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Abstract. We describe herein the synthesis and characterisation of a series of asymmetric
three arm polystyrene stars via the “macromonomer” approach. The stars have been designed
as model polymers to probe branched polymer dynamics and in particular to establish the
chain-length of side-arm which precipitates a change in the rheological properties of the
resulting polymers from “linear-like” to “star-like”. Thus, a homologous series of three arm
stars have been prepared in which the molar mass of two (long) arms are fixed at 90 000
gmol™ and the molar mass of the remaining (short) arm is varied from below the
entanglement molecular weight (M) to above M.. The arms were prepared by living anionic
polymerisation, resulting in well-defined chain lengths with narrow molecular weight
distribution. In contrast to the usual chlorosilane coupling approach, the macromonomer
approach involves the introduction of reactive chain-end functionalities on each of the arms,
either through the use of a functionalised (protected) initiator or a functional end-capping
agent, which allows the stars to be constructed by a simple condensation coupling reaction. In
this study we will compare the relative efficiency of a Williamson and ‘click’ coupling
reaction in producing the stars. Most significantly, although this approach maybe a little more
time-consuming than the more common silane coupling reaction, in the present study the
“long” arm may be produced in sufficient quantity such that all of the asymmetric stars are
produced with long arms of identical molecular weight — the only remaining variable being
the molecular weight of the short arm. This will allow for a far more robust interpretation of
the resulting characterisation of the dynamic properties. Temperature gradient interaction
chromatography was used alongside size exclusion chromatography to characterise the
structural dispersity of the resulting stars and establish the degree of structural homogeneity.

Key Words: branched polymer; temperature gradient interaction chromatography
(TGIC); anionic polymerization; macromonomer.

Introduction.

For many decades the synthesis and characterisation of model branched polymers has
contributed hugely to the understanding of the relationship between polymer architecture and
the physical properties of branched polymers. Star polymers with varying numbers of arms
have been widely produced and studied [1-8] and branched polymers of increasing
complexity and diverse structures have evolved. These include H-shaped polymers [9-15],
comb-shaped polymers [16-28] and more recently dendritically branched polymers [29-48].
Fundamental to all these studies is the ability of the synthetic polymer chemist to control
structural homogeneity and produce branched polymers with narrow dispersity both in terms
of molecular weight and architecture. Central to achieving that aim has been the use of living
anionic polymerisation, a technique first establish by Szwarc in the 1950’s [49]. The term
“living” was coined to describe a mechanism which proceeds in the absence of inherent
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termination reactions and, provided initiation is rapid with respect to propagation and the
presence of impurities is avoided, anionic polymerisation is capable of producing polymers
with predictable molecular weights and very narrow dispersity — molecular weight
distributions with a dispersity index of 1.05 or less are easily achievable. Although many
strategies have been developed to couple the ends of living polymer chains to produce
branched polymers, the combination of living anionic polymerisation and multifunctional
chlorosilane coupling agents has proved the most successful in producing star branched
polymers with a high degree of structural homogeneity and stars with 3 to 128 arms produced
by this method have been reported [1, 2, 50-52]. The three arm star polymers required for the
current study are effectively a series of identical linear polymers with a single branch
emanating from the centre of the linear chain. The ‘perfect’ series of stars would be identical
with the exception of the molecular weight of the single branch i.e. the molar mass of the
linear backbone and the position of the branch would be identical in each case. One might
describe these asymmetric star polymers as ‘mikto’ star polymers, in so much that the nature
of the arms varies in respect of molecular weight. Whilst it would have been possible to
prepare such a series of stars by the more traditional approach for the synthesis of mikto stars
first reported by Hadjichristidis [53], namely by the arm-first methodology and a
chlorosilane coupling agent such a methyltrichlorosilane - a method exploited previously by
us for the synthesis of isotopic mikto arms stars [2] and DendriMacs [38] - it would not be
possible to produce a series of stars in which the effective chain length of the linear backbone
polymer was identical in every case. Even the most careful use of anionic polymerisation
results in some batch to batch variation in molecular weight. The ‘macromonomer’ approach,
first reported by our group for the synthesis of complex dendritically branched polymers such
as DendriMacs [33,38], HyperMacs [54-56] and more recently HyperBlocks [57], has
become widely adopted as a useful route to make a variety of complex dendritic branched
architectures with polymer segments between branch points [58-67]. In essence the
‘macromonomer’ approach involves the synthesis of the linear segments of a branched
polymer by a living/controlled polymerisation mechanism such that the linear segments
contain chain-end functionalities which allow the subsequent construction of branched
polymers via coupling reactions between macromonomers. In our previous work we have
produced AB, macromonomers in which the A functionality (introduced via a protected,
functionalised initiator is able to react with the two B functionalities (introduced by a
difunctional end-capping agent) to form dendritically branched architectures. One key
advantage of this approach is that the coupling reactions need not be carried out under the
rigorously inert conditions required for anionic polymerisation. We believe the
‘macromonomer’ approach described herein is the only method capable of producing such a
set of stars with the desired consistent degree of control over the molecular structure. The
arms were synthesised by living anionic polymerisation and the star polymers were prepared
in a separate coupling reaction, either by a Williamson or ‘click’ coupling reaction and the
resulting stars purified by fractionation to obtain well-defined, structurally homogeneous star
branched polymers. The efficiency of the two coupling methods are compared and the
‘purified” star polymers characterised by both SEC and Temperature Gradient Interaction
Chromatography (TGIC). Whilst SEC has been the characterisation method of choice for
many decades, for the analysis of molecular weight and molecular weight distribution of
polymers, in recent years TGIC has emerged as a technique capable of significantly enhanced
resolution compared to SEC, especially in the characterisation of branched polymers [12,14,
68-71] — a subject recently reviewed in detail [72]. In the current work TGIC revealed low
levels of heterogeneity in the purified (fractionated) stars - heterogeneity which could not be
detected by SEC.



Experimental
Materials

Benzene (Aldrich, HPLC grade, > 99%), styrene (Sigma-Aldrich, > 99%) and
dichloromethane (in-house solvent purification) were dried and degassed over calcium
hydride (CaH,;) (Acros Organics, 93%) and stored under high vacuum. 3-tert-
butyldimethylsiloxy-1-propyllithium in cyclohexane (InitiaLi 103, FMC Corporation),
triphenylphosphine, carbon tetrabromide (99%), cesium carbonate, sodium azide (= 99.5%)
copper sulphate pentahydrate (CuSO4-5H,0), (+)-sodium L-ascorbate, 1,1,1,-tris(4-
hydroxyphenyl)ethane (98+%) and N,N,N’N’-tetramethylethylenediamine (all Sigma-
Aldrich) were used as received. Dimethyl formamide (DMF) (Sigma-Aldrich 99.8%) was
stored over molecular sieves (Sigma-Aldrich) under inert atmosphere. Sec-Butyllithium
(Sigma-Aldrich) 1.4M solution in cyclohexane, was used as received. Propargyl bromide
(Sigma-Aldrich) 80 wt. % solution in toluene was used as received. Tetrahydrofuran,
methanol (AR grade) and hydrochloric acid (~36 wt. %) (all Fischer Scientific) were used as
received. 1,1-Bis(4-tert-butyldimethylsiloxyphenyl)ethylene (DPE) was synthesised in two
steps from dihydroxybenzophenone according to the procedure of Quirk and Wang [73].

Characterisation

'H-NMR spectra were measured on Varian VNMRS 700 MHz or Bruker DRX-400 MHz
spectrometer using either C¢Dg, DMSO or CDClj3 as solvents. Triple detection size exclusion
chromatography (SEC) was used for the analysis of molar mass and molar mass distribution
of the macromonomers and star—branched polymers, using a Viscotek TDA 302 with
refractive index, right angle light scattering and viscosity detectors and two PLgel 5 um
mixed C columns (300 x 75 mm). Tetrahydrofuran was used as the eluent at a flow rate of 1.0
ml/min and at a temperature of 35 °C. The calibration was carried out with a single narrow
distribution polystyrene standard purchased from Polymer Laboratories. A value of 0.185
mL/g (obtained from Viscotek) was used as the dn/dc of polystyrene both for the calibration
and the analysis of prepared polymers. Reverse phase temperature gradient interaction
chromatography (RP-TGIC) analysis was carried out using a single C18 bonded silica
column (Nucleosil C18, 100A pore 250x4.6 mm LD., 5 um) and a mixed solvent of
CHCI,/CH3CN (55/45 v/v) as the mobile phase. The flow rate was set to 0.25 ml/min.
Polymer solution concentrations of approximately 2 mg/ml dissolved in the eluent mixture
were used and the injection volume was 100 pl. The TGIC system used was a modified
Viscotek TDA 302 with refractive index, viscosity, right angle and low angle light scattering
detectors (Viscotek) and an external UV detector (Knauer). The temperature of the column
was controlled by a Thermo Scientific thermostatically controlled circulating bath. A dn/dc of
0.213 mL/g was used for polystyrene in the mixed solvent eluent [74]. In the majority of
cases where multiple SEC or TGIC datasets are presented in a single figure, the data has been
imported into excel and normalised.

Polymer Synthesis
Synthesis of PS90-A Macromonomer (long arm)
PS90-OH (protected)

The polystyrene macromonomer carrying a single ‘A’ functionality at the chain-end was
synthesised by living anionic polymerisation using standard high vacuum techniques.
Benzene (500ml) and styrene (104.0g, 1.0 mol) were distilled under vacuum into a 1L



reaction flask. To the monomer solution was injected through a septum, TMEDA (0.309ml,
2.1 mmol) in a molar ratio of 2:1 with respect to the initiator before the injection of the
initiator  3-tert-butyldimethylsiloxy-1-propyllithium (2.25 ml of a 0.47M solution in
cyclohexane, 1.06 mmol). The reaction was stirred at room temperature overnight and then
terminated with nitrogen-sparged methanol. The polymer was recovered by filtration
following precipitation into methanol (8:1 with respect to benzene) and then dried under
vacuum. Yield 95%. M, 89 900 g mol™, My, 92400 g mol™, PDI= 1.03. *H-NMR (CgDs, & in
ppm): 3.3-3.5 [CH,0Si], 0.9-1.0 [(CH3)3C-Si], 0.0 [(CHs),SiO].

PS90-OH In a 2L flask, the protected ‘long’ arm (99.0g, 1.1 mmol) was dissolved in THF
(1.0L, 10% w/v solution). To the solution was added concentrated HCI (1.0 ml, 10.0 mmol)
in a 10:1 molar ratio with respect to the ‘long’ arm. The solution was stirred under reflux at
80 °C overnight and the complete deprotection of the alcohol established by ‘H-NMR
analysis. The deprotected polymer was precipitated into methanol, redissolved in THF,
precipitated again into methanol, collected by filtration and dried under vacuum. Yield 94%.
'H-NMR (C¢Ds, & in ppm): 3.0-3.3 [CH,OH].

PS90-Br In a 500ml flask, a sample of the PS90-OH (15.65g, 0.17 mmol) and triphenyl
phosphine (PPhs) (0.14g, 0.53mol) were azeotropically dried three times with benzene under
vacuum and the dry polymer dissolved in dichloromethane (DCM) (150ml) to form a 10%
w/v solution. Meanwhile, carbon tetrabromide (CBr4) (0.22g, 0.66mol) was collected in
another flask, DCM (5ml) was added and the solution was brought to atmospheric pressure
with nitrogen. The CBr,4 solution was injected into the polymer solution through a septum at a
temperature of 0°C maintained with a water/ice bath. The reaction was allowed to rise to
room temperature and left to stir at room temperature for 24 hours. A sample was removed to
confirm completion of the reaction by *H-NMR analysis before stopping the reaction. The
polymer was precipitated into methanol, redissolved in THF, precipitated again into
methanol, collected by filtration and dried under vacuum. Yield >98%. 'H-NMR (CeDs, 6 in
ppm): 2.7-2.85[CH,Br].

PS90-Azide. In a 250ml flask, PS90-Br (10.05g, 0.11mmol) was dissolved in 100ml of
dimethylformamide (DMF) to form a 10% w/v solution and the solution heated at 50°C. To
the solution was added sodium azide (0.036g, 0.55mmol) in a 1:5 molar ratio with respect to
PS90-Br and the reaction mixture stirred overnight. The reaction was followed by *H-NMR
and was considered complete when the signal at 2.7-2.85 corresponding to CH,Br had
completely disappeared. The azide functionalised polymer was precipitated into methanol
and redissolved in THF, precipitated again, recovered by filtration and dried under vacuum.
Yield 94%. *H-NMR (CsDs, & in ppm): disappearance of the peak at 2.7-2.85[CH,Br].

Synthesis of series of PSXB, Macromonomers (short arms)
Synthesis of PS10-OH; protected

Benzene (50ml) and styrene (4.98 g, 47.82 mmol) were distilled under vacuum into a 250 ml
reaction flask. To the monomer solution was injected sec-butyllithium (1.4M in cyclohexane,
0.45 ml, 0.63 mmol) through a septum. The reaction was stirred at room temperature
overnight before the addition of 1,1-bis(4-tert-butyldimethylsiloxyphenyl)ethylene (DPE-
OSi) (0.56 g, 1.27 mmol) as a solution in benzene in a molar ratio of 2:1 with respect to the
initiator. A solution of purified DPE-OSi was prepared by adding the desired amount of DPE-
OSi into a flask which was then sealed and evacuated. Benzene was distilled in under vacuum
and removed by distillation to azeotropically dry the DPE-OSi before the DPE-OSi was
redissolved in benzene. To this solution was added TMEDA in an equimolar ratio with



respect to the initiator (0.093 ml, 0.63 mmol). To the mixture was added sec-butyllilthium
drop wise until a faint but persistent deep red colour was seen, thereby indicating the removal
of all impurities. The end capping reaction between the living polymer chain and DPE-OSi
was stirred at room temperature for 5 days and then terminated with nitrogen-sparged
methanol. The polymer was precipitated into methanol, redissolved in THF, precipitated
again into in methanol, recovered by filtration and then dried under vacuum. Yield 98%. M,
10 000 g mol™, M,, 10 500 g mol™, PDI 1.05. *H-NMR (C¢Ds, & in ppm): 3.5-3.7 [HC(Ph),],
0.0-0.2 [(CHj5),Si], 0.6-0.8 [CH3CH], 0.6-0.8 [CHCH3], 0.9-1.1 [(CH3)sC-Si].

Synthesis of PS16-OH, protected was prepared according to the procedure described above
Thus to a solution of benzene (50ml) and styrene (5.24g, 50.31mmol) was added sec-
butyllithium (1.1M in cyclohexane, 0.30ml, 0.33mmol). The reaction was stirred at room
temperature overnight before the addition of DPE-OSi (0.29g, 0.66mmol). Yield 98%. M, 16
200 g mol™, My, 16 800 g mol™, PDI 1.04. *H-NMR (Cg¢Ds, & in ppm): 3.5-3.7 [HC(Ph)-],
0.0-0.2 [(CHj5).Si], 0.6-0.8 [CH3CH,], 0.6-0.8 [CHCH3], 0.9-1.1 [(CH3)sC-Si].

Synthesis of PS20-OH, protected was prepared according to the procedure described above
Thus to a solution of benzene (50ml) and styrene (5.08g, 48.78 mmol) was added sec-
butyllithium (1.1M in cyclohexane, 0.19 ml, 0.21 mmol). The reaction was stirred at room
temperature overnight before the addition of DPE-OSi (0.19g, 0.43 mmol). Yield 98%. M, 19
600 g mol™, My, 20 500 g mol™, PDI 1.05. *H-NMR (CgDg, & in ppm): 3.5-3.7 [HC(Ph)2],
0.0-0.2 [(CHj3),Si], 0.6-0.8 [CH3CH], 0.6-0.8 [CHCH3], 0.9-1.1 [(CH3)sC-Si].

Synthesis of PS32-OH, protected was prepared according to the procedure described above
Thus to a solution of benzene (50ml) and styrene (5.00 g, 48.0 mmol) was added sec-
butyllithium (1.4M in cyclohexane, 0.11 ml, 0.15 mmol). The reaction was stirred at room
temperature overnight before the addition of DPE-OSi (0.13 g, 0.30 mmol). Yield 94%. M,
32100 g mol™, M,, 33 700 g mol™, PDI 1.05. *H-NMR (C¢Ds, & in ppm): 3.5-3.7 [HC(Ph)2],
0.0-0.2 [(CHj5).Si], 0.6-0.8 [CH3CH], 0.6-0.8 [CHCH3], 0.9-1.1 [(CH3)sC-Si].

Synthesis of PS10-OH,

Deprotection of PS10-OH, (protected) was achieved in the same way as described above for
the deprotection of PS90-OH. Thus PS10-OHj; (protected) (5.1g, 0.51mmol) was dissolved in
THF (50 mL, 10% w/v solution). Concentrated HCI (1.02ml, 10.2mmol) was added and the
reaction was stirred overnight under reflux and the complete deprotection of the alcohol
established by *H-NMR analysis. The deprotected polymer was precipitated into methanol,
redissolved in THF, precipitated again into methanol, collected by filtration and dried under
vacuum. Yield>95%. *H-NMR (CgDs, & in ppm): 0.6-0.8 [CH3CHj], 0.6-0.8 [CHCH3], 3.5-
3.9 [HOPh], 3.5-3.7 [HC(Ph),].

PS16-OH,, PS20-OH, and PS32-OH, were deprotected following the same procedure
described above for PS10-OH, and the products characterized by *H-NMR.

Synthesis of PS16-Alkyne,

The phenolic alcohol groups were converted to alkyne functionalities to facilitate a
subsequent ‘click’ coupling reaction. The conversion was carried out as follows. In a 50ml
flask under an inert atmosphere of nitrogen, deprotected PS16-OH, (1.01g, 0.062mmol) and
cesium carbonate (0.051g, 0.157mmol) were dissolved in 5ml of DMF (20% w/v solution)
which had been previously dried over molecular sieves. To the solution was added propargyl
bromide (0.018g, 0.15mmol). The reaction was heated with an oil bath at 60°C and stirred



overnight. The complete conversion was verified with *H-NMR analysis. The alkyne
functionalized polymer was precipitated into methanol and redissolved in THF, precipitated
again and dried under vacuum. Yield 94%. *H-NMR (C¢Ds, & in ppm): 0.6-0.8 [CH3CH],
0.6-0.8 [CHCHj5], 3.5-3.7 [CH(Ph);], 4.1-4.3 [CH,C=CH].

PS32-0OH; was converted to PS32-Alkyne, according to the same procedure described above
and the product characterized by *H-NMR.

Synthesis of asymmetric three-arm stars via Williamson coupling reaction
Synthesis of Star10

In a 250ml flask, under an inert atmosphere of nitrogen, PS90-Br ‘long’ arm (2.25g,
0.025mmol), PS10-OH; ‘short arm’ (0.1g, 0.01lmmol) and cesium carbonate (Cs,COs3)
(0.033g, 0.1021mmol) were dissolved in 23ml of dry DMF. The reaction was heated with an
oil bath at 150°C and it was stirred with a mechanical stirrer. The progress of the reaction
was followed by SEC analysis and when the peak corresponding to the PS90-Br no longer
decreased the reaction was stopped. The polymer was precipitated into methanol and
redissolved in THF, precipitated again and dried under vacuum. Yield 98%. Starl0: M,
143300 g mol™®, M, 168300 g mol™®, PDI 1.18. The crude polymer was purified by
fractionation using toluene/methanol to yield pure Star10: M, 193300 g mol™, M,, 197700 g
mol™, PDI 1.02.

Synthesis of Starl16

Starl6 was prepared and purified according to the procedure described above for the
synthesis of Star10. M, 198800 g mol™, M, 205100 g mol™, PDI 1.03.

Synthesis of Star20

Star20 was prepared and purified according to the procedure described above for the
synthesis of Star10. M, 202000 g mol™, M,, 208300 g mol™, PDI 1.03.

Synthesis of Star32 Star32 was prepared and purified according to the procedure described
above for the synthesis of Star10. Star32: M, 211000 g mol™, M,, 218300 g mol™, PDI 1.03.

Synthesis of asymmetric stars via azide-alkyne ‘click’ coupling reaction.
Synthesis of Star16 Click

In a 250ml flask under an inert atmosphere of nitrogen PS90-Azide (2.04g, 0.023mmol) and
PS16-Alkyne, (0.15g, 0.009mmol) were dissolved in 20ml of DMF which was previously
dried over molecular sieves to form a 10% wi/v solution. The reaction was heated with an oil
bath at 50°C and stirred with a mechanical stirrer. To the solution was added first sodium
ascorbate (0.008g, 0.04mmol) and then the catalyst CuSO4-5H,0 (0.005g, 0.020mmol) in
few drops of water. The progress of the reaction was followed by SEC analysis and when the
peak corresponding to PS90-Azide no longer decreased, the reaction was stopped. The
polymer was precipitated into methanol and redissolved in THF, precipitated again and dried
under vacuum. Yield 96%. Star16 Click: M, 195800 g mol™, M,, 204300 g mol™, PDI 1.04.

Synthesis of Star32 Click

Star32 Click was prepared according to the procedure described above for the synthesis of
Star16 Click. Star32 Click: M, 153400 g mol™, M,, 17300 g mol™, PDI 1.13.



In both the case of Starl6 Click and Star32 Click, the crude star polymers prepared via click
coupling were combined with the crude star polymers prepared via Williamson coupling
reaction for purification by fractionation.

Synthesis of symmetric three-arm star — Star90 via “click’ coupling reaction

In a 250ml flask under an inert atmosphere of nitrogen, PS90-Azide (7.05g, 0.078mmol) and
propargylated B3 core (0.0098g, 0.023mmol) were dissolved in 36ml of DMF which was
previously dried over molecular sieves to form a 20% wi/v solution. The reaction was heated
with an oil bath at 60°C and stirred with a mechanical stirrer. To the heated solution was
added first sodium ascorbate (0.037g, 0.19mmol) and then the catalyst CuSO,4-5H,0 (0.022g,
0.088mmol) both in few drops of water. The progress of the reaction was followed by SEC
analysis. After 19h a second aliquot of sodium ascorbate (0.022g, 0.11mmol) and then
catalyst CuSQO,4-5H,0 (0.015g, 0.060mmol) were added to the reaction. When the peak
corresponding to the PS90 arm no longer decreased the reaction was stopped. The polymer
was precipitated into methanol and redissolved in THF, precipitated again and dried under
vacuum. Yield 99%. Star90: M, 170300 g mol™, M, 214300 g mol™, PDI 1.29. The crude
polymer was purified by fractionation using toluene/methanol to yield pure Star90: M,
279700 g mol™, M., 289100 g mol™, PDI 1.03.

Results and Discussion

A cartoon schematic illustrating the general concept for the macromonomer approach for the
synthesis of three-arm stars is illustrated in Figure 1. It can be seen that the stars are prepared
by the coupling of two ‘long’ arms — each with a reactive functionality at one chain-end —to a
‘short’ arm carrying a difunctional end-group. Two different coupling strategies are described
and compared, each requiring different reactive functional groups. The synthesis of the arms,
the introduction of the appropriate functional groups and the coupling strategies are described
below.
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Figure 1 General schematic for the synthesis of asymmetric three-arm stars via macromonomer approach
Synthesis of arms (macromonomers)

The synthesis of the arms was carried out by living anionic polymerization but in order to
allow the successful subsequent coupling of the arms to create stars, two different procedures
were required for the ‘long’ and the ‘short’ arms respectively. Each type of arm used a
different initiator and the synthesis of the ‘short’ arm required the use of a particular end-
capping agent to introduce the desired chain-end functionalities. In order to produce stars in
which the molar mass of the ‘long’ arm was identical in each case, the synthesis of the ‘long’
arm was carried out on a large scale (c. 100 g) to ensure the same ‘long’ arm could be used
for all the stars created. The two coupling reactions chosen for the assembly of the stars were



the Williamson coupling reaction [54] and the copper (l)-catalyzed azide-alkyne ‘click’
reactions [75-77]. These coupling methods, combined with the use of living anionic
polymerization (for the arms synthesis) enables the production of well-defined star polymers
with an exact number of arms, narrow molar mass distributions and crucially, a series of stars
in which the ‘long” arm is identical in all cases. The Williamson coupling reaction has been
extensively by our group for the synthesis of architecturally complex branched polymers
[37,57]. The ether linkage formed in this reaction is stable and its formation requires
functionalities that can be easily introduced on the polymer chain-ends during living anionic
polymerization and by deprotection and conversion reactions. The ‘click’ coupling reaction
has been used widely in polymer synthesis and has proved an efficient reaction for the
synthesis of a variety of polymeric architectures and the synthesis of block copolymers,
cyclic polymers, star-shaped polymers, hyperbranched and dendritic polymers has been
recently reviewed [78].

Synthesis of the polystyrene ‘long’ arm macromonomer— PS90

As mentioned above two coupling strategies have been used for the synthesis of three-arm
stars in the current work — Williamson and ‘click’ coupling. Each of these coupling reactions
requires different chain-end functionality on the ‘long’ arm. In the case of a Williamson
coupling reaction an alkyl halide is required and previous work [56] has shown that a
bromide group is particularly effective. The experimental detail for the synthesis of PS90-Br
is described above and follows a previous reported methodology [33,56]. In brief the
polymerization of styrene is initiated by 3-tert-butyldimethylsiloxy-1-propyllithium (in the
presence of TMEDA) which carries a protected primary alcohol functionality. Upon
termination with methanol the primary alcohol group at the o end of the chain is deprotected
by mild acid hydrolysis and the alcohol group converted into a bromide using CBr4/PPh; via
the Appel reaction to yield PS90-Br. Each step of this process can be verified by *H-NMR,
see figure 2.

In order to carry out the coupling reaction by a ‘click’” mechanism it is necessary to convert
the bromide functionality at the chain end of the ‘long’ arm into an azide functionality. This
functional group modification was carried out in DMF in the presence of sodium azide
(NaNs3) according to an analogous procedure carried out in our group and reported elsewhere
[79]. The successful conversion of alkyl bromide to alkyl azide was confirmed by *H-NMR
(figure 2) in which the complete disappearance of the peak at & 2.7-2.85 ppm [CH,-Br] was
observed. It is not possible to observe the appearance of any new peaks representing the
protons next to the azide group [CH2-N3] since the substitution of the bromide group with an
azide group shifts the peak of the relevant protons to higher field with a chemical shift which
coincides with intense peaks due to the aliphatic protons of the polystyrene backbone.
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Figure 2. "H-NMR spectrum in C¢Dg (700 MHz) of PS ‘long’ arm (PS90) comparing spectra collected during
the conversion of the end group from PS90-OH (protected) [CH,OSi], to PS90-OH [CH,OH], to PS90-Br
[CH,Br] and to the final PS90-Azide [CH,Ns].

Synthesis of the polystyrene ‘short’> arm macromonomers

The procedure for the synthesis of the ‘short’ arm macromonomers again exploits living
anionic polymerisation of styrene. Briefly sec-butyllithium was used to initiate the
polymerisation which was allowed to proceed overnight to ensure the complete consumption
of the monomer. To the living solution was then added the end-capping agent 1,1-bis(4-tert-
butyldimethylsiloxyphenyl)ethylene (DPE-OSi) as reported previously [54]. This
diphenylethylene derivative results in the introduction of two silyl-protected phenol
functionalities which (following deprotection) are used in the subsequent coupling reactions
for the synthesis of the star polymers. It was possible to add an excess of DPE-OSi with
respect to the concentration of propagating chain ends because although DPE-OSi will react
with the living polystyrene chain end, it is too sterically bulky to propagate and a nearly
quantitative reaction with the living polymer chains end results. The use of an excess of the
DPE-OSi results in practically quantitative end-capping (greater than 95%) in all cases as
previously reported [33,54,57]. The resulting polymers were analysed by *H-NMR — for
typical data (PS16-OH,) see figure 3. The characteristic peaks corresponding to the protected
phenol groups at the polymer chain ends can be observed at 6 0.0-0.2 ppm [(CHs),Si] and at
6 0.9-1.1 ppm [(CH3)3C-Si]. In addition it is possible to observe the peak at 6 3.5-3.7
representing the proton [CH(Ph),] of the DPE-OSi end-capping group following termination
with methanol. The silyl-protected phenol groups on the resulting polymers were
subsequently deprotected by mild acid hydrolysis as described above. In the 'H-NMR
spectrum (figure 3) of the resulting deprotected ‘short’ arm macromonomer PS16-OHj it is
possible to observe the disappearance of the signals corresponding to the tert-
butyldimethylsilyl protection groups at 6 0.0-0.2 ppm [(CH3),Si] and &6 0.9-1.1 ppm
[(CH3)3C-Si]. It is also possible to observe the appearance of new peaks in the spectrum at 6
3.7-3.9 corresponding to the phenol groups [HOPh]. It should be noted that the signal
observed at 0.4 ppm is the characteristic peak for water in deuterated benzene. Following
deprotection the phenol groups can be used directly in a subsequent Williamson coupling
reaction. A series of polystyrene ‘short’ arm macromonomers was prepared with molecular
weights varying from below the entanglement molar mass (Mg), equal to M. and above M, —



where M, is approximately 16,000 gmol™ [6]. The molar masses obtained by SEC are shown
in Tablel.
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Figure 3. 'H-NMR spectra (CsDg, 400 MHz) of protected and deprotected ‘short’ arm macromonomer PS16-
OH, - a comparison of the main spectra fragments before and after deprotection. (Peak at 0.4 ppm corresponding
to H,O protons)

Table 1. Molar mass and polydispersity values of the polystyrene short arm macromonomers.

Short arm M, (g'mol ™) M., (g'mol ™) PDI
PS10-OH, 10000 10500 1.05
PS16-OH, 16200 16800 1.04
PS20-OH, 19600 20500 1.05
PS32-OH, 32100 33700 1.05

Just as the chain-end functionality on the ‘long’ arm macromonomer needs to be suitably
modified to enable a ‘click’ coupling reaction, so do the functionalities on the short arm
macromonomers need to be converted - in this case the two phenol functionalities are
converted into alkynes. This conversion was carried out via a Williamson coupling reaction
between the phenol groups and propargyl bromide in the presence of Cs,CO3; in DMF. The
conversion was monitored by *H-NMR (figure 4) which showed the appearance of the peaks
at 6 4.1-4.3 ppm due to the presence of the new alkyne functionality [CH,C=CH]. This has
been verified by the value of the integrals of peak a and b in figure 4 having a ratio of 4:1.
The peak corresponding to the alkyne protons is not visible because they are in the region of
the polystyrene backbone aliphatic protons.



a
0-CH,C=CH ‘

@ b
b ’I
HC » A o ppe ) ‘
CH3-CH2-H(|: A ," | |
CH, | » 'l
a ’ || [l ‘|
0-CH,C=CH | || | | fl ]
' LI " l' ,'“I |1 l| ‘. ’l
PS16-Alkyne, —r A © DAV Y N
7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5
(ppm)

Figure 4 'H-NMR spectra (CsDg, 400 MHz) illustrating the conversion of phenol (PS16-OH,) to alkyne (PS16-
Alkyne,) functionality on the ‘short’ arm macromonomer.

Synthesis of Stars

The assembly of the stars was conducted using two different approaches. The arms were
coupled either by a Williamson coupling reaction or by a copper (I)-catalysed azide-alkyne
‘click’ reaction. The two coupling strategies were carried out as described below for a
synthesis of four asymmetric three-arm stars and one symmetric three-arm star. In each case
the molar mass of the two ‘long’ arms was c. 90 Kgmol™ and the molar mass of the ‘short’
arm varied - the stars are named “StarX” where X denotes the molar mass of the ‘short’ arm.
The symmetric star (Star90) is produced from 3 ‘long’ arms. In the case of both the
Williamson and Click coupling reactions, a slight excess of the long arm was used with
respect to the short arm in an attempt to drive the reaction to high degrees of coupling. A
mole ratio of 2.5 : 1 (long arm : short arm) was used in all cases. This mole ratio has been
shown to be optimal for analogous reactions described elsewhere [33,38]. As well as
describing the two synthetic strategies we will compare the efficiency of the two approaches.

Synthesis of Stars via Williamson Coupling Reaction

The synthesis of stars by Williamson coupling reaction consists of a nucleophilic substitution
reaction between an alkyl bromide (the bromide being the leaving group) and a phenol (the
nucleophile) that results in an ether linkage — scheme 1

0-CH,CH,CH, H

QOH Q ’
Br-CH,CH,CH, H
n m n
DMF
‘ on * 2 Cs,CO; 0-CH,CH,CH, H
m

Deprotected 'short' arm Brominated 'long’ arm
Asymmetric Star

Scheme 1 Williamson coupling reaction for the synthesis of asymmetric star polymers.
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Figure 5. SEC (RI detector) chromatograms of Star10 synthesised by Williamson coupling reaction between
‘short” arm PS10-OH, and PS90-Br at a temperature of 60°C. Samples were collected for analysis after 1, 2, 3
and 27 hours.

The substitution reaction is carried out in DMF in the presence of cesium carbonate (Cs,CO3)
[56] with an excess of the long arm. The molar ratios of the reagents are 1 : 2.5 : 10
respectively for ‘short’ arm, ‘long’ arm and Cs,COs - a slight molar excess of the ‘long’ arm
being used to drive the reaction towards completion. The extent of coupling was followed by
extracting small samples periodically and subjecting them to SEC analysis as shown in figure
5 which shows data for the formation of Star10. As the reaction proceeds the intensity of the
peak at 14 ml corresponding to the ‘long’ arm (PS90) decreased accompanied by the
appearance of a peak at 13.3 ml corresponding to the resulting star. It is also worth noting the
complete absence of any unreacted ‘short’” arm — evidence of the quantitative end-capping
with DPE-OSI. It is also possible/likely that a third (unresolved) peak exists corresponding to
a linear polymer chain arising from the coupling of the ‘short” arm to only one ‘long’ arm,
thereby representing an incomplete coupling reaction. Given the relatively small difference in
molar mass between the ‘long’ arm (c. 90 Kgmol™) and a linear polymer arising from
incomplete coupling (c. 100 Kgmol™), it is extremely unlikely that the presence of such a
peak could be observed by SEC. However, experience tells us that it is likely that such an
intermediate product may be present — see later discussion on TGIC analysis of stars. The
reaction conditions chosen for the initial attempt at star synthesis by Williamson coupling
reaction (fig 5) were based on a previously reported procedure for the synthesis of
polystyrene HyperMacs [56]. Although it is clear from the SEC data in figure 5 that the
reaction proceeds with reasonable efficiency, appearing to be almost complete after 3 hours,
the overall extent of coupling was a little disappointing and attempts were made to improve
the ultimate extent of reaction. With this aim in mind different reaction conditions were
investigated. A series of coupling reactions were carried out in which the reaction
temperature and the solution concentration were varied — the SEC chromatograms of the final
products are shown in figure 6. It is clear from figure 6a that increasing the temperature (at
constant solution concentration) from 60°C to 150°C resulted in an increase in the extent (as
well as the rate) of arm coupling to yield stars. The effect of the solution concentration was
less conclusive. At a constant temperature of 150°C the polymer solution concentration
increased from 5 wt. % to 20 wt. % (figure 6b). One might have expected that increasing the
concentration would result in an increase in the rate of conversion. Moreover past experience
has told us that under these conditions (150°C in DMF) the desired nucleophilic substitution
reaction is in competition with side reactions involving the solvent [56]. In light of these



competing side reactions we might have expected that a higher concentration and
concomitant higher rate of coupling would have favoured the desired formation of star
polymers and therefore a higher extent of reaction. However the results did not bear this out.
In light of these results all subsequent Williamson coupling reactions were carried out at
150°C at a solution concentration of 10 wt. % and the result of the synthesis Star16, Star20
and Star32 under these conditions are shown in figure S1 (ESI). As mentioned above and
observed previously, the Williamson coupling reactions do not always yield consistent
results. For this reason we decided to investigate the use of azide-alkyne ‘click’ coupling
reactions for the star synthesis.
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Figure 6. SEC (RI detector) chromatograms of Starl0 synthesised via Williamson coupling reaction
representing a) the effect of temperature at constant solution concentration (10 wt. %) and b) the effect of
solution concentration at constant temperature (150°C)

Synthesis of Stars via azide-alkyne ‘click’ Reaction

The synthesis of stars by azide-alkyne ‘click’ reaction (scheme 2) proceeds by the addition
reaction between the azide functionality carried by the ‘long” arm and the alkyne
functionality carried by the ‘short’ arm resulting in the formation of a 1,2,3-triazole linkage.
The reaction was carried out in DMF in the presence of catalyst CuSO,4-5H,0 and reducing
agent sodium ascorbate (Na L-Asc). The ‘short’ arm is reacted with the same stoichiometric
excess of ‘long” arm used in Williamson coupling reaction (1:2.5) and the extent of coupling
was followed by extracting samples and characterising them by SEC.

J I/\JCHZCHZCHZ H

NzN "

Q \ N CH,CH,CH,
CuSO '5H,0 O
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O / DME r/\l CH,CH,CH, H
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Propargylated 'short’ arm Azidated 'long' arm Asymmetric Star

Scheme 2. Azide-alkyne ‘click’ reaction for the synthesis of star polymers.

Synthesis of asymmetric three-arm stars



The azide-alkyne click reaction was exploited for the synthesis of the asymmetric three-arm
stars, Starl6 and Star32. After the introduction of azide and alkyne functionalities at the chain
end of the ‘long’ arm and ‘short’ arm respectively, the arms were coupled in DMF under a
variety of conditions in and attempt to optimise the conversion into stars. In the preparation
of Starl6, the azide functionalised ‘long’ arm (PS90-Azide) was used in molar excess (2.5:1)
with respect to the alkyne functionalised short arm (PS16-Alkyne;) as indicated in table 2.
Three different reactions were carried out, all at 50°C and a solvent concentration of 10 wt.
%. The amount of catalyst in each experiment was varied and in the first instance (experiment
1) the molar ratio of copper sulphate and ascorbate reducing agent was 1.25 and 2.5
respectively with respect to the moles of short arm. The reaction proceeded successfully as it
can be observed in the first SEC chromatogram shown in figure 7.

Table 2. Reaction conditions for azide-alkye ‘click’ coupling reactions for the synthesis of
Star16 carried out at 50°C with solution concentration of 10% wi/v.

Expt CuS0O45H,0 Na L-Ascorbate  Time (h)
1 1.25 2.5 -

2 1.25®@ 2.5® 48

3 2 4 35

(a) More catalyst in the same ratio of 1.25 : 2.5 : 1 with respect to PS16 was added to the reaction during the
reaction.

When this experiment was repeated (experiment 2 — table 2) using the same amount of the
two component catalytic system, initial SEC results after 24 hours (red line in expt 2, figure
7) did not show the same good conversion as seen in expt. 1. In an attempt to improve this
initial conversion a second (identical) quantity of catalyst was added to the reaction mixture
which resulted in some additional conversion (blue line in expt 2, figure 7).
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Figure 7. SEC data (RI detector) showing the extent of click coupling reaction in the synthesis of Star16 Click
with varying amounts of catalyst — see table 2.

It should be noted that the amount of catalyst being used in these experiments is extremely
small — just a few milligrams and it is possible that errors in weighing out and delivering the
exact amount required to the reaction could account for the inconsistent results. Moreover,
although the reactions were significantly more efficient than the comparable Williamson
coupling reactions in terms of reaction time/temperature (50° C for click versus 150° C for



Williamson) the overall extent of reaction was not much improved. Considering the possible
problems associated with using such small amounts of reagent, a third experiment was carried
out in which the molar ratio of the catalytic system was further increased (see table 2) with
dramatic effect. The reaction underwent a significant improvement with a very high, almost
quantitative degree of conversion after only 2.5 hours. The data for experiment 3 in figure 7
shows the SEC chromatogram for the PS90-Azide starting material (green line) with a
retention volume of 13 ml and the resulting star after 2.5 hours (blue line) and 30 hours (red
line). After 30 hours the reaction showed only a modest increase in the extent of reaction
suggesting the reaction was almost complete after 2.5 hours.

After the successful synthesis of Starl6 via a ‘click’ coupling reaction, a series of reactions
were carried out to ascertain whether the ‘click’ coupling approach would also be more
successful than the Williamson coupling for the synthesis of Star32 and a series of reactions
were carried out in which the mole ratio of catalyst was varied in a similar fashion to the
synthesis of Starl6 see table 3. Since the extent of reaction was initially less spectacular than
for Starl6, the reaction temperature and solvent concentration were also varied.

Table 3. Reaction conditions for the several experimented azide-alkye click reactions
conducted for the synthesis of Star32.

Expt T(°C) Polymer Conc. (% wt/v) [CuSO45H,0] [Na L-Ascorbate]
1 50 10 1.25@ 2.5@

2 60 10 20 40

3 60 20 2 4

4 60 20 3 6

a) More catalyst was added during the reaction in a molar ratio of (1 : 7.5 : 15) with respect to PS32-Alkyne,
b) More catalyst was added during the reaction in a molar ratio of (1 : 1.16 : 2.32) with respect to PS32-Alkyne..
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Figure 8. SEC chromatogram (RI detector) of Star32. On the left: comparison of the final polymer mixture

resulting from exp. 1 and 2. On the right: comparison of the final polymers mixtures obtained from experiment
2,3 and 4.

Experiment 1 (table 3) for the synthesis of Star32 was initially carried out under the same
conditions as experiments 1 and 2 for Starl6 (table 2). The addition of extra catalyst in a
molar ratio of 1 : 7.5 : 15 with respect to PS32-Alkyne, , a much larger quantity than used at
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Figure 9. General schematic for the synthesis of symmetric three-arm stars via Azide-alkyne ‘click’ coupling
reaction.

the beginning of the reaction, did not generate any improvements and the reaction was
stopped at a very low conversion to star (figure 8). It is not immediately obvious what the
cause of this disappointing result was. It is clear however that the reaction is most sensitive to
the amount of catalyst and this was borne out in subsequent experiments in which both the
temperature and polymer solution concentration were varied, (table 3 and figure 8) neither of
which made a substantive difference to the overall extent of reaction. The best results were
obtained when a higher mole ratio of catalyst was used from the start of the reaction
(experiment 4, table 3). The SEC chromatograms shown in figure 8 clearly suggest the
presence of a peak/shoulder in between the two major peaks with a retention volume of
approximately 12.9 ml — this is particularly evident in experiment 1. As mentioned above this
additional peak is an indication of incomplete coupling in the synthesis of the star, i.e. in this
case a linear polymer formed by the coupling of PS32-Alkyne, and only ‘long’” arm PS90-
Azide.

Synthesis of symmetric three-arm star

In addition to the synthesis of the asymmetric three-arms stars described above, the synthesis
of one example of a symmetric three-arm star was carried out by coupling the ‘long’ arm
(PS90-Azide) to a trifunctional core carrying 3-alkyne groups via an azide-alkyne click
reaction (figure 9) — for the synthesis of trifunctional core see electronic supplementary
information. The coupling reaction for the synthesis of the symmetric star was conducted at a
temperature of 60°C and a solution concentration of 20 wt. %. At the beginning of the
reaction the catalytic system had a molar ratio of (1:4:8) with respect to the B3 core utilised.
The synthesis was carried out twice under the same conditions. An initial small scale (1 g)
reaction was carried out and it was noticed that the reaction was slower in comparison to the
stars synthesised before. This slower rate is likely be due to the longer polymer chains
involved creating additional steric congestion at the core which will in particular slow down
the coupling of the final arm. It can be seen in the SEC chromatogram below (figure 10), that
the reaction had low conversion after 1 hour and 50 minutes but after 18 hours the conversion
improved. After a further 25 hours the conversion was slightly better but further prolonged
reaction times did not yield an improved conversion.
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Figure 10. SEC chromatograms (RI detector) of the synthesis of the symmetric star on a small scale (left hand
side) and on a larger scale (right hand side).

A second reaction was carried out on a larger scale (about 7g) to allow for the synthesis of
enough material for the subsequent characterisation studies. Initially the coupling reaction
proceeded very slowly and the conversion was still very low after 19 hours. It was decided to
add a second amount of the catalytic system in a molar ratio of (1 : 2.7 : 5) with respect to the
B3 core and 21 hours and 25 minutes after the addition of this second batch of catalyst, the
reaction had proceeded to a good conversion (figure 10). Further prolonged reaction times did
not result in enhanced conversion of arms into star.

Williamson versus ‘click’ coupling reaction

It is clear from the data above that both Williamson and ‘click’ coupling reactions can be
used for the synthesis of stars via the macromonomer approach and it is possible to compare
the effectiveness of the two coupling reactions by considering the synthesis of Star16 and 32
which were synthesised by both types of reactions. Moreover in both cases the mole ratio of
short arm to long arm was identical. The Williamson coupling reaction offers an advantage
over ‘click’ coupling in so much that the required functional groups can be introduced in
fewer reaction steps. However, when it comes to the coupling reaction itself, we would have
to argue that the ‘click’ reaction produces the more satisfactory approach. We have
previously encountered problematical side reactions involving the solvent (DMF)
accompanying a Williamson coupling reaction [56] and it is likely that the same side
reactions inhibit the coupling reactions in this work. Moreover, high temperatures (150 °C)
were required to drive the reactions towards a reasonable conversion. In contrast the ‘click’
reactions were carried out at much lower temperatures (50-60 °C) and in both Star16 and 32,
the degree of coupling achieved via click coupling was much superior to that obtained by
Williamson coupling — see figures S3 and S4 (electronic supporting information) and in the
case of Starl6, the coupling was almost quantitative. The only drawback in using the ‘click’
coupling reactions was that they appeared to be very sensitive to the amount of catalyst and
incomplete coupling in the synthesis of stars via click coupling reactions have been observed
before [80] and is possibly a consequence of the very small quantities of catalyst required to
carry out rections between high molecular weight polymer chains. Pragmatically, in this
study it was found that if relatively high levels of catalyst were used, efficient coupling could
be achieved and the extent of coupling is at least as efficient as the more established
chlorosilane coupling approach.

Fractionation and Temperature Gradient Interaction Chromatography (TGIC)
Characterisation



Although a comparison of the Williamson and ‘click’ coupling mechanisms is interesting, the
primary advantage of the macromonomer approach in the current work is that it enables the
synthesis of a “perfect” series of asymmetric stars in which the only variable is the molecular
weight of the “short” arm. As mentioned from the outset, this series of stars were designed
and synthesized to probe branched polymer dynamics and in particular to establish the chain
length of side arm which precipitates a change in the rheological properties of the resulting
polymers from “linear-like” to “star-like” — results that will be published elsewhere. However
before these studies could proceed it was necessary to purify the crude stars to remove
unreacted arms or part-coupled products and this was achieved by fractionation using
toluene/methanol as the solvent/non-solvent.

Since structural homogeneity is of fundamental importance in the study of branched
polymer rheology, temperature gradient interaction chromatography (TGIC) was used
alongside size exclusion chromatography (SEC) to establish complete purification of the stars
by fractionation and to confirm structural purity. It has often been assumed (until relatively
recently) that purification by fractionation of structurally polydisperse branched polymers is
sufficient to remove by-products such as partially coupled polymer from the desired product;
a false assumption often reinforced by a monomodal, narrow molecular weight distribution
obtained by SEC which has long been the primary method for the characterization of polymer
molecular weight and molecular weight distribution. However, due to its mode of separation
(by molecular size rather than molar mass) SEC has an intrinsic limitation — namely that it is
unable to separate polymers with identical or nearly identical hydrodynamic volumes, which
may differ in other molecular parameters such as molar mass or chain architecture. Such a
limitation is a particular concern for the characterization of model branched polymers for
structure-property correlation studies — a topic recently reviewed [72].

TGIC, is a technique that was first described more than 15 years ago [81] in which separation
is driven by enthalpic interactions between the solute molecules and the stationary phase and
these interactions, which can be controlled by temperature variation during the elution, are to
a first approximation, proportional to the molecular weight NOT the hydrodynamic volume.
The additional variable (temperature) also allows control over the retention time and as a
consequence, superior resolution over SEC even in the case of linear polymers [81]. As such
TGIC is the optimum technique to characterise the purity of the stars produced in this study.
It was mentioned above that the product of many, if not all, of the coupling reactions may be
contaminated with small quantities of part-coupled star, i.e. linear polymer comprising of one
‘long” arm coupled to the ‘short’ arm or two ‘long’ arms (in the case of the symmetric star)
and unreacted arms. We have also seen that SEC analysis is not capable of identifying the
presence (or otherwise) of this intermediate product due to the small differences in
hydrodynamic volume. TGIC (and SEC for comparison) was carried out on each star before
and after purification by fractionation and SEC data for each star polymer (before and after
fractionation) can be seen in figure 11. In each case the fractionated product has a
monomodal SEC chromatogram suggesting a high degree of structural homogeneity. It
should also be noted that in each case the crude star (prior to fractionation) shows (only) two
main peaks, in each case the peak at retention volume of approximately 13.4 ml arises as a
result of uncoupled “long” arm — PS90. SEC is incapable of resolving any additional peaks
between the two main peaks.
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Figure 11. SEC chromatograms (RI detector) for each star before and after purification by fractionation.

In contrast TGIC analysis of the crude stars (before fractionation) is more than capable of
detecting three peaks corresponding to the uncoupled “long” arm, part-coupled material (one
long arm and the short arm) and the fully coupled star. TGIC data for Star16 and Star20 are
shown below (figure 12) and the data for all stars included as electronic supporting
information (figure S5). When considering the TGIC data it should be remembered that the
order of elution is reversed compared to SEC, so in figure 12, the peak corresponding to the
star — the highest molecular weight component elutes at the longest time. In figure 13 we
report the TGIC data for Starl6 and Star20 following fractionation and the analogous TGIC
data for all the stars is included as electronic supporting information (figure S6). Whilst the
SEC analysis (fig 11) would seem to suggest that the fractionation had been a complete
success and the “purified” stars were free of by-products, the superior resolution of TGIC
reveals otherwise. We can see in figure 13, small peaks at shorter elution times (lower
molecular weight) which correspond to unreacted “long” arm and/or part-coupled material
consisting of a linear polymer arising from the coupling of one “long” arm to the “short” arm.

Table 4. Molar mass data obtained by SEC for the polystyrene arms and the purified
asymmetric and symmetric three-arm stars.

Molar mass of arms/ gmol™ Molar mass of stars/gmol™

Long arm Short arm PSX
StarX My My PDI
Mn My, PDI| M, M,, PDI

10 89900 92400 1.03 | 10000 10500 1.05 193300 197700 1.02
16 89900 92400 1.03 | 16200 16800 1.04 | 198800 205100 1.03

20 89900 92400 1.03 | 19600 20500 1.05 | 202000 208300  1.03
32 89900 92400 1.03 | 32100 33700 1.05|211000 218300 1.03
Symmetric star
90  |89000 92400 1.03 ] - - - | 279700 289100 1.03

The relative amount of each component in the mixture was estimated by deconvoluting the
peaks from the UV (concentration) detector using a standard Gaussian distribution and
calculating the area under each curve. Although the amount of “impurity” in the fractionated
stars is small (less than 5% in most cases) the TGIC analysis demonstrates that the



fractionation process has not completely removed all traces of low molecular weight by-
products and unreacted starting materials. More significantly the TGIC data once again
clearly demonstrates that SEC does not give sufficient resolution to adequately interrogate the
structural homogeneity of model polymers which have been produced for structure-property
correlation studies. Although the amounts of impurity are small they have the potential to
impact upon physical properties and in such studies it is clearly important that the presence of
such “impurities” is both detected and quantified. The molar mass details of the arms and the

purified stars are shown in table 4.
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Figure 12. TGIC chromatograms of Starl6 and Star20 before purification by fractionation recorded with UV
and RALS detector. On the right hand side the expanded chromatograms are reported in order to observe the

presence of the three peaks due to stars and impurities.
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Figure 13. TGIC chromatograms of Starl6 and Star20 after purification by fractionation recorded with UV
detector and RALS detector. On the right hand side the expanded chromatograms are reported in order to
observe the presence of trace amounts of remaining impurities. The relative concentration (weight fraction) of
each species was estimated by deconvolution of the chromatograms using a Gaussian distribution.

Conclusions

We have successfully used the “macromonomer” approach to synthesize a homologous series
of three-arm stars in which the molar mass of two (long) arms are fixed at 90 000 gmol™ and
the molar mass of the remaining (short) arm is varied from below the entanglement molecular
weight (Mg) to above M.. These stars have been used as model polymers to probe branched-
polymer dynamics and in particular, to establish the chain-length of side-arm which
precipitates a change in the rheological properties of the resulting polymers from “linear-like”
to “star-like” and the results of these studies will be reported elsewhere. The advantage of the
macromonomer approach is that living anionic polymerisation can be exploited for the
synthesis of the arms, resulting in well-defined chain lengths and narrow molecular weight
distribution, whilst the stars can be constructed by a simple (post-polymerization)
condensation coupling reaction. In this way it is possible to produce a series of stars in which
we can eliminate variation in all the molecular parameters except the molar mass of the
“short” arm. We have compared the relative efficiency of using either Williamson or “click’
coupling reactions in producing the stars and found that whilst both methods are successful in
producing stars, the ‘click’ coupling reaction is more efficient allowing reactions to be carried
out at lower temperatures and to give stars with a higher degree of coupling. However, we did
find that since coupling reactions between polymer chains require very small quantities of
catalyst, the ‘click’ coupling reactions were variable in their success but almost quantitative
chain coupling could be achieved in the presence of higher ratios of catalyst. The “crude”
stars were purified by fractionation and the products subjected to both size exclusion
chromatography (SEC) and temperature gradient interaction chromatography (TGIC). Whilst
the former suggested that the fractionation process had been a complete success, TGIC
revealed the presence of traces of impurity. Once again this reinforces the need to use TGIC
as a complementary technique to SEC in the characterisation of model polymers for
structure-property correlation studies.

Acknowledgements

This work was carried out as part of the EU funded Marie Curie Initial Training Network
“DYNACOP” carried out under the FP7 Framework and we acknowledge the financial
support. We would also like to thank Ms Onome Swader for her help in obtaining the TGIC
data.

References

[1] Adams CH, Hutchings LR, Klein PG, McLeish TCB, Richards RW. Synthesis and dynamic rheological
behavior of polybutadiene star polymers. Macromolecules. 1996;29(17):5717-5722.

[2] Hutchings LR, Richards RW. Synthesis of deuterobutadiene-butadiene AB(2) and AB(3) miktoarm star
copolymers. Polymer Bulletin. 1998;41(3):283-289.

[3] Hutchings LR, Richards RW. Influence of architecture on arm dimensions and interaction parameters in
polybutadiene star polymers. Macromolecules. 1999;32(3):880-891.

[4] Adams CH, Brereton MG, Hutchings LR, Klein PG, McLeish TCB, Richards RW, et al. A deuterium NMR
study of selectively labeled polybutadiene star polymers. Macromolecules. 2000;33(19):7101-7106.

[5] Frischknecht AL, Milner ST, Pryke A, Young RN, Hawkins R, McLeish TCB. Rheology of three-arm
asymmetric star polymer melts. Macromolecules. 2002;35(12):4801-4820.

[6] Clarke N, Colley FR, Collins SA, Hutchings LR, Thompson RL. Self-diffusion and viscoelastic
measurements of polystyrene star polymers. Macromolecules. 2006;39(3):1290-1296.



[7] Lee JH, Goldberg JM, Fetters LJ, Archer LA. Linear viscoelastic behavior of symmetric and asymmetric star
polymer solutions. Macromolecules. 2006;39(19):6677-6685.

[8] Zamponi M, Pyckhout-Hintzen W, Wischnewski A, Monkenbusch M, Willner L, Kali G, et al. Molecular
Observation of Branch Point Motion in Star Polymer Melts. Macromolecules. 2010;43(1):518-524.

[9] Roovers J, Toporowski PM. Preparation and characterization of H-shaped polystyrenes. Macromolecules.
1981;14(5):1174-1178.

[10] McLeish TCB. Molecular rheology of H-polymers. Macromolecules. 1988;21(4):1062-1070.

[11] McLeish TCB, Allgaier J, Bick DK, Bishko G, Biswas P, Blackwell R, et al. Dynamics of entangled H-
polymers: Theory, rheology, and neutron-scattering. Macromolecules. 1999;32(20):6734-6758.

[12] Perny S, Allgaier J, Cho DY, Lee W, Chang TY. Synthesis and structural analysis of an H-shaped
polybutadiene. Macromolecules. 2001;34(16):5408-5415.

[13] Rahman MS, Aggarwal R, Larson RG, Dealy JM, Mays J. Synthesis and Dilute Solution Properties of
Well-Defined H-Shaped Polybutadienes. Macromolecules. 2008;41(21):8225-8230.

[14] Chen X, Rahman MS, Lee H, Mays J, Chang T, Larson R. Combined Synthesis, TGIC Characterization,
and Rheological Measurement and Prediction of Symmetric H Polybutadienes and Their Blends with Linear and
Star-Shaped Polybutadienes. Macromolecules. 2011;44(19):7799-7809.

[15] Li SW, Park HE, Dealy JM. Evaluation of molecular linear viscoelastic models for polydisperse H
polybutadienes. Journal of Rheology. 2011;55(6):1341-1373.

[16] Candau F, Rempp P. Grafting reactions on polystyrene halides. Preparation of comblike polystyrene.
Makromolekulare Chemie. 1969;122(MAR):15-&.

[17] Candau F, Franta E. Anionic preparation of comb-shaped polystyrene molecules. Makromolekulare
Chemie. 1971;149(NOCT):41-&.

[18] Pannell J. Polystyrenes of known structure 2. Comb-shaped molecules. Polymer. 1971;12(9):558-&.

[19] Roovers JEL. Synthesis and solution properties of comb polystyrenes. Polymer. 1975;16(11):827-832.

[20] Roovers J. Synthesis and dilute-solution characterization of comb polystyrenes. Polymer. 1979;20(7):843-
849.

[21] Deffieux A, Schappacher M. Synthesis and characterization of star and comb polystyrenes using isometric
poly(chloroethyl vinyl ether) oligomers as reactive backbone. Macromolecules. 1999;32(6):1797-1802.

[22] Ryu SW, Hirao A. Anionic synthesis of well-defined poly(m-halomethylstyrene)s and branched polymers
via graft-onto methodology. Macromolecules. 2000;33(13):4765-4771.

[23] Daniels DR, McLeish TCB, Croshy BJ, Young RN, Fernyhough CM. Molecular rheology of comb polymer
melts. 1. Linear viscoelastic response. Macromolecules. 2001;34(20):7025-7033.

[24] Fernyhough CM, Young RN, Poche D, Degroot AW, Bosscher F. Synthesis and characterization of
polybutadiene and poly(ethylene-1-butene) combs. Macromolecules. 2001;34(20):7034-7041.

[25] Fernyhough CM, Young RN, Ryan AJ, Hutchings LR. Synthesis and characterisation of poly(sodium 4-
styrenesulfonate) combs. Polymer. 2006;47(10):3455-3463.

[26] Kempf M, Barroso VC, Wilhelm M. Anionic Synthesis and Rheological Characterization of Poly(p-
methylstyrene) Model Comb Architectures with a Defined and Very Low Degree of Long Chain Branching.
Macromolecular Rapid Communications. 2010;31(24):2140-2145.

[27] zhang HX, Li Y, Zhang CQ, Hu YM, Wang YR, Ma HW, et al. Synthesis and characterization of star-
comb polybutadiene and poly(ethylene-co-butene). Chinese Chemical Letters. 2010;21(3):361-364.

[28] Ahmadi M, Bailly C, Keunings R, Nekoomanesh M, Arabi H, van Ruymbeke E. Time Marching Algorithm
for Predicting the Linear Rheology of Monodisperse Comb Polymer Melts. Macromolecules. 2011;44(3):647-
659.

[29] Trollsas M, Hedrick JL. Dendrimer-like star polymers. Journal of the American Chemical Society.
1998;120(19):4644-4651.

[30] Feng XS, Taton D, Chaikof EL, Gnhanou Y. Toward an easy access to dendrimer-like poly(ethylene oxide)s.
Journal of the American Chemical Society. 2005;127(31):10956-10966.

[31] Hirao A, Matsuo A, Watanabe T. Precise synthesis of dendrimer-like star-branched poly(methyl
methacrylate)s up to seventh generation by an iterative divergent approach involving coupling and
transformation reactions. Macromolecules. 2005;38(21):8701-8711.

[32] Hirao A, Sugiyama K, Tsunoda Y, Matsuo A, Watanabe T. Precise synthesis of well-defined dendrimer-
like star-branched polymers by iterative methodology based on living anionic polymerization. Journal of
Polymer Science Part a-Polymer Chemistry. 2006;44(23):6659-6687.

[33] Hutchings LR, Roberts-Bleming SJ. DendriMacs. Well-defined dendritically branched polymers
synthesized by an iterative convergent strategy involving the coupling reaction of AB(2) macromonomers.
Macromolecules. 2006;39(6):2144-2152.

[34] Orfanou K, latrou H, Lohse DJ, Hadjichristidis N. Synthesis of well-defined second (G-2) and third (G-3)
generation dendritic polybutadienes. Macromolecules. 2006;39(13):4361-4365.



[35] Taton D, Feng XS, Gnanou Y. Dendrimer-like polymers: a new class of structurally precise dendrimers
with macromolecular generations. New J Chem. 2007;31(7):1097-1110.

[36] van Ruymbeke E, Orfanou K, Kapnistos M, latrou H, Pitsikalis M, Hadjichristidis N, et al. Entangled
dendritic polymers and beyond: Rheology of symmetric cayley-tree polymers and macromolecular self-
assemblies. Macromolecules. 2007;40(16):5941-5952.

[37] Hutchings LR. DendriMacs and HyperMacs - emerging as more than just model branched polymers. Soft
Matter. 2008;4(11):2150-2159.

[38] Kimani SM, Hutchings LR. A facile route to synthesize well-defined polybutadiene DendriMacs.
Macromolecular Rapid Communications. 2008;29(8):633-637.

[39] Lee JH, Orfanou K, Driva P, latrou H, Hadjichristidis N, Lohse DJ. Linear and Nonlinear Rheology of
Dendritic Star Polymers: Experiment. Macromolecules. 2008;41(23):9165-9178.

[40] Matmour R, Gnanou Y. Combination of an anionic terminator multifunctional initiator and divergent
carbanionic polymerization: Application to the synthesis of dendrimer-like polymers and of asymmetric and
miktoarm stars. Journal of the American Chemical Society. 2008;130(4):1350-1361.

[41] Watanabe H, Matsumiya Y, van Ruymbeke E, Vlassopoulos D, Hadjichristidis N. Viscoelastic and
dielectric relaxation of a Cayley-tree-type polyisoprene: Test of molecular picture of dynamic tube dilation.
Macromolecules. 2008;41(16):6110-6124.

[42] Hirao A, Watanabe T, Ishizu K, Ree M, Jin S, Jin KS, et al. Precise Synthesis and Characterization of
Fourth-Generation Dendrimer-like Star-Branched Poly(methyl methacrylate)s and Block Copolymers by
Iterative Methodology Based on Living Anionic Polymerization. Macromolecules. 2009;42(3):682-693.

[43] Yoo HS, Watanabe T, Hirao A. Precise Synthesis of Dendrimer-Like Star-Branched Polystyrenes and
Block Copolymers Composed of Polystyrene and Poly(methyl methacrylate) Segments by an Iterative
Methodology Using Living Anionic Polymerization. Macromolecules. 2009;42(13):4558-4570.

[44] van Ruymbeke E, Muliawan EB, Hatzikiriakos SG, Watanabe T, Hirao A, Vlassopoulos D. Viscoelasticity
and extensional rheology of model Cayley-tree polymers of different generations. Journal of Rheology.
2010;54(3):643-662.

[45] Hirao A, Yoo HS. Dendrimer-like star-branched polymers: novel structurally well-defined hyperbranched
polymers. Polymer Journal. 2011;43(1):2-17.

[46] Zhang HF, He JP, Zhang C, Ju ZH, Li J, Yang YL. Continuous Process for the Synthesis of Dendrimer-
Like Star Polymers by Anionic Polymerization. Macromolecules. 2012;45(2):828-841.

[47] Xie C, Ju ZH, Zhang C, Yang YL, He JP. Dendritic Block and Dendritic Brush Copolymers through
Anionic Macroinimer Approach. Macromolecules. 2013;46(4):1437-1446.

[48] Zhang HF, Zhu J, He JP, Qiu F, Zhang HD, Yang YL, et al. Easy synthesis of dendrimer-like polymers
through a divergent iterative "end-grafting” method. Polymer Chemistry. 2013;4(3):830-839.

[49] Szwarc M. Living polymers. Nature. 1956;178(4543):1168-1169.

[50] Toporowski PM, Roovers J. Synthesis and properties of 18-arm polybutadienes. Journal of Polymer
Science Part a-Polymer Chemistry. 1986;24(11):3009-3019.

[51] Zhou LL, Hadjichristidis N, Toporowski PM, Roovers J. Synthesis and properties of regular star
polybutadienes with 32 arms. Rubber Chem Technol. 1992;65(2):303-314.

[52] Roovers J, Zhou LL, Toporowski PM, Vanderzwan M, latrou H, Hadjichristidis N. Regular star polymers
with 64 and 128 arms — models for polymeric micelles. Macromolecules. 1993;26(16):4324-4331.

[53] latrou H, Hadjichristidis N. Synthesis and characterization of model 4-miktoarm star copolymers and
quaterpolymers. Macromolecules. 1993;26(10):2479-2484.

[54] Hutchings LR, Dodds JM, Roberts-Bleming SJ. HyperMacs: Highly branched polymers prepared by the
polycondensation of AB(2) macromonomers, synthesis and characterization. Macromolecules.
2005;38(14):5970-5980.

[55] Dodds JM, De Luca E, Hutchings LR, Clarke N. Rheological properties of HyperMacs - Long-chain
branched analogues of hyperbranched polymers. J Polym Sci Pt B-Polym Phys. 2007;45(19):2762-2769.

[56] Clarke N, De Luca E, Dodds JM, Kimani SM, Hutchings LR. HyperMacs-long chain hyperbranched
polymers: A dramatically improved synthesis and qualitative rheological analysis. Eur Polym J. 2008;44(3):665-
676.

[57] Hutchings LR, Dodds JM, Rees D, Kimani SM, Wu JJ, Smith E. HyperMacs to HyperBlocks: A Novel
Class of Branched Thermoplastic Elastomer. Macromolecules. 2009;42(22):8675-8687.

[58] Lopez-Villanueva FJ, Wurm F, Kilbinger AFM, Frey H. A facile two-step route to branched polyisoprenes
via AB(n)-macromonomers. Macromolecular Rapid Communications. 2007;28(6):704-709.

[59] Wurm F, Lopez-Villanueva FJ, Frey H. Branched and functionalized polybutadienes by a facile two-step
synthesis. Macromolecular Chemistry and Physics. 2008;209(7):675-684.

[60] Hilf S, Wurm F, Kilbinger AFM. Long-Chain Branched ROMP Polymers. Journal of Polymer Science Part
a-Polymer Chemistry. 2009;47(24):6932-6940.



[61] Kong LZ, Sun M, Qiao HM, Pan CY. Synthesis and Characterization of Hyperbranched Polystyrene via
Click Reaction of AB(2) Macromonomer. Journal of Polymer Science Part a-Polymer Chemistry.
2010;48(2):454-462.

[62] He C, Li LW, He WD, Jiang WX, Wu C. "Click" Long Seesaw-Type A similar to similar to B similar to
similar to A Chains Together into Huge Defect-Free Hyperbranched Polymer Chains with Uniform Subchains.
Macromolecules. 2011;44(16):6233-6236.

[63] Konkolewicz D, Monteiro MJ, Perrier S. Dendritic and Hyperbranched Polymers from Macromolecular
Units: Elegant Approaches to the Synthesis of Functional Polymers. Macromolecules. 2011;44(18):7067-7087.
[64] Li LW, He C, He WD, Wu C. Formation Kinetics and Scaling of "Defect-Free" Hyperbranched
Polystyrene Chains with Uniform Subchains Prepared from Seesaw-Type Macromonomers. Macromolecules.
2011;44(20):8195-8206.

[65] He C, He WD, Li LW, Jiang WX, Tao J, Yang J, et al. Controlling the formation of long-subchain
hyperbranched polystyrene from seesaw-type AB2 macromonomers: Solvent polarity and solubility. Journal of
Polymer Science Part a-Polymer Chemistry. 2012;50(15):3214-3224.

[66] Jikei M, Suzuki M, Itoh K, Matsumoto K, Saito Y, Kawaguchi S. Synthesis of Hyperbranched Poly(L-
lactide)s by Self-Polycondensation of AB(2) Macromonomers and Their Structural Characterization by Light
Scattering Measurements. Macromolecules. 2012;45(20):8237-8244.

[67] Li LW, Zhou JF, Wu C. Intrachain Folding and Interchain Association of Hyperbranched Chains with Long
Uniform Subchains Made of Amphiphilic Diblock Copolymers. Macromolecules. 2012;45(23):9391-9399.

[68] Chambon P, Fernyhough CM, Im K, Chang T, Das C, Embery J, et al. Synthesis, temperature gradient
interaction chromatography, and rheology of entangled styrene comb polymers. Macromolecules.
2008;41(15):5869-5875.

[69] Li SW, Park HE, Dealy JM, Maric M, Lee H, Im K, et al. Detecting Structural Polydispersity in Branched
Polybutadienes. Macromolecules. 2011;44(2):208-214.

[70] Snijkers F, van Ruymbeke E, Kim P, Lee H, Nikopoulou A, Chang T, et al. Architectural Dispersity in
Model Branched Polymers: Analysis and Rheological Consequences. Macromolecules. 2011;44(21):8631-8643.
[71] Hutchings LR, Kimani SM, Hoyle DM, Read DJ, Das C, McLeish TCB, et al. In Silico Molecular Design,
Synthesis, Characterization, and Rheology of Dendritically Branched Polymers: Closing the Design Loop. Acs
Macro Letters. 2012;1(3):404-408.

[72] Hutchings LR. Complex Branched Polymers for Structure-Property Correlation Studies: The Case for
Temperature Gradient Interaction Chromatography Analysis. Macromolecules. 2012;45(14):5621-5639.

[73] Quirk RP, Wang YC. Anionic difunctionalization with 1,1-bis(4-t-butyldimethylsiloxyphenyl)ethylene —
Synthesis of omega, omega-bis(phenol)-functionalized polystyrene condensation macromonomers. Polym Int.
1993;31(1):51-59.

[74] Lee HC, Chang TH, Harville S, Mays JW. Characterization of linear and star polystyrene by temperature-
gradient interaction chromatography with a light-scattering detector. Macromolecules. 1998;31(3):690-694.

[75] Kolb HC, Finn MG, Sharpless KB. Click chemistry: Diverse chemical function from a few good reactions.
Angewandte Chemie-International Edition. 2001;40(11):2004-+.

[76] Rostovtsev VV, Green LG, Fokin VV, Sharpless KB. A stepwise Huisgen cycloaddition process:
Copper(l)-catalyzed regioselective "ligation" of azides and terminal alkynes. Angewandte Chemie-International
Edition. 2002;41(14):2596-+.

[77] Moses JE, Moorhouse AD. The growing applications of click chemistry. Chemical Society Reviews.
2007;36(8):1249-1262.

[78] Kempe K, Krieg A, Becer CR, Schubert US. "Clicking" on/with polymers: a rapidly expanding field for the
straightforward preparation of novel macromolecular architectures. Chemical Society Reviews. 2012;41(1):176-
191.

[79] Kimani SM, Hardman SJ, Hutchings LR, Clarke N, Thompson RL. Synthesis and surface activity of high
and low surface energy multi-end functional polybutadiene additives. Soft Matter. 2012;8(12):3487-3496.

[80] Huang HH, Niu H, Dong JY. Synthesis of Star Isotactic Polypropylene Using Click Chemistry.
Macromolecules. 2010;43(20):8331-8335.

[81] Lee HC, Chang TY. Polymer molecular weight characterization by temperature gradient high performance
liquid chromatography. Polymer. 1996;37(25):5747-5749.



