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Chapter 1

General introduction

Research and development performed on synthetic polymers during the last
century has led to many classes of different polymers for specific applications.
New types of synthetic polymers with tailor-made properties are still being
introduced for new applications or as an alternative for materials, like glass and
metals. The challenge for polymer chemists is to control and alter the
polymerisation conditions such that the final product has a well-defined structure
with desired properties. The complex structure of polymers requires continued
analytical chemical efforts to understand the polymerisation process and the
relationships between the molecular structure and material properties. Actually, the
research performed during the last century did not lead to a complete
understanding of the microstructure of polymers. For many decades, research on
the polymer composition has been performed primarily with techniques such as
NMR, light scattering, IR, titration techniques and viscometry. These techniques
provide a wealth of information on a large number of polymer characteristics.
However, the main limitation of these techniques is that the result of the
characterisation is an average over the entire molecular weight distribution
(MWD). In order to obtain a complete picture of the molecular structure of
synthetic polymers, techniques must be developed that enable the study of the
individual components in the MWD separately.

Several liquid chromatographic separation techniques have been explored
in order to obtain more detailed information about the molecular architecture and
microstructure of individual polymer molecules in a MWD. Although it is possible
to separate and quantify low molecular weight polymer molecules from a MWD
and study their structure, molecules with a relatively high molecular weight
(> 5000 Da) are still difficult to separate. Detailed analysis of the MWD is also
possible using mass spectrometry, which measures the mass over charge ratio of
ions rather than chemical shifts or the absorption/scattering of light. Especially, the
soft ionisation techniques of matrix-assisted laser desorption/ionisation (MALDI)
and electrospray ionisation (ESI) are of significant importance for polymer
characterisation. These techniques allow the transfer of intact molecules into the
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gas phase and their (subsequent) ionisation through cation transfer. In the next
sections we will review the many polymer characteristics that can be studied by
coupling these ionisation techniques with advanced mass analysers such as time-
of-flight (TOF) and Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS).

In this thesis, the soft ionisation nature of ESI is combined with FT-ICR
MS for polymer analysis. One of the advantageous features of FT-ICR MS is that
ions can be stored for a longer period of time in the ICR cell. This allows doing
experiments for structural analysis with an unsurpassed resolution and mass
accuracy. The analysis of micro-structural characteristics with mass spectrometry
will be reviewed in section 1.1. Fundamental aspects of ESI and FT-ICR MS will
be discussed in sections 2.1 and 2.2, respectively.

1.1.  Polymer properties

Mass spectrometry has many advantages over other polymer
characterisation techniques, because it measures the mass over charge ratio of ions
allowing the study of the individual polymer molecules. Mass spectrometry also
has its limitations. For example, a mass spectrometric analysis is seldom
quantitative. In addition, a mass spectrometric analysis requires ions that have to
be generated from the sample. Some polymers, such as polyolefins, are difficult or
even impossible to ionise, because the binding energy of a cation with these apolar
polymers is too small to survive the conditions in the ion source.

The most important polymer micro-structural characteristics that are
studied with mass spectrometry are summarised in figure 1.1 and include the
MWD, endgroup and monomer composition, copolymer sequence, copolymer
chemical composition distribution and branching. These micro-structural
characteristics will be reviewed in the next sections that focus mainly on MALDI
and ESI coupled with TOF and FT-ICR MS because these ionisation techniques
and mass analysers have revolutionised the characterisation of synthetic polymers.

1.1.1. The molecular weight distribution (MWD)

Most polymerisation reactions generate a molecular weight distribution
(MWD) of structurally similar molecules that differ in their degree of
polymerisation n, defined as the number of building blocks (monomers) in a
polymer molecule. These structurally similar molecules are called oligomers when
the degree of polymerisation is below 10. Larger molecules are called polymer

2



General introduction

molecules. The MWD is a result of the statistical nature of the polymerisation
process. Three parameters are often used to define the MWD: the number average
molecular weight (M,), the weight average molecular weight (M,) and the
polydispersity (D). = The M,, M,, and D are defined as follows:

Z”imz’
i

M 1.1
n z”li ( )
Znimf
M = 1.2
' Z"imf (2
M
D=—X 1.
M (1.3)

where n; is the number of polymer molecules and m; the molecular weight. The
molecular weight and shape of the MWD formed in the polymerisation reaction
can be controlled by, for example, the variation of the monomer feed.

Mass spectrometry can be used to obtain information about M,, M,, and D

for a large variety of polymer classes. The ionisation techniques that have been
. . 5.6 .69
used for this purpose include fast atom bombardment, field desorption,

10,11
. . . . . + P .
potassium ionisation of desorbed species (K'IDS), laser desorption
... 1215 , 16 ,
ionisation, electrohydrodynamic  ionisation, secondary ion  mass

6,17 18

> 252 . . . . . .
spectrometry, ’Cf fission fragment ionisation, matrix-assisted laser

desorption/ionisation (MALDI) and electrospray ionisation (ESI). MALDI and ESI
are currently the most important ionisation techniques used for polymer analysis as
will be discussed in the next two sections.
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Figure 1.1  Molecular architecture and microstructure of synthetic polymers.

1.1.1.1. Analysis of the molecular weight distribution with MALDI MS

MALDI was first used for the characterisation of the synthetic polymers
poly(ethylene glycol), poly(propylene glycol), poly(methyl methacrylate) and
poly(styrene) by Hillenkamp and coworkers in 1992. ’ Since then, numerous
studies have appeared in the literature in which polymers with a molecular weight
exceeding 1.500.000 Da could be ionised and detected without observed
fragmenta‘[ion.20_24

The study of Hillenkamp and coworkers19 suggested that mass
spectrometry was superior to size exclusion chromatography (SEC) for polymer
MWD analysis. SEC is a widely used technique for MWD analysis that measures
the hydrodynamic volume of polymers. Mass spectrometry provides an absolute
mass analysis in contrast to SEC, which is difficult to calibrate. Good agreement of
the M,, measured with SEC and mass spectrometry is generally obtained for
polymers with a polydispersity lower than 1.1.19_21’25’26 However, polymers with a
polydispersity larger than 1.1 analysed with MALDI TOF-MS yield molecular
weight distributions that deviate dramatically from the distributions obtained with

2B Note that a fundamental difference exists between SEC and mass
spectrometry. SEC measures the weight fraction versus the logarithm of the molar

mass while mass spectrometry measures the number fraction versus the mass over



General introduction

charge ratio (m/z). These differences must be corrected in order to obtain MWD
431
values that can be compared.

The discrepancies in the measured MWD between SEC and MALDI MS
are, among others, caused by instrumental parameters and the preparation of the
sample. The M, and M,, of a polystyrene sample depended significantly on the lab
where the polymer was s‘[udied.33 The matrix,22’27’34_37 matrix/analyte ratio,38 type
of c:.’:1‘ti0n,22’35’37’39-44 cation concentration,38 pH, and solvents‘m’45 have a large
influence on the observed MWD of a sample. Electrospray or pneumatically
assisted matrix deposition can be performed for a good co-crystallisation of the
matrix, analyte, and cation.46 This enhances the S/N, shot-to-shot and spot-to-spot
reproducibility. The laser power,27’28’35’36’47’48 ionisation efficiency, transmission,49
and detection efﬁciencyz&49 are instrumental parameters that influence the

measured MWD.

Accurate MWD analysis can only be performed with mass spectrometry if
the mass discrimination effects mentioned above are absent and the response of the
detector is quantitative. Shimada and coworkers were able to study these effects for
a polystyrene sample with MALDI TOF. They fractionated a low molecular weight
polystyrene sample with supercritical fluid extraction. Polymer molecules up to a
degree of polymerisation 25 were fractionated. This allowed them to perform
experiments with equimolar and equiweight mixtures of these polymer molecules
and to study the MS response. They observed that oligomers smaller than n=5 were
systematically lowest in intensity which they attributed to evaporation in the mass
spectrometer due to the low boiling point of small oligomers. Mass discrimination
effects increased for large polymer molecules with increasing laser power. These
effects made it impossible to perform an accurate MWD analysis.48

The experimental and instrumental parameters mentioned above, with the
exception of the evaporation of small oligomers of PS, result primarily in a
decreased sensitivity for higher molecular weight polymer molecules. To prevent
discrimination, the sample can be fractionated into monodisperse fractions with
SEC prior to the analysis with MALDI TOF. The fractions are collected off-line
into fractions with a polydispersity lower than 1.1. An on-line study with aerosol
MALDI has also been performed. Fractionation allows the determination of the
average mass of the fractions with MALDI TOF and is used to calibrate the SEC
system.22’23’29’36

For some polymers, a higher resolution than TOF is required to resolve all
polymer molecules. An example is the copolymer poly(ethylene glycol/propylene
glycol) (EO/PO) for which only FT-ICR MS provides enough resolution to resolve
the polymer molecules in the MWD.51 One has to take into account that the
MALDI process leads to ions with a broad, mass independent velocity distribution.

5
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Consequently, the polymer molecules of the MWD will enter the ICR cell at a
different time due to the mass dependent kinetic energy. This time-of-flight effect
can be corrected by acquiring mass spectra at different trapping times. The spectra
acquired should be superimposed to yield the correct molecular weight
distribution.sz-57 Note that this is only true for external ion sources.

It has been discussed that MALDI is very useful for polymer MWD
analysis although a combination with liquid chromatographic techniques like SEC
gives the best results. However, a more facile MWD determination with SEC and
mass spectrometry becomes possible when ESI is used as ionisation technique
since ESI can be coupled online to most mass analysers as will be discussed in the
next section.

1.1.1.2.  Analysis of the molecular weight distribution with ESI MS

Dole and coworkers reported in 1968 the electrospray ionisation of
polystyrene with a molecular weight up to 411,000 Da using a Faraday cage
detector. Their conclusions have been subject to discussion because it was
uncertain whether singly or multiply charged ions were formed.sg’60 Fenn and co-
workers coupled ESI with mass spectrometry two decades later()o’61 and were able
to ionise poly(ethylene glycol) (PEG) samples with a molecular weight of 400 up
to 5.000.000 Da.62’63 Charge states up to 4200+ were estimated for PEG5.000.000.
The maximum charge state that they could distinguish was 6+ for PEG3350 based
on the spacing between the polymer ions in the mass spectrum. PEG has a
monomer mass of 44 Da. For singly charged ions, the peaks in the mass spectrum
will be separated by 44. For charge state 6 the spacing is 44/6=7.3. Their results
clearly demonstrate that the polymer MWD could be measured in the mass range
of their quadrupole mass analyser because of the multiply charged nature of ions
generated by ESI. The peak density in the mass spectrum, however, became too
high to resolve the peaks of PEG samples with a molecular weight higher than
3350 Da. A resolved analysis of all polymer molecules is a prerequisite for the
calculation of M, and M,, with ESI MS. A fairly good agreement of M, and M,
obtained with SEC and ESI, was observed for ethoxylated polymers (Surfonyl)
with a molecular weight below 1300 Da.6

To determine the M, and M,, of polymers with a high molecular weight, a
mass spectrometer with sufficient resolution is required for isotopic resolved
analysis. Alternatively, distinguishing between the different polymer molecules is
sufficient. The analysis of poly(ethylene glycol) with a molecular weight of 24.000
Da was performed with isotopic resolution by coupling ESI with FT-ICR MS.64
The mass spectrum observed allowed to determine the charge state by measuring
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the spacing between the isotopic peaks. The M, and M,, were calculated and found
to increase with increasing charge state. When the MWD’s observed in the
different charge states were summed, a fairly good comparison with SEC was
obtained.64 The same effect has been observed for PMMA.65 The polymer
molecules of a dendrimer with a molecular weight of 1.000.000 Da could not be
resolved with ESI FT-ICR MS making the determination of M, and M,, of such
polymers difﬁcult.66

An important factor that has to be taken into account for an accurate
determination of the MWD is the ionisation efficiency of the different polymer
molecules. A linear response independent of the polymeric structure over the entire
m/z range 1s a prerequisite for an accurate MWD determination with mass
spectrometry. The appearance of the MWD is determined by the type of polymer
(polar/apolar) polydispersity, spray solvent composition, pH or cation
used counter ion,71 nozzle skimmer potential,ésﬁ&n_75 and charge state. The
tacticity of isotactic and syndiotactic PMMA did not influence the instrumental
response and charge state.65 The response was linear for a mixture of the 25 and
50-mer of PMMA after the signal was corrected for charge state compression.65
Maziarz and coworkers observed a preferential ionisation of poly(ethylene glycol)
in a mixture of poly(ethylene glycol) and poly(dimethylsiloxane). They also
observed differences in ionisation efficiency for a mixture of two
poly(dimethylsiloxanes) differing only in their endgroups.67 These results showed
that differences in ionisation efficiency have to be tested and corrected for to
obtain accurate information about the MWD and the relative composition in

polymer blends with mass spectrometry.

Probably the most convenient and accurate method of measuring the MWD
with mass spectrometry is by coupling size exclusion chromatography (SEC)
online with ESI, although off-line coupling with SEC has also been perforrned.%’76
Differences in the ionisation efficiency between various polymer molecules are
less relevant when SEC is coupled with mass spectrometry because the polymer
concentration is recorded with, for example, a UV detector. The main function of
the mass spectrometer is to convert the measured hydrodynamic volume to a
molecular weight. Mass analysers that have been used for the coupling of SEC
with ESI include quadrupoles, e TOF,80’81 and FT-ICR MS. " Gradient
polymer elution chromatography (GPEC) and liquid chromatography at the critical

point of adsorption (LCCC) have been coupled with ESI as well o
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1.1.2.  Endgroup and monomer composition

A polymer molecule consists of a chain of » monomers and, in case of
linear polymer molecules, two endgroups. For example, a linear poly(ethylene
glycol) HO(CH,CH;0),H contains the endgroups -OH and —H. Cyclic polymer
molecules do not contain endgroups. For branched polymers, the number of
endgroups depends on the degree of branching. Polymer molecules with only one
branching point will contain three endgroups. Dendrimers are highly branched
structures and can contain more than 1000 endgroups. ° The study of endgroups
and monomeric composition with mass spectrometry became relatively easy since
the beginning of the 1980's when ionisation techniques were used for polymer
analysis that allowed the conversion of intact large polymer molecules into the gas
phase. Ionisation techniques that have been used for endgroup analysis include
electrohydrodynamic ionisation,16 B2Cf  fission fragment ionisation,18 laser
desorption ionisation,lz’13 potassium ionisation of desorbed species (K+IDS),10’11
field desorption,7’9’59’85’86 FAB,5’87_91 and SIMS." Although these ionisation
techniques are ‘soft’ in nature, fragmentation could not always be excluded making
an unequivocal determination of the endgroup and monomer difficult. With the
introduction of MALDI and ESI, fragmentation became minimal. The accurate
determination of the endgroup and monomer composition became possible by
coupling MALDI and ESI with high resolution mass spectrometers as discussed in

the sections below.

1.1.2.1.  Endgroup and monomer mass determined with MALDI MS

A linear regression method was introduced by de Koster and van Rooij,
making it possible to determine the mass of the monomer and endgroup with a
high accuracy.gz’93 The measured mass of a polymer molecule, 71e4s, consists of n
monomers with mass my,,, the mass of the endgroup m.,; and the mass of the
cation mc,. The mass of an electron m,,. has to be considered when measuring
with FT-ICR MS and must be subtracted from the neutral atom or molecule mass
that is responsible for the charge to obtain the cation mass (e.g. Mum-Meiec). The
necessity of this correction was illustrated by the successful separation of a mixture
of two peptides wit£14 a mass difference of 0.00045 Da, which is smaller than the

mass of an electron.

m =n Xmmon + mend + mcat (14)

meas
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By plotting the measured mass my,.,s as a function of the degree of
polymerisation n, the combined mass of the endgroups and cation can be
determined from the intercept of the regression line. The mass of the monomer
follows from the slope. The method has been applied successfully to linear and
hyperbranched polymers.S()’gz’%’gs’96 Unfortunately, the procedure depends heavily
on the calibration of the instrument. An interlaboratory comparison of a
polystyrene sample measured with MALDI TOF in 23 different laboratories has
shown that calibration of the TOF MS is often a source of error. Endg3r3oup masses

were obtained which differed over 40 Da from the real endgroup mass.

One cannot distinguish between the composition of the endgroups from the
head and tail from the chain with the linear regression procedure described above,
because the method provides only the combined endgroup and cation mass. The
identity of the endgroup composition from the head and tail can be obtained by
performing MS/MS.59’97_104 Each peak in the MS/MS spectrum corresponds to a
cleavage somewhere in the polymer backbone. A cleavage resulting in two
cationised fragments provides the information on the elemental composition of

both endgroups separately.

1.1.2.2.  Endgroup and monomer mass determination with ESI

The elemental composition of polymer endgroups can be studied directly
from the ESI mass spectmm78 or by the MS/MS method as described for MALDI
in the previous section.59’97_lm Linear regression methods, as used for MALDI
generated ions (section 1.1.2.1), have not been reported for multiply charged ions
generated by ESI. Linear regression was used in one ESI study on singly charged
ions.105 The endgroup composition of polysulﬁdes,106 aliphatic polyesters,m’108
and polypropylene glycols — has been studied using MS" (n=2-4). Maziarz et al.
used another approach, which did not require the isolation of a parent ion. They
performed nozzle skimmer dissociation on the entire MWD of
poly(dimethylsiloxane) to induce fragmentation. The fragments that were formed
upon dissociation had m/z values intermediate to the original polymer distribution
and were used to obtain endgroup information.ll Yalcin and coworkers also
performed nozzle skimmer dissociation of the entire MWD and combined this with
additional MS/MS on small fragments. A positive identification of the endgroup
structure was obtained by comparing the fingerprint of the MS/MS spectrum with
reference compounds. McLafferty and coworkers used electron capture
dissociation (ECD) on multiply charged polyethylene glycol and polypropylene

glycol polymer molecules. This dissociation method provided direct endgroup
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information contrary to collisionally activated dissociation (CAD) where internal

112-114

monomer losses and secondary dissociations were observed.

1.1.3.

Copolymer sequence

Copolymers are formed in a polymerisation reaction if two or more
different monomers react together. The intramolecular arrangement of the
monomers, the sequence, is determined by the reactivity of the monomers towards

each other during the polymerisation process. The most frequently occurring
sequences of the copolymer molecules formed are:

10

Random:

Block:

the monomers are distributed in a random fashion on each
polymer molecule, -A-A-B-A-A-B-B-A-B-A-B-A-A-.

all A monomers are bound with other A’s. The B monomers are
bound with other B’s with the exception of the central A-B bond,
-A-A-A-A-A-B-B-B-B-B-B-.

Partly random/block:

the A monomers preferentially bind with other A’s but have a
slight tendency to connect to B monomers. This type of sequence
is often called a statistical copolymer, -A-B-A-A-A-B-B-B-B-A-.

Alternating:

Branched:

Graft:

the A and B monomers are distributed in an alternating fashion
on the polymer molecule, -A-B-A-B-A-B-A-B-A-B-.

the copolymer sequences mentioned above are made by the
polymerisation of monomers with a functionality of two. Each
monomer can react with two other monomers leading to linear
polymer chains. Branched copolymers on the contrary are made
by the polymerisation of two (or more) monomers of which at
least one contains a functionality higher than two, which results
in a branched polymer.

the copolymer is branched where the branches consist of
different monomers (e.g. A) as the polymer backbone (e.g. B).
For example, the polymer backbone consists of monomers A
only and the branches contain only monomers B.
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1.1.3.1.  Linear copolymers

The methodologies to determine the sequence of copolymers with mass
spectrometry are similar for MALDI and ESI and will therefore be discussed
together. Block copolymers have been observed by performing MS/MS or post
source decay (PSD) after ionisation with FAB, MALDI, and ESI.Hs_118
confirmation of the block structure is fairly straightforward. The monomeric
composition of the polymer molecule can be determined from the m/z i.e. n A
monomers and m B monomers. The sequence of the polymer molecule on the
contrary does not follow from the measured m/z but requires MS/MS. The MS/MS
spectrum will contain fragments with blocks of » A’s and a couple of B's and
blocks of m B’s and a couple of A's. Fragments containing, for example, one A and

one B would indicate the presence of another type of sequence.

Distinguishing alternating copolymer sequences from other sequences is
straightforward because the mass spectrum should only contain polymer molecules
ApBp with |n-m| is 0 or 1. Polymer molecules with [n-m| higher than 1 indicate the
presence of another type of sequence. An exception is a branched polymer which
can be alternating with a |n-m| higher than 1. The alternating sequence of a linear
polymer molecule can be confirmed by performing MS/MS. The MS/MS spectrum
of an alternating polymer molecule A,B, must contain fragments A, B,., with
|x-y| is 0 or 1. An alternating polymer molecule A,Bn, with an |n-m| of 1 gives the
fragments A,.Bm.y with |[(n-x)-(m-y)| of 0 or 1. A value of |n-m| or |(n-x)-(m-y)|
larger than 1 will indicate the presence of another sequence.

The determination of the sequence becomes more complex when the
MS/MS spectrum does not show the features of a block or alternating copolymer.
The sequence must be random or partly random/block for such polymer molecules.
Urakami et al. were able to determine the sequence of copolymers up to a degree
of polymerisation 4 by performing MS’ experiments. One of the endgroups was
acetylated prior to the MS analysis making the interpretation of the MS/MS spectra
more facile. Their experiments demonstrate that a full elucidation of the sequence
of large polymer molecules requires a large number of MS" steps. Although their
conclusion was that the copolymers have a random sequence, it might also be
possible that the copolymer is a statistical copolymer and has a partly
random/block structure.91 The sequence of statistical copolymers could so far not
be distinguished from random copolymers based on their MS/MS spectra.

All methodologies described above assume that internal fragments do not
appear in the MS" spectra. Internal fragments originate from multiple cleavages of
a molecule and make the interpretation of MS" spectra even more complex.
Sequencing of biomolecules by MS" is less complex than the sequencing of
copolymers because generally biomolecules contain a unique sequence. Each
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fragment in the MS" spectrum of biomolecules gives direct information about the
sequence whereas the fragments of copolymers can originate from different
polymer molecules.

Montaudo and coworkers introduced a method to obtain information about
statistical copolymers with mass spectrome‘[ry“g’120 by applying chain statistics to
the mass spectra. The statistical methods, originally developed for NMR,m’122 are
based on Bernoullian and Markovian chain statistics that can distinguish between
random and partly random/block copolymers without performing MS". The
Bernoullian chain statistics hold for random copolymers where the addition of a
monomer during the polymerisation is independent of the previous addition (no
penultimate effects). Markovian chain statistics are used for partly random/block
copolymers where penultimate effects are present. In several studies, mainly
concerning condensation polymers, Montaudo and coworkers observed
predominantly random sequence distributions.ng’123 Chen et al. observed a block
sequence in copolymers based on fluorinated and nonfluorinated isocyanates using
Markovian chain statistics.124 In most studies, the chain statistics are directly
applied to the mass spectrumlzs’126 although partial degradation by

. 119,126,127 . 89 ) . 1257127 . 119,124,128-132
methanolysis, hydrolysis,  aminolysis, and pyrolysis

prior to statistical analysis has also been performed.

Another approach to determine the sequence of a copolymer is by chemical
degradation of the copolymer followed by mass spectrometric analysis. Hercules
and coworkers chemically degraded the urethane bonds of copolymers consisting
of a polyether and a polyurethane block and a copolymer consisting of a polyester
and polyurethane block. The mass spectrum obtained after degradation revealed a
MWD of the polyether and polyester, which gave direct information about the
block structure of the copolymers.133

The complexity of the copolymer mass spectra becomes in general more
complex than the spectra of the homopolymers. Mass spectrometers with a high
resolution are necessary for such polymers to resolve all polymer peaks. Shi and
coworkers successfully used an ESI FT-ICR MS to resolve the copolymer glycidyl
methacrylate/butyl methacrylate. Only FT-ICR MS provides enough resolution to
distinguish between the polymer molecules of this copolymer that is made of two
monomers that have the same nominal mass but differ in exact mass by 0.036 Da
(CH4 vs O). The resolution of the FT-ICR MS (m/Ams,=500000) was sufficient
to resolve the different polymer molecules up to a molecular weight of 7000 Da.
They concluded on the basis of the co-polymer intensity profiles that butyl
methacrylate is more reactive than glycidyl methacrylate.76
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1.1.3.2.  Branched copolymers

Branched polymers, e.g. dendrimers and hyperbranched polymers, are in
general complex materials, which contain at least three endgroups in contrast to
linear polymers with only two endgroups. Dendrimers have a well-defined
branched structure with a central core. These polymers are produced in a labour
intensive process. Their functionalisation involves a controlled multistep
polymerisation process to obtain monodisperse structures. The production of
dendrimers is usually costly. Hyperbranched polymers, on the other hand, are
made in a one-step polymerisation procedure and do not have a central core. The
synthesis of these polymers typically leads to a polydisperse MWD and the
manufacturing costs are low.”™

The structure of dendrimers and (hyper)branched polymers has been
studied with MALDI " and ESL*"”""* Most dendrimer studies involve the
analysis of the M, and polydispersity that are in agreement with the theoretical
values. Confirmation of the structure of dendrimers from the first to third

. . . . 136
generation has been achieved with post-source decay analysis.

A difficulty in the characterisation of branched polymers is the fact that
branching does not directly follow from the m/z Value.143 For example, a
condensation of a diacid (A) with a dialcohol (C) and a small amount of a triol (T)
will result in polymer molecules with a composition of, for example, A.C,T, in
which z<<x and z<<y. Linear and branched polymer molecules A.C,T, can be
synthesised with the same monomeric composition and the same m/z value. The
linear and branched polymer molecules can therefore not be distinguished by their
m/z. A mass spectrometric procedure exist that provides a means to determine
whether a polymer is branched or not. Hercules and coworkers performed a
transesterification with trifluoroacetic acid (TFA) of the ester bonds of branched
polymers.144 Ester bonds are broken upon transesterification forming diesters of
TFA for linear polymer molecules and (n+2)-esters of TFA for branched polymer
molecules depending on the number of branches n that the polymer molecules
contains. The main disadvantage is however that the transesterification reactions
utilised are destructive.

Post-source decay can reveal the alternating sequence of copolymers
although it was not possible to demonstrate whether the polymer molecules were
branched or linear.95 With SEC-DV (viscometric detection) and SANS (small-
angle neutron scattering) it was possible to demonstrate that the polymers were
randomly branched.  Muscat and coworkers observed extensive in-source decay
of FD and MALDI generated ions of hyperbranched polyesteramides made by the
polycondensation of di-isopropanolamine and hexahydrophthalicacid anhydride.

13
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Minimal fragmentation was observed with ESI when compared with MALDI and
FD. This indicates that ESI is a softer ionisation technique than MALDI and FD in

i 95
this case.

1.1.4. Chemical composition distribution

The intramolecular arrangement of the monomers, the sequence, is an
important aspect of copolymers that is difficult to study with mass spectrometry as
discussed in the previous section. Apart from the monomer sequence the
intermolecular arrangement of the polymer molecules is an important issue also.
The polymer molecules of a copolymer, made of A and B, with degree of
polymerisation n can contain a number of A’s and B’s. For example: n=5,
AABAB, ABBAB, BBBBA, AABBA, AAABA etc. The variation of the chemical
composition with the degree of polymerisation » is called the intermolecular or
chemical composition distribution.

Wilczek-Vera and coworkers synthesised two block copolymers by
sequential anionic polymerisation of o-methylstyrene and styrene showing that the
chemical composition distribution of the block copolymer formed upon
copolymerisation obeys the random coupling hypothesis and is best described by
the Schulz Zimm model. The random coupling hypothesis states that the molecular
weight distributions of the individual blocks are not correlated, i.e., x and y are not
correlated for a polymer molecule A,By. They showed that NMR analysis of the
copolymer was necessary for the interpretation of the mass spectrometric
results.l%’147 The random coupling hypothesis was also obeyed for a block
copolymer of poly(oxyethylene) (EO) and poly(oxypropylene) (PO) measured with
MALDI FT-ICR MS. However, the observed intensity profile had to be corrected

for:
1) TOF effects in the external MALDI source (see section 1.1.1.1.).
2) The intensity of the monoisotopic peak.
3) Overlapping isotopic peaks of different polymer molecules.

The intensity of the monoisotopic peak (peak due to '°C, 'H, "N, '°O etc.
only) decreases with increasing number of carbon atoms in the polymer molecules.
If the intensity is not corrected for this effect, the intensity of large polymer
molecules will be underestimated. The monoisotopic peak of the homo-polymer
PO overlaps with the second isotopic peak (containing two “C) of polymer
molecules containing a given number of EO and PO units. This overlap will result
in an overestimation of the intensity of the homo-polymer molecules PO in the
spectrum. The random coupling hypothesis is only valid when these effects are
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corrected.S] The chemical composition distribution of a tri-block copolymer of
polyethylene glycol (PEG) and polypropylene glycol (PPG) was found to be more
difficult to interpret because of the increasing complexity of the mass spectra.
Mass spectrometers with a higher resolution such as FT-ICR MS compared to a

TOF could simplify this problem.148

1.2. Scope of this thesis

The current status of ESI and MALDI mass spectrometry in the field of
polymer characterisation has been reviewed in the previous sections. It has been
shown that a mass spectrometric analysis of some polymer characteristics deviate
from the results obtained with other, more conventional, polymer characterisation
methods. This thesis describes, in chapter 2, the advantage of coupling ESI with
FT-ICR MS for the study of several polymer characteristics. Emphasis is placed on
the analysis of various polymer characteristics rather than focusing on, for
example, the determination of the MWD only. The MWD is the first polymer
characteristic that will be studied. The influence of the charge state on the observed
M, and M,, of a series of polyoxyalkylenes with each a different monomeric
structure and molecular weight is studied and discussed in chapter 3.

Chapter 4 explores the scope of multiply charged polymer ions generated
by ESI for monomer and endgroup analysis. The combined use of the multiple
charge states observed with ESI leads to an increase in the precision of the
endgroup and monomer mass determination compared to the single charge state
observed with MALDI FT-ICR MS.

Mass spectrometry is used in several studies for the quantitative analysis of
sequence distributions in copolymers. However, no study exists where a linear
response over the entire m/z range of the mass analyser is reported independent of
the structure of the monomers. The influence of the monomeric structure in
copolymers and mixtures of homopolymers on the ionisation efficiency is tested
and described in chapter 5. This chapter clearly demonstrates that differences in
ionisation efficiency make the quantification of the polymers studied very difficult
or even impossible. The sequence analysis of copolymers with MS/MS is
described in chapter 6. The chapter describes the MS/MS experiments and the
procedure for the sequence determination of copolymers from sequence specific
fragmentations, a procedure that is often used in biomolecular sequence analysis.

Chapter 7 describes the fragmentation behaviour of a series of
hyperbranched polyesteramides. This study was performed to determine whether
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the origin of a series of oligomeric ions in the spectra is a result of the
polymerisation process or the dissociation processes in the ion source.

The presence of isomeric structures of hyperbranched polyesteramides is
investigated with a novel MS" approach and gas phase hydrogen/deuterium (H/D)
exchange described in chapter 8. It is investigated whether H/D exchange
combined with MS® provides additional structural information and information
about the fragmentation process itself. The same set of hyperbranched polymers is
studied with electron capture dissociation (ECD). It is tested whether ECD is a
complementary dissociation technique for hyperbranched polymers as reported in
the literature for biomolecules.

This thesis will demonstrate that the combination of ESI with FT-ICR MS
contributes significantly to an improved characterisation of synthetic polymers.
The unsurpassed resolution and mass accuracy of FT-ICR MS enables the
determination of structural characteristics of polymers with a molecular weight up
to 10,000 Da. The ion storage possibilities of the technique can be used to perform
MS", H/D exchange and ECD experiments for structural elucidation of the
sequence of polymers.
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Basics and experimental set-up of the
ESI FT-ICR MS

The basics of electrospray ionisation and Fourier transform ion cyclotron
resonance mass spectrometry are discussed in this chapter. A detailed description
of the instrument and experimental set-up is given. All experiments discussed in
this thesis were performed with a modified Bruker ESI FT-ICR MS.

2.1. Electrospray ionisation (ESI)

Magnetic and electrical fields, time-of-flight and ion cyclotron resonance
are the most commonly used mass spectrometric techniques to separate ions by
their m/z ratio. One of the most crucial steps in mass spectrometry is the generation
and transfer of ions from a sample to the gas phase. Until recently, the most
common ionisation technique was electron impact ionisation, which is based on the
irradiation of vaporised sample molecules with electrons resulting in ionised
fragments. The most important advantage of electron impact is that structural
information of many classes of compounds is obtained. However, polymers are not
volatile. Also, the technique is not the best choice if one desires to obtain structural
information of one molecule in a mixture of molecules, for example, one polymer
molecule in a MWD. A fragment that appears in the mass spectrum upon electron
impact can originate from different polymer molecules making the interpretation of
the mass spectra difficult.

During the last decades, new ionisation techniques have been developed to
transfer the molecules intact to the gas phase and produce intact molecular ions
(see section 1.1.1). Fragmentation during the ionisation was absent or minimised
with the introduction of the soft ionisation techniques matrix-assisted laser
desorption/ionisation (MALDI) and electrospray ionisation (ESI).

Electrospray ionisation is based on the dispersion of a dilute solution of
(macro)molecules as a fine spray of charged droplets at atmospheric pressure. The
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spray is produced by applying a potential of 2-5 kV between the spray needle and
inlet of the mass spectrometer, as shown in figure 2.1. The solution to which a salt
or acid is added is pumped through the spray needle where a Taylor cone149 is
formed due to the electrical field. Charge separation takes place in the Taylor cone
through the electrophoretic mechanism and a nebula of positively charged droplets
is formed when operated in the positive ion mode. Since the overall number of
charges must be constant, some negative ions (e.g. OH") have to be oxidised at the
surface of the spray tip or alternatively the metal surface of the spray tip is
oxidised. For example, Zn*" ions were formed and detected when a spray tip was

150
used made of Zinc.

Taylor cone

Spray needle
\' - Nebula of
_ B ] charged droplets Inlet mass
—_—> spectrometer
Spray
solution

High voltage
power supply

Figure 2.1  Schematic representation of the ESI process.

The charged droplets are directed to the inlet of the mass spectrometer. On
their way to the mass spectrometer the solvent of the droplets is made to evaporate
leading to an increase of the charge density on the surface of the droplets. The
evaporation of the solvent can be enhanced by directing the droplets through a
heated capillary. It is assumed that the number of charges on the droplets remains
constant because the evaporation of a cation (e.g. sodium) is very endothermic.
When the electrostatic repulsion between the charges becomes equal to the force
resulting from the surface tension, the droplet will explode into smaller charged
droplets. This can theoretically be described by the Rayleigh stability limit.151 This
process continues several times until ionised (macro)molecules enter the gas phase.

The final stage in electrospray ionisation, the transfer of an ion from the
droplets to the gas phase, is not well understood but can be described by two
models. The first is the Charged Residue Model (CRM) developed by Dole58 and
holds that gaseous ions are formed from droplets containing a single analyte
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molecule bound to a certain number of electrolyte ions. When all solvent
molecules evaporate, a charged molecule remains. The second model, the Ton
Evaporation Model (IEM),lsz’153 developed by Iribarne and Thomson states that the
field on the surface of the droplet increases due to the shrinkage of the droplet by
evaporation. The field can become so high that an ion ‘desorbs’ from the surface of
the droplet entering the gas phase, which is a similar process as in field desorption.
The main advantages of electrospray ionisation are:

- The detection of high mass compounds at relative low m/z values due to
multiply charging.

- Conventional solutions can be sprayed.
- Minimal fragmentation.

- Combination with separation methods.

Multiply charging can also be a disadvantage for some applications. When
samples are measured that consist of different molecules, like synthetic polymers,
the peak density in the mass spectrum can become too high to resolve all polymer
molecules. This disadvantage can be overcome with high resolution mass analysers
like time-of-flight and Fourier transform mass spectrometry. Another disadvantage
is that only molecules with polar groups, necessary for the interaction with cations,
can be sprayed. A more detailed description of the electrospray process can be

154-158
found elsewhere.

2.2. Fourier transform ion cyclotron resonance mass spectrometry

(FTLICR MS)

The cyclotron motion of ions in a magnetic field was first used in 1932 to
: — . ) ) 159
accelerate protons to high kinetic energies for nuclear physics experiments. It

took however four decades before image charge detection of the cyclotron motion
of ions in combination with Fourier transformation algorithms was
in‘[roduced.léo_162 This development resulted in a new mass spectrometric
technique: Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR
MS). The basics of this technique will be discussed briefly in the next paragraphs.

o . . 163-166
More detailed introductions of the technique can be found elsewhere.
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2.2.1. The cyclotron motion

The heart of the Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR MS) is the ICR cell, which is a Penning trap and is
positioned in the centre of a (super-conducting) magnet. Several ICR cell designs
have been investigated in the literature including rectangular,167 cubiclé&169 and
cylindricall cells. The main disadvantage of these cells is the undesirable loss of
ions along the z-axis. The loss of ions was minimised with the introduction of the
‘infinity’ trap.171 However, the main disadvantage of this cell is that ions are
introduced through a small hole in the front trap electrode making the trapping of
ions difficult. With the introduction of the open-ended cell,m_174 ions were easier
to trap because the front trap electrode has a diameter of typically 6 cm. Trapping
with an open cell requires a gas pulse during the ion introduction. This reduces the

kinetic energy of the ions allowing ions to be trapped.

Ions are trapped radially, in the x-y direction, by the magnetic field and
axially (z-axis) by an electrostatic potential applied to the two trapping electrodes
as is shown in figure 2.2. An ion with charge ¢ and velocity v moving in magnetic
and electrical fields B and E experiences a Lorentz force F.

F, =qE+q(vxB) (2.1)

Only ¢, v and the strength of the magnetic field influence the magnitude of
the Lorentz force if the electrical field is considered negligible. The magnetic field
is homogenous and uniform in the volume of the ICR cell. The Lorentz force
becomes qv,,B and is compensated by a centripetal force F¢ opposite to the
Lorentz force as shown in figure 2.3, which is given mathematically by the
following equation

mviy
qv, B = (2.2)
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Excitation electrode
Detection electrode

/

Trap electrodes

Magnetic field

v

z-axis

Figure 2.2 Schematic of an FT-ICR analyser open cell. The cell is positioned in
the centre of a 7-T super-conducting magnet. The open ICR cell contains two
trapping electrodes, two excitation electrodes and two detection electrodes. The
trapping electrodes are divided in four segments. The excitation electrodes are
capacitively coupled to the trapping electrodes

where 7 is the orbit radius of the ion in the ICR cell. In the absence of
collisions the orbit radius is constant. By introducing the angular velocity w=v,,/r,
equation (2.2) becomes the well known cyclotron frequency w. of ions in a
magnetic field

w, =-— (2.3)

It is important to point out two important advantages that follow from
equation (2.3). First, the cyclotron frequency is a function of the mass, charge and
the strength of the magnetic field (which is constant in time and space). Moreover,
the frequency of the ions is independent of the orbit radius. Secondly, mass
resolution and frequency resolution are the same (except for a minus sign) as can
be seen by taking the derivative d/dm of equation (2.3) (w/dw.=-m/dm).
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y-axis

/ z-axis=B

X-axis

Figure 2.3 Motion of the ions with velocity vy, in an FT-ICR in the presence of a
magnetic field B. The Lorentz force Fy is opposed by the centripetal force F.

The electrical field of the trapping electrodes has been neglected in
equation (2.3) but can have a significant contribution on the cyclotron motion and
must therefore not be disregarded. Most Fourier transform mass spectrometers
operate with an external ion source requiring that the ions have a kinetic energy
along the z-axis to enter the ICR cell. The potential on the trapping electrodes
makes sure that the ions are trapped along the z-axis. Consequently, the ions
oscillate along the z-axis with a trapping frequency wr given by

qV.
Wy = m—de (24)

where V7 is the potential applied to the trapping electrodes and d the diameter of
the ICR cell. The trapping potential induces an axial electric field E=V77/2d" that
opposes the Lorentz force. Equation (2.2) has to be extended with gE to correct
the cyclotron frequency for the trapping potential according to equation (2.1)
and can be written as mw r=¢Bwr-q(V71/2d%). It can be shown that two solutions
exist for @
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Jo! —20? ) (2.5a)
Jol =20 ) (2.5b)
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where @' is the cyclotron frequency and @ the frequency of the magnetron
motion.

2.2.2.  Excitation and detection

It was shown in the previous paragraph that ions have a cyclotron motion in
a magnetic and electrical field. The mass and charge of the ions can be determined
with high accuracy by detection of the cyclotron frequency w.. To detect the
cyclotron frequency and to calculate the corresponding mass and charge of the
ions, the ions must be excited into a coherent motion. An ion population that is
excited without a coherent motion is not detected. lons can be coherently excited
by applying an RF electric field between two opposite excitation electrodes (see
figure 2.2) of the form

aV
E(t) = E, cosw,tj = dpp cos @, 1 (2.6)

where o is the geometry constant of the ICR cell, V,, is the peak-to-peak
amplitude of the excitation RF signal. The geometry constant o is 0.897
(5% accuracy)175 for the Infinity Cell and 2.26 for the home build open cell (based
on a comparison of breakdown diagrams measured with the Infinity and open cell).

The electrical field E(t) consists of two counter rotating components
E,(t)+E(t) that continuously push the ions coherently to a higher orbit in the ICR
cell.

E, .

E (t) = 70 (sinw, t + cosm, t) (2.7a)
E, .

E,(t)= 7(sm @t —Ccosm,t) (2.7b)
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Only the component, which rotates with the same frequency and in the
same direction as the ion of interest, will increase the kinetic energy of the ions.
The counter-rotating component does not influence the kinetic energy but ensures
the coherent motion of the ions. If it is assumed that all power absorbed by the ions
(A(t):Eozqzt/4m) is converted into kinetic energy, the radius » of the ions

becomes
p=—"2¢ (2.8)

The nice feature of this equation is that all ions are excited to the same
radius in the ICR cell independent of the mass and charge of the ions. However,
most excitation methods provide an excitation power that is not completely
independent of the frequency. These methods include rectangular pulse or impulse
excitation, single frequency excitation and a frequency chirp. A method that
does excite the ions to the same radius is called stored waveform inverse Fourier
transform (SWIFT) and was introduced by Marshall et al. in 1985.176’177 The
frequency range for excitation is specified followed by an inverse Fourier
transformation to obtain the time domain excitation waveform. Quadratic phase

scrambling is used to spread the power of the time domain signal.

The coherent motion of the ions is detected with the detection electrodes
after kinetic excitation of the ions to an orbit with a radius smaller than the
diameter of the ICR cell. The two detection electrodes are opposite to each other
and positioned next to the excitation electrodes as shown in figure 2.2. An
alternating image current is induced each time the ions pass the detection
electrodes. The frequency of the alternating image current matches the cyclotron
frequency of the ions. After conversion of the alternating current to an alternating
voltage the time domain voltage signal f(?) is obtained

@)= iNie_’”' cos(w,t + ;) (2.9)

where ¢ is the length (in seconds) of the transient, N; is the number of ions i
and ¢; the phase of the ions. The intensity of the time domain signal decreases with
damping constant 7; due to collisions with background gas and space charge
effects.m_180 These effects result in a dephasing of the coherent motion of the ions,
magnetron expansion and a decrease of the orbit radius.
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An example of a time domain signal of an ion with a cyclotron frequency ®
of 114.179 Hz (m/z of 940.6933) is shown in figure 2.4a (see insert). The beating
pattern that is observed originates from the presence of other ions with cyclotron
frequencies 114.057 Hz and 113.936 Hz (m/z 941.6967 and 942.7001). These ions
are the isotopic peaks of the ion with a cyclotron frequency of 114.179 Hz due to
the natural abundance of isotopes (H, “C, PN and '0O). Another feature of
equation 2.9 that becomes clearly visible in figure 2.4a is that the intensity of the
time domain signal decays in time, which can be described by 7. After Fourier
transformation of the time domain spectrum the frequency spectrum is obtained.
The mass spectrum (figure 2.4b) is calculated by equation (2.3).

(a) (b)

FT

—
0.015 0.030 0.045 0.060 939 941 943 945 947
Sec. m/z

Figure 2.4  Time domain signal of a synthetic hyperbranched oligomer made by
the polycondensation of di-isopropanolamine and phthalic acid (a). Mass spectrum
of the Fourier transformed time domain signal (b).

2.2.3. Collisional excitation for fragmentation

A frequently used method to obtain structural information of ions is by
collisionally activated dissociation (CAD). The ion of interest is kinetically excited
in the ICR cell and collided with a collision gas. A part of the collision energy is
converted into internal energy until the dissociation threshold is reached and
fragmentation occurs. Kinetic excitation is performed by applying a well-defined
RF voltage on the excitation electrodes. The two most common methods to activate
the ions are on-resonance excitation and sustained-off resonance irradiation
(SORI). The alternating field in on-resonance excitation has the same frequency as
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the cyclotron frequency of the ion of interest. The laboratory frame kinetic energy
Elinap at time 7., can be controlled by ¢, and Ej and is given by the following
relation

— qa)cEOZtezxc _ quoztjxc (2 10)
kinJab — - .
: 8B &m

E

Note that the orbit radius 7 in equation (2.8) is independent of the mass and
charge of the ions. The increase of the orbit radius during the excitation is
schematically shown in figure 2.5a.

(a) (b) P ,

Figure 2.5  Increase of the orbit radius during the excitation upon on-resonance
excitation (a) and increase of the orbit radius during sustained off resonance
irradiation (SORI) (b). Solid line represents acceleration of the ions, dotted line
deceleration. Note that the radius of the ion trajectory in the ICR cell during the
SORI excitation is much smaller.

An electrical field that is off resonance with the cyclotron frequency of the
ions is applied on the excitation electrodes in SORI. The radius is continuously
modulated as is shown in figure 2.5b. The following relation gives the laboratory
frame kinetic energy and orbit radius.
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qa)cE 02 Sin((a)i o a)eﬁ' )texc /2) ’
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The main difference with on-resonance excitation is that the ions are
continuously (sustained) accelerated and decelerated. In on-resonance excitation
the ions are accelerated to a relatively high kinetic energy in approximately 100 —
300 ps. The kinetic energy of the ions relaxes in ~0.1 second after acceleration due
to multiple collisions.181 In SORI, the kinetic energy can be modulated for seconds.
The collision energy of each collision is typically lower than in on-resonance
excitation, which allows the study of the lowest energetic fragmentation pathways.

2.2.4. Instrumental layout and experimental procedures for ESI FT-ICR
MS analysis

The electrospray ionisation Fourier transform ion cyclotron resonance mass
spectrometry (ESI FT-ICR MS) experiments are performed with a modified
Bruker-Spectrospin (Féllanden, Switzerland) APEX 7.0e FT-ICR MS equipped
with a 7T super-conducting magnet. The heart of the system, the ICR cell, is
positioned in the centre of the super-conducting magnet and is held at
10” — 10" mbar.

A polymer solution to be electrosprayed is made that contains ~1 mg/ml
polymer. Several types of solvents can be chosen for this purpose but the polymer
must be soluble in the solvent and the solvent must be electrospray compatible.
Commonly used solvents are THF, methanol and propanol. The ‘magic’ solvent
hexafluoroisopropanol (HFI) can often be used for polymers that are difficult to
dissolve. Depending on the type of cations that is desired, ~1 mM Nal (for sodium
cationised ions) or ~ 2% acetic acid (for protonated ions) is added to the solution.

Ions are generated in an in-house constructed ESI source shown in figure
2.6. The sample is pumped with a Harvard syringe pump model 55-1111 (Kent,
U.K.) at a flowrate of 0.1 ml/hr through a fused silica capillary (0.18 mm internal
diameter). Positively charged electrosprayed droplets are generated by applying a
3000-5000 V potential difference between a stainless steel spray needle and the
stainless steel capillary, which is the inlet of the mass spectrometer. The stainless
steel capillary is at a distance of ~0.5 cm from the spray needle. The capillary has
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an internal diameter of 0.75 mm, length of ~20 cm (Alltech Assoc., Inc., Deerfield,
IL) and is placed in a ceramic heater tube. To aid the evaporation of the solvent,
the stainless steel capillary is held at approximately 170 °C by passing a current of
1.8 A (~12 W) through a metal wire woven in the ceramic heater tube.
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Figure 2.6  Schematic representation of the ESI source with spray needle (A),
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heated capillary (B), skimmer (C), quadrupole (D), and extraction lenses (E).

Five stages of differential pumping are employed to bridge between the
atmospheric pressure conditions in the ESI source to the FT-ICR cell at
10°-10"° mbar. In the first pumping stage, the nozzle skimmer region, the pressure
is approximately 1 mbar. lons are focused by a tube lens (not shown) through a
copper skimmer with an orifice diameter of 1 mm. Excess neutrals are removed by
the skimmer. Typical nozzle skimmer voltage differences are about 5 V to
minimise fragmentation in the ion source. The second pumping stage contains a
RF-only quadrupole at a pressure of 10” mbar. Electrostatic ion optics is used (at a
pressure of 107 mbar) in the third region to guide the ions from the exit of the
quadrupole in the direction of the ICR cell. Ions are accelerated to 3000 eV in the
intermediate region (~10"* mbar) at the exit of the quadrupole to prevent radial
ejection by the magnetic field. Before entering the ICR cell the ions are decelerated
to approximately 1 eV to facilitate trapping in the ICR cell at 10™ — 10'° mbar.

Two ICR cells have been used in this thesis. The analysis described in
chapter 3 and 4 were performed with a Bruker Infinity™ ICR Cell. All other
experiments were performed with an in-house constructed capacitively coupled
open cell shown in figure 2.7. The copper electrodes of the open cell are mounted
in an Al,O; cylinder with an internal diameter of 6 cm and an outer diameter of 8
cm. The 1 cm thick Al,Oz wall contains sixteen channels with a diameter of 3 mm.
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In these channels 12 electrically shielded heater elements are placed. The coaxial
heater elements consist of a closed rigid copper cylinder, a UHV compatible
coaxial isolation material and a central heater wire. These elements were chosen as
they can be electrically shielded from the ICR cell electrodes to prevent the
introduction of noise from the heater current and to keep the heater current
sufficiently low to have only a minimal effect on the magnetic field homogeneity.
A Pt100 temperature sensor was mounted on the outside of the Al,O; cylinder to
measure and control the cell temperature. A Shinyo thermostat was used to readout
the Pt100 sensor and controls the temperature of the open cell.182

A standard ESI FT-ICR MS experimental time sequence is shown in figure
2.8a. The experiment starts with a quench on the rear trapping electrode to make
sure that all ions are ejected from the ICR cell. In the next step the emptied ICR
cell is filled with the ion population. Argon gas is pulsed (~10 mbar) during the
introduction of the ions to kinetically cool down the ions and enhance trapping.
Kinetic excitation and detection of the ion population takes place after a delay of
several seconds to pump down to a pressure of ~10™-10” mbar. Collisional cooling
is only required if the experiments are performed with the open cell. Data
acquisition (128k datapoints) and control is performed using XMASS (Bruker-
Daltonics, Billerica MA) running on an SGI Indigo R4000 (Silicon Graphics,
Mountain View, CA) UNIX-based workstation. The total duration of one
experiment is in the order of seconds.

The experimental time sequence of a mass spectrometry/mass spectrometry
(MS/MS) experiment is shown in figure 2.8b. After the ions are trapped and the
Argon pressure is reduced to ~10"-10” mbar the precursor ion is selected.
Isolation of the ions is performed with an in-house constructed arbitrary waveform
generator (AWG) with a memory of 192 Mb.183 Tailor made isolation pulses can
be generated including single frequency excitation, frequency chirp and SWIFT.
These pulses have in common that the cyclotron motion of all ions, except the ion
of interest, is kinetically excited to make sure that these ions collide with the
electrodes of the ICR cell. The ion of interest remains in the ICR cell for further
study. The AWG can also be used for detection. A factor of 1500 more data points
are available by detecting with the AWG compared with the 128 Kb of the Bruker
hardware. This allows detecting the coherent motion of ions for a longer period
and hence an increase of the resolution can be obtained. MS/MS experiments are
started with an Argon pulse in the ICR cell after isolation of the ion. A delay of
~0.5 s is implemented before the ions are excited by on-resonance or sustained off
resonance collisionally activation as described in paragraph 2.2.3. Collisions of the
ions with Argon take place in approximately 2 seconds for on-resonance
excitation. The collision time can be longer or shorter for SORI. After the collision
experiment a pumping delay of 5 seconds is introduced followed by the regular
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excitation and detection event. In a similar way other experiments can be designed.
For example, MS/MS/MS experiments can be performed with an additional
isolation and MS/MS step. MS" experiments were performed in chapters 6 and 7.

A typical time sequence of a H/D exchange experiment is depicted in figure
2.8 c. The experiment is very similar to the previous two experiments. The only
difference is that the ion excitation/activation event of figure 2.8 b is replaced by a
DO gas pulse (~5-107 mbar) via a pulsed valve. The pulsed valve is in-between a
reservoir containing liquid D,O and the ICR cell. A combination of gas phase H/D
exchange experiments and MS" was used in chapter 8 for the study of the isomeric
structures of hyperbranched polyesteramides. The electron capture dissociation
(ECD) experiments described in chapter 9 for the study of hyperbranched
polyesteramides have been performed in a similar manner as the experiment
described in figure 2.8c. The only difference is that an electron pulse for ECD is
used instead of the D,O pulse. A Rhenium filament is positioned in the back of the
ICR cell centred on the z-axis of the cell. The filament is heated by a current of
2.95 A, which is sufficient to generate electrons. During the ECD event the
electrons are accelerated to ~ 1.5 eV and allowed to be captured by the ions.

Trap
Tra .
_p Excite/]
Detect
[Excite/
Detect
Trap
Trap

Figure 2.7  The two ICR cells used in this thesis. Infinity™ Cell (a) and in house
constructed capacitively coupled open cell (b).
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Figure 2.8  Time sequence of a standard ESI FT-ICR MS experiment (a), MS/MS
experiment (b) and H/D exchange experiment (c).
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Chapter 3

Characterisation of the molecular weight
distribution of polyoxyalkylenes

Electrospray ionisation (ESI) Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR MS) was used for the study of charge state effects on
the measured molecular weight distribution of three poly(oxyalkylene)s in the mass
range of 400-8000 Da. A linear increase of the number average molecular weight
(M,) as a function of the charge state is observed for all poly(oxyalkylene)s. An
explanation of the increasing M, as a function of the charge state is given on the
basis of the available number of charge sites (oxygen atoms) on a polymer
molecule. Large polymer molecules, which contain more oxygen atoms than small
polymer molecules, can accommodate more cations. A method is introduced that
uses all charge states from the ESI FT-ICR mass spectrum to reconstruct the
molecular weight distribution. The method is based on a summation of the polymer
molecules observed in all charge states. The obtained reconstructed molecular
weight distributions are in good agreement with the distributions observed with
MALDI TOF-MS.

3.1. Introduction

The molecular weight distribution is often characterised using four
parameters: the number (M,), weight (M,,) and z (M;) average molecular weights
and polydispersity (D=M,,/M,). Conventional techniques used to measure M, and
M,, are based on osmotic pressure and lightscattering, respectively.184 Neither
technique is able to provide detailed information about the shape of the
distribution, which is often required. A technique that measures the shape of the
molecular weight distribution is size exclusion chromatography (SEC). The
retention of the polymer molecules depends on their hydrodynamic volume: small
polymer molecules will be retained longer than large polymer molecules, which
will elute earlier from the column. In this way, a hydrodynamic volume versus
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concentration curve is obtained. From the shape of the distribution M,, M,, and D
can be calculated. The main drawback of SEC is that the hydrodynamic volume is
strongly dependent on the type of polymer and branching of the main chain. As a
result, analysis of a polymer requires calibration with a well-defined standard of
the same polymer class/type, which is not always available. A universal calibration
method for SEC can be obtained with the Mark-Houwink equation ([n]:kMa).184
M is the molar mass of the polymer, [n] the intrinsic viscosity, and k and a are
polymer specific constants, respectively. Constants k and a are solvent and
temperature dependent. The viscosity is measured using a viscometric detector

allowing the molecular weight to be calculated.

Mass spectrometry can provide the necessary additional molecular
information for a large variety of polymer classes. However, polymers with a
polydispersity  larger than 1.1 analysed with matrix-assisted laser
desorption/ionisation time-of-flight mass spectrometry (MALDI TOF-MS) yield
molecular weight distributions which deviate dramatically from the distributions
obtained with SEC.”""'" Fractionation with SEC prior to the analysis with
MALDI TOF is required to sample the entire distribution.””*"*"* Electrospray
ionisation (ESI) is another ionisation technique for mass spectrometry that has a
high potential in polymer molecular weight distribution (MWD) characterisation.
Only a limited number of publications have appeared so far mainly because
overlapping distributions of polymeric ions are observed in the mass spectra due to
the multiple charging nature of ESI. Mass spectrometers such as qualdrupoles&’é&79
and sector instruments65 do often not provide sufficient resolution to distinguish
between the isotopic peaks. The combination of ESI and FT-ICR MS provides
enough resolution to distinguish the isotopic peaks of the polymer molecules in the
different charge states. For example, the isotopic peaks of a poly(ethylene glycol)
(PEG) sample with a molecular weight of 23,000 were resolved.64 Only a few
research groups have used ESI FT-ICR MS for the characterisation of synthetic
polymers.64’67’76’82’110’113 Most groups use FT-ICR MS in combination with

51-53,56,93,102,186-190 . :
MALDI. Given the single charge state observed with MALDI, the
technique is limited to relatively low-molecular weight polymeric systems
(typically <10,000 Da) since high mass gons (high m/z) are more difficult to trap, a

problem that can be overcome with ESI.

In this chapter ESI FT-ICR MS is used for the characterisation of the MWD
of a series of monodisperse poly(oxyalkylene)s. The influence of the charge state
on the measured polymer parameters M, and M,, is studied. A method is introduced
to derive the MWD of monodisperse poly(oxyalkylene)s from the analysis.
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3.2. Experimental

The electrospray ionisation Fourier transform ion cyclotron resonance mass
spectrometry (ESI FT-ICR MS) experiments were performed with a modified
Bruker-Spectrospin (Féllanden, Switzerland) APEX 7.0e FT-ICR MS equipped

171
with a 7T super-conducting magnet and a Bruker Infinity™™ Cell ! (see Chapter 2).

The MALDI TOF spectra were acquired using a Bruker BIFLEX (Bruker-
Franzen Analytik, Bremen, Germany) system equipped with a SCOUT ion source
and a 337 nm nitrogen laser VLS-337i (Laser Science, Newton MA). All analysis
shown here were carried out in the reflectron mode with an acceleration voltage of
20 kV. The system was externally calibrated using phtalocyanine (C3,NgCl;¢) and a
mixture of PEG1000, PEG2000 and PEG3000.

The poly(ethylene glycol) (PEG): PEG3000 and PEG6000 and
poly(propylene glycol) (PPG): PPG1150 and PPG3250 standards were obtained
from Fluka Chemical (Buchs, Switzerland). PEG1000 was obtained from Serva
(Heidelberg, Germany). The poly(tetrahydrofurane) PTHF2000 sample was
supplied by DSM (Geleen, The Netherlands). PTHF2000 has a polydispersity of
~1.05-1.1 and the other polymers have a polydispersity of ~1.01-1.04. The
numbers in the names denote the average molecular weight of the sample. All
samples contained sodium and were used without further purification. The PEG
samples were sprayed in an ~ 1 uM solution with a solvent composition of 70:30
MeOH:H,0. PPG and PTHF were sprayed at concentrations of ~5 and 100 uM,
respectively. The average molecular weight of the polymer standards (e.g. 3000
g/mol for PEG3000) was used for the calculation of the polymer molar
concentration. Approximately 10 pM Nal (Aldrich) was added to the polymer
solutions via a concentrated Nal stock solution in H,O to enhance the ionisation.

The matrix wused for the MALDI TOF experiments was
2,5-dihydroxybenzoicacid (2,5-DHB) from Sigma Chemical Co. (St. Louis, MO).
The samples were mixed with the matrix using a molar ratio of 1000:1
matrix:sample. All samples and the DHB were dissolved in ethanol, mixed and
deposited manually on the stainless steel MALDI target.

3.3. Results and discussion

The ESI FT-ICR MS spectra of PEG3000 and PTHF2000 are shown in
figure 3.1. Several distributions are observed each corresponding to a particular
charge state of the same molecular weight distribution. Charge states of 2+ to 7+
are observed for PEG3000. PPG3250 and PTHF2000 are found in charge states
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1+ to 5+ and 1+ to 3+, respectively. From the maximum charge state observed for
each polymer it becomes clear that PEG3000 accommodates more charges than
PPG3250 although the average molecular weight is about the same.

If conformational effects do not play a role in the cationisation of the
different polymer molecules, we can assume that the observation of a certain
charge state distribution is statistical of nature. The normalised intensity of M, is
plotted as a function of the charge state in figure 3.2. M, is the most intense peak in
the mass spectrum for a given charge state. Normalisation was performed with the
M, in the most intense charge state (z=5 for PEG3000). The comparison of the
charge state distributions of PEG3000 and PEG6000 reveals that large polymer
molecules (PEG6000) accommodate more charges than small polymer molecules
(PEG3000). The intensities of the peaks in figure 3.2 are corrected for the charge
state (section 3.3.3.).

4+ 1t 4t 3+

( a) 2+
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| “ |”] ll i ”'
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Figure 3.1  ESI FT-ICR MS spectra of PEG3000 (a) and PTHF2000 (b) with
sodium iodide added to the spray solution (70:30 MeOH:H;0).
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Figure 3.2 Normalised intensity of M, plotted for all charge states observed for
PEG3000 and PEG6000.

3.3.1. Charge state dependence of M,, M,, and M,

If the ionisation probability would be independent of the chain length of the
polymer molecules, the distributions corresponding to different charge states
should be similar and yield unique values for M), M, and M,,. The mass values (m;)
used for the determination of M, and M, (equation 1.1) in charge state z are
calculated by subtracting the mass of z cations (m1.,,) from z times the measured m/z
of each individual mono-isotopic peak (m;, =z-(m/z)—z-m,,). In this manner
the masses of the neutral polymer chains are obtained. The calculations were
performed for all charge states observed for PEG1000/3000/6000, PPG1150/3250
and PTHF2000.

The dependence of the measured M, on the charge state is presented in
figure 3.3. A linear increase of the measured M, as a function of the charge state is
observed for all poly(oxyalkylene)s. M, and M, (not shown) exhibit a similar
behavior and are not discussed in detail. The molecular weight of the
poly(oxyalkylene) influences the slope of the lines in figure 3.3, which decreases
with increasing average molecular weight.
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Figure 3.3  Influence of the measured number average molecular weight M, on
the charge state of PEG, PPG and PTHF with different average molecular
weights.

An increase in the measured M, value of PEG with the charge state has
been observed earlier with electrohydrodynamic ionisation MS.]é’191 With ESI, a
linear increase in the maximum number of accommodated sodium cations with the
molecular weight of PEG has been observed.62’63 These findings and the results
presented here indicate that a strong correlation exists between the number of
oxygen atoms that a PEG molecule contains, and the charge states observed,
because the charging sites on PEG, PPG and PTHF are the oxygen atorns.éz’lgz_194
Molecular modelling has demonstrated that up to eight oxygen atoms are involved
in the formation of a singly sodiated PEG ion with MALDIm’193 and seven and six
for PPG and PTHF, respectively.194 An explanation for the increasing M, with the
charge state for all poly(oxyalkylene)s is based on the length of the molecules.
Relatively long molecules contain more available charge sites (oxygen atoms) than
short polymer molecules. Consequently, small molecules are preferably observed
in low charge states because of a lack of available sites. Large polymer molecules
can accommodate more charges and are mainly observed in high charge states. An

increase of calculated M, with the observed charge state z results.

38



Characterisation of the Molecular Weight Distribution

3.3.2. Dependence of the monomer length/structure on the observed

charge states

The relation between the number of oxygen atoms and the charge state can
be visualised by plotting M,/my,,, which is the number average degree of
polymerisation P,, versus the charge state (figure 3.4). Here, my,, denotes the
monomer mass. The ratio M,/m,,, yields the average number of oxygen atoms it
takes to accommodate a certain number of charges provided that the monomer unit
contains only one oxygen atom. By plotting M,/mu,, versus z, the three
poly(oxyalkylene)s with a different monomer composition but with oxygen as
charge site can be compared. We have seen earlier that the slope of the line in
figure 3.3 decreases with increasing molecular weight (or number of available
charging sites) of the polymer samples. The same is true for figure 3.4. This is
because a large PEG6000 molecule/cation complex will experience only a slight
conformational distortion if an additional charge is added to the complex. A
relatively small PEG1000 molecule/cation complex will experience a much larger
conformational distortion. If it is assumed that the number of oxygen atoms is the
only parameter that influences the slope of the line in figure 3.4, then PPG3250
should have a larger slope than PEG3000 since PPG3250 contains fewer oxygen
atoms. PEG3000 and PPG3250 contain an average of ~75 and ~60 oxygen atoms,
respectively. The slopes of the lines in figure 3.4 are however almost the same. A
tentative explanation for this effect is that the addition of a methyl group to the
polymer chain (PPG vs. PEG) leads to a different conformation of the sodium
cation/polymer chain complex as was shown by Gidden et al. o using ion mobility
methods and molecular mechanics/dynamics. The methyl groups point away from
the sodium cation but create enough hindrance to distort the complex. Gidden ef al.
showed that the sodium cation interacts with seven PPG oxygen atoms and eight
PEG oxygen atoms.194 The slope of the lines in figure 3.4 decreases with the
available number of oxygen atoms (e.g. PEG3000 vs. PEG6000) but increases with
the number of oxygens involved in the cation/polymer chain complex (e.g. PEG vs.
PTHF). For example, if one oxygen atom were required for a stable complex, the
slope of the line in figure 3.4 would be 1 (if no other parameters influence the
slope) whereas a slope of 10 would be obtained if 10 oxygens were involved in the
formation of a stable complex. These two effects contribute to the similar slopes
observed for PEG3000 and PPG3250.
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Figure 3.4  M,/muon (P,) versus charge state for PEG, PPG and PTHF with
different molecular weights. M,/my., (P,) is correlated to the number of charging
sites (oxygen atoms).

For PTHF2000 a slope two times larger than the slope of PEG1000 and
PPG1150 is observed although the molecules contain a comparable number of
oxygen atoms. This can be due to the relatively high polydispersity of PTHF
(~1.05-1.10) compared with the other samples studied in this chapter (~1.01-1.04).
A difference in the M, values between two distributions of different charge state
can therefore be higher than for a less polydisperse sample. PEG and PPG have,
however, a similar polydispersity. Differences in the slope between PEG and PPG
can therefore not be explained by a difference in the polydispersity.

Figures 3.3 and 3.4 demonstrate that the characterisation of the molecular
weight distribution with ESI FT-ICR MS introduces a large error if an arbitrary
charge state is used for the calculation of M,. The difference in M, between the
highest and lowest charge state of PEG3000 is about 650 Da! In the next section a
method is introduced that combines all charge states for the calculation of the
molecular weight distribution.

3.3.3. Reconstruction of the molecular weight distribution

It was shown that the analysis of the molecular weight distribution with ESI
FT-ICR MS can introduce a large error in the calculated M,. The question is
addressed if it is possible to reconstruct the molecular weight distribution
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representative for the polymer of interest using all the different charge states.
Therefore all distributions are combined taking the charge state and isotopic
distribution of the polymer molecules into account using equation (3.1).

1
1" = 3.1
= ) (3.1

z

All ions are excited to the same radius in the ICR cell during the excitation
event163 independent of m/z. An ion charged by z cations will induce z times more
current on the detection electrodes than a singly charged ion. Therefore the peak
intensity of a polymer molecule with degree of polymerisation » in charge state z
(1,.-) has to be corrected for the number of charges z. As the chance of finding an
molecule containing only '*C isotopes, P(n), decreases with increasing number of
carbon atoms, the intensities used have to be corrected as was shown by others.51
The isotopic correction is carried out for all polymer molecules present in all
charge states. In figure 3.5 the reconstructed molecular weight distribution of
PEG3000 is compared with the distribution as obtained with MALDI TOF. The
two distributions are in good agreement, M,(MALDI TOF) = 3250 Da and M,,(ESI
FT-ICR MS) = 3350 Da. For PEG6000 these values are M,(MALDI TOF) = 6530
Da and M,(ESI FT-ICR MS) = 6980 Da. This illustrates that the molecular weight
distribution can be reconstructed using all charge states with a reasonable accuracy
(~7%). The distributions of the polymers have not been verified using SEC but
several authors have shown that accurate MWD analysis can be performed with
MALDI when the polydispersity is lower than 1.1, which is the case for the
polymers studied here.” """ Similar reconstructions have been performed

before with electrohydrodynamic ionisationm’m MS and ESI FT-ICR MS.64

The peak height was used in the previous part for the calculation of M, and M,,
because peak areas are relatively difficult to determine with the data acquisition
program XMASS. Another reason for using the peak height was that some peaks in
the spectrum of PEG6000 overlap with peaks of other polymer molecules in other
charge states. Therefore it is not possible to determine the exact area of all the
peaks. We have studied whether the peak area is a better parameter for the
reconstruction since peaks are broadened at higher masses in the same charge state,
which is inherent to FT-ICR MS. The difference in reconstructed M, values using
peak heights and areas of PEG3000 is less than 1%. Larger differences are only
expected for polymers with a broad molecular weight distribution. When polymers
of low polydispersity are investigated, the m/z range in which a distribution of a
certain charge state is found is small e.g. the peaks of PEG3000 in the 3+ charge
state are observed in the m/z range of 900-1400. The higher the charge state, the
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narrower the m/z range of the distribution and peak broadening effects become
very small. Since the poly(oxyalkylene)s investigated in this report are of low
polydispersity and for PEG3000 no differences are found for M, calculated using
the peak area and peak height, the peak height can be used for the calculations.
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Figure 3.5  Calculated molecular weight distribution of PEG3000 using all
charge states observed with ESI FT-ICR MS compared with the MALDI TOF
distribution.

3.4. Conclusions

The combination of ESI with FT-ICR MS for the characterisation of the
molecular weight distribution of a series of poly(oxyalkylene)s yields apparent M,
values that increase with the charge state. This effect is due to the number of
available charging sites (oxygen atoms) that the polymer molecules contain. Small
polymer molecules have fewer charging sites than large polymer molecules and are
preferentially observed in low charge states whereas large molecules are
preferentially observed in higher charge states. The shielding effect of the methyl
groups of the PPG molecules lead to a cation/PPG complex that involves an
interaction with fewer oxygen atoms than a cation/PEG complex. A smaller
increase of the M, value of PPG with the charge state (compared with PEG)
results.

A method is introduced that combines all charge states in order to
reconstruct the molecular weight distribution. Isotopic effects and the charge state
are taken into account. The reconstructed distributions are in good agreement with
the distributions observed with MALDI TOF-MS. This illustrates that such
corrections must always be performed for polymers with a polydispersity > 1.01.
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Accurate determination of the polymer end-
group and monomer mass of polyoxyalkylenes

Accurate monomer and endgroup masses were measured of three
polyoxyalkylenes in the mass range of 400-8000 Da using electrospray ionisation
(ESI) Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS).
Use of all multiple charge states observed with ESI lead to a threefold increase in
precision of the endgroup and monomer mass determination when compared with
MALDI. The improvement is attributed to the increased number of data points used
for the regression procedure. Endgroup masses are determined with a mass error
better than 5 and 75 millimass units for the molecular weight range of 400-4200
Da and 6200-8000 Da, respectively. A mass error of better than 1 millimass unit
was observed for all monomer mass determinations. With ESI, endgroup and
monomer masses have been determined for PEG molecules with a mass higher
than 8000 Da. This is almost two times larger than observed with MALDI on the
same instrument.

4.1. Introduction

One of the most commonly used techniques to obtain quantitative endgroup
information is titration. However, this technique fails to provide information about
the structure of the endgroup. NMR can provide information on both the endgroup
and monomer structure but only yields an average of these polymer characteristics.
Mass spectrometry provides detailed molecular information on the composition
and structure for a large variety of polymer classes using only minute amounts of
sample. Matrix-assisted laser desorption/ionisation time-of-flight mass
spectrometry (MALDI TOF) has proven to be a good technique for the
characterisation of the molecular weight distribution and the monomer/endgroup
composition up to a molecular weight of ~ 50,000 Da.zz’zs’29 However, the mass
resolution is not sufficient to distinguish the different isotopic peaks at high m/z.
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Isotopic resolution is not necessary for the determination of the molecular weight
distribution but it is required for an accurate endgroup and monomer mass
determination as will be shown in this chapter.

MALDI Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) has been explored for the characterisation of synthetic polymer
endgroups.%’93 However, given the single charge state generated with MALDI, the
technique is limited to relatively low-molecular weight polymer systems (typically
<10,000 Da) since ions with a high mass (high m/z) are difficult to trap.sz’53 A
technique that overcomes this problem is electrospray ionisation (ESI). The main
advantage of ESI compared to other ionisation techniques is that multiply charged
polymer ions are formed that are easier to trap and enables an analysis at lower m/z
values. ESI also provides a low internal energy deposition, like MALDI, resulting
in minimal fragmentation of the polymer ions. ESI can be used online with SEC,
spraying conventional solutions. R Solubility properties and the inability to
interact with cations of for example polyolefins can be a limitation for polymer
analysis with ESI.1

Due to the multiple charge states created by ESI, overlapping distributions
of polymeric ions are observed in the mass spectra. Mass spectrometers such as
quadrupoles,éz’é&79 sector65 and TOF instruments do often not provide enough mass
resolution to distinguish between the isotopic peaks. The combination of ESI and
FT-ICR MS provides enough mass resolution to distinguish the isotopic peaks of
the polymer molecules in the different charge states of a molecular weight up to
23,000.64 Only a few research groups have used ESI FT-ICR MS for the
characterisation of synthetic polyrners,64’67’76’82’110’l " While most groups use

51-53,56,93,102,186-190
MALDI.

We have combined the advantages of ESI and FT-ICR MS for the
characterisation of polyethylene glycol (PEG), polypropylene glycol (PPG) and
polytetrahydrofuran (PTHF) on monomer and endgroup mass. A novel method is
introduced that uses all charge states in one linear regression procedure. We will
demonstrate how this method can be used to improve the endgroup characterisation

substantially compared to the linear regression procedure using a single charge
state, as done with MALDI.

4.2. Experimental

The electrospray ionisation Fourier transform ion cyclotron resonance mass
spectrometer (ESI FT-ICR MS) experiments are performed with a modified
Bruker-Spectrospin (Féllanden, Switzerland) APEX 7.0e FT-ICR MS equipped
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with a 7-T super-conducting magnet and a Bruker Infinity ™ Cell171 (see chapter
2).

The polyethylene glycol (PEG): PEG3000 and PEG6000 and
polypropylene glycol (PPG): PPG1150 and PPG3250 standards are obtained from
Fluka Chemical (Buchs, Switzerland). PEG1000 is obtained from Serva
(Heidelberg, Germany). The polytetrahydrofuran PTHF2000 sample is supplied by
DSM (Geleen, The Netherlands). The numbers in the names denote the average
molecular weight of the samples. All samples contain sodium from origin and are
used without further purification. The PEG samples are sprayed in an ~ 1 uM
solution with a solvent composition of 70:30 MeOH:H,0. PPG and PTHF are
sprayed with concentrations of ~5 and 100 pM, respectively. The average
molecular weight of the polymer standards (e.g. 3000 g/mol for PEG3000) is used
for the calculation of the polymer concentration. Approximately 10 puM Nal
(Aldrich) was added to the polymer solutions to be sprayed via a concentrated
stock solution in H,O to increase the S/N ratio.

4.3. Results and discussion

A series of polyoxyalkylenes with different average molecular weights in
the range 400-8000 Da was used for endgroup determination. Charge states of 1+
to 12+ are generated depending on the average molecular weight of the polymer
standards. In figure 3.1 the spectra of PEG3000 and PTHF2000 are shown. All
polymer peaks are isotopically resolved (see insert of figure 3.1) with a resolution
(m/Am)sge, of ~25.000 at m/z ~1000 in broadband mode.

The spectrum of PEG6000 is more complex than the spectrum of PEG3000
although the samples contain approximately an equal number of polymer
molecules. This difference is caused by three factors. First, higher mass molecules
are observed in more charge state distributions. Second, the spacing between the
molecules and isotopic peaks becomes smaller for higher charge states. Third, the
number of isotopic peaks increases with the degree of polymerisation. Figure 4.1
shows a simulation of the isotopic distribution of three polymer molecules (upper
figures) with degrees of polymerisation 25, 75 and 150, which are comparable to
the size of a molecule in PEG1000, PEG3000 and PEG6000, respectively. Four
isotopic peaks are observed for PEG1000 while for a PEG6000 molecule, about 10
isotopic peaks show up in the spectrum. Another feature in figure 4.1 is that the
intensity of the mono isotopic peak decreases with increasing molecular weight.
The intensity has become almost zero for PEG6000. This is because the probability
to observe a molecule containing only '*C atoms decreases with an increasing
number of carbon atoms. Some of the experimentally observed isotopic peaks of
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PEG6000 (lower figure) show deviations from the simulated isotopic pattern. This
is probably caused by an overlap with peaks of other polymer molecules. In
general, the experimentally observed isotopic patterns correspond well with the
simulated pattern.

4.3.1. Theory of the endgroup determination using the linear regression

and averaging methods with electrospray ionisation

Two methods have been introduced by others for the calculation of the
endgroup mass, monomer mass and mass accuracy of synthetic polymers from
MALDI FT-ICR mass spectra.93 The method has been applied successfully to
linear and hyperbranched polymers.56’92’93’95’105 The multiple charge states observed
with ESI require a linear regression procedure similar to the procedure applied to
the MALDI mass spectrum in which only singly charged ions are observed. In ESI,
an ion in charge state z will contain z cations. The charge state is determined from
the m/z spacing between the isotopic peaks. Since z can be very large, and the mass
accuracy of the FT-ICR MS is very high, the mass of z electrons is taken into
account. Fenn et al. estimated more than 4200 charges on a PEG with a molecular
weight of 5 million,63 which will result in an error of ~2.3 Da if a correction for the
electron is not performed. The mass of an electron mi... has to be subtracted from
the mass of the neutral atom or molecule that is responsible for the charge, to
obtain the cation mass (for example mgpom-Meieciron). The measured mass over
charge ratio, (1/2)" neas, for the monoisotopic polymer molecule is given by

z+
(m] :n.mman +mend+z'mcat — (41)
meas z
m m
mon end
ne—rp—dym,
z z

where m,,., 1s the mass of the monomer unit, # is the number of monomers,
Meyq 18 the endgroup mass and m.,, is the mass of the cation. Equation (4.1) has to
be extended with the term x-(mass °C - mass >C)/z if the selected molecules
contains x °C atoms. We have considered the masses of the cation and electron to
be known exactly. Later in this chapter we will describe a method that enables the
determination of the identity of an unknown cation.
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Figure 4.1  Simulated (upper) and experimentally observed isotopic pattern of
PEGs with n=25, z=2 (a), n=75, z=5 (b) and n=150, z=9 (c). Peaks marked with
an asterisk (*) are the mono isotopic peaks. Peaks marked with an # originate from
other polymer molecules.

A more manageable way to determine the endgroup and monomer masses
is by plotting the mass m,,.,s (by multiplying (m/z)ﬁmeas with the charge state) as a
function of n (equation (4.2)) assuming that z is known. In this equation the
monomer mass and the sum of the endgroup and z cation(s) follow immediately
from the intercept and slope, respectively

=n-m +m +z-m

meas mon end

cat (42)

In order to determine the degree of polymerisation z of an ion, all possible
combinations, Me,7—mg+n;Muen, have to be considered. Here, my is the smallest
possible endgroup mass for nl-=0,1,2,...93 The calculated endgroup mass must be
consistent with the information that is known about the polymer system (synthesis
etc).

Note that for unknown polymers only isotopic peaks may be visible in the
mass spectrum that contains an unknown number of °C atoms. The resulting my,
which is calculated with linear regression is the sum of the endgroup and this
unknown number of *C atoms. To determine the number of C atoms the
following procedure is followed. First, the monomer mass is the slope of
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equation (4.2), which is accurately determined (see further). Second, the elemental
composition of the monomer is determined using the monomer mass. Third, by
comparing the theoretical isotopic pattern of a given molecule with the
experimentally observed pattern, as done in figure 4.1, the number of °C atoms
that a given ion contains can be estimated. Note that for relatively large monomer
masses, e.g. > 100 Da, various elemental compositions can correspond with the
determined monomer mass. This requires additional information about the polymer
from techniques such as NMR.

For large n, the distance between the measured points and the intercept
becomes large. As a result, small deviations in the slope will introduce a large error
in the endgroup mass. This can easily be seen from the expression for the precision
of the endgroup mass o ., that results from the propagation of errors in the
extrapolation procedure

2 2
' ) O o}
2 _ 2, =2_"2_ “Ydata |, =2 data
0,0 =0, +n o, = N +n ¥ (43)

2
Z”i

i=1

Where &~ by 0"2[, and szam are respectively the uncertainties at the centre of
gravity in the fit procedure, the slope and the mass measurements, n is the
transformed average degree of polymerisation as described by van Rooij and
coworkers93, N is the number of data points, #; is a polymer molecule with degree
of polymerisation i and n;” = n; - n. A more detailed description of equation (4.3)
can be found elsewhere.93

A method which is unaffected by small fluctuations in the slope has been
evaluated by van Rooij et al. for MALDI FT-ICR MS.93 This method, 'the
averaging method', requires a known elemental composition of the monomer. The
method does not involve an extrapolation procedure to n=0. By subtracting » times
the mass of the monomer from the mass of the singly charged ions formed by
MALDI, the endgroup plus cation mass is obtained. This procedure is followed by
an averaging of the results of all polymer molecules. For multiply charged ions, as
formed by ESI, the same result is obtained by subtracting n times the mass of the
monomer from m” eqs. The charge state follows from the spacing between the
isotopic peaks. Hence isotopic resolution is absolutely necessary.
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4.3.2. Results of the endgroup determination using the linear regression

and averaging methods

The results for the determination of the endgroup and monomer masses of
PEG1000, PEG3000 and PEG6000 determined with linear regression (#eng regression
and Muon,regression) and the averaging method (Mendaverage) are shown in tables 4.1
and 4.2. The endgroup masses have been calculated for all observed charge states
separately. Only peaks with S/N >3 were used for the endgroup calculations.

The elemental composition of the monomers of PEG, PPG and PTHF is
confirmed with linear regression as C,HiO  (Muonexac=44.0262  Da,
Mmon,regression~44.025 Da), CsHeO (Mmon,exac=58.0419 Da, Muon regression=58.042 Da)
and C4H3O (Mmon exac=72.0575 Da, Muon regression=72.058 Da), respectively. The
mass accuracy resulting from linear regression is very high (4mon regression <<0.1%)
as can be seen from tables 4.1 and 4.2. Note that 7,0, regression 1 determined for all
charge states separately.

The endgroup mass mend regression calculated with equation (4.2) inclucgl}es the
mass of the cation(s) as well (similar to the method used by van Rooij ef al. ) and
therefore increases with the charge state. When the mass of the cations and
13 atoms is subtracted from the calculated endgroup, Mend-cation,regression 111 tables 4.1
and 4.2, the elemental composition of the endgroups is confirmed as —H and —OH
(Mend exacr=18.0106) for all polymers studied. This corresponds to what is known
about the synthesis of polyoxyalkylene polymers. A comparison of the theoretical
and the experimentally observed endgroup masses is described in more detail later
in this chapter.

The Gmon, regression AN Teng regression Values are the uncertainties of the monomer
and endgroup mass respectively as determined with the linear regression method.
The Geng average Value is the uncertainty of the endgroup mass as determined with the
averaging method. Note that 6,0, average=0 because the average method assumes the
monomer mass to be known exactly. The determination of the accuracy in the
experimental data (o4,,) has been done for all charge states separately. We have
taken the maximum observed experimental mass error in the measurements as
Odata- The 044, value is considered for all charge states separately since the mass
error increases with decreasing charge state (see below). Large fluctuations of o4,
for the highest charge states have not been observed, e.g. for 3+ to 7+ of PEG3000.
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Masses (Da) and PEGI1000 PEG3000
deviations z 1+ 2+ 2+ 3+ 4+ 5+ 6+ 7+
n (N) 10-26  20-32 58-80  59-92 60-92 60-93 63-94  72-89
an  a13) 22) (34 (33) (32) (28) (16)
Minon, regression 44.0266 44.0267 44.0244 44.0255 44.0263 44.0264 44.0262 44.0261
AMiyon, regression 0.0004 0.0005 -0.0018 -0.0007  0.0001 0.0002 <0.0001 -0.0001
Oimon, regression 0.0006 0.0008 0.0020  0.0005 0.0006  0.0006 0.0003  0.0005
Mend, regression 40.9963 63.9788 64.0979 87.0287 109.9672 132.9421 155.9484 178.9434
Mend-cation,regression, 18.0071 18.0003 18.1194 18.0610 18.0104 17.9960 18.0131 18.0189
AMend, regression -0.0035 -0.0102 0.1089 0.0504 -0.0002 -0.0145 0.0025 0.0083
Oend, regression 0.0108 0.0197 0.1365 0.0399  0.0470 0.0487 0.0207 0.0429
Mend, average 41.0031 63.9926 63.9768 86.9757 109.9699 132.9571 155.9453 178.9350
Mend-cation,average, 18.0139 18.0141 17.9983 18.0080 18.0130 18.0110 18.0106 18.0105
AMeng, average 0.0033 0.0036 -0.0122 -0.0025 0.0025  0.0005 -0.0005 -0.0001
Oend, average 0.0028 0.0028 0.0127 0.0051 0.0058  0.0060 0.0024  0.0028
Odata 0.0117 0.0101 0.0597 0.0300  0.0336 0.0340 0.0126 0.0110

Table 4.1  Calculated monomer and endgroup masses (Da) and accuracy for
PEGI1000 and PEG3000 of all observed charge states determined with the
regression and averaging method. Only the monoisotopic peaks have been used for
the determination of the monomer and endgroup masses. The A values denote the
difference between the theoretical and measured masses. The ¢ values are the
corresponding standard deviations, which follow from linear regression or
equation 4.3 (average method). Meng.cationregression 1S the endgroup mass as
calculated by equation 4.2 minus the mass of the cation(s). Mend-cationaverage IS
similar t0 Mend-cation regression but determined by the averaging method. 0u, 1s
considered for all charge states separately and is the maximum observed
experimental mass error.
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Masses (Da) and PEG6000
deviations z 4+ 5+ 6+ T+ 8+ o+ 10+ 11+ 12+
n(N) 143-161  140-167 139-168 137-178 143-174 140-169 151-167 143-174 148-166
a7 (26) (26) € (32) (30 (16) (32) (14)

Mion, regression 44.0198  44.0243 44.0254 44.0258 44.0256 44.0264 44.0260 44.0263 44.0265
Ao, regression -0.0064  -0.0019 -0.0009 -0.0004 -0.0006 0.0002 -0.0002 0.0001 0.0003
Ginon, regression 0.0076 0.0052 0.0024 0.0024 0.0028 0.0024 0.0056 0.0020 0.0048
Mend, regression 114.8888 137.1809  160.0199  182.9255 2059571  228.8091  251.8789  274.8222  297.7904
Mend-cation regression, 189185 18.2214 18.0712 17.9876 18.0299 17.8927 17.9733 17.9274 17.9063
AMend, regression 0.9079 0.2108 0.0606 -0.0230 0.0193 -0.1178 -0.0373 -0.0832 -0.1042
Oend, regression 1.1499 0.7911 0.3758 0.3847 0.4429 0.3759 0.8956 0.3111 0.7460
Mend, average 1139175 136.8852  159.8877  182.8646  205.8609  228.8458  251.8402 274.8335  297.8283
Mend-cation,average 17.9472  17.9257 17.9390 17.9267 17.9338 17.9294 17.9346 17.9386 17.9443
AMend, average -0.0634  -0.0849 -0.0716 -0.0839 -0.0768 -0.0812 -0.0760 -0.0719 -0.0663
Oend, average 0.0404 0.0404 0.0195 0.0267 0.0258 0.0210 0.0284 0.0181 0.0288
Odata 0.1664 0.2062 0.0993 0.1623 0.1457 0.1152 0.1136 0.1023 0.1078

Table 4.2  Calculated monomer and endgroup masses (Da) and accuracy for
PEG6000 of all observed charge states determined with the regression and
averaging method. For the determination of the exact masses, only the peaks
containing 4 °C isotopes were used. The A values denote the difference between
the theoretical and measured masses. The o values are the corresponding standard
deviations, which follow from linear regression or equation 4.3 (average method).
Mend-cation,regression 1S the endgroup mass as calculated by equation 4.2 minus the
mass of the cation(s) and B atoms. Mend-cation,average 1S SIMILAY 10 Mend.cation, regression
but determined by the averaging method. 644, is considered for all charge states
separately and is the maximum observed experimental mass error.

The range of polymer molecules n and the corresponding number of
datapoints N observed for each charge state z and used for the calculations are
given in the tables. In most cases N is determined by the range of polymer
molecules n observed in the mass spectrum. However, for some polymer molecules
it was difficult to locate the peak due to peak overlap with other polymer
molecules. Therefore, N and the range of polymer molecules n do not correspond
in all cases.

The Mend-cationregression values of PEG1000 and PEG3000 are ~18.01 Da
which is less than 0.08% difference with the theoretical endgroup mass for -OH
and —H. For PEG6000 this value is smaller than 0.7%. The 2+ charge state of
PEG3000 and 4+ - 5+ charge states of PEG6000 are the only exceptions due to the
decreasing mass accuracy at higher m/z (see further). For PEG6000 and PPG3250
only the peaks containing 4 and 1 "C isotopes were used for the endgroup and
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monomer calculations, respectively. This is necessary since the intensity of the
monoisotopic peaks becomes too low.
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Figure 4.2  Mass error (MeygerMmeas) for PEG3000 (2+, 3+ and 5+ charge
states) as a _function of m/z for the observed charge states.

The Gmon,regression ANA Oend regression Values are highest for the ions which are
observed in the m/z range of ~1300 to 1800, such as the 2+ charge state for
PEG3000, and the 4+ and 5+ charge states of PEG6000. This is illustrated in figure
4.2 where the difference between exact and measured mass (Meyaer — Mimeas) 1S given
for PEG3000 as a function of m/z. Only the 2+, 3+ and 5+ charge states have been
plotted in figure 4.2 to prevent an overlap of different data points from different
charge states. The average mass error fluctuates around zero if m/z is between 500
and 1200. An increase in the mass error is observed for m/z values above 1200.
This increase is attributed to the decreasing number of data points that constitutes a
peak. Ions of higher m/z have a lower cyclotron frequency and are therefore
reconstructed with fewer data acquisition points. This decrease in accuracy at
higher m/z partially explains the higher yonregression ANd  Geng regression values.
Another consequence of the increasing mass error with m/z is that the slope of the
fitted line (equation (4.2)) will decrease, which results in lower myon regression and
higher mend regression values. This can easily be seen from the tables where the
AMion regression value becomes more negative for lower charge states while
AMeng regression InCreases. In general, the best mass accuracy is achieved at the
highest charge states.

The linear regression procedure requires an extrapolation from about n=60
to n=0 for PEG3000. Small deviations in the slope of the line will dramatically
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alter the extrapolated endgroup mass. This does not hold for the average method
since this method does not require an extrapolation. For PEG1000, PPG1150,
PPG3250 and PTHF2000 higher 6o regression and  Oend regression vValues at lower
charge states, compared to higher charge states, are not observed. PEG1000 and
PPG1150 are observed below m/z 1300 where the mass accuracy is relatively high.
The lowest charge states (2+ and 3+) observed for PPG3250 contain at least twice
as many data points as the higher charge states and increase the endgroup accuracy
according to equation (4.3). For PTHF2000 a similar reasoning can be held. The
AMend-cation,average Values of PEG1000 and PEG3000 have a relative error of less than
0.02% with the 2+ and 3+ charge states of PEG3000 being the only exceptions. For
PEG6000 these values have a relative error of ~0.4%. The ¢ values determined
with the averaging method are about one order of magnitude lower than the o
values determined with the linear regression procedure.

The magnitude of the o values discussed in this chapter is determined by
the number of data points N used for the calculations, the distance between the
measured points and the intercept (not for the averaging method) and the m/z range
in which the polymer molecules are observed (see figure 4.2). Other effects that
might influence the magnitude of the o values such as space charge effects have
not been considered.

4.3.3. Endgroup determination combining all charge states

Taking advantage of the generation of multiple charge states in ESI can
increase the mass precision in the endgroup determination. According to equation
(4.2), the mass of z cations can be subtracted from the m,,.,; values observed in all
charge states. The resulting mass values only account for the monomer and
endgroup mass. Since the mass of the cation can be considered exact, all mass
values can be combined in one linear regression procedure. The advantage of this
method is that the number of data points N for the linear regression procedure
increases. This results in an endgroup determination with a higher precision
(equation (4.3)). The ¢ ua value introduced in equation (4.3) is different for each
charge state. In order to combine all charge states, azda,a,all 1s introduced which is
the weighted average of the O'Zdam values over the different charge states

i O-jata (Z) ' U(Z)
S u(z)

2
O data,all = =

(4.4)
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Where 6~ 4ua(z) is the o 4ua value in charge state z and v(z) is the statistical
degree of freedom of the number of data points N observed in charge state z.

The charge carrying cation is sodium in all cases. This is confirmed by the
addition of different alkali salts to the solution (spectra not shown). A major
disadvantage of this method for cation identification is that additional analysis with
other cations have to be carried out. A faster and less laborious confirmation is
obtained from figure 4.3 for PEG3000. In this figure the measured masses (7eqs)
in all charge states are plotted as a function of n. We have used the same ¢4
values as we have used for the endgroup determination. The vertical spacing
between the different lines gives the mass of the cation. This can also be seen from
equation (4.2) if z is increased by one charge. For PEG3000 a cation mass of
22.989 £ 0.001 is determined from figure 4.3.

The results of the method that combines the data of all charge states are
shown in table 4.3. In general, the endgroup precision increases when all charge
states are combined instead of considering them separately. This is explained as
due to the increasing number of datapoints N that is used in the linear regression
procedure (equation (4.3)). For PEG1000 a 6engaverage 0f 0.0020 is observed after
combining the two observed charge states. When considering the charge states
separately, a 1.4 times higher value of 0.0028 is found. For PEG3000 a value of
0.0026 is observed which is on average 2.2 times higher than the de,qaverage Values
of the separate charge states. For PEG6000 a factor of approximately three is
observed. Similar results are obtained for PPG1150 and PPG3250.

4.3.4. Comparison of the endgroup accuracy determined with ESI and
MALDI FT-ICR MS

The mass accuracies for the endgroup determination of PEG1000 and
PEG4000 found by van Rooij et al.93 with MALDI FT-ICR MS are compared with
the results for the PEGs reported in this chapter (see summary of the MALDI
results93 in the last two columns of table 4.3). The ¢ values for PEG1000
determined with MALDI FT-ICR MS are in good agreement with the values found
in this chapter with ESI FT-ICR MS when all charge states are considered
separately. The ¢ values of PEG4000 are of the same order of magnitude as those
of PEG3000 and PEG6000. This demonstrates that the ¢ values generated with ESI
data are of the same order as the MALDI data. Note that the number of data points
used with MALDI FT-ICR MS described by van Rooij et al. ” is lower than the
number of data points used in this chapter with ESI FT-ICR MS. This influences
the o values. Therefore, the endgroup and monomer mass calculations have been
done with a similar number of data points as used by van Rooij et al.93 for several
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charge states of PEG3000 and PEG6000. As expected, the resulting o values are
lower. However, the o values are still of the same order of magnitude as the results
found with MALDI for PEG4000.
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Figure 4.3  Determination of the mass of the cation for PEG3000. Plot of an
enlarged mass scale of all observed charge states. The distance between two
adjacent parallel lines determines the mass of the cation.

The o values of PEG6000 have improved by a factor of about two
compared to those of PEG4000 when all charge states are combined in one linear
regression procedure (fourth column of table 4.3). This is in spite of the fact that
the molecular weight of PEG6000 is larger than PEG4000. Large polymer
molecules can be measured more accurately using ESI compared to MALDI
because ESI yield lower m/z values, which can be measured more accurately using
FT-ICR MS.
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Masses (Da) and PEG1000 PEG3000 PEG6000 PPG1150 PPG3250 PTHF2000 | PEG1000 PEG4000

deviations (+4 13C) (+1 13C)
n(N) 10-32 58-94  137-178  6-25 16-72 4-29 13-30  85-102
(30) (165) (230) 29) (134) 41 (18) (18)
Mion, regression 44.0265 44.0261  44.0256 58.0421 58.0419 72.0577  44.0260 44.0285
AMyon, regression 0.0002 -0.0001 -0.0006 0.0002 <0.0001  0.0002 -0.0002  0.0023
Oimon, regression 0.0003  0.0003 0.0010 0.0003 0.0001  0.0003 0.0004  0.0025
Mend-cation, regression 18.0087 18.0164  18.0273 18.0085 18.0088 18.0117  18.0120 17.7941
AMieng, regression -0.0019  0.0059 0.0167 -0.0021 -0.0018  0.0011 0.0014 -0.2200
Oend, regression 0.0076  0.0217 0.1631 0.0046 0.0058  0.0053 0.0080  0.2400
Mend-cation, average 18.0140 18.0089  17.9338 18.0117 18.0112 18.0153 18.0079 18.0081
AMend, average 0.0034 -0.0017  -0.0768 0.0012  0.0006  0.0047 -0.0027 -0.0030
Oend, average 0.0020  0.0026 0.0093 0.0014 0.0017  0.0019 0.0019  0.0140
Odata,all 0.0111  0.0339 0.1413 0.0074 0.0193  0.0124 0.0080  0.0600

Table 4.3  Calculated monomer and endgroup masses (Da) and precision for
PEG1000, PEG3000, PEG6000, PPG1150, PPG3250 and PTHF2000 combining
all charge states. The values of PEG1000 and PEG4000 displayed in the last two
columns are obtained with MALDI FT-ICR MS from reference 93 (mass of cation
and °C subtracted).

The largest polymer molecule observed with MALDI has a degree of
polymerisation of 105. For ESI a polymer molecule with 178 monomeric units
(PEG6000) has been observed on the same FT-ICR MS. This demonstrates clearly
that when ESI is used instead of MALDI the mass range is extended by almost a
factor of 2. Note that for other polymers, like polyolefins, multiply charging is
difficult and an extension of the mass range will not be obtained. Polyethylene
glycol samples with molecular weights of up to 20,000 Da have also been
measured successfully using ESI. Accurate endgroup determinations for
polyethylene glycol samples with a molecular weight larger than 20,000 Da require
a mass resolving power only provided by a high field FT-ICR MS.

4.4. Conclusions

Two methods, a linear regression and an averaging method, have been
developed and evaluated for the accurate analysis of the monomer and endgroup
composition of synthetic polymers using ESI FT-ICR MS. All charge states of a
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polymer, observed with ESI, are combined in one linear regression or averaging
procedure, in order to increase the precision of the endgroup determination. The
charge states can be combined under condition that the mass of the cation is
known. By plotting (m/z)"" multiplied by the charge state as a function of the
degree of polymerisation the identity of the cation is easily determined. This
procedure prevents multiple experiments in which different cations have to be
added to the polymer sample.

The endgroup accuracy determined from a single charge state with ESI FT-
ICR MS is of the same order of magnitude as determined by MALDI FT-ICR MS
on the same instrument. However, when all charge states measured with ESI are
combined in one procedure, the endgroup precision increases up to threefold. This
demonstrates that more accurate monomer and endgroup masses are obtained using
ESI instead of MALDI. ESI exceeds MALDI in the study of larger polymeric
systems due to the multiple charging nature of ESI. Multiply charging results in a
lower m/z value, which are measured with a higher accuracy in the FT-ICR MS.
However, multiply charging of polymers like polyolefins is difficult, which will
not result in more accurate monomer and endgroup masses and an extension of the
mass range.
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Chapter 5

Quantitative analysis of copolymers: The
influence of the monomers on the 1onisation
efficiency in electrospray 1onisation

The influence of the ionisation efficiency on the measured copolymer
sequence distribution is discussed. Large differences in ionisation efficiency were
observed for mixtures of homopolyesters containing dipropoxylated bisphenol-
A/adipic acid and dipropoxylated bisphenol-A/isophthalic acid and the
corresponding copolyester dipropoxylated bisphenol-A/isophthalic acid/adipic
acid. The adipic acid structure has a higher affinity for the sodium cation, which
results in more intense peaks for adipic acid containing oligomers. Relative
sodium affinities of the oligomers were found to increase with an increasing
number of acid endgroups in favour of adipic acid containing oligomers. The ESI
response of the oligomers depends on the polymer concentration in the sprayed
mixture and other parameters. This makes it impossible to correct for the
ionisation efficiency necessary for copolymer analysis. If differences in ionisation
efficiency are not corrected, the ion intensities in the copolymer mass spectra will
show large deviations from the real composition and no conclusion can be drawn
about the chemical (in)homogeneity of the MWD nor the random or block
structure of the copolymer. This will also be valid for other cationisation
techniques like MALDI and FAB.

5.1.  Introduction

Copolymers consist of a complex mixture of molecules that differ in size,
chemical composition and sequence. Complete characterisation of such complex
materials demands new analytical approaches. A technique that has become
increasingly popular for copolymer analysis during the last ten years is mass
spectrometry.  Soft ionisation techniques like matrix-assisted laser
desorption/ionisation (MALDI) and electrospray ionisation (ESI) have been
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L 42031,62,64,77 ,
successfully used to ionise intact polymer molecules, which made it
possible to study the chemical composition distribution of the copolymer directly

51,146,147,195,196
from the mass spectrum.

The sequence of copolymers can be studied using Bernoullian and
Markovian chain statistics applied to the intensity profile of the polymer
distribution. """ The Bernoullian chain statistics are used to model random
copolymerisation reactions. Markovian statistics allow the modelling of both
random and non-random copolymerisation reactions. Non-random polymerisation
reactions in step (radical) polymerisation normally result in the formation of block

copolymers.

The chain statistical models rely on a uniform mass spectrometric response
i.e. an equal ionisation efficiency (IE) for the various components in the molecular
weight distribution (MWD), but this uniformity is questionable because the overall
efficiency of a molecule to become charged in electrospray ionisation is influenced
by several processes. lons with relatively low solvation energy or a high surface
tension will be situated preferentially on the surface of the droplets and are
desolvated more easily during ESI. Ions with larger solvation energies will be
distributed throughout the entire droplet and will be ionised less easily.m’lsz’l%_202
Other factors that influence the ionisation efficiency of an analyte are the polarity
of the solvent, the structure of the ion (i.e. the organic functionalities in the
molecule), the flexibility of the chain (for example cyclic versus linear molecules),
pH or the nature of the ca‘tion,69’7 charge state, counter ion effects,7l drying gas
flow rate and the ESI source temperature (selective nozzle skimmer ion
activation).65’68’72_75 Several studies have been reported in the literature in which
ionisation efficiencies of mixtures of different cyclic compounds like crown ethers
and peptides with a variety of cations were studied using FAB MS,203’204 MALDI
MS205 and ESI MS.70’200’205-211 Most studies indicate that a good correlation exists
between the selectivity of analytes towards metal ions in the liquid phase and the
intensity in the mass spectrum, which allows a correction for differences in
ionisation efficiency. Synthetic polymer mass spectrometric studies carried out
sofar do not take the ionisation efficiency (or response factors) of the different
components in copolymers into account. This is probably because synthetic
polymers are not single molecules but consist of mixtures with a distribution of
different molecules, which are impossible to quantify with NMR. Liquid
Chromatography (LC) allows only a quantification of the low molecular weight
part of the MWD. Besides, the determination of the ionisation efficiency of all

individual polymer molecules would be a very laborious process.
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In this chapter Bernoullian and Markovian chain statistics are applied to the
ESI FT-ICR MS spectra of the copolyester poly(di-propoxylated bisphenol-
A/adipic acid/isophthalic acid). Table 5.1 presents the structures of the different
monomers. The copolymer composition determined with the chain statistics will be
different from the real copolymer composition if differences in ionisation
efficiency (IE) between the adipic and isophthalic acid structures exist. The
relative IE of the adipic and isophthalic acid structures are determined with well
defined mixtures of the homopolyesters poly(di-propoxylated bisphenol-A/adipic
acid) and poly(di-propoxylated bisphenol-A/isophthalic acid). Gradient polymer
elution chromatography (GPEC) was used to quantify the weight fractions of the
oligomers in the low molecular weight part of the molecular weight distribution of
the homopolyesters, a necessary requirement for the determination of the relative
IE. This is the first time synthetic polymers were measured with GPEC for
quantitative analysis with ESI FT-ICR MS.

Monomer Notation = Molar mass (Da) Structure

Di-propoxylated o o
biSphenol-A D 344.1987 HO/\‘/ \’/\OH

0]

Ho\[i
Isophthalic acid I 166.0266 OH
o

(o]

Adipic acid A 146.0579 HO>\\/\/\<OH

o

Table 5.1  Notation, mass and structure of the monomers used in this chapter.

5.2, Methods and materials

5.2.1. ESI FT-ICR MS analysis

The ESI FT-ICR MS (Bruker-Spectrospin APEX 7.0e, Féllanden,
54,212
Switzerland) used in this work has been described in chapter 2 and elsewhere.

. . 182 .
The cell is an in-house constructed open cell.  The electrospray generated ions
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were trapped for 2-4 s. Argon gas is introduced through a pulsed valve to enhance
trapping (Pa,=5*10° mbar).

5.2.2. GPEC ESI TOF analysis

GPEC analyses were performed at Akzo Nobel Chemicals Research
Arnhem as described else:where.81 The Hewlet Packard LC system model 1050
(Palo Alto, CA, USA) was operated with an autoinjector model Basic Marathon
(Spark Holland, Emmen, The Netherlands) with a loop volume of 10 pl. Solution
A contained unstabilised THF:H,O 5:95 and solution B unstabilised THF:H,O
95:5 (v/v). To both solutions 0.1 % glacial acetic acid was added. The applied
gradient ran from 45% of solution A at t=0 to 10% of solution A at t =35 min, at a
flow of 1 ml/min. The column was a Waters Symmetry C18 (5 um particle size),
150 mm x 4.6 mm ID. Approximately 30 pl/min of the eluent from the column was
split with a 0.01 inch i.d. stainless steal T-piece (Valco, Houston, TX, USA) that
was allowed to flow to the Z-spray TOF instrument (Micromass, Manchester, UK).
The eluent stream was compatibilised with a Nal solution (10 pl/min of a 250 uM
Nal solution in THF/iso-propylalcohol). The remaining eluent was eluted through
an UV diode array detector model 1000S (Applied Biosystem, San Jose, Ca, USA).

5.2.3. Materials

The unstabilised THF was obtained from Fluka (Buchs, Switzerland). The
polymers used for this study are the homopolyesters poly(di-propoxylated
bisphenol-A/adipic acid) and poly(di-propoxylated bisphenol-A/isophthalic acid)
and the copolyester poly(di-propoxylated bisphenol-A/adipic acid/isophthalic
acid). These polymers were a gift from Océ Technologies (Venlo, The
Netherlands) and are from the same batch as the polyesters described in a previous
publication.213 The structures are shown in table 5.1. Di-propoxylated bisphenol-A,
adipic acid and isophthalic acid will be abbreviated by D, A and I throughout the
chapter, respectively. The copolyesters studied have the composition DAI3I,
DAI21, DAII11, DAI12 and DAI13 where the numbers denote the molar ratio of
adipic acid and isophthalic acid. DAI31, DAI21, DAIl1, DAII2 and DAII3
contain a molar ratio D:A:I of 0.5:0.37:0.13, 0.51:0.33:0.16, 0.5:0.26:0.24,
0.51:0.16:0.33 and 0.51:0.12:0.37, respectively as was determined with NMR.
Since identification of the oligomers was not performed using mass
spectrometry,213 the GPEC experiments were repeated with online ESI TOF for
identification.
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5.2.4. Copolymerisation models

The copolymerisation models and their link with mass spectrometry have
first been used by Montaudo and coworkers.ng’120 In their work the entire mass
spectrum is used to determine the composition and ‘blockiness’ of the copolymers.
Here, we investigate the copolymer composition for each endgroup class separately
and subsequently as a function of the degree of polymerisation and charge state.
For example, the composition of the pentamer with two alcohol endgroups in
charge state 2 was studied by searching for the best fit of the experimentally
observed intensity profile with the chain statistical models. This allows studying
the chemical inhomogeneity as a function of the degree of polymerisation,
endgroup class and charge state. The Markovian and Bernoullian models used

were implemented in Matlab 5.3 (The MathWorks, Inc.) and are described below.

5.2.4.1. Markovian chain statistical model

Consider a system composed of linear copolymers constructed from N
different types of monomers, which we will label by the letters 7=A4, B, ... Each
polymer molecule consists of M=1, 2, 3, . monomers whose position within the
chain is labelled by lowercase letters m, k, [, n, . Note that we allow bare
monomers as ‘chains’ of length M=1. We denote the probability for an M-mer to
have a specific monomer sequence by P*"’(z,,7,,...,7,,) . Let us further define the

probability of finding a certain initial segment of length m in a polymer of total
length M

P (z,1y,.07,)= D PY(1,1,,.,Ty) (5.1)

[

The Markovian assumption now states that the conditional probability of
finding the next monomer 7, ., of a chain to be of a certain type only depends on

the type of the immediately preceding monomer 7, , the penultimate effect, i.e.

Pz 1T T
m+1(1(v1)1’ 299 " m> m+l) =P(Tm _)Tm+l) (52)
P (7,7,,...,7,)

m

P (T, 0|70 707, =

m+l
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where we adopt the arrow notation to stress the order of the two monomers in the

sequence. Each probability P(7,—7,+;) corresponds to a matrix element P; from
119,120 '
the probability matrix P as described by Montaudo and coworkers. Note that

P(r—>1)=1 (5.3)
2

Under this assumption we find that
PAE[M)(TI sTyoee Ty Ty ) = PAEIA/—II)(TI 3 Torees Tyg 1) P(T4 = Ty) (5.4

which upon iteration yields

M
P2,y Ty) = B (2) [ [ P(E = 70) (5.5)

m=2

The probability P"(z,) is the probability that a polymer molecule starts

with 7; (an A, B, ...). However, since the choice of the start of a chain is arbitrary,
one could just as well start at the other end to obtain

P, Ty 0Ty 3 Ta ) = P (T3 Tap 0T Ty)

=PAE[A:[I)(Z'M,TM_I,...,TZ)'P(Z'2 - 1) (5.6)
or
M
PA(lM)(TlaTZa"'TM—DTM) = R(M)(TM)'HP(Tm —7,) (5.7)
m=2

Next, we also assume the probability that a chain starts with a specific type
of monomer does not depend on the length of the chain i.e. P (z,)=P(z,) so

that equation (5.6) simplifies to

PAgM)(Tlarza---TMfl’TM) = PAEIA:[;D(TM’---’T%TZ) -P(r, > 1) (5.8)
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Note that by definition
IRACOEDNACHES (5.9)

This relation can be used to obtain a self-consistency condition on F£(z,)
(or B(z,,)) as follows

B(r)= D P (T4, Tyt Ty Ty)

M-1
= ZPA(H )(TM,rM_l,...,rz)-P(rz —17)

Ty Ty

:Z ZPASIA:_U(TM’Z-M—U"-’Q)'P(Tz —17,)

Ty T3senly

=Y B(1,)-P(r, > 1)) (5.10)

)

This equation together with the two normalisation constraint equations
5.9) and (5.3) allow A(z,) to be expressed in terms of the transition probabilities
17 P p

P(z,, —> 7, ). Consider a copolymer made of monomers A and B. The probability

a sequence starts with an A is given by equation (5.10) or

R(A)=Y R(z,) P(t, > 1,)= R(A)- P(4— A)+ R(B)- P(B - A) (5.11)

)

Using the notation of Montaudo and coworkers, equation (5.11) becomes
SA=SAPaa+SpPpa.

Note that equation (5.8) is the basis of the Markovian model applied to
copolymer mass spectra. By correlating this equation to the measured intensity
1" (z,,7,,...T,,,,T,,) in a mass spectrum, equation (5.8) becomes

IO,y Ty Ty 2 Tyy) =

M
= ]E(M)(Tl s TyoeeTprgs Ty ) Pl(M)(Tl) 'HP(T

m=2

>7) (5.12)

m—1
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where IE™(z,,7,,..7,,_,,7,, ) is the ionisation efficiency of the co-polymer with
monomer composition and sequence (7,,7,,...7;, ;,7, ). For example, the mass

spectrometric intensity for the specific oligomer with sequence AABBA is given
by

19 (A,A4,B,B,4) =

IE®(4,4,B,B,4)- P (A)-P(A—> A)-P(A—> B)-P(B— B)-P(B— A) (5.13)

The ionisation efficiency IE“(z,,7,,..7,,,,7,,) has until now always

119,120 . . . .
assumed to be 1. This chapter will demonstrate that this assumption is not

valid.

The models used by Montaudo and coworkers assume that the probability
that a chain starts with t; is proportional to the molar fraction of the monomer in

the copolymer. Here we provide a simple proof of this assertion based on the
Markovian assumption itself. Consider thereto the probability P (z,) that a given

monomer at position 1 <m < M within the chain is of a certain type

P (r,)= Z ZP(M)(rl,rz,...,rM)

T2 Tmet Tl sTma2 o T

I J 1) § LSS

15020 Tt Tl s Tma2 oo Ty

Y p@[[Pe o Y [1PC o7

Tl s T2 Ty J=M

7150250 T

Y r[Pe ooy Y [1P¢ 7.

Tl s T2 s Tag—1 J=M

725735000

= {repeat the same steps}

= R(z,) (5.14)

where we repeatedly employ Eqgs. (5.3) and (5.10). As the position m is arbitrary

we can simply define the probability that an arbitrary monomer has a given type to
be P(7) = F,(7) = (7).
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5.2.4.2.  Bernoullian chain statistical model

In case of Bernoullian chain statistics the addition of a new monomer does
not depend on the nature of the previous monomer and it is assumed that it also
does not depend on the chain length

Pz, >, )=P(,) (5.15)

The intensity of an ion in the mass spectrum becomes

M
11(\/1M)(T1772 s D> Ty ) = IE(M)(TMTz s a1 Tag ) HP(Tm) (5.16)
m=1
or for the oligomer with sequence AABBA
19(A4,4,B,B,4)=IE" (4, 4,B,B,A)- P(4)’ - P(B)’ (5.17)

where P(A) and P(B) are the molar fractions of A and B, respectively. The
Bernoullian model (random copolymerisation) uses the molar fraction as
determined by NMR and the degree of polymerisation as input. The output of the
model is the theoretical intensity profile. The Markovian model (non-random
copolymerisation) has as input the mass spectrometric relative intensity profile for
an oligomer intensity distribution with a degree of polymerisation n. The program
searches for the best fit using two variables: the molar fraction of the monomers
and the probability to find two monomers A after each other. The probability to
find two monomers A after each other can be used to calculate the ‘blockiness’ of

119,120
the copolymer.
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5.3.  Results and discussion

5.3.1. ESI FT-ICR MS spectra of copolyesters

The ESI FT-ICR MS spectrum of the copolyester poly(di-propoxylated
bisphenol-A/adipic acid/isophthalic acid) DAI11 is presented in figure 5.1. The
polymer molecules observed are sodium cationised and contain two alcohol
endgroups (DI),(DA),D, one alcohol and one acid endgroup (DI),(DA),, or two
acid endgroups A(DI),(DA),,, I(DI),(DA),,. Cyclic molecules, c(DI),(DA),,, were
also observed. D denotes the dialcohol di-propoxylated bisphenol-A, A and I the
diacids adipic acid and isophthalic acid, respectively, n and m the degree of
polymerisation and ¢ denotes cyclic structure of the molecules.

£ ot
< < =)
Z
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Z| [(DA),+Na]* =) = 3
5 : [(DA)Na| (& B %
~| ~ e +
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) = 8 = 7
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Figure 5.1  ESI FT-ICR MS spectrum of DAIIl (1 mg/ml, 5 mM Nal, sprayed in
THF). The insert shows the intensity profile of the tetramer with one alcohol and
one acid endgroup.

The insert of figure 5.1 shows a typical intensity profile of the composition
of the tetramer with one alcohol and one acid endgroup. Bernoullian and
Markovian chain statistics were used to fit the oligomer intensity profile in the
mass spectra using the model described earlier and first applied to copolymer mass

119,120 ,
spectra by Montaudo et al Here we have determined separately the
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copolymer composition as a function of the degree of polymerisation and the
charge state for each endgroup class.

5.3.2. Copolymerisation statistics applied to mass spectra

The experimentally observed intensities, denoted by an open square, of the
tetramer with two acid endgroups electrosprayed in acetone is plotted in figures
5.2a-c for three copolymers with different molar ratios of adipic and isophthalic
acid. The intensity profiles in figures 5.2a-c originate from copolymers containing
a molar ratio of 3:1, 1:1 and 1:3 adipic(A):isophthalic acid(I) denoted by DAI31,
DAIl1 and DAI13, respectively. The oligomer intensities presented in figures
5.2a-c correspond with A(DA)s;, A(DA),(DI), A(DA)(DI),, A(DI); and I(DI);. The
measured m/z values and normalised intensities are presented in table 5.2. Random
copolymerisation (Bernoullian) chain statistics were used to calculate the
theoretical intensity profile (denoted by a closed circle ®). The molar fraction of
adipic acid and isophthalic acid in the bulk determined by NMR were used for the
calculations. The results of the Bernoullian calculations are presented in table 5.2.
It can be seen from figures 5.2a-c that the intensity profile (open squares) observed
with mass spectrometry and the intensity profile as calculated by random
copolymerisation statistics ® do not agree. In all cases the experimental intensity
profiles are shifted in favour of adipic acid. A better agreement between
experiment and the Bernoullian intensity profile for copolymer DAIl1 is obtained
when ~ 10% more adipic acid (A) is used in the calculation. The calculated molar
fractions of adipic acid and isophthalic acid P(4) and P(I), presented in table 5.2,
suggest that the copolymers contain more adipic acid than determined by NMR.
The disagreement between the intensity profiles obtained with mass spectrometry
and the Bernoullian calculation is more prominent for copolymers with a high
molar ratio of isophthalic acid.
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Figure 5.2  Experimental relative intensity profiles (open square with dotted line)
of the tetramers with two acid endgroups for the copolyesters DAI31 (a), DAII
(b) and DAII3 (c) sprayed in acetone. The numbers denote the molar ratio of
adipic acid and isophthalic acid. The figures also display the theoretical
Bernoullian (e) and Markovian intensity profiles (A ).

A better agreement between experiment and theory is obtained using
Markovian chain statistics, denoted in figure 5.2 by a closed triangle A, resulting
in a calculated molar fraction of adipic acid P(4) that is ~10% higher as
determined by NMRZB’214 for the copolymer DAI11. This is similar to the results
of the Bernoullian model, but with a slight block formation of the monomers. The
calculated molar fraction adipic acid and isophthalic acid with the Markovian chain
statistics is presented in table 5.2. Oligomers with another degree of polymerisation
and with other endgroups give similar results compared to those obtained from the
analysis of the tetramer with two acid endgroups. When the ESI experiments are
performed in THF under the same experimental conditions approximately 5%

more adipic acid is found with the Markovian calculation (results not shown).

The average molar fraction of adipic acid determined by NMR is plotted in
figures 5.3a-b as a function of the molar fraction determined by a Markovian fit of
the ESI FT-ICR MS spectrum (sprayed in THF). The curves represent the
oligomers of five copolyesters with two alcohol endgroups in charge states 1 and 2,
respectively. The molar fraction of adipic acid as calculated with the Markovian
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model increases with increasing charge state and decreases with increasing degree

of polymerisation.
A(DA), A(DA),(DI) ADA)DI), ADI), 1(DI), Calculated
P(4) P@
Measured m/z 1531.754 1551.723 1571.691 1591.660 1611.629
NMR DAI31 0.74 0.26
DAIl1 0.52 0.48
DAI13 0.24 0.76
Experimental O DAI31 0.339 0.505 0.156 0.000 0.000 - -
DAIll  0.101 0.335 0.342 0.168 0.054 - -
DAI13 0.000 0.166 0.320 0.376 0.138 - -
Bernoullian theory ® DAI31  0.300 0.421 0.222 0.052 0.005 - -
with NMR data DAIl1 0.073 0.270 0.374 0.230 0.053 - -
DAI13 0.003 0.042 0.200 0.421 0.334 - -
Bernoullian fit with  DAI31 0.355 0.420 0.186 0.037 0.003 0.772 0.228
~10% more A DAIl1 0.113 0.328 0.356 0.172 0.031 0.580 0.420
DAII3  0.022 0.140 0.336 0.359 0.144 0.384 0.616
Markovian fit A DAI31 0.333 0.501 0.159 0.007 0.000 0.790 0.210
DAIIl  0.119 0.324 0.348 0.174 0.034 0.580 0.420
DAI13 0.021 0.136 0.333 0.362 0.148 0.380 0.620

Table 5.2 Experimentally observed m/z (open square) and intensity profile for
the tetramer with two acid endgroups. The experimentally observed intensity
profile has been used for the calculation of the molar ratio of adipic P(A) and
isophthalic acid P(I) with Bernoullian (e®) and Markovian (A) chain statistical
models. The molar ratio of adipic and isophthalic acid determined by NMR has
also been used for the calculation of the Bernoullian theoretical intensity profile.

The ~10% higher molar fraction of adipic acid as calculated with the
Bernoullian and Markovian models for the copolyesters can be explained in two
ways. One possibility is that the molecular weight distribution is chemically
inhomogeneous, a feature that cannot be determined by NMR since it is impossible
to make a distinction between the different polymer molecules. In that case the low
part of the MWD would contain more adipic acid than isophthalic acid, while the
high part of the MWD would contain more isophthalic acid than adipic acid.
Another explanation is that the ionisation efficiency of adipic acid is higher than
isophthalic acid in the ESI process. This will result in a shift of the intensity profile
in favour of adipic acid.
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Figure 5.3  Molar fraction of adipic acid determined by NMR versus molar
fraction as determined by the Markovian fit of the ESI FT-ICR MS intensity
profiles of the oligomers with two alcohol endgroups sprayed in THF for charge
states 1 (a) and 2 (b). Degrees of polymerisation shown are n=3 (A), 4 (x), 6 (®)
and 7 (-).

The chemical inhomogeneity of the copolymer MWD can only be studied
quantitatively with ESI FT-ICR MS if the relative ionisation efficiency of the
individual components in the MWD is known. Therefore the remaining part of this
chapter will focus on the relative ionisation efficiency of adipic and isophthalic
acid in the ESI process. Quantification of the oligomers with Gradient polymer
elution chromatography (GPEC) is required to test for the presence of relative
ionisation efficiency differences.

5.3.3. Polyester quantification with GPEC

GPEC was applied using an UV diode array detector for quantification and
online ESI TOF for identification of the oligomers in the MWD. GPEC is based on
a combination of precipitation/redissolution, sorption and exclusion
processes.m’215 The technique requires a gradient LC system with at least two
solvents. One of the solvents, which is often a bad solvent for the polymer of
interest, promotes the precipitation of the polymer after injection on the column.
The other solvent is a good solvent that enables the redissolution of the polymer.
Because most components from the MWD have different solubilities, the
components will not redissolve at the same time. The LC column enhances the
separation of the eluting molecules. Oligomers of various homo-polyesters were
endgroup separated with this technique up to the 7-mer (~ 3500 Da).213 The
technique fails to separate larger homo-oligomers due to smaller differences in
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solubility and hydrodynamic volumes. Quantification of copolymers with GPEC is
difficult because the number of oligomers with different compositions increases
dramatically with increasing degree of polymerisation n, which results in co-
elution.

The GPEC chromatogram of DAI31 is presented in figure 5.4a. The
oligomers are endgroup separated to n=2. This limited amount of information does
not allow the quantification of the oligomers in the MWD, which is a requirement
for the determination of the relative ionisation efficiency (IE) in the ESI process.
Therefore, we did not further consider the GPEC separations of the copolyesters.

The homopolyesters poly(di-propoxylated bisphenol-A/adipic acid)
(polyDA) and poly(di-propoxylated bisphenol-A/isophthalic acid) (polyDI) are
better candidates for IE studies because the low molecular weight part of the MWD
can be separated with GPEC (see figure 5.4b and c). The oligomers in the MWD
are endgroup separated up to n=6 and n=7 for polyDA and polyDI, respectively,
providing quantitative information.
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Figure 5.4 Gradient polymer elution chromatograms of polyDAI (a),

polyDA (b) and polyDI (c).
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5.3.4. Electrospray ionisation efficiency (IE)

Mixtures of the homopolyesters were analysed to determine whether
differences in IE between the adipic acid and isophthalic acid structures occur in
ESI. The concentration of one of the polymers was held constant while the
concentration of the other one was increased. The intensity ratio of oligomers from
polyDA:polyDI in the mass spectra should vary proportionally with the molar ratio
of homopolyesters present in the sample, when differences in IE are absent.
Differences in the relative IE between adipic acid and isophthalic acid containing
polyesters should become apparent when comparing structurally similar oligomers.
For example, (DA); and (DI); are of the same degree of polymerisation and both
have one acid and one alcohol endgroup. If we compare (DA); and (DI); the
relative IE is only influenced by the adipic and isophthalic acid structures. It is
assumed that the difference between the acid endgroups does not influence the IE.

The ESI FT-ICR MS spectra of polyDA and polyDI show polymer
molecules up to a degree of polymerisation of 14 in charge states 1-4 (spectra not
shown). The polymer molecules are isotopically resolved with a resolution of
20,000 at m/z 1.000 (128kB data points, bandwidth 500 kHz). The M,, measured
with SEC is approximately 3000 Da higher than the M,, measured with ESI. This
demonstrates that the low part of the MWD is preferably ionised resulting in a
discrimination against the higher molecular weight polymer molecules (see chapter
3). The comparison of the intensity of an oligomer with, for example, n=2 with an
oligomer of n=5, is therefore not performed because they are ~1500 Da separated,
for the polymers studied in this chapter. A difference in the response between these
oligomers will be influenced by the size of the molecule and the chemical
composition. The influence of the size of the oligomers is negligible if we assume
that the intensity of an oligomer of n=3 of polyDA can be compared with an
oligomer of n=3 of polyDI since they are separated by only 3-19.97 Da.211 Note
that the M,, measured with SEC is based on a calibration of the SEC system with
polystyrene samples. The real M,, is approximately 5000 Da.

The peak intensities in the ESI FT-ICR MS spectra will correlate with the
number fraction n(M) of a certain oligomer with molar mass M if all oligomers
have the same IE. The number fraction according to mass spectrometry is
n(M)p=Ipi/Iip1a1, in which Ip; and I, are the peak intensity of oligomer DI and the
integrated intensity of the MWD, respectively. However, the relative IE of the
different oligomers during ESI is not known and therefore n(M)p; has only a
limited meaning. The ratio N(M) is introduced which allows the comparison of the
relative IE of structurally similar oligomers. This ratio is given for the trimer with
one acid and one alcohol endgroup by N(M) py3=Imps/(Iipp3s+1ma3)-
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The GPEC analysis are used to determine the weight fraction w(M) of a
certain oligomer e.g. for DI: w(M)p1=Api/Aial, in Which Ap; and A,y are the peak
areas of DI and of the entire molecular weight distribution (MWD), respectively.
The number ratio N(M) determined with ESI FT-ICR MS must be
converted into the weight ratio W(M) to compare the ESI results with
GPEC. The weight ratio 1is calculated for ESI FT-ICR MS by
W(M)fgf)gMS = I(DA)3 'M(DA)S /(I(DA)S 'M(DA)3 +1(131)3 'M(D1)3) . However, the in-

tensity of the monoisotopic peak decreases with increasing number of carbon

atoms. Therefore the peak intensity in the mass spectrum should be corrected for
) ) 51

this effect with P(n)p4), and P(n) pyn.

](DA)n ’ M(DA)n

P(n) DAY
W (M), = : (18)
](DA)n 'M(DA)n n ](Dm 'M(Dl)n
P(n)(DA)n P(n)(DI)n

For GPEC, W (M){yy, is given by

W(M)?Lﬁ)i _ W(M)(DA)n "M o4 (19)
W(M)(DA)n "M onpa T W(M)(Dl)n m

polyDI

where mpop4 and myepp; are the amounts of homopolyesters in the mixtures (in

gram). In figure 5.5a a plot is presented of W (M )fg;ﬁiMS (sprayed in acetone) as a

function of W(M )fgjﬁ for oligomers with one acid and one alcohol endgroup

(n=1-3). Note that each series of peaks corresponds to the concentration
dependence (by changing the mixing ratio polyDA:polyDI) of two structurally
similar oligomers e.g. DA; and DIs. In the absence of differences in IE a linear
relation between W (M )™ ™ and W (M) with a slope of 1 and intercept of 0

should be obtained (see dotted line in figure 5.5a). However, more adipic acid is
detected with ESI FT-ICR MS than is present in the mixture as can be seen by the
curved lines in figure 5.5a that all lie above the dotted line. Similar but less
dramatic results were observed when THF was used as solvent. This is probably
due to the lower permittivity of THF (compared with acetone) resulting in ESI
generated droplets with a smaller radius and higher surface area from which ions
can desorb more efﬁcien‘[ly.m’217 These results demonstrate that oligomers with
adipic acid are more efficiently ionised than the oligomers with isophthalic acid.
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The relative difference in IE has not been quantified here because too many
parameters influence the IE.

The relative difference in IE can be attributed to a difference in solvation
energy of polyDA and polyDI. If PolyDA has lower solvation energy than polyDI,
this will lead to a relatively high surface activity and therefore an efficient ion
desorption from the surface of an electrosprayed droplet. Unfortunately the
solvation energies of the molecules studied in this work are unknown and an
explanation based on a difference in the solvation energy will remain an inference.
Several authors have shown a large influence of the surface activity on IE.152’198_202
An additional indication that the solvation energy of polyDA is relatively low is
seen by comparison of different charge states. The intensity of PolyDI in charge
state 2 has a negligible abundance compared to the intensity of polyDA. PolyDI
has not been observed in charge states 3 and 4, although polyDA has been
observed in charge states 1-4. This is probably because most charges are located on
the surface of the droplets together with polyDA making it more probable for
polyDA to be multiply charged than polyDI.

The W (M)™" ™ values of the oligomers with two alcohol and two acid

GPEC

endgroups are plotted as a function of W (M) in figures 5.5b-c, respectively.

The results demonstrate that relative differences in IE become larger with an
increasing number of acid endgroups. The intensity of the isophthalic acid
containing oligomers has almost become zero for the oligomers with two acid
endgroups. Differences in IE for the cyclic oligomers are in-between that of the
oligomers with two acid endgroups and oligomers with one acid and one alcohol
endgroup. The difference in IE increases in favour of adipic acid with increasing
degree of polymerisation n as can be seen in figures 5.5a-b.

The increasing difference in IE with increasing number of acid endgroups
can be explained by a higher sodium affinity of adipic acid compared to isophthalic
acid. Oligomers with two adipic acid endgroups will have a higher chance to
interact with the sodium cation than oligomers with one acid and one alcohol
endgroup.

The results presented in figures 5.5a-c were performed at relatively high
polyDA concentration. To exclude possible concentration effects induced by the
high polyDA concentration a new series of experiments was performed. Dilutions
of a 1:1 mixture of polyDA and polyDI (w/w) were made in acetone and THF to
which 5 mM Nal was added. The stock solution contained 2 mg/ml polyDA and 2
mg/ml polyDI and was diluted to samples with 0,01 — 2 mg/ml of each polymer.
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Figure 5.5 WM M sprayed in acetone is plotted as a function of

W(M)TES for the oligomers with one acid and one alcohol endgroup (a), for
oligomers with two alcohol endgroups (b) and for oligomers with two acid
endgroups (c). Degrees of polymerisation shown are n=1 (), 2 (m), 3 (A) and 4
(x). The blends contain 0.5-2 mg/ml polymer.

Figure 5.6 shows the molar ratio polyDA:polyDI for the structurally similar
dimers observed in the FT-ICR MS spectra sprayed in THF. A molar ratio of 1
indicates that the oligomers in polyDA and polyDI are present in equimolar
amounts. The differences in relative IE show similar effects as observed in figures
5.5a-c. As can be seen clearly, the effects decrease significantly at low
homopolyester concentration, which points to concentration effects. The measured
molar ratio has become lower than one for most of the oligomers at the detection
limit of the experiment. This indicates that polyDI is more efficiently ionised at
low concentration. Note that this effect can have a different offset when the same
mixture is measured with other mass spectrometers. The detection limit was
approximately 3 fmol for A(DA), (m/z 1077) in the electrospray source not taking
losses due to ion transport into account. The strongest concentration effects were
observed for the oligomers with two acid endgroups A(DA), and I(DI), (n=1-2)
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sprayed in acetone (results not shown). The molar ratio A(DA),/I(DI), was 2.5 at
0.01 mg/ml and increased to 60 at 2 mg/ml. It is unclear why the relative IE
becomes larger for polyDI, or lower for polyDA, at concentrations near the
detection limit.
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Figure 5.6 Molar ratio polyDA and polyDI for the structurally similar

dimers observed in the spectra sprayed in THF. The mixtures contain 1:1 polyDA
and polyDI (w/w). The 1 on the x-axis corresponds to a mixture of 1 mg/ml polyDA
and 1 mg/ml polyDI. The symbols denote (DA),/(DI), (®), (DA),D/(DI);D (m),
A(DA)/I(DI); (A) and cylics (DA),/(DI); (X).

5.4. Conclusions

Our results demonstrate that differences in IE between the monomeric
structures of copolymers can influence the copolymer composition as measured
with electrospray ionisation mass spectrometry. The concentration and nature of
the solvent influence the relative IE of the oligomer ions in the ESI process. Other
important parameters that may influence the ionisation efficiency of co-oligomers
are the chemical composition (i.e. the number of A’s and B’s in the oligomers), the
sequence of the monomers, the polydispersity (D) but also spray conditions (SC)
and instrumental parameters (IP). To deal with some of these variables, the
ionisation efficiency IE“(z,,7,,..7,, ,,7, ) Was introduced in equation (5.12).
When all parameters are taken into account that can influence the ionisation
efficiency, the ionisation efficiency should in principle be written as
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IEY(D,SC,IP)(t,,7,,...T)_;»T,,) - It will however be very difficult to determine
the IE(D,SC,IP)(z,,7,,...T,,_,,T, ) for each component separately but should be

performed for a good characterisation of the copolymer chemical composition and
sequence distribution using ESI (FT-ICR) MS.

Differences in IE have also been demonstrated for the copolymer
poly(ethylene glycol/propylene glycol) studied with MALDI by Chen and
coworkers.21 The study of Chen and the work presented here demonstrate that the
statistical copolymerisation models can only be used to model the mass spectra
successfully when differences in IE have been quantified. Hence, earlier published

. . 119,120
copolymer sequence studies have become questionable.
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Chapter 6

Sequence analysis of synthetic copolyesters by
ESI FT-ICR MS

The molecular structure of a series of homo- and copolyesters has been
studied using sustained off-resonance irradiation (SORI) collisionally activated
dissociation (CAD) on a Fourier transform ion cyclotron resonance mass
spectrometer (FT-ICR MS). Electrospray ionisation (ESI) was used as ionisation
technique. The most important fragmentation pathways of the homopolyesters
poly(di-propoxylated  bisphenol-A/adipic  acid) and  poly(di-propoxylated
bisphenol-A/isophthalic acid) were studied. Six different dissociation mechanisms
were observed which are very similar to the mechanisms found to occur during
pyrolysis of these compounds. Four of these mechanisms are a result of cleavages
of the ester bond. The others are due to cleavages of the ether bond and bisphenol-
A unit. Some of the fragments expected are not present in the spectrum indicating
that each fragment has a specific sodium affinity. Sequence specific fragments of
two of the three copolyester sequences that theoretically can exist were
experimentally observed. Fragments that originate from the third sequence are not
unique and can be formed from other sequences as well. Therefore it was not
possible to determine the presence of the third sequence. Block sequences of larger
co-oligomers can be distinguished from random sequences by studying whether
block structured fragments appear in the MS/MS spectra. The method fails in
making a distinction between random and partially random/block monomer
sequences.

6.1. Introduction

Polymers are often complex systems consisting of a broad molecular
weight distribution of polymer molecules with a variety of endgroups and
monomeric units. Information on the intramolecular microstructure of synthetic
copolymers is often obtained by nuclear magnetic resonance spectroscopy (NMR).
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However, NMR only provides an average of the molecular weight distribution
(MWD).219 The individual polymer molecules in the MWD cannot be studied with
NMR because isolation of one polymer molecule from the MWD is difficult if not
impossible. Liquid chromatographic techniques like gradient polymer elution
chromatography (GPEC) in combination with an UV detector provide information
about the chemical composition of the polymer molecules but the determination of
the sequence of copolymers is impossible (see also chapter 5).213’2]4’220

Mass spectrometry can provide additional information about the monomer
sequence of a copolymer. Matrix-assisted laser desorption/ionisation time-of-flight

mass spectrometry (MALDI TOF-MS) is now frequently used for the
29,126,196

determination of the chemical composition of the polymer molecules. The
sequence of individual polymer molecules can be studied using post-source decay
98,101,221

(PSD) or collisionally activated dissociation (CAD).

The number of theoretical sequences for a co-polymer with a particular
chemical composition increases dramatically with increasing degree of
polymerisation n.184 Consider a random polymerisation reaction of two monomers
A and B. An oligomer with degree of polymerisation 3 can have four compositions
(A3, A;B, AB; and B3) which can all have different m/z values if the mass of A#B.
The same oligomer with n=3 can have 6 different sequences (if AAB=BAA). An
oligomer with n=5 can have five oligomer compositions with in total 20
sequences! The sequence of copolymers formed in a step polymerisation reaction
such as polycondensation is random and the probability to observe a given
oligomer with a block sequence is low. If the reactivity of monomer A is higher
than the reactivity of monomer B, the probability that an oligomer will be observed
with a block sequence increases. A high resolution technique such as Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS) is necessary to
separate all co-polymer molecules in the mass spectrum.

In this chapter, the fragmentation behaviour of several homopolyesters and
copolyesters is studied using sustained off-resonance irradiation collisionally
activated dissociation (SORI CAD).222 MS/MS studies with FT-ICR MS on
synthetic polymers have been performed by others on the homopolymers
poly(ethylene glycol), polystyrene and polyisoprene using MALDI.102 The selected
molecular ions undergo multiple low energetic collisions near the centre of the ICR
cell upon SORI. This results in a relatively slow increase of the internal energy so
that the lowest energetic fragmentation pathways are sampled. Fragment ions are
formed near the centre of the cell leading to a minimal loss of ions.

In order to acquire sequential information from the copolymer mass
spectrum, a thorough knowledge of the fragmentation processes is a prerequisite.
Insight in the fragmentation processes was obtained by studying the fragmentation
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behaviour of various oligomers of the homopolyesters poly(di-propoxylated
bisphenol-A/adipic acid) (DA) and poly(di-propoxylated bisphenol-A/isophthalic
acid) (DI) (see table 5.1 for their structures). Oligomers of the copolyester poly(di-
propoxylated bisphenol-A/adipic acid/isophthalic acid) with a degree of
polymerisation 3 and 5 were studied in order to find out whether sequence
information of the copolyester oligomers can be obtained.

6.2. Methods and materials

6.2.1. Methods

The electrospray ionisation Fourier transform ion cyclotron resonance mass
spectrometry (ESI FT-ICR MS) experiments were performed with a modified
Bruker-Spectrospin (Féllanden, Switzerland) APEX 7.0e FT-ICR MS equipped
with a 7T super-conducting magnet and open cell. The system is described in detail
in chapter 2.

Ions generated in the ESI source (3-4 kV) were trapped in the ICR cell and
were left to equilibrate thermally for 5 seconds. Typical nozzle skimmer voltages
were 10 V. Nozzle-skimmer dissociation was not observed. lons were m/z isolated
using a 262 kB (1.25 MHz) SWIFT pulsem’177 generated by a home build 200 Mb
arbitrary waveform generator (AWG).183 Xenon gas was pulsed into the ICR cell to
perform collisionally activated dissociation (CAD) experiments. A delay of 1
second after the start of the Xenon gas introduction was employed to stabilise the
Xenon pressure in the ICR cell (2:10° mbar). After 1 second, the parent ion was
excited using sustained off-resonance irradiation (SORI) with an excitation
frequency that was approximately 1500 Hz lower than the resonance frequency.
The pulsed gas valve was closed one second after the SORI excitation event ended.
A delay of 15 seconds was used to reduce the Xenon pressure to approximately
1-10"® mbar and followed by excite/detect. The duration of the SORI excitation
pulse and the average kinetic energies of the oligomers studied in this chapter
were: 10 s with 2.6 eV for [(DA),D]Na’, 10 s with 2.5 eV for [(DI),D]Na", 10 s
with 2.3 eV for [(DA)s;]Na", 13 s with 2.2 eV for [(DI);]Na’, 13 s with 2.6 eV for
[(DA)(DI)]Na" and 7 s with 2.3 eV for [(DA)(DI);]JNa". The SORI excitation
time was chosen such that the survival yield was lower than 50%.
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6.2.2. Materials

The homopolyester and copolyester samples poly(di-propoxylated
bisphenol-A/adipic acid); DA, poly(di-propoxylated bisphenol-A/isophthalic acid);
DI and poly(di-propoxylated bisphenol-A/adipic acid/isophthalic acid); DAI used
in this study were a gift of Océ Technologies, the Netherlands. The D denotes di-
propoxylated bisphenol-A, A adipic acid and I isophthalic acid, see table 5.1 for
the structures. Numbers added to the abbreviations, e.g. DAI13 denote the molar
ratio A:l. Di-propoxylated bisphenol-A is always present in a molar ratio of
approximately 50% because the polymers were made by a polycondensation
reaction. The reactivity ratio for ester bond formation ks/k; (A = adipic acid,
I = isophthalic acid) of the reactants in the copolymerisation reaction is 4
indicating a larger reactivity for adipic acid than isophthalic acid.213 The number
average molecular weight (M,) of all polymers used in this chapter was about
3500 Da (polystyrene equivalent molar masses) with a polydispersity of ~2.2. The
polymers were sprayed in a 1 mg/ml solution of acetone (Merck). Approximately
500 uM Nal (Aldrich) was added to the solution to promote cationisation.

All polymers studied in this chapter have previously been characterised by
the liquid chromatographic (LC) techniques size exclusion chromatography (SEC)
and gradient polymer elution chromatography (GPEC). ’ The homopolyester
poly(di-propoxylated bisphenol-A/adipic acid) (DA) consists of oligomers
containing 0, 1 and 2 acid endgroups, denoted as (DA),D, (DA), and A(DA),
respectively, and cyclic oligomers. The subscript 7 is the degree of polymerisation
and ranges from 1 to more than 25. Similar oligomers were observed for the
homopolyester poly(di-propoxylated bisphenol-A/isophthalic acid) (DI), and the
copolyester poly(di-propoxylated bisphenol-A/adipic acid/isophthalic acid) (DAI).
The copolyester sample contains co- and homopolyester oligomers formed during
the polymerisation reaction.

6.3. Results and discussion

The ESI FT-ICR MS spectra of the homopolyester DA and the copolyester
DAI12 are shown in figure 6.1 (a) and (b). All peaks are isotopically resolved as is
shown in the insert of figure 6.1 (b) with a resolution of 20,000 at m/z 1000
(128 kB data points, bandwidth 500 kHz). Approximately 150 and 200 different
ions are present in the spectra of DA and DAI12, respectively, of which most have
been identified. For reasons of clarity only a few peaks have been labelled. The
oligomers observed for the homo- and copolyesters are sodium cationised and
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contain 0, 1 or 2 acid endgroups. This confirms the observations by GPEC. Cyclic
oligomers were also detected (denoted by C in figure 6.1a). Table 6.1 displays the
main series of oligomers observed for DA, DAI12 (figures 6.1 (a) and (b)) and DI
(spectrum not shown). The n and m denote the number of (DA) and (DI) units,
respectively. The spectrum of the copolyester shows the presence of both homo-
and copolyester oligomers. Charge states up to +3 were observed.
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Figure 6.1 ESI FT-ICR MS spectra of the homopolyester di-propoxylated
bisphenol-A/adipic acid (DA) (a) and the copolyester di-propoxylated bisphenol-
A/adipic acid/isophthalic acid (DAII2) (b). All ions observed are sodium
cationised.
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m/z n m
(DA), 454.2292n + 41.0119 1-14
(DA),D 454.2305n +367.1985 1-13
A(DA), 4542251 n +169.0685 1-12
(DA), cyclic ~ 454.2260n + 23.0083 1-5
(DI),, 474.1920 m + 41.0196 1-10
(DI),.D 474.1911 m + 367.2040 1-9
I(DI),, 474.2002 m + 189.0188 1-7
(DI), cyclic 4742002 m + 22.9930 2-5
(DA)(DI),,  454.2306n +474.1963 m+ 41.0075 1-7  0-7
(DA),(DI), D  454.2346n + 474.2045 m+ 367.1871 1-6  0-7
I(DA)(DI),,  454.2129n +474.1945 m+ 189.0106 1-5  0-5

Table 6.1  Main series of oligomers observed for DA, DAII2 and DI. n and m
denote the number of DA and DI units, respectively.

Cyclic oligomers appear in the spectra in charge state +1 only with a
maximum degree of polymerisation of 5. The largest linear polymer molecule
measured has a degree of polymerisation of 14, with a mass of ~6500 Da
([(DA)14]Nas>"). This is much smaller than the largest polymer molecule detected
with GPEC indicating that only the low molecular weight part of the MWD is
detected in the MS experiment. This effect has been observed earlier in the
comparison of SEC with ESI FT-ICR MS.223 Fractionation of the polyesters with
SEC, in order to get more mono-disperse molecular weight distributions, might
solve this problem.77 Another solution to this problem is the hyphenation of LC

. 81,82
with mass spectrometry.

The measured MWD shifts to higher masses with increasing charge state.
For example, (DA), has been observed in charge state 1 for n=1-6 and increases to
n=4-12 and n=7-14 for charge states 2 and 3, respectively. This is probably due to
the number of oxygen atoms in the oligomers as discussed in chapter 3.

6.3.1. MS/MS of homopolyesters with two alcohol endgroups, (DA),D
and (DI),D
Figure 6.2 (a) and (b) display the SORI CAD spectra of [(DA),D]Na’” with
m/z 1275 and [(DI);D]Na’ with m/z 1315, respectively. The formation of the

collisionally induced fragment ions observed for [(DA),D]Na’ and [(DI),D]Na"
can almost all be explained by ester bond cleavages of the parent ion. In
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mechanism 6.1 a 1,4-hydrogen rearrangement is proposed, that leads to the
dissociation of the ester bond between di-propoxylated bisphenol-A and adipic
acid. The proton bound to the tertiary C atom of the di-propoxylated bisphenol-A
is transferred to the carbonyl oxygen atom of the ester bond in course of the
rearrangement. Cleavage yields two possible reaction products. One fragment
contains an adipic acid endgroup. The other fragment ion contains an unsaturated
di-propoxylated bisphenol-A endgroup. This mechanism is analogous to the
mechanisms proposed by several authors to explain the thermally induced
dissociation of aliphatic and aromatic polyesters analysed by pyrolysis mass
spectrometry.z%226 The major difference with these studies is that collisionally
activated dissociation processes of sodiated ions using SORI do not necessarily
involve the formation of sodiated radicals, while radicals are formed upon EI
pyrolysis of neutral molecules. The mechanism explains the most abundant peaks
in the CAD mass spectra (labelled as '1'). Table 6.2 lists the measured and
theoretical masses of all fragment ions formed upon CAD.
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Figure 6.2 SORI CAD spectra with Xenon at 293K of the sodium cationised
homo-oligomers (DA);D (a) and (DI),D (b). The [(DA);D]Na" oligomer was
excited for 10 s with an average kinetic energy of 2.6 eV. [(DI)>D]Na" was excited
for 10 s with an average kinetic energy of 2.5 eV. The symbols ~ denote electronic
noise.
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Mechanism 6.1  1,4-hydrogen rearrangement of the ester bond results in a
fragment with an alcohol endgroup or a fragment with an unsaturated bisphenol-A
endgroup.

The oligomers in figure 6.2 (a) and (b) have two D endgroups and are therefore
symmetric. This results in uncomplicated MS/MS spectra. A 1,4-H rearrangement
of ester bonds b and c, see insert in figure 6.2 (a) and (b), yields exactly the same
fragmentation products. A similar argument is valid for the 1,4-H rearrangement of
ester bonds @ and d.

Three fragment ions are formed from the collisionally activation of
[(DA),D]Na" that can not be explained by a 1,4-H rearrangement of the ester bond,
i.e. [(DA),-H,O]Na", [(DA)D]Na" and [(DA)-H,O]Na". With the exception of
[(DA)-H,O]Na", the intensity of these peaks is relatively low. The presence of
these fragmentation products indicates that another reaction channel is operational
for the cleavage of the ester bonds. Two plausible mechanisms of this
fragmentation reaction are given in mechanisms 6.2 and 6.3. In mechanism 6.2 an
intramolecular transesterification is proposed. The hydroxyl oxygen of the di-
propoxylated bisphenol-A endgroup reacts with the carbonyl carbon of the ester
bond by a nucleophilic substitution, which yields a ring-closed intermediate. The
positively charged hydroxyl oxygen in the formed ring rearranges the proton
towards the hydroxyl oxygen of the leaving group followed by a cleavage. The
reaction products are a stable cyclic ion or an ion with a di-propoxylated
bisphenol-A endgroup. These peaks are marked with 2' in figures 6.2 (a) and (b).
Cyclic esters have been observed by Buxbaum in the thermal degradation of
polyethylene terephthalate224 and later by Montaudo et al. 27 The rate of formation
of cyclic ions by transesterification will be low because the alcohol endgroup has
to be close to the ester bond. However, the time scale of SORI in FT-ICR MS is in
the order of seconds which supports the chance that transesterification can take
place during an FT-ICR MS experiment.
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Fragmentation
Fragment  measured m/z exact m/z Am/z mechanism(s)
(DA) 495.2245 495.2353 0.0108 1,2,3,6
(DA)-H,0 477.2158 477.2248 0.0003 1,2,3
(DA)D 821.3946 821.4236 0.0428 2,3
(DA)D-H,O 803.3808 803.4130 0.0322 1
A(DA) 623.2661 623.2827 0.0166 1
(DA), 949.4298 949.4709 0.0411 1,2,3
(DA), -H,0 931.4218 931.4603 0.0385 1,2,3
A(DA), 1077.4667 1077.5182 0.0515 1
(DA),D 1275.5839 1275.6591 0.0752 3
(DA),D-H,0 1257.5710 1257.6485 0.0775 1
(DA)X 669.3146 669.3398 0.0252 4
(DA)D-C;H,O 763.3497 763.3817 0.0320 5
(DA),+C,H, 989.4550 989.5022 0.0472 5
A(DA)+C;H, 663.2905 663.3140 0.0235 5
A(DA),+C,H, 1117.4830 1117.5495 0.0665 5
(DI 515.1913 515.2040 0.0127 1,2,6
(DD)-H,0 497.1807 497.1935 0.0128 1,2,6
(DD 841.3561 841.3923 0.0362 2,6
(DI)D-H,0 823.3404 823.3817 0.0413 1
I(DI) 663.2004 663.2201 0.0197 1
(D), 989.3552 989.4083 0.0531 1,2,6
(DI),-H,0 971.3499 971.3977 0.0478 1,2,6
I(DD), 1137.3499 1137.4243 0.0744 1
(DD),D 1315.4961 1315.5965 0.1004 6
(DI),D-H,0 1297.4992 1297.5860 0.0868 1
(DDX 689.2839 689.3085 0.0246 4
(DD,X 1163.4360 1163.5128 0.0768 4
I(DA) 643.2305 643.2514 0.0209 1
(DA)(DI) 969.3894 969.4396 0.0502 1,2,3
(DA)(DD-H,0 951.3755 951.4290 0.0535 1,2,3,6
I(DA), 1097.4190 1097.4869 0.0679 1
A(DD), 1117.3883 1117.4556 0.0673 1
(DA)(DDD-H,0  1277.5311 1277.6173 0.0862 1
(DA)(DD-C;HO  911.3510 911.3978 0.0468 5
A(DA)DD+C;H, 1137.4508 1137.5182 0.0674 5

Table 6.2  Measured and theoretical masses of all fragment ions observed in
this chapter and the mechanisms, which explain the fragment ions.

In mechanism 6.3, the methylene hydride adjacent to the carbonyl C-atom
is transferred via a 1,3-hydrogen rearrangement to the ether oxygen of the ester
bond followed by a cleavage of the ester bond. Two reaction products are formed.
One product ion contains a di-propoxylated bisphenol-A endgroup and one product
ion an adipic acid minus H,O endgroup (see table 6.2 for their measured and
theoretical masses). These peaks are marked with '3' in figure 6.2 (a).
Distinguishing mechanism 6.2 from 6.3 by the m/z values of the product ions is not
possible because the product ions have the same elemental composition.

The 1,4-H rearrangement and transesterification mechanisms described in
mechanisms 6.1 and 6.2 were applied to the homopolyesters containing isophthalic
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acid to rationalise product ion formation (figure 6.2(b)). Only one product ion,
[(DI)D]Na", is observed that can be assigned to the transesterification of
[(DI);D]Na’. The fragment can be formed by mechanism 6.6 as well which will be
shown later. Mechanism 6.3 cannot be applied to the isophthalic acid containing
homopolyesters because of structural dissimilarities with adipic acid.

Na* Na* Na* Na™*

5 o |

% A N /O_|
o %@;ﬁ_. d% — (- on |

Mechanism 6.2  Intramolecular transesterification of a polyester oligomer
requires an alcohol endgroup. A cyclic ester and an alcohol are the resulting

reaction products.
Na* Na* Na*
Rj\?o\)\ﬁz' > R — ° or HO\)\R.
o

Mechanism 6.3 [,3-hydrogen rearrangement of the ester bond between adipic
acid and di-propoxylated bisphenol-A. One product ion contains a di-propoxylated
bisphenol-A endgroup and the other one an adipic acid minus H,O endgroup.

A fragment ion, [(DA)X]Na" with m/z 669, labelled as '4' in figure 6.2 (a),
observed upon SORI CAD of [(DA),D]Na" is explained by the cleavage of the
bisphenol-A unit (see mechanism 6.4). The elemental composition of X is
Ci2H140. The mechanism is not fully understood. Two molecules are formed of
which one contains a newly formed phenyl endgroup and the other an isopropenyl
phenyl endgroup (see table 6.2 for their measured and theoretical masses). Their
appearance in the MS/MS spectrum upon collisional activation is thought to
depend on the relative sodium cation affinities of the various organic
functionalities of the product ion. If one of the two candidate reaction products has
a substantially higher relative sodium affinity, then the sodium cation is retained by
this fragment. The other reaction product will then be neutral and is not observed
in the mass spectrum. The fragment with the isopropenyl benzene endgroup has
been observed in the MS/MS spectrum indicating a higher sodium affinity
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compared to the other fragment. The formation of this product ion has been

observed as an M before by Montaudo et al. using EI pyrolysis mass
228

spectrometry. The same phenomenon was observed for [(DI);D]Na".

Na* Nat Na*

Mechanism 6.4  Cleavage of the bisphenol-A unit resulting in one product ion
with a phenyl endgroup or another one with an isopropenyl phenyl endgroup.

The last fragmentation pathway is unique for [(DA),D]Na’. Two fragment
ions, [(DA)D-C3H¢O]Na" and [(DA),C3;H4]Na", from the activated adipic acid
containing homopolyester are due to the cleavage of the ether bond between the
bispenol-A and propoxyl group (see mechanism 6.5). The peaks are labelled with
'S' in figure 6.2 (a). The secondary methylene hydride of the isopropoxyl group is
transferred via a 1,3-hydrogen rearrangement to the ether oxygen between the
bisphenol-A and propoxyl group followed by a cleavage of the ether bond. This
results in fragment ions with a bisphenol-A endgroup and a propylene endgroup.

Na* Na* Na*
N /3
R O?)*O _— R*~—©70H or (O

Mechanism 6.5 1,3-hydrogen rearrangement of the ether bond between
bisphenol-A and the isopropoxy group. One fragment ion contains a bisphenol-A
endgroup and the other a propylene endgroup.

6.3.2. MS/MS of homopolyesters with one alcohol and one acid endgroup;
(DA); and (DD);

Figures 6.3 (a) and (b) display the SORI CAD spectra of the
homopolyesters m/z 1403 [(DA);]Na" and m/z 1463 [(DI);]Na’, respectively. Most
fragment ions of [(DA);JNa" and [(DI);]JNa" are produced by a 1,4-H
rearrangement (labelled as 'l') of the ester bond (see mechanism 6.1). The
oligomers [(DA);]Na" and [(DI);]Na" are not symmetric because they have two
different endgroups. Therefore more fragmentation products could be formed. The
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1,4-H rearrangement of ester bond b of [(DA);]Na’ for example, results in the
fragments [DA]Na" and [(DA), — H,O]Na" while the 1,4-H rearrangement of ester
bond d results in the fragments [DA-H,O]Na" and [(DA),]Na" (see figure 6.3 (a)).
Two fragments, [(DA)D]Na" and [(DA),D]Na’, of the sodium cationised (DA);
can be explained by the 1,3-hydrogen rearrangement in mechanism 6.3 (see table
6.2 for their measured and theoretical masses). The product ions cannot originate
from a transesterification because this requires the unlikely nucleophilic
substitution of an alcohol endgroup to an ester bond. A transesterification of

[(DA);]Na" can only result in the cyclic fragments [(DA)-H,O]Na" and
[(DA),-H,O]Na".
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Figure 6.3  SORI CAD spectra of the sodium cationised homo-oligomers (DA);
(a) and (DI); (b) with Xenon at 293K. [(DA);]Na" was excited for 10 s with an
average kinetic energy of 2.3 eV. [(DI)s]Na" was excited for 13 s with an average
kinetic energy of 2.2 eV. The symbols ~ denote electronic noise.

The ester bonds of the isophthalic acid containing polyester can be cleaved
by mechanisms 6.1 and 6.2. Two of the [(DI);]Na" fragments, [(DI)D]Na" and
[(DI),D]Na’, can not be explained by one of the mechanisms described sofar but a
hydrogen rearrangement can be proposed (mechanism 6.6). Two product ions are
formed in course of the hydrogen rearrangement. On of these contains a
di-propoxylated bisphenol-A endgroup ([(DI)D]Na’” or [(DI);D]Na"). The other

92



Sequence analysis of synthetic copolyesters

product ion has not been observed but should have a composition of [C;H;0]Na"
or [IDC;H3;0]Na". The exact structure of this ion is not known.

Nat
Na* Na*

o |
R\dLO/R' N B
EE— RC.H,0O or R'OH
H

Mechanism 6.6 Hydrogen rearrangement of the ester bond between isophthalic
acid and bisphenol-A. One fragment ion contains a di-propoxylated bisphenol-A
endgroup and the other an endgroup with elemental composition [C;H30]Na" or
[IDC,H;0]Na".

The formation of fragment ions [(DA)D]Na" and [(DA)D-H,O]Na" suggest
that ions [A(DA)-H,0]Na" and [A(DA)]Na" should also be present in the MS/MS
spectrum. However, [A(DA)-H,O]Na" was not observed. This indicates that
fragment (DA)D has a much stronger sodium affinity than [A(DA)-H,O]. The loss
of a D endgroup from the parent ion can be explained by a 1,4-H rearrangement
leading to [A(DA),]Na". Fragment ion [D-H,O]Na" is not present in the spectrum.
Similar results have been found upon collisional activation of [(DI);]Na".

Most of the mechanisms proposed in this chapter have been reported earlier
in the pyrolysis literature.z%228 This suggests that pyrolysis and SORI processes in
the timescale of the FT-ICR MS experiment are similar for polyesters. The most
frequently observed fragmentation pathway is the cleavage of the ester bond. From
the literature  is known that the sodium cations preferentially bind by electrostatic
forces to the carbonyl and free hydroxyl oxygen atoms of poly(ethylene
terephthalate) (PET) which has structural similarities to poly(di-propoxylated
bisphenol-A/adipic acid) and poly(di-propoxylated bisphenol-A/isophthalic acid).
Thus, we assume a similar interaction of the sodium cation with our polyesters.
The electrostatic interaction of the sodium cation with the carbonyl oxygen atom
delocalises the electrons of the ester bond. This interaction weakens the ester bond

and might promote fragmentation of the ester bond.
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6.3.3. MS/MS of copolyesters with one alcohol and one acid endgroup;
(DA)»(DI) and (DI)»(DA)

Two oligomers of the copolyester poly(di-propoxylated bisphenol-A/adipic
acid/isophthalic acid) with a degree of polymerisation 3 were selected for
fragmentation using SORI CAD. The oligomers are m/z 1423 [(DA)y(DI)]Na" and
m/z 1443 [(DA)(DI),]Na". Figure 6.4 (a) and (b) displays the SORI CAD spectra of
[(DA)(DI)]Na" and [(DA)(DI);]JNa’, respectively. The MS/MS spectra were
interpreted using mechanisms 6.1 to 6.6 proposed for the homopolyesters.
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Figure 6.4 SORI CAD spectra of the co-oligomers (DA)y(DI) (a) and
(DA)(DI); (b) with Xenon at 293K. [(DA)>(DI)]Na" was excited for 13 s with an
average kinetic energy of 2.6 eV. [(DA)(DI)JNa" was excited for 7 s with an
average kinetic energy of 2.3 eV. The symbols ~ denote electronic noise.

The fragmentation products of [(DA)(DI)]JNa” can be explained by all
mechanisms proposed so far for the homopolyesters. Product ions of
[(DA)(DI);]JNa" are formed according to mechanisms 6.1, 6.2, 6.3 and 6.6 (see
table 6.2 for their measured and theoretical masses). Mechanisms 6.4 and 6.5 were
not observed for the fragmentation of [(DA)>(DI)]Na".

94



Sequence analysis of synthetic copolyesters

Both oligomers can be formed in the polymerisation reaction with three
different sequences. The (DA),(DI) sequences are: I) DIDADA II) DADIDA and
IIT) DADADI and for (DA)(DI),: I) DADIDI, II) DIDADI and III) DIDIDA. Five
fragments of [(DA),(DI)]JNa" have been observed that are sequence specific. The
fragments [A(DA)]Na" and [(A(DA)C3H4]Na" can only be formed from sequence I
through mechanisms 6.1 and 6.5, respectively. Fragments [(DA),D]Na’
(mechanism 6.3 and 6.6), [(DA),D-H,O]Na" (mechanism 6.1) and [(DA),X]Na"
(mechanisms 6.4) can only be formed from sequence III. The other fragmentation
products observed are not sequence specific but can be formed from 2 or 3
different sequences.

For [(DA)DI);JNa” only one sequence specific fragment,
[(DA)D - H,O]Na", has been observed which can only be formed from sequence I
through mechanism 6.1. However, fragments [IDA]Na" and [(DI)D-H,O]Na" can
be formed from sequences II or III through mechanism 6.1. This indicates that at
least two sequences of (DA)(DI), are present in the polymer sample.

Only fragments from sequences I and III of (DA),(DI) were positively
identified in the polymer sample. Fragments were observed that might have
originated from sequence II, but could be formed from sequences I and/or III as
well. A similar reasoning can be given for (DA)(DI),. Although the copolyesters
are not very complex molecules (they consist of only two different building
blocks), obtaining sequence information from their MS/MS spectra is complicated.
By comparison, the determination of the amino acid sequence of peptides is
generally less complicated because almost all amino acids have a specific mass and
peptides have a unique sequence. Exact mass analysis of the fragment ions
excludes many sequences.

For larger oligomers the number of sequences becomes very large and the
question: 'which sequences are present in the copolyester sample' becomes less
relevant. A more relevant question is: 'does our copolyester sample have a random
or block sequence'. It can be expected that the interpretation of the MS/MS spectra
for large oligomers becomes less complicated. For example, when a block
oligomer containing a block of 5 A's and a block of 5 B's is fragmented, the
fragments will contain blocks of five A's and a couple of B's or five B's and a
couple of A's. Or the fragments will only contain A's or B's. Fragments containing
e.g. one A and one B will indicate the presence of other types of sequences. This
methodology has recently been used to confirm the block structure of a methyl

methacrylate/butyl methacrylate copolymer.] '

The MS/MS spectrum of a larger co-oligomer [(DA)3(DI);]2Na” in charge
state 2 (m/z=1187.55) is presented in figure 6.5. The parent ion (DA);(DI), can
have 10 sequences of which two have a block structure: DADADADIDI and
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DIDIDADADA. Singly charged fragments with an m/z lower and higher than the
m/z of the parent ion are observed. Doubly charged fragments with an m/z lower
than the parent ion are observed as well. Fragments [(DA);]Na" and [(DI),]Na"
that are indicative for block copolymers are not observed, indicated with an arrow
in figure 6.5. All fragments that are observed, for example [(DAy(DI)]Na’,
[ADI]Na" and [DADI]Na", point toward a random copolymer.

Two methodologies are described above which both are based on MS/MS
experiments to determine whether the polymer has a block or random sequence.
The second methodology, searching for block-structured fragments, does give
information about the random or block structure of the copolymer. However, it is
not possible to distinguish a pure random copolymer from a copolymer with a
partial random and partial block structure with MS/MS experiments. All three
copolyester sequences would have sequence specific fragments if the bonds could
be broken more selectively. For example, the sequence can be clarified if the DI
ester bond is selectively broken. This might be achieved by photo dissociation or
electron capture dissociation.

L P " ‘ i
00 e o ,,ﬁ..L P R DA

1200

Figure 6.5  MS/MS of [(DA)3(DI);]2Na" in charge state 2.
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6.4. Conclusions

Electrospray ionisation on a Fourier transform ion cyclotron resonance
mass spectrometer (ESI FT-ICR MS) is used to selectively isolate and fragment
oligomers of the homopolyesters of poly(di-propoxylated bisphenol-A/isophthalic
acid) and poly(di-propoxylated bisphenol-A/adipic acid) and the copolyester
poly(di-propoxylated bisphenol-A/isophthalic acid/adipic acid) using sustained off-
resonance irradiation collisionally activated dissociation (SORI CAD). Six
different mechanisms can explain the fragmentation products. Four mechanisms
involve the cleavage of the ester bond and two others involve cleavages of the
ether bond and bisphenol-A unit.

For each cleavage two fragment ions are expected to appear in the MS/MS
spectrum. However, the cleavage of some of the bonds yields only one fragment
ion. This indicates that large differences exist in the sodium affinity of the
fragment ions or that local sodium affinities are present in the parent ion.

Only the presence of two sequences of (DA),(DI) and (DA)(DI), have
experimentally been observed by means of sequence specific fragments. The third
theoretical sequence might be present in the polymer sample but does not contain
sequence specific fragments. Another MS/MS based approach can be used to study
whether the copolymer has a random or block sequence. The methodology is based
on studying whether block structured fragments appear in the MS/MS spectra. This
procedure is especially of use for large oligomers. However, the method fails to
distinguish fully random from partially random/block copolymers. Other
dissociation techniques like photon induced dissociation or electron capture
dissociation might be more selective in the cleavage of specific bonds of the
molecule necessary for sequence analysis.
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Chapter 7

Structural characterisation of hyperbranched
polyesteramides: MS" and the origin of species

Four synthetic hyperbranched polyesteramides were analysed with
electrospray ionisation Fourier transform ion cyclotron resonance mass
spectrometry. The polymers were polycondensation products of the trifunctional
di-isopropanolamine (D) and difunctional anhydrides (X) of succinic acid, glutaric
acid, 1,2-cyclohexane dicarboxylic acid and phthalic acid. The most intense
oligomer series observed was X,D,+; containing di-isopropanolamine endgroups
as expected from the polycondensation conditions. A series of oligomers X,D,+ -
H>0 was observed as well, which can have its origin in the polymerisation process
or alternatively could result from in-source fragmentation of X,D, ;. Breakdown
diagrams of the protonated parent ions X;Dy and additional MS" (n=1,2,3)
measurements gave insight in the fragmentation behaviour of the polymers. Three
main fragmentation pathways have been observed for all polymers of which the
loss of H>O to oxazolonium ions has the lowest appearance energy followed by the
rearrangement of the amide and ester bonds also leading to oxazolonium ions. The
loss of a second H>O to allylic or morpholine endgroups has the highest
appearance energy. MS® experiments demonstrated that the presence of oligomers
XuDn+1-H>0 can be attributed to the polymerisation process. Most probably an
allylic endgroup has formed from one of the alcohol endgroups. The formation of
allylic endgroups partly terminates the polymerisation reaction and results in a
change of the composition of the molecular weight distribution and decrease of the
number average molecular weight compared with theoretical polymerisation
models.

7.1.  Introduction

Soft ionisation techniques for synthetic polymer characterisation like
matrix-assisted laser desorption/ionisation (MALDI) and electrospray ionisation
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(ESI) have become widely used in mass spectrometry mainly because intact
protonated or cationised molecular ions are genc3r31tc3d.4’20’51’64’77’196 Most studies
concern linear polymers, although some branched polymers have been successfully
analysed.%’n&m’14]’]43 An example of a recent mass spectrometric study of a
branched polymer concerns a hyperbranched polyesteramide synthesised by the
polycondensation of the trifunctional di-isopropanolamine (D)230 and the
difunctional 1,2-cyclohexane dicarboxylic acid anhydride (C).gs’2 : Extensive in-
source decay was observed for ions generated by field desorption (FD) and
MALDI for this particular branched polymer. These fragments appear in the
spectra as C,Dyim-H20 (m=0-2) ions. Metastable decay of the parent ion without a
collision gas was also observed for the MALDI generated ions. This resulted in the
rearrangement of the amide and ester bonds to oxazolonium ions, which appear in
the spectra as C,Dpim-H20 (m=0-1) ions. For ESI generated ions, the intensity of
the oligomeric ions C,Dpim-H2O (m=0-1) relative to the intensity of the intact
molecular ions C,Dyim (m=0-1) was lowest. It was however not possible to
determine whether the low intensity ions C,Dp+m-H,O (m=0-2) were generated in
the ESI source or during the polymerisation reaction. The ions observed in ESI can
hence have a mixed origin that cannot be distinguished exclusively by the

determination of their m/z values.

From a polymer synthesis point of view, it is important to know whether
the C,Dpim-H20 (m=0-2) series is formed in the polymerisation reaction or by in-
source fragmentation upon ESI. The generation of this oligomer series
CuDpm-H20 (m=0-2) during the polymerisation implies that some of the functional
groups of the oligomers have terminated by allylic endgroup formation which
influences the molecular weight distribution. The origin of the oligomer C3;D4-H,O
has been determined using MS" studies. First, the fragmentation behaviour of the
protonated oligomer C3D; was studied by energy resolved MS® collisionally
activated dissociation experiments. The information obtained from this study is
used to interpret MS® experiments, which are necessary to determine the origin of
the oligomer C3;D4-H,O. This study has been performed for four hyperbranched
polyesteramides, which were synthesised by the polycondensation of an excess of
the trifunctional di-isopropanolamine and the difunctional anhydrides of succinic
acid, glutaric acid, 1,2-cyclohexane dicarboxylic acid and phthalic acid.
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7.2.  Methods and materials

7.2.1. ESI FT-ICR MS analysis

The analyses were performed with a modified FT-ICR MS (Bruker-
Spectrospin APEX 7.0e, Fillanden, Switzerland). The cell was an in house
constructed open cell. The system is described in chapter 2. Pulsed gas trapping
with Argon at P5=5.2-10" mbar for 2 seconds was used to enhance trapping of the
ions in the open cell. On-resonance excitation collisionally activated dissociation in
the ICR cell was used to activate the parent ions generated by electrospray
ionisation. Argon was used as collision gas (Po=5.2-10° mbar). The geometry
factor a of the open cell necessary for the calculation of the excitation potentials
on the excitation electrodes was estimated to be 2.26 based on a comparison
between room temperature breakdown diagrams of several peptides measured with
the Infinity cell and the open cell. The peak-to-peak voltage of the RF excitation
signal was 17.6 V in all CAD experiments. The procedure followed for the
construction of breakdown diagrams and calculation of the laboratory frame
kinetic energy Exin1ab has been described in chapter 2 by equation (2. 10).181 For the
energy resolved experiments, three scans were summed at each collision energy.

7.2.2. Hyperbranched polyesteramides

The hyperbranched polyesteramides used in this study are
polycondensation products of the trifunctional di-isopropanolamine (D) and a
difunctional dicarboxylic acid anhydride provided by DSM (Geleen, the
Netherlands).230 The difunctional dicarboxylic acid anhydrides used in the
polymerisations are succinic acid anhydride (S), glutaric acid anhydride (G),
phthalic acid anhydride (P) and 1,2-cyclohexane dicarboxylic acid anhydride (C).
Figure 7.1 shows the structures of these monomers.

A dynamic equilibrium exists between the ester and amide bond formed
during the polymerisation as shown in figure 7.2. This equilibrium results in the
polymerisation of a mixture of AB, and ABB’ monomers where A represents the
acid group, B the hydroxyl and B’ the amine.z’m’232 The polycondensation
proceeds via oxazolonium ions. The desired pathway (A) is presented in figure 7.3
where a carboxylic acid group reacts with an oxazolonium ion (AB; type of
polymerisation). Mainly alternating X,D,:; oligomers are formed although
alternating cyclic oligomers X;D, have also been observed.95 X is a diacid and D

the di-isopropanolamine. The oxazolonium ion can react with the amine group as
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well as shown in figure 7.3 pathway B. These reactions result in a bond between
two di-isopropanolamine groups via a tertiary amine and lead to oligomers X,Dy12,
XnDni3, ... . These oligomers contain defects of the alternating polymer structure
(ABB’ type of polymerisation). The synthesis is described in more detail by van
Benthem et al. for 1,2-cyclohexane dicarboxylic acid anhydride.231 The other
polymers were synthesised in a similar manner.

OH
H-N R
OH 0~ "0o” ~o
Diisopropanolamine (D) 1,2-Cyclohexane dicarboxylic acid anhydride (C)
0" "o” Jo oi o io
Succinic acid anhydride (S) Phthalic acid anhydride (P)

07 0" Yo
Glutaric acid anhydride (G)

Figure 7.1  Structure of the di- and trifunctional monomers used in the synthesis

of the hyperbranched polyesteramides.

OH OH
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HO OH T
OH
Figure 7.2 Dynamic equilibrium between amide and ester bond.

The products of the polycondensation reactions of the anhydrides of
succinic acid, glutaric acid, phthalic acid and 1,2-cyclohexane dicarboxylic acid
have a designed number average molecular weights of 1200, 1200, 1000 and 925,
respectively.231 The electrospray ionisation solutions consist of 74:24:2 Methanol
(Merck, Darmstadt, Germany):H,O:HAc (Biosolve, Valkenswaard, the
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Netherlands) in which approximately 300 pg/ml of the hyperbranched polymers is
dissolved.
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Figure 7.3  Polycondensation — of trifunctional  di-isopropanolamine  and
difunctional 1,2-cyclohexane dicarboxylic acid proceeds via AB, (4) and ABB’ (B)
type of polymerisation.

7.3. Results and discussion

The hyperbranched polyesteramides were all produced by the same
synthetic route, in which the trifunctional monomer di-isopropanolamine (D) was
added in excess to the dicarboxylic acid anhydride. The notation used to denote the
dicarboxylic acid anhydrides is S, G, C and P for the anhydrides of succinic acid,
glutaric acid, 1,2-cyclohexane dicarboxylic acid and phthalic acid, respectively.
Figure 7.4 shows the mass spectrum of the phthalic acid based polymer. The
spectrum reveals the presence of a series of protonated and sodiated
polyesteramide oligomers, although sodium salts were not added to the spray
solution. Endgroup analysis with linear regression (see also chapter 4) shows that
the most intense oligomers P,D,:; and P,Dy:», contain di-isopropanolamine
endgroups. The n denotes the number of monomers in a given oligomer. Cyclic
oligomers P,D, were also observed. The oligomer series P,D,:, are formed by the
reaction of an oxazolonium ion, created in the polymerisation reaction,95 with an
amine. The polymerisation conditions were chosen such that the concentration of

. . . 95 )
amine groups during the polymerisation was low and the concentration of P,Dy

103



Chapter 7

in the final polymer was lower than the concentration of P,D,;;. The oligomer
series observed in the mass spectra of the other hyperbranched polyesteramides are
very similar to figure 7.4 (spectra not shown).

Series of oligomers P,Dy:1-H,O, P,Dy»-H,O and P,D,-H,O have been
observed for all polymers. The ions may be molecular ions of oligomers formed in
the polymerisation process or may be due to fragmentation in the mass
spectrometer as a result of internal energy uptake in the ion source, ion transport
section or ion trap. It is known from the literature, however, that the 1,2-
cyclohexane dicarboxylic acid anhydride based polymer undergoes metastable
fragmentation for MALDI generated ions. Whether similar processes are possible
during ESI is not known and is the aim of the research described in this chapter.

The most important fragmentation pathways of the hyperbranched
polyesteramides and the energetics involved were studied by MS" of the protonated
oligomers containing three diacid anhydrides and four di-isopropanolamines (S;Da,
G3D4, CsD4 and P3Dy). The insight obtained from these experiments was used to
determine whether the oligomers P;D4-H,0, S;D4-H,0, G3D4-H,0O and C;D4-H,O
have their origin in the polymerisation process or result from mass spectrometric
fragmentation.

[P,D,]H [P;D,]"

[P,D;]"*

500 750 1000 1250 1500 1750 2000 2250
m/z

Figure 7.4 ESI FT-ICR MS mass spectrum of the phthalic acid based
hyperbranched polyesteramide.
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7.3.1. The glutaric acid anhydride based polymer

Only the loss of HyO from [G3D4]"" (m/z 821) is observed at a relatively
low laboratory frame collision energy (Exin1ab) 0f 32 €V (spectrum not shown). The
notation [G3D4]""" is used in stead of the more conventional [G3;D4+H]" notation
because this allows to distinguish protonated ions from oxazolonium ions (see
further). The proposed mechanism for H,O loss is the intramolecular transfer of the
proton to one of the OH endgroups, which results in the loss of H,O and the
formation of an oxazolonium ion as shown in scheme 7.1 .233 Note that the positive
charge of the parent ion is a proton. The positive charge becomes a quaternary
ammonium ion stabilised by oxazolonium ion formation for the fragment ion. In
figure 7.5 the MS/MS spectrum obtained at a higher collision energy (Exin b= 209
eV) is shown. Ten fragments are observed. Ions resulting from the loss of two
water molecules are of low abundance and cannot be explained by the formation of
two oxazolonium ions, since the parent ion is charged by only one proton. Ions due
to the loss of the second water molecule possibly originate from another OH
endgroup on the parent ion leading to an allylic or 2,6-dimethyl morpholine
endgroup.

. OH
3 e
—N
T, \_gH RJH: :

OH

Scheme 7.1 Intramolecular transfer of the proton to one of the OH endgroups
resulting in the loss of H,O and the formation of an oxazolonium ion.
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Figure 7.5 MS/MS spectrum of [G:D4J"™" at relatively high collision energy
Etinian= 209 eV. The ~ symbols denote electronic noise.

Two mechanisms are proposed by Muscat and coworkers95 that explain the
unimolecular rearrangement of the amide and ester bonds. The rearrangement of
the amide and ester bonds are shown for the glutaric acid based polyesteramide in
schemes 7.2 and 7.3, respectively. Most fragments observed in figure 7.5 can be
explained by these mechanisms. Stable oxazolonium ions, denoted by the addition
of ™, are formed due to the rearrangement of the amide or the ester bond °[G,Ds-
H,01™, °[G,D,-H,01°", °[GD,-H,0]>*" and "[GD-H,0]**". Rearrangements of the
amide and ester bonds are denoted by b and e superscripts, respectively. The b
notation that indicates the rearrangement of the amide has its origin in the peptide
literature where such b ions are very common. The nomenclature is also introduced
for polyesteramides although the structure of these molecules is very different from
peptides.9 A series of fragments is observed that is due to oxazolonium ion
formation followed by an additional H,O loss. This results in the singly charged
fragments  [G,D3-2H,01™",  °[G.D»-2H,0]™",  [GD»-2H,0]™"  and
°[GD-2H,0]>*". These fragments cannot be explained by the loss of a water
molecule by oxazolonium ion formation and subsequent rearrangement according
to one of the two mechanisms shown in schemes 7.2 and 7.3, because the charge
state is one. It is therefore more probable that an ester or amide bond is rearranged
to an oxazolonium ion followed by the loss of HO from one of the endgroups to
an allylic endgroup.
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Scheme 7.2 Unimolecular rearrangement of the amide bond.

Note that only one fragment is observed as oxazolonium ion during the
rearrangements and the other one is always a neutral fragment. This is usually not
observed for molecular ions of polyesters with only ester bonds nor for peptides
containing only amide bonds, where the intensity in the MS/MS spectrum depends

: . 334-236
on the proton or cation affinity of the fragments.
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Scheme 7.3 Unimolecular rearrangement of the ester bond.

107



Chapter 7

The MS/MS spectrum at Exin1p=32 €V is very different from the MS/MS
spectrum at Eyin1av=209 eV. Therefore the energy dependence of the dissociation of
the parent ion is studied to gain insight in the relative strengths of the amide and
ester bonds in the protonated polyesteramide oligomer. The collision energy
dependence of the fragmentation process is studied by constructing the breakdown
diagram for the parent ion and fragments as shown in figure 7.6a. The survival
yield of the parent ion and the most intense fragments due to rearrangements of the
ester and amide bonds, °[G,D;-H,0]>*", °[G,D,-H,0]™", °[GD,-H,0]>*", °[GD-
H,0]°" and ions due to the loss of H,O are plotted as a function of the laboratory
frame collision energy Exin1ab. The survival yield of the parent ion is defined as the
intensity of the parent ion divided by the sum of the intensities of the parent ion
and all fragments. To obtain the survival yield of the fragments, the intensity of a
particular fragment is divided by the sum of the parent ion and all fragment ions.
Although only five fragment ions are shown in figure 7.6a, all fragments observed
have been used in the calculation of the survival yield. The reproducibility of the
survival yield of the parent ion was about 5%. Fragments with an m/z of lower than
107 are not detected, but could influence the breakdown diagram.

Figure 7.6a clearly demonstrates that the lowest energetic fragmentation
pathway is the loss of H,O, which has an appearance energy of Ejinjan=-32 eV.
The breakdown diagram shows that the fragments due to rearrangement of the
amide and ester bonds do not appear at the same collision energies. The lines in the
figure are used to guide the eyes. Rearrangements of the ester bonds, fragments
°[G2D3-H,0]%" and °[GD,-H,0]°*", are observed at an appearance energy of
Exin1av=~80 €V, while the amide bonds start rearranging at ~126 eV (fragments
°[G,D,-H,0]™" and b[GD-HZO]O"+). The intensity ratio of the fragments in the
spectra changes significantly with the collision energy. For example, at laboratory
frame collision energy Exin1av=209 eV the intensity of fragment e[G2D3-H20]°X+ is
approximately the same as the intensity of fragment {GD,-H,O]°*". At a higher
collision energy Eiin1as=400 eV the intensity of {GD,-H,0]>" becomes 3 times
higher than [G,D3-H,0]°*".
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Figure 7.6  Breakdown diagrams of [G3D,+H]". For the most intense fragments
°IG>D3-H0]°*", *[G>D>-H0]°"", */|GD»-H,0]*", *[GD-H,0]™" and ions due to
the loss of H>O (a). Enlargements of breakdown diagram concerning amide bond

rearrangements (b) and ester bonds (c). The fragments are denoted by x
[G3D~H0]”", - [G3D4+2H,0]”", m °[G:D3-H,0]”", o ¢[G:D3-2H,0]°", A
I1G.D>-H,0]™", A *[G.D>-2H0]°"", ® ¢[GD>-H,0]™", o °/GD,-2H,0]**", ®
YIGD-H,0]™" and & [GD-2H,0]*" and parent ion + [G3D4J™". The lines are
used to guide the eyes.

In figure 7.6b the breakdown diagram for the same parent ion [G3D4]"" is
presented. Only fragments due to the loss of two H,O molecules and amide bond
rearrangements are shown for reasons of clarity. Figure 7.6¢ shows the results
obtained for the ester bond. Ions due to the loss of two H,O molecules (fragment
ion [G3D4-2H,0]°*") from the parent ion appear at significantly higher collision
energy (Exin1ab=—~145 V) than ions due to the loss of the first H,O [G3D4-H20]°"+.
At approximately the same collision energy where the second H,O loss is
observed, four fragments appear in the MS/MS spectra, which are due to
rearrangements of the ester and amide bond with an additional loss of an H,O. This
results in singly charged fragment ions °[G,D;-2H,0]°*, b[G2D2-2H20]°X+,
°[GD,-2H,0]1°*" and °[GD-2H,0]°*".

It is concluded from figures 7.4a-c that the three different fragmentation
pathways observed can be distinguished by their appearance energies. The
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formation of oxazolonium ions by the loss of H,O has the lowest appearance
energy followed by the formation of oxazolonium ions by amide and ester
rearrangement. The loss of the second H,O, most probably by formation of allylic
or 2,6-dimethyl morpholine endgroups, has the highest appearance energy.

7.3.2. The succinic and 1,2-cylohexane dicarboxylic acid anhydride based

polymers

In the same way as the glutaric acid anhydride based polymer, the lowest
energetic fragmentation pathway of the polyesteramides based on succinic acid
anhydride is the loss of H,O at Exin1an~25 €V. The MS/MS spectra of [SgD4]H+ (not
shown) contain fragments due to the same mechanisms as observed in figure 7.5
for [G3D4]H+. The main difference between the breakdown diagrams of [S3D4]H+
and [G3D4]"" is that the difference in appearance energy of the rearrangement of
the ester (Ekinjav=—~ 68 eV) and amide (Exiniab=~50 eV) bonds is reversed for
[83D4]H+ with the exception of fragment ion b[SD—HgO]0x+ with an Eip 1a=~180
eV.

For the 1,2-cyclohexane dicarboxylic acid anhydride based polymer a loss
of one D unit by amide rearrangement to b[C3D3—H20]°X+ 1s observed as the lowest
energetic fragmentation pathway together with the loss of H,O to form
[C3D4-H20]°X+ at Ekin1ab=~36 eV. The appearance energies for the rearrangement
of the ester and other amide bonds have approximately the same values as the
collision energy of the ester bonds (Exin 1ab=~56-110 eV).

These results demonstrate that the appearance energy for the ester and
amide rearrangement strongly depends on the structure of the diacid anhydride and
that these energy resolved experiments can be used to study the structure of the
diacid anhydride. However, as observed for the glutaric acid anhydride based
polymer, the appearance energies for the three main fragmentation pathways are of
the following order: H,O loss < ester and amide rearrangement < ond H,O loss.

7.3.3. The phthalic acid anhydride based polymer

The MS/MS spectrum of [P3D4]H+ with m/z 923 in figure 7.7 shows two
remarkable features. The first feature is an intense peak due to the loss of one di-
isopropanolamine resulting from an amide rearrangement, which forms
b[P3D3—H20]°X+. This fragment was not observed for the polymers based on
succinic acid anhydride and glutaric acid anhydride, although these are connected
by amide or ester bonds too. The fragment was low in intensity in the case of the
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polymer based on 1,2-cylohexane dicarboxylic acid anhydride. A second feature is
an intense peak at m/z 660, which cannot be explained by a rearrangement of the
amide or ester bond. The mass difference between this fragment and fragment
°[P,D3-H,0]°*" corresponds with the mass H,O indicating that the parent ion
[PsD4]"" has lost one PD monomer to [P,Ds]"". Such depolymerising
fragmentations were observed earlier for the copolyester poly(di-propoxylated
bisphenol-A/isophthalic acid/adipic acid) for which a y-hydrogen rearrangement
was proposed as described in chapter 6. Such a y-hydrogen rearrangement can be
used to explain the formation of [P,D;]"" also. This rearrangement must however
lead to a protonated species V[PzDg]HJr because the formation of an oxazolonium ion
with composition P,Djs is structurally prohibited. The appearance of the fragments
in the MS/MS spectra upon y-hydrogen rearrangement depends on the proton
affinity of the fragments. The protonated '[PD-H,0]"", the counterpart of
"[P,Ds]™, has the same m/z value as "[PD-H,0]>" because they are isomers. The
v-hydrogen and amide rearrangements can therefore not be distinguished with
these fragment ions.

The rearrangement of the amide and ester bonds appears at approximately
the same collision energy of Exin1ab= 70 €V. The ions resulting from the loss of two
H,0 molecules and the fragments due to rearrangement of the amide and ester
bonds with an additional loss of H,O appear, as observed for the other polymers, at
a higher collision energy of 112-207 eV. The fragment "[P,Ds]"" appears at the
same collision energy as the fragments due to ester and amide bond rearrangement
indicating that y-hydrogen and ester/amide rearrangements of [P3D,4]""" have similar
appearance energies.

The 50% survival yields, indicative for the mean of the internal energy
distribution, of the parent ions [G3D4]"", [S3D4]™", [C3D4]"" and [P3D4]"" were
compared. For all parent ions a 50% survival yield is observed at approximately
95 eV laboratory frame collision energy. This is because all polymers show similar
fragmentation behaviour due to the amide and ester bonds that are rearranged by
the same mechanisms leading to similar fragments (oxazolonium ions).

111



Chapter 7

E b[PzDz'H20]°X+

> il

A ) A,

= = =

5 a

% &

Q.

¥ L

g 9
Jg = (m\ll t e[P2D3_H20]ox+
— N '°_| + t
ON E ON |§—| T J>r< =—
s 5 an) Qo &, = O
QN N SO (@) N
Q Im E N EN :I
;-‘:‘ A, 7[P2D3]H+ o m‘m A Q:

=] S8 g
~ = & &0 | [P

[ N

'I. .'.‘“‘.'l. d 1||' 'Ll.'nllTl —— A P— .l.ll PRV S B N
300 400 500 600 700 800 900 m /Z

Figure 7.7 MS/MS spectrum of [P3D4" m/z 923 at Eginiap= 150 eV

7.3.4. Origin of the oligomers P;D,H,0, S;D,H,0, G;D,H>O and
C;D,H>0

The observations described in the previous paragraphs show that the lowest
energetic fragmentation pathway observed for the hyperbranched polymers is the
loss of H,O. Nozzle skimmer activation in the ESI source will most likely lead to
a loss of H,O, or alternatively an amide or ester rearrangement to oxazolonium
ions. Two MS" experiments are performed in order to determine whether the
oligomeric ions P3;D4-H,0, S;D4-H,O, G3D4-H,O and C3;D4-H,0 observed in the
mass spectra (see figure 7.4 for the phthalic acid anhydride based polymer) are
formed during the polymerisation process or are the result of in-source
fragmentation processes. The first experiment is an MS® experiment where MS? of
protonated [P3D4]HJr is followed by MS? of the isolated oxazolonium fragment
[P3D4-H,01°*". The MS® of fragment [P3D,-H,0]°" is expected to show a different
fragmentation behaviour than observed for protonated species because the
oxazolonium ion is not protonated. The second experiment is MS” of the oligomer
P3D4-H,O. If the oligomer is formed during the polymerisation process it will
appear as a protonated species in the mass spectrum, [P3Ds-H,0]"". When the
oligomeric ion is the result of in-source fragmentation, the ion is already a
fragment ion and will appear in the mass spectrum as the oxazolonium ion
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[P3D4-H,0]°*" with the same elemental composition as [P3D4-H,0]"". The origin
of the P3D4-H,0 oligomer can be determined by comparison of the MS® spectrum
of the oxazolonium ion [P3D4-H20]°X+ obtained from the MS? spectrum of
[P3D4]™" with the MS? spectrum of [P3D4-H,01"" or [P3D4-H,0]°*". The same set
of experiments was also performed with parent ions S;D4, G3D4 and C;Ds.

Figure 7.8 shows the MS’® spectrum of the [P3D4-H,O]™" fragment ion
obtained by MS? of [P3sD4]"" (figure 7.7). The MS’ spectrum contains fragment
ions, which can all be explained by fy-hydrogen rearrangements. Note that
rearrangements of the amide and ester bonds to oxazolonium ions are not possible,
because free protons are not available. Most interesting about figure 7.8 is the
absence of a fragment due to the loss of a H;O molecule, which would have
resulted in a fragment [P3D4-2H20]°"+. The loss of H,O has been observed for all
protonated parent ions in the previous section.
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Figure 7.8 MS’ spectrum of the oxazolonium ion [P3DsH0]*" obtained from
MS’ from [PsD4J"" (figure 7.7). Exin1as(MS’) = 129 eV, Epinian(MS’) = 129 eV.

Figure 7.9 shows the MS? spectrum of [P3D4-H,0]"" or [P3D4-H,0]%".
Two important differences with figure 7.8 are observed. First, an intense loss of
H,O is observed resulting in fragment [P3D4—2H20]°x+, which is not observed in
figure 7.8. This indicates that the parent ion must be protonated. Furthermore a
fragment [P,D;]™" is observed in figure 7.9 but not in the MS’ spectrum of

[P3D4-H,0]°". Only a y-hydrogen rearrangement of the ester bond of a protonated
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parent ion [P3D4-H20]H+ can explain the formation of this fragment. This is
because the positive charge is fixed on the oxazolonium ion which must result in
fragment [P,D3-H,0]°*". For the protonated species a rearrangement of the ester
bond leads to fragment '[P,D;]"". With the exception of y-hydrogen
rearrangements, the same fragmentation behaviour has been observed for
S3D4-H20, G3D4-H20 and C3D4-H20.
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Figure 7.9  MS’ of [PsD+H>0]"" or [P3D+H>0]"" at Epip = 129 eV.

The observations described above show that some of the fragments
observed for MS? of [P3D4-H,0]"" can not be formed by MS? of [P3D4-H,0]°,
which demonstrates that the oligomeric ions P;D4-H,0, S3D4-H,0, G3D4-H,O and
CsD4-H,O observed in the mass spectra are protonated parent ions and must
therefore originate from the polymerisation process. These findings have been
confirmed with NMR and titration experiments that have revealed a very low
concentration of allylic endgroups in the MWD, which are assumed to be due to
elimination processes for which ester bonds are rearranged.237 The insert of figure
7.4 shows that oligomer [P3D4-H,0]"" is present in a high intensity, approximately
20% of [P3D4]™". It is however not possible to quantify the contribution of the
oligomers P3D4-H,0, S;D4-H,0, G3D4-H,0 and C3;D4-H,0 in the molecular weight
distributions with ESI FT-ICR MS. A part of the oligomers P;D4-H,0, S;D4-H,0,
G3D4-H,O and C;D4-H,O can still originate from in-source fragmentation.
Quantification of the polymer related species is difficult for two reasons. (1)
Differences in ionisation efficiency between P,D,;-H,O and P,D,; ions can exist
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but have not been quantified. Significant differences in ionisation efficiency have
for example been observed for mixtures of the homopolyesters poly(di-
propoxylated bisphenol-A/adipic acid) and poly(di-propoxylated bisphenol-
AJisophthalic acid) (see chapter 5). (2) The fact that fragments of [P3D4-H,0]""
can be distinguished from the fragments of [P3D4-H,0]°" but not the other way
around further complicates quantification. It is therefore possible to demonstrate
the presence of protonated species i.e. the species are formed in the polymerisation

reaction but it is not possible to quantify them.

7.4. Conclusions

The fragmentation behaviour of hyperbranched polyesteramides made by
the polycondensation of the trifunctional di-isopropanolamine (D) with the
difunctional anhydrides of succinic acid (S), glutaric acid (G), 1,2-cyclohexane
dicarboxylic acid (C) and phthalic acid (P) was studied by ESI FT-ICR MS. The
breakdown diagrams of parent ions [G3D4]™, [S3D4]™, [C3D4]™ and [P3D4]™ were
constructed using energy resolved on-resonance collisionally activated dissociation
in the FT-ICR MS. Three main fragmentation pathways were observed that could
be distinguished by the appearance energy. The lowest energetic fragmentation
pathway is the loss of H,O leading to oxazolonium ions. The rearrangements of the
ester and amide bonds, also leading to oxazolonium ions, were observed at a higher
collision energy. The loss of a second H,O was observed at highest collision
energies and most probably results in fragments with allylic or 2,6-dimethyl
morpholine endgroups.

The origin of an oligomeric ions P3;D4-H,0, S;D4-H,O, G3D4-H,O and
C3D4-H,O observed in the mass spectra was determined with MS" experiments. By
comparing MS® experiments of [P3D4-H,0]°*" generated by the MS? of [P3D4]""
with MS? experiments of P3;D4-H,O, it was concluded that P3;D4-H,O is present in
the polymer sample. An intense loss of H,O was observed from MS? of
[P3D4-H,0]"" but not from MS® of the oxazolonium ion [P3D4-H,0]°*" obtained
from the MS? of [P3D4]"". This demonstrates that P3D4-H,O is formed during the
polymerisation reaction. This phenomenon was observed for all four
hyperbranched polyesteramides. The oligomeric ions P3D4-H>0, S3D4-H,0, G3D4-
H,0 and C;D4-H,O are probably due to the formation of allylic endgroups. This
partly terminates the polymerisation reaction, which influences the composition of
the molecular weight distribution. These findings have been confirmed with NMR
and titration experiments.
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Addendum

The work presented in this chapter has been published in the International
Journal of Mass Spectrometry.”’® Scheme 7.1 has however been subject of
discussion after the publication.238 The oxazolonium ion, which is an immonium
ion, can have a protonated isomer as shown in scheme 7.4.239’240 The discussion in
section 7.3.4 would not be valid if this ion were formed under the conditions of our

experiments.

The fact that an MS> experiment of [C3D4-H20]°X+ fragment ion obtained
from MS? of [C3D4]H+ does not lead to the loss of a water molecule, makes it
unlikely that the protonated ion is formed. If [C3D4-H,0]*" were a protonated
cyclic amine as shown in scheme 7.4, an additional loss of H,O should be observed
because a proton is required to expel a water molecule. This observation has been
confirmed by the MS? of multiply protonated ions where the maximum number of
water losses depends on the number of protons. Additionally, the loss of a water
molecule was not observed for the MS” of sodiated ions. The same results were
obtained with the succinic and glutaric acid containing polymers. Note that the
protonated cyclic amine cannot be formed for the phthalic acid containing polymer
because a hydrogen for an intramolecular hydrogen shift is not available. These
observations indicate that protonated cyclic amines are not formed under the
conditions of the FT-ICR MS experiments described in this chapter.

There is however a possibility that the protonated species are formed after
low energy CAD, but are not observed in the experiment. This is because such
protonated amines have a relatively high proton affinity as will be discussed in
chapter 8. The proton has a relatively strong interaction with the amine that does
not lead to a loss of a water molecule upon CAD.

H2 R—H
OH OH

? HF@H -H, 0 0
e T ﬁq — ﬁ%

Scheme 7.4 Loss of H>O to the oxazolonium ion and the protonated isomer of the
oxazolonium ion.
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Isomer separation of hyperbranched polyester-
amides with gas phase H/D exchange and a
novel MS" approach: DoDIP

Two approaches are introduced that provide information about the
isomeric composition of hyperbranched polyesteramides. The first approach is
based on a novel MS" approach that allows studying different types of isomeric
structures by a separation based on their difference in appearance energy. The
method is called DoDIP: Dissociation of Depleted lon Populations. A first MS/MS
step is used to fragment isomers with relatively low appearance energy. The
isomers with higher appearance energy are fragmented in a second MS/MS step.
The second approach is based on gas phase H/D exchange experiments that result
in a bimodal isotopic distribution for oligomers X,D,+; of which one distribution
corresponds to a type of isomeric structure that exhibit H/D exchange behaviour
and the other one to an isomeric structure that does not exhibit H/D exchange
behaviour. X is a difunctional anhydride of phthalic acid, 1,2-cyclohexane
dicarboxylic acid, succinic acid, or glutaric acid, D is a trifunctional di-
isopropanolamine and n the degree of polymerisation. The type of isomeric
structure that does not exhibit H/D exchange behaviour has a non-alternating
monomer sequence that contains an amine bond with a relatively high proton
affinity. The other isomeric structure that does exhibit H/D exchange behaviour
has an alternating monomer sequence containing only amide and ester bonds with
relatively low proton affinity. Oligomer structures were confirmed with additional
MS’ experiments after H/D exchange. H/D exchange experiments on the fragments
obtained after MS’ of the parent ion disprove two postulated mechanisms
(mechanisms 7.2 and 7.3) for the cleavage of the ester and amide bond.95 A new
mechanism is introduced to explain the H/D exchange behaviour of the fragments
that requires a cleavage of the amide bonds only. Two types of fragments are
formed by this mechanism. One type is protonated due to the cleavage of the amide
bond whereas the other type has an oxazolonium ion structure due to the loss of an
additional H>0O.
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8. 1. Introduction

Ion-molecule reactions have long been used to obtain detailed structural
information of organic compounds. The first studies involved small molecules like
amino acids.m_244 Studies of large molecules have become popular in the last
decade after the soft ionisation techniques electrospray ionisation (ESI) and
matrix-assisted laser desorption/ionisation (MALDI) were introduced. These
ionisation techniques allow the transfer of large molecules infact into the gas phase
to study their chemical structure. Most ion-molecule reactions reported on large
molecules concern biomolecules.m-255 Isomer identification poses a special
problem for mass spectrometry as isomers have the same m/z value. Isomeric
structures of small molecules, for example xylenes, can be distinguished with
hydrogen/deuterium (H/D) exchange experiments due to a difference in the
number of exchangeable hydrogens and exchange ra‘[e.256’257 For larger molecules,
mainly biomolecules, different rates of deuterium incorporation have also been
observed. This is however not a result of differences in isomeric structures but
caused by differences in the gas phase conformation of the
biomolecules.246’248’250’253 Different conformations have a different proton
accessibility along the chain responsible for the H/D exchange. Other important
factors in the reaction kinetics of deuterium incorporation during the H/D exchange
events are the proximity of functional groups, differences in the proton affinity

257
between analyte and reagent gas and temperature.

Beauchamp and coworkers proposed the relay mechanism for the H/D
exchange activity of biomolecules.zm’252 This mechanism requires a proton transfer
from the site of protonation in the hydrogen bonded complex to gas phase D,O. At
the same time, a deuteron is transferred from D,0 to a distant, slightly less basic
site on the molecule. A nice feature of this mechanism is that only protonated ions
exhibit H/D exchange activity. This phenomenon provides a tool to study

fragmentation mechanisms that may lead to non-protonated ions.

The hyperbranched polymers studied in this chapter are made by the
polycondensation of a trifunctional (D) and a difunctional (X) monomer (see
chapter 7). Alternating oligomer sequences with amide and ester bonds only are
ideally formed during the polymerisation reaction leading to mainly oligomer
series X,Dni1 because D was added in access to the polymerisation. Such
oligomers contain OH endgroups. Oligomer series X,D,+; can also consist of a
non-alternating sequence, although this is less likely, when two D monomers are
connected by an amine. Such oligomers contain at least one carboxylic acid
endgroup, which might influence the cross-linking properties of these polymers
when applied as cross-linkers in powder coatings. It is therefore important to
determine which type of oligomer is present. Note that when doing a single mass
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spectrometric analysis of such polymers the alternating and non-alternating
monomer sequences cannot be distinguished because they are isomeric structures.
We describe here two approaches that allow the distinction between isomeric
structures of hyperbranched polyesteramides. The first approach is a novel MS"
methodology using a two-step collisionally activated dissociation (CAD) process
called Dissociation of Depleted lon Populations (DoDIP). The second approach is
based on gas phase H/D exchange. CAD is a widely used technique to obtain
structural information of biomolecules and synthetic polymers.gl’l15-118’258_260 To
the knowledge of the authors, dissociation techniques have never been used to
determine whether the oligomers in synthetic polymers consist of mixture of

different isomers.

8.2. Experimental

The analyses were performed with a modified FT-ICR MS (Bruker-
Spectrospin APEX 7.0e, Féllanden, Switzerland). The cell was an in house
constructed open cell. Pulsed gas trapping with Argon at P=5.2-10" mbar for 2
seconds was used to enhance trapping of the ions in the open cell. On-resonance
excitation collisionally activated dissociation in the ICR cell was used to activate
the parent ions generated by electrospray ionisation. Argon was used as collision
gas (PA=5.2-10° mbar). The geometry factor o of the open cell necessary for the
calculation of the excitation potentials on the excitation electrodes was 2.26. The
peak-to-peak voltage of the RF excitation signal was 17.6 V in all CAD
experiments. For the energy resolved experiments, three scans were summed at
each collision energy. H/D exchange experiments were performed by pulsing D,O
in the ICR cell using a pulsed needle valve. See chapter 2 for a more detailed
description of the experimental set-up.

The hyperbranched polyesteramides used for this study are
polycondensation products of the trifunctional di-isopropanolamine (D) and a
difunctional dicarboxylic acid anhydride provided by DSM (Geleen, the
Netherlands).231 The difunctional dicarboxylic acid anhydrides used in the
polymerisations are succinic acid anhydride (S), glutaric acid anhydride (G),
phthalic acid anhydride (P) and 1,2-cyclohexane dicarboxylic acid anhydride (C).
Figure 7.1 shows the structures of the monomers.
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8.3. Results and discussion

The mass spectrum of the phthalic acid anhydride based polymer with an
average molecular weight of 1000 Da is presented in figure 8.1. The spectrum
reveals the presence of a series of protonated and sodiated oligomers that were
observed earlier in FD, MALDI and ESI studies of these polymers.gs’145 The most
intense oligomer series, P Dy, contains di-isopropanolamine (D) endgroups and
are all expected to have an alternating structure.95 The n denotes the number of
monomers in a given oligomer. Cyclic alternating oligomers P,D, were also
observed. The desired oligomer series P,Dy:; is formed by the reaction of an
oxazolonium functionality with an OH endgroup (pathway A in figure 7.3).
Oligomer series P,Dy:2 and P,Dy3 are formed by the reaction of the oxazolonium
ion with an amine that is also present in the polymerisation mixture (pathway B in
figure 7.3).231’232 The polymerisation conditions were chosen such that the
concentration of amine groups during the polymerisation is low and the relative

. ) 231,232
amount of P,D,, and P,D,3 in the final polymer is lower than P,Dy;.
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Figure 8.1 ESI FT-ICR MS spectrum of hyperbranched polyesteramides based

on phthalic acid anhydride and di-isopropanolamine with an average molecular
weight of 1000 Da.

The fragmentation behaviour of the hyperbranched polyesteramides

synthesised with the anhydrides of 1,2-cyclohexane dicarboxylic acid, phthalic
95

acid, succinic acid and glutaric acid has been discussed in chapter 7. However,
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these MS” and MS’ studies did not lead to an understanding of the isomeric
composition of the hyperbranched polymers. Oligomer [P;D4+H]" with
m/z = 923.46 can have, for example, several isomeric structures, of which four
examples are shown in figure 8.2. The P3;D4 oligomer can have an alternating
branched structure (I) although alternating linear structures (II and III) are possible
as well. Note that the difference between structures II and III is the inverted
orientation of one of the di-isopropanolamine groups. Structure III is symmetrical
whereas structure II is not. Although the structures are very different, they all
contain OH endgroup functionalities only. In principle, P;D4 can also have an
isomer with a non-alternating structure due to pathway B in figure 7.3 (structure
IV). This has so far not been considered in the li‘[er.'sl‘[ure.%’134’145’231_233 Structure IV
contains an amine functionality which is not present in the alternating structures.
More important, structure IV contains one COOH endgroup functionality. It is
important from a polymer chemistry point of view to know whether oligomer
series with these functionalities is formed in the polymerisation process.

8.3.1. Dissociation of Depleted lon Populations (DoDIP) for isomer

analysis

The MS/MS spectrum of [P3D4+H]" resulting from on-resonance CAD with
Argon and a laboratory frame kinetic energy Exinia= 129 €V is presented in figure
8.3a. Many fragments are formed but it is not possible to retrieve the presence of
different isomeric structures of P;D4, because the MS/MS behaviour of the pure
isomers is not known. Fractionation prior to MS analysis has not been performed
but could be an alternative way to obtain the MS/MS spectra of the pure isomers.
Fractionation would however be very difficult due to the high number of possible
linear, branched, alternating and non-alternating isomers. Reactions leading to the
fragments in figure 8.3a will be discussed briefly based on the fragmentation
pathways described in chapter 7,95 although results that will be described later
demonstrate that the mechanisms for the cleavage of the ester and amide bonds
(mechanisms 7.2 and 7.3) are not correct. For reasons of clarity, we will first use
the ‘old’ notation for the fragments as introduced in chapter 7 and demonstrate
later that exclusively amide bonds are rearranged for which we will propose
another mechanism.
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11T
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Figure 8.2  Four possible isomeric structures of oligomer P3;D,. The first three
Structures are alternating oligomers whereas the fourth is non-alternating (two
di-isopropanolamines connected by an amine bond, see circle).

Fragment [P3D4—H20]Ox+ has been proposed to be due to the loss of H,O
from one of the OH endgroups (mechanism 7.1) forming oxazolonium ions
denoted by the superscript ®". Ester and amide bond cleavages also lead to
oxazolonium ions ‘[PD,-H,O]™*", [P,Ds-H,0]°*", ’[PD-H,0]>*", ’[P,D,-H,0]*"
and b[P3D3-H20]°X+, in which the superscripts ¢ and b correspond to an ester and
amide cleavage, respectively. An additional H,O loss is observed leading to
‘[PD,-2H,0]™",  “[P,D;-2H,01°*",  ’[PD-2H,0]™",  ’[P,D,-2H,0]*"  and
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’[P3D3-2H,0]°*". These fragments have been explained by an ester or amide bond
rearrangement followed by the loss of H,O. Finally, fragment "[P;D4+H]", due to a
v-Hydrogen rearrangement, is observed.
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Figure 8.3 MS® spectrum of [P3:Dy+H] " with Epyia= 129 eV (a) DoDIP mass

spectrum of [P3D4+H]Jr with Ekiniap= 70 eV (~75% survival yield) for MS®
followed by Ejiniap= 129 eV for the second MS/MS step (b) DoDIP mass spectrum
of [PsDy+H]" with Enias= 129 eV (~30% survival yield) for MS’ followed by
129 eV collision energy for the second MS/MS step (c).
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The survival yield of the ions is plotted in the breakdown diagram as a
function of the collision energy. The survival yield of the parent ion is defined as
the intensity of the parent ion divided by the sum of the intensities of the parent ion
and all fragments. To obtain the survival yield of the fragments, the intensity of a
particular fragment is divided by the sum of the intensity of the parent ion and all
fragment ions. Several fragmentation pathways are distinguished from the
breakdown diagram of [P3D4+H] (figure 8.4). A loss of H,O had the lowest
appearance energy followed by the rearrangement of the ester and amide bonds as
discussed in chapter 7. Rearrangement of the ester and amide bond with an
additional loss of H,O to allylic or morpholine endgroups had the highest
appearance energy. For reasons of clarity, only 4 of the 13 fragments that were
observed and the parent ion are plotted in figure 8.4. All fragments have been
included in the calculation of the breakdown diagram, however.

3 100-
&\/ 100
= ~75% survival yield
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507 ~30% survival yield
401
301
201 .
101 X
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Figure 8.4  Breakdown diagram of [P:D,+H]". Only four fragments are shown

in the figure with x [P;D+H0]"", & ¢[P:D;]*", ® °/PD,-H,0]*", w"[PD]**" and
4 H+

parent ion + [P3Dy]"".

The breakdown diagram of [P3Ds+H]" shows that the intensity of the
different fragments changes with the collision energy (figure 8.4) resulting in a
different composition of the MS/MS spectra with the collision energy. This effect
can be explained by different appearance energies for the different fragmentation
pathways of the parent ion. On the other hand, the effect may be caused by
different isomeric structures that start fragmenting at different appearance energies.
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The reconstructed breakdown diagram does not allow distinguishing between the
isomers because the MS/MS spectrum at each collision energy is a summation of
all fragments of all isomers.

A way to determine whether P;D, contains different isomeric structures that
have different appearance energies for fragmentation is by performing a novel
CAD experiment on parent ion [P;D4+H]" where depleted ion populations are
fragmented. Approximately 25% of the parent ion [P;Ds<+H] population is
fragmented in the first MS/MS step (to ~75% survival yield see figure 8.4) with
Exin1ab of 70 eV. After a thermalisation delay with an Argon gas pulse of 5 seconds,
the remaining ~75% of [P;Ds+H]" is isolated and fragmented with
Ekinjab = 129 eV. This thermalisation delay is required to cool down the ion
population to room temperature and release the kinetic energy and coherence of the
remaining parent ions. Note that this is not a regular MS® experiment but a novel
MS" approach called Dissociation of Depleted Ion Populations (DoDIP). The
spectrum that is obtained is presented in figure 8.3b. An experiment where the
depleted ion population is fragmented using 70 eV has not been performed.

A similar DoDIP experiment is performed when ~70% of the parent ion
population is fragmented (~30% survival yield) in the first MS/MS step with
Ekiniab = 129 eV. The DoDIP mass spectrum is shown in figure 8.3c. All other
conditions are the same as the DoDIP experiment described in figure 8.3b. The
basic idea behind this experiment is that isomers with relatively high appearance
energy for fragmentation have not fragmented in the first low energy MS/MS step.
The relative abundance of the isomeric ions that have relatively high appearance
energy for fragmentation is increased before fragmentation in the DoDIP
experiment at higher collision energy. Comparing the two DoDIP mass spectra
provides information about isomeric structures if any are present. Note that this
procedure relies on isomers that have a relatively large difference in their
appearance energy.

All fragments observed in figure 8.3c are also observed in figure 8.3b. This
is because the first MS/MS step in figure 8.3b involves fragmentation to only
~75% survival yield but the appearance of the DoDIP mass spectrum could be due
to the fragmentation of multiple isomeric structures. The DoDIP mass spectrum in
figure 8.3c is most probably due to only one type of isomeric structure with
relatively high appearance energy for fragmentation. Figures 8.3b and 8.3c clearly
demonstrate that P;Dy4 consists of at least two isomeric structures or two types of
isomeric structures.

The question arises which (type of) isomeric structures are responsible for
the differences in the DoDIP mass spectra. One possibility is that the polymer
consists of a branched structure and a linear structure. However, similar results as

125



Chapter 8

shown in figure 8.3 were obtained when parent ion [P,D;+H]" was studied with
DoDIP experiments. This oligomer is too small to have a branched structure. The
difference in figures 8.3b and 8.3c can therefore not be attributed to branching.
Another possibility is that one (type of) isomeric structure is alternating like I, II
and/or III (figure 8.2) and the other is non-alternating like IV. To test whether one
of the isomers has a non-alternating sequence, an ion with a non-alternating
structure, [P,D4+H]’, is fragmented. The MS/MS spectrum of ion [P,D4+H]" with
Ekinlab = 154 €V is shown in figure 8.5.

Fragments “[P,D,]" and “[PD]*" were expected to appear in figure 8.5,
based on fragmentation studies discussed in chapter 7, but are not observed. Also,
the loss of H,O to [P.D4-H,O]™" and a y-hydrogen rearrangement leading to
7/ [P2D3+H]+ are absent. The two most intense fragments that are observed,
‘[PD,-H,0]" and °[P,D3-H,0]°*", are explained by ester rearrangements
(mechanism 7.3). However, these fragments can also originate from cleavages of
the amine bonds making the interpretation of the MS® spectra more complex. The
intensity profile of the fragments did not change dramatically when the collision
energy was varied indicating that probably only one (type of) isomeric structure is
present (breakdown diagram not shown).
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Figure 8.5 MS/MS spectrum of non-alternating oligomer [P;D,+H]™ with a
collision energy of 154 eV.
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The DoDIP behaviour of the P3;D4 isomer in figure 8.3c shows similar
fragmentation behaviour as [P.Ds+H]". However, the DoDIP behaviour of the
Ps;D4 isomer in figure 8.3c does not result in fragment [PD3—H20]°X+, which i1s
observed upon fragmentation of [P.D4+H]" and is a sequence specific fragment for
non-alternating sequences. The intensity of this fragment was however low for the
MS/MS of [P2D4+H]+ shown in figure 8.5. All fragments of the DoDIP of
[PsD4+H]" in figure 8.3¢c are of low intensity due to a reduction of the precursor
ion in the first MS/MS step to 30% survival yield. The intensity of [PD3-H,0]°*" is
therefore probably below the detection limit. The MS/MS spectrum of [P,Ds+H]"
does also not show the loss of H,O, which is observed for the MS/MS of
[PsD,+H]" shown in figure 8.3c but the intensity profile of the other fragments of
[P2D4+H]+ is very similar to the intensity profile of the fragments of [P3D4+H]+ n
figure 8.3c.

The absence of fragment [P,Ds;+H]" in both spectra (figure 8.3¢c and 8.5)
and the similar fragment intensity profile both indicate that figure 8.3c is due to an
isomer of P3;D4 with a non-alternating sequence. The non-alternating isomer of
P3D, has at least one carboxylic acid endgroup, which might be the cause for the
loss of one H,O. P,D4 does not contain carboxylic acid endgroups.

A difference in the fragmentation behaviour can be accounted for by a
difference in the proton affinity between the alternating and non-alternating
structures. Absolute proton affinities (PA) of the molecules studied here have not
been measured or reported in the literature but table 8.1 shows the literature values
of the absolute proton affinities (PA in kJ/mol) of four small esters, three amides
and three tertiary amines that have structural similarities with the molecules
studied helre.261 The tertiary amines have a proton affinity that is ~60 kJ/mol higher
than the amides and ~135 kJ/mol higher than the esters. It is assumed that a similar
behaviour of the PA will occur for the molecules studied here. The non-alternating
structure of P3;D4 contains a tertiary amine, which has a higher proton affinity than
an amide or ester bond. Therefore the proton will be more strongly bound to the
tertiary amine bond of P,D4 and non-alternating P3;Dy. If the proton is involved in
the fragmentation of the parent ion, a higher collision energy will be required to
fragment isomers with a relatively high PA.

A hydrogen rearrangement leading to fragment '[P,Ds;+H]" requires a
higher internal energy than the other fragmentation pathways whereas in case of
the alternating ion [P3D4+H]", the proton will be adjacent to the amide carbonyl
oxygens and a hydrogen rearrangement requires a relatively low collision energy.
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8.3.2. Combined hydrogen/deuterium (H/D) exchange and MS’ for isomer

analysis

Gas phase hydrogen/deuterium (H/D) exchange experiments were
performed with the entire polymer MWD without isolation of a specific ion to
determine in one analysis, which of the ions exhibit H/D exchange activity. The
D,O background pressure was 5-107 mbar for 120 seconds. Some of the
observations are summarised in figure 8.6 where the original isotopic patterns of
the parent ion (due to ¢, ?H, '°N and "*0) are compared with the isotopic patterns
after H/D exchange. Figure 8.6 demonstrates that only protonated species exhibit
H/D exchange activity. Sodiated species, like [P3D4+Na]+, are present in the
spectra but have not been observed to exchange hydrogen with deuterium. This is
in agreement with the relay mechanism = that was introduced to explain the
H/D exchange mechanism. The relay mechanism requires a mobile proton for H/D
exchange.

Proton affinities in kJ/mol

Esters

CH,COOCH, 821.6
C,H,COOCH, 830.2
CH,COOC,H;, 835.7
C,H,COOCH, 850.5
Amides

(CH,),NCHO 887.5
(CH,),NCOCH, 908.0
C.H,CON(CH,), 932.7
Tertiary amines
(CH,),(C,Hy)N 960.1
(CH,)(C,H,),N 971.0
(C,H,);N 981.8

Table 8.1  Proton affinities (kJ/mol) of molecules with structural similarities to
the hyperbranched polyesteramides studied in this work.

Ton series [P,Dy++H]™ shows H/D exchange activity, see for example
[P3D4+H]+ in figure 8.6, while the ion series that has a non-alternating monomer
sequence, [P,Dyo+H]", does not (for example [P3Ds+H]"). Even after a longer
exchange time of 30 min, no hydrogens of ion series [P,Dy:,+H]" were exchanged
by deuterium (results not shown) although this ion series contains many
exchangeable hydroxyl hydrogens. This phenomenon is explained by the
difference in the proton affinity between structures P,Dy.; and P,D,,. Oligomer
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series P,Dp; consist of amide and ester bonds only, if the polymerisation
conditions are optimal. Oligomer series P,Dy+2 on the other hand consist of amide
and ester bonds with an additional tertiary amine bond between two di-
isopropanolamines. A tertiary amine has a higher proton affinity (see table 8.1)
than an amide or ester bond as discussed in the previous section. Therefore the
proton will be relatively strongly bound to the tertiary amine bond (proton is less
mobile) of [P,D,»+H] making H/D exchange more difficult. In case of alternating
ion series [P,D,++H]", the proton will most probably be mobile and adjacent to
the amide carbonyl oxygens that have a relatively low PA and therefore exhibit a
higher H/D exchange activity.

Ion series P Dy does exhibit H/D exchange behaviour when the charge
state is 2, see for example [PsDs+2H]*". This is explained by one proton being
fixed at the tertiary amine whereas the other proton is mobile and responsible for
the H/D exchange behaviour. Similar results as shown in figure 8.6 were obtained
when mono-isotopic peaks were isolated prior to H/D exchange.

An interesting feature is the bimodal nature of the isotopic pattern of
[P;D4+H]" after the H/D exchange event. This has been observed for all oligomers
from the ion series [PnDn+1+H]+. Several studies have shown that such bimodal
distributions can be correlated to the secondary structure of the molecule (mostly
biomolecules).246’248’250’253 For the molecules studied here, it could be possible that
the two distributions are due to the presence of branched and non-branched
oligomers. However, the isotopic pattern of oligomer [P,Ds+H]" is also split into
two distributions after the H/D exchange event (see figure 8.6), but this oligomer is
too small to be branched. It is therefore unlikely that the two distribution of

[P3D4+H]+ are due to branched and linear structures.
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[P,D, +H]* [P,D, +Na]* [P,D,—H,O+H]*
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Figure 8.6  Isotopic profiles of some oligomers before (lower) and after (top)
H/D exchange at 5-107 mbar D0 for 120 seconds.

Here, the two distributions are due to the presence of alternating and non-
alternating isomeric structures. The ion series contain isomers that do exhibit H/D
exchange behaviour and isomers that do not. Based on the observations discussed
above, it is most likely that the [P3D4+H]+ isomer with H/D exchange behaviour
has an alternating sequence with a relatively low PA like structures I, II or III in
figure 8.2. The [P3D4+H]" isomer that does not exhibit H/D exchange behaviour is
a non-alternating oligomer resulting from an error during the polymerisation
reaction, which contains a tertiary amine with a high proton affinity (structure IV).
Additional MS® experiments were performed to confirm these structures. The H/D
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exchange experiment was repeated after isolation of the first two isotopic peaks of
[PsD4+H]" at 5-107 mbar for 2 minutes. Two MS? experiments were performed
after the H/D exchange event; 1) isolation of the first two isotopic peaks (non H/D
exchanging) followed by CAD (figure 8.7a) and 2) isolation of all isotopic peaks
with more than °D (=5 H/D exchanges) followed by CAD (figure 8.7b). Although
all experimental conditions were the same, figures 8.7a and 8.7b clearly show
differences. The most important differences are the absence of fragments
"[P,Ds+H]" and ’[PsD3-H,0]™" in figure 8.7a. This has been observed earlier in
figure 8.3 for the DoDIP experiments. Figure 8.7a shows similarities with figure
8.3c, which is a result of a non-alternating sequence. Figure 8.7b shows similarities
with figure 8.3b resulting from an alternating sequence. These results clearly
demonstrate that alternating and non-alternating isomers can be separated using
both gas phase H/D exchange and DoDIP experiments.

An experiment is performed to check whether the separation of the isomers
by H/D exchange is complete. After the first H/D exchange event on the
monoisotopic peak of [P3Ds+H]  (results not shown), the monoisotopic peak
(containing non-alternating [P3D,+H]") is isolated again followed by a second H/D
exchange event of 2 minutes. No hydrogens were exchanged during the second
H/D exchange event indicating that only non-alternating isomers were present in
the ICR cell, or at least below the detection threshold.

If the H/D exchange of, for example, mono-isotopic [P;D4+H]" would be
complete, only two peaks should be obtained: one for the alternating and one for
the non-alternating isomers. The H/D experiments described above show, however,
a broad (bimodal) distribution, which does not change much with an increasing
H/D exchange reaction time. Several authors have described earlier that extensive
backexchange can occur (deuterium exchanged by hydrogen). This is due to
collisions of the deuterated agent with the wall of the ICR cell, which is saturated
with hydrogen containing molecules, for example H20.249’252’254 Deuterium will be
exchanged by hydrogen resulting in the gas phase molecules HDO and H,O. A
way to overcome this problem is by prior saturation of the cell wall with D,O.
These experiments have not been performed here, which is most probably the
cause of the broad distributions observed.
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Figure 8.7  H/D exchange experiment on the first two isotopic peaks of parent
ion [PsDAH]™ with D;O for 120 seconds at 5-107 mbar. The experiment was
followed by MS/MS after isolation of the first two isotopic peaks (a) and MS/MS
after isolation of the isotopic peaks with more than °D (=5 H/D exchanges) (b).
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8.3.3. Combined MS’ and hydrogen/deuterium (H/D) exchange for the

study of the fragmentation mechanism

Mechanisms 7.2 and 7.3 have been proposed that explain the fragmeglgtation
behaviour of the ester and amide bonds of hyperbranched polyesteramides. Both
mechanisms lead to the formation of oxazolonium ions. An oxazolonium ion has,
in contrast to a protonated fragment, a charge fixed on the molecule by a
quaternary ammonium ion. Because it was not possible to confirm the mechanisms
and structure of these ions, we performed an experiment to find out whether the
fragments contain a ‘mobile’ proton or a fixed charge (oxazolonium ion), see also
the addendum of chapter 7. The mono-isotopic parent ion [P;Ds+H]" was isolated
and fragmented using collisionally activated dissociation (Exin1av=185 ¢V) followed
by H/D exchange to establish if a mobile proton is present. All fragments and the
remaining parent ion were exposed to D,O for 2 minutes at 5-10” mbar. The result
is presented in figure 8.8. Using only the mono-isotopic parent ion for this purpose
ensures that all isotopic peaks that are observed are due to H/D exchange and not
due to the natural abundance of other isotopes (*c, 0, "0 and "N). The
fragment [P3D4-H,0]°" (1) resulting from the loss of H,O does not exhibit H/D
exchange behaviour, which proofs that this fragment does not contain a mobile
proton. Scheme 7.1 was proposed to rationalise the formation of an oxazolonium
ion. Many of the other fragments (2, 4 and 7) do show H/D exchange behaviour.
Mechanisms 7.2 and 7.3 lead to oxazolonium fragment ions that should not exhibit
H/D exchange behaviour because they do not contain mobile protons. However,
many ions exhibit H/D exchange behaviour, as can be seen from the inserts in
figure 8.8, and should therefore be protonated. Our findings indicate that
mechanisms 7.2 and 7.3 are not correct.

A nice feature of mechanisms 7.2 and 7.3 is that each cleavage ot; an ester
or amide bond lead to only one charged fragment (oxazolonium ion). When
introducing new mechanisms for the rearrangement of the ester and amide bonds
that lead to protonated fragments, one should be aware that each rearrangement can
lead to two charged fragments depending on the proton affinity of the fragments.
This has as consequence that the interpretation of the MS/MS spectra becomes
more complex.

If one assumes that only amide bonds are rearranged for which we propose
scheme 8.1, the following protonated fragments will be obtained: [PD-H,O+H]",
[P,D,-H,O+H]" (7), [P3Ds-H,O+H]" (2), [D+H]", [PD,+H]" and [P,D;+H]" (4).
These fragments have all been observed, except for [PD-H,O+H]", [D+H]" and
[PD,+H]", and all exhibit H/D exchange activity. If an ester bonds is rearranged it
is likely that this will lead to a fragment with an carboxylic acid endgroup and a
fragment with an allylic endgroup. Such rearrangements have been observed
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earlier, for example mechanism 6.1.224-226 This rearrangement of the ester bond
results in protonated fragments [D-H,O+H]", [PD,-H,O+H]", [P,D3-H,O+H]",
[PD+H]", [P,D,+H]" and [PsD;+H]". Fragments [PD+H]", [P,D,+H]" and
[P;D3+H]" have not been observed. Moreover, fragments [PD,-H,O+H]" (9) and
[P,D3-H,0+H]" (5) are observed in the MS/MS spectrum but do not exhibit H/D
exchange activity. It is therefore more likely that fragments [PD,-H,O+H]" (9) and
[P,D3-H,O+H]" (5) are the result of an amide rearrangement (scheme 8.1)
followed by the loss of H,O from one of the endgroups to an oxazolonium ion in
scheme 7.1. These results indicate that only amide bonds are rearranged upon CAD
of these polymers and not ester bonds.
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Figure 8.8  MS/MS of mono-isotopic parent ion [P:D,+H]" with Eyy =180 eV
followed by 2 minutes H/D exchange at 5-107 mbar. The numbered fragments are
[PsDsH,0]°" (1), [PsD3-H,O+H]" (2), [P:D3-2H,0]°*" (3), [P.Ds+H]" (4),
[P>D3-H,0]%" (5), [P2D3-2H,0]°*" (6), [P:D-H,O+H]" (7), [P:D»-2H,0]%" (8),
[PD>-H;0]*" (9) and [PD-2H,0]°*" (10).
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1w
0 >\
@ — ° + NH
>_/ \ o O> /N\R HO>_/
[P,D,+H]* [P,D,-H,O+H]"  [D+H*

Scheme 8.1 Newly proposed rearrangement of the amide bond leading to
protonated fragments.

8.3.4. Other hyperbranched polyesteramides

H/D exchange experiments have also been performed with hyperbranched
polyesteramide polymers based on 1,2-cyclohexane dicarboxylic acid anhydride
(see figure 7.1 for the structure). The polymer shows similar DoDIP and H/D
exchange behaviour as the phthalic acid containing polymer described in the
previous sections indicating that this polymer also contains alternating and non-
alternating oligomers. Schemes 7.1 and 8.1 are therefore also valid for the
hyperbranched polyesteramide based on 1,2-cyclohexane dicarboxylic acid
anhydride. The oxazolonium ions of the 1,2-cyclohexane dicarboxylic acid based
polymers can have a protonated structure as shown in scheme 7.4. However, the
H/D exchange experiments and the MS® experiments described in chapter 7
demonstrate that these ions are not formed.

Hyperbranched polymers based on succinic acid and glutaric acid
anhydride (see figure 7.1 for their structure) do not exhibit H/D exchange activity.
Additionally, their MS* behaviour shows similarities with the MS? behaviour of
the non-alternating oligomers for which an example of the phthalic acid containing
polymer is shown in figure 8.5. Fragments due to the loss of one D are very low in
intensity. The fragment that is structurally similar as fragment [P2D3+H]Jr is not
observed. This indicates that the hyperbranched polyesteramides based on succinic
acid and glutaric acid contain a much higher fraction of non-alternating oligomers
(i.e. contain many amine bonds with high proton affinity). DoDIP experiments
have not been performed.

The results described above indicate that the synthesis of hyperbranched
polyesteramides results in polymers containing an isomeric composition that
depends on the monomers used in the polymerisation reaction. Two types of
polymers are being formed of which one contains a mixture of oligomers with an
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alternating and non-alternating monomer sequence (phthalic acid and 1,2-
cyclohexane dicarboxylic acid anhydride). The other contains mainly oligomers
with a non-alternating monomer sequence (succinic acid and glutaric acid
anhydride).

8.4. Conclusions

A novel MS" approach is used to determine whether oligomers from the
hyperbranched polyesteramides based on phthalic acid anhydride and 1,2-
cyclohexane dicarboxylic acid anhydride studied in this work consist of different
isomeric structures. The method is called DoDIP: Dissociation of Depleted Ion
Populations. The experiment starts with MS/MS to increase the relative abundance
of isomeric structure that fragments at relatively high appearance energy followed
by a second MS* experiment on the same parent ion. This approach was used to
demonstrate that oligomers that were expected to have an alternating sequence
consist of a mixture of isomers with an alternating and non-alternating monomer
sequence. The method requires that the isomeric structures have a difference in the
appearance energy. The same conclusion was drawn from another experimental
approach that uses gas phase H/D exchange experiments. Gas phase H/D exchange
experiments lead to a bimodal isotopic distribution of [PnDnHJrH]+ and
[CnDnHJrH]+ indicating the presence of at least two isomeric structures. One of the
isomeric structures does exhibit H/D exchange behaviour and the other does not.
The non-exchanging isomer is a result of the non-alternating sequence of the
oligomer that contains a tertiary amine with a relatively high proton affinity.
Oligomers with alternating sequences only consist of amide and ester bonds with a
relatively low proton affinity. Functional groups with high proton affinity reduce
the mobility of protons making H/D exchange less facile. The structures of the
alternating and non-alternating oligomers were confirmed with additional MS?
experiments after separation with gas phase H/D exchange.

Hyperbranched polyesteramides based on succinic acid and glutaric acid
did not exhibit H/D exchange behaviour. Their MS/MS behaviour is very similar to
oligomers with a non-alternating monomer sequence, which indicates that these
polymers contain a high fraction of non-alternating oligomers.

Mechanisms 7.2 and 7.3 that were proposed for the cleavage of the ester
and amide bond95 need to be revised. It is concluded that two types of fragments
are being formed upon CAD based on gas phase H/D exchange experiments on the
fragments that are obtained after MS”. One type of ions is protonated and is
proposed to result from a rearrangement of the amide bond. The other fragments
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are due to amide bond rearrangements with an additional loss of H,O from the
endgroups, which leads to an oxazolonium ion.

The oligomer series [PnDn+1+H]+ and [CnDn+1+H]+ consist of alternating
and non-alternating oligomers. Consequently, the non-alternating oligomers must
contain OH and COOH endgroup functionalities. The presence of carboxylic acid
endgroups will have an influence on, for example, cross-linking when used as
cross-linkers for powder coatings.
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Electron capture dissociation MS of doubly
charged hyperbranched polyesteramides

Electron capture dissociation (ECD) of doubly protonated or sodiated
hyperbranched polyesteramide oligomers (1100-1900 Da) was examined and
compared with the structural information obtained by low energy collisionally
activated dissociation (CAD). Both the ester and amide bonds of the protonated
and sodiated species were cleaved easily upon ECD with the formation of odd
electron (OE™) or even electron (EE") fragment ions. In total 13 different schemes
are proposed that describe the complex fragmentation behaviour of the charged
oligomers. In contrast to studies of biomolecules, the present results indicate that
consecutive cleavages induced by intramolecular proton shifts are significant for
ECD and of less importance for low energy CAD. The capture of an electron by
the ionised species results in fragmentation associated with a distribution of the
excess internal energy over the products and the subsequent cleavage of a second
bond. CAD is found to be a more selective dissociation method than ECD in view
of the observation that only amide bonds are cleaved for most of the tested
polymers. ECD appears not to be complementary to CAD for the study of the
structure of hyperbranched polymers due to the complex fragmentation behaviour.
However, ECD can be of use for the structural characterisation of large oligomers
that may not dissociate upon low energy CAD because ECD transfers much more
energy to the hyperbranched oligomers.

9.1.  Introduction

Dissociative recombination (DR) has been used for over 50 years in the
physics community for the study of mainly di- and tri-atomic molecules.%z’263 It
was serendipitously discovered by McLafferty and c:oworkers264 that DR can work
for large multiply charged molecules as well, and termed the process electron

capture dissociation (ECD). In contrast to dissociation techniques like collisionally
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activated dissociation (CAD), blackbody infrared dissociation (BIRD), infrared
multiphoton dissociation (IRMPD) and surface induced dissociation (SID), ECD is
a non-ergodic dissociation process. Large biomolecules have been studied (> 10
kDa) with ECD and the results demonstrate that more sequence specific product
ions and less internal fragment ions are formed as compared to the other
dissociation methods.%s_272 Internal fragment ions are defined as fragment ions that
originate from the consecutive cleavage of two or more bonds leading to a
fragment ion that does not contain one of the endgroups of the parent ions. CAD,
BIRD and IRMPD often lead to dissociation pathways that are lowest in energy.
These fragmentation pathways are often sequence unspecific and involve the loss

of H,O or the losses of H;PO4 and HPO3 from phosphorylated ions.269

An advantage of the non-ergodic nature of ECD is that the secondary and
tertiary structure of gas-phase biomolecules can be studied.m’273 ECD can be a
powerful tool for the determination of the primary and secondary structure of
synthetic polymers as well. Cerda et al. used ECD for the characterisation of the
secondary structure of poly(ethylene glycol).274 Successful ECD was obtained with
doubly protonated, ammoniated and sodiated species. In contrast to biomolecules,
the ions formed by ECD of doubly charged oligomers are not odd-electron species
OE", (e.g. no PEG,+2H)", but are EE" ions (e.g. PEG,+H)" generated by the loss
of a hydrogen atom, NH; or a sodium atom. Single cleavages of the backbone with
the formation of EE" ions were the only dissociation products, whereas fragment
ions with an additional H,O loss were observed with CAD. The fragmentation
behaviour of the doubly sodiated oligomer indicated that the secondary structure of
the oligomers was correct and in agreement with results by Bowers et al. based on
molecular mechanics and dynamics calculations in combination with ion mobility
zlnalysis.]92_1947275 The primary structure (sequence) of the copolymer PEG-block-
PPG-block-PEG was analysed successfully with ECD and CAD. The ECD results
indicated that approximately 80% of the isomeric structures have a di-block rather
than a tri-block structure. Only ~70% of the isomeric structures are di-block when
measured with CAD. This discrepancy was attributed to internal fragmentation,

which is absent upon ECD.

A complication for the determination of the primary structure of polymers
with CAD is the presence of oligomers with different sequences in the same
sample. The resulting CAD mass spectra can only indicate whether the copolymer
has a block or random sequence. A partially block/random sequence cannot be
distinguished as described in chapter 6. In addition, information about partially
block/random sequences can only be obtained if bonds can be cleaved with a high
specificity. Another complication is the presence of isomeric structures with
different functional groups, as is the case for hyperbranched polyesteramides
described in chapter 8. Gas-phase H/D exchange experiments were used to
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successfully separate isomeric structures of hyperbranched polyesteramides based
on a difference in their gas-phase basicity. Different isomeric structures could also
be distinguished by using the MS*/MS® approach ‘Dissociation of Depleted Ion
Populations’ (DoDIP).

In this chapter, ECD is used for the characterisation of hyperbranched
polyesteramides to examine whether ECD is a complementary tool to low energy
CAD for the determination of the primary structure. ECD produces more cleavages
for biomolecules than CAD, and could thus be thought to provide more structural
information of the hyperbranched polymers. It is for example investigated whether
ECD can be used to distinguish between isomeric structures that contain different
functional groups or to distinguish branched from linear oligomers. Three different
polymers were studied with ECD and CAD that contain mixtures of isomers with
amide, ester and amine bonds. Another hyperbranched polymer, which contains
only one possible isomeric structure, was used to test whether internal
fragmentations occur.

9.2.  Experimental

The experiments described in this chapter were performed with a modified
Bruker Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS)
7T with an in-house constructed electrospray ionisation (ESI) source.sm] Ions
were isolated with SWIFT isolation pulses177 using an in-house constructed
arbitrary waveform generator.183 The ECD experiments were performed with an
electrically heated Rhenium filament (10x3 mm) on axis in the ICR cell. The open
cell was in-house construc‘[ed.182 The duration of the ECD event and kinetic energy
of the electrons was chosen such that the intensity of the fragment ions was
maximal. In our experiments, the best ECD performance was obtained by exposure
of the ions for 1-3 seconds with electrons. The kinetic energy of the electrons
depends on the potential drop over the Rhenium filament and corresponds to
electrons with a kinetic energy ranging from 0.4 to 2.2 eV.

Low energy CAD experiments were performed with on-resonance CAD.
Argon was used as collision gas (Pa=5.2-10"° mbar). The geometry factor o of the
open cell necessary for the calculation of the kinetic energy of the ions was
estimated to be 2.26 based on a comparison between room temperature breakdown
diagrams of several peptides. The peak-to-peak voltage of the RF excitation signal
was 17.6 V in all CAD experiments. More details can be found in chapter 2.

The hyperbranched polyesteramides are synthesised by the
polycondensation of the trifunctional di-isopropanolamine (D) and a difunctional
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anhydrides of phthalic acid (P), glutaric acid (G) or 1,2-cylohexane dicarboxylic
acid (C), see figure 7.1 for their structures. The polymer that contains only one
isomeric structure was made of D and C with bis(3-dimethylamino-propyl)amide
(E) endgroups. The synthesis of the polymers has been described in chapter 7 and
in more detail elsewhere.231 The polymers were sprayed in a 0.1-0.5 mg/ml
solution of 74:24:2 methanol (Merck, Darmstadt, Germany):H,O:HAc (Biosolve,
Valkenswaard, The Netherlands).

9.3.  Results and discussion

9.3.1. CAD

The CAD fragmentation behaviour of the singly charged protonated
hyperbranched polyesteramide ions has been discussed in chapter 7, 8§ and
elsewhere.95 The present chapter describes the ECD behaviour of hyperbranched
polymers, which will be compared with their CAD behaviour. Since ECD requires
multiply charged ions, both the CAD and ECD behaviour of doubly charged
hyperbranched oligomers is discussed. The low energy CAD behaviour is
discussed first in this section and the ECD behaviour in section 3.2. A selection of
three hyperbranched polyesteramides is used for this study that are mixtures of
several isomers. The polymers differ only in the structure of the di-acid i.e.
phthalic, glutaric and 1,2-cyclohexane dicarboxylic acid. This allows studying the
influence of the di-acid structure on the CAD and ECD behaviour. A fourth
hyperbranched polyesteramide that contains only one isomeric structure is used for
this study, to ensure that all dissociation products originate from one type of parent
ion. This should in turn result in a more facile interpretation of the CAD and ECD
spectra.

9.3.1.1.  CAD behaviour of the phthalic acid based polymer

Figure 9.1 shows the CAD mass spectrum of [P6D7+2H]2+ (m/z 856.90 with
Exinlab= 158 eV). P denotes the phthalic acid and D the di-isopropanolamine units.
A detail of the oligomeric structure with three phthalic acids and four di-
isopropanolamines is presented in figure 9.2a. To obtain one of the possible
isomeric structures of PsD;, three R-groups must be replaced by PD units
connected by ester bonds. The other three R groups must be replaced with
hydrogens. The collision energy was chosen such that almost the complete amount
of parent ions were fragmented. This was done because different types of isomers
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have a different appearance energy as described in chapter 8. Using this relatively
high collision energy ensures that all isomers are fragmented. Singly and doubly
charged fragment ions are observed of which only a few have been labelled in
figure 9.1. All fragment ions can be explained by amide cleavages (scheme 9.1) to
yield protonated fragment ions or amide cleavages with an additional loss of one
H,0 with the formation of oxazolonium ions as discussed in chapter 7 and 8. Other
fragmentation pathways of the amide bond can be proposed that lead to non-cyclic
fragment ions. Fragment ions due to the loss of one and two molecules of H,O

were also observed. The m/z values of the fragment ion series are shown in table
9.1.
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Figure 9.1 Low energy CAD 0f[P6D7+2H]2+ (Etiniap=158 eV, m/z 856.90).

P and D denote the phthalic acid and di-isopropanolamine units.
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Scheme 9.1 Proposed cleavage of the amide bond of a doubly protonated
oligomer under low energy CAD conditions.
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phthalic acid, di-isopropanolamine,

Detail of a possible isomeric structure of a phthalic acid
containing oligomer (a) and the structure C;DE; (b). P, D, C and E denotes

1,2-cyclohexane dicarboxylic acid and

bis(3-dimethylamino-propyl)amide units. R can be replaced by other PD units or

hydrogen to obtain other isomeric structures.

n=1 n=2 n=3 n=4 n=>5 n=6
1+ fragments
P,D,.; 397.233 660.348 923.472 1186.582 1449.695 -
P,D,.-H,0 379.224 642.336 905.454 1168.570 1431.655 -
pP,D,.,-2H,0 361.213 624.328 887.443 1150.459 - -
P,D, 282.128 545.239 808.370 - - -
p,D,-H,0 264.123 527.239 *790.354 1053.477 1316.583 -
P,D,-2H,0 246.113 509.230 772.344 1035.438 1298.576 -
2+ fragments
P,D,.-H,0 - - - 584.796 716.348 847.897
P,D,.,-2H,0 - 312.667 444.225 575.785 707.343 838.904
P,D,.,-3H,0 - 303.661 435231 566.779 - -
P,D,-H,0 - - - - - *790.354
P,D,-2H,0 - - - - 649.789 781.347
Total number of fragments 41
Table 9.1 Fragment ions observed upon low energy CAD of [PsD+2H]*"

(Etiniap=158 eV, m/z=856.90). P and D denotes the phthalic acid and di-
isopropanolamine units and n the degree of polymerisation. The fragment ions

highlighted with * appear at the same m/z and are therefore not distinguishable.
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9.3.1.2.  CAD behaviour of the glutaric and 1,2-cyclohexane dicarboxylic acid
based polymer

CAD was performed with [G;Ds+2H]*" and [CsD+2H]*" with m/z 869.52
and 875.05 and a Exinjap of 156 and 155 eV, respectively (spectra not shown). The
structure of these oligomers is similar to the structure of the oligomer presented in
figure 9.2a with the exception that the phthalic acids are replaced with glutaric acid
and 1,2-cyclohexane dicarboxylic acid, respectively (see figure 7.1 for their
structures). Table 9.2 shows the m/z values of the fragment ions in a concise
manner. To obtain the monomer composition of the CAD fragment ions, the X
used in table 9.2 for the notation of the fragment ions must be replaced with C or G
for the 1,2-cyclohexane dicarboxylic acid or glutaric acid containing oligomers,
respectively. The printed values in table 9.2 are the combined masses of the
endgroup (M.,s) and a proton. The masses of the fragment ions can be calculated
by summing n«M,,,, and the mass printed in table 9.2 where M,,,, is the monomer
mass and n the degree of polymerisation (between brackets). For example, the
fragment ion series X,D,; observed for the glutaric acid anhydride based polymer,
134.116 (n=1,2,6), are the fragment ions [GD,+H]", [G:Ds+H]" and [GsD+H]"
with m/z values 363.247, 592.378 and 1508.902. The monomer masses of the
glutaric acid and 1,2-cyclohexane dicarboxylic acid containing oligomers are
229.131 and 269.163 Da, respectively.

The fragment ions that are observed are similar to the fragment ions
observed for the CAD of [PsD+2H]*". The fragment ion series [X,D,+H]" was
observed for the 1,2-cyclohexane dicarboxylic acid anhydride based polymer and
not for the glutaric acid based polymer. Ion series [P,D,+H]" was also observed in
figure 9.1 for the CAD of [P4D+H]". These ion series cannot be explained by an
amide cleavage of an alternating oligomer because this leads to ion series
[X,D,-H,0+H]". However, results based on gas-phase H/D exchange experiments
described in chapter 8 demonstrated that the oligomer series P,D,; and C,D,+;
consist of alternating and non-alternating oligomers. The origin of the [C,D,+H]"
and [P,D,+H]" ions can be explained by a cleavage of an amide bond following
scheme 9.1 of a non-alternating oligomer. Fragment ions [C,D,+H]  and
[PnDnJrH]+ contain amine endgroups.
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[G,Dg+2H?*

[C,D,+2H]?*

+1 fragment ions
X,D,.;
X,D,.,-H,0
X,D,.,-2H,0
X,D,
X,D,-H,0
X,D,-2H,0

+2 fragment ions
X,D,.,H,0
X,D,,;-2H,0
X,D,,;-3H,0

134.116 (n= 1,2,6)
116.108 (n= 1-6)
98.097 (n=1-6)
230.139 (n=0-5)
212.129 (n= 1-5)

58.551 (n=4-6)
49.551 (n=2,4-6)
40.544 (n=3-6)

134.124 (n=1-5)
116.112 (n= 1-5)
98.101 (n=1-4)
288.184 (n= 0-4)
270.173 (n= 0-4)
252.169 (n= 1-4)

58.574 (n=4-6)
49.555 (n=2-6)
40.554 (n=3-5)

X,D,-H,0 - -
X,D,-2H,0 106.574 (n= 4-6) 126.596 (n= 3-5)
Total number of fragment ions 40 42

Table 9.2 Fragment ions observed upon CAD of [GDsg+2H]"
(Etiniap=156 eV, m/z=869.52) and [C6D7+2H]2+ (Etiniap=155 eV, m/z=875.05).
The X must be replaced with G or C to obtain the composition of the fragment ions.
Printed values include the masses of the endgroup and a proton. The masses of the
fragment ions can be calculated by summing n*M,,, and the printed mass. Myn
and n are the monomer mass and degree of polymerisation, respectively (see text).

9.3.1.3.  CAD of the 1,2-cyclohexane dicarboxylic acid based polymer with

bis(3-dimethylamino-propyl)amide endgroups

The hyperbranched polyesteramide oligomers studied sofar have in
common that multiple isomeric structures can exist, but the exact isomeric
composition is unknown. Less complicated spectra can be obtained if an oligomer
of a hyperbranched polyesteramide with only one isomeric structure was selected
for the CAD experiments. Figure 9.2b shows the structure of the hyperbranched
polyesteramide oligomer C;DE; based on 1,2-cyclohexane dicarboxylic acid (C)
and di-isopropanolamine (D) with bis(3-dimethylamino-propyl)amide (E)
endgroups. A structural difference between this oligomer and the oligomers
described in the previous sections is that it also contains amine bonds and no OH
endgroups.
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One of the most important fragmentation pathways is the cleavage of the
ester bond shown in scheme 9.2, which leads to fragment ion [CE+H]" and its
complement [CzDE2+H]+, see figure 9.3 for the CAD spectrum of [C3DE3+2H]2+
with m/z=552.29 at Eyin1av=162 eV. Fragment ion [CDE+H]+ is due to a
consecutive cleavage of an additional ester group from fragment ion [C,DE,+H]".
Although two covalent bonds have to be broken to obtain this fragment ion,
[CDE+H]" is the base peak in the spectrum. The high intensity of this fragment ion
indicates that consecutive cleavages complicate the determination of the structure
of hyperbranched polymers because this implies the occurrence of internal
fragment ions. Internal fragment ions do not contain one of the endgroups from the
parent ion. That ester bonds are easily cleaved is a surprising result because the
fragmentation behaviour of the oligomers described in sections 3.1.1 and 3.1.2
were all explained by amide bond ruptures. Ester cleavages were also observed
when a relatively low collision energy (47 eV) was used to fragment ion
[CsDEs+2H]*". The [C,DEx+2H]*, [CDE+H]" and [CE+H]" fragment ions lose an
additional NH(CHj3), from the endgroup indicated with an arrow in figure 9.3.
More fragment ions have been observed that can only be explained by consecutive
cleavages. Fragment ions that were attributed to consecutive fragmentations are
denoted by an i in figure 9.3.

R\?%Y —‘ 2H ( —‘ H* —‘ H* ( ] H* o—‘ H*

(@] (@]
 nd. = ( ~
) R' OH R' OH
S L s |

[C,DE,+2H]?* [C,DE,+H]* [CE+H]* [CDE+H]* [CE+HJ*

Scheme 9.2 Consecutive cleavage of two ester bonds of doubly protonated
C3DE3 upon low energy CAD.
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[CDE+H]", i

[CE+H]*
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N
O%Xq’ [C,DE+H]*
] ] % [CD,E,+2H]|**
A \Aijlh H‘l“ HiA‘l‘ S— | il
300 400 500 600 700 m/z
Figure 9.3 Low energy CAD of [C3DE3+2H]2+ (Etiniap=162 €V,

m/z 552.29). The i indicates that the fragment ions are due to consecutive
fragmentations.

9.3.1.4.  CAD behaviour of doubly charged hyperbranched oligomers:
discussion

The CAD mass spectra of doubly charged oligomer ions [PsD+2H]*",
[CsDA+2H]*" and [G/Dg+2H]*" are explained by amide bond cleavages and
additional H,O losses. The nature of the di-acid does not have a significant
influence on the appearance of the CAD MS/MS spectra. In contrast with these
oligomers, the ester bonds of oligomer [C3DE3+2H]2+ are also cleaved.
Additionally, consecutive cleavages have been observed for [C;DE;+2H]*", which
make the interpretation of the MS/MS spectra more difficult. Consecutive
cleavages leading to internal fragment ions were not observed for [PsD+2H]*,
[C6D7+2H]2+ and [G7D8+2H]2+ because this should lead to ion series X,,D,.;-2H,0
(two amide bonds cleaved). This implies that CAD is a very selective dissociation
method for the study of the sequence of hyperbranched polyesteramides. However,
branched polymers could so far not be distinguished from linear polymers using
CAD. Distinguishing isomeric structures with CAD was only possible with the
DoDIP procedure described in chapter 8.
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9.3.2. ECD

The ECD behaviour of the same ions used for the CAD studies is discussed
in the next sections to compare ECD with low energy CAD for the characterisation
of hyperbranched polyesteramide oligomers. ECD has the potential to lead to more
structural specific fragmentation for larger molecules as has been shown for
several biomolecules. Less internal fragmentation, compared with low energy
CAD, is expected due to the non-ergodic nature of ECD. These different
dissociation mechanisms of ECD, compared with CAD, open the possibility for the
distinction between isomeric structures and branched and linear structures. In
addition, the influence of the structure of the di-acid on the ECD process is
investigated.

9.3.2.1.  ECD behaviour of the phthalic acid based polymer

The ECD spectrum of [PsD+2H]*" is presented in figure 9.4a. The ions
were exposed to electrons for 2 seconds. All of the 39 fragment ions that are
observed are singly charged, contrary to CAD, as expected from the ECD
mechanism.

Table 9.3 gives an overview of all fragment ions and their m/z values that
have been observed. The table has the same structure as table 9.2. Scheme 9.3
shows how the cleavage of the amide bond results in [1+H]" and [1'+H]" fragment
ions. R, R, R”" and R""" are hydrogens or polyesteramide chains and X is a phenyl
group. Amide bonds are also cleaved as shown in scheme 9.4 leading to [2+H]"
ions. Its counterpart, the [2+H]" ion, was not observed. Fragment ions due to the
cleavage of the ester bonds are the most intense peaks in the spectrum and are
likely to involve the capture of an electron followed by homolytic cleavage of the
CO bond (scheme 9.5). Two fragment ions are formed, which we call [3+H]" and
[3'+H]". A fragment ion appears in the spectrum that is 1 Da lower than fragment
ion [3+H]". This fragment ion can be explained by the loss of an additional R"*
from ion [3+H]" to [3+H] via a 1,5-hydrogen shift followed by homolytic
cleavage of a CO bond (scheme 9.6). This leads to internal fragment ions. R"" is
likely to be a proton or a polyesteramide chain. The appearance of the fragment ion
that is 1 Da lower than [3'+H]" can also be explained by the loss of H,O from the
[1+H]" ion. Fragment ions [2+H]  and [3+H]  also lose an additional H,O.
Fragment ion [3'+H] loses up to two H,O molecules. An explanation for the
additional loss of H,O is that not all energy gained by the molecule upon electron
capture is consumed in the cleavage of a bond. The remaining internal energy is
ergodically distributed over the fragment ions and may lead to a subsequent loss of
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H,O from one of the fragment ion endgroups. Note that this is different to the
observations published in the literature, where such consecutive cleavages do not
appear to occur. Another possibility for the formation of these ion series could be
the cleavage of an amide bond. However, a loss of H,O is more likely to be
responsible for these ion series because it has a lower appearance energy than the
cleavage of the amide bond as was observed for collisionally activated dissociation
of hyperbranched polyesteramide oligomers described in chapters 7 and 8.

[P,D+2H]?
(a) . [3+H]*
T "
BHHF & | A+ | ~ [3+H]
. + E‘
. [2+H] l[ L+H] + [1+H]"
R Y | | e E
il [m Jﬂm] L WH 3ey
460 660 860 | 1600 | 1200 | 1400 | m/z
(b) [P,D+2Na]?*
[3+2Na]* [3+2Na]*
[3+Na]"
[3+2Na]* [3+2Na]*
[3+H] [3+H]* [2+2Na]*
l n.‘k o A N -
400 600 800 1000 1200 1400 m/z
Figure 9.4 ECD of [PsD+2H]*" (2 sec.) (a) and [PsD;+2Na]’" (1 sec.) (b).

Additional losses of NH(CH3), are indicated with an arrow. The ~ and i denote
electronic noise and internal fragment ions, respectively.
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R\O ORT‘ H - R\)O_\ _‘H* o H*
e e, T o 23
oL T <L

" 0 "
r—O OR R OR

[1+H]" [T+H]

Scheme 9.3 Proposed scheme for the cleavage by ECD of the amide bond of
a doubly protonated oligomer leading to [1+H]" and [1'+H]" ions. R, R’ R’ and
R’’’ can be replaced by PD units or polyesteramide chains.

R\ /—k i R\/(\)—\(A\OHO _‘H+
Tl S % —

R/O e

R\o _‘ H* o /_f‘ H
)_ . N
> N —

e} OR™

[2-+H]* " [2+H]*

Scheme 9.4 Proposed scheme for the cleavage by ECD of the amide bond of
a doubly protonated oligomer leading to [2+H]" and [2"+H] " ions.
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Scheme 9.5 Proposed scheme for the cleavage by ECD of the ester bond of a
doubly protonated oligomer leading to fragment ions [3+H] " and [3 +H]".

Finally, a fragment ion is observed which is a direct product of two
consecutive cleavages induced by an intramolecular proton shift. Scheme 9.7
shows the capture of an electron by the amide group followed by a cleavage of a
N-CO bond and loss of CO. A 1,5 proton shift precedes the cleavage of the second
bond, which is an ester. The fragment ion that is formed is indicated by [4+H]" and
is an internal fragment ion (denoted with an i in figure 9.4).

R 7 \

P L L
g—/ — }—/ — N—R
R0 R'O) 7—/

(0]
[3+H]" [3+H]"

Scheme 9.6 Proposed scheme for the cleavage by ECD of an additional ester
bond of a doubly protonated oligomer from [3"+H]" fragment ions leading to
[3’+H]" fragment ions, which are internal fragment ions.
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Fragment ions

[P,D+2H]*

[G/Dys+2H]>*

[C,D,+2H]>

[1+H]*
[1+H]*
[2+H]*
[2+H]*
[2-H,O+H]*
[3+H]"
[3-H,0+H]"
[3-+H]*
[3-H,0+H]*
[3-2H,0+H]*
[4+H]"

134.116 (n=1-5)
265.133 (n=4-5)

60.083 (n=2-5)
42,073 (n=2-4)

19.019 (n=2-6)
1012 (n=2-5)
117.116 (n=1-5)
99.105 (n=1-5)
81.091 (n=1-4)

220.144 (n=2-3)

134.097 (n=2-6)

75.968 (n=5-7)
60.014 (n=3-6)

18.985 (n=4-6)

134.124 (n=2-6)

76.097 (n=4-6)
60.083 (n=2-5)
42.084 (n=5)
19.023 (n=2-6)
1.048  (n=3-6)

226.180 (n=2-4)

[5+H]* 232.015 (n=5-6) 272.189 (n=1-5)
[6+H]* 118.117 (n=2-5)
unknown 146.032 (n=5-6) 99.114 (n=2-4)
87.937 (n=6)  186.150 (n=2-4)
Total nr. of fragment ions 39 20 40
Fragment ions [P,D,+2Na]* [G,Dg+2Nal**  [G,Dg+H/Na]*

[1+2Na]*
[2+Na]*
[2+2Na]*
[3°+H]"
[3"+Na]*
[3+2Na]*
[3-H,0+2Na]*
[3+Na]*
[3+2Na]*
[3-H,0+Na]*
[3-H,0+2Na]*

178.015 (n=2-5)

103.993 (n=4-5)
18.954 (n=3-5)

62.932 (n=3-5)
44.879 (n=3-4)
139.074 (n=2-4)
161.039 (n=2-5)
120.996 (n=3)

142.983 (n=3-4)

82.014 (n=4-6)

62.936 (n=4-6)

82.019 (n=3-6)

40.912 (n=4-6)

[4+Na]* 242.074 (n=2)
unknown 177.956(n=5,6)
Total nr. of fragment ions 26 8 7

Table 9.3 Fragment ions observed upon ECD of [PsD+2H]™",
[PsD:+2Naj*t,  [G:Ds+2H]?",  [G:Ds+H+Na]’',  [G:Ds+2NaJ**  and
[CsD7+2H]*". The masses of the fragment ions can be obtained as described for
table 9.2.
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Scheme 9.7 Proposed scheme for the consecutive cleavage by ECD of two
bonds induced by an intramolecular proton shift. This leads to fragment ion
[4+H] " which is an internal fragment ion.

The interpretation of the ECD spectra of these doubly protonated oligomers
is very complex because many bonds are cleaved through different mechanisms.
Four factors influence this complex ECD behaviour: 1) the proton involved in the
capture of the electron is not necessarily localised on a specific site with a higher
proton affinity than other sites. The polymers studied here contain amide and ester
bonds. The difference in proton affinity of these functional groups over the entire
polymer chain will be small. This is probably true for other polymers as well; 2)
the polymer is a mixture of different isomeric structures that each will have a
different ECD pattern; 3) an excess of internal energy after ECD leads to
consecutive fragmentations. Such processes are well known from electron impact
ionisation; 4) ECD gives rise to a very complex ion chemistry that involves free
radical chemistry.

An experiment was performed with doubly sodiated oligomers in order to
attempt to reduce the complexity of the ECD spectra. Sodium cations are probably
located on specific positions on the oligomers, which could lead to less
complicated ECD spectra and more structurally significant fragmentation. The
ECD spectrum of [PsD+2Na]*" (1 second) is presented in figure 9.4b. Similar
fragment ions as the protonated [PsD,+2H]*" are observed, although the counter
part of fragment ion [1+2Na]", [1'+Na]", was not observed. This is probably due to
the difference in the relative sodium affinity between fragment ions 1 and 1°. The
formation of [1+2Na]" is explained by the capture of an electron by the positively
charged nitrogen atom due to the interaction with a sodium cation or due to the
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capture of the electron by the sodium cation itself. The Na’ forms a salt with a
negatively charged amine after homolytic cleavage of the C-N bond, as shown in
scheme 9.8, and the second Na" is responsible for the +1 charge of the ion. The
most intense peaks in the spectrum are due to cleavages of the ester bond resulting
in [3+2Na]", [3'+Na]", [3'+2Na]" and [3+H]" fragment ions. Ions [3+2Na]" and
[3'+Na]" are explained by scheme 9.9 where the positively charged carbon atom,
due to an interaction of the carbonyl oxygen with the sodium cation, captures an
electron followed by homolytic cleavage of a C-O bond. The sodium that was
involved in the interaction with the carbonyl oxygen forms a salt with the
carboxylic acid endgroup of the fragment ion. Fragment ion [3+2Na]" has most
probably the same structure as [3+Na]" but with an additional sodium atom. ECD
fragment ion [3”+H] cannot be explained by single or consecutive cleavages.
Scheme 9.10 demonstrates that the product ion becomes a protonated species,
although the parent ion is sodiated. The exact mechanism, however, is not
understood. Another ion series was observed that is identified as [2'+2Na]". The
origin of this ion series is also not clear. It cannot originate from the pathway in
scheme 9.4 because that would require the formation of a salt. Internal fragment
ion [4+Na]" is formed by the consecutive cleavage of two bonds shown in scheme
9.7 for the protonated species.

N o T o g T
- /
Na-- N+—/< )‘O - » Na N or .<X);O\R'

X R' R../O

[1+2Na]* [1+Na]*

Scheme 9.8 Proposed scheme for the cleavage by ECD of the amide bond of
a doubly sodiated oligomer leading to [1+2Na]".

It seems as if most of the fragment ions lose an additional H,O, as
described for the ECD of the doubly protonated ion. However, it is unlikely that
the ions lose H,O because this requires a proton leading to an oxazolonium ion as
described in chapters 7 and 8. Here, it is more likely that these ions originate by a
cleavage of the amide or ester bond. Such cleavages lead to internal fragment ions
(indicated with an i in figure 9.4) demonstrating that internal fragmentation is
pronounced for hyperbranched polyesteramides using ECD. On the other hand,
internal fragment ions in ECD experiments with biomolecules have never been
observed in our laboratory.276 McLafferty and coworkers demonstrated earlier for
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. . . . 270277
biomolecules that ECD leads to minimal internal fragment ions. These results

indicate that for hyperbranched polyesteramides more excess internal energy is still
available after ECD.

R\O Na+ _‘ Na* R\o Na _‘ Na*
1l o0 1 oq
“«—> N _(X)_'__O (

O )_\N
R" >_/ R

N—R'

v_/

r"—O

r—0

[3+2Na]* [3+Na]*

Scheme 9.9 Proposed scheme for the cleavage by ECD of the ester bond of a
doubly sodiated oligomer leading to [3+2Na]" and [3'+Na]".

Na* R Na Na*
R _‘ \0! o o
j\ Y N)J\x)'\oj\ -
ﬁ—/ N—R'
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OH H

)_\ i
—_— ﬁ_/NJ\X)\O- + Unknown neutral structure
[3°+H]*

Scheme 9.10 Proposed scheme for the cleavage by ECD of the ester bond of a
doubly sodiated oligomer followed by charge exchange leading to [3"’+H]".
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Studying the ECD of sodiated oligomers instead of protonated oligomers
lead to a lower number of fragment ions (26 versus 39 fragment ions) but does not
result in a reduced complexity of the spectra. The reasons for this can be explained
by the same four reasons as described for the protonated oligomer.

9.3.2.2.  ECD behaviour of the glutaric acid based polymer

The ECD spectrum of [G;Ds+2H]*" is presented in figure 9.5a. The ions are
exposed to electrons for 1 second. In total 20 fragment ions of the type [1+H]",
[2'+H]", [2+H]" and [3+H]", are observed. Fragment ion [2+H]" (scheme 9.4) is
present in figure 9.5a but was not observed for the phthalic acid based
polyesteramide polymer. The fragment ions [3+H]", [2'+H]" and fragment ions
due to a loss of H,O (or amide/ester cleavage) are not present in the spectra
whereas these ions were observed for the phthalic acid based polymer. It can be
hypothesised that ECD of [G;Dg+2H]*" results in fragment ions either with less
excess internal energy or a higher energetic barrier for consecutive cleavage
compared to the phthalic acid containing polymers.

A new type of fragment ion series appears in the spectra that were not
observed for the phthalic acid anhydride based polyesteramide. The possible
mechanism for the formation and structure of these ions, which are denoted by
[S+H]" fragment ions, is presented in scheme 9.11. The positively charged
carbonyl carbon captures an electron followed by a 1,4-hydrogen shift and
homolytic cleavage of the amide bond. The [5+H]" ion with a ketene endgroup is
observed whereas its counterpart, the [5'+H]" ion, a secondary amine radical cation
is not.
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Figure 9.5 ECD of [G:Ds+2H]*" (I sec.) (a), [G:Ds+2Na]** (3 sec.) (b)
and [G:Dg+H+Na]’" (3 sec.) (c). The ~ is electronic noise.
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Scheme 9.11 Proposed scheme for the cleavage by ECD of the amide bond of
a doubly protonated oligomer via a 1,4-hydrogen rearrangement leading to

[5+H]" and [5°+H] " ions.
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ECD was performed with the same oligomer (3 seconds) but ionised by two
sodium cations. The ECD spectrum of [G;Ds+2Na]*" is shown in figure 9.5b. Only
[2'+Na]" and [3+2Na]” ions and an ion series with a low intensity was observed
(table 9.3) leading to 8 fragment ions.

The oligomer exhibits a similar ECD behaviour when ionised by one proton
and one sodium cation, [G7D8+H+Na]2+, as can be seen from the ECD spectrum in
figure 9.5¢ that reveals 7 fragment ions. The only difference with the ECD
spectrum of the doubly sodiated oligomer is that [3+Na]" instead of [3+2Na]" ions
are formed. Note that internal fragment ions are not observed in figure 9.5b and
9.5c. The similar fragment ions observed for the ECD of [G7D(g;+H+Na]2+ and
[G,Dg+2Na]* suggest that the sodium is involved in the capture of the electron
when at least one sodium is present on the molecule. ECD of protonated and
sodiated P¢D7; and G7Ds lead to different types of fragment ions although the
structure of the polymers is similar. This demonstrates that a different structure of
the di-acid has a large influence on the ECD behaviour. Note that this provides a
tool to study the structure of the di-acid, which cannot be performed with low
energy CAD where only labile amide bonds are cleaved.

9.3.2.3.  ECD behaviour of the 1,2-cyclohexane dicarboxylic acid based
polymer

ECD was performed with [C6D7+2H]2+ for 2 seconds (spectrum not
shown). Most of the fragment ions that were observed in the previous sections
appeared in the ECD spectrum of the 1,2-cyclohexane dicarboxylic acid based
polyesteramide (40 fragment ions) as well. Fragment ions of the type [1+H]",
[2'+H]", [2"-H,O+H]", [2+H]", [3+H]", [3-H,O+H]", [4+H]" and [5+H]" due to
schemes 9.3, 9.4, 9.5, 9.7 and 9.11 have been observed. The formation of [5+H]"
ions can proceed by a ring opening of the cyclohexane. A new type of fragment ion
appears in the spectrum that can be explained by a cleavage of the ester bond by
scheme 9.12. The fragment ions involve the capture of an electron by the positively
charged carbonyl carbon followed by homolytic cleavage of the C-O bond leading
to fragment ion [6+H]". Fragment ion [6'+H]" was not observed. Two other
fragment ion series appeared in the spectrum with an unknown origin (table 9.3).
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Scheme 9.12 Proposed scheme for the cleavage by ECD of the ester bond of a
doubly protonated oligomer leading to [6+H] " and [6' +H] " ions.

9.3.2.4.  ECD behaviour of the 1,2-cyclohexane dicarboxylic acid based
polymer with bis(3-dimethylamino-propyl)amide endgroups

The complexity of the ECD spectra described above can partly be
explained by the unknown isomeric composition of the parent ion. To investigate
the effect of isomers, ECD experiments were performed with C;DE; with only one
isomeric structure. Figure 9.6a shows the ECD spectrum (3 seconds) of the doubly
protonated oligomer [CsDE;+2H]*". Although the oligomer consists of only one
isomer, 26 fragment ions are observed. Fragment ions that appear in the spectrum
are [1+H]" (low intensity), [2+H]", [3+H]", [3'+H]" and [5+H]" according to
reactions in schemes 9.3, 9.4, 9.5 and 9.11. Other fragment ions arise due the loss
of a H', and the formation of [7+H]" ions from [1'+H]" ions as a result of a
homolytic cleavage of a C-C bond and loss of a carbonyl shown in scheme 9.13. A
1,5 hydrogen shift and the consecutive cleavage of an ester bond to fragment ion
[4+H]" via scheme 9.7 has also been observed.

0 _‘ H* _‘ H*
O (0}
@X)_ % -CO )\—0\ ,
— R

X

[1+H] [7-+H]*

Scheme 9.13 Loss of CO from [I'+H] " ions by homolytic cleavage.
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Fragment ions due to the cleavage of two ester bonds were also observed.
The first ester bond is cleaved to [3'+H]" ions according to scheme 9.5 followed by
the cleavage of the second ester bond leading to a fragment ion with a 3,4-dimethyl
pyrrolidine endgroup. A fragment ion with an m/z 1 lower than the m/z of fragment
ion [3+H]" is due to the formation of a [2+H] ion followed by propene loss
(scheme 9.14) or due to a fragmentation mechanism outlined in scheme 9.12 to
[6+H]" ions. Most interesting is the appearance of an intense fragment ion
(m/z=818.589) that cannot be explained by one of the mechanisms described above
but is probably due to consecutive cleavages of two or even more bonds. An
explanation for the relatively high intensity of fragment ions that are due to the
cleavage of multiple bonds, compared with the oligomers studied earlier, is that
C;DEj; does not contain OH endgroups. The fragment ions formed upon ECD of
[PsD+2H]*" lose their excess internal energy by a loss of H,O. The fragment ions
of [C;DE 3+2H]2+ cannot lose H,O and have to release their excess internal energy
by an consecutive cleavage of an ester bond.

[C,DE +2H]*

(a) i+
B+l 1 \
~ [C,DE +H]*
[2+ ]+ \' ~
R
[5+H]" 7
“l 1' “\ . | li‘ ]l' L ‘A‘Llu J.JH‘M\‘. .ﬁh N ‘l ll i l : | luln[ ‘L
500 700 900 1100 m/z
[C,DE;+2Na]>* [1+2Na]*
(b)
[2+2Na]] CHL).N(CEL)
“(CHy), (<103DE3+Na]+
‘l .L'; [ . ‘HIII JL . mﬂ‘l‘L.u.u \1 " : b I ‘J. "l\
500 700 900 1100 m/z

Figure 9.6 ECD of [CsDE3;+2H]’" (3 sec.) (a), [C3DEs+2Na]’" (I sec.) (b). The
~ and i denote electronic noise and consecutive fragmentations, respectively. Note
that the origin of most peaks is unknown but they are probably a result of complex
internal rearrangements.
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Scheme 9.14 Loss of propene from [2'+H] " ions by homolytic cleavage.

The ECD spectrum (1 second) of the doubly sodiated oligomer is presented
in figure 9.6b and contains 21 fragment ions. A loss of a sodium atom is observed
leading to the ion [C3DE;+Na]’. Fragment ions [1+2Na]’, [2+2Na]’, [3+2Na]’,
[6+2Na]", [7+2Na]” according to schemes 9.3, 9.4, 9.5, 9.12 and 9.13 are
observed. The doubly sodiated oligomer gives additional structural information
about the endgroups because the parent ion loses a small radical ((CH3),NCH,;)" via
scheme 9.15. As observed for the doubly protonated oligomer, many fragment ions
are observed that cannot be explained by cleavage of a single bond and are
probably due to consecutive cleavages.

Na* Na*
/ _\j _‘ i N HH l\:‘
AT
\ J_/ N—]

_‘ Na* _‘ Na*
\N— Na

or

Scheme 9.15 Loss of ((CH3;)NCH,)" by a homolytic cleavage.

The ECD fragment ions in the spectra, in particular the doubly protonated
and doubly sodiated C3DEs, give direct evidence that consecutive cleavages occur.
This clearly demonstrates that internal fragment ions upon ECD of hyperbranched
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polyesteramides are intense making the interpretation of the ECD spectra less
straightforward.

9.4. Comparison of CAD with ECD of doubly charged
hyperbranched polymers and concluding remarks

Both low energy CAD and ECD are successful methods for dissociation of
doubly protonated or sodiated hyperbranched polyesteramide oligomers. Low
energy CAD is a more selective dissociation method in view of the observation
that only amide bonds are cleaved. ECD of doubly protonated or sodiated
hyperbranched polyesteramides results in an unexpectedly high number of
different types of cleavages of the ester and amide bond leading to OE™ and EE"
ions. A significant influence of the nature of the di-acid on the appearance of the
ECD spectra has been observed, although the structure of the polymers is very
similar. This provides complimentary structural information on the di-acid in
comparison with CAD where only amide bonds are cleaved. Four factors can
explain the complexity of the ECD spectra: 1) The proton or sodium cation that is
involved in the capture of the electron is not located on a specific site with a higher
proton or sodium affinity than other sites. The polymers studied here contain the
same type of functional groups along the polymer chain, which will have only a
small difference in proton or sodium affinity. 2) The polymer is a mixture of
different isomeric structures that can have a different ECD pattern. 3) An excess of
internal energy after ECD leads to internal fragmentation. This may be due to the
energetic and non-ergodic nature of the capture of an electron (~6 eV) by the
parent ion leading to fragmentation and a distribution of the excess internal energy
over the fragment ions, which is sufficient to cleave an additional bond. This must
lead to internal fragment ions that complicate the interpretation of the ECD spectra.
Such consecutive cleavages are well known from electron impact ionisation.
4) ECD gives rise to a very complex chemistry that may involve free radical
chemistry. Additionally, the origin of many fragment ions, especially from
oligomer C;DEj3;, cannot be explained by the 13 ECD schemes proposed above and
are most probably due to complicated internal rearrangements. Complex ECD
spectra and internal fragment ions can partly be overcome by performing ECD on
sodiated oligomers.

The results described in this chapter demonstrate that ECD is a very useful
method to obtain cleavages that are not observed upon CAD. Such cleavages can
provide structural information for many classes of compounds. Additionally, an
ECD analysis is ~10 times faster than the CAD experiments described here.
However, for these relatively small oligomers of hyperbranched polyesteramides,
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ECD does not provide complementary sequence information, as is the case for
biomolecular analyses.zés_272 A number of limitations of the ECD method for these
polymers may be mentioned here: 1) With the exception of C;DE;, low energy
CAD cleaves the amide bonds selectively, providing the sequence of the mixture of
different isomers. The cleavages of the ester bonds and other types of cleavages
observed with ECD do not provide additional information about the polymer
monomer sequence. 2) Isomers could not be distinguished using ECD only,
although this was possible with DoDIP. A combination of CAD with ECD or a
combination of different ECD experiments with varying electron capture energy
(for example HECD vs. ECD) can be a possible approach to obtain additional
isomeric information. Note that both dissociation methods are not able to
distinguish between branched and non-branched oligomers. 3) CAD leads to
smaller fragment ions, which can give more information about the endgroups. 4)

ECD leads to more internal fragmentation than CAD.

It will be interesting to extend this research to larger oligomers where CAD
does not transfer enough energy to induce fragmentation. ECD will probably be
useful for such oligomers because the excess energy must be distributed over many
more degrees of freedom leading to minimal internal fragment ions. It will also be
of interest to study the ECD behaviour with different cations since this leads to less
fragmentation as was observed for sodiated oligomers. A study of hyperbranched
polyesteramides that contain different di-acids but only one type of isomeric
structure is required to confirm the ECD mechanisms proposed in this chapter.
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Glossary of symbols and abbreviations

amu
AWG
CAD
CRM
D

Da
ECD
EO

ESI
FAB
FD
FT-ICR MS
GPEC
H/D

1IE

IEM
LCCC
MALDI
MeOH
MWD
NMR
PA
PEG
PET
PMMA
PO
PPG
PS
PSD
PTHF
SEC
SIMS
SORI
THF
TOF

U(z)

Atomic mass unit

Arbitrary waveform generator

Collisional activated dissociation

Charge residue model

Polydispersity

Dalton

Electron capture dissociation
Polyoxyethylene

Electrospray ionisation

Fast atom bombardment

Field desorption

Fourier transform ion cyclotron resonance mass spectrometry
Gradient polymer elution chromatography
Hydrogen/deuterium

Electrospray ionisation efficiency

Ion evaporation model

Liquid chromatography at the critical point of adsorption
Matrix-assisted laser desorption/ionisation
Methanol

Molecular weight distribution

Nuclear magnetic resonance spectroscopy
Proton Affinity

Polyethylene glycol

Polyethylene terephthalate

Polymethyl methacrylate
Polyoxypropylene

Polypropylene glycol

Polystyrene

Post source decay

Polytetrahydrofurane

Size exclusion chromatography
Secondary ion mass spectrometry
Sustained off resonance irradiation
Tetrahydrofurane

Time-of-flight

Statistical degree of freedom

Uncertainty in the slope

Uncertainty in the centre of gravity
Uncertainty in the mass measurement
Accuracy of the endgroup mass
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Olata Uncertainty in the experimental data

Weighted average of oy, values over the different charge states
Uncertainty of endgroup mass determined with linear regression
Accuracy of monomer mass determination with linear regression
Uncertainty of monomer mass determined with averaging meth.
Uncertainty of monomer mass determined with linear regression

Odata,all
Ocnd, regression
Ammon,regression

O—mon,average

O-mon, regression

n Transformed average degree of polymerisation

A Peak area

B Magnetic field

d Diameter of the ICR cell

E Electrical field

Exin.com Centre of mass collision energy

Exin.1ab Laboratory frame kinetic energy

eV Electronvolt

Fe Centrifugal force

Fr Lorentz force

1 Peak intensity

L. Intensity of an oligomer in charge state z

L, Corrected intensity of an oligomer for number of charges z
m/z Mass over charge ratio

Mear Mass of the cation

Mejec Mass of an electron

Meond Mass of the endgroup

Mend,average Mass of endgroup determined with averaging method

Mend excact

Mend, regression

mend—cation, regression

Exact endgroup mass
Mass of endgroup determined with linear regression
Mass of the endgroup without the cation(s)

Mexact Exact mass
Mneas Measured mass
Muon Mass of the monomer unit

mmon, excact

Muyon,regression

Exact monomer mass
Monomer mass determined with linear regression

M, Number average molecular weight

M, Weight average molecular weight

n Degree of polymerisation

N Number of data points

n(M) Number fraction of a specific oligomer in the MWD
N(M) Calculated molar fraction of adipic acid

Pd) Calculated molar fraction of isophthalic acid

Pmn) Probability of finding an oligomer containing only '*C
P, Number average degree of polymerisation

q Charge

r Radius of the ions in the ICR cell

texc Excitation time

v Velocity of the ion

Vop Peak-to-peak voltage

Vr Trapping potential
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Glossary of symbols and abbreviations

w(M) Weight fraction of a certain oligomer

z Charge state

o Geometry constant of the ICR cell

Ti Damping constant of time domain signal
W Cyclotron frequency

wr Trapping frequency
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Summary

Synthetic polymers are generally very complex mixtures of molecules that
vary in length, monomer, endgroup, chemical composition, sequence and branched
structure. Many of the techniques that are used for polymer characterisation
provide invaluable information about the average composition of polymers.
However, for a more detailed structural analysis of the individual polymer
molecules, a separation of most molecules in the complex polymer mixtures is
necessary. Although a limited number of techniques is available that can separate
the many components that constitute synthetic polymers, Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) would be very suitable for
this purpose. This thesis reports studies on the electrospray ionisation (ESI) FT-
ICR MS applied to characterise synthetic polymers. An overview of the literature
published in the last decade on polymer characterisation with matrix-assisted laser
desorption/ionisation (MALDI) and ESI mass spectrometry is given in chapter 1.
The theoretical concepts and operating principles of the ESI FT-ICR MS used for
the investigation in this thesis are described in chapter 2. It will be demonstrated
that ESI FT-ICR MS contributes significantly to an improved characterisation of
synthetic polymers. The unsurpassed resolution, mass accuracy and ion storage
possibilities of FT-ICR MS enables the determination of structural characteristics
of polymers with a molecular weight up to 10.000 Da.

Most polymers have a broad molecular weight distribution (MWD) as a
result of the statistical nature of the polymerisation process. Complex mass spectra
are often obtained when a polymer is analysed with ESI MS because ESI generates
multiple charge states. A MWD that is observed in multiple charge states will
result in many overlapping peaks in the mass spectrum. Many of these overlapping
peaks can be resolved for polymer molecules up to a molecular weight of 10.000
by high resolution mass spectrometry such as FT-ICR MS as described in chapter
3. Mass spectra acquired with a high resolution give insight into the shape and
molecular weight of the polymer distribution. Calculating the number average
molecular weight (M,) for each charge state separately leads to an increase of the
calculated M, with the charge state. Despite this effect, an M, can be determined
with a reasonable accuracy (<10%) for polymers with a molecular weight <8.000
Da and polydispersity <1.1 by combining all charge states that are observed with
ESI compared with the M, obtained with MALDI TOF.
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A high resolution as well as a high mass accuracy can be achieved with FT-
ICR MS as demonstrated in chapter 4 for the same poly(oxyalkylene)s as described
in chapter 3. Isotopically resolved analysis, as obtained with FT-ICR MS, is
required for the accurate determination of the monomer and endgroup mass using
linear regression. By combining the multiple charge states generated by ESI, the
endgroup and monomer masses can be determined with a high precision. The
precision of this procedure is higher than using the single charge state observed
with MALDI FT-ICR MS because more data points are available. Endgroup and
monomer masses can be deduced directly from a mass spectrum. The procedure
does however not provide the mass of both endgroups separately. A way to
determine the mass of the two endgroups separately is by fragmentation of the
polymer molecules into smaller fragments with for example collisionally activated
dissociation (CAD). This research was not further pursued in this thesis.

The polymers discussed in chapter 3 and 4 consist of one type of monomer.
Copolymers on the other hand consist of different types of monomers, which can
be arranged on polymer molecules in a specific sequence, for example a block
sequence. A major complication in the analysis of copolymers is that copolymer
molecules with a given mass can be constituted of a series of isomeric molecules,
i.e. with the same mass but a different arrangement of the monomers along the
linear chain. This makes the structural determination of such polymers much more
complex. Several studies are reported in the literature that apply Bernoullian and
Markovian chain statistics to mass spectra to obtain information on the possible
arrangement of monomers in a copolymer. Chapter 5 shows that this method is
very sensitive to variations in the structure of the monomer, the endgroup, the type
of solvent, the spray conditions and other parameters using well-defined mixtures
of homopolymers. It is almost impossible to determine the influence of each of
these parameters on the mass spectrometric response. Without this knowledge, the
sequence analysis using chain statistics cannot be done. To obtain information on
the linear arrangement of the monomers, the polymer molecules can be selectively
fragmented using collisionally activated dissociation (CAD) as discussed in
chapter 6 and 7 for copolyesters and hyperbranched polyesteramides. Due to the
many different permutations of the monomers along chains, such fragmentation
studies do not provide enough sequence specific fragments to identify all possible
isomeric structures. Synthetic polymers differ fundamentally in this way from
proteins, which have only one isomeric structure. It should be possible to
determine whether the copolymer has a block sequence by CAD fragmentation
studies provided that internal fragmentation is absent. The MS/MS spectrum of
such copolymer sequences is expected to contain a high number of fragment ions
with a block structure. Such a study could however not be pursued in this thesis,
because the copolymers studied in this thesis do not have a block sequence, as was
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deduced from the MS” spectra. The results of the investigations presented in
chapter 6 point out that polymers with a random or partly random/block structure
cannot be distinguished with CAD fragmentation studies.

A polymer mass spectrum generated with MALDI or ESI is often
considered to be a reflection of the molecular distribution. That this is not always
true became clear from a MALDI study of hyperbranched polyesteramides
reported in the literature. This study demonstrated that MALDI did induce
fragmentation during the ionisation process. Ions with the same mass as the
fragments observed with MALDI were observed with ESI FT-ICR MS analysis of
the same polymers described in chapter 7. It was not possible to determine directly
from the mass spectrum whether the ions originate from fragmentation in the ESI
source or from the polymer sample. The MS® study reported in chapter 7
demonstrates that the ion series is not due to mass spectrometric fragmentation but
due to molecules formed during the polymerisation reaction.

Identification of isomeric structures poses a problem because isomers have
the same mass but can have a completely different structure. Hyperbranched
polymers are examples of isomers that can be linear or branched but still have the
same mass. The novel MS" methodology, Dissociation of Depleted Ton Populations
(DoDIP), introduced in chapter 8 allows the distinction between different isomeric
structures. The ion mixture that consists of different isomeric structures is
fragmented in a first MS/MS step with relatively low collision energy. Structurally
more stable isomeric ions that fragment at higher appearance energy are
concentrated in the gas phase. A second MS/MS step is used to fragment the
preconcentrated parent ion to see whether different isomeric structures are present
by comparing the first MS/MS spectrum with the second. DoDIP experiments
made it possible to distinguish between isomeric structures of hyperbranched
polyesteramides with an alternating and non-alternating sequence. Chapter 8
introduces also another methodology that allows the study of different isomeric
structures using gas phase hydrogen/deuterium (H/D) exchange. Isomeric
structures are separated in the gas phase on the basis of a difference in the proton
affinity of the different isomers. Isomeric structures with a non-alternating
sequence have a relatively high proton affinity and will not exhibit H/D exchange
behaviour. Isomeric structures with an alternating sequence have a relatively low
proton affinity and exchange their exchangeable hydrogen’s with deuterium. This
enables the separation of the two isomeric structures. Both methods, DoDIP and
H/D exchange, provide information about alternating and non-alternating isomeric
structures.

The last chapter in this thesis, chapter 9, concerns the fragmentation
behaviour of hyperbranched polyesteramides with electron capture dissociation
(ECD) in the ICR cell. Several studies on biomolecules have shown that ECD is a
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complementary method to CAD for the determination of the arrangement of amino
acids along a peptide chain. Chapter 9 shows that ECD is not complementary to
CAD for the sequence analysis of relatively small hyperbranched polyesteramide
oligomers mainly because internal fragmentation processes are pronounced. The
ion fragments after an electron is captured but this process results in fragments
with an excess internal energy. This excess internal energy causes the fragment ion
to undergo consecutive cleavages resulting in internal fragments. Such internal
fragments make the interpretation of ECD spectra less straightforward compared to
the ECD spectra of, for example, proteins. The different type of fragmentation
process that is observed upon ECD can be used to obtain information about other
structural characteristics of polymers.
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Samenvatting

Synthetische polymeren zijn over het algemeen zeer complexe mengsels
van moleculen die verschillen in lengte, type monomeer en eindgroep, chemische
samenstelling, sequentie en vertakkingsgraad. Veel van de technieken die gebruikt
worden voor het karakteriseren van polymeren leveren informatie over de
gemiddelde samenstelling. Voor een gedetailleerde analyse van alle
bovengenoemde structurele eigenschappen is een scheiding van de meeste
moleculen in het complexe polymeermengsel nodig. Er is daartoe maar een beperkt
aantal technieken beschikbaar waarmee men in staat is om de meeste componenten
van een polymeer te scheiden. Fourier transformatie ionen cyclotron resonantie
massaspectrometrie (FT-ICR MS) is hiervoor zeer geschikt. In dit proefschrift
wordt de studie van synthetische polymeren met behulp van electrospray ionisatie
(ESI) FT-ICR MS beschreven. Een overzicht van de literatuur gepubliceerd
gedurende de laatste tien jaar over polymeerkarakterisering, met matrix
geassisteerde laserdesorptie/ionisatie (MALDI) en ESI massaspectrometrie, is
beschreven in hoofdstuk 1. De theorie achter ESI FT-ICR MS en de experimentele
opstelling zijn beschreven in hoofdstuk 2. In dit proefschrift wordt aangetoond dat
ESI FT-ICR MS een significante bijdrage levert aan de karakterisering van
synthetische polymeren. De onovertroffen resolutie, massanauwkeurigheid en de
mogelijkheid om ionen voor langere tijd op te slaan in de ionenval dragen ertoe bij
dat structurele eigenschappen van polymeren met een moleculaire massa tot
10.000 Da kunnen worden bepaald.

De meeste polymeren hebben een breed verdeelde moleculaire
gewichtdistributie (MWD) die een gevolg is van de statistische aard van het
polymerisatie proces. Een massaspectrum, gemeten met ESI massaspectrometrie, is
zeer complex omdat tijdens het ESI proces de MWD geconvolueerd is met de
verschillende ladingstoestanden, hetgeen resulteert in veel overlappende pieken in
het massaspectrum. De meeste van deze overlappende pieken kunnen worden
onderscheiden door gebruik te maken van een massaspectrometer met een hoog
oplossend vermogen zoals de FT-ICR MS. Met deze techniek kunnen ionen van
verschillende polymeermoleculen met een massa tot 10.000 Da nog van elkaar
worden onderscheiden, zoals is gebleken in deze studie beschreven in hoofdstuk 3.
Massaspectra, die worden gemeten met een hoge resolutie, leveren inzage in de
vorm en het gewicht van de polymeerdistributie. Als het zogenoemde
aantalgemiddelde moleculaire gewicht (M,) wordt berekend, blijkt dat deze
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toeneemt met de waargenomen ladingstoestand. Dit wordt veroorzaakt door het
aantal beschikbare zuurstofatomen van de polymeermoleculen waarmee het cation
een interactie kan hebben. In hoofdstuk 3 wordt gedemonstreerd hoe een redelijk
nauwkeurige M, waarde kan worden berekend (<10%) voor polymeren met een
moleculair gewicht <8.000 Da en polydispersiteit <1.1 door de metingen van alle
waargenomen ladingstoestanden met elkaar te combineren.

Met FT-ICR MS kan een hoge resolutie en hoge massanauwkeurigheid
behaald worden, zoals beschreven in hoofdstuk 4. Een hoge massanauwkeurigheid,
waarmee de polymeermoleculen met FT-ICR MS gemeten kunnen worden, is
nodig om de monomeer- en eindgroepmassa nauwkeurig te kunnen bepalen met
behulp van lineaire regressie. De nauwkeurigheid van deze bepaling kan worden
verhoogd door de verschillende ladingstoestanden, die worden gegenereerd met
ESI, te combineren in één procedure. De nauwkeurigheid is hoger dan wanneer
gebruik gemaakt wordt van MALDI FT-ICR MS waarbij maar één ladingstoestand
wordt gegenereerd. Dit komt door het grotere aantal datapunten dat beschikbaar is
met ESI om de lineaire regressieprocedure toe te passen. Het is niet mogelijk met
deze procedure de massa van de beide eindgroepen afzonderlijk te bepalen. Een
potentiéle manier om die informatie toch te krijgen is, door de ionen van
polymeermoleculen in kleinere fragment ionen te fragmenteren, met bijvoorbeeld
botsing geinduceerde dissociatie (CAD).

De polymeren, beschreven in hoofdstuk 3 en 4, bestaan uit één type
monomeer. Co-polymeermoleculen zijn opgebouwd uit twee verschillende types
monomeren. Deze monomeren kunnen op verschillende manieren zijn
gerangschikt in het co-polymeer molecule: de sequentie. Een voorbeeld is een blok
co-polymeer, waarbij dezelfde type monomeren zich naast elkaar bevinden. Een
complicatie van een massaspectrometrische analyse aan co-polymeren is dat er co-
polymeermoleculen bestaan die dezelfde massa hebben, maar een verschillende
rangschikking van monomeren. Dit maakt de analyse veel ingewikkelder.
Verschillende onderzoeken zijn in de literatuur beschreven waarbij Bernoulliaanse
en Markoviaanse statistick wordt toegepast op massaspectra, teneinde informatie
over de mogelijke typen rangschikkingen van monomeren te bepalen. Hoofdstuk 5
laat zien dat, in het geval van mengsels van homo-polymeren, deze methode zeer
gevoelig is voor variaties in de structuur van het monomeer, de eindgroep, het type
oplosmiddel, de ESI condities en andere parameters. Het is dan bijna onmogelijk
om de invloed van elk van deze parameters op een massaspectrometrisch signaal te
bepalen. Zonder de wetenschap van al deze invloeden kan de rangschikking van de
monomeren op co-polymeermoleculen niet berekend worden. Er is een andere
methode om een indruk te krijgen van de rangschikking van de monomeren op een
co-polymeermolecule. Met deze methode wordt gebruik gemaakt van botsing
geinduceerde dissociatie (CAD), zoals beschreven in hoofdstuk 6 en 7, voor
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copolyesters en hoogvertakte polyesteramides. Zulke ion fragmentatiestudies
leveren, als gevolg van het grote aantal mogelijke permutaties van de monomeren
over de polymeermoleculen, niet genoeg sequentiespecificke fragmenten om alle
mogelijke isomere structuren aan te tonen. Dit is in tegenstelling tot biomoleculen
die maar één mogelijke sequentie hebben. Wel moet het mogelijk zijn om met
CAD te bepalen of de monomeren een blokstructuur hebben. Van de fragmenten,
die na CAD gemeten worden in een massaspectrum, zullen er een groot aantal een
blokstructuur hebben. In hoofdstuk 6 en 7 is aangetoond dat de in dit proefschrift
onderzochte co-polymeren géén blokstructuur hebben. De resultaten die zijn
beschreven in hoofdstuk 6 laten zien dat polymeren met een random of
gedeeltelijke random/blokstructuur niet van elkaar te onderscheiden zijn met CAD
fragmentatiestudies.

Een massaspectrum van een polymeer, dat met MALDI en ESI wordt
verkregen, wordt vaak beschouwd als een afbeelding van de moleculaire
polymeerdistributie. Dat dit niet altijd het geval is, blijkt duidelijk uit een
onderzoek aan hoogvertakte polyesteramides met MALDI en ESI, wat beschreven
is in de recente literatuur. Deze studie toont aan dat fragmentatie van de
polymeermoleculen plaatsvindt tijdens het MALDI proces. lonen, met dezelfde
massa als de fragmenten die met MALDI werden waargenomen, werden tevens
tijdens de ESI FT-ICR MS analyse van dezelfde polymeren waargenomen zoals
beschreven in hoofdstuk 7. Het is niet mogelijk om direct uit het massaspectrum te
bepalen of deze ionen het gevolg zijn van fragmentatie tijdens het ESI proces of
dat ze in het oorspronkelijke polymeer aanwezig waren. De MS® experimenten,
beschreven in hoofdstuk 7, bewijzen dat deze ionen niet het gevolg zijn van
fragmentatie tijdens het ESI proces, maar dat ze tijdens de polymerisatiereactie
gevormd worden.

Identificatie van isomere structuren met massaspectrometrie kan een
probleem zijn daar dit soort moleculen weliswaar dezelfde massa hebben, maar
volledig anders van structuur kunnen zijn. Een illustratief voorbeeld van isomere
structuren treedt op bij hoogvertakte polyesteramides die zowel lineair als vertakt
kunnen zijn maar toch dezelfde massa hebben. Zowel de lineaire als vertakte
isomeren kunnen nog meer typen isomere structuren bevatten. De nieuwe MS"
methode, dissociatie van uitgedunde ionenpopulaties (DoDIP) geintroduceerd in
hoofdstuk 8, maakt het mogelijk om verschillende isomere structuren van elkaar te
onderscheiden op basis van een verschil in stabiliteit tijdens laagenergetische
botsingen. Met laagenergetische CAD wordt het ionenmengsel gefragmenteerd dat
bestaat uit verschillende isomere structuren. Isomere ionen, die een stabiclere
structuur hebben, zullen pas bij een hogere botsingsenergie fragmenteren. Deze
ongefragmenteerde, stabielere isomeren worden in de gasfase geconcentreerd. Een
tweede CAD experiment, met iets hogere botsingsenergie, wordt toegepast op de
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geconcentreerde ionenpopulatie om te zien of dezelfde of andere fragmenten
worden gevormd. Door de resultaten van twee experimenten met elkaar te
vergelijken, kan worden geconcludeerd of er verschillende isomere structuren
aanwezig zijn. Met deze DoDIP experimenten was het mogelijk om onderscheid te
maken tussen isomeren met een alternerende en niet-alternerende sequentie. In
hetzelfde hoofdstuk wordt een andere methode beschreven die het mogelijk maakt
om verschillende isomere structuren van elkaar te onderscheiden. Met deze
methode wordt gebruik gemaakt van waterstof/deuterium (H/D) uitwisseling in de
gasfase. Isomere structuren kunnen worden gescheiden door een verschil in
protonaffiniteit. [somere structuren met een niet-alternerende sequentie hebben een
relatief hoge protonaffiniteit en zullen zeer langzaam H/D uitwisselingsgedrag
vertonen. Daarentegen zullen isomere structuren met een alternerende sequentie
een relatief lage protonaffiniteit hebben en wel H/D uitwisselingsgedrag vertonen,
waardoor de twee isomere structuren van elkaar gescheiden kunnen worden. Beide
methoden, DoDIP en H/D uitwisseling, laten zien dat verschillende isomeren
gescheiden kunnen worden en geven daarnaast elkaar aanvullende informatie over
alternerende en niet-alternerende isomere structuren.

Het laatste hoofdstuk in dit proefschrift, hoofdstuk 9, is een studie naar het
fragmentatiegedrag van hoogvertakte polyesteramides door de invangst van een
elektron (ECD). Verschillende studies met biomoleculen hebben aangetoond dat
ECD complementair is aan CAD voor het bepalen van de sequentie van de
aminozuren van een biomolecuul. Het hier beschreven onderzoek laat zien dat
ECD in het geval van kleine hoogvertake polymeren niet complementair is aan
CAD indien men alleen geinteresseerd is in de sequentie. Dit wordt voornamelijk
veroorzaakt door de vorming van interne fragmenten die de interpretatie van de
ECD massaspectra bemoeilijken, wat niet het geval is voor biomoleculen. De
vorming van interne fragmenten kan verklaard worden door de hoge hoeveelheid
interne energie die achterblijft in de fragmenten na invangst van het elektron. Dit
resulteert in het verbreken van een extra binding op één van de fragmenten ionen
waarbij een zo genoemd intern fragment wordt gevormd. Desondanks wordt er met
ECD een heel ander type fragmentatieproces waargenomen welke, naast CAD,
additionele informatie oplevert over andere structurele eigenschappen van
polymeren.
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