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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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Summary 

^2 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 MS3 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 Ion 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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