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Summary
Nature’s ability to control the synthesis of biopolymers in terms of dispersity and sequence, which
gives rise to a well-defined three-dimensional structure, has inspired scientists for decades. The
most recognized examples of such well-defined three-dimensional structures are proteins. Upon
self-assembly, a well-defined three-dimensional structure is formed, which gives the proteins a
distinct function. Depending on the three-dimensional structure, a wide range of functions can be
fulfilled by proteins, such as catalytic activity and transport functions. To mimic nature’s
controlled self-assembly of biopolymers, amphiphilic block copolymers (BCPs) can be used, due
to their ability to self-assemble in solution. One application for the self-assembled structures from
BCPs is a drug delivery system, as drugs can be encapsulated in the core of the self-assembled
structures. It is thought that BCPs used for this application should have a low dispersity, as this
should lead to better defined particle shape and size and size distribution. However, most BCPs
used in this field of research have a molecular mass distribution, in contrast to biopolymers in
nature which are discrete and sequence controlled.
In this work, we used low molecular weight oligo(lactic acid)-b-oligo(ethylene glycol) (oLA-oEG)
to study the effect of dispersity on the self-assembly behaviour of these AB type block cooligomers (BCOs). As lactic acid can either be semicrystalline (LLA) or amorphous (DLLA), the
effect of dispersity on the self-assembly behaviour of crystalline BCOs was also studied, as well as
the effect of crystallinity on the self-assembly behaviour of BCOs. To study the effect of dispersity
and crystallinity on different morphologies, BCOs with several lengths of the oEG chain were
designed.
We successfully synthesized a library of discrete and disperse amorphous BCOs (o DLLA-oEG) via
coupling of either a discrete oDLLA16 or disperse oDLLA~16 block to three different lengths of oEG
(11, 17 or 48). A library of discrete and disperse crystalline amorphous BCOs (oLLA-oEG with oEG
chain lengths 11, 17 or 48) was kindly provided by Melanie Ahn and Marnie de Zwart.
Investigation of the bulk properties of the materials showed that the discrete crystalline BCOs
formed highly ordered phase separated structures at room temperature with a lamellar
morphology. Upon introducing dispersity in the crystalline BCOs, the extent of ordering was
reduced, which was also observed in the thermal behaviour of the BCOs as the heat of enthalpy of
crystallization was lower for the disperse BCOs. The extent of ordering was also reduced for
crystalline BCOs comprised of oEG48, as larger feature sizes were obtained. No phase separated
structures were observed for amorphous BCOs comprising oEG11 and oEG17, but BCOs comprising
oEG48 did give a phase separated structure. This indicates that oEG48 is able to crystallize in bulk
and induce phase separation.
Self-assembly of the amorphous BCOs (oDLLA-oEG11) in water led to the predicted vesicular
structure, which was confirmed by static light scattering (SLS) and total internal reflection
fluorescence microscopy (TIRF). Introduction of dispersity in these amorphous BCOs gave rise to
larger particle sizes upon self-assembly, but the homogeneity or stability of the amorphous
particles was not influenced much. However, later experiments did not show this size difference
and more data is needed to be able to reach a conclusion about the effect of dispersity on the
amorphous BCOs. Self-assembly of the crystalline BCOs (oLLA-oEG11) showed that sample history
of the BCO is an important factor to take into consideration. Newly synthesized BCOs were studied
upon self-assembly by Katja Petkau-Milroy and these BCOs showed one size and one morphology
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upon self-assembly in water. Overtime, part of the crystalline BCOs crystallized, which resulted
into several populations with several sizes and morphologies upon self-assembly in water.
To avoid the consequences of bulk crystallinity on the self-assembly behaviour of the BCOs in
water, improved organic stock solutions were prepared. As crystalline BCOs showed a lower
solubility compared to amorphous BCOs, the dissolution process of the BCOs was carefully
followed overtime and final stock solutions were prepared after full dissolution of all BCOs. These
final stock solutions were used to prepare particles which were studied by small angle neutron
scattering (SANS), to elucidate the core shell structure of these particles. The obtained scattering
data from these particles could be fitted by a lamellar structure. Introducing dispersity in these
particles did not give much difference in terms of thickness of the oLA core, indicating that the
particles prepared from amorphous BCOs showed similar packing of the oLA chain. Data obtained
from crystalline particles could not be fitted perfectly, due to the presence of crystalline parts in
these particles. Nevertheless, in the crystalline particles an effect of dispersity was observed, as
discrete crystalline particles showed tail-to-tail packing, while the disperse crystalline particles
showed intercalating packing of the oLA chains.
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Chapter 1
Introduction
1.1 Self-assembly in nature
Self-assembly is the spontaneous association of molecules through non-covalent bonds into
stable, structurally well-defined aggregates.1 In nature, self-assembly is controlled on a
microscopic and macroscopic scale, giving rise to structures such as lipid bilayers and colloids. In
addition, even more complex structures such as viruses, enzymes and molecular motors can be
formed.2–4
The most recognized example of self-assembly in nature is probably the self-assembly of proteins.
Proteins fulfil a wide range of functions in nature, from catalysts and transporters to controlling
growth and differentiation.5 These distinct functions can be related to the specific, well-defined
three-dimensional structure of the proteins. This three-dimensional structure of proteins is
already a higher level of organization, as the structure of a protein can be divided into four levels:
the primary, secondary, tertiary and quarternary structure (Figure 1.1). The primary structure is
the amino acid sequence of the protein, unique for every protein. Intra- or interchain hydrogen
bonding between amino acids drives the formation of secondary structures, such as α-helices or
β-sheets. The formed secondary structures can pack together in a compact three-dimensional
domain, the tertiary structure. The subsequent complexation of multiple of these threedimensional domains leads to the quarternary structure of a protein.
By studying proteins and the self-assembly thereof, more insight can be gained into the control of
nature over self-assembly. These insights could be used to design and develop new, highly defined
and controlled functional materials.

Figure 1 Levels of protein structure.

Figure 1.1. Levels of protein structure.5
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1.2 Self-assembly of amphiphilic block copolymers in solution
To mimic nature’s controlled self-assembly of biopolymers, amphiphilic block copolymers (BCPs)
can be used, due to their ability to assemble into supramolecular architectures, both in solution
and in bulk.6–9 An amphiphilic block copolymer consists out of incompatible blocks, this
incompatibility between the blocks drives the phase separation in bulk. In solution the phase
separation is governed by the difference of lyophobicity of the blocks.
In a selective solvent, the lyophobic blocks of the BCP will arrange to minimize their contact with
the solvent, while the lyophilic blocks remain solvated. This leads to a segregated structure, in
which a dense lyophobic core, consisting out of the collapsed chains, and a swollen lyophilic
corona are present.10
To achieve a more detailed view of the mechanism of self-assembly of BCPs in a selective solvent,
three contributions to the free energy of the system have to be taken into account: the interfacial
energy between the core and the solvent, the chain stretching in the core and the repulsive
interactions in the corona.11–13 As mentioned afore, in selective solvents amphiphilic BCPs arrange
in such a way to minimize the contact of the lyophobic block with the lyophilic solvent. This is the
driving force for self-assembly. Upon increasing aggregation number, chains will be packed more
tightly and start experiencing steric repulsion. Chains will stretch out towards the solvent to
reduce the steric repulsion, and this leads to an increase of the corona thickness. However, this
stretching is unfavorable and acts as a stopping mechanism for the growth of the micelle.14 The
chain stretching in the core is related to the curvature of the interface. Looking at the situation of
high curvature for a spherical morphology (Figure 1.2a), the lyophobic chains in the middle of the
core experience more repulsion, causing the lyophobic chains to stretch. In case of a low curvature
for a flat bilayer (Figure 1.2b), the lyophobic chains experience less repulsion as they have more
space available and thus stretch less. The repulsive interactions in the corona are also related to
the curvature of the interface, but in an opposite relation. For a high curvature (Figure 1.2a), the
lyophilic chains have more space and experience less steric repulsion, while for a low curvature
(Figure 1.2b) the steric repulsion is relatively high.

Figure 1.2. Schematic representation of a BCP in (a) a spherical micelle and (b) a flat bilayer.
The balance of the three contributions to the free energy of the system determines the
morphology of the BCP in thermodynamic equilibrium. However, this is the morphology predicted
at thermodynamic equilibrium, and depending on the preparation method, BCPs may assemble in
a kinetic trap.15 These kinetic traps can either be stable in solution for longer times16,17, or evolve
over time to the thermodynamically stable morphology.15 It is thus important to have a reliable
and reproducible preparation method to ensure that the obtained morphologies are in
thermodynamic equilibrium.
2
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The morphology in thermodynamic equilibrium can be predicted to some extent from the packing
factor p (Figure 1.3).18 The packing factor is the volume ratio of the used blocks and creates a
relationship between the molecular structure and the particle morphology. With increasing size
of the hydrophobic segments, the morphologies change from spherical micelles, via cylindrical
micelles to vesicles. This can also be related to the repulsive forces in the core, as for an increasing
size of the hydrophobic segment a lower curvature is preferred to experience less repulsion.

Figure 1.3. Packing factor p and different particle
morphologies.18

1.3 Drug delivery systems
One application for the structures formed by the self-assembly of BCPs is a drug delivery system.19
In the field of biomedical science, drug delivery is an important topic with the eventual goal to
arrive at a controlled drug delivery system.20 Problems encountered in the field of drug delivery
include drugs not being able to reach the site of diseased tissue on their own, short circulation
times of the drug and nonspecificity of the drug.21,22 Nonspecificity of a drug leads to diffusion of
the drug throughout the whole body and high doses are needed to ensure that the effective
concentration is reached at the site of diseased tissue. These high doses might lead to toxic side
effects of the drug. In order to overcome these problems, a controlled drug delivery system can be
used. A controlled drug delivery system would be able to deliver and release drugs in a controlled
fashion only at the site of diseased tissue. This provides a way to treat diseases without exposing
the entire body to the ‘toxic’ components of a drug.
The structures formed by the self-assembly of BCPs can be used as polymeric particles to
encapsulate drug and provide a controlled release. This controlled release can be achieved
through diffusion of the encapsulated drug out of the particle, or via degradation of the particle
itself.23,24 By tuning the size of these polymeric particles, certain sites in the body can be reached
more specifically. For sizes of these polymeric particles ranging from 50-150 nm, the enhance
permeability and retention (EPR) effect (Figure 1.4) results in accumulation of these particles in
inflammatory or tumor tissues.25
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Figure 1.4. Schematic representation of the EPR effect.32
The shape of the polymeric particles used for drug delivery can also be used to tune the particles
for different applications, as the shape has an effect on their function, in terms of blood circulation
time, cellular uptake and drug loading capacities.26,27 Spherical micelles are small and can
encapsulate hydrophobic drugs in their core, but are relatively unstable and might show low
blood circulation times if the size is too small. Vesicles are bigger and can encapsulate
hydrophobic drugs in their walls, as well as hydrophilic drugs in their core. However, if the size of
vesicles exceeds 200 nm in diameter, the EPR effect is not observed anymore.27 Cylindrical
micelles have an elongated shape which causes the cylindrical micelles to undergo a lateral drift,
increasing the chance of interaction with the blood vessel wall and thus a higher cellular uptake.
Spherical particles flow more in the center of the blood vessel and show therefore a lower cellular
uptake. Furthermore, elongated structures undergo less phagocytosis than spherical
nanoparticles, which could increase their circulation times within the body and thus a higher
accumulation in diseased tissue. By encapsulating hydrophobic drugs in polymeric particles, the
solubility of drugs increases, expanding the scope and effectivity of these drugs.28 Overall, by
encapsulating a drug, the drug’s solubility and stability increases, as well as the efficacy of the
drug.20
The building blocks of the BCPs used for drug delivery should be biocompatible, be synthetically
readily accessible to synthesize the BCP and the synthetic pathway should allow for high control
over composition and molar mass dispersity to arrive at homogeneously distributed polymeric
particles for drug delivery.29 Commonly used hydrophobic building blocks include poly(lactic
acid) (PLA), poly(ε-caprolactone) (PCL) and poly(lactic-co-glycolic acid) (PLGA), due to their
biocompatibility and biodegradability.19 In water, these hydrophobic blocks will form an insoluble
core and are able to encapsulate hydrophobic drugs.28,30,31 In order to ensure that the polymeric
particles are water soluble, poly(ethylene glycol) (PEG) is often utilized as hydrophilic block.32
PEG is also biocompatible, and shows stealth behaviour, diminishing the interactions of the
polymeric particle with the body and prolonging blood circulation. In general,
methoxypoly(ethylene glycol) (mPEG) is used, since hydrolysis of the polymeric particle is
avoided by the methoxy endgroup. Conventional synthesis of the hydrophobic building blocks
proceeds via polycondensation. Both end groups of the monomer are reactive, resulting in an
uncontrolled growth of the polymeric chain and leading to a high polydispersity index (PDI) of 2.
Compared to protein biosynthesis, the synthesis of these building blocks is ill controlled. As
protein biosynthesis is highly sequence controlled, which leads to a well-defined three
dimensional structure and function, the current focus in polymer chemistry is on sequence and
dispersity controlled polymer synthesis.33 Living polymerizations are shown to allow a more
4
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controlled synthesis leading to better defined polymers with lower PDIs, but still a molecular
weight distribution is present in the polymers synthesized by these living polymerizations.
Ideally, for polymers with a pharmaceutical application a low polydispersity index (PDI) is
desirable, as this should lead to better defined particle shape and size and size distribution and
thus a reproducible blood circulation and immunogenicity of the polymeric particles.32 A
synthetically stepwise iterative approach using orthogonal coupling steps has shown to enhance
the synthesis of polymers to polymers without a molecular weight distribution (PDI of 1.000) and
with a perfectly defined monomer sequence.34 By repetition of the orthogonal protection,
deprotection and coupling steps, a systematic growth of the polymer chains is achieved (Figure
1.5).

A

A

A

B

B

B
Coupling

Deprotection

Figure 1.5 Schematic representation of iterative growth strategy, utlizing protection
groups A and B. These groups can be deprotected orthogonally, resulting in systematic
growth of the polymer chains by protection, deprotection and coupling steps.
This iterative approach has also been applied to the building blocks of the BCPs for drug delivery.
In the case of PEG, a discrete PEG with a PDI of 1.000 up to a molecular weight of 2000 (48
repetitive units), can be synthesized using this approach and is patented by Quanta BioDesign Ltd
(Scheme 1.1).35 Here, R1 and R3 depict hydroxyl protecting groups which can be orthogonally
deprotected and R2 depicts a leaving group.

Scheme 1.1. Schematic representation of discrete PEG synthesis, using an iterative approach. R1
and R3 depict hydroxyl protecting groups (for example 2,4,6-trimethylbenzyl, tetrahydropyran2-yl or trialkylsilyl) which can be orthogonally deprotected, R2 depicts a leaving group (for
example p-toluenesulfonate).
For the hydrophobic building blocks, work has been done by Hawker et al. to obtain discrete CL
and LA oligomers, with chain lengths up to 64 repetitive units.36,37 In our group, van Genabeek et
al. also worked on discrete LA oligomers with chain lengths up to 64 repetitive units. 38 For both
CL as well as LA, the protecting groups used for hydroxyl and carboxylic acid groups are a tertbutyldimethylsilyl (TBDMS) ether and a benzyl (Bn) ester, respectively. These groups allow for
quantitative deprotection under mild conditions (Scheme 1.2).37
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Scheme 1.2. Synthetic route towards double protected protected L-LA dimer (3f), TBDMS-LLAyBn (3f-k), hydroxyl terminated HO-LAy1-Bn (2f-j) and carboxylic acid terminated TBDMS-LAy2COOH (4f-j). Reaction conditions: (a) Benzyl alcohol, CSA, toluene, 80 °C, argon, 3 h. (b) TBDMSCl, imidazole, DMF, RT, argon, 24 h. (c) BF3·OEt2, DCM, argon, RT, O/N. (d) Pd/C, H2, EtOAc, RT,
O/N. (e) EDC·HCl, DPTS, DCM, RT, argon, O/N. CSA = camphorsulfonic acid, TBDMS-Cl = tertbutyldimethylsilyl chloride. EDC·HCl = N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride, DPTS = 4-(dimethylamino)pyridinium 4-toluenesulfonate.
In addition to the possibility of obtaining LA without a molecular weight distribution, PLA has the
advantage that, due to the fact that lactide has two enantiomers 39 (L-lactide and D-lactide), three
types of PLA exist: optically active poly(L-lactide) (PLLA), optically active poly(D-lactide) (PDLA)
and racemic poly(DL-lactide) (PDLLA). By using PDLLA, or by mixing PDLA and PLLA to form
stereocomplexes, different properties for the polymeric particles in terms of crystallinity and
stability can be obtained.40 Investigation of the effect of core crystallinity of particles prepared
from self-assembled BCP’s with either amorphous PDLLA of crystalline PLA has shown that the
particles consisting of semi-crystalline PLLA are more stable.41 By mixing PLLA and PDLA based
BCP’s, particles consisting of stereocomplex PLA can be obtained. These particles even show
enhanced stability when compared to particles consisting of semi-crystalline PLLA.40,42

1.4 Factors affecting self-assembly behaviour of BCPs in solution
1.4.1 Effect of dispersity on self-assembly behaviour of BCPs in solution
In nature, polymers are discrete and sequence controlled, leading to a very well defined three
dimensional structure. This is, in turn, relates to the properties and functions of the selfassembled structures such as proteins. The morphology and size of self-assembled structures of
BCPs should be uniform, to ensure a reproducible drug uptake and drug release for
pharmaceutical applications. The question that arises is, how does dispersity in BCPs influence
the morphology, size and homogeneity of self-assembled structures? Or does dispersity lead to
self-sorting of longer and shorter chains or formation of adjusted structures instead of selfassembly?
It is important to consider that dispersity in the building blocks of BCPs not only affects the length
distribution of both blocks, but also the relative volume ratio of both blocks, which could affect
the adopted morphology if the disperse BCPs self-assemble. For example, for a diblock BCP with
one block having a higher dispersity than the other, this means that the chain lengths of the
disperse block vary more throughout the whole sample than for the less disperse block. Therefore,
chains with a higher molar mass will overall have a lower volume fraction of the block with the
6
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lower dispersity (Figure 1.6). This difference in volume fraction will change the adopted
morphology of these high molar mass chains and thus the volume ratio is not equal throughout
the whole sample. Overall, for the whole sample a certain morphology can be predicted via the
average volume ratios, but the final morphologies may differ due to changing volume fractions of
polymer chains with higher or lower molecular masses.

Figure 1.6. AB type BCP with disperse block B, leading to a difference in relative volume
fractions for individual polymer chains and thus different morphologies.18
Dispersity present in the building blocks of BCPs could thus lead to a mixture of sizes, as well as a
mixture of morphologies as the volume ratio is also affected by dispersity. However, it is not clear
whether dispersity present in the building blocks could lead to self-sorting of short and long
chains, or if these chains mix perfectly. Another possibility could be the formation of larger
aggregates or adjusted structures instead of self-assembly of the BCPs. These adjusted structures
might have holes or defects in which more drugs could be encapsulated when compared to the
encapsulation of drugs in the core of micelles or vesicles.
Mahanthappa and coworkers43 looked into the effect of dispersity introduced into the core
forming block of poly(ethylene oxide)-1,4-butadiene-poly(ethylene oxide) (PEO-PB-PEO) triblock
BCP upon self-assembly in water. For a weight percentage of 18% PEO, vesicles were expected to
form. Due to the fact that the PB block had a higher dispersity (1.75) than the PEO block (<1.25),
BCPs with a high molecular mass would have a lower fraction of PEO than average, resulting in a
different morphology. The same can be applied to low molecular mass chains, but in this case the
PEO fraction would be higher than average, again resulting in different morphologies. This was
indeed demonstrated for a sample where vesicles were expected to form, but instead spheres and
worms were also visualized via cryoTEM (Figure 1.7).

Figure 1.7. CryoTEM image of PEO-PB-PEO with 18% PEO, which was expected to form vesicles,
but due to dispersity in the PB chain multiple morphologies were visible.
For a higher weight percentage of PEO (42-58%), spherical micelles were expected to form.
Taking the dispersity of the BCP chains into account, it was expected that all BCPs would fall within
7
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the micelle phase, and thus only a size difference would be observed. However, via cryoTEM,
elongated micelles were visualized. The observation of these elongated structures was explained
by the relocation of shorter hydrophobic PB chains to provide the preferred curvature (Figure
1.8).

Figure 1.8. Schematic representation of relocation of shorter hydrophobic core block chains to
provide their preferred curvature, and the formation of elongated micelles.
Eisenberg and coworkers44,45 looked into the effect of dispersity introduced into the corona
forming block of poly(styrene)-poly(acrylic acid) (PS-PAA) BCP upon self-assembly in water.
Dispersity was introduced by mixing low dispersity polymers, with a constant length of the core
forming PS block, but with different lengths of the PAA block, resulting in polymers with the same
overall chain length, but with a PDI ranging from 1.1 -2.2. The expected morphology was vesicles,
but by increasing the dispersity the morphology changed from ill-defined vesicles with a large size
range, to smaller vesicles with a smaller size range and spheres (Figure 1.9). This can again be
explained by relocation of shorter chains. Shorter chains tend to relocate to the inside wall of
vesicles, as there the curvature is higher, whilst longer chains relocate to the outside wall. The
high number of longer chains on the outside wall causes more repulsion, which leads to a higher
curvature and smaller vesicles. By increasing repulsion of the longer chains in the outside wall,
eventually spheres can be formed due to higher curvature.

Figure 1.9. TEM images of vesicles prepared by different BCP mixtures, with increasing
dispersity of PAA, as indicated by the numbers on the top left.44
These observed effects of dispersity on vesicular morphologies, both in core and corona forming
blocks, have also been confirmed by theoretical simulations.46,47 Self-consistent field theory
(SCFT) was used to artificially introduce dispersity, resulting in dispersity in a range of 1.0-3.0 in
either the core forming or corona block while the other block had no length dispersity. It was
observed that when the dispersity in either the core or corona block was increased, vesicle size
decreased due to the relocation of shorter chains in the inner wall, while longer chains remained
outside. This relocation caused an increase in curvature and lower vesicle size. By further
increasing the dispersity, the curvature also increased, leading to spherical micelles.
However, work by Alessandro Ianiro14, which combines theoretical work using SCFT with
experimental self-assembly in water, shows that disperse PEO-PCL BCPs assemble as predicted,
8
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in terms of morphology and size, despite the BCPs being disperse (dispersity ranging from 1.08 –
1.34). Furthermore, this work shows that for the BCP comprising of the largest core (87 PCL units),
self-assembly into vesicles and the formation of bilayers happens simultaneously. The formation
of bilayers indicates that crystallization has taken place, suggesting that during sample
preparation, a competition between self-assembly and crystallization arises with increasing water
content. Thus, crystallinity effects should be taken into account when considering BCPs containing
semi-crystalline polymer units.

1.4.2 Effect of crystallinity on self-assembly behaviour of BCPs in solution
Exploring incorporation of crystalline coil forming blocks into BCPs, Manners, Winnik and
coworkers found that BCPs based on poly(ferrocenyldimethylsilane) (PFS) self-assemble into
cylindrical micelles.48–50 Interesting about these cylindrical micelles is, that based on the
hydrophobic : hydrophilic ratio, spherical micelles were the expected morphology, but for these
BCPs the morphology seems to be independent of this ratio. Further research showed that the
driving force for this self-assembly behaviour is the crystallization of the core. Initially formed
spherical micelles are suggested to undergo a nucleation event after which they can act as
crystallite seeds. From these seeds, bidirectional epitaxial crystal growth occurs, resulting in a
sphere-to-rod transition. Upon further addition of polymer, the cylinders can continue to grow
(Figure 1.10).51–53

Figure 1.10 Growth of cylindrical micelles via bidirectional epitaxial growth from crystallite
seeds.53
However, BCPs containing PFS would not be suitable for drug delivery purposes as PFS is not
biocompatible. Work has also been done in exploring the crystallization driven self assembly
(CDSA) on BCPs containing semicrystalline PLLA.54–56 BCPs containing semicrystalline PLA also
showed the behaviour of solely self-assembling into cylindrical micelles, even when spherical
micelles were the expected morphologies (Figure 1.11a). BCPs containing amorphous PLA were
also studied and these self-assembled into a spherical shape (Figure 1.11b).

(a)

(b)

Figure 1.11. TEM images of (a) cylindrical micelles from BCPs
containing semicrystalline PLLA (b) spherical micelles from
BCPs containing amorphous PDLLA.54
9
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The observation that BCPs containing amorphous PLA do not assemble into cylindrical micelles
while the semicrystalline PLA containing BCPs do, confirms that semicrystalline PLLA is also
capable to accommodate CDSA.
In addition to cylindrical morphologies, crystallinity also seems to have an effect on the selfassembly of spherical structures and local crystalline ordering may even drive micelle
formation.57–60

1.4.3 Effect of dispersity on crystallization driven self-assembly
So far, research on the effect of dispersity and crystallinity has focused on solely one of these
effects. The influence of dispersity has been studied using amorphous polymers, and the
monodisperse polymers used to study the influence of dispersity still have a molecular weight
distribution as the PDIs typically are in a range of 1.01-1.2. The influence of crystallinity has so far
only been studied on disperse polymers. In our group, work was done by Anindita Das and Katja
Petkau-Milroy to combine the effects of dispersity and crystallinity, by investigating the influence
of dispersity on the CDSA of an ABA type BCP.61 The BCPs in this work consisted out of a
semicrystalline L-lactic acid 16-mer as a hydrophobic block, coupled to either mPEG, or
oligo(tetraethylene glycol succinate) (oTEGSuc) as a hydrophilic block (Figure 1.12). All blocks
are biocompatible, to ensure a possible application in drug delivery. Dispersity was solely
introduced in the semi-crystalline core forming oLA block. The discrete L-LA 16-mer was
synthesized via a stepwise iterative approach, to obtain full control over the length.

Figure 1.12. Structures of discrete and disperse ABA type BCP.
Self-assembly in water of both BCPs lead either to cylindrical micelles (PLA-PEG), or vesicles or
flat bilayers (PLA-oTEGSuc). This difference in morphology can be explained by a slightly more
hydrophobic nature of oTEGSuc, changing the volume ratios of the hydrophobic and hydrophilic
parts of the polymer and thus the preferred morphology.
For the PLA-PEG BCP (P1), the introduction of dispersity in the PLA block was visualized by
cryoTEM (Figure 1.13a-b). Instead of one population of elongated cylinder micelles, bundles of
shorter and wider fibres were present for the disperse BCP. Furthermore, the discrete BCP was
able to form a gel, while the disperse variant did not show this behaviour. Investigation of core
crystallinity of the self-assembled structures in solution via micro-DSC (Figure 1.13c) also showed
a notable difference between the two BCPs: the discrete BCP did show a melting and
crystallization transition, while the disperse variant did not. This indicates that the disperse BCP
was not able to crystallize, probably due to a lower extent of packing in the PLA core.
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(a)

(c)

(b)

discrete

disperse

P1

P1

Figure 1.13. (a) CryoTEM image of P1disperse upon self-assembly in water with 10% THF. (b)
CryoTEM image of P1discrete upon self-assembly. (c) Micro-DSC traces for P1disperse and P1discrete
upon self-assembly.
For the PLA-oTEGSuc BCP (P2), the introduction of dispersity in the PLA block was visualized by
TIRF microscopy (Figure 1.14). Instead of long and uniform curved sheets (Figure 1.14c),
spherical morphologies, U-shaped sheets (circled in red) as well as other large aggregates were
present for the disperse BCP (Figure 1.14a-b). This indicates that dispersity in the core forming
block inhibits uniformity of self-assembled structures.

(a)

(b)

(c)

Figure 1.14. TIRF microscopy images of PLA-oTEGSuC upon self-assembly in water with 10%
THF. (a) Spherical morphologies and U-shaped sheets formed by P2disperse. (b) Large aggregates
formed by P2disperse. (c) Long and uniform sheets formed by P2discrete.
Summarizing, this work on studying the effect of dispersity on CDSA shows the importance of
taking dispersity into account when aiming at homogeneously self-assembled structures for drug
delivery purposes.

1.5 Aim of this project
In this work, we aim to expand on the previous work done in this group on the effect of dispersity
and crystallinity on the self-assembly behaviour of BCPs in water. In order to increase our
understanding of the effect of dispersity and crystallinity on the formation of different
morphologies, AB type BCPs consisting out of a hydrophobic PLA block and a hydrophilic mPEG
block will be synthesized (Scheme 1.3). In order to ensure the formation of different
morphologies, the degree of polymerization or the number of monomers of the hydrophilic block
will be 11, 17 and 48. BCP sets (a) and (b) will be used to study dispersity in the case of a
crystalline core forming block, BCP sets (c) and (d) will be used to study the effect of dispersity
without any crystallinity present.
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Scheme 1.3. oLA16-oEGx BCOs used in this chapter to study bulk properties, with x depicting a
length of oEG of 11, 17 or 48 repetitive units. (a) discrete and crystalline oLLA16-oEGx, (b)
disperse and crystalline oLLA~16-oEGx ,(c) discrete and atactic oDLLA16-oEGx and (d) disperse and
atactic oDLLA~16-oEGx. BCO sets a) and b) indicated with an asterix were provided by Marnie de
Zwart, David Janse and Melanie Ahn.
First, in Chapter 2, the synthesis of BCP sets (c) and (d) will be described. The BCP sets will be
synthesized via coupling the PLA block with an mPEG block of desired length. To study the effects
of dispersity and crystallinity on the bulk behaviour of all BCP sets (a) – (d), differential scanning
calorimetry (DSC) and small angle X-ray scattering (SAXS) will be used. The bulk behaviour of the
polymers will be described in Chapter 3. In Chapter 4, the self-assembly of BCPs consisting of PLA
and mPEG11 in water will be studied. First, sample preparation will be optimized to obtain the
thermodynamically stable morphologies. After this, static and dynamic light scattering (SLS and
DLS) will be used to probe particle size and shape. CryoTEM and total internal reflection
fluorescence (TIRF) spectroscopy will be used to visualize particle size and shape, and the stability
and core hydrophobicity of the formed particles will be investigated using Nile Red and
fluorescence spectroscopy. Finally, small angle neutron scattering (SANS) will be used to gain
information about particle morphology and about the structure of the core and corona of the
particle. Combined, these techniques will help to understand more about the effect of crystallinity,
monodispersity, and the interplay of both on the dispersity of self-assembled particles.
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Synthesis of discrete and disperse atactic oligo(lactic acid)-boligo(ethylene glycol)
2.1 Introduction
Lactic acid (LA) and ethylene glycol (EG) based polymers are used in numerous applications due
to their versatile properties and biocompatibility.1–3 Ethylene glycol reduces the tendency of
particles to aggregate via steric repulsion, and ethylene glycol based polymers are known to show
stealth behaviour (a reduced blood clearance).3 Lactic acid occurs naturally in the body, and is a
product or intermediate product of the body’s metabolism. It is produced from pyruvic acid under
anaerobic conditions, after which it can be converted to glucose via the Cori cycle to provide
energy to the body.2 Two isomers of lactic acid exist, D or L, but L-LA is found in higher
concentration in mammalian cells, and is the stereoisomer that is mostly produced by
microorganisms.4 In nature, lactic acid exists in the monomeric form, whereas for applications the
polymeric form is required.
In biological applications, PLA is usually connected to EG-based polymers to create an amphiphilic
PLA-PEG block copolymer.5–8 These amphiphilic polymers have been used in biological
applications for controlled drug delivery, as they can form particles with morphologies such as
micelles or vesicles upon self-assembly.9 These particles provide a controlled release of an
encapsulated drug through diffusion or via degradation of the particle itself.6,10 An additional
benefit of polymeric particles is that by encapsulating drugs, the solubility and stability of the
drugs increases, as well as the efficacy of the drug.11 By using amorphous PLA, the rate of drug
release and drug loading can be tuned.10 For core blocks with a lower extent of crystalline packing,
the drug loading is higher and the drug is more dispersed throughout the particle, leading to a
higher polymer-drug interaction and thus a slower drug release.
PLA-PEG polymers are typically obtained via ring opening polymerization of L-lactide using 1,8diazabicyclo[5.4.0]undec-7-ene (DBU) as a catalyst and low-dispersity PEG as an alcohol
macroinitiator.12 Polymers obtained via this type of polymerization always have a molar mass
distribution. However, as described in the Introductory Chapter, we are interested in the effect of
dispersity in low molecular weight polymers, so besides disperse length PLA-PEG polymers,
discrete length PLA-PEG also needs to be obtained. In order to obtain discrete length PLA-PEG,
discrete polymers of L-lactic acid and EG are needed. Whereas discrete oligomers of EG are
commercially available nowadays13, those of LA have to be prepared. Several methods exist to
obtain these discrete PLA polymers, for example the fractionation of polydisperse LA using
chromatographic methods.14 Monodisperse lactic acid oligomers (oLA) with degrees of
polymerization ranging from 2 to 16 were hereby obtained, but higher molecular weights were
not accessible using this method. An alternative is to use an exponential growth strategy, as
described by Hawker et al.15 The strategy described by Hawker et al. yields discrete oLLA with
degrees of polymerization up to 64. This method has been adapted by van Genabeek and Lamers
et al. to obtain oLA with degrees of polymerization up to 64, with either atactic or isotactic oLA
oligomers.16
In this chapter, we describe the synthesis of both discrete and disperse atactic oDLLA-oEG block
co-oligomers (BCOs) (Scheme 2.1). The synthetic route described by van Genabeek to form the
discrete DLLA oligomers to obtain the 16-mer has been applied. Subsequently, oDLLA16 and
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oDLLA~16, kindly provided by Teun Kleuskens, will be used for synthesis of discrete atactic
oligo(lactic acid)-b-oligo(ethylene glycol) (oDLLA16-oEG) and disperse atactic oligo(lactic acid)-boligo(ethylene glycol) (oDLLA~16-oEG), using a procedure described by Das et al.17 Both the
discrete and disperse BCOs will be fully characterized using NMR, MALDI-ToF and size exclusion
chromatography (SEC) to assess the chain length distribution.

Scheme 2.1. oLA16-oEGx BCOs described in this chapter, with x depicting a length of oEG of 11,
17 or 48 repetitive units. (a) discrete and atactic oDLLA16-oEGx, (b) disperse and atactic
oDLLA~16-oEGx.

2.2 Synthesis of discrete length oDLLA16-oEG
As mentioned in the introduction of this chapter, typical PLA synthesis occurs via
polycondensation of LA monomers. Both functional groups, hydroxyl and carboxylic acid groups,
of the monomer are reactive, leading to a step-wise built-up of the polymeric chain (Figure 2.1a).
This step-wise growth results in the formation of many different chains lengths and thus a
disperse material with a high molar mass distribution, with a theoretical value of 2.0.

Figure 2.1. Schematic representation of PLA synthesis. (a) Typical polycondensation without
protection groups, resulting in a disperse material. Hydroxyl and carboxylic acid groups
depicted in green and yellow triangles, respectively. (b) Exponential iterative growth strategy,
utlizing protection groups A and B. These groups can be deprotected orthogonally, resulting in
systematic growth of the polymer chains by protection, deprotection and coupling steps.
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The molar mass dispersity, Đ, in the material can be reduced by the use of orthogonal protection
groups, as this enables control over chain growth, leading to a discrete material with, in theory, a
Đ of 1.00 (Figure 2.1b). This exponential iterative growth strategy has been described by Hawker
et al. and van Genabeek et al. to obtain atactic LA oligomers with discrete chain lengths, using
selective protection, deprotection and coupling steps.15,16 The protection groups used for the
hydroxyl and carboxylic acid groups are a tert-butyldimethylsilyl (TBDMS) ether and a benzyl
(Bn) ester, respectively. These protecting groups are orthogonal and allow selective and
quantitative deprotection in presence of each other under mild conditions.15
In this work, the LA 16-mer had been synthesized via the synthetic route described by van Das et
al.17, using the same protective end groups to obtain the discrete DL-LA oligomers (DLLA16). The
oligomer was subsequently coupled to several lengths of commercially available discrete oEG, to
afford oDLLA16-oEG amphiphiles. To obtain the disperse 16-mer, the synthetic route described by
Sherck et al. has been used.12 The end groups of the DLLA will be abbreviated and noted as ADLLA16-B, where A and B represent the end groups (Figure 2.2).

Figure 2.2. Chemical structure of the double protected lactic acid 16-mer TBDMS-oDLLA16-Bn.
After obtaining the 16-mer of the LA, kindly provided by Teun Kleuskens, the first step towards
the discrete oDLLA16-oEG oligomers was the deprotection of the benzyl group to obtain the free
carboxylic acid group (Scheme 2.2). This was done by treating the 16-mer with Pd/C under a
hydrogen atmosphere and the 16-mer with a free carboxylic acid group was obtained in high yield.
The difference in polarity of the starting materials and the product made it easy to follow the
reaction via thin layer chromatography. Since the only byproduct of this reaction is toluene, the
purification of this reaction was only filtering over celite to obtain 16-mer 4d. 16-mer 4d and
commercially available oEG of three different lengths were coupled via EDC coupling to obtain the
final amphiphiles 6e-g (25-41%). The chain lengths of oEG were chosen such, that weight
fractions of the hydrophobic block ranging from 0.38 – 0.72 were obtained. Important to note
here, is that oEG is very hygroscopic and thus it attracts and retains water. This could lead to
hydrolysis of the formed ester during the EDC coupling and therefore it is important to dry the
oEG prior to the coupling reaction. This was done before every coupling reaction by drying the
oEG overnight in the vacuum oven at 40 °C and 30-50 mbar over P2O5.

Scheme 2.2 Synthetic route towards carboxylic acid terminated TBDMS-oDLLA16-COOH (4d)
and discrete oDLLA16-oEG amphiphiles (6e-g). Reaction conditions: (a) Pd/C, H2, EtOAc, RT, O/N,
90%. (b) EDC·HCl, DPTS, DCM, RT, argon, O/N, 25-41%. EDC·HCl = N-(3-dimethylaminopropyl)N’-ethylcarbodiimide hydrochloride, DPTS = 4-(dimethylamino)pyridinium 4-toluenesulfonate.
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As the starting materials and the product of the EDC coupling have a comparable polarity, it was
not sufficient to follow the progress of the coupling reaction solely via thin layer chromatohraphy.
The conversion of this reaction was also followed via 1H-NMR, as the signal of the two hydrogens
of the carbon next to the free alcohol of the oEG shift downfield after coupling to the LA, due to
the change in electronic environment. The comparability in polarity also gave some issues during
purification of the final amphiphiles. Due to the hydrophilic nature of oEG, during the washing
step some of the final amphiphiles would reside in the aqueous phase instead of the organic phase.
Extra washing of the aqueous phase with organic solvent was needed to obtain as much of the
final amphiphiles as possible. The solvents used in column chromatography
(dichloromethane/methanol) using a silica column, as described by Melanie Ahn 18 led to coelution of the starting material and the product. Since the final amphiphiles do not contain a free
carboxylic end group, but the starting material does, an alumina column using dichloromethane
and methanol as solvents was used to separate these two materials. However, this method also
lead to co-elution of the two materials. To see if other solvent mixtures would be more suitable to
separate these two materials, several mixtures were made and the separation of the two materials
was analyzed with thin layer chromatography. A dichloromethane/1,2-dimethoxyethane mixture
showed the most promising results and this was used to purify oligomers 6e and 6f. 1,2dimethoxyethane was distilled prior to use, to prevent the presence of dimers in the solvent, as
these would have a high boiling point and would be difficult to remove from the final oligomers.
For oligomer 6g purification using dichloromethane/1,2-dimethoxyethane did not work. A high
performance column using again dichloromethane/methanol as solvents gave the oligomer 6g in
pure form. Oligomers 6e-g were obtained in quantities of 34 mg, 173 mg and 66 mg, respectively.

Figure 2.3. 1H NMR spectrum (400 MHz, CDCl3) of TBDMS-oDLLA16-oEG17 (6f).
The high purity and discreteness of the obtained oligomers can be evaluated by 1H-NMR and
MALDI-ToF, respectively. In Figure 2.3, an exemplary spectrum of a final discrete oligomer is
shown. The quartet at 4.40 ppm (peak b) can be ascribed to the single proton from lactic acid, the
adjacent peak c corresponds to two protons from ethylene glycol, which are highly downfield
shifted after coupling due to change in electronic environment. The signals from the TBDMS
group, 0.9 ppm and 0.1 ppm are still present, indicating that no degradation has taken place. The
signal at 0.1 ppm is a double singlet, which can be ascribed to the interference of methyl side chain
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h with the protons of the methyl groups j and k. This interference leads to a slight difference in
electronic environment for the two methyl groups. 13C NMR was measured in addition to confirm
the purity of the oligomers.
In addition to 1H NMR and 13C NMR, the purity and dispersity of the final oligomers was evaluated
by MALDI-ToF. All spectra show a single high intensity peak at the expected molecular weight of
the oligomers in both matrices (CHA and DCTB) (Figure 2.4). The high intensity peak is followed
by a smaller peak, which represents the molecular mass plus a sodium or a potassium ion,
respectively. The absence of peaks matching the starting material or oligomers with a lower or
higher DP indicate discrete products.
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Figure 2.4. MALDI-ToF (CHCA or DCTB matrix) spectra of oDLLA-oEG amphiphiles (6e-g). The
data is shifted vertically for clarity.
All final oligomers were also examined with SEC. Calculated Đ values from the SEC traces were in
the range of 1.01. However, MALDI-TOF already showed that the materials are fully discrete.
Moreover, the molecular weights calculated by this technique do not match the exact mass of the
oligomers. This indicates that this technique is not sensitive enough to determine accurate values
of Ð for these oligomers, as the molecular weights of the oligomers probably are below the
detection limit of this technique. Brigitte Lamers also experienced this discrepancy in molecular
weight for low molecular weight oligomers consisting out of oLA.19 Therefore, we conclude that
SEC is not sensitive enough to determine the Ð for these oligomers, and MALDI-TOF is a better
method to examine the molar mass dispersity.

2.3 Synthesis of disperse length oDLLA~16-oEG
As mentioned in the Introductory Chapter we want to investigate the effect of dispersity on the
self-assembly of oLA-oEG oligomers in water, so besides discrete oligomers, disperse oligomers
also had to be synthesized. The disperse 16-mer, kindly provided by Teun Kleuskens, had been
synthesized via a ring opening polymerization using 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) as
a catalyst and benzylic alcohol (BnOH) as an initiator, as described by Sherck et al.12 To ensure
stability of the 16-mer, as well as the final oligomers, the same protective end groups as described
above for the discrete oligomers (TBDMS and Bn) will be used.
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After obtaining the 16-mer of the LA (7), kindly provided by Teun Kleuskens, the first step
towards the oDLLA~16-oEG oligomers was the protection of the alcohol using TBDMS-Cl to give the
double protected dimer (Scheme 2.3). During workup of this reaction, a precipitate of DMF formed
when pouring into saturated NaHCO3. After a low yield of the crude material 8a, this precipitate
was checked with TLC analysis and mostly longer lactic acid oligomers seemed to reside in here.
The precipitate was extracted with DCM, which lead to crude material 8b. 1H NMR showed that
crude material 8b had a DP around 17, while crude material 8a mostly contained shorter lactic
acid oligomers, with a DP around 4. Crude material 8b was thus chosen to be purified using
column chromatography, to obtain pure double protected 16mer 7 with a DP of 18. Since we
wanted to achieve a DP of 16, the fractions with different DPs have to be separated and combined
again after purifying the final oligomers 11a-c. The double protected oligomer was treated with
Pd/C under a hydrogen atmosphere to deprotect the benzyl group to obtain the free carboxylic
acid. The difference in polarity of the starting materials and the product made it easy to follow the
reaction via thin layer chromatography. As the only byproduct of this reaction is toluene, the
purification of this reaction was only filtering over celite to obtain 16-mer 9. The 16-mer 9 and
oEG of three different lengths (10a-c) were coupled via EDC coupling to obtain the final
amphiphiles 11a-c (19-37%). The chain lengths of oEG were chosen such, that weight fractions of
the hydrophobic block ranging from 0.38 – 0.72 were obtained. Important to note here, is that oEG
is very hygroscopic and thus it attracts and retains water. This could lead to hydrolysis of the
formed ester during the EDC coupling and therefore it is important to dry the oEG prior to the
coupling reaction. This was done before every coupling reaction by drying the oEG overnight in
the vacuum oven at 40 °C and 30-50 mbar over P2O5.

Scheme 2.3. Synthetic route towards double protected protected DL-LA 16-mer (8), carboxylic
acid terminated TBDMS-oDLA~16-COOH (9) and and disperse oDLLA~16-oEG amphiphiles (11a-c).
Reaction conditions: (a) Benzyl alcohol, DBU, DCM, RT, 2 h. (b) TBDMS-Cl, imidazole, DMF, RT,
argon, 24 h, 17%. (c) Pd/C, H2, EtOAc, RT, O/N, 76%. (e) EDC·HCl, DPTS, DCM, RT, argon, O/N,
19-37%. DBU = 1,8- diazabicyclo[5.4.0]undec-7-ene, TBDMS-Cl = tert-butyldimethylsilyl
chloride. EDC·HCl = N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride, DPTS = 4(dimethylamino)pyridinium 4-toluenesulfonate.
Similar to the synthesis of the discrete oligomers, thin layer chromatography was not sufficient to
follow the progress of the coupling reaction, so 1H NMR was used additionally to evaluate the
conversion of the reactions. The comparability of polarity of the starting material and the final
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product again gave problems during purification. The same solvents were used as for the discrete
oligomers, i.e. DCM/1,2-dimethoxyethane for oDLLA~16-oEG11 and oDLLA~16-oEG17 and
DCM/methanol for oDLLA~16-oEG48. As mentioned before, we want to obtain disperse polymers
with a DP of 16. After purification using column chromatography, 1H NMR was used to determine
the DP of several fractions and fractions with several DPs were combined to obtain an average DP
of 16. As a result, some fractions had to be discarded, leading to a lower yield of the final oligomers.
Oligomers 11a-c were obtained in quantities of 25 mg, 189 mg and 31 mg, respectively.
The purity and dispersity of the obtained oligomers was evaluated by 1H-NMR and MALDI-ToF,
respectively. In Figure 2.5, an exemplary spectrum of a final disperse oligomer TBDMS-oDLL~16oEG11 is shown. The quartet at 4.40 ppm (peak b) can be ascribed to the single proton from lactic
acid, the adjacent peak c corresponds to two protons from ethylene glycol, which are highly
shifted downfield after coupling due to change in electronic environment. The signals from the
TBDMS group, 0.9 ppm and around 0.1 ppm are still present, indicating that no degradation has
taken place. 1H-NMR gives final DPs of 17, 18 and 17, for oDLLA~16-oEG11, oDLLA~16-oEG17 and
oDLLA~16-oEG48, respectively.

Figure 2.5. 1H NMR spectrum (400 MHz, CDCl3) of disperse TBDMS-oDLL~16-oEG11 (11a).
In addition to 1H NMR and 13C NMR, the purity and dispersity of the final oligomers was evaluated
by MALDI-ToF. All spectra show a high intensity peak at the expected molecular weight of the
oligomers in both matrices (CHA and DCTB) (Figure 2.6), followed and preceded with lower
intensity peaks with a mass difference of 72.02 kDa, corresponding to one lactic acid repeating
unit, highlighting the dispersity of the oligomers.
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Figure 2.6. MALDI-ToF (CHCA or DCTB matrix) spectra of disperse oDLLA-oEG amphiphiles
(11a-c). The data is shifted vertically for clarity.
SEC was measured to assess the Ð of the final disperse oligomers, which gave measured Ð values
in the range of 1.03. In Figure 2.7, the SEC traces of disperse oDLLA~16-oEG11 and discrete oDLLA16oEG11 are shown. Both traces show a Gaussian distribution. However, the distribution for disperse
oDLLA~16-oEG11 is much broader, highlighting the dispersity of the oligomer compared to its
discrete counterpart.
oDLLA 16-oEG11

Normalized Intensity

oDLLA ~16-oEG11

Retention Time
Figure 2.7. SEC traces (RI) for oDLLA16-oEG11 and oDLLA~16-oEG11 block co-oligomers. The data
is slightly shifted vertically for clarity.
In addition to SEC, the Ð was also determined from MALDI-ToF. By calculating Mw and Mn
(Formula 2.1 and 2.2) from the MALDI-ToF spectra (assuming that the intensity can be seen as
Ni), one can determine the Ð by dividing Mw/Mn. The Ð values obtained from SEC, as well as
calculated values from the MALDI-ToF spectra are shown in Table 2.1.
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𝑀𝑤 =
𝑀𝑛 =
Oligomer

Ð
(SEC)

∑𝑁𝑖 𝑀𝑖2
∑𝑁𝑖 𝑀𝑖
∑𝑁𝑖 𝑀𝑖
∑𝑁𝑖

(2.1)
(2.2)

Mw
(SEC)

Mn
Mw
Ð
DP
(MALDI(MALDI(MALDI(1H NMR)
ToF)
ToF)
ToF)
oDLLA~16-oEG11
1.03
3127
1871
1887
1.01
17
oDLLA~16-oEG17
1.03
3640
2219
2239
1.01
18
oDLLA~16-oEG48
1.02
4950
3468
3473
1.001
17
Table 2.1. Polydispersity index (Ð), weight averaged molecular weight (Mw), number averaged
molecular mass (Mn) and degree of polymerization (DP) of final oligomers (11a-c).
Comparing the results from SEC and MALDI-ToF, it is clear that SEC overestimates the Mw, as well
as the Ð when compared to MALDI-ToF. The overestimation of Mw might be explained by the short
lengths of these oligomers, as these might lay below the detection limit of the used SEC column.
Another reason for this overestimation could be the calibration method used for this SEC column.
The calibration is performed with polystyrene, which has a smaller hydrodynamic radius/mass
ratio compared to oLA. Therefore, the molecular weight obtained by this technique is not accurate.
For a fair comparison between the discrete and disperse oligomers, the dispersity will be assessed
by the Ð calculated by MALDI-ToF.

2.4 Conclusions
Syntheses of the desired atactic oligomers for this research were described in this chapter. The
discrete and disperse atactic oLA-oEG block co-oligomers were successfully synthesized and
characterized. Examination of MALDI-ToF spectra showed that for the discrete oligomers, no
oligomers with an incorrect number of LA repeating units were present, indicating that we
obtained discrete length atactic oLA-oEG BCOs. For the disperse oligomers, the obtained
polydispersity index obtained from MALDI-ToF spectra (1.001 – 1.01) is in line with what is
usually reported as being monodisperse. These disperse oligomers are thus a good reference to
gain insight if (mono)dispersity is necessary for homogeneously distributed self-assembled
structures.

2.5 Experimental section
2.5.1 Materials
All reagents were purchased from Aldrich and used as received, unless otherwise specified. oEG11
and oEG17 were purchased from Polypure, oEG48 was purchased from Quanta BioDesign. All oEGs
were dried overnight at 40 °C and 0 mbar over P2O5 prior to use. DPTS was synthesized by Marnie
de Zwart.20 All solvents were purchased from Biosolve and dry solvents were obtained using
MBraun solvent purification system (MB SPS-800). 1,2-Dimethoxyethane was distilled prior to
use. Deuterated compounds were obtained from Cambridge Isotopes Laboratories. Reactions
were followed by thin-layer chromatography (TLC) using 60-F254 silica gel plates from Merck and
visualized by cerium molybdate (CeMo) stain.

2.5.2 Methods
Automated column chromatography was performed on a Grace Reveleris X2 using Reveleris Silica
Flash Cartridges. 1H NMR and 13C NMR spectra were recorded on a Varian Mercury Vx 400 MHz
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(400 MHz for 1H NMR and 100 MHz for 13C NMR). Proton chemical shifts are reported in ppm (δ)
downfield from trimethylsilane (TMS) using the resonance frequency of the deuterated solvent as
the internal standard. Peak multiplicity abbreviated as s: singlet; d: doublet, q: quartet; m:
multiplet; dd: double doublet. Carbon chemical shifts are reported in ppm (δ) downfield from TMS
using the resonance frequency of the deuterated solvent as the internal standard. Matrix assisted
laser absorption/ionization mass time of flight (MALDI-ToF) spectra were obtained on a Bruker
AuToFlex Speed. α-cyano-4-hydroxycinnamic acid (CHCA) and trans-2-[3-(4-tert-butylphenyl)-2methyl-2-propenylidene]malononitrile (DCBT) were used as matrix. All samples were dissolved
in tetrahydrofuran. Gel Permeation Chromatography (GPC) measurements were obtained on a
Shimadzu Prominence-i LC-2030C 3D equipped with a Shimadzu RID-20A refractive index
detector. A THF flow of 1 mL/min is used. A polystyrene standard is used for the calibration,
relating the retention time to molecular weight.

2.5.3 Synthetic procedures
1H

NMR and 13C NMR of final compounds 6e-6g and 11a-11c can be found in Appendix Figure 112.

TBDMS-oDLLA16-COOH (4d)
TBDMS-oDLLA16-Bn (3d) (0.83 g, 0.60 mmol) was dissolved in EtOAc (3 mL, 0.2 M) in a 25 mL
round bottom flask. The solution was purged with nitrogen and palladium (10% on carbon, 0.18
eq) was added. The mixture was stirred overnight under hydrogen atmosphere, using a balloon,
at room temperature. Full conversion of the benzyl ester was confirmed by TLC analysis
(hept/EtOAc 50:50; CeMo stain; Rf,product = 0.29 (tailing)). The black suspension was filtered
through a 4 cm thick layer of celite and the filter cake was washed with EtOAc (8 x 20 mL). The
filtrate was concentrated in vacuo, giving the product (4d) as a colorless oil (0.7 g, 90%).
1H

NMR (400 MHz, CDCl3) δ: 5.27 – 5.09 (m, 15H, O-CH(CH3)-CO), 4.40 (q, J = 6.7 Hz, 1H, TBDMSCH(CH3)-CO), 1.69 – 1.50 (m, 45H, O-CH(CH3)-CO), 1.45 (d, J = 6.7 Hz, 3H, TBDMS-CH(CH3)-CO),),
0.90 (s, 9H, (CH3)3C-Si(CH3)2), 0.11 (s, 3H, (CH3)3C-Si(CH3)2), 0.08 (s, 3H, (CH3)3C-Si(CH3)2). 13C
NMR (100 MHz, CDCl3) δ: 173.57, 173.39, 171.28, 169.95, 169.82, 169.77, 169.62, 169.56, 169.52,
169.44, 169.37, 169.33, 169.29, 169.24, 169.20, 169.18, 77.23, 69.19, 69.10, 69.06, 69.02, 68.98,
68.88, 68.81, 68.78, 68.56, 68.00, 67.98, 60.45, 29.69, 25.70, 21.27, 21.21, 21.05, 18.29, 16.87,
16.73, 16.67, 16.61, 14.19, -0.01, -4.91, -5.30. HRMS (MALDI-ToF): m/z calcd C54H80O33Si+Na+:
1307.42 [M + Na]+, found 1307.44; m/z calcd C54H80O33Si+K+: 1323.40 [M + K]+, found 1323.41.

TBDMS-oDLLA16-oEG11 (6e)
TBDMS-oDLLA16-COOH (4d) (98.9 mg, 0.077 mmol, 1 eq) was dissolved in dry DCM (0.5 mL, 0.15
M) in a 10 mL round bottom flask under an argon atmosphere. The solution was cooled to 0 °C in
ice water and 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS, 12 mg, 0.042 mmol, 0.5
eq) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC·HCl, 33.6 mg,
0.175 mmol, 2.3 eq) were added. The mixture was stirred for 10 minutes until the solids were
dissolved and the solution turned transparent, followed by the addition of the 11mer of
poly(ethylene glycol) (oEG11 (5e), 44 mg, 0.085 mmol, 1.1 eq). oEG11 was first dried overnight
under vacuum over P2O5. The resulting solution was stirred overnight at room temperature under
N2 atmosphere. The conversion was checked by TLC analysis (DCM/MeOH 90:10; CeMo stain;
Rf,product = 0.79). The reaction mixture was diluted with DCM (2 mL) and washed with saturated
NaHCO3 solution (4 x 3 mL) and brine (1 x 3 mL). The organic layer was dried with MgSO4 and
concentrated in vacuo, giving the crude product. The crude product was purified using automated
column chromatography by using DCM/1,2-dimethoxyethane (100/0 to 80/20) as eluent, giving
product (6e) as a colorless oil (34.3 mg, 0.0192 mmol, 25 %).
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1H

NMR (400 MHz, CDCl3) δ: 5.27 – 5.10 (m, 15H, O-CH(CH3)-CO), 4.40 (q, J = 6.7 Hz, 1H, TBDMSCH(CH3)-CO), 4.35 – 4.21 (m, 2H, CO-O-CH2-CH2-,), 3.73 – 3.59 (m, 40H, -((CH2)2-O)10-CH3), 3.59 –
3.52 (m, 2H, -CH2-CH2-O-CH3), 3.38 (s, 3H, TBDMS-CH(CH3)-CO), 1.62 – 1.49 (m, 45H, O-CH(CH3)CO), 1.45 (d, J = 6.7 Hz, 3H, TBDMS-CH(CH3)-CO),), 0.90 (s, 9H, (CH3)3C-Si(CH3)2), 0.11 (s, 3H,
(CH3)3C-Si(CH3)2), 0.08 (s, 3H, (CH3)3C-Si(CH3)2). 13C NMR (100 MHz, CDCl3) δ: 173.54, 173.35,
170.06, 170.03, 169.94, 169.80, 169.76, 169.62, 169.59, 169.53, 169.41, 169.35, 169.31, 169.27,
169.15, 169.13, 106.02, 77.24, 72.57, 71.93, 70.95, 70.60, 70.56, 70.51, 69.23, 69.18, 69.15, 69.06,
69.03, 68.99, 68.86, 68.80, 68.53, 67.97, 66.55, 64.43, 59.39, 59.03, 56.44, 25.70, 21.27, 21.21,
18.29, 16.88, 16.79, 16.77, 16.74, 16.66, 16.62, 16.60, -0.00, -4.91, -5.30. HRMS (MALDI-ToF): m/z
calcd C77H126O44Si+Na+: 1805.72 [M + Na]+, found 1805.79; m/z calcd C77H126O44Si+K+: 1821.70 [M
+ K]+, found 1822.77.

TBDMS-oDLLA16-oEG17 (6f)
TBDMS-oDLLA16-COOH (4d) (261.9 mg mg, 0.21 mmol, 1 eq) was dissolved in dry DCM (2 mL, 0.11
M) in a 10 mL round bottom flask under an argon atmosphere. The solution was cooled to 0 °C in
icewater and 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS, 11.4 mg, 0.041 mmol, 0.2
eq) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC·HCl, 54.8 mg, 0.27
mmol, 1.3 eq) were added. The mixture was stirred for 10 minutes until the solids were dissolved
and the solution turned transparent, followed by the addition of the 17mer of poly(ethylene
glycol) (oEG17 (5f), 164 mg, 0.21 mmol, 1 eq). oEG17 was first dried overnight under vacuum over
P2O5. The resulting solution was stirred overnight at room temperature. The conversion was
checked by TLC analysis (DCM/MeOH 90:10; CeMo stain; Rf,product = 0.73). The reaction mixture
was diluted with DCM (2 mL) and washed with saturated NaHCO3 solution (4 x 3 mL) and brine
(1 x 3 mL). The organic layer was dried with MgSO4 and concentrated in vacuo, giving the crude
product. The crude product was purified using automated column chromatography by using
DCM/1,2-dimethoxyethane (100/0 to 80/20) as eluent, giving product (6f) as a colorless oil (173
mg, 0.084 mmol, 40%).
1H

NMR (400 MHz, CDCl3) δ: 5.27 – 5.09 (m, 15H, O-CH(CH3)-CO), 4.40 (q, J = 6.7 Hz, 1H, TBDMSCH(CH3)-CO), 4.34 – 4.20 (m, 2H, CO-O-CH2-CH2), 3.89 – 3.58 (m, 64H, -((CH2)2-O)16-CH3), 3.58 –
3.53 (m, 2H, -CH2-CH2-O-CH3), 3.38 (s, 3H, TBDMS-CH(CH3)-CO), 1.64 – 1.49 (m, 45H, O-CH(CH3)CO), 1.45 (d, J = 6.8 Hz, 3H, TBDMS-CH(CH3)-CO), 0.90 (s, 9H, (CH3)3C-Si(CH3)2), 0.11 (s, 3H,
(CH3)3C-Si(CH3)2), 0.08 (s, 3H, (CH3)3C-Si(CH3)2). 13C NMR (100 MHz, CDCl3) δ: 173.54, 173.35,
170.05, 169.76, 169.61, 169.53, 169.41, 169.35, 169.31, 169.26, 169.15, 169.13, 77.25, 74.32,
71.93, 70.61, 70.56, 70.51, 70.42, 69.22, 69.18, 69.15, 69.06, 69.03, 68.99, 68.86, 68.80, 68.53,
67.97, 64.42, 64.11, 63.71, 59.38, 59.28, 59.03, 55.30, 53.44, 29.69, 25.70, 21.27, 21.21, 18.28,
16.88, 16.77, 16.74, 16.67, 16.62, 16.60, -0.00, -4.91, -5.30. HRMS (MALDI-ToF): m/z calcd
C89H150O50Si+Na+: 2069.88 [M + Na]+, found 2070.96; m/z calcd C89H150O50Si+K+: 2085.9 [M + K]+,
found 2086.9.

TBDMS-oDLLA16-oEG48 (6g)
TBDMS-oDLLA16-COOH (4d) (63.6 mg mg, 0.0495 mmol, 1.06 eq) was dissolved in dry DCM (1 mL,
0.05 M) in a 10 mL round bottom flask under an argon atmosphere. The solution was cooled to 0
°C in icewater and 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS, 8.3 mg, 0.03 mmol,
0.6 eq) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC·HCl, 21.4 mg,
0.112 mmol, 2.4 eq) were added. The mixture was stirred for 15 minutes until the solids were
dissolved and the solution turned transparent, followed by the addition of the 48mer of
poly(ethylene glycol) (oEG48 (5g), 100 mg, 0.0467 mmol, 1 eq). oEG48 was first dried overnight
under vacuum over P2O5. The resulting solution was stirred overnight at room temperature. The
conversion was checked by TLC analysis (DCM/MeOH 90:10; CeMo stain; Rf,product = 0.6). The
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reaction mixture was diluted with DCM (2 mL) and washed with saturated NaHCO3 solution (4 x
3 mL) and brine (1 x 3 mL). The organic layer was dried with MgSO4 and concentrated in vacuo,
giving the crude product. The crude product was purified using automated column
chromatography by using DCM/MeOH (100/0 to 85/15) as eluent, giving product (6g) as a white
solid (66.2 mg, 0.019 mmol, 41%).
1H

NMR (400 MHz, CDCl3) δ: 5.27 – 5.09 (m, 15H, O-CH(CH3)-CO), 4.40 (q, J = 6.8 Hz, 1H, TBDMSCH(CH3)-CO), 4.35 – 4.20 (m, 2H, CO-O-CH2-CH2), 3.78 – 3.52 (m, 188H, -((CH2)2-O)47-CH3), 3.50 –
3.44 (m, 2H, CO-O-CH2-CH2-), 3.38 (s, 3H, TBDMS-CH(CH3)-CO), 1.64 – 1.49 (m, 45H, O-CH(CH3)CO), 1.45 (d, J = 6.8 Hz, 3H, TBDMS-CH(CH3)-CO), 0.90 (s, 9H, (CH3)3C-Si(CH3)2), 0.11 (s, 3H,
(CH3)3C-Si(CH3)2), 0.08 (s, 3H, (CH3)3C-Si(CH3)2). 13C NMR (100 MHz, CDCl3) δ: 173.35, 170.05,
169.59, 169.35, 169.27, 169.13, 77.24, 71.93, 70.61, 70.56, 70.51, 69.18, 68.99, 68.86, 68.80, 68.53,
67.97, 64.42, 59.04, 29.69, 25.70, 21.27, 18.29, 16.88, 16.75, 16.67, -0.00, -4.90, -5.30. HRMS
(MALDI-ToF): m/z calcd C151H274O81Si+Na+: 3434.69 [M + Na]+, found 3435.68; m/z calcd
C89H150O50Si+K+: 3450.68 [M + K]+, found 3452.71.

TBDMS-oDLLA~16-Bn (8)
HO-oDLLA~16-Bn (7) (13.6 g, 10.78 mmol) was dissolved in dry DMF (82 mL) in a 250 mL round
bottom flask under argon atmosphere. Imidazole (1.88 g, 27.61 mmol, 2.6 eq) and tertbutyldimethylsilyl chloride (TBDMS-Cl, 2 g, 13.27 mmol, 1.2 eq) were added as solids and the
resulting colorless solution was stirred overnight at room temperature. Full conversion of the
alcohol was confirmed by TLC analysis (hept/EtOAc 50:50; CeMo stain; Rf,product = 0.56). The
mixture was poured into sat. NaHCO3 (200 mL) and extracted with pentane (4 x 100 mL). A
precipitate (possibly consisting out of the longer oLA chains) formed during the extraction with
pentane. The combined organic layers were dried with MgSO4 and the solvent was removed in
vacuo, giving the crude product 8a as a colorless oil (1.84 g). Due to the low product outcome, the
precipitate was checked for presence of the product, TLC analysis confirmed the presence of the
product (hept/EtOAc 50:50, CeMo stain). In order to remove the product, the precipitate was
poured into DCM and stirred for 15 minutes, after which the resulting suspension was filtered.
The solvent of the filtrate was removed in vacuo, giving the crude product 8b as a colorless oil
(11.8 g). 1H-NMR showed that crude product 8a has a DP of around 4, crude product 8b has a DP
of around 17. Crude product 8b was purified by automated column chromatography by using
heptane/EtOAc (gradient 90/10 to 40/60) as eluent. Pure material 8, with a DP of 18, was
obtained as a colorless oil (2.7 g, 17%).
1H-NMR (400 MHz, CDCl3) δ: 7.45 – 7.30 (m, 5H, Ar-H), 5.28

– 5.09 (m, 19H, O-CH(CH3)-CO and ArCH2-O), 4.41 (q, J = 6.5 Hz, 1H, TBDMS-CH(CH3)-CO), 1.67 – 1.49 (m, 52H, O-CH(CH3)-CO), 1.46 (d,
3H, TBDMS-CH(CH3)-CO), 0.92 (s, 9H, (CH3)3C-Si(CH3)2), 0.11 (dd, J = 9.2, 4.3 Hz, 6H, (CH3)3CSi(CH3)2)

TBDMS-oDLLA~16-COOH (9)
TBDMS-oDLLA~16-Bn (8) (2.7 g, 1.8 mmol) was dissolved in EtOAc (7 mL, 2.6 M) in a 25 mL round
bottom flask. The solution was purged with nitrogen and palladium (10% on carbon, 0.08 eq) was
added. The mixture was stirred overnight under hydrogen atmosphere, using a balloon, at room
temperature. Full conversion of the benzyl ester was confirmed by TLC analysis (hept/EtOAc
50:50; CeMo stain; Rf,product = 0-0.25 (tailing)). The black suspension was filtered through a 4 cm
thick layer of celite and the filter cake was washed with EtOAc (4 x 30 mL). The filtrate was
concentrated in vacuo, giving the product (9) as a colorless oil (2.16 g, 76%).
1H

NMR (400 MHz, CDCl3) δ: 5.29 – 5.09 (m, 19H, O-CH(CH3), 4.40 (q, J = 6.8, 2.1 Hz, 1H, TBDMSCH(CH3)-CO), 1.67 – 1.49 (m, 57H, O-CH(CH3)-CO), 1.48 – 1.37 (m, 3H, TBDMS-CH(CH3)-CO), 0.90
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(s, 9H, (CH3)3C-Si(CH3)237), 0.09 (dd, J = 9.0, 4.4 Hz, 6H, (CH3)3C-Si(CH3)2). 13C NMR (100 MHz,
CDCl3) δ: 173.53, 173.31, 171.31, 169.62, 169.52, 169.45, 169.41, 169.37, 169.30, 129.02, 128.21,
77.24, 69.42, 69.31, 69.18, 69.10, 69.01, 68.81, 68.55, 68.41, 68.15, 68.00, 67.98, 60.46, 25.69,
21.29, 21.26, 21.20, 21.04, 18.27, 16.87, 16.84, 16.74, 16.70, 16.65, 16.62, 16.59, 16.55, 14.19, 0.01, -4.92, -4.94, -5.30, -5.39. HRMS (MALDI-ToF): m/z calcd C69H100O43Si+K+: 1683.50 [M + K]+,
found 1683.50 as one of the most abundant peaks in the DCTB matrix. The dispersity of the block
can be seen from the lower intensity peaks of 72.02 m/z more or less, corresponding to one lactic
acid repeating unit.

TBDMS-oDLLA~16-oEG11 (11a)
TBDMS-oDLLA~16-COOH (9) (491.8 mg, 0.312 mmol, 1 eq) was dissolved in dry DCM (2 mL, 0.15
M) in a 10 mL round bottom flask under an argon atmosphere. The solution was cooled to 0 °C in
ice water and 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS, 17.8 mg, 0.0064 mmol,
0.2 eq) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC·HCl, 77 mg,
0.04 mmol, 1.3 eq) were added. The mixture was stirred for 10 minutes until the solids were
dissolved and the solution turned transparent, followed by the addition of the 11mer of
poly(ethylene glycol) (oEG11 (10a), 161 mg, 0.312 mmol, 1 eq). oEG11 was first dried overnight
under vacuum over P2O5. The resulting solution was stirred overnight at room temperature. The
conversion was checked by TLC analysis (DCM/MeOH 90:10; CeMo stain; Rf,product = 0.72). The
reaction mixture was diluted with DCM (2 mL) and washed with saturated NaHCO3 solution (4 x
3 mL) and brine (1 x 3 mL). The organic layer was dried with MgSO4 and concentrated in vacuo,
giving the crude product. The crude product was purified using automated column
chromatography by using DCM/1,2-dimethoxyethane (100/0 to 80/20) as eluent, giving product
(11a) as a colorless oil (25.3 mg, 0.012 mmol, 4%).
1H

NMR (400 MHz, CDCl3) δ: 5.27 – 5.11 (m, 17H, O-CH(CH3)-CO), 4.40 (q, J = 6.7, 2.0 Hz, 1H,
TBDMS-CH(CH3)-CO), 4.35 – 4.21 (m, 2H, CO-O-CH2-CH2-), 3.87 – 3.59 (m, 40H, -((CH2)2-O)10-CH3),
3.59 – 3.51 (m, 2H, -CH2-CH2-O-CH3), 3.38 (s, 3H, TBDMS-CH(CH3)-CO),), 1.64 – 1.47 (m, 51H, OCH(CH3)-CO), 1.47 – 1.40 (m, 3H, TBDMS-CH(CH3)-CO), 0.90 (s, 9H, (CH3)3C-Si(CH3)2), 0.09 (dd, J
= 9.1, 4.3 Hz, 6H, (CH3)3C-Si(CH3)2). 13C NMR (100 MHz, CDCl3) δ: 173.48, 170.04, 169.80, 169.59,
169.40, 169.34, 169.27, 106.02, 98.90, 77.25, 72.56, 71.93, 71.80, 70.97, 70.60, 70.57, 70.51, 69.40,
69.31, 69.17, 68.99, 68.79, 68.52, 68.38, 68.14, 67.98, 66.56, 64.46, 64.43, 59.38, 59.06, 59.02,
56.43, 53.44, 29.69, 25.69, 21.26, 21.21, 18.27, 16.79, 16.74, 16.71, 16.66, 16.64, -0.01, -4.92, -5.30,
-5.39. HRMS (MALDI-ToF) m/z calcd C77H126O44Si+Na+: 1805.72 [M + Na]+, found 1805.74 as one
of the most abundant peaks in the DCTB matrix. The dispersity of the block can be seen from the
lower intensity peaks of 72.02 m/z more or less, corresponding to one lactic acid repeating unit.

TBDMS-oDLLA~16-oEG17 (11b)
TBDMS-oDLLA~16-COOH (9) (396.9 mg, 0.25 mmol, 1 eq) was dissolved in dry DCM (2 mL, 0.13 M)
in a 10 mL round bottom flask under an argon atmosphere. The solution was cooled to 0 °C in
icewater and 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS, 14.4 mg, 0.05 mmol, 0.2
eq) and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC·HCl, 63.1 mg, 0.32
mmol, 1.3 eq) were added. The mixture was stirred for 10 minutes until the solids were dissolved
and the solution turned transparent, followed by the addition of the 17mer of poly(ethylene
glycol) (oEG17 (10b), 195 mg, 0.25 mmol, 1 eq). oEG17 was first dried overnight under vacuum
over P2O5. The resulting solution was stirred overnight at room temperature. The conversion was
checked by TLC analysis (DCM/MeOH 90:10; CeMo stain; Rf,product = 0.73). The reaction mixture
was diluted with DCM (2 mL) and washed with saturated NaHCO3 solution (4 x 3 mL) and brine
(1 x 3 mL). The organic layer was dried with MgSO4 and concentrated in vacuo, giving the crude
product. The crude product was purified using automated column chromatography by using
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DCM/1,2-dimethoxyethane (100/0 to 80/20) as eluent, giving product (11b) as a colorless oil
(189.2 mg, 0.092 mmol, 37%).
1H

NMR (400 MHz, CDCl3) δ: 5.26 – 5.10 (m, 17H, O-CH(CH3)-CO), 4.40 (q, J = 6.7, 2.0 Hz, 1H,
TBDMS-CH(CH3)-CO), 4.35 – 4.21 (m, 2H, CO-O-CH2-CH2), 3.85 – 3.60 (m, 64H, -((CH2)2-O)16-CH3),
3.59 – 3.50 (m, 2H, -CH2-CH2-O-CH3), 3.38 (s, 3H, TBDMS-CH(CH3)-CO), 1.63 – 1.48 (m, 51H, OCH(CH3)-CO), 1.47 – 1.39 (m, 3H, TBDMS-CH(CH3)-CO), 0.90 (s, 9H, (CH3)3C-Si(CH3)2), 0.09 (dd, J
= 9.1, 4.4 Hz, 6H, (CH3)3C-Si(CH3)2). 13C NMR (100 MHz, CDCl3) δ: 173.46, 170.04, 169.59, 169.39,
169.35, 77.24, 71.94, 70.61, 70.57, 70.52, 69.41, 69.31, 69.17, 68.99, 68.80, 68.14, 67.99, 64.43,
59.03, 53.44, 25.69, 21.27, 21.21, 18.27, 16.79, 16.75, 16.71, 16.65, -0.00, -4.91, -4.93, -5.30, -5.39.
HRMS (MALDI-ToF): m/z calcd C89H150O50Si+Na+: 2069.88 [M + Na]+, found 2070.91 as one of the
most abundant peaks in the DCTB matrix. The dispersity of the block can be seen from the lower
intensity peaks of 72.02 m/z more or less, corresponding to one lactic acid repeating unit.

TBDMS-oDLLA~16-oEG48 (11c)
TBDMS-oDLLA~16-COOH (9) (80.4 mg, 0.05 mmol, 1.1 eq) was dissolved in dry DCM (1 mL, 0.04 M)
in a 10 mL round bottom flask under an argon atmosphere. The solution was cooled to 0 °C in
icewater and 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS, 8.2 mg, 0.03 mmol, 0.6 eq)
and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC·HCl, 21.6 mg, 0.11
mmol, 2.4 eq) were added. The mixture was stirred for 10 minutes until the solids were dissolved
and the solution turned transparent, followed by the addition of the 48mer of poly(ethylene
glycol) (oEG48 (10c), 102 mg, 0.047 mmol, 1 eq). oEG48 was first dried overnight under vacuum
over P2O5. The resulting solution was stirred overnight at room temperature. The conversion was
checked by TLC analysis (DCM/MeOH 90:10; CeMo stain; Rf,product = 0.55). The reaction mixture
was diluted with DCM (2 mL) and washed with saturated NaHCO3 solution (4 x 3 mL) and brine
(1 x 3 mL). The resulting water layer was washed with DCM (2 x 4 mL). The organic layer was
dried with MgSO4 and concentrated in vacuo, giving the crude product. The crude product was
purified using automated column chromatography by using DCM/MeOH (100/0 to 85/15) as
eluent, giving product (11c) as a white solid (31.1 mg, 0.00911 mmol, 19%).
1H

NMR (400 MHz, CDCl3) δ: 5.27 – 5.09 (m, 16H, O-CH(CH3)-CO), 4.40 (q, J = 7.1, 6.6 Hz, 1H,
TBDMS-CH(CH3)-CO), 4.35 – 4.22 (m, 2H, m, 2H, CO-O-CH2-CH2), 3.84 – 3.58 (m, 188H, -((CH2)2O)47-CH3), 3.57 – 3.53 (m, 2H, CO-O-CH2-CH2-), 3.38 (s, 3H, TBDMS-CH(CH3)-CO), 1.64 – 1.49 (m,
48H, m, 45H, O-CH(CH3)-CO), 1.47 – 1.41 (m, 3H, TBDMS-CH(CH3)-CO), 0.90 (s, 9H, (CH3)3CSi(CH3)2), 0.09 (dd, J = 9.1, 4.4 Hz, 6H, (CH3)3C-Si(CH3)2). 13C NMR (100 MHz, CDCl3) δ: 173.42,
170.01, 169.57, 169.32, 77.29, 71.92, 71.28, 70.55, 69.39, 69.30, 69.15, 68.98, 68.78, 68.50, 68.13,
67.97, 64.41, 59.01, 53.45, 30.31, 29.66, 25.68, 21.25, 21.19, 18.25, 16.73, 16.63, -0.01, -4.92, -5.31,
-5.39. HRMS (MALDI-ToF): m/z calcd C151H274O81Si+Na+: 3434.69 [M + Na]+, found 3437.71 as one
of the most abundant peaks in the DCTB matrix; m/z calcd C151H274O81Si+K+: 3450.67 [M + K]+,
found 3452.67 as one of the most abundant peaks in the DCTB matrix. The dispersity of the block
can be seen from the lower intensity peaks of 72.02 m/z more or less, corresponding to one lactic
acid repeating unit.
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Chapter 3
Dispersity and crystallinity effects on the self-assembly behaviour of
oLA-oEG block co-oligomers in bulk
3.1 Introduction
Previous work done on the self-assembly of oLA containing BCOs has already shown that
dispersity can have a remarkable effect on the self-assembly in bulk. In our group, van Genabeek
et al. have reported the effects of dispersity and crystallinity on self-assembly of diblock BCOs
consisting of oLA and oligodimethylsiloxane (oDMS).1–3 Discrete oligomers formed well-organized
lamellar structures, while introducing dispersity decreased the ordering, leading to a higher
domain spacing and a less clear phase separated structure.2 Furthermore, crystallinity in the oLA
block also leads to higher organized phase separated structures, without any dispersity present
in this block.3 The effect of dispersity on bulk behaviour of BCOs was also studied on a different
system in the group of Hawker.4 Here, the BCOs consisted out of oDMS and oligo(methyl
methacrylate) (oMMA) having a discrete, semidiscrete and disperse nature. Similar effects were
observed upon increasing the dispersity from a discrete to a disperse nature: domain spacing
increased and phase separated structures became less clear. To expand the work on these
dispersity effects towards biocompatible BCOs, Anindita Das and Katja Petkau investigated
triblock BCOs, composed of mPEG-oLA-mPEG and oTEGSuc-oLA-oTEGSuc.5 mPEG and oTEGSuc
are both biocompatible and additionally, oTEGSuc is biodegradable. Both polymers showed a
difference in bulk properties when dispersity was introduced into the crystalline oLA block. Again,
the domain spacing increased and the phase separation decreased, leading to a less well-defined
morphology.
In this chapter, we aim to gain a better understanding of the effect of dispersity and crystallinity
on biocompatible BCOs. We study the thermal and morphological properties of the set of
amorphous BCOs, described in Chapter 2, and compare them to crystalline BCOs, kindly provided
by Marnie de Zwart, David Janse and Melanie Ahn. An overview of the BCOs used for this study is
shown in Scheme 3.1. The thermal properties will be determined using differential scanning
calorimetry (DSC). The morphology will be analyzed using small angle X-ray scattering (SAXS). By
comparing the properties of the crystalline and atactic BCOs, we aim to gain a better
understanding of the effect of dispersity and crystallinity on the self-assembly of these BCOs in
bulk.
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Scheme 3.1. oLA16-oEGx BCOs used in this chapter to study bulk properties, with x depicting a
length of oEG of 11, 17 or 48 repetitive units. (a) discrete and crystalline oLLA16-oEGx, (b)
disperse and crystalline oLLA~16-oEGx , (c) discrete and atactic oDLLA16-oEGx and (d) disperse
and atactic oDLLA~16-oEGx. BCO sets a) and b) indicated with an asterix were provided by Marnie
de Zwart, David Janse and Melanie Ahn.

3.2 Bulk properties of amorphous BCOs
First, we will discuss the bulk properties of amorphous BCOs. The Ð values of the studied polymers
are shown in Table 3.1.
Oligomer

Ð
(MALDI-ToF)

oDLLA16-oEG11
1.000
oDLLA16-oEG17
1.000
oDLLA16-oEG48
1.000
oDLLA~16-oEG11
1.01
oDLLA~16-oEG17
1.01
oDLLA~16-oEG48
1.001
Table 3.1. Polydispersity index (Ð) of amorphous oligomers.

3.2.1 Thermal behaviour of amorphous BCOs
The thermal properties of the amorphous BCOs were determined using DSC (Table 3.2). The
samples were heated from -85 °C to 150 °C and cooled down to -85 °C at the rate of 10 °C/min.
The heating and cooling runs were repeated to check for degradation. The first cooling and second
heating runs were monitored for all samples for comparability. To further investigate if a glass
transition temperature was present, the samples were heated from -85 °C to 150 °C and cooled
down to -85 °C at the rate of 40 °C/min. The heating and cooling runs were repeated to check for
degradation.
Oligomer
Appearancea
Tg [°C]
oDLLA16-oEG11
Viscous oil
-33
oDLLA16-oEG17
Viscous oil
-38
oDLLA16-oEG48*
Solid
-50
oDLLA~16-oEG11
Viscous oil
-19
oDLLA~16-oEG17
Viscous oil
-33
oDLLA~16-oEG48*
Solid
-48
a
Table 3.2. Appearance and thermal properties of the BCOs. Physical appearance at room
temperature, directly after drying in vacuo. *Multiple transitions were present in DSC traces, but
these were attributed to wetting of the hydrophilic oEG chain.
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Interestingly, only BCOs composed of oEG48 are solid at room temperature, while the other BCOs
are viscous oils, indicating a crystalline nature of the oEG48 chain. With increasing oEG length,
the Tg decreases. Fully intermixed BCOs have a Tg that is a weighted arithmetic mean of the the
Tg of the individual blocks, which can explain the decrease of Tg with an increase of oEG length.
In Figure 3.1, an exemplary DSC trace for an amorphous oligomer is shown. No melting transition
is observed, the only visible transition is a Tg, indicating that this BCO is not crystalline.

oDLLA16-oEG11

Heat flow [W/g]

0.5
Tg

0.0

-0.5
Endo up

-100

-50

0

50

100

150

200

o

Temperature [ C]

Figure 3.1. DSC traces (fifth cooling and sixth heating run) for discrete oDLLA16-oEG11. Method:
heating to 150 °C and cooling to -85 °C (40 °C/min). Tg = glass transition temperature. Data is
shifted vertically for clarity.
Remarkably, when looking at the thermal behaviour of BCOs comprised of oEG48, multiple
transitions are visible (Figure 3.2). Upon heating, cold crystallization transitions seem to arise,
and additionally, melting transitions seem to appear. Upon cooling down, a crystallization
transition appears for the discrete oligomer. These transitions were not expected, as the lactic
acid block is atactic and thus an amorphous structure was expected.
(b)
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Figure 3.2. DSC traces (first cooling and second heating run) for (a) discrete oDLLA16-oEG48 and
(b) disperse oDLLA~16-oEG48. Method: heating to 150 °C and cooling to -85 °C (10 °C/min).
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One explanation might be the properties belonging to the oEG48 chain, as the coupling to this chain
leads to a different appearance at room temperature (Table 3.1). Longer oEG chains are known to
crystallize in bulk6,7, so the attachment of an atactic oDLLA16 to a oEG which may be able to
crystallize might explain this behaviour. On the other hand, oEG chains are very hygroscopic and
thus attract and retain water. The sharpness of the transitions visible, especially for the DSC traces
of the disperse oligomer, indicate that water might be interfering the bulk behaviour. 8 To
investigate this, both BCOs were kept in humid conditions for 24 h, after which they were
subjected to DSC. The DSC traces are shown in Figure 3.3.
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Figure 3.3. DSC traces (first cooling and second heating run) for (a) discrete oDLLA16-oEG48 and
(b) disperse oDLLA~16-oEG48. Method: heating to 150 °C and cooling to -85 °C (10 °C/min). The
blue traces were obtained after keeping the BCOs in humid conditions for 24 h.
When comparing these DSC traces, for the discrete BCO (Figure 3.3a) the signals overlay,
indicating that the extra transitions could be ascribed to water interfering with self-assembly in
bulk. For the disperse BCO (Figure 3.3b), upon heating a sharp transition has diminished and upon
cooling down two exothermic transitions appear. But, overall the DSC traces after applying wet
conditions for both BCOs are comparable, indicating that for both BCOs water is attracted and
retained.

3.2.2 Morphology of amorphous BCOs
To further asses the self-assembly behaviour of the amorphous BCOs in bulk, SAXS was measured.
(Table 3.3).
Oligomer

Phasea

d* [nm]b

oLLA16-oEG11
DIS
oLLA16-oEG17
DIS
oLLA16-oEG48
n.d.
11.61
oLLA~16-oEG11
DIS
oLLA~16-oEG17
DIS
oLLA~16-oEG48
n.d.
12.38
Table 3.3. Bulk morphologies of crystalline BCOs. aBulk morphology determined with SAXS at
room temperature. DIS = disordered, n.d. = not determined. bDomain spacing, calculated as d* =
2π/q*.
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As expected, no crystalline interactions or phase separation was visible for oligomers oDLLA16oEG11, oDLLA~16-oEG11, oDLLA16-oEG17 and oDLLA~16-oEG17 (Figure 3.4a), as these oligomers also
showed no other transitions other than a Tg in DSC, indicative of an amorphous structure.
However, for BCOs coupled to oEG48, we can see an effect of the properties of oEG48 (Figure 3.4b).
Upon coupling of the atactic lactic acid block to oEG48, a principle scattering peak shows up and at
higher q values 2 peaks arise, which are peaks typical for the crystallization of ethylene oxides.6,7
This shows that in bulk, oEG48 is able to crystallize and induces some phase separation when
coupled to atactic lactic acid.
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Figure 3.4. (a) MAXS and WAXS data for discrete and disperse oDLLA-oEG11 and oDLLA-oEG17.
(b) MAXS and WAXS data for discrete and disperse oDLLA-oEG48. The data is shifted vertically for
clarity.

3.3 Bulk properties of crystalline BCOs
To be able to understand the effect of dispersity in crystalline BCOs, a set of crystalline BCOs was
also studied using DSC and SAXS. The Ð values of the studied polymers are shown in Table 3.4.
Oligomer

Ð
(MALDI-ToF)

oLLA16-oEG11
1.000
oLLA16-oEG17
1.000
oLLA16-oEG48
1.000
oLLA~16-oEG11
1.06
oLLA~16-oEG17
1.04
oLLA~16-oEG48
1.02
Table 3.4. Polydispersity index (Ð) of crystalline oligomers.1

1 The crystalline BCOs were kindly provided by Melanie Ahn, David Janse and Marnie de Zwart. The differences in

Ð of the disperse
oligomers compared to the atactic disperse oligomers might be caused by a different way of selecting the fractions to combine to
obtain a DP of 15, as described in Chapter 2.
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3.3.1 Thermal behaviour of crystalline BCOs
To asses the thermal properties, all block co-oligomers were studied with differential scanning
calorimetry (DSC) (Table 3.5). The samples were heated from -85 °C to 150 °C and cooled down
to -85 °C at the rate of 10 °C/min. The heating and cooling runs were repeated to check for
degradation. The first cooling and second heating runs were monitored for all samples for
comparability. To further investigate if a glass transition temperature was present, the samples
were heated from -85 °C to 150 °C and cooled down to -85 °C at the rate of 40 °C/min. The heating
and cooling runs were repeated to check for degradation. The third cooling and fourth heating
runs were monitored for all samples for comparability.
Oligomer

Appearancea

Tc [°C]

ΔH
[kJ/mol]
oLLA16-oEG11
Waxs
22
32
oLLA16-oEG17
Waxs
32
43
oLLA16-oEG48
Solid
-10, 27
152, 28
oLLA~16-oEG11
Waxs
38
22
oLLA~16-oEG17
Waxs
40
16
oLLA~16-oEG48
Solid
2, 36
220, 13
Table 3.5. Appearance and thermal properties of the BCOs. aPhysical appearance at room
temperature, directly after drying in vacuo.
First, we will investigate the effect of dispersity on thermal behaviour of the BCOs consisting out
of oLA coupled to oEG11 and oEG17. As the heating curves are rather complex (Figure 3.5), it was
decided to focus on the behaviour of the BCOs upon cooling down to understand more about the
effect of dispersity in the crystalline blocks. As can be seen in Figure 3.5, the disperse BCOs
undergo a crystallization at temperatures that are 10 °C higher than for their discrete
counterparts. This indicates that the LLA chains with DP > 16 in the disperse oligomers nucleate
crystallization at a higher temperature. However, the enthalpy of crystallization of these disperse
oligomers is lower than of the discrete oligomers (Table 3.5), suggesting that the crystalline
packing is less defined for the disperse oligomers.
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Figure 3.5. DSC traces (first cooling and second heating run) for discrete and disperse oLLAoEG11 and oLLA-oEG17. Method: heating to 150 °C and cooling to -85 °C (10 °C /min). Tc =
crystallization temperature. Data is shifted vertically for clarity.
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Besides dispersity, the length of the oEG also seems to affect thermal behaviour of the crystalline
oligomers. In Figure 3.6, DSC traces of discrete oLLA-oEG17 and oLLA-oEG48 are shown. When
looking at the behaviour of oLLA-oEG48 upon cooling down, a second crystallization transition can
be seen, which can be ascribed to the crystallization of the oEG48. Longer oEG chains are known to
crystallize in bulk, and this also seems to be the case for the oEG48 chain.6,7 However, if we look at
the melting transitions of both oligomers (50 and 48 °C for oLLA-oEG17 and oLLA-oEG48,
respectively), we can conclude that the longer oEG chain does not significantly affect the
behaviour of the oligomer upon heating. When looking into the effect of dispersity of the oLA chain
on the thermal behaviour of the oLLA-oEG48 BCOs, the same trend can be observed as for the other
BCOs (Table 3.4). Upon introducing dispersity, the crystallization temperature of the oLA block
increases, but the enthalpy of crystallization decreases, suggesting that the crystalline packing of
the oLA block is less defined for the disperse oligomer.
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Figure 3.6. DSC traces (first cooling and second heating run) for discrete oLLA-oEG17 and oLLAoEG48. Method: heating to 150 °C and cooling to -85 °C (10 °C/min). Tm = melting temperature, Tc
= crystallization temperature. Data is shifted vertically for clarity.

3.3.2 Morphology of crystalline BCOs
To further investigate the effect of dispersity on the bulk behaviour of the crystalline block cooligomers, the morphologies of these oligomers were studied using X-ray scattering (Table 3.6).
Oligomer

Phasea

d* [nm]b

oLLA16-oEG11
LAM
7.95
oLLA16-oEG17
LAM
9.26
oLLA16-oEG48
n.d.
22.44
oLLA~16-oEG11
LAM
10.13
oLLA~16-oEG17
n.d.
17.95
oLLA~16-oEG48
n.d.
11.59
Table 3.6. Bulk morphologies of crystalline BCOs. aBulk morphology determined with SAXS at
room temperature. LAM = lamellar, n.d. = not determined. bDomain spacing, calculated as d* =
2π/q*.
Also in this class, an effect of dispersity in crystalline BCOs oLLA-oEG11 and oLLA-oEG17 can be
observed (Figure 3.7a). For the discrete oligomers, a sharp principal scattering peak and higher
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order Bragg reflections can be observed, indicating a highly structured phase separated structure.
The ratios of the Bragg reflections (√4, √9, √16, √25) indicate a lamellar phase. Furthermore,
multiple scattering peaks can be observed in the WAXS region (higher q values), corresponding to
the inter chain packing of the LLA block, which are typical transitions for crystalline packing of the
lactic acid chain. When dispersity is introduced in the lactic acid block, the primary scattering peak
broadens for both oligomers and higher order reflections also diminish. This indicates that phase
separation is less clear and the structure is less ordered. However, at higher q values we can still
see the transitions typical for crystalline packing of the lactic acid chain. These crystalline
interactions probably arise from the longer lactic acid chains with DP >16, as the shorter chains
are not able to crystallize.
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Figure 3.7. (a) MAXS and WAXS data for discrete and disperse oLLA-oEG11 and oLLAoEG17. (b) MAXS and WAXS data for discrete and disperse oLLA-oEG48. The data is
shifted vertically for clarity. Higher order Bragg reflections indicated if present.
The ability of the longest oEG chain to crystallize, which was already shown by the thermal
behaviour of oLLA16-oEG48, can also be seen in de SAXS data of this compound. In Figure 3.7b, the
SAXS data of crystalline block co-oligomers containing oEG48 are shown. At higher q-values, the
scattering peaks typical for ethylene oxides are present6,7, indicative for crystallization of the
oEG48 chain. However, in this region the distinct peaks for the crystallization of the lactic acid block
are still somewhat present. When studying the overall morphology, the BCOs containing oEG48
show a less clear phase separated structure, as a diminishment of higher order Bragg reflections
is observed, as well as a broadening of the principal scattering peak. This, in combination with the
suppression of the crystallization peaks of the oLLA block at higher q values, indicates that the
crystallization behaviour of the oEG48 chain interferes with the crystallization of the lactic acid
block, resulting in a less ordered structure.
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3.4 Comparison of bulk properties
The results of the thermal behaviour and morphology studies of crystalline and atactic BCOs are
compared to evaluate the influence of crystallinity and dispersity on the self-assembly behaviour
in bulk.
Oligomer

Appearancea

Tg [°C]

Tc [°C]

Phaseb

d* [nm]c

oDLLA16-oEG11
Viscous oil
-33
DIS
oDLLA16-oEG17
Viscous oil
-38
DIS
oDLLA16-oEG48
Solid
-50
n.d.
11.61
oDLLA~16-oEG11
Viscous oil
-19
DIS
oDLLA~16-oEG17
Viscous oil
-33
DIS
oDLLA~16-oEG48
Solid
-48
n.d.
12.38
oLLA16-oEG11
Wax
22
LAM
7.95
oLLA16-oEG17
Waxs
32
LAM
9.26
oLLA16-oEG48
Solid
-10, 27
n.d.
22.44
oLLA~16-oEG11
Waxs
38
LAM
10.13
oLLA~16-oEG17
Waxs
40
n.d.
17.95
oLLA~16-oEG48
Solid
2,36
n.d.
11.59
Table 3.7. Appearance, thermal properties and bulk morphologies of the BCOs. aPhysical
appearance at room temperature, directly after drying in vacuo. bBulk morphology determined
with SAXS at room temperature. DIS = disordered, LAM = lamellar, n.d. = not determined.
cDomain spacing, calculated as d* = 2π/q*.
First, when comparing the atactic BCOs with the crystalline BCOs, no crystallization transitions
were found for the atactic BCOs upon cooling down (Table 3.7). Furthermore, both discrete and
disperse atactic BCOs (except the BCOs consisting out of oEG48), show no reflection peaks in SAXS,
while the crystalline BCOs do show an ordered structure. The crystallinity of the oLLA thus
induces phase separation. Additionally, the longest oEG chain, oEG48 is also able to crystallize in
bulk and able to induce phase separation. This behaviour is clearly observed for the atactic BCOs.
Upon coupling of the atactic lactic acid block to oEG48, reflection peaks in SAXS arise and a spacing
of 12 nm is observed. When coupled to crystalline lactic acid, the crystallization of oEG48 seems to
interfere with the crystallization of the lactic acid block, as the reflection peaks broaden and
higher order Bragg reflections diminish for oLLA-oEG48 BCOs.
The effect of dispersity in the lactic acid block is most pronounced in the crystalline BCOs. By
introducing dispersity into the lactic acid block, crystallization is nucleated at higher
temperatures, but the packing of the lactic acid chains is less rigid, as the enthalpy of
crystallization is lower. Furthermore, the disperse crystalline BCOs show a broader principal
scattering peak and less higher order reflections, indicating a less ordered structure. This effect of
dispersity is not observed in the atactic BCOs, as these BCOs form an amorphous structure and
thus the extent of ordering can not be influenced by introducing dispersity.

3.5 Conclusions
In conclusion, we have shown that discrete crystalline BCOs form highly ordered phase separated
structures. By introducing dispersity into the oLLA block, the extent of ordering was reduced. The
extent of ordering of crystalline BCOs was also reduced by coupling the oLLA block to the longest
oEG chain, oEG48, and lead to larger feature sizes. Introducing dispersity into the atactic BCOs did
not give significant differences between discrete and disperse atactic BCOs. Coupling an o DLLA
block to oEG48 gave a phase separated structure, which was not observed for oDLLA coupled to
oEG17 and oEG11, indicating that oEG48 is also able to induce phase separation.
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3.6 Experimental section
Differential scanning calorimetry (DSC) data was collected on a DSC Q2000 TA Instruments,
calibrated with indium as a standard. The samples were heated to 150 °C (40 °C/min), cooled to
-85 °C (10 °C/min), heated to 150 °C (10 °C/min). The last cooling and heating cycle were repeated
to check for degradation. The peak maximum of the melting transition was used as melting point
(Tm). The peak minimum of the crystallization transition was used as crystallization temperature
(Tc). The peak minimum of the glass transition temperatures (Tg) were taken at the mid-point of
the transition.
Bulk small angle X-ray scattering (SAXS) was performed on an instrument from Ganesha Lab. The
flight tube and sample holder were all under vacuum in a single housing, with a GeniX-Cu ultralow divergence X-ray generator. The source produces X-rays with a wavelength (λ) of 0.154 nm
and a flux of 1 x 108 ph s-1. Scattered X-rays were captured on a 2-dimensional Pilatus 300K
detector with 487 x 619 pixel resolution. Samples were prepared in a glass capillary with a
diameter of 1 mm, glass thickness 0.01 mm and length of 80 mm. All samples were heated to 110
°C in vacuo, cooling down to RT occurred overnight as the oven cooled down to RT. The sampleto-detector distance was 0.084 m (WAXS mode) or 0.431 m (MAXS mode). The instrument was
calibrated with diffraction patterns from silver behenate.
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Dispersity and crystallinity effects on the self-assembly behaviour of
oLA-oEG block co-oligomers in water
4.1 Introduction
Amphiphilic block co-oligomers (BCOs) have the ability to self-assemble into well-defined
supramolecular architectures.1,2 In a selective solvent, the lyophobic blocks of the BCP will arrange
to minimize their contact with the solvent, while the lyophilic blocks remain solvated. This leads
to a segregated structure, in which a dense lyophobic core, consisting out of the collapsed chains,
and a swollen lyophilic corona are present.3
Previous work done on self-assembly of BCOs in block selective solvents has shown that by
introducing dispersity in either the lyophobic or lyophilic block can lead to self-assembled
particles with a size distribution and moreover, multiple morphologies which are not necessarily
thermodynamically stable can be formed .4–6 Incorporation of crystalline core forming blocks into
BCOs has shown to accommodate the formation of non-spherical cylindrical structures, while
based on the volume fraction ratios spherical structures were expected. This effect is also known
as crystallization driven self-assembly (CDSA).7–15 In our group, work has been done to investigate
the effects of both dispersity and crystallinity on the self-assembly of water-compatible BCOs.16
Here, the influence of dispersity on CDSA was shown. By introducing dispersity, self-assembly into
regular and homogeneously distributed structures was hampered. Disperse BCOs also showed a
lack of crystallization after self-assembly in bulk and in water, in contrast to their discrete
analogues that exhibited sharp melting and crystallization transitions.
In this chapter, the effect of dispersity and crystallinity on the self-assembly behaviour of diblock
BCOs comprised of oLA16 and oEG11 will be studied. Four BCOs will be studied, depicted in Scheme
4.1, which are all expected to form vesicles.

Scheme 4.1. oLA16-oEG11 BCOs used in this chapter to study behaviour upon self-assembly in
water. (a) discrete and crystalline oLLA16-oEG11, (b) disperse and crystalline oLLA~16-oEG11, (c)
discrete and atactic oDLLA16-oEG11 and (d) disperse and atactic oDLLA~16-oEG11. BCOs (a) and (b)
indicated with an asterix were provided by Melanie Ahn and David Janse.
First, previous work done by Katja Petkau-Milroy on BCOs (a) and (b) will be discussed, to
understand more about the effect of dispersity in crystalline BCOs. Then, we will discuss the work
done on amorphous BCOs (c) and (d) to gain an understanding of the effect of dispersity without
any crystallinity present. To ensure the formation of thermodynamically stable structures, the
preparation method is of great importance, as described in the Introductory Chapter. Therefore,
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in this chapter, we will first investigate the sample preparation to ensure the formation of
thermodynamically stable structures. Hereafter, the stability of the structures over time and the
influence of solvent will be studied.
Several analytical techniques will be used in this chapter: static and dynamic light scattering (SLS
and DLS) will be used to probe particle size and shape, cryoTEM and total internal reflection
fluorescence (TIRF) microscopy will be used to visualize particle size and shape, stability and core
hydrophobicity of the formed particles will be investigated using Nile Red and fluorescence
spectroscopy. Finally, small angle neutron scattering (SANS) will be used to gain information
about particle morphology and about the structure of the core and corona of the particle.
Combined, these techniques will help to understand more about the effect of crystallinity,
monodispersity, and the interplay of both on the dispersity of self-assembled particles.

4.2 Self-assembly of oLA16-oEG11
As mentioned in the Introductory Chapter, the balance of three contributions to the free energy of
the system determines the morphology of the BCO in thermodynamic equilibrium: the interfacial
energy between the core and the solvent, the chain stretching in the core and the repulsive
interactions in the corona.17–19 However, this is the morphology predicted at thermodynamic
equilibrium, and depending on the preparation method, BCPs might assemble in a kinetic trap.20
These kinetic traps can either be stable in solution for longer times21,22, or evolve over time to the
thermodynamically stable morphology.20 It is thus important to have a reliable and reproducible
preparation method to ensure that the obtained morphologies are in thermodynamic equilibrium.
Preparations methods can be divided into two categories: “bottom-up” or “top-down”. In a
“bottom-up” approach, the BCP is molecularly dissolved in a good solvent and is forced to
assemble via a solvent switch.23,24 However, the chains need time to rearrange into the most stable
conformation and if the solvent switch is too fast, the lyophobic chains collapse into spherical
objects to reduce their interfacial area with the solvent as fast as possible. The formation of these
spherical objects is unwanted, as these are not the most stable assemblies that can be formed. 25
In a “top-down” approach, such as thin film rehydration26, a precursor phase is present and a BCP
film is rehydrated in a selective solvent. The lyophilic block should have a low glass transition
temperature to ensure mobility of the chains to rearrange. Furthermore, the blocks should be
highly incompatible to lead to a segregated structure and lastly, the lyophilic block should have a
relative high solubility.3
A “bottom-up” approach was chosen for the oLA16-oEG11 amphiphiles, as both blocks are soluble
in several organic solvents and a solvent switch to water is thus easily accessible. Furthermore, it
was thought that a “top-down” approach, such as thin film rehydration, might give problems in
terms of solubility of the oEG block, as the oEG may become insoluble upon heating to promote
film rehydration because of its lower critical solution temperature behavior.25

4.2.1 DLS and SLS
To assess the size, dispersity, and reproducibility of methods of sample preparation, firstly DLS
will be used. DLS is used to measure the diffusion coefficient of particles in solution, as this is
directly related to the particle’s size and shape. By irradiating particles in solution with light of a
certain wavelength, particles will scatter. The scattered waves will interfere with each other,
resulting in the particle’s characteristic interference pattern. In solution, interparticle positions
vary over time due to Brownian motion, leading to a fluctuating interparticle interference and
thus a variation of overall scattering intensity over time. As the rate at which the scattering
intensity changes is related to the rate at which the interparticle position changes, it is also related
to the diffusion coefficient of the particles in solution. Large particles move slower, resulting in a
slow fluctuation of intensity, while the opposite is true for small particles.
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The fluctuation rate is quantified by a correlator, which measures the degree of similarity between
signals at various time intervals (τ). After a short time interval t the intensity will not have
changed much, and thus the intensity signals at t and t + τ are very similar, or correlated. After
larger time intervals t the correlation will be reduced as the interparticle positions have changed
more. Since larger particles move slower, the intensity fluctuates slower and thus the signals are
correlated for a longer time. This can easily be observed in the exponentially decaying correlation
function (Figure 4.1a). The steepness of the correlation function gives information about the
dispersity of the measured particles in solution. A less steep correlation functions indicates a
higher disperse particle (Figure 4.1b).
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Figure 4.1. First order intensity correlation function as an exponential decay on a lin-log scale
for (a) larger and smaller particles and (b) disperse and less disperse particles.
After obtaining the correlation function, the decay rate Γ can be obtained via various fitting
methods. The decay rate is linked to the particle’s diffusion coefficient (D) via Equation 4.1. The
scattering vector (q) of the equipment is dependent on the wavelength of the incoming laser light
(λ), the scattering angle (θ) and the refractive index of the medium in which the particles are
dispersed (nD) (Equation 4.2). This scattering vector q is used as a universal scale, to be able to
compare scattering experiments on different experimental setups and conditions.

𝐷=
𝑞=

𝛤

(4.1)

𝑞2

4∗ 𝜋∗𝑛𝐷
𝜆

𝜃

∗ sin ( ) (4.2)
2

The obtained diffusion coefficient can be used to calculate the particle’s hydrodynamic radius (RH)
via the Stokes-Einstein equation (Equation 4.3). This equation contains the Boltzmann constant
(kB), temperature (T), viscosity (η) and diffusion coefficient (D). However, this equation is only
valid for non-interacting spherical particles.

𝑅𝐻 =

𝑘𝐵 𝑇
6𝜋𝜂𝐷

(4.3)

In addition to DLS, SLS will be used to gain information about the size of the formed particles. The
principles behind this technique are comparable to DLS, but instead of looking at the total
scattered intensity and the time dependence of it, the average value of the scattered light intensity
as function of q is of interest. After obtaining the scattered intensity and correcting for the solvent,
the scattered light intensity as function of q can be described as in Equation 4.4. This equation
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contains all constant terms, such as particle contrast, volume, concentration etc., depicted as C,
the form factor P(q) and structure factor S(q).
𝐼 (𝑞) = 𝐶 ∗ 𝑃(𝑞) ∗ 𝑆(𝑞) (4.4)
The form factor P(q) gives information about the shape of particles, the structure factor S(q) can
give information about particle-particle interactions. In a dilute solution, the structure factor can
be assumed to be one, and thus the scattered intensity scales to the form factor P(q). By plotting
the scattered intensity versus the q values in a double logarithmic plot, information about the
shape of the particles can be obtained (Figure 4.2).27

Figure 4.2. The information domains of the form factor P(q).27

4.2.2 Prior knowledge on the self-assembly behaviour of crystalline oLLA16-oEG11
Previous work by Katja Petkau-Milroy on the self-assembly of oLLA16-oEG11 has shown that via a
slow solvent switch method, the thermodynamically stable vesicle morphology was reached for
these discrete crystalline BCOs. Samples were prepared via dissolving the BCOs in THF, after
which water was added either manually with sonication in-between each drop, or via slow
addition (0.05 mL/min) using the syringe pump. The final samples were 10% THF in water, with
concentrations ranging from 2-5 mg/mL.
In Figure 4.3, MA-DLS data for both sample preparations is shown. Both lead to the same particle
size and moreover, SLS data shows that for both sample preparations a vesicle morphology is
formed, as both preparation methods give a slope of -2.
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Figure 4.3. MA-DLS data for two different preparation methods for discrete crystalline BCO (a).
The sample prepared with sonication was studied using micro-DSC to assess if the oLLA16 core
was crystalline after self-assembly in water. In Figure 4.4, the DSC traces for this sample are
shown. Upon heating, a melting transition at 46 °C was visible, which corresponds to melting of
the LLA16 block.16 Upon cooling down, a small exothermic transition was visible at 33 °C which
could be ascribed to crystallization of the LLA16 block. However, some of the sample precipitated
during the measurement, which could be due to the high concentration used (5 mg/mL). MicroDSC was also measured on a diluted sample (2.5 mg/mL), but here no transitions were visible.
Thus, other concentrations should be investigated as well as faster or slower heating/cooling
cycles. However, the results obtained from the sample of high concentration indicate that despite
self-assembling into vesicles, which is usually not favored by crystallization, the LLA16 block is still
able to crystallize.
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Figure 4.4. micro-DSC traces (first cooling and second heating run) for discrete oLLA16-oEG11.
Method: heating to 70 °C and cooling to 5 °C (0.5 °C/min).
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Dispersity in BCOs can have influence of the homogeneity of the self-assembled particles from
these BCOs in terms of size and morphology, as mentioned in the Introductory Chapter and in the
introduction of this chapter. To study the effect of dispersity in the crystalline system, oLLA~16oEG11 (BCO (b), Scheme 4.1) was self-assembled in water via a slow solvent-switch from a stock
solution in THF using the syringe pump. The results are shown in Figure 4.5. The particles formed
by the disperse BCO show a less steep slope in MA-DLS, which gives a lower diffusion constant
and thus indicates larger particles formed (156 nm for disperse BCO versus 150 nm versus the
discrete BCO). This slight increase in size upon introducing dispersity is not in accordance with
previous research.4–6,28–30 Here, it was reported that upon introducing dispersity, shorter chains
tend to relocate in the inside wall of vesicles, as there the curvature is higher, whilst longer chains
relocate in the outside wall. The high number of longer chains on the outside wall cause more
repulsion, which leads to a higher curvature and smaller particles. However, previous research
does not take crystallinity into account. The crystallinity present in the longer chains might cause
a lower flexibility of the chains and therefore, relocation of the shorter chains might be less
pronounced. A lower extent of relocation of the shorter chains, in combination with longer chains
present, might lead to a largerzom hydrodynamic radius.
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Figure 4.5. MA-DLS data for disperse and discrete crystalline BCOs, prepared by using the
syringe pump.
To visualize if introducing dispersity has an influence on the homogeneity of the self-assembled
particles, TIRF microscopy with Nile Red was used. For the discrete BCOs, spherical particles with
comparable sizes were observed, indicating that vesicles were formed with a small size
distribution and these vesicles were stable as no aggregates were observed (Figure 4.6a). Upon
introducing dispersity, again spherical particles were observed (Figure 4.6b), but with a larger
size distribution. Dispersity thus seems to influence the homogeneity of the self-assembled
particles in terms of size, but does not lead to the presence of several morphologies.
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(b) disperse

(a) discrete

Figure 4.6. TIRF microscopy images of crystalline BCOs (a) and (b) after selfassembly in water.
The previous work done by Katja-Petkau Milroy on the crystalline oLLA-oEG BCOs has shown that
a slow solvent switch does indeed lead to the stable vesicle morphology, with RH’s of about 150
nm. The oLLA block is able to crystallize after self-assembly in solution, but more investigation is
needed to obtain a clearer crystallization transition from micro-DSC. Introducing dispersity into
the crystalline BCOs seems to give particles with a larger size distribution, but upon self-assembly
no other morphologies than vesicles were observed. To investigate if dispersity has influence on
the ability of the oLLA block to crystallize in solution, micro-DSC experiments should be conducted
on the disperse crystalline BCO after self-assembly in solution. Additionally, the effect of the
remaining organic solvent in the oLLA core on the crystallinity of the core can be studied using
micro-DSC.

4.3 Self-assembly of amorphous BCOs
Previous work by Katja Petkau-Milroy has shown that for crystalline BCOs, introducing dispersity
leads to larger particles with a larger size distribution upon self-assembly in water. To understand
more about the effect of dispersity without any crystallinity present, in this chapter we will first
study the self-assembly of amorphous BCOs.

4.3.1 Optimization of sample preparation
To ensure the formation of thermodynamically stable morphologies, the use of a slow solventswitch method was investigated. The amphiphiles were dried overnight over P2O5 at 40 °C and 3050 mbar to ensure that no water was present. After drying, the amphiphiles were first dissolved
in a good solvent for both blocks (THF), at 10 mg/mL, after which the solutions were filtered with
a 0.22 μm PTFE syringe filter into a clean vial to obtain the organic stock solutions. 30 μL of the
stock solution was placed in a clean 1.5 mL vial, after which 270 μL water was slowly added to
obtain a final concentration in water of 1 mg/mL, with 10% THF.
Three ways to slowly add water were investigated: slow addition of water via a syringe pump
(0.05 mL/min) under stirring (method p), slow addition of water via a syringe pump (0.05
mL/min) under stirring overnight (method pon) and manually slow addition of water while
sonicating in between each addition (method son). The first two methods are commonly used to
prepare particles from BCOs.25,31–34 The latter method which uses manual addition and sonication
was used by Das et al. to obtain vesicles of BCOs containing a crystalline oLLA block.16
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In Figure 4.7, the correlation functions of the particles prepared using the different preparation
methods (son, p, pon) can be seen. It was chosen to first test the preparation methods for discrete
amphiphile (c) (Scheme 4.1) and later test this on the disperse amphiphile (d).
From Figure 4.7, it can be seen that for atactic BCOs the methods using the pump (p and pon) give
rise to a steeper curve when compared to the method using sonication. This indicates that using
the pump for preparing particles leads to a more homogeneously distributed particle size. Stirring
overnight after addition of water via pump leads to the smallest particles. Furthermore, stirring
overnight (pon) leads to smaller particles when compared to method p, which might be caused
by an increased diffusion rate induced by the longer stirring time.

oDLLA16-oEG11 son
oDLLA16-oEG11 p

1.0

Correlation Coefficient

oDLLA16-oEG11 pon

0.8

0.6

0.4

0.2

0.0

Time (log scale)

Figure 4.7. First order intensity correlation function as an exponential decay on a lin-log scale after 4 days for
different preparation methods for discrete amorphous amphiphiles.
To confirm reproducibility of the preparation methods and to see if there were no outliers, the
three preparation methods were repeated for both amphiphiles. In Figure 4.8a-c, the correlation
functions for the repeated preparation methods, as well as the first preparation methods are
shown for the atactic amphiphiles. It can clearly be seen that using the pump gives the most
reproducible results. A slight difference in terms of overlap can be seen when comparing Figure
4.8a, and b, with pon method giving the best overlap.
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Figure 4.8. First order intensity correlation function as an exponential decay on a lin-log scale
after 4 days for discrete atactic BCO (c), using different preparation methods. (a) Slow addition
of water via syringe pump under stirring overnight. (b) Slow addition of water via syringe
pump. (c) Manual addition of water while sonicating in between.
In order to further investigate the influence of different preparation methods on the final size and
morphology, SLS was measured. As the expected morphology of the BCOs is the vesicle
morphology, the slope obtained from this double logarithmic plot should be -2. When measuring
SLS, multi angle DLS (MA-DLS) data is also obtained, which can give better information about the
particle size when compared to a fixed angle DLS.
Interestingly, when looking at the MA-DLS and SLS data for the first and second preparations of
the non-crystalline DL BCO, for the first preparation only particles prepared by the pon method
show a slope of -2, while for the second preparation only son gives particles with a slope of -2
(Figure 4.9a). For both pon methods a bump can be seen in the SLS data, the origin of this remains
unclear. In MA-DLS only one population was visible, but sizes obtained from MA-DLS show that
only methods using the pump (pon and p) lead to comparable particle sizes, whereas son gives
smaller particles for the second preparation (Figure 4.9b). For clarity, all data shown in Figure 4.9
is shifted vertically.
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Figure 4.9. (a) Double logarithmic plot for first and second preparations of non-crystalline
BCOs. (b) MA-DLS data for first and second preparations of non-crystalline BCOs. Data is shifted
vertically for clarity. Data obtained after 1 week.
To gain a better understanding of the difference in morphologies indicated by SLS, the particles
need to be visualized. In order to do this, TIRF microscopy was used. Samples were prepared by
adding a hydrophobic dye (Nile Red) to a solution of self-assembled BCOs and letting the solutions
stand overnight. Nile Red is not fluorescent in water and will only emit light in a hydrophobic
environment.35 As the core of the BCOs is expected to be hydrophobic, Nile Red will migrate into
the core of the self-assembled particles, emit light upon excitation, and thus the shape of the selfassembled particles and their homogeneity can be assessed. However, it is important to note that
by using microscopy as a method to visualize particles, a snap shot of the sample is obtained and
this snap shot only covers a small section of the whole sample. As TIRF microscopy is a confocal
technique, the detection limit lies at 200 nm and size differences can thus only be observed if the
difference is at least 200 nm.
All samples were prepared by using the pon method, as later preparations using this method also
lead to slopes other than -2 in SLS. Particle sizes obtained from MA-DLS on these samples showed
a comparable size. To investigate the different morphologies indicated by SLS, we focused on three
variations of slopes: a slope of -2, indicative of vesicles, a slope higher than -2 (-1.6) and a slope
lower than -2 (-2.4) to see what differences could be observed (Figure 4.10a-c).

(a) slope SLS: -2

(b) slope SLS: -2.4

(c) slope SLS: -1.6

Figure 4.10. TIRF microscopy images for particles prepared from oDLLA16-oEG11, using the
same method (pon), but giving different slopes in SLS. (a) A slope of SLS of -2. (b) A slope of -2.4.
(c) A slope of -1.6.
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Surprisingly, no major differences were observed between the sample giving a slope of -2 (Figure
4.10a) and the sample giving a slope of -2.4 (Figure 4.10b). Spherical, non-interacting particles
were observed, indicating that vesicles were formed that did not aggregate. When looking closely
at the sample that gave a slope of -1.6 in SLS (Figure 4.10c), particles seemed to differ more in size
and, more importantly, longer stretched particles were present, indicated by the blue arrow.
These longer stretched particles might be aggregates of individual vesicles or micelles, clustered
together. Cylinder structures have a slope of -1 in SLS, so the presence of these cylinder like, longer
stretched particles might explain the intermediate slope between -1 and -2 for this sample. For
the sample giving a slope of -2.4, other morphologies might be present in solution, but as said
before, microscopy only gives a snap shot of the sample, which only covers a small section of the
whole sample and due to the detection limit differences in size may not be observed by this
technique.

4.3.2 Influence of solvent on particle size
In other work of studying self-assembly of BCOs in water using a solvent switch method, several
organic solvents which are miscible with water are used as common solvent for both blocks (e.g.
acetone, THF, dioxane or mixtures of these)24,25,34. The removal of these organic solvents also
varies per preparation method (e.g. dialysis against water, evaporating the organic solvent, or not
removing the solvent at all).24,25,34 Theoretically, by evaporating the organic solvent, the size of the
prepared particles should decrease, as by evaporating the organic solvent the core of the particles
should shrink.
Firstly, to investigate the effect of organic solvent on particle size and morphology, particles were
prepared from oDLLA16-oEG11 (BCO (c), Scheme 4.1), using acetone as solvent for the organic stock
solution. Preparation method p and pon were tested, as these gave the best results when
compared to manual addition and sonication. Comparing MA-DLS and SLS after one day (Figure
4.11a and b, data is shifted vertically for clarity) to the first two preparations, shows a similar
morphology for pon as the slope is around -2, but for preparation using p the slope has increased,
indicating the formation of other morphologies. Using acetone as organic solvent for the stock
solution also lead to formation of smaller particles. This could either indicate that acetone is not
as good as a solvent for the oLA block as THF, or acetone evaporates faster. The samples were
followed overtime and compared to preparations using THF. As can be seen in Figure 4.11c, after
one week the sizes of the particles prepared from THF and acetone stock solution are in the same
range and overtime the particles reach about the same size (+/- 180 nm for pon method, +/- 250
nm for p method). This indicates that it is probably the rate of evaporation and not the solvent
quality that gives rise to smaller particle sizes on small time scales. Acetone is more volatile than
THF and it has a lower boiling point (56 °C versus 66 °C), which explains the faster solvent
evaporation of acetone compared to THF.
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Figure 4.11. (a) Double logarithmic plot for preparations using different solvents for noncrystalline BCOs after 1 week. (b) MA-DLS for using different solvents for non-crystalline BCOs
after 1 week. Data is shifted vertically for clarity. (c) RH obtained by MA-DLS versus time.

To further investigate the effect of the rate of solvent evaporation on particle size, four samples
were prepared. First, two samples were prepared by addition of water via the syringe pump,
either to a stock solution in acetone or THF. After addition of the water, both samples were divided
into two new samples, one of which continued to stir overnight with a closed vial and the other
one open, leading to a total of four samples: pon THF open, pon THF closed, pon acetone open
and pon acetone closed. Overtime, all samples should reach the same size after evaporation of the
organic solvent, but depending on the solvent and method of preparation (open or closed), the
time needed to reach this size may differ.
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Figure 4.12. RH obtained by MA-DLS versus time for non-crystalline self-assembled BCOs.
(a) First experiment using THF or acetone as organic solvents. The blue dotted line indicates
opening of the intially closed samples. (b) Second experiment using THF as organic solvent.
Looking at Figure 4.12a and b, it is clearly observed that stirring the prepared samples overnight
in an open vial leads to smaller particles. This is as expected, as the organic solvent is able to
evaporate overnight, leading to a smaller core and thus a smaller size of the particles. However, in
contrast to previous experiments, at short times, particles made from a stock solution in acetone
are not smaller in size than particles made from a stock solution in THF. Furthermore, the particle
sizes do not seem to equilibrate overtime for the different solvents, as was the case for the
previous experiments (Figure 4.12c). After opening all the samples overnight (indicated by the
blue dashed line, Figure 4.12a), the samples do not reach the same size. If the remaining organic
solvent was the cause for size differences, it was expected that this should lead to the same size.
Information on the morphologies of these particles indicates that there might be a difference in
terms of timescale to equilibrate into a stable morphology. For the experiments of Figure 4.11c, a
stable slope was obtained from SLS for each time point, while for the experiments of Figure 4.12a,
the slope was decreasing for each time point. Therefore, it might not be possible to compare these
experiments and draw a solid conclusion.
For the experiments of Figure 4.12b, a constant slope of -2 was obtained from SLS. Here, we can
clearly see the influence of solvent and the equilibration of particle size overtime for both
preparations, indicating that evaporation of organic solvent does indeed lead to smaller particles
at smaller timescales, but overtime the particle sizes equilibrate. For these particles to have an
application in drug delivery, ideally they should reach their equilibrium size directly after
preparation, as a size decrease is not wanted as this could lead to different properties such as
blood circulation time or permeability.36 So for future preparations complete evaporation of the
organic solvent should be ensured, either via using an airstream or via dialysis.
To confirm that the decrease in size can indeed be attributed to solvent evaporation and not to
degradations of the BCO in water, MALDI-ToF was measured on the self-assembled BCOs used for
the second solvent evaporation experiment in solution after 23 days (Figure 4.13b). Degradation
could occur via random chain scission, after which backbiting conversion could occur via the free
hydroxy group (Figure 4.13a). This backbiting conversion would lead to lower intensity peaks
with 144.04 m/z more or less, corresponding to two lactic acid repeating units.
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Figure 4.13. (a) Schematic representation of degradation of the oLA core block via random
chain scission and backbiting conversion. (b) MALDI-ToF of self-assembled particles of discrete
amorphous amphiphile (a) after 23 and 52 days.
A single high intensity peak was present in both matrices (CHA and DCTB) for both samples
(Figure 4.13b) after 23 days, corresponding to the intact oligomer, indicating that the BCOs have
not degraded. Following the sample for a longer time showed that the BCOs were stable after 52
days.
To investigate if the size of the particles was concentration dependent, previously used stock
solution which resulted in a stable morphology (indicated by a constant slope of -2 in SLS) was
diluted and used to prepare new particles. The slopes obtained by fitting a straight line through
the MA-DLS data (Figure 4.14) indicates that the sizes are not concentration dependent. The
slopes of these plots correspond to the diffusion coefficient, comparable diffusion coefficients
mean that the particles are of the same size.
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Figure 4.14. MA-DLS data for different concentrations of non-crystalline self-assembled BCOs
after 1 week.

4.3.3 Influence of dispersity
Dispersity in BCOs can have influence of the homogeneity of the self-assembled particles from
these BCOs in terms of size and morphology, as mentioned in the Introductory Chapter and in the
introduction of this chapter. To study the effect of dispersity in our system, oDLLA~16-oEG11 (BCO
(d), Scheme 4.1) was self-assembled in water via a slow solvent-switch from a stock solution in
THF with the pon method, as this gave the best results so far for the discrete non-crystalline BCO.
The results are shown in Figure 4.15. The particles formed by the disperse BCO show a steeper
slope in MA-DLS, which gives a higher diffusion constant and thus indicates smaller particles
formed (185 nm for disperse BCO versus 302 nm versus the discrete BCO). This decrease in size
upon introducing dispersity in the core forming block could be explained by relocation of shorter
chains. Shorter chains tend to relocate in the inside wall of vesicles, as there the curvature is
higher, whilst longer chains relocate in the outside wall. The high number of longer chains on the
outside wall cause more repulsion, which leads to a higher curvature and smaller particles. For
future applications in drug delivery, particle size is important to consider as smaller particles
might show different permeability and blood circulation times.36 Furthermore, relocation of
shorter chains in the inside wall and more repulsion on the outside wall of the vesicles might affect
drug encapsulation. Because of the higher repulsion on the outside wall, drugs might not be able
to diffuse through these chains. A higher curvature and smaller particles might also lead to a
decreased drug loading, as there is less space available in smaller particles. Fluorescence
spectroscopy and TIRF microscopy could be used to investigate these drug encapsulation
properties.
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Figure 4.15. MA-DLS data for disperse and discrete non-crystalline self-assembled BCOs after 1
day.
To investigate if the size of the disperse particles was concentration dependent, the stock solution
used to obtain these self-assembled particles for the disperse BCO was diluted and used to prepare
new particles, the slopes obtained by fitting a straight line through the MA-DLS data (Figure 4.16)
indicates that the sizes are not concentration dependent. The slopes of these plots correspond to
the diffusion coefficient, comparable diffusion coefficients mean that the particles are of the same
size.
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Figure 4.16. MA-DLS data for different concentrations of disperse non-crystalline selfassembled BCOs after 1 week.
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To visualize the size differences indicated by MA-DLS, and to investigate if dispersity has influence
on the homogeneity of the self-assembled particles, TIRF microscopy was used (Figure 4.17a and
b).

(a) discrete

(b) disperse

Figure 4.17. TIRF microscopy images for particles prepared from (a) discrete and (b) disperse
oDLLA-oEG11.
No clear difference could be observed in size of the particles. However, the size difference
indicated by MA-DLS was 120 nm, which lies below the detection limit of TIRF microscopy (200
nm). Spherical, non-interacting particles were observed for both discrete and disperse samples,
indicating that vesicles were formed that did not aggregate, at least not on the small time scale
during which the sample was visualized. CryoTEM was also used to visualize the particles
(Appendix Figure 7). Here, for the disperse sample multiple types of aggregates were visible, while
for the discrete sample only one big spherical particle was visible. However, these results do not
corroborate with TIRF microscopy. For the disperse sample, instead of multiple types of
aggregates visible in cryoTEM, only spherical particles were observed in TIRF microscopy.
To assess the stability of particles formed upon self-assembly in water, fluorescence microscopy
was used with Nile Red as a hydrophobic dye. By monitoring the λmax and maximum intensity
(Imax), the stability of the particles in terms of critical micelle concentration (CMC) can be
determined, as well as information about the hydrophobicity of the cores of these particles.35 In
Figure 4.18 exemplary spectra obtained by fluorescence spectroscopy are shown. From Figure
4.18a, a shift in λmax to higher wavelengths can be observed upon decreasing particle
concentration. As the particles break down below their CMC, the environment of Nile Red will
change from a hydrophobic environment to an aqueous one, and thus the λmax will shift towards
the maximum emission wavelength of Nile Red in water (660 nm).35 In Figure 4.18b, an exemplary
spectrum to estimate the CMC is shown, the intercept of the two blue lines used to estimate the
CMC. The average CMC for two disperse samples was 0.020 mg/mL, for two discrete samples the
average CMC was 0.025 mg/mL. This could indicate that the disperse samples are more stable,
but as the CMC values lie in the same order of magnitude, the stability of the particles does not
seem to be influenced much by dispersity.
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Figure 4.18. (a) Fluorescence spectroscopy for a concentration series of oDLLA16-oEG11. (b) Plot
of all maximum intensities and corresponding λmax for a concentration series of oDLLA16-oEG11.
By plotting the intensity obtained at the highest concentration versus wavelength, insight can be
gained into the hydrophobicity of the particles formed from discrete and disperse BCOs (Figure
4.19). The λmax shows a slight shift to the left for the disperse particles, indicating that the core of
the disperse particles is slightly more hydrophobic, which could be ascribed to the longer lactic
acid chains present in the disperse particles.
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4.4 Self-assembly of crystalline BCOs
4.4.1 Optimization of sample preparation
To ensure the formation of thermodynamically stable morphologies, the use of a slow solventswitch method was investigated. The amphiphiles were dried overnight over P2O5 at 40 °C and
30-50 mbar to ensure that no water was present. After drying, the amphiphiles were first
dissolved in a good solvent for both blocks (THF), at 10 mg/mL, after which the solutions were
filtered with a 0.22 μm PTFE syringe filter into a clean vial to obtain the organic stock solutions.
30 μL of the stock solution was placed in a clean 1.5 mL vial, after which 270 μL water was slowly
added to obtain a final concentration in water of 1 mg/mL, with 10% THF.
As described for the amorphous BCOs, also for the crystalline BCOs three ways to to prepare the
particles were investigated, namely slow addition of water via a syringe pump (0.05 mL/min)
under stirring (method p), slow addition of water via a syringe pump (0.05 mL/min) under
stirring overnight (method pon) and manually slow addition of water while sonicating inbetween
each addition (method son).
In Figure 4.20, the correlation functions of the particles prepared using the different preparation
methods (son, p, pon) can be seen. It was chosen to first test the preparation methods for discrete
amphiphile (a) (Scheme 4.1) and later test this on the disperse amphiphiles (b).
Using the pump without stirring overnight gave the smallest particles. The steepness of the curve
when using sonication is not significantly different from using the pump. However, here the
particles prepared using the pon method show a less steep curve. For the crystalline BCOs, no
clear trend was observed for the different preparation methods, in contrast to the atactic
amphiphiles where using the pump gave better results than manual addition of water.
(b)
oLLA16-oEG11 son

Correlation Coefficient

1.0

oLLA16-oEG11 p

oLLA16-oEG11 pon

0.8

0.6

0.4

0.2

0.0

Time (log scale)

Figure 4.20. First order intensity correlation function as an exponential decay on a lin-log scale
after 4 days for different preparation methods for discrete crystalline amphiphile.
To confirm reproducibility of the preparation methods and to see if there were no outliers, the
three preparation methods were repeated. In Figure 4.21a-c, the correlation functions for the
repeated preparation methods, as well as the first preparation methods are shown for the
crystalline amphiphiles. Surprisingly, using the pump and stirring overnight gives better results
when the preparation was repeated, indicating that the first preparation might have been an
outlier. The other 2 methods (p and son, Figure 4.21b and c) do not give a clear indication whether
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either of the preparations is reproducible, as both repetitions of the preparations methods do not
overlay well.
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Figure 4.21. First order intensity correlation function as an exponential decay on a lin-log scale
after 4 days for discrete crystalline BCO (a), using different preparation methods. (a) Slow
addition of water via syringe pump under stirring overnight. (b) Slow addition of water via
syringe pump. (c) Manual addition of water while sonicating in between.
In order to further investigate the influence of different preparation methods on the final size and
morphology, SLS was measured. As the expected morphology of the BCOs is vesicles, the slope
obtained from this double logarithmic plot should be -2. When measuring SLS, multi angle DLS
(MA-DLS) data is also obtained, which can give better information about the particle size when
compared to ‘simple’ DLS, as multiple angles are measured instead of one fixed angle.
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Only sonication seems to give the desired slope of -2 (Figure 4.22a), which is indicative for
vesicles. The preparations using the pump do not give this slope, but upon comparison of MA-DLS
of the second preparation using son to the first preparation, bigger particles are observed.
Furthermore, data analysis of MA-DLS was difficult as multiple populations seemed to be present.
Thus, although the method using sonication seems to give better results in terms of morphology
according to SLS, it is unclear whether the formed particles are the thermodynamically favored
ones, as multiple populations seem to be present according to MA-DLS. For clarity, all data shown
in Figure 4.22 is shifted vertically.
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Figure 4.22. (a) Double logarithmic plot for first and second preparations of discrete crystalline
BCOs. (b) MA-DLS data for first and second preparations of crystalline BCOs. Data is shifted
vertically for clarity. Data obtained after 1 week.

4.4.2 Comparison of prepared particles to prior knowledge
Previous work done by Katja Petkau-Milroy showed that the preparation method used did not
affect the size or morphology of the particles prepared and furthermore, only one particle
population was present in these previous preparations. The work presented in this report shows
that the preparation method used does affect the morphology, as only sonication seems to give a
slope of -2, indicative for vesicle formation. Comparing particles prepared by Katja Petkau-Milroy
to particles prepared for this work (Figure 4.23a), shows that only the sample prepared by
sonication in May gives a particle size comparable to particles prepared previously. A previously
prepared sample in December did not give a similar size. Furthermore, MA-DLS data at 100
degrees shows that for a sample prepared by Katja Petkau-Milroy one population was present,
while for the sample prepared in December multiple populations were present (Figure 4.23b).
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Figure 4.23. (a) MA-DLS data for particles prepared by Katja Petkau-Milroy and in this work. (b)
Γ vs Γ*Weigth obtained from MA-DLS for a sample prepared by Katja Petkau-Milroy and in this
work, using the same preparation method.
Investigation of the thermal properties of the prepared particles by sonication in December
(Figure 4.24a) using micro-DSC showed multiple transitions upon heating of the sample,
indicating that multiple crystalline domains were present. These crystalline domains can either
come from the different populations present in the sample, or from different crystalline domains
present in one population. Comparing the MA-DLS data from the preparations from Katja PetkauMilroy, the preparation in December, the preparation in May and later preparation, clearly shows
that all later preparations are comparable with the preparation in December (Figure 4.24b). All
particles prepared later are smaller and do not show a slope of -2 and have multiple populations
present.
The difference between the particles prepared by Katja Petkau-Milroy, sonication May and all the
other particles is the way the compound was stored. For the particles giving one particle size and
a slope of -2 in SLS, the BCO was dried in the oven at 40 °C over P2O5 under high vacuum. The
particles with smaller sizes and varying slope in SLS were prepared from a BCO that was stored
in the freezer. This indicates that sample history is important for the crystalline compounds.
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Figure 4.24. (a) micro-DSC traces (first cooling and second heating run) for discrete oLLA16oEG11. Method: heating to 80 °C and cooling to 5 °C (0.5 °C/min). (b) MA-DLS data for particles
prepared by Katja Petkau-Milroy and in this work.
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4.4.3 Influence of crystallinity
A possible explanation for the importance of sample history for the crystalline compounds is the
ability of these compounds to crystallize overtime. Therefore, overtime, part of the sample could
crystallize, resulting into regions with different extents of crystallinity. Amorphous parts of the
sample will have higher solubility compared to crystalline parts37, leading to a non-stable stock
solution over time in terms of soluble species: the amorphous parts of the sample will dissolve,
while crystalline parts might grow and aggregate.38 These different species present in the stock
solution will also lead to multiple populations upon self-assembly in water. To avoid different
species present in the stock solution and in the final sample, crystalline regions in the BCO should
be removed.

4.4.3.1 Effect of heating on crystallinity
To remove the crystalline regions in the BCO prior to making a stock solution, different ways of
melting the BCOs were investigated: heating the BCO in the bulk state above the melting
temperature of the BCO to melt and remove crystalline regions, dissolving the BCO in
dichloromethane (DCM) and removing the solvent at elevated temperatures higher than the
melting temperature of the BCO via either rotary evaporation to ensure slow solvent removal, or
by using an oil bath, which leads to fast solvent removal as DCM is a rather volatile solvent. As
DCM is a good solvent for the oLA block, it is thought that this could lead to full dissolution of the
BCO and by heating this solution, the crystalline regions could be removed via melting as well.
Three methods were used: dissolving the BCO in DCM and heating to 60 °C in an oil bath to ensure
fast solvent removal, dissolving the BCO in DCM and removing the solvent slowly via rotary
evaporation at 60 °C and melting the BCO in dry state in the vacuum oven overnight at 60 °C.
Afterwards the heated BCOs were used to prepare stock solutions in THF and particles were
prepared using the pon method. MA-DLS and SLS was measured after one day to assess the
number of populations present and the morphology thereof. In the Appendix (Figure 14), Γ vs
Γ*weight is plotted, obtained from MA-DLS at 100 degrees, which indicates the number of
populations present. Heating in the oven lead to two populations present, while dissolving in DCM
and subsequent heating lead to one population. MA-DLS data for the three methods is shown in
Figure 4.25a. Heating in the oven lead to two populations, the most pronounced population being
larger in size than the other two methods. Heating the BCO after dissolving in DCM gives
comparable sizes, but the data obtained from the method using the rotavap does not show a nice
fit. As for the morphologies indicated by SLS, only heating in the oven gives a slope of -2, while fast
heating after dissolving in DCM gives a slope of -2.8 and slow solvent removal using the rotavap
gives a slope of -1.7. However, as only dissolving in DCM gave one population in MA-DLS, this was
investigated further.
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Both methods for dissolving in DCM and heating were repeated. To check if heating at higher
temperatures would lead to even better melting of the BCOs, the BCO was dissolved in DCM and
DCM was removed via heating in an oil bath at 80 °C. MA-DLS at 100 degrees (Appendix Figure
14) showed again only one population for the repeated methods, while heating at 80 °C lead to
two populations. MA-DLS data of heating to 60 °C (Figure 4.25b) using an oil bath gives
comparable results compared to the previous heating experiment. Heating to 80 °C gives rise to
smaller particles. As for the morphologies indicated by SLS, heating to 60 °C, both using the oil
bath and rotavap give a slope lower than -2 (-2.5 and -2.4 respectively), while heating to 80 °C
gives a slope of -1.7.
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Figure 4.25. (a) MA-DLS data for different methods to heat the discrete crystalline BCO, after
one day. (b) MA-DLS data for repetition of different methods to heat the discrete crystalline BCO,
after one day.
Heating to higher temperatures did not lead to better melting of the BCO, as there were still two
populations present. Therefore, to investigate if the rate of DCM evaporation could have influence
on the particles prepared, the BCO was dissolved in DCM and DCM was evaporated at room
temperature, allowing the DCM to evaporate slowly. Again, only one population was visible from
MA-DLS at 100 degrees (Appendix Figure 14) and the MA-DLS data (Figure 4.26) is comparable
to data obtained from heating to 60 °C. This indicates that not necessarily the heating of the BCO,
but more the dissolution in DCM seems to give rise to formation of only one population. However,
the slope obtained from SLS was -2.9, which does not indicate the formation of vesicles.
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Figure 4.26. MA-DLS data for particles prepared from slow DCM evaporation, after one day.
Summarizing, heating the BCO to remove crystalline regions has an effect on the morphology of
the self-assembled particles made. However, heating the BCO in the dry state did not give one
population, while heating the BCO after dissolving in DCM did. This indicates that not necessarily
the heating of the BCO, but more the dissolution in DCM seems to give rise to formation of only
one population. However, the preparations so far do not give vesicle morphologies, as the slope
in SLS is not -2. Another way to influence the extent of crystallinity in the self-assembled particles
is via confined crystallization of the core, after the particles have self-assembled.39,40 In this
method, solutions of self-assembled particles are heated above their Tm to ensure dissolution of
the polymers, as well as melting of the crystalline core. After heating for one hour, the solution is
cooled down to allow the core blocks to crystallize.
To investigate this confined crystallization, two previously prepared samples of self-assembled
particles (DCM RT and DCM oil 60 °C) were heated to 60 °C for one hour and allowed to cool down
to room temperature under stirring overnight. The MA-DLS data before and after heating is shown
in Figure 4.27a and b. For method DCM RT (Figure 4.27a), heating improved the homogeneity of
the self-assembled particles, as MA-DLS data shows a better fit. The slope obtained by SLS changed
from -2.5 to -2.2 upon heating, which could indicate that the morphology of the self-assembled
particles has changed more towards vesicle like structures. For method DCM oil 60 °C (Figure
4.27b), particles were also smaller and the slope changed from -2.8 to -2.1, again indicating that
the morphology of the self-assembled particles has changed more towards vesicle like structures.
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Figure 4.27. MA-DLS data for samples heated to induce confined crystallization, from particles
prepared using different methods. (a) Dissolving the BCO in DCM and slowly evaporating DCM at
room temperature. (b) Dissolving the BCO in DCM and evaporating DCM at 60 °C.
To visualize the differences in morphology upon heating the self-assembled particles, TIRF
microscopy was used with Nile Red as a hydrophobic dye (Figure 4.28). Before heating (Figure
4.28a-b), different sizes of elongated structures and spherical assemblies were visible. Overall, the
particles were less homogenously distributed compared to the non-crystalline self-assembled
particles. After heating (Figure 4.29c-d), a smaller number of spherical particles were visible and
these particles were also less intense. This lower intensity indicates that less Nile Red is taken up
by these particles, which might be due to a higher extent of crystallinity and tighter packing of
crystalline chains. This might hamper the uptake of Nile Red into these spherical particles. The
elongated structures present in the heated sample are more uniform in terms of size. In Figure
4.28c, a less intense elongated fiber, indicated by the blue arrow, can be seen. The presence of this
less intense fiber besides a more intense fiber could indicate backfolding or bundling of multiple
fibers and therefore a higher intensity when multiple of these fibers are bundled together. Overall,
the TIRF images obtained for both crystalline samples seem to have particles with a lower
intensity than the non-crystalline particles visualized with TIRF. This could indicate that due to
the crystalline domains, and thus a tighter packing or less space available, the crystalline particles
take up less Nile Red.
Furthermore, crystalline domains are known to prevent structures of bending into spherical
particles like vesicles, leading to flat bilayer structures instead of vesicles upon self-assembly.25
The samples visualized in Figure 4.28 show a decrease in number of spherical assemblies upon
heating, as well as the formation of better defined elongated structures, which could be flat
bilayers. This indicates that heating particles after self-assembly induces crystallization. To
further investigate the possible formation of flat bilayers, atomic force microscopy (AFM) could
be used to see if the formed structures are flat. Another technique that could provide more insight
is cryoTEM, as crystalline domains could give rise to zones with higher contrast. And lastly, the
presence of crystalline material in solution could also be investigated with XRD, to see if
diffraction peaks which can be attributed to the crystallization of the oLA blocks are present.
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(a) Before heating

(b) Before heating

(c) After heating
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Figure 4.28. TIRF microscopy images for self-assembled particles from crystalline BCO
oLLA16-oEG11. (a), (b) Particles after self-assembly in water. (c), (d) Particles after heating the
solution of self-assembled particles.
To further assess the stability and hydrophobicity of the crystalline samples, as well as the
intensity difference observed by TIRF microscopy, fluorescence spectroscopy was used (Figure
4.29). By comparing the measured intensity at the highest concentration of both crystalline
samples (heated and non heated, Figure 4.29a), it can be seen that the non heated sample does
indeed have a lower emission intensity, as was also observed with TIRF. Less NileRed is thus
encapsulated in the particles present in the non heated sample, indicating that either the core of
these samples is less hydrophobic, or NileRed is not able to diffuse deeper into the core of the non
heated sample, leading to a more hydrophilic environment as the NileRed is then closer to the
aqueous phase. The difference in environment can also be observed upon plotting the normalized
intensities (Figure 4.29b). The λmax for the crystalline samples is shifted to the right. This indicates
that the crystalline samples either have a less hydrophobic core than the non-crystalline samples,
or Nile Red is not able to diffuse deeper into the core of the crystalline samples due to the
crystallinity, leading to a less hydrophobic environment as the Nile Red is then closer to the
hydrophilic aqeous environment.
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The fluorescence measurements for concentration series of both crystalline samples (Figure 4.29
c and d) indicate that the crystalline particles are less stable than their non-crystalline
counterparts, as the intensity drops faster upon decreasing concentration. However, as the
crystalline particles seem to have encapsulated Nile Red in a more hydrophilic environment than
the non-crystalline samples, the fast decrease in emission intensity could also indicate that Nile
Red is diffusing out easier as it is not as deeply diffused into the core as for the non-crystalline
samples. Interestingly, the heated crystalline sample (Figure 4.29d) does not only show a shift in
λmax to higher wavelengths, but at the lower concentrations an outlier can be observed. This could
indicate the formation of a different morphology at lower concentrations and thus a less stable
architecture of the particles. However, as the CMC of both crystalline samples are estimated to be
0.25 mg/mL, it is not clear whether the outlier of the crystalline heated sample indicates a less
stable morphology. Comparing the CMC’s of the crystalline samples with the non-crystalline ones
indicates that the crystalline particles are less stable, as the CMC is ten times higher (0.25 mg/mL
versus 0.025 mg/mL, respectively). However, these lower CMC’s could also indicate that Nile Red
diffuses out easier for the crystalline samples, thus leading to a lower CMC.
Another explanation for the lower CMC could be the presence of the elongated structures in the
crystalline samples. Cylindrical micelles formed from crystalline BCOs have been shown to have
higher CMCs than their spherical counterparts formed from non-crystalline BCOs.13 Previous
work done on crystalline and non-crystalline spherical micelles shows the opposite trend:
micelles with an amorphous core exhibit a higher CMC than micelles with a crystalline core.41 This
indicates that the difference in CMC does not only depend on whether or not the core is crystalline,
but also on the morphology that is formed.
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Figure 4.29. Fluorescence spectroscopy using NileRed. (a) Intensity versus wavelength for the
highest concentration of crystalline samples. (b) Intensity versus wavelength for the highest
concentration of crystalline and non-crystalline samples. (c) Fluorescence spectroscopy for a
concentration series of oLLA16-oEG11, non heated. (d) Fluorescence spectroscopy for a
concentration series of oLLA16-oEG11, heated.
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4.4.3.2 Effect of crystallinity on solubility
As heating of the crystalline BCOs and self-assembled particles thereof did not lead to the desired
result of one morphology being present upon self-assembly in water, it was thought that the
organic stock solutions might not be of good enough quality. The BCOs might not be in the
molecularly dissolved state, which could lead to aggregates present in the stock solution that
could not be removed by filtration if the aggregates are small enough. To assess the dissolvation
of the BCOs in the stock solutions, count rates were monitored over time at an angle of 90 degrees.
First, it had to be confirmed that the solvent used for the stock solutions (THF, filtered with 0.2
um PTFE) was of good enough quality. The count rates for the solvent are shown in the Appendix
(Figure 15) and show a low intensity, and no correlation function could be derived from this data,
which means that the solvent is of good enough quality.
Stock solutions of crystalline and non-crystalline BCOs were prepared in THF at a concentration
of 10 mg/mL, to investigate if the crystallinity gives rise to problems regarding solubility. The
count rates are shown in Figure 4.30a. Surprisingly, for both crystalline and non-crystalline BCOs
high count rates were observed, as well as a correlation function indicating the presence of selfassembled structures or aggregates.
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Figure 4.30. (a) Count rates obtained from stock solutions of discrete BCOs (a) and (c), 10
mg/mL in THF at an angle of 90 degrees. (b) Count rates obtained from stock solutions of
discrete BCO (a), 10 mg/mL in THF. Before improving dissolution by heating and sonicating
(black), after heating at 55 oC for 30 minutes (red) and after sonicating for 15 minutes after
heating (blue). Data obtained at an angle of 90 degrees and normalized by diode intensity.
To improve the dissolution of the BCOs, the stock solutions were heated to 55 °C for 30 minutes
and afterwards sonicated for 15 minutes, to break the aggregates apart (Figure 4.30b). However,
this did not lead to the desired result as high count rates were still observed, and larger aggregates
still seemed to be present.
As dissolving the BCOs in DCM prior to self-assembly lead to better results for self-assembly in
water, the dissolution in DCM and Chloroform was also investigated. These two solvents are not
miscible with water, so these solvents will not be suitable for a solvent-switch method. However,
if the BCOs fully dissolve in these solvents, these solvents might be used for filtration studies to
remove any impurities if present. The BCOs were dissolved in DCM and Chloroform and were
followed overtime to follow the dissolution process (Figure 4.31). The obtained intensities were
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divided by the intensity of the diode, to make a fair comparison between the different
measurements, as the diode might have a different intensity for each measurement. From Figure
4.31a it is clear that overnight the intensity drops, indicating that the compounds are dissolving
better overtime. From Figure 4.31b it can be seen that the disperse stock solutions show a lower
intensity, and that the discrete crystalline compounds gives the highest intensity. This indicates
that it is indeed crystallinity that gives rise to solubility issues, as the disperse compounds are less
crystalline.
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Figure 4.31. Count rates obtained from stock solutions of cyrstalline and non-crystalline BCOs
at 90 degrees. (a) Stock solution of discrete crystalline BCO, 10 mg/mL in CHCl3 overtime. (b)
Stock solutions of discrete and disperse crystalline and non-crystalline BCOs, 10 mg/mL in DCM
after 4 hours.
To remove crystalline regions present in the crystalline BCO, the crystalline BCO was freeze dried
from dioxane (Figure 4.32a). Before freeze drying, the crystalline BCO was a waxy solid, after
freeze drying the bulk morphology completely changed into a more ‘fluffy’ solid. The count rates
of the freeze dried compound, a compound stored in the fridge and a freshly synthesized
compound, all dissolved in DCM or CHCl3 at 10 mg/mL, are shown in Figure 4.32b. As the freshly
synthesized compound did not have time yet to crystallize, it is thought that the crystalline regions
in this compound should be absent. It can be seen that the freeze dried compound dissolved much
faster than the non freeze dried compound, and that the freshly synthesized compound dissolved
faster as well, indicating that freeze drying removes crystalline regions and that the freshly
dissolved compound has a lower extent of crystallinity.
The freeze dried compound was also dissolved in THF and particles were prepared using this
stock solution. However, the slope obtained was not -2 but -1. It is not clear what caused this
discrepancy in morphology, as it was expected that complete dissolution should lead to better
particles. The freeze drying needs thus further investigation, which could be done via visualizing
the particles prepared from this stock solution using TIRF microscopy.
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Figure 4.32. (a) Appearance of discrete crystalline BCO at room temperature, before and after
freeze drying. (b) Count rates divided by diode intensity for different stock solutions of the
discrete crystallie BCO. Data obtained at an angle of 90 degrees.
As so far dissolving the BCOs in DCM or Chloroform gave the best results, particles were also
prepared from BCOs first dissolved in DCM overnight, after which stock solutions in THF were
made after removing the DCM. Self-assembled particles were obtained with only one population
present and the size of these particles also corresponded to the sizes obtained previously by the
sample with one population. Overlay of the SLS data obtained from these samples show a slope of
-2, indicating that vesicles were formed (Figure 4.33).
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Figure 4.33. SLS data for particles prepared after dissolving in DCM and by sonication in May.
Data was shifted vertically to show the overlay of the two plots.
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Finally, final stock solutions for all BCOs (a) to (d) were prepared by dissolving the BCOs in DCM
and following the dissolution process overtime. After dissolution the solutions were filtered with
a 0.2 μm PTFE filter to remove dust or any aggregates still present. Afterwards, DCM was removed
and the resulting BCOs were dissolved in THF to obtain final stock solutions (Figure 4.34). The
final stock solutions are as desired, as no large aggregates or self-assembled structures are
present. However, the correlations indicate a size of 100 nm instead of the expected size of 4-6
nm for molecularly dissolved chains.
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Figure 4.34. Count rates obtained from final stock solutions of all BCOs, 10 mg/mL in THF.
Particles were prepared from these stock solutions and the results for the discrete crystalline BCO
are shown in Figure 4.35. The size obtained by preparation from the final stock solution shows a
comparable size to the preparation by sonication in May (Figure 4.35a) as the slope is in the same
range. However, SLS data does not overlay with previous preparations as the slope is -2.4. A
previous preparation following the same procedure (dissolving BCO in DCM, filtering when
dissolved, removing DCM, dissolving in THF) did give the desired slope of -2. More investigation
is needed to understand more about this behaviour, visualization by TIRF microscopy could be a
first step.
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Figure 4.35. (a) MA-DLS data for particles prepared from the final stock solution of discrete
crystalline BCO and by sonication in May. (b) SLS data for previous particles prepared after
dissolving in DCM, by sonication in May and from final stock solution of discrete crystalline BCO.
Data was shifted vertically to show the overlay of the plots.
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4.5 Self-assembly using the final stock solutions
The final stock solutions described in section 4.4.3.2 were used to prepare particles for BCOs (a),
(b), (c) and (d) (Scheme 4.1).
Particles were prepared via the pon method, as this gave the best results so far in terms of
reproducibility in size and morphology. The particles were studied with light scattering (SLS and
MA-DLS) and additionally, small-angle neutron scattering (SANS) was also used to study the
morphology and nanostructure of the self-assembled BCOs. The principles behind this technique
are comparable to light scattering, but there are some differences. Firstly, instead of light, higher
energetic neutrons are used as an electromagnetic wave. This ensures that via this technique,
smaller features can be studied as the observed size range is partially determined by the radiation
wavelength (λ) via the scattering vector q. Secondly, the origin of scattering contrast differs. In
light scattering, the contrast is related to a difference in refractive index, due to the difference
between the material’s and the solution’s polarizability. In neutron scattering the contrast is
related to a difference in nuclear scattering length. As neutrons scatter through interaction with
the nucleus, different scattering lengths are observed for materials with different numbers and
types of atoms. The total intensity is represented in equation 4.4.
Similar to static light scattering, the average value of scattered light intensity as a function of q is
of interest. The desired q range is measured by recording the scattered neutrons on a detector,
resulting in a two-dimensional interference pattern (Figure 4.36). This interference pattern can
be radially averaged to give the sample scattering pattern.

Figure 4.36. Schematic representation of a small-angle experiment.27
By probing various length scales in terms of q, different information about the particle such as
shape, size and surface can be obtained (Figure 4.2). Quantitative information about the particle’s
dimensions and structure can be extracted from the form factor by fitting the curves with
mathematical models. Models have been developed for several structures, such as spheres and
cylinders, but also for polymers in solution.42,43
SANS is useful to unravel core shell structure of particles by means of varying the contrast of the
solvent. The principle behind this is that H2O and D2O have different scattering length densities
and with a mixture of them we can match the same contrast of either the core or the corona. In
this sense, we are able to ‘’visualize’’ only the shell or the core respectively. In this work, all
samples were measured using pure D2O. The scattering length density of oEG and PLA is different
from D2O (Table 4.1).
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SLD
[10-6 Å-2]
H2O
-0.57
D2O
6.36
PLA
1.73
PEG
0.64
Table 4.1. Scattering length densities.
In solution oEG is expected to be highly hydrated so the scattering length density of the oEG shells
is assumed to be a weighted average of both components (Equation 4.5).
(4.5)

𝑆𝐿𝐷𝑠ℎ𝑒𝑙𝑙 = 𝑥𝑆𝐿𝐷𝑜𝐸𝐺 + (1 − 𝑥)𝑆𝐿𝐷𝐷2𝑂

Where x is the weight fraction of oEG in the shell. In this case the hydrated oEG corona and the
PLA shell will become ‘’visible’’, as the scattering length densities differ from the used solvent.
In order to obtain P(q), the particle concentration is usually kept low in such measurements to
ensure that the contribution of S(q) is negligible (S(q) = 1). Previous reports on PLA/oEG block
copolymers shows that S(q) = 1 at concentrations bellow 5 mg/mL. 44 Therefore, in this work, we
used concentrations of 0.5 and 1 mg/mL.

4.5.1 Size and morphology of amorphous self-assembled structures
Particles from final stock solutions of BCOs (c) and (d) (Scheme 4.1) were first studied using light
scattering (Figure 4.37). Surprisingly, the previously observed size difference between oDLLA16oEG11 and oDLLA~16-oEG11 (Section 4.3.3) was not observed in the present case (Figure 4.41a).
Nevertheless, a slope of -2 was inferred from SLS data for both samples, indicating a vesicle or flat
bilayer morphology, as was expected for these BCOs.
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Figure 4.37. (a) MA-DLS data for discrete and disperse amorphous BCOs after self-assembly.
(b) Double logarithmic plot for discrete and disperse amorphous BCOs after self-assembly. Data
is shifted vertically for clarity and obtained after 14 days.
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TIRF microscopy also showed that the discrete and disperse amorphous particles had roughly the
same size and morphology (Figure 4.38). However, for the discrete sample it seemed that the
structures were more elongated instead of fully spherical.

(a) discrete

(b) disperse

Figure 4.38. TIRF microscopy images for particles prepared from (a) discrete and (b)
disperse oDLLA-oEG11.
SANS was used to further investigate the morphology of these self-assembled particles. To ensure
that the structure factor S(q) contribution can indeed be disregarded, scattering intensities
obtained from oDLLA16-oEG11 at different concentrations (0.5 and 1 mg/mL) were normalized by
concentration (Figure 4.39a). Both of the scattering patterns overlay, which indicates that the
particles do not interact at the studied concentrations and thus we can assume that S(q) = 1. This
is in agreement of previous reports using a similar system in which S(q) = 1 in samples with
concentrations up to 5 mg/mL.45
In Figure 4.39b, the scattering intensities obtained from the particles prepared from discrete and
disperse amorphous BCOs are shown. The data is shifted vertically for clarity. The initial slope for
both discrete and disperse particles is -2, which indicates a vesicle or lamellar shape which was
also indicated by SLS.
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Figure 4.39. (a) Scattering intensities normalized by concentration. (b) Scattering intensities for
discrete and disperse amorphous BCOs after self-assembly in D2O, data is shifted vertically for
clarity.
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All models were fitted using SASVIEW software. A quick fit shows a vesicle model is not able to
adjust the data at low q range (Figure 4.40a), however, a lamellar model has more similarity to
the scattering curves (Figure 4.40b). Therefore, a lamellae model was used to further analyse the
data obtained from SANS experiments.
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Figure 4.40. (a) Scattering intensity obtained from mDL16E11 fit with a vesicle model. (b)
Scattering intensity obtained from mDL16E11 fit with a lamellae model.
A model for a lamellar structure that considers the head (oEG) and tail (PLA) groups with different
scattering length density was used to fit the data (Lamellar_hg in SASVIEW46) (Figure 4.41). Head
groups represent the oEG block, while tail groups represent the oLA block.

Head

Tail

Figure 4.41. Schematic representation of a lamellar structure, used to fit the SANS data.
Scattering length densities (SLD) of the head and tail are taken to be different, the model also
accounts for the difference in contrast between the head and the surrounding medium (D2O). We
assume that the core with non-hydrated oLA chains with a SLD of 1.73 * 10-6 Å-2.45 The SLD of
‘dry’ oEG is 6.38 * 10-7 Å-2,47 but as oEG is hydrated this value was fixed to 4.9, an acceptable
hydration value of 75%. Since the oEG chain is invariable in all samples, the hydrations values
were estimated to be similar. We also assumed that the oEG to be completely stretched out in D2O
(good solvent), the head length was calculated to be 31 Å, based on the PEO unit length of 0.28 Å
in water.48 The only parameter that was allowed to float was the length of the tail.
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Oligomer

SLD tail
[10-6 Å-2]

SLD head
[10-6 Å-2]

SLD solvent
[10-6 Å-2]

Head length
[Å]

oDLLA16-oEG11
1.73
4.9
6
31
oDLLA~16-oEG11
1.73
4.9
6
31
Table 4.2. Fixed lamellae parameters for fitting the scattering spectra for amorphous BCOs.
Using the above mentioned fixed parameters (Table 4.2) and the lamellar phase model with head
and tail groups gave a good fit (Figure 4.42) and tail lengths of 22.9 and 23.4 Å for the discrete and
disperse samples, respectively. This indicates that the discrete and disperse BCOs pack in a similar
way.
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Figure 4.42. Fits to discrete and disperse particles using the lamellar phase model.
Oligomer

Tail
length [Å]

+/[Å]

oDLLA16-oEG11
oDLLA~16-oEG11

22.9
23.4

0.09
0.09

Table 4.3. Fitted lamellae parameters for fitting the scattering spectra for amorphous BCOs.
The obtained tail lengths for the oLA block are roughly half the value of an extended oLA16 chain
(+/- 58 Å).2 This could indicate that for the amorphous BCOS, instead of packing tail to tail (Figure
4.43a), the oLA blocks are intercalated (Figure 4.43b).

2

Size of the extended oLA16 chain was obtained from the end-to-end distance in Chem3D.

79

Chapter 4

(b)

(a)
31 Å

31 Å

oEG

oEG

29 Å

58 Å

oLA

oLA

oEG

oEG
Figure 4.43. Schematic representation of a lamellar structure with the oLA core (a) packing tail
to tail (b) intercalating.

4.5.2 Size and morphology of crystalline self-assembled structures
Particles from final stock solutions of BCOs (a) and (b) (Scheme 4.1) were first studied using light
scattering (Figure 4.44). Surprisingly, the sizes obtained for these preparations of the particles do
not correspond to the sizes obtained by Katja Petkau-Milroy in previous work (Section 4.2.2), nor
do they correspond to the first sizes obtained with the optimized stock solutions (Section 4.4.2).
Moreover, SLS of these particles does not show a slope of -2, but again a slope in between -1 and 2, which could indicate the presence of a mixture of morphologies.
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Figure 4.44. (a) MA-DLS data for discrete and disperse crystalline BCOs after self-assembly. (b)
Double logarithmic plot for discrete and disperse crystalline BCOs after self-assembly. Data is
shifted vertically for clarity and obtained after 7 days.
The onset of the change in slope from 0 to the obtained values indicates the size of the structures
we are looking at. The q value at this point is 1.77 *107 m-1, which roughly indicates sizes of about
55 nm.
The particles were also visualized using TIRF microscopy (Figure 4.45). In contrast to the
amorphous particles, a difference can be observed between the discrete and disperse crystalline
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particles, as the disperse particles seem to have a less uniform shape and size. Additionally,
multiple morphologies seem to be present in both samples, as elongated structures were visible,
indicated by the blue arrows.

(a) discrete

(b) disperse

Figure 4.45. TIRF microscopy images for particles prepared from (a) discrete and (b) disperse
oLLA-oEG11.
Figure 4.46 shows the scattering intensities obtained from the particles prepared from discrete
and disperse crystalline BCOs using SANS. The initial slope for oLLA16-oEG11 particles is -3, which
can indicate particles that are larger than the resolution limit and that we are looking at surface
or volume fractals. The initial slope for oLLA~16-oEG11 particles is -2, which indicates a vesicle or
lamellar shape.
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Figure 4.46. Scattering intensities for discrete and disperse crystalline BCOs after self-assembly
in D2O, data is shifted vertically for clarity.
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As the obtained scattering intensities show somewhat the same trend as the scattering intensities
obtained from the particles prepared from amorphous BCOs, the data obtained from particles
prepared with the crystalline BCOs (oLLA16-oEG11 and oLLA~16-oEG11) was fitted with a lamellar
model. Again, a lamellar phase with head and tail groups was used to fit the data. We fixed the
same assumptions as the above non crystalline samples and the results are summarized in Table
4.4.
Oligomer

SLD tail
[10-6 Å-2]

SLD head
[10-6 Å-2]

SLD solvent
[10-6 Å-2]

Head length
[Å]

oLLA16-oEG11
1.73
4.9
6
31
oLLA~16-oEG11
1.73
4.9
6
31
Table 4.4. Fixed lamellae parameters for fitting the scattering spectra for crystalline BCOs.
Using the above mentioned fixed parameters (Table 4.4) and the lamellar phase model with head
and tail groups, the fit only differs slightly at mid q values for the crystalline BCOs (Figure 4.47).
Values for the tail length of the oLA block are shown in Table 4.5. Interestingly, the tail length
obtained for particles made from the discrete crystalline BCO (oLLA16-oEG11) is almost twice as
large as the particles from the disperse BCO (oLLA~16-oEG11). Moreover, the tail length almost fits
the length of a fully extended oLA16 chain, which indicates that the discrete crystalline oLA16
chains pack tail to tail instead of intercalating (Figure 4.43).
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Figure 4.47. Fits to (a) discrete and (b) disperse particles using the lamellar phase model.

Oligomer
oLLA16-oEG11
oLLA~16-oEG11

Tail
length [Å]

+/[Å]

53.7
23.2

0.15
0.09

Table 4.5. Fitted lamellae parameters for fitting the scattering spectra for crystalline BCOs.
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The deviation at mid-q values could be ascribed to monomer-monomer correlation distances of
the PLA chains in solution. This contribution of the monomer-monomer to overall scattering is
also called blob scattering and has been observed in PLA/oEG systems. A higher degree of
crystallinity should thus lead to a higher contribution of blob scattering. Blob scattering can be
calculated using Equation 4.6.45,49

𝐼𝑏𝑙𝑜𝑏 = 𝐶 ∗

sin(𝜇 arctan(𝑞𝜉))
𝑞𝜉(1+(𝑞𝜉)2 )𝜇/2

(4.6)

Where ξ represents the average correlation length of internal polymer structure, or ‘blob size’,
and thus essentially the monomer-monomer correlation distance (usually reported between 0 –
20 Å), μ is defined as ν-1 – 1, with ν as the Flory exponent which can be 3/5 for polymer chains in
a good solvent and 1/3 for polymer chains in a bad solvent. Implementing this contribution to the
scattering into the model could improve the fits to the data, similar to previous works.45 However,
before implementing this model, more experiments have to be performed in order to calculate
variables, such as the exact hydration of the oEG chain. Although we were unable to include this
correction, it is clear that crystallinity should be taken into account when looking at the scattering
data of these type of systems.
To investigate the behaviour upon heating and cooling, as micro DSC indicated melting and
crystallization of the self-assembled crystalline structures, temperature resolved experiments
were performed by recording the pattern at 55 °C and 30 °C. (Figure 4.48).
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Figure 4.48. Scattering intensities for (a) discrete and (b) disperse crystalline BCOs during
heating and cooling down.
For the oLLA16-oEG11particles, upon a heating a change in slope from -3 to -4 can be observed,
which indicates that a transition has taken place to a larger particle, of which only the surface is
visible. The slope of -4 indicates that only a smooth interface is observed. This could mean that
upon heating, the crystalline core melts and therefore larger aggregates are formed. After cooling
down to 30 °C, the system returns to its initial state indicated by a similar slope of -3, highlighting
the reversibility of this transition. For oLLA~16-oEG11particles, upon heating the slope changes
from -2 to -3, which indicates a change from a vesicle or lamellar structure into larger particles or
volume or surface fractals. Again, upon cooling down the system returns to its initial state
indicated by a similar slope of -2, indicating the reversibility of this transition.
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4.5 Summary and conclusions
The size and morphology of oLA16-oEG11 BCOs upon self-assembly in water were studied using
light scattering, TIRF microscopy and fluorescence spectroscopy. Experiments to optimize the
sample preparation have shown that sample preparation can change the adapted morphology of
the particles, as well as the extent of reproducibility in terms of size for the formed particles.
Self-assembly of the amorphous BCOs in water showed that a slow solvent switch using the
syringe pump lead to vesicles with a hydrodynamic radius of 300 nm and 180 nm for particles
prepared from the discrete or disperse BCO, respectively. This difference in size can be ascribed
to relocation of shorter chains present in the disperse BCO. Visualization of the discrete and
disperse particles using TIRF microscopy showed for both non-interacting spherical particles,
indicating that stable vesicles were formed. However, as the detection limit of TIRF microscopy is
200 nm, the size differences between the disperse and discrete particles could not be observed.
Further investigation using cryoTEM is needed to visualize the differences in particle size upon
self-assembly in water. Fluorescence spectroscopy showed that the discrete and disperse
particles have a comparable core in terms of hydrophobicity, as the λmax is of the same value.
Determination of the CMC also showed comparable values, indicating that the disperse and
discrete have a comparable stability. Thus, for the amorphous BCOs, dispersity does seem to
influence the size of the particles upon self-assembly, but not necessarily the homogeneity or
stability of the particles.
Investigation of the particles of the amorphous BCOs overtime shows that overtime, the particle
sizes decrease, but stabilize after 15-20 days. A stock solution of the BCO in organic solvent is used
to prepare particles, so organic solvent may still be present in the core of the particles which
evaporates overtime, leading to a decrease in size. MALDI-ToF showed that the amphiphiles selfassembled in water are still intact after 52 days, so the size decrease can indeed be ascribed to the
evaporation of the organic solvent. To apply these particles in the field of drug delivery, a
preparation method should be developed that leads to the stable particle size after one day, as
varying particle sizes overtime are not desired for such an application.
Self-assembly of the crystalline BCOs showed that sample history of the BCO is an important factor
to take into consideration. Overtime, part of the BCO which was stored in the fridge crystallized,
which resulted into several populations with several sizes and morphologies upon self-assembly
in water. Heating samples of these self-assembled crystalline BCOs seemed to promote
crystallization in these self-assembled structures, as elongated structures with a small size
distribution were observed by TIRF microscopy. Fluorescence spectroscopy showed a lower
intensity and higher λmax for the crystalline particles compared to amorphous particles, indicating
that less NileRed is taken up by the crystalline particles and that NileRed diffuses less deep into
the core of these crystalline particles.
Further investigation of the effect of crystallinity was needed, as previous results by Katja PetkauMilroy showed that the crystalline BCOs were able to self-assemble into vesicles. The organic
stock solutions used were investigated using scattering methods. Following the dissolution
process of all BCOs overtime it was observed that the discrete crystalline BCO showed the slowest
dissolution. Removing the crystalline regions by freeze drying, or by using a freshly synthesized
compound resulted in faster dissolution in organic compounds. Final stock solutions were made
by carefully following the dissolution of the compounds overtime and filtering the stock solutions
once the compounds were dissolved, which was indicated by a low intensity. Particles prepared
from these stock solutions showed one population and the sizes were comparable to sizes
obtained by Katja Petkau-Milroy in previous work. However, the slope obtained from the particles
prepared by these final stock solutions are not -2, as was expected with the optimized stock
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solutions. More investigation is needed to obtain a reproducible sample preparation that leads to
stable vesicles. Other organic solvents may be used, freeze drying could be investigated further,
or another method to slowly switch from organic solvent to water, such as dialysis, can be used.
Once stable particles are obtained, the effect of remaining solvent in the core of the particles as
well as stability overtime can be investigated for the crystalline particles. Additionally, as the core
of these crystalline particles should be able to crystallize, micro DSC can be used to gain more
insight into core crystallinity and if dispersity has an influence. Information about core
crystallinity could also be obtained from XRD of dried particles, to see if characteristic diffraction
peaks of the crystalline oLA core are visible. Visualization of crystalline regions can be done with
cryoTEM, as crystalline domains should give higher contrast.
Particles prepared by the final stock solutions were investigated using light scattering and SANS.
A slope of -2 was obtained for the particles prepared from amorphous BCOs, and the data was
fitted using a lamellar model. Introducing dispersity into the BCO did not lead to a big size
difference for the core and both discrete and disperse BCOs seemed to have intercalating packing
of the oLA chain. Particles prepared from crystalline BCOs showed a bigger difference upon
introducing dispersity. Fitting the data from crystalline samples to a lamellar structure did not
give perfect fits, as scattering from crystalline parts of the sample influences the scattering
intensities at mid q values and we were not able to include this contribution into the lamellar
model. However, the fits obtained indicated that the disperse crystalline particles have
intercalating packing in the oLA core, while discrete crystalline particles seemed to have tail-totail packing. This could be related to the higher extent of crystallinity and packing in the crystalline
particles, which was also observed for the bulk behaviour of these BCOs. To further investigate
the oLA core of these assemblies, small angle Xray scattering (SAXS) in solution could be used, or
contrast matching experiments using SANS could be conducted to obtain information solely from
the oLA core or about the hydration of oEG.
Overall, sample preparation is important for these type of systems. Even after optimization of the
stock solutions, variations in properties of the particles in terms of size and morphology were
present. A constant slope of -2 was not always achieved with this optimized stock solution, and
sizes were also ranging. The previously observed influence of dispersity on the self-assembly
behaviour of the amorphous BCOs was not observed when the optimized stock solutions were
used. More research is needed to confirm whether or not dispersity has influence on the selfassembly on the amorphous BCOs. As the PDI difference for the amorphous BCOs is rather small
(1.000 vs 1.01), it could be possible that this PDI difference is too small to see an effect of dispersity
for the amorphous BCOs. Another possibility is that for this amorphous system, dispersity does
not have a big influence on size and morphology. But, more data and visualization of the prepared
particles is needed. Visualization of the differences between particles has proven to be difficult, as
sizes of the particles are below the detection limit of TIRF, so clear differences could not be
observed so far. Visualization using cryoTEM did also not give conclusive results, as in some cases
the sizes of the particles are too large to be visualized well with cryoTEM.
For the crystalline BCOs, it is clear that crystallinity plays an important role in particle formation,
in some cases leading to morphologies driven by crystallization (lamellar structures) rather than
self-assembly (vesicles). For crystalline BCOs, sample history is an important factor to take into
account to ensure reproducible formation of particles. Complete dissolution in the organic stock
solution is needed to ensure this. Investigation of stock solutions showed that the discrete
crystalline BCO dissolves slowly. However, after complete dissolution the correlations obtained
indicate a size of 100 nm instead of the expected size of 4-6 nm for molecularly dissolved chains.
To improve the quality of the stock solutions, other organic solvents such as dioxane or
dioxane/THF mixtures could be explored. Dispersity seemed to have a bigger effect on the
85

Chapter 4
crystalline particles, but further research is needed to gain more information about the differences
of core crystallinity for these particles, their drug loading capabilities and their stability overtime.

4.6 Experimental section
General method for sample preparation: BCOs were dried overnight over P2O5 and 40 °C under
high vacuum and weighed in a 1.5 mL rinsed LCMS vial. To this a measured volume of THF
(obtained from MBRAUN Solvent Purification System) was added to make a stock solution of 10
mg/mL. The solution was filtered with a 0.22 µm PTFE syringe filter to remove dust or aggregates.
From the stock solution, 30 µL of the solution was placed in a clean LCMS vial. 270 µL MilliQ water
was added slowly either using a Nexus 3000 Syringe pump (0.05 mL/min) under stirring at 250
rpm, or via manual dropwise addition and sonicating inbetween each drop. The method using the
syringe pump to achieve a slow switch (0.05 mL/min) and subsequent stirring overnight gave the
most reproducible particle size and morphology.
Dynamic Light Scattering (DLS) measurements were performed using a Malvern μV Zetasizer
equipped with an 830 nm laser and a scattering angle of 90° at a temperature of 25 °C. Samples
were prepared at 1 mg/mL and held in Sarstedt UV-transparent disposable cuvettes with a
pathlength of 10 x 2 mm. Measurements were analuzed using Zetasizer software provided by
Malvern Instruments to derive the correlation functions and the distributions of the
hydrodynamic diameter.
Multi-Angle Dynamic Light Scattering (MA-DLS) and Static Light Scattering measurements were
performed on an ALV ALVCGS-3 Compact Goniometer equipped with ALV5000 digital correlator
and a a HeNe laser operating at 532 nm. Scattering intensity was detected over the angular range
of 30 to 150 degrees with steps of 10 degrees, with 3 runs of 30 seconds per angle. Samples were
prepared at 1.0 or 0.5 mg/mL, held in Wilmad-Labglass high throughput nuclear magnetic
resonance (NMR) sample tubes with an outer diameter of 5 mm, and measured at 25 oC. For MADLS After ALV software provided by Dullware Inc. was used to derive the hydrodynamic diameter.
For SLS, scattering intensity was averaged for each angle over 3 runs of 30 seconds per angle.
Micro Differential Scanning Calorimetry (micro-DSC) measurements were performed in TA multicell. 1.0 mL polymer solutions (c = 2.5 - 5.0 mg /mL in 1:9 THF : water) were prepared following
the above procedure and transferred to the designed DSC pan for the machine, with a sealed cap.
For the reference pan, 1 mL 1:9 THF:water was used. The samples were initially cooled to 5 °C and
then subjected to one heating / cooling cycle from 5 °C to 70 °C with a rate of 0.5 °C/min.
Cryogenic transmission electron microscopy (cryoTEM) was performed using samples with a
concentration of 1 mg/mL. Vitrified films were prepared using a computer controlled vitrification
robot (FEI VitrobotTM Mark III, FEI Company) at 22°C, and at a relative humidity of 100%. In the
preparation chamber of the ‘Vitrobot’, 3 µl sample was applied on either a Quantifoil grid (R 2/2,
Quantifoil Micro Tools GmbH), or a Lacey film (LC200-CU, Electron Microscopy Sciences). These
films were surface plasma treated just prior to use, with a Cressington 208 carbon coater
operating at 5 mA for 40 s. Excess sample was removed by blotting using filter paper for 3 s at –3
mm, and the thin film thus formed was plunged (acceleration about 3 g) into liquid ethane just
above its freezing point. Vitrified films were transferred into the vacuum of a Tecnai Sphera
microscope with a Gatan 626 cryoholder and observed at temperatures below -170 °C. The
microscope is equipped with an LaB6 filament that was operated at 200 kV, and a bottom mounted
1024x1024 Gatan charged-coupled device (CCD) S5 camera.
Total internal reflection fluorescence (TIRF) spectroscopy was performed using previously
assembled samples with a concentration of 0.5-1 mg/mL. 36 uL of previously assembled samples
was placed in a 1.5 mL LCMS vial and 0.5-1µL Nile Red from a 1mM stock solution in MeoH was
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added to achieve 5 mol% of Nile Red present in the sample. The samples were equilibrated
overnight. TIRF images were acquired with a Nikon N-STORM system. Nile Red was excited using
a 561 nm laser. Fluorescence was collected by means of a Nikon ×100, 1.4NA oil immersion
objective and passed through a quad-band pass dichroic filter (97335 Nikon). Images were
recorded with an EMCCD camera (ixon3, Andor, pixel size 0.17 µm).
Fluorescence spectroscopy was performed on a Safire II multi-mode plate reader using an
excitation wavelength of 550 nm and an emission range of 595 – 675 nm in steps of 5 nm. A black
flat bottom 96-wells plate was used to prepare a dilution series of previously assembled samples.
100 µL of each sample was placed in the first well, after which a dilution series was made with
MilliQ. To all wells 2 µL Nile Red from a 50 µM stock solution in MeOH was added and the samples
were equilibrated for one hour.
Small-angle neutron scattering (SANS) experiments were performed at the Larmor instrument of
ISIS at the STFC Rutherford Appleton Laboratory. The observed q-range was 0.004 Å−1 < q < 0.7
Å−1, where q is the magnitude of the scattering vector 𝑞 =

4∗ 𝜋∗
𝜆

𝜃

∗ sin ( 2), with λ being the

neutron wavelength and θ the scattering angle. The 2D images were radially averaged to obtain
the intensity I(q) vs q profiles. Standard data reduction procedures, i.e. subtraction of the empty
capillary and solvent contribution, were applied by making use of the MantidPlot software.
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Conclusions and outlook
In this work, we aimed to unravel the effects of crystallinity and dispersity on the self-assembly
behaviour of block copolymers in water. We selected oligo(lactic acid)-b-oligo(ethylene glycol)
(oLA-oEG) as the block copolymer system to be studied because of their high potential as a carrier
for drug delivery. Crystalline LLA and atactic DLLA were used as hydrophobic building blocks to
study the effect of crystallinity on the self-assembly behaviour, and dispersity was introduced into
the LA block to study the effect of dispersity on the crystalline block. Different lengths of oEG were
used to evaluate the effect of dispersity and crystallinity on different morphologies. We
synthesized discrete and disperse oDLLA-oEG block co-oligomers by coupling the obtained oDLLA
block with different lengths of oEG (11, 17 and 48). The discrete block co-oligomers showed one
mass in Maldi-ToF-MS and essentially a molar mass dispersity of 1.00. In contrast, the Maldi-ToFMS spectra of the disperse block co-oligomers showed a distribution of different masses. In the
latter case, the calculated molar mass dispersities were between 1.001 and 1.01.
The discrete crystalline BCOs form highly ordered lamellae in bulk and the obtained lamellar
thicknesses of around 8 nm indicated that the oligomeric chains are fully extended. Introducing
dispersity into these crystalline BCOs decreased the ordering drastically and the obtained lamellar
thicknesses increased. Furthermore, the packing of the lactic acid chains was shown to be less
rigid, as the enthalpy of crystallization for these BCOs upon cooling down was lower. No phase
separated structures were observed for the atactic BCOs, as was expected. However, upon
coupling to the longest oEG chain (oEG48), a phase separated structure became visible for these
amorphous BCOs, indicating that oEG48 is able to crystallize in bulk. When coupled to the
crystalline lactic acid blocks, oEG48 seemed to interfere with the crystallization of the lactic acid
block, resulting in poor phase separation between the two blocks. However, as oEG is expected to
be (almost) fully hydrated in water, it should not be able to crystallize during self-assembly and
thus should not interfere with the crystallization of the oLA block upon self-assembly.
Self-assembly of the amorphous BCOs (oDLLA-oEG11) in water was found to be sensitive to the
way the sample was prepared. In the optimized sample preparation protocol, a slow solvent
switch from THF (good solvent for oLA chains) to water (bad solvent for oLA chains) was found
to give reproducible results. First, BCOs were dissolved in THF at a high concentration, after which
part of this stock solution was placed in an LCMS vial and a slow solvent switch was achieved via
addition of water to this solution using a syringe pump (0.05 mL/min) while stirring. The resulting
solution was then stirred overnight. Using this optimized method, vesicular morphologies were
formed according to static light scattering (SLS) and total internal reflection fluorescence
microscopy (TIRF). Introducing dispersity into the oLA chains of the amorphous BCOs lead to
vesicles with smaller hydrodynamic radii. Fluorescence microscopy showed comparable critical
micelle concentrations for both systems, indicating that dispersity does seem to influence the size
of the particles upon self-assembly, but not necessarily the homogeneity or stability of the
amorphous particles. As TIRF microscopy has a size limit of 200 nm, cryoTEM was used to further
visualize the differences between particles prepared from discrete and disperse amorphous BCOs.
By studying particle sizes as a function of time, we found that the particle size decreased initially,
but stabilized after 15-20 days. This was not a result of degradation of the block cooligomers, as
the polymers remained intact in water up to 52 days, but the size decrease was ascribed to (slow)
evaporation of the organic solvent remaining in the oLA core. To apply these particles in the field
of drug delivery, a preparation method should be developed that leads to the stable particle size
after one day, as varying particle sizes overtime are not desired for such an application.
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Conclusions and outlook
By studying the self-assembly of the crystalline BCOs (oLLA-oEG11) we found that the sample
history of the BCO is an important factor to take into consideration. The self-assembly of newly
synthesized BCOs were studied by Katja Petkau-Milroy and these BCOs showed one size and one
morphology (vesicles) upon self-assembly in water. However, over time part of the crystalline
BCOs crystallized, which resulted into several populations with several sizes and morphologies
upon self-assembly in water, affording poorly reproducible results. Heating samples of these selfassembled crystalline BCOs seemed to promote crystallization, as elongated structures with a
small size distribution were observed using TIRF microscopy. However, after heating two
populations were still left with varying size and morphology. Further investigation of the effect of
crystallinity showed that the stock solutions used for the solvent switch contained aggregates.
These aggregates were not removed by filtering and would thus interfere with self-assembly in
water and give several populations with several sizes and morphologies. The dissolution process
of the BCOs in organic solvent was carefully followed, and especially the discrete crystalline BCO
showed a slow dissolution. After dissolution of all BCOs in organic solvent, the solutions were
filtered to obtain final stock solutions. These final stock solutions were used to prepare crystalline
particles, but the slopes obtained from SLS do not indicate a vesicle or flat bilayer morphology.
This indicates that it is not solely the crystallinity of the oLA block that gives rise to multiple
populations with several sizes and morphologies. Further investigation of obtaining stock
solutions and sample preparation is needed to arrive at a reproducible method to obtain one
morphology with only one particle size. Other organic solvent may be used, such as dioxane, or a
THF/dioxane mixture and freeze drying of the BCOs could be investigated further. Additionally,
dialysis could be used to remove the remaining organic solvent after self-assembly. Once stable
particles are obtained, the effect of remaining solvent in the core of the particles as well as stability
overtime can be investigated for the crystalline particles. Additionally, as the core of these
crystalline particles should be able to crystallize, micro DSC can be used to gain more insight into
core crystallinity and if dispersity has an influence.
Finally, to elucidate the core shell structure of the particles prepared by the final stock solutions,
small angle neutron scattering (SANS) was used. Surprisingly, it was not possible to fit the
obtained data to a vesicle structure, but a lamellar structure was indicated by fitting the scattering
data. For particles prepared from amorphous BCOs, introducing dispersity did not lead to a large
size difference for core size and both discrete and disperse amorphous BCOs seemed to have
intercalated packing of the oLA chain. Data obtained from particles prepared from crystalline
BCOs could not be fitted perfectly, as scattering from crystalline parts influences scattering
intensities at medium q values. However, the fits obtained indicated that the disperse crystalline
particles have intercalating packing of the oLA chain, comparable to the amorphous BCOs, while
the discrete crystalline particles seemed to have tail-to-tail packing. This could be related to the
higher extent of crystallinity and packing in the discrete crystalline particles, which was also
observed for the bulk behaviour of these BCOs. To further investigate the oLA core of these
assemblies, small angle X-ray scattering (SAXS) in solution could be used, or contrast matching
experiments using SANS could be conducted to obtain information solely from the oLA core or
about the hydration of oEG.
Overall, we find that sample preparation is a crucial factor for the systems studied in this work.
Even after optimization of the stock solutions, variations in properties of the particles in terms of
size and morphology were present. For amorphous BCOs, dispersity seemed to have an influence
on the self-assembly in terms of size, but as the self-assembly using the optimized stock solution
did not show this effect, more research is needed to confirm this influence. For crystalline BCOs,
it is clear that crystallinity plays a hugely important role in particle formation and slight deviations
in the dispersity of the used BCOs can influence the packing of the core of these particles.
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Appendix
1. Molecular characterization

Figure 1. 1H NMR spectrum for oligomer 6e (TBDMS-oDLLA16-oEG11).

Figure 2. 13C NMR spectrum for oligomer 6e (TBDMS-oDLLA16-oEG11).
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Figure 3. 1H NMR spectrum for oligomer 6f (TBDMS-oDLLA16-oEG17).

Figure 4. 13C NMR spectrum for oligomer 6f (TBDMS-oDLLA16-oEG17).
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Figure 5. 1H NMR spectrum for oligomer 6g (TBDMS-oDLLA16-oEG48).

Figure 6. 13C NMR spectrum for oligomer 6g (TBDMS-oDLLA16-oEG48).
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Figure 7. 1H NMR spectrum for oligomer 11a (TBDMS-oDLL~16-oEG11).

Figure 8. 13C NMR spectrum for oligomer 11a (TBDMS-oDLL~16-oEG11).
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Figure 9. 1H NMR spectrum for oligomer 11b (TBDMS-oDLL~16-oEG17).

Figure 10. 13C NMR spectrum for oligomer 11b (TBDMS-oDLL~16-oEG17).
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Figure 11. 1H NMR spectrum for oligomer 11c (TBDMS-oDLL~16-oEG48).

Figure 12. 13C NMR spectrum for oligomer 11c (TBDMS-oDLL~16-oEG48).
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2. Self-assembly in solution

(a) Discrete

(b) Disperse

(c) Disperse

(d) Disperse

(e) Disperse

Figure 13. CryoTEM images of discrete oDLLA16-oEG11 (a) and disperse oDLLA~16-oEG11 (b-e)
upon self-assembly in water.
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Normalized  * Weight

DCM oil 60 deg
DCM oil 60 deg heated
DCM rotavap 60 deg
DCM oven 60 deg
DCM oil 60 deg repeat
DCM rotavap 60 deg
DCM oil 80 deg
DCM oil 50 deg
DCM oil 60 deg
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Figure 14. Γ vs Γ*Weight values obtained from MA-DLS for samples to investigate the effect of
heating on stock solutions of crystalline BCOs.
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Figure 15. Count rates obtained from the solvent used for stock solutions (THF), measured at an
angle of 90 degrees.
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