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ABSTRACT 
 Dendrimers are perfectly branched, well-defined macromolecules with a 
layered structure and a large amount of peripheral end groups. The high 
functionality in combination with the possibility of dendrimers to adopt a 
globular shape at high molecular weights, gives them very unique properties. 
 In this work dendrimers up to fifth generation based on 2,2-
bis(methylol)propionic acid (bis-MPA) were synthesized with different core 
structures. The core moieties were chosen in aspects of functionality and 
flexibility and the impact of the core on the physical and rheological properties 
was studied. By using the divergent growth approach dendrimers with acetonide, 
hydroxyl, allyl ether and methacrylate end groups were obtained.  
 The bulk properties of the acetonide- and hydroxyl- terminated dendrimers 
were investigated with a rheometer. Temperature sweep tests were performed on 
the acetonide protected dendrimers in a temperature range of -50 up to 120°C at a 
constant frequency of 1 Hz. It was observed that the glass transition temperature 
(Tg) increased with increasing generation and that the modulus dropped without 
a trace of rubbery plateau for lower generations. This lack of rubbery plateau is 
due to the absence of entanglements between dendrimers. Interestingly, a small 
rubbery plateau was visible for generation five which implies enhanced 
interactions between the dendrimers. This behaviour suggests to be strongly 
influenced by the structural collapse at higher generations. Further, frequency 
sweep tests were performed on hydroxyl functional dendrimers at different 
temperatures. The results revealed Newtonian properties for lower generations 
and shear-thinning behaviour for higher generations at high frequency.  
 Furthermore, this research involves the creation of well-defined thiol-ene 
networks by incorporation of allyl ether or methacrylate functional dendrimers in 
thermosets. This was accomplished by using two trithiols of different molecular 
weights and react them with the enes under UV irradiation. The thiol-
methacrylate crosslinking reaction resulted in inhomogeneous films with and 
residual unsaturations. The thiol-ene films based on allyl ether dendrimers, on 
the contrary, resulted in homogeneous films with intermolecular couplings 
between the ene and the thiol being the dominant mode of polymerization. 

 



 

SAMMANFATTNING 
 Dendrimerer är perfekt grenade, väldefinierade molekyler med en struktur 
indelad i lager och med ett stort antal ändgrupper. Dendrimerer har, på grund av 
sina många funktionella grupper och sin förmåga att vid höga molekylvikter anta 
en mer sfärisk struktur, väldigt speciella egenskaper. Dendrimerer upp till femte 
generation, baserade på 2,2-dimetylolpropan syra (bis-MPA), har syntetiserats 
med olika typer av kärnstrukturer. Kärnorna valdes med avseende på 
funktionalitet och flexibilitet, och strukturens påverkan på dendrimerernas 
fysikaliska och reologiska egenskaper undersöktes. Dendrimerer med acetonid-, 
hydroxyl-, allyleter- samt metakrylatändgrupper syntetiserades genom att 
använda en divergent syntesmetod.  
 De hydroxyl- och acetonidfunktionella dendrimerernas reologiska 
egenskaper i bulk karakteriserades med en reometer. De acetonidskyddade 
dendrimererna karakteriserades med temperatursvep i ett intervall mellan -50 °C 
och 120°C och med en konstant frekvens på 1 Hz. Analyserna visade att 
glastransitionstemperaturen (Tg) ökade med ökande generation och att 
dendrimerer av lägre generation inte uppvisade någon gummiplatå. Anledningen 
till detta är att det inte förekommer några kedjeintrasslingar mellan dendrimerer. 
Dock uppvisar femte generationens dendrimerer liten gummiplatå vilket pekar 
på ökade interaktioner mellan dem. Detta beteende påverkas av att dendrimerna 
kollapsar vid höga generationer och att förändringen i strukturen tydligt 
påverkar interaktionerna. Hydroxylfunktionella dendrimererna karaktäriserades 
med frekvessvep vid olika temperaturer. Det visade sig att lägre generationer 
uppvisar Newtonskt beteende medan högre generationer visar sig vara 
skjuvförtunnande vid höga frekvenser. 
 Som en ytterligare del i detta projekt skapades väldefinierade tiol-en nätverk 
genom att reagera allyleter och metakrylat-funktionella dendrimerer med två 
trifunktionella tioler av olika molekylvikt. Reaktionerna initierades med UV-ljus. 
Tiol-metakrylat filmerna visade på en hög andel homopolymerisation vilket 
resulterade i inhomogent tvärbundna nätverk med ett stort antal oreagerade 
grupper. Tiol-allyleter filmerna visade uppvisade däremot homogena nätverk 
med en liten andel homopolymerisation. 
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Purpose of the Study 

1 PURPOSE OF THE STUDY 
 An emerging interest in thermosets suitable for a number of advanced 
applications requires a broad understanding and knowledge of crosslinked 
networks. Molecular weight, functionality and functional group concentration are 
parameters that can be used to control the network structure, which further gives 
an opportunity to influence the mechanical properties.  
 Recently, thiol-ene photocured thermosets have gained popularity due to 
the many advantages such as lack of oxygen inhibition and high conversion. The 
aim of this work is to further investigate what impact the resin architecture has on 
the properties of thiol-ene films. Well-defined thiol-ene networks were created by 
incorporation of monodisperse polyester dendrimers based on bis-MPA. 
Dendrimers, with their precise molecular weight and exact number of functional 
groups, give an opportunity to customize networks and to further understand 
which influence parameters like functionality, homopolymerization and 
homogeneity have on the properties. 
 Furthermore, the dendrimers are functionalized with allyl ethers and 
methacrylates, respectively. The choice of enes allows a comparison between 
systems controlled by inter molecular couplings to systems governed by intra 
molecular couplings. The functionalized dendrimers are crosslinked with thiols of 
different molecular weights but with the same functionality using UV-light. 
 As a parallel study to this work the rheological properties of different 
generation dendrimers containing three different core structures were 
investigated. The bulk properties are measured at different temperatures and by 
different frequencies. The purpose is to explore the effects of the molecular 
weight, core structure and end group functionality has on the rheological 
behaviour, a parameter of great importance in network formation. 
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Introduction 

2 INTRODUCTION 
 This chapter will give an introduction to the concept of dendritic polymers 
and their special architecture and unique properties. Additionally, a short 
presentation of thermoset coatings is given.  

2.1 DENDRITIC POLYMERS 

 Traditionally, polymer chemistry and technology have been focused on the 
properties and application of linear polymers. In recent years it has been found 
that the properties of highly branched macromolecules can differ significantly 
from those of conventional polymers.1-3 A controlled growth of ABx type 
monomers yields a dendrimer and a more uncontrolled synthesis yields 
hyperbranched macromolecules (Figure 1). The highly branched architecture of 
dendritic polymers gives them unique solubility behaviour along with special 
thermal and rheological properties.4-6 

 
Figure 1: Schematic picture of a dendrimer (left) and a hyperbranched polymer (right) 
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2.1.1 Dendrimers 

 Dendrimers are monodisperse, highly branched, well defined 
macromolecules.2, 7 The dendrimer structure consists of a core moiety, an interior 
separated into different generations and a periphery containing multiple end 
groups (Figure 2). The name originates form the Greek words “dendra”, meaning 
tree and “mer” meaning unit. Dendrimers were first synthesized in 1985 by 
Tomalia et al.8, 9 followed by Newkome et al.10  

 
Figure 2: A two dimensional structure of a dendrimer consisting of a core, an interior 
divided into generations (G1, G2) and of a shell containing a large amount of end groups 
(G3). 

 Unlike polymers that grow through adding single monomers to the polymer 
chain, dendrimers grow exponentially by addition of branched ABx monomers 
(x≥2) to all end groups. The repeating monomer unit contain one reactive group 
(A) and two or more dormant groups (B). After reaction, the dormant periphery 
of the dendrimer must be activated to be able to react with more monomers. This 
results in a altering of activation and deactivation reactions of the end groups 
forming perfect layers. Each layer in a dendrimer is called a generation and each 
time a new layer is added, the generation increases [G1, G2….Gn]. It is very 
important that both the activation and the deactivation reactions are completed to 
high conversions to avoid defects in the dendrimer layers. A single defect, i.e. an 
incomplete activation/deactivation, results in a large defect in higher generations. 
However, recently new strategies to prepare dendrimers without the need of 
activation steps has been presented by Malkoch et al11. 
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 Dendrimers are generally prepared using either the divergent or the 
convergent approach12 (Figure 3). In the divergent synthesis8, 10 repeating units are 
added to a multifunctional core molecule, growing layers outwards. The 
convergent approach13 starts from the terminal groups by the growth of a 
dendron of a desired generation. The focal point of the dendron can subsequently 
be coupled to a functional core molecule in the last step. 

 
Figure 3: Schematic picture of the divergent and the convergent growth approach.  

 The structural precision, comparable to proteins or organic compounds, and 
the large number of end groups have a significant impact on properties, such as 
high solubility14, 15 and unique thermal6, 16 and rheological4, 5 properties. Further, 
the end groups can be functionalized with reactive groups17, 18 and incorporated 
into crosslinked networks19-23 or modified to alter and tune the behaviour 
according to specific needs, for example in biomedical applications.24-32 
 At a certain size, usually around G4-G5, the dendrimer adopts a more 
globular shape. The degree to which the dendrimer attains this globular structure 
is determined by different factors. The monomer and core functionality are 
examples of parameters that dictates when the shape transition will occur.33, 34 The 
flexibility of the core and dendrimer backbone, the length of the repeating unit 
and the orientation of the branching units are also important parameters.35 This 
surface congestion decreases the number of interactions between the dendrimers 
which strongly affects the physical properties. 35 Further, studies show that the 
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collapse is related to the density profile and location of the dendrimer end 
groups.34  
 The location of the end groups of dendritic macromolecules has been a 
source of controversy. DeGennes and Hervet36 presented in 1983 a theoretical 
model that predicted a starburst polymer as very open structure with a minimum 
structural density in the middle, and the chain ends located at or close to the 
periphery, resulting in a very dense surface. Lescanec and Muthukumar37, 38, on 
the contrary, provided a theoretical model in 1989 that predicted a maximum in 
density in the interior of the dendrimer due to significant backfolding of end 
groups. However, both models are in some parts not completely sufficient and 
additional studies have been made since then investigating the density profile 
and location of dendrimer end groups.2, 39-41 In 1994, Wooley et al.15 presented a 
study that suggests that the location of the end groups changes depending on 
parameters such as chemical composition and/or polarity difference between the 
end groups and the dendritic backbone. It has further been concluded that the 
possibility of the dendrimer to form secondary bonds strongly influence the local 
concentration of end groups.34 

2.1.2 Hyperbranched polymers 

 Hyperbranched polymers, like dendrimers, are highly branched with a 
repeating layered structure.42 Although, they contain structural defects and are 
polydisperse in comparison to dendrimers, they still are believed to possess 
similar properties including good solubility and low viscosity.15 The name 
hyperbranched polymer was termed in 1990 by Kim and Webster43 who 
presented highly branched polyphenylenes. Since then hyperbranched polymers 
have received great attention and a large number of papers have been published 
in this area.3, 44-48 Compared to dendrimers, the synthesis of hyperbranched 
polymers is less controlled, resulting in a more polydisperse character with 
structural defects in the polymer backbone. The backbone contain, similar to 
dendrimers, ABx monomer units. The structure of these subunits contributes to 
the character of the macromolecule. 
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Terminal units

Dendritic unit

Linear unit

unreacted B groups

reacted AB groups  
Figure 4: Different repeating units; terminal (T), linear (L) and dendritic (D) of a 
hyperbranched polymer. 

 Dendrimers contain of two different types of monomer units, the “dendritic” 
and the “terminal”, giving the dendrimer a perfect structure. The “dendritic” 
monomer units are found in the inner layers and are fully incorporated in the 
structure. The “terminal” units have unreacted B-groups and are found in the 
outerlayer. The hyperbranched structure contains except for “dendritic” and 
“terminal” units, also “linear” monomer units (Figure 4). These subunits include 
both reacted and unreacted B-groups. The degree of structural perfection in 
hyperbranched polymers can be described by the degree of branching (DB) 
(Equation 1), introduced by Fréchet et al.49 in 1991. The equation includes the 
number of different units in the macromolecule. A perfect dendrimer should have 
DB = 1 and a linear polymer macromolecule a DB = 0, when the end groups are 
neglected. 

TLD
TDDB
++

+
=  

Equation 1: The degree of branching (DB). 

 The less precise synthesis of hyperbranched polymers allows for large-scale 
production at relatively low costs. This has resulted in the production of 
commercially available hyperbranched polymers, as for example Boltorn®, made 
from 2,2-bis(methylol)propionic acid (bis-MPA). Boltorn® has been extensively 
studied with respect to both synthesis and properties.42, 50-55 
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2.2 THERMOSET COATINGS 

 Organic coatings are thin films applied to substrates to protect the substrate 
and/or to improve the appearance of the coated object. The main constituents of 
organic coatings are binder resins, pigments, solvents and additives.56 The most 
important constituent is the binder resin that makes up the film. The first coatings 
developed were thermoplastic. Thermoplastic coatings are formed by simply 
melting the polymer onto a substrate and letting it solidify or by dissolving the 
polymer in a solvent that evaporates after film application. When the coating is 
cooled down or the solvent is evaporated, the chains solidify and a coating is 
formed. If the thermoplastic film is reheated the polymer chains are able to flow 
again and the coating can be remoulded. Unlike thermoplastics, the formation of 
thermosets involves chemical reactions (curing) resulting in a crosslinked 
polymer network. After curing the thermosets cannot be reprocessed again. 
However, thermosets have many advantages compared to thermoplastics such as 
thermal stability, chemical resistance, good mechanical properties, and 
dimensional stability.56 Due to their many positive attributes thermosets are used 
in several application areas such as packaging, adhesives and dental materials.57-60 
 

 
Figure 5: A schematic two-dimensional presentation of the cross-linking process in an 
ideal, homogenous thermoset network with no homopolymerization containing a primary 
resin (dots) and a crosslinker (rods). The carton is not to scale. 
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 The main components in thermosets are a crosslinker and a primary resin. 
The film formation is traditionally accompanied by curing. The curing process is 
schematically illustrated in Figure 5. The primary resin is depicted by dots and 
the crosslinker by white rods. In stage (I) the resin contains a low viscosity 
mixture of low molecular weight compounds. In stage (II) the crosslinking 
reactions have been activated and higher molecular weight compounds are 
formed. In stage (III) the gel point is reached although the network is only 
partially cured. Crosslinking reactions may occur also at this stage to complete 
the network formation. After passing the gel point the material becomes insoluble 
in all solvents, even at elevated temperatures. In stage (IV) a fully cured, perfect 
thermoset network has been formed. However, such ideal networks are not 
formed in reality due to vitrification, low gel point and mobility issues. 
 Polymer networks (i.e. thermosets) are formed when monomers having 
functionality greater than 2 are used and the reaction is driven to high 
conversion. A polymer network may be described as a crosslinked three 
dimensional network, where one or more polymers are physically entangled 
and/or covalently bonded to each other. In this work we have focused on 
chemically bonded polymer networks. These networks can be manufactured 
using both step-growth and chain-wise polymerization. Critical factors 
concerning the network formation are the onset of gelation and vitrification 
during the cross-linking process. The chemical reactions forming a thermoset 
polymer can be induced in several ways ranging from thermally to 
photochemically induced reactions. 

2.2.1 Polymerization mechanisms 

One distinct difference between polymerization types is the development of 
molecular weight by the various propagation methods. The two main principles 
are step-wise and chain wise polymerizations.61 
 In step-wise polymerization the chains are gradually increasing in size. In 
the beginning, monomers are rapidly consumed forming dimers and other small 
growing specimens. These will then further react forming longer chains 
increasing the molecular weight in a step-wise manor. High molecular weights 
are reached first at high conversion of the functional groups. The step-wise 
polymerization is in most cases associated with the formation of a low molecular 
weight product (e.g. water) that needs to be removed from the system during the 
reaction. The slow increase in molecular weight with conversion suggests that the 
gel point occurs at rather high conversions for thermoset systems, typically at 60-
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70% conversion. This has a large effect on the performance and processing of the 
thermoset system since flow is restricted only in the later stages of the reaction.61 
 Radical, ion and coordination polymerization are all subgroups to chain-
wise polymerization. This polymerization type is different from step-wise 
polymerization in several aspects. For example, instead of many simultaneously 
growing chains, a few rapidly growing chains are formed instantly, with 
unreacted monomers remaining until the very end of the process. The 
polymerization is normally initiated using an initiator molecule that triggers the 
reaction. Depending on type, the initiator can be activated for example thermally 
or photochemically. High molecular weight compounds are formed already at 
low conversions and for thermosetting systems this implies that the gel point is 
reached already at low conversions, typically 3-6% conversion.  

2.2.2  Thiol-ene Systems 

 Thiol-ene radical chemistry was first used in the 1930s and was produced in 
large scale, for applications as layers for floor tiles and coatings on electronics. 62 
However, due to drawbacks such as odour and the fact that thiol-ene coatings 
were subject to rapid yellowing and discoloration upon weathering, the 
popularity of thiol-ene photocuring decreased and gave way to acrylate-based 
photocurable systems.62 Nevertheless, in the last ten years a renewed interest has 
been focused on new materials and applications in the field of thiol-ene 
chemistry.59, 63-65 Extensive work has recently been conducted by Hoyle66-71 along 
with Cramer and Bowman72-76. 
 Thiol-ene systems can be either themosets or thermoplastic. The growing 
interest in thiol-ene chemistry is due to the fact that the photopolymerization of 
thiols and enes is an efficient method for rapid polymerization.77 The cross-
linking reactions can be initiated photochemically or thermally. The high 
reactivity between an ene and a thiol (RSH) give the possibility to use a great 
variety of monomer combinations and as a result materials can be tailored with 
properties required for special applications.78 
 The polymerization mechanism between enes and thiols is different from 
acrylate/methacrylate systems since the ene and the thiol react through a very fast 
chain transfer reaction in a step-wise manner, which requires equal amounts of 
enes and thiols to reach high conversion. A great advantage of thiol-ene 
photopolymerization is that the reaction can be initiated either with or without 
addition of photoinitiator.73, 74 In either case, the characteristic two-step 
mechanism (Scheme 1) is initiated. In the first step the reaction starts via initiation 
of the vinyl group by an initiator or a thiyl radical, resulting in a carbon-centered 
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radical. The next step includes hydrogen abstraction from the thiol group which 
results in regeneration of thiyl radicals and a continued polymerization via a step-
wise mechanism. 

 
Scheme 1: Propagation steps for thiol-ene polymerizations. 

 Thiol-ene photopolymerization is a very facile process for coating 
preparation and exhibit, in contrast to other polymerization systems, curing 
without oxygen inhibition.73, 79, 80 This is due to the fact that the free radicals create 
peroxy radicals by oxygen reaction. The peroxy radicals can in turn abstract 
hydrogens from thiols and subsequently regenerate thiyl radicals (Scheme 2). The 
radicals formed simply add to an ene, and the propagation continues. 
Termination occurs by radical-radical recombination. 

 
Scheme 2: Oxygen scavenging mechanism, resulting in a reactive thiyl radical. 

 One of the most important attributes of thiol-ene systems is the delayed gel 
point, which facilitates the possibility to reach high conversion before the 
system’s mobility is reduced. This results in a more homogenous network, low 
shrinkage, less stress in the network and better mechanical properties.62, 74 The 
drawbacks of thiol-ene systems is that they generally exhibit low Tg values, 
reduced modulus and strength compared to for example (meth)acrylate 
systems.81 These properties are due to more loosely crosslinked networks.82 
 A complicating factor when describing the thiol-ene systems is that 
competing homopropagation of the “ene”-monomer may occur to some extent. 
This side reaction proceeds via a chain-wise mechanism while the thiol-ene 
reaction proceeds step-wise.  
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2.2.3 Dendritic polymers in thermoset coatings 

 In the 1990s Hult et al83-85 investigated the use of hyperbranched polymers 
for coating applications. Some of the most interesting attributes of hyperbranched 
polymers is their low melt viscosity, compared to their linear analogs with the 
same molecular mass, and their high solubility and large amount of functional 
end groups.86, 87 Low viscosity reduces the amount of solvent needed in coating 
formulations and the possibility to vary the end groups and functionality makes it 
possible to tailor the resin for certain application areas.88 In this work we continue 
to investigate dendritic polymers as scaffold for thermoset application. However, 
we utilize the well-defined structure of dendrimers to further understand which 
influence the network structure has on the thiol-ene thermoset properties. 
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3 EXPERIMENTAL 
 This chapter include a brief introduction to the different characterization 
methods and a list of the materials used in this work. The chapter also covers the 
syntheses of anhydride monomers and preparation of the coatings. A more 
detailed description of the experimental work is found in the appended papers. 

3.1 MATERIALS 

 2,2-Bis(methylol)propionic acid (bis-MPA), trimethylolpropane diallylether 
(TMPDE), trimethylolpropane (TMP) and di-trimethylolpropane (diTMP) were 
kindly supplied by Perstorp AB, Sweden and used as received. 
Trimethylolpropane tri(3-mecaptopropanoate) (TRIS, 398 g mol-1) and 
ethoxylated trimethylolpropane tri(3-mecaptopropanoate) (Thiocure ® ETTMP, 
1300 g mol-1) were supplied by Bruno Bock Gmbh, Germany. 2,6-Di-tert-butyl-4-
methyl-phenol (BHT) was provided by Lancaster Synthesis, England. 1,1,1-Tris 
(hydroxyphenyl) ethane (Ar), acetic acid (glacial 99%) and 4-
dimethylaminopyridine (DMAP) were purchased from Aldrich. Pyridine, 
heptane, ethylacetate and dichloromethane were obtained from VWR. Silica gel 
32-64 D 60 Å was supplied by ICN SiliTech (ICN Biomedicals GmbH, Germany). 
Diethyl ether was purchased from Labscan. Succinic anhydride, sodium 
carbonate (Na2CO3) and sodium hydrogen sulphate (NaHSO4) were obtained 
from Fluka. N,N´-Dicyclohexyl carbodiimide (DCC) and magnesium sulphate 
(MgSO4) were obtained from Acros and sodium chloride (NaCl) was purchased 
from Merck. Irgacure 651 was supplied from Ciba Specialty Chemicals, 
Switzerland. DOWEX 50W-X2 ion-exchange resin was washed prior to use by 
refluxing 1 hour in MeOH. All other chemicals were purchased from 
conventional suppliers and used as received. 
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3.2 INSTRUMENTATION 

3.2.1 NMR 

 All synthesized dendrimers and thiols were characterized with 1H NMR and 
13C NMR spectroscopy and quantitative 13C NMR (Inverse gate coupling). All 
NMR data were recorded on a Bruker AM 400 using CDCl3, DMSO-d6 or MeOH-
d4 as solvents. The solvent signal was used as the internal standard. 

3.2.2 MALDI-TOF 

 Matrix-assisted laser desorption ionization time of flight spectroscopy 
(MALDI-TOF) is a technique which separates macromolecules according to their 
molecular weights. All MALDI-TOF characterizations were performed using a 
Bruker UltraFlex. MALDI-TOF MS with SCOUT-MTP Ion Source (Bruker 
Daltonics, Bremen). The instrument is equipped with a N2 laser (337 nm), a 
gridless ion source and a reflector design. All mass spectra were obtained in 
reflection modes. The samples were prepared using THF as a solvent. 
Approximately 10 mg of sample was dissolved in 1 mL of THF. The matrixes 
used consisted of 20 mg of 9-nitroanthracene and with a tip of a knife of 
trifluoroacetic sodium or trifluoroacetic silver salt dissolved in 1 mL of THF. The 
sample solution (5 µL) was added to the matrix solution (20 µL). Approximately 
0.2-0.4 µL of the mixture was spotted on the MALDI-target and left to crystallize 
at room temperature. 

3.2.3 SEC 

 Size exclusion chromatography (SEC), in either DMF or THF, was used to 
monitor the molecular weights and distribution. N,N-Dimethylformamide (Lab-
Scan, Sweden) was used as the eluent at a flow rate of 1.0 mL min-1. The injection 
volume was 50 µL. A Waters 717 Plus autosampler and a Waters model M-6000A 
solvent pump equipped with a PL-EMD 960 light scattering evaporative detector, 
two PLgel 10-mm mixed B columns (300 x 7.5 mm) from Polymer Laboratories, 
and one Ultrahydrogel linear column (300 x 7.8 mm) from Waters, connected to 
an IBM-compatible computer, were used. Narrow molecularweight polystyrene 
standards were used for calibration. Millennium software version 3.20 was used 
to process the data.  
 Size exclusion chromatography (SEC) was also performed on a Viscotek 
TDA model 301 equipped with two GMH HR –M columns with TSK-gel (Tosoh 
Biosep). THF (1.0 mL min-1) was used as the mobile phase. The SEC apparatus 
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was calibrated with 11 narrow linear polystyrene (PS) standards (Mp 0.580 to 185 
kg mol-1). The setup permitted molecular weights to be determined using 
conventional and universal calibration methods. 

3.2.4 DSC 

 The thermal properties of the different compounds and films were analyzed 
by a differential scanning calorimety (DSC). The experiments were performed on 
a Mettler Toledo DSC 820 equipped with a sample robot and a cryocooler. The 
glass transition temperature (Tg) was determined from the second heating scan 
and taken at the mid-point of the transition. More specific information is found in 
appended articles and manuscript. 

3.2.5 TGA 

 Thermogravimetric analysis (TGA) was conducted on a Mettler Toledo 
TGA/SDTA851 instrument. The samples were heated from 25 up to 500°C at 10°C 
min-1. The sample size was approximately 6 mg. All thermal analyses were 
evaluated using STARe software, version 8.10.  

3.2.6 FT-RAMAN 

 Fourier Transformed Raman Spectroscopy (FT-Raman) measurements were 
performed on a Perkin-Elmer Spectrum 2000 NIR-Raman instrument to 
determine the remaining unsaturation and pendant thiol groups remaining in the 
crosslinked films. Each spectrum was based on 32 scans using 1500 mW laser 
power. 
  

C
U
R %100 =×  

Equation 2: Percentage conversion of functional groups. 

Percentage conversion (% C) was calculated by normalizing all spectra to the 
ester peak at 1730 cm-1 and taking the ratio of the area of the thiol functional peak 
at 2640 cm-1 and the area of the ene functional peak at 1644 cm-1 in the unreacted 
(U) spectrum and reacted (R) spectrum (Equation 2). 
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3.2.7 Rheometer 

 Rheological measurements were performed on an AR2000 rheometer from 
TA Instruments equipped with parallel plate geometry with a diameter of 8.1 mm 
and a constant sample thickness of 1 mm. Dynamic temperature sweep tests, 
dynamic frequency sweep tests and dynamic strain sweep experiments were 
conducted. The dynamic temperature sweep tests were performed at 
temperatures between -50°C and 120°C, with a temperature ramp rate of 5°C min-

1 and a frequency of 6.28 rad s-1. Before analysis the samples were heated above 
their softening temperatures at 40°C up to 90°C depending on the sample. All 
rheological data obtained above the glass transition temperature have been 
confirmed to be in the linear viscoleastic region (LVER) with strain sweep tests. 
Experimental difficulties disabled the attempts to verify the linear region below 
the Tg. The displacement was set to 2.46e-5 rad. 
 The dynamic frequency sweep tests were performed with an angular 
frequency range of 0.5-400 rad s-1 and the temperatures were set between 70-90°C. 
The strain was set between 0.02 and 5% depending on sample and temperature. 
Before analysis the samples were heated at temperatures between 90-130°C. 
Strain sweep tests were performed at 10 and 100 Hz and at a temperature range 
between 50-130°C to evaluate the range of the LVER. All hydroxyl functional 
dendrimers tested were freeze-dried prior to characterization to minimize the 
amount absorbed water in the samples. The acetonide functional dendrimers 
were dried in a vacuum oven at 50°C over night prior to characterization. 
 Considering that the test parameters, such as sample geometry and gap size, 
strongly affect the rheological properties, each temperature and frequency sweep 
was repeated and is reported as an average. 

3.2.8 DMA 

 Dynamic Mechanical Analysis (DMA) is a valuable technique to measure the 
modulus of materials as they are deformed under periodic stress. The DMA 
measurements were performed on a Q800 TA Instruments in tensile mode with 
rectangular sample geometry. Temperature scans were performed with a heating 
rate of 3°C min-1 and a frequency of 1 Hz. The scans were carried out from 0 to 
150°C and from -40 to 50°C. 

3.2.9 Static Contact Angle Measurements 

 Static contact angle measurements were performed using a KSV contact 
angle meter, CAM 200 (Helsinki, Finland) equipped with a Basler A602f camera, 
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using 5 µL droplets of MilliQ water. Measurements were conducted at 23°C at 
50% RH. An average of 3-5 measurements is reported for each sample. 

3.2.10 AFM 

 The prepared crosslinked film surfaces were imaged with atomic force 
microscopy (AFM) in tapping mode using a Nanoscope III-a system (Digital 
Instruments, Santa Barbara, CA) equipped with a J-type vertical engage 
piezoelectric scanner operating in tapping mode in air. Silicon AFM probes from 
Veeco were used throughout the study (l=115-135 µm, force constant 20-80 N/m, 
resonance frequency 267-348 kHz). 

3.3 SYNTHETIC PROCEDURES 

 The different dendrimers were synthesized with repeating 
protection/deprotection steps using the divergent growth approach. All 
dendrimer structures are named, numbered and included in Chapter 9. A 
detailed description of the dendrimer syntheses can be found in Chapter 4 and in 
the appended papers. In this chapter focus has been on describing the dendrimer-
monomer syntheses and the preparation of thiol-ene films. 

3.3.1 Dendritic core molecules 

 Three different molecules, trimethylolpropane (TMP), 1,1,1-
tris(hydroxyphenyl)ethane (Ar), and ditrimethylolpropane (diTMP) have been 
used as dendritic cores moieties (Figure 6).  

 
Figure 6: Different dendrimer core structures TMP (a), Ar (b), and diTMP (c). 

 The cores were chosen to explore what effect, if any, the core functionality 
and flexibility has on the dendrimer properties. The TMP and the Ar cores are 
both three functional, but differ in size and flexibility. The Ar core is larger and 
stiffer compared to the TMP core, due to the three aromatic rings in the structure. 
The aliphatic TMP core on the contrary is more flexible in nature. The diTMP core 
has a very similar structure compared to the TMP core but has a functionality of 
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four, which strongly affect the molecular weight and the number of end group for 
higher generation dendrimers. 

3.3.2 Anhydride synthesis 

 In general, anhydrides are more reactive then their corresponding acids and 
they react very efficiently with alcohols under both basic and acidic conditions to 
form esters.89 The use of anhydride as a reactive building block has proven to be a 
very efficient approach to synthesize dendritic compounds.90 The anhydride 
coupling is a very versatile strategy and in comparison to the reaction involving 
acid chlorides, it is free from discolorations and is more water tolerant. 
 The desired anhydrides were received by self-condensation of the 
corresponding acid using N,N´-dicyclohexylcarbodiimide (DCC) as the 
dehydrating agent.91 During the synthesis by-products, N-acylurea and N,N´-
dicyclohexylurea, are formed.11, 92 A great amount of the by-products can be 
removed by filtration and column chromatography as further described in Paper 
III. 

3.3.2.1 Synthesis of acetonide protected anhydride 

 All polyester dendrimers were synthesized trough the divergent growth 
approach using an AB2 monomer, 2,2-bis(methylol)propionic acid (bis-MPA) as 
building block.93 The 1,3-diol end group of the bis-MPA molecule was protected 
with acetonide groups, while the acid group in bis-MPA structure was left for 
further reaction to obtain the corresponding anhydride using DCC chemistry 
(Scheme 3). The acetonide protected anhydride was used as a scaffold in the 
synthesis of the polyester dendrimers visible in Chapter 9 (compound 3-30). 

 
Scheme 3: Conceptual scheme showing the synthesis of acetonide protected acid, it is 
condensation and the corresponding anhydride. 

3.3.2.2 Synthesis of allyl ether functionalized anhydride 

 The preparation of the diallyl ether acid, TMPDE acid, started with a 
reaction between trimethylolpropane diallyl ether (TMPDE) and succinic 
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anhydride under basic conditions. The acid was then further reacted with DCC to 
result in the corresponding allyl ether functional anhydride (Scheme 4:). 
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Scheme 4: Synthesis of allyl ether functionalized anhydride. 

 The TMPDE anhydride (32) was used as a reactive building block in the 
functionalization of different core structures (Ar, TMP and diTMP) and of 
hydroxyl functional dendrimers. 

3.3.3 Coating preparation 

 The dendrimer resins were applied on glass substrates, which had been 
washed with water, acetone and ethanol prior to use. Texanol (trimetylpentan 
diolmonoisobutyrat) was added in a small amount (1% of total sample weight) to 
all resin mixtures to improve the wetting of the substrate. The thiol-ene, allyl 
ether and methacrylate films were cured with a UV Fusion Conveyor MC6R 
equipped with Fusion electrodeless bulbs standard type BF9 lamp. The intensity 
of the UV light was determined with a UVICURE® Plus from ET, Sterling, VA. 

3.3.3.1 Preparation of thiol-allyl ether films 

 The effect of dendrimer functionality was investigated by mixing allyl ether 
functionalized dendrimers up to fourth generation (35-38) in 1:1 molar ratio with 
trithiols. The two commercially available thiols, trimethylolpropane tri(3-
mercaptopropanoate) (TRIS) and ethoxylated trimethylolpropane tri(3-
mercaptopropanoate) (ETTMP), have similar structures but differ in molecular 
weight (Figure 7). The molecular weight is 384 g mol-1 for TRIS and 1300 g mol-1 
for ETTMP. The high molecular weights of the dendrimers increased the viscosity 
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of the dendrimer resin. To improve the leveling butyl acetate was added (50 wt%) 
to the resin. Due to the high reactivity of the allyl ether dendrimers no initiator 
was added to the mixtures. Films were applied on glass substrates with a wet film 
thickness of 200 µm using a frame applicator. The coated substrates were kept in 
a rather dark environment for 10 minutes, allowing the solvent to evaporate 
before curing. The samples were placed on a conveyor belt and cured with UV-
light. Each sample was passed under the UV lamp five times with a line speed of 
10 m min-1 to give an overall dose of approximately 500 mJ cm-2.  
 To further investigate the amount of allyl ether homopolymerization, films 
of dendrimers al-[G1-G4]-TMP (35-38) were cured in the absence of thiol. The 
dendrimer resin was mixed with butyl acetate (50 wt%) and the initiator Irgacure 
651 was added to initiate the polymerization.  

 
 

Figure 7: Structure of TRIS (A) and ETTMP (B) x+y+z=20. 

 The effect of dendrimer core structure was explored by mixing equimolar 
amounts of allyl ether functionalized dendrimer resins (33-35) to thiol end group 
(TRIS). The films were manufactured in the presence of photoinitiator Irgacure 
651. A frame applicator was used to obtain a wet film thickness of 90 µm. The 
same curing conditions as above were applied. Because of the low viscosity of the 
mixtures good leveling was accomplished without added solvent.  

3.3.3.2 Preparation of thiol-methacrylate films 

 Methacrylate functionalized dendrimers me-[G1-G4]-TMP (39-42) were 
mixed in 1:1 molar ratio with TRIS and ETTMP, respectively. To enhance good 
leveling butyl acetate was added to the different resin mixtures. The solvent were 
allowed to evaporate in a dark room for 10 minutes where after the curing was 
performed. Curing occurred in the presence of photoinitiator Irgacure 651. As a 
parallel study films based entirely of the methacrylated dendrimer resin were 
made under the same conditions as the thiol-methacrylate films presented above. 
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4 RESULTS AND DISCUSSION 
 This chapter contains a description of the preparation and characterization 
of polyester dendrimers with different end groups and core moieties. 
Additionally, the properties of different thiol-ene films have been characterized 
and the effect of dendrimer architecture in thiol-ene systems has been 
investigated. More detailed descriptions can be found in the appended papers.  

4.1 ACETONIDE AND HYDROXYL FUNCTIONAL 
DENDRIMERS (PAPER III & V) 

 Acetonide protected dendrimers up to fifth generation based on 2,2-
bis(methylol)propionic acid (bis-MPA) were prepared using the divergent 
approach. The three dendrimer series contain compounds ac-[G1-G5]-TMP (3-7), 
ac-[G1-G5]-diTMP (12-16) and ac-[G1-G5]-Ar (22-26). All named, numbered and 
visible in Chapter 9. Three different core moieties were chosen to allow a 
comparison either between cores with different size and rigidity (TMP versus Ar) 
or between cores with different functionality (TMP and diTMP). 
 Studies of hydroxyl functional dendrimers were performed as a comparison 
to acetonide protected dendrimers to explore which effect the nature of the end 
groups has on the physical behaviour. The dendrimers included in the study, 
OH-[G2-G4]-TMP (9-11) and OH-[G2-G5]-diTMP (18-21), are visible in Chapter 9. 
Furthermore, all hydroxyl functional dendrimers were freeze dried prior to 
characterization to minimize the influence of water on the properties. The first 
generation diTMP-dendrimer was excluded because of difficulties in dissolving 
the compound in water. This subsequently resulted in problems to freeze dry the 
sample. Additionally, the fifth generation TMP-dendrimer was excluded from the 
study due to lack of material. 

4.1.1 Synthesis of dendrimers  

 The three dendrimers series (TMP, diTMP and Ar) were synthesized 
according to Scheme 5. All compounds were purified by extraction and column 
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chromatography using mixtures of ethyl acetate and heptane. The esterification 
reactions were efficient but due to extensive purification the yield was sometimes 
moderate (50-80%). 

 
 

Scheme 5: Divergent synthesis of ac-[G1]-diTMP (12). 

 The synthesis of hydroxyl functional dendrimers was accomplished by 
deprotection of acetonide groups in methanol using DOWEX 50W-X2 ion resin 
(Scheme 6). 

 
Scheme 6: Deprotection of acetonide groups using DOWEX 50W-X2 as an exchange resin. 

 All deprotection steps were performed in high yields (80-99%). However, 
some difficulties were encountered during the deprotection of ac-[G1]-Ar (22) to 
accomplish OH-[G1]-Ar (27). The dendrimers having the aromatic core showed 
increased sensitivity to the employed reaction conditions and were degraded as a 
consequence of hydrolysis of the ester bonds joining the wedges to the core 
molecule. However, the sensitivity towards the DOWEX 50W-X2 became less 
pronounced as the generations increased. This indicates that higher generations 
have a more efficient shielding effect of the core moiety as compared to lower 
generations, restricting the contact between the resin and the core; thus 
preventing the occurrence of hydrolysis. Hence, the deprotection procedure has 
to be very carefully performed for lower generations with a smaller amount of 
DOWEX 50W-X2 resin than usual and at room temperature. Notably, the 
sensitivity towards the ion exchange resin seemed to be limited to dendrimers 
comprising the aromatic core and did not occur to a detectable extent for the 
dendrimers with aliphatic core structures. 
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4.1.2 1H NMR, 13C NMR and MALDI-TOF characterization 

 All compounds were characterized by both proton and carbon nuclear 
magnetic resonance spectroscopy (1H NMR and 13C NMR). The esterification 
reaction can be monitored by the appearance of an additional peak in the 13C 
NMR spectrum at ~173 ppm corresponding to the new carbonyl formed. The 
carbonyls contribute by an extra peak for each additional generation.93 The 
synthesis can also be followed from generation two, by the change in shift of the 
quaternary carbon in the bis-MPA unit.47 The shifts correspond to the different 
type of monomer units49 presented in the introduction part. In a perfect 
dendrimer based on bis-MPA no peaks corresponding to linear monomer units at 
48 ppm or hydroxyl functional terminal units at 50 ppm should be visible (Figure 
8). Instead only shifts at 46 and 42 ppm corresponding to the “dendritic” and the 
“terminal” monomer units should be detectable for the fully substituted 
dendrimer.94  

 
Figure 8: The 13C NMR shifts originating from the quaternary carbons in the different bis-
MPA unit. 

 The deprotection reaction can be analyzed by 1H NMR spectroscopy by the 
disappearance of two singlet peak at ~1.4-1.5 corresponding to the methylene 
groups in the acetonide group. The deprotection could also be monitored with 13C 
NMR by the disappearance of peaks at 99, 27 and 25 ppm originating from the 
acetonide group and the shift of the quaternary carbon in the bis-MPA structure 
from 46 to 50 ppm upon going from dendritic- to terminal unit (Figure 8). 
 In addition to NMR spectroscopy, matrix-assisted laser desorption 
ionization time of flight (MALDI-TOF) characterization has proven to be a very 
valuable analysis method to determine molecular weights. Dendrimers are 
observed in the MALDI-TOF spectrum as a dominant peak for the product and 
the matrix ion, allowing for detection of fine structural defects and impurities. 
The main drawback of this characterization method is the potential risk of sample 
fragmentation. Additionally, low molecular weight compounds below 400 g mol-1 
are easily hidden behind the matrix pattern and compounds with molecular 
weights higher than 15 000 g mol-1 usually have ionization problems.95 

 22



Results and Discussion 

 The molecular weights assessed by MALDI-TOF were in close agreement 
with the theoretical values particularly for lower generation dendrimers (Table 1) 
and the spectra revealed monodisperse dendrimers without any structural 
defects. The matrix consisting of 9-nitroanthracene mixed with trifluoroacetic 
sodium salt was efficient for all generations of acetonide protected dendrimers. 
 MALDI-TOF characterization is a highly efficient technique for 
characterizing the purity of dendrimers.12, 96, 97 However, this requires good 
ionization of the dendrimers. Acetonide protected polyester dendrimers are 
efficiently characterized with MALDI-TOF.11 However the hydroxyl functional 
dendrimers, especially higher generations, show a reluctance to ionize which can 
make it difficult to ensure complete deprotection. Structural defects, such as 
failure in the deprotection reaction can be detected in characterization of the next 
generation by additional peaks. If these peaks appear in a very symmetrical 
pattern with an interval of 272 g mol-1 in between, they do not originate from 
fragmentation of the polyester dendrimer but from imperfect growth (Figure 9). 

 
Figure 9: Incomplete deprotection of OH-[G2]-Ar (A) results in an imperfectly branched 
ac-[G3]-Ar (B) after esterification. 

 Small structural defects in the dendrimer backbone can be very difficult to 
monitor by NMR and SEC. Figure 10 demonstrate two 1H NMR spectra of a 
perfect ac-[G4]-TMP dendrimer (6) and a dendrimer almost identical but with 
some structural defects in the backbone. Additionally, both dendrimers are 
characterized with SEC and MALDI-TOF and the results are shown in the inset. 
The 1H NMR characterization show identical spectra with similar integrals (not 
included) and the SEC traces are uniform. However, the MALDI-TOF spectra 
show unequal traces in comparison. The traces appearing at higher molecular 
weights than the product peak corresponds to additional bis-MPA units. This is 
possible if some of the acetonide groups have fallen off and been displaced by bis-
MPA units. This study shows that MALDI-TOF provides a great possibility to 
detect defects in the dendrimer structure.96 However, one should be aware of that 
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the results are not quantitative.95 Sometimes imperfectly branched dendrimers 
ionize better than perfect dendrimers, and although the results show that the 
sample contains a great amount of imperfect dendrimers the opposite can in fact 
be the case. Therefore it is very important to use MALDI-TOF characterization of 
dendrimers in concert with other characterization methods. 

 
Figure 10: 1H NMR and MALDI-TOF spectra showing one perfectly grown ac-[G4]-TMP 
dendrimer (above) and one with small imperfect growing points (below). Two traces 
(right) show both dendrimers evaluated by SEC. 

 As mentioned earlier higher generation dendrimers with hydroxyl end 
groups were difficult to analyze with MALDI-TOF characterization due to 
ionization problems. The deprotected dendrimers were, apart from 9-
nitroanthracene, characterized both with DHB (2,5-dihydroxy benzoic acid) and 
HABA (2-(4-hydroxyphenylazo benzoic acid)) matrices in an attempt to obtain 
more efficient ionization, but unfortunately the ionization was not improved. 
However, the dendrimers possible to ionize show molecular weights in 
agreement with the theoretical values (Table 2). 

4.1.3 SEC characterization 

 The molecular weights of the acetonide protected and hydroxyl functional 
dendrimers were determined using size exclusion chromatography (SEC). For the 
acetonide protected dendrimers both the universal calibration method (UC) and 
the conventional calibration method were used. The UC calibration provided a 
possibility to measure the intrinsic viscosity [η] of the dendrimers. The molecular 
weights of lower generation dendrimers agree well with theoretical values. 
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However, the molecular weights obtained by CC were found to be 
underestimated for higher generations in comparison to theoretical values, while 
the values of UC showed the opposite behaviour. This deviation in the 
measurements has been observed earlier33, 90, 91, 98 and is probably due to the 
difference in the hydrodynamic volume between the random coil polystyrene and 
the dendritic structure.1 The polydispersity indices are between 1.03-1.06 
suggesting monodisperse dendrimers. 

Table 1: Material properties of acetonide protected dendrimers (3-7, 12-16 and 22-26) 

Dendrimer 
Ma

(g mol-1) 

Mnb

(g mol-1) 

Mnc

(g mol-1) 

Md

(g mol-1) 

PDIb IVb

(dLg-1) 

Rvb

(Å) 

Tge

(°C) 

ac-[G1]-Ar 775 600 600 776 1.04 0.024 6.7 - 
ac-[G2]-Ar 1591 1500 1400 1592 1.06 0.025 8.7 20 
ac-[G3]-Ar 3225 3600 2600 3227 1.05 0.026 11.0 24 
ac-[G4]-Ar 6492 8200 4400 6500 1.05 0.026 13.9 23 
ac-[G5]-Ar 13025 16400 6700 13035 1.05 0.024 17.1 12 
ac-[G1]-TMP 602 500 500 602 1.04 0.016 5.3 -13 
ac-[G2]-TMP 1419 1400 1400 1420 1.05 0.020 7.7 9 
ac-[G3]-TMP 3053 3700 2900 3055 1.05 0.022 10.2 15 
ac-[G4]-TMP 6320 8200 7600 6326 1.05 0.023 13.1 22 
ac-[G5]-TMP 12 853 17 700 6200 12 865 1.06 0.022 16.3 19 
ac-[G1]-diTMP 875 800 800 876 1.06 0.019 6.4 -8 
ac-[G2]-diTMP 1964 2100 1600 1966 1.05 0.021 8.7 10 
ac-[G3]-diTMP 4142 4500 2800 4145 1.03 0.024 11.6 16 
ac-[G4]-diTMP 8498 10 500 4700 8506 1.05 0.024 14.7 18 
ac-[G5]-diTMP 17 213 22 000 7500 17 196 1.05 0.022 18.1 20 

[a] Theoretical molecular weight [b] Determined with SEC (universal calibration), IV± 0.01, Rv± 0.01 
[c] Determined with SEC (conventional calibration) [d] Measured with MALDI-TOF ± 0.5 [e] 
Measured by DSC 
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 In polymer science the relation between intrinsic viscosity and molecular 
weight can be described by the Mark-Houwink-Sakurada equation (Equation 3). 
The parameters K and α are dependent on both temperature and polymer-solvent 
system.99  

[ ] αη KM=  

Equation 3: Mark-Houwink-Sakurada equation. 

 Regular linear polymers show a linear relationship between intrinsic 
viscosity [η] and molecular weight. However, this is not the case with dendritic 
polymers. 40, 100, 101 Instead they exhibit unique maxima followed by a decrease in 
viscosity at certain molecular weights.41, 102 This behaviour is consistent with the 
shape transformation when the dendrimer adopt a more densely packed 
structure. However, exceptions in the intrinsic viscosity behaviour have been seen 
for dendrimers in poorer solvents.102 The intrinsic viscosity of the acetonide 
protected dendrimers was determined by SEC (Table 1). The characteristic 
reduction in [η] for the polyester dendrimers has been reported earlier103 and was 
visible for all series (Figure 11). 

 
Figure 11: Instrinsic viscosity (left) and the viscosimetric radius (Rv) (right) as a function of 
molecular weight. 

 The intrinsic viscosity made it possible to further investigate the 
macromolecular conformation by calculating the viscosimetric radius (Rv). Rv can 
be expressed through the Einstein equivalent sphere model (Equation 4) where 
NA is Avogadro’s number, M the molecular weight measured by MALDI-TOF 
and [η] the intrinsic viscosity estimated by SEC (UC). The plot of Rv versus 
molecular weight (Figure 11) shows a linear increase in size with generation. The 
different core moieties have also an impact of the size which is especially notable 
for lower generations. 
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Equation 4: Einstein equivalent sphere model 

 The hydroxyl functional dendrimers did not dissolve in THF. Therefore the 
dendrimers were analyzed with a SEC using N,N-dimethylformamide (DMF) as 
an eluent. The results were in quite good agreement with both the theoretical 
molecular weights and the molecular masses obtained with MALDI-TOF (Table 
2). The lack of viscometer detector for the SEC employing DMF did not make it 
possible to measure the intrinsic viscosity of the dendrimers and subsequently the 
viscosity radii could not be calculated. 

Table 2: Material properties of hydroxyl functional dendrimers (9-11 and 18-21). 

Dendrimer Mw[a] 

 (g mol-1) 
Mn[b]  

(g mol-1) 
PDI[b] Mn [c] 

 (g mol-1) 
Tg [°C] 

OH-[G2]-TMP  1179 2800 1.01 1180 15 
OH-[G3]-TMP  2573 3100 1.02 2575 25 
OH-[G4]-TMP  5359 4800 1.03 5358 24 
OH-[G2]-diTMP 1644 2800 1.01 1645 20 
OH-[G3]-diTMP  3502 3700 1.03 3505 28 
OH-[G4]-diTMP  7217 6200 1.04 - 36 
OH-[G5]-diTMP  14 645 10 900 1.05 - 25 

[a] Theoretical molecular weight [b] Determined with SEC (conventional calibration) [c] Measured 
with MALDI-TOF  ± 0.5. 

4.1.4 DSC characterization 

 The thermal behaviour of polymers is dependent on parameters such as 
flexibility of the polymer backbone, inter- and intra-molecular forces, crystallinity 
and molecular weight.61 Polymers of low molecular weights have, compared to 
polymers of high molecular weights, a greater share/fraction of end groups, less 
entanglements and more free volume between the polymer chains. These 
parameters results in enhanced mobility and lower Tg.104 The unique architecture 
of dendritic polymers results in slightly different thermal properties from those of 
linear polymers.6 The Tg is increasing with increasing molecular weight up to a 
certain generation, where it starts to level off and decline. This behaviour is 
influenced by parameters like molecular weight, repeating unit and end group.1, 

41, 105, 106 Dendrimers are not particularly entangled but have, on the other hand, a 
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large amount of end groups which strongly affect the thermal properties. Further, 
the distinct shape transition, typical for higher generation dendrimers, results in a 
more compact shape, which influences the intermolecular interactions and 
consequently decreases the Tg.  
 In order to investigate the relationship between the thermal properties and 
the effect of dendrimer core structure and generation, the acetonide protected 
polyester and the hydroxyl functional dendrimers were analyzed with DSC. 
Different glass transition temperatures were detected for the dendrimers (Table 
2), but no indication of crystalline melting was observed.  

 
Figure 12: Thermal behaviour of dendrimers of different generation, end groups and core 
structures. 

 As expected, at low generations the thermal properties of the dendrimers are 
dominated by the flexibility of the core molecule.107 The impact of the structural 
change on the glass transition temperature is observed by a decrease in Tg for 
higher generations as seen in Figure 12. The stiff, aromatic core has an obvious 
influence on the thermal properties and the Tg values are higher than the Tg 
values of the dendrimers with aliphatic core structures. However, at [G5] there is 
a surprisingly large drop in Tg from approximately 30°C to 10°C for the Ar-
dendrimer. This could be due to the dendrimers ability to obtain a more compact 
structure after collapsing, as a result of the more free space around the aromatic 
core. The aliphatic cores on the contrary, have more flexible groups which 
subsequently results in less free space in the dendrimer interior. This affects the 
density profile and consequently the interaction between the dendrimers. 
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 As seen in Figure 12, the nature of the end group has a significant influence 
of the thermal properties and these results correlate well with the expected 
behaviour.6, 91, 106 A change in end group polarity from acetonide groups to 
hydroxyl groups results in an increase in Tg for the TMP-dendrimers in the range 
of 4 to 12°C depending on generation and for the diTMP-dendrimers the Tg 
values shift in the range of 5 up to 17°C. A maximum in Tg is also visible for the 
hydroxyl functional dendrimers. This could be explained by the fact that the 
hydroxyl end groups have an enhanced possibility to form secondary bonds 
compared to the acetonide groups which results in less mobility and 
subsequently in higher Tg-values.  
 Furthermore, the characteristic drop in Tg is more evident for the hydroxyl 
functional dendrimers compared to the dendrimers with acetonide end groups. 
For example a large decrease in Tg between OH-[G4]-diTMP and OH-[G5]-
diTMP is observed due to less interactions between the dendrimers when the 
dendrimer structure closes up upon itself.108, 109 This large drop is not visible for 
the corresponding acetonide protected dendrimers. This suggests that the smaller 
hydroxyl groups have a facile backfolding into the dendrimer interior in 
comparison to the bulky acetonide groups and this influence the density profile 
and subsequently the structural collapse. Similar behaviour is visible for the 
TMP-dendrimers. 

4.1.5 Rheological characterization 

 Rheology can be defined as the science of deformation and flow and is a 
very important technological property of dendrimers. A large amount of 
information concerning the structure and density profile, parameters of 
fundamental interest in many application areas, can be received from rheological 
characterization.110-114 

4.1.5.1 Temperature sweep tests 

 Dynamic temperature sweep test were performed on the dendrimers in bulk 
at a constant frequency of 1 Hz. The analysis covered a temperature range 
between -50 up to 100°C and the results showed a significant difference in 
complex viscosity between dendrimers of different generations (Figure 13). 
Unfortunately, the first and second generation Ar dendrimers had to be excluded 
from the study. Ac-[G1]-Ar (22) showed a high softening temperature due to a 
major impact if the aromatic core structure, and a temperature over 160°C was 
required to make the dendrimer flow. The acetonide groups were thermally 
degraded before the dendrimer could reach a flow temperature; therefore no 
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rheological measurements could be performed. Also the ac-[G2]-Ar (23) was 
strongly affected by the core and had a high flow temperature (110°C). Above this 
temperature ac-[G2]-Ar was very low viscous in nature and this made it very 
difficult to accomplish a good geometry and subsequently obtain reproducible 
and reliable results. The flow temperature for ac-[G2]-Ar is approximately 90°C 
above the Tg measured by DSC. The large difference could be due to the   

Figure 13: Complex dynamic viscosity versus temperature for different generation 
dendrimers. 

 Lower generation dendrimers show a drop in viscosity at a temperature 
which increases with generation and without presence of a rubbery plateau. This 
suggest that the dendrimers are essentially non-entangled which has been 
established in earlier studies.108, 115 One can observe that the height in moduli are 
lower for the TMP-dendrimers compared to the other dendrimer series. 
Repeating measurements revealed that there is a major source of error in height 
of the moduli. In principal, this is dependent on difficulties to analyzing the resin 
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in temperatures below Tg due to the fact that the sample becomes more hard and 
slippery. Therefore, the evaluation of the results is focused on the difference 
between the generations which proved to be consistent and reproducible in 
between the measurements. 

 The viscosity of the fifth generation drops at a temperature lower or similar 
to the fourth generation depending on functionality which points at a structural 
collapse, resulting in fewer interactions between the dendrimers. Interestingly, 
there is a distinct intermediate plateau for the fifth generation dendrimers 
indicating that interactions are occurring between the dendrimers at this 
temperature. 116 This result contradicts the fact that dendrimers after their 
structural collapse have less interaction with the surrounding macromolecules. 
However, at higher temperatures the movement of the collapsed dendrimers 
increases due to an increase of energy in the system. It is believed that the 
observed secondary plateau at higher generations is an effect of increase in 
motion due to more energy in the system. The enhanced mobility could be 
slightly increase the flexibility and loosen up the structure, allowing for more 
interactions to be established. In conclusion, more extensive work needs to be 
performed before such indications can be verified. 

 
Figure 14: Complex viscosity (η*) versus temperature for all fifth generation dendrimers  

(7, 16, 26). 

 Figure 14 shows the storage moduli of the fifth generation dendrimers, 
placed in the same diagram in order to evaluate what influence the core moiety 
has on the secondary intermediate plateau. The different dendrimers show 
similar traces but with a slightly less pronounced secondary plateau for the ac-
[G5]-Ar (26) with the aromatic core structure. Surprisingly, the fifth generation 
dendrimers with the aliphatic cores (7 and 16) show very uniform moduli, 
although they differ in functionality. It can be concluded that the nature of the 
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core dominates the properties for lower generations while higher generations are 
more effected by the structural collapse. However, the point of shape 
transformation can be correlated to the core moiety and functionality, given that 
the same dendritic backbone is used. Further, this suggests that the collapse is 
strongly related to the density profile and location of the dendrimer end 
groups.108 

4.1.5.2 Frequency sweep tests 

 In order to further investigate the relationship between the rheological 
features of dendrimers and their molecular structure, the hydroxyl functional 
dendrimers were characterized with frequency sweep tests in bulk at 
temperatures well above the glass transition. The rheological behaviour of the 
hydroxyl functional dendrimers with diTMP core and TMP core was analyzed. 
Dendrimers with the Ar core were excluded from the study due to lack of 
material. The tests were performed in a frequency range of 0.5-400 rad s-1 at 
temperatures well above the glass transition 70-90°C. All tests were ensured to be 
in the linear viscoelastic region (LVER). The dynamic mechanical properties of 
materials in the low frequency region describe the liquid like behaviour and the 
high frequency region the solid like character.  

 
Figure 15: The storage (G´) and loss modulus G´´of the different dendrimer series. 

 The viscoelastic moduli (G´and G´´) versus angular frequency at 80°C are 
visible in Figure 15. Higher generations show an increase in modulus with 
generation apart from OH-[G5]-diTMP (21) that show a decrease in both G´ and 
G´´ compared to OH-[G4]-diTMP (20) due to the conformation change. However, 
it should be clarified that this is in the range of error, but all measurements 
showed the same pattern. The difference in height is more significant for the 
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storage modulus compared to the loss modulus. Further, both moduli increase 
significant with increasing frequency but G´´ show less difference between 
generations. The gel point can be determined by the crossover point of the storage 
modulus and the loss modulus.117, 118 No such points can be observed for the 
different dendrimer materials, apart from the OH-[G4]-diTMP (20) that shows a 
possible crossover point at very high frequencies in 80°C. 

 
Figure 16: Complex viscosity (η*) versus angular frequency at 80 and 90°C for OH-[G2-
G4]-TMP (9-11) and OH-[G2-G5]-diTMP (18-21). 

 As seen in Figure 16 the complex viscosity is increasing with increasing 
dendrimer generation. However, the OH-[G5]-diTMP does not follow this 
pattern. Instead the complex viscosity of the fifth generation dendrimer is in the 
same region as the OH-[G4]-diTMP and OH-[G3]-diTMP. This observed 
behaviour can be explained by the structural collapse mentioned before, resulting 
in a more spherical structure. This shape transformation change the viscosity melt 
behaviour.4 However, it should be clarified that these results are in the range of 
error, but that all test showed the same trend. 
 Furthermore, higher generation dendrimers show shear-thinning behaviour 
at high frequencies. This non-Newtonian behaviour implies that the dendrimers 
interact with each other to a greater extend which contradicts the decrease in 
complex viscosity. This observation can be explained by the fact that higher 
generation dendrimers contain a large amount of end groups. The polar hydroxyl 
groups can form hydrogen bonds which impede molecular mobility. The 
hydrogen bond strength is temperature dependent and increases with decreasing 
temperature.  
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4.2 ALLYL ETHER AND METHACRYLATE FUNCTIONAL 
DENDRIMERS (PAPER I, II & IV) 

 As discussed previously, the unique features of dendritic polymers are 
attractive also in coating applications; the large number of end groups offers 
numerous cross-linking possibilities and this, in combination with their low 
viscosity even at high molecular weights, makes them highly interesting in 
coatings. However, dendrimers are currently more expensive and time 
consuming to synthesize compared to hyperbranched polymers. Despite this 
disadvantage, dendrimers are ideal for innovative and fundamental academic 
studies. 
 In this work TMP-dendrimers up to the fourth generation were 
functionalized with allyl ether (35-38) and methacrylate groups (39-42) and 
subsequently crosslinked with thiols to form thermoset networks. Additionally, 
first generation allyl ether functionalized dendrimers with Ar and diTMP core 
moieties were synthesized (33-34).  
 The choice of ene functional groups (allyl ether or methacrylate) allows a 
comparison between systems controlled by inter molecular couplings to systems 
governed by intra molecular couplings.82, 119 In an thiol-allyl ether system the 
homopolymerization between allyl ethers is nearly completely suppressed, which 
give rise to a high conversion between thiol and ene functional groups.73, 120, 121 The 
degree of homopolymerization is believed to be less favoured compared to the 
kinetically much faster thiol-ene reaction.62, 77, 121 
 The combinations of methacrylates together with thiols give a possibility to 
combine two types of free radical polymerization processes. Methacrylates are 
very reactive and undergo a fast chain-growth homopolymerization as a 
competing reaction to the thiol-ene step-wise polymerization.122 This has a 
dramatic effect of the network structure, creating materials where the thiol 
conversion rarely equals the methacrylate conversion.62 However, when 
multifunctional thiols are used in thiol-acrylate systems the total thiol functional 
group conversion is high even if the thiol group conversion is low.78 This can be 
attributed to that part of the thiol groups attached to the network, leaving some 
residual dangling chain ends unreacted. These pendant groups can be used for 
further modification allowing for a possibility to tailor the network properties. 78 

4.2.1 Functionalization of dendrimers 

 The substitution of the hydroxyl functional dendrimers and the different 
core molecules was accomplished by reaction of allyl ether functionalized 
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TMPDE anhydride (32) to the end groups. The reactions were performed under 
basic conditions and resulted in fully substituted dendrimers al-[G1]-Ar (33), al-
[G1]-diTMP (34) and al-[G1-G4]-TMP (35-38). Purification of the dendrimers was 
accomplished by extraction and column chromatography. During the purification 
it became apparent that it is very difficult to separate the TMPDE acid (31) from 
the dendrimers, especially for lower generations. However, full separation was 
accomplished by using a mixture of diethylether and heptane with acetic acid (2 
vol%) as an eluent for the flash chromatography and pure products were 
obtained. 

 
Scheme 7: Functionalization of OH-[G2]-TMP (9) with methacrylic anhydride to obtain 
me-[G3]-TMP (41). 

 The functionalization of the TMP core and the hydroxyl functional TMP-
dendrimers was performed by reaction of methacrylic anhydride to obtain me-
[G1-G4]-TMP (39-42). To ensure full substitution an excess of methacrylic 
anhydride was added (Scheme 7) and to prevent homopolymerization between 
the methacrylic groups the inhibitor 2,6-di-tert-butyl-4-methylphenol (BHT) was 
added. Additionally, the reaction vessels were covered with aluminium foil to 
prevent side-reactions triggered by sunlight. Purification of the dendrimers was 
accomplished by extraction and column chromatography. Unfortunately, some 
product was lost during the column chromatography purification procedure, 
probably due to homopolymerization in the absence of inhibitor, resulting in 
lower yields (55 %) especially for higher generations. 

4.2.2 1H NMR and 13C NMR characterization 

 All substituted dendrimers were analyzed with 1H NMR and 13C NMR 
spectroscopy. The conversion of the substitution reaction between the TMPDE 
anhydride (32) and the three different hydroxyl functional cores (Ar, TMP and 
diTMP) could easily be monitored by 1H NMR. The peaks corresponding to the 
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methylene protons (a and b, Figure 17) in the TMPDE structure changed both in 
shift and in pattern depending on the surrounding molecular environment.  

 
Figure 17: 1H NMR of TMPDE acid (31), TMPDE anhydride (32) and dendrimers with 
aromatic (33) and aliphatic core structures (34, 35). 

Before substitution the protons in the anhydride structure split into two triplets at 
2.68 and 2.78 ppm. After substitution to the aliphatic cores (TMP, diTMP) the two 
triplets transforms to a singlet and the peak shifts to ~2.60 ppm as an effect of 
change in the chemical environment. The substitution reaction to the aromatic 
core (Ar) results in more electron drawing groups in the neighborhood which are 
demonstrated by an increase in shift to 2.74 and 2.87 ppm of the two triplets. The 
addition reactions could also easily be followed with 13C NMR by the appearance 
of a new carbonyl peak at ~173 ppm and by the disappearance of the anhydride 
peak (carbonyl carbon) at 168 ppm.  

 36



Results and Discussion 

 
Figure 18: Quantitative 13C NMR spectra showing the shift in the quaternary carbon of the 
hydroxyl functional dendrimer before substitution (19) and after (38). 

 Additionally, the substitution reaction of higher generation hydroxyl 
functional dendrimers resulted in a distinct shift of the quaternary carbon of the 
terminal bis-MPA unit. As mentioned previously the shift from ~50 ppm to ~46 
ppm is very characteristic for substitution of polyester dendrimers (Figure 18). To 
ensure full substitution of higher generations magnetic quencher chromium(III) 
acetylacetonate (CrAcAc) was added to the product before the sample was 
characterized by quantitative 13C NMR. CrAcAc is known to shorten the required 
delay time between acquisitions why the sensitivity is enhanced.123, 124 As seen in 
Figure 18, the peak originating from the quaternary carbon in the bis-MPA unit at 
~51 ppm has shifted down to ~46 ppm indicating complete substitution.  
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Figure 19: 13C NMR spectrum of me-[G1]-TMP (39). 

 The NMR analyses of the methacrylated dendrimers (39-42) confirmed the 
purity of the compounds. The signal from carbons originating from the carbonyls 
in the methacrylate anhydride structure appeared at 163 ppm. After substitution 
of the anhydride onto the peripheral hydroxyl groups a new peak appeared at 
167 ppm (Figure 19). The 1H NMR spectrum of the methacrylated dendrimer 
included a new peak at 1.93 ppm originating from the methyl group in the 
methacrylate structure and two splitting singlets corresponding to the protons in 
the vinyl group. Furthermore, the integrals from the protons correlate well with 
expected values, indicating full substitution.  

4.2.3 MALDI-TOF and SEC characterization 

 All allyl ether dendrimers (33-38) were easily analyzed with MALDI-TOF 
using 9-nitroanthracene mixed with catalytic amount of trifluoroacetic sodium 
salt as a matrix and the molecular weights were in close agreement with 
theoretical values. The methacrylated dendrimers was on the other hand difficult 
to ionize and minor fragmentation could be seen in the MALDI-TOF spectrum. 
Furthermore, me-[G1]-TMP could not be measured due to the low molecular 
weight. The other dendrimers show singlet peaks with molecular weights in close 
agreement with theoretical values (Table 3). However, an extra peak with a mass 
increase of 100 g mol-1 is observed for all dendrimers. This could not arise from 
the inhibitor since BHT has a molecular weight of approximately 225 g mol-1. 
Instead it is assumed to be caused by some kind of addition of ions or fragments. 
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Table 3: Material properties of the functionalized dendrimer resins (33-42). 

Dendrimer Mw[a]  
(g mol-1)

Mn[b]  
(g mol-1)

PDI[b] Mn[c]  
(g mol-1)

M[d]  
(g mol-1) 

Tg[e]

(°C) 
al-[G1]-Ar  1195 1400 1.03 940 1196 7 
al-[G1]-diTMP  1436 1500 1.02 2650 1436 7 
al-[G1]-TMP  1023 1100 1.02 1740 1024 7 
al-[G2]-TMP  2259 2300 1.01 3210 2262 - 
al-[G3]-TMP  4736 4000 1.01 8570 4740 - 
al-[G4]-TMP  9786 6500 1.02 14 880 9790 - 
me-[G1]-TMP  338 300 1.03 410 - -31 
me-[G2]-TMP  891 800 1.02 1520 891 -29 
me-[G3]-TMP  1996 1700 1.02 2970 1998 -24 
me-[G4]-TMP  4206 2900 1.06 7190 4209 -13 

[a] Theoretical molecular weight [b] Determined with SEC (conventional calibration) [c] Determined 
with SEC (universal calibration) [d] Measured with MALDI-TOF  ± 0.5 [e] Measured by DSC. 

Size exclusion chromatography was performed in THF using both 
conventional and universal calibration methods. Monomodal chromatograms 
with narrow PDI values (<1.06) were obtained for all compounds (Table 3). 
Surprisingly, the molecular weights determined with conventional calibration are 
closer to the theoretical molecular weights than the molecular weights measured 
with the universal calibration (UC). This behaviour is not consistent with the 
measurements of the acetonide protected dendrimers, which theoretical 
molecular weights are closer to the ones obtained with universal calibration. 
Plausible explanations are that there are instrumental fluctuations and/or that the 
allyl ether and methacrylate end groups have an interaction with the SEC-
column. 

4.3 PHOTOPOLYMERIZATION OF THIOL-ENE SYSTEMS 
(PAPER I, II & IV) 

 To investigate the effect of dendrimer functionality (i.e. generation) on the 
conversion and properties of thiol-ene networks, dendrimers up to fourth 
generation were mixed with thiols to form thiol-ene films. Additionally, the 
influence of the three different dendrimer core structures (TMP, Ar and diTMP) 
were analyzed. The effect of the thiol-architecture was also investigated by 
mixing the dendrimer resins with two different trifunctional thiols. The thiols 
used, trimethylolpropane tri(3-mercaptopropanoate) (TRIS) and ethoxylated 
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trimethylolpropane tri(3-mercaptopropanoate) (ETTMP) have molecular weights 
of 384 g mol-1 and 1300 g mol-1, respectively. The structures of the thiols are 
visible in Figure 7. In total, ten different thiol-ene coatings were prepared and 
characterized (Table 4). 

4.3.1 FT-Raman characterization 

 FT-Raman spectroscopy was performed to determine the degree of curing of 
the crosslinked films. This was accomplished by analyzing the thiol peak (2570 
cm-1) and the ene peak (1644 cm-1) before and after cure. The change in peak area 
under the thiol peak and ene peak before and after curing was measured to 
estimate the conversion (Figure 20). The ester carbonyl peak (1730 cm-1) did not 
change during the reaction and was used as internal standard for all thiol-ene 
films.  

 
Figure 20: FT-Raman spectra of the thiol-ene mixture before curing (top) and of the thiol-
ene film after curing (bottom) for the al-[G1]-diTMP (34). 

 The percentage conversions of the thiol and the ene functional groups within 
the thiol-allyl ether films are presented in Table 4. A decrease in conversion with 
each successive generation is observed for both TRIS and ETTMP based films, 
indicating loss in flexibility with increasing steric hindrance in the outer parts of 
the dendrimer. However, al-[G4]-TMP (38) show an increase in conversion 
compared to al-[G3]-TMP suggesting an effect induced by the shape 
transformation from an open to a more congested structure. Furthermore, the 
films based on ETTMP show higher conversion compared to the TRIS based 
films. A possible explanation for this is the restricted mobility of the TRIS thiol 
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due to the shorter chains, especially when partly incorporated into the network. 
Overall, high conversions (82-99 %.) were determined for all the thiol-allyl ether 
films (Table 4). Also the lower Tg values of the ETTMP based films would allow 
for much more mobility since there is no vitrification effect as in the TRIS based 
films where the Tg climbs above room temperatures for higher generations. 
Notably, the reactivity of the dendrimers increases with higher density of the allyl 
ether groups, resulting in immediate polymerization of thiols and enes. Since the 
conversion is based on detectable amounts of thiol and allyl ether groups this 
subsequently results in a source of error. 
 As mentioned earlier allyl ethers can homopolymerize but the thiol-ene 
reaction is believed to be kinetically more favoured.73, 120 However, a large amount 
of allyl ether groups restricted to a small area as in the case of the dendrimer 
moiety has proven to favour allyl ether homopolymerization. To study the 
efficiency of this type of homopolymerization, films based solely on al-[G1-G4]-
TMP were cured, in presence of initiator, as a reference. Free standing films were 
obtained and the conversions (35-40%) were determined by FT-Raman as a result 
of the earlier reported curing conditions. This demonstrates that 
homopolymerization occurs and that intra molecular reaction of allyl ether 
groups cannot be considered negligible. In order to modify the percent 
conversion the intensity was changed from an overall dose of approximately 500 
mJ cm-2 to a dose of approximately 250 mJ. This increased the amount of 
homopolymerization to conversions between 45-50% (Table 4). 
 The thiol-methacrylate films show lower thiol functional conversion 
compared to the thiol-allyl ether films. The percentage conversion of the thiol 
group within the different films is presented in Table 4. The conversion could not 
be measured by the ene peak due to the fact that no residual methacrylate groups 
were detectable after curing. The low percentage conversion directly relates to the 
degree of methacrylate homopolymerization within the film.  
 Furthermore, the films based on ETTMP show higher conversion (58-81%) 
compared to the TRIS based films (29-67%). This follows the same trend visible 
for the thiol-allyl ether films and is due to an enhanced mobility of the ETTMP 
thiol. Interestingly, the conversion increases with higher generations for the thiol-
methacrylate films suggesting a higher incorporation of thiols with increased 
dendrimer functionality. However, the film based on me-[G3]-TMP and TRIS is 
an exception and has lower conversion compared to me-[G4]-TMP. This could be 
due the accessibility of the functional end groups, a parameter influenced of the 
structural shape.  
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Table 4: Percentage conversion of the different thiol-ene and ene homopolymerized films 
measured by FT-Raman. 

Ene-resin Ene 
homopoly-
merized[b] 

(%) 

TRIS[a] 
(%) 

TRIS [b] 
(%) 

ETTMP[a] 
(%) 

ETTMP[b]

(%) 

al-[G1]-Ar (33) - 99 99 - - 
al-[G1]-diTMP (34) - 99 99 - - 
al-[G1]-TMP (35) 45 99 99 99 99 
al-[G2]-TMP 36) 47 85 97 99 99 
al-[G3]-TMP (37) 50 82 95 95 88 
al-[G4]-TMP (38) 50 91 96 95 95 
me-[G1]-TMP (39) 10 29 99 58 99 
me-[G2]-TMP (40) 36 52  99 58 99 
me-[G3]-TMP (41) 19 38 99 72 99 
me-[G4]-TMP (42) 42 67 99 81 99 

[a] Conversion measured from thiol peak [b] Conversion measured from ene peak ([G1-G2] ± 2%, [G3-
G5] ± 5%). 

 As a comparison methacrylate homopolymerized films were evaluated. The 
FT-Raman measurements show very low conversion (10-42%) which is suggested 
to be an effect of oxygen inhibition. The variation within the generations is 
subsequently proposed to be due to variations in film thicknesses. Once the films 
are drawn out, they can reshape to thicker films. This reduces the oxygen 
inhibition, subsequently creating higher conversion as in the case of [G4]-48. 

4.3.2 DSC and TGA characterization 

 Thermal characterization of the dendrimer resins and thiol-ene films was 
accomplished by DSC and TGA. All thiol-allyl ether resins and films were 
characterized in two heating and cooling cycles in a temperature range of -50°C 
up to 130°C. Each thermogram was analyzed for the mid-glass transition. All 
cured thiol-ene films show low Tg values, between -9 and 4°C depending on core 
structure (Table 5). The Tg values were increasing with increasing generation. 
 The thiol-methacrylate resin and films were characterized in a temperature 
range of -50°C up to 100°C with two heating and one cooling cycles. The 
methacrylate homopolymerized films were characterized in a temperature range 
of -50°C up to 60°C. The TRIS based films show also an increase in Tg with (13 up 
to 43°C) increasing generation (Table 5).  
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 The same trend was observed for the both the allyl ether and methacrylate 
homopolymerized films. The Tg values for the allyl ether films were much lower 
(-18 up to -3°C) compared to the Tg values of the methacrylate films (24 up to 
49°C). Allyl ethers traditionally have poor mechanical properties because of their 
low Tg values. Whereas methacrylates, have been used since the 60´s 
commercially and in many applications because of their excellent mechanical 
properties and durability.62 However, these favorable properties of methacrylates 
is offset in the case of thiol-methacrylate films, as more pendant thiol groups are 
present in the system there are more chain ends plasticizing the film. Additional 
sulphur-carbon bonds are also very flexible due to the long bond length (1.8 Å) in 
comparison to the carbon-carbon bond (1.2-1.5 Å). There is an increase in 
crosslink density and the Tg increases with increasing generation. However, it 
should be noted that this trend where the increasing Tg, as determined by DSC, is 
proportional to the increasing conversion of the films does not correlate to the 
conversion of the methacrylate groups in the homopolymerized methacrylate 
films. As observed by FT-Raman (Table 4). This is most likely the result of the 
samples being heated to 60°C and held for 5 min in order to erase the thermal 
history of the samples. At this time and temperature, further crosslinking of 
residual unsaturation could occur. However, all samples were treated the same 
and the values are therefore relative to each other. 

Table 5: Summary of the Tg values of the thiol-ene and ene homopolymerized films 
determined by DSC and DMA. 

Ene-resin Ene films[a,c] 
(°C) 

TRIS[a] 

(°C) 
TRIS[b]

(°C) 
ETTMP[b] 

(°C) 
al-[G1]-Ar (33) - -9 2 - 
al-[G1]-diTMP (34) - -6 7 - 
al-[G1]-TMP (35) -18 -7 8 -26 
al-[G2]-TMP (36) -12 1 22 -25 
al-[G3]-TMP (37) -6 3 26 -24 
al-[G4]-TMP (38) -3 4 35 -23 
me-[G1]-TMP (39) 24 13 - - 
me-[G2]-TMP (40) 38 18 - - 
me-[G3]-TMP (41) 43 41 - - 
me-[G4]-TMP (42) 49 43 - - 

[a] Measured by DSC [b] Measured by DMA [c] Homopolymerized. 

 The glass transition temperatures of the ETTMP based films could not be 
determined by DSC with the available equipment as it was not possible to 
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measure below -50°C. Additionally, the Tg values for the dendrimer resins were 
much more difficult to detect compared to the Tg values of the thiol-ene films. 
The methacrylate functional dendrimer resin showed indistinct but detectable 
transitions, between -31 up to -13 depending on generation (Table 3). The allyl-
ether dendrimer resin showed no transition for higher generaions. 
 In order to further investigate the structure and conversion of the 
crosslinked films, thermogravimetric analysis (TGA) was performed on the thiol-
ene films based on compound al-[G1-G4]-TMP (35-38) and compound me-[G1-
G4]-TMP (39-42). The samples were heated from 25 up to 500°C at 10°C min-1. The 
thiol-allyl ether films based on ETTMP show a loss of mass between 0.5 and 1.5 
wt% with increasing generation below 250°C (Figure 21). This can be explained 
by the fact that ETTMP easily absorbs water due to the ethylene oxide groups. 
Since the ETTMP volume fraction increases with generation the increase in 
weight loss can be attributed to the water content. The appearance of a slight 
increase in the inset of the TGA trace for ETTMP is the result of instrument 
fluctuations of ±0.02 %. 
 The thiol-allyl ether films based on TRIS show similar pattern and display an 
increasing weight loss in the range of 0-5% with generation. The weight loss is 
attributed to unreacted thiol in the films that begins volatilize at around 150°C. 
This indicates that the shorter crosslinker has a negative effect on the degree of 
conversion, which is consistent with the results obtained with FT-Raman. 

 
Figure 21: TGA thermograms of thiol-allyl ether films based and ETTMP (left) and TRIS 
(right).

 Thermal degradation studies were also performed on the thiol-methacrylate 
films (Figure 22). The film based on ETTMP and me-[G1]-TMP (39) show a large 
amount of weight loss at around 250°C. This can be explained by the fact that the 
ETTMP thiol start to volatilize at this temperature. Surprisingly, this trend is not 
visible for higher generation films although the conversion is about the same. An 
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explanation can be that many of the residual thiol groups are pendant instead of 
completely unattached for higher generations.  

 
Figure 22: TGA thermograms of thiol-methacrylate films based on ETTMP (left) and TRIS 
(right). 

 The thiol-methacrylate films based on TRIS were observed to have a 
decrease in weight loss with increasing generation. This implies that unreacted 
TRIS molecules evaporate and to a greater extend for films based on lower 
generation dendrimers which directly relates to the conversion results obtained 
with FT-Raman. Additionally, the me-[G1]-TMP has lower molecular weight 
compared to TRIS and the weight loss is probably attributed to volatilization of 
unreacted dendrimer also.  The appearance of a slight increase in the insets is the 
result of instrument fluctuations of ±0.02 %. Although, there is not as large weight 
loss visible by TGA as the conversion results indicate. That is probably due to that 
many of the residual thiol groups are pendant instead of completely unattached 
to the network and this number increases with higher generations. No weight loss 
is believed to be attributed to volatilization of higer generation unreacted 
methacrylate dendrimers due to their high molecular weight and the fact that 
they are shown to be completely reacted by FT-Raman. All films begin degrading 
around 350°C. 
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Figure 23: TGA of thermograms of the dendrimer resin (39-42) 

 Thermal degradation studies were also performed on the dendrimer resins. 
It was observed that there is a weight loss of only 2-3 wt% weight loss at 
temperatures below 200°C from dendrimers resins of me-[G2-G4]-TMP and a 
weight loss of about 5 wt% for dendrimer resin me-[G3]-TMP (Figure 23). 

4.3.3 DMA measurements 

 The viscoelastic properties of all thiol-allyl ether films were measured with 
dynamic mechanical analyses (DMA). Unfortunately, the thiol-methacrylate films 
could not be characterized with DMA due to the fact that they were too fragile as 
a result of their thinness and the plasticization of pendent thiol groups. The 
homopolymerized methacrylate dendrimers were too brittle to be tested by DMA. 
 The mechanical analyses of dendrimer films based on compound al-[G1]-
Ar(33), al-[G1]-diTMP (34) and al-[G1]-TMP (35), respectively and TRIS was 
performed at temperatures between -40 and 50°C. As shown in Figure 24 the 
storage modulus (E´) versus temperature show very similar traces indicating that 
the core structure has no significant affect on the on the film properties. Further, 
the narrow glass-transition region illustrated by the tan δ plot suggests that 
uniform crosslinked networks have been formed.86, 125 The Tg measured from the 
peak of the tan δ plot show Tg (2-7°C) values in the same region (Table 5). 

 46



Results and Discussion 

 
Figure 24: Storage modulus (left) and tan δ (right) as a function of temperature for allyl 
ether functional dendrimer resins (33-35) with different core structures (Ar, diTMP and 
TMP) cured with TRIS. 

 To elucidate how and to which extent the dendrimer functionality affects the 
properties of a cured film, all free standing films based on dendrimer resin al-[G1-
G4]-TMP (35-38) were analyzed with DMA. 
 The films based on TRIS show very narrow tan δ peaks (Figure 25). As 
expected, the Tg values are increasing with increasing generation and 
functionality due to higher crosslink density, from 8 up to 35°C. The tan δ 
transition remains narrow also for higher generations which indicate that the 
network is homogeneous also at increased functionality. Additionally, there is an 
increase in storage modulus with increasing generation in the glass transition 
temperature range. The same trend could not be seen in the glassy and rubbery 
plateau probably attributed to geometry effects. 
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Figure 25: Storage modulus (left) and tan δ (right) plots of films based on al-[G1-G4]-TMP 
(35-38) and TRIS. 

 In order to further evaluate how the dendrimer generation affect the 
properties and to evaluate to which extend the thiol architecture influence the 
mechanical properties, the films based on ETTMP were characterized by DMA (-
60 and 30°C). Notably, the films show a large decrease in Tg compared to the 
TRIS based films (Figure 26). It is suggested that the long ethylene oxide chains in 
the ETTMP structure act as plasticizers, increasing the mobility in the system.  

 
Figure 26: Storage modulus (left) and tan δ (right) plots of films based on al-[G1-G4]-TMP 
(35-38) and ETTMP. 

 Furthermore, the volume fraction of ETTMP is greater compared to TRIS in 
relation to the dendrimer resin, due to higher equivalent molecular weight. This 
is considered to reduce the influence the dendrimer generation has on the film Tg 
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and consequently there is only a slight change in Tg from -26 to -23°C (Table 5). 
The large difference between the glassy and rubbery plateau is due to the delicate 
nature of the ETTMP based films subsequently giving rise to difference in sample 
geometry.  

4.3.4 Contact Angle and AFM 

 To investigate surface-character of the thiol-allyl ether films contact angle 
measurements were performed. The wettability was tested by applying water 
droplets on the surface and measuring the contact angle after 5 and 60 seconds. A 
more hydrophobic coating results in an increase in the contact angle since the 
water droplets are repelled by the surface (        Table 6).  
 

        Table 6: Contact angle measurements of the different thiol-ene 
        films (±3) at different times. 

RESIN TRIS based 
films 

ETTMP based 
films 

 5 s 60 s 5 s 60 s 
al-[G1]-TMP (35) 90° 77° 70° 60° 
al-[G2]-TMP (36) 70° 63° 84° 62° 
al-[G3]-TMP (37) 66° 61° 86° 65° 
al-[G4]-TMP (38) 78° 71° 90° 75° 

 
 The TRIS based films show clear relationship between contact angle and 
conversion of the thiol groups determined by FT-Raman. An increasing amount 
of pendant thiol groups in the network results in a more hydrophilic surface due 
to the fact that the thiol functional group has a more polar character compared to 
the formed carbon sulphur bonds. The decrease in contact angle with increasing 
dendrimer generation from 90° down to 66°, with a sharp change for al-[G4]-TMP 
at 78°, corresponds to the thiol conversion.  
 In contrast to the decrease in contact angle with generation for the TRIS 
based films, the films based on ETTMP show the opposite behaviour. This is 
consistent with an increase in the crosslinking density. Further, the difference in 
contact angle between 5 and 60 s was more pronounced for the ETTMP based 
films due to their more hydrogel like character.  
 The films were imaged by atomic force microscopy (AFM) height imaging to 
study the surface morphology and possible phase separation. All films showed a 
“pebbly” appearance probably due to poor levelling. By phase imaging there was 
no contrast detected indicating that there was no phase separation that could be 
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detected with this method at the nanometer level. Additionally SEM 
measurements failed to expose the presence of any phase separation on the 
nanometer level indicating that they systems are homogeneous on the nanometer 
level, at least as could be determined by these analytical techniques. 
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5 CONCLUSIONS 
 The polyester dendrimers increase in viscosimetric radius approximately 
linearly with generation and have a characteristic maximum in intrinsic viscosity. 
The Tg measured by DSC increases with increasing size of the dendrimers up to 
generation three where it starts to level off and decrease. Both the dendrimers 
with hydroxyl end groups and the dendrimers with acetonide protecting group s 
displayed this behaviour. However, as expected the Tg values differed and the 
hydroxyl functional dendrimers demonstrated higher Tg values. This suggests 
that an increase in end group polarity enhances the number of secondary forces 
between the dendrimers resulting in more restricted mobility. Frequency sweep 
tests of dendrimers with polar hydroxyl functional end groups demonstrate an 
increase in complex viscosity with generation. Generation five shows a decrease 
in complex viscosity compared to generation four. At temperatures around 90°C 
all generation dendrimers show Newtonian behaviour apart from generation five 
that displays shear thinning properties. At 80° lower generations become shear 
thinning at lower frequencies indicating an increase in interaction between the 
dendrimers, probably due to secondary forces. This further distinguishes what 
influence the functionality and nature of the end group has on the properties  
 The rheological studies revealed that the size and nature of the core moiety 
has a significant influence on the structural collapse of the dendrimer in bulk, 
given the same dendrimer backbone. Further, the rheological analyses show that 
the molecular weight and functionality have an important influence on the 
rheological properties. No rubbery plateau was visible for lower generations. 
However, the fifth generation dendrimers, independent of core moiety, shows a 
secondary intermediate plateau. This suggests some kind of interaction between 
the dendrimers is subsequently influenced by well documented structural 
collapse of the dendrimer structure.  
 UV cured thiol-ene films were obtained by incorporation of dendrimers 
functionalized with allyl ethers and methacrylate groups. The effect of core 
structure and increasing dendrimer generation on the properties of the resulting 
thiol-ene film was investigated. The dendrimer core structure was concluded to 
have minor influence on the network properties. However, the dendrimer 
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functionality and choices of end groups had a great influence on both the intra 
and inter molecular couplings in the network. Allyl ether dendrimers are thought 
to have negligible occurrence of homopolymerization, resulting in a dominance of 
inter molecular coupling reactions. However, a polymerization of allyl ether 
dendrimers in the absence of thiols resulted in films with rather high conversions 
~30 %. This suggests that intermolecular cross-linking between allyl ether groups 
occur and that a high density of reactive groups enhances this behaviour. This 
gives a great possibility to utilize the unreacted groups for further modification. 
As, expected the methylacrylate dendrimers showed a high degree of 
homopolymerization resulting in a large amount of residual unreacted thiol 
groups. Homopolymerization of methacrylate dendrimers resulted in 
inhomogeneous films with low conversions. This was probably attributed to 
oxygen inhibition. 
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6 FUTURE WORK 
 It would be of interest to investigate further the shape change of the allyl 
ether and methacrylate functionalized dendrimers and determine if there is an 
effect of these different end groups on the shape transformation. Additionally, the 
gel point and kinetics of the polymerizations by rheological methods would be of 
great interest within this system in order to further elucidate the final materials. 
This would add in determining how much residual stresses are relieved in the 
final materials with the addition of thiols to the ally ether and methacrylate 
functional dendrimers.  
 The thiol-allyl ether films have resulted in residual ene groups and pendant 
thiol groups and the methacrylate-thiol networks contain pendant thiol groups. 
These could functional groups can be further modified in order to coat the surface 
only for use as sensors or other biolomedical coatings while still retaining the 
mechanical stability of the ally ether-thiol or methacrylate-thiol films.  
 The mixture of (meth)acrylates and thiols in thiol-ene photopolymerizations 
results in great possibilities to develop materials with combined features of the 
processing advantages of thiols. If this research is to successfully transfer to the 
industrial sector and produced on a larger scale, it would be essential to 
experiment with the hyperbranched analogs of the dendrimers used in this study. 
Ally ether and methacrylate functional hyperbranched generations combined 
with thiols similar or the same as those used in this study should result in similar 
properties, providing a less expensive route to the same end material. The 
conversion may also be very different due to the lack of symmetry in comparison 
to dendrimers. Due to the polydispersity of hyperbranched materials, the 
materials produced give more of a distribution of mechanical properties in 
comparison to very monodisperse materials such as dendrimers. This usually 
results in favorable physical and mechanical properties which is useful in 
materials outside of the specialty chemicals field. 
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