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Chapter 2

2.1. Introduction

The last twenty years, the synthesis of controlled structures and complex architectures has
become an important field in polymer research.'” This has resulted in the development and
application of several controlled radical polymerization techniques such as atom transfer
radical polymerization (ATRP)"®, nitroxide-mediated living polymerization (NMP)7'9, and

19, 1 Traditional

reversible addition-fragmentation chain transfer polymerization (RAFT).
polymerization techniques, such as ring-opening polymerization, have also known revived
interest, especially in research towards novel (organo-)catalysts that show increased control
over end-product, as well as stereo- and enantioselectivity.'>" Typically, these techniques
have not been implemented on an industrial scale, but have so far only been applied for small
scale synthetic purposes. On the contrary, typical polymerization techniques that are applied
in industry, e.g. polycondensation and free radical polymerization, lack control over the
reaction and the obtained polymers. The polymers are produced on a large scale, and their
specific applications do not require any well-defined structures or complex architectures.
Generally, polydispersities of the obtained polymers are high (>1.5) and selectivity is only
statistically governed.

In enzymatic ring-opening polymerization (e-ROP), e-caprolactone (e-CL) is by far the
most studied monomer in literature, as it is easily available and the obtained polymer is easy
to characterize. Several articles have been published on e-ROP of &-CL, showing that
molecular weights between 2 000-20 000 g/mol are readily obtained at elevated temperatures
(60-90 °C) in only a few hours, using Novozym 435 in various solvents.'®'® Polydispersities
typically range from 1.4-3.2 and the extent of control obtained over the polymerization is
claimed to be from dramatic to perfect. Although the formation of cyclic polymer by

intramolecular transesterification has been reported'® 20

, many researchers do not to take its
formation into account when discussing the degree of end-functionalization.”' It has been
reported that temperature, water, and the solvent play an important role with respect to the
final polymer product.'® >*® The variation of these conditions have been extensively studied
and discussed in literature, resulting in several statements concerning the control over the
polymerization: e-ROP has sometimes been classified as a controlled, and even living
polymerization technique, as the monomer consumption seems to obey first-order kinetics.”
7. 28 A5 e-ROP is a relatively new polymerization technique, the following question arises
(Figure 2-1): ‘Could e-ROP compete with existing controlled polymerization techniques, and
hence be regarded as a controlled polymerization technique?”’

In this chapter, we try to answer this question by carefully studying the kinetics of the e-
ROP of e-CL. The obtained polymers are analyzed with MALDI-ToF-MS, SEC and 'H-NMR

spectroscopy. Based on the results of these analyses, requirements in the conditions of e-ROP









e-ROP as Synthetic Tool in Polymer Chemistry

V =~ dgf] = Vmax [S] K (2 ])
K, +[S]+—>[P
ISP
In which,
V rate of propagation [mol/Ls]
Vi apparent, maximum rate of propagation [mol/Ls]
Ks affinity of the enzyme for substrate, S [(k+k)/ki] [M]
Kp affinity of the enzyme for product, P [ks/ks] M]
[S] concentration substrate (monomer) M]
[P] concentration product (polymer) [M]

The Michaelis-Menten constant, Ky, in the original MM-expression was defined as the
affinity of the enzyme for a specific substrate, (k,+ k)/k. Here, this constant has been
replaced by two terms: the affinity constant of enzyme towards the substrate (monomer), Ks,
and the affinity constant of enzyme towards the product (polymer), Kp. This affinity constant
of the enzyme represents the activity of the enzyme to form the enzyme-activated species,
either from substrate or from product. Due to the preference of the enzyme towards the
polymer, it is assumed that the ratio of Ks/Kp>1. The contribution of the polymer term
Ks/Kp*[P] will have a significant influence during the polymerization. By integrating the
substrate concentration an expression can be obtained that describes the pseudo-first order
kinetics of e-ROP.

2.3. Cuyclic polymer formation

As shown in Figure 2-3, cyclic structures can be formed in e-ROP, thereby lacking any
end-group functionality. This was already known for polycondensation reactions in which
end-to-end condensation will close linear chains into cyclic structures.’” *® Kricheldorf et al.
stated that cyclic structures can be formed as a result of the thermodynamic or kinetic
preference.” As enzymes activate ester bonds, it can choose between monomer and polymer
depending on the affinity of the enzyme towards one or the other.”® Hence, the polymer can
be regarded as a competitive substrate towards monomer, which implies product inhibition.
When product is occupying the active site, transesterification can occur when a nucleophile
attacks this ‘enzyme activated polymer chain’ (EAPC), causing chain transfer or cycle

formation (as depicted in Figure 2-3).









Chapter 2

The obtained polymers were analyzed with MALDI-ToF-MS. In Figure 2-5, the MALDI-
ToF-MS spectra of all four polymers are depicted, from bulk conditions to the most diluted
conditions. Two distributions can be easily distinguished. At low molecular weights, a
distribution of cyclic polymer structures is observed, whereas at higher molecular weights the
second distribution arises. This distribution represents linear polymer chains bearing the end-
group functionality introduced by the bifunctional initiator. From these spectra, it is evident
that the formation of cyclic polymer is favored over linear polymer chains at lower monomer
concentrations, which is in good agreement with literature®, and is an indication that the
formation of cyclic polymer structures is kinetically driven (intramolecular
transesterification). Unfortunately, MALDI-ToF-MS can only be utilized as a qualitative
technique, which makes it difficult to provide information on the actual amounts of cyclic or
linear polymer species that are formed. In Chapter 3, this issue will be further elaborated on,

by applying liquid chromatography under critical conditions (LCCC).
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Figure 2-5: MALDI-ToF-MS traces of PCL obtained from e-ROP with different monomer concentrations.

A: bulk, B: 68 w/w-%, C: 36 w/w-%, and D: 13 w/w-% &-CL in toluene. The intensity of the highest peak
in each spectrum was set to 100%. Lines are shown to distinguish the different distributions.
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Chapter 2

The results clearly show the lack of drying capacity of these ‘drying agents’ for water present
in the enzyme. In conclusion, procedure 7 is the most powerful drying method, taking the
combination of activity and water initiation into account.

To check the actual amount of water present in the enzyme before and after drying,
thermogravimetric analysis (TGA) was performed. In Figure 2-8A, the TGA-traces of two
different batches of Novozym 435 are depicted (I and II). For both samples, two weight loss
transitions are visible, which are both assumed to originate from the release of water. Initially,
weight loss is observed in the temperature range until 90 °C, and it is considered to be free
water present in the lipase, and water that was adsorbed to the hygroscopic support. In both
enzyme batches (I and II), the weight loss due to the release of this water in untreated enzyme
was approx. 0.75 w/w-%. Upon further heating in TGA, the remainder of the water (bound
water) was released (0.40 w/w-% for batch I and 1.20 w/w-% for batch II). Based on this
assumption, it was concluded that the amount of bound water differs per batch of enzyme,
possibly as the exact amount of immobilized enzyme per bead may differ to a large extent. In
addition, the support material may be non-uniform per produced batch. When Novozym 435
is treated according to procedure 7, TGA-traces show that free water is still removed below
100 °C (Figure 2-8B, III). Only 0.11 w/w-% of this water was still present in the treated
enzyme. Only a small difference of 1.11 w/w-% was observed in the release of tightly bound
water. Therefore, by careful optimization, a drying method was obtained by which most of the

free water was removed, while maintaining enzyme activity.

Figure 2-8: Thermogravimetric Analysis (TGA) of A: two different batches (I and II) of untreated
enzyme; B: untreated (Il) vs. treated enzyme (111) from the same batch.
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Chapter 3
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Figure 3-2: Schematic representation of different modes for separation in liquid chromatography.”’

These critical conditions are characterized by the lack of contribution of the backbone-unit
to the Gibbs free energy of the polymer, AGpoiymer, and they are only achieved if the enthalpic
contribution (due to interaction) of the polymer backbone-unit, AHpackbone-unit, €quals the
entropic term (due to size exclusion) of the polymer backbone-unit, TASpackbone-unit (€quations
3.1 and 3.2).* Hence, separation only occurs on the basis of different contributions of the
end-groups to the total Gibbs free energy of the polymer, whereas differences in molecular
weight and the chemical composition of the backbone do not affect the retention of the
polymer at these critical conditions.

AG =AG

+AG +nAG backbone -unit (3 ])

polymer endgroup | endgroup 2

AGbackbone-uni( = AI_Ibackbone-unil -T ASbackbone-unit (32)

The critical conditions depend on many factors in the analysis, such as eluent composition,
temperature, the type of stationary phase and its pore size, and the addition of acid or base™
¥ These conditions can be obtained for a polymer via different approaches: the most applied
route is to choose the stationary phase, flow and temperature, such that by changing the eluent
composition (solvent/non-solvent) critical conditions are obtained. Unfortunately, adjustment
of these parameters to obtain critical conditions is a delicate process, in particular since some

parameters are mutually correlated.

Quantification using Evaporative Light-Scattering Detection

An ELSD-detector consists of a heated tube, in which eluent leaving the column is
nebulized. As the solvent is evaporated, dry polymer is directed to a light scattering detector.
The concentration of particles is determined by the amount of scattered light. To enable

quantification of the separated polymer species with an ELSD-detector, a set of well-defined
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Quantification of Polymer Species using Critical Chromatography

polymers with one specific end-group is used as standards to perform a calibration.'* This
calibration is needed as the ELSD-detector exhibits non-linear behavior towards
concentration, molecular weight and possibly even to structural differences. These influences
must be individually determined before quantification of samples can be achieved.
In general, the relationship between the amount of injected polymer and the obtained area
can be expressed as (equation 3.3):
— A
Area= A, *myi (:3.3)
in which the area is correlated to the injected mass, mi,j, with the constants Ay and A,. This

can be rewritten and plotted in a log-log diagram of Log(Area) as a function of
Log(Concentration), in which Log(Ay) represents the intercept and A, the slope:

Log(Area) = Log(A,) + A, * Log(Concentration) (39

For a set of well-defined polymer standards with one specific end-group, Log(Ag) and A, can
be easily determined and used for quantification of a dataset of samples of unknown
composition. However, it is generally difficult to obtain these well-defined standards for any
specific polymer species. Hence, a broader set of ill-defined polymers must be used. In this
case, the detector sensitivity of each polymer species must be determined individually in order

to allow for structural or chemical differences between the polymer species.

3.3. Enzymatic synthesis of PCL

When PCL is synthesized via the initiator method in e-ROP®, three different polymer
species are obtained (Figure 3-1). In order to obtain a better insight into the actual enzymatic
process, several enzymatic polymerizations were performed under different reaction
conditions. Subsequently, the obtained polymers were separated based on their end-groups
and quantified using LCCC. Since the specific PCL-species were not all individually
available, a set of ill-defined PCL standards (X-Z) was synthesized to determine the critical
conditions and the detector sensitivity. All three standards were synthesized via e-ROP, and
they possessed different end-group functionalities. X was synthesized using 1,6-hexanediol
(HD) as initiator, Y using water, and Z using benzyl alcohol (BA). Subsequently, the reaction
conditions of the different enzymatic polymerizations were carefully chosen to obtain more
information on the actual process of e-ROP with respect to different initiators, concentrations,
and amounts of water (Table 3-1, entries 1-6).
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Chapter 3

this technique could be available for a quantitative study towards the obtained polymer
species, as mass discrimination is believed to be inherent to MALDI-ToF-MS.*?' LCCC is a
characterization technique that comes with some challenges as obtaining critical conditions is
a delicate process. Moreover, quantification of reaction samples can be particularly
complicated, when monomer is still available. Small molecules are not detected by the ELSD,
creating a difference between the injected and the obtained polymer concentration (i.e.
recovery). Nevertheless, it must be stated here that LCCC is the only characterization
technique that can directly provide quantitative information on all three polymer species. Still,
the issue of differences in sensitivity of the ELSD towards cyclic and linear polymer species
might be reconsidered, as a consequence of the data shown in Figure 3-6. The observed
presences of cyclic polymer species (Table 3-3, Figure 3-11) represent maximum values.
When equal sensitivity is assumed, the presence of cyclic polymer species would be lower.

In Figure 3-12A and B, LCCC-chromatograms are depicted in line with SEC-
chromatograms from identical samples. Figure 3.12A shows the evolution of the molecular
weight distribution and the formation of species of reaction samples of entry 3 (diluted
conditions). In the LCCC-chromatograms it can be observed that in the first 5 mins of e-ROP,
benzyl alcohol is already introduced to the polymer (linear hydroxy-ester species). However,
most linear species (w/w-%) are linear hydroxy-acid species, i.e. polymer chains that are
initiated by water. After 15 minutes, linear hydroxy-ester species (started from BA) are the
predominant linear species. Over time, the concentration of linear hydroxy-acid species seems
to decrease. However, in the final polymer 48% water-initiation was detected on molar basis
("H-NMR spectroscopy; Table 3-1). Additionally, it is observed that in dilute conditions
(entry 3, Figure 3.12A), cyclic polymer species are present to a large extent during all stages
of the reaction (up to 70 w/w-%). When the evolution in the presence of the three species is
combined with the SEC-chromatograms, it can be observed that the molecular weight
increases. Although after 30 mins a peak seems to be formed, the chromatograms reveal a
significant amount of ‘non-growing’ polymer (at low molecular weight), probably due to
transesterification reactions. Therefore, a considerable increase of the polydispersity index is
observed (5 mins: PDI = 1.68; 120 mins: PDI = 2.31).
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observed that benzy| alcohol is built into the polymer chains rather quickly (Figure 3-12A). It
is assumed that in the case of benzyl alcohol the incorporation of initiator primarily occurs as
a result of initiation rather than transesterification. This assumption is supported by MALDI-
ToF-MS, which shows an increase in molecular weight of the hydroxy-ester species during
the reaction, starting at low molecular weights. The same pattern was observed when
bifunctional initiator II was applied.

However, MALDI-ToF-MS revealed a distinct broadening of the molecular weight
distribution of hydroxy-ester species when bifunctional initiator I was applied. When this
observation is combined with the result of the initiator conversion during the reaction (Table
3-1), it can be concluded that bifunctional initiator I is mainly incorporated via
transesterification. This difference in initiating behavior may have been caused by the size of
the initiator molecule, as it is a large molecule that could suffer from steric hindrance in the
active site of the enzyme. Additionally, initiator I contains a chiral centre adjacent to the
primary alcohol group, which might explain the initiation conversion of only 50%. Hence, it
can be concluded, that specific end-functionality can be introduced to a polymer, by an
initiator bearing this functionality, provided that the size and shape of this initiator allows

easy entrance to the active site of the enzyme during the polymerization.

3.7. Conclusions

In this chapter, the influence of reaction conditions on enzymatic ring-opening
polymerization (e-ROP) of e-caprolactone (e-CL) was further investigated using polymer
characterization techniques such as MALDI-ToF-MS and '"H-NMR spectroscopy, as well as
the less common technique of liquid chromatography under critical conditions (LCCC). This
latter technique provides substantial advantages over common characterization methods, as all
polymer species can be taken into account. Careful adjustment of the critical conditions allow
for good separation of the polymer species independent of molecular weight. By choosing an
appropriate detector (e.g. ELSD), quantification of the polymer species can be performed,
providing accurate information on the obtained polymer species. When applying an ELSD-
detector, the polymer sample should not contain monomer or dimer species, as these species
cannot be detected by ELSD, which finally results in too low recoveries.

In this investigation, e-ROP of e-CL was performed under different reaction conditions in
order to observe and quantify the influence of monomer concentration, the influence of water,
and the influence of the applied initiator on the obtained polymer species. By careful analysis
of samples taken during the polymerization, new insights were obtained in the process of e-
ROP. It was observed that water-initiated polymer chains (linear hydroxy acid species) are the

predominant species in the initial stages of the reaction. Hence, it is believed that water acts as
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butylphenyl)-2-methyl-2-propenylidene]-malononitrile (DCTB) as matrix material. All
spectra were recorded in the reflector mode. Samples were prepared using 1 mg/mL of
polymer in THF. The ratio of polymer sample to matrix was 1 : 5 (w/w-%). Karl-Fischer
Coulometry was performed on a Mettler Toledo Titrator DI.39 with APURA CombiCoulomat
fritless electrolyte.

All LCCC-experiments were conducted on an Agilent 1100, equipped with a quaternary
pump, degasser, autosampler, column oven, and a diode-array detector (DAD) with 10-mm
cell (Agilent, Waldbronn, Germany) at 40 °C. The mobile phase, 17.5 w/w-% ultra-pure
water (1.5 vol-% formic acid) and 82.5 w/w-% THF, was mixed and pumped with a flow rate
of 0.5 ml/min. Four Nucleosil 120-5 (Machery-Nagel) C18-columns in series (250x4 mm)
were used to establish the critical separation. The injection volume was 5 pl.. Detection with
a Sedex 75 ELSD system (Sedere, Vitry/Seine, France) was performed with 3.6 bar air
pressure at the nebulizer and a drift tube temperature at 35 °C. The detector signal was
collected with an Atlas version 8.1 data management system (Thermo Electron Cooperation,
Manchester, UK).

Enzymatic Polymerization of e-Caprolactone (¢-CL)

Different polymerizations were conducted using reference conditions as follows. In a 25
mL round bottom flask, equipped with a magnetic stirrer bar, 250 mg Novozym 435 was
dried in a vacuum oven at 50 °C for 16 hours (procedure 7 in Chapter 2). The vacuum was
released by N, and dried molecular sieves were added to the flask. Subsequently, the flask
was placed in an oil bath at 60 °C. The polymerization was started by the addition of a stock
solution of e-caprolactone and benzyl alcohol in toluene (5.15 g; 4.10 M and 56.5 mg; 47
mM, respectively). Immediately after the start of the reaction, a sample was withdrawn from
the reaction mixture and analyzed using Karl-Fischer Coulometry. At specified time intervals
further samples (~0.15 mL) were withdrawn from the reaction mixture with a syringe for
analysis. After 120 mins , the reaction was stopped by removing Novozym 435 by filtration
using dichloromethane as solvent. The polymer was dried under vacuum at 40 °C.

References
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Chemoenzymatic Synthesis of Block Copolymers
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Figure 4-11: Conversion of e-CL (o) and t-BMA (o) in a consecutive one-pot polymerization
using initiator 2 in comparison with the conversion of &CL (m) and t-BMA () in a
homopolymerization from the same initiator. Lines are given to guide the eye for data set of the
cascade polymerization.

More convincing evidence for the block structure was obtained from GPEC, which allows
the separation of polymer based on chemical composition. Figure 4-12 shows the GPEC
chromatograms of a blend of PCL (M, = 13.7 kg/mol) and P(+~BMA) (6.7 kg/mol)
(chromatogram II). Both polymers are separated with a difference in retention time of ca. 2.5
mins, allowing proper separation between the block copolymer and its homopolymers. P(¢-
BMA) elutes after ~11 mins and PCL elutes after ~13.5 mins. Assuming no molecular weight
effects, block copolymers comprising PCL and P(BMA) are expected to elute between the
traces of the individual homopolymers. This pattern is exactly observed for the polymer
sample obtained from the consecutive approach (I). From this result it can be assumed that no
significant amounts of neither of the two homopolymers are present and that the block

copolymer is rich in PCL, which is also confirmed by 'H-NMR.

4.4.2. Simultaneous approach

When both polymerizations were conducted simultaneously using initiator 2, i.e. with all
components present from the start of the reaction, the situation was different. In this case, it
was observed that the e-CL conversion rate was lower in the simultaneous one-pot reaction
compared to the homopolymerization while the ~BMA conversion was higher (Figure 4-13).
A possible explanation for this behaviour may be the presence of e-CL, which is reported to
work as a cosolvent that promotes the ATRP-reaction.”’ Moreover, comparison of the
conversion plots shows that in this reaction the e-CL conversion stops at 30% after 60 mins
reaction time, suggesting enzyme deactivation, while the conversion of ~FBMA continued.
This inhibition of the enzymatic polymerization is most likely caused by steric effects of the

P(-BMA)-block, either by physically blocking the enzyme or by inaccessibility of the
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Chemoenzymatic Synthesis of Block Copolymers

was then precipitated in cold methanol and analyzed by GPEC and SEC. The yield of block
copolymer was typically 1.5 g (50%).

Hydrolysis of the block copolymer

The PCL block was hydrolyzed by dissolving the block copolymer (0.60 g) in a 20 mL-
mixture of 1,4-dioxane/HCI (37%) (19:1 vol/vol-%). The mixture was then stirred ina 50 mL
round bottom flask with a magnetic stirring bar for 24 hours at 85 °C. After hydrolysis, the
solvents were removed under vacuum and the crude product was precipitated from cold
methanol. The resulting polymer (yield: 0.40 g, 67%) was analyzed with SEC, GPEC, and 'H-
NMR spectroscopy.

Enzymatic polymerization of €-CL in the presence of ATRP-catalyst and MMA

For all enzymatic polymerizations, the amount of Novozym 435 with respect to monomer
was kept constant at 10 w/w-%. Prior to the reaction, 0.25 g of Novozym 435 was weighed
into the reaction flask together with activated molecular sieves. Both solid ATRP catalyst
components, CuBr (35.7 mg, 0.25 mmol) and 4,4’-dinonyl-2,2’-bipyridine (dNbpy; 212.8 mg,
0.5206 mmol) were added to the flask, which was then placed in an oven for 16 hours at 50
°C under vacuum (procedure 7 — Chapter 2). When a liquid ATRP-catalyst component, such
as (N,N,N’,N” N”)-pentamethyldiethylenetriamine (PMDETA; 43.0 mg; 0.25 mmol) was
used, this component was added after enzyme treatment. Subsequently, the flask was heated
in an oil bath to 60 °C. The reaction was started by adding a stock solution containing 27.0
mg (0.25 mmol) of benzyl alcohol, 2.52 g (22.08 mmol) of e-CL and 2.29 g (22.89 mmol) of
MMA to the flask. At specified time intervals samples (~0.1 mL) were withdrawn from the
reaction mixture with a syringe and analyzed by '"H NMR spectroscopy to determine the

monomer conversion.

Block copolymer synthesis - Consecutive one-pot approach

For this approach, the enzyme (10% w/w) was dried in the reaction flask together with
molecular sieves as described above. After drying, the flask was connected to an argon-
vacuum line and five consecutive argon-vacuum steps were performed. Then, the flask was
put into an oil bath at 60 °C. A stock solution (5.34 g) consisting of initiator 2 (0.05 M), e-CL
(2.68 M), -BMA (2.58 M) in toluene, was added to a vial and deoxygenated by bubbling with
argon for 20 minutes. The reaction was started by adding the stock solution to the flask
through a septum with a syringe. At specified time intervals samples (~0.1 mL) were
withdrawn from the reaction mixture with a syringe and analyzed by 'H NMR spectroscopy to
determine the monomer conversion and by SEC to determine the molecular weight
distribution. After 120 mins, a solution of CuBr (0.29 mmol) and dNbpy (0.62 mmol) in
toluene (~2 mL) was added to the flask to start the ATRP. After 300 mins (in total), the
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Chapter 5

behavior of PDL and &-CL will be compared under normal conditions. Subsequently, a small-
scale synthetic approach is investigated with the goal to push the molecular weight of PPDL
as high as possible (1-2 g of product). The obtained information will be utilized to produce
high molecular weight PPDL on a larger scale (30 g product), such that it can be applied to
test its material properties, e.g. after fiber spinning. Reported data on thermal and mechanical
properties are summarized and combined with the new investigated properties, such as the
degradation behavior of PPDL. Finally, all data are evaluated and compared with existing
polymer materials such as poly(L-lactic acid), poly(e-caprolactone) and poly(ethylene) to
determine possible applications for high molecular weight PPDL.

5.2. Enzymatic synthesis of PPDL

In order to investigate the enzymatic synthesis of high molecular weight PPDL, first e-
ROP of PDL was performed in toluene using benzyl alcohol as nucleophile and Novozym 435
as catalyst at 60 °C. The rate of the PDL-consumption was compared with that of an e-ROP of
g-CL under the same conditions. The enzyme was used without pre-treatment (i.e. water was
present in the enzyme) and the reactions were performed on laboratory scale (1-2 g of
product). Figure 5-2A shows the monomer consumption as a function of reaction time. As
expected, the conversion of PDL is faster than the conversion of &-CL under the same
conditions. After 20 mins of reaction, the viscosity of the PDL-system increased to such an
extent that magnetic stirring became impossible. Therefore, PDL-polymerization was stopped

after 30 mins, at which time almost full conversion was achieved.
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Figure 5-2: A: Evolution of monomer consumption as a function of reaction time; w. PDL; ®: &-CL, open
symbols represent conversion, solid symbols represent In([M]y/[M]); B: Evolution of molecular weight as
a function of monomer conversion, Both reactions were performed at 60 °C in toluene with the same
target M, = 10 000 g/mol; Monomer conversion and molecular weight were determined by 'H-NMR;
lines are added to guide the eye.
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Dankwoord

Nu ik op het punt sta om de laatste hand te leggen aan dit proefschrift en daarmee aan vier
jaar hard zwoegen, herinner ik mij een artikel uit de Chicago Tribune®. Dit artikel lijkt mij op
het lijf geschreven, hoewel ik dat op dat moment nog niet helemaal door had...

‘Climbing the steps to the final degree is a difficult trek’

‘The dissertation journey has parallels to hiking up a mountain. Both involve
unusual and sometimes extreme discipline and devotion. For success, both require
careful planning and favorable travel conditions. These conditions involve a solid
financial base, a solid knowledge base, and a solid emotional base. Not only are
you ready but you are an expert in your own right. Your committee (assuming it's
benign) knows this and wants you to succeed. Like a guide, they've climbed a
mountain and do want to help you.’

Om te beginnen wil ik mijn promotor Cor Koning hartelijk bedanken, die mij de
mogelijkheid geboden heeft om dit project uit te voeren. Cor, je positieve blik op het
onderzoek en het vertrouwen dat je me schonk zal ik niet vergeten. Voorts wil ik de twee
copromotoren bedanken, Andreas Heise en Anja Palmans, die mij tijdens deze vier jaren met
raad en daad hebben bijgestaan en gestimuleerd. Het was een voorrecht om met jullie te
mogen samen werken. Jan Meuldijk dank ik hartelijk voor de betrokkenheid die hij toonde,
vooral bij het schrijfproces. Ook al werd je pas laat bij dit onderzoek betrokken, je adviezen
waren zeer welkom. De overige leden van de kerncommisie dank ik hartelijk voor het kritisch
doorlezen van mijn proefschrift. Verder zou ik graag Ron Peters en Harm van der Werff bij
DSM willen bedanken voor de inspanningen die ze geleverd hebben om dit onderzoek tot een
succes te maken. Verder wil ik DPI bedanken voor de financiéle ondersteuning van dit
project.

‘This thing is to persist. And persist. And continue persisting... The mountain that
is the dissertation work is a tremendous challenge. At times the university, the
data/population, your computer can be obstacles as well. If it were easy everyone
would summit mountains and be called "Doctor"".

‘Remember, it is OK to ask for help. In fact, with mountains and big papers we all
need support. From alpine guides, faculty members and seasoned secretaries to
friends and family, everybody needs direction and warm words. Doing a
dissertation can be lonely and we all can use a little community.’

* Chicago Tribune (09/21/03) - * The dissertation as Xtreme sport' by Dr. Christopher Gallup

130



Dankwoord

Daarom wil ik een ieder die mij de afgelopen vier jaar heeft bijgestaan in het onderzoek
bedanken. Bart van As, Joris Peeters, Lars van der Mee en Thomas Hermans en Martin
Wolffs, bedankt voor jullie nuttige suggesties, commentaar en diverse resultaten die mij het
onderzoek vereenvoudigden. Erica Custers, Linda Schormans en Harro Antheunis, ik hoop
dat jullie je bijdrage in dit proefschrift hebben herkend. I also would like to thank the
members of the enzyme-family in the SPC-group, David, Jenny and Gaetan, for the
discussions we had about this wonderful topic.

Aangezien mijn ‘liftle community’ zich in de eerste plaats heeft afgespeeld op de
universiteit, wil ik graag alle collega’s en ex-collega’s van SPC hartelijk danken voor de
nuttige adviezen en prettige momenten, zowel binnen als buiten de universiteit. Of course, I
should not forget to thank my office mates, Nadia and Simona, who revealed a great amount
of patience and empathy, especially over the last few months.

Daarnaast had ik soms ook nog wat tijd voor een ‘normaal leven’. Tk wil graag al diegenen
bedanken die mij gesteund hebben ondanks de vaak gelimiteerde tijd die ik met jullie heb
doorgebracht de laatste jaren. Het effect was er niet minder om. Martijn en Martijn, ik wil
jullie bedanken voor de sportieve en vooral ook minder sportieve (maar zeker zo leuke)
activiteiten, en natuurlijk voor de steun die ik tijdens mijn verdediging van jullie mag
verwachten.

‘Finally, we are all going to get bruised along the way. There's so much energy
and time involved in going from proposal to defence. So pursuing this path of a
thousand steps/tasks involves sacrifices and scars. Each day's walk helps you
push past the pains toward the vision of the final chapter. The summit becomes
reachable.

Nu de top in het zicht gekomen is, kom ik aan bij de mensen die het dichtst bij me staan. Ik
wil graag de mensen bedanken die mijn thuisfront vormen. Bedankt voor alle steun en
support, ook al kreeg ik (sommigen) maar niet uitgelegd wat ik nou precies deed. Jullie
aandacht en zorg hebben mij de gehele periode een warm gevoel gegeven.

‘Finally as you defend, and when you receive your degree, you'lll feel pride,
satisfaction, completion and a belief that it was all worthwhile. You've been there,
done it and now can wear the T-Shirt.’

De allerlaatste is voor de allerliefste: Anneloes, bedankt!

"The long climb is over, a new journey begins.’

Matt 1\615
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