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ABSTRACT
The need for new improved materials in cutting edge applications is
constantly inspiring researchers to developing novel advanced macromolecular
structures. A research area within advanced and complex macromolecular
structures is dendrimers and their synthesis. Dendrimers consist of highly dense
and branched structures that have promising properties suitable for biomedical
and electrical applications and as templating materials. Dendrimers provide full
control over the structure and property relationship since they are synthesized
with unprecedented control over each reaction step. In this doctoral thesis, new
methodologies for dendrimer synthesis are based on the concept of click
chemistry in combination with traditional chemical reactions for dendrimer
synthesis.
This thesis discusses an accelerated growth approach, dendrimers with internal
functionality, concurrent reactions and their applications.
An accelerated growth approach for dendrimers was developed based on
AB2‐ and CD2‐monomers. These allow dendritic growth without the use of
activation or deprotection of the peripheral end‐groups. This was achieved by
combining the chemoselective nature of click chemistry and traditional acid
chloride reactions.
Dendrimers with internal azide/alkyne functionality were prepared by
adding AB2C monomers to a multifunctional core. Dendritic growth was obtained
by employing carbodiimide mediated chemistry. The monomers carry a pendant
C‐functionality (alkyne or azide) that remains available in the dendritic interior
resulting in dendrimers with internal and peripheral functionalities.
The orthogonal nature of click chemistry was utilized for the
simultaneous assembly of monomers into dendritic structures. Traditional
anhydride chemistry and click chemistry were carried out concurrently to obtain
dendritic structures. This procedure allows synthesis of dendritic structures using
fewer purification steps.
Thermal analyses on selected dendrimers were carried out to verify their
use as templates for the formation of honeycomb membranes. Additionally, a
light emitting dendrimer was prepared by coupling of azide functional dendrons
to an alkyne functional cyclen core. A Europium ion was incorporated into the
dendrimer core, and photophysical measurements on the metal containing
dendrimer revealed that the formed triazole linkage possesses a sensitizing effect.

SAMMANFATTNING
Förfrågan efter nya och mer avancerade applikationer är en pågående
process vilket leder till en konstant utveckling av nya material. För att förstå
relationen mellan en applikations egenskaper och dess sammansättning krävs full
förståelse och kontroll över materialets uppbyggnad. En sådan kontroll över
uppbyggnaden hos material hittas i en undergrupp till dendritiska polymerer
som kallas dendrimerer. I den här doktorsavhandlingen belyses nya metoder för
att framställa dendrimer med hjälp av selektiva kemiska reaktioner. Sådana
selektiva reaktioner kan hittas inom konceptet klickkemi och har i detta arbete
kombinerats med traditionell anhydrid‐ och karbodiimidmedierad kemi.
Denna avhandling diskuterar en accelererad tillväxtmetod, dendrimerer
med inre och yttre reaktiva grupper, simultana reaktioner och applikationer
baserade på dessa dendritiska material.
En accelererad tillväxtmetod har utvecklats baserad på AB2‐ och CD2‐
monomerer. Dessa monomerer tillåter tillväxt av dendrimerer utan att använda
sig av skyddsgruppkemi eller aktivering av ändgrupper. Detta gjordes genom att
kombinera kemoselektiviteten hos klickkemi tillsammans med traditionell
syraklorid kopplingar.
Dendrimerer med inre alkyn‐ eller azidfunktionalitet syntetiserades
genom att använda AB2C‐monomerer. Den dendritiska tillväxten skedde med
hjälp av karbodiimidmedierad kemi. Monomererna som användes bär på en C‐
funktionalitet, alkyn eller azid, och på så sätt byggs får interiören i de
syntetiserade dendrimeren en inneburen aktiv funktionell grupp.
Ortogonaliteten hos klickkemi användes för att sammanfoga monomerer
till en dendritisk struktur. Traditionell anhydridkemi‐ och klickemireaktioner
utfördes samtidigt och på så sätt kunde dendritiska strukturer erhållas med färre
antal uppreningssteg.
En ljusemitterande dendrimer syntetiserades genom att koppla
azidfunktionella dendroner till en alkynfunktionell cyclenkärna. Europiumjoner
inkorporerades i kärnan varpå dendrimerens fotofysiska egenskaper
analyserades. Mätningarna visade att den bildade triazolen hade en
sensibiliserande effekt på europiumjonen. Termiska studier på några av de
syntetiserade dendrimerer utfördes för att se om några av dem kunde fungera
som templat vid framställning av isoporösa filmer.
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Purpose of the Study

1 PURPOSE OF THE STUDY
The constant demand for new improved material properties in
applications such as electronics and medicine, inspires researchers to developing
new strategies for preparing these cutting edge materials in a more robust and
efficient way. The unprecedented control over the preparation of these structures
is necessary for complete understanding of the relationship between structure
and property. Such control over synthesis and structure can be found in a
subgroup to the family of dendritic polymers, namely dendrimers. However,
these highly regular macromolecular structures are time consuming and costly to
prepare. Therefore, more robust synthetic protocols are needed to make these
highly desirable macromolecular structures more commercially available.
The purpose of this study was to explore new strategies for the synthesis
of dendritic structures. The goal was to find new strategies that improve the
synthesis of dendritic structures in terms of minimizing the reaction and
purification steps. Another goal was to prepare dendrimers with an active
interior that is available for post‐modification reactions.
The concept of click chemistry was chosen as one of the key chemical
systems for the fabrication of these novel dendritic structures. It was predicted
that its robustness and tolerance to a wide range of competing chemical reactions
and solvents were to be important in the design of these novel dendritic structure.
There is no arguing that the interest for dendrimers is steadily increasing.
In 1997, there were roughly 500 scientific contributions discussing the concept of
dendrimers. A decade later there are about 2000 contributions every year and still
increasing. Today, totally there are more than 15.000 citations and more than
1.500 patents involving the concept of dendrimers.
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2 INTRODUCTION
2.1

POLYMERS

Polymeric materials have existed on earth since the youth of our planet.
As a matter of fact, life itself would not be possible if these macromolecular
structures did not exist. DNA, polysaccharides and proteins are all polymers that
are crucial for the existence of life as we know it to exist. However, synthetic
polymers, or plastics, were first discovered in the middle of the 19th century and
commercialized in the early 20th century with trademarks such as Celluloid
(cellulose nitrate) and Bakelite (Phenol formaldehyde resin). Later, in 1939
DuPont introduced Nylon (PA 66) due to lack of the natural resource silk.1, 2
Nylon became a global sensation, paving the way for synthetic polymers, and
was later used to fabricate stretchable socks. It became evident that synthetic
materials were here to stay. In the early days, polymeric materials were fairly
simple but they satisfied the required demands of that time. However, as our
society evolved new demands rose which lead to the fabrication of more
sophisticated plastic materials. Today, intelligent polymers can be found
everywhere; e.g. in computers, televisions, cars, contact lenses, clothes and in
medical applications.3‐5
Polymers consist of smaller units called mers or monomers (mer is greek for
unit), when connected together polymers are formed (poly is greek for many).
Therefore, polymer simply means many units. By arranging the monomers
differently to each other, different architectures and properties can be obtained,
Figure 1. Most of the polymers that are used in the industry have linear or
branched architectures; however, blocks, combs, stars and perfectly branched
structures such as dendrimers are commonly used in fundamental research
because of their well defined properties.1, 2
The property of a polymer does not only depend on the architecture but
also on the monomer composition. Therefore, by tailoring the chemical
composition of the monomer and the arrangement of them differently, new
polymeric materials can be prepared with a variety of unique features including
magnetic, responsive, thermal, luminescent or conductive properties.
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Figure 1. Polymer architectures.

2.1.1

Dendrimers

Dendritic polymers1 constitute a family of polymers that are highly
branched and possess dense macromolecular structures. The dense architecture of
these polymers originates from the monomer composition and their arrangement.
Today, there are four main subgroups in dendritic polymers which are closely
related to each other; hyperbranched polymers, dendronized polymers,
dendrigrafts, and dendrimers, Figure 2. These subgroups share the same concept
of preparation, however the difference lies in the amount of control over the
branching units. Hyperbranched and dendronized polymers are statistical
polymers and depict polydispersity index’s (PDI) between 1.5 and 10 while
dendrigrafts are semi‐controlled and show PDI values between 1.1 and 1.5.
Dendrimers, on the contrary, present unprecedented control over the addition
reaction of every branching unit and show PDI values between 1.00 and 1.05.1
Dendrimers consists of three basic architectural components, (i) the core,
(ii) the interior and (iii) the end‐groups. The core is positioned at the center and to
it branched wedges, called dendrons, are attached. The dendron size depend on
the number of monomer layers and every added layer is represented by a
generation (G). The interior consist of branching monomers that have ABx
functionality where X≥2, Figure 3. Careful preparation of the branching unit
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makes it possible to control the reaction between A and B´ if B´ is the activated
state of B. The interior of the dendrimer is traditionally dormant and not available
for post modifications, but there are some examples where dendrimers have been
treated with super acids or super bases to generate active sites within the
dendritic interior to allow further functionalization.
The amount and the chemical composition of B‐functionality on the
monomer will give the dendrimer some of its characteristic properties, e.g. many
B‐functionalities will give a higher branching density and an aromatic branching
unit will give a more thermally stable dendrimer. Furthermore, the B‐
functionality on the dendrimer surface is the most attractive part of the
dendrimer since it is accessible for further functionalization. Many of the
properties that dendrimers exhibit are determined by the end‐groups. For
instance, by attaching long alkylic chains the dendrimer becomes hydrophobic
while the same dendrimer with carbohydrates becomes hydrophilic which enable
multivalent conjugation to proteins or cells.

Figure 2. Subgroups to the family of dendritic polymers.

Larger dendrimers give rise to globular shaped, nanoscale sized,
structures with low intrinsic viscosity as a result. This make these highly
branched materials very coveted both in industry and in material research areas.
Traditionally, dendrimers are synthesized either by employing the
divergent or convergent growth strategy, both relying on an iterative technique
where ABx monomers are alternately added to the growing specie followed by an
activation/deprotection step. These protocols depend on efficient reactions that
ensure full substitution of the terminal groups B´. Any deviation will give
structural defects that accumulate during dendrimer growth resulting in tedious
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or impossible purification procedures. As a result, the need for chemistries with
high efficiency is a crucial requirement for dendrimer synthesis. Nevertheless,
dendrimers are still seen as tedious, time consuming and expensive materials to
construct.

Figure 3. Basic architectural components of a dendrimer.

2.1.1.1

Divergent growth approach

The synthesis of dendrimers using the divergent growth approach was
first discussed by Vögtle6 in 1978 but it was the independent work reported by
Tomalia7 and Newkome8 in 1985 that pioneered the strategy. Here, ABx
monomers are added to a multifunctional core allowing dendrimers to grow
radially layer by layer outwards, resulting in approximately doubled molecular
weight if compared to the previous generation scaffold, Figure 4.

Figure 4. Divergent growth approach.
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The exponential increase of terminal groups of every layer aggravate the
addition of new monomer layers at higher generations due to crowding at the
surface. This phenomena is commonly referred to as de Gennes packing.1, 9
However, it is this increase in steric hindrance at the periphery that generates one
of most important properties of dendrimers, the globular 3‐D geometry at higher
generations.
In this approach it is crucial that full substitution of the end‐groups is
obtained since partially substituted dendrimers are very similar, both chemically
and in size, to the perfect structure. This results in difficulties when purifying
these materials. Partially substituted dendrimers can be avoided if a large excess
of monomer is used in the addition step followed by careful monitoring of the
reaction using matrix assisted laser desorption ionization time of flight (MALDI‐
TOF) and nuclear magnetic resonance (NMR) as preferred analytical methods.
Well known dendrimers that are synthesized using the divergent growth
approach are poly(amidoamine) PAMAM®, poly(propylene imine) POPAM and
2,2‐bis(methylol) propionic acid (bis‐MPA)® dendrimers.
PAMAM®‐dendrimers7, 10, 11 are synthesized by an initial Michael addition
of methylacrylate onto ammonia yielding a trimethylester. The amine end‐capped
first generation dendrimer is obtained as large excess of ethylenediamine is
reacted with the methylesters yielding an amidoamine backbone. Pure
dendrimers are obtained as the excess of monomer is removed via distillation.
Higher generation dendrimers is obtained through iterative synthesis using
Michael additions and amidation reactions.
POPAM‐dendrimers12, 13 are synthesized utilizing Michael addition of
acrylonitrile onto a 1,4‐diamino‐butane core. Addition of Raney/Co catalyst
activates the first generation resulting in an amine functional dendrimer.
Generation growth is obtained via alternating Michael additions and surface
activation using Raney/Co.
Bis‐MPA® dendrimers14‐21 are prepared by adding the acetonide protected
anhydride of bis(hydroxymethyl)propionic acid. The first generation hydroxyl
functional dendrimer is obtained after deprotection of the acetonide group under
acidic conditions. Addition of monomer layers, resulting in dendrimer growth,
are obtained via iterative addition/deprotection of the acetonide protected
bis(hydroxymethyl)propionic acid anhydride.

2.1.1.2

Convergent growth approach

The convergent growth approach was developed by Hawker and
Fréchet22 in 1990. This new growth approach was demonstrated by the synthesis
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of benzyl ether dendrimers and resulted in a strategy, different from the
divergent growth approach, which provided easier removal of by‐products.
Using the convergent growth approach, dendrons are pre‐synthesized starting
from the periphery and successively growing inwards by continuous activation of
the focal point, Figure 5.

Figure 5. Convergent growth approach.

The elegance in this strategy is minimization of reaction sites, since there
are never more coupling reactions that need to occur to form the next generation
than the number of B´‐functionalies of the branching monomer. This since
dendrons of the previous generation is coupled to one branching unit. The final
dendrimer is formed when dendrons are coupled to a multifunctional core that
terminates further activation. Furthermore, the large difference in molar mass and
polarity between the fully substituted dendron/dendrimer and by‐products result
in facile purifications procedures. However, disadvantages exists since high
generation dendrons sometimes shields the focal point by wrapping its dendritic
structure around it, making the coupling reaction to a multifunctional core slow
and sometimes even impossible due to steric hindrance of bulky groups.
A well known dendrimer that is synthesized using the convergent
growth approach is the aromatic poly(benzyl ether) dendrimer,22 or Fréchet‐type
dendrimer. Convergent growth is obtained through initial Williamson
etherification reaction between benzyl bromide and 3,5‐dihydroxy benzyl alcohol
using K2CO3. The deactivated focal point of the first generation dendron is
activated using carbon tetra bromide (CBr4) and triphenyl phosphine (TPP) and is
then coupled to 3,5‐dihydroxy benzyl alcohol to yield the second generation
deactivated dendron. This is repeated until the desired dendron size is obtained.
Dendrimers are formed as dendrons are coupled to a multifunctional phenol core.

7

Introduction

2.1.2

Evolution of Dendrimers

When Paul Flory23 in the early 50´s envisaged the structure and properties
of dendrimers, he could not realize the impact that they would have in polymer
science more than 50 years later. As already discussed, Vögtle described the use
of branched monomers for the fabrication of dendritic structures in 1978,6 a
concept that Tomalia7 and Newkome8 refined in the middle of the 1980´s. Half a
decade later, Hawker and Fréchet22 developed the convergent approach that
complimented the divergent method since this strategy allowed synthesis of
dendrimers of higher purity. In the beginning of 2000, work from Brauge and
Majoral24 and more recently (2007) Antoni and Malkoch,25 discuss an accelerated
approach for the synthesis of dendrimers where activation of end‐groups
becomes obsolete due to careful selection of coupling reactions.
Over the years, many researchers have presented new synthetic protocols
for the construction of more sophisticated functional dendrimers or dendrimer
hybrids with more advanced functionalities positioned at the core, interior and
periphery, Figure 6. For instance, in 1998 Kawa and Fréchet26, 27 designed a
lanthanide cored dendrimer, where the aromatic benzyl ether dendron wedges
possessed dual functions, acting as antennas as well as molecular shells. The
dendritic shell also kept the sensitive metal‐core confined, which lead to a
decrease in self‐quenching rate. This discovery pioneered and promoted the use
of metal‐dendrimer complexes in many application areas. A year later, Hecht and
Fréchet28 constructed a di‐dendron with a secondary alkyne spacer in between the
dendritic segments. This alkyne functionality allowed cyclotrimerization with
two other di‐dendrons resulting in a 6‐armed dendrimer. In 2002, Gillies and
Fréchet29 and later Wu and Hawker30 (2005) designed di‐dendrons with end‐
groups consisting of different chemical compositions. This was an early attempt
to equip dendrimers with dual peripheral functionalities and shortly after that,
excellent work from Steffensen and Simanek31 (2004) showed that dendrimers,
with resemblance of a fruit‐salad tree,32 could be constructed bearing end‐groups
with selective cleavable groups. This strategy widens the use of chemoselective
modification of dendritic peripheries. Furthermore, Goodwin and Fréchet33
recently (2007) presented a bi‐functional dendrimer with active reactive handles
positioned at the periphery. This strategy allowed, in contrast to Wu´s and
Hawker´s strategy, synthesis of dendrimers with bi‐functionality in the same
amount of steps as for traditional dendrimers.
A feature that is rarely discussed in the literature is the possibility of
having chemical handles localized both in the interior and at the periphery of the
dendrimer. Early work (1993) from Lochmann and Fréchet34, 35 discuss the use of
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super bases to functionalize the interior of a poly(benzyl ether) dendrimer and a
few years later (1997) Galliot and Majoral36 presented a strategy that relies on
activation of the interior by addition of a strong acid prior to addition of
monomers. None of these two treatments are possible if biocompatible
dendrimers are to be used since these are not as robust as the aryl‐ether, or
phosphorous dendrimers and are subsequently more sensitive towards
degradation. The synthetic challenges involving functionalization of the
dendrimer interior was clearly described by Hecht37 in 2003.

Figure 6. Evolution of dendrimers.

In 2000, McElhanon and McGrath38 presented a dendrimer with dormant
interior functionality that were activated under moderate acidic conditions. More
recently (2005) Liang and Fréchet39 suggested a more gentle and chemoselective
olefin metathesis approach for the functionalization of an active dendrimer
interior. This approach is however not as robust and tolerant to the chemical
surrounding as desired since the functionalization of the interior involves
Ruthenium catalysis. Although dendrimer synthesis is under continuously
development only a minority of them reach the market.
Today there are only a few commercially available dendrimers, such as
PAMAM®,7, 10, 11 DAB®,12, 13 Phosphorous PMMH40, 41 and the 2,2‐bis(methylol)
propionic acid (bis‐MPA) dendrimer14‐21 Nonetheless, the well‐defined, modular
structure together with high functional group density and 3‐dimensional shape
make these synthetically challenging scaffolds extremely attractive as
macromolecular carriers. For example, PAMAM dendrimers have been modified
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with sulfonic acid end‐groups to afford a novel dendritic HIV/AIDS drug42 while
the same PAMAM scaffolds with hydrophilic oligio(ethylene glycol) end‐groups
have been used as pore generating agents for the development of dielectric layers
for advanced microelectronic devices.43
As guidance for scientific groups working with dendrimers and
dendrimers in biomimic systems, Meijer44 and Szoka45 recently stated that it is of
vast significance that the chemistry employed for preparing degradable
dendrimer scaffolds, used in biological applications, are efficient and robust. This
since the commercial success lies in the simplicity of the dendrimer synthesis and
in the facile post‐modification of their functional groups.
Such robust and efficient chemistries can be found within the concept of
“click chemistry”, carbodiimide mediated esterification and anhydride chemistry.

2.2

EFFICIENT COUPLING REACTIONS

2.2.1

Click Chemistry

The concept of Click Chemistry was first introduced by Barry Sharpless
and co‐workers in 2001.46 This concept describes a range of different reactions that
tend to form stable products with few or no by‐products. However, it is far from
all chemical reactions that fulfill the requirements set for click reactions. Reactions
that belong to the family of click reactions must be modular, wide in scope,
tolerant to many functional groups, give high yields, leaving inoffensive by‐
products and result in products that can be purified by non‐chromatographic
procedures. The reaction needs to be stereospecific and carried out under benign
reaction conditions. Sharpless further claimed that certain chemical reactions
have an internal driving force that push these reactions to full conversion, both in
small and large scale. These reactions are driven by high thermodynamic forces
usually 20 kcal/mol and are said to be “spring loaded”. Reactions that possess the
above mentioned criteria are (i) cycloadditions of unsaturated species, especially
1,3‐dipolar cyclo‐additions, (ii) nucleophilic substitutions, particulary ring‐
opening reactions of strained heterocyclic electrophiles such as epoxides, (iii)
carbonyl reactions of the “non‐aldol” type such as formations of ureas and (iv)
additions to double bonds such as epoxidations and Michael additions of Nu‐H
reactants.
One specific cyclo‐addition reaction is the 1,3‐dipolar cyclo‐addition
between primary acetylenes and azides which was first described in 1984 by Rolf
Huisgen47, Figure 7. In this cyclo‐addition reaction, two 1,2,3‐triazole isomers, 1,4‐
and 1,5‐substituted triazoles, are formed when heated to 150 °C.
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Figure 7. 1,2,3‐triazoles formed under thermal conditions resulting in 1,4‐ and 1,5‐cycloaddition.

The Huisgen reaction was later improved by Sharpless and Fokin48, 49 in
2002 by introducing a Cu(I) catalyst that controls the regio‐specific outcome of the
reaction, forming only the 1,4‐substituted 1,2,3‐triazole. The addition of copper
also improved the yield and allowed cyclo‐addition at room temperature. This
reaction is today referred to as a copper(I)‐catalyzed azide‐alkyne cycloaddition
or CuAAC. The copper can be introduced to the system as CuBr, CuI, or as other
types of Cu‐salts, however when using these types of copper salts normally a co‐
solvent, such as acetonitrile, and an amine‐containing base, such as 2,6‐lutidine,
triethylamine, diisopropylethylamine or pyridine, are needed. One of the most
commonly used Cu‐system is CuSO4/NaAsc since this system gives fewer or no
by‐products.
One should always be cautious when working with azides, and
derivatives of azides, since they form unstable compounds if not handled with
care.50 Sodium azide (NaN3) will form a very explosive compound (AgN3) in
presence with silver salt and NaN3 in an acidic environment it will give rise to
HN3, a very toxic gas. Also, a too high ratio of azides on a small organic
compound generates explosive compounds. In light of this, Smith51 declared a
rule that expresses the safety ratio between the total amount of carbon and
oxygen divided by the total amount of nitrogen which should not be less than
three.
In the aqueous CuSO4/NaAsc‐system, Cu(I) is formed In Situ as sodium
ascorbate reduces Cu(II) in CuSO4 to Cu(I). A refined version of the proposed
mechanism48, 49 for the catalytic role of Cu(I) was reported by Maarseveen and co‐
workers52 in 2005 and is described in Figure 8. The concept of click chemistry has
successfully been used for the synthesis of dendrimers53‐56 and shell‐crossed
kneedels (SCK).57‐59
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Figure 8. The catalytic role of Cu(I) in CuAAC.

2.2.2
2.2.2.1

Esterification Reactions
Carbodiimide mediated esterification

A common problem when working with condensation monomers is the
general need to convert these monomers into activated derivatives such as acid
chlorides, prior to esterification. Traditionally, high temperatures (>250 °C) or
addition of acidic or basic catalysts are needed to obtain esters. These harsh
conditions give rise to problems such as transesterification reactions and
degradation, consequently milder reaction conditions are necessary when
synthesizing monodisperse materials such as dendrimers.
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Carbodiimide reagents such as 1‐Ethyl‐3‐[3‐dimethylaminopropyl]
carbodiimide (EDC) and dicyclohexylcarbodiimide (DCC) are known to yield
esters from acids and alcohols but only at elevated temperatures. However, in
presence of dimethylaminopyride (DMAP) this reaction can be performed at
ambient temperatures. This is because of the In Situ formation of activated acids
that can further react with alcohols yielding the desired ester or the unwanted
inactive N‐acylurea. The formation of this by‐product can be suppressed by the
use of 4‐(dimethylamino)pyridinium 4‐toluenesulfonate (DPTS), which is formed
from an equimolar ratio of DMAP and hydrated p‐toluenesulfonic acid. The
suggested mechanism for carbodiimide condensation proposed by Moore and
Stupp60 can be seen in Scheme 1. DCC has been used for formations of
anhydrides20 and as a coupling reagent for the formation of high generation
dendrimers.17, 20

Scheme 1. Mechanism of DCC.

2.2.2.2

Anhydride chemistry

The use of anhydride chemistry has proven to be a very efficient strategy
when synthesizing dendrimers. This since anhydrides does not cause
discolorations and is more tolerant to water residues than acid chlorides and acid
bromides. The chemical reaction between anhydrides and alcohols to yield
polyester dendrimers is normally performed at room temperature with DMAP as
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catalytic specie.20 The synthesis of a 2nd generation bis‐MPA dendrimer using the
anhydride approach is depicted in Figure 9.

Figure 9. Formation of 2nd generation bis‐MPA dendrimer using anhydride chemistry

2.3

ONE‐POT MULTI‐STEP REACTIONS

As a result of many years of research in dendrimer synthesis, the studies
have evolved from simple structures to more advanced structures used in
expensive cutting edge applications in material science. The next objective to be
addressed for future dendritic materials is the problem of synthesizing advanced
functional structures at low cost. This can be achieved by using cheaper building
blocks, minimizing the number of reaction steps, using more efficient chemistries
and developing easier work up procedures.
Literature describes different chemoselective approaches for the synthesis
of dendrimers, where the number of steps for growing dendrimers can be
reduced without affecting the perfect dendritic structure or yield.24, 25 Such
strategies depend on the orthogonal characteristics of specific chemistries like
click chemistry in combination with DCC‐coupling or anhydride chemistry. This
orthogonallity provides possibilities to combine two chemoselective reactions in a
simultaneous manner,61‐65 or one‐pot, to synthesize complex dendritic structures
in very few steps, Figure 10.
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Figure 10. One‐pot, multi‐step, reactions.

One‐pot, multi‐step reactions, have earlier been utilized to functionalize
both polymer backbones66 and chain‐ends67, and to synthesize 3‐mikto‐arms68 and
photodegradable responsive materials.69 The concept of one‐pot synthesis can be
quite confusing, however work from Fogg and Dos Santos62 clarifies the concept.
One‐pot multi‐step reactions can be divided into two classes, non‐tandem
reactions (NTR) and tandem reactions (TR). The main difference between NTR
and TR is that in TR the reactions take place independently of one another,
whereas in NTR the reactions take place one at a time, or as a consequence of the
previous reaction. NTR can be further divided into two sub‐groups, multicatalytic
and domino reactions while TR can be further divided into three sub‐classes,
orthogonal tandem reactions, auto‐tandem reactions and assisted tandem
reactions. An adaptation of one‐pot definitions to polymer science was recently
presented by Lundberg and Malkoch.70
The use of click chemistry in combination with other types of chemical
reactions to functionalize dendrimers has not been investigated as much as the
linear polymers however some examples can be found. For instance, Malkoch and
Hawker71 successfully prepared a PEGylated polyamine dendrimer using an
alkyne functional PEG and an activated ester azide derivative. This one‐pot
strategy allowed a 50% reduction of reaction steps since the intermediate
structure is never isolated.

2.4

APPLICATIONS

2.4.1

Chelating Structures

Chelating structures can be found everywhere in Nature, from
chlorophyll in plants to hemoglobin in blood. There are many types of chelating
structures; however the ones containing heterocycles belong to the most studied
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ones. Heterocycles are macrocyclic structures that consist of a ring where at least
one atom is not carbon (C) or hydrogen (H); common heteroatoms in macrocycles
are oxygen (O), sulfur (S) and nitrogen (N). The most studied heterocycles are
derivatives of tetraphenylporphyrine (TPP), crown‐ethers, and aliphatic N‐
containing cycles, this due to their excellent chelating properties, Figure 11.

Figure 11. Three different macrocycles. From left to right) tetraphenylporphyrine (TPP), crown ether
(18‐crown‐6) and 1,4,7,10‐ tetraazacyclododecan (cyclen).

These structures share some fundamental characteristics such as open
ring structure, the ability to conjugate to metals and the capability of changing the
property of the incorporated metal. In 1998 Kawa and Fréchet26, 27 reported the
design of a lanthanide containing dendrimer, where the aromatic benzylether
dendron wedges contributed with dual functionality, acting as antennas as well
as molecular shells. Further, these early dendritic structures did not consist of a
macrocyclic core but they set the starting point for further investigations of more
complex dendritic materials with metal‐ligand cores including porphyrins,72‐81
cyclams,82‐84 and cyclens.85‐87

2.4.1.1

Metals with photo‐physical properties

Metal ions are often used as the light emitting source in light emitting
dendrimers. A wide variety of metals such as Zink (Zn), Platinum (Pt), Palladium
(Pd) and the lanthanide series, including Europium (Eu), Gadolinium (Gd) and
Erbium (Er), have been carefully investigated. Lanthanides are the denomination
of the elements 57‐71 in the periodic table starting with Lanthanum and ending
with Lutetium. These elements are also called rare‐earth metals although this
name is not really proper since some of the lanthanides are more abundant than
gold, silver and platinum. Lanthanides are quite soft metals, with high boiling
and melting points, although the hardness seems to increase somewhat with
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higher atomic number.78 Furthermore, lanthanides are often found in their ionic
form with coordination numbers between 6 and 12, with 8 or 9 being the most
commonly found. They are strongly paramagnetic and form H2 when binding to
water. Lanthanide ion containing complexes are especially useful for
luminescence applications, since they have relatively long emitting life‐times
(micro‐ to milliseconds). Moreover, because of efficient shielding of the active 4F‐
electrons, spectral emissions that occur at distinct wavelength bands are quite
independent of the chemical nature of the coordinating shell. The 4F electron
system holds characteristic emission from the ultraviolet to the infrared region
enabling applications, ranging from infrared lasers88 to biosensors.89 As direct
excitation of lanthanide ions involve very weak ‘forbidden’ f‐f transitions, an
organic chromophore, commonly called a sensitizer or antennae, must be
introduced to the system. For example, the chromophore absorbs light via S0 → S1
absorption and transfers the energy to the Europium ion (Eu3+) after intersystem
crossing (ISC) from S1 → T1 of the chromophore,90, 91 Figure 12.
These processes are very efficient if the sensitizer has a high extinction
coefficient and efficient transfer rates. However, the systems have to be carefully
prepared since the excitation and energy transfer pathways are susceptible to
quenching. For instance, the energy of an excited lanthanide ion can be easily
transferred to surrounding molecules via non‐irradiative vibrations caused by O‐
H, N‐H and C‐H vibrations. Therefore, systems containing lanthanides need
stabilization in order to obtain full photo‐physical capacity.

Figure 12. Jablonski diagram presenting the sensitizing effect of a chromophore.
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2.4.1.2

Cyclen

A metal‐stabilizer, belonging to the family of N‐containing macrocycles,
that has caught a lot of attention recently is 1,4,7,10‐tetraazacyclododecan
(cyclen).92, 93 The cyclen structure can be found in many cutting edge molecular
nanodevices and applications such as therapeutics for HIV,94 luminescent
probes,95, 96 MRI‐agents,97 positron emission tomography (PET) imaging,98
photoactive hydrogels99 and bio‐sensing applications.100 However, cyclen‐metal
complexes tend to be rather sensitive towards quenching and they need to be
further stabilized either by addition of stabilizing electron pendant groups, as in
the DOTA‐complex,101 and/or by introducing protective dendritic shells,27 Figure
13.

Figure 13. A) Schematic presentation of a cyclen core equipped with electron pendant groups and B)
protective dendritic segments.

Europium ions are commonly used, due to their unique optical
properties, in combination with cyclen‐derivatives to yield photoactive materials.
These ions have 8 coordinating sites where 4 are occupied by the 4 lone pairs of
the cyclen. The remaining 4 sites on the Europium ion are still available for
interaction with other species, such as water molecules and oxygen, resulting in
quenching of its photo‐physical activity. However, these unoccupied sites can be
filled with strongly coordinating electron donating pendant groups such as
amides and amines to overcome the problem of quenching from small
molecules.95 This feature is described as “non‐hygroscopic” and is of great
significance for systems containing water sensitive metals.
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2.4.2

Isoporous Membranes

Polymeric porous materials have attracted much attention as useful
surfaces in different research areas such as biotechnology102,103 and photonics.104,105
François106 described in a Nature paper in 1994 that highly regular porous films
could be obtained, without the use of a template, if a polymeric solution of
poly(p‐phenylene)‐block‐polystyrene in CS2 is cast under humid conditions. As
the solvent evaporates it cools down resulting in condensation of water droplets
on the surface of the polymer solution. The droplets will self‐organize, Figure 14,
into a hexagonal array followed by precipitation of polymeric material around
them where after an ordered hexagonally packed polymeric structure is
formed.107,108
Drop cast in humid Chambers

Evaporation and Condensation

Honeycomb membrane

Precipitation and Pore formation

Figure 14. . Formation of honeycomb membrane.

It has been demonstrated that the pore size can be tuned effectively by
varying the conditions employed for the film casting. In addition, changes on the
molecular level, such as molecular weight, architecture, and monomer
composition, can also be adjusted to tailor the pore sizes.109 The isoporous nature
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combined with high accessible surface area render these membranes interesting
in high technological applications including micron‐sized reactors.110
Furthermore, the range of polymeric architectures that is known to self organize
into isoporous membranes have been extended from simple star‐shaped and
block‐co‐polymers into more complex structures such as dendronized polymers111
and hybrid materials consisting of polymer modified nano‐particles with
improved thermal resistance.112 However, an architecture that has not been
investigated is the perfectly branched structure obtained from dendrimers.

20

Experimental

3 EXPERIMENTAL
3.1

INSTRUMENTATION

3.1.1

Synthesis

Nuclear Magnetic Resonance (NMR). NMR experiments were
performed on a Bruker Avance 400 MHz NMR instrument. Proton NMR spectra
were acquired with a spectral window of 20 ppm, an acquisition time of 4
seconds, and a relaxation delay of 1 second. 13C NMR spectra were acquired with
a spectral window of 240 ppm, an acquisition time of 0.7 seconds, and a
relaxation delay of 2 seconds.
Matrix Assisted Laser Desorption Ionization Time of Flight Mass
Spectroscopy (MALDI‐TOF MS). The MALDI‐TOF MS spectrum acquisitions
were conducted on a Bruker UltraFlex MALDI‐TOF MS with SCOUT‐MTP Ion
Source (Bruker Daltonics, Bremen) equipped with a N2‐laser (337 nm), a gridless
ion source and reflector design. All spectra were acquired using a reflector‐
positive method with an acceleration voltage of 25 kV and a reflector voltage of
26.3 kV. The detector mass range was set to 500‐10000 Da in order to exclude high
intensity peaks from the lower mass range. The laser intensity was set to the
lowest value possible to acquire high resolution spectra. The obtained spectra
were analyzed with FlexAnalysis Bruker Daltonics, Bremen, version 2.2. Matrix
preparation: 9‐Nitroanthracene or dihydroxybenzoic acid (20 mg) was dissolved
in THF (1 ml) and sodium trifluoroacetate (one tip of a knife) was added. Sample
preparation: 5 mg of sample was dissolved in THF. 5 μl of the solution was added
to 20 μl of the matrix solution. 0.5 μl of the sample‐matrix solution was added to
the MALDI target plate.
Size Exclusion Chromatography (SEC). SEC using THF (1.0 ml min‐1) as
the mobile phase was performed at 35 °C using a Viscotek TDA model 301
equipped with two GMHHR‐M columns with TSK‐gel (mixed bed, MW resolving
range: 300‐100 000 g/mol) from Tosoh Biosep, a VE 5200 GPC autosampler, a VE
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1121 GPC solvent pump, and a VE 5710 GPC degasser (all from Viscotek corp.). A
calibration method was created using narrow linear polystyrenes standards.
Corrections for the flow rate fluctuations were made using toluene as an internal
standard. Viscotek OmniSEC version 4.0 software was used to process data.
Fourier Transform Infrared Spectroscopy (FT‐IR). FT‐IR spectra were
obtained on a Perkin Elmer Spectrum 2000 instrument with a single ATR
accessory (Golden Gate). The infrared measurements were performed in
reflection mode.

3.1.2

Material Properties

Differential Scanning Calorimetry (DSC) was performed on a Mettler
Toledo DSC820 instrument. Heating and cooling rates were set to 10 °C/min and
all measurements were run using nitrogen atmosphere (80 ml/min).
Thermogravimetric Analyses (TGA) was conducted on a Mettler Toledo
TGA/SDTA851 instrument. Measurements were performed by heating 10 °C/min
up to 750 °C with nitrogen flow of 50 ml/min. All thermal analyses were
evaluated using STARe software, version 8.10.
Photophysical measurements were performed in acetonitrile and THF
(Sigma‐Aldrich, Spectrophotometric grade, 99.5%). Absorption spectra were
recorded on a Cary 1E spectrometer and fluorescence spectra were recorded on a
Perkin Elmer LS50B spectrometer. The slit widths were 3.0 nm (excitation) and 3.5
nm (emission). The spectra were scanned at a rate of 180 nm per second. All
samples
were
purged
with
argon
for
10
minutes
prior
to
fluorescence/phosphorescence measurements. Time‐resolved luminescence
measurements and steady state 5D0 Æ 7FJ emissions were carried out using an IBH
Spectrometer using the IBH 5000XeF sub‐microsecond xenon flashlamp for Multi‐
Channel Scaling (MCS) measurements of ms–ms decay‐times. For spectral
emission data recorded in the visible a Melles Griot GG455 filter was used to
block scattered excitation light and the contributions from blue and UV
fluorescence via the second order diffraction of the spectrometer grating.
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3.1.3

Surfaces

Field‐Emission Scanning Electron Microscopy (FE‐SEM). The isoporous
films were analyzed using a Hitachi S‐4300 FE‐SEM. The samples were coated for
60 s with Au using an Agar High resolution Sputter Coater (model 208RH),
equipped with a gold target/Agar thickness monitor controller.
Atomic Force Microscope (AFM). AFM images were recorded on a CSM
Instruments atomic force microscope. Imaging was performed in non‐contact
mode in air using a probe with a nominal spring constant of 35‐58 N/m and a
resonance frequency of 181‐200 kHz. The length of the cantilever was 223 μm. The
AFM images were analyzed in Image Plus. Optical microscope images were
recorded on a Leica DM IRM optical microscope.

3.2

MATERIALS

When extracting with water phase, NaHSO4 (10 wt%) in H2O was used as
acidic water phase and Na2CO3 (10 wt%) in H2O was used as basic water phase.
Flash chromatography was performed using 32‐64 D 60 Å silica gel from ICN
SiliTech (ICN Biomedicals GmbH, Eschwege, Germany). Cyclen was purchased
from Macrocyclics. All other starting materials used for synthesis was purchased
from easy available commercial sources, Sigma‐Aldrich (www.sigma‐
aldrich.com), Chemtronica (www.chemtronica.se) and VWR (www.vwr.com). All
materials were used as received. Detailed experimental setups, procedures and
characterization data can be found in the appended papers and in their
supporting information.

3.3

NOMENACLATURE

Ac
Acet
DBU
CBr4
CuAAC
Cu/C
Cu(PPh3)3Br
CHCl3
DCC
DCM

Acetonide
Acetylene/alkyne
1,8‐Diazabicyclo[5.4.0]undec‐7‐ene
Carbontetrabromide
Copper catalyzed Azide Alkyne Cyclo addition
Copper on carbon
Copper triphenylphosinebromide
Chloroform
Dicyclohexylcarbodiimide
Dichloromethane
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DIPEA
DMAP
DMF
DMP
DMSO
DPTS
EtOAc
Hep
HOBt
MeOH
MTT
NaAsc
Na2CO3
NaHSO4
PMDETA
p‐TSA
RT
TBTU
TEA
THF
TMP
TPP
Trisphenol

Diisopropylethylamine
Dimethylaminopyridine
Dimethylformamide
2,2‐Dimethoxypropane
Dimethylsulphoxide
4‐(dimethylamino)pyridinium 4‐toluenesulfonate
Ethylacetate
Heptane
1‐Hydroxybenzotriazole
Methanol
3‐(4,5‐dimethylthiazole‐2‐yl)‐2,5‐diphenyl tetrazolium bromide
Sodium ascorbate
SodiumCarbonate
Sodiumbisulphate
N,N,Nʹ,Nʹ,N‐Pentamethyldiethylenetriamine
para‐toluenesulphonic acid
Room temperature
O‐(Benzotriazol‐1‐yl)‐N,N,Nʹ,Nʹ‐tetramethyluronium tetrafluoroborate
Triethylamine
Tetrahydrofuran
Trimethylolpropane
Triphenylphosphine
4,4ʹ,4ʹʹ‐(ethane‐1,1,1‐triyl)triphenol
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3.4

SYNTHESIS OF MONOMERS

3.4.1

Synthesis of Monomers used for the Accelerated Growth
Approach

To improve the availability of functional dendrimers and their use in
future applications, new synthetic methodologies are required. Such
requirements are fewer reaction steps, quantitative or high yielding reactions,
compatibility between a wide variety of functional groups and mild reaction
conditions. Reduction in synthetic steps used for dendrimer synthesis can be
accomplished through the preparation of AB2‐ and CD2‐monomers that
selectively react with each other (A‐D and B‐C). The chemoselective nature of AB2
+ CD2 systems lead to generation growth involving only one step reaction,
whereas traditional synthesis always consist of a growth step and an
activation/deprotection step. To depict the versatility of systems like this, three
sets of dendrimers were synthesized followed by careful characterization.

Figure 15. Synthesized AB2 and CD2 monomers.

Orthogonal chemistry can be obtained by combining CuAAC with acid
chloride reactions or Williamson etherification reactions. To demonstrate this
strategy, three sets of monomers had to be prepared. The required monomer units
for one‐step generation growth of benzyl ether/triazole dendrimers are 1‐
(bromomethyl)‐3,5‐bis(prop‐2‐ynyloxy)benzene 3, as nominally the AB2 monomer
and 5‐(azidomethyl)benzene‐1,3‐diol 5 as the CD2 monomer unit. Further,
derivatives of bis‐MPA were used for the regular synthesis of AB2 and CD2
branching units (AB2: 2‐(chlorocarbonyl)‐2‐methylpropane‐1,3‐diyl bis(6‐

25

Experimental

azidohexanoate) 9 and CD2: prop‐2‐ynyl 3‐hydroxy‐2‐(hydroxymethyl)‐2‐
methylpropanoate 12) as well as for the inverted analogue where azide/alkyne
functionality have been inter‐changed (AB2: 2‐(chlorocarbonyl)‐2‐methylpropane‐
1,3‐diyl
dipent‐4‐ynoate
15
and
CD2:
3‐azidopropyl
3‐hydroxy‐2‐
(hydroxymethyl)‐2‐methylpropanoate 19). A summary of the prepared
monomers can be seen in Figure 15.
The preparation of monomers involves traditional etherification and
esterification reactions in combination with reduction reactions (LiAlH4) and
nucleophilic substitution reactions using NaN3. A detailed synthetic protocol for
the synthesis of the above presented AB2‐CD2‐monomers is depicted in Scheme 2.

Scheme 2. Synthesis of monomers used for accelerated growth approach. (i) Propargyl bromide,
K2CO3 and 18‐crown‐6 in acetone, reflux, (ii) LiAlH4 and N2 in THF, reflux (iii) CBr4 and TPP in THF, 0
°C (iv) CBr4 and TPP in THF, 0 °C (v) NaN3 in DMSO, 80 °C, (vi) NaN3 in H2O, reflux, (vii) DCC in
DCM, 0 °C, (viii) bis‐MPA, pyridine and DMAP in DCM, RT, (ix) oxaloyl chloride and cat. DMF in
DCM, RT, (x) DMP and p‐TSA in acetone, RT, (xi) propargyl alcohol, DPTS, DMAP and DCC in DCM,
0 °C, (xii) acidic Dowex® in MeOH, 50 °C, (xiii) DCC in DCM, 0 °C, (xiv) bis‐MPA, pyridine and
DMAP in DCM, RT, (xv) oxaloyl chloride and cat. DMF in DCM, RT, (xvi) DCC in DCM, 0 °C, (xvii) 3‐
bromo propanol and DMAP in DCM, 0 °C, (xviii) NaN3 in DMSO, 85 °C, (xix) acidic Dowex® in
MeOH, 45 °C.

The obtained monomers, and monomer pre‐cursors, were collected in
good yields ranging from 73% to 99% except in the step for the bromination
reaction using triphenylphosphine (TPP) as reagent. This substitution reaction
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showed fairly low yields, 52% in step (iii) and 40% in step (iv). Product 1‐4, 8, 11,
12, 14, 17 and 19 were purified by preparative chromatography using either
EtOAc/Hep or DCM/Hep as eluting system while 5‐7, 9, 10, 13, 15, 16 and 18 were
purified either by evaporation, extraction or precipitation.

3.4.2

Synthesis of Azide Functional Dendrons.

Dendrons with an azide localized at the focal point were synthesized up
to the 4 generation according to the procedure previously reported by Wu and
Hawker.30 This procedure relies on anhydride chemistry using the activated acid
of acetonide protected bis‐MPA. The described iterative protocol for the synthesis
of the 4th generation acetonide protected dendron proved to be straight forward
involving facile, however time consuming, chromatographic procedures.
Acetonide protected dendrons 21, 23, 25 and 27 (N3‐G1‐Ac to N3‐G4‐Ac) were
obtained at very high yields (94%, 96%, 96% and 97%). None of the intermediate
hydroxyl functional dendrons 22, 24 and 26 were used for further synthesis
except for growing higher generation dendrons. The protocol for the synthesis of
dendrons with azide functionality is shown in Scheme 3.
th

Scheme 3. Synthesis of azide functional acetonide protected bis‐MPA dendrons. (i) NaN3 in DMSO,
85 °C, (ii) 16, DMAP and pyridine in DCM, 0 °C, (iii) acidic Dowex® in MeOH, 45 °C, (iv) 16, DMAP
and pyridine in DCM, 0 °C.
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3.4.3

Synthesis of Multifunctional Monomers

Two types of monomers were synthesized for the preparation of
dendrimers with intrinsic functionality. These monomers were synthesized
according to the ABxCy design, where x≥2 and y≥1. Further, monomer 32 (A =
COOH, B = OH, C = Acet; x = 2 and y = 1) and 35 (A = COOH, B = OH, C = N3; x = 2
and y = 1) were carefully designed so that the chemical reactivity of A, B and C is
not in conflict with each other, since this would result in uncontrolled cross‐
linking reactions. This circumvention was achieved by combining the
chemoselectivity of CuAAC and carbodiimide chemistry as they rely on non
interfering chemistries. The two prepared monomers have the same chemical
composition, except for the click groups that were interchanged. The synthesis of
monomer 32 and 35 is depicted in Scheme 4.

Scheme 4. Synthesis of monomers used for multifunctional dendrimers. (i) Succinic acid and DMAP
in DCM 0 °C, (ii) DCC in DCM, 0 °C, (iii) DMP and p‐TSA in DMF, RT, (iv) TEA in DCM, 0 °C, (v)
succinic anhydride and DMAP in DCM, 0 °C, (vi) DMP and p‐TSA in acetone, RT, (vii) NaN3 in
DMSO, 85 °C, (viii) Succinic acid and DMAP in DCM 0 °C.

3.4.4

Synthesis of Compounds used for One‐pot Reactions

In order to explore the concept of one‐pot, multi‐step, reactions applied to
dendritic structures, a library of functional precursors had to be prepared. Three
UV‐responsive compounds (37, 46 and 50), an azide functional ATRP initiator 39,
an acetylene functional mannose 46 and the anhydride of 3,3‐dichloro pivalic acid
47 were synthesized according to Scheme 5.
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Scheme 5. Synthesis of compounds used for simultaneous reactions. (i) Succinic anhydride and
DMAP in DCM, RT, (ii) DCC in DMC, 0 °C, (iii) NaN3 in DMSO, 85 °C, (iv) 2‐bromoisobutyryl
bromide, DMAP and TEA in DCM, 0 °C, (v) acetic anhydride, DMAP and pyridine, RT, (vi) benzyl
amine in THF, RT, (vii) trichloro acetonitrile and DBU in DCM, 0 °C, (viii) propargyl bromide and
boron trifluoride etherate in DCM, 0 °C, (ix) NaOMe in MeOH, RT, (x) NaN3 in DMSO, 85 °C, (xi)
coumarine‐3‐carboxylic acid, HOBt, TBTU and N‐methyl morpholine in DCM, RT, (xii) DCC in DCM,
0 °C, (xiii) NaN3 in DMSO, 85 °C, (xiv) DCC in DCM, 0 °C, (xv) triphenol, DMAP and pyridine in
DCM, RT.
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4 RESULTS AND DISCUSSION
4.1

ACCELERATED GROWTH APPROACH (PAPER I, IV)

4.1.1

Synthesis of Dendrimers using the Accelerated Growth
Approach

The synthesis of dendrimer derivatives of the classical Fréchet‐type and bis‐MPA
dendritic macromolecules based on combination of Click chemistry and
traditional esterification/etherification reactions was performed employing a
divergent accelerated growth approach. These structures were chosen due to their
frequent appearance in literature as two of the most studied dendrimer structures
as well as to demonstrate the modular nature of this synthetic approach and its
applicability to different chemistries and monomer units. The efficiency of this
accelerated growth approach was shown by using pre‐synthesized monomers 3,
5, 9, 12, 15 and 19 and adding them to a trisphenol core.
In the first case, Scheme 6, orthogonal reactivity was achieved by
alternately utilizing the traditional Williamson etherification reaction of 3 onto
terminal phenols, either positioned on the core or as dendritic peripheral groups,
and the Click reaction of the dendritic peripheral acetylenes with the azide group
of 5. This iterative technique was repeated 2 times and resulted in a 4th generation
layered dendritic block‐copolymer dendrimer containing 48 terminal phenolic
groups consisting of alternated layers of benzyl ether and triazole groups. This
strategy rendered dendrimer 54 synthesized in only 4 steps with an overall yield
of 69%. This is a 50% reduction of synthetic steps if compared to the traditional
synthesis of Fréchet type dendrimer analogue that requires 8 synthetic steps to
reach the same generation. The complete substitution of the peripheral functional
groups was determined by NMR and MALDI‐TOF techniques.
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Scheme 6. Synthesis of Fréchet type dendrimer analogues employing accelerated growth approach. (i)
K2CO3 and 18‐crown‐6 in acetone, reflux, (ii) CuSO4, NaAsc in THF/H2O, 40 °C, (iii) K2CO3 and 18‐
crown‐6 in acetone, reflux, (iv) CuSO4, NaAsc in THF/H2O, 40 °C.

In the second case, Scheme 7 and Scheme 8, two analogues of the
polyester based bis‐MPA dendrimer were synthesized, either with
azide/hydroxyl or alkyne/hydroxyl as peripheral functional groups. Here,
monomer 9 in combination with 12, and 15 in combination with 19 were used in
the same iterative manner as in the previously mentioned procedure yielding
dendrimers 55‐58 and 59‐61. In both cases, the ester linkage was a result from the
reaction between the acid chloride of 9 or 15 onto peripheral hydroxyl groups,
and the click reaction of 12 or 19 onto its corresponding peripheral azide/alkyne
functionality was carried out using a CuSO4/NaAsc system yielding a triazole
linkage. The synthetic steps of dendrimer 55‐58 showed good yields ranging from
89% to 95% after purification using preparative chromatography. The overall
yield for the preparation of dendrimer 58 was 69%. Dendrimers 59‐61, based on
monomer 15 and 19, showed slightly lower yields for each iterative step (82%,
76% and 78%), hence a much lower overall yield (49%).
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Scheme 7. Synthesis of bis‐MPA dendrimer analogues employing accelerated growth approach. (i)
DMAP and TEA in THF, RT, (ii) CuSO4, and NaAsc in THF/H2O, RT, (iii) DMAP and TEA in THF, RT,
(iv) CuSO4, and NaAsc in DMF/H2O, RT.

The results from the synthesis of dendrimers 51‐61 proves that the
position of click groups may be alternated and used in combination with various
types of monomer composition providing materials with dynamic, convenient
and facile post modification possibilities, this without the need for elaborate
activation of dormant species. Dendrimers synthesized using the accelerated
growth approach can be prepared with large variety of functional groups
depending on type of monomer, generation number and position of the click
groups.
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Scheme 8. Synthesis of the inverted bis‐MPA dendrimer analogues employing accelerated growth
approach. (i) DMAP and TEA in DCM, RT, (ii) CuSO4, and NaAsc in THF/H2O, RT.

4.1.2
4.1.2.1

Characterization of Dendrimers
H NMR and MALDI‐TOF

1

Dendrimers 51‐61 were analyzed using 1H, 13C NMR and MALDI‐TOF
techniques. 1H NMR analysis presented good resemblance with the theoretical
proton intensity and MALDI‐TOF revealed monodisperse nature of all
dendrimers. The orthogonality and efficiency of this strategy was demonstrated
by monitoring each reaction with NMR and MALDI‐TOF techniques. As can be
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seen in Figure 16, the growth progress of the fourth generation dendrimer 54 was
monitored by 1H NMR and the click reaction was found to reach completion
within 12 h at RT. This as the peak corresponding to the acetylene terminal
groups at 3.55 ppm in DMSO was not detectable.

Figure 16. Monitoring the synthesis of dendrimer 54 using 1H NMR. R1 = G4‐dendron, R2 = G3‐
dendron, R3 = G2‐dendron and R4 = G1‐dendron.

4.1.2.2

Thermal analysis, DSC and TGA

Dendrimers 51‐61 were dried in a vacuum oven at 50 °C prior to
differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA).
These measurements were performed to exclude materials that are not
suitable for the fabrication of honeycomb membranes. More about the formation
of honeycomb membranes using dendrimers as templates is presented under
chapter Applications.
Thermal degradation studies were performed on benzyl ether
dendrimers 51‐54, bis‐MPA dendrimers 55‐58 and the inverted analogue of the
bis‐MPA dendrimers 59‐61. The benzyl ether dendrimers show two different
degradation profiles depending of end‐group functionality and interior structure,
Figure 17. Benzyl ether dendrimers 51 and 53, with acetylene end‐group
functionality, show a higher decomposing temperature for the main thermal
degradation (triazole breakage) compared to dendrimers 52 and 54 with hydroxyl
functional end‐groups. Dendrimer 51 and 53 show a minor loss of mass up to 360
°C, 2% and 5% respectively, whereas dendrimer 52 and 54 illustrates an early first
decomposition temperature at 125 °C and a second one at 310 °C. The early
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decomposition temperature is a result from trans etherification reactions of the
slightly acidic phenolic groups and the ether linkages in the backbone. As a result
of the trans etherification reactions, smaller fragments of the dendrimer is cleaved
an evaporated leading to weight loss. At 750 °C, dendrimer 51 showed a weight
loss of 50%, 52 64%, 53 65% and 54 55%, respectively.

Figure 17. TGA thermogram of benzyl ether dendrimers 51‐54.

Figure 18. TGA thermogram of dendrimers based on bis‐MPA. Left) Dendrimer 55‐58, Right)
Dendrimer 59‐61.

Analysis of bis‐MPA dendrimers 55‐58 show a main decomposition
temperature around 250 °C corresponding to azide‐azide and azide‐ester
reactions, Figure 18 (Left). The minor weight loss for dendrimer 55, 56 and 58 is
most likely due to traces of remaining water in the system. The degradation that
starts at 280‐300 °C corresponds to trans esterification reactions. Dendrimers 55‐
58 showed an 85‐93% (G1= 93%, G2= 85%, G3= 93% and G4= 90%) weight loss due
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to degradation upon heating the system to 750 °C. The inverted bis‐MPA
dendrimer analogues 59‐61 show a different behavior, Figure 18 (Right). The 1st
generation dendrimer 59 present thermal stability up to 400 °C. At this
temperature main degradation of the esterlinkages are observed. The 2nd
generation dendrimer 60 starts to decompose at 150 °C followed by a 2nd
decomposition temperature at 280‐320 °C corresponding to trans esterification
reactions. The 3rd generation dendrimer 61 was thermally stable up to 275 °C and
showing a main decomposition temperature at 350 °C corresponding to the
breaking of the ester backbone. Dendrimers 58‐61 was decomposed to 84%, 85%
and 96% respectively upon heating the system to 750 °C. A summery of the
thermal degradation can be seen in Figure 19 (Right).
Dendritic materials are in most cases amorphous and show no melting
points. Their unique branched architecture leads to lack of entanglements in
contrast to linear polymers. Consequently, the glass transition temperatures are
strongly depended on the repeating unit and end‐group functionality, Figure
Figure 19(Left). Bulky end‐groups and groups that can form secondary forces will
increase the Tg, whereas non‐bulky end‐groups such as aliphatic chains will
decrease the Tg. Therefore, it is easy to understand that the synthesized
dendrimers 51‐61 will show a wide variety in Tg depending on its backbone
conformation and end‐groups. The hydroxyl end‐capped dendrimers will have
higher Tg than the alkyne functional ones and the aromatic backbone found in the
benzyl ether dendrimers will increase the Tg compared to the bis‐MPA
dendrimers with its aliphatic ester based backbone.

Figure 19. Left) Tg of dendrimers. Right) Summary of thermal degradation.

The obtained Tg for the hydroxyl end‐capped benzyl ether dendrimers, 56
Tg = 92 °C and 58 Tg = 85 °C, showed a lower Tg if compared to published data113

36

Results and Discussion

of poly(benzyl ethers), G2 = 185 °C and G4 = 201 °C. The triazole linkage is
therefore believed to have a softening effect of the material since they increase the
distance between the stiffer aromatic regions. The alkyne functional dendrimers,
55 Tg = 3 °C and 57 Tg = 29 °C, also showed a lower Tg in comparison to the
aromatic end‐capped (Ar) benzyl ether dendrimers found in literature,113 G1‐Ar
Tg = 25 °C and G3‐Ar Tg = 39 °C.
The synthesized Bis‐MPA type dendrimers show Tg below RT and are
oily in their character. This is a result of the monomer composition, since short
aliphatic chains link the repeating units to each other, hence lower Tg if compared
to traditional bis‐MPA dendrimers. Also, the end‐groups of dendrimers 55, 57, 59
and 61 consist of longer aliphatic chains that decrease the Tg to below 0 °C. The Tg
for dendrimer 55 and 57 could not be detected, the ‐C6‐azide end‐functionality
decrease the Tg of these materials to below ‐40 °C, which is the lower limit of the
instrument used.

4.2

LIGHT EMITTING DENDRIMERS (PAPER II)

4.2.1

Synthesis of Cyclen Dendrimers

At first, the divergent growth approach was used for the dendritic
functionalization of cyclen. Here, the anhydride of the acetonide protected bis‐
MPA 16 was added to a cyclen core in an iterative manner. This procedure
proved to be inadequate with 10% yield for the first generation dendrimer and
basically 0% yield upon deprotection of the surface groups. Therefore, a set of
azide functional bis‐MPA dendrons30 (21, 23, 25 and 27) were pre‐synthesized and
subsequently coupled to a tetraalkyne functional cyclen using click chemistry.
The preparation of acetylene functional cyclen is shown in Scheme 9.

Scheme 9. Synthesis of tetraalkyne functional cyclen. (i) propargyl amine and DCC in DCM, 0 °C, (ii)
cyclen and TEA in DMF, 85 °C.
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The tetra alkyne functional core 63 was obtained in 30% yield after two
reaction steps. Initially, an attempt to functionalize the core using CuAAC and a
ratio of [0.1]Cu:[0.4]NaAsc:[4]Dendron:[1]Cyclen was explored. However, this lead to
partially substituted dendrimers, due to the chelating effect between cyclen and
copper. Instead, a ratio of [1.3]Cu:[1.4]NaAsc:[4.4]Dendron:[1]Cyclen was used instead. The
copper residues were removed by extraction with 1% EDTA‐solution, Figure 20
(Left) and NMR and MALDI‐TOF techniques, Figure 20 (Right), confirmed the
full substitution of the cyclic core. The synthesis of cyclen dendrimers is shown in
Scheme 10.

Scheme 10. Synthesis of cyclen dendrimers. (i) 21, CuSO4 and NaAsc in DMF/H2O, RT, (ii) 23, CuSO4
and NaAsc in DMF/H2O, RT, (iii) 25, CuSO4 and NaAsc in DMF/H2O, RT, (iv) 27, CuSO4 and NaAsc in
DMF/H2O, RT.

Figure 20. Left) Removal of copper, using EDTA aq. (1%), from the core moiety monitored by MALDI‐
TOF, Right) MALDI‐TOF of cyclen dendrimer 64‐67.
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4.2.2

Incorporation of Europium

Dendrimer 64‐67 was dissolved in acetonitrile and followed by addition
of Europium(III) trifluoromethanesulfonate, Eu(CF3SO3)3 resulting in dendrimer
68‐71. The reaction was stirred for 2 hours at 50 °C and followed by removal of
solvent. The materials were analyzed by FT‐IR and MALDI‐TOF. FT‐IR
confirmed the incorporation of Eu3+ and MALDI‐TOF confirmed that the
dendrimer‐metal complex consisted of only one Eu3+.
The absorption peaks, before and after incorporation of Eu3+, was
collected by FT‐IR and is depicted in Figure 21. Absorption peaks at 2800‐3000
cm‐1 (C‐H, stretching), 1733 cm‐1 (ester carbonyl, stretching) and 1667 cm‐1 (amide
carbonyl, stretching) are identified as strong absorption peaks from cyclen
dendrimer. The spectra was normalized around 1667 cm‐1 as the intensity from
amide peak stays constant independently of dendron size and presence of Eu3
while the intensity from estercarbonyls and C‐H vibrations will increase with
dendron size, Figure 21 (left). As can be seen in Figure 21 (right), the peak
corresponding to the amide group shifts to lower wavelengths (~40 cm‐1).

Figure 21. Left) FT‐IR spectra of cyclen dendrimer 64‐67. Right) FT‐IR spectra of dendrimer 68‐71,
dendrimers containing Eu3+.

This shift is a result from the metal‐ligand conjugation and was observed after
incorporation of Eu3+, confirming that Eu3+ coordinates to the lone pairs in the
cyclic core as well as to the amide carbonyls. The new absorption peak at 1625 cm‐
1 is more defined which indicates that fewer possible vibration states are possible.
This decrease in possible vibrational states can be explained by fewer secondary
interactions between hydrogen inside the dendrimer structure and the lone pair
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in the amide carbonyl, i.e. Europium‐amide interaction. This feature implies that
a rigid and locked metal‐core complex is formed.

4.2.3

Photophysical Properties of Europium Doped Dendrimers

In order to assign the excitation pathway, absorption and luminescence
spectra from different precursors were collected, Figure 22 and Figure 23.
Tetraalkyne functional cyclen core 63 present very weak absorption in both the
visible and ultraviolet region down to approx. 215‐210 nm. However, after
introducing the triazole linkage a new shoulder at 215‐220 nm was observed. This
shoulder was assigned to the π‐π* transition of the triazole unit. After
incorporation of Eu3+, this band shifts to 226 nm and subsequent appearance of a
distinct shoulder at 275 nm corresponding to ligand to metal charge transfer
(LMCT). Excitation at 230 nm of Cyclen‐G1‐Ac and excitation at 280 nm of Eu3+‐
Cyclen‐G1‐Ac resulted in fluorescent emission between 275‐400 nm from the
triazole unit and fluorescent emission induced by LMCT at 300‐425 nm
respectively. All Eu3+‐dendrimers (68‐71) showed similar absorption (225‐300 nm)
and emission spectra.

Figure 22. Absorption and emission spectra of some compounds used for assigning the energy
pathways of dendrimer 68‐71.

An excitation wavelength of 295 nm was chosen for the study of the
dendritic effect of the characteristic 5D0 → 7F1 and 5D0 → 7F2 transitions, Figure 23
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(left). Here, luminescence at 590 and 615 nm was observed when exciting both at
the wavelength for LMCT and direct excitation of Eu3+, however much weaker
signals was observed for the direct excitation (395 nm) as this involves
´forbidden´ lanthanide absorption.

Figure 23. Collected photophysical data of dendrimer 68‐71 Left) Eu3+‐emission, LMCT excitation at
295 nm. Right) Determination of phosphorescence life time using time‐resolved emission
measurements.

Time‐resolved photoluminescence measurements were carried out to
study the dendritic effect on the decay time, Figure 23 (right). Again, direct
excitation of lanthanide absorption (395 nm) or via LMCT of the triazole unit
(250‐300 nm) revealed similar time resolved luminescence, meaning that the rate
of inter‐system crossing is much faster than the life time of the Eu3+ 5D0 excited
state. The decay‐times were fitted into a two‐component model showing a
dominating slow component (phosphorescence) of about 660 – 870 μs at high
relative abundance (87 – 90 %), and a faster component (fluorescence) of approx.
100 ‐ 200 μs. For dendrimers 68, 69, 70 and 71 a slow component was determined
to 660, 700, 870 and 820 μs, respectively. This model revealed that higher
generation dendritic segments gave rise to longer decay times, however, they
were only somewhat longer or similar to previously reported Europium‐cored
aryl‐ether and bis‐MPA dendrimers.26, 27, 114

4.2.4

Europium‐Dendrimer Conformation

The symmetry of Eu3+‐ligand compounds can generally be described by
the relative intensity of the 590 and 618 nm emissions.115, 116 Kirby and Richardson
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established that a ratio of 0.67 between 5D0 → 7F2 over 5D0 → 7F1 represents a
centro‐symmetric (center of inversion) system and higher values describes more
un‐symmetric systems. Knowing this, it is possible to extract conformational
changes of Eu3+‐cyclen‐G1‐Ac 68 to Eu3+‐cyclen‐G4‐Ac 71 out of Figure 23 (left).
The calculated ratio for 68‐71 is 2.70, 1.42, 1.81 and 2.43, this means that the Eu3+‐
Cyclen‐G2‐Ac has the highest symmetry among the complexes. The obtained FT‐
IR and photophysical data indicate changes in structural conformation of the
metal‐ligand‐dendrimer complex as the size of the dendron wedges (A, B, C and
D in Figure 24) increase. For instance, the 1st generation dendrimer 68 have a
funnel‐like conformation with the core moiety positioned at the narrow end of the
funnel. As higher generation dendrons is attached to the core, this will open up
and twist the funnel‐like shape, due to sterical hindrance, into a more globular
structure and obtaining its most planar symmetrical core‐ligand conformation at
the 2nd generation. This structural change is also supported by the observed FT‐IR
results in Figure 21, where the 2nd and 3rd generation show more defined C=0
amide stretch compared to the 1st and 2nd generation.

Figure 24. Conformational changes of different generation dendron wedges (A, B, C and D) when
attached to Eu3+‐cyclen core.

4.3

MULTIFUNCTIONAL DENDRIMERS (PAPER III)

4.3.1

Synthesis of Multifunctional Dendrimers

An area within dendrimer synthesis that has not fully investigated is dendrimers
bearing intrinsic functionality. In this case, multifunctional dendrimers were
prepared with internal click functionality (azide or acetylene) and acetonide or
hydroxyl functionality at the exterior, Figure 25. Dendrimers presenting internal
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functionality have earlier been reported,34‐36, 39 however, these procedures involve
quite harsh reaction conditions such as strong acids and bases. The dendrimers
presented here are based on AB2C‐type monomers (32 and 35) and can both be
prepared and further functionalized using benign reaction conditions. Divergent
growth approach was used for the synthesis of dendrimers 72‐76 using monomer
32 and dendrimers 77‐81 using monomer 35, Scheme 11. The polyester backbone
was obtained using carbodiimide mediated chemistry resulting in 72‐81 (yield 78‐
98%). The structure of hydroxyl functional dendrimer 73, 75, 78 and 80 is not
shown.

Figure 25. Synthesis of a multifunctional dendrimer using AB2C‐monomers.

The amount of functional groups is normally determined by the number
of peripheral groups. However, dendritic growth using AB2C‐monomers will
result in dendrimers with an internal functionality and almost doubled amount of
functional groups if compared to the ABX‐analogue. The total amount of
functional groups can be described by the equation below. Considering a
dendrimer of the nth generation synthesized using ABxCy‐monomer and a core Dz
(x is the number of B‐functionality, y is the number of C‐functionality, z is the
number of core functionality and n is the number of generations), then the total
number of functional groups, ftot, is given by Equation 1. Here, x=2, y=1, z=3 and
n=3 and will give rise to a dendrimer, after deprotection of the acetonide groups,
containing a total of 45 functional groups (B=24 and C=21) compared to the same
dendrimer synthesized using AB2‐monomer with 24 functional groups. This
exponential increase in total functionality is shown in Figure 26.
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Equation 1. The total amount of functional groups of a dendrimer of the nth generation based on an
ABxCy‐monomer system with a Dz‐core.

Figure 26. Functionality comparison between a traditional dendrimer (AB2) and a multifunctional
dendrimer (AB2C) based on a three functional core.
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Scheme 11. Synthesis of AB2C‐dendrimers. (i) DCC, DMAP in THF, RT, (ii) acidic Dowex® in MeOH,
45 °C.
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4.3.2
4.3.2.1

Characterization of Multifunctional Dendrimers
GPC and MALDI‐TOF

Dedrimers equipped with acetonide protective groups were analyzed by
GPC and MALDI‐TOF. The GPC‐traces were analyzed using universal calibration
presenting PDI‐values ranging from 1.01 to 1.05 with one exception for dendrimer
81, which showed a slightly higher value (1.09). Figure 27 and Figure 28 present
the molecular weights (Mn and Mw) of dendrimers 72 Mn, GPC = 900 g/mol, Mw+Na+,
MALDI‐TOF = 1300.6 g/mol, 74 Mn, GPC = 2900 g/mol, Mw+Na+, MALDI‐TOF = 3468.4 g/mol
and 76 Mn, GPC = 8,300 g/mol, Mw+Na+, MALDI‐TOF = 7812.2 g/mol, 77 Mn, GPC = 1300
g/mol, Mw+Na+, MALDI‐TOF = 1007.0 g/mol, 79 Mn, GPC = 2400 g/mol, Mw+Na+, MALDI‐TOF =
2562.2 g/mol and 81 Mn, GPC = 6100 g/mol, Mw+Na+, MALDI‐TOF = 5746.6 g/mol.
The GPC‐values showed molecular weights deviating from the
theoretical values and the values obtained from MALDI‐TOF. The reason for the
significant difference in molecular weights between the GPC‐value and the
theoretical value of dendrimers 72 and 77 is probably due to the lower limit of the
standard (1,310 g/mol) used when calibrating the GPC. This result in that
dendrimer 72 and 77 fall below the calibration curve obtained from the GPC
giving unreliable data in these regions. MALDI‐TOF analysis of dendrimers 72‐
81, revealed single peaks proving monodisperse structures, Figure 28.

Figure 27. GPC‐traces of multifunctional dendrimers. Left) 72, 74 and 76. Right) 77, 79 and 81.
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Figure 28. MALDI‐TOF spectra of synthesized dendrimers.

4.3.2.2

Toxicity study

Cytotoxicity tests, in vitro, where materials are in direct contact or
indirect contact with cell cultures is a fast and cheap way of testing new materials.
These tests can be performed with good sensibility and at low cost which makes
them very attractive as a screening tool in early stages of material formulation
processes. Cytotoxicity tests are generally more sensible than in vivo tests in
living tissues. Therefore, materials can be found toxic in vitro but non‐toxic in
vivo, while the opposite is rarely encountered.117
A frequently used marker is 3‐(4,5‐dimethylthiazole‐2‐yl)‐2,5‐diphenyl
tetrazolium bromide (MTT) which is taken up by the mitochondria in living cells
and once there reduces to purple formazan.118 The purple dyed cells is easily
distinguished from the pale dead cells. The toxic response is usually achieved by
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measuring the purple intensity in a cell material solution; a high absorbance
means high cell survival.
Initial elution cytotoxicity tests were carried out on dendrimer TMP‐G2‐
(Acet)9‐OH12 75 to determine if these new dendrimers can be used in In Vivo
applications.119 Osteoblast cells were cultured in complete growth medium, CGM,
containing Eagle’s Minimum Essential Medium, EMEM, with 10% Fetal Bovine
Serum and 0.5% Streptomycin. The cells formed a confluent monolayer (2‐4
millions cells) after 3 days and were split 1:3 re‐cultured in fresh CGM. This
procedure was repeated twice until approximately 30 millions cells were
obtained. The TMP‐G2‐(Acet)9‐OH12 was dissolved in CGM and prepared into
two different concentrations, 4 mg/ml and 12 mg/ml, and kept in the incubator for
24 hours. After 12 hours of incubation, 20 000 cells were applied to each well on
five 96‐well plates. The cells were treated with pure CGM and incubated and left
to adhere to the bottom surface of the wells for the remaining 12 hours. This was
followed by first removal of the CGM from the wells and then addition of 200μl
of each agitated dendrimer‐CGM concentration into 5 wells on each plate. The
wells were thereafter stained with MTT. 5 Wells containing only CGM was used
as negative control and cells killed with DMSO was used as positive control. All
wells were stained with MTT. Absorbance measurements on cell viability were
performed at 0 hours, 24 hours, 48 hours and 72 hours, Figure 29.

Figure 29. Toxicity test on hydroxylfunctional dendrimer 75.
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Absorbance of MTT staining was measured with an ELISA plate reader at
570 nm and 595 nm. It was found, for both concentrations, that no toxic effect
from dendrimer 75 could be observed. In fact, further cell growth was observed
indicating that the Osteoblasts are unaffected by the tested material. These new
types of dendrimers respond in similarity with the well‐known Bis‐MPA120‐122
dendrimers in the toxicity tests since the main components within the structure
are ester‐bridges and amides.

4.4

ONE‐POT MULTI‐STEP REACTIONS (PAPER III, IV)

The use of simultaneous reactions in combination with dendrimer or
dendron synthesis is an area of interest that has not been investigated thoroughly.
Therefore, six model reactions were prepared. The synthesis of different
architectures and increase in number of substitution reactions are investigated by
the convergent synthesis of di‐dendrons (3 concurrent reactions), end‐
functionalization and polymerization of styrene, divergent growth of dendrons (3
concurrent reactions), divergent growth of dendrimers (9 concurrent reactions),
divergent growth of dendrimers and functionalization of its interior (15 and 33
concurrent reactions). Non tandem reactions and tandem reactions were
explored.

4.4.1

Di‐functionalization of a Multifunctional Core

The orthogonal tandem reaction between azide functional acetonide
protected bis‐MPA dendrons 25, anthracene anhydride 37 and a multifunctional
core 2, Scheme 12, was chosen to illustrate one‐pot reactions applied to dendritic
materials. Here, 1 eqv. of anthracene anhydride 37, 1.2 eqv. of core molecule 2 and
2.9 eqv. of dendron 25 were added to a glass vial followed by the addition of a
copper catalyst Cu(PPh3)3Br, DIPEA and CHCl3 (50 °C) in a one‐pot multicatalytic
manner.
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Scheme 12. Multicatalytic reaction forming an anthracene functional di‐dendron from three starting
materials.

The reaction was monitored by 13C NMR, following the disappearance of
anhydride carbonyl in 37 and alkynes in 2. The structural resemblance, obtained
from 1H NMR, between di‐dendron 82 and starting materials 2, 25 and 37 and the
non detectable alkyne protons at 2.53 ppm from 2, azide methylene protons at
3.22 ppm from 25 and core methylene protons at 4.64 ppm from 2 is shown in
Figure 30.

Figure 30. 1H NMR spectra of di‐dendron 82 obtained through an orthogonal tandem reaction
between 37, 2 and 25.

The reaction was purified by preparative chromatography after the crude
MALDI‐TOF analysis showed monodisperse nature. The anthracene decorated
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di‐dendron 82, where 3 reactions occur simultaneously, was obtained in one step
in 82% yield.

4.4.2

Living Radical Polymerization and Chain‐end
Functionalization

The click reaction’s tolerance to many functional groups was investigated
by combining it with atom transfer radical polymerization (ATRP).123‐125 This
auto‐tandem reaction was illustrated by reacting 1.1 equivalents of an acetylene
functional mannose 44 with 1 equivalent of an azido functional initiator for ATRP
39. The polymerization of styrene in DMF was carried out at 90 °C using Cu(I)Br
and PMDETA as catalyst for both chemical systems, Scheme 13. The bioactive
linear polymer showed mono‐modal trace with Mn = 6000 g/mol = and a PDI
value of 1.20.

Scheme 13. Synthesis of bioactive PS.

4.4.3

Core Functionalization and Dendritic Growth

To explore the concept of one‐pot systems, a 2nd generation dendron with
a photoactive core was prepared 84, Scheme 14. Here, 1 eqv. azido‐derivatized
coumarine 46, 1.1 eqv. of acetylene functional bis‐MPA 12 and 2.4 eqv. of
acetonide protected bis‐MPA anhydride 16 were added to a reaction vessel. The
reaction was catalyzed using Cu(PPh3)3Br/DIPEA at 50 °C and purified by
preparative chromatography after MALDI‐TOF and NMR of the crude mixture
revealed a monodisperse structure. The orthogonal tandem reaction of 84,
involving 3 reactions, was performed in one‐pot at high yields (91%). MALDI‐
TOF of the purified dendron is shown in Figure 31 and depicts good correlation
between calculated mass [M+Na]+ = 781.33 g/mol and the found mass [M+Na]+ =
780.00 g/mol. The peak with lower molecular weight corresponds to the ionized
exact molecular weight [M]+ of dendron 84.
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Scheme 14. Multicatalytic reaction forming a 2nd generation photo functional dendron.
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Figure 31. MALDI‐TOF spectra of dendron 84.

4.4.4

Dendrimer Synthesis using Multicatalytic Systems

The orthogonal tandem reaction of dendron 82 and 84 lead to the idea of
step‐wise synthesis of dendrimers, employing the same one‐pot procedure.
However, the orthogonal tandem procedure yielded reaction mixtures that were
hard to analyze by NMR and MALDI‐TOF. Partial substituted compounds were
observed during the purification procedures as a direct result from the problem
in the analysis of the crude dendrimers. In one‐pot systems like this, the analysis
of the crude dendrimer is of great significance. This since the step‐wise synthesis
of dendrimers involves addition of two layers at the same time and any lack of
synthetic control will lead to defects within the dendrimer structure. Therefore, a
multicatalytic approach was attempted. Here, 1 equivalent of azide derivatized
trisphenol core 50 and 3.3 equivalents of acetylene functional bis‐MPA 12 were
added to a glass vial. The click reaction was catalyzed using a Cu/C‐powder and
TEA. The completion of the first generation dendrimer was confirmed by
MALDI‐TOF where after the Cu/C was filtered off and 7.9 eqv. of anhydride of
3,3‐dichloro pivalic acid 47 and DMAP were added. The synthesis of dendrimer
85, where 9 reactions were performed in one‐pot manner, is shown in Scheme 15.
This procedure proved to be more efficient than the first approach; however
dendrimer 85 was obtained in moderate yield (51%) after purification by
preparative chromatography. MALDI‐TOF of dendrimer 85 is shown in Figure
32. The found mass [M+Na]+ = 2091.67 g/mol was in good correlation to the
calculated mass [M+Na]+ = 2090.34 g/mol. The peak at 2046.65 g/mol is observed
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at high laser intensity and is explained as a structural artifact since it is not
observed if lower laser intensities are used. Nevertheless, here it is shown since
higher intensities was necessary to see the lower peaks in the isotopic pattern of
the true dendrimer peak.

Intens. [a.u.]

Scheme 15. Multicatalytic reaction forming a 2nd generation dendrimer in one step.
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Figure 32. MALDI‐TOF spectra of dendrimer 85.

4.4.5

Functionalization of Peripheral and Internal Groups

The generation growth of dendron 84 and the multicatalytic synthesis of
dendrimer 85 lead to the idea of synthesizing a dendrimer where the peripheral
and internal groups are functionalized in a multicatalytic manner. Here, dendritic
growth and functionalization of the interior was explored by using dendrimer 73
and treating it with monomer 32 and benzyl azide, Scheme 16. First, the complete
substitution of the peripheral groups was monitored by MALDI‐TOF followed by
addition of the benzyl azide yielding the 3rd generation dendrimer with benzylic
interior 86. Dendritic growth was obtained by DCC‐coupling of 32 onto
peripheral hydroxyl groups and CuBr/PMDETA was used as catalytic click
system. In this system, 15 reactions were performed in one‐pot manner yielding
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dendrimer 86. The MALDI‐TOF spectra of 86 is shown in Figure 33. Calculated
mass [M+Na]+ = 4664.85 g/mol and mass found [M+Na]+ = 4667.39 g/mol.

Intens. [a.u.]

Scheme 16. Peripheral and internal functionalization of a 1st generation dendrimer.
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Figure 33. MALDI‐TOF of the obtained dendrimer 86.

An attempt to synthesize a 3rd generation dendrimer and the subsequent
internal functionalization was performed, this time containing 33 reactive
chemical handles, Scheme 17. Dendrimer 75 and monomer 32 was dissolved in
THF and added to a glass vial. Generation growth was obtained using DCC and
the completion of peripheral substitution was monitored by MALDI‐TOF. An
initiator for atom transfer radical polymerization (ATRP) 39 was added to the
system followed by addition of NaAsc, CuSO4 and H2O. The reaction was stirred
overnight and then purified by preparative chromatography, yield 77%. The 1H
NMR of dendrimer 87 is shown in Figure 34. Selected peaks have been analyzed
to demonstrate the full substitution. The triplet at 0.84 ppm 2.7H (core, ‐CH3, 3H),
singlet at 1.91 ppm 128.4H (ATRP‐inititator, ‐CH3, 126H), quartet at 4.47 ppm
82.1H (interior, ‐CH2O‐, 78H) and the singlet at 7.66 ppm 18.9H (interior, triazole,
21H). The spectrum was normalized around the singlet at 5.20 ppm (interior, ‐
OCH2‐triazole‐, 42H).
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Scheme 17. Peripheral and internal functionalization of a 2nd generation dendrimer.

Figure 34. 1H NMR of a 3rd generation dendrimer 87 after functionalization of its peripheral and
internal groups.
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5 APPLICATIONS
5.1

HONEYCOMB MEMBRANES (PAPER IV)

5.1.1

Dendrimers as Templating Materials

DSC measurements were performed to investigate if any of the
synthesized dendrimers 55‐61 were suited for the fabrication of honeycomb
membranes. Such membranes can only be formed from materials that have a Tg
above RT and with a fast precipitation rate in H2O. The only material that fulfilled
these criteria was dendrimer 53, Figure 19 (Left). This dendrimer with Tg = 29 °C
consist of an interior of alternating triazole and aryl‐ether linkages and terminal
acetylenes, that are available for post‐modifications. Most of the dendrimers (51
and 55‐61) possess a Tg well below RT, unsuitable for isoporous films, and the
ones that have Tg above RT were unable to precipitate fast enough in H2O.
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Figure 35. Formation of honeycomb membrane from a generation 3 dendrimer with alkyne
functionality.

Acetylene end‐capped 3rd generation benzyl ether dendrimer 53 was
dissolved in CHCl3 (conc. 5 mg/ml) and cast on a glass slide. The solvent was
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allowed to evaporate in a closed humid chamber (RH = 70%), resulting in the
formation of a solid white film, Figure 35.
Investigation of the film, using optical microscope and SEM, showed that
an ordered hexagonal pattern with pores in the micro range had been achieved.
Figure 36 depicts a 5.000x and 10.000x magnification of the surface. These films
are of great interest, since they are equipped with pendant acetylene groups and
active for post‐modifications.
TGA measurements were performed to analyze the thermal stability of
the dendrimers, since thermal cross‐linking of isoporous films will enhance the
long‐term stability and chemical resistance. Here, several materials were found to
be able to cure under such conditions. The dendrimers showed onset degradation
at around 300 °C for the benzyl‐ethers, and around 250 °C for the bis‐MPA
dendrimers, Figure 19 (Right).

Figure 36. Left) 5.000x magnification of an isoporous film fabricated from Gen=3 acetylene functional
benzyl ether dendrimer 53. Right) 10.000x magnification of the same functional dendrimer where the
ordered hexagonal structure is clearly seen.

5.1.2

Biofunctionalized Linear Polystyrene as Template

Mannose end‐functionalized polystyrene 83 was dissolved in CHCl3 to a
concentration of 15 mg/ml. The solution was cast on a glass slide and left to
evaporate and precipitate in a humid chamber (RH = 65%). A white porous film
was observed after about one minute. The film was analyzed by optical and
atomic force microscopy, Figure 37. The size of the pores was determined to be
1.5 microns wide and about 0.8 microns deep indicating that pores with geometry
of half‐spheres were formed, Figure 38.

57

Applications

Figure 37. Isoporous film (left) obtained from polymer 83 in comparison with schematic presentation
(right) of an isoporous film.

Figure 38. Profile extraction of the formed isoporous film.

5.2

INTRA‐MOLECULAR COLLAPSE (PAPER III)

Multifunctional dendrimers equipped with azide interior were exposed
to UV‐light to depict the possibility of using these promising materials as carriers
for drugs. When exposed to UV‐light, two primary azides will form a nitrene
with N2 as leaving group. The intra‐molecular collapse is favored, in contrast to
the inter‐molecular, if the reaction is performed under dilute conditions. As a
result, nanosized spherical objects can be obtained. The cross‐linking reaction that
occurs inside the dendrimers will reduce the size of the dendrimers depending on
the intensity of the light and the time during which the dendrimers are being
exposed. However, to much intensity and long irradiation time will lead to
breaking of the ester backbone and deprotection of the acetonide end‐groups. A
concentration of 0.5 mg/ml of TMP‐G2‐(N3)‐Ac6 79 in THF (HPLC quality with 2%
toluene as internal standard) was added to a quartz cuvette. The cuvette was
sealed and then exposed to UV‐light (0.537 J/cm2) under 4 scans. The cuvette was
opened after each scan and an aliquot was collected and injected into the GPC.
The decrease in molecular weight and hydrodynamic volume was determined
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using GPC, confirming the collapse of the dendrimers into nano‐sized particles,
Figure 39. The formation of nitrenes and decrease in molecular weight
corresponding to the weight loss of N2‐gas was monitored with MALDI‐TOF.
However, even though the lowest concentration possible for detection by GPC
was used, a small fraction of inter‐molecular cross linking was observed, 3% after
the 1st scan and up to 7% after the 4th scan. This unwanted cross‐linking can be
avoided if more dilute solutions are used.

Figure 39. Monitoring of intra‐molecular collapse using GPC.
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6 CONCLUSIONS
Three sets of AB2 and CD2 monomers were successfully prepared. These
were used for the divergent synthesis of two dendrimers up to the fourth
generation and one up to the third generation, this without the use of any
activation or deprotection step. The dendrimers could be prepared in high yields
without intruding the perfect inherent structure.
Two new types of ABxCy monomers were prepared. In the first case,
C=alkyne, and in the second case C=azide. These monomers allowed divergent
dendritic growth utilizing traditional DCC‐chemistry resulting in dendrimers
with internal functionality. Dendrimers with internal azide functionality was
exposed to UV‐light resulting in a collapsed dendritic structure with a decrease in
hydrodynamic volume. An initial cytotoxicity test on the 2nd generation
dendrimer with intrinsic alkyne functionality and terminal aliphatic hydroxyls
was performed. No toxic effect could be observed for either the low concentration
(4 mg/ml) or the high concentration (12 mg/ml).
The chemoselective nature of click chemistry was explored by
constructing various dendritic architectures in a one‐pot fashion. Dendritic
growth and functionalization were obtained simultaneously by combining click
chemistry with DCC and anhydride chemistry. It was shown that a reduction in
synthetic and purification steps could be obtained employing one‐pot systems.
Thermal studies on the AB2‐CD2 dendrimers revealed that the 3rd
generation Fréchet‐type dendrimer with alternating triazole/ether linkages and
with terminal alkynes was suitable as template for the fabrication of isoporous
films. The divergent growth approach was proven unsuccessful when preparing
dendron decorated cyclen. Instead, azide functional dendrons of generation 1‐4
were coupled to an alkyne functional cyclen core. An Europium ion was
successfully incorporated into the dendrimer core moiety resulting in a light
emitting dendrimer. The energy pathways were explored revealing a sensitizing
effect from the triazole linkage. The higher generation cyclen dendrimers showed
longer light emitting life‐times than the lower generations.
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7 FUTURE WORK
One interesting study would be the preparation of layered structures,
based on AB2‐CD2 monomers, on different substrates such as silica wafers and
gold. The robustness of such chemistry can be investigated by relating the “graft
from” and “attach to” approach to each other. Moreover, the flexibility of the
monomer composition allow further studies on hybrid materials where
monomers derived from different families, e.g. Fréchet‐type and bis‐MPA, may
be altered to yield materials with tailored thermal and solubility properties.
Cyclens role in phototherapeutics is constantly increasing. Therefore, bis‐
MPA decorated metal containing cyclen systems need to be properly explored by
incorporating various metals such as Erbium, Terbium, Zink and Platinum, and
collecting the photophysical data in different solvents. A particular system that
would be of great interest is PEGylated bis‐MPA decorated cyclen containing
Gadolinium. Such a system could show promising properties as a contrast fluid
in magnetic resonance imaging (MRI).
The concept of dendrimers and dendritic structures containing an
internal functionality is still a quite unexplored area. Within this concept, many
new exciting materials and applications can be prepared. For instance,
dendronized polymers prepared by employing the “macro monomer route” or
the “graft onto” route is of great interest. The intrinsic functionality can also be
used to collapse the dendritic structure or to couple drugs. The intra molecular
collapse would lead to entrapment of small molecules that will be released upon
degradation of the dendritic structure. Also, the fabrication of hydrogels using
multifunctional dendrimers as cross‐linking units would result in hydrogels that
can be used in tissue engineering since the active functional groups within the
hydrogel can be functionalized with proteins that stimulate regeneration of
tissues.
One‐pot systems are preferred over traditional synthetic procedures;
however, the reduction in synthetic steps must never restrict the precise control
over the dendritic structure. Therefore, future experiments involving one‐pot
reactions must be directed towards optimizing different catalytic systems.
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