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ABSTRACT: A new metallocene-based polymerization mechanism is elucidated in which a zirconium hydride center inserts 
α-methylstyrene at the start of a polymer chain. The hydride is then regenerated by hydrogenation to release a polyolefin 
containing a single terminal α-methylstyrenyl group. Through the use of the difunctional monomer 1,3-diisopropenylben-
zene, this catalytic hydride insertion polymerization is applied to the production of linear polyethylene and ethylene-hex-
ene copolymers containing an isopropenylbenzene end group. Conducting simple radical polymerizations in the presence 
of this new type of macromonomer leads to diblock copolymers containing a polyolefin attached to an acrylate, methacry-
late, vinyl ester or styrenic segments. The new materials are readily available and exhibit interfacial phenomena, including 
the mediation of the mixing of immiscible polymer blends. 

INTRODUCTION  
Polyolefins pervade most aspects of modern life, with ap-
plications facilitated by their efficient and low cost produc-
tion, lightness, and durability. They are however almost to-
tally inert and immiscible with other materials and poly-
mers. These features present problems in recycling, print-
ing, coating, adhesion, impact modification, composites 
manufacture1, 2 and many other practices that rely on fa-
vourable properties of an interface/interphase. There is 
thus a substantial unmet need for interface-modifying pol-
ymer additives. 

 

Figure 1. The new block copolymer synthesis de-
scribed in this work. 

Existing commercial polymer systems are largely based on 
random/statistical copolymers such as poly(ethylene-vinyl 

acetate), or grafted systems typically made by reactive ex-
trusion of the base polyolefin with maleic anhydride. These 
have architectures far from ideal for the purpose because 
they cannot efficiently span the phase boundary between 
the two immiscible materials.3, 4 Ready access to truly am-
phiphilic copolymers containing polyolefin (PO) and polar 
polymer (PX) segments, such as diblock copolymers PO-b-
PX, would present an opportunity to revolutionise the uses 
of polyolefins in higher value applications as well as for ex-
ample improving the value of recycled polymers.5 The pro-
duction of such interface-active polyolefins remains one of 
the great technical challenges in polymer synthesis, not 
least because of the great differences in reactivity of the 
two monomer types. So, while radical polymerization 
works well for polar monomers and styrenes, simple olefins 
usually require very high temperatures and pressures.6, 7, 8, 

9 At the same time, Ziegler-Natta/metallocene methods for 
polyolefin synthesis are adversely affected by the presence 
of polar monomers and even styrenes.10,11,12 Long-estab-
lished anionic polymerization processes are used commer-
cially to make diene/styrene block copolymers, but exact-
ing conditions are necessary, few monomers are tolerated 
and hydrogenation is required to furnish the polyolefin-
like block.13, 14 A variety of strategies have been described in 
an attempt to provide such polymers.



 

 

 
Living alkene polymerization has been utilized by Yasuda 
and co-workers in the synthesis of polyolefin block copol-
ymers with alkyl methacrylates and lactones via sequential 
monomer addition using olanthanide catalysts.15,16 An or-
ganometallic-mediated radical polymerization strategy 
was employed by Detrembleur and co-workers17 to directly 
polymerize ethylene with several polar monomers under 
mild conditions. Catalytic chain transfer to various het-
eroatoms has also been reported.18 Yagci and co-workers9 
recently described the thermally-induced controlled radi-
cal polymerization of iodo-functionalized PE with methyl 
methacrylate using Mn2(CO)10. 
  Various multi-step polymerization strategies have been 
developed.1,19,20,21 Catalytic olefin polymerization has been 
used to produce macroinitiators for ATRP,22,23 NMP,24,25 
ROP,26,27 RAFT,28,29 cationic19 and anionic30,31,32,33,34,35 meth-
ods. ATRP36,37 and RAFT38 systems have also been prepared 
via ROMP methods. The one-pot combination of poly-
homologation (or C1 polymerization) with anionic39 and 
cationic40 polymerization to produce PE block copolymers 
has also been reported. 
 

 

 
  Although significant advances have thus been made and 
a good number of examples of block or block-like copoly-
mers with interesting properties have been prepared, all 
the protocols feature drawbacks such as low productivity, 
multi-step procedures, or the use of expensive or sensitive 
reagents or processes.  

Here we report the discovery of a simple new 
polymerization mechanism that provides large quantities 
of polyolefin macromonomers such as I (Figure 1) in high 
catalytic productivity. These are converted under standard 
free-radical conditions with a variety of monomers to co-
polymers II with tuneable amphiphilic properties. The 
chemistry is conducted under scalable conditions with 
conventional apparatus and reagents. The products show 
great promise as interface modifiers for the types of appli-
cation described above. 
    
    

 

 

Figure 2. Olefin polymerisations in the presence of dihydrogen. (a) The Chung mechanism describes ethylene insertion at the 
hydride cation 4 giving 5 and eventually the dormant (or insertion-resistant) species 2 which is hydrogenated to give the observed 
product 3; (b) we find however that 4 must also be susceptible to 1,2-insertion of styrene because some chains (9) bear a styrene 
unit at both ends; (c) this creates a new opportunity to use -methylstyrenes to give functionalized polyolefins like 12. 



 

RESULTS AND DISCUSSION  

Catalytic hydride insertion mechanism 

Chung reported35 that polymerization of ethylene with the 
classic Kaminsky catalyst system ZrCp2Cl2/MAO41 in the 
presence of p-methylstyrene and dihydrogen, led to poly-
ethylene (PE) terminated with a single styrenic unit [Fig-
ure 2(a)]. The consecutive chain transfer mechanism 
shown has also been supported by computations.42 Thus, 
the active catalyst 1 bearing a polymeryl chain succumbs to 
2,1-insertion of a styrene to give 2, which does not readily 
undergo further insertion but is instead hydrogenated to 
give product 3 (Ar = C6H4Me) and the cationic zirconium 
hydride 4 which is recycled via 5. 
  We successfully reproduced the reported catalysis condi-
tions35 (e.g. Run 1, Table 1), but discovered that increasing 
the concentration of styrene beyond the 1.44 mol/L used 
previously led to apparently more than 100% end groups 
(Run 2). Hence some chains must bear styrene groups at 
both the beginning and the end. 
  A new mechanism is required to explain this observation 
[Figure 2(b)]. The rate of 1,2-insertion of styrene into the 

cationic zirconium hydride 4 must be competitive with in-
sertion of ethylene leading to the primary alkyl intermedi-
ate 6 – studies by Bercaw43 and Oliva44 on related systems 
indicate that this is highly likely. In contrast, the alkyl 6 
(like 5 and 1) is expected to undergo ethylene insertion far 
faster than styrene insertion. The subsequent polymeryl in-
termediate 7 eventually undergoes 2,1-insertion of the sty-
rene to give 8, analogous to 2, which halts ethylene inser-
tion as before. Species 8 is hydrogenated to regenerate 4 
and yield the double end-capped polymer 9. 
  This discovery led us to a new strategy as outlined in Fig-
ure 2(c). Comonomers such as α-methylstyrene (AMS) are 
not expected to react with alkyls like 1 and 5 etc. but are 
expected to react with the hydride 4. Indeed Chirik and 
Bercaw showed that AMS derivatives, being more sterically 
demanding than simple styrenes, give exclusively 1,2-inser-
tion into a neutral zirconium hydride.45 Further, a Hammet 
parameter determined for that reaction (ρ = -0.46)45 indi-
cates build-up of positive charge at the benzylic position 
which would be exacerbated by the cationic nature of the 
reaction centre in the metallocene-catalysed polymeriza-
tion. These features should all increase selectivity for 1,2-
insertion of AMS at 4 to give alkyl 

Runa Comonomer b 
[Comon-

omer] 

(mol/L) 

H2 
(psi) 

GPC c 
Yield 

(g) 
Productivity/ 
kg/molZr.h 

Styrenic end 
groups (%)d 

Tm 

(°C) Mn 

(g/mol) 

Mw 

(g/mol) 
Dispersity 

(Đ) 

1 STY 1.0 20 3000 6300 2.1 15.0 18000 100 123 

2 STY 2.0 20 3200 4800 1.5 10.7 13000 156 118 

3 AMS 2.0 20 2900 6100 2.1 9.90 12000 93 123 

4 AMS 2.0 40 2800 3800 1.4 11.4 14000 96 120 

5 AMS 2.0 60 2500 3600 1.5 12.1 14000 95 117 

6e AMS 7.2 60 2400 3500 1.5 7.40 8900 97 118 

7 DIB 1.0 20 3400 5000 1.5 10.4 13000 100 122 

8 DIB 2.0 20 2600 6300 2.4 6.30 7500 100 123 

9 DIB 2.0 40 3600 4800 1.4 10.5 13000 98 121 

10 DIB 2.0 60 2900 4600 1.6 11.0 13000 96 121 

11f DIB 2.0 90 2100 4000 2.0 11.9 14200 94 120 

12 DIB/hexene 2.0 / 0.9 60 3300 4700 1.4 11.4 14000 92 100 

Table 1. Ethylene copolymerisations with styrenes in the presence of dihydrogen. 

a Reaction Conditions: Catalyst: Cp2ZrCl2; Catalyst amount = 2.5 × 10-6 mol.; MAO = 1800 equiv.; C2H4 partial pressure = 32 psi; 
reaction volume = 90 ml; solvent = toluene; reaction time = 20 min; reaction temperature = 60°C. b STY = styrene, AMS = -me-
thylstyrene, DIB = 1,3-diisopropenylbenzene.  c Analysed using mixed-D columns and universal calibration.  Polystyrene standards 
were used to calibrate the system. d One styrene end-group per chain corresponds to 100% e No solvent used. f C2H4 partial pressure 
= 10 psi. 



 

10, rather than the insertion of ethylene. In contrast to 2 
and 8, the primary alkyl 10 is expected to insert ethylene 
readily, and the growing polymer chain in 11 eventually en-
counters a molecule of dihydrogen, resulting in the regen-
eration of 4 and production of PE initiated by AMS. The 
above mechanistic idea was borne out in experiments (Ta-
ble 1), and while zirconocene/MAO does not copolymerize 
AMS with ethylene, introduction of H2 leads to production 
of new polymer 12 (R = H, Runs 3-5). The polymer molecu-
lar weights and melting points also fell as the partial pres-
sure of H2 was increased, consistent with an increased rate 
of 114 vs 1011. Notably, since AMS can only be incorpo-
rated at the beginning of the chain and not the end, the 
proportion of styrenic end groups did not exceed the target 
100%. Further, both chain-end incorporation and produc-
tivity increased with AMS concentration, and the use of 
AMS as a solvent is viable (Run 6). This is in stark contrast 
to the strongly negative comonomer effect generally found 
in ethylene/styrene copolymerizations.46, 47 The 1H NMR 
spectrum of polyethylene “initiated” with AMS i.e. PE-i-
AMS (see SI) clearly indicates the presence of a single AMS 
unit at the chain end. 
Other 2-isopropenyl derivatives are suitable substrates for 
this new mechanism, and we were particularly interested 
in reactions in the presence of 1,3-diisopropenylbenzene  

(DIB); a large-scale commercial monomer that on the basis 
of the above mechanism should provide us with new mac-
romonomers for radical polymerization (vide infra). We 
were pleased to find that the reactions proceeded smoothly 
and responded to experimental conditions in the same 
manner as AMS indicating the same mechanism. High 
end-group fidelity is observed (Runs 7-10). The 1H NMR 
spectra of PE-i-DIB [Figure 3] feature sharp signals at 5.06 
and 5.34 ppm for the free isopropenyl group of 12 (R = 
CMeCH2). Thus, in a total reaction volume of 90 ml and 
operating at 92 psi pressure in a conventional homogene-
ous metallocene set-up, 11 g of this end-functionalised PE 
can be produced in 20 min [productivity 13000 kg/molZr.h] 
with no reduction in rate of ethylene gas uptake over this 
time (Run 10). Further, the addition of hexene to this me-
tallocene polymerization also led efficiently to DIB-
initiated ethylene/hexene copolymers i.e. EH-i-DIB (Run 
12). Crucially, these polymers are all produced at low 
enough molecular weight (as determined by universal cal-
ibration) to facilitate their use as macromonomers, but 
high enough to be effective in the intended applications 
(vide infra).  
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Figure 3. 1H NMR spectrum of Run 10 in C2D2Cl4 at 100°C (400 MHz). The top of the peak at 1.30 ppm corresponding to 
the PE main chain has been omitted for clarity. Relative integrals are shown under the spectrum. 
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Polyolefin macromonomers in radical polymerization  
In a classic patent,48-49 Moad and co-workers polymerized 
n-butyl acrylate (n-BA) at high temperatures in the pres-
ence of small amounts of AMS using a cobalt chain-transfer 
agent such as bis(boron difluoromethylglyoximate)cobal-
tate(II) (COBF). This led to AMS being incorporated selec-
tively as an end group because the tertiary benzylic AMS 
radical so formed does not propagate at a significant rate.50 
If our AMS-like macromonomers PE-i-DIB [Figure 4(a)] 
and EH-i-DIB were also incorporated terminally in such a 
reaction, block copolymers of the much sought-after kind 
described in the introduction would be produced viz. Fig-
ure 4(b).  
  In preliminary experiments we attempted copolymeriza-
tions of PE-i-DIB with excess n-BA in toluene at high tem-
perature (125°C) as recommended,50 using 2,2'-azobis(2-
methylpropionitrile) (AIBN) as the initiator and  
COBF as the chain transfer catalyst. This led to complete 
conversion of the PE-i-DIB starting material and produc- 

 

ion of copolymer (vide infra), but interestingly the 1H NMR 
spectrum of the product did not show any vinylidene 
groups at the AMS unit [Figure 4(b)]. We subsequently dis-
covered that the COBF was having no detectable effect on 
the polymerization and the same copolymers were pro-
duced by simply heating PE-i-DIB with various polar mon-
omers in the presence of radical initiators.  
 
Batch synthesis and purification of copolymers  
In Run 13 (Table 2), heating PE-i-DIB (Mn = 2200 g/mol, Ð 
= 2.1) in simple one-pot reactions with 50 equivalents of n-
BA at 125°C in the presence of dibenzoyl peroxide gave 
complete conversion of PE-i-DIB within 20 min and excel-
lent recovery of a copolymer PE-P(n-BA) with Mn = 7000 
g/mol and Ð = 2.2, which is shown to be principally a block 
copolymer (vide infra). Increasing the concentration of n-
BA (Runs 14, 15) led to higher molecular weights, dispersi-

Runa Macromonomer/Mn 

Comonomerb/
equiv 

Initiatorc 
Yield 

(g) 

GPCd 
Tm 

(°C) 

 

TC 

(°C) 
Mn 

(g/mol)d 

Mw 

(g/mol)d 
Đd 

13 PE-i-DIB/2200 n-BA/50 BP 0.37 7000 15700 2.2 120 109 

14 PE-i-DIB/2200 n-BA/200 BP 1.46 19200 69200 3.6 116 71 

15 PE-i-DIB/2200 n-BA/400 BP 3.43 42500 278300 6.5 114 69 

16 PE-i-DIB/2200 MMA/200 BP 0.35 5300 8500 1.6 116 100 

17 PE-i-DIB/3000 STY/500 TP 1.49 24400 52000 2.1 119 86 

18 PE-i-DIB/2200 VAc/400 BP 0.60 4200 9200 2.1 114 89 

19 PE-i-DIB/3000 VAc/500 TP 0.86 8000 19300 2.4 109 69 

20 EH-i-DIB/3900 n-BA/50 BP 0.41 5500 13800 2.3 100 89 

21 EH-i-DIB/3900 STY/500 BP 0.69 23000 65000 2.7 95 50 

22 EH-i-DIB/3900 VAc/500 BP 0.42 4300 14400 3.3 99 83 

23f PE-i-DIB/3100 STY/500 TP 75 56500 130000 2.3 117 64 

24g PE-i-DIB/2200 n-BA/100 BP 6.9 11000 28000 2.6 115 100 

25h PE-i-DIB/2200 n-BA/100 BP 6.5 10200 26300 2.6 117 103 

Table 2. Selected radical copolymerisations incorporating the polyethylene and ethylene/hexene macromonomers 
PE-i-DIB and EH-i-DIB.   

a Conditions: macromonomer = 0.20 g; solvent = toluene; reaction volume = 8.2 mL; temperature = 125°C; reaction time = 120 min, 
unoptimised (vide infra). b Abbreviations: n-BA (n-butyl acrylate), MMA (methyl methacrylate), STY (styrene), VAc (vinyl acetate). 
c Abbreviations: BP = dibenzoyl peroxide, TP = di-tert-butylperoxide). d GPC data obtained in 1,2,4-trichlorobenzene at 160°C using 
mixed-D columns and universal calibration.  Polystyrene standards were used to calibrate the system. f Conditions: macromonomer 
= 10 g; Mn = 3100 Đ = 2.0; [PE-i-DIB] = 7.4x10-3 mol/L; [Initiator] = 7.4x10-2 mol/L; solvent = toluene; reaction volume = 436 ml; 
temperature = 125 °C. g Conditions: macromonomer = 2.4 g; Mn 2200 g/mol Đ = 2.1; [PE-i-DIB] = 1.8x10-2 mol/L; [Initiator] = 0.11 
mol/L  in 10 ml solvent; solvent = toluene; initial reaction volume = 60 ml; temperature = 110 °C; initiator addition rate = 1.14x10-3

mol/hr; monomer addition rate = 0.114 mol/hr. h Initiator addition rate = 1.14x10-3 mol/hr; monomer addition rate = 0.038 mol/hr. 



 

ties, yields and rates of conversion. The use of higher tem-
perature initiators was less successful, leading to incom-
plete conversion. 
  The macromonomer PE-i-DIB can also be used in the syn-
thesis of other polar copolymers (Runs 16-19, Table 2) in-
cluding vinyl ester, styrene and methacrylate. The 
branched polyolefin based on ethylene/hexene copolymer-
ization (Run 12, Table 1) i.e. EH-i-DIB behaves similarly 
(Runs 20-22). 
  The purification of the copolymers thus formed – removal 
of any co-produced homopolymer – was achieved most 
readily in most instances by precipitation; the materials 
containing the PE or EH blocks have relatively low solubil-
ity. The exception was PE-P(MMA) which was most readily 
purified by Soxhlet extraction with MeOH to remove any 
P(MMA) followed by precipitation from toluene/MeOH. 
All samples were analyzed by GPC, NMR and DSC for com-
parison with the PE-i-DIB starting material and homopol-
ymers. The data were not significantly affected by multiple 
reprecipitations of the samples. 
  In Run 15 using 0.2 g of PE-i-DIB and 4.9 g (400 equiv.) of 
n-BA, it was found that conversion of the PE-i-DIB was 
complete after 5 min and the copolymer fraction contained 
64% of the monomer feed. In addition, ca 907 mg of ho-
mopolymer (19%) was produced. The 1H NMR spectrum of 
this P(n-BA) coproduct featured prominent peaks at 6.2 
and 5.5 ppm indicating vinyl termination as expected from 
backbiting and subsequent β-scission at temperatures 
≥90°C.51, 52, 53 A control experiment conducted in the ab-
sence of PE-i-DIB but otherwise under the same conditions 
gave a more conventional high temperature free-radical 
P(n-BA) polymer, with high molecular weight (Mw = 127500 
g/mol) and dispersity (9.1), and in a yield corresponding to 
85% of the feed monomer. It would thus appear that the 
presence of the PE-i-DIB macromonomer provides signifi-
cant control over the n-BA homopolymerization under 
these conditions. 
  It is perhaps for these reasons why large scale batch reac-
tions proceeded without technical difficulty, and for exam-
ple 75 g of PE-PS (Run 23) was synthesized for use in poly-
mer blending studies (vide infra).  
 
Semi-batch synthesis of copolymers  
Runs 24 and 25 (Table 2) were conducted under semi-batch 
conditions, feeding monomer and initiator into the reac-
tion vessel containing macromonomer and solvent at the 
reaction temperature. Such conditions are more suitable 
for scale-up. Samples were taken periodically and the evo-
lution of molecular weight with time was followed by plot-
ting the GPC traces of the separated copolymer (Figure 5). 
At a high rate of monomer addition in Run 24 [1.7 
equiv/min, (a)] the shift in molecular weight to copolymer 
product indicates that most that most of the macromono-
mer is converted within 30 min, and we note that 48% of 
the sample collected was homopolymer at t = 60 min. At 
the lower feed rate of Run 25 [0.56 equiv/min, (b)] conver-
sion of macromonomer is more gradual and here only 20% 
of the feed was converted to homopolymer. Further opti-
mization of this type of reaction is possible and will be re-
ported in due course.  

Characterization of copolymers – general comments 
In the following sections we describe a range of techniques 
including NMR (DOSY, correlation spectra, variable tem-
perature, end-group analysis, correlation with GPC data), 
thermal measurements, light scattering and other physical 
techniques that point strongly towards the presence of 
principally block copolymer architectures in the above 
types of sample. A mechanistic rationalization is also pre-
sented for the observations. 
 

 
Figure 4. Possible architectures of PE-i-DIB radical co-
polymer products: (a) the PE-i-DIB macromonomer; (b) the 
block copolymer product expected from COBF chain transfer 
agent54 mediated copolymerization with e.g. acrylates;  (c) 
block copolymer produced by radical polymerization if rate of 
propagation through the PE macromonomer is slow; (d) “graft 
through” copolymer with saturated termination from dispro-
portionation of chain end, or chain transfer to solvent. (e) 
“graft through” copolymer with vinylic termination from 
backbiting/-scission; (f) “graft through” copolymer with 
eventual termination to PE-i-DIB. 

 



 

NMR spectra of the copolymers 

Examination of the NMR spectra of various kinds has al-
lowed us to cast light on the nature of the copolymers of 
Table 2 which might in principle be block or graft struc-
tures of the various kinds shown in Figure 4.  
  Diffusion-ordered NMR spectroscopy (DOSY) This 
technique,55, 56 as applied to the analysis of polymers or pol-
ymer mixtures in solution,57, 58, 59, 60 relies on the principle 
that at a given temperature and viscosity, diffusion rates 
depend on hydrodynamic radius and molecular weight. 
This technique can be used to e.g. distinguish between co-
polymers and mixtures of homopolymers, particularly 
where the analyte is freely soluble in the NMR solvent. If 
elevated temperatures are required to dissolve the sample, 
then distinct diffusion rates may not be resolved even if 
several components are present. It is perhaps for these rea-
sons that we were unable to find any published examples 
of DOSY analysis of polyethylenes, these materials being 
only soluble at high temperatures (typically ~100°C in chlo-
rinated hydrocarbons). Some of the copolymers of Table 2 
are however quite soluble at low temperatures and gave ex-
cellent DOSY spectra. 

(a) 

 

(b) 

 

Figure 5. GPC traces following the progress of semi-
batch polymerisations. (a) Run 24 (Table 2), monomer 
addition rate ca 1.7 equiv/min with respect to PE-i-DIB 
macromonomer; (b) Run 25, monomer addition rate ca 
0.56 equiv/min.  

PE-P(VAc) copolymer (Run 19, Table 2) gave a clear solu-
tion in d2-tetrachloroethane at 25°C. In the DOSY spectrum 
at this temperature (Figure 6), signals corresponding to PE 

(ca 1.3 ppm) and P(VAc) segments aligned tightly around a 
diffusion coefficient of ca 4 × 10-10 m2/s. Alongside a series 
of control experiments on samples deliberately contami-
nated with homopolymers (see SI), this is inconsistent with 
the presence of a mixture of polymers of different identities 
and molecular weight ranges, and corroborates the obser-
vation from GPC of there being a single molecular weight 
distribution. Similar results were obtained for lower MW 
PE-P(n-BA) materials which are also soluble at room tem-
perature. Further experiments are detailed in the SI. 

 

Figure 6. DOSY 1H spectrum of PE-P(VAc) in C2D2Cl4 at 
25°C (500 MHz). The dashed line corresponds to a 
diffusion coefficient of 4.0 x 10-10 m2/s. 

  End-groups The homopolymer coproducts in most of the 
above reactions feature end-groups resulting from conven-
tional termination mechanisms: (i) as noted above the P(n-
BA) homopolymer produced in e.g. Runs 13-15 (Table 2) 
features the expected vinylic end-groups; (ii) in the vinyl 
acetate system, methylene termination from the expected 
chain transfer mechanism and vinylic termination from 
disproportionation61, 62 was observed in e.g. the homopoly-
mer from Run 18 (Table 2); (iii) in the P(MMA) homopoly-
mer isolated from Run 16, vinylic end-groups arising from 
disproportionation and chain transfer via H abstraction 
from the α-methyl group – as observed by Davis and co-
workers63 – are seen. In all instances however, such diag-
nostic end-groups are absent in the spectra of the isolated 
PE-PX copolymers (SI). This indicates that architectures 
(d) and (e) of Figure 4 are not significant components. 
  For the PS materials, deductions of this nature are more 
difficult because the reaction temperature is insufficient 
for backbiting to occur at a significant rate51 and as a result 
we would not expect to see vinylic end-groups in either co-
polymer or homopolymer. 
  Estimation of molecular weight from NMR spectra 
For all the copolymers, the ratio of the integrals of the pol-
yolefin and polar segments increase rapidly (ca three-fold) 
with increase in temperature from 25°C to 50°C but more 
slowly thereafter. Such behavior is consistent with the for-
mation of aggregates at lower temperatures. This aggrega-
tion reduces the molecular motion of the relatively insolu-
ble PE segment more than that of the soluble polar blocks. 



 

Consequently, high temperature NMR measurements were 
routinely made in order to give useful integrals. 
  For many of the copolymers, signals for the PE chain can-
not be fully resolved from those of the polar units. In the 
1H NMR spectra of PE-P(n-BA) (Runs 13-15, 24, 25) at  
 100°C in d2-tetrachloroethane for example the signal for 
the PE chain at ca 1.3 ppm overlaps with a broad P(n-BA) 
side-chain CH2 multiplet at ca 1.4 ppm. Also, the PE end 
group methyl and P(n-BA) side chain methyl groups over-
lap at ca 1 ppm. While this prevents direct estimation of 
the Mn, we can readily compare the degrees of polymeriza-
tion (DP) indicated by NMR spectra and GPC measure-
ments by assuming for the moment that the copolymer 

(e.g. Run 24 Mn = 11000 g/mol, universal calibration) in-
cludes a single macromonomer unit (2200 g/mol).  
  As detailed in SI for all the polymer systems the DP im-
plied by GPC data sets the well-resolved P(n-BA) ester CH2 
signal at ca 4.1 ppm (Figure S5) to be ca 137 H. The relative 
integrals of the remaining groups correspond with expec-
tations +/- 5%. If some comb polymer [Figure 4 (f)] is pre-
sent, then the in-chain incorporation of macromonomer 
(i.e. m) is small. 
  These calculations are detailed in SI for each copolymer 
system. The NMR spectra of PE-P(VAc), PE-P(MMA) and 
PE-PS samples gave similarly consistent measurements be-
tween GPC and integration of high temperature NMR. The 
EH-based copolymers (e.g. Run 20) have spectra that are 

Figure 7.  Proposed mechanism for the copolymerization of PE-i-DIB with n-butyl acrylate. 



 

further complicated by the presence of branched polyole-
fin chains, but the 1H NMR spectra could nevertheless be 
analyzed similarly. The relative integrals of all peaks are 
consistent with the copolymers having ca one PE segment 
per chain.  
  In addition to the above, PE-P(VAc) copolymers gave suf-
ficiently well-separated peaks in the 1H NMR spectra for Mn 
to be estimated directly. The sample from Run 18 in d2-tet-
rachloroethane at 100°C displayed P(VAc) methine and the 
PE main chain CH2 resonances in the ratio 1.27:1 hence Mn 
= 4800 g/mol. This corresponds sufficiently well with the 
value of Mn = 4200 g/mol from GPC (Table 2). 
  1H-13C and 1H-1H correlation spectra It was possible in 
several examples using a series of correlation spectra to de-
tect and assign key peaks consistent only with the block 
copolymer structure (c). For example, in the 1H NMR spec-
trum of PE-P(VAc) (Run 19) recorded at 100°C, overlapping 
signals for Hb and Hr couple to two benzylic environments 
in the 13C spectrum. We can also see separate correlations 
between: (i) Hb and the neighbouring diastereotopic back-
bone methylene proton environments Hd (1.51 and 1.62 
ppm); and (ii) Hr and methylene proton environments Hs 
(1.88 ppm). See SI for further details. 
 
Mechanism of formation of copolymer 
A consideration of the above observations, as well as the 
expected rates of the various reactions, leads us to propose 
the mechanism in Figure 7 using n-BA monomer as an ex-
ample. 
  At the high reaction temperatures required to dissolve the 
polyolefin macromonomer (> 90°C) thermal decomposi-
tion of the initiator (dibenzoyl peroxide) proceeds at a high 
rate64 kd followed by fast50 propagation of n-BA (k11) to pro-
duce growing polar polymer I. The cross-propagation of I 
with PE-i-DIB is expected to have a very high rate coeffi-
cient (k12), perhaps 5-6 times higher than that of k11,65 not-
ing also that the macromonomer is present at concentra-
tions ca two orders of magnitude higher than the control 
agent in a typical nitroxide-mediated polymerization.66 
The tertiary benzylic radical III formed is expected to have 
appreciable stability,50, 53, 67 and taking into account the ad-
ditional steric protection provided by the mid-chain posi-
tion of the radical centre it will be resistant to most chain-
transfer processes and certainly homopropagation. We 
noted above that in copolymerizations of AMS with other 
monomers, the styrene forms a high fraction of end-
groups.68, 49, 69, 70 

  In contrast, unimolecular β-scission of III (𝑘 ) may be 
appreciable at high temperature,69 and thus competitive 
with irreversible termination, reforming I and in principle 
permitting further propagation with n-BA. After depletion 
of monomer under batch conditions, backbiting and sub-
sequent β-scission of species I predominate,51, 52, 53, 69, 71 lead-
ing to a propagating P(n-BA) radical and the observed un-
saturated homopolymer II with relatively low Ð, as noted 
earlier. 
  In any event, the sterically protected nature of III mili-
tates against intermolecular chain-transfer reactions, and 
we propose that this is why attempted COBF-mediated co-
polymerizations of PE-i-DIB and n-BA (vide supra) did not 

give detectable vinylidene units of the type shown in Fig-
ure 4 (b). Chain transfer from III to solvent at rate constant 
kS

65 is likely to be the main source of eventual termination 
and production of the proposed polymer product V, an ex-
ample of the block structure in Figure 4 (c).  
  Under these conditions he effective rate of cross-propa-
gation of III with n-BA to form X is expected to be low, 
even before taking into account steric crowding of the rad-
ical centre in III by the polymer chain. Nevertheless, this 
process is feasible and would be followed by further 
homopropagation at a rate comparable to k11, so we cannot 
exclude a priori the possibility that a graft copolymer based 
on XI would be produced.  
  As mentioned earlier however, this polymer would be ex-
pected to contain vinylic termination products [Figure 
4(e)], and these are not observed. Addition of P(n-BA) 
monomer or macromonomer to the tertiary carbon would 
lead to the formation of branches (species VII), but frag-
mentation could be significant at these high tempera-
tures52 and quarternary branch points are not detected in 
the 13C NMR spectra.72 We also took into account the pos-
sibility of mid-chain radical migration as another conse-
quence of the backbiting reaction, given its significance in 
n-BA homopolymerization.73 In this case the process would 
lead to conversion of III to VI with rate coefficient kintra. 
Rapid β-scission would then be expected to follow in two 
directions,74, 71 one of which would yield copolymer IX with 
a vinylic end-group. Since these species are not detected in 
high temperature NMR experiments, intramolecular 
chain-transfer of III to another tertiary carbon is, as ex-
pected, slow. 

 

Figure 8. Crystallization of PE segments. The crystalli-
zation temperature of (a) PE-i-DIB (Mn = 2200 g/mol) is 
typical of low MW HDPE, while addition of increasingly 
large P(n-BA) segments (b), (c) and (d) - total Mn = 7000, 
19200 and 42500 g/mol respectively - leads to a dramatic 
reduction in Tc because the polar block kinetically impedes 
nucleation. The reduction in intensity is a result of there 
being less PE in the sample as the proportion of the polar 
polymer increases. 

Thermal properties of the copolymers 
Block copolymers display crystallization phenomena asso-
ciated with differences in the behavior of the individual 



 

segments.75 In the PE-P(n-BA) materials the melting tem-
perature (Tm) associated with the PE block fell from that of 
the macromonomer PE-i-DIB (121°C) by up to 8°C as the 
size of the P(n-BA) segment increased (Table 2). This rela-
tively small change would result from reductions in the 
size of the PE lamellae. At the same time however, the crys-
tallization temperature (Tc) fell dramatically [Figure 8] 
such that the difference between Tm and Tc (supercooling 
or undercooling)76 increased from 10°C in the PE-i-DIB 
sample to as much as 41°C. This is consistent with in-
creased kinetic inhibition of PE chain nucleation;76-77 as the 
non-crystalline block length increases it becomes more dif-
ficult for the polyethylene units to orient themselves into 
lamellae.78 The other copolymers displayed similar phe-
nomena (Table 2) i.e. modest fall in Tm and large fall in Tc 
on addition of a polar block. In contrast, physical blends of 
the constituent homopolymers behaved as phase-sepa-
rated mixtures, with e.g. Tm and Tc as for PE-i-DIB.  
 

 

 

Figure 9. Dynamic light scattering analysis. (upper) 
EH-b-P(n-BA) (Run 20, Table 2) comprising blocks of pol-
yethylene-co-hexene (Mn = 3900, 6 wt% hexene) and 
poly(n-butyl acrylate), and of total Mn = 5,500, Đ = 2.3, dis-
persed in THF. Apparent hydrodynamic diameter of ca 100 
nm; (lower) PE-b-P(n-BA) (Run 14, Table 2) comprising 
blocks of polyethylene (Mn = 2200 g/mol) and poly(n-butyl 
acrylate) and a total Mn = 19200, Đ = 3.6, dispersed in THF. 
Apparent hydrodynamic diameter of ca 60 nm.  

Aggregation properties 
Amphiphilic copolymers commonly form micellar disper-
sions in suitable solvents, and this was found to be the case 
here. In particular, the less crystalline examples contained 
branched polyolefin segments (i.e. EH blocks) dispersed 
most readily in THF – a solvent expected to be selective for 
the polar blocks – and excellent dynamic light scattering 

data were collected [e.g. Figure 9]. Further DLS data are 
presented in SI. 

Mediation of immiscible polymer blending 

The mechanical properties of recycled polystyrene (PS) are 
affected dramatically by contamination with other immis-
cible polymers such as PE. In a preliminary study, samples 
of commercial PS contaminated with 10% HDPE were pre-
pared using a twin screw extruder, and test specimens were 
injection-moulded into test bars. Figure 10(a) shows that 
under tensile deformation this PS/PE blend fails errati-
cally. Scanning electron microscopy (SEM) of cryofrac-
tured samples provides an explanation in that the extruded 
material has poorly distributed PE in a PS matrix as a result 
of the incompatibility of these polymers, and further that 
fibrils of PE are drawn out of the injection-moulded mate-
rial on fracture. When the same blend was extruded with 
1% w/w of the PE-PS copolymer of Run 23 (Table 2), clear 
changes were observed in the stress-strain curves [Figure 
10(b) – blue lines] and the blend behaves very similarly to 
virgin PS samples (black lines). SEM analysis [Figure 10(b)] 
correspondingly shows a uniform distribution of small, 
spherical PE domains in the extruded material. This is con-
sistent with reduction of the interfacial tension between 
the immiscible PS and PE. Further SEM images are pre-
sented in SI. 
 
CONCLUSIONS 
The Chung mechanism for copolymerization of ethylene 
and styrene in the presence of dihydrogen [Figure 2(a)] was 
extended by a newly discovered aspect – the catalytic hy-
dride insertion depicted in Figure 2(b) – which accounts 
for the production of some double-capped polymer under 
these conditions. This led us to design a new and efficient 
synthesis of end-functionalized polyolefins [Figure 2(c)] 
which was implemented via a highly productive metallo-
cene polymerization. We find that since α-methylstyrenes 
do not copolymerize with ethylene, they do not impede 
zirconocene catalysis, but nevertheless in the presence of 
dihydrogen they form an initiating unit for each polymer 
chain. 
  The new polyolefin macromonomer PE-i-DIB and the 
ethylene/hexene (LLDPE) copolymer EH-i-DIB formed in 
this way via use of 1,3-diisopropenylbenzene differ substan-
tially from e.g. vinyl termination-rich PEs in that they are 
readily incorporated into polar polymers via simple radical 
polymerizations. Further, while the α-methylstyrenly end-
groups undergo radical addition readily, they propagate 
slowly thereafter, leading – we propose – to block copoly-
mer architectures. While this might be expected on the ba-
sis of the behavior of AMS itself in CCTP-mediated radical 
copolymerization54 it is nevertheless unexpectedly simple 
and efficient. Given the notorious difficulty in convincingly 
characterizing new classes of block copolymer we have at-
tempted to assemble a body of evidence for the polyolefin 
polar polymer diblock structures PE-b-PX.  
  The solubility of the copolymers is such that while they 
are in some instances dissolved or dispersed at room tem-
perature in various solvents, the presence of the PE 



 

chain allows their ready isolation by precipitation. The 
GPC data and DOSY spectra are consistent with the pres-
ence of single distributions of MW rather than physical 
mixtures of polymers with different identities. Further, 
comparison of molecular weight data and the integrals of 
high temperature NMR spectra indicate that ca one PE 
block is present in each chain for all systems studied. In-
deed, the molecular weights for some of the copolymers 
synthesized are sufficiently low that only one PE block may 
be present. This, along with the absence of the conven-
tional radical polymerization end-groups in the samples, 
essentially excludes all reasonable structures except PO-b-
PX [Figure 4(c)]. Also, in some instances correlation NMR 
spectra give direct evidence for the diblock structure.  

  The new polymers have thermal properties also con-
sistent with these structures and phase separation in the 
solid – modest changes in Tm but significant impedance of 
crystallization (Tc) – and undergo micellization in suitable 
solvents as evidenced by DLS and NMR spectroscopy. Fur-
ther, evidence for the compatibilization of an immiscible 
blend of PE and PS using PE-PS is presented from mechan-
ical testing and microscopy. 

 
 

Noting the extensive use of macromonomers in free-radi-
cal copolymerizations,79 and some relevant insight from 
Davis and Barner-Kowollik,68 we searched for published re-
sults that might be reinterpreted in the context of our 
work. The copolymerization of isopropenylbenzyl-termi-
nated poly(ethylene oxide) macromonomers with styrene 
gave unexpectedly high conversion, particularly when 
higher molecular weight macromonomer was used.80 Sim-
ilarly, copolymerization of isopropenylbenzyl-terminated 
poly(2-vinylpyridine) with styrene gave apparently only 
one “graft” per polymer.81 We suggest that these materials 
may also be principally block copolymers. 
The new polymers PO-b-PX (X = styrene, acrylate, meth-
acrylate, vinyl ester) represent classes of materials hitherto 
unknown, rare, or only available via circuitous or expensive 
routes. The new approach is efficient and versatile, and will 
we hope allow industrial manufacture of polyolefin block 
copolymers. Further, the characteristic amphiphilic behav-
ior indicates that a wealth of future applications are now 
feasible based on modification of the interfacial properties 
of polyolefins. 
 
EXPERIMENTAL 
General considerations 
Where necessary work was carried out under an inert at-
mosphere of argon, using standard Schlenk techniques. All 

Extruded 

Inj. moulded 

Extruded 

Inj. moulded 

(a) 

(b) 

Figure 10.  Tensile testing and SEM images of fractured samples. (a)  Five injection moulded test samples of a PS:HDPE 
90:10 w/w blend undergo a range of failure types. SEM images of cryofractured samples show poor distribution of PE in the 
PS matrix; (b) On addition of 1% PE-PS (run 23, Table 2) the tensile properties of the PS/PE blend (blue lines) are similar to 
those of the  returned as a result of substantially improved distribution of PE in the sample.  



 

glassware and cannulae were dried at 125°C for at least 24 
h prior to use. 
  Toluene for metallocene polymerizations was dried by re-
flux over sodium for 3 d prior to distillation, then degassed 
using three freeze-pump-thaw cycles before use. Styrene 
(≥99%, Aldrich), α-methylstyrene (99%, Aldrich) and 1,3-
diisopropenylbenzene (97%, Aldrich) for the same were 
vacuum distilled from CaH2 and stored under argon at 5°C. 
  Research grade ethylene and high purity (99.995%) hy-
drogen were purchased from BOC. Methylaluminoxane 
(AXION CA 1310) was purchased from Chemtura as a 10 
wt% solution in toluene and used as received. Monomers 
for the radical polymerizations: n-butyl acrylate (≥99%, Al-
drich), vinyl acetate (99+%, Acros Organics), methyl meth-
acrylate (99+%, Acros Organics) and styrene (≥99%, Al-
drich) were passed through a column of alumina to remove 
inhibitors before use. Dibenzoyl peroxide (75% in H2O, Al-
drich), di-tert-butyl peroxide (98%, Aldrich) and 2,2'-azo-
bis(2-methylpropionitrile) (98%, Aldrich) were used as re-
ceived. 
  1H NMR spectra of PE samples were recorded on a Bruker 
AV-400 spectrometer in 1,1,2,2-tetrachloroethane-d2 at 
100°C. Residual protio-solvent was used as an internal ref-
erence.82, 83 13C NMR spectra of PE samples were recorded 
on a Bruker DRX-500 spectrometer at 125MHz in 1,1,2,2-tet-
rachloroethane-d2 (>10,000 scans, 4 s relaxation time, 
100°C) ensuring that the sample was fully dissolved. NMR 
assignments were confirmed by 1H-1H (COSY), 13C-1H 
(HMQC) and 13C-1H (HMBC) correlation experiments 
where necessary (see SI). 
  Catalysts and air-sensitive reagents were stored in an 
MBraun glovebox at >5 ppm O2. 
  High temperature GPC was performed in 1,2,4-trichloro-
benzene (≥99%, Aldrich) containing 0.0125 wt% 2,6-di-
tert-butyl-4-methylphenol (BHT) (Aldrich) at 160°C, flow 
rate 1 ml/min on a Agilent PL220 equipped with differential 
refractive index, viscometry and dual angle light scatter de-
tectors. The system was fitted with a 5 cm PLgel guard col-
umn (5 μM), and two PLgel 30 cm mixed-D columns (5 
μM). The molecular weight data reported were determined 
by universal calibration. Agilent PS-H Easivial standards 
were used to calibrate the system and a standard was run 
with each set of samples to assess the error of the calibra-
tion. The peak average molecular weight (Mp) of the 
standar never differed more than 5% from the stated value. 
Ambient temperature GPC was performed on soluble ho-
mopolymer samples in chloroform containing 2% trime-
thylamine at 30°C, flow rate 1 ml/min on a Agilent 390-LC-
MDS equipped with differential refractive index, viscome-
try, dual angle light scatter and two wavelength UV detec-
tors. The system was fitted with 5 μM and 10 μM guard col-
umns and two PLgel 30 cm mixed-C columns. Agilent 
P(MMA)-H and PS-H Easivial standards were used to cali-
brate the system (specified where appropriate) and the 
molecular weight data reported were determined by con-
ventional calibration. 
  Thermal analyses were carried out on a Mettler Toledo 
DSC1-400 system. Under an atmosphere of dinitrogen, the 
samples were heated to 160°C at 10°C/min, and cooled to -
160160°C at 10°C/min for recrystallization. This cycle was 

repeated three times in total and after the first melt to 
erase thermal history, all subsequent thermograms were 
identical. The melting temperature (Tm), crystallization 
temperature (Tc) and glass transition temperature (Tg) data 
reported were taken from the third heating run. 
  Particle size distributions were measured by dynamic 
light scattering (DLS) using a Malvern Zetasizer Nano ZS. 
To prepare samples for DLS measurements, 10 mg of each 
polymer were weighed into a vial and made up to concen-
trations of 1 mg/ml with THF which had been filtered using 
a 0.22 μm filter to remove dust. To aid dissolution, the so-
lutions were stirred using a vortex mixer for at least 5 min. 
Quartz cuvettes with two clear faces were used and filled 
with a suitable amount (1 cm depth) for ideal temperature 
control and two min were allowed for the sample the tem-
perature to stabilize at 25°C. Each solution underwent 
three measurements of 15 scans each and the average of 
each set of measurements was reported. 
 
Metallocene polymerization  
This was carried out in a 250 ml stainless steel Parr reactor 
with internal cooling coil equipped with a thermocouple 
and a pressure burette system (see SI) for the quantitative 
monitoring of gas delivery at a fixed pressure. The reactor 
was dried under vacuum at 100°C for 1 h before addition of 
a 90 ml solution consisting of toluene, Comonomer and 
MAO solution via cannula, with the reactor initially heated 
to 50°C for a desired reaction temperature of 60°C. The re-
actor was purged for 10 min with dihydrogen before the ad-
dition of ethylene. Once ethylene uptake had stablilized, a 
toluene solution of catalyst prepared in the glovebox was 
injected using an overpressure of argon (partial pressure 
compensations made). After catalyst addition, the temper-
ature and gas uptake were continuously monitored. The 
reaction temperature was maintained at the desired tem-
perature (typically 60°C). At the appropriate time, the re-
action was stopped by careful addition of methanol (2 × 10 
ml) to the vented reactor. The polymer product was pre-
cipitated by pouring into a solution of 5% HCl in methanol 
(600 ml) with stirring for 1 h. The product was recovered 
by filtration and washed with THF. The polymer product 
was dried by heating to 70°C in vacuo overnight. 
 
Batch radical polymerization 
In a typical small scale radical polymerization example, a 
10 ml ampoule equipped with a stirrerbar was charged in 
air with PE-i-DIB (0.2 g, 9.5×10-5 mol), n-butyl acrylate (2.7 
ml, 1.9×10-2 mol) (n-BA), dibenzoyl peroxide (75% in H2O) 
(3.7×10-2 g, 9.5×10-5 mol) (BP), and made up to 8.2 ml with 
toluene. The ampoule was then sealed and freeze-pump-
thaw degassed three times before it was stirred and heated 
to 125°C in an aluminium heating block. At the appropriate 
time, the reaction mixture was opened and poured into 
methanol (100 ml) with stirring to precipitate the product. 
The precipitate was allowed to settle and the solid recov-
ered by filtration. If required, the crude product may be 
purified by reprecipitation from toluene/methanol. Sam-
ples were dried in vacuo at 50-70°C. 
 
 



 

Semi-batch radical polymerizations 
Using Run 24 as an example, a 250 ml 3-ncek RBF equipped 
with a stirrer bar, condenser (with bubbler) and two rubber 
septa was charged in air with PE-i-DIB macromonomer 
(2.4 g, 1.1×10-3 mol) and toluene (60 ml). the system was 
purged by bubbling argon through the reaction mixture 
with stirring for 15 min at room temperature. After purging, 
the inert atmosphere was maintained by turning on the di-
nitrogen supply as the argon supply was removed and the 
mixture was heated to 110°C with stirring to dissolve the 
macromonomer. Separate flasks were charged with a tolu-
ene solution of dibenzoyl peroxide (0.37 g, 1.1×10-3 mol) and 
n-butyl acrylate (16 ml, 0.114 mol, 100 equivalents) respec-
tively and purged with argon for 15 min with stirring. Sy-
ringes were purged with argon three times and then used 
to draw up the required initiator and monomer feeds, 
which were then set into syringe pumps. The initiator so-
lution and monomer were continuously fed into the reac-
tion mixture at fixed rates and the total amounts of mono-
mer added and the feed rates were adjusted depending on 
the required rate to deliver the feeds over the desired reac-
tion time. At appropriate intervals, sampling of the 
polymerization was achieved by withdrawing a 2.5 ml ali-
quot from the reaction mixture with a syringe and the con-
tents transferred into stirring methanol (30 ml) to isolate 
the PE-containing species. At the appropriate time, the 3-
neck RBF was opened and the remaining reaction mixture 
poured into stirring methanol (400 ml) with stirring. The 
precipitate was allowed to settle before recovery by filtra-
tion, reprecipitation from toluene/methanol and drying 
overnight in vacuo. The combined filtrates from precipita-
tion were dried in vacuo to isolate the homopolymer by-
products. 
 
Polymer blending and testing 
HDPE (Mn 17,000 g/mol, Mn 149,000 g/mol) and polysty-
rene (Mn 90,000 g/mol, Mn 333,000 g/mol) were sourced 
commercially. The PE-PS copolymer used was from Run 23 
(table 2). Extrusion was performed using a Thermo Scien-
tific HAAKE Minilab II Twin Screw system (160°C, 80 rpm). 
HDPE, PS and PE-PS were added simultaneously, cycled 
for 5 min, extruded, recycled again for 5 min, and finally 
extruded. Mechanical test specimens conforming to the 
ASTM D638 – 10 using a Thermo Scientific HAAKE Minijet 
Pro Piston Injection Moulding system at 160°C. Tensile 
testing was performed using a Shimadzu Autograph AGS-
X Universal Tester. Non-injection moulded blends for SEM 
analysis were made as above in the extruder with the ex-
ception that rather than extruding the sample the shear 
force was stopped, and the system was cooled to 130°C to 
allow for removal of the polymer without distorting the 
sample. The blend was then cooled in liquid nitrogen for 5 
min before shattering with a hammer. 

ASSOCIATED CONTENT  
Further details of polymer synthesis, NMR spectra, thermal 
data, dynamic light scattering and microscopy. This material 
is available free of charge via the Internet at 
http://pubs.acs.org. Data created during this study are openly 

available from the University of Warwick Research Archive 
Portal (WRAP) (http://wrap.warwick.ac.uk)  
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