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Here we describe a simple route to synthesize three-arm star-branched polystyrene. Atom transfer radical polymerization
technique has been utilized to yield branched polystyrene involving Williamson coupling strategy. Initially a linear polymeric
chain of predetermined molecular weight has been synthesized which is further end-functionalized into a primary alkyl
bromide moiety, a prime requisition for Williamson reaction. The end-functionalized polymer is then coupled using 1,1,1-tris(4-
hydroxyphenyl)ethane, a trifunctional core molecule, to give well-defined triple-arm star-branched polystyrene.

1. Introduction

Facile and simple experimental conditions of radical polym-
erization make atom transfer radical polymerization
(ATRP) a technique of significant current interest. In the
short duration of a decade, ATRP technique has been
successfully explored and its mechanism has been completely
elucidated by various researchers [1–3]. Due to its simplicity,
versatility, and cost effectiveness, ATRP has become one of
the most powerful techniques for the synthesis of narrow
molecular weight polymers [4] and copolymers [5, 6], even
though several researchers have reported other controlled
radical polymerization methods [7, 8]. The synthesis of
polymers with controlled molecular architecture including
chain branching is also an area of ongoing interest in
both academic and industrial research laboratories since
branching is a key feature which may control the physical
properties of the polymeric material. A common goal
for the polymer chemist involved in the synthesis of
polymers with controlled branched architectures is to
control molecular parameters such as molecular weight,
distribution of molecular weight, dispersity (Đ), and
branching pattern, as these parameters have a significant

influence on the physical properties of the polymer. The
development of living polymerizationmechanisms paved the
way to achieve these goals; however, the sensitivity of living
polymerization techniques such as anionic, cationic, and
group transfer polymerization towards oxygen, moisture,
and impurities makes its use challenging and limits its use
to the polymerization of nonfunctional monomers. Atom
transfer radical polymerization (ATRP) is a technique which
has seen significant interest since it was first established in
the mid-1990s and has seen significant advances including
various metal catalyzed radical polymerization techniques
since this time [9, 10]. With a pronounced tolerance to water
and protonic species ATRP can be carried out easily and can
be applied to a very wide variety of functional monomers.
For macromolecular engineering, ATRP is an effective
technique which can be utilized to tailor desired properties.

Star polymers with multiple linear chains attached to a
core epitomize the simplest branching topology [11]. Star
polymers exhibit physical properties which are distinctly
different in many respects to their linear analogues mak-
ing them ideal material for various potential applications.
Various polymerization techniques have been utilized for
preparing a large variety of star polymers with distinct
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chemical compositions. These star-branched polymers are
synthesised by one of two major synthetic routes, namely,
core-first and arm-first methods. A multifunctional core
initiates chain growth of the arms of the star in the core-first
approach, whereas before further polymerization branching
is introduced at the termini of arms. For the synthesis
of regular stars shaped polymers, this technique has been
proven very effective and sequences of well-defined star
polymers with precise arm numbers have been fruitfully syn-
thesised by atom transfer radical polymerization (ATRP) [12–
14], ring-opening polymerization (ROP) [15–17], reversible
addition fragmentation chain transfer (RAFT) [18], anionic
polymerization [19, 20], and group transfer polymerization
[21]. In the arm-first approach, the arms of the star are
prepared first and the polymers are then coupled efficiently to
multifunctional core molecules. The polymeric arms can be
end-functionalizedwith halides, azides, or alkynes and can be
coupled efficiently via Williamson coupling, azide coupling,
or click coupling reactions [22–24].

Recently, notable achievements have been made by
Hutching et al. [25, 26], Hirao et al. [20, 27], Gnanou
et al. [28, 29], Hadjichristidis et al. [30, 31], Trollsås and
Hedrick [32], and Monteiro et al. [23] in the synthesis
of well-defined dendritically branched polymers. Hutchings
et al. recently reported the synthesis of dendritically branched
polystyrene, which they call Dendrimacs and HyperMacs,
through convergent approach using Williamson coupling
reactions. Hirao et al. reported the synthesis of poly(methyl
methacrylate) (PMMA) dendritic polymers by coupling end-
functionalized living anionic PMMA chains with benzyl
bromide moieties through divergent approach. Using end
group modified dendritic PMMA, up to seven generations
of branching was obtained. A divergent approach has been
utilized by Gnanou et al. for the synthesis of dendrimer-like
polystyrene throughATRP.Theywere successful in achieving
third-generation branched dendritic polystyrene using mul-
tifunctional initiators based on calixarene. Hadjichristidis
et al., based upon stepwise convergent methodology via
anionic polymerization and coupling based on chlorosilane
reactions, has synthesised well-defined second- and third-
generation dendrimer-like polymers. A parallel divergent
strategy has been reported by Trollsås and Hedrick where
they described the sysnthesis ofwell-defined polymeric struc-
tureswith the living ring-opening polymerization (ROP) of e-
caprolactone. A unique combination of atom transfer radical
polymerization (ATRP) and coupling reactions involving
click chemistry in a convergent coupling methodology has
been described by Monteiro et al. for the synthesis of
dendritic polymers.

In the present contribution, the synthesis of a three-
arm star-branched polymer of polystyrene has been reported
by involving only two simple reaction steps, as shown in
Schemes 1 and 2. Synthesis of the linear polystyrene with con-
trolled molecular weight in homogenous reaction medium
using DMF (10% v/v) [33] through ATRP and transformation
of controlled/living radical polymeric chains into an alkyl
brominated chains is the first step. Conversion of alkyl
brominated linear polystyrene involving effectiveWilliamson
coupling reaction with a trifunctional core to give a triarm

branched star shape polymer is the second and the final step.
The simplicity of the reaction steps makes it an effective tool
for the production of branched polymers.

2. Experimental Section

2.1. Materials. Styrene (Sigma Aldrich, >99%) was dried
with calcium hydride and degassed in vacuum lines by
several freeze-pump-thaw cycles and distilled freshly into
the reaction vessel immediately before use. Cesium car-
bonate (Acros Organics, 99.99%) was dried in a vacuum
oven and stored in a desiccator. 1-Bromoethyl benzene
(initiator) (97%), copper(I) bromide (catalyst) (99.99%), 2,2-
dipyridyl (ligand) (99%), 1,1,1-tris(4-hydroxylphenyl)ethane
(99%), and 3-bromo-1-propanol (97%) were used as received
from SigmaAldrich. Solvents utilized for the purification and
characterization of polymer, namely, toluene (SigmaAldrich)
and methanol (Fisher), were used as received.

2.2. Measurements. Molecular weight determination was
done by gel permeation chromatography (GPC, Waters 590)
with a 105, 104, 103, 500, and 100 Å set of microstyragel
columns equipped with refractive index, multiangle light
scattering, and viscosity detectors with polystyrene standard.
A value of 0.1870mL/g was used as the dn/dc of polystyrene
both for the calibration and the analysis of prepared poly-
mers. Filtered THF (HPLC grade) was used as an eluent with
a flow rate of 1.0mL/min at 25∘C. Samples (1mg/mL) were
prepared in THF and filtered prior to injection using 0.45 𝜇m
teflon filters.
1HNMR spectra were obtained onBrukerAVN400MHz

spectrometer for polymer samples using deuterated chloro-
form (Merck).

2.3. Synthesis of Alkyl Brominated Polystyrene. The linear
polymeric chains were made by ATRP in presence of DMF.
The catalyst, copper(I) bromide (0.15 g or 1.044 × 10−3mol),
ligand 2,2-dipyridyl (0.41 g or 2.61 × 10−3mol), dry DMF
(1.2mL or 10% v/v with respect to monomer), and amagnetic
stirrer were introduced in a attachable flask fitted with rubber
septum. To make the flask oxygen- and moisture-free, it
was purged with nitrogen followed by vacuum cycle several
times. Deoxygenated styrene (10.88 g or 10.44 × 10−2mol)
was then added to flask using gas tight glass syringe and
the resulting solution was stirred at room temperature until
it becomes homogeneous. The flask was immersed in an
oil bath at 110∘C and 1-bromoethyl benzene (0.26 g or 1.044
× 10−3mol) as initiator was added to the reaction mixture
using glass syringe. A sample of polymer solution was taken
after 3 hours and was terminated with degassed methanol for
molecular weight and NMR analysis. The polymer obtained
from this sample was subjected to coupling usingWilliamson
coupling agent, 1,1,1-tris(4-hydroxyphenyl)ethane (10mol %
with respect to polymer) using cesium carbonate as base
and DMF as solvent in inert nitrogen atmosphere. Small
samples were withdrawn at specific time interval to mon-
itor the progress of coupling reaction. To the rest of
the controlled/living polymer solution, 1-bromo-3-propanol
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Scheme 1: Synthesis of branched polystyrene without end functionalization.

(0.15 g or 1.044 × 10−3mol) (1 : 1 with respect to initiator)
was added and the solution was stirred at 60∘C for 24 hours.
The reaction was terminated using degassed methanol. The
reactionmixturewas then diluted using THF and catalyst was
removed by filtration through neutral alumina. The polymer
was recovered by precipitation in methanol, redissolved in
THF and reprecipitated in methanol, and dried in vacuum
oven at 70∘C overnight. Yield > 80%, Mn = 7455 g⋅mol−1 PDI
= 1.17.

2.4. Coupling of End-Functionalized Polystyrene through
Williamson Reactions. An inert nitrogen atmosphere was
used to carry outWilliamson coupling reaction. Alkyl bromi-
nated polystyrene (Mn 7455 g⋅mol−1, 2.68 × 10−4mol), 1,1,1-
tris(4-hydroxyphenyl)ethane (8.5mg, 2.80 × 10−5mol), and
cesium carbonate (0.46 g, 1.4 × 10−3mol) were dissolved in
10mL of DMF. The solution was immersed in an oil bath
maintained at 60∘C and stirred vigorously. Small samples
were taken out at specific time interval to monitor the
progress of coupling by GPC until no additional rise in
molecular weight was witnessed. The solution was then
cooled to room temperature, precipitated in methanol, and
further purified, using toluene and methanol as solvent and
nonsolvent system, by fractionation.

3. Results and Discussion

Initially, as per Scheme 1, the star-shaped polymer synthesis
was attempted directly using the linear polymer obtained
from ATRP as these polymers are brominated polymers.
Based upon the structure of initiators in ATRP, the end
groups of the polymers are defined. The alkyl group of the
alkyl halide initiator is attached at one end of the polymeric
chain whereas the halogen atom is shifted to the other end
of the polymeric chain [34]. However, the result from the
coupling of such polymer with a trifunctional core was not
as expected. The coupling was inefficient and there was no

apparent increase in the molecular weight of the resulting
polymers as seen from theGPC result (Figures 4(a) and 4(b)).
Both peaks appeared nearly at the same retention time with
only a little difference as can be seen from Figure 4(b) where
there was a trace of high molecular weight shoulder (for
coupled polymer) indicating the inefficient coupling reaction.
The cause of this inefficient coupling was then analyzed and
it was found that, for efficient Williamson coupling between
an alkyl halide and alcoholic functionality, the alkyl halide
must be primary with at least two to three primary carbon
chains [35]. Therefore, the end group has to be modified
to introduce a primary alkyl bromide moiety at the end of
the polymeric chain as per Scheme 2. Thus at the end of
polymerization reaction, asmonitored byGPC, a slight excess
of 1-bromo-3-propanol (1 : 1 ratiowith respect to initiator)was
introduced into the mixture of the living polymer solution.
The end functionalization was investigated using 1H NMR.
As shown in Figure 2, new signals at 3.75 (from CH

2
Br)

were recorded in 1H NMR spectrum, which were absent in
nonalkyl brominated polystyrene (Figure 1). Thus a primary
alkyl bromide chain was successfully incorporated into the
linear polymeric chain for efficient Williamson reaction.

The coupling reaction between the alkylbromide moiety
on the linear polystyrene chain with Williamson coupling
agent, a multifunctional core, 1,1,1-tris(4-hydroxyphenyl)-
ethane (10mol % with respect to polymer), was carried out
in the presence of cesium carbonate as base, to yield star-
branched polymer. This reaction was carried out in inert
nitrogen atmosphere using dry DMF as solvent since DMF
has proven to be a good solvent for Williamson coupling
using bromine as leaving group and cesium carbonate as
base [25]. The GPC results show significant increase in
molecular weight as the peak shifted towards lower retention
time (Figure 4(c)) and molecular weight becomes approxi-
mately tripled. The crude coupled polymer also contained
some uncoupled polymer which was evident from the low
molecular weight shoulder in GPC traces (Figure 4(c)). The
coupled branched polymer obtained was then subjected to
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Scheme 2: Synthesis of branched polystyrene after end functionalization.

fractionation using toluene and methanol as solvent and
nonsolvent system, to remove uncoupled polymer which
resulted in a distinct branched structure as apparent from the
GPC analysis (Figure 4(d)). The resulting branched polymer
has a low PDI (1.18) and is monomodal. The ether linkage
in between the core molecule and linear polymeric chain
was successfully formed as evident from the 1H NMR spec-
trum (Figure 3). The complete shift of signal from 3.75 ppm
(CH
2
Br) to 3.95 (CH

2
OPh) has confirmed the transformation

of bromine end group into ether linkage quantitatively.
The molecular weight of the resultant branched polymer is
approximately a triple more than the molecular weight of
the unbranched alkylbrominated polystyrene which further
confirms the efficient coupling.

The molecular weight obtained at different time inter-
vals by coupling of non-end-functionalized polystyrene was
plotted and compared with the molecular weight obtained
by coupling of end-functionalized polystyrene. There was no

significant increase in the molecular weight even after 48
hours when coupling was attempted without end function-
alizing polystyrene as evident from graph (Figure 5). On the
other hand, after successful insertion of the primary alkyl
bromide moiety at the end of linear polymeric chain and its
coupling with core molecule, the molecular weight starts to
increase from the third hour of the reaction and coupling
was assumed to be completed within 12 hours with no
apparent increase in molecular weight thereafter. There is an
excellent agreement between themolecular of the linear alkyl
brominated polymer and the triarm star-branched polymer.

4. Conclusions

Well-defined triarm star-shaped polystyrene was success-
fully synthesised via ATRP using very simple and efficient
methodology. 1H NMR and GPC results have confirmed the
formation of branched polymeric structure.The simplicity of
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Figure 1: 1H-NMR spectra of non-end-functionalized polystyrene.
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Figure 2: 1H-NMR spectra of end-functionalized polystyrene.
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Figure 3: 1H-NMR spectra of coupled polystyrene.

the reported methodology, commercial availability of the
chemicals and good control over polymeric architecture,
makes ATRP an important tool to fabricate controlled
branched polymers. Highly branched polymers and copoly-
mers with well-defined structure can be synthesised by
modifying the initiators and monomers by exploiting this
methodology. Further work is ongoing and is being explored
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in our group where the results will be published in the near
future.
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