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Abstract

Designing star-like block-copolymers as
compartmentalized nanostructures for drug delivery
applications
Johanna Engstrand

This thesis describes syntheses and characterization of star-like amphiphilic block
copolymers consisting of poly(ethylene glycol) (PEG) as the hydrophilic block,
polycarbonate as the hydrophobic block and an amine-containing dendrimer as the
core molecule. The macromolecules were synthesized by either a convergent or a
divergent approach that includes tandem click reactions and ring opening
polymerizations (ROP) of methyl trimethyl carbonates (MTC) with different
functionalities. The ROP of MTC monomers was performed using organocatalysts
that allow mild reaction condition and reasonable molecular weight distribution
(PDI~1.3). These synthetic approaches provide the resultant polymers with three
different conformations, which are; mikto-arm type, comb-block with short PEG
brushes, and linear block with long PEG chain. The star-like polymers that were
synthesized were all water soluble and most of them formed nano aggregates in
water. Different morphologies were observed in AFM study depending on the
polymer conformation. Interestingly, some of them had indications pointing towards a
lower critical solution temperature.
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SAMMANFATTNING 

  

SAMMANFATTNING 

Forskningen runt att framställa nya och bättre läkemedel har länge varit ett attraktivt 

område. Att framställa läkemedel är numera en väl utvecklad process som man vet mer och 

mer om. Det stora problemet nu för tiden är att få ut läkemedlet till rätt ställe i kroppen utan 

att på vägen dit skada några friska celler eller påverka frisk vävnad. 

Läkemedel är ofta små molekyler som inte är vattenlösliga. När dessa kommer in i kroppen 

blir de snabbt utrensade via njurarna vilket leder till att mycket mer läkemedel än 

nödvändigt måste tillföras kroppen för att få önskad effekt. Detta resulterar i att stora 

mängder av läkemedlet måste användas samt att läkemedlet kan ge många biverkningar som 

egentligen inte är nödvändiga. 

För att lösa dessa problem sker det mycket forskning inom ämnet läkemedelstransport. Man 

vill kunna innesluta läkemedlet i något som endast släpper ut läkemedlet vid de celler där 

det behövs. Syntes och karaktärisering av polymerer som skulle kunna användas till 

läkemedelstransport är vad den här rapporten behandlar. 

Stjärnlika block sampolymerer med amfifila egenskaper har blivit syntetiserade i vilka man 

ska kan innesluta läkemedlet i molekylen, som därmed skyddar läkemedlet under 

transporten i blodomloppet. Polymererna som användes var den hydrofila poly(etylen 

glykol) (PEG) tillsammans med en hydrofil polykarbonat. Kärnmolekylen i dessa starlika 

makromolekyler bestod av en dendrimer med aminer i det yttre lagret. 

För att framställa dessa molekyler användes ringöppnings polymerisation av cykliska metyl 

trimetyl karbonater med olika funktionella grupper inkluderade i molekylerna. 

Organiskkatalys användes för att få dessa ringöppnings polymerisationer att fortgå. Med 

detta katalyssystem kunde milda förhållanden användas och molekylvikten fick en mycket 

smal fördelning (PDI ≤ 1,4). 

Tre olika sorters molekyler tillverkades och karakteriserades sedan. Alla var lösliga i vatten 

och bildade i vattenlösning nanoaggregat. Efter studier med AFM kunde det fastställas att 

många olika morfologier kunde observeras och att dessa berodde på konformationen av 

polymeren i fråga. Fast än polymererna hade samma grundstenar kunde således olika 

egenskaper hittas som berodde helt och hållet på konformationen. 
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1 INTRODUCTION 

The urge to maximize the therapeutic activity of drugs while minimizing their negative side 

effects is a large driving force for creating new improved drug delivery systems.1 Drugs are 

often very small molecules that are rapidly cleared from the body. To stabilize them and 

prevent clearing a carrier can be used. Amphiphilic block copolymers that form micelles 

when dissolved in a solvent selective for one of the blocks have been widely researched.2, 3, 4 

The hydrophobic core can encapsulate and store the drugs whilst the hydrophilic corona 

enhances solubility in blood. Micelles have the big advantage that they can be modified in 

many different ways to give desired properties, some of which could be to interact better 

with the target cell, to store more of the encapsulated drug, to give a controlled release or to 

reduce toxicity of the drug. However, one drawback with these micelles is that they often 

dissociate when diluted or when the properties of the solvent change (pH, temperature etc), 

which is the case for in vivo drug delivery applications.5 When the micelle dissociates all 

content is released. If this does not happen where it is intended to, severe toxicity problems 

could be caused by the drug due to large fluctuations in drug concentrations.6 There are 

different ways to overcome the problem of dilution induced dissociation; cross-linking of 

either the core or the shell are two ways. Similar to the core cross-linking approach is the 

fabrication of star-like block copolymers. These are block-copolymers covalently bound to a 

well-defined core molecule.  

Dendrimers are macromolecules with a highly branched structure synthesized from identical 

small monomers. They are very symmetric and monodisperse. One of the biggest drawbacks 

with these macromolecules is the synthesis of them. The synthesis of dendrimers with high 

molecular weights is a tedious process and many purification steps are needed. Dendrimers 

have a diameter of approximately 5 nm and if drugs were to be stored in them they would 

somewhat prolong clearing from the body. However, dendrimers are still not large enough to 

get the retention times that are desired of a good drug delivery vehicle. Combining the high 

branching and symmetry of the dendrimer with the potential high molecular weights of 

block-copolymers would make excellent star-like block-copolymers. Depending on the 

number of arms of the dendrimer and the length and size of the block-copolymers the stars 

could form either unimolecular micelles or micelles that consist of more than one star-like 

molecule.7 These dendrimer-block-copolymer stars could be designed to have sizes around 

20 – 200 nm, which are perfect for drug encapsulation and transportation.  

The group of James Hedrick at IBM Almaden Research Center has, during the last years, been 

working with a new organocatalytic approach to ring opening polymerization (ROP) of cyclic 
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carbonates. The cyclic carbonates in use belong to the methyl trimethylene 

carbonate (MTC) family and are derived from 2,2-bis(methylol)propionic acid 

(bis-MPA).8 The wide variety of possible functional groups linked to these 

molecules makes them very useful. The organocatalytic ROP are fast and the 

resulting products have narrow PDIs.9 

New forms of reactions are the so called click reactions, which were first mentioned in 2001 

by Sharpless and coworkers.10 These reactions are fast, easy to preform and do not require a 

catalyst. They are essentially “mix and stir” reactions. Click chemistry was used in this 

project by reacting amines with cyclic carbonates to form carbamate bonds. 
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2 BACKGROUND 

2.1 Drug delivery systems 

It is fairly easy to make new improved drugs for different applications, but it is really hard to 

get them to their target. Drugs are often small molecules and are not soluble in aqueous 

solutions. A poor solubility induces short circulation-times in the bloodstream. To make 

them larger and at the same time enhance their solubility they can be attached to a carrier. 

Small molecules have unfavorable pharmacokinetics, which means that they are rapidly 

cleared from the body by the kidneys. By increasing the size of the drug the circulation-time 

increases and thus there is a larger chance of the drug reaching its target. 

The carrier can be custom made to interact with the target cell; this increases the probability 

of reaching the target and also decreases the exposure of the drug to healthy cells and tissue. 

It can be made from many different kinds of molecules, where some examples are polymers, 

proteins and liposomes. The carrier can encapsulate the drug, for example micelles, or they 

can be covalently attached and work as a handle, for example proteins.11, 12 Different drug 

carriers have been extensively researched during the last decades. 

A huge obstacle in drug delivery systems is the non-specific uptake by the reticuloendothelial 

system (RES). The reticuloendothelial cells are programmed to protect the body from foreign 

substances and particles by engulfing and destroying them. Not only do they degrade 

bacteria, viruses and other foreign substances but they can also ingest worn-out body cells. 

This type of cell can be found in various parts of the body and is a part of the human body’s 

defense mechanism. A good drug carrier should therefore prevent uptake by the RES. One 

way to achieve this is to have a carrier with a hydrophilic shell preventing recognition by the 

RES.13 

A very important effect to consider when designing systems for drug delivery is the 

enhanced permeability and retention (EPR) effect. The vascular permeability is much higher 

in tumors than in healthy tissue; this is due to the fact that tumors need a lot of nutrition and 

oxygen to facilitate their rapid growth. Due to this, tumors have an increased amount of 

macromolecules in the interstitial space compared to healthy tissue. Tumor tissue also has a 

much slower clearance of macromolecules from interstitial space than healthy tissue. These 

two properties combined are called the EPR effect. When designing carriers for drug delivery 

to cancer cells one should consider this. Macromolecules thus work as tumor-selective 

carriers without any site specific targeting needed.14 
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2.2 Micelles 

A micelle is an aggregate of amphiphilic molecules dispersed in a liquid. The amphiphilic 

molecules can be anything from small lipids to much larger block copolymers. Micelles 

formed in a hydrophilic solvent where the hydrophilic part (“head”) is out towards the 

solvent and the hydrophobic part (“tail”) is in the core of the micelle are commonly called 

normal phase micelles and are what people refer to when they 

speak of micelles. If, on the other hand, the amphiphile is 

dissolved in a hydrophobic solvent it is called an inversed 

micelle. 

Micelles are typically spherical in shape but, depending on the 

composition and size ratio of head and tail, other shapes can 

be formed. Possible shapes include ellipsoids, bilayers and 

cylinders. The process when micelles are formed is called 

micellization. For this to happen the critical micelle concentration (CMC) must be exceeded. 

The driving force for micellization is the core’s segregation from the aqueous milieu in which 

a combination of intermolecular forces are included. These are hydrophobic interaction, 

electrostatic interaction, metal complexation (if metal is present) and hydrogen bonding.15 

The CMC varies with the molecule composition, solvent, temperature and pH. In general 

smaller molecules have higher CMC than larger molecules. 

The hydrophilic heads create the corona that protects the hydrophobic tails, in the core of 

the micelle, from the surrounding solvent. If a hydrophobic substance is added to the micelle 

solution it will merge into the core of the micelle, where it will be surrounded only by the 

hydrophobic tails. Micelles can thus encapsulate, store and transport hydrophobic molecules 

in a hydrophilic solution.  

Polymeric micelles are made of block copolymers consisting of one 

block of water-soluble polymer (most of the time poly(ethylene 

glycol) (PEG)) covalently bound to one block of any hydrophobic 

polymer. It is known that polymeric micelles are more stable, have a 

lower CMC and longer dissociation times than surfactant micelles.15 

When the polymeric micelles are being formed, the PEG molecules can 

form hydrogen bonds with the surrounding water creating a 

protecting shell around the hydrophobic core in which, for example, a 

drug could be stored. Polymeric micelles have quite a narrow size 

distribution and their diameter normally varies between 20-200 nm.15, 

hydrophilic head 

 

    hydrophobic tail 

Figure 1. Schematic picture of an 

amphiphilic molecule. 

Figure 2. Schematic picture of a micelle 
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16, 17 

2.2.1 Stabilization of micelles 

Even though polymeric micelles have a low CMC, their concentration in the blood will be 

below the threshold and they will dissociate very fast, most probably before they reach the 

intended target site. When this happens the cargo will be released, leading to possible 

toxicity problems and very poor drug delivery to the target cell. 

To overcome this problem researchers have been trying to find a micelle with very low CMC, 

something that is stable in extremely low concentrations or, in best case, in infinite dilution. 

During the last decades, cross-linking of the core or corona has been a hot topic. Many 

articles have been published with either cross-linking of the core18, 19, 20 or of the corona.21, 22 

The biggest advantage with cross-linking of the corona is that it will affect the permeability 

of the corona; this could be used to tune the rate at which the drug is released.1 However, a 

problem with this method is that it has to be done in very low concentrations to avoid 

intermicellar cross-linking, which results in low efficency.18 This problem does not appear in 

core cross-linking, since the hydrophobic core is well shielded by the hydrophilic corona. If 

the cross-linking is made by polymerizing the end groups of the hydrophobic group the 

loading capacity of the micelle is not affected; if, on the other hand, the cross-linking 

segments are along the hydrophobic chain then the free volume in the core would be reduced 

and the loading capacity would decrease.1 

2.3 Polymers 

2.3.1 Why polymers? 

Polymers are used in drug delivery applications in many different ways. The drug can be 

covalently bound to the polymer, as in the case of polymer-drug conjugates and micelle with 

the drug bound to the core, but it can also be non-covalently entrapped inside a micelle. To 

improve the delivery of these drugs, all of the polymer based drug carriers must include a 

polymeric water-soluble part.11 When the cargo, which could be a drug, protein or gene, is 

covalently bound to the carrier it is classed as a polymer therapeutic. In the early 1990s the 

first polymer therapeutic got market approval. In all the approved polymer therapeutic the 

hydrophilic poly(ethylene glycol) (PEG) was the polymer that was included. 

A huge advantage with using synthetically fabricated drug carriers is their versatility. It is 

easy to tailor their molecular weight, their surface chemistry and their three dimensional 

structure. 



BACKGROUND 

6 

2.3.2 Poly(ethylene glycol) (PEG) 

PEG is a polymer with the structural formula –(CH2CH2O)n–. It is polymerized from the 

ethylene oxide monomer and is thus also often named poly(ethylene oxide) (PEO). 

Commonly the polymers with higher molecular weight are named PEO while those with 

lower molecular weights are named PEG. 

The ethylene oxide monomer, which is the smallest epoxide, is a highly flammable colorless 

gas.  

 

 

The polymer can be made into a wide variety of sizes and can be found commercially in sizes 

from around 300 g/mol up to over 1,000,000 g/mol. Depending on the molecular weight, the 

polymer is liquid or solid (with a low melting point) at room temperature.23 PEG is soluble in 

water as well as in most organic solvents. It is also nontoxic, non immunogenic and is intact 

when it is eliminated from the body, either by the kidneys or by the intestines.24 Antibodies 

to PEG are very rare and have only been generated in animals under extreme experimental 

conditions, when PEG has been covalently bound to a highly immunogenic protein. 25 Due to 

all of PEG’s excellent properties, and the fact that it has been approved by the food and drug 

administration (FDA) for use as a vehicle or base in foods, cosmetics and pharmaceuticals, it 

is used in a lot of biomedical applications.  

2.3.3 PEG block-copolymers 

Amphiphilic block copolymers with PEG as one of the blocks are widely researched for use in 

biomedical applications and a huge variety of shapes (micelles, nanoparticles, hydrogels etc.) 

and sizes have been created out of these copolymers.26 

When these copolymers are used in drug delivery applications, the hydrophilic PEG forms a 

water-soluble shell that protects the hydrophobic core where the drug can be stored. This is 

due to the fact that when PEG is dissolved in water, every ethylene glycol unit is associated 

with two or three water molecules, making it swell up to ten times its original size.24 

Micelles with PEG corona are invisible to the surrounding when they are transported around 

the body. The micelle will not adhere to any cell and no proteins will be adsorbed on the 

micelle’s shell. The corona also prevents recognition by the reticuloendothelial system and 

will prevent the core from being enzymatically degraded. A corona made from PEG will thus 

Figure 3. poly(ethylene glycol) and the ethylene oxide monomer 



BACKGROUND 

7 

increase the blood circulation time of the micelle and the drug will more likely be 

transported to its target cell. This has been proved for doxorubicin loaded micelles with PEG-

poly(α,β-aspartic acid) block copolymer. 1, 15 

2.4 Dendrimers 

The first dendrimer reports were published in the late 

70s by Vögtle and coworkers.12, 27 The name originates 

from the Greek word “dendra” which means tree. 

Dendrimers are highly branched and very symmetric 

molecules with a polydispersity index of 1. Every 

branching point from the core and out is called a 

generation, the higher the generation the more end 

groups. It is possible, but very hard, to synthesize 

dendrimers up to generation 10 (G10). Dendrimers 

with higher generation than 4 are often globular whilst 

the ones with lower generations have a more disc like 

structure. The diameter of this type of molecule is 

normally less than 5 nm. 

The dendrimer can be divided in to three parts; the core, the interior and the periphery (end 

groups). The core is the central molecule from which the rest of the molecule emanates 

radially. It has a multiplicity of two or more (two, three and four are common). If the core is 

removed, identical fragments called dendrons remain. The number of dendrons is equal to 

the multiplicity of the core. The property of the interior is decided by the molecule that the 

dendrimer originates from; if the molecule is hydrophobic the interior of the dendrimer will 

be hydrophobic and vise versa. Since the dendrimer is highly branched the periphery has a 

huge number of end groups, if the interior is hydrophobic the end groups may be 

hydrophilic. This gives the periphery and interior very different properties and the 

dendrimer can be said to have a core-shell structure similar to the micelles. 

2.4.1 Synthesis strategies 

These macro molecules can be synthesized in two different ways, divergent (inside and out) 

and convergent (outside and in), both of which are stepwise syntheses.28 The first 

dendrimers where all made by the divergent synthesis where one layer at a time was added 

to the core molecule.29 It is fairly easy to make monodisperse dendrimers with generation 

lower than three but for higher generations the purification of partially reacted dendrimers 

Figure 4. Schematic picture of a dendrimer 

generation 4 
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from the completely reacted ones can yield a deviation from absolute monodispersity.12 Due 

to the large number of reactions and purification steps needed in the synthesis, it is very 

important that every step gives very high yields to make it possible to synthesize mono 

disperse dendrimers. 

The convergent method of synthesizing dendrimers was developed by Hawker and Frechét.30 

This method starts from the end groups and works its way towards the core. The last step of 

this method is to connect all the dendrons to the core molecule. This method gives less side 

reactions per step and the difference between unreacted and reacted species makes 

purification easier.29 With this route it is easier to make dendrimers without defects. 

Dendrimers can be used as drug carriers, where the drug is loaded in the interior of the 

dendrimer. This makes the drug more soluble in the blood stream, which enhances the 

delivery to target cells. Due to the dendrimers’ small size they are rapidly cleared from the 

body through the kidneys. Thus any increase in circulation time due to dendrimer 

encapsulation will be small. One really important difference between micelles and 

dendrimers as drug carriers is that dendrimers are single molecules and not aggregates, as 

the micelles are. They will thus not dissociate when in a very dilute solution. 

Random hyperbranched polymers are very similar to dendrimers but not all arms are 

reacted. These polymers can be synthesized in a one step reaction and can be used when 

perfect poly-dispersity is not needed. They have similar properties to dendrimers but are not 

as tedious to make.27 

2.5 How branching affects the properties 

The high branching of the dendrimer gives it very different properties from linear polymers. 

One property that is easy to notice is that the solution viscosity for a dendrimer is much 

lower than for similar linear polymers. This is because the spherical shape of the branched 

polymers prevents entanglement of the chains.31 The spherical shape is also the reason why 

almost all dendrimers are amorphous, while their linear analogues are crystalline. 

With every branching point of the polymer one new end group is created. These functional 

groups in the end of each branch affect the properties a lot, since they can have totally 

different properties from the rest of the molecule. Depending on their properties it is 

possible to design macromolecules with properties that fit a certain application perfectly. 

The end groups can, for example, affect the solubility, reactivity, adhesion to different 

surfaces, chemical recognition and electrochemical properties.  

Dendrimers and hyperbranched polymers are macromolecules where all or almost all new 
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monomers result in a new branching point. There are also a number of variations of 

polymers that do not have as many branching points, but are not linear either. Brush 

structures, miktoarms and star-like polymers are some examples. Similar to dendrimers and 

hyperbranched polymers, these have different properties from their linear analogues. 

Brushes prevent aggregation and cluster formation due to less entanglement between 

chains. If a block copolymer is made in the shape of a miktoarm it lowers the CMC. These are 

just two examples but the possibilities are huge. 

2.6 Dendritic initiation to star copolymers 

Instead of core cross-linking of micelles one other approach that has been extensively 

investigated is to use a dendrimer as an initiator for polymerization.7, 32, 33 This method is 

easy to use and the result is star-like molecules with high molecular weights. If block 

copolymers are polymerized from the core the molecules could form unimolecular micelles 

that are water soluble and ideal for drug delivery applications. As with dendrimers these 

molecules can be synthesized in two different ways, grafting from and grafting onto. The 

grafting from strategy is when the dendrimer is used as an initiator for polymerization. This 

method has been used with synthesis strategies that include anionic polymerization, ring 

opening polymerization (ROP) as well as atom transfer radical polymerization (ATRP). The 

grafting onto strategy includes coupling of reactive end groups of linear polymers with 

reactive end groups of the dendrimer. These two methods can also be combined to give 

infinite possibilities to tailoring of the polymer structure.32 

2.7 Click chemistry 

Click chemistry is a new form of chemistry and the name was first mentioned in a 2001 

review written by Sharpless and co-workers.10 Their definition of a click reaction is extensive 

but the main idea is that they are reactions that could be preformed under mild conditions 

with no catalyst needed. The byproducts should be easy to remove and the reaction should 

give a high yield. The driving force for these reactions is thermodynamic and the difference 

in energy should be approximatelly 80 kJ/mol or more to be selective for a single product. 

Click chemistry was used in this project by reacting amines with cyclic carbonates to form 

carbamate bonds. These reactions are fairly fast and no heating is needed for the reactions to 

work, though some heating may speed them up.  
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2.8 Ring opening polymerization 

Ring opening polymerization (ROP) is a common way to polymerize cyclic esters or similar 

compounds such as cyclic anhydrides or cyclic carbonates. Around 1930, Carothers and 

coworkers where the first to extensively investigate this technique.34 Since then a lot of work 

has been done to develop this method with good results. ROP is very versatile and can be 

used for a wide range of monomers. All reactions need an initiator or a catalyst but there are 

many possibilities to design them so that they suit one specific application. The 

polymerizations can also be performed in bulk, solution, emulsion or dispersion.35 

O

O

+
R

OHn
R

O O OH

O O

n-1

catalyst

 

 

The driving force for ROP is the ring strain within the cyclic monomers and the change in 

entropy during the reaction. The stability of the rings varies with the number of atoms within 

the ring, where 6 atoms are the perfect number for a cyclic molecule; these monomers have 

no ring strain. There will always be equilibrium between the growing chain and the rings. 

This equilibrium is called “the ring-chain equilibrium”. Three and four member rings will 

polymerize almost irreversibly meanwhile five member rings are very hard to polymerize, 

although it has been shown that they can form oligomers with 10 monomers.36 The 

polymerization of six and seven member rings is reversible, but the equilibrium strongly 

favors the polymer formation. The equilibrium is therefore only apparent at high conversion 

of the monomer. 

With ROP, polymers with quite high molecular weights could be obtained in a short amount 

of time. There are three main mechanisms for these polymerizations; cationic, anionic and 

“coordination-insertion”. The mechanism that is used for one particular reaction is based on 

the choice of initiator. ROP can also be initiated by radical, zwitterionic or active hydrogen 

but these are not as commonly used.34 Recent studies have been made on ROP with organic 

catalysts.9, 37 

2.8.1 Ring opening of MTC molecules 

In this project monomers that belong to the methyl trimethylene carbonate (MTC) - family 

have been polymerized by ROP with organic catalysts. The catalysts used are the Lewis base 

1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) together with the Lewis acid 1-(3,5-

bis(trifluoromethyl)-phenyl)-3-cyclohexyl-2-thiourea (TU). To initiate the ROP, nucleophiles 

Scheme 1. An example of a ring opening polymerization (ROP) of a cyclic lactone. 
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were used (in this case hydroxyl groups). This method for polymerization of MTC molecules 

has been shown to be successful in previous studies and form polymers with a narrow poly-

dispersity in relatively short times.8 

The proposed bifunctional activation pathway for the TU and DBU is that the TU activates the 

monomer by forming an electrophile carbon, while the DBU attracts the hydroxyl proton 

which makes the nucleophile even more nucleophilic. The same type of organocatalytic 

cocatalyst approach is possible with (-)-spartiene as the Lewis base.9 (-)-sparteine does not 

activate the nucleophile as much as DBU and these reactions tend to be slower. However, (-)-

sparteine could be useful when non-protected secondary amines are present, since DBU 

tends to activate polymerization even from, these while (-)-sparteine tends not to.  

 

2.9 Binding properties 

To enhance the drug loading capacity of micelles, functional groups that attract drugs can be 

included in the polymeric structure. The functional groups could form hydrogen or ionic 

bonds with the drugs and therefore increase the amount of molecules that are able to be 

loaded in the core of the micelle. Borsali et al. have found that acid–base interactions 

between carboxylic acids (R1-COOH) on drug molecules and basic amines (R2-NH2) on the 

polymeric backbone enhances drug loading.38 These interactions work the other way as well, 

with higher loading of amine containing drugs where carboxylic acid is present. Ureas are 

Scheme 2. Proposed activation path for the TU - DBU cocatalytic system.  
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also a group of molecules that interacts with other molecules very well. They can form 

hydrogen bonds with other ureas as well as with carboxylate derivatives and its isosteres 

such as sulfonates and phosphates.39 
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2.10 Analytical techniques 

2.10.1 Nuclear magnetic resonance (NMR) 

NMR is an end-group analysis technique that is frequently used to analyze polymers. It can 

only be preformed on elements where the nuclei have a spin larger than zero, with the most 

commonly used being 1H and 13C. The main principle behind NMR is that when an atom is 

placed in a magnetic field the electrons starts circulating, which creates an internal magnetic 

field that is opponent to the external applied field. This causes the nucleus to have a lower 

electrical field (effective field) than what was applied. 

Some molecules are more electron withdrawing than others and will therefore affect the 

electron density around nearby nuclei. With an electron density that differs from the original 

density the effective field of the nucleus will change. This is called the chemical shift. With 

NMR it is therefore easy conclude the structure of a molecule. 

For every different isotope that is analyzed a reference substance is used, for the most 

commonly used isotopes this standard is tetramethylsilane (TMS). The chemical shift is 

calculated as the difference between the frequency of the signal and the frequency of the 

standard divided by the frequency of the standard. Since the shift in frequency is very low 

the chemical shift is often given in parts per million (ppm). 

 

 

Figure 5. Examle on how urea forms hydrogen bonds with carboxylate, phosphate and sulfonate. 
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2.10.2 Gel permeation chromatography (GPC) 

GPC is the name used when the technique size exclusion 

chromatography (SEC) is used on polymers. It is a technique that 

separates macromolecules by the hydrodynamic volume, i.e. the 

volume a polymer has in the solvent used during analysis. The 

polymers are separated through a column packed with beads of a 

certain size. When the solution passes through the column the 

smaller molecules can enter through more pores than the larger 

molecules and is therefore stuck in the column for a longer time.  

 

 

 

 

2.10.3 Atomic force measurements (AFM) 

AFM is a way of imaging a surface when the resolution of optical or electron microscopy is 

not good enough. Basically the theory behind the AFM is that a cantilever with a sharp tip at 

its end is dragged very close to the surface. A laser beam is pointed at the surface of the 

cantilever where it is reflected and collected by many photodiodes. Due to the bending of the 

cantilever the laser beam will be reflected in different directions and different photodiodes 

will collect the data, which will show as a change in topography on the collected images. 

There are many ways (modes) to perform the AFM measurements and many different forces 

have to be considered when analyzing the results. 

 

 

 

 

 

 

 

 

Figure 6. Schematic drawing on 

how a GPC column works 

Figure 7. Schematic drawing on how an AFM works 
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3 OBJECTIVE OF THE STUDY 

The goal of this project is to find different ways to synthesize stable micelles for drug 

delivery applications. The goal has been reached by synthesizing star-like block-copolymers 

using an amine functionalized dendrimer as the core molecule. Two main paths have been 

investigated in this project, both of which have a click reaction of a cyclic carbonate, which 

belongs to the methyl trimethylene carbonate family (MTC-family), to the core amine as a 

first step. In this project all reactions were made with a dendrimer of first generation, which 

results in stars with four arms. These stars have molecular weights of between 20 000 - 35 

000 g/mol. 

The first path is the convergent approach, where one poly(ethylene glycol)MTC (PEG MTC) 

chain is clicked on to each amine, creating a hydroxyl group that can initiate ring opening 

polymerization (ROP) of different hydrophobic cyclic carbonate monomers. In this strategy a 

mikto-arm star polymer is created, which is designed to be stimuli-responsive depending on 

its environment. 

 

 

 

The second approach is the divergent approach, where different layers having different 
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Scheme 3. The convergent approach 



OBJECTIVE OF THE STUDY 

15 

functions are grown from the core of the star. The first layer is there to enhance the drug 

loading capacity. This layer is created by a click reaction between one cyclic carbonate and 

each amine in the core molecule, introducing the desired functional group and an initiator for 

subsequent ROP. The cyclic carbonate belongs to the (MTC)-family and can be designed to 

have properties that attract different drugs, therefore enhancing the loading capacity. The 

next layer is generated by the ROP of a hydrophobic monomer, designed to hold the drug 

cargo. The last layer is the hydrophilic layer that facilitates solubility in water and stealth 

properties, for longer circulation times. 
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4 EXPERIMENTAL PART 

4.1 Materials 

All reagents were purchased from Aldrich and used as received unless otherwise noted. N-

(3,5-Trifuluoromethyl)phenyl-N-cyclohexylthiourea (TU) was prepared as previously 

reported40 and dried by stirring with CaH2 in THF. The solution was then filtered and the 

solvent was removed in vacuum. 1,8-Diazabicyclo[5,4,0]undec-7-ene (DBU) was stirred over 

CaH2, vacuum distilled and stored over 3 Å molecular sieves. (-)-Sparteine (SP) was twice 

distilled over CaH2 under dry N2 and stored over 3 Å molecular sieves. Dry dichloromethane 

(DCM) and tetrahydrofouran (THF) were obtained by using a solvent drying system from 

Innovative. MTC monomers were prepared according to a previous report from our group as 

well as not yet published reports.8, 41, 42 The monomers were stirred in THF with CaH2, 

filtered and dried in vacuum. 

1H and 13C Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 

400 instrument operated at 400 and 100 MHz, respectively. The solvent used was CDCl3. 1H 

NMR was referenced on CHCl3 (δ = 7.26) and 13C NMR was referenced on CHCl3 (δ = 77.0). Gel 

permeation chromatography (GPC) was performed in THF at 30 °C using a Waters 

chromatograph equipped with four 5 μm Waters columns (300 mm x 7.7 mm), connected in 

series with increasing pore size (10, 100, 1000, 105, 106 Å). A Waters 410 differential 

refractometer for refractive index (RI) detection was used and calibrated with polystyrene 

standards (750 - (2 x 106) g/mol). Atomic force microscope (AFM) (Dimension: Icon, 

Digital Instruments: Veeco) images were acquired in tapping mode in air. A wide range of 

commercial silicon cantilevers with a wide range of force constants were used to try to 

overcome the attractive adhesion of the polymers to the scanned tip. Imaging forces were 

kept to a minimum. The polymers were spin-coated onto silicon wafers with a speed of 3 

000 rpm for 30 s. 
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4.2 Part 1: Convergent approach – small stars  

4.2.1 MeO-PEG functionalized with methyl trimethylene carbonate (MTC) (PEG MTC) 

PEG MTC was synthesized according to a method described earlier by Nederberg et al.43 The 

crude product was purified first by extraction in a mixture of dichloromethane (DCM) and 

hydrochloric acid (0.1 M) and second by polymer precipitation in cold diethyl ether. The 

product was dried in vacuum until a constant weight was achieved. Mn = 2 159 g/mol, PDI = 

1.04 

1H NMR (400 MHz, CDCl3): δ = 4.69 (d, 8H, 4 x CH2OCOO), 4.31 (m, 8H, 4 x PEG-H2CH2-OCO), 

4.19 (d, 8H, 4 x CH2OCOO), 3.84-3.44 (m, poly, 4 x OCH2CH2 PEG + end groups), 3.37 (s, 12H, 4 x 

OCH3), 1.33 (s, 12 H, 4 x CH3)  

13C NMR (400 MHz, CDCl3): δ = 171.0, 147.3, 72.8, 71.8, 70.8, 70.4, 68.6, 64.8, 59.0, 40.1, 30.8, 

17.5 

4.2.2 Benzyl amine ring opening of the methyl trimethylene carbonate of PEG MTC (1) 

PEG MTC (Mn 2 159 g/mol, PDI 1.04, 0.5 g, 0.25 mmol, 1 equi) was dissolved in 

tetrahydrofouran (THF) (1 mL, 0.25 M). Some heating of the solution was needed for PEG 

MTC to dissolve. When the solution had cooled to room temperature, benzyl amine (Mn 107 

g/mol, 0.027 g, 0.25 mmol, 1 equi) was added. The reaction was heated to 40C̊ and stirred 

over night and then precipitated in cold diethyl ether. The product was dried in vacuum until 

a constant weight was achieved. Mn = 2 250 g/mol, PDI = 1.04 

1H NMR (400 MHz, CDCl3): δ = 7.28 (m, 5H, Ar), 4.34 -4.22 (m, 6H, CH2-OH + CH2-OCO + Ar-

CH2-NHCO), 3.80-3.40 (m, poly, OCH2CH2 PEG + end groups), 3.35 (s, 3H, OCH3), 1.17 (s, 3H, 

CH3) 

13C NMR (400 MHz, CDCl3): δ = 174.2, 156.8, 138.3, 128.6, 127.4, 72.8, 70.8, 70.4, 68.7, 66.0, 

64.5, 63.4, 58.9, 48.8, 44.9, 17.3 

4.2.3 (1) reacted with acetyl chloride (2) 

(1) (Mn 2 250 g/mol, PDI 1.04, 0.050 g, 0.03 mmol, 1 equi) was dissolved in dichloromethane 

(DCM) (1 mL, 0.03 M). Acetyl chloride (Mn 79 g/mol, 0.002 g, 0.03 mmol, 1.2 equi) and 

Triethyl amine (Mn 101 g/mol, 0.003 g, 0.03 mmol, 1.3 equi) was added. After 4 h solution 

was extracted against water. Solvent was evaporated and the product was dried in vacuum 

until a constant weight was achieved. 
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1H NMR (400 MHz, CDCl3): δ = 7.28 (m, 5H, Ar), 4.34 -4.16 (m, 4H, CH2-OCO + Ar-CH2-NHCO), 

3.84-3.42 (m, poly, OCH2CH2 PEG + end groups), 3.35 (s, 3H, OCH3), 2.05 (s, 2H, CH2-OCO), 1.17 

(s, 3H, CH3) 

13C NMR (400 MHz, CDCl3): δ = 174.2, 156.7, 138.3, 128.7, 127.5, 71.8, 70.4, 68.8, 66.0, 64.5, 

63.5, 58.9, 48.8, 44.9, 29.5, 17.3 

4.2.4 (1) initiating ring opening polymerization of EMTC with DP = 8 (3) 

(1) was dried over CaH2 in THF before being transferred to a glove box. (4) (Mn 2 250 g/mol, 

PDI 1.04, 0.100 g, 0.05 mmol, 1 equi) was dissolved in dry THF (1.0 mL, 0.36 M). DBU (Mn 

152 g/mol, 0.006 g, 0.04 mmol, 0.8 equi), TU (Mn 370 g/mol, 0.014 g, 0.04 mmol, 0.8 equi) 

and EMTC (Mn 188 g/mol, 0.070 g, 0.36 mmol, 8 equi) were added. After 2 hours the reaction 

was quenched with benzoic acid and stirred for 30 min before precipitation in diethyl ether. 

The solvent was filtered away and the product was dried in vacuum until a constant weight 

was achieved. 

1H NMR (400 MHz, CDCl3): δ = 7.28 (m, 5H, Ar), 4.27 (m, poly, C-CH2-O polymer backbone), 4.17 (m, 

poly, CH3-CH2-O poly(ethyl MTC)), 3.80-3.40 (m, poly, OCH2CH2 PEG + end groups), 3.35 (s, 3H, 

OCH3), 1.30-1.18 (m, poly, 2 x CH3 poly(ethyl MTC) + end groups) 

13C NMR (400 MHz, CDCl3): δ = 172.0, 154.5, 135.8, 128.6, 127.4, 127.2, 125.4, 72.0, 70.4, 

69.0, 68.7, 68.5, 67.0, 64.5, 61.3, 61.0, 58.9, 47.0, 46.2, 34.2, 30.3, 28.6, 25.7, 21.0, 17.3, 14.0 

4.2.5 Poly(EMTC)-b-poly(PEG MTC) in one batch 

PEG MTC was dried over CaH2 before being transferred into a glove box. PEG MTC (Mn 5 159 

g/mol, PDI 1.07, 0.099 g, 0.02 mmol, 2 equi) was dissolved in dry THF (0.75 mL, 0.25 M). 

Some heating of the solution was needed for PEG MTC to dissolve. When the solution had 

cooled to room temperature, ethyl MTC (EMTC) (Mn 188 g/mol, 0.028 g, 0.15 mmol, 15 equi), 

benzyl alcohol (Mn 102 g/mol, 0.011 g, 0.01 mmol, 1 equi), DBU (Mn 152 g/mol, 0.003 g, 0.02 

mmol, 2 equi) and TU (Mn 370 g/mol, 0.007 g, 0.02 mmol, 2 equi) was added. Portions were 

quenched with benzoic acid after 30 min, 1 h, 4 h and 6 h. 

4.2.6 Polypropylenimine tetraamine dendrimer generation 1 (DAB-Am-4) ring 

opening the cyclic carbonate of PEG MTC (4) 

PEG MTC (Mn 2 159 g/mol, PDI 1.04, 1.0 g, 0.50 mmol, 4 equi) was dissolved in THF (2 mL, 

0.25 M). Some heating of the solution was needed for PEG to dissolve. When the solution had 

cooled to room temperature, DAB-Am-4 (Mn 316 g/mol, 0.040 g, 0.13 mmol, 1 equi) was 

added. After 40 h the crude product was precipitated in cold diethyl ether and dried in 
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vacuum. The product was then fractionally precipitated with DCM (6 mL) as good solvent, 2-

propanol (20 mL) as semi good solvent and diethyl ether (60 mL) as non solvent. Filtering 

and drying in vacuum followed until a constant weight was achieved. Mn = 8 326 g/mol, PDI = 

1.08 

1H NMR (400 MHz, CDCl3): δ = 5.95 (b, 4H, 4 x NH-OCO), 4.30-4.10 (m, 16H, 8 x CH2-OCO), 

3.83-3.42 (m, poly, 4 x OCH2CH2 PEG + end groups), 3.73 (s, 8H, 4 x CH2-OH), 3.37 (s, 12H, 4 x 

OCH3), 3.18 (b, 8H, 4 x CH2-NH-OCO), 2.41(b, 8H, 4 x CH2-N), 2.38 (b, 4H, 2 x CH2-N), 1.62 (b, 

8H, 4 x CH2), 1.42 (s, 12H, 4 x CH3), 1.24 (b, 4H, 2 x CH2-CH2-N) 

13C NMR (400 MHz, CDCl3): δ = 71.8, 70.4, 68.8, 65.6, 64.2, 63.5, 58.9, 48.7, 39.8, 26.8, 25.2, 

17.4 

4.2.7 (4) as an initiator for ring opening polymerization (ROP) of EMTC with DP=8 (5) 

(4) was dried over CaH2 in THF before beeing transferred to a glove box. (4) (Mn 8 326 g/mol, 

PDI 1.08, 0.099 g, 0.01 mmol, 1 equi) was dissolved in dry DCM (1.0 mL, 1 M). DBU (Mn 152 

g/mol, 0.004 g, 0.02 mmol, 2 equi) was added and the reaction were stirred for 30 min. TU 

(Mn 370 g/mol, 0.009 g, 0.02 mmol, 2 equi) and EMTC (Mn 188 g/mol, 0.073 g, 0.39 mmol, 32 

equi) were added. After 2 hours the reaction was quenched with benzoic acid (Mn 102 g/mol, 

0.021 g, 0.21 mmol, 20 equi) and stirred for 30 min before precipitation in diethyl ether. The 

product was then dialyzed in a dialysis bag with a 1 000 g/mol cutoff, first against water and 

secondly against methanol. The solvent was evaporated and the product was dried in 

vacuum until a constant weight was achieved. PDI = 1.09 

1H NMR (400 MHz, CDCl3): δ = 4.27 (m, poly, 4 x C-CH2-O polymer backbone), 4.17 (m, poly, 4 x CH3-

CH2-O poly(ethyl MTC)), 3.84-3.42 (m, poly, 4 x OCH2CH2 PEG + end groups), 3.37 (s, 12H, 4 x OCH3), 

3.16 (b, 8H, 4 x CH2-NH-OCO), 2.52 (b, 8H, 4 x CH2-N), 1.67 (b, 8H, 4 x CH2), 1.30-1.18 (m, 

poly, 2 x CH3 poly(ethyl MTC) + end groups) 

13C NMR (400 MHz, CDCl3): δ = 172.0, 154.3, 125.4, 71.8, 70.4, 68.5, 61.4, 48.0, 46.3, 30.3, 

29.7, 17.5, 14.0 
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4.3 Part 2: Divergent approach – small stars  

4.3.1 DAB-Am-4 ring opening the cyclic carbonate of phenylureaethyl-MTC (UMTC) (6) 

UMTC (Mn 322 g/mol, 0.260 g, 0.81 mmol, 4.1 equi) was dissolved in THF (10 mL, 0.08 M). 

DAB-Am-4 (Mn 316 g/mol, 0.062 g, 0.20 mmol, 1 equi) was added. After 72 hours calcium 

hydride was added. Another 24 hours later the mixture was filtered, the solvent was 

evaporated and the dry compound was transferred in to the glovebox. Mn = 1 604 g/mol 

1H NMR (400 MHz, Acetone): δ = 8.11 (s, 4H, 4 x OC-NH-Ar), 7.46 + 7.20 + 6.91 (d + t + t, 20 H, 

4 x NH-Ar), 6.67 (t, 4H, 4 x OC-NH), 6.10 (b, 4H, 4 x OOC-NH), 4.24 – 4.14 (m, 24H, 4 x CH2-OH 

+ 8 x CH2-OCO), 3.46 (m, 8H, 4 x CH2-NH-CONH), 3.14 (m, 8H, 4 x CH2-NH-COO), 2.40 (m, 12H, 

6 x CH2-N), 1.61 (m, 8H, 4 x CH2), 1.42 (m, 4H, 2 x CH2), 1.15 (s, 12H, 4 x CH3) 

4.3.2 DAB-Am-4 ring opening the cyclic carbonate of benzyl-MTC (BMTC) (7) 

BMTC (Mn 250 g/mol, 0.512 g, 2.05 mmol, 4.4 equi) was dissolved in THF (10 mL, 0.08 M). 

DAB-Am-4 (Mn 316 g/mol, 0.150 g, 0.47 mmol, 1 equi) was added. After 72 hours calcium 

hydride was added. Another 24 hours later the mixture was filtered, the solvent was 

evaporated and the dry compound was transferred in to the glovebox. Mn = 1 317 g/mol, PDI 

= 1.04 

1H NMR (400 MHz, CDCl3): δ = 7.38 (b, 20 H, 4 x Ar), 5.90 (b, 4H, 4 x OOC-NH), 5.18 (s, 8H, 4 x 

Ar-CH2-OCO), 4.38 + 4.21 (d + d, 16H, 4 x CH2-OCO), 3.70 (m, 8H, 4 x CH2-OH) 3.20 (m, 8H, 4 x 

CH2-NH-COO), 2.40 (m, 12H, 6 x CH2-N), 1.70 – 1.60 (m, 12H, 6 x CH2), 1.20 (s, 12H, 4 x CH3) 

4.3.3 (7) initiating the ROP of EMTC with DP=15 (8) 

(7) (Mn 1 317 g/mol, PDI 1.04, 0.100 g, 0.08 mmol, 1 equi) was dissolved in dry DCM (2.5 mL, 

1.8 M). DBU (Mn 152 g/mol, 0.035 g, 0.23 mmol, 3 equi) was added and stirred for 30 

minutes. TU (Mn 370 g/mol, 0.084 g, 0.23 mmol, 3 equi) and ETMC (Mn 188 g/mol, 0.858 g, 

4.56 mmol, 60 equi) was added. After 1 hour the reaction was transferred to new vials to 

work as an initiator for growth of an additional block. 

The part that was not used for further reactions was quenched with benzoic acid and stirred 

for 30 min before precipitation in 2-propanol. The product was then dialyzed in a dialysis 

bag with a 1 000 g/mol cutoff, first against water and secondly against methanol. All solvent 

was evaporated and the product was dried over MgSO4 in DCM for 2 h before evaporating the 

solvent. The product was dried in vacuum until a constant weight was achieved. Mn = 12 597 

g/mol, PDI = 1.37 
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1H NMR (400 MHz, CDCl3): δ = 7.32, (b, 20H, 4 x Ar), 5.14(s, 8H, 4 x Ar-CH2-OCO), 4.28(m, 

poly, 4 x C-CH2-O polymer backbone), 4.18 (m, poly, 4 x CH3-CH2-O poly(ethyl MTC)), 3.70 (s, 8H, 4 x C-

CH2-OH), 1.30-1.16 (m, poly, 2 x CH3 poly(ethyl MTC) + end groups) 

4.3.4 Polymerization DP=20 1:4 ratio random block PEG MTC 0.5k and EMTC (9) 

A portion of (8) in its solution, containing both DBU and TU, was added to a new flask. The 

portion was equivalent to (8) (Mn 12 597 g/mol, PDI 1.37, 0.300 g, 0.02 mmol, 1 equi). More 

DBU was added to get 0.2 equi of DBU compared to the monomers. PEG MTC (Mn 659 g/mol, 

0.252 g, 0.38 mmol, 16 equi) was mixed with EMTC (Mn 188 g/mol, 0.286 g, 1.52 mmol, 64 

equi) in DCM (1.9 mL, 1 M). The solution with the monomers was then mixed with the 

initiator. After 2 h the reaction was quenched with benzoic acid and stirred for 30 min. The 

product was precipitated in diethyl ether and then dialyzed against water. The dialysis bag 

had a 1 000 g/mol cutoff. All solvent was evaporated with some heating and the product was 

dried over MgSO4 in DCM for 2 h before evaporating the solvent. The product was then dried 

in vacuum until a constant weight was achieved. PDI = 1.36 before dialysis 

1H NMR (400 MHz, CDCl3): δ = 7.32, (b, 20H, 4 x Ar), 5.14(s, 8H, 4 x Ar-CH2-O), 4.28(m, poly, 4 

x C-CH2-O polymer backbone), 4.18 (m, poly, 4 x CH3-CH2-O poly(ethyl MTC)), 3.72-3.52 (m, poly, 4 x 

OCH2CH2 PEG + end groups), 3.38 (s, poly, OCH3 poly(PEG MTC)), 1.28-1.21 (m, poly, 2 x CH3 poly(ethyl 

MTC) + end groups) 

4.3.5 Polymerization DP=20 1:3 ratio random block PEG MTC 0.5k and EMTC (10) 

A portion of (8) in its solution containing, both DBU and TU, was added to a new flask. The 

portion was equivalent to (8) (Mn 12 597 g/mol, PDI 1.37, 0.300 g, 0.02 mmol, 1 equi). More 

DBU was added to get 0.2 equi of DBU compared to the monomers. PEG MTC (Mn 659 g/mol, 

0.314 g, 0.48 mmol, 20 equi) was mixed with EMTC (Mn 188 g/mol, 0.268 g, 1.43 mmol, 60 

equi) in DCM (1.9 mL, 1 M). The solution with the monomers was then mixed with the 

initiator. After 2 h the reaction was quenched with benzoic acid and stirred for 30 min. The 

product was precipitated in diethyl ether and then dialyzed against water. The dialysis bag 

had a 1 000 g/mol cut off. All solvent was evaporated with some heating and the product was 

dried over MgSO4 in DCM for 2 h before evaporating the solvent. The product was then dried 

in vacuum until a constant weight was achieved. PDI = 1.50 before dialysis 

1H NMR (400 MHz, CDCl3): δ = 7.32, (b, 20H, 4 x Ar), 5.14(s, 8H, 4 x Ar-CH2-O), 4.28(m, poly, 4 

x C-CH2-O polymer backbone), 4.18 (m, poly, 4 x CH3-CH2-O poly(ethyl MTC)), 3.72-3.52 (m, poly, 4 x 

OCH2CH2 PEG + end groups), 3.38 (s, poly, OCH3 poly(PEG MTC)), 1.28-1.21 (m, poly, 2 x CH3 poly(ethyl 

MTC) + end groups) 
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4.3.6 Copolymerization of poly(EMTC)-b-poly(PEG(5k)MTC) with (7) as initiator (11) 

(6) (Mn 1 317 g/mol, PDI 1.04, 0.010 g, 0.01 mmol, 1 equi) was dissolved in dry THF (0.5 mL, 

1 M). ETMC(Mn 188 g/mol, 0.086 g, 0.46 mmol, 60 equi), PEG MTC (Mn 5 000 g/mol, PDI 1.07, 

0.196 g, 0.04 mmol, 5 equi), DBU (Mn 152 g/mol, 0.007 g, 0.05 mmol, 7 equi) and TU (Mn 370 

g/mol, 0.019 g, 0.05 mmol, 7 equi) was added. The reaction was quenched after 2 h with 

benzoic acid. The product was fractionally precipitated twice. First in 7 mL DCM, 7 mL THF 

and 20 mL 2-propanol and second in 15 mL DCM, 110 mL 2-propanol and 40 mL diethyl 

ether. 

The product was dialyzed in a dialysis bag with a 1 000 g/mol cutoff, first against water and 

secondly against methanol. All solvent was evaporated and the product was dried over 

MgSO4 in DCM for 2 h before evaporating the solvent and drying in vacuum until a constant 

weight was achieved. PDI = 1.12 before dialysis 

1H NMR (400 MHz, CDCl3): δ = 7.32, (b, 20H, 4 x Ar), 5.14(s, 8H, 4 x Ar-CH2-O), 4.28(m, poly, 4 

x C-CH2-O polymer backbone), 4.18 (m, poly, 4 x CH3-CH2-O poly(ethyl MTC)), 3.84-3.44 (m, poly, 4 x 

OCH2CH2 PEG + end groups), 3.38 (s, 12H, 4 x OCH3), 1.28-1.18 (m, poly, 2 x CH3 poly(ethyl MTC) + 

end groups) 

4.3.7 Copolymerization of poly(EMTC)-b-poly(PEG(2k)MTC) with (7) as initiator (12) 

(6) (Mn 1 317 g/mol, PDI 1.04, 0.008 g, 0.01 mmol, 1 equi) was dissolved in dry THF (0.5 mL, 

0.4 M). ETMC(Mn 188 g/mol, 0.037 g, 0.19 mmol, 32 equi), PEG MTC (Mn 2 000 g/mol, PDI 

1.04, 0.79 g, 0.04 mmol, 6 equi), DBU (Mn 152 g/mol, 0.003 g, 0.02 mmol, 4 equi) and TU (Mn 

370 g/mol, 0.009 g, 0.02 mmol, 4 equi) was added. The reaction was quenched after 2 h with 

benzoic acid. The product was fractionally precipitated in 5 mL THF, 20 mL 2-propanol and 

70 mL diethyl ether. 

The product was dialyzed in a dialysis bag with a 1 000 g/mol cutoff, first against water and 

secondly against methanol. All solvent was evaporated and the product was dried over 

MgSO4 in DCM for 2 h before evaporating the solvent and drying in vacuum until a constant 

weight was achieved. PDI = 1.07 before dialysis 

1H NMR (400 MHz, CDCl3): δ = 7.32, (b, 20H, 4 x Ar), 5.14(s, 8H, 4 x Ar-CH2-O), 4.28(m, poly, 4 

x C-CH2-O polymer backbone), 4.18 (m, poly, 4 x CH3-CH2-O poly(ethyl MTC)), 3.84-3.44 (m, poly, 4 x 

OCH2CH2 PEG + end groups), 3.38 (s, 12H, 4 x OCH3), 1.28-1.18 (m, poly, 2 x CH3 poly(ethyl MTC) + 

end groups) 
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4.3.8 (6) initiating the ROP of EMTC (13) 

(6) (Mn 1 604 g/mol, 0.150 g, 0.09 mmol, 1 equi) was dissolved in dry THF (2.8 mL, 1.9 M). (-

)-sparteine (Mn 234 g/mol, 0.066 g, 0.28 mmol, 3 equi) was added and stirred for 30 minutes. 

TU (Mn 370 g/mol, 0.104 g, 0.28 mmol, 3 equi) and ETMC (Mn 188 g/mol, 1.055 g, 5.61 mmol, 

60 equi) was added. After 15 hours the reaction was transferred to new wails to work as an 

initiator for growth of an additional block. 

The part that was not used for further reactions was quenched with benzoic acid and stirred 

for 30 min before precipitation in 2-propanol. The product was then dialyzed in a dialysis 

bag with a 1 000 g/mol cutoff, first against water and secondly against methanol. All solvent 

was evaporated and the product was dried over MgSO4 in DCM for 2 h before evaporating the 

solvent. The product was dried in vacuum until a constant weight was achieved. Mn = 12 884 

g/mol, PDI = 1.22 before dialysis 

1H NMR (400 MHz, CDCl3): δ = 7.32, (b, 20H, 4 x Ar), 5.02(s, 8H, 4 x Ar-CH2-NH), 4.28(m, poly, 

4 x C-CH2-O polymer backbone), 4.18 (m, poly, 4 x CH3-CH2-O poly(ethyl MTC)), 3.70 (s, 8H, 4 x C-CH2-

OH), 1.30-1.16 (m, poly, 2 x CH3 poly(ethyl MTC) + end groups) 

4.3.9 Polymerization DP=20 1:4 ratio random block PEG MTC 0.5k and EMTC (14) 

A portion of (13) in its solution, containing both SP and TU, was added to a new flask. The 

portion was equivalent to (13) (Mn 12 884 g/mol, PDI 1.22, 0.300 g, 0.02 mmol, 1 equi). DBU 

was added to get 0.2 equi of DBU compared to the monomers. PEG MTC (Mn 659 g/mol, 

0.246 g, 0.37 mmol, 16 equi) was mixed with EMTC (Mn 188 g/mol, 0.280 g, 1.49 mmol, 64 

equi) in THF (1.9 mL, 1 M). The solution with the monomers was then mixed with the 

initiator. After 4 h the reaction was quenched with benzoic acid and stirred for 30 min. The 

product was precipitated in diethyl ether and dialyzed in DMF against water. The dialysis bag 

had a 1 000 g/mol cut off. All solvent was evaporated with heating and the product was dried 

over MgSO4 in DCM for 2 h before evaporating the solvent. The product was then dried in 

vacuum until a constant weight was achieved. PDI = 1.34 before dialysis 

1H NMR (400 MHz, CDCl3): δ = 7.32 (m, 20H, 4 x Ar), 5.02 (s, 8H, 4 x Ar-CH2-NH), 4.28(m, 

poly, 4 x C-CH2-O polymer backbone), 4.18 (m, poly, 4 x CH3-CH2-O poly(ethyl MTC)), 3.72-3.52 (m, poly, 4 

x OCH2CH2 PEG + end groups), 3.38 (s, poly, 4 x OCH3 poly(PEG MTC)), 1.28-1.18 (m, poly, 2 x CH3 

poly(ethyl MTC) + end groups) 

4.3.10 Polymerization DP=20 2:3 ratio random block PEG MTC 0.5k and EMTC (15) 

A portion of (13) in its solution, containing both SP and TU, was added to a new flask. The 
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portion was equivalent to (13) (Mn 12 884 g/mol, PDI 1.22, 0.300 g, 0.02 mmol, 1 equi). DBU 

was added to get 0.2 equi of DBU compared to the monomers. PEG MTC (Mn 659 g/mol, 

0.491 g, 0.75 mmol, 32 equi) was mixed with EMTC (Mn 188 g/mol, 0.210 g, 1.12 mmol, 48 

equi) in THF (1.9 mL, 1 M). The solution with the monomers was then mixed with the 

initiator. After 4 h the reaction was quenched with benzoic acid and stirred for 30 min. The 

product was precipitated in diethyl ether and dialyzed in DMF against water. The dialysis bag 

had a 1 000 g/mol cut off. All solvent was evaporated and the product was dried over MgSO4 

in DCM for 2 h before evaporating the solvent. The product was then dried in vacuum until a 

constant weight was achieved. PDI = 1.24 before dialysis 

1H NMR (400 MHz, CDCl3): δ = 7.32 (m, 20H, 4 x Ar), 5.02 (s, 8H, 4 x Ar-CH2-NH), 4.28(m, 

poly, 4 x C-CH2-O polymer backbone), 4.18 (m, poly, 4 x CH3-CH2-O poly(ethyl MTC)), 3.72-3.52 (m, poly, 4 

x OCH2CH2 PEG + end groups), 3.38 (s, poly, 4 x OCH3 poly(PEG MTC)), 1.28-1.18 (m, poly, 2 x CH3 

poly(ethyl MTC) + end groups) 
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4.4 Sample preparations 

4.4.1 NMR 

1H NMR samples were prepared by dissolving the polymers in DCCl3. Concentrations were 

around 5 - 10 mg/ml. The number of scans was set to the standard for the instrument. 13C 

NMR samples were also dissolved in DCCl3 but at concentration around 40 mg/ml. For these 

analyses the number of scans was changed to 4000 scans to get a higher resolution. 

4.4.2 GPC 

GPC samples were prepared by dissolving the products in THF. The concentrations for these 

measurements were approximately 5 mg/ml. 

4.4.3 AFM 

AFM samples were prepared by dissolving the products in THF. Water was then added to the 

samples and the THF was evaporated. After evaporation of the THF the samples were 

sonicated for 1 h. The samples were first prepared in a 1 w% solution that turned out to be 

too high and lead to a dilution of the samples to concentration around 0.05 – 0.1 w %. The 

samples were spun onto 2.5 cm silicon wafers at a speed of 3 000 rpm for 30 seconds and 

then dried in vacuum at room temperature over night. 
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5 RESULTS AND DISCUSSION 

5.1 MeO-PEG MTC 

Monomethylether poly(ethylene glycol) MTC (PEG MTC) with molecular weights of 2000 

g/mol and 5000 g/mol were synthesized according to a procedure developed by Nederberg 

et al.43 The reactions were made in THF (2k) and DCM (5k). Extraction with DCM and 0.1M 

HCl and precipitation in diethyl ether was performed to get a clean product. Neither the PDI 

nor the molecular weight changed significantly when this reaction was made, which proved 

that the reaction was successful. 
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5.2 Monomers 

The monomers used to generate polymers and to introduce functional groups are cyclic 

carbonates that polymerize via ROP. They belong to the methyl trimethylene carbonate 

(MTC)-family and are derived from 2,2-bis(methylol)propionic acid (bis-MPA)8 They were all 

synthesized according to previous studies, both published as well as publications still in 

review.8, 41, 42 

  

Figure 9. All monomers used: a) Ethyl MTC b) Benzyl MTC (protected acid) c) Phenylureareaetyl MTC d) PEG MTC 

Figure 8. PEG MTC monomer 
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5.3 NMR handles with PEG MTC benzyl amine and acetyl chloride 

To demonstrate the feasibility of our strategy and to develop characterization techniques a 

series of model reactions were preformed. These reactions can be applied to both the 

convergent and the divergent synthetic techniques. 

The carbonate functionalized PEG (PEG MTC) was reacted with benzyl amine in THF. The 

primary amine ring opened the cyclic carbonate, which created a carbamate-bond and a 

hydroxyl group. 

 

Scheme 5. Reaction of PEG MTC with benzyl amine to form (1) 

The product was then reacted with acetyl chloride with triethyl amine as a catalyst in DCM to 

create an ester-bond. 

 

Scheme 6. Reaction of (1) with acetyl chloride to form (2) 

The PEG MTC bound to benzyl amine was also used to initiate ROP of ethyl MTC (EMTC) to 

form a diblock copolymer. 
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Scheme 6. (1) initiating ROP of ethyl MTC to form (3) 

Reaction of PEG MTC with benzyl amine shifted the 1H NMR peaks at 4.2 ppm and 4.7 ppm to 

around 3.6 ppm and merged together with the polymer-chain peak. Reaction of the 

generated hydroxyl group with the acetyl chloride generated a peak at 2.0 ppm that 

corresponds to the ester. Clearly the primary amine ring-opens the cyclic carbonate to 

generate a carbamate and a hydroxyl group. 
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Figure 10. 
1
H NMR spectra of the model compounds: A) PEG MTC, B) (1) and C) (2) 

 

 

Figure 11. 
1
H NMR spectra of the model compounds: A) (1) and B) (3) 
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In 13C NMR our attention was on the quaternary carbon as it is sensitive to wheter it is open, 

closed and the type of substitution. The unreacted PEG MTC has a quaternary carbon peak at 

40.1 ppm and after the click reaction with the amine this peak shifts to 48.8 ppm. 

Polymerization from the free hydroxyl group shifts this peaks to 48.0 ppm. Clearly the 

transformations and efficiency of initiation can be followed by these combined techniques. 

   

 

ppm (t1)
40.045.0

A *

ppm (t1)
40.045.0

B *

ppm (t1)
40.045.0

C *

ppm (t1)
40.045.0

D

*

* 

* 

* 

* 

a 

a 

Figure 11. 
13

C NMR spectra of the model compounds: A) PEG MTC, B) (1), C) (2) and D) (3) 
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5.4 Convergent stars 

PEG MTC (2 000 g/mol) was reacted with DAB-Am-4 in roughly a 4:1 ratio in THF (4). After 

40 h the 1H NMR peak from the dendrimer at 2.75 ppm (CH2-NH2) had shifted to 3.18 ppm 

(CH2-NH-OCO), suggesting that all the arms of the dendrimer had been transformed, by the 

limit of the NMR technique. The mixture was precipitated in diethyl ether and then dried in 

vacuum. The GPC of the product showed unreacted PEG MTC left that could be removed by 

fractional precipitation. After this step both GPC and 1H NMR showed clean spectra. This 

product was dried with CaH2. 

A hydroxyl group was created from the ring-opening click reaction between the methyl 

trimethylene carbonate and the amine. This hydroxyl group was used to initiate ROP of ethyl 

MTC with a targeted DP 8 by reacting the ethyl MTC with the star in a 32:1 ratio in DCM (5). 

TU and DBU were used to catalyze the reaction. Judging by NMR the ROP of ethyl MTC was 

complete after 2 h and was then quenched with benzoic acid. 
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Scheme 8. Convergent approach to form (5) 
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The average degree of polymerization for the hydrophobic block was calculated by end-

group analysis (1H NMR) to be 8 per arm. This was calculated from the ratio between the 

peaks for the 12 protons in 4 x OCH3 (δ = 3.37 ppm) in the PEG chain end and the peak for 

the 16 protons in 8 x C-CH2O (δ = 4.25 ppm) in the polymer backbone in the 1H NMR spectra. 

The molecular weights for both the blocks on each arm of the star where then calculated to 

be 2 000 g/mol for the hydrophilic block and 1 504 g/mol for the hydrophobic block. This 

resulted in a total molecular weight of approximately 14 500 g/mol for the entire star. 

 

 

 

The star-shaped polymer prepared by the 

reaction of PEG MTC and the dendrimer, 

showed a polydispersity index (PDI) of 1.08. 

Moreover there was no evidence of free PEG 

MTC molecules. After ROP of the second 

block, the PDI was 1.09. The GPC only showed 

a very small, almost non existent, increase in 

the molecular weight after addition of the 

second block via the ROP step, even though 
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Figure 13. 
1
H NMR spectra of the star polymers synthesized by the 

convergent approach: A) (4) B) (5) - the A peaks are from the 

protons in the polymer backbone and B are from the ethyl protons 

in the ethyl MTC. 
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Figure 14. GPC of the star polymers synthesized by the convergent 

approach: a) PEG MTC, b) (4) and c) (5) 
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peaks for the hydrophobic block are clearly visible in the 1H NMR. This is likely a result of the 

GPC that distinguishes between size and not molecular weight. Before the addition of the 

hydrophobic block the molecules are stars with stretched PEG as a shell. When dissolved in 

THF, after addition of one more block, the new hydrophobic block will curl up in the center of 

the molecule and the PEG will be as stretched as it earlier was. This block will therefore not 

change the size of the molecule and the molecular weight will look comparable in the GPC 

spectra. 

                              

Figure 15. This illustrates that the hydrodynamic radius of (4) and (5) are comparable to each other. 

 

The sequence and the efficiency of the transformations can easily be seen in the 13C NMR 

spectra by monitoring the quaternary carbon in the MTC ring. The quaternary carbon of PEG 

MTC is at 40.1 ppm and once clicked to the amine, this peak shifts to 48.8. Initiation from the 

hydroxyl group shifts the peak to 48.0 ppm, analogous to the model reaction with the linear 

polymer. 
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Figure 16. 
13

C NMR spectra of the star 

polymers synthesized by the convergent approach: A) PEG MTC with the peak for the quaternary carbon at 40.1 ppm. B) 

(4) with the peak for the quaternary carbon at 48.7 ppm. C)(5) with the peak for the quaternary carbon at 48.0 ppm 

 

Tests were made on this polymer to see if it would dissolve in water. The polymer was first 

dissolved in THF in a vial. Water was then added and the THF was evaporated. With this 

method the polymer was soluble in water. In a second experiment, the polymer was added 

directly to water where it directly dissolved. One can see that the polymer forms some kind 

of structure while it is dissolved, since the solution gets somewhat hazy, which means that 

there are particles in the solution that scatter light. 

To get a closer look at these structures AFM images were collected. The AFM samples were 

prepared by spinning a solution with a polymer concentration of approximately 1 mg/ml in 

water onto a silicon wafer with a speed of 3 000 rpm for 30 seconds. From the AFM images 

one can see that the star-like block copolymers form different shapes. These shapes are 

probably a few macromolecules that have formed aggregates and explain the slight haziness 

of the water solution. 
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  A B C 

Figure 17. AFM images of (5) spin-coated on to a silicon wafer in a concentration of approximately 0.1 w% 

A) A 500 x 500 nm picture of some random structures on the surface. B) A 150 x 150 nm magnification of one of the 

structures. One can see that it looks like the structure is built from smaller globular structures. C) A 75 x 75 nm 

magnification of a similar structure elsewhere on the surface. 
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5.4.1 Divergent stars 

These macromolecules are built from the center out by tandem click reactions and ROP 

techniques. The core is a first generation dendrimer with four arms having primary amine 

end-groups. These star-like molecules are designed to have layers with different properties 

which will enhance delivery of the drug to cells. 

The first layer consists of the dendrimer where the surface amine by a single ring-opening 

transformation of a MTC molecule introduces a new functional group along with a primary 

hydroxyl group for a subsequent ROP of hydrophobic/hydrophilic monomer to generate a 

complex unimolecular micelle. The cyclic carbonates used in this first layer have diverse 

functional groups that attract drugs, these groups includes urea and acid. The urea is used 

because it is capable of hydrogen bond drugs and the acid because it attracts the drug’s 

amine functionalities. Surrounding the drug loading enhancers is the hydrophobic layer. 

Since the drugs of interest are hydrophobic this layer creates cargo space. The next layer is 

for water solubility and protection. This is the hydrophilic layer consist of PEG as it will 

prevent the carrier from being recognized by the RES. 

  

 

Figure 18. The different layer of the polymeric stars derived by the divergent approach: 

a) drug loading b) hydrophobic layer c) hydrophilic layer 
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5.4.2 Click reactions to form initiators 

The first step in this approach was to form initiators, with tailored functional groups, for the 

ROP that would generate star-like architectures. These initiators were synthesized by single 

ring opening reaction, denoted by click due to its simplicity, of functionalized MTC molecules 

with the surface amine groups on a dendrimer. This generated a core molecule with one 

layer of functional groups, denoted as R in scheme 9, covalently bound to the dendrimer. This 

ring-opening also generates a hydroxyl group that can be used to initiate ROP to generate 

desired star-like architectures. 

 

Scheme 9. Single ring opening reaction to form (6) and (7). 

 

Two different initiators where synthesized; one with a urea functional group and one with a 

protected acidic functional group. Both initiators were synthesized the same way. 

The core dendrimer and the functionalized MTC monomer were dissolved in THF in close to 

a 1:4 ratio, but with a slight excess of the MTC monomer. Neither the dendrimer nor the MTC 

molecules were soluble in THF, but with time the solution became clear, which indicated that 

the products were soluble. 1H NMR spectroscopy was used to know when the reactions were 

finished. The dendrimer amines were transformed when the peak for the -CH2-NH2 (δ = 2.75 

ppm) methylene protons disappeared. CaH2 was then added to remove water. The solutions 

were then filtered, to remove both CaH2 and remaining starting material. The solvents were 

then evaporated and initiators were transferred to a glove box. 

5.4.3 Growing out the layers 

The hydrophobic block was polymerized first. Since the urea initiator is not soluble in DCM, 

THF was used as the solvent for this initiator, while DCM was the solvent used for the acid 

initiator. The block was polymerized by ROP of ethyl MTC in the presence of TU and DBU for 

the acid initiator and TU and SP for the urea initiator. The reason why DBU was not used for 

the urea functionalized initiator is that it could initiate polymerization from the secondary 

(6), (7) 
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amines in the urea. After 1 h for DBU and 16 h for SP the reactions were completed. 

The second block was generated by taking out a small portion of the solution and adding the 

right amount of hydrophilic MTC monomers and more catalyst to the solution. This block 

was made in different ways to show the diversity of this method. 

Not all of the initiator with first block was used for further synthesis and this part was 

quenched with benzoic acid and precipitated in 2-propanol. After drying, the product was 

analyzed with GPC and NMR. To get the average degree of polymerization of the polymer the 

1H NMR spectra were used. For the acid initiator the ratio between the peak for the eight 

methylene protons in 4 x C-CH2-OH end groups (δ = 3.70 ppm) and the peak for the 16 

methylene protons in 8 x C-CH2-O (δ = 4.30 ppm) in the polymer backbone was compared 

and the DP was calculated to be 15. This means that the hydrophobic block had a molecular 

weight of around 2 800 g/mol per arm. The same calculations were preformed for the urea 

initiator with identical results. After the polymerization of the first block, the GPC showed, 

that the PDI was 1.37 for the acid initiator and 1.22 for the urea initiator. 

5.5 Decoration of the star polymer with a hydrophilic layer 

5.5.1 PEG brushes 

In one example, the hydrophilic block that was used to cover the outside of the star was PEG 

brushes. The brushes are made from a random copolymerization of PEG (500 g/mol) MTC 

and ethyl MTC. When a test to polymerize only poly(PEG MTC) was made, only dimers and 

trimers were formed, which is why the hydrophilic block was polymerized as a 

copolymerization between the PEG MTC and the not so bulky EMTC as a spacer for the 

polymerization to work. Hydrophilic blocks with different ratios between PEG MTC and 

EMTC were polymerized from the hydrophobic starting blocks. All the hydrophilic blocks 

were polymerized with a desired DP of 20. For the acid core the ratios between PEG MTC and 

EMTC were 1:4 and 1:3 and for the urea core the ratios were 1:4 and 2:3. 
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Scheme 10. Divergent approach with PEG brushes 
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After drying, the product was analyzed with GPC and NMR. The 1H NMR spectra were studied 

to get the average degree of polymerization. For all compounds, the ratio between the peak 

for the methyl protons in 4 x O-CH3 at the end of the PEG polymers (δ = 3.38 ppm) and the 

peak for the 16 methylene protons in 8 x C-CH2-O (δ = 4.30 ppm) on the polymer backbone 

were compared. The desired total DP for each arm was 35 (15 from hydrophobic and 20 

from hydrophilic). If this had been the case the peak at 4.30 should be equivalent to 560 

protons. The intergrations for the methyl protons in 4 x O-CH3 are shown in the table bellow. 

Sample Acid 1:4 Acid 1:3 Urea 1:4 Urea 2:3 

Integration for peak at 3.38 ppm 30 H 38 H 47 H 66 H 

Number of PEG per arm 2.5 3 4 5.5 

Aimed number of PEG per arm 4 5 4 8 

% difference 37 % 40 % 0 % 31 % 

Estimated ratio according to NMR 

plots 

PEG MTC : EMTC 

1:6 1:5 1:4 1:2 

Calculated Mw of star (g/mol) ~ 31 300 ~ 31 900 ~ 35 600 ~ 36 600 

These results indicate that not all PEG MTCs have been polymerized to the chains and the 

ratio is therefore not what it should be. Since the EMTC is smaller and less bulky than the 

PEG MTC, it is more probable that these monomers polymerize before the PEG MTC. 

Insufficient polymerization times or low conversion might explain why not all the PEG MTC 

polymerized. 

The poly-dispersities for the different compounds were collected with the help of GPC 

measurements. The PDI for the acid initiator were 1.36 for the 1:4 ratio and 1.50 for the 1:3 

ratio. The PDIs for the urea initiator were slightly lower; 1.34 for the 1:4 ratio and 1.24 for 

the 2:3 ratio. The GPC for these molecules show peaks with “shoulders”. This is just because 

THF is used as the solvent. In THF, the molecules form small compact balls that attract each 

other and therefore give distorted results. Some samples were analyzed in DMF, which 

prevent these things to happen. These GPCs have single peaks.  
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Figure 19. 
1
H NMR spectra for the acid initiator: 

A) Hydrophobic block (8) (the peak around 4.05 is from THF). B) Aimed at 1:4 ratio (9). c) Aimed at 1:3 (10). 

The spectra for the urea initiator is very similar, which is why it is not included 

Figure 20. GPC spectra of the polymers derived by the divergent approach: 

A) Urea core: a) hydrophobic block (13). b) PEG brush hydrophilic block with 1:4 ratio (14). c) PEG brush hydrophilic 

block with 2:3 ratio (15). 

B) Urea core: PEG brush hydrophilic block with a 1:4 ratio (14). GPC preformed in DMF. 

C) Acid core: a) hydrophobic block (8). b) PEG brush hydrophilic block with 1:4 ratio (9). c) PEG brush hydrophilic 

block with 1:3 ratio (10). 
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Tests were made on these polymers as well to see if they would dissolve in water. The 

polymers were first dissolved in THF in vials, to which water was then added and THF 

evaporated. With this method all of the polymers were soluble in water. A second 

experiment was made when the polymers were added directly to water. Even after some 

stirring, none of these polymers dissolved; instead they swelled and formed a gel like phase 

in the vial. In low concentrations the solutions were translucent but in higher concentrations 

they became hazy, which indicated some kind of aggregation of the molecules. Some of these 

solutions indicated lower critical solution temperature (LCST). When they were heated with 

a hot gun the solution became hazy, only to become clear again when the temperature 

returned to room temperature. 

One of these star-like block copolymers was analyzed with AFM, in order to get a better 

understanding on how these polymers behave in water. The AFM samples were prepared by 

spinning a solution with a polymer concentration of approximately 0.5 mg/ml in water onto 

a silicon wafer with a speed of 3 000 rpm for 30 seconds. The pictures showed structures 

that can be interpreted to match what was seen with naked eyes. It looks like there are 

particles with a size around 20 - 30 nm in diameter. Some areas of the wafer had more 

materials than others. In the areas with low concentration, one could see that the particles 

were all alone or aggregated to form bigger particles. In the areas where the concentration 

was high, one could see that the particles formed big networks. These networks were 

probably what was observed when the sample had not been pre dissolved in THF. 

 

 

 
Figure 21. Pictures of (9) taken at an area with a low concentration, different magnifications at the same spot; 5 x 

5 µm, 1.7 x 1.7 µm and 500 x 500 nm 
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Figure 22. Pictures of (9) taken at an area with a high concentration, different 

magnifications at the same spot; 2 x 2 µm and 500 x 500 nm 

This structure indicates that the particles form a network 
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5.5.2 A one step approach to an amphiphilic block copolymer, poly(EMTC)-b-poly(PEG 

MTC) 

Poly(EMTC)-b-poly(PEG MTC) was polymerized in a 15:2 ratio with benzyl alcohol as an 

initiator. GPC was taken after 30 min, 1 h, 4 h and 6 h. This random block copolymerization 

was made to show that the polymerization stops when the PEG MTC monomer is added to 

the chain. The desired result was a block copolymer consisting of poly(EMTC) with a DP of 

15 in block with a poly(PEG MTC) with a DP of only 1. The idea behind this result is related to 

the ring-chain equilibrium. PEG MTC is bulky and slow to polymerize in contrast to ethyl 

MTC, with no bulky substituents, polymerizes fast. When there is only PEG MTC left it will 

start to react, but because of sterical hindrance only one PEG MTC will be polymerized to the 

chain end, with the PEG capping the chain end. The GPC spectra show two well-defined 

peaks. One is from the poly(EMTC)-b-PEG MTC and the other is from PEG MTC starting 

material. If two PEG MTCs had been polymerized to the same polymer chain there would 

have been one more peak from this block copolymer. The GPC therefore indicates that PEG 

MTC caps the end of the block copolymer chain and stops the polymerization. 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Illustration of how the high molecular weight PEG MTC prevents further polymerization on the poly(EMTC)-b-

poly(PEG MTC) by being too bulky. 
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Figure 23. GPC of the one step approach. Reaction 

quenched after: a) 35 min, b) 1 h, c) 2 h and d) 6h 
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5.5.3 Two blocks in one polymerization, hydrophilic block with DP = 1 

Similar polymerizations as the one described above was made with the acid functionalized 

dendrimer as the initiator. Both PEG MTC with Mw of 2 000 g/mol and 5 000 g/mol were 

used. These stars were polymerized in a 5:60 ratio (25 % PEG MTC access) for the 5 000 

g/mol PEG MTC and a 6:32 ratio (50 % PEG MTC access) for the 2 000 g/mol PEG MTC. The 

ratio was between PEG MTC and EMTC. The goal was to get stars with first a layer of 

poly(EMTC) with a DP of 15 (for 5 000 g/mol) and with DP of 8 (for 2 00 g/mol) and then a 

layer with only one PEG MTC molecule. Excess of PEG MTC was used since this kind of 

reactions does not have a 100% conversion. In order to be sure that all four arms had 

reacted with PEG MTC an excess had to be used. Fractional precipitation had to be preformed 

in order to separate the unreacted PEG MTC from the star.
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Scheme 11. Divergent approach with high molecular weight PEG 
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After fractional precipitation the PDI for these polymers are 1.07 (2 000 g/mol) and 1.12 (5 

000 g/mol). The GPC for these molecules show peaks with “shoulders”. This is just because 

THF is used as the solvent. In THF, the molecules form small compact balls that attract each 

other and therefore give distorted results. Some samples where analyzed in DMF, which 

prevent these things to happen. These GPCs have single peaks. 

   

 

 

 

 

Tests were made on these polymers to see if they would dissolve in water. The polymers 

were first dissolved in THF in a vial. Water was then added and the THF was evaporated. 

With this method the polymer was soluble in water. In a second experiment, the polymer 

was added directly to water where it directly dissolved. The polymer was dissolved in 

different concentrations between 0.1 mg/ml up to 5.0 mg/ml. The solutions with 

concentrations between 0.1 mg/ml and 2 mg/ml were completely clear and there were no 

indication of aggregation between the molecules whereas the most concentrated sample was 

slightly hazy, which could indicate some aggregation. 
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Figure 25. GPC spectra of divergent approach with high molecular weight PEG: 

A) Acid core with DP 1 of PEG MTC with Mn = 5 000 g/mol (11) 

B) Acid core with DP 1 of PEG MTC with Mn = 5 000 g/mol (11) in DMF 

C) Acid core with DP 1 of PEG MTC with Mn = 2 000 g/mol 
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The star-like block copolymer with 5k PEG (11) was analyzed with AFM, in order to get a 

better understanding on how these polymers behave in water. The AFM sample was 

prepared by spinning solution with a polymer concentration of 1 mg/ml onto a silicon wafer 

with a speed of 3 000 rpm for 30 seconds. The sample showed isolated micelles spread over 

the surface with no aggregation between them. The micelles had sizes around 20-30 nm in 

diameter. 

    

Figure 26. Picture of (11) spun onto a silicon wafer surface in a 1 mg/ml concentration. A) has a magnification of 2 x 2 

µm and B) is a close-up of one of the spots at a magnification of 250 x 250 nm 
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6 CONCLUSIONS 

This paper reports a way of synthesizing star-like block copolymers with amphiphilic arms. 

These macromolecules were synthesized by initiating ring opening polymerization of methyl 

trimethyl carbonates (MTC) with different functionalities from a dendrimer core molecule. 

Poly(ethylene glycol) (PEG) was used for the hydrophilic block while poly(ethyl MTC) was 

used for the hydrophobic block. These polymers and an amine terminated dendrimer of 

generation one formed the base for the three major types of amphiphilic star-like block 

copolymers that were synthesized. The difference between these three different 

macromolecules is the conformation. 

The first series is prepared by the convergent approach where the PEG is attached to the 

core molecule and the hydrophobic block is grown from the core of the molecule forming a 

mikto-arm-like structure on each arm of the dendrimer. These molecules can be dissolved in 

water but the solution gets hazy, which indicates some aggregation in the water phase. 

Analysis with AFM gave images showing that several macromolecules aggregated together. 

The second series is derived from the divergent approach with the hydrophobic block made 

through a copolymerization between PEG MTC and ethyl MTC forming a PEG brush structure. 

The stars were synthesized by growing one block after another from the core molecule. 

These macromolecules are soluble in water. In low concentrations the solution is clear, but in 

higher concentration the solution gets hazy, indicating that the aggregation is dependent on 

concentrations. The AFM images of the polymers showed both spherical structures and 

highly aggregated structures. 

The last series, also obtained by the divergent approach, has high molecular weight PEG as 

the hydrophilic block. These stars were synthesized in a copolymerization of high molecular 

weight PEG MTC together with ethyl MTC. This resulted in a block copolymer with a block of 

poly(ethyl MTC) end capped by the bulky PEG MTC. These macromolecules are very soluble 

in water, with no indication of aggregation in low concentrations. 
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