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Abstract 
The goal of this work was to synthesize different dendritic architectures and 

evaluate the effect from the dendrons on the material properties. The work presented in 
this licentiate thesis, Synthesis and Characterization of Dendritic Architectures, is 
divided into major parts. The first part deals with the synthesis and characterization of 
two sets of dendritic porphyrins based on 2,2-bis(methylol)propionic acid (bis-MPA). 
The second part deals with the synthesis and characterization of a series of 
dendronized polymers based on bis-MPA. 

Both free-base and zinc containing dendritic porphyrins were synthesized up to the 
fifth generation utilizing the acetonide protected anhydride of bis-MPA. The resulting 
dendrimers were characterized by SEC, NMR, and MALDI-TOF. The dendrimers 
were found to be well-defined, virtually monodisperse, molecules up to the fourth 
generation. In the case of the fifth generation dendrimers, some structural defects were 
observed. The hydrodynamic volume (in THF) of these molecules was calculated 
using the rotational correlation time, and they were found to be more compact than the 
corresponding Fréchet-type dendrimers of the same generation. 

Macromonomers of the first and second generation were also synthesized utilizing 
the acetonide protected anhydride of bis-MPA and subsequently polymerized by atom 
transfer radical polymerization, using a system of N-propyl-2-pyridylmethanamine, 
Cu(I)Br, and Cu(I)Br2. This system resulted in well-controlled polymerizations with 
low polydispersity polymers. By adopting a divergent ‘graft-to’ approach, well-
defined dendronized polymers with acetonide, hydroxyl, acetate, and hexadecyl 
functionality respectively, were obtained. 

The bulk properties of the dendronized polymers were investigated by differential 
scanning calorimetry, dynamic-mechanical measurements, and 1H-NMR self-
diffusion. It was found that that increasing the size of the pendant dendron increased 
the glass transition temperature of the materials. The degree of crystallization of the 
hexadecyl functional materials was found to decrease with dendron size, most likely 
due to the reduced flexibility of the backbone prohibiting effective crystallization. The 
dynamic mechanical measurements revealed that the behavior of the complex viscosity 
as a function of frequency was independent of functionality. The second and third 
generation materials were found to have a Newtonian plateau up to a frequency where 
they become shear-thinning. The fourth generation materials were found to be shear-
thinning in the frequency range. 1H-NMR self-diffusion measurements revealed that 
the shape of the acetonide functional dendronized polymers in solution was best 
described by using a rod-like or prolated ellipsoid model. 
 

 



Sammanfattning 
Syftet med detta arbete var att framställa olika dendritiska arkitekturer för att 

undersöka arkitekturens inverkan på materialens egenskaper. Arbetet som presenteras i 
denna licentiatavhandling är uppdelat i två delar. Den första delen behandlar syntes 
och karakterisering av två serier av dendritiska porfyriner. Dendrimererna är baserade 
på 2,2-bis(metylol)propionsyra (bis-MPA). Den andra delen av arbetet behandlar 
syntes och karakterisering av en serie dendroniserade polymerer baserade på bis-MPA. 

Både fri bas och zink innehållande dendritiska porfyriner upp till den femte 
generationen framställdes genom att använda den acetonidskyddade anhydriden av 
bis-MPA. De framställda molekylerna karakteriserades med hjälp av SEC, NMR och 
MALDI-TOF. Dendrimererna visade sig vara väldefinierade, i stort sett monodispersa 
molekyler upp till den fjärde generationen. Den femte generationens dendrimerer 
visade sig innehålla små strukturella defekter. Dendrimerernas hydrodynamiska volym 
i THF beräknades med hjälp av deras rotationskorrelationstid. De dendritiska 
porfyrinerna baserade på bis-MPA visade sig vara mer kompakta jämfört med 
dendritiska porfyriner substituerade med Fréchet dendroner av samma generation. 

Första och andra generationens makromonomerer syntetiserades på ett liknande 
sätt som de dendritiska porfyrinerna, med hjälp av den acetonidskyddade anhydriden 
av bis-MPA. Dessa monomerer kunde polymeriseras med hjälp av ATRP genom att 
använda ett system av N-propyl-2-pyridylmetanamine, Cu(I)Br, and Cu(I)Br2. De 
resulterande polymererna hade smala molekylviktsfördelningar. Genom att använda en 
divergent ’graft-to’ metod kunde väldefinierade dendroniserade polymerer med 
acetonid, hydroxyl, acetat och hexadekyl funktionalitet framställas. 

De dendroniserade polymerernas materialegenskaper undersöktes med hjälp av 
DSC, dynamisk-mekaniska mätningar samt 1H-NMR-självdiffusionsmätningar. 
Studien visade att glastransitionstemperaturen ökade när större dendroner växtes på 
den dendroniserade polymeren. För de kristallina dendroniserade polymererna 
minskade kristallisationsvärmen med ökade dendronstorlek. Detta tros bero på att de 
större dendronerna på huvudkedjan reducerar kedjans flexibilitet och därmed minskar 
möjligheten till kristallisation. De dynamisk mekaniska mätningarna visade att 
oberoende av funktionalitet, uppträdde andra och tredje generationens dendroniserade 
polymerer newtonskt upp till en frekvensgräns efter vilken de blir skjuvförtunnande. 
Den fjärde generationens dendroniserade polymerer uppvisade däremot enbart 
newtonsk uppförande i hela frekvens området. 1H-NMR-självdiffusionsmätningarna 
visade att de dendroniserade polymererna i lösning, kunde bäst beskrivas med en 
cylindrisk eller utdragen ellipsoid modell.  
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1 Purpose of the Study 
In the emerging area of nanotechnology, the interest for materials with tailored 
properties and well-defined structures are ever increasing. The dendritic architecture 
offers the potential of creating precise molecules with control over size, solubility, and 
functionality. Two examples of this architecture are dendrimers and dendronized 
polymers. Dendrimers are monodisperse sphere-like macromolecules built up of 
dendrons that are connected to a small core. By attaching dendrons to a polymeric 
backbone, a dendronized polymer is formed. Dendronized polymers combine the 
dendritic architecture with the features of linear polymers. Because their polymeric 
nature they are polydisperse materials. 

The main goal of this work is to synthesize dendrimers and dendronized polymers, 
in order to evaluate the effect of architecture and functionality on optical and material 
properties. 

This work is divided into two parts, the first part dealing with the synthesis and 
characterization of a set of dendritic porphyrins. The second parts deals with the 
synthesis and characterization of a set of dendronized polymers. The dendritic 
porphyrins and dendronized polymers are aliphatic polymers based on 2,2-
bis(methylol)propionic acid (bis-MPA) which can serve as a scaffold for a wide 
variety of functionalities. 
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2 Introduction 

2.1 General background 
By the development of synthetic macromolecules with more complex architectures, 
polymers with new properties can be attained. Elucidating the structure-property 
relationship of such materials is important in order to meet the demands for well 
characterized materials in emerging research areas such as nanotechnology. This 
chapter aims to give a brief introduction to the areas of dendrimers, dendronized 
polymers, and controlled radical polymerization techniques. 

2.2 Dendrimers 
Since the discovery of dendrimers in the late 70´s,1-3 the research interest for 
developing new synthetic routes as well as finding new applications for dendrimers are 
ever increasing.4-6 In contrast to ordinary synthetic polymers, dendrimers are virtually 
monodisperse highly branched molecules.6 A dendrimer is built up of layers of ABx 
repeating units around a central core. Each layer of ABx monomers builds up one 
generation. One wedge of a dendrimer is called a dendron. Because of the branching of 
the repeating unit, the numbers of end-groups increase with each generation, resulting 
in a large number of terminal units at high generations. Figure 1 displays a schematic 
representation of a dendron and dendrimer. 

 
Figure 1. General representation of a dendron and dendrimer. 
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There are two main synthetic routes for dendrimers, the convergent (A) and the 
divergent route (B).6 In the convergent route, the synthesis start at the end-groups and 
grow towards the core. Each step involves the coupling of the focal point of the 
dendron to the ABx monomer and finally to the core molecule, forming the dendrimer 
in the last step.7 In the divergent route, the chemistry starts off at the core, and the 
generations are added sequentially to the end-groups of the dendrimer.2 Figure 2 
displays an example of the divergent and convergent routes. 

 
Figure 2. Convergent route (A), divergent route (B). 

 
At higher generations the dendrimers will adopt a more globular structure due to 

their branched structure.8 The highly branched structure in combination with the large 
number of end-groups give rise to a number of unique dendritic properties for 
example, high solubility,9,10 unusual rheological behavior,11 and site isolation 
phenomena.5,6,12 Because of the highly branched structure of the dendrimer, properties 
such as solubility, glass transition temperature, and size can be altered by varying the 
generation number, the type of repeating unit, and the functionality of the end-groups. 
Because of the high number of end-groups, most dendritic properties are strongly end-



Introduction 

 4

group dependent and by end-group tailoring, properties such as hydrophilicity/ 
hydrophobicity can be introduced. 

2.3 Porphyrins 
Porphyrins are strongly colored conjugated cyclic compounds that are abundant in 
nature.13 Metal complexes of porphyrins act as active sites in a number of enzymes, 
and porphyrins bear structural similarities to the heme group in hemoglobulin and 
chlorophyll.13 A number of applications for synthetic porphyrins have been studied for 
example, as light emitting diodes (LED),14,15 and as photosensitizes for photodynamic 
therapy.16,17 Figure 3 shows a commonly studied porphyrin, tetraphenylporphyrin 
(TPP) in its free base state. The core of the porphyrin ring can be used to complex a 
number of metal ions by exchanging the two hydrogen in the center. If large ions are 
put into the core, the otherwise planar porphyrin ring will change conformation. The 
spectral properties of porphyrins can be altered to a wide extent by changing the 
substitution of the porphyrin ring as well as by the choice of metal-ion complex. 

 
Figure 3. Tetraphenylporphyrin (TPP). 

 
Because of their interesting properties, a large number of studies have been 

devoted to synthesizing porphyrins with dendritic units. Examples include bis-MPA 
dendrimers,5,12 benzyl ether type dendrimers,18-20 and glutamic dendrimers.21,22 

2.4 Controlled radical polymerization (CRP) 
True living/controlled polymerizations occur without termination or transfer reactions 
and proceed to full conversions with very low polydispersity (PDI). There exists a 
number of controlled polymerization techniques such as living anionic-, cationic-, 
group-transfer and ring-opening polymerization. They all suffer from the drawback of 
being sensitive to impurities such as oxygen and water, as well as being demanding in 
craftsmanship. Therefore, a number of controlled radical polymerization techniques 
have been developed. They combine synthetic versatility with good control over 
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molecular weight and PDI. Atom transfer radical polymerization (ATRP),23-26 
nitroxide mediated free radical polymerization (NMP),27-29 and reversible addition 
fragmentation chain transfer (RAFT)30-32 are examples of CRP techniques. They are all 
based on the same principle of keeping the propagating radical concentration low in 
order to suppress unwanted side-reactions. In the case of NMP and ATRP, this is 
achieved by creating a dynamic equilibrium between active (radical) and dormant 
species that is strongly shifted towards the dormant species. 

2.4.1 Atom Transfer Radical Polymerization (ATRP) 
One of the most versatile controlled radical polymerization techniques is atom transfer 
radical polymerization (ATRP).26 ATRP offers the possibility to polymerize a range of 
vinyl monomers such as acrylates, methacrylates, and styrenes among others, with 
good control over molecular weight and PDI.26 

The typical initiators used in ATRP are alkyl halides (bromine, iodine or chlorine). 
Figure 4 (top) depicts two commonly used initiators. These halides allow for fast and 
selective migration between the propagating chain and the transition metal complex. 
This is necessary in order to obtain well defined polymer with low PDI. If the 
initiation reaction is fast and side-reactions and termination are negligible, the number 
of growing chains will be constant and equal to the initial initiator concentration.26 

A great variety of ligands have been employed in ATRP, and they are mostly 
nitrogen based26,33 but phosphorus and iron based ligands have also been used.26 
Figure 4 bottom depicts to common nitrogen based ligands. The ligand plays several 
important roles in the ATRP process. First, the ligand determines the position of the 
dynamic equilibrium of the ATRP process and thereby also the rate of polymerization 
and as a consequence the PDI. Second, the ligand facilitates the solution of the 
transition metal in the reaction mixture.26 

 

O
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Figure 4. Common initators (top), and ligands (bottom) for ATRP. 
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The most commonly used transition metals are copper based because of their 
synthetic versatility and low cost.26  

A schematic representation of the mechanism of ATRP is displayed in Figure 5.26 
The active species is formed by the homolytical cleavage of the alkyl-halide bond of 
the initiator. This reversible redox reaction is catalyzed by a metal complex and forms 
a carbon centered radical on the alkyl while the abstracted halogen oxidizes the 
transition metal. The radical will then either propagate or shift to the dormant species. 
The equilibrium of the activation/deactivation must be shifted towards the dormant 
species otherwise the polymerization will proceed in an uncontrolled fashion. 
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Figure 5. The mechanism of ATRP. 

2.5 Dendronized Polymers 
Dendronized polymers are formally a sub-group of comb polymers, where the linear 
chains of the grafts have been replaced by dendrons (Figure 6).34 The properties of 
these kinds of polymers depend on a number of factors, such as type of dendron, 
attachment density along the backbone, end-group functionality, and degree of 
polymerization.35,36 Because of the large number of properties that can be tailored 
independently in this type of architecture, several novel applications have been 
proposed, for example building blocks for nanometer sized construction,34,35,37 
efficient light emitting materials,38 isolating conducting polymers,39 complexation 
agents for DNA,40 and as support for single site catalysts.41 If spatially demanding 
dendrons are attached to a polymeric backbone, the polymer can be forced from a 
random-coil conformation to a stretched cylindrical.36,42-46 
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2.5.1 Synthesis of Dendronized Polymers 
The first synthetic route for dendronized polymers was described in 1987 in a patent 
by Tomalia et al.,47 and since then considerable synthetic effort has been devoted to 
developing new and efficient routs for these novel materials.34,48,49 Figure 6 displays 
the two main routes for attaining dendronized polymers. 
 

 
Figure 6. The macromonomer route (left), and the graft-onto route (right) to 
dendronized polymers. 

 
In the macromonomer route, dendrons are linked to monomers that contain a 
polymerizable group either by a convergent or divergent methodology. The 
macromonomers are then polymerized, forming a dendronized polymer.35,49 The 
benefits of this approach are that the dendrons are accurately placed along the 
backbone.35,49 Several polymerization methods have been employed in the 
macromonomer route for example radical polymerization,36,50-54 reversible addition-
fragmentation chain transfer (RAFT) polymerization,55 ring-opening metathesis 
polymerization (ROMP),45 ring-opening polymerization (ROP),56 Suzuki 
polycondensation,42,57-60 insertion polymerization,61 Stille coupling,62 Heck coupling,63 
polycondensation,64 and atom transfer radical polymerisation (ATRP).51,65,66 

However, the drawback of the macromonomer route is that larger dendrons may 
shield the polymerizable group and thereby inhibit the polymerization, resulting in 
either low molecular weight polymers or no reaction at all.35 Studies have addressed 
this problem, and propose that by increasing the distance between dendron and 
polymerizable group, the availability of the reactive group will increase.48,49,66 Recent 
studies by Schlüter et al.36,48 indicate that the problem of inhibition may be related 
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only to the concentration of the monomer, if the concentration of monomer is kept 
above 45 % (w/w), high degrees of polymerization can be reached. 

In the ‘graft-onto’ route preformed dendrons are attached to a polymeric 
backbone.35 Both convergent67-69 and divergent approaches56,65,70-72 have been 
employed. The ‘graft-onto’ route may suffer the drawback of incomplete coupling 
steps due to steric crowding of the dendrons.35 To circumvent this problem, large 
excesses of coupling agent and long reaction times must be employed.65 The large 
excesses may lead to purification problems of the product.35 However, divergent 
approaches to dendronized polymers utilizing either benzylidene-2,2-bis(methoxy) 
propanoic anhydride,56,70,72-74 or acetonide-2,2-bis(methoxy) propanoic anhydride65,72-

75 allow for purification of large excesses of coupling agent by simple extractions.75 
The benefit of the ‘graft-onto’ route is that narrowly distributed dendronized polymers 
emanating from the same backbone can be produced with ease.56,65,70,72 
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3 Experimental 

3.1 Instrumentation 
1H- and 13C-NMR spectra were recorded on a Bruker AM 400 using DMSO-d6, and 
CDCl3 as solvents. The solvent signal was used as internal standard. 

Size exclusion chromatography (SEC) using THF (1.0 ml min-1) as mobile phase 
was performed at 35 °C using a Viscotek TDA Model 301 equipped with a GMHHR-M 
column with TSK-gel from Toshop Biosep, a Viscotek VE 5200 SEC Autosampler, a 
Viscotek V 1121 SEC Solvent pump and a Viscotek VE 5710 SEC Degasser. A 
universal calibration method was created using broad and narrow linear polystyrene 
standards.76 Corrections for the flow rate fluctuations were made by using THF as an 
internal standard. Viscotek Trisec 2000 version 1.0.2 software was used to process 
data. 

Molecular weights and polydispersity were also determined by SEC on a Waters 
6000A pump, a PL-EMD 960 light scattering evaporate detector, two PL gel 10 um 
mixed B columns (300 x 7.5 mm) from Polymer Labs and one Ultrahydrogel linear 
column (300 x 7.8 mm) from Waters. DMF was used as solvent at a flow rate of 1.0 
ml min-1, preheated to 70  C. Linear polyethylene oxides, ranging from 620 to 760 000 
g mol-1 were used for calibration. 

Size exclusion chromatography was also conducted in H2O (0.5 ml min-1, 0.1 M 
NaNO3) at 25 °C using a Rheodyne manual injector (200 µL loop), a Waters HPLC 
pump equipped with a in-line (elutant) filter (Millipore 25 mm DuraporeTM 0.1 µm), a 
DAWNTM DSP MALLS detector (laser operating at 633 nm), a Wyatt Technology 
OptilabTM DSP differential refractometer (laser operating at 633 nm, p10 cell) 
concentration detector, and five UltrahydrogelTM linear 7.8*300 mm columns. ASTRA 
software was used for evaluation. 

The rheological measurements were performed on an ARES Rheometer from TA 
Instruments, DE, USA. The tests were performed in dynamic mode using a parallel 
plate configuration. The plates had a diameter of 8 mm. The sample was first molten 
between the plates, either at 80 °C or 130 °C depending on the material, to ensure 
good contact and a well defined geometry. The sample was held at this temperature for 
10 min to erase their thermal history. The thickness of the sample was between 0.1-0.4 
mm. Dynamic temperature sweep tests were performed between 30-80 °C, using a 
strain of 0.1 - 10 % depending on the material viscosity. Dynamic frequency sweep 
tests were performed between 0.1 rad s-1 and 200 rad s-1 at 80 °C or 40 °C.  

Differential scanning calorimetry studies were performed on a Mettler Toledo 
DSC820 equipped with a Mettler Toledo Sample Robot TSO801RO calibrated using 
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standard procedures. The heating and cooling rates were 10 °C min-1. The Tg and Tm 
were determined during the second heating run. 

All 1H NMR self-diffusion measurements were performed on a Bruker DMX200 
spectrometer equipped with a Bruker pulsed-field-gradient diffusion probe with a 
maximum gradient field of 9.6 T/m. The 90° pulse length for the 5 mm i. d. probe was 
4.5 µs and the temperature was set to and controlled at 22 °C. The longitudinal 
relaxation experiments were carried out by the conventional inversion recovery 
experiment with 16 delay times, yielding data with an estimated accuracy of 5 %. The 
diffusion experiments were performed by the conventional stimulated echo sequence 
with 16 equidistant gradient steps up to 4 T/m. Fitting the conventional Stejskal-
Tanner expression to the diffusional decays provided us with nominal diffusion 
coefficients that were calibrated to their corrects values by diffusion data obtained in 
water samples under identical conditions.77  

Absorption measurements were performed at room temperature with a WPA S2000 
Lightwave UV/Vis diode-array spectrophotometer. 

MALDI analysis was performed using a Bruker Reflex III MALDI-MS instrument, 
equipped with a N2-laser, 337 nm (Bruker Daltonik GmbH, Bremen, Germany). All 
mass spectra have been obtained in reflectron mode. The ion optics was optimized to 
give good resolution for the molecular weight region of interest. Calibration was 
performed in order to secure good mass accuracy. As for the samples, solutions of 2-5 
mM in THF were prepared. The matrices utilized were either trans-3-indoleacrylic 
acid (t3iA) or 2,5-dihydroxybenzoic acid (DHB). Matrix solutions were prepared as 
0.1 M solutions in THF. The samples were prepared both as sample-matrix solutions 
and as sample-matrix-NaTFA- or LiTFA solutions, employing a 0.1 M of either 
NaTFA- or LiTFA solution in THF. The preparation protocol included mixing of 0.5-
1.0 µl of sample with 10µl of matrix and/or 0.5-1.0 µl of the cat ionization agent. Then 
0.2-0.4 µl of the mixture was spotted on the MALDI target and was left to crystallize 
in room temperature. Normally 50 pulses were acquired for each sample. In order to 
achieve good mass accuracy and resolution the analysis was performed at the laser 
threshold of each individual matrix/sample combination. The sample molecules were 
also analyzed with the above stated instrumental parameters in laser desorption mode 
(without any matrix being present in the preparation).  

Continuous wave fluorescence spectra were recorded using a Hitachi F-4500 
spectrometer equipped with a Xe-lamp. Time-resolved measurements at selected 
emission wavelengths were recorded using an IBH 5000 spectrometer equipped with 
emission monochromator (5000M) and the TBX-04 picosecond photon detection 
module. A laser diode (NanoLed 07) operating at 403 nm was used as excitation 
source (ca 100 ps width, operating at 1 MHz). The life-time decays were measured 
sing time-correlated single photon counting along with the Data Station v 2.1 software 
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for running the spectrometer and deconvolution and analysis of decays. The system 
also allowed variation of excitation and emission polarization, thus enabling the 
determination of time-resolved anisotropy decays. 

3.2 Materials 
N-Propyl-2-pyridylmethanamine was prepared according to a procedure described by 
Haddelton et al.33 from n-propylamine (98 %, Aldrich) and pyridine-2-carboxaldehyde 
(98 %, Aldrich). 2,2-Bis(methylol) propionic acid (bis-MPA) was kindly supplied by 
Perstorp AB, Sweden. The DOWEX 50W-X2 ion exchange resin was obtained from 
Aldrich. Prior to use it was refluxed in methanol, filtered, washed and dried. Ethyl 2-
bromosiobutyrate (97 %), copper(I) bromide (99 %), copper(II) bromide (98 %), 
copper(I) chloride (99 %), copper(II) chloride (97 %), 2-hydroxy ethyl methacrylate 
(99 %), palmioyl chloride (98 %), acetic anhydride (98 %), 2,2’-dipyridyl (99 + %) 
and oxayl chloride (98 %) were obtained from Sigma-Aldrich. Pyridine (HPLC), 
dichloromethane (DCM, HPLC), methanol (MeOH, HPLC), triethylamine (TEA, 
P.A), hexane (Hex, P.A), ethyl acetate (EtOAc, P.A), toluene (HPLC), and 
dimethylformamide (DMF, HPLC) were purchased from Fisher. 4-
Dimethylaminopyridine (DMAP, 99 %), sodium hydrogensulfate (P.A), sodium 
bisulfate (tech granular), magnesium sulfate (99 %), benzylbromide (99 %), 18-crown-
6 (99 %), potassium hydroxide (P.A), dicyclohexylcarbimide (DCC, 99 %), Pd/C (10 
% on activated carbon) and 2,2-dimethoxypropane (98 %) was obtained from Acros. 
Diethylether (P.A), acetone (HPLC) and tetrahydrofuran (THF, anhydrous) were 
purchased from Labscan. Heptane (P.A), sodium chloride (P.A) and toluene-4-sulfonic 
acid monohydrate (PTSA, P.A) were obtained from Merck. The synthesis of benzyl 
protected bis-MPA was prepared according to the procedure developed by Hult et 
al.,78 the synthesis of acetonide-2,2-bis(methoxy) propanoic acid was conducted 
according to literature procedures,79 and the synthesis of acetonide-2,2-bis(methoxy) 
propanoic anhydride, which is used as a generic building block for divergent growth, 
is described elsewhere.73,75 
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4 Results and Discussion 
A more detailed description of the synthetic methods employed to achieve the 
dendritic porphyrins and the dendronized polymers are found in the respective papers. 

4.1 Synthesis of Dendritic Porphyrins 

4.1.1 Porphyrin Synthesis 
In order to investigate the effect of dendrimer decoration on the properties of a dye, 

a set of 5,10,15,20-tetrakis(4-hydroxyphenyl)-21H,-23H-porphine cored dendrimers 
was synthesized. This porphyrin was chosen because it has been used in other studies 
on dendrimer encapsulation and is commercially available. Two sets dendritic 
porphyrins were synthesized, one set consisting of the free-base porphyrin (TPPH2) 
and one set with zinc cored porphyrin (TPPZn). Initially, two less successful synthetic 
procedures were tested. 

The first one involved the coupling of preformed dendrons to the porphyrin core by 
a convergent methodology. This method worked well for the first and second 
generation dendrons but the purification procedures employed were tedious. With the 
third generation dendrons, only three out of the four phenolic groups could be reacted, 
probably due to steric congestion of the fourth phenolic group. 

An attempt to grow the dendrimers straight from the porphyrin core was also 
tested. This effort also failed due to the uncontrolled hydrolysis of the phenolic ester 
bond between the dendron and the core during the acidic deprotection of the acetonide 
group. 

Instead a propanol spacer was attached in the first synthetic step to the porphyrin 
by reacting the phenols with 3-bromo-1-propanol (Scheme 1). This was done in order 
to create a more hydrolytically stable ester bond. The bis-MPA based dendrimers were 
then grown in a divergent fashion by reacting the aliphatic hydroxyls with the 
acetonide protected anhydride of bis-MPA. The acetonide protective groups was 
removed by acidic deprotection with 2M H2SO4

80 to retrieve the hydroxyl functionality 
and further reacted with the anhydride building block. By this approach, dendrimers up 
to the fifth generation were obtained (Figure 7). 
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4.1.2 Characterization of the Dendritic Porphyrins 
The two sets of dendritic porphyrins were characterized using size exclusion 
chromatography (SEC). Table 1 depicts the molecular weights and polydispersities 
obtained. The observed molecular weights agree very well with the theoretical ones 
and the PDI are low for the dendritic porphyrins up to the fourth generation. For the 
two fifth generation dendrimers the PDI is somewhat higher, indicating small 
imperfections in their structures. These structural defects could arise from degradation 
or non-quantitative coupling in the last coupling step. Dendrimer synthesis utilizing 
the divergent methodology requires a larger number of reactions for each generation to 
occur. Therefore, it is more likely that defects are obtained when synthesizing high 
generation dendrimers compared to lower generation dendrimers. Additionally, the 
sterical crowding of the dendrimer surface will reduce the availability of the hydroxyl 
groups. 
 

Table 1. Characterization of the porphyrin-cored bis-MPA dendrimers. 

Compound 

Mw
a

(g/mol) 

Mn
b 

(g/mol) 

PDIb 

 

θc 

(ns) 

V  

(Å3) 

rd 

(Å)

Acetonide-G0-prop-TPPH2 911 700 1.04 0.41 3400 11 

Acetonide-G1-prop-TPPH2 1536 1100 1.03 0.57 4700 13 

Acetonide-G2-prop-TPPH2 2625 2600 1.02 0.9 7400 15 

Acetonide-G3-prop-TPPH2 4571 5500 1.01 1.53 12600 18 

Acetonide-G4-prop-TPPH2 9160 9800 1.00 2.33 19200 20 

Acetonide-G5-prop-TPPH2 17871 17100 1.07 4.16 34300 24 

Acetonide-G0-prop-TPPZn 974 500 1.05 0.42 3500 11 

Acetonide-G1-prop-TPPZn 1599 1400 1.03 0.57 4700 13 

Acetonide-G2-prop-TPPZn 2688 3200 1.02 0.84 6900 14 

Acetonide-G3-prop-TPPZn 4634 5600 1.01 1.23 10200 16 

Acetonide-G4-prop-TPPZn 9223 11100 1.00 1.96 16200 19 

Acetonide-G5-prop-TPPZn 17935 19400 1.11 3.47 28700 23 
a Theoretical molecular weight. b SEC with universal calibration. c Rotational 
correlation time from polarization anisotropy decay data. d Radius calculated assuming 
spherical symmetry. 
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Characterization of the dendritic porphyrins was also attempted using Matrix Assisted 
Desorption Ionization Time of Flight (MALDI-TOF). Good correlation between the 
theoretical molecular weight and the observed was obtained for the porphyrin 
dendrimers up to the second generation. At higher generations fragmentation started to 
occur, most probably due to the loss of acetonide groups. The fragmentation increased 
with increasing generation and for the fifth generation dendrimers only a broad peak 
was observed. The loss of the acetonide groups is most likely an effect of the acid 
matrixes employed. Similar fragmentation behavior for dendritic porphyrins has been 
reported by other groups.81 
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Figure 7. A fifth generation free base porphyrin cored dendrimer (Acetonide-G5-prop-

TPPH2). 
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To elucidate the structure of the dendritic porphyrins in solution (tetrahydrofuran), 
polarization anisotropy anisotropy decay data from fluorescence measurements where 
obtained. From the rotational correlation time, θ, and the Stokes-Einstein-Debye 
relationship 
 

TkV Bh /ηθ =        (1) 
 

where Vh is the hydrodynamic volume of the molecule, η is the viscosity of the solvent 
(THF, 0.49 cP),82,83 kB is the Boltzmann constant, T is the absolute temperature, the 
size of the dendritic porphyrins could be calculated. If one assumes a spherical 
geometry the radii of the dendrimers can be calculated (Table 1). Figure 8 displays the 
radius of the dendritic porphyrins as a function of generation. The radii of the 
molecules increase with increasing generation, and the radii of the zinc cored 
porphyrins are slightly larger than the free base porphyrins. This is probably an effect 
of the increased difficulty in measuring the rotational correlation times of the zinc 
cored porphyrins. The continuing increase in radii with higher generation of the 
molecules in Figure 7 suggests that the dendrimers has not reach a size where 
structural collapse occurs.20 

 
Figure 8. Hydrodynamic radius as a function of generation. 
 

If one compares the size of these dendritic porphyrins with porphyrins decorated 
with Fréchet-type dendrons (benzyl ether), the bis-MPA dendrimers of the same 
generation are smaller.20 In addition the results obtained show that the larger Fréchet-
type only collapses if one changes the substitution pattern of the porphyrin to a meso-
3,5 tetra aryl porphyrin.20 
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4.2 Dendronized polymers – Macromonomer Route  

4.2.1 Synthesis 
The macromonomers used in this study was synthesized according to Scheme 2. The 
anhydride of bis-MPA was used as generic building block for the divergent growth of 
the dendritic monomers. The first generation macromonomers (HEMA-G#1-Ac) was 
deprotected by stirring the monomer in methanol and acidic DOWEX resin79 
activating it for further dendron growth. The coupling/deprotection reactions proved to 
be high yielding, facilitating monomer synthesis on a large scale. To avoid 
spontaneous polymerization the macromonomers was stored at low temperature with 
trace amounts of hydroquinone present. 

O
O

OH

O

O

O
O

O

O

O

O
O

O

O O

O

O
O

O

OH OH

O

O
O

O

O O

O

OO

O

O O

O

DMAP MeOH Pyridine

DOWEX

DMAP

 Pyridine

HEMA

HEMA-G#1-Ac HEMA-G#1-OH

HEMA-G#2-Ac  
Scheme 2. Synthesis of HEMA-G#1-Ac, HEMA-G#1-OH, HEMA-G#2-Ac. 
 

In the first attempt to polymerize HEMA-G#1-Ac, Cu(I)Br and 2,2'-dipyridyl was 
used as halogen ligand system. This system is one of the most used halogen/ligand 
system for ATRP,26 but rendered polymers with polydispersities in the range of 1.3-1.5 
(entries 1-5 in Table 2). To achieve a more controlled polymerization, a system 
utilizing Cu(I)Br, Cu(II)Br2, and N-propyl-2-pyridylmethanamine was developed 
(Scheme 3). The Cu(II)Br2 serves as deactivator for the polymerization, lowering the 
concentration of propagating radicals, hence suppressing side-reactions. N-propyl-2-
pyridylmethanamine has been reported as versatile and efficient ligand for ATRP of 
methylmethacrylates.33 This system of Cu(I)Br, Cu(II)Br2, and N-propyl-2-
pyridylmethanamine resulted in polymers with considerably lower PDI (1.03-1.23), 
and the results are summarized in Table 2 (entries 6-8 in Table 2). The molecular 
weights of the polymers obtained by this system agree fairly well with the theoretical 
ones, and further discussion about the molecular weights obtained for the different 
polymerizations is given in Section 4.2.2. 
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An investigation of the polymerization kinetics for the first generation 
macromonomer revealed that the polymerization follows first-order kinetics for low 
conversions. Figure 9 depicts the kinetic plot for the polymerization of HEMA-G#1-
Ac with the system, ethyl-2 bromoisobutyrate (EBiB) Cu(I)Br, Cu(II)Br2 and N-
propyl-2-pyridylmethanamine. As seen in Figure 9 the reaction rate is lower for the 
Cu(I)Br, Cu(II)Br2, N-propyl-2-pyridylmethanamine system, compared to the system 
utilizing Cu(I)Br and 2,2'-dipyridyl, but the N-propyl-2-pyridylmethanamine system is 
more linear. 
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Figure 9. First order kinetic plots showing ln[M]0/[M] vs. time for, (∆) HEMA-G#1-
Ac [M]:[I]:[Cu(I)]:[Cu(II)]:[Lig] = 25:1:1:0.1:2, and (●) HEMA-G#1-Ac 
[M]:[I]:[Cu(I)]:[Cu(II)]:[Lig] = 25:1:1:-:2. 
 

In the case of the HEMA-G#2-Ac the polymerization was not possible to conduct 
in bulk because of the high viscosity of the monomer. Schlüter et al.48 have suggested 
that radical polymerization of viscous macromonomers is difficult if the monomer 
concentration is below 45 % (w/w), and therefore the polymerization was conducted in 
50 % (w/w) of toluene to monomer (Scheme 3). The polymerization of HEMA-G#2-
Ac was mediated with the same system developed for HEMA-G#1-Ac and resulted in 
a polymer with slightly higher PDI (entry 9 in Table 2). 

A kinetic investigation of the polymerization of HEMA-G#2-Ac was also 
conducted. Figure 10 display the polymerization utilizing EBiB, Cu(I)Br, Cu(II)Br2, 
N-propyl-2-pyridylmethanamine, and toluene, in the ratio, 
[M]:[I]:[Cu(I)]:[Cu(II)]:[Lig]:[Tol] = 25:1:1:0.1:2:25. The kinetics deviate slightly 
from linearity, which is thought to be a result of initial termination reactions, or an 
inefficient initiation. The molecular weight of the polymer is reported in Table 2, 
where it can be seen that the obtained molecular weight is considerably lower than the 
theoretical value. Further discussion about the molecular weights obtained for the 
polymerization is given in Section 4.2.2. 
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Figure 10. First order kinetic plots showing ln[M]0/[M] vs. time for, HEMA-G#2-Ac 
[M]:[I]:[Cu(I)]:[Cu(II)]:[Lig]:[Tol] = 25:1:1:0.1:2:25. 
 

Scheme 4 depicts the synthetic route utilized to obtain dendronized tri-block 
copolymers. By first polymerizing methyl methacrylate by ATRP from a difunctional 
initiator and further using it as a macroinitiator for the polymerization of the first 
generation monomer, a dendronized tri-block copolymer was synthesized in two 
steps.84 The methyl methacrylate was polymerized by ATRP utilizing Cu(I)Br, 
Cu(II)Br2, and 2,2'-dipyridyl as a halogen/ligand system. The reaction was terminated 
by adding a saturated solution of Cu(II)Br2 suspended in toluene, to ensure bromine 
functionalized end-groups. The macroinitiator had a molecular weight of 7900 g mol-1 
and a PDI of 1.27 (entry 10 in Table 2). HEMA-G#1-Ac was then polymerized from 
the macroinitiator, utilizing Cu(I)Br, Cu(II)Br2, and 2,2'-dipyridyl as halogen/ligand 
system. This system was chosen because of the higher reaction rate compared to the 
N-propyl-2-pyridylmethanamine system. The resulting tri-block dendronized polymer 
had a molecular weight of 36000 g mol-1, slightly higher than the theoretical value of 
30800 g mol-1 and with a PDI of 1.21 indicating good control of the polymerization 
(entry 11 in Table 2). 
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4.2.2 Characterization by Size Exclusion Chromatography 
The size exclusion chromatography results for the polymers obtained by ATRP of the 
macromonomers are presented in Table 2. The data was obtained from a THF-SEC 
utilizing both conventional and universal calibration. In the case of universal 
calibration, the apparatus is calibrated using both narrow and broad polystyrene 
standards, and gives a more accurate molecular weight determination compared to 
conventional calibration (calibration against linear standards).76 It known that 
conventional calibration underestimates the molecular weights of branched polymers 
such as dendrimers.85 However, the universal calibration method requires a known 
concentration of polymers so it can only be employed when analyzing worked-up 
polymers since the reaction mixture contains a mixture of monomer and solvent. In 
Table 2 it can also been seen that the results obtained by conventional calibration 
underestimates the molecular weight of the dendronized polymers. This is effect is 
attributed to higher molar mass per length unit for dendronized polymers compared to 
the linear standards. However, the more compact rigid structure of the polymer chain 
at higher generations results in higher hydrodynamic volume, which in turn results in 
an overestimation of the molecular weight.35 Therefore, molecular weight 
determination of dendronized polymers using conventional calibration should be 
interpreted with care.  

In the case of the kinetic investigations of the first and second generation 
monomers, a conventional calibration method was used. As seen in Table 2, the 
polydispersities obtained in the initial attempts to polymerize the first generation 
monomer are broad (entries 1-2 Table 2) and the molecular weights obtained are much 
higher than the theoretical. This indicates that either a significant amount of 
termination occurs, or that the initiation is poor. By lowering the polymerization 
temperature from 90 °C to 60 °C the PDI of the resulting polymers were lower (entries 
3-5 Table 2), but the obtained molecular weights still deviate significantly from the 
theoretical ones. By changing the ligand from 2,2'-dipyridyl to N-propyl-2-
pyridylmethanamine, and adding Cu(II)Br2 as deactivator, polymers with much lower 
polydispersities, and molecular weights closer to the theoretical (entries 6-8 Table 2) 
were obtained. 
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Table 2. Summary of SEC results for the polymerizations. 

Polymerization [M]:[I]:[Lig]:[Cu(I)]:[Cu(II)]:[Sol] Monomer Mn aim

(g/mol) 

Mn
a

(g/mol) 

Mn
b 

(g/mol) 

PDIa PDIb

1 [50]:[1]:[2]:[1]:[-]:[50]c, f HEMA-G#1-Ac 28800     63920 - 1,52 -

2 [100]:[1]:[2]:[1]:[-]:[50]c, f HEMA-G#1-Ac 28800     67600 - 1.79 -

3 [50]:[1]:[2]:[1]:[-]:[50]c, e HEMA-G#1-Ac 14500     - 6300 - 1.30

4 [50]:[1]:[2]:[1]:[0.1]:[50]c, e HEMA-G#1-Ac 14500     23440 - 1,46 -

5 [50]:[1]:[2]:[1]:[0.1]:[50]c, e HEMA-G#1-Ac 14500     23700 - 1,49 -

6 [50]:[1]:[2]:[1]:[0.1]:[-]d, e HEMA-G#1-Ac 14500     11700 - 1.17 -

7 [25]:[1]:[2]:[1]:[0.1]:[-]d, e HEMA-G#1-Ac 7300     13300 - 1.23 -

8 [50]:[1]:[2]:[1]:[0.1]:[-]d, e HEMA-G#1-Ac 14500     18200 6800 1.03 1.09

9 [25]:[1]:[2]:[1]:[0.1]:[-]d, e HEMA-G#2-Ac 14200     - 6200 - 1.20

10 [25]:[1]:[2]:[1]:[0.1]:[-]c, f MMA 5400     7900 - 1.27

11 [40]:[1]:[2]:[1]:[0.1]:[40] (each side)c, e HEMA-G#1-Ac 30800     36000 - 1.21

a Mn obtained by SEC using universal calibration (UC) in THF. b Mn obtained by SEC using conventional calibration (CC) in THF. c 
2,2'-dipyridyl. d N-propyl-2-pyridylmethanamine. e 60 °C. f 90 °C.
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4.3 Dendronized Polymers – ‘Graft-onto’ Route 

4.3.1 Acetonide, Acetate and Hydroxyl Functional Dendronized Polymers 
The ‘graft-onto’ route for attaining dendronized polymers was also explored in this 
work. First a large amount of the first generation dendronized polymer was prepared 
utilizing the N-propyl-2-pyridylmethanamine, Cu(I)Br, and Cu(II)Br2 system 
previously developed. The acetonide groups of this polymer were then removed by 
stirring in a solution of acidic DOWEX resin79 suspended MeOH and THF at 50 °C 
(Scheme 5). The product, p-HEMA-G#1-OH was further purified by precipitating the 
crude polymer from THF in hexane. The second generation acetonide protected 
polymer p-HEMA-G#2-Ac was then synthesized by reacting the OH groups of p-
HEMA-G#1-OH with the acetonide protected anhydride of bis-MPA according to the 
procedure outlined by Fréchet et al.56,70 The coupling was conducted in a mixture of 
pyridine and DMF70 utilizing a large excess of coupling agents. Earlier reports of 
esterfication of dendronized polymers by using the benzylidene protected anhydride of 
bis-MPA have suggested the availability of the OH groups is increased if DMF is 
employed. In our initial attempts of obtaining dendronized polymers by using the 
acetonide protected anhydride of bis-MPA we observed the same. The coupling 
reactions were allowed to proceed for a long time (60-100 h), after which the 
conversion of the OH groups was verified by NMR. The excess acetonide protected 
anhydride of bis-MPA was removed according to procedures outlined in previous 
publications.65,70,75 The crude product was purified by precipitation in MeOH from 
CH2Cl2. By employing the same methodology dendronized polymers up to the fourth 
generation with acetonide protective groups and hydroxyl groups were produced. 
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Scheme 5. Divergent growth of dendronized polymers. 
 

Set of dendronized polymers with acetate end-groups was accomplished following 
a similar procedure as for the acetonide functional materials (Scheme 5). The hydroxyl 
functional polymer was dissolved in a mixture of DMF and pyridine and reacted with 
acetic anhydride in a DMAP catalyzed esterfication. The crude product was purified 
by extraction and precipitation in hexane from CH2Cl2. 
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4.3.2 Aliphatic Hexadecyl Functional Dendronized Polymers 
In an effort to further tailor the functionality of end-groups of the dendronized 
polymers aliphatic hexadecyl chains was introduced. Scheme 6 depicts the synthetic 
route employed. 
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Scheme 6. C16 modification of the dendronized polymers. 
 

First benzylidene protected bis-MPA was reacted with palmioylchloride. The 
protective group of the aliphatic functionalized bis-MPA was then removed in order to 
retrieve the carboxylic acid functionality.86 The carboxylic acid functionality was then 
transformed to an acid chloride by reacting it with oxayl chloride in a similar manner 
outlined by Hult et al.78 The coupling agent was then reacted with the hydroxyl 
functional dendronized polymer a mixture of DMF, triethylamine, and pyridine to give 
the hexadecyl functional polymer. As in the case of the other coupling reactions, the 
reaction was allowed to proceed for a long time (80-100 h), and excess coupling agent 
was quenched by stirring with water. The crude product was purified by repeated 
extractions and finally precipitated in warm (40 °C) MeOH from CH2Cl2. By this 
approach dendronized polymers of generation two, three, and four with aliphatic 
hexadecyl functionality was obtained.  
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4.3.3 Characterization by Size Exclusion Chromatography 
Size exclusion chromatography of the divergently grown dendronized polymers were 
performed on a THF-SEC, a DMF-SEC, a H2O-SEC, and the results are summarized 
in Table 3. The acetonide functional dendronized polymers increase in molecular 
weight for each coupling step while the polydispersity remained low. The molecular 
weight determined agrees well with the theoretical ones for p-HEMA-G#2-Ac, but 
deviate more for the higher generation dendronized polymers. Similarly, the PDI of the 
acetate functionalized dendronized polymers remained low for each coupling. The 
molecular weight obtained agrees well with the theoretical value for p-HEMA-G#2-
Acetate, but deviates more for the higher generation polymers. For the hexadecyl 
functional materials the polydispersity remains low for all materials synthesized. 
However the molecular weight obtained deviates significantly from the theoretical. 
This could be an effect of the unusual architecture of these polymers. The hydroxyl 
functional polymers aggregated in DMF, resulting in an uncertain molecular weight 
determination. Therefore a H2O-SEC with a multi angle laser light scattering detector 
(MALLS) was used instead. In the H2O-SEC analysis, the molecular weights were 
calculated assuming the same dn/dc value as obtained for the acetonide functional 
dendronized polymers in THF. This will of course limit the results to a qualitative 
determination of the molecular weight of these samples. Despite the lack of absolute 
values, the results indicate that the molecular weight roughly doubles per generation 
while the polydispersity remains low. However, the polydispersity for p-HEMA-G#4-
OH is higher compared to the lower generation samples. This could be an effect of p-
HEMA-G#4-OH interacting more strongly with the columns, or the presence of some 
structural defects. Unfortunately the hydrodynamic volume of the p-HEMA-G#1-OH 
is too low for detection in the SEC-MALLS setup used, so no data on molecular 
weight and PDI could be obtained. 
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Table 3. Summary of SEC results for the divergently grown dendronized polymers. 

Compound Mncalc Mn 
SECa

Mn 
SECb

Mn 
SECc

PDIa PDIb PDIc

p-HEMA-G#1-Ac        - 13200 8500 - 1.23 1.24 -
p-HEMA-G#1-OH       11400 - - - -
p-HEMA-G#2-Ac        25700 25500 10000 - 1.16 1.18 -
p-HEMA-G#2-OH       22000 - - 44900 - - 1.07

p-HEMA-G#2-Acetate        29700 30800 10700 - 1.16 1.17 -
p-HEMA-G#2-C16        65500 98800 25300 - 1.14 1.14 -
p-HEMA-G#3-Ac        50500 60900 16700 - 1.08 1.11 -
p-HEMA-G#3-OH       43200 - - 99600 - - 1.11

p-HEMA-G#3-Acetate        58600 76700 17700 - 1.07 1.11 -
p-HEMA-G#3-C16       130300 131200 25000 - 1.10 1.10 -
p-HEMA-G#4-Ac       100300 134600 24300 - 1.05 1.08 -
p-HEMA-G#4-OH      85600 - - 225900 - - 1.31

p-HEMA-G#4-Acetate       116300 148000 27700 - 1.17 1.16 -
p-HEMA-G#4-C16       259600 227200 37300 - 1.23 1.16 -

a Mn obtained by SEC using universal calibration (UC) in THF. b Mn obtained by SEC using conventional calibration (CC) in THF. c 
Mn obtained by SEC-MALLS in H2O (0.1 M NaNO3), dn/dc (THF 333.15 K); p-HEMA-G#2-Ac 0.061 g/ml, p-HEMA-G#3-Ac 
0.057, p-HEMA-G#4-Ac 0.054 
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4.4 Bulk Properties of the Dendronized Polymers 

4.4.1 Differential Scanning Calorimery 
The acetonide, hydroxyl and hexadecyl functional dendronized polymers were 
analyzed by differential scanning calorimetry (DSC). Figure 10 depicts the DSC trace 
for the set of acetonide functional dendronized polymers. The glass transition 
temperature (Tg) values are reported as the inflexion point of the transition and are 
listed in Table 4. Similarly to an other study on dendronized polymers, the glass 
transition temperature increases with increasing size of the pendant dendrons, however 
less pronounced in this study.36 The glass transition temperature of the acetonide 
functional materials are similar to values reported for bis-MPA dendrimers.87 

 
Figure 10. DSC traces for the acetonide capped samples. p-HEMA-G#2-Ac ( ), p-
HEMA-G#3-Ac ( ), p-HEMA-G#4-Ac ( ). 

The hydroxyl functional dendronized polymers show a similar increase in glass 
transition temperature as the acetonide capped sample set but more pronounced 
(Figure 11). The change in polarity of the end-groups upon going from acetonide to 
hydroxyl functionality is reflected in the glass transition temperature. The hydroxyl 
functional materials have a Tg approximately 12 to 15 °C higher than the acetonide 
functional set. 
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Figure 11. DSC traces for the hydroxyl capped samples. p-HEMA-G#2-OH ( ), p-
HEMA-G#3-OH ( ), p-HEMA-G#4-OH ( ). 

In the case of the set of dendronized polymers capped with hexadecyl chains, no 
glass transition was detected (Figure 12). Instead these materials displayed 
crystallization (Tc) and melting (Tm) peaks (listed in Table 4). The values for Tm and 
Tc data are similar to data reported by Wang et al.88 for branched polyethylenimines 
with hexadecyl side-chains and Hult et al.87 for bis-MPA based dendrimers with 
hexadecyl chains.  
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Figure 12. DSC traces for the hexadecyl capped samples. Open symbols cooling, 
filled symbols heating. p-HEMA-G#2-Ac ( , ), p-HEMA-G#3-Ac ( ,▲), p-
HEMA-G#4-Ac ( , ). 

By integration of the melting peak and normalizing it to sample size, ∆Hm for the 
different samples was obtained. Since these dendronized polymers are symmetric, the 
molar ratio of end-groups to dendritic segments are essentially constant upon 
increasing the generation. Therefore, a change in ∆Hm upon increasing the size of the 
pendant dendrons should reflect a change in crystallization ability of the end-groups. 
In Table 4 it can be seen that ∆Hm decreases with increasing generation. This suggests 
that the crystallization ability of the end-groups is reduced for larger dendrons. 
Flexible backbones allow for more efficient packing of side chains and promote 
crystallinity,88 but since it has been shown that the attachment of larger dendrons to the 
backbone of a polymer will reduce its flexibility,72 it is hypothesized that the reduced 
flexibility of the backbone results in a lowering of the ∆Hm. 
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Table 4. Summary of DSC results. 

Compound 
Tg 

[°C] 

Tc 

[°C] 

Tm 

[°C] 

∆Hm 

[J/g] 

p-HEMA-G#2-Ac 25.8 - - - 

p-HEMA-G#3-Ac 26.5 - - - 

p-HEMA-G#4-Ac 28.8 - - - 

p-HEMA-G#2-OH 38.0 - - - 

p-HEMA-G#3-OH 40.1 - - - 

p-HEMA-G#4-OH 43.8 - - - 

p-HEMA-G#2-C16 - 20.2 27.1 53.9 

p-HEMA-G#3-C16 - 19.3 29.3 48.5 

p-HEMA-G#4-C16 - 22.2 27.9 38.3 

 

4.4.2 Rheological Characterization 
Dynamic mechanical measurements on dendronized polymers have been reported in 
the literature.36 However, since the mechanical properties of this kind of polymers 
mainly depend on two characteristics, the backbone length and dendron size, such 
investigations are complicated if the samples have wide polydispersities and different 
degrees of polymerization.36 In the case of dendronized polymers prepared by a 
combination of controlled polymerization techniques and the divergent ‘graft-to’ 
approach the materials obtained have the same backbone. This allows for a less 
complicated investigation of their generational and end-group dependent material 
properties to be conducted. 

The set of dendronized polymers was studied by rheology. Figure 13 displays the 
frequency dependence of the complex viscosity for the acetonide capped samples. As 
seen in the figure p-HEMA-G#2-Ac is Newtonian behavior at low frequencies and 
shows a slight shear thinning behavior at higher frequencies. Upon increasing the size 
of pendant dendrons, the complex viscosity increases by approximately an order of 
magnitude at low frequencies and the shear thinning behavior starts at lower 
frequencies. In the case of p-HEMA-G#4-Ac, the complex viscosity at the lowest 
frequency tested increases by approximately 2.5 orders of magnitude and the sample is 
shear thinning over the frequency region tested. Dendronized polymers with 
isocyanate backbones have been reported having a similar initial Newtonian behavior 
that changes to shear thinning at higher frequencies.89 
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Figure 13. Complex viscosity as function of frequency for dendronized polymers with 
acetonide end-groups. Data collected at 80 °C. p-HEMA-G#2-Ac ( ), p-HEMA-G#3-
Ac ( ), p-HEMA-G#4-Ac ( ). 

Figure 14 depicts the rheological investigation of the hydroxyl functional samples. 
These materials show the same frequency dependence of the complex viscosity as the 
acetonide functional materials. The difference being that the Newtonian behavior for 
the p-HEMA-G#2-OH and p-HEMA-G#3-OH extends for a shorter frequency range. 
The increase in complex viscosity as a function of generation is also similar to the 
acetonide materials. 
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Figure 14. Complex viscosity as function of frequency for dendronized polymers with 
hydroxyl end-groups. Data collected at 80 °C. p-HEMA-G#2-OH ( ), p-HEMA-G#3-
OH ( ), p-HEMA-G#4-OH ( ). 

The dendronized polymers capped with hexadecyl chains were investigated in the 
same manner as the previous sample set. However, the low viscosity of the materials at 
temperatures above Tm required that the frequency sweeps were conducted at a lower 
temperature compared to the previous measurements. Figure 15 depicts the complex 
viscosity as a function of frequency for the hexadecyl functional materials. The 
complex viscosity followed the same trend as the acetonide and hydroxyl functional 
materials. The complex viscosity at the lowest frequency tested increases for each 
generation and same the Newtonian to shear-thinning transition is observed. 



Results and Discussion 

 35

 

Figure 15. Complex viscosity as function of frequency for dendronized polymers with 
aliphatic hexadecyl end-groups. Data collected at 40 °C. p-HEMA-G#2-C16( ), p-
HEMA-G#3-C16 ( ), p-HEMA-G#4-C16 ( ). 

It is proposed that the gradual change from Newtonian to shear thinning behavior 
upon increasing the size of the dendrons could be an effect of the backbone changing 
conformation form a random coil towards a more stretched rod-like conformation. 
This change in behavior is visible for all sample tested, suggesting that the end-groups 
of the dendronized polymers determines the level of the complex viscosity and the 
generation the behavior as a function of frequency (Figure 16). The hydroxyl 
functional materials have the highest complex viscosity of the series, most likely due 
to hydrogen bonding in the material. The hexadecyl capped samples were tested above 
the crystalline melting point of the material, which results in the samples having the 
lowest complex viscosity of the series. The acetonide capped dendronized polymers 
does not form hydrogen bonding and therefore the complex viscosity of these 
materials is lower than the hydroxyl functional materials. For each increase in 
generation of the dendronized polymers, the complex viscosity at the lowest frequency 
is increased. This increase is more pronounced when going form the third to fourth 
generation. 
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Figure 16. Complex viscosity as function of frequency for dendronized polymers of 
the fourth generation. p-HEMA-G#4-Ac ( ), p-HEMA-G#4-OH ( ), p-HEMA-G#4-
C16 ( ). 

4.4.3 1H-NMR Diffusion and Relaxation studies 
The dendronized polymers capped with acetonide end-groups were also characterized 
by 1H longitudinal relaxation and pulsed field-gradient spin-echo (PGSE) NMR, with 
results summarized in Table 5. Both relaxation and PGSE NMR’s have previously 
proven useful for the characterization of many different polymer systems, and bis-
MPA based dendrimers.78 The data in Table 5 were first fitted to a globular model 
using the Debye-Stokes-Einstein relation (Eq 1), however the result obtained suggest 
that the geometry of these polymers in solution is not globular. Instead, a better fit was 
obtained by Kirkwood’s model for translational diffusion (D) of rod-like objects90,91 

 [ln( / ) ]
3

Bk T L bD
L

γ
πη

−
= ,   (2) 

where kB is the Boltzmann constant, T the absolute temperature, η the viscosity of the 
solvent (DSMO-d6, η (20 °C) = 2.14 cP), γ ≈ 0.3, while L and b are the rod length and 
diameter, respectively. In the same model, the rotational diffusion coefficient (Drot) is  

 3

3 [ln( / )B
rot

k T L bD
L

]γ
πη

−
= .   (3) 

Modeling the polymer as a prolate ellipsoid and calculating its translational and 
rotational diffusion within the Perrin model92,93 also resulted in a better fit. The results 
obtained by either the Kirkwood or Perrin models suggest that these polymers adopt a 
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more rod-like conformation in solution as opposed to a random coil. A more elaborate 
discussion about the results is given in paper 3. 
 
Table 5. 1H-NMR self-diffusion and longitudinal relaxation data for the acetonide 
functional dendronized polymers dissolved in DMSO-d6. 
Generation  Mncalc

 
RG  
[Å]a

D  
[10-11m2/s] 

T1  
[ms]b

b 
[Å]c

p-HEMA-G#2-Ac 25700 33.9 4.08 409 10 
p-HEMA-G#3-Ac  50500 44.4 3.15 491 16 
p-HEMA-G#4-Ac 100300 54.4 2.91 586 18 
a Obtained by SEC using universal calibration in THF, see Table 1. b For the backbone 
protons. c Diameter b of the rod-like polymer entity of 100 Å assumed length, obtained 
from the diffusion data evaluated within the Kirkwood model. 
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5 Conclusions 
This work demonstrates that the properties of polymeric materials can be tailored by 
utilizing the dendritic architecture, and that structure/properties relationship is 
important if more advanced materials and applications are to be developed.  
By attaching a spacer between the dendron and the porphyrin ring, two sets of 
dendritic porphyrins (up to the fifth generation) could be grown. Without this aliphatic 
spacer, divergently grown porphyrins were not attainable due to the hydrolytical 
instability of the phenolic ester bond. A convergent approach was also unsuccessful 
for higher generation dendrimers, most likely due to steric shielding of the phenol. In 
comparison to the Fréchet-type benzyl ether dendritic porphyrins, the bis-MPA based 
porphyrins have lower hydrodynamic volume in THF. In addition, no structural 
collapse was observed. 

Functional macromonomers grown by the divergent approach utilizing the 
acetonide protected anhydride as generic esterfication reagent are attainable on a large 
scale. These methacrylate functional monomers can be polymerized in a controlled 
fashion using atom transfer radical polymerization. Utilizing N-propyl-2-
pyridylmethanamine opposed to 2,2’-dipyridyl as a ligand resulted in polymers with 
considerable lower polydispersities. Combining these polymers with the divergent 
‘graft-to’ approach proved to be a versatile route to obtaining well-defined 
dendronized polymers with tailored end-group functionalities.  

The investigation of the bulk properties of these materials revealed that the glass 
transition increase with increasing size of the pendant dendrons. When changing the 
functionality of the end-groups to more polar hydroxyls, the level of the glass 
transition increases significantly. For the materials capped with aliphatic hexadecyl 
chains no glass transition was observed. These samples were able to crystallize and the 
level of crystallinity decreases with increasing generation of the dendronized polymer. 
We suggest that this decrease in crystallinity is a result of reduced backbone 
flexibility. 

The dynamic mechanical measurements revealed that the complex viscosity 
increased for increasing generation of the dendrons independently of the functionality. 
The more polar hydroxyl functional dendronized polymers exhibited the highest 
complex viscosity of all the samples investigated. Independently of functionality, the 
second and third generation samples are Newtonian in their behavior up to a limit in 
frequency where they become shear thinning, and the fourth generation samples only 
showed shear thinning. We hypothesize that this gradual change from Newtonian to 
shear-thinning behavior is a result of the conformation changing from a random coil to 
more stretched rod-like conformation. 
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1H-NMR self-diffusion measurements on the acetonide functional sample set show 
that the shape of the polymers in solution is most accurately described by a rod-like or 
prolonged ellipsoid model. 
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6 Future Work 
This work has shown that the dendritic architecture offers the potential to create 
materials with tailored mechanical and/or optical properties. However, the effect of 
backbone type and backbone architecture has not yet been studied. The future work 
could therefore be divided into three major parts. 

First, the effect of attaching dendrons to more rigid backbones such as 
polythiophenes should be investigated. Since these kinds of polymers have very 
different properties compared to poly (methyl methacrylate) backbones, interesting 
mechanical and optical effects should thereby be observed. 

Second, more advanced architectures such as dendronized tri-block copolymers 
(both with dendronized outer blocks or middle block) should be investigated. 

Third, if these novel dendritic materials are to be used in industrial applications 
more versatile synthetic procedures that work in large scale must be developed. One 
possible solution to this would be to synthesize hyperbranched monomers, and 
polymerizing them by standard free radical polymerization. This would create a 
hyperbranched dendronized polymer with less well defined architecture but attainable 
in larger scale. 
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