleld desoprtion Thermospray
impact
Secondary ion mass
Chemical ionization ESI
ionization
- Fast atom
Field bombartment
ionization

Matrix-assisted laser
desorption ionization

Figure 13 Classification of the lonization methods.

One of the soft ionization methods is the MALDI, which was
introduced by Karas and Hillenkamp [80,81]. Japanese scientist Tanaka
Koichi received the Nobel Prize for Chemistry in 2002 for developing
technique to identify and analyse proteins and other large biological molecules
[82]. In a short time, it became a well-known and robust instrument as it
produces intact gas-phase ions from non-volatile and thermally labile
compounds. Another benefit of this method is the easy sample preparation and
large tolerance to contamination by salts. [83] Samples are dissolved and
mixed with the matrix solution. Depending on the nature of samples, different

matrices (Table 2) can be selected. Matrices should absorb the laser light

15



(Table 3). Our MALDI-TOF instrument is equipped with a 355 nm pulsed UV
laser. Very small amount of the sample is dropped onto the MALDI plate and
let it dry [84]. Then the plate is introduced into the ion-source under vacuum.
In some seconds particular portion of the sample can be ablated by laser

pulses.

Table 2 Common MALDI matrices.

Analyte Matrix

) ) 2,5-Dihydroxybenzoic acid (DHB)
Peptides/proteins ) ) -
3,5-Dimethoxy-4-hydroxycinnamic acid (SA)

Oligonucleotides Trihydroxyacetophenone (THAP)
2,5-Dihydroxybenzoic acid (DHB)
Carbohydrates )
Trihydroxyacetophenone (THAP)
Synthetic Dithranol (DIT)
polymers 2,5-Dihydroxybenzoic acid (DHB)
Organic ) o
2,5-Dihydroxybenzoic acid (DHB)
molecules
Inorganic Trans-2-(3-(4-tert-Butylphenyl)-2methyl-2-
molecules propenyliedene)malononitrile
Lipids Dithranol (DIT)

Table 3 Common lasers used for MALDI.

Laser Wavelength

Nitrogen 337 nm
Nd:YAG u3 355 nm
Nd:YAG 4 266 nm

ErYAG 2.94 um

CO: 10.6 um

16



Figure 14 displays the schematic of the MALDI. The rapid absorption
of the photons and thereby heating causes desorption of the ions and expansion
of them into the gas phase. The ions in the gas phase are then accelerated by a
voltage gradient towards the mass analyser [85].

Under MALDI conditions mainly singly charged adduct ions are
formed. Being soft ionization method, MALDI produces singly charged
adduct ions. There are two types of fragmentation may happen under MALDI
conditions. Fragmentation can occur in the ion-source (in-source decay, ISD)
and after the acceleration region, which is called post-source decay (PSD),
respectively.

There are some shortcomings of MALDI such as having low shot-to-
shot reproducibility and strong dependence on the sample preparation. Laser
shot ablates a few layers of the portion at the spot causing variation in the shot-
by-shot spectrum. Homogeneous sample gives a better reproducibility of the
signal.

Electrospray ionization (ESI) was introduced by Fenn et al. [86].
Unlike MALDI, ESI produces multiple charged ions. It is a soft ionization
method and suitable for analysis of protein, polymers, biopolymers as well as
small polar molecule. One of the technical advantages of ESI is that it can be
coupled with HPLC and capillary electrophoresis. This feature extends its

application in different areas [87-89].
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Figure 14 Schematic of MALDI process.

ESI occurs under strong electric field and atmospheric pressure. As a
liquid sample passing through a capillary tube, because of a potential
difference between this capillary and the counter-electrode, results in forming

highly charged droplets (Fig. 15). These droplets then go through inert gas

“curtain” to remove solvent molecules.

Because of some electrochemical process happens at the probe tip,

multiply charged ions can be formed from high-molecular-weight molecules
such as proteins. This is another advantage of ESI. This feature increases the

sensitivity, and it makes possible to measure large molecules with low mass

limit analysers [90].
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Mass analyser

Electrospray * +

Figure 15 Mechanism of electrospray ionization process.

There are some disadvantages of ESI e.g., the experimental parameters
should be carefully chosen; not all the solvents can be used with ESI; there are
always fluctuations in the signal [91].

ESI is the best ionization source for high polarity, thermally unstable
proteins. ESI can be used in the analysis of proteins, metabolites, peptides, and
nucleotides [92-94].

2.3.3 Mass Analysers

Mass analyser is the heart of mass spectrometer, in which mass/charge
separation occurs. There are several types of mass analysers. Table 4

demonstrates the types and main parameters of the mass analysers.

In our studies we worked with TOF and Quadrupole type mass
analysers and thus we will discuss them in detail. Quadrupole is a mass
analyser, which uses the stability of the trajectories in oscillating electric fields

to separate ions according to their m/z ratios.
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Table 4 Characteristics of mass spectrometers [95].

Mass — . (o]} Pressure
Mass limit Resolution  Accuracy .
Analysers Sampling (Torr)
Quadrupole 4000 Da 2000 100 ppm  continuous 10°
lon trap 6000 Da 4000 100 ppm pulsed 103
TOF >1000 000 Da 5000 200 ppm pulsed 10
TOF 10 000 Da 20000 10 ppm pulsed 10®
reflectron
Magnetic 20 000 Da 100000 <10 ppm  continuous 10
FTICR 30 000 Da 500000 & <5 ppm pulsed 1010
Orbitrap 50 000Da 100000 <5 ppm pulsed 1010

Quadrupole analysers are made up of four perfectly parallel rods of
circular section (Fig. 16). Positive charged ion enters between the rods then
moves towards a negative rod [95,96]. As ions moving along the z axis, the
effect of a total electric field lays over on a constant current resulting potential
applied (®o) to the rods:

®o=+(U — V cos wt) and — ®o=—(U — V cos ot) (1)

In Eq (1) equation, o represents the angular frequency, U is the direct
potential, V is the amplitude of the RF voltage and (V cos ot) is
radiofrequency. When positive ions move closer a positive rod, the potential
energy increases. Conversely, it decreases if ions move towards a negative
rod. But the alternative field turns the potentials, alternating up and down. If
the frequency is high enough, an ion moves down the towards a negative rode
is trapped in the lower positive potential curve and is thus brought back to the

centre of the quadrupole rods [97].
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Figure 16 Schematic diagram of a quadrupole analyser.

Mass spectrometers with quadrupole analyser are extensively used
where a specific group of ions are being studied because they can stay focused
on a single ion for extended period. This is useful in LC-MS or GC-MS where
they serve as high specificity detectors. Quadrupole is at reasonable cost and
multi-purpose instrument. The single quadrupole MS with EI is used as a
standalone analyser in residual gas, and real time gas analysers, plasma
diagnostics and SIMS surface analysis systems [98].

Another mass analyser is time-of-flight (TOF) where mass-to-charge
ratio of each ion is determined by a time-of-flight measurement. Stephens
described the TOF analysers for the first time in 1946. [99] Then it was
developed by different scientists to broaden the application of TOF analysers
[100-104].

They can be used in linear and reflectron modes. Linear mode is
suitable with much higher molecular weight samples, but the reflectron mode
results in the high resolution as well as more accurate mass determination

which is important for proteomics and other biological measurements [105].
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Figure 17 demonstrates the scheme of a linear TOF analyser. The TOF
instrument separates ions according to their time of flight when they move in
a flight tube. Before this, all ions are accelerated by electric field and driven
out from the source. Because of potential gradient applied between an
electrode and the extraction grid ions are forced towards the flight tube. It
makes all ions have the same kinetic energy. After quitting the drifting region,
ions move towards a field-free region where they are separated according to
their speeds. Lighter ions move in much higher speeds and reach the detector
first. As an ion with m mass and ze charge leaves the source, accelerated by a
potential Vs. Its electric potential energy Ee is transformed into kinetic energy
ExEq (2):

2
E, === = qVs = zeVg = E, )

— =
The speed of the ion leaving the source is given by Eq (3):
v = (2zeVs/m)'/? (3)

The time needed to reach detector through the distance L is given by Eq (4):

v=" (4)
Replacing V by its value in Eq (4) gives Eq (5):
2 =7 (50 (5)
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Figure 17 Schematic diagram of a linear TOF analyser.

Using Eq (5) we can calculate m/z from a measurement of t> where parenthesis
inside is constant. This equation also shows that an ion with lower mass will

reach the detector faster.

Replacing V by its value in Eq (4) gives Eq (5):

_m, L2

2 =2 o) (5)

Z

It is very important to mention the delayed extraction mode (DE) used
in TOF measurements. Because in continuous extraction mode the same mass
ions initially with higher kinetic energy reach detector faster than the same
mass ions initially with lower kinetic energy. Thus, it causes broadening of the
peaks. It results a decrease in resolution. But in delayed extraction mode ions
are first separated based on their initial kinetic energy in the field free region
of the ion-source as in continuous extraction mode, then applying voltage
pulse to the ions (delayed extraction). Thus, ions stayed for a longer time in
the source gain more kinetic energy, and they reach the detector at the same
time with the ion, which had initially higher kinetic energy. This mode
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significantly improves the resolution of the TOF analysers. Figure 18 displays
schematic description of the delayed extraction mode in a linear TOF analyser
[106].

lon extraction

o=: : 0= O 8
a a o
o= : O= O a
= > Field free region
30 kV 26 kV 0 kV 0 kV

@ ions whose initial kinetic
@ ions with correct kinetic energy

Figure 18 Schematic diagram of the delayed pulsed extraction a linear TOF
analyser.

In addition to delayed extraction, reflectron introduced by Mamyrin
can also be used to improve the resolution of the mass analysers [107]. This is
called reflectron time of flight (RTOF) analysers. Reflectron decreases a
spread of flight time of the same m/z ions and corrects the kinetic energy
dispersion of the ions. Because the ions with higher speed penetrate reflectron
more deeply and spend more time in the reflectron resulted in that all ions
reach the detector at the same time (Fig. 19). Another advantage of the
reflectron is that it extends the flight path without increasing the dimension of
the mass analyser. Reflectron increases the mass resolution and mass
accuracy. Fig. 20 shows the single stage reflectron, which consists of 38 ring

electrodes connected to resistors.
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Figure 19 Schematic diagram of the reflectron.

Figure 20 Single stage reflectron [108].

2.3.4 Detectors

A last element of mass spectrometers is the detector that converts the
current of separated ions into measurable signal. Different types of detectors
are used based on the charge, mass or velocity of the ions as well as suitability
to the mass analyser. The most common types of ion detectors are Faraday
cup, electron multiplier, electro-optical ion detector and photomultipliers.

The simplest and cheapest detector is Faraday cup where incident ions
hit the dynode surface causing emission of the electrons and the resulting in a

potential drop across the resistor, which is amplified and recorded [109]. In a
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photomultiplier, electrons, which emitted by strike of ions from dynode, hit a
phosphorous screen resulting burst of photons. The photons then move into
the multiplier where amplification takes place [110]. The electro-optical ion
detector comprises of ion and photon detection parts. These detectors coverts
ions to electrons and then to photons [111].

Our ESI-QTOF and MALDI-TOF instruments are equipped with
microchannel plate (MCP) detectors (well-suited to TOF analysers). MCP is
one type of continuous dynode electron multipliers besides discrete dynode
electron multipliers. It is a circle plate in which parallel cylindrical channels
were punched (Figure 21). It amplifies particles by the multiplication of
electrons via secondary emission because each channel is covered by
semiconductor element. Therefore, having many channels, which are parallel
to each other, the microchannel plate detector provides spatial resolution.
Channels are 10 um in diameter and inclined at a small angle of 8° to the MCP

surface.

Electrode
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1
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electrons

Output
Escaping electrons

Figure 21 Schematic diagram of the operation of a microchannel plate.

26



The disadvantages of microchannel plate detectors are being fragile, sensitive

to air and expensive [112-116].
2.3.5 Tandem Mass Spectrometry

A tandem mass spectrometer (MS/MS) usually uses two mass
analysers to provide information on the structure of the molecules [115,116].
In the first step, analyser isolates the precursor ion and because of some
activation energy, product ions may be formed. In the second step, ions collide
with gas molecules (mostly N2) resulting in fragmentation by collision-
induced dissociation (CID) [116,117]. The extent of fragmentation can be
given by survival yield (SY).

SY = —2 (6)

Ip +Z IF,i

where I, is intensity of the product ion, X Ir; is a sum of all fragment ion
intensities [120].

CID takes place in two steps: the excitation of the precursor ions and
unimolecular dissociation of an excited ion, separation of the fragment ion,
consequently. The collision between precursor ion and collision gases
increases the internal energy of the precursor ion and the increase in the
internal energy is distributed among the different vibrational degrees of
freedom. Thus, a precursor ion can decompose into several product ions in
collision-induced dissociation [90,120].

In our measurements we used Qg-TOF MS instrument (Fig. 22). The
Qg means an instrument with two quadrupoles where lower-case q is the
reaction region. It operates in RF-only as collision cell. This is combined with
TOF analyser. The TOF analyser then sorts the fragments produced from the

analyte. In addition to CID there are other ways for ion-activation such as
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electron capture dissociation (ECD), electron transfer dissociation (ETD) etc
[121,122].

N, MCP
H| Q (Quadrupole) ~  (Collision Cell) detector

| TOF
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mx— | l _
_____ Transition ion
All ions / fragmentation selection
Precursor Product
ions ions

Figure 22 Schematic diagram of the Qq-TOF MS instrument.

There are four scan modes (precursor ion scan, product ion scan,
neutral loss scan, and selected reaction monitoring) which are used in triple
quadruple (QQQ) tandem mass spectrometry. In a precursor ion scan, first the
fragments are selected in the second mass analyser, then precursor ions are
scanned in the first analyser. Ina production scan, a precursor ion with known
m/z value is selected in the first step, being fragmented and then all masses
are scanned in the second mass analyser. In a neutral loss scan both analysers
are scanned continuously. The first mass analyser scans all the masses while
the second mass analyser sets an offset, which relates to a neutral loss with the
mass of the desired neutral. Last scanning mode is selected reaction
monitoring. Depending on the number of product and precursor ions, single
reaction monitoring (SRM) or multiple reaction monitoring (MRM) are
applied [123,124]. There are some important applications of tandem mass

spectrometry such as elucidation of structure, determination of fragmentation

28



mechanisms, determination of elementary compositions, kinetics studies, etc
[125-127].

2.4 Mass-Remainder Analysis (MARA)

In our studies we measured polymers and a huge number of m/z peaks
arising from different homopolymer/copolymer series as well as different
types of epoxidized oils was detected. Because of the complex spectrum, i.e.,
the presence of many peaks, evaluation of each peak is very time-consuming
(it can take hours or even days). To shorten the analysis time, we applied the
recently invented data mining method - Mass-Remainder Analysis (MARA)
[128]. Using this method, we were able to determine the copolymer
composition from complex mass spectra and also from different epoxidized
triglyceride mass spectral peak series, and the number of carbon atoms and
epoxide groups within a short time. Using Eq (7) we can calculate Mass-

Remainder values of the measured m/z peaks:

MR =m/z — int (mT/Z) * R (7)
where R is the exact mass of the repeating unit (i.e., CsHeO = 58.04187 Da)
and int(x) rounds x down to the nearest integer. MARA uses 4 main steps:

1. Calculation of the Mass-Remainder values

2. Determination of number of monomer units

3. Correction of overlapped peaks

4. Summing isotope peak intensities

Referring to [129], we developed this data mining procedure to be able

to handle the complex mass spectra of polymer blends containing copolymers
and to apply it for tandem mass spectrometric measurements to gain structural
information. This method can handle m/z values from moderate/low resolution
complex mass spectra. MARA does not require high accuracy and well-

separated peaks.

29



There are also other data processing and visualization methods such as
Kendrick mass defect [130], van Krevelen [131] and Resolution-Enhanced
KMD analyses [132]. Therefore, these methods require transformation to a
new mass scale and higher mass accuracy to prevent any distortion in the
visual analysis of the complex mass spectra when filtering for particular
compounds.

The advantage of our method is that it is not based on the calculation
of mass defect but on the calculation of the remainder after dividing by the
exact mass of one of the repeat units of the copolymer. Moreover, because of
deisotoping ability, MARA can analyse much more complex spectra of
various copolymers recorded by a MALDI-TOF mass spectrometer. MARA

also deals with the overlapped peaks of the different copolymers.
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3. EXPERIMENTAL SECTION
3.1Chemicals

The epoxidized triglyceride oils were obtained from Arkema
(Colombes, France). The samples were dissolved in HPLC-MS grade
methanol purchased from VWR International (Leuven, Belgium).

The PE3500, PE3100, PE8100 and RPE1740 EO/PO block
copolymers were received from BASF (Ludwigshafen, Germany).

The Rokopol RF551, RF4855 and G1000 polymers were purchased
from PCC Group (Brzeg Dolny, Poland). PEG600 and PPG1000 polymers
were received from BASF (Ludwigshafen, Germany), Merck (Darmstadt,
Germany), and Sigma Aldrich (Steinheim, Germany), respectively. Methanol

(HPLC-MS grade) was received from VWR International (Leuven, Belgium).

3.2 Instruments
3.2.1 MALDI-TOF MS

The MALDI-TOF MS measurements of epoxidized oils and polymer
blends were carried out with a Bruker Autoflex Speed mass spectrometer
(Bruker Daltoniks, Bremen, Germany) equipped with a time-of-flight (TOF)
mass analyser. In all cases, 19 kV (ion source voltage 1) and 16.65 kV (ion
source voltage 2) were used. For reflectron mode, 21 kV and 9.55 kV were
applied as reflector voltage 1 and reflector voltage 2, respectively. A solid
phase laser (355 nm, >100 pJ/pulse) operating at 500 Hz and 200 Hz was
applied to produce laser desorption and 15,000 shots and 10 000 shots were

summed for epoxidized oils and polymer blends measurements, respectively.
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3.2.2 ESI-QTOF MS

A Maxis Il type Qg-TOF MS instrument (Bruker Daltoniks, Bremen,
Germany) equipped with an Apollo 11 electrospray ion source was used. The
spray voltage was 4.5 kV. The resolution of the instrument was 40,000 at m/z
400 (FWHM), and the mass accuracy was <2 ppm (external calibration). N>
was utilized as the drying gas (200 °C, 4.0 L/min), nebulizer gas (0.5 bar) and
collision gas. The mass spectra were recorded by means of a digitizer at a
sampling rate of 2 GHz. The spectra were calibrated externally by ESI tune
mix, from Bruker. The spectra were evaluated with the Compass Data
Analysis 4.4 software from Bruker (Bremen, Germany). The sample solutions
were introduced directly into the ESI source with a syringe pump (Cole-
Parmer Ins. Co., Vernon Hills, IL, USA) at a flow rate of 3 pL/min. The
concentration of the samples was 0.01 mg/mL. The collision voltage was
varied in the range of 20-90 eV and 50-130 eV for epoxidized oil and
polyether polyol measurements, respectively.

3.3 Sample Preparation

PLA/PCL random copolymer was synthetized in our lab. DL-lactic
acid (88%-92%) from Reanal (Budapest, Hungary) and e-caprolactone (97%)
from Sigma Aldrich (Taufkirchen, Germany) were used. The synthesis was
carried out in a 50 mL flask stirred continuously with constant nitrogen
bubbling. The temperature was 140°C (oil bath) and vacuum was utilized to
facilitate water elimination. The ratio of the monomers was 2:1 lactic acid:e-

caprolactone, respectively. The investigated samples are listed in Table 5.
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Table 5 List of investigated copolymers and blends.

Mn
Name Component(s) Composition (MS) Type
(g/mol)
Sample 1 PE3500 single 1390  block
Sample 2 PLA/PCL single 640  random
PLA/PCL- . random-
Sample 3 PE3100 14:3 740 block
RF551- . random-
Sample 4 PE3100 1:10 850 block
Sample 5 PES100 single 2720  block
RPE1740- ) block-
Sample 6 PER100 1:1 2670 block
Sample 7 RF551 single 760  random
Sample 8 PE3100 single 1000  block
Sample 9 RPE1740 single 2360  block

Table 6 demonstrates the composition, structure, and number average

molecular weight (Mn) of various types of polyether polyols.

Table 6 List of the investigated polyether polyols.

Name

Composition

Initiator

Structure

Mn
(MS)
(g/mol)

Sample 10 PEG600 EO diol — linear 600
Sample 11 PPG1000 PO diol — linear 1000
Sample 12 PE3100 EO/PO diol — linear 1000
Sample 13 G1000 PO glycerol triol — 3 arms 1000
Sample 14 RF4855 PO sorbitol ~ hexaol — 6 arms 600
Sample 15  RF551 EO/PO sorbitol  hexaol — 6 arms 800
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The MALDI-TOF MS spectra of epoxidized oils were internally
calibrated with a mixture of a-,B-,y-cyclodextrin, rutin and lactose octaacetate.
The matrix used for the MALDI-TOF MS was 2,4',6'-
trihydroxyacetophenone (THAP), dissolved in methanol at a concentration of
20 mg/mL. The epoxidized oils were also dissolved in methanol at a
concentration of 10 mg/mL. Sodium trifluoroacetate was used as the ionizing
agent (5 mg/mL). The mixing ratio was 50/10/5/2 (matrix/oil/cationizing
agent/internal standard mixture). A volume of 0.25 pL of the solution was

deposited onto a metal sample plate and allowed to air-dry.

The MALDI-TOF MS spectra of polymer blends were internally
calibrated. The samples were mixed with polyethylene oxide homopolymers
(PEO). After internal calibration individual calibrant series were created for
all samples. These series were applied for internal calibration. The samples
were prepared with 2,5-dihydroxybenzoic acid (DHB) dissolved in methanol
at a concentration of 20 mg/mL, the blend samples were also solved in
methanol (concentration: 10mg/mL). Sodium trifluoroacetate solution were
utilized as ionizing agent (concentration: 5 mg/mL in methanol). The matrix,
sample and the ionizing agent solutions were mixed in the ratio of 5:2:1,

respectively.

All polyether polyols were dissolved in methanol at a concentration of
0.01 mg/mL. Lithium chloride (Sigma Aldrich, Steinheim, Germany) was
used as an ionizing agent (4 mg/mL). 10 pL of ionizing agent was added to
each of 1 ml-polymer samples, then injected into the ESI-QqTOF MS

instrument.
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4 RESULTS AND DISCUSSION
4.1 Determination of polymer quantities of the epoxidized

soybean and linseed oils

Having information about polymer quantities of the epoxidized oils
such as the average number of epoxide groups and the degree of epoxidation
(DOE) is very important in designing and production of vegetable oil-based
biopolymers. To be able to calculate these values, following steps were done.

First, the epoxidized soybean (Fig. 23) and linseed oils (Fig. 24) were
measured with MALDI-TOF MS. All peaks are the sodium adducts of the
epoxidized triglycerides (ETGs). The number of carbon atoms and epoxide
groups are indicated in green, respectively. For example, (55:2) peak at m/z
913 equals to the [CssH1020s + Na]* adduct ion with a theoretical m/z
913.7467. The number of carbon atoms and epoxide groups of this ion indicate
the chemical formula of this epoxidized triglyceride are as followings:

C3Hg[CO2(CH2)15(CHOCH)1]2[CO2(CH>)15] or
C3Hg[CO2(CH2)17][CO2(CH2)13(CHOCH)2][CO2(CH2)15]

The chemical composition above reveals that the epoxidized FA
contains oleic, oleic, palmitic or stearic, linoleic, palmitic acids, respectively.
COz and CHOCH express the carboxyl groups of the fatty acid and the number
of epoxy groups, respectively.

In Figures 23 and 24 blue peaks demonstrate two peaks are very close
to each other. For example, there are two peaks with 55 carbon atoms and 5
epoxide groups and 57 carbon atoms 3 epoxide groups at m/z 955 Da in both
epoxidized soybean and linseed oils and also 55 carbon atoms and 6 epoxide

groups and 57 carbon atoms and 4 epoxide groups at m/z 969 Da in epoxidized
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linseed oil. It is because of the replacement of two CHOCH (the epoxy group)
groups by six CHz groups, which results in a difference of 0.0728 Da.
Furthermore, it is important to select the instrument with enough resolution to
separate these peaks. At least 13700 resolving power (m/Amsos) at m/z 1000
is necessary to separate these adjacent peaks. Red peak in each spectrum
demonstrates the internal calibrant which is a mixture of a-,B-,y-cyclodextrin,
rutin and lactose octaacetate. In the following paragraphs we explain how to

sort and easily find all necessary data for vegetable oils.
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Figure 23 MALDI-TOF mass spectrum of the epoxidized soybean oil.
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Figure 24 MALDI-TOF mass spectrum of the epoxidized linseed oil.

At first glance mass spectra of the epoxidized oils in Figures 23 and
24 seem to be very simple. Therefore, there are many peaks with lower
intensity such as double bonds (or epoxide groups), CHz groups as well as side
products such as diols which can be formed by the addition of water in
epoxidation reaction. To handle this complex system, we use mass-remainder
analysis formula Eq (8) to find mass remainder (MR) values of all peaks.

MR =m/z MOD B (8)

where B is the exact mass of a base unit and the modulo (MOD) operation
finds the remainder after the division. Choosing CH> group as a base unit we
plot mass-remainder versus m/z. In this case, the components (dots) on the
same horizontal line in Figure 25 have the same mass remainder (MR) values
but different number of CH> groups.
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After obtaining all MR values from the spectrum of the epoxidized
soybean oil (Fig. 23) using Eq (8), we make MR versus m/z plot (Fig. 25).

Yellow dots are identified and corresponding peaks to epoxidized oils.
We can easily observe the triglycerides with one remaining double bond
(green highlight), the epoxidized triglycerides (red highlight) and diol side
products (blue highlight). The manual evaluation of each peak/series in the
mass spectrum is not easy and effective. Because of many peaks with lower
intensities, it takes a long time to elucidate the spectrum. Therefore, we use
the advantage of MARA method to sort these components into classes based
on their MR values. The other dots in grey do not belong to any identified
series, most of those are isotopic peaks. Size of the dots expresses the relative
intensity of each peak.
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Figure 25 MR versus m/z plot of the MALDI-TOF spectrum of the
epoxidized soybean oil.

If we zoom the epoxidized triglycerides zone (red highlight), we can
easily recognize a number of dots in the corresponding lines then identification
the number of epoxide groups and the number of carbon atoms (Fig. 26) is
possible even visually. Using this figure, the epoxidized triglycerides with no

remaining double bonds (if the total (100%) conversion of double bonds to
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epoxide groups, DOE = 100%) can be found in the complex mass spectra. All
dots on the same horizontal line have the same number of epoxide group. For
example, on the third line where there are three epoxide groups indicating the
possibility of having three different compositions with various number of
carbon atoms. Thus, three dots correspond to the peaks m/z 898, 927 and 955
with the number of carbon atoms of 53, 55 and 57 in the chemical composition
of the epoxidized oils, respectively. A difference of 0.0364 in the MR value is
due to the replacement of (CH2)2 moiety by a C2H20 (epoxide) group.
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Figure 26 Zoomed MR versus m/z plot of the MALDI-TOF spectrum of
the epoxidized oils.

Using the following equations, we can calculate the polymer quantities
of the epoxidized vegetable oils such as number average molecular weight M,
the average number (n,NE€) and average number of epoxide groups weighted
by number of epoxide groups (nwE®), the polydispersity of the number of
epoxide groups (Na"E¢/nyNE®), average number of carbon atoms (n»®), and the

degree of epoxidation (DOE).

Mn — iz Iixm;) (9)

Zfilli
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n%lEG — Zl=1(11xnl ) (10)

Zl?glli
NEG _ ZizaUixnfF6?)
o r.xn€
nTCl - Zl=1(llxn1) (12)

Z;j)glli

where [; is the intensity of the peak of interest, m; is the molecular weight of
the ETGs, and n£¢ is the number of epoxide groups in a molecule. Table 7

summarizes the characteristics of the epoxidized soybean and linseed oils.

Table 7 Characterization of the epoxidized soybean and linseed oils.

Mn 950 990
nnNEG 5.12 7.23
nwNEG 5.45 7.60
NnNEG Ny NEG 1.06 1.05
nn° 56.4 56.8
DOE 99.1 99.1

Although molecular weights of the epoxidized soybean and linseed oils
are close to each other, there is a difference in the average number and average
number of epoxide groups weighted by the number of epoxide groups.
Average number of carbon atoms and the degree of epoxidation of two
vegetable oils are similar.

The knowledge of polymer quantities of these epoxidized vegetable oils
is very important in designing, planning and production of eco-friendly

polymers.
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4.2 Investigation of the structure of the epoxidized
triglycerides

After determining the chemical compositions of the epoxidized
vegetable oils, we get the structural information on the epoxidized
triglycerides by applying ESI-QTOF MS/MS. First, samples with different
ionization agents such as Na*, Li* and NH4" were measured. Figures 27, 28
and 29 show tandem mass spectra of sodium, ammonium and lithium adducts
of the soybean oil, respectively.

As seen in Figures 27, 28 and 29 the epoxidized triglycerides with
different adducts undergo various fragmentation reactions in the collision-
induced dissociation process. Fragmentation of the triglycerides with sodium
cation is the simplest where the reactions yield only an epoxidized diglyceride
and a single epoxidized fatty acid (Fig. 27). Here, there are only four different
fatty acid losses. On the lower mass range, three peaks of fatty acids
(epoxidized oleic acid, epoxidized linoleic acid and epoxidized linolenic acid,

from left to right) can be seen.
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Figure 27 MS/MS spectrum of the sodium ETG adduct at m/z 997 of the
soybean oil (70 eV).
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Figure 28 MS/MS spectrum of the ammonium ETG adduct at m/z 992 of
the soybean oil (36 eV).
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Figure 29 MS/MS spectrum of the lithium ETG adduct at m/z 981 of the
soybean oil (65 eV).
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Fragmentation of the triglycerides with ammonium cation ([M+NH4]")
(Fig. 28) is very harsh. Besides a huge number of product ions, there are many
peaks with lower intensity, which cannot be identified. Backbone cleavage of
the ions and epoxidized fatty acid plus glycerol backbone fragments are also
observed. Epoxidized fatty acid and water losses can be found in the lower
and higher mass range of this spectrum. Epoxidized linolenic acid loss formed
in both sodium (Fig. 27) and lithium adducts of the (Fig. 29) triglyceride
fragmentations by tandem mass spectrometry. Backbone cleavage ions are
also found in the spectrum of lithium triglyceride adducts. Table 8
demonstrates the possible structure of product ion of the epoxidized
diglycerides and single epoxidized fatty acids along with mass/charge values.

Table 8 Structures of fragment ions of the epoxidized soybean oil with
tandem mass spectrometry.

m/z Structure

335.2192 (?\/\/P/\/\/\Q\/\/\

0108 | F B B Fn
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The sodium adduct ion of the epoxidized linseed oil was also measured

using tandem mass spectrometry (Fig. 30). Here, we can observe similar
fragmentation pattern to that of the sodium adducts of epoxidized soybean oil.
Thus, epoxidized oleic acid, epoxidized linoleic acid, epoxidized linolenic
acid and stearic acid losses were also found in the case of the epoxidized
linseed oil.

Although the same precursor ion and collision energy were selected
for both soybean and linseed oils, in spite of the fact that the fragmentation
patterns were similar, the intensity ratios of the product ions show large
differences. This difference comes from the different amount of the linoleic
acid (LA) and linolenic acid (LNA) in the vegetable oils (Fig. 31). While ELA
is dominant in the soybean oil, ELNA is just 10 percent presents in the
epoxidized soybean composition. Stearic acid is the lowest amount of fatty
acids constituting the vegetable oils. Other fatty acid amounts are similar in
epoxidized oils investigated.

Therefore, the simple product ion spectra of the sodium ETG adducts
raise a possibility to easily determine the EFA compositions of these oils by
tandem mass spectrometry.

Furthermore, we proposed fragmentation pathways for the ammonium

and sodium ETG adducts as illustrated in Figures 32 and 33.
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Figure 30 MS/MS spectrum of the sodium ETG adduct at m/z 997 of the
linseed oil (70 eV).
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Figure 31 Fatty acid composition of the epoxidized linseed and soybean
oils.
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Figure 32 Proposed fragmentation pathways of ammoniated EFA.

As previously discussed about the complexity of the fragmentation of
the ammonium adduct of epoxidized triglycerides, we sketched seven possible
fragmentation structures (Figure 32). Water, EFA, CgH14 losses are common
process of caused ammonium adducts of epoxidized triglycerides by CID

measurements.
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To find the composition of the fatty acids in the epoxidized triglyceride
oils, we measured all sodium adduct ETG specimens of each epoxidized
soybean and linseed oils at different collision energies in the rage of 40-80 eV.
We transformed measured data to the Relative intensity - Collision energy
plot. This is called breakdown curve (Fig. 34 and 35). From these figures it is
clearly seen that curves of the product ions with two epoxidized fatty acid
(EFA) chains decreases above 70 eV and the main fragmentation reaction is
the loss of an EFA chain. For example, ELNA lost yields the epoxidized
diglyceride and a single epoxidized fatty acid at m/z 671 and 349, respectively.
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Figure 34 Breakdown diagrams for the fragment ions m/z 335, m/z 349,
m/z 671, m/z 685, m/z 399, and the precursor ion m/z 997 of the sodium
adduct epoxidized triglyceride (57:6) of the soybean oil.
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Figure 35 Breakdown diagrams for the fragment ions m/z 335, m/z 349,
m/z 671, m/z 685, m/z 399, m/z 713, and the precursor ion m/z 997 of the
sodium adduct epoxidized triglyceride (57:6) of the linseed oil.
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As the relative intensity of the sum of the product ions at m/z 671 and
349 is related to the sum of all the product ions, the percentage of ELNA in
this specimen can be calculated. Performing this calculation for all the
specimens and summarizing the percentages of the EFA weighted by the
corresponding intensities of the ETG specimens in the MS spectrum provides
the percentage of the EFA in the epoxidized triglyceride oil which is shown in

Figure 31.
4.3 Multistep Mass-Remainder Analysis - Method

Since we introduced mass-remainder analysis method in previous
examples, now we will develop and use it as multi-step mass-remainder
analysis in polymer blend investigations. As copolymer blends are complex,
we should have a sophisticated method to analyse the data obtained from mass
spectrometry. In this method, multiple mass remainders are being calculated
sequentially. To understand the algorithm of this method, we will explain all
the stages step-by-step. As an example, a simple copolymer — PE3500
(Sample 1) was selected, and the visualization of this block copolymer will be
discussed. PE3500 is an ethylene oxide/propylene oxide (EO/PO) copolymer
with approximately 50 m/m % EO content. It was calculated from our
measurement recorded by a MALDI-TOF mass spectrometer (Fig. 36). In
Figure 36 we can easily identify a peak series with 44 and 58 Da increments,
which correspond to the masses of the EO and PO repeat units, respectively.

As a next step using mass-remainder formula Eq (8), discussed in
previous chapter, we reveal the homologous series differing only by the
number of PO units. After sorting and filtering all the peak, resulted a graph

demonstrated in Figure 37.
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Figure 36 MALDI-TOF mass spectrum of PE3500, Sample 1.
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Figure 37 Mass-remainder (MR) versus m/z plot of Sample 1.
to the compositions EOoPO13 (upper red) and EO1PO13 (lower red). First

copolymer system. For instance, the two selected points in Figure 37 belong

These shifts come from the addition of one ethylene oxide unit to the



remainder is suitable to explore the EO/PO composition of a single copolymer.
For complex blend copolymer we should go further to make this plot much
“readable”. This homologous series can be eliminated to make a plot simpler
using the second MARA step Eq (13):

MR, = MR, MOD R, (13)

Figures 38 and 39 illustrate MR2 versus m/z plots. The two subseries
in Figure 38 was merged as seen in Figure 39. It means that if the difference
of R2 and MR2amax (MR2max is the mass of the base unit of the second step -
CH2=14.01565) plus MR (Fig. 38) equals to n x 1.97927, then MR (Fig. 39)
will equal to the sum of MR2max and n x 1.97927, where MRz and MR; are
the MRz values in Figures 38 and 39, MR2max is the MRz value of the top line
in Figure 38, n is a small integer (1, 2, 3, ...) and 1.97927 is the vertical
difference between the adjacent lines. After the second step of MARA, each
line in Figure 39 represents a homologous series EO.POy, Where a is arbitrary,
but the b values are four neighbouring integers. An addition of four EO units
to the copolymer results in a shift by 1.97927. This value is the mass difference
between oxygen and CH2 group in the mass remainder versus m/z plot, as
demonstrated in Figure 37: EOoPO13 (upper red) and EO4PO13 (green). This
shift belongs to the vertical difference between the adjacent lines in Figure 38
and 39.

Comparing the second step to the first step mass remainder analysis
plot, many dots on the first-step MR plot was eliminated and ended up with
the horizontal “lines” on the second step MR plots. We need another
transformation step to eliminate these lines to a single line. Because our aim
was to distinguish two different copolymers in polymer blends, thus, the third

step was implemented into MARA to accomplish our task.
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Figure 39 Merged MR2 versus m/z plot of Sample 1.
Going further, performing the third step MARA using Eq (14), the

homologous series EO.POp with n values in different vertical groups can be

depicted as a single line (Fig. 40).
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MR; = MR, MOD R, (14)
where R3=1.97927.

The single line in Figure 40 indicates the presence of only one
component in the sample. It is important to note that this component belongs
to an EO/PO copolymer chain with the same end group and ionization agent.
For example, if we use two copolymers with the same repeat unit but different
ionization agents or vice versa, two single lines will appear on the third step
MARA plot. Because our formula sequentially calculates the remainders, the
mass of other ionization cation will cause different value, which directly

interferes with the MR values.
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Figure 40 MR3 versus m/z plot of Sample 1.

Additionally, the single line also indicates chemical information, for
example the chemical compositions of the compounds which differ by CH>

and O numbers. If there are other components with different copolymer chain
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and even with different ionization agent, additional series would be identified
in Figure 40. This was a simple example to demonstrate how multi-step
MARA works. In the following examples, we will demonstrate the
differentiation of various copolymers in polymer blends. Another advantage
of our method is the possibility of deisotoping the entire mass spectra. The
plots we demonstrated in our studies were already deisotoped. Therefore, a
careful selection of the base units needs to have a correct result. Sometimes
even—odd filtering of the measured m/z is not easy in the case of the higher
molecular weight polymers because of many hydrogen atoms. However, the
remainders are determined based on the masses of the monomers including
the hydrogen atoms. This is valid if there is no nitrogen atom in the component
investigated as it was in the case.

4.4 Differentiation of the composition of polymer blends

4.4.1 Two copolymers with different repeat units in blends

Now we will show polymer blend containing two copolymers with
different repeat units. Using multi-step MARA, the visual differentiation of
the blends will be possible. PLA/PCL copolymer and the blend with PLA/PCL
and PE3100 copolymers were investigated. Base units for both copolymers
are different. PE3100 is an ethylene oxide/propylene oxide (C2H40/C3sH¢O)
copolymer and CsH4O: is the repeat unit of lactic acid. As previously
discussed, the third step of the different masses of the repeat units will result
in a separate single line. All measurements are performed with the same
ionization agent yielding sodium adducts. Figure 41 (a, b) shows the mass
spectra of PLA/PCL copolymer and blend copolymer recorded by a MALDI-
TOF mass spectrometer, respectively.
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Figure 41 MALDI-TOF mass spectrum of (a) the polylactide/
polycaprolactone (PLA/PCL) copolymer, Sample 2 (b) polymer blend,

m/z

Performing the third step MARA, we will be able to identify the
composition of the blend easily and quickly. As suitable Rn selection is
required by the MARA formulas Eq (8, 13 and 14), we assign the exact mass
of the lactic acid repeat unit for R1 (C3HsO2 = 72.02113 Da) as the base unit
for the first MARA step. The mass remainder (MR1) versus m/z plots (Figure
42 a, b) shows the homologous series differing only by the number of lactic
acid repeat units. The characteristic MR difference between the series is
14.01565 (CHz), which corresponds to one-third of the mass difference
between the lactic acid and the caprolactone repeat units. It is possible to
determine the composition of the PLA/PCL copolymer in Figure 42 (a).



Therefore, the same figure (b) is much more complex with additional small

dots of another copolymer. Thus, it is still not enough to differentiate the blend

system.
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Figure 42 MR1 versus m/z plot of (a) Sample 2 (b) Sample 3.

As in the previous chapter, we should eliminate the number of dots by

sorting the same homologous series. Going on the second step MARA, we

assign the exact mass of CH> for R2 (14.01565) to make the plot much simpler

by decreasing the units in y-axis as shown in Figure 43. At a first glance, it is

not very easy to determine, which one is a single copolymer or copolymer

blend.
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In the last step, using Eq (14) we process the third step MARA. We
assign the exact mass of the difference of oxygen and CH> for Rs (O-CH; =
1.97927 Da). This difference comes from y-axis between two adjacent lines in
Figure 43. After plotting MRz vs m/z plot, we can see a single line in
Figure 44 (a) where there is only PLA/PCL copolymer. From previous
example, we already know that this single line demonstrates only one type of
copolymer in the sample. While having a look at Figure 44 (b) we can see
another line above PLA/PCL line, which is circled in red. 58 Da as a mass
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difference between the adjacent peaks suggests the PO repeat unit.
Additionally, three characteristic m/z values - 855.575, 913.623, and 971.654
in this extra series belong to EO4PO11, EO4PO12, and EO4PO13, respectively.
So, applying M-MARA method we easily recognized the presence of an
addition series in polymer blend. If there is any possible contamination in

polymer blend samples, it can be displayed on these plots.
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Figure 44 MR3 versus m/z plot of (a) Sample 2 (b) Sample 3.
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4.4.2 Two copolymers with the same repeat units in blends

In this section, we differentiated the blends composed of different
based polyether polyols: sorbitol and propylene glycol-initiated copolymers,
which are six-arm and linear copolymers, respectively. The repeat units in
both copolymers are EO/PO type. Figure 45 illustrates the mass spectrum of
the blend containing of two copolymers where the differences between peak
series are 44 and 58 Da corresponding to the mass of. EO and PO, respectively.
However, knowing only this information it is not enough to compare the peak

series and to identify the composition of this polymer blend.
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Figure 45 MALDI-TOF mass spectrum of the EO/PO copolymer blend,
Sample 4.

The previously calculated MRz versus m/z plots in Figure 40
suggested a single line - EO/PO copolymer with the same end group and
ionization agent. Repeating these calculations and applying this method for
this blend resulted in a single line as shown in Fig. 46. Thus, third step MARA
did not help to differentiate these copolymers in blends, because both
copolymers are hydroxyl terminated and composed of the same repeating
EO/PO monomers. They only differ in type of base units. PE3100 is linear

59



while RF551 is sorbitol-based copolymer. So, it is not possible to differ the
copolymers whose base types are different, while the repeat unit are the same
using third step MARA.
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Figure 46 MR3 versus m/z plot of Sample 4.

We take another approach plotting MR> versus MR:1 where Ry =
58.04187 and R» = 1.97927. To compare the resulted graphs, we plotted
Figures 47 and 48 for Sample 1 (single EO/ PO copolymer) and Sample 4
(EO/PO copolymer blend), respectively. Since both PE3100 and PE3500
copolymers are linear EO/PO type and the average molecular weights are
similar. Comparing a single copolymer with a blend copolymer system based
on the intensity distribution and discussing the change and shift in the number

of ethylene oxide numbers on these plots is favourable.
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Figure 49 MR1 versus m/z plot of Sample 4.

Figure 49 demonstrates MR versus m/z plot of sorbitol and propylene
glycol-initiated copolymer blend - Sample 4. Labels a, b, c, d, and e, each dot
in Figure 48 indicates the horizontal rows in Figure 49. The number of EO
units in the polymer determines the location of each dot in the MR> versus
MR plots (Figures 47 and 48). A single dot has the same number of EO units
with any number of PO units. The black arrows at the bottom in Figure 47
describes how EO change in x and y axis while having the same number of
propylene oxide. For example, the neighbouring dots in a row depict EO/PO
series differing in four EO units (EOgPO12 and EO12POz1) in Figure 47. Other
differences can be observed on this plot such as an increase by 32 in the
number of EO with the same number of PO number along x-axis as well as an
increase by 29 in the number of EO with the number of PO along y-axis.

If we add the peak intensity modality concept to our case, it will give
us a significant hint to differentiate the complex blend systems. Both Figures
47 and 48 were plotted based on their intensity distribution of the number of

EO units. For example, the intensity distribution of the peak series circled in
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green in Figure 47 shows unimodal distribution. As it can be seen from the
size of the dots. Therefore, the intensity distribution (indicated by green
points) of the rows in Figure 48 reveals bimodal distributions. So, based on
the complexity of the intensity modality we differentiate the sample whether
it is a single copolymer or a copolymer blend. Thus, unimodal and bimodal
distribution correspond to a single copolymer and a copolymer blend,
respectively.

In contrast to previous copolymer blend, now we blend the same type
of high molecular weight copolymers consisting of EO/PO monomers.
Figures 50 and 51 show the mass spectra of Sample 5 (a single EOx—POy—EOx
copolymer) and Sample 6 (blend of it with a POx—EOy—POx copolymer),
respectively. Because of high molecular weight of both copolymers, spectra
become more complex due to the presence of many peaks making impossible
to determine whether they are single copolymers or blends. As these
copolymers have the same repeat units and end groups, the third step MARA
will not be advantageous to differentiate the blend systems.

In this case, we make the intensity scaled MR versus MR plots to
evaluate the composition of the samples. Figures 52 and 53 show the plots of
Samples 5 and 6, respectively. The same R1 and R values were selected as in
previous calculation. The size of the dots in each group determines the
distribution of the number of EO units. Sample 5 (Fig. 52) where there is only
a single copolymer showing unimodal distribution while Sample 6 is

copolymer blend (Fig. 53), having bimodal intensity distribution.
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Figure 50 MALDI-TOF mass spectrum of the EO/PO copolymer, Sample 5.
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Figure 51 MALDI-TOF mass spectrum of the EO/PO copolymer blend,
Sample 6.
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We also checked the KMD plot for the blend copolymer (Sample 6).
As seen in Figure 54, there are two groups of dots, which show the presence
of different copolymers and easily distinguishable two components in the
sample. The disadvantage of this method is that determination of the

monomers is not possible because of the lack of effective filtering of data.
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Figure 54 KMD plot of Sample 6.

4.5 Tandem Mass-Remainder Analysis of polyether
polyols

In the previous examples we studied different samples and
characterization/differentiation of complex systems applying MARA method.
In this section we will go further and investigate tandem mass spectrometric
characteristics of various types of polyether polyols. To get simplified
graphical representation of the MS/MS spectra, we developed and applied
Multistep Mass-remainder analysis method (M-MARA).

The mass spectrometric analysis of different based polyether polyols
such as glycerol, sorbitol is very difficult because of overlapping peaks as well
as isobar and isomer compounds. Table 9 demonstrates some isomer/isobar

molecular species for polyether polyols.
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Table 9 List of isomer/isobar molecular species of polyether polyols.

Elemental  Monoisotopic
Type Structure -
Composition  Mass (Da)
diol H20(C2H40)9(C3Hs0)3 C27Hs6013 588.3721
triol C3HgO3(C2H40)s(C3Hs0)4 C27H56013 588.3721
tetraol CsH1204(C2H40)5(C3HeO)4 C27Hs6013 588.3721
hexaol ~ CsH1406(C2H40)0(C3HsO)7 C27Hs6013 588.3721

tetraol (NH2)2C2H4(C2H40)12(C3HeO)o  CoeHssN2O12 588.3833

As it turns out from Table 9, different types of isomeric copolymers
such as diol, triol, tetraol and hexaol have the same mass depending on the
replacement of the EO and PO numbers and also the type of initiator. With the
same mass unit of 588.3721 Da (C27Hs6013) these four copolymers cannot be
differentiated. Also, nitrogen containing tetraol type polyether polyol is isobar
compound with the mass of 588.3833 Da. In this case, using normal mass
spectrometric measurements we will not be able to differentiate the polyether
polyols listed in Table 6. To describe and discuss the method both single mass
and tandem mass spectrometric measurements were performed of these
polyether polyols with ESI-QTOF instrument.

Figure 55 shows the ESI-MS spectra of various types of polyether
polyols dominated by the lithium-attachment ions where (a), (b), (d) and (e)
are linear polyethylene glycol, linear polypropylene glycol, glycerol base
propylene glycol and sorbitol base polypropylene glycol homopolymers,
respectively. (c) and (e) are linear polyethylene/polypropylene glycol and
sorbitol base polyethylene/polypropylene glycol copolymers.
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Figure 55 ESI-MS spectra of the polyether polyols (a) PEG (diol), Sample
10 (b) PPG (diol), Sample 11 (c) PEG/PPG copolymer (diol), Sample 12
(d) PPG (triol), Sample 13 (e) PPG (hexaol), Sample 14 (f) PEG/PPG
(hexaol), Sample 15.
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Some spectra in Figure 55 displays additional peak series with lower
intensity which are different cations.

As discussed in previous sections, applying multi-step MARA, Eq (15)
performs the sequential calculations of remainders that eliminates homologous
series present in mass spectrum.

MR; = [(m/z MOD R,) MOD R,] MOD R, (15)

where MOD Excel operation finds the mass remainders after the division by
Rn.

Rn values were chosen as 58.04187, 1.979265 and 0.160795 for Ry, R
and Rs, respectively. Because all polyether polyols including glycerol and
sorbitol base contain only EO and PO repat units. To eliminate the periodicity,
we took PO, 4xEO-3xPO, and 22 x PO-29 x EO as MARA base units.
Following this rule, we plotted MR3s versus m/z graph for the polyether polyols
demonstrated in Figure 56.

As seen in Fig. 56, EO/PO replacements were eliminated and yielded
single lines. It is important to note that here different single lines do not
indicates the presence of other components in the sample. We already
discussed in previous chapters that on MR3 versus m/z plots in the case of
presence of another ionization agents, because of different m/z, it directly
affects to calculate mass remainders. That is why we see different line series
on the third mass remainder plots. Since these plots are based on single mass
spectrometric measurements, we expect different series only in tandem mass
because of fragmentation induced by collision-induced dissociation (CID) in
the collision cell of the ESI-QqTOF MS.
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Figure 56 MR3 versus m/z plots of (a) Sample 10 (b) Sample 11 (c) Sample
12 (d) Sample 13 (e) Sample 14 (f) Sample 15.

As seen in Figure 56, in addition to the commonly observed lithium
protonated molecules, sodium, potassium, and ammonium adducts are also
observed. These protonated adducts become feasible as the surface excess
charge of ESI nanodroplets may be carried by different cationic components.

Among these, protons are by far most common; nevertheless, sodium,
ammonium, and potassium cations cannot be neglected or removed from the
system.
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These ions come from the mobile phase additives, solvent impurities,
glassware, and so on. Therefore, our scope is to investigate all polyether polyol
spectra with lithium cation. Additionally, the target lithium-attached ions can
be filtered easily by its specific MR3 value in M-MARA plot as shown in
Figure 57.
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After filtering, the MARA plots show only a single horizontal line with
lithium-attached ions at MRs = 0.149 for all linear, glycerol-, and sorbitol-
based polyether polyols. All six homo/copolymers are EO/PO type with
different initiators. M-MARA eliminated all the homologue series with the
same pattern. That is why only a single line was observed.

To select appropriate R base units for each step of MARA method is
very important. The aim of MARA is to simplify the complex data in the plots
and make it easy to visualize. For example, in polymer blend investigation R
numbers were selected as PO, CH2 and O-CHa. This selection depends on the
target of the work. But the aim is the same for all MARA methods to simplify
and to produce straightforward plots.

For tandem mass spectra our aim was to get efficient sorting by
selecting suitable R values. In this section, we selected R; for PO value as we
did in polymer blends. Mass remainder series are created, and the chemical
composition of the components can be defined based on MR versus m/z plot.
Therefore, generating series for complex systems specially for tandem mass
spectra is fuzzy. The second and third step of MARA can be determined from
the series of the first mass remainder values. If adjacent MR1 values are not
the same, the difference between mass remainders can be chosen as the base
unit for the next steps of MARA. For instance, in our case of EO/PO
copolymer systems, the MRz versus m/z plot composed of multiple series of
MR-lines in x axis with typical differences among them. These differences are
arising from the replacement of EO/PO units, as 14.015650, 1.979265 and
0.160798 regarding to the replacements of PO-EO, 4EO-3PO and 22PO-
29EO, respectively. We expect the similar differences for the series in the
tandem mass spectrum of these polyols. Lasty, the third step of MARA
displayed a single line by eliminating the periodicities generated by the EO/PO
replacements. Therefore, because of different structures of various based
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polyether polyols, fragmentation yields other peaks that differs from each

other revealed by MS/MS as seen in Figure 58.
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As seen in Figure 58, tandem spectra of polyether polyols, especially
copolymers seem to be complex and manual assignment of each peak is time
consuming. For example, although Sample 10, Sample 13 and Sample 14 are
linear EO type, glycerol base PO type and sorbitol base PO type
homopolymers, respectively, their MS/MS spectra yielded much more
complex peaks similarly to in sorbitol base EO/PO type copolymer, Sample
15. Or vice versa, the spectrum of the linear EO/PO type copolymer, Sample
12, vyielded very simple product ions. Thus, generated spectrum is
characteristic and does not depend on whether it is a homopolymer or a
copolymer. Now using the same method and formula Eq (15), we will simplify
the complex spectra and differentiate the structural differences between the
diol, triol and hexaol polyether polyols. Figure 59 shows the MRz versus m/z
plots of the MS/MS spectra of different types of polyether polyols.
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Figure 59 MR3 versus m/z plots of the MS/MS spectra (with Li-attached
ions) of (a) Sample 10 (b) Sample 11 (c) Sample 12 (d) Sample 13 (e)
Sample 14 (f) Sample 15.

As seen in Figure 59, EO/PO copolymers, the different MR-lines have

different DBE (double bond equivalent) values. The number of DBE increases

as the number of arms of polyether polyol increases. There is maximum 1, 2

and 4 DBE values of diol, glycerol- and sorbitol-based polyether polyols,

respectively.

Based on the fragmentation patterns of polyols, we proposed product

ion series of the diol type copolymers. Table 10 shows the possible product

compositions with their MR3 values.

Table 10 Product ion series of diol type polyether polyol copolymers.

Series Formula ternclil::t?on
A Li[HO(C2H40)n(C3HsO)mH]" -H
B Li[HO(C2H40)n(C3H0)mCHCH,]" vinyl
B Li[HO(C2H40)n(C3Hs0)mCHCHCH3]" vinyl
C Li[HO(C>H40)n(C3Hs0)mCH2CHO]" formyl
C Li[HO(C,H40)n(C3Hs0)mCHCH3CHO]" formyl

H>
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A product ion series corresponds to MRz = 0.149, where the ions were
formed by losses of monomeric (EO or PO) units. The B and C fragments are
generated by H: elimination resulting DBE = 1. The additional rows in the
MR3 vs m/z plots of the three-arm and six-arm polyethers are related to DBE
=n, at MRz = 0.149 -n x 0.036, where n = 2, 3, 4. We can come to the
conclusion that bonds between the arms and the glycerine or sorbitol base are
rather weak compared to the bonds in the linear diol polyethers, therefore,
multiple collisions between the fragment ions and the collision gas result in
further decomposition. Thus, DBE values of the polyether polyols were
produced depending on the type of the base and they are independent of being
homopolymer or copolymer. For example, both linear homopolymer, Sample
10 and linear copolymer, Sample 3, produced the maximum number of DBE
value of 2, which is also sorbitol base homopolymer, Sample 14 and sorbitol
base copolymer, Sample 15 generated the maximum number of DBE value of
5.

4.6 Collision-induced dissociation (CID) analysis of the
polyether polyols

After tandem mass spectrometric characterization of different polyether
polyols, survival yields (SY) of these polymers at different collision energies
were studied. SY is a quantitative measure to quantify the efficiency of
fragmentation of the precursor ions. It is calculated as the ratio of the precursor
ion intensity to the sum of all fragment ion plus precursor ion intensities. In
this section we will show the molecular mass dependence of CCV2** (Fig. 60)
for polyols where CCV2** means characteristic collision voltage at the value

of survival yield of 0.2.
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Figure 60 CCV2% vs m/z plots of the polyether polyols.

As it can be seen in Figure 60, linear relationship was obtained
between the CCV?%* values and the mass-to-charge ratio for six polyether
polyols. All lines are parallel and close to each other. This finding suggests an
easy method to adjust the collision energy to get structural information,
especially to compare the polyether polyols based on the DBE values in M-
MARA plots. The collision energy/voltage can be quickly calculated
according to the selected precursor ion mass for the MS/MS analysis by taking
an approximate average value of the CCV2%% versus m/z as a calibration curve
(Fig. 60, black line). Setting the collision voltage to "CCV?°* versus m/z
calibration", the DBE values precisely differentiate the various types of

polyether polyols
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Furthermore, molecular mass dependence of CCV°%* (Fig. 61) where
the collision voltage necessary to obtain 50% fragmentation was also studied.
In this percentage the intensity of precursor ion equals to the sum of fragments
ion. This is a traditional method to study characterization of different
compounds. So, this is interesting to see the differences and select the best
collision energy to investigate the characterization. Here, all polyether polyols

also show the same pattern, i.e., linear correlation and lines parallel to each

other.
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Figure 61 CCV°% vs m/z plots of the polyether polyols.

Moreover, the intensities of the product ions were very small, and they
were not suitable to select fragment peaks and to evaluate them. In this case,
the differentiation of these compounds was not possible. That is the reason
why CCV2% was chosen and studied. This collision energy is optimal for all

precursor ions of six different polyether polyols to fully characterize them.
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5 SUMMARY

This dissertation presented the applications of data mining method —
Mass-Remainder Analysis (MARA) for different complex systems. MARA is
a method that processes a number of peaks and simplifies graphical
representation of the (tandem) mass spectra. During this work the applicability
of soft ionization mass spectrometry, including MALDI and ESI, for the
epoxidized vegetable triglyceride oils, polymer blends and various types of
polyether polyols was investigated.

First, MARA was used to characterize of the epoxidized vegetable oils,
which are important polymer raw materials. Different epoxidized triglyceride
series, such as triglycerides with 100% DOE (with all the double bonds
converted to epoxide groups), triglycerides with one remaining double bond,
or with diol side products were investigated. Number average molecular
weight My, the average number (n,NE®) and average number of epoxide groups
weighted by number of epoxide groups (nwNE®), the polydispersity of the
number of epoxide groups (na"E¢/nyNE®), average number of carbon atoms
(nn©), and the degree of epoxidation (DOE) of epoxidized soybean and linseed
were determined. Furthermore, tandem mass spectrometric measurements
were performed to explore the structural information of the epoxidized
vegetable oils. It was found that sodium ETG adduct ions have very clear
fragmentation pathways, in contrast to those of the other adducts (H", Li*, and
NH4*). Determining the epoxidized fatty acid composition of epoxidized
triglyceride oils without any complicated and time-consuming sample
preparation, derivatization, or separation is another advantage of MS/MS
application. It can be applied to characterize the fatty acid variety of complex
vegetable oil mixtures.

Second, MARA was developed to multi-step mass remainder analysis

and used to differentiate between samples consisting of a single copolymer or
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blend of copolymers. Different scenarios were performed, and appropriate
base units was selected to plot simplified MARA graphs. For example, two
copolymers with different repeat units in blends (PLA/PCL and PE3100) and
two copolymers with the same repeat units in blends of (RF551-PE3100) and
(RPE1740-PE8100). These copolymers with higher molecular weights
showed complex mass spectra that completely hinder the presence of a
blending component. M-MARA calculates sequentially mass-remainders and
produces the graphical representation of the mass spectra of different
copolymers, where the blending components can be identified. Applying MR3
versus m/z plot, we easily recognized the presence of an additional series in
polymer blend if the repeat units of those copolymers are different. If the
repeat units of two copolymers are the same, the intensity scaled MR> versus
MR plots are suitable to differentiate the blend system based on their intensity
distribution of the number of EO units. Therefore, M-MARA can be applied
in quality control in polymer manufacturing industry. Moreover, applying the
M-MARA method, multiple homologous series can be eliminated, presenting
the similarities or differences in the chemical compositions.

Lastly, M-MARA was applied on the complex and peak-rich tandem
spectra of various polyether polyols. The sequential calculation of the mass
remainders easily eliminates the homologue series present in the mass spectra
and produces the line with dots based on DBE values. For example, the
maximum DBE value of 1, 2 and 4 indicates diol, glycerol- and sorbitol-based
polyether polyols, respectively. The relationship between CCV?** and the m/z
values was found. It suggests an easy method to adjust the collision energy to
get structural information, specifically to compare the polyether polyols based
on the DBE values in M-MARA plots.
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