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6.03.1 Synthesis of Star Polymers 

6.03.1.1 Introduction 

Star polymers are the simplest branched polymers, consisting 
of several linear chains linked to a central core.1–3 The core may 
be an atom, a small molecule, or a macromolecular structure 
itself. When the core is more than 50% of the weight of the 
macromolecule, the structure is characterized as a microgel. 
Due to their high segment density, branching results in more 
lymer Science: A Comprehensive Reference, Volume 6 doi:10.1016/B978-0-444-
compact structures, compared to the analogous linear ones, 
and dramatically affects mechanical, viscoelastic, and solution 
properties.1,4,5 

Schaefgen and Flory6 published the first report concerning 
the synthesis of star polymers in 1948. Using step-growth 
reactions, they polymerized ε-caprolactam with cyclohexano
netetrapropionic or dicyclohexanoneoctacarboxylic acid to 
obtain star-shaped polyamides with four or eight arms, respec
tively. In 1962, Morton et al.7 attempted to synthesize 3- and 
53349-4.00161-8 29 
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4-arm polystyrene (PS) stars by linking living anionic chains to 
trichloromethylsilane and tetrachlorosilane, respectively. 
Although a mixture of stars was obtained in this study, a 
major breakthrough was achieved showing the validity of living 
polymerization methods for synthesizing well-defined star 
structures. Since this discovery, the great progress in living 
polymerization techniques allowed the synthesis of several 
types of star polymers, such as star-block copolymers and 
functionalized, asymmetric, and miktoarm stars. 

Seminal and recent developments in the synthesis of star 
structures using the most important polymerization techniques, 
such as anionic, cationic, controlled radical, ring opening, 
ring-opening metathesis, group transfer, and their combinations, 
are examined in this chapter. In addition, the synthesis of 
star polymers by step-growth polycondensation, metal 
template-assisted, and ‘electrostatic self-assembly and covalent 
fixation’ methods will be discussed, and the significant contribu
tion of ‘click’ chemistry is presented. Until 1990, the average 
number of papers published on stars per year ranged between 2 
and 23. With the introduction of controlled/living radical poly
merization in the 1990s, this number increased dramatically. 
Since 2001 the average number of papers per year approaches 
400, thanks not only to controlled/living radical polymerizations 
but also to combinations of practically all methods. 

Considering the enormous number of papers published in 
the area of star-related polymeric structures, it is impossible to 
present a complete list of publications. Therefore, selected 
examples will be presented. 
6.03.1.2 General Methods for the Synthesis of Star Polymers 

Three general synthetic routes have been developed for the 
synthesis of star polymers,1,8 as outlined in Figure 1. 

6.03.1.2.1 Multifunctional linking agents 
This method is referred to as the ‘arm-first’ or ‘arm-in’ or con
vergent approach. It involves the synthesis of living 
o .‘Arm-first’ 

o 
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.
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Figure 1 General methods for the synthesis of star polymers. 
macromolecular chains and their subsequent reaction with a 
multifunctional linking agent. It is probably the most efficient 
way to synthesize well-defined star polymers because of the 
absolute control that can be achieved in all synthetic steps, as 
the living arms can be isolated before linking and characterized 
independently along with the final star. In addition, the func
tionality of the linking agent determines the number of 
branches of the star polymer, provided that the linking reaction 
is quantitative. Consequently, the functionality of the star can 
be measured directly and accurately. Disadvantages of the 
method include the long time required for the linking reaction 
in most cases and the need to perform fractionation in order to 
obtain the pure star polymer, as a small excess of the living arm 
is needed to ensure complete linking. 
6.03.1.2.2 Multifunctional initiators 
This method is referred to as the ‘core-first’ or ‘arm-out’ or 
divergent approach. According to this procedure, multifunc
tional compounds capable of simultaneously initiating the 
polymerization of several arms are used. There are several 
requirements a multifunctional initiator has to fulfill in 
order to produce star polymers with uniform arms, low
molecular-weight distribution, and controllable molecular 
weights. All the initiation sites must be equally reactive 
and the initiation rate must be higher than the propagation 
rate. The characterization of the star polymers produced by 
this method is difficult, as the molecular weight of the arm 
cannot be measured directly. The number of the arms can 
be defined indirectly by several methods, such as end-group 
analysis and determination of the branching parameters, 
which are the ratios of the mean square radius of gyration, 
intrinsic viscosity, or hydrodynamic radius of the star to the 
corresponding linear one with the same molecular weight. 
Finally, isolation of the arms after cleavage (i.e., hydrolysis) 
if possible and subsequent analysis leads to the determina
tion of functionality. 
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6.03.1.2.3 Difunctional monomers 
In this method, a living polymer precursor is used as an initiator 
for the polymerization of a small amount of a suitable 
difunctional monomer. Microgel nodules of tightly cross-linked 
polymer are formed upon polymerization. These nodules serve 
as the branch point from which the arms emanate. Although the 
functionality of the stars can be obtained directly by determining 
the molecular weight of the arms and the star product, it is very 
difficult to predict and control the number of arms. The number 
of arms depends mostly on the molar ratio of the difunctional 
monomer to the living polymer and increases by increasing this 
ratio. Other parameters influencing the number of branches are 
the chemical nature, the concentration and the molecular weight 
of the living polymer chain, the temperature and the duration of 
the reaction, the rate of stirring, and so on, leading to stars with a 
broad distribution of functionalities. It is obvious that although 
this method is simple and is applied industrially, it is less 
suitable for preparing well-defined stars. 

This method is similar to the ‘arm-first’ approach, but 
the same technique can be applied as a core-first approach. 
In this case, a monofunctional initiator reacts with the 
difunctional monomer, leading to the formation of tightly 
cross-linked microgel nodules bearing active sites that can be 
used for the polymerization of a suitable monomer. 
High-functionality stars can be prepared by this method; how
ever, the disadvantages and restrictions reported previously 
also apply in this case. 

These two procedures can be combined as a single arm 
in–out process for synthesizing more complex structures, such 
as asymmetric and miktoarm stars of the AnA′ n and AnBn type. 
In-chain functionalized End-functionalized 
3-arm star 4-arm star 

Figure 3 Functionalized stars. 
6.03.1.3 Star Architectures 

Numerous studies have been reported for the synthesis of star 
homopolymers with different functionalities. However, more 
complex structures have appeared in the literature. The most 
important of them are presented as follows. 

6.03.1.3.1 Star-block copolymers 
Star-block copolymers can be envisioned as star polymers where 
each arm is a diblock or a triblock copolymer5,8 (Figure 2). 
These structures combine the properties of diblock or triblock 
copolymers along with those of star polymers. The synthesis of 
star-block copolymers can be achieved by all the previously 
mentioned methods using a single living polymerization tech
nique or a combination of techniques. 

6.03.1.3.2 Functionalized stars 
Functionalized stars (Figure 3) bear functional groups along the 
arms (in-chain functionalized stars) or at the end of each arm 
4-Arm star diblock copolymer 3-Arm star triblock copolymer 

Figure 2 Star-block copolymers. 
(end-functionalized star polymers). These molecules can be used 
as models for the study of fundamental phenomena in polymer 
science, such as association, adsorption, and chain dynamics. 

The synthesis of in-chain functionalized stars can be accom
plished by the copolymerization of a nonfunctionalized 
monomer with a functionalized one followed by a suitable 
method for synthesizing star polymers. To synthesize 
end-functionalized stars, two general methods have been devel
oped.9,10 The first involves the use of functionalized initiators and 
is associated with the ‘arm-first’ approach for the synthesis of star 
polymers. This procedure ensures complete functionalization 
and, therefore, can produce well-defined stars, provided that the 
functionalized initiator is efficient in producing polymers with 
predicted molecular weights and narrow molecular-weight distri
butions. The second method involves the use of functionalized 
terminating agents and is associated with the core-first approach. 
It is important to choose the suitable terminating agent, as this 
reaction may be associated with several side reactions, leading to 
incomplete functionalization. 

The synthesis of functionalized stars is not always a straight
forward procedure, due to the competition or antagonism of 
functional groups with the active living ends. Therefore, several 
protective groups are needed to mask reactive functionality, in 
order to provide well-defined functionalized stars.10 
6.03.1.3.3 Asymmetric stars 
Asymmetric stars consist of a special class of star structures with 
molecular weight, functional group, or topological asymme
try11 (Figure 4). 

Molecular weight asymmetry: In this case, all the arms are chemi

cally identical, but have different molecular weights. 

Functional group asymmetry: This is a special class of functiona

lized stars. The arms consist of the same polymer (same chemical 

nature) and have the same molecular weight but have different 

functional groups. Thus, either some of the arms are functiona

lized or the arms have different functional groups. 
Molecular weight Functional group Topological 
asymmetry asymmetry asymmetry 

Figure 4 Asymmetric stars. 
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A2B 3-miktoarm A2B2 4-miktoarm ABC 3-miktoarm 
star copolymer star copolymer star terpolymer 

 

Figure 5 Miktoarm stars. 
Topological asymmetry: The arms of the star are block copolymers 
having the same molecular weight and the same composition 

but differ with respect to the polymeric block that is covalently 

attached to the core of the star. 

The asymmetric stars can be synthesized in a manner similar to 
that of the ‘miktoarm’ stars reported below. 

6.03.1.3.4 Miktoarm stars 
Miktoarm stars (from the Greek word μικτός, meaning mixed) 
are structures containing chemically different arms. The term 
‘heteroarm stars’ (from the Greek word έτερος, meaning
other), used previously for the same materials, is not appro
priate, as it does not convey the concept of a group of 
dissimilar objects.12 

Synthesis of miktoarm stars has been the subject of intense 
research over the last decade and several methods have been 
developed.5,8,11–13 The most common examples of miktoarm 
stars are the A2B, A3B, A2B2, AnBn (n >2),  and  ABC  types,  
where A, B, and C are chemically different chains. Characteristic 
examples are shown in Figure 5. 
6.03.1.4 Synthesis of Star Polymers 

The synthesis of star polymers discussed below is presented 
according to chronological order of the polymerization proce
dures and not to general synthetic strategies. 

6.03.1.4.1 Anionic polymerization 
Multifunctional initiators were synthesized by the polymeriza
tion of divinylbenzene (DVB) in benzene with butyllithium at 
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Scheme 1 
high dilution to obtain a stable microgel suspension.14–17 

These microgels, which are covered by living anionic sites, 
were subsequently used to polymerize styrene (S), isoprene 
(I), or butadiene (Bd). A slight variation was reported, where 
the polymerization of DVB was initiated by low-molecular
weight living poly(t-butyl styryl)lithium chains to avoid 
the solubility problems arising from the strong association of 
the carbon–lithium groups in the nonpolar solvents.18,19 

More recently, the multifunctional initiator approach has 
been used to synthesize poly(ethylene oxide) (PEO) stars20, 
depicted in Scheme 1. Hyperbranched polyglycerol (hbPG) 
and polyglycerol modified with short poly(propylene oxide) 
(PPO) chains, after a reaction with diphenylmethylpotassium 
(DPMP), were used as multifunctional initiators to synthesize 
PEO stars. The final products were characterized by Size 
Exclusion Chromatography-Low Angle Laser Light Scattering 
(SEC-LALLS), as well as by nuclear magnetic resonance 
(NMR) spectroscopy and differential scanning calorimetry 
(DSC). Rather broad molecular-weight distributions were 
obtained ranging from 1.4 up to 2.2. Functionalities of these 
stars were found to vary between 26 and 55. 
HEOz 

O 

OH 

O 
O O EOzH EOzHO OO 

EOzH O
n 

O OO Ohenylmethylpotassium 
EO H(DPMP) EOzH z

O
Ethyleneoxide O O

EOzHEO Hz
OO

O OO
O

O EOzHOO EOzH 
EOzH EOzH 

HEOz POy 

O

O 

O POy EOzHO O POy EOzHOO
POy On

HEOz O O
O O

PO EO HPOy y z

EO HO z
O O] PO

PO y
y EOzH EO HO zO 

O OO
O

O POy
POO 

POy 

y 
O 

POy 

EOzH
EOzH

EOzH EO Hz



Topology | Polymers with Star-Related Structures: Synthesis, Properties, and Applications 33 
The same core-first approach was adopted to synthesize 
8-arm PEO stars.21 tert-Butylcalix[8]arene carrying eight hydro
xyl groups was used as a multifunctional initiator to 
polymerize ethylene oxide (EO) after transforming the hydro
xyl groups to the corresponding alkoxides with diphenylmethyl 
potassium. The polymerization reaction in tetrahydrofuran 
(THF) led to well-defined PEO stars. 

A hydrocarbon-soluble trifunctional initiator was synthesized 
by reacting three moles of sec-butyllithium (s-BuLi) with one mole 
of 1,3,5-tris(1-phenylethenyl)benzene (tri-DPE)22 (Scheme 2). 
It was found that the initiator was efficient for the polymerization 
of styrene only in the presence of THF in a ratio of 
[THF]/[s-BuLi] = 20. The polymerization reaction was monitored 
by UV-visible spectroscopy. Extreme precision over the stoichio
metry of the reaction between s-BuLi and tri-DPE is needed and a 
minimum arm molecular weight around 6 � 103 is required for a 
successful initiation and synthesis. 

The initiator in Scheme 2 was also used to produce a 3-arm 
polybutadiene (PBd) star.23 Although complete monomer con
sumption was observed using Size Exclusion Chromatography 
CH2 CH2 

3 s-BuLi + C C6H6H5 5

C6H5 CH2 

 

Br 

Br Br 

+ 3 sec-Bu

Br Br + 4  sec

Br Br 

Scheme 2 

Scheme 3 
(SEC) analysis, the star polymer exhibited a bimodal distribu
tion. This was attributed to the strong association effects of the 
trifunctional initiator in the nonpolar solvent benzene. The pro
blem has been overcome when s-BuOLi was added in the 
reaction mixture in a ratio of [s-BuLi]/[s-BuOLi] = 2. s-BuOLi 
was shown to be capable of breaking the initiator association 
without appreciably affecting the microstructure of the PBd 
chains. Therefore, a well-defined star polymer with low
molecular-weight distribution was obtained. 

Tri- and tetrabromoaryl compounds were lithiated by reaction 
with sec-butyllithium and then were used as multifunctional 
initiators to synthesize monodisperse 3- and 4-arm PS stars,24,25 

respectively (Scheme 3). Tetramethylethylenediamine (TMEDA) 
was added to improve the solubility of the tetrafunctional initia
tor in benzene. 

In addition to the use of multifunctional initiators, 
another general and efficient method for the synthesis of 
star polymers is the linking reaction of the living polymers 
with a suitable electrophilic reagent. Several linking agents 
have been used for the synthesis of star polymers.26 
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Scheme 4 

Scheme 5 

Scheme 6 
The most efficient of those are the chlorosilanes,27 the 
bromomethyl and chloromethyl benzene derivatives.28,29 

However, other linking agents, such as hexafluoropropylene 
oxide,30 tri(allyloxy)-1,3,5 triazine,31 or tetraphenyl-1,1,4,4 
di(allyloxy) triazene-1,4 butane,32 have also been used. 

A significant advantage of the chlorosilanes is that the link
ing reactions with living polymers proceed without any side 
reactions. Using appropriate chlorosilanes, model star poly
mers have been prepared with functionalities ranging from 
3 up to 18.33–40 Use of carbosilane dendrimers led to the 
successful preparation of PBd stars having 32, 64, and 128 

40–42arms. The products were extensively characterized by 
SEC, membrane osmometry (MO), vapor pressure osmometry 
(VPO), and light scattering (LS). Low-molecular-weight distri
bution polymers with functionalities close to the theoretical 
value were obtained in all cases. However, extended periods of 
time were needed for complete linking reactions and fractiona
tion was required to eliminate both the excess of arm, 
purposely added, and, in a few cases, the stars with lower 
functionalities. 

More recently, the efficiency of the chlorosilane linking 
was reevaluated using NMR43 and matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF MS)44 techniques. Both polyisoprene (PI) and 
PBd stars with low arm molecular weights (M ∼103) and func
tionalities ranging from 3 to 64 were synthesized and used for 
this study. It was found that for stars with 16 arms or less, the 
structural quality with respect to the polydispersity and the 
functionality agrees very well with the theoretical values. For 
stars theoretically having 32 and 64 arms, the average func
tionalities of the chlorosilane linking agent were found to be 
31 and 60, respectively, whereas the number of arms of the 
stars was 29 and 54, respectively. The linking agents along 
with the star products exhibited narrow molecular-weight 
distributions. These results clearly demonstrate the steric lim
itations of these linking reactions. 

The use of linking agent methodology was extended to 
the synthesis of PBd stars bearing 200 and 270 arms.45 Low
molecular-weight linear and 18-arm star poly(1,2-butadiene) 
were extensively hydrosilylated with methyldichlorosilane 
and used as linking agents to prepare these multiarm PBd 
stars (Scheme 4). The synthetic strategy is similar to the one 
used for the preparation of graft polymers, but the low back
bone molecular weight results in starlike structure behavior. 
This approach led to the synthesis of star polymers with 270 
and 200 arms from the linear and the 18-arm star poly 
(1,2-butadiene), respectively. Although these products pre
sent a distribution in the number of arms due to the lack of 
absolute control over the hydrosilylation reaction, the poly
dispersity indices (PDIs) were very low. 

Low-polydispersity star-block copolymers of the type 
(PS-b-PI)n, where n = 4, 8, 12, 1846,47 have also been synthe
sized using appropriate chlorosilane linking chemistry. An 
example is given in Scheme 5. 

The first asymmetric PS and PBd stars bearing two identical 
arms and a third one with either half or twice the molecular 
weight of the other arms were synthesized by selective substitu
tion of the chloride groups of methyltrichlorosilane by Ps or 
PBd.48 The same procedure was later adopted for the synthesis 
of well-defined miktoarm star copolymer of the A2B type,49 

where A is PI and B is PS. The synthetic approach involved the 
reaction of living PS chains with an excess of methyltrichlor
osilane to produce the monosubstituted macromolecular 
linking agent. The steric hindrance of the living polystyryl
lithium (phenyl group) and the excess of the chlorosilane led 
to the replacement of only one chlorine by PS. After removal of 
the excess chlorosilane, a slight excess of the living PI chains 
was added to produce the miktoarm star PS(PI)2. Excess PI was 
removed by fractionation. The reaction sequence, seen in 
Scheme 6, was monitored by SEC, and the molecular 
characterization of the arms and the final product was per
formed by MO. 

This approach was later extended50 to the synthesis of the 
A2B stars, where A and B were all possible combinations of PS, 
PI, and PBd. In this case, a more sophisticated high-vacuum 
technique was used to ensure the formation of products with 
high degrees of chemical and compositional homogeneity, as 
revealed by SEC, MO, LS, differential refractometry, and NMR 
spectroscopy. 



 

PI Li + (CH3)SiCl3 (excess) PI-Si(CH3)Cl2

+ LiCl + (CH3)SiCl3 

Titration 
PI-Si(CH3)Cl2 + PS Li (PS)(PI)-Si(CH3)Cl + LiCl 

(PS)(PI)-Si(CH3)Cl + PBd Li (excess) (PS)(PI)(PBd) + LiCl
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Scheme 7 
A 3-arm (PS)(PI)(PBd) miktoarm star terpolymer has also 
been reported.51 The synthetic strategy involved reaction of 
living PI chains with a large excess of methyltrichlorosilane to 
produce the dichlorosilane end-capped PI, followed, after the 
elimination of the silane excess, by slow stoichiometric addi
tion (titration) of living PS arm. Samples, taken during the 
addition, were analyzed by SEC to monitor the progress of 
the reaction and determine the end point of the titration. 
When the formation of the intermediate product (PS)(PI)Si 
(CH3)Cl was completed, a small excess of the living PBd chains 
was added to give the final product. The reaction sequence is 
outlined in Scheme 7. 

The method was subsequently extended to the synthesis of 
A2B2 milktoarm copolymer and ABCD miktoarm star quarter-
polymer.52 Since then, many groups have reported the synthesis 
of miktoarm stars with a great variety of monomers. Recently, 
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4-miktoarm star quarterpolymers of styrene (S), isoprene (I), 
dimethylsiloxane (D3), and 2-vinylpyridine (2VP) were synthe
sized53 using a different synthetic strategy (Scheme 8). 
+ – + Li = Li 

CH2 

 
CH+ 3 

Li Si 

Cl

Si
– + 

= Li O ( D = O
3 )

Si Si 
O 

CH2 

 
CH3 

– + 
Li Si

+ – + 
= Li 

CH2

– 

CHLi+ 3

Si 

2VP



CH2 CH2 

C6H5 C6H3 PS Li + 5

C6H5 CH2 

Li Li 
H HPSCH2 CH2PS PSCH2 CH2PS 

C C6HC 6H5 56H5 C6H5 CH3OH

C6H5 CH2PS
C6H5 CH2PS

H 
Li 

36 Topology | Polymers with Star-Related Structures: Synthesis, Properties, and Applications 

Scheme 10 
4-(Dichloromethylsilyl)diphenylethylene (DCMSDPE), a dual 
functionality compound with a dichlorosilane group and a non
homopolymerizable double bond, was used as the nodule for the 
incorporation of four incompatible arms. The synthetic approach 
involved the selective replacement of the two chlorines of 
DCMSDPE with PI and PDMS by titration with the correspond
ing living chains, addition of PSLi to the in-chain double bond of 
the PI/PDMS intermediate, and finally polymerization of 
2-vinylpyridine (2VP). Isolation of the final miktoarm stars was 
accomplished with extraction in a soxhlet apparatus, as fractional 
separation from the residual intermediates (5–10% of the final 
products) was not effective due to different solubility parameters 
of the four components. Extensive characterization by 
SEC-LALLS, MO, NMR spectroscopy, and DSC confirmed the 
high degree of molecular and compositional homogeneity as 
well as the incompatibility of the arms. 

Another important class of linking agents includes chloro
methyl and bromomethyl benzene derivatives.28,29 The 
drawbacks of these compounds are the presence of side reac
tions due to a lithium–halogen exchange leading to linking 
agents with higher functionalities.26 Nevertheless, these com
pounds are valuable for synthesizing poly(meth)acrylates and 
poly(2-vinylpyridine) (P2VP) stars, as they can be used effi
ciently at −78 °C, where the polymerization of these polar 
monomers takes place. The chlorosilanes cannot be used 
because the linking reaction either leads to unstable products 
(poly(meth)acrylates) or does not occur (P2VP). 

The synthesis of 3-arm P2VP stars using 1,3,5-tri(chloro
methyl)benzene,54 as well as the synthesis of 4-arm poly 
(tert-butylmethacrylate) (PtBuMA), poly(methyl methacrylate) 
(PMMA), and P2VP stars using 1,2,4,5-tetra(bromomethyl)ben
zene,55 was reported (Scheme 9). Combined characterization 
results revealed that the use of bromo- instead of chloro
derivatives and low temperatures leads to well-defined products. 

Diphenylethylene derivatives form another class of linking 
agents. 1,3,5-Tris(1-phenylethenyl)benzene was used for 
the synthesis of a well-defined 3-arm PS star22 (Scheme 10), 
BrCH2 CH2Br 

Li + 4 

PMMALi
 
PtBuMALi
 BrCH2 CH2BrP2VPLi 

+ 4 LiBr 

4-Arm star 

Scheme 9 
as found from SEC, MO, and LS measurements. Although the 
arm molecular weight used was rather low (Mn = 8.5 � 103), 
there is no steric limitation for the synthesis of 3-arm PS stars 
using this coupling agent. Previous efforts to use methyltri
chlorosilane as a linking agent for the synthesis of 3-arm PS 
stars were not successful, due to incomplete coupling (steric 
hindrance effects).56 

The use of diphenylethylene derivatives also led to A2B 
miktoarm stars,57,58 where A is PS and B is PI or PtBuMA 
(Scheme 11). Living PS chains were reacted with a 1.2-fold 
excess of 1,1-[bis(3-methoxymethylphenyl)]ethylene in THF 
at −78 °C for 1 h. Only the monoadduct product 1 was 
obtained under these conditions. The end-methoxymethyl 
groups were then transformed to chloromethyl moieties 2 by 
reaction with BCl3 in CH2Cl2 at 0 °C for 2 h. NMR studies 
showed that the transformation reaction goes to completion. 
The macromolecular linking agent 2 was carefully purified 
(repeated precipitation and freeze-drying from benzene solu
tion) and then reacted with living PILi or PtBuMALi chains to 
give the desired products. A small amount (5%) of the dimeric 
product was observed by SEC analysis. It was proposed that this 
by-product is obtained by the Li–Cl exchange and/or electron 
transfer reactions. SEC and NMR methods have been the only 
methods used for the molecular characterization and low
molecular-weight stars were used to facilitate the NMR analysis. 

The synthesis of a wide variety of regular and asymmetric 
stars using functionalized 1,1-diphenylethylene derivatives in a 
similar way has recently been reported in a detailed review.59 By 
means of an iterative methodology, 3-arm, 5-arm, 9-arm, and 
17-arm PS and PMMA star homopolymers along with 33-arm PS 
stars were synthesized. Extending the same methodology, asym
metric and miktoarm stars of the types AA′3 , AB4, AB8, A2B4, 
A2B8, A2B12, AA′A″2 , ABC2, ABC4, A2B2C2D, A4B4C4D, ABC, A3B, 
A2B2, AB3, A2BC, AB2C, ABC2, and ABCD, where A is PS, B is PI 
or poly(α-methylstyrene) (PαMS), C is PI or poly(4-(4-1,2:5,6
di-O-isopropylidene-α-glucofuranose-3-oxy)butoxy)styrene, and 
D is poly(4-trimethylsilylstyrene), were prepared. 

1,3-Bis(1-phenylethenyl)benzene (MDDPE) was used for 
the synthesis of A2B2 type of miktoarm stars, where A is PS 
and B is one of PI, PBd, and PS-b-PBd.60 The method involves 
the reaction of the living A arms with MDDPE in a molar ratio 
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Scheme 11 
2:1, leading to the formation of the living dianionic coupled 
product. The active sites were subsequently used as initiator for 
the polymerization of another monomer to give the A2B2 

structure (Scheme 12). This approach can be considered as an 
‘in–out’ procedure. 

Using a similar diphenylethylene derivative, 1,1-(1,2-etha-
nediyl)bis[4-(1-phenylethenyl)benzene] (EPEB), and an 
‘in–out’ procedure, the synthesis of PI2PMMA2 miktoarm 
stars was achieved61 (Scheme 13). A solution of EPEB was 
slowly added into a solution of the living PI chains leading to 
the formation of a living coupled product. LiCl was then intro-
duced and the polymerization of methyl methacrylate (MMA) 
was initiated at −78 °C to give the desired product. Unreacted 
PI chains formed by accidental deactivation during the cou-
pling reaction were removed by fractionation. Molecular 
characterization data showed that well-defined stars were pre-
pared by this method. 
2 ALi + 

MD

ACH2 CH2A

Li Li

Monomer 

Scheme 12 
Fullerenes have also been used as a coupling agent for the 
preparation of star polymers.62,63 In nonpolar solvents, such 
as toluene, it was found that an excess of living PSLi or PILi 
chains over the C60 is needed to prepare a 6-arm star by 
addition of the carbanions onto the double bonds of the 
fullerene (Scheme 14). However, when the living PS chains 
were end-capped with diphenyl ethylene (DPE), only a 3-arm 
star was produced, showing that the functionality of the star 
can be adjusted by changing the steric hindrance of the living 
chain end. It was also found that the functionality could be 
controlled by the stoichiometry of the reaction between the 
living polymers and the C60. However, it was impossible to 
selectively incorporate one or two chains per C60 molecule. 

C60 was also used for the synthesis of star-block 
copolymers.63 Living PS-b-P2VP diblocks, having short 
P2VP chains, were prepared by sequential anionic polymer-
ization in THF. The living diblocks were reacted with a 
Benzene
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Scheme 16 
suspension of C60 in THF, leading to the formation of a 
3-arm star-block copolymer (Scheme 15). The SEC analysis 
showed that the product had a broad molecular-weight 
distribution, indicating that a mixture of stars with different 
functionalities was obtained. 

Several groups have reported the use of difunctional mono
mer divinyl benzene (DVB) for the synthesis of PS64,65 and 
polydiene66 stars. It was found that when the [DVB]/[PSLi] 
ratio was varied from 5.5 to 30, rather narrow 
molecular-weight distribution PS stars were obtained, with 
the corresponding functionality between 13 and 39. For poly-
diene stars when the [DVB]/[PDLi] ratio was varied from 5 to 
6.5, the functionality of the low polydispersity stars was varied 
between 9 and 13. For higher ratios, broad distributions were 
observed. 

More recently, PMMA stars were prepared using the difunc
tional monomer ethylene glycol dimethacrylate (EGDM).67 

EGDM was reacted with isotactic living PMMA chains obtained 
using t-butyl magnesium bromide as initiator in the presence of 
1,8-diazabicyclo[5.4.0]undec-7-ene.68 A star polymer with the 
number of arms estimated between 20 and 30 was synthesized. 
SEC connected with LS and viscometry detectors was used to 
characterize the sample. A similar reaction involving syndiotac
tic living PMMA chains, obtained with the initiator system 
tert-BuLi-R3Al, failed to give star polymers. However, by repla
cing EGDM with butane-1,4-diol dimethacrylate, the synthesis 
of a PMMA star with 50–120 arms was successful. 

The difunctional monomer methodology was used for the 
synthesis of miktoarm stars of the type A 18

nBn,
 where A is PS 

and B is PtBuMA, PtBuA, PEO, P2VP, or polyethylmethacrylate 
(PEMA).18,19,69–73 Special care was given to the synthesis of 
amphiphilic stars carrying both hydrophobic and either catio
nic or anionic branches. The polymerization of styrene was 
initiated with s-BuLi, except in the case of PSnPEOn stars, 
where cumyl potassium was used. After the formation of the 
living PS star, SEC analysis revealed that a considerable portion 
(as high as 15%) of PS chains was not incorporated in the star 
structure, mainly because of accidental deactivation. Before the 
addition of a (meth)acrylate as the second monomer, the active 
sites were capped with one unit of diphenyl ethylene (DPE) to 
reduce their nucleophilicity. The final stars generally had n 
values between 4 and 20. 

Amphiphilic miktoarm stars of the type ABC, where A is 
polyethylene (PE), B is polyethylenoxide (PEO), and C is 
poly(perfluoropropylene oxide), were also prepared via 
anionic polymerization, using 74

‘arm in–out’ methodology  

(Scheme 16). At the first step of the synthetic process, anioni
cally prepared PBd was terminated with a heterobifunctional 
protected agent. The resulting hydroxyl end-functionalized PBd 
was then hydrogenated to an end-functionalized polyethylene 
(PE) block, which served as a macroinitiator (MI) for anionic 
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polymerization of EO at the third step. After capping of PEO 
block with ethylbromide and deprotection of a hydroxyl group 
located at the junction point between the two blocks, an acid 
chloride end-functionalized poly(perfluoropropylene oxide) 
block was coupled with the aforementioned hydroxyl group. 
A series of miktoarm stars were prepared with narrow 
molecular-weight distributions in all cases (1.1–1.3). The con
nection of a water-soluble arm (PEO) and two hydrophobic 
but immiscible components (a polymeric hydrocarbon and a 
perfluorinated polyether) at a common junction point led to 
molecular frustration when the stars were dispersed in aqueous 
solution. Typical cryo-TEM images revealed a rich variety of 
multicompartment micellar structures depending on the mole
cular weight of the hydrophilic block (spherical cores, three-
and four-lobe micellar cores, wormlike structures). 

A novel approach for the preparation of multilithium 
organic compounds by a lithium–halogen exchange and their 
subsequent use as multifunctional initiators for the synthesis of 
miscellaneous star polymers by anionic means was reported.75 

This method relies on the metalation of poly(aryl halide)s 
bearing the halogen atoms on separate aryl rings and not on 
adjacent carbon atoms as in previous cases. The metalation was 
conducted at room temperature and in a polar medium. Poly 
(aryl halide)s carrying three and four halogen groups were 
synthesized from 4-bromoacetophenone diethyl ketal and 
2,3,4,5-tetrakis-(p-bromophenyl)cyclopentadienone, respec
tively, and were then treated with stoichiometric amounts of 
s-BuLi in benzene to afford the corresponding tri- and tetracar
banionic initiators (Scheme 17). The solubilization of the 
carbanionic aggregates was achieved in the presence of lithium 
2-methoxyethoxide, generated in situ by the reaction of s-BuLi 
and 2-methoxyethanol. Subsequent addition of styrene or 
butadiene resulted in A3 and A4 star polymers prepared by the 
‘core first’ method using anionic polymerization. 4-Arm star 
triblock terpolymers (PS-b-PB-b-PMMA)4 were also prepared 
OCH3 1) OH 

2) s-BuLi – Br Br 
Li+ 
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–

H 1) 
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Scheme 17 
using the tetrafunctional initiators. Before triggering polymer
ization by monomer addition, 2-bromobutane, the side 
product of the lithium–halide exchange reaction, was neutra
lized in order to avoid deactivation of the ‘living’ chains. 
Neutralization took place by stoichiometric addition of s-BuLi 
and monitoring the formation of 3,4-dimethylhexane by gas 
chromatography. 

Anionic polymerization was also used in a multistep 
sequential procedure to synthesize polystyrenen[poly 
2-vinylpyridine-b-polyacrylic acid]n (PSn[P2VP-b-PAA]n) mik
toarm star terpolymers.76 In the first step, the living 
polystyrene arms were prepared using s-BuLi as the initiator at 
−60 °C in THF. Subsequent addition of a small amount of DVB 
resulted in the formation of a star-shaped polystyrene (PSn) 
precursor bearing active sites in its PDVB core. This ‘living’ star 
was used to polymerize sequentially 2-VP and tert-butyl acrylate 
(tBuA) at −70 °C. The final product was obtained after acidic 
hydrolysis of PtBA blocks, shown in Scheme 18. 

An advanced iterative methodology using 1-[4-(3-bromo
propyl)phenyl]-1-phenylethylene 3 or 3,5-bis{3-[4-(1
phenylethenyl)phenyl]propoxy}benzyl bromide 4 as an alter
native choice at each iteration was proposed by Hirao77 for the 
versatile synthesis of miktoarm star polymers. 
The methodology involves the following steps: (1) a linking 
reaction of a living anionic polymer with a DPE 
chain-functionalized polymer and (2) an in situ reaction of 3 
and 4 with the anion generated by the linking reaction to 
reintroduce the DPE functionality. In practice, the iterative 
process with 3 could be satisfactorily repeated 5 times to 
successively synthesize two-, three-, four-, and even 
five-component asymmetric star polymers (Scheme 19). 
3-Arm AB2 and 7-arm AB2C4 type stars were obtained by the 
second and third iteration using 4 instead of 3. Furthermore, 
four-component 7-arm AB2C2D2-, 11-arm AB2C2D2E4-, 13-arm 
AB2C2D4E4-, 15-arm AB2C4D4E4-, 17-arm AB2C2D4E8-, 19-arm 
H
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Scheme 18 

Scheme 19 
AB2C4D4E8-, 23-arm AB2C4D8E8-, and 31-arm 
AB2C4D8E16-type stars were achieved at the fifth iteration. 
The A, B, C, D, and E segments were PS, poly(α-methylstyrene), 
poly(4-methylstyrene), poly(4-methoxystyrene), and poly(tri
methylsilylstyrene) segments, respectively. The effectiveness of 
the proposed iterative method was attributed to the design of 3 
and 4 to the fact that the DPE and halide moieties are separated 
by alkyl spacers to reduce steric requirement and electric repul
sion between intermediate polymer anions and incoming 
living anionic polymers. 
Multiarm PEO star polymers with a purely aliphatic polyester 
structure were synthesized via anionic ring-opening polymeriza
tion (ROP) of EO and the ‘core first’ method.78 hbPG was used as 
the multifunctional initiator and was synthesized from polymer
ization of glycidol. Varying the degree of polymerization of 
glycidol, three hyperbranched initiators were prepared with aver
age hydroxyl functionalities adjusted to 10, 18, and 33, 
respectively. Cesium hydroxide or potassium naphthalide was 
used for partial deprotonation of hbPG in two different sets of 
experiments (the degree of deprotonation was 15% or 30% in the 
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Scheme 20 
case of CsOxH2O and 5% and 8% in the case of potassium 
naphthalide) before the polymerization of EO to produce PEO 
star polymers in almost quantitative yields (∼90%) and low poly
dispersity (<1.3) in every case (Scheme 20). When potassium was 
used as the counter ion, aggregation of the initiator that was 
observed in the case of Cs was prevented and the polymerization 
of EO was conducted in a homogeneous mixture resulting in star 
polymers with a lower PDI and molecular weights closer to the 
theoretical values. The star polymers were characterized with H1 

NMR and MALDI-TOF MS, which confirmed that all arms of star 
polymers were approximately the same length and that due to fast 
equilibrium between the hydroxyl groups and the active alkox
ides, grafting of EO took place from all hydroxyl groups at the 
multifunctional hbPG initiator. 

6.03.1.4.2 Cationic polymerization 
Well-defined 8-arm polyisobutylene (PIB) star homopolymers 
were synthesized using the tert-hydroxy and tert-methoxy deri
vative of the octafunctional initiator 5,11,17,23,29,35,41,47
octaacetyl-49,50,51,52,53,54,55,56-octamethoxycalix[8]arene 
(Scheme 21).79 Polymerization was performed in two steps in 
the same reactor. First, the initiator along with BCl3 and 25% of 
the isobutylene (IB) monomer were added to CH3Cl at −80 °C, 
after which hexane, TiCl4, and the rest of the monomer were 
added. SEC with online RI, UV, and Low Angle Laser Light 
Scattering (LALLS) detectors was used for the determination 
of the absolute molecular weights and composition of the stars. 
The molecular weights obtained were close to those theoreti
cally expected. 

A trifunctional initiator was used to synthesize a (PIB-b-PS)3 

star-block copolymer using ring-substituted tricumyl chloride as 
initiator and TiCl4 as coinitiator via the sequential monomer 
addition methodology.80 The polymerization was conducted 
at −80 °C, in the presence of pyridine (electron donor) and 
2,6-di-tert-butylpyridine (proton trap) in a 60/40 (v/v) methylcy
clohexane–methyl chloride solvent mixture. The copolymer 
synthesized exhibited a rather low PDI (1.17) and their mechan
ical, thermal, and morphological properties were examined 
extensively. 

3,3′,5,5′-Tetrakis(2-chloro-2-propyl)biphenyl (BPTCC) and 
1,3-bis[3,5-bis(2-chloro-2-propyl)phenoxy]propane (DPPTCC) 
were synthesized (Scheme 22) and used as tetrafunctional initia
tors for the preparation of 4-arm PIB stars.81 BPTCC led to the 
synthesis of well-defined products, whereas DPPTCC gave a 
mixture of 2-, 3-, and 4-arm stars. This behavior was attributed 
to the ether linkages connecting the aliphatic chain to the aro
matic rings. These linkages contribute significant electron 
density to the aromatic rings, making them susceptible to 
Friedel–Crafts cycloaddition reactions after the addition of one 
isobutylene unit to the initiating cation. 
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By using tri- and tetrafunctional silylenol ethers as coupling 
agents (Scheme 23), 3- and 4-arm poly(isobutyl vinyl ether) 
(PIBVE) star homopolymers have been synthesized.82 The liv
ing arms were synthesized at −15 °C, using the HCl–ZnCl2 

initiating system in methylene chloride. It was shown that the 
coupling of relatively short chains of living PIBVE (DP ∼10) 
occurred nearly quantitatively, to give the multiarmed poly
mers in high yield (>95%), but the yield decreased slightly 
(85–89%) with a longer living chain (DP ∼50). The 
molecular-weight distribution of the final stars was low. 

Miktoarm star copolymers of the A2B2 type, where A is PIB 
and B is poly(methylvinylether) (PMVE), were prepared.83 The 
synthetic strategy involved the reaction of 2,2-bis[4-(1
phenylethenyl)phenyl]propane (BDPEP) and 2,2-bis[4
(1-tolylethenyl) phenyl]propane (BDTEP) with living PIB, 
resulting in a dicationic in-chain initiator. This initiator was 
used for the polymerization of methyl vinyl ether (MVE) to give 
the (PIB)2(PMVE)2 miktoarm copolymer. Purification of the 
crude A2B2 copolymer was performed on a silica gel column, 
and the purity of the resulting star was 93%. 
Amphiphilic 4-arm star-block copolymers of 
α-methylstyrene (α-MS) and 2-hydroxyethyl vinyl ether were 
prepared using tetrafunctional silylenol ether as the coupling 
agent as depicted in Scheme 20.84 Initially α-MS was polymer
ized using the HCl adduct of 2-chloroethyl vinyl ether in 
conjunction with SnBr4 as the initiating system in CH2Cl2 at 
−78 °C. When the polymerization reached a 95% yield, 
2-[(tert-butyldimethylsilyl)oxy]ethyl vinyl ether was added 
and the polymerization was continued until 85% conversion 
was reached, followed by addition of the linking agent and 
N-ethyl piperidine to enhance the coupling efficiency. The 
star copolymer was separated from side products by preparative 
gel permeation chromatography (GPC). The 2-hydroxyethyl 
pendant groups were obtained after deprotection using tet
ra-n-butylammonium fluoride at room temperature, 
providing a new 4-arm amphiphilic block copolymer with 
hard hydrophobic segments of poly(α-MS) in the exterior of 
the star. 

A novel methodology for the synthesis of complex non
linear polymeric architectures was proposed, based on the 
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Scheme 23 
self-assembly principle, through coulombic interactions to 
preorganize linear polymer precursors and subsequent conver
sion into covalently linked permanent structures.85 THF was 
+N H3O 
+ NaOO_ 

OSO2CF3 

polyTHF 

C

Scheme 24 
polymerized cationically using methyl triflate as the initiator 
and was end-capped by a reaction with N-phenylpyrrolidine to 
provide the corresponding salt. An efficient ion exchange reac
tion of the telechelic polytetrahydrofurane (polyTHF) with an 
N-phenylpyrrolidinium end-group, carrying tricarboxylate as 
the counterion, was performed by repeated precipitation into 
an aqueous solution containing an excess of sodium tricarbox
ylate salt. These carboxylate salts are stable at ambient 
conditions and can be isolated. Subsequent heat treatment of 
the ionically assembled polymer precursor caused selective ring 
opening to provide a covalently linked 3-arm star polymer in 
high yield86 (Scheme 24). 
6.03.1.4.3 Controlled radical polymerization 
6.03.1.4.3(i) Nitroxide-mediated polymerization 
3-Arm PS–d7 stars have been synthesized by using a trifunc
tional unimolecular initiator that contains three initiating 
styrene-2,2,6,6-tetramethylpiperidinyloxy (TEMPO) groups87 

(Scheme 25). Bulk polymerization was conducted at 130 °C 
for 72 h, and no detectable amount of cross-linked or insoluble 
material was observed in the final product. SEC analysis 
revealed a low PDI (1.2) for the star. Degradation of the PS 
star by hydrolysis of the central ester links and characterization 
of the arms showed that the molecular weight was in agreement 
with the theoretically expected values and the PDIs were lower 
than those of the corresponding stars (1.10–1.15). The results 
demonstrate that each of the initiating sites in the trifunctional 
initiator is active and the individual PS arms grow at approxi
mately the same rate with little or no star–star reaction. 

1,3,5-Tris(alkoxyaminophenylethynyl)benzene (5) and 
1,3,5-tris(alkoxyaminophenyl)benzene (6) were synthesized 
and used as trifunctional initiators for the polymerization of 
styrene88 (Scheme 26). Initiator 5 gave star polymers with a 
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Scheme 25 

Scheme 26 
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broad molecular-weight distribution at high conversion, due to 
the interference of the diphenylethynyl triple bond during 
polymerization. On the other hand, initiator 6 afforded stars 
with PDIs between 1.20 and 1.40. 

More recently, 12-arm PS star homopolymers as well 
as 12-arm PS-P4VP star-block copolymers were synthesized, 
using dendritic dodecafunctional macroinitiators (MIs),89 as 
shown in Scheme 27. The polymerizations were carried out in 
bulk at 120 °C and the synthesized stars exhibited rather low 
PDIs (1.06–1.26). To evaluate the livingness of the 
TEMPO-mediated radical polymerization of styrene, hydrolysis 
of the ester central bonds and subsequent SEC measurements 
was performed. Analysis revealed that the resulting 4-arm star 
polymers exhibited lower PDIs than the corresponding parent 
star polymers, implying that the functionality polydispersity is 
higher than the molecular-weight polydispersity. 

It was shown that β-hydrogen-containing nitroxides promote 
the controlled polymerization of not only styrenic monomers 
but alkyl acrylates and dienes as well. Taking this into account, a 
novel trifunctional alkoxyamine (Scheme 28, 7)  based  on
N-tert-butyl-1-diethylphosphono-2,2-dimethylpropyl nitroxide 
(Scheme 28, 8) was developed for the synthesis of 3-arm PS 
and poly(n-butyl acrylate) (PnBuA) stars along with 
(PnBuA-b-PS)3 star-block copolymers.90 

Using the difunctional monomer methodology, star-block 
copolymers were afforded with a great variety of chemically 
different chains in terms of molecular weight and composi
tion.91 The synthetic strategy involved the preparation of 
TEMPO-terminated linear chains and subsequent coupling 
with the difunctional monomer DVB and a bis(maleimide) 
derivative. 

Core cross-linked star (CCS) polyamides were prepared by 
means of radical copolymerization of a variety of well-defined 
styrene-terminated aromatic polyamide macromonomers 
(MMs) and a divinyl compound following the ‘arm-first’ 
method (convergent approach).92 Homopolymer arms of 
poly(N-octyl-m-benzamide) and poly(N-H-m-benzamide) as 
well as different types of block copolymer arms, all bearing a 
styryl terminal moiety, were synthesized by chain-growth con
densation polymerization of 3-(alkylamino)benzoic esters 9 in 
the presence of phenyl-4-vinylbenzoate 10 as the initiator to 
form the MMs. Octyl and 4-(octyloxy)benzyl (OOB) groups 
were chosen as the N-alkyl group of 9, as poly 
(N-octyl-m-benzamide) is hydrophobic and soluble in nonpo
lar solvents and the OOB group can be removed after treatment 
with acid, leading to poly(N-H-m-benzamide), which is solu
ble in polar solvents. Cross-linking of the aforementioned MMs 
via radical copolymerization with N,N′-methylenebis 
(acrylamide) (MBAA), as the divinyl monomer in the presence 
of 2,2′-azobis(isobutyronitrile) (AIBN), at 60 °C yielded the 
corresponding star polymers (Scheme 29). Excess of the 
MM–MBAA copolymer in the final product mixture was 
removed with fractionation. When MBAA was replaced with 
DVB, the polymerization with poly(N-alkyl-m-benzamide) 
arms afforded insoluble DVB homopolymer, implying that 
DVB was too reactive compared to the bulky MM to afford 
the objective CCS polymer. In addition, the authors found 
that the conversion of the same MM and MBAA reached 
100% when their feed ratio was 1:3, respectively. 

The difunctional monomer methodology was also used to 
afford low polydispersity core cross-linked PMMA and poly 
(acrylonitrile) (PAN) star polymers via DPE-mediated poly
merization.93 The synthetic procedure involved the 
preparation of DPE-terminated linear chains of PMMA and 
PAN, with AIBN as the initiator of the polymerization of 
MMA and acrylonitrile (AN), and subsequent coupling with 
the difunctional monomer EGDM. By variation of the reaction 
conditions and homopolymer weight average molecular 
weight, completely soluble PMMA- and PAN-based CCS poly
mers with molecular weights ranging between 590 and 
5890 kDa (PDI = 1.27–1.48, number of arms f =42–426) and 
1100–6120 kDa (PDI = 1.38–1.66, f =74–176) respectively, 
were prepared. 

6.03.1.4.3(ii) Atom transfer radical polymerization 
Numerous reports have been published regarding the synthesis 
of star polymers using multifunctional initiators capable of 
initiating the atom transfer radical polymerization (ATRP) of 
certain monomers, mainly styrene, methacrylates, and 
acrylates.94–103 The living character of the growing chain ends 
provides the possibility for the synthesis of star-block 
copolymers. 

One of the first works reported on the synthesis of stars using 
atom transfer radical polymerization (ATRP) was the preparation 
of 3-arm PMMA star homopolymers with a trifunctional dichlor
oacetate initiator using RuCl2(PPh3)3 in the presence of either Al 
(OiPr)3 or Al(acac)3 (acac: acetylacetonate) as catalyst.

104 Both 
aromatic and aliphatic analogues of the initiators were examined. 
The stars were characterized by SEC and NMR spectroscopy. The 
polydispersity indices obtained were rather low (1.2–1.3). It was 
found that when Al(OiPr)3 was used, deviation from the theore
tical molecular weight was observed. Reactions in the presence of 
Al(acac)3 avoided this problem. NMR studies determined that 
the more basic Al(OiPr)3 promoted a transesterification reaction 
with the initiator, which altered the actual monomer-to-initiator 
ratio and poisoned the catalyst. 

The tetra- and hexafunctional initiators shown in 
Scheme 30 have been used for the polymerization of styr
ene and acrylates.105 The resulting stars had low PDIs, and 
the molecular weights obtained by SEC equipped with the 
LALLS detector and viscometry showed a good correlation 
with the theoretical values. In addition, a 6-armed 
star-block copolymer composed of a PMMA core and poly 
(isobornyl acrylate) shell was synthesized in this work. 

Octafunctional 2-bromopropionate-modified calixarenes 
have also been used as the initiator for the ATRP of styrene.106 

It was found that when the polymer yield was lower than 20%, 
there was a good agreement between the measured and the 
theoretically expected molecular weights. Above this conver
sion, high-molecular-weight shoulders were observed by the 
online LS detector which the authors attributed to coupling 
between the stars. By performing the polymerization under 
high dilution conditions and ceasing the polymerization at 
low conversion, stars with molecular weights as high as 
Mn = 34.0 � 105 and with low PDIs were formed. 

More recently, multifunctional ATRP initiators with 4, 6, 
and 11 2-bromoisobutyrate groups were prepared for the 
synthesis of star polymers of styrene, methyl and n-butyl and 
n-hexyl acrylates.107 The polymerization of styrene was per
formed at 110 °C, using the catalytic system CuBr/bipyridine. 
The molecular weights of the resulting stars were up to 
51 � 103, the PDIs were lower than 1.1, and the conversions 
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Scheme 27 
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Scheme 28 

Scheme 29 
were lower than 32%. Hydrolysis of the star PS at the central 
ester groups led to linear chains with the expected Mn values. 
Star poly(methyl acrylates) have also been synthesized by per-
forming the polymerization in the bulk, at 60–80 °C with the 
1,1,4,7,7-pentamethyldiethylene triamine ligand at higher con-
versions (up to 82%). Stars of poly(n-butyl acrylate) and poly 
(n-hexyl acrylate) with controlled characteristics have been 
prepared under the same experimental conditions. 

The difunctional monomer methodology has been used 
PS108for the synthesis of and poly(tert-butyl acrylate) 

(PtBuA) star homopolymers.109 The difunctional monomers 
used were divinyl benzene and 1,4-butanediol diacrylate, 
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Scheme 30 
along with ethylene glycol dimethacrylate. Several factors were 
investigated for the formation of nearly monodisperse stars, 
including the choice of exchanging halogen, the solvent, the 
addition of copper(II) species, the ratio of the coupling agent to 
the MI, and the reaction time. The highest efficiency (∼95%) 
was obtained with a 10–15-fold excess of the difunctional 
monomer over chain ends. 

Living PMMA chains, produced by the RuCl2(PPh3)3
catalyzed polymerization of MMA, were reacted with the 
difunctional monomer bisphenol A dimethacrylate (BPDMA) 
to afford the corresponding PMMA star polymers adopting the 
‘arm-first’ approach.110 The functionality of the products ran
ged from 4 to 63. The yield of the linking reaction was found to 
depend on the concentration and the degree of polymerization 
of the living arms as well as on the molar ratio between BPDMA 
over the living chains. 

The convergent approach was used to synthesize PEO stars. 
Mono-2-bromoisobutyryl PEO ester was used as the MI for the 
ATRP of DVB, leading to the synthesis of the desired star poly
mers. Subsequent addition of styrene led to the synthesis of 
PEOnPSm miktoarm stars through the polymerization of styr
ene from the initiating sites located at the core of the PEO 
stars111 (‘in–out’ approach). The styrene conversion did not 
exceed 10% to avoid star–star coupling reactions and therefore 
the production of gels. 

DVB and (2-methacryloyloxyethyl)disulfide were used as 
difunctional monomers for the synthesis of PnBuAnPSm and 
PMMAnPnBuAm stars, respectively, where n ranged between 4 
and 60.112 In the last case, with a suitable reducing agent, it was 
possible to degrade the core of the star structure and to analyze 
the arms. The formation of interstar and intrastar arm–arm 
coupling was observed. The initiating efficiency of the alkyl 
bromide sites in the core of the star polymers was determined 
after cleavage of the degradable stars and the corresponding 
miktoarm stars. It was found that only 19% of the initiation 
sites were active for the polymerization of the second 
monomer. 

Asymmetric and miktoarm stars were prepared by ATRP and 
suitable chemical modification of the end-groups,113,114 as 
shown in Scheme 31. ω-Bromopolystyrene was obtained 
using ethyl 2-bromoisobutyrate (EBIB) as the initiator in the 
presence of the catalyst CuBr and the ligand pentamethyl
diethylenetriamine. The end-bromine was reacted with 
2-amino-1,3-propanediol to afford PS chains bearing two 
hydroxyl groups at the same chain end. The hydroxyl groups 
were subsequently transformed to –Br after reacting with 
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Scheme 31 
2-bromoisobutyryl bromide. The new initiating sites were then 
available for either the polymerization of styrene, leading to the 
synthesis of asymmetric PS(PS′)2 stars, or the polymerization of 
tBuA to afford miktoarm PS(PnBuA)2 stars. 

CCS polymers of poly(tert-butyl acrylate)n-poly(divinylben
zene-co-tert-butyl acrylate) (polytBuA)n-poly(DVB-co-tBA) were 
synthesized via ATRP using the arm-first method in a one-pot 
process.115 1-Phenyl ethyl bromide (1-EBrP) was used as the 
initiator and CuBr/N,N,N′,N″,N‴-pentamethyldiethylenetria
mine (PMDETA) as the catalyst of the polymerization system. 
DVB was used as the cross-linker to form the core of the star 
polymers. Miktoarm star polymers were also prepared via ATRP 
of various monomers (n-methyl acrylate (MA), butyl acrylate 
(BA), and styrene (S)) using the in–out method and the 
(polytBuA)n-poly(DVB-co-tBA) CCSs as MIs. Because of the 
congested environment in the star core, not all the initiating 
sites participated in the formation of the second generation of 
arms. The initiation efficiency (IE) of the star MI was less than 
100% and was found to decrease with an increase in the 
first-generation arm length and structural compactness. CCS 
polymers with tBuA first-generation arms, as well as 
second-generation arms, were also prepared in order to study 
the effect of chemical composition of the arms on the IE. It was 
found that when the two kinds of arms had the same chemical 
composition, the star MI had the highest IE value, which 
decreased when initiating ATRP of different monomers from 
tBuA, BA, MA to S. 

A new core-first method, termed as a ‘star from in situ gen
erated core,’ was used as an alternative strategy to synthesize 
CCS polymers116 ATRP was applied for homopolymerization 
of ethylene glycol diacrylate (EGDA), a commercially available 
cross-linker, to generate a multifunctional cross-linked core 
(nanogel) before the formation of arms. At high conversion 
of the cross-linker, a large amount of monomer was injected 
into the reactor and the multifunctional polyacrylate nanogel 
(polyEGMA) with preserved bromide chain-end functional
ities, was used as MI to polymerize various acrylate 
monomers, including MA, nBA, and tBuA to form star polymers 
with different chemical compositions. The star polymers with 
the preserved initiating sites were subsequently used as star MIs 
for arm extension by the polymerization of a second monomer 
to form star-block copolymers, (Scheme 32). In all cases, 
1-EBrP was used as the initiator and CuBr/PMDETA as the 
catalyst of the polymerization system. 

ATRP was also used for the synthesis of fluorescently 
CCS polymers via the ‘arm-first’ approach.117 7-[4
(Trifluoromethyl)coumarin] methacrylamide, a commercially 
available monomer (11 in Scheme 33) that combines an 
electron-withdrawing CF3 moiety (located on the pyran ring 
and enhancing the fluorescence response of the monomer) 
with a methacrylamide functionality (allowing monomer com
patibility with ATRP conditions), was chosen to be 
copolymerized with the cross-linker DVB to form Core Cross 
Linked (CCL) star polymers. PMMA ‘living’ arms, previously 
prepared under ATRP conditions with TsCl as the initiator, 
were used to initiate ATRP of the fluorescently functionalized 
monomer and the cross-linker, under a CuCl/bpy catalytic 
system at 100 °C (Scheme 33). PDIs of the CCL star polymers, 
with covalently bound fluorescent labels within their core 
domain, ranged between 1.11 and 1.14 and the number of 
arms between 7 and 20. Star–star coupling, a common pro
blem during CCL synthesis, was not observed when the 
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Scheme 33 
amount of the fluorescent monomer was less than 7.5 mol.% 
relative to the amount of DVB used, and the reaction times did 
not exceed 48 h. The core-functionalized stars were character
ized by GPC equipped with multiangle laser light-scattering 
(MALLS), RI, and UV-visible detectors. The fluorescence quan
tum yield and the amount of fluorescent monomer 
incorporated into the core were quantified by UV-visible and 
fluorescence spectrophotometry. 

Synthesis of amphiphilic star polymers with low PDI and 
high molecular weight in highly diluted media by an activator 
generated by electron transfer atom transfer radical polymer
ization (AGET ATRP) was accomplished using the ‘arm-first’ 
method.118 Amphiphilic MI poly(ethylene oxide)-b
polystyrene (PEO-b-PS-Cl) was first dissolved in CH2Cl2 

together with EGDA, used as the cross-linker and the catalyst 
in air-stable Cu(II) form, resulting in a homogeneous organic 
solution, which was subsequently mixed with water and sub
jected to sonication. Micelles were obtained after slow removal 
of the organic solvent by evaporation and cross-linking of the 
cores took place at 70 °C, leading to star polymers with an 
average number of arms of 100 and PDIs of 1.03–1.04. 

When a functional initiator is used to synthesize the linear 
MI, various types of functionalities can be introduced onto the 
star periphery, such as benzophenone groups119 or oligomeric 
PEO120 Another example is to introduce dendron chain 
end-groups on the star s arms.121 

’ Polyester dendrons up to 
the fifth generation were synthesized by the divergent route 
using acetonide-protected 2,2-bis(methoxy)propionic acid. 
These dendrons were functionalized at the focal point with a 
single α-bromoisobutyrate group, thus forming a dendron 
functional MI. A variety of highly branched, three-dimensional, 
dendron functional CCS polymers were prepared from these 
MIs by varying the generation number and the chain length of 
the PS, followed by reaction with DVB, according to the ‘arm
first’ approach. The number of arms of the star polymer was 
shown to decrease with increasing dendron size and decreasing 
the length of the PS segment. The polydispersity of the stars 
synthesized ranged between 1.14 and 1.41 and a procedure of 
fractional precipitation was necessary to obtain the pure den
dron functional CCS polymers. 

Star polymers bearing either hydroxyl or methacryloyl chain 
end-groups (or both when desired) were prepared via ATRP 
and arm-first method.122 An HO-PnBA-Br linear heteroteleche
lic polymer with α-hydroxyl and ω-bromine groups was first 
synthesized by the ATRP of nBA using 2-hydroxyethyl
2-bromoisobutyrate (HEBIB) as the functional ATRP initiator 
and CuBr/PMDETA as the catalyst. The MI was then reacted 
with DVB to form hydroxyl end-functionalized star polymers 
under ATRP conditions. The end-OH groups of the stars were 
successfully converted to methacryloyl functions via esterifica
tion reactions with methacryloyl chloride (MAC). The reaction 
took place in the presence of Et3N to promote the reaction to 
completion and 4-methoxyphenol (MEHQ), which was used 
as a radical inhibitor, to prevent the polymerization of vinyl 
groups during the esterification reaction as shown in Scheme 
34. The degree of esterification could be easily controlled by 
adjusting the molar ratio of MAC affording star polymers with 
both hydroxyl and methacryloyl end-groups. Absolute 
molecular-weight characterization revealed the incorporation 
of 28 branches into the star structure. 

Star polymers of more complex architecture were prepared 
by a combination of ‘click’ chemistry and ATRP following the 
difunctional monomer methodology.123 The polymers pre
pared had PS macrocycles at each branch end. A linear PS 
with three functional groups, a hydroxyl and an alkyne group 
at the same chain end and an azide group at the other chain 
end, was used as a precursor. 2,2′-(Prop-2-ynylazanediyl) 
diethanol 12 was initially prepared by the reaction of propargyl 
bromide with diethanolamine and was further reacted with 
2-bromoisobutyryl bromide to give product 13. The 2-bromo
2-methylpropionic ester function of 13 was used as initiator to 
polymerize styrene. After azidation of the end-Br groups, the 
desired trifunctional PS chains were prepared. The alkyne and 
azide groups at the chain ends were linked in dilute solution to 
form a macrocyclic polymer via ‘click’ reaction, leaving a pen
dant hydroxyl group for further esterification with 
2-bromoisobutyryl bromide and the subsequent growth of a 
linear PS branch via ATRP. The living chain ends of the linear 
branches stemming from the macrocyclic PS moieties were 
then chemically anchored to a cross-linked core to form a 
core-cross-linked macrocyclic star polymer after reacting with 
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Scheme 34 
DVB (Scheme 35). Molecular characterization studies revealed 
that the functionality of the stars ranged from 17 up to 77, 
depending on the molar ratio of the living chain ends with 
DVB. 

6.03.1.4.3(iii) Reversible addition–fragmentation chain-transfer 
polymerization 
The arm-first and core-first methodologies have been both used 
for the synthesis of star polymers by reversible addition–frag
mentation chain-transfer (RAFT) polymerization.124–127 

Control of the procedure is achieved by the direction of frag
mentation of the RAFT thiocarbonyl agent during the 
polymerization process. This is influenced by the leaving ability 
of the groups attached to the two sulfur atoms of the trithio
carbonate moiety. For example, methyl groups are poor leaving 
radicals compared to benzyl leaving radicals. Thermodynamic, 
electronic, and steric parameters affect the stability of the radi
cals. A core-first approach is displayed in Scheme 36. The 
methyl groups of the RAFT agent 14 are weak leaving groups. 
The fragmentation of the resulting intermediate radical 15, 
formed by addition to the sulfur of the thiocarbonyl group, 
leads to the formation of linear dormant species 17 and active 
radicals 16. Propagation of the living arms occurs through 
radicals 16, affording a 4-arm star polymer. PS stars have 
been prepared by this method.128 

The core-first approach is presented in Scheme 37 using 
the RAFT agent 18. In this case, fragmentation results in the 
formation of benzyl radicals, which are able to reinitiate 
polymerization of linear chains. The arms of the star polymer 
are dormant, and the growth of the arms always occurs away 
from the core. Using this methodology, 4-arm PS and poly 
(methyl acrylate) stars were prepared.128 

The synthesis of dendritic multifunctional RAFT agent carrying 
6 or 12 external 3-benzylsulfanylthiocarbonylsulfanylpropionic 
acid groups was reported.129 These agents have been used to pre
pare PnBuA and PS stars according to the arm-first method. The 
polymerizations were performed in bulk at 60 °C, using AIBN as 
the thermal initiator. The stars were poorly characterized by SEC 
based on linear PS standards. The molecular weights of the synthe
sized PnBuA and PS stars were lower than 1.60  105 and 
7.0 � 105 −

�
gmol 1, respectively, whereas the PDIs were rather 

high, ranging from 1.1 to 1.5. The star-shaped structure of the 
synthesized polymers was confirmed through the cleavage of the 
arms from the core and characterization. 

12-Arm PS star homopolymers have also been synthe
sized130 using a dendritic compound with 12 terminal benzyl 
dithiobenzoate groups in bulk at 110 °C in the presence of 
AIBN (Scheme 38). The reaction was monitored by SEC-UV. 
It was found that conversions higher than 69% produced a 
bimodal distribution. The high-molecular-weight peak corre
sponded to the star molecule, whereas the other peak was 
attributed to terminate linear chains formed by irreversible 
terminations. After fractionation, the stars exhibited rather 
low PDIs (<1.2). 

The difunctional monomer methodology has been used for 
the synthesis of PS star homopolymers along with PS-b-poly 
(N-isopropyl acrylamide) star-block copolymers.131 The linear 
macro RAFT PS agent was synthesized in bulk, at 110 °C, from 
benzyl dithiobenzoate and AIBN. The synthesis of the diblock 
PS-b-poly(N-isopropyl acrylamide) copolymer was performed 
by bulk sequential polymerization under the same experimen
tal conditions. DVB was used as the difunctional monomer. 
The stars were extensively characterized by NMR and IR spectro
scopy, as well as SEC and DLS. The molar ratio of DVB/PS 
along with the polymerization duration was found to influence 
the yield, molecular weight, and PDI of the stars. In most cases, 
a significant amount of living linear MI remained unreacted 
and was separated from the star by preparative SEC. The same 
macro RAFT PS agent was used along with 4-vinylpyridine 
(4-VP), as a comonomer during the core formation process 
with DVB.132 It was shown that appropriate selection of solvent 
could favor micelle formation during the cross-linking of linear 
MIs, which improved both star formation and yield. 

6-Armed biodegradable star polymers made from PS, poly 
(polyethylene glycol) acrylate, and polystyrene-b-poly 
(polyethylene glycol) acrylate were synthesized using the 
core-first methodology via RAFT polymerization.133 Disulfide lin
kages between the core and the arms conferred biodegradability 
on the stars. A condensation reaction of 1,3,5-benzenetricarbonyl 
trichloride with 2-amino-2-methyl-1,3-propane-diol yielded a 
precursor with six hydroxyl groups. The star precursor was then 
reacted with excess succinic anhydride in the presence of 
4-dimethylamino pyridine as a catalyst to yield the star precursor 
with six carboxylic acid groups (Scheme 39). Esterification of the 
carboxylic acid end-groups with excess hydroxyl-terminated RAFT 
agent, 3-(hydroxyethyl disulfide)ethyl 3-benzyltrithiocarbonate 
propionate (HDEBP) afforded the hexafunctional RAFT 
agent, which was then used for controlled homo- and 
copolymerizations. 
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Scheme 35 
3-Miktoarm star polymers of the A2B type were synthesized 
using a combination of click chemistry, RAFT, and Ring Opening 
Polymerization (ROP).134 An azide functional trithiocarbonate 
RAFT agent was used to polymerize butyl acrylate BA, poly(ethy
lene glycol) acrylate, and N-isopropylacrylamide leading to the 
corresponding azide-terminated polymers. Propargylamine was 
reacted with glycerine carbonate to obtain a dihydroxy functional 
alkyne compound, which was used for the ROP of ε-caprolactone 
and lactide. The resulting alkyne functional polycaprolactone 
and polylactide polymers were reacted with the azide functional 
polymers in the presence of copper bromide (CuBr) catalyst to 
obtain A2B miktoarm star polymers (Scheme 40). 

6.03.1.4.3(iii)(a) Click chemistry Recently, click linking 
chemistry was applied for the synthesis of star polymers. 
The 3- and 4-arm PS stars were prepared by ‘clicking’ 3- and 
4-alkyne linking agent (LA) (19a and 19b in Scheme 41) with 
azido-terminated PS chains (Scheme 41).135 The linking reac
tions were catalyzed by CuBr/PMDETA. The procedure was fast 
and efficient for low-molecular-weight samples. However, 
upon increasing the molecular weight of the PS chains, the 
efficiency was considerably reduced. 

The synthesis of a 7-arm star PCL was reported136 by click
ing an acetylene-functionalized PCL precursor 20, prepared by 
ROP of ε-caprolactone ε-CL at 110 °C, using 5-hexyn-1-ol as 
initiator, with heptakis-azido-β-cyclodextrin 21 (Scheme 42). 
The click reaction was performed under microwave irradiation 
at 100 °C. To induce complete functionalization of the 
β-cyclodextrin, nine equivalents of the acetylene-functionalized 
PεCL were used in the coupling reaction. After the reaction, the 
excess PεCL was removed from the star by preparative SEC. 

Symmetric 3-arm star polymers137 based on the 
arm-first technique were synthesized by ‘clicking’ azide 
end-functionalized PS, PtBuA, or poly(ethylene glycol) (PEG) 
with a trialkyne LA. The coupling efficiencies of PS-N3, PtBuA
N3, and PEG-N3 with the trialkyne linking agent were 87%, 
85%, and 82%, respectively. 
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Scheme 36 
C60-based 3-arm star polymers were synthesized138 

through the copper(I)-catalyzed azide–alkyne cycloaddition 
of alkyne-terminated polymers and a sixfold azide-functiona
lized hexakis methanofullerene malonate crown ether 
(Scheme 43). The click reactions between alkyne-terminated 
PEG monomethyl ether, synthesized by DCC coupling of the 
end-OH group of PEG with 4-pentynoic acid, PS obtained by 
ATRP, and poly(n-isopropylacrylamide), prepared by RAFT, 
were conducted in dimethylformamide (DMF) at room tem
perature in the presence of copper (II) sulfate and sodium 
ascorbate. The crown ether that was used as the linking agent 
was significantly large with well-separated reactive sites for 
linking, thus characterized by reduced steric crowding effect 
and enhanced star formation efficiency. 

Click chemistry and ring-opening metathesis polymeriza
tion (ROMP) were successfully applied for the preparation 
of 3-arm stars.139 Well-defined monoazide end-functiona
lized poly(N-ethyl oxanorbornene) and poly(N-butyl 
oxanorbornene) obtained via the ROMP of the correspond
ing monomers using a first-generation Grubbs catalyst in 
the presence of but-2-ene-1,4-diyl bis(2-bromopropanoate) 
as the chain-terminating agent and further functionalization 
in the presence of NaN3 in DMF. These azide-terminated 
polymers were subsequently clicked with a trisalkyne core 
affording star polymers using the arm-first approach 
(Scheme 44).  In  the case of poly(N-butyl oxanorbornene), 
a relatively low click efficiency was observed and was attrib
uted to its chemical structure. The click efficiency was also 
reported to decrease upon increasing the molecular weight 
of the polymer. 

ATRP was applied in combination with click chemistry to 
synthesize AB2-type star polymers.140 The multifunctional cou
pling agent 2,4,6-tris(3-ethynylphenyl)-1,3,5-triazine-2,4,6
triamine (TPTTA) was synthesized by the reaction of 
3-aminophenyl acetylene and cyanuric chloride. Linear PS-Cl 
was prepared by solution ATRP of styrene initiated by 
9-chloromethylanthracene in the presence of CuCl/bpy, 
whereas PDMAEMA-Br was obtained using EBIB as the initiator 
in the presence of CuBr/PMDETA. The linear chains were then 
modified by a nucleophilic substitution reaction with sodium 
azide to give the corresponding azide-terminated polymers. 
The PS-N3 chains were subsequently reacted with the coupling 
agent to afford the corresponding 3-arm stars. A relatively low 
efficiency of the click coupling reaction for A3-type PS was 
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Scheme 37 
observed at various temperatures, maybe due to side reactions 
between anthracene–anthracene end-groups. 

On the contrary, better results were obtained for the synth
esis of the miktoarm stars PS(PDMAEMA)2. A mixture of the 
azide-terminated polymers and the coupling agent, TPTTA, in a 
molar ratio [PS-N3]:[PDMAEMA-N3]:[TPTTA] = 1:5:1 were 
reacted in the presence of CuCl/PMDETA at 70 °C, leading to 
the formation of a mixture of the desired miktoarm star PS 
(PDMAEMA)2, the 3-arm star (PDMAEMA)3, and the excess 
PDMAEMA arm (Scheme 45). The miktoarm star was isolated 
by selective precipitation in methanol/water (v/v = 1/1). 

6.03.1.4.4 Ring-opening polymerization 
4-Arm hydroxyl-terminated poly(ε-caprolactone) stars were 
synthesized, by the ROP of ε-caprolactone, with pentaerythritol 
as the initiator141 (Scheme 46). The terminal hydroxyl groups of 
the star 22 were then reacted with an α-carboxyl functionalized 
PEO to afford the 4-arm PCL-b-PEO star-block copolymer. The 
PCL star homopolymer precursors, along with the final star-
block copolymers, were characterized by NMR spectroscopy 
and SEC. The star precursors exhibited higher molecular weights 
than those theoretically expected, the yield was lower than 88%, 
and the polydispersity indices were rather high (1.42–1.56). The 
PDIs of the star-block copolymers were lower (1.16–1.36) and 
the linking efficiency was high (∼95%). 

Two series of 4-arm star polypeptides of γ-benzyl-L-glutamate 
N-carboxyanhydride (NCA) and ε-benzyloxycarbonyl-L-lysine 
NCA were prepared via ROP.142 A tetra-amino-substituted per
ylene fluoropore was used as the initiator. The polymerization 
was performed under dry inert atmosphere conditions and the 
star homopolymers produced were characterized by SEC and 
NMR spectroscopy. The PDIs ranged from 1.22 to 4.96. 
Removal of the α-amino acid side-chain protecting groups 
resulted in water-soluble perylene-functionalized star polypep
tides that displayed strong fluorescence in aqueous solutions. 
Additionally, the pH-dependent change of the conformation of 
the arms from a random coil to an α-helix was investigated by 
circular dichroism. 

More recently, 3-arm homo- and star-block copolypeptides 
of poly(γ-benzyl-L-glutamate) (PBLG) and poly 
(ε-benzyloxycarbonyl-L-lysine) (PZLL) in all possible combina
tions, that is, (PBLG)3, (PZLL)3, (PBLG-b-PZLL)3, and 
(PZLL-b-PBLG)3, were synthesized.143 The synthetic approach 
involved the preparation of the corresponding living arms, 
followed by linking of those arms with triphenylmethane 
4,4′,4″-triisocyanate at room temperature (Scheme 47). The 
polymerization of the monomers, γ-benzyl-L-glutamate NCA 
and ε-benzyloxycarbonyl-L-lysine NCA, was performed using 
high-vacuum techniques and n-hexylamine as the initiator. 
This method leads to high-molecular-weight, well-defined liv
ing polypeptides in ∼100% yield and low PDI. The 
characterization results (MO, SEC/LALLS, NMR) revealed that 
the stars exhibited a high degree of molecular and composi
tional homogeneity. 

ABC, AB2, AC2, and ABD miktoarm copolymers, where A is 
PEG, B is poly(D-lactide) (P(D)LA), C is poly(L-lactide) (P(L) 
LA) and D is PS, were prepared via ROP and NMP and their 
combination.144 The first step involved coupling of a hydroxyl 
functional monomethyl ether PEG oligomer to a carboxylic 
acid functional carbonate 23. The cyclic carbonate of the 
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Scheme 38 
functionalized PEG oligomer 24 formed was then ring opened 
after treatment with functional amines 25 (either 2,2,5-trimethyl
3-(1′-p-aminomethylphenylethoxy)-4-phenyl-3-azahexane (25a) 
for NMP of styrene or silyl-protected 5-amino-1-pentanol (25b) 
for ROP of D-lactide) at room temperature and was used as an 
MI bearing the functionality together with a primary hydroxyl 
group for two subsequent polymerization steps to add the second 
two arms. For the synthesis of all types of the aforementioned 
miktoarm stars, PEG-OH was used as an MI for ROP of L-lactide 
with thiourea as the catalyst to form a new PEG-P(L)LA MI. In the 
case of PEG-P(L)LA-PS miktoarm star, PEG-P(L)LA-nitroxide 
copolymer was the initiator for NMP of styrene in bulk at 
120 °C. Alternatively, boron trifluoride diethyl etherate was 
used to remove the silyl group from silyl-protected PEG-P(L) 
LA and deprotect a hydroxyl group to start a new ROP of 
D-lactide, this time with thiourea as the catalyst (Scheme 48). 
Resulting star polymers had narrow size distribution 
(1.02–1.16) and were characterized with 1H NMR and GPC. 
PEG-P(L)LA-P(D)LA miktoarm terpolymers formed stereocom
plexes in bulk and were also shown to form stabilized micelles 
in aqueous solution. 

6.03.1.4.5 Group transfer polymerization 
The group transfer polymerization (GTP) method, a catalytic 
Michael addition reaction involving the addition of a silyl 
ketene acetal to α,β-unsaturated carbonyl compounds in the 
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Scheme 39 
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Scheme 40 
presence of a suitable catalyst, was initially reported by Webster 
and Sogah et al.145 This method is best suited for the polymer
ization of acrylates and especially for methacrylates.146–148 It is 
a living polymerization technique and can be applied from 
room temperature up to 80 °C. 

1,3,5-Tris(bromomethyl)benzene was used as a linking 
agent for the coupling of living PMMA chains leading to the 
formation of 3-arm stars,149 as shown in Scheme 49. A reex
amination of this reaction revealed that the linking reaction 
was not quantitative, perhaps due to the fact that the reaction 
of the –CH2Br group with the living chain end occurred in a 
stepwise manner. Thus, the reactivity of the remaining –CH2Br 
groups was reduced after each substitution as a result of steric 
hindrance, leading to lower conversions. 

The method of the multifunctional initiator was used for 
the synthesis of 3- and 4-arm stars. Trimethylolpropane triacry
late was converted to a silyl enol ether capable of initiating the 
polymerization of ethyl acrylate to form the corresponding 
3-arm star147 (Scheme 50). 

1,3,5,7-Tetramethylcyclotetrasiloxane was converted to a 
tetrafunctional GTP initiator through the Pt-catalyzed 
hydrosilylation reaction with 1-[(but-3-en-1-yl)oxy]-1-(tri
methylsiloxy)-2-methyl-1-propene (Scheme 51). PMMA stars 
with four arms and 20–150 MMA repeat units were 
obtained.150 The star topology was confirmed by cleavage of 
the cyclic siloxane cores with triflic acid in the presence of an 
excess of hexamethyldisiloxane. 

The most important method for the synthesis of star polymers 
by GTP involves the use of a difunctional monomer either as an 
arm-first or as a core-first approach. Usually, EGDM is used as the 
difunctional monomer. However, other multifunctional mono
mers, such as tetramethylene glycol dimethacrylate, trimethylol 
propane trimethacrylate, and 1,4-butylene dimethacrylate have 
been used. 

In a detailed study regarding the synthesis of PMMA stars 
using EGDM as the difunctional monomer according to the 
arm-first approach, the functionality of the stars was shown to 
be controlled by the concentration of the living arm prior to 
the addition of EGDM, the ratio of the concentrations of the 
living arms over EGDM, and the dilution of the star polymer 

151 core.
The best experimental conditions for minimizing termina

tion reactions of the living polymer chains prior to the linking 
reaction with the difunctional monomer were investigated in 
another study.152 Use of 0.2 mol.% catalyst (based on the 
initiator) and minimization of the time between arm 
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Schem
formation and core formation, adding EGDM in about 5 min 
and maintaining high monomer concentrations, ensured a 
minimum content of unattached arms in the final product. 
Certain compounds, such as silyl esters, have been reported to 
improve the conversion and reduce the amount of free arms.153 

It was proposed that a complex is formed between the silyl ester 
and the carboxylate anion guaranteeing a low concentration of 
the active species in equilibrium with the dormant species, as 
shown in Scheme 52. These compounds are called enhancing 
agents and work better when carboxylates are used as nucleo
philic catalysts. 

Functionalized stars bearing in-chain as well as 
end-hydroxyl groups were prepared by copolymerizing MMA, 
ethyl methacrylate, and trimethylsilyloxyethyl methacrylate 
with a functionalized initiator carrying a hydroxyl group pro
tected as a trimethylsilyloxy group. The living polymers formed 
the star structure through the reaction with EGDM followed by 
the hydrolysis of the trimethylsilyl-masking groups under mild 
acidic conditions to afford the desired functionalized star146,154 

(Scheme 53). 
The cross-linked core of the star structure, formed through 

the use of a difunctional monomer, is a living one. The active 
centers of the core may be deactivated by a reaction with a 
proton source. Alternatively, they can be used to reinitiate the 
polymerization of another quantity of monomer, thereby offer
ing the possibility for the formation of asymmetric or 
miktoarm stars. Further addition of difunctional monomer 
leads to the formation of networks.155–157 

Multiarm star-block terpolymers were synthesized by GTP 
and the difunctional monomer methodology. Statistical terpo
lymers of 2-(dimethylamino)ethyl methacrylate (DMAEMA), 
methoxy hexa(ethylene glycol) methacrylate (HEGMA), and 
MMA and triblock terpolymers PMMAEMA-b-PHEGMA-b-
PMMA, PHEGMA-b-PMMA-b-PDMAEMA, and PHEGMA
b-PDMAEMA-b-PMMA, prepared by sequential monomer addi
tion, were reacted with EGDM to synthesize star polymers with 
40 up to 73 arms158 (Scheme 54). Analysis with GPC revealed 
incomplete incorporation of all the linear chains into the star 
terpolymer with ∼20% remained chains. By contrast, the GPC 
chromatograms of the linear triblock terpolymers exhibited 
monomodal distribution, thus indicating the absence of 
peaks corresponding to linear homopolymers and diblocks. 
6.03.1.4.6 Ring-opening metathesis polymerization 
Metathesis chemistry has evolved as one of the most rapidly 
growing methods for the synthesis of well-defined polymeric 
materials.159–162 This progress has been triggered by the dis
covery of the Schrock and Grubbs catalytic systems for ROMP 
of cycloolefins leading to the synthesis of model polymers. 
Despite the fact that ROMP does not provide the means 
to synthesize a rich variety of complex macromolecular 
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Scheme 42 
architectures, several attempts have been reported for the synth
esis of star polymers. 

The norbornadiene dimer, exo-trans-exo-pentacyclo 
[8.2.1.14,7.02,9.03,8] tetradeca-5,11-diene (26 in Scheme 55), 
was used as a difunctional monomer for the synthesis of star 
polynorbornene using the arm-first approach. Norbornene was 
polymerized to the corresponding living polymer using 
M(CHR)(NAr)(O-t-Bu)2 (M=W or Mo; NAr=N-2,6-C6H3-iPr2) 
as catalyst. The living polymer was then reacted with the difunc
tional monomer 26, leading to the synthesis of star polymers 
(Scheme 54). The linear living polymer was completely 
consumed, but the molecular-weight distribution of the stars 
was broader than that of the corresponding arms, probably due 
to the formation of products characterized by chemical hetero
geneity, that is, a distribution in the number of arms. These 
stars are still living and bear active centers at the core of the 
structure. New arms can grow from these living sites, giving rise 
to the formation of asymmetric stars. However, products with 
bimodal distributions were obtained due to the slower initia
tion at the core of the star and the faster propagation as the 
reacting alkylidene centers move away from the sterically 
crowded core.163 
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Scheme 43 
The core-first approach was also adopted for the synthesis of 
star polymers. According to this procedure, the catalyst was 
reacted with the difunctional monomer to give the multifunc
tional initiator, followed by the addition of norbornene.163 

Unfortunately, a multimodal product was obtained revealing 
the presence of linear chains, dimers, and star structures. 

Using the more successful arm-first approach, in-chain func
tionalized stars were prepared.163 2,3-Dicarbomethoxynor
bornadiene was polymerized with the same catalytic systems 
followed by the addition of the difunctional monomer, leading 
to the desired functionalized star polymers. SEC revealed the 
presence of 10–20% unreacted homopolymers. Using the same 
procedure, star-block copolymers can also be prepared. 2,3
Dicarbomethoxynorbornadiene was initially polymerized fol
lowed by the addition of norbornene for the synthesis of the 
living diblock copolymers. Reaction of these living diblocks 
with the difunctional monomer afforded the star-block copoly
mers with complete consumption of the living arms 
(Scheme 56). 

Another difunctional monomer, endo-cis-endo-hexacyclo
[10.2.1.13,10.15,8.02,11.04,9]heptadeca-6,13-diene was also used 
for the synthesis of star polymers.164 Using the arm-first 
approach, star polymers of norbornene, 5,6-bis 
(methoxymethyl)norbornene (DMNBE) and 5,6-bis(dicarbotri
methylsilyloxy) norbornene (TMSNBE) were obtained. 
Amphiphilic star-block copolymers were prepared by reacting 
living block copolymers from the sequential polymerization of 
TMSNBE and DMNBE or norbornene with the same difunc
tional monomer followed by the hydrolysis of the 
trimethylsilyl groups, as shown in Scheme 57. SEC analysis 
revealed that linear and lightly branched structures were also 
present along with the desired stars. 

Star polymers were also prepared by ROMP by reacting 
living linear chains with suitable linking agents. Cyclopentene 
was polymerized at −45 °C by W(CHBut)(NAr)(OBut)2 and 
the living chains were coupled with 1,3,5-benzenetricarboxal
dehyde for the synthesis of 3-arm stars165 (Scheme 58). SEC 
analysis showed that the final star structure had a rather broad 
molecular-weight distribution. This was attributed to the purity 
of the linking agent, which was contaminated with the difunc
tional aldehyde, up to 15%. Subsequent hydrogenation of the 
poly(1-pentenylene) stars produced the corresponding PE 
stars. 

The multifunctional initiator approach was also used for the 
synthesis of stars by ROMP. Carbosilane dendrimers bearing 
ruthenium complexes on their surface (Scheme 59) were pre
pared and used to synthesize 4- and 8-arm polynorbornene 
stars.166 End-group analysis by NMR revealed that well-defined 
structures were obtained. 

Dendrimers having 4, 8, or 16 –N(CH2PCy2)2 groups at the 
periphery of the structure were used as precursors for the 
synthesis of the corresponding ruthenium–benzilydene 
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Scheme 44 
complexes167 (Scheme 60). These structures can be used as 
multifunctional initiators for the synthesis of polynorbornene 
stars with four or eight arms. The final products were character
ized by broad molecular-weight distributions. 

6.03.1.4.7 Step-growth polycondensation 
Step-growth polymerization has also been used to synthesize 
star polymers using the general methodologies previously 
reported. Linking chemistry was used to synthesize polyimide 
stars. Imide oligomers by the reaction of 3,3′,4,4′
benzophenonetetracarboxylic dianhydride and 4,4′-diamino
diphenyl ether served as the arms for the synthesis of 3-arm 
stars after reaction with 1,3,5-tris(4-aminophenoxy)benzene, 
the linking agent.168 The excess anhydride-ended oligoimide 
arm was deactivated by primary arylamines (Scheme 61). 
Polycondensation reactions are very important industrial 
processes for the manufacture of engineering plastics. 
However, this method does not offer control over the molecu
lar weight or the molecular-weight distribution. The loss of any 
control is attributed to the step-growth character by which the 
polymerization proceeds.169 The procedure is initiated by the 
reaction of the monomers and propagates with the reactions 
between all types of oligomers and between the oligomers and 
the monomers. By contrast, the chain-growth polymerization 
reactions proceed exclusively through the reaction of the grow
ing chains with monomer. In this case, propagation reactions 
between monomers and between growing chains are not 
observed. With this behavior in mind, a new procedure, 
‘chain-growth polycondensation’, was proposed.170,171 

According to this method, the polycondensation reaction 
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Scheme 45 

Scheme 46 

 

proceeds in a chain-growth manner. To achieve this behavior, 
the monomers react with each other during the initiation pro-
cess and then, during propagation, react exclusively with the 
growing chain ends. This is accomplished when the polymer 
end-group becomes more reactive than the monomer by the 
stimulation of bond forming between the monomer and the 
chain end-group (Scheme 62). Well-defined polycondensation 
polymers with narrow molecular-weight distributions can be 
prepared. 

A characteristic example of the synthesis of aromatic poly
amides is given in Scheme 63. Well-defined products  were
obtained by the polycondensation of 4-(alkylamino)-benzoate 
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RCOOSiMe + RCOO– (RCOO)2SiMe
3 3

O– PMMA OSiMePMMA 3

(RCO – 
+ O) + 2RCOO2SiMe3 

Me OMe Me OMe 

Active Dormant 

Scheme 52 
27 using phenyl 4-nitrobenzoate 28 as initiator in th
presence of a base, such as a combination o
N-triethylsilyl-N-octylaniline, cesium fluoride (CsF), and 18
crown-6. The proton of the amino group of monomer 27 i
abstracted by the base, leading to the formation of the aminy
anion 27′. This anionic center behaves as an active nucleophili
site and furthermore deactivates the phenyl ester moiety of 27
by its strong electron-donating ability. Thus the monomers d
not react with each other. The anion 27′ reacts with initiator 2
bearing an electron-withdrawing group, due to the much highe
reactivity of the phenyl ester moiety of 28 than that of 27′. Th
obtained amide has a weak amide electron-withdrawing group

e 
f 

s 
l 
c 
′ 
o 
8 
r 
e  
, 
and the phenyl ester moiety of 29 is more reactive than that of 
27′. Therefore, the monomer reacts exclusively with the phenyl 
ester moiety of 29. Consequently, the polymerization propa
gates in a chain-growth manner. 

Using this methodology and a trifunctional phenyl ester 
initiator, 3-arm star polyamides and star-block copolymers of 
different polyamides were prepared172 (Scheme 64). 

Despite these recent advances, step-growth polymerization 
does not offer many possibilities for the synthesis of complex 
star architectures, and the molecular characteristics cannot be 
controlled to the same degree as in the case of the living poly
merization methods. 
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Scheme 53 
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6.03.1.4.8 Metal template-assisted star polymer synthesis 
Metal complexes with macromolecular ligands can be prepared 
with considerable control over the metal-binding site and the 
polymeric environment. Consequently, metal ions serve as 
highly tunable structural motifs for the assembly of materials 
leading to the formation of star polymers. 
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Scheme 55 

Scheme 56 

Scheme 57 
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Star structures can be performed by the combination 
of coordination chemistry with living or controlled 
polymerization via metalloinitiation, metallotermination, 
coupling, or macroligand chelation approaches173–187 

(Scheme 65). 
Metal complexes bearing initiator functionalities in their 

ligand periphery may act as multifunctional metalloinitiators 
according to the core-first approach. This method is less sensi
tive to steric restrictions and the products can be easily purified 
from the unreacted monomer by precipitation. Limitations of 
the method include the difficulties concerning the synthesis of 
the metalloinitiator, which often bears sensitive functionalized 
ligands, and the compatibility problems of the metal complex 
with the polymerization reaction conditions. Furthermore, 
decomposition of the complex has to be avoided during 
polymerization. So far, inert Ru tris(bipyridine)173,176 and 
labile Fe compexes174,175 have been widely used. 

The arm-first approach was also adopted by linking prop
erly functionalized macromolecular ligands to the metal center 
and by termination or coupling of living polymers with suita
ble metal complexes bearing functional groups. Steric 
constraints play an important role in this case. There is usually 
an upper molecular weight, above which the star synthesis is 
not efficient. 

In order to use the metalloinitiatior or divergent method, 
metal complexes bearing functionalities appropriate for initiat
ing different types of polymerization reactions are needed. 
Halomethyl-substituted metal tris(bipyridine) complexes [M 
(II)=Fe, Ru, or Zn; M(III)=Co] were found to be efficient initia
tors for the cationic polymerization of a range of 
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Scheme 60 
2-R-2-oxazoline monomers (R = methyl, ethyl, phenyl. and 
undecyl)188 as shown in Scheme 66. 

Labile core Fe polyoxazoline star polymers may be cleaved 
with an aqueous base to remove the metal and to generate 
bipyridine-centered materials.147,148 Specifically, cleavage of 
star-block copolymers with poly[(2-ethyl-2-oxazoline)-b-(2
undecyl-2-oxazoline)] (AB) blocks affords bipyridine-centered 
BAB triblock copolymers188,189 (Scheme 67). 

Star polymers with four and six arms were prepared by this 
method.188 For Ru complexes, an upper molecular weight of 
25 000 was obtained and the final products were characterized 
by relatively narrow molecular-weight distributions. For the cor
responding hexafunctional Fe complexes, stars with molecular 
weight up to 75 000 and even higher can be prepared. However, 
in this case the molecular-weight distributions were broader. 

The same halomethyl-substituted bipyridine-centered com
plexes have been used as initiation sites for the ATRP. The 4
and 6-arm PS stars were prepared by this method.173 

Pronounced star–star coupling was obtained at high monomer 
conversion. 

Ru complexes with α-haloester-functionalized ligands have 
been used as initiators for the polymerization of acrylates in the 
presence of Ni(PPh3)2Br2 as the catalyst.190 Hexafunctional 
Ru-centered complexes were also used as initiators for the 
synthesis of 6-arm poly(methyl methacrylate) stars. 

Hydroxyl-substituted bipyridine Ru-centered complexes 
have also been used to promote the ROP of ε-caprolactone 
and lactide in the presence of stannous octoate, Sn(Oct)2.

188 
The arm-first methodology for the synthesis of star poly
mers requires the synthesis of proper macromolecular ligands. 
Bipyridine-functionalized polymers have been frequently 
used for this purpose. ATRP techniques have been used to 
prepare bipyridine-centered or end-functionalized PSs and 
PMMAs.188,191 However, other techniques have been used as 
well. The ROP of ε-caprolactone and lactide was initiated by 
hydroxymethyl bipyridine initiators in the presence of tin cat
alysts.192 Coupling reactions of PEO chains to functionalized 
bipyridines have also been carried out193 (Scheme 68). 

Star polymers have been synthesized by linking the macro-
ligands with either labile or inert metals. For example, Fe(II) 
tris(bipyridine) complexes can be formed by the reaction of the 
suitable bipyridine macroligands with ferrous ammonium sul
fate in a common good solvent for the metal ion and the 
macroligand.194 Various stable macromolecular star architec
tures were generated by chelation of macroligands to Ru(II), as 
depicted in Scheme 69. Symmetric PS stars with up to six arms 
have been synthesized with this procedure. Miktoarm stars of 
the type (PS)2(PMMA)2 and (PS)2(OE)2, where OE is oigoethy
lene (C23H47), were also prepared.175 

6.03.1.4.9 Combination of different polymerization
 
techniques
 
Each polymerization technique is characterized by certain 
advantages and limitations. Therefore, a combination of sev
eral polymerization methods provides the means for 
synthesizing complex architectures by the incorporation of 
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Scheme 62 



O O OO 
Base 

O2N C OPh + HN C OPh O2N C N C OPh
THF, RT 

R R n
28 (initiator) 27 (monomer) 

Base:Et3SiN /CsF/18-Crown-6 

C8H17 

Strong activation 

O 
Base HN C OPh 

R 

O 

N C OPh 

R 

Strong EDG 

O 

O2N C OPh 

EWG Reactive28 

27 27' 

Strong deactivation 

O 

O2N C N 

R 

O 

C OPh 

Weak EDG Reactive 

29 

Weak deactivation 

27' 

n 

O 

C OPh

O 

O2N C N 

R 

(EDG, electron-donating group; EWG, electron-withdrawing group) 

    

    

    

CH3 

O 
COOPh 

O 
PhOOC 

O 
COOPh 

H3CC O
 
C
 N N C OPh 

O 

C 

R1 O mn R2 O 3 

R1 = C8H17, R2 = (CH2CH2O)3CH3
 
R1 = C8H17, R2 = H
 
R1 = H, R2 = C8H17
 

70 Topology | Polymers with Star-Related Structures: Synthesis, Properties, and Applications 

Scheme 63 

Scheme 64 

3
mn

C

O

N

R1

C

O

H3CC O
O CH2CH2O CH3

R1 = C8H17



    

  

X 
Cl
 

N
 R 
CH3CN 

LnM LnM+ m N O 
N 

R O
N 

N

N

N 
R O 

n

n 
Cl 

X 

M(II) = Fe(II), Ru(II)  R = methyl, ethyl, undecyl, phenyl 
M(III) = Co(III) 

Topology | Polymers with Star-Related Structures: Synthesis, Properties, and Applications 71 

Metalloinitiation Macroligand chelation 

I 

T 

M

( 

( ( 

I 

I 

I I 

I 

( 

( (

M 

T 

T 

T T 

( 

( (

M 

X 

X 

X 

X X 

( 

( (

M 

( 

( ( 

+ monomer 
+ MXn 

T X 

+ Y 
+ * 
Metallotermination Polymer coupling 

I = initiator site MXn = metal salt 
T = terminator site X,Y = reactive groups 

* = reactive intermediate 

Scheme 65 

Scheme 66 
different types of monomeric units into the same structure that 
cannot be polymerized by the same technique. This strategy is 
synthetically very challenging, due to the incompatibility that 
often characterizes the various polymerization methods. This 
route was adopted for the synthesis of complex star structures, 
such as star-block or miktoarm star copolymers.195–199 

Characteristic examples will be given below. 
Miktoarm stars of the type A2B2, where A is PS and B is PEO, 

were prepared by the combination of anionic and ATRP meth
ods using the core-first procedure. Pentaerythritol was used as a 
multifunctional initiator. Two of the hydroxyl groups were 
protected as acetals by reaction with acetone. The remaining 
hydroxyl groups were activated by potassium naphthalenide in 
order to polymerize EO. The living chains were terminated with 
tert-butyldiphenylchlorosilane to introduce specific end-groups 
at the PEO arms. The remaining hydroxyl groups at the core 
were deprotected under mild acidic conditions and were 
reacted with 2-bromoisobutyryl bromide to provide initiation 
sites that can polymerize styrene by ATRP, thus leading to the 
synthesis of the desired (PS)2(PEO)  

2 miktoarm stars200 



  

2+X 

X 

N 
X N 

Fe 
N 

N 

N 

N 
X 

X 

X 

X = NPr2, OH 

Poly(2-undecyl-2-oxazoline) 

Poly(2-ethyl-oxazoline) 

N 

(

N
N

(
N

N

N (N 

N
( RuRu N

N 

(N (

N

N
N

(
N

N N

( 

N 
( (

N
Ru Ru 

N 
N

N 

( N

N 

(

72 Topology | Polymers with Star-Related Structures: Synthesis, Properties, and Applications 

Scheme 67 
Scheme 69 
(Scheme 70). Different functional end-groups were attached by 
transformation of the bromide or tert-butyldiphenylsilyl 
end-groups of the PS and PEO arms, respectively. 

An iterative divergent approach combining anionic poly
merization of EO from multihydroxylated precursors and 
branching reactions of PEO chain ends was performed for the 
synthesis of dendrimer-like PEOs. 1,1,1-Tris(hydroxymethyl) 
ethane was used as a trifunctional initiator for the synthesis of 
3-arm PEO stars201 (Scheme 71). The three hydroxyls were 
deprotonated using diphenylmethylpotassium in dimethyl 
sulfoxide solutions to avoid association effects of the growing 
chains. The end-hydroxyl groups of the 3-arm PEO stars 
were derivatized into twice as many hydroxyl groups. Allyl 
chloride was reacted with the end-hydroxyl groups in a 
water/THF mixture, in the presence of tetrabutylammonium 
bromide (TBAB) as a phase-transfer catalyst. The end-allyl 
groups were then reacted with OsO4 in the presence of 
N-methylmorpholine-N-oxide (NMO) to introduce two 
hydroxyl groups per allyl moiety. The repeating of these 
synthetic steps allows the synthesis of dendrimer-like polymers 
of different generations. 

A combination of RAFT and ROP afforded [poly(ethylene 
oxide) methyl ether](polystyrene)[poly(L-lactide)] ((MPEO) 
(PS)(PLLA)) 3-miktoarm star terpolymers.202 The synthetic 
approach involved the reaction of the ω-functionalized –OH 
group of the MPEO with maleic anhydride under conditions 
Cl 
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+ 2HO 
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Cl 

N

reflu

Scheme 68
where only one hydroxyl group could be esterified. The dou
ble bond of the maleic group was then reacted with 
dithiobenzoic acid, resulting in a dithiobenzoic-terminated 
MPEO. The second carboxyl group of the maleic anhydride 
was then reacted with EO, leading to the corresponding ester 
with a free –OH group. The dithiobenzoic group of the MPEO 
was used for the RAFT polymerization of styrene in THF, at 
110 °C, and AIBN as the initiator. Finally, the –OH group 
attached at the junction point of the diblock copolymer was 
used as the initiating site for the ROP of L-lactide, in the 
presence of Sn(Oct)2 in toluene at 115 °C (Scheme 72). The 
PDIs of the intermediate along with the final products were 
between 1.05 and 1.07, indicating a high degree of molecular 
and compositional homogeneity. 

A combination of RAFT and cationic ROP was used to 
synthesize a series of [poly(methyl methacrylate)][poly 
(1,3-dioxepane)](polystyrene) 3-miktoarm star terpoly
mers.203 The synthetic approach involved the synthesis of PS 
functionalized with a dithiobenzoate group, using RAFT poly
merization, and subsequent reaction of this group with 
hydroxyethylene cinnamate in THF (Scheme 73). The hydroxyl 
group served as the initiating site for the cationic ROP of 
1,3-dioxepane in the presence of triflic acid. Finally, the diblock 
copolymer with the dithiobenzoate group situated between the 
two blocks was used for the RAFT polymerization of MMA. The
 

O 
O n 

N 
aH 

x, 18 h 
N
 

O
 
O n 



Si 
O 

O O
i)
 

K-naphthalide
 HO O O O 
n H+ 

O HO ii) tert-Butyldiphenylsilane 

O 

O O CH3COOH 

n 

Si 
O
 

O
 O 

Br BrO OH 
n 

O 

O OH 

n 

O 
Si 

Si 
O 

O O 

O 

O 

O Br 
n (PS)2(PEO)2 
O O 

Br CuBr/PMDETA
60 °C O 

n 

O 
Si 

Topology | Polymers with Star-Related Structures: Synthesis, Properties, and Applications 73 

Scheme 70 

O
Si
miktoarm star terpolymers were characterized by NMR spectro
scopy and SEC. 

(Polytetrahydrofurane)[poly(1,3-dioxepane)](polystyrene) 
3-miktoarm stars (PTHF)(PDOP)(PS) were synthesized via a 
combination of cationic ROP (CROP) and ATRP.204 The star 
terpolymers were synthesized using two different functional 
groups, carboxylic acid and CHBr, which can be initiating 
sites of the two different polymerizations. These two groups 
were introduced at one end of the polytetrahydrofurane chain 
through the reaction of –OH functionalized PTHF with 
2-bromosuccinic anhydride. The –COOH group was trans
formed to the –COCl group, which with AgClO4 served to 
form the second arm by CROP. Finally, the remaining Br 
initiated the ATRP of styrene (Scheme 74). The intermediate 
diblocks along with the final terpolymers were characterized by 
NMR and SEC. The relatively large PDIs of the terpolymers 
obtained (1.49–1.54) indicate that the final terpolymers con
tain some amount of unreacted diblock and PTHF precursors. 

(PS)(PMMA)(PCL) stars were synthesized with a trifunc
tional initiator bearing a hydroxyl group (ROP), a –CH2Br 
(ATRP) initiator, and a nitroxide group (NMRP)205 

(Scheme 75). SEC characterization and kinetic studies con
firmed the structure of the synthesized ABC stars. 

Miktoarm stars of the AB2C2 type, where A is PS, B is PtBA, 
and C is PMMA, were prepared with the trifunctional initiator 2
phenyl-2-[(2,2,6,6-tetramethyl)-1-piperidinyloxy] ethyl 2,2-bis 
[methyl(2-bromo propionato)] propionate206 (Scheme 76). 
A combination of NMRP and ATRP polymerization techniques 
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Scheme 71 
and a three-step reaction sequence were used. In the first step, 
PS MI with dual ω-bromo functionality was obtained by NMRP 
of styrene in bulk at 125 °C. This precursor was subsequently 
used as the MI for the ATRP of tBuA in the presence of CuBr and 
pentamethyldiethylenetriamine at 80 °C to produce the mik
toarm star of the (PS)(PtBA)2. This star was the MI for the 
subsequent polymerization of MMA, giving the (PS)(PtBA)2 

(PMMA)2 miktoarms stars. 
Core-first methodology and the combination of free radical 

polymerization (FRP) of styrene with ROP of ε-caprolactone 
(ε-CL) led to the synthesis of 5-arm stars bearing one PS and 
four poly(ε-CL) (PCL) branches.207 An iniferter possessing a 
thiuram disulfide group and four hydroxyl functions was pre
pared by the reaction of diethanol amine, CS2, KOH, and  iodine  
and was used as a tetrafunctional initiator able to simultaneously 
initiate (one-step reaction) FRP of styrene and ROP of ε-CL in the 
presence of dibutyldin dilaurate (DBTDL) as the ROP catalyst 
(Scheme 77). According to experimental results, an increase in 
the initial feed in styrene led to increase in the molecular weights 
of the star-block copolymers and of their polydispersity indices, 
which were measured between 1.4 and 2.86. 

Multimiktoarm stars of A17B7 type, where A is PCL and B is 
poly(acrylic acid) (PAA), were prepared with a multifunctional 
initiator.208 A combination of CROP and ATRP techniques and a 
multistep reaction sequence were used. In the first step. 14-arm 
stars of PCL homopolymers (CDSi-SPCL) were synthesized 
via CROP of CL using per-6-(tert-butyl-dimethylsilyl)-β-CD, 
where β-CD is β-cyclodextrine hydrate, as the multifunctional 
initiator in the presence of Sn(Oct)2 at 125 °C. Subsequently, 
the hydroxyl end-groups of CDSi-SPCL were blocked with acetyl 
chloride and after desilylation of the tert-butyldimethylsilyl ether 
groups from the β-CD core, seven ATRP initiating sites were 
introduced by treatment with 2-bromoisobutyryl bromide, 
which further initiated ATRP of tBuA to prepare well-defined 
multimiktoarm star copolymers CDS(PCL-PtBA). Selective 
hydrolysis of tert-butyl ester groups of PtBA block gave amphi
philic A14B7 star copolymers CDS(PCL-PAA). Aggregates of the 
latter were characterized by dynamic light scattering (DLS), 
transmission electron microscopy (TEM) and atomic force 
microscopy (AFM). 
6.03.2 Properties of Star Polymers 

6.03.2.1 Introduction 

Star polymers possess unique properties compared to linear 
polymer chains. The investigation of these properties has 
been the subject of numerous studies both theoretical and 
experimental.209 The synthesis of a huge variety of structures, 
regarding the functionality, the chemical nature of the arms, the 
combination of chemically or molecularly different arms in the 
same molecule, etc., further accelerated the research in an effort 
to correlate the molecular structure and the properties. A brief 
review on star properties, both in solution and in bulk, is given 
as follows. Emphasis will be given to the examination of the 
size of star polymers compared to linear chains, the aggregation 
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Scheme 72 
phenomena of telechelic stars, the micellization behavior in 
selective solvents, and the phase separation in star-block and 
miktoarm stars, along with the dynamic behavior and the 
rheological properties in solution and melt. 
6.03.2.2 Solution Properties 

6.03.2.2.1 Star dimensions 
6.03.2.2.1(i) Regular stars 
Star polymers are distinguished from linear polymers by their 
smaller size and therefore their higher segment density. The 
degree of contraction depends on the functionality of the star 
and can be normalized compared to the size of a single arm of 
the star or a linear polymer having the same molecular weight 
as the star polymer.210 The second case is more common in the 
literature. Therefore, the following branching parameters have 
been defined: 

〈R2 
G〉 g ¼ ½1

〈R2 〉G lin 
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g ¼ ½2� ½η�lin 

〈R
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where <RG
2>, <RH>, and [η] are the mean-squared radius of 

gyration, the hydrodynamic radius, and the intrinsic viscosity 
of the star polymers, respectively, whereas <RG

2>lin, <RH>lin, and  
[η]lin are the corresponding values of the linear polymers having 
the same molecular weight as the star. There are extensive experi
mental data in the literature in both good and θ-solvents for 
determining these branching factors for PS, PI, and PBd stars 
having functionalities ranging from 2 (the linear polymer) up to 
270.34,35,41,211 All these samples have been prepared by anionic 
polymerization techniques and suitable chlorosilane chemistry 
and therefore are characterized by molecular and chemical 
homogeneity. The data are given in Table 1. Data coming from 
stars prepared by the DVB methodology are not included, since 
these samples are molecularly and chemically polydispersed. 

Assuming that each segment of the star adopts a random 
walk, the contraction factors can be calculated.212 These values, 
given in Table 1, depend only on the functionality of the stars, 
according to the equations: 
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Scheme 73 
It is obvious from the results of Table 1 that the random walk 
predictions are in good agreement with the gθ and hθ values for 
f = 3–6. For higher functionalities, the deviation of the predic
tion from the experimentally observed values progressively 
increases, due to the gradual increase of the arms’ stretching 
to avoid the steric hindrance effects. 

The use of branching parameters is useful for the determi
nation of the degree of branching. However, it has the 
disadvantage that data from the corresponding linear 
polymers have to be available. To overcome this problem, 
the star radii ratios, <Rh>/<R

2>1/2, <Rv>/<R
2
 >

1/2
G G , 

<RT>/<R
2 1/2

G > , and < Rv>/<Rh>, where <Rv> and <RT> are  the  
viscometric and thermodynamic radii, respectively, can be 
used instead. All these radii can be expected to show, at least 
asymptotically, the same molecular-weight dependence. 
Therefore, the ratio of these values does not depend on the 
molecular weight of the star. For monodispersed spheres of 
equal density: 

〈RV 〉 ¼ Rh ¼ 〈RT〉 ¼ ð5=3Þ1=2 2〈R  1=2 
G 〉 ½7� 
The experimental results for these radii ratios for linear and star 
polymers both in good solvent (GS) and θ-solvents are given in 
Table 2.[211a,213]

Another parameter that is sensitive to the macromolecular 
architecture is the Huggins constant, kH, calculated by dilute 
solution viscometry measurements. For linear polymers, kH 

varies between 0.5 and 0.6 in θ-solvents and is equal to 0.3 in 
good solvents. For star polymers, in both good and θ-solvents, 
the values of kH increase with increasing f from the value 
obtained for linear polymers and reach values slightly lower 
than unity, which is the hard sphere limit (Tables 3 and 4). 
6.03.2.2.1(ii) Asymmetric, star-block, and miktoarm star 
copolymers 
Relatively few theoretical studies have been devoted to the 
conformational characteristics of asymmetric star polymers in 
solution. The conformational properties of AnBm miktoarm star 
copolymers in different solvents were studied217 by renormali
zation group calculations. Analytical expressions of various 
conformational averages were obtained at the critical dimen
sionality d = 4 up to the first order of the interaction parameters 
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Scheme 74 

Scheme 75 
uA, uB, and uAB between segments of the same or different kind. 
Among them, the radii of gyration of the two homopolymer 
parts 〈S 2〉 (k =A  

n or Bm) and the whole miktoarm star 〈S2 〉k A , 
nBm 

the mean-square distance between the centers of mass of the 
two homopolymer parts A and B 〈G2
AnB 〉

m 
 and the mean-square 

distance between the center of mass of a homopolymer part 
and the star 2’s common origin 〈G 〉k  (k =An or Bm). The critical 
exponents, ν, of these conformational averages (<A>∼M2ν) were 
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Scheme 76 

Scheme 77 
found to be unaffected by the cross-interactions between 
dissimilar units and are determined only by the prevailing 
solvent conditions within the homopolymer arms. Thus, in 
common θ-solvents, ν is equal to ½, whereas for common 
good and selective solvents, ν =½+ ε /16, where ε = d–4. From 
the analytical expressions and those corresponding to the 
homopolymer precursors (i.e., a homopolymer star chain 
with the same number of branches and units as the k 
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Table 1 Branching parameters for linear and star polymers 

f g′ gθ ′ g grw gθ h hrw hθ 

2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
3 0.84 0.87 0.79 0.777 0.82 0.95 0.947 0.95 
4 0.73 0.76 0.63 0.625 0.64 0.85 0.892 -
5 0.60 0.74 - 0.520 - - 0.842 -
6 0.58 0.63 0.45 0.444 0.46 - 0.798 -
8 0.61 0.55 0.35 0.344 0.42 0.82 0.726 -
12 0.34 0.42 0.25 0.236 0.30 0.74 0.623 0.78 
18 0.23 0.29 0.19 0.160 0.21 0.67 0.527 0.72 
32 0.15 0.20 0.12 0.092 0.15 0.59 0.409 0.63 
64 0.09 0.13 0.07 0.046 0.09 0.49 0.295 0.55 
128 0.05 0.08 0.04 0.023 0.06 0.41 0.211 0.47 
270 0.03 0.045 0.03 0.011 0.06 0.34 0.147 0.45 

Table 2 Radii ratios for linear and star polymers 

<RH>/<RG 
2>1/2 <RV>/<RG 

2>1/2 <RV>/<RH> 

f <RT>/<RG 
2>1/2 GS θ GS θ GS θ 

2 
3 
4 
6 
8 
12 
18 
32 
64 
128 
270 
Hard sphere 

0.68 
0.77 
0.89 
0.94 
1.00 
1.12 
1.24 
1.28 
1.40 
1.41 
1.22 
1.29 

0.71 
0.76 
0.75 
-
0.99 
1.05 
1.12 
1.23 
1.28 
1.34 
1.32 
1.29 

0.79 
0.80 
-
-
-
1.07 
1.18 
1.19 
1.36 
1.40 
1.30 
1.29 

0.77 
0.78 
0.81 
0.88 
0.99 
1.06 
1.11 
1.26 
1.31 
1.36 
1.32 
1.29 

0.83 
0.86 
0.94 
1.06 
1.02 
1.04 
1.21 
1.25 
1.39 
1.42 
1.23 
1.29 

1.08 
1.04 
1.09 
-
0.99 
1.01 
1.08 
1.03 
1.04 
1.03 
1.00 
1.00 

1.09 
1.08 
-
-
-
1.06 
1.03 
1.04 
1.04 
1.03 
0.95 
1.00 

Table 3 Huggins constant for star polymers: θ-solvent1,41,42 

Polymer 

f PS PI PBd 

2 0.55 0.63 0.60 
4 0.59 0.57 0.63 
6 0.63 0.65 -
12 0.37–1.68a - -
18 - - 0.90 
32 - - 0.83 
64 - - 0.83 
128 - - 0.90 

akH decreases with increasing molecular weight. 
homopolymer part in the miktoarm star copolymer), the fol
lowing ratios were derived: 

〈G2 〉AnBmσG ¼ ½8� ð〈G2 〉 þ 〈G2 〉ÞAn−star Bn −star

〈S2 
k 〉 γSk 

¼ ðk ¼ Anor BmÞ ½9� 
〈S2 〉k,star 
〈G2 
k 〉 γGk 

¼ ðk ¼ An or BmÞ ½10� 
〈G2 〉k,star 

These ratios are the most important means of quantitatively 
characterizing the effects of heterointeractions in copolymers, 
as their analytical formulas depend only on the chain composi
tion and the cross-excluded volume parameter uAB. For a 
particular miktoarm chain, the ratio σG increases from a com
mon good to selective and then to a common θ-solvent, as the 
intensity of heterointeractions increases. 

The dimensionless ratios σG and γ for miktoarm star copo
lymers were calculated by means of off-lattice Monte Carlo 
simulations.218 The model considers Gaussian units with 
Lennard–Jones intramolecular interactions whose parameters 
have been set to mimic the various macroscopic states. 
Polymers of the A2B, A2B2, A2B4, A3B3, and A6B6 type with 
equal length branches and total number of units N = 24, 48, 
84, 108, 144, and 204 have been generated. The Pivot algo
rithm was used to generate the Monte Carlo sampling. 

Star polymers, with a structure where chains of different 
molecular weights and/or chemical nature radiate from a com
mon junction point, are expected to have different solution 
behaviors than regular or symmetric star polymers. By forcing 
chemically different arms to be jointed, expansion of the mole
cular dimensions is predicted as a consequence of the increase 
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Table 4 Huggins constant for star polymers: good solvents 

Polymer 

PI PBd References 

f PS Toluene Benzene Toluene Benzene PS PI PBd 

2 

3 
4 
6 
8 
12 
18 
32 
64 
128 

0.34 

-
0.41 
0.48 
-
-
-
-
-
-

0.27 

-
0.34 
0.37 
0.52 
0.69 
0.74 
-
-
-

0.34 
0.32 
0.36 
0.36 
-
0.60 
0.63 
0.77 
-
-
-

0.36 

-
0.41 
-
-
-
0.74 
0.77 
0.92 
0.86 

-

-
-
-
-
-
0.73 
0.77 
0.91 
0.94 

1 

-
1 
1 
-
-
-
-
-
-

214 
215 
216 
216 
-
216 
216 
216 
-
-
-

1 

-
1 
-
-
-
1 
41 
42 
42 
in the number of heterocontacts in good and θ-solvents or new 
kinds of structures can be formed in selective solvents. 

The dilute solution properties of asymmetric 3-arm PS stars 
were studied219 under different solvent conditions. These materi
als comprised two series of samples, the first having a short third 
arm with half the molecular weight of the two identical arms 
(SAS) and the second having a long arm with twice the molecular 
weight of the other two arms (LAS). In toluene, a good solvent for 
PS, the two types of asymmetric stars exhibited identical values of 
g′. These  g′ values were a little higher than the g′ value for a regular 
3-arm star. In the θ-solvent cyclohexane at 35 °C, the value of g′ 
for SAS was lower than that of LAS, which was equal to the g′ value 
of regular 3-arm stars. It has to be mentioned that in both solvents 
the value of α in the Mark–Houwink–Sakurada equation, 
[η] =  KMα, was higher for the SAS than for the LAS. The latter has 
a similar  α value as the symmetric stars. 

The dilute solution characteristics of asymmetric stars, with 
an equal number of short and long arms, prepared by the DVB 
method, were studied220 using SEC with a MALLS detector and 
viscometry in an attempt to characterize the structure of the 
material produced by this two-step method. Depending on the 
flow rate, different forms of chromatograms were obtained. 
At very low flow rates (i.e., of 0.1 ml min−1), a true size separa
tion could be achieved in contrast to the normal flow rates, 
where the separation mechanism could be influenced by diffu
sion and/or entanglement effects. Plots of the weight average 
molecular weight, Mw, or radius of gyration, Rg, against the 
elution volume for the asymmetric stars had a U shape, in 
contrast to the expected linear decrease of Mw or Rg with 
increasing elution volume. It was concluded that the material 
was a complex mixture of asymmetric and linked stars. In the 
case where the asymmetric star peak was resolved, the branch
ing factors g and g′ were obtained. Their values were found to be 
lower than those obtained for regular star precursors, indicating 
a more compact structure for the asymmetric molecules. 

The hydrodynamic properties of miktoarm stars of the types 
A2B and A2B2, where A,B = PS, PI, and PBd, were studied50 in 
solvents good for both kinds of arms or θ for one of them and 
good for the other. Using the techniques of dilute solution 
viscometry and dynamic LS, the configuration of these mole
cules was probed in solution and information on the effect of 
heterocontacts on the overall size of the molecule was 
extracted. The experimentally determined [η] and Rh values 
for the copolymers were compared with the theoretical values. 
The latter were calculated from data on linear homopolymers 
in the same solvents and corrected for the star structure. The 
final theoretical value was an average value weighted according 
to composition of those calculated for the homostars. 

Experimental [η] and Rh values were found to be consis
tently larger than the theoretical ones, regardless of the solvent 
quality, the differences being larger for the A2B2 case. It was 
suggested that a small expansion of the miktoarm stars occurs 
either in a good or in a selectively θ-solvent, due to the 
increased repulsive interactions between A and B chains when 
they are tethered to the same point. 

As an extension of this work, viscometry was used to study 
the conformation of A3B stars (A = PI and B = PS) in the com
mon good solvent toluene.221 In this case, the experimental 
data, together with the ones obtained from the previous work, 
were used to extract the dimensionless ratio σG. This ratio 
expresses quantitatively the effects of heterointeractions 
between unlike segments on the conformational properties of 
the copolymers. The σG values for the A3B case were higher than 
for the A2B case; it seems that this is due to the increased 
segment density of A units in the vicinity of B units for A3B. 
The experimental values compared rather well with the ones 
obtained from renormalization group theory and Monte Carlo 
calculations, taking into account the uncertainty in the asym
metry correction coefficient used in the calculations. 

SEC measurements65 were used on AnBn-type copolymers, 
where A is PS and B is PtBuA. It was concluded that the 
miktoarm stars were more expanded than the corresponding 
homostars, due to the increased density of two different kinds 
of segments, which led to an increased number of heterocon
tacts. It was observed that the expansion was greater upon 
increasing the molecular weights of the arms. 

6.03.2.2.2 Self-assembly behavior 
The self-assembly of star polymers can be promoted in solu
tions by the presence of functional groups at the chain end or 
along the arms, in the case of homopolymers, or by using a 
selective solvent in the case of star-block or miktoarm star 
copolymers, leading to the formation of micellar structures. 
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Figure 6 Linear and star-shaped end-functionalized PI with phosphati
dylcholine end-groups. Reprinted from Charalabidis, D.; Pitsikalis, M.; 
Hadjichristidis, N. Macromol. 222 Chem. Phys. 2002, 203, 2132.
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Figure 7 Asymmetric PB stars with functional end-groups. 
Telechelic 3- and 12-arm PI stars, bearing phosphatidylcho
line analogous end-groups, were prepared (Figure 6) and their 
association behavior was studied in cyclohexane and compared 
with semitelechelic and telechelic linear PI chains.222 

The aggregation numbers for the linear chains were rather 
low, indicating that the phosphorozwitterionic groups were 
not polar enough to promote strong association. However, in 
the case of the telechelic stars, the multiple intermolecular 
associations led to the formation of gels. Only for higher
molecular-weight stars and for very-low-concentration gels 
were not observed, indicating that intramolecular association 
dominates over intermolecular association. It was also found 
that the addition of a small amount of 1-heptanol (1 wt.%) is 
sufficient to disrupt the gels, leading to the formation of mainly 
intramolecular associates. 

The association behavior of 3-arm PBd stars with one or two 
dimethylamino or sulfozwitterionic groups (Figure 7) was stu
died223 in dilute solutions and compared with the behavior of 
monofunctional linear and regular 3-arm PBd stars with all 
ends functionalized. The amine-capped samples showed no 
evidence of association in cyclohexane, a good nonpolar sol
vent for PBd. However, strong association was observed for the 
zwitterionic materials. The weight average aggregation number, 
Nw, determined by LALLS and the number average aggregation 
number, Nn, by MO, were found to decrease by increasing the 
number of functional groups in the star polymers, at the same 
total molecular weight, whereas Nw and Nn were decreasing 
functions of molecular weight for the same number of 
end-groups. The difunctional and trifunctional stars formed 
gels even at low concentrations. Taking into account the low 
aggregation numbers for these samples at concentrations lower 
than cgel, it was postulated that intramolecular association 
dominates in very dilute solutions. The association numbers 
obtained for the monofunctional stars were lower than those 
determined for the linear monofunctional species due to the 
steric hindrance of the unfunctionalized arms. 
Studies on the hydrodynamic properties of the same sam
ples by dynamic LS and viscometry confirmed the conclusions 
of the static methods. Decreased diffusion coefficients and kD 

values, where kD is the coefficient of the concentration depen
dence of D (kD = 2A2M – kfv), were observed for the zwitterionic 
polymers compared to the amine precursors. Increased values 
of the polydispersity index μ /Γ2 

2 in dynamic LS experiments 
indicated that the aggregates were polydispersed, supporting 
the high values of polydispersity calculated from osmometry 
and static LS. The strongly negative kD values for the trifunc
tional stars indicated the existence of strong hydrodynamic 
interactions. These samples also showed low aggregation num
bers and only a slight increase in the hydrodynamic radius, Rh, 
compared to their precursors. This behavior is the result of 
intramolecular association at low concentrations. For the 
difunctional stars, the phenomena were less pronounced, 
although intramolecular association is also possible in this 
case. 

Assuming that the aggregates of the monofunctional stars can 
be described as regular stars (more precisely as umbrella star 
polymers) and the precursors as the arms, the authors calculated 
aggregation numbers from the ratio of (Rh)Zw/(Rh)N, where ( Rh) 

Zw is the hydrodynamic radius of the zwitterion-capped poly
mers in cyclohexane and (Rh)N is the same radius for the amine 
precursor in the same solvent, using the literature data for 
stars of different functionalities. The results showed that the 
aggregates behave hydrodynamically as star polymers with 
functionality equal to 2Nw, where N w is the weight average 
aggregation number determined by static LS. It was concluded 
that the two unfunctionalized arms anchored at the periphery of 
the aggregates are responsible for the overall size of the 
associates. 

Low intrinsic viscosities and high kH values were deter
mined by dilute solution viscosity measurements, indicative 
of large hydrodynamic interactions supporting the conclusions 
drawn from LS that intramolecular association does occur at 
low concentrations. Comparative examination of Rv and Rh 

values showed that Rv < Rh for the zwitterionic polymers, 
which was attributed to dissociation of the aggregates, to 
some extent, under the applied shear rate in the capillary. 
Because these forces are generally not very strong, it was con
cluded that the critical shear rate should be small. Compared to 
linear ω-functionalized polymers, the lower stability of the 
aggregates formed by the end-functionalized stars was attribu
ted to the steric repulsion of the unfunctionalized arms. 
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Many studies, both experimental224 and theoretical,225 have 
been devoted to the study of micellar structural parameters 
(critical micelle concentration (CMC) aggregation number, 
overall micellar size, core and shell dimensions) as well as the 
kinetics and thermodynamics of micellization. These para
meters are influenced by many factors such as chemical 
nature, composition, and molecular weight of the blocks, 
solvent quality, pH, concentration, temperature226, etc. The 
majority of the previous studies have been conducted using 
mostly di- and triblock copolymers.227 Relatively few studies 
focused on the micellization behavior of more complex struc
tures,228 such as the star-block copolymers and miktoarm stars. 
From these reports, the macromolecular architecture has 
emerged as a very important parameter for the manipulation 
of the micellar properties, thereby providing a new tool for 
tuning of micellization behavior and for designing materials 
with specific applications. The general trend is that star struc
tures have higher CMC values and thus lower aggregation 
numbers than the corresponding linear block copolymers. 

4-Arm star-block copolymers (PEO-b-PMAA)4 bearing the 
PEO segments as the inner blocks were synthesized by ATRP.229 

The micellization behavior of the copolymers was triggered by 
changes in the pH of the aqueous solutions. The star-blocks 
were molecularly dissolved at high pH values adopting an 
extended conformation due to the negatively charged car
boxylic groups of the PMAA blocks and the hydrophilic PEO 
blocks. However, at low degrees of neutralization, α, large 
spherical micelles were formed. The balance between electro
static, hydrophobic, and hydrogen bond interactions controls 
the micellar behavior. The Rh values were decreased upon 
decreasing α, due to the reduced electrostatic repulsions 
between the anionically charged carboxylic groups. When 
α = 0.05, equilibrium was established between micelles and 
clusters, induced by hydrogen bonding between the carboxy
lates (Figure 8). 

Amphiphilic 4- and 8-arm star-block copolymers bearing 
PMMA inner blocks and PAA outer blocks were prepared by 
ATRP techniques using suitable tetra- and octafunctional initia
tors.230 A morphological transition was observed for the 4-arm 
star-block copolymers in aqueous solutions induced by the 
addition of salt. Spherical multimolecular micelles were 
obtained in salt-free aqueous solutions at pH 5. Upon addition 
of salt, cylindrical micelles were formed, due to the screening of 
the polyelectrolyte charges. These micelles were again trans
formed to spherical structures with increasing the solution pH 
(pH 12), due to a higher degree of ionization and the swelling 
  

(a) (b) (c) 

α = 0.3 α = 0.1 

Figure 8 Proposed microstructure of the 4-arm PEO-b-PMAA block polymer
(d) 0.02. Reprinted from He, E.; Yue, C. Y.; Tam, K. C. Langmuir 2009, , 4825
of the corona. To the contrary, no morphology transition was 
observed for the micelles obtained from the 8-arm amphiphilic 
star-block copolymers. In this case, the higher number of arms 
resulted in higher stretching of the core-forming blocks as well 
as in higher repulsion between the polyelectrolyte blocks in the 
corona, leading to spherical structures with rather low degrees 
of aggregation. 

ROP and RAFT polymerization techniques were combined 
to synthesize multiarm star-block copolymers having PεCL 
inner blocks and PDMAEMA outer blocks.231 A hyperbranched 
polyester core was used as a multifunctional initiator. It was 
calculated that the functionality of the star-blocks was equal to 
19. Temperature and pH-responsive micelles were obtained in 
aqueous solutions. Equilibrium between unimolecular and 
multimolecular micelles was observed at pH 6.58 by dynamic 
LS and TEM measurements. In low-pH solutions, the 
PDMAEMA chains were fully protonated and therefore highly 
stretched, leading to maximum Rh values. When the pH was 
increased, the micellar Rh decreased as a result of the deproto
nation of the dimethylamine groups. PDMAEMA is also a 
temperature-sensitive polymer, as it exhibits lower critical solu
tion temperature (LCST) behavior. It precipitates from neutral 
or basic solutions between 32 and 58 °C. At pH 6.58, the Rh 

values were found to decrease with increasing temperature, due 
to the gradual collapse of the PDMAEMA outer blocks. 

Similar pH- and temperature-sensitive spherical micelles 
were obtained from (PDMAEMA-b-PLA)32 star-block copoly
mers, prepared using multihydroxyl polyhedral silsequioxane 
[POSS-(OH)32] as the multifunctional initiator and combina
tion of ROP and ATRP techniques.232 

Multiarm star triblock terpolymers bearing poly[methoxy
hexa(ethylene glycol) methacrylate], PDMAEMA, and PMMA 
blocks with different orders of placement were prepared by 
group transfer polymerization (GTP) methodology233 

(Figure 9). Their micellar behavior in aqueous solutions was 
compared with the corresponding linear triblock terpolymers. 
The linear structures formed loose micelles with low aggrega
tion numbers. On the other hand, the stars formed 
unimolecular micelles almost exclusively. For only one sample, 
the equilibrium between unimolecular micelles and aggregates 
of low association numbers was obtained. This implies that the 
star structures offer the means for the preparation of multi-
compartment soft nanoparticles. 

5-Arm star-block terpolymers carrying PεCL inner blocks, 
PLLA middle blocks, and PDMAEMA outer blocks were pre
pared using the ROP and RAFT methods.234 Spherical micelles 
 

(d) 

α = 0.02 

 in 0.1 M NaCl solution at different α values: (a) 1, (b) 0.3, (c) 0.1, and 
 92.229
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Figure 9 Schematic representation of the terpolymers under study: MMA (dark), DMAEMA (gray), and HEGMA (white). Reprinted from Stavrouli, N.; 
Triftaridou, A. I.; Patrickios, C. S.; Tsitsilianis, C. Macromol. Rapid Commun. 2007, 28, 560.233 
with a degradable core as well as temperature- and pH-sensitive 
corona were obtained in aqueous solutions. With increasing 
temperature, the optical transmittance showed a dramatic 
decrease at 48 °C, which is the LCST of the PDMAEMA block. 
On the other hand, as the pH increased from 1.0 to 12.0, the Rh 

values decreased from 119 to 76 nm, due to the deprotonation 
of the tertiary amine groups of the PDMAEMA block, and 
finally the polymers were precipitated from the solution. 

Considerable amount of work has been presented using 
miktoarm star copolymers of the AnBn type, which have been 
prepared anionically using the DVB methodology. It was gen
erally shown that the aggregation numbers decrease by 
increasing the number or the molecular weight of the soluble 
arms, leading in many cases to the formation of unimolecular 
micelles. The micellization behavior of amphiphilic mik
toarm star copolymers with PS and PEO branches was 
studied in THF.71 Although THF is not very selective for PS 
increased values of apparent weight, average molecular 
weights were obtained. The micelles formed in THF had mole
cular weights 2 orders of magnitude larger than the Mw of the 
unimer. The authors observed an increase in the depolariza
tion ratio by increasing polymer concentration indicative of 
the formation of large multimolecular micelles with PEO 
cores. 

Micelle formation was also observed235 in the case of mik
toarm stars with equal number of PS and PtBuA branches in 
methanol, a good solvent for PtBuA and a precipitant for PS. 
For a sample of the type PS15PtBuA15 of molecular weight 
Mw = 218 000 and 70 wt.% tBuA, the association number was 
estimated to be 27 using LS measurements. It was assumed that 
the multimolecular micelles were spherical in shape with 
PtBuA chains in the corona and PS in the core. The DVB cores 
of the unimers were located at the core–corona interface form
ing a third domain with high segment density. 

In the same study, viscometric experiments in acetone indi
cated the existence of a conformational transition around 
35 °C. At that temperature region, a sudden decrease in the 
intrinsic viscosity and a maximum for the Huggins constant, 
kH, were observed. Although static LS envelopes were curved 
downward at low angles, indicating the existence of a small 
number of high-molecular-weight-associated species, extrapo
lation from higher angles gave molecular weights very close to 
the unimer molecular weight. The authors concluded that these 
phenomena could only be interpreted by a transition from a 
segregated to a nonsegregated conformation. 

In a series of papers, the micellization behavior of PSnP2VPn 

miktoarm star copolymers was studied in both organic and 
aqueous media.236 Stars having either small (n = 6, 7) or large 
(n = 20) number of arms were used. In acidic aqueous solu
tions, multimolecular micelles were obtained having PS cores 
and protonated P2VP coronas. However, the aggregation num
bers were lower than that of the corresponding linear block 
copolymers. For stars having low functionality (n < 10), the 
micellar cores were compact and small containing exclusively 
the PS blocks. However, for higher functionalities (n = 20), it 
was found that the cores were partially intermixed with non-
protonated P2VP chains (Figure 10). Alkalimetric titration of 
an acidic mixture of PSnP2VPn micelles with linear P2VP-b-PEO 
block copolymer resulted in the formation of near monodis
perse spherical onion-skin micelles. These structures had a 
compact spherical PS core derived from the parent PSnP2VPn 

micelles, a fairly thin and compact middle layer formed by 
P2VP chains coming from both the parent micelles and the 
P2VP-b-PEO block copolymers and a protective PEO shell. The 
formation of these onion-skin micelles was reversible and was 
observed at pH values higher than 4.8. At lower pH values, the 
structures dissociated rapidly into PSnP2VPn micelles and 
P2VP-b-PEO block copolymers. 

AFM proved a valuable tool for the study of the micelliza
tion behavior of PSnP2VPn (n = 7) miktoarm star copolymers 
both in acidic aqueous solution (selective for the protonated 
P2VP arms) and in toluene (selective for the PS arms).237 It was 
possible to measure the core and corona size and also to 
visualize and study the inverse intramolecular segregation, 
which the acidic solutions of the PSnP2VPn stars underwent 
upon addition of toluene. Furthermore, metallization of the 
micelles with Na2PdCl4 improved AFM resolution due to the 
selective deposition of the Pd clusters along the P2VP chains. 
This procedure greatly facilitated the determination of the 
number of P2VP arms of the unimers, the degree of association, 
and the structural characteristics of the multimolecular micelles 
(Figure 11). 

Amphiphilic (PεCL)14(PAA)7 miktoarm star copolymers 
having a β-cyclodextrine core were prepared by ROP and 
ATRP techniques.208 Thermodynamically stable micelles were 
obtained in aqueous solutions. A variety of structures, such as 
spherical micelles, clusters, and wormlike aggregates, were 
observed by dynamic LS and AFM measurements. Both the 
copolymer architecture and the composition affect the mor
phology and the dimensions of the aggregates. 

Considerable amount of data have been collected from AB2 

miktoarm star copolymers in both organic solvents and aqu
eous solutions. PS(PI)2 and (PS)2PI miktoarm stars were 
prepared by anionic polymerization techniques and the 
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Figure 10 Two possible micellar structures: (a) with strongly segregated arms and (b) with partially intermixed arms. Reprinted from (a) Tsitsilianis, C.; 
Voulgaris, D.; Štěpánek, M.; et al. Langmuir 2000, 16, 6868. (b) Štěpánek, M.; Matějiček, P.; Humpoličková, J.;  al. Polymer 2005,  46, 10493.236et
chlorosilane methodology.238 Their micellization behavior was 
studied in n-decane, which is selective for the PI arms. The 
results were compared with linear PS-b-PI block copolymers 
having similar molecular weights and compositions. It was 
found that the aggregation numbers increase in the order 
PS(PI)2 < (PS)2PI < PS-b-PI. A scaling theory was developed to 
explain the association behavior by taking into account free 
energy contributions from the micellar core and corona as well 
as the interfacial regions. 

Amphiphilic miktoarm star copolymers PεCL(PDMAEMA)2 

and (PεCL)2PDMAEMA were prepared and their micellar prop
erties were compared with the corresponding linear 
PεCL-b-PDMAEMA block copolymers.239 The miktoarm stars 
self-assemble in aqueous solutions yielding spherical micelles 
with lower aggregation numbers, core radius, and Rh values 
than the linear block copolymers. Among these types of copo
lymers, the PεCL(PDMAEMA)2 stars showed the lowest 
aggregation numbers and Rh value and the highest overall 
micelle density due to the enhanced stabilization effects of 
two well-solvated PDMAEMA chains per junction point at the 
core–corona interface, which favors the bending of the interface 
and the formation of densely packed core–shell nanostructures. 

Double hydrophilic and amphiphilic AB2 miktoarm star 
copolymers were prepared by ATRP techniques and their micel
lar structures were studied in aqueous solutions showing pH 
and thermal sensitivity.240 For example, the PPO(PDMAEMA)2 
stars exhibited a thermo-induced micelle–unimer–micelle tran
sition due to the fact that PPO and PDMAEMA possess LCST 
and upper critical solution temperature (UCST) phase beha
viors in aqueous solutions, respectively. 

The self-assembly behavior of amphiphilic PEO(PLLA)2 mik
toarm star copolymers was examined in aqueous solutions.241 

Using a variety of LS and microscopy techniques, it was shown 
that vesicular structures were formed in a much broader range of 
PEO volume fractions (0.2–0.7) compared to the corresponding 
linear block copolymers (Figure 12). Taking advantage of this 
behavior, the efficient encapsulation of the anticancer drug dox
orubicin hydrochloride was achieved. 

The combination of NMP and ATRP techniques were 
used for the synthesis of PS(PNIPAAM)2 and PS 
(PINIPAAM-b-P4VP)2 miktoarm star co- and terpolymers, 
respectively.242 It was observed that the micellization behavior 
was sensitive to the pH of the aqueous solutions. Rod-shaped 
nanorods were formed when pH <1.0. Upon increasing the pH 
to the range 1.0–3.0, a mixture of spheres and nanorods was 
obtained leading to spherical micelles at higher pH values 
(4.7 < pH<3.0) (Figure 13). PNIPAAM is a typical thermosen
sitive polymer using an LCST at around 32 °C. However, 
the macromolecular architecture affects the LCST of 
PNIPAAM, which was found to be equal to 31 °C for the 
PS(PNIPAAM)2 stars at pH 7 and 35 °C for the 
PS(PINIPAAM-b-P4VP)2 stars at pH 3. 
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Figure 11 Coexistence of uni- and multimolecular micelles at concen
tration of PS7-P2VP7 0.03 g l−1 (HCl, pH 1) before (a) and after 
metallization with Pd (b, c). Metallization improves AFM contrast, and thus 
the aggregation number can be directly estimated. For example, the 
structure marked by the yellow arrow corresponds to a tetramer with 
about 28 P2VP arms, the green arrow corresponds to a trimer with about 
21 P2VP arms, and the red arrow shows a unimer with seven P2VP arms. 
Reprinted from (a) Gorodyska, G.; Kiriy, A.; Minko, S.; et al. Nano Lett. 
2003, 3, 365. (b) Kiriy, A.; Gorodyska, G.; Minko, S.; et al. Macromolecules 
2003, 36, 8704.237 

Figure 12 (a) Structural analogy between a phospholipid molecule (left) and a
structure of PEGm -b-(PLLAn)2. Reprinted from Yin, H.; Kang, S.-W.; Bae, Y. H
The micellar structures formed in solutions of well-defined 
(PE)2(PEP)2-, PE(PEP)2-, and (PE)2PEP-type PE-poly 
(ethylene-alt-propylene) (PEP) miktoarm stars in n-decane 
were investigated,243 by small-angle neutron scattering 
(SANS) using the contrast variation technique. The solvent is 
selective for the PEP branches. The formation of multimolecu
lar structures was also influenced by the ability of PE to 
crystallize. The PE chains were 75% deuterated to enhance 
scattering contrast and their MW was kept constant and the 
MW of PEP was varied in order to study the influence of 
composition and architecture in the micellar properties. The 
miktoarm stars formed multimolecular micelles with flat 
dense, disklike, crystalline PE cores and soft coronas of PEP 
‘hairs,’ sticking out on both sides of the core. Using 
model-fitting procedures, structural parameters such as core 
and corona thickness were estimated. 

It was confirmed that the molecular architecture does not 
modify the global characteristics (shape) of the micelles but 
only its geometrical parameters. The average thickness of the 
core was nearly constant and independent of the MW of the PEP 
brush for the PE2PEP2 case. For PE(PEP)2 and (PE)2PEP, the 
thickness decreased with increasing MW of PEP. It was found 
that for all PEP molecular weights the chains are more extended 
if the PE chains are connected to two PEP arms instead of one. 
The difference was more pronounced when the PEP molecular 
weights were higher. On the other hand, the thickness of the 
cores were higher for the system (PE)2PEP. On comparing 
the systems (PE)2(PEP)2 and PE(PEP)2, it was suggested that 
the average extension of the brush arms was higher for the latter 
architecture except for the samples with medium molecular 
weight (MPEP ∼ 9000). At the same time, the thickness of the 
core and the blob size were lower for the PE(PEP)2 samples. 
From measurements at different temperatures a critical micelle 
temperature of about 60 °C was found. At room temperature, 
the equilibrium was found to be shifted completely in favor of 
the micelles. A thermodynamic model was developed to 
describe the system at low temperature, based on the free 
energy of a simple micelle. Although this model predicted 
scaling relations dependent on the star architecture and was 
found to agree well with previous data on PE-b-PEP diblocks, it 
could not correctly describe the core thickness variation for the 
miktoarm systems. 

Double hydrophilic miktoarm star copolymers bearing two 
PEO arms and either three or four PDMAEMA arms were synthe
sized by linking end-functionalized PEO chains with suitable 
linking agents and ATRP techniques.244 The micellization 
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Figure 13 Schematic representative transition of the morphology of micelle from aggregates of nanosized sphere-shaped micelles to micrometer 
rod-shaped micelles. Reprinted from Zhang, W.; Zhang, W.; Zhou, N.; et al. J. Polym. Sci., Part A: Polym. Chem. 2009, 47, 6304.242 
behavior of these miktoarm stars was examined in 0.1 M NaCl 
aqueous solutions at p. 8.0 and was promoted in the presence of 
K3[Co(CN)6]. Increasing the temperature above the LCST or 
decreasing the temperature below the UCST of the PDMAEMA 
chains causes the growth of micellar structures. The (PEO)2 

(PDMAEMA)3 miktoarm stars formed larger aggregates than 
the corresponding (PEO)2(PDMAEMA)4 stars. At high tempera-
tures, spherical micelles were obtained, whereas at low 
Figure 14 Behavior of miktoarm star in pH 8 buffer and in the presence of [Co
Soft Matter 2009, 5, 1812.244 
temperatures, the (PEO)2(PDMAEMA)4 stars formed spherical 
micelles again, but the (PEO)2(PDMAEMA)3 stars were assembled 
into vesicles. Another interesting application came from the 
photosensitivity of the hexacyanocobaltate (III), [Co(CN)6]

3−.  
Upon UV irradiation it transforms to [Co(H2O)(CN)5]

2−, leading  
to weaker interactions and bridging abilities with the PDMAEMA 
arms. Therefore, after UV irradiation for 10 min. at 10 °C, 
demicellization was fully accomplished (Figure 14). 
(CN)6]3−. Reprinted from Plamper, F. A.; McKee, J. R.; Laukkanen, A.; et al. 
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(a) (b) 

Figure 15 Schematic drawing of (a) individual miktoarm star micelles 
and the stacking into a string and (b) side and end-on views of proposed 
chain packing for segmented worms. Reprinted from Li, Z.; Kesselman, E.; 
Talmon, Y.; et al.  2004,  Science , 98.74306

(a) (b) 

(d) (c)

Figure 16 Schematic illustrations of (a) segmented wormlike micelles, 
(b) nanostructured polygonal bilayers, (c) hemispherical bowls with rem
nant tails, and (d) nanostructured vesicle. The red, green, and blue colors 
represent the PEE, PFPO, and PEO arms, respectively. Reprinted from 
(a) Li, Z.; Hillmyer, M. A.; Lodge, T. P. Nano Lett. 2006, 6, 1245. (b) Li, Z.; 
Hillmyer, M. A.; Lodge, T. P. Langmuir 2006, 22, 9409. (c) Li, Z.; 
Hillmyer, M. A.; Lodge, T. P. 246,246aMacromolecules 2006, 39, 765.  
Miktoarm stars consisting of one thermoresponsive 
PNIPAAM arm and four pH-responsive PDMAEMA arms were 
synthesized and their micellization behavior in aqueous solu
tions was compared with the corresponding linear 
PNIPAAM-b-PDMAEMA block copolymers.245 PNIPAAM–core 
micelles were obtained in acidic solutions at elevated tempera
tures, whereas PDMAEMA–core micelles were formed in 
slightly alkaline solutions at room temperature. Furthermore, 
the kinetics of pH-induced micellization of the AB4 miktoarm 
stars and the linear block copolymers was studied by the 
stopped-flow LS technique upon a pH jump from 4 to 10. 
The data of both types of copolymers could be fitted with 
double-exponential functions yielding a fast (τ1) and a slow 
(τ2) relaxation process. For both copolymers τ1 decreased with 
increasing polymer concentration. However, τ2 was indepen
dent of polymer concentration for the AB4 stars, whereas it 
decreased with increasing polymer concentration for the linear 
block copolymer. This result indicates that the macromolecular 
architecture may greatly influence the kinetics of micellization. 

The use of ABC miktoarm star terpolymers revealed a very 
rich self-assembly behavior that can be monitored by the rela
tive block lengths, the incompatibility of the different blocks, 
and their pH or thermal responsiveness. The first well-studied 
system involved miktoarm stars with a PEO, a hydrogenated 
PBd [poly(ethyl ethylene)] (PEE), and a poly(perfluoropropy

74,246lene oxide) (PFPO), arm. Multicompartment micellar 
structures were observed by manipulating the following para
meters: terpolymer composition, copolymer blending, and 
solvent selectivity. Upon increasing the volume ratio of the 
hydrophilic PEO arm over the hydrophobic PEE and PFPO 
arms, a continuous transformation from nanostructured vesi
cles and polygonal bilayers to segmented or multicompartment 
worms and finally to ‘humberger’ micelles was achieved. An 
increase in the amount of the PFPO arm over the PEE arm 
drives the micellar structure from humberger micelles or seg
mented worms to ‘raspberry’ micelles or multicompartment 
worms. In the blending method, humberger micelles evolved 
from a binary mixture of segmented wormlike micelles formed 
by the ABC terpolymer and spherical micelles formed by a 
PEE-b-PEO block copolymer. Finally, solvent selectivity was 
proven a valuable tool to manipulate the micellar morphology. 
Introducing THF, a good solvent for PEE, into the aqueous 
solution of the ABC miktoarm star resulted in the transforma
tion of multicompartment disks to core–shell corona worms 
and spheres and finally to mixed corona (PEE+PEO) oblate 
ellipsoid micelles with increasing THF content 
(Figures 15–17). 

The micellization behavior of ABC miktoarm stars contain
ing PEO, PEE, and poly(γ-methyl-ε-caprolactone) (PγMεCL) 
was also examined in detail in water.247 Upon increasing the 
volume fraction of the PγMεCL block, a transition from sphe
rical to wormlike micelles and again to spherical micelles or 
disklike structures was observed using cryo-TEM and DLS mea
surements. The electron density contrast between the 
hydrophobic blocks, PEE, and PγMεCL was insufficient to elu
cidate whether multicompartment cores exist or not. However, 
small-angle X-ray scattering (SAXS) analysis from the 
PEE-b-PγMεCL block copolymers having molecular weights 
comparable to those of the core blocks in the ABC miktoarm 
star terpolymers revealed the presence of ordered structures, 
indicating that the micellar cores are internally segregated 
(Figure 18). It was shown that subjecting the micelles of the 
ABC miktoarm stars to a pH 12 buffer at 50 °C resulted in 
hydrolytic degradation of the polyester PγMεCL chains. The 
evolution of ABC multicompartment micelles from segmented 
wormlike structures to raspberry-like vesicles or disks upon the 
cleavage of PγMεCL chains was clearly revealed by cryo-TEM. 
Most of the PγMεCL chains were cleaved at or near the junction 
point producing PEE-b-PEO diblocks and PγMεCL homopoly
mers (Figure 19). This morphology change was driven by the 
minimization of the unfavorable interfacial energy between 
three immiscible blocks, under the release of the constraint 
that the PγMεCL chains were connected to the other two.248 

(PS)(PEO)(PDMAEMA) miktoarm stars were prepared using 
a combination of two successive anionic polymerizations and 
one RAFT polymerization.249 In low-pH aqueous solutions, 
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Figure 17 Schematic illustration of a multicompartment micelle from 
(PEO)(PEE)(PFPO) miktoarm stars and binary blends of (PEO)(PEE) 
(PFPO) with PEO: (a) hamburger micelle from the miktoarm star with a 
very long PEO block (O), (b) segmented wormlike micelle from the star 
with a short PEO block (O), and (c) hamburger micelle from blends (PEO) 
(PEE)(PFPO)/PEO. Reprinted from Li, Z.; Hillmyer, M. A.; Lodge, T. P. 
Macromolecules 2006, 39, 765.246c 

Figure 18 Schematic representation of self-assembled micellar structures o
(b) segmented wormlike micelle, and (c) raspberry micelle. Selected cryo-TEM
by the thin-film technique after 10 weeks. Reprinted from Saito, N.; Liu, C.; Lo

Figure 19 Schematic cartoons illustrating the morphological transition of (P
Reprinted from Saito, N.; Liu, C.; Lodge, T. P.; Hillmyer, M. A. ACS Nano 201

pH 12, 50 °C

1−2 days
micelles with mixed corona (PEO and PDMAEMA) and PS core 
were formed. Upon increasing the solution pH, the polymetha
crylate chains gradually deprotonate and become hydrophobic 
leading to the formation of multicompartment micelles having 
PEO corona and segregated PS and PDMAEMA cores. 

The thermal behavior of micelles produced by the (PS) 
(PNIPAAM)(PDMAEMA) miktoarm star terpolymers was stu
died in aqueous solutions.250 Core–shell structures with PS 
cores and mixed PNIPAAM and PDMAEMA shells were 
obtained by adding the polymer solution in THF into excess 
water. It was shown that upon continuous heating through the 
LCSTs of the PNIPAAM and PDMAEMA arms, the micelles 
exhibit two-stage thermally induced collapse. The first-stage 
collapse was attributed to the shrinkage of the PNIPAAM 
chains, ranging from 20 to 34 °C, whereas the second-stage 
collapse to the shrinking of the PDMAEMA chains, ranged 
from 38 to 50°C (Figure 20). 

Multiresponsive double hydrophilic (PEO)(PDMAEMA) 
(PNIPAAM) miktoarm star terpolymers were prepared by 
ATRP and click reactions.251 The terpolymers were molecularly 
dissolved at room temperature in aqueous solutions at pH 
below 7. Upon increasing the pH spherical and 
near-monodisperse micelles having PDMAEMA, cores were 
formed. On the other hand, starting from molecularly dis
solved terpolymers at pH 4, micelles could be obtained by 
(c) 

(f) 

30 nm 

f (PEO)(PEE)(PγMεCL) miktoarm stars: (a) hamburger micelle, 
 images of specific micellar samples in 1 wt.% aqueous solution prepared 
dge, T. P.; Hillmyer, M. A. Macromolecules 2008, 41, 8815.247 

EO)(PEE)(PγMεCL) miktoarm star micelles during hydrolytic degradation. 
0, 4, 1907.248 

>14 days

pH 12, 50 °C
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Figure 20 Schematic illustration of the thermoinduced collapse of the (PS)(PNIPAM)(PDMAEMA) core–shell micelles upon heating through the LCSTs 
of PNIPAM and PDMAEMA. Reprinted from Li, J.; He, W.-D.; Han, S.-C.; et al. 250 J. Polym. Sci., Part A: Polym. Chem. 2009, 47, 786.
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Figure 21 Schematic illustrations for pH- and thermo-induced supramolecular self-assembly of (PEO)(PDEAEMA)(PNIPAM) ABC miktoarm star 
terpolymers into two types of micellar aggregates possessing hybrid coronas in aqueous solution. Reprinted from Zhang, Y.; Liu, H.; Hu, J.; et al. 
Macromol. Rapid Commun. 2009, 30, 941.251 
increasing the temperature. The self-assembly process began at 
35 °C and stable micellar structures having PNIPAAM cores were 
produced at 50 °C (Figure 21). Compared to the corresponding 
linear terpolymers PEO-b-PDMAEMA-b-PNIPAAM, the micelles 
coming from the miktoarm stars had considerably smaller sizes, 
due to the constraint macromolecular architecture. 

ATRP, ROP, and click chemistry were combined for the 
synthesis of (PS)(PNIPAAM)(PεCL) miktoarm star terpoly
mers.252 In aqueous solutions, the terpolymers self-assemble 
into micelles having PS/PεCL cores and thermoresponsive 
PNIPAAm coronas. Upon heating through the LCST of the 
PNIPAAM chains, the coronas gradually collapse. However, 
the micelles having either swollen or collapsed PNIPAAM cor
onas exhibit monomodal size distributions. 

An analytical scaling theory describing the self-assembly 
behavior of ABC miktoarm stars having one solvophilic 
(A) and two solvophobic (B, C) arms toward the formation 
of multicompartment micelles was developed.253 Depending 
on the molecular weights of the arms and the ratio between the 
interfacial tensions at the interface between solvent and both 
collapsed solvophobic blocks, the stability of aggregates having 
different morphologies was studied. Terpolymers with longer 
solvophilic blocks were predicted to form starlike micelles with 
phase-separated cores. For stars having relatively short solvo
philic blocks, cylindrical crew-cut micelles were predicted with 
microphase-segregated (alternated in the longitudinal direc
tion) core. 
6.03.2.3 Bulk Properties 

6.03.2.3.1 Theory 
Multiblock multicomponent polymers have the potential to 
generate a variety of well-defined and controlled multiphase 
microdomain morphologies with very small dimensions 
and/or provide the supramolecular structures with a 
mesoscopic-length scale. They could, possibly, undergo 
order–order or order–disorder transitions (ODTs) leading to 
even more interesting structures with potential applications 
(e.g., multifunctional sensors, multiselective catalysts for 
sequential or simultaneous chemical reactions). In copoly
meric systems consisting of three or more components, more 
independent variables (e.g., two-composition variables and 
three-interaction parameters in the case of three-component 
systems), which lead to a large variety of new morphologies, 
should be considered. Only during the last decade has there 
been information in the literature on the microphase separa
tion of multiblock multicomponent systems, the majority of 
which concerns the cases of linear polymeric materials. 

Relatively few theoretical studies deal with the behavior of 
miktoarm star copolymers in the solid state. Issues such as the 
phase–diagram transition and the ODT, however, have been 
studied in considerable detail. 

Olvera de la Cruz and Sanchez254 were first to report theore
tical calculations concerning the phase stability of graft and 
miktoarm AnBn star copolymers with equal numbers of A and 
B arms. The static structure factor S(q) was calculated for the 
disordered phase (melt) by expanding the free energy in terms of 
the Fourier transform of the order parameter. They applied path 
integral methods that are equivalent to the random-phase 
approximation method used by Leibler. For the copolymers 
considered, S(q) had the functional form S(q)−1 = (Q(q)/N)–2χ 
where N is the total number of units of the copolymer chain, χ 
the Flory interaction parameter, and Q a function  that  depends  
specifically on the copolymer type. S(q) has a maximum at q*, 
which is determined by the equation ∂Q/∂q =0.  For  the  graft  
copolymers, they found that q* (graft)  ≥ q* (diblock) and there is 
no symmetric around the composition f = 1/2 due to the inher
ent asymmetry in a graft copolymer. The spinodal curves where 
S(q*) diverges at the spinodal temperature or at the characteristic 
value of (χN)s are plotted in Figures 22 and 23 as functions of 
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Figure 22 Comparison of the variation of (χN)s with composition for 
graft and diblock copolymers. The number of monomers (N) in each 
copolymer is the same. Reprinted from Olvera de la Cruz, M.; 
Sanchez, I. C. 254 Macromolecules 1986, 19, 2501.

Figure 23 Variation of (χN0)s with composition and arm number for 
AnBn star copolymers. N0 is the number of monomers in the diblock 
(A1-b-B1). Reprinted from Olvera de la Cruz, M.; Sanchez, I. C. 
Macromolecules 1986, 19, 2501.254 
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Figure 24 Phase diagram in the strong-segregation limit for star-block copoly
the B monomer. Reprinted from Milner, S. T. Macromolecules 1994, , 233327
the composition. They predicted that a simple graft has no 
critical point for any f. Regardless of the position of the branch 
point, the minimum value of the spinodal appear at volume 
fraction f = 0.5. For the special case of the symmetric graft 
(an A2B miktoarm star) (χN)s = 13.5. This means that it is more 
difficult for the chain to phase separate in this kind of architec
ture than it is for linear diblock copolymers. Miktoarm 
copolymers of the AnBn type are predicted to have critical point 
at (χN0)c = 10.5 (the same value as for the diblocks when f =0.5),  
which implies that the microphase separation of nearly symme
trical miktoarms depends solely on the molecular weight of the 
span diblock copolymer N0 and not on that of the whole star 
chain. 

Milner255 studied the phase diagram of AnBm miktoarm 
copolymers in the strong segregation limit in which the inter
face between A and B chains is sharp. The morphology of 
microphases and their length scale are determined by a compe
tition of the interfacial tension and the increase in the 
stretching free energy as the copolymer arms stretch away 
from the interface. Calculations are made in terms of the 
cross-sectional area relative to the outer surface from different 
‘wedges’ corresponding to spherical, cylindrical, and ordered 
bicontinuous double-diamond (OBDD) phases. The 
surface-tension contribution is the area of the dividing surface 
times the surface tension γ, whereas the stretching energy was 
calculated by considering the miktoarm stars as brushes. The 
copolymer chains are added one by one and the work to add 
each one is summed. The total free energy of each structure (the 
sum of the stretching and interfacial energy) is then minimized. 
The phase diagram is determined by the cross lines of the free 
energy of different structures and is present in Figure 24 as a 
function of the volume fraction of the B units ΦB and the 
parameter ε = nA(lA)

1/2/n lB)
1/2

B( that expresses the polymer 
asymmetry; nA and nB are the numbers of the A or B arms and 
lA and lB are material parameters expressing the elasticity of the 
A and B homopolymers. The consideration of miktoarm stars 
as brushes (branches without common origin) with A and B 
arms crossing the interface will make no sense for a small 
number of arms but in the other case, because of the presence 
of the core, the arms will be stretched more than the present 
theory is expected to hold. 
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Figure 25 Phase diagrams of ABn miktoarm stars for n = 2, 3, 4 and 5. Reprinted from Grason, G. M.; Kamien, M. D. Macromolecules 2004, 37, 7371.256 
More recently, phase diagrams in both the weak (WSL) and 
strong segregation limit (SSL) were calculated for ABn mik
toarm star copolymers, based on a kinked-path approach and 
self-consistent field theory (SCFT) calculations.256 The phase 
diagrams in the WSL for n =1–4 are given in Figure 25. It was 
concluded that for χN ≤ 40 and for all the n values the phase 
diagrams were nonsymmetric about φ = 0.5. Compared to the 
symmetric diagrams of the corresponding linear block copoly
mers, boundaries were shifted to the B-rich region, indicating 
that phases with the B blocks on the outside of curved inter
faces were favored. This behavior results from the additional 
asymmetry introduced by the macromolecular architecture and 
becomes more pronounced with increasing n. Phase bound
aries were also calculated in the SSL (χN ≈ 100) and were 
compared with experimental results for PS(PI)n miktoarm 
stars. The results, shown in Figure 26, are in very good agree
ment with the experimental data. 

A mean field theory has been developed to treat the 
phase stability criteria for the most general case of miktoarm 
star copolymers, that is, AnBm, with asymmetric number of 
branches m ≠ n.257 The case of ABn was treated in detail. The 
static structure factor in the disordered phase was calculated 
and the resulting spinodal curves for the series of ABn mik
toarms are plotted in Figure 27(a). It was found that these 
copolymers are more difficult to phase separate than linear 
diblocks, as the critical values of χNt (Nt = NA + nNB) are 
higher than the diblock case at any composition. The 
spinodal curves are asymmetric due to the inherent asymme
try of miktoarm stars. The critical values corresponding to 
the minima of the spinodal and the respective compositions 
are plotted in Figure 27(b) for miktoarms with different n. 
For n up to 3, there is a considerable increase in the value of 
(χNt)c, which indicates an increasing compatibility between 
A and B blocks. However, for n > 3, there is a reversal in 
(χNt)c which for n > 10 differs only slightly from that of the 
A–b–B diblock copolymers. The maximum value of (χNt)c at 
n = 3 results from a delicate balance between the stretching 
free energies of the A and B blocks, whereas for a higher 
number of arms the free energy of the system is mainly 
determined by the B blocks forming the star. These theore
tical predictions have been tested experimentally using SAXS 
measurements. 

Theoretical approximations and morphology predictions 
were recently carried out for miktoarm star terpolymers of the 
ABC type.258,259 The literature concerning theoretical predic
tions for this complex architecture is rather limited, as the 
synthesis of such materials leading to morphologically 
three-phase structures has been developed rather recently. 
The behavior of miktoarm star terpolymers was simulated 
using the Monte Carlo calculation method.258 This approach 
was already used for the microdomain structural behavior of 
diblock copolymers of the AB type, and the consideration that 
needed to be taken into account for the calculations was the 
addition of the C chain at the common junction point of the A 
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Figure 26 SCFT results for ABn miktoarm stars at large χN. For our calculation, the asymmetry parameter ε = nB = n, the number of B blocks per 
molecule: (Δ) Dis−BCC transitions; (○) BCC−Hex transitions; (◊) Hex−Lam transitions. All boundaries are computed at χN = 100 with the exception of the 
low-f BCC−Hex and Hex−Lam boundaries for n = 3, 4, and 5. For n = 3, these boundaries are computed at χN = 80, and for n = 4 and 5 these boundaries are 
computed at χN = 60. Dark circles (●) indicate equilibrium results from experiments on PI–PS melts. S, C, and L label spherical, cylindrical, and lamellar 
morphologies, respectively. Reprinted from Grason, G. M.; Kamien, M. D. Macromolecules 2004, 37, 7371.256 

Figure 27 (a) Comparison of the spinodal curves χNt(fA) for diblock and different ABn miktoarm copolymers with n = 2, 3, and 4. The experimental 
results from an AB2 (●) and the two AB3 (□, ○) miktoarm stars are shown together with the investigated temperature range (vertical lines). (b) Critical 
values of χNt plotted as a function of the number of arms of the B blocks. The optimal composition corresponding to the minima of the spinodal curves is 
also shown the optimal composition corresponding on the minima of the spinodal curves is also shown. The line is only a guideto the eye. Reprinted from 
Floudas, G.; Hadjichristidis, N.; Tselikas, Y.; Erukhimovich, I. Macromolecules 1997, 30, 3090.257 
and B blocks. The microphase-separated morphology of the 
nonlinear terpolymers with an arm length ratio 1:1:x for 
the three different components was investigated according to 
the recently proposed diagonal bond method (Monte Carlo 
with DBM). The theoretical phase diagram of the miktoarm 
ABC with the arm–length ratio 1:1:x and with symmetric 
interactions between three components is seen in Figure 28. 

Microdomain structures of 3-miktoarm star terpolymers in 
a three-dimensional space were investigated using the dynamic 
density functional theory (DDFT).259 Analysis of DDFT 
demonstrates that the junction points are restricted to lie on 
periodically spaced parallel lines formed by the mutual inter
sections of different domains at the strong segregation between 
distinct blocks. The structures that were taken from this 
approach are seen in Figure 29. The results indicate that micro
structures and distributions of junction points depend not only 
on the architecture of the macromolecule chain but also on 
interaction parameters between distinct blocks. 

6.03.2.3.2 Experimental results 
Much experimental work has appeared in the literature con
cerning the microphase separation of miktoarm star 
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Figure 28 Phase diagram of ABC star polymers with arm-length ratio 1:1:x, with symmetric interaction parameters. Morphologies are lamella + sphere (L + S), 
five cylindrical structures in sectional view, perforated layer (PL), lamella + cylinder (L + C), columnar piled disk (CPD), and lamella in sphere (L-in-S). Reprinted 
from Gemma, T.; Hatano, A.; Dotera, T.  2002, , 3225.258 Macromolecules 35

Figure 29 Schematic illustrationof theoretical approximations for ABC miktoarm terpolymers. (a) Schematic of section perpendicular to the cylinders, J 
is the junction region, and I is the area where blocks and junctions mix. Degrees of polymerization and χ interaction parameters are equal. (b, c) Similar 
schematic but different presentation due to changes in the χ interaction parameters. (d) Schematic illustration perpendicular to the cylinders when the 
three components exhibit different degrees of polymerization as well as different χ. Reprinted from He, H.; Huang, L.; Liang, H.; Pan, C. J. Chem. Phys. 
2003, 118, 9861.259 
polymers.  The issue of  interest  is the  influence of the  branched  
architectures on the microdomain morphology and on the 
static and dynamic characteristics of the ODT. The ultimate 
goal is understanding the structure–property relationships for 
these complex materials in order to design polymers for spe-
cial applications. 

In the first seminal morphological study of A2B miktoarm 
stars260 where A and B are PS or PI, an SI2 sample with 37 vol% 
PS was found, by TEM, to be microphase separated as PS 
cylinders in PI matrix in contrast to a lamellae structure 
expected for linear diblock copolymer of the same composi
tion. Later, more thorough studies261–263 with a larger number 
of samples and covering a wider range of compositions showed 
that differences exist in the phase diagram for miktoarm star 
copolymers in comparison to the linear diblocks. The bound
aries for the microstructures usually encountered in diblocks 
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Figure 30 Bright-field TEM micrographs of (a) PS2PI miktoarm with 
49 vol% PS, (b) PI2PS miktoarm with 53 vol% PS, and (c) PI2PS mik
toarm with 44 vol% PS. Reprinted from Tselikas, Y.; Iatrou, H.; 
Hadjichristidis, N.; et al. J.  Phys. 1996,  105, 2456.263Chem.
are shifted to higher compositions of the single arm. At con
stant composition the miktoarm star copolymer has a 
morphology with greater curvature than the diblock. This pro
vides a means of releasing overcrowding of the A2 component 
and overstretching of the B component of the miktoarm star. 
Analogous shifts were also observed in the case of A3B (A  =  PI  
and B = PS) miktoarm stars.263 These findings are in qualitative 
agreement of the theoretical predictions of Milner, which was 
developed after the first experimental findings.260 However 
some discrepancies in terms of the exact location of the mor
phology boundaries do exist between theoretical prediction 
and experimental results. An I2S sample with 53 vol% PS 
formed a tricontinuous cubic structure where a lamellae struc
ture was predicted by theory (Figure 30). Another I2S sample 
with high PS content showed microphase separation without 
long-range order. This randomly oriented wormlike morphol
ogy of PI ‘cylindrical’ micelles in a matrix of PS was shown to be 
an equilibrium one by selective solvent casting and annealing 
experiments. On careful annealing it was possible to observe 
the transition from a kinetically trapped nonequilibrium 
folded-layer morphology into the equilibrium randomly 
oriented wormlike phase through an intermediate ‘fold-lace’ 
morphology. Furthermore, the experimentally determined 
phase diagram for the I3S stars showed an absence of the 
spherical morphology in the high PS volume fraction region. 
The micrographs of an I3S sample with 39 vol% PS had the 
structure of PS cylinders instead of spheres, a sample with 
86 vol% PS had PI cylinders instead of lamellae, and a sample 
having 92 vol% PS consisted of disordered PI cylinders in a PS 
matrix. It is obvious that as the number of arms in AnB-type 
samples increases, differences between the present theory and 
the experiment become more apparent. The theory may be 
brought ‘in-line’ with the experimental findings if the theore
tical boundary curves (see Figure 24) could be ‘bend back’ 
toward the low volume fraction side of the phase diagram. 
Presently the theory omits the multiple domain effects, that 
is, effects of crowding of chains emanating from different but 
neighboring interfaces.263 

The microdomain morphology of asymmetric miktoarm 
stars of the type AA′B with A, A′ = PI of different molecular 
weight and B deuterated PS, covering a wide range of composi
tions, was investigated264 by means of TEM and SANS. The 
morphologies of the asymmetric miktoarm stars were identical 
to those of diblock copolymers with the same composition. 
However, the lateral crowding and chain stretching were par
tially alleviated in the asymmetric miktoarms on the PI side of 
the interface by changes in the lattice dimensions relative to the 
symmetric ones. 

The effect of macromolecular architecture on the lamellar 
structure of the PEO crystallizable arms in (poly tert-butyl 
styrene)[poly(ethylene oxide)]2 [PtBuS(PEO)2] miktoarm 
stars was studied by using SAXS and DSC.265 The results were 
compared with the ones obtained on poly(tBuS-b-EO) materi
als. At the same total molecular weight and composition, the 
melting temperature, the degree of crystallinity, and the num
ber of folds of PEO chains were found to be lower for the 
branched samples. 

The morphology of miktoarm star copolymers bearing one 
PS and either two or three poly(2-methyl-1,3-pentadiene) 
(P2MP) arms were studied at the SSL.266 For both types of 
stars, a different morphological behavior was found 
experimentally than that predicted from Milner’s diagram for 
the PS/PI system. These discrepancies were attributed to differ
ences in the characteristic ratio and the glass transition 
temperature (Tg) between P2MP and PI. Another question raised 
was whether the copolymers were at the SSL or not, as the 
Flory–Huggins parameter for the PS/P2MP pair is not known. 

A5B miktoarm star copolymers, where A was PI or P2MP 
and B was PS, were examined.267 In this case, large deviations 
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from the predictions coming from Milner’s theory were 
obtained due to the overcrowding of A arms at the junction 
point leading to increased curvature of the interface toward the 
B phase. For the constant φB, the experimentally observed 
morphologies correspond to those predicted for lower ε values, 
whereas for constant ε values the experimentally observed 
morphologies correspond to those predicted for higher φB. 

Avgeropoulos et al.268 reported the morphological charac
terization of the type (PS-b-PI)nPS miktoarm stars where n =2,  
3. Due to their composition (volume fraction of PS between 
0.51 and 0.56), the neat samples showed lamellar microdo
mains like their corresponding diblocks. The area per junction 
point for the complex architectures was found to be very close 
to that obtained for simple diblock and triblock copolymers, 
leading to the conclusion that in any case the relative amounts 
of looped and bridged comformations of the PI blocks remain 
the same on changing the architecture. Blending with PS or PI 
homopolymers of low MW induced a transition to hexagonally 
packed cylinders without the observation of an intermediate 
cubic morphology. 

(PS)2(PI)2 miktoarm star copolymers were studied at the 
SSL, showing a rather good agreement with the Milner’s theory 
prediction.269 Moreover, the dependency of spacing q*, mea
sured by SANS, and the overall molecular weight N of (PS)2(PI) 

2 miktoarm stars and the corresponding linear block copoly
mers was found to follow the same scaling low q* ∼ N−α, with 
α ≈ 0.7. However, for the miktoarm stars the arms were 
consistently 5–10% more stretched compared to the linear 
copolymers, indicating stronger phase segregation. This result 
was further confirmed by the higher TODT values, by 40 °C, of 
the miktoarm stars compared to their linear counterparts. 

The morphology of PI8PS8 (Vergina) miktoarm stars was 
studied270 by TEM, SAXS, and SANS. The three samples studied 
had compositions in the range 37–47% PS and all formed 
well-ordered lamellae as expected for diblock polymers with 
the same composition. From calculations of the area per junc
tion point, it was concluded that in the case of Vergina stars the 
spacing between molecules at the interface is larger than in the 
I2S and I3S cases due to the increased functionality of these star 
molecules. This may also result in more spreading of at least 
some of the arm trajectories parallel to the interface relative to 
linear diblocks. 

The dependence of the lamellar thickness and the number 
of arms (n = 1, 2, 4, 16) for symmetric (PS)n(PI)n miktoarm star 
copolymers showed an increase of spacing with functionality. 
This result indicates an increasing chain stretching induced by 
the spatial confinements close to the junction point.271 

The microphase separation of multiarm miktoarm stars 
(PS)n(P2VP)n, with an average value of n equal to 12, was 
studied.272 The results were compared with the theoretical pre
diction by Matsen and Bates273 for linear block copolymers at 
the intermediate segregation limit. In most cases there was a 
good agreement with the theory. However, in one case with the 
lowest φPS, no particular ordering was observed, indicating a 
bicontinuous structure or a nonequilibrium frozen state 
despite the fact that the theory predicts a columnar array. In 
addition, the lamellar spacing of the miktoarm stars is higher 
20–30% than the corresponding linear copolymers, indicating 
an increased stretching of the arms near the interface. 

The first morphological characterization of a miktoarm star 
terpolymer was reported on a sample consisting of PS, PI, and 
PB arms.260 Unfortunately, the TEM images exhibited a 
two-phase system, hexagonally close-packed cylinders of PS in 
a PI matrix, leading to the conclusion that the two polydienes 
were completely mixed due to their very low χ interaction 
parameter. The cylinders are in contrast to the lamellae 
expected for diblock copolymers, but it was analogous to the 
behavior of I2S and S2I miktoarm stars of the same 
composition. 

The microdomain morphology of three-component mik
toarm stars, consisting of PS, PDMS, and PtBuMA arms with 
nearly the same fraction of each component, was reported.274 

Three distinct microdomains were observed by TEM, a result 
that was confirmed by DSC experiments that showed three 
distinct Tg ’s. The two-dimensional images of the unstained 
sections showed triangular patterns exhibiting a threefold sym
metry. It was suggested that the PDMS phase was continuous in 
three dimensions (Figure 31). The other two phases were not 
distinguishable. Because of the equal fractions of the three 
components, the authors hypothesized that the other two 
microphases should also be continuous in three dimensions. 
All the examined simple models failed to quantitatively 
describe the observed morphology because of the molecular 
complexity. It has to be mentioned that tilting experiments 
gave images of other kinds of symmetry, which could not be 
identified in terms of simple geometrical arrangements. The 
crystallinity of the PDMS phase was found by DSC to be 
lower in the miktoarm case than in the PS-PDMS case, due to 
the increased steric hindrance close to the central branch point. 

The morphological study of another set of ABC miktoarm 
star terpolymers, with three incompatible components PS, PI, 
and PMMA, was reported.275,276 PS and PMMA are highly 
incompatible toward PI and weakly incompatible between 
each other. This difference in the interaction parameters and 
the complex architecture of the material allow the molecule to 
‘choose’ which arms directly interact for the microphase separa
tion. Initially, it was shown that275 both distinct three-phase 
microdomain structures and junctions lie on the PI–PS inter
face causing partial mixing between the PS and PMMA 
segments. Direct evidence276 was also provided that 
the (polystyrene)(polyisoprene)[poly(methyl methacrylate)] 
(SIM) material adopted a structure where all the junction 
points were confined on lines (Figure 32). This latter conclu
sion was of major importance and had already been verified 
theoretically.259 In this case, the experimental data have pre
ceded the theoretical predictions and are in good quantitative 
and qualitative agreement. 

The miktoarm star terpolymers (PS)(PI)(P2VP) were studied 
morphologically as well.277 It was observed that this material 
exhibited similarities with the SIM terpolymers, and the junction 
points were again confined to lines instead of interfaces. 

Hückstädt et al.278 also made major contributions to the 
understanding of ABC miktoarm star terpolymer microphase 
separation. The materials synthesized were identical with those 
of the Hadjichristidis group,277 with a difference only in the 
polydiene: PB was used by Abetz and PI by Hadjichristidis. A 
large series of (polystyrene)(polybutadiene)[poly(2-vinylpyri
dine)] (SBV) materials were examined in order to distinguish 
the effect of volume fraction on the obtained morphology. For 
lower P2VP content, the system exhibited tetragonal or hexa
gonal morphologies, and when the φP2VP increased to 50–60%, 
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Figure 31 Probable morphological structures for ABC materials exhibiting equal volume fractions. (a) Each chain consists of a hexagonal column. 
(b) Each microdomain consists of a lozenge-shaped column. In both cases the junction points are located on lines perpendicular to the paper. Reprinted 
from Okamoto, S.; Hasegawa, H.; Hashimoto, T.; et al. Polymer 1997, 38, 5275.274 
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Figure 32 Schematic presentations of the morphologies for the SIM materials. (a) Hexagonally packed PI cylinders with a concentric PS annulus in a 
PMMA matrix. The junction points are distributed on the PS–PI interface. (b) Concentric rhombohedral morphology. The junction points are distributed 
again on the PS–PI interface. (c, d) Representative chain conformation and perspective exhibiting the junction points that are residing on lines where the 
three different microdomains intersect, respectively. Reprinted from Sioula, S.; Hadjichristidis, N.; Thomas, E. L.  Macromolecules 1998, , 8429.27631
a hexagonal structure was obtained. Such morphologies indi-
cated the confinement to lines for the junction points. 

Lamellar morphologies were obtained when φPS was smal-
ler than φPB, despite the value of φP2VP, due to larger 
incompatibility between the PBd and P2VP segments. The 
junction points in these materials were not confined to lines 
but to interfaces (Figure 33). 

Finally, the morphological characterization of an ABC mik
toarm terpolymer consisting of PS, PI, and PDMS was recently 
reported and identified by a method different from 
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Figure 33 Schematic illustration of the morphologies obtained for (PS)(PI)(P2VP) miktoarm star terpolymers. White regions are PS, gray are P2VP, and 
dark gray are the PB regions. (a) PS and PB form a tetragonal lattice of cylinders and P2VP forms small domains between the two other phases. (b) PS 
cylinders are surrounded by four P2VPs, and PB is located in such a manner in order to face four P2VP cylinders. (c) The hexagonally shaped P2VP 
cylinders are surrounded by six PS cylinders along the surface and by six PB cylinders along the edges. (d) Structures 30 and 31 coexist in all observations 
by TEM. Structure 31: The PB domains share three interfaces with PS domains, whereas the PS domains have only two PB domains in their environment. 
Structure 32: P2VP and PS lamellae are indicated and PB cylinders are contained by the PS lamellae domains. Reprinted from Zioga, A.; Sioula, S.; 
Hadjichristidis, N. Macromol. Symp. 2000, 157, 239.277 
conventional TEM.279 A combination of three-dimensional 
electron tomography and energy-filtering (EF)-TEM was 
adopted. Only one of the three components has contrast 
under TEM investigation when the specimen is stained with 
OsO4. Zero loss images (ΔΕ = 0) with the EF-TEM exhibit 
unique resolution and contrast when compared with corre
sponding images from conventional TEM, as the energy filter 
eliminates the inelastically scattered electrons causing chro
matic aberration. Electron tomography can very clearly 
distinguish nanostructures in real space and together with 
EF-TEM can provide the complete identification of the 
three-dimensional microdomain structure for the complex 
material (Figure 34). 

Interesting results were reported280 from the structures 
formed by strongly segregated compositionally symmetric 
4-arm inverse star-block copolymers and their linear counter
parts. These macromolecules having the general formula 
(PSM -b-PIaM)n-(PIM-b-PSaM)n where M ∼ 20 000, n = 1, 2, and 
a = 1,  2,  4  (a is the ratio of the outer block molecular weight to 
that of the inner block) can be considered as topologically 
(a) (b) 

Figure 34 (a) Schematic presentation of the model for the (PI)(PS) 
(PDMS) miktoarm star terpolymer, consisting of dark (PI), gray (PDMS), 
and white (PS) cylinders with specific shapes. (b) Presentation of the 
confinement to lines (filled circles). Reprinted from Yamauchi, K.; 
Takahashi, K.; Hasegawa, H.; et  al. Macromolecules 2003, 36, 6962.279
asymmetric star copolymers. TEM and SAXS were used to char
acterize the microdomain morphology of these materials. 
Samples with n = 1, 2 and a = 1, 2 formed highly ordered lamel
lae structures. For a = 4 (sample SB-4), a transition from a 
lamellar structure for n = 1 to a triconnected cubic structure 
(n = 2) was observed (Figure 35). Comparison of TEM data 
with simulated images of three-dimensional models of level 
surfaces confirmed that the cubic continuous structure is best 
described as an OBDD structure. The area per junction point 
was found to increase with molecular weight in the star archi
tecture compared to the linear tetrablocks. From d-spacing 
measurements, it was concluded that as ‘ a’ increases, the ability 
of the shorter interior blocks to bridge the domains decreases 
and more loop conformations are formed. These loop confor
mations force the A/B junctions further apart on average and 
the long exterior blocks can assume less stretched conforma
tions (Figure 36). For the SB-4 sample, the short interior blocks 
would be too overcrowded as loops on flat intermaterial divid
ing surface (IMDS). To avoid overcrowding, the IMDS becomes 
curved, allowing the peripheral junctions to spread further 
apart than on a flat interface and the microdomain structure 
becomes triply periodic. 

The static and kinetic aspects of the ODT in PS(PI)2 and 
(PS)(PI)(PB) miktoarm stars were investigated using SAXS and 
rheology.281 At temperatures above the ODT, the mean field 
theory described the experimental results quite well. Near the 
ODT, SAXS profiles gave evidence for the existence of fluctua
tions. Both samples separated into cylindrical microdomains 
below the ODT. The ODT was determined on shear-oriented 
samples and found by SAXS to be 379 K in both cases. This was 
confirmed by rheology. The discontinuities in SAXS peak inten
sity and in the storage modulus near the ODT were more 
pronounced for the miktoarm stars than for the diblocks. The 
χN values, where χ is the interaction parameter and N the 
overall degree of polymerization, of sample SI2 near the ODT 
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Figure 35 Bright-field TEM micrographs of linear tetrablock copolymers 
(left) and topologically asymmetric miktoarm star-block copolymers (right) of 
the same composition and molecular weight. Reprinted from Tselikas, Y.; 
Hadjichristidis, N.; Lescanec, R. L.; et 280 al. Macromolecules 1996, 29, 3390.

Figure 36 Schematic of proposed arrangement of A/B junctions on a flat int
blocks form loops) and (b) the SB-2 lamellar structures (interior blocks form b
curvature for the SB-4 structure (interior blocks form bridges and loops). Rep
Macromolecules 1996, 29, 3390.280 
were higher than in the case of diblocks of the same composi
tion and almost independent of temperature. The broad 
distribution of relaxation times (longer than the relaxation 
times of individual chains) observed by rheology was attribu
ted to a broad distribution of grain sizes. At very long times, the 
rheological behavior of the samples was proposed to be gov
erned by the relaxation of grains that rearrange with rates 
related to their sizes. Quenching experiments were used to 
clarify the mechanism governing the ordering process. 
Rheological measurements after each quench from the melt 
indicated that ordering proceeds via heterogeneous nucleation. 
Quenching to final temperatures near the ODT made the 
kinetics very slow with times that depended strongly on the 
final quench temperature. Deeper quenches produced only 
moderate changes in the kinetics. Compared with diblocks, 
the kinetic times were slower for miktoarm stars in deeper 
quenches. For shallow quenching there were no measurable 
differences. The width of the kinetically accessible metastable 
region was also larger for the star copolymers. External pertur
bations, that is, continuous oscillating shear, produced no 
changes in the ordering process. 

Dielectric spectroscopy was also used in order to study the 
local and global dynamics of the PI arm in the same miktoarm 
star samples.282 Measurements were confined to the ordered 
state where the dynamics of the PI chain tethered on PS cylin
ders were observed in different environments because in the 
SIB case the faster moving PBd chains are tethered in the same 
point as the PI arm. The distribution of segmental relaxation 
times were broader for PS(PI)2 than for (PS)(PI)(PB). The effect 
was less pronounced at higher temperatures. The PI normal 
mode time was found to be slower in (PS)(PI)(PB), when 
compared to PS(PI)2, although both arms had the same mole
cular weight. Additionally, the normal mode relaxation time 
) SB-4 

PS network 
25 vol.% 

DS 

PI matrix 
50 vol.% 

PS network 
25 vol.% 

ermaterial dividing surface (IMDS) for (a) the TB-4 lamellar (all interior 
ridges and loops). (c) Portion of a triply periodic IMDS of constant mean 
rinted from Tselikas, Y.; Hadjichristidis, N.; Lescanec, R. L.; et al. 
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distributions of the PI chains tethered to PS cylinders in the 
miktoarm samples were narrower than in PS-b-PI systems of 
lamellar structure. 

The characteristics of the ODT in two PS(PI)3 miktoarm 
stars were also investigated using SAXS and rheology.283 Due 
to the high molecular weights, diisooctylphthalate (DOP) was 
used as the nonpreferential solvent to bring the transition into 
the experimentally accessible temperature window. All SAXS 
parameters were discontinuous at the ODT revealing a 
first-order transition. The interaction parameter exhibited 
weak temperature dependence consistent with fluctuation 
effects near the transition. The experimental results agreed qua
litatively with the theoretical spinodal curves χNtotal = F(fA) for 
ABn miktoarm copolymers. For shallow quenches, rheological 
measurements indicated a nucleation and growth-ordering 
mechanism with an Avrami exponent of about 3 reminiscent 
of undiluted block copolymers. 

Dielectric spectroscopy was used to probe the interfacial 
width in lamellae forming nonlinear block copolymers of the 
type (B-b-A)3B and (B-b-A)3B(A-b-B)3, where A is PI and B is 
PS.284 Their experiments were conducted at temperatures 
below the ODT and below the glass transition of the PS ‘hard 
phase.’ In this temperature region, the global chain dynamics of 
PI bridges were used to provide an estimate of the ‘dynamic’ 
interface between the incompatible blocks. A broad relaxation 
process in the vicinity of the normal mode relaxation time of PI 
could be identified. It was shown to arise from the mobile 
junction points at the interface. By fitting the experimental 
data with Havriliak–Negami functions, the parameters charac
terizing the process were determined and the width of the 
interphase was estimated. The experimentally determined 
value of 5–6 nm for the interfacial width compared well with 
the theoretically calculated one (3.6 nm), based on a theory 
developed for linear block copolymers. 

The dependence of the experimentally observed ODT on the 
ordering temperature (final quenching temperature) was 
shown recently by rheology measurements on PS(PI)3 and 
PS-b-PI low-molecular-weight samples.285 This dependence 
resembles the dependence of the melting temperature in semi
crystalline homopolymers on the crystallization temperature. 
The existence of an equilibrium transition temperature (T °

ODT ) 
was demonstrated and a procedure, analogous to the known 
Hofmann–Weeks plot for crystalline polymers, was proposed 
as a means to calculate T °

ODT . The phenomenon was attributed 
to the fact that grains have different sizes when produced at 
different temperatures. 

DSC was used to study the phase behavior of PBuMAnPSn 

miktoarm stars with varying n.286 The Tg of the PS phase was 
found to be much lower than in the homopolymer and the 
width of the transition is increased. In some cases, an inter
mediate Tg was observed due to the extended interphase region 
in these materials, as a result of mixing of the different arms in 
the vicinity of the star cores. 
6.03.2.4 Star Polymer Dynamics and Rheological Properties 

6.03.2.4.1 Behavior in solution 
Linear polymers and colloids represent the most well-studied 
classes of soft materials.287 These systems have considerable 
differences in the dynamics and rheological behavior. On one 
hand, linear polymers develop mainly short-range interactions, 
meaning that very high concentrations are needed to achieve 
ordering in solutions.288,289 On the other hand, colloidal dis
persions of solid particles exhibit strong long-range interactions 
and ordering in solutions.290 To achieve behavior between 
these two extremes, the best way is to use macromolecules of 
more complex architectures.291 Taking this into account, the 
dynamics of star polymers was intensively examined as a pro
mising system for varying the softness.41,42,292 

Several theoretical studies have shown that star polymers 
exhibit a nonuniform monomer density distribution similar to 
that found for micellar structures formed by diblock copoly
mers.293 Taking this into consideration, star polymers can be 
realized as they possess core–corona morphologies with two 
length scales: a small one, which represents the size of the 
self-avoiding segment and is of a polymeric nature, and a 
large one, which represents the overall radius of the star and 
is of a colloidal nature. Molecularly dissolved star polymers in 
good solvents exhibit liquid-like order at a concentration 
higher than the coil overlap concentration, c*, as was shown 
by SANS and SAXS experiments.294 This behavior was attribu
ted to the enhanced osmotic pressure that outbalances the 
elastic energy of the entropically stretched arms.295 

Above the c*, the relaxation of concentration and density 
fluctuations was found to take place according to three main 
mechanisms: cooperative diffusion, self-diffusion, and structural 
relaxation. The first process is of a polymeric nature, whereas the 
other two are of a colloidal nature. The faster process represents 
the cooperative diffusion of the entangled arms and becomes 
faster with increasing concentration.296 The slow process is 
attributed to the relaxation and thermal number density fluctua
tions and is associated with the star self-diffusion. It was shown 
that upon increasing the concentration, the separation between 
polymeric and colloidal contributions to the dynamics of multi-
arm star polymers is enhanced, meaning that the cooperative 
diffusion mechanism becomes faster and loses intensity in favor 
of the self-diffusion process, which becomes stronger and dom
inates the relaxation process with a dramatic slowing 
down.296,297 The third relaxation mechanism can be observed 
only at very high concentrations for high functionality stars. It is 
attributed to the spatial correlations between the star cores due 
to the liquid-like ordering, which relax via collective structural 
rearrangements, similar to that observed in suspensions of hard 
spheres and micelles.298 

The concentration dependence of the zero shear viscosity, ηo 

(normalized to the solvent viscosity, ηs), is given in Figure 37. 
The concentration is expressed as the effective hydrodynamic 
volume fraction, φeff, which is the ratio c/c*. Hard sphere data, 
taken from the literature, are included for comparison. It is 
obvious that with increasing the star functionality the polymer 
behavior ranges from entangled polymers (f = 32) to soft col
loidal spheres (f = 128).[298a,299] 

The rheological behavior of core cross-linked PMMA stars 
was examined in diethyl phthalate solutions.300 These materi
als were prepared by reacting ATRP-prepared PMMA linear 
polymers with EGDM leading to the formation of a 
cross-linked core. The relative size of the core compared to 
the total star radius can be varied and the functionality of the 
stars ranged from 10 up to 360. The zero shear viscosity 
enhancement with concentration depends not only on the 
functionality of the stars but on the core molecular weight as 
well. Plotting the viscosity data against the effective hydrody
namic volume fraction, φeff, allowed for the observation of the 
molecular softness (Figure 38). Interpenetration and 
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Figure 37 Relative zero-shear viscosity (normalized to the solvent ηs) ηo/ηs as a function of the effective volume fraction φeff (the equivalent of c/c* in  
stars using their hydrodynamic radius) for different stars with 32 arms: 3280 (○), 6407 (Δ), 12 807 (◊), and with 12 arms: 12 880 (□); the hard sphere limit 
is represented by data on 640 nm PMMA particles in decalin (*). Inset: concentration (c/c*) dependence of the product of slow (self) diffusion coefficient 
to zero-shear viscosity Dpη0 for different multiarm star polymers with 12 and 64 arms. Reprinted from Vlassopoulos, D.; Fytas, G.; Pispas, S.; 
Hadjichristidis, N. Physica B 2001, 296, 184.299a 
deformation of the ‘soft’ corona lead to deviation from the hard 
sphere behavior, as the concentration reaches and surpasses c*. 
The degree of molecular softness depends on the segmental 
density of the corona. In the case of star polymers, prepared by 
anionic polymerization and chlorosilane chemistry, this para
meter depends almost exclusively on the star’s functionality. 
However, for CCSs, due to the large size of the core, it was 
concluded that stars with the same arm molecular weight had 
similar molecular softness without any dependence on the 
functionality and the star’s molecular weight. 
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Figure 38 The relative viscosities (η0/ηs) for CCS polymer solutions as 
a function of the effective volume fraction (φeff). The solvent used was 
diethyl phthalate and all measurements were recorded at 25 � 0.1 °C. 
The Krieger–Dougherty equation (φp = 0.6) is also shown. Reprinted 
from Goh, T. K.; Coventry, K. D.; Blencowe, A.; Qiao, G. G. Polymer 
2008, 49, 5095.300 
The effect of macromolecular architecture on the dynamic 
behavior of 3-arm miktoarm stars of the types A2B and AA′B, 
where A is PI and B is PS, was investigated.301 AA′B stands for 
asymmetric miktoarm stars where the two arms of identical 
chemical constitution have different molecular weights. From 
a different point of view, these two series of samples can be 
considered as symmetric simple grafts (A2B) and asymmetric 
simple grafts (AA′B), where in the second case the B branch is 
situated at a position τ = 0.25 on the backbone, where τ is the 
ratio of the distance of the branching point from one backbone 
end to the length of the backbone. The pulsed-field-gradient 
NMR technique was used to probe the dependence of the 
self-diffusion coefficient, D, on the concentration in semidilute 
and concentrated solutions in the common good solvent 
toluene. For both types of samples, the diffusion coefficient 
for the PI-rich grafts were consistently lower than those for the 
copolymers with high styrene contents when compared at the 
same concentration due to the different entanglement charac
teristics of the two components. In a DN0.59N 0.41 

e versus φ/φe 

representation, where N is the number of segments, Ne the 
entanglement length, φ the volume fraction of copolymer, 
and φe the volume fraction for entanglements to occur, the 
data for the asymmetric PI2PS stars were slightly higher than 
those for the symmetric PI2PS samples. Further analysis of the 
data showed that the D dependence on c in both PI2PS copo
lymers and PS-b-PI diblock copolymers could be collapsed 
onto a master curve when plotted as D(gN)0.59N 0.41 

e versus 
φ/φe, a procedure that takes into account the difference in the 
entanglement characteristics of the parent homopolymers and 
the different radii of gyration of stars versus linear polymers. 
The exponential slowing down of the diffusivities expected for 
star molecules was not observed due to the moderately high 
molecular weights and concentrations studied. 
6.03.2.4.2 Behavior in the melt 
The dynamic response of star polymers in the melt has been 
thoroughly studied.302 A characteristic example concerning the 
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Figure 39 Master curves of elastic storage (G′, □) and viscous loss (G″, ○) linear viscoelastic moduli of the 12-arm 12 828 (a) and 64-arm 6430 (b) 
star–PBd polymers in the temperature range from 150 up to −103 °C, with reference temperature −83 °C. Solid arrows represent the various transitions 
and corresponding crossover frequencies (ωs: glass to Rouse-like transition; ωe: transition to rubber plateau; ωR: terminal–arm relaxation; ωc: 
terminal–structural relaxation). Vertical dotted arrows indicate the (inverse) arm relaxation times, which are independent of functionality. The solid lines 
represent the predictions of the Milner–McLeish theory for the arm relaxation process (see text) for G′ and G″. Inset to (a): linear relaxation modulus G(t) 
as function of time for 12 828. Inset to (b): frequency shift factor αT against temperature for a variety of stars and linear chains. Reprinted from 
Vlassopoulos, D.; Pakula, T.; Fytas, G.; et al. Europhys. Lett. 1997, , 617.302a 39
dynamic storage and loss moduli, G′ and G″, respectively, from 
PBd stars with 64 and 128 arms are depicted in Figure 39. 
Starting from the higher frequencies, the glass transition region 
(up to the crossover frequency ωs), the Rouse-like transition 
regime (ωe), the rubber plateau (ωR), and the terminal relaxation 
can be observed.302,303 Despite the fact that colloidal hard 
spheres, linear polymers, and low-functionality stars display a 
single terminal relaxation process, the multifunctional stars are 
characterized by a two-step decay. The faster of these two relaxa
tions in the terminal region refers to the arm relaxation, whereas 
slow relaxation is related to the topological heterogeneity of the 
multiarm stars, which leads to a liquid-like ordering in the melt. 
Therefore, the slow process can be attributed to translational 
molecular rearrangements of stars within the ordered state. The 
degree of order in star polymer melts depends on both the 
number and the length of the arms. Stars with a large number 
of short arms have a degree of ordering compared to stars having 
long arms, even if the functionality is high. 

Only a few studies have been devoted to the bulk properties 
of asymmetric homopolymer stars. The main issues under 
investigation were, up to now, the self-diffusion and 
viscoelastic behavior of 3-arm stars where the molecular weight 
of the third arm was varied in order to observe the transition in 
the diffusion from linear polymer to a polymer with a star 
architecture. 

In an earlier study304 a series of deuterated PBd’s was used  
ranging from a linear 2A-mer to a 3-arm with a centrally 
located third arm which had a molecular weight A′ varying 
from 920 to 4.56 � 103 gmol−1. A linear hydrogenous 1,4-PBd 
of Mw = 2  � 105 gmol−1 was used as the matrix. Diffusion 
coefficients were measured using the thin-film IR microdensi
tometry technique. A monotonic decrease of the diffusion 
coefficient was observed as the centrally placed side-arm 
increased. The decrease was sharp for Mw(A′) <  Me, the critical 
entanglement molecular weight. For Mw(A′) > 2Me the beha
vior could be qualitatively described by a simple model, 
assuming independence of the arm retraction probability for 
each of the arms. 

In another investigation, a series of asymmetric 3-arm PEP 
stars was used.[305] The samples were obtained by hydrogena
tion or deuteration of the corresponding asymmetric poly 
(isoprene) stars to study the crossover from linear to branched 



102 Topology | Polymers with Star-Related Structures: Synthesis, Properties, and Applications 
polymer relaxation dynamics in highly entangled melts. The 
molecular weight of the two equal arms, constituting the linear 
backbone, was ∼38 times larger than Me, the critical molecular 
weight for entanglements, where the Mw of the third arm was 
varied between 0.5 Me and 18 Me. Dynamic moduli were mea
sured in shear over a wide range of frequencies and temperatures. 
Time–temperature superposition was observed for all samples. 
However, in the branched samples a significantly larger modulus 
shift was required than in the linear ones. The shift factor for the 
time scale depended more strongly on temperature for the asym
metric stars. The viscosity, ηo, increased by nearly a factor of 3 
going from the linear backbone sample to the sample with the 
shortest arm. The change in recoverable compliance across the 
series was much smaller than the change in viscosity. The diffu
sion coefficient, determined by forward recoil spectroscopy, 
decreases even more rapidly. For a sample with only 2.2 entan
glements on the third arm, D was reduced by a factor of 100. The 
transition from linear to branched dynamics could be seen more 
clearly in the product ηoD. It was concluded that even a single 
mid-backbone arm with two to three entanglements is quite 
sufficient to generate a branched polymer relaxation behavior. 
(a) 

Single 
aggregate Ma1 

(b) 

Ma1 

(c) 

Single 
aggregate 

Ma1 

Figure 40 Scheme 1 Schematic illustration of the self-organization of the tel
end-functionalized. In this case, only intermolecular associations are possible,
molecular weight (Ma) increases, the cores representing the associating zwitte
distances are enhanced with a larger network of interpenetrating nonfunctionali
transient network, which is larger for higher Ma. (c) ZW3: all 3-arm end-functi
soft-sphere configurations involving a few stars, some of which may have a free
cartoon of a single aggregate illustrates the consideration of such self-assemb
equilibrium with spheres. Reprinted from (a) Vlassopoulos, D.; Pakula, T.; Fyt
Pitsikalis, M.; Hadjichristidis, N. Macromolecules 2000, 33, 9740.307 
The rheological behavior of PS2PI2 miktoarm star copoly
mers was also studied.306 An independence of the rheological 
characteristics on temperature, for the temperature range 
between 100 and 150 °C, was observed for a sample having 
20 wt.% PS. In this system, stress relaxation may occur via 
molecular diffusion along the interface in two ways. First, the 
entangled PI arms can retract as in the case of the star polymers, 
with the junction points remaining at the interface. Second, the 
PS arms can collapse and then the whole molecule can reptate 
in the PI phase. From the available results, the authors could 
not distinguish between the two mechanisms. 

The linear viscoelastic properties of model mono-, di-, and 
tri-ω-functionalized with sulfozwitterionic group. 3-arm star 
PBd melts was studied using dynamic rheological measure
ments.307 Depending on the degree of functionalization, 
these polymers could form distinctly different supramolecular 
structures, which could be affected by the molecular weight, 
however, as it weakened the electrostatic interactions mainly 
for stereochemical reasons. The self-assembly behavior of the 
functionalized stars in the melt is schematically depicted in 
Figure 40. PBd stars with one end-zwitterionic group (ZW1) 
  

  

  

Ma2 > Ma1 

Ma2 > Ma1 

Ma2 > Ma1 

echelic 3-arm stars of different molecular weights. (a) ZW1: 1-arm 
 leading to the formation of supramolecular dendritic stars. As the arm 
rionic groups become smaller due to sterechemical reasons, and their 
zed arms. (b) ZW2: 2-arm end-functionalized. This yields the formation of a 
onalized. There is evidence of the tendency of stars to form collapsed 
 arm (depending on the aggregation number). The dotted circle around the 
lies as spherical objects. Increasing Ma yields a transient network in 
as, G.; et al. J. Chem. Phys. 1999, 111, 1760. (b) Vlassopoulos, D.; 
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formed supramolecular self-assemblies resembling multiarm 
starlike dendrimers. As the arm molecular weight (Ma) 
increased, the cores representing the associating zwitterionic 
groups became smaller due to stereochemical reasons, and 
their distances were enhanced with a larger network of 
interpenetrating nonfunctionalized arms. The difunctionalized 
stars (ZW2) formed transient networks consisting of highly 
branched structures with a very broad relaxation spectrum. 
This network became larger upon increasing Ma. The trifunctio
nalized stars were predominantly organized into 
intramolecularly aggregated collapsed star conformations 
with soft-sphere behavior, where limited partial branching of 
these stars was possible. Increasing Ma yielded a transient net
work in equilibrium with spheres. 

The linear viscoelastic response of phosphoro-zwitterionic 
3- and 12-arm PI star melts was investigated.308 As a result of 
the dipolar interactions, the polymers self-assemble forming 
clusters whose sizes primarily depend on the number of zwit
terionic groups per star. The clusters have a transient character 
due to the finite lifetime of the dipolar associates. The segmen
tal dynamics was affected by the telechelic functionalization, 
especially for short-arm lengths, due to the increased content of 
3,4 units along the PI chains. The terminal relaxation was 
slower compared with similar nonionic stars and reflected 
considerably slower arm relaxation because it was controlled 
by the probability of arm escape from the telechelic junctions 
(clusters); following this escape, the stars flowed according to 
their size. Additional slow modes were observed in higher 
functionality stars attributed to the center-of-mass terminal 
motion of these structures. The arm relaxation could be 
described quantitatively with remarkable accuracy using a 
tube-based time-marching model, where the relative lifetime 
of dipolar associations was taken into account and, in fact, was 
treated as the only adjustable parameter. 
6.03.3 Applications of Star Polymers 

6.03.3.1 Introduction 

As cited in the introduction, the earliest attempt to synthesize 
star polymers was that of Schaefgen and Flory in 19486 who, 
by polymerizing ε-caprolactam in the presence of either 
cyclohexanonetetrapropionic or dicyclohexanoneoctacar
boxylic acid, obtained tetra- and octachain star-shaped 
polyamides. Fourteen years later, in 1962, Morton et al.7 

took advantage of the living character of anionic polymeriza
tion to synthesize 4-arm star PSs by neutralizing living 
polystyryllithium with tetrachlorosilane. Since then, about 
5000 references (journals, patents, proceedings) have been 
published on star polymer synthesis, properties, and applica
tions (SciFinder, September 2010). More than 50% of these 
papers have appeared in the past few years (2005–10). 
Despite this great level of academic and industrial interest, 
only a very have been commercialized thus far among all 
potential applications. 

Following are given almost all the commercial and a few 
potential applications (nanopatterning). For details, the reader 
should go to specialized literature on this subject. 
6.03.3.2 Commercialized Applications 

6.03.3.2.1 Viscosity index improvers 
Viscosity index (VI) is a commonly used parameter for measur
ing the change of the viscosity of a lubricating oil with 
temperature. The higher the VI, the smaller the relative change 
in viscosity with temperature and consequently the better, as 
the viscosity stays almost the same at low (cold morning starts 
of the engine) and high operating temperatures. Because the 
neat lubricating oils possess low VI, they are mixed with addi
tives called VI improvers (also known as viscosity modifiers, 
VM) to improve their VI. These additives which are high
molecular-weight polymers (e.g., PIB, linear polymethacry
lates) increase on one hand the viscosity of the lubrication oil 
throughout its useful range and on the other hand the VI. 

The primary disadvantage of the polymers as VI is their sensi
tivity (chain scission) to mechanical shearing. As the additive (VI 
improver) is repeatedly sheared in the engine, it loses its ability to 
act as a more viscous fluid at higher temperatures, due to chain 
scission. Higher-molecular-weight polymers make better thick
eners but tend to have less resistance to mechanical shear. Lower
molecular-weight polymers are more shear resistant but do not 
improve viscosity as effectively as at higher temperatures and, 
therefore, must be used in larger quantities. Shear stability of VI 
(or VM) is evaluated by determining the shear stability index 
(SSI), which is a measure of loss of viscosity due to shearing. 
The lower the value of SSI, the better or more resistant is the VI 
improver to mechanical stress or shear. Toward these lines star 
polymers (e.g., star polymethacrylates, hydrogenated star PIs) are 
perfectly suited for VI improvers, as they have higher shear stabi
lity than the corresponding linear ones.309 Under the same 
shear rate their higher viscosity310 is the reason why star polymers 
are used as an improved VI in the multigrade lubricating oils. 
In Figure 41311 it is clear that the star polymethacrylate (PMA) 
VM behaves better than the linear PMA or PIB because it has the 
highest VI with a minimum SSI. It should be noted that because 
shear stability is molecular weight sensitive, the molecular weight 
of a VI improver with a broad distribution will have to be 
adjusted to a comparatively low value for proper control of SSI. 
Consequently, at a given stability level and structure, VI impro
vers with a narrower molecular-weight distribution will have a 
higher thickening power. This is because their average molecular 
weight can be adjusted to a value closer to the critical limit for 
shear stability.312 

6.03.3.2.2 Thermoplastic elastomers 
Thermoplastic elastomers (TPEs) exhibit properties character
istic of chemically cross-linked elastomers (vulcanized rubbers) 
at room temperature but, at elevated temperatures, behave as 
thermoplastics (thermo from the Greek word θερμóς, meaning 
hot). Consequently, they can soften and flow and, thus, can be 
processed with high speed, efficiency, and economy on con
ventional thermoplastic equipment. Furthermore, unlike 
vulcanized rubber, TPEs can be reused. 

In 1965 Shell Oil Co. introduced styrenic TPEs, under the 
trade name Kraton, which are polystyrene-b-polyisoprene(or 
polybutadiene)-b-polystyrene (PS-b-PI(or PBd)-b-PS linear tri
block copolymers, made by anionic polymerization. Later, 
BASF introduced styrenic PTEs having tapered blocks 
(i.e., Styroflex). The typical styrene content of TPEs is between 
25 and 40 wt.%. When more stable TPEs, toward oxygen, 
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Figure 41 The performance of the linear PIB, PMA, and star PMA as VI improvers is compared by plotting their SSI against the blend VI. Generally, it is 
required to have the highest VI with a minimum SSI. PMAs are better than PIBs, but star PMAs give an even higher VI for the same SSI. Reprinted from 
Schober, B. J.; Vickerman, R. J.; Ok-Dong Lee, O.-D.; et al. Proceedings of the 14th Annual Fuels and Lubes Asia Conference 2008; Seoul, Korea, March 
5–7, pp 2–13.311 
ozone, and UV radiation, are needed, the polydiene blocks can 
be transformed to the corresponding polyolefins by hydroge-
nation. TPEs uses include footwear, bitumen modification, 
thermoplastic blending, adhesives, and cable insulation and 
gaskets. 

In addition to linear triblock copolymers, other structures, 
mainly star shaped, have been commercialized. Typical examples 
are Solprene of Phillips, which is a PS/PBd star-block copolymer 
(Figure 42), and Styrolux of BASF,313 which is a mixture of linear 
and miktoarm star triblock copolymers. Styrolux is a stiff and 
tough resin, which retains its transparency when blended with 
general purpose PS. The highly unsymmetrical star-block struc-
ture and the resulting complex morphology are contributing to 
the favorable mechanical properties. 

6.03.3.2.3 Other uses 
Star-block copolymers of EO and propylene oxide (PO) with 
star structure (PEO-b-PPO)4 (Tetronic), commercialized by 
BASF, are widely used in cosmetics, in the paper industry, in 
Step 1 Step 2

BuLi I BuLi II 
Styrene I Styrene

Figure 42 Synthesis of Styrolux. Reprinted from Knoll, K.; Niessner, N. Mac
the petroleum industry, and others. These materials, due to the 
biocompatibility of PEO, are also of great interest in biomedi
cal applications. 

6.03.3.3 Potential Applications 

Star-block copolymers can be used in all potential applications 
(drug release in target cells, removal/recovery of organic/inor
ganic compounds from contaminated waters, nanopatterning, 
etc.) of linear block copolymers314 either for improving their 
properties due to the lower viscosity (compact structure) or for 
extending their applicability, as the star structure can give more 
self-assembly microstructures either in selective solvents or in 
bulk (see properties chapter). 

Following is a partial list given in nanopatterning. 

6.03.3.3.1 Nanopatterning 
The continuous miniaturization of devices in semiconductor 
industry emerges the need of lithographic materials that are 
sensitive and have low line-edge roughness (LER). To overcome 
 Step 3 

Butadiene/ 
 II Styrene III 

Coupling to star-
block copolymer 
coupling agent 

romol. Symp. 1998, 132 (231) pp 231–243.313 
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the problems arising from the minimization of the critical 
dimensions (CDs) required, especially LER problems, research
ers start to redesign resist architecture. Star copolymers have 
recently investigated as resist materials. One advantage that the 
star polymers have over their chemical identical linear polymer 
counterparts is their compact size leading to prevention on 
chain entanglements, thus reducing LER. Another approach 
for reducing LER is the use of non-chemically-amplified resists 
(CARs). CAR uses photoacid generators to produce acid upon 
exposure, but the diffusive path lengths of acids produced 
might increase the overall LER. Whittaker et al.315 have pro
posed a series of non-CAR for extreme ultraviolet (EUV) 
lithography, among them a series of star copolymers. The 
copolymer developed was star poly(l-lactide)-b-poly(methyl 
methacrylate) (PLLA-b-PMMA). Initially, ROP of lactide was 
initiated from an alcohol, resulting in 3- or 6-arm star-block 
copolymers, depending on the alcohol used. Then, the hydro
xyl end-groups were converted to ATRP MI sites by reaction 
with a bromo-isopropyl acid bromide allowing the formation 
of the star copolymer PLLA-b-PMMA. This resist was then pat
terned at 50 nm half pitch (meaning optimum CD of 25 nm) 
using 13 nm photons with doses of 75 mJ cm−2, resulting in a 
CD of 41 nm. Whittaker et al. observed deformation of the line 
patterns and attribute it to swelling of the polymer during 
development (Figure 43) 

Forman et al.316 compared a series of linear and star-block 
copolymers resist, prepared using the same scheme, for 
exposure at 193 nm (ArF resist). The star copolymers 
developed had as a core an oligoinitiator based on saccharose 
from which three standard ArF photoresist monomers, 
α-γ butyrolactone methacrylate (GBLMA), methyladamantyl 
methacrylate (MAMA), and hydroxyl adamantyl methacrylate 
(a) (

Figure 43 (a) First EUV lithographic result of the star copolymer (half-pitch
star-block copolymer resist (CD: 100 nm, dose: 177 μC cm−2, and LER = 4.56 n
2009, 7273, 727321.315 

(a) 

20 µm 

Figure 44 Two examples of specific interaction on structured star PEG layer
(b) fluorescently labeled oligonucleotides immobilized onto freshly prepared s
Groll, J., Moller, M.; Nienhaus, G. U.  Mol. BioSyst. 2007, 3, 419.317
(HAMA), were polymerized. Each star-block copolymer had 
low polydispersity and approximately five mers per arm. All 
the resists used were chemically amplified with a 5% photo-
acid generator added, and they were exposed with an e-beam 
in order to have a first lithographic evaluation. They found 
that the star resist was 20% more sensitive than the linear 
resist and it also exhibited a lower LER that was greater than 
10% in some cases. 

Star copolymers have also gained the attention of research
ers in the bioapplication field. Biofunctionalized patterned 
surfaces using star copolymers have appeared in recent 
years.317 Heyes et al. developed a star PEG system consisting 
of a sorbitol core and six arms. The backbone consisted of a 
statistical copolymer of EO and PO in a ratio of 4:1; each arm 
had a molecular mass of 2 kDa and was terminated with iso
cyanate (NCO–). This PEG star system has the advantage that it 
can be functionalized by three different strategies: (1) reaction 
with the isocyanate groups of the star PEG before coating 
(hydrolysis of the icocyanate groups that leads to urea bridges 
between the star PEG molecules), (2) reaction with the isocya
nate groups in freshly prepared layers, and (3) reaction with the 
amine groups in the cross-linked layers. The cross-linked star 
PEG system can in addition be covalently bonded to the sub
strate, if the substrate is functionalized with isocyanate-reactive 
groups. The last two strategies enable the star PEG system to be 
patterned using standard methods such as microcontact print
ing and spotting. The isocyanate groups present in freshly 
coated layers can be used for the immobilization of 
amino-terminated oligonucleotides, peptides, and so on and 
the amine group present after hydrolysis can be reacted with 
aldehydes, epoxides, or active esters (Figure 44) shows (1) the 
specific adsorption of fluorescently labeled streptavidin on a 
b) 

: 50 nm, dose: 75 mJ c−2, and CD: 41 nm)1 (b) E-beam patterning of the 
m).2 Reprinted from Whittaker, A. K.; Blakey, I.; Blinco, J.; et al. Proc. SPIE 

(b) 

50 µm 

s. (a) Specific adsorption of streptavidin onto biotin-patterned surfaces, 
urfaces with existing NCO functionality. Reprinted from Heyes, C. D., 
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cross-linked star PEG that was functionalized with an active 
ester derivative of biotin and (2) an amino-terminated, fluor
escently labeled oligonucleotide that was printed on a freshly 
prepared cross-linked star PEG coating. 
6.03.4 Conclusions 

Past and recent polymerization procedures, their combina
tions, and the contribution of click chemistry serve as 
powerful tools for the synthesis of novel well-defined star 
polymers with different architectures and chemistry. The 
study of these polymers, the simplest branched structures, in 
bulk or solution, has broadened our knowledge/understanding 
of the properties and behavior of more complex structures. 
Hopefully the commercialized applications of star polymers 
will be expanded in the future as the fruits of the intense 
research on these materials. 
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