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ABSTRACT:  Usually atom transfer radical polymerization (ATRP) requires various parameters, such as the type of initiator, 
transition metal, ligand, solvent, temperature, deactivator, added salts and reducing agents, need to be optimised in order 
to achieve a high degree of control over molecular weight and dispersity. These components play a major role when switch-
ing monomers e.g. from acrylic to methacrylic and/or styrenic monomers during the synthesis of homo- and block copoly-
mers as the stability and reactivity of the carbon centered propagating radical dramatically changes. This is a challenge for 
both “experts” and non-experts as choosing the appropriate conditions for successful polymerization can be time consum-
ing and an arduous task. In this work we describe some universal conditions for the efficacious polymerization of acrylates, 
methacrylates and styrene (using an identical initiator, ligand, copper salt and solvent) based on commercially available 
reagents (PMDETA, IPA, Cu(0) wire). The versatility of these conditions is demonstrated by the near quantitative polymer-
ization of these monomer families to yield well-defined materials over a range of molecular weights with low dispersities 
(~1.1-1.2). The control and high end group fidelity is further exemplified by in situ block copolymerization upon sequential 
monomer addition for the case of methacrylates and styrene furnishing higher molecular weight copolymers with minimal 
termination. The facile nature of these conditions, combined with readily available reagents will greatly expand the access 
and availability of tailored polymeric materials to all researchers.

INTRODUCTION 

     The advent of reversible deactivation radical polymeri-
zation techniques (RDRP) has opened new avenues for the 
synthesis of advanced materials that exhibit narrow molec-
ular weight distributions (MWDs), high end group fidelity 
and precisely controlled molecular weight and architec-
ture. Amongst various polymerization approaches (e.g. re-
versible addition-fragmentation chain-transfer (RAFT)1, 2, 
nitroxide mediated polymerization (NMP)3 etc.), atom 
transfer radical polymerization (ATRP)4, 5 and Cu(0)-
RDRP6-8 (typically referred to as either single electron 
transfer (SET)-LRP or supplemental activation and reduc-
ing agents (SARA)-ATRP) have significantly contributed to 
this field.  

     Both ATRP and Cu(0)-RDRP are considered as multi-
component systems typically composed of a metal source 
(Cu(I) or Cu(0)), a monomer (e.g. acrylates, methacrylates, 
styrene etc.), an initiator, a ligand, a solvent, a deactivator 
(e.g. CuBr2, CuCl2 etc.) as well as various other additives 
(e.g. salts, reducing agents etc.). To select the appropriate 
initiator, good knowledge of the reactivity of different alkyl 
halides towards initiation is important in order to maintain 

good control over the polymerization process and the pol-
ymer end groups, the latter example being especially im-
portant for the efficient synthesis of block copolymers.1, 9-11

The selection of a suitable catalyst is also of importance as 
different reactivities could lead to vastly different rates of 
polymerization (kp), thus compromising overall control of 
the polymerization.1, 12 In addition the activity as well as the 
concentration of ligand plays an important role in the suc-
cess of a polymerization with ligands ranging from very 
high (e.g. tris(2-pyridylmethyl)amine (TPMA), tris[2-(di-
methylamino)ethyl]amine (Me6Tren)) to very low activity 
(bipyridine (bpy), tetramethylethylenediamine (TMEDA)), 
where high activity corresponds to the ligand activity to 
stabilize Cu(II) relative to Cu(I).1, 13 Each class of ligand can 
facilitate the controlled polymerization of different mono-
mers, with typically “active ligands” providing good control 
in polymerizing high kp monomers (e.g. acrylates and 
acrylamides) and “less active” ligands achieving better con-
trol in the polymerization of low kp monomers (e.g. meth-
acrylates), where ligands typically have low lying π* orbit-
als capable of accepting electrons from the metal stabiliz-
ing  Cu(I).9 However, it should be noted that active ligands 
have also been reported to mediate the polymerization of 



methacrylates although no evidence of end group fidelity 
is provided.14, 15 Finally, although solvent choice certainly 
has a much lower impact on radical polymerizations (in 
terms of both rate and stereochemistry) as opposed to 
ionic polymerizations, the choice of the reaction medium 
can still significantly affect the ATRP equilibrium and rel-
evant rate constants.9 Similar findings have also been ob-
served in Cu(0)-mediated processes, where the results vary 
depending on the catalyst, ligand, solvent and monomer 
structure employed.16 As such, it is necessary that all these 
components are judiciously matched (on top of adjusting 
other parameters such as temperature, dilutionor reaction 
time) depending on the targeted monomer type (e.g. acry-
lates, methacrylate, styrene etc.) in order to yield con-
trolled polymerizations with high end group fidelity (Fig-
ure 1). In contrast, research in the area of RAFT polymeri-
zation has made more progress towards the development 
of universal chain transfer agents (CTAs), potentially due 
to the simpler overall system.17-19

     Even after careful optimization of the reaction condi-
tions of copper mediated ATRP, in order to maintain high 
end group fidelity one often has to stop the polymerization 
at moderate/low conversions (e.g. 60%) and extensively 
purify the macroinitiator product prior to performing a 
chain extension experiment which is a waste of materials 
and time consuming limiting commercial exploitation and 
attractiveness. In order to circumvent this, a number of dif-
ferent “variations” of ATRP and SET-LRP have recently 
been developed, including use of free radical initiators (in-
itiators for continuous activator regeneration (ICAR) 
ATRP)20, reducing agents (activators regenerated by elec-
tron transfer (ARGET) and AGET ATRP)21, 22, electrochem-
ical (eATRP)23 and light stimuli (light ATRP),24-30 as well as 
Cu(0)-wire and Cu(0) particle mediated processes.31, 32 The 
latter two approaches have demonstrated high end group 
fidelity even at near-quantitative conversions as exempli-
fied by the in situ synthesis of multiblock copolymers.33-39

Moreover, to the best of our knowledge, in situ chain ex-
tensions with copper mediated polymerization approaches 
have only been reported for relatively high kp monomers 
such as acrylates, as methacrylates are more susceptible to 
termination, chain transfer and side reactions. Im-
portantly, all these techniques are capable of polymerizing 
specific families of monomers, however choosing the ap-
propriate method depending on the targeted polymer can 
also be challenging.12

     Considering these issues it becomes evident that tuning 
reaction conditions for different monomer classes can be 
challenging and time consuming. As such, a universal sys-
tem where identical components (e.g. same initiator/lig-
and/solvent/catalyst) could be used for the controlled 
polymerization of a range of highly relevant monomers 
(e.g. acrylates, methacrylates, styrene) under environmen-
tally friendly conditions would be highly desirable. More 
importantly, these polymers should exhibit not only nar-
row MWDs but also high end group fidelity, capable of fa-
cilitating the synthesis of block copolymers in situ. 
(Scheme 1) In addition, as many ligands used for classical 
ATRP or SET-LRP such as Me6Tren or TPMA can be either 

expensive or require step-wise syntheses, utilizing com-
mercially available and inexpensive ligands such as 
N,N,N′,N′′,N′′-pentamethyldiethylenetriamine (PMDETA) 
would also be advantageous.  

     In order to address all of these features we report the 
controlled polymerization of acrylates, methacrylates and 
styrenics utilizing universal conditions (the same copper 
source, initiator, ligand and solvent). All the reagents are 
commercially available, inexpensive (e.g. PMDETA, copper 
source, solvent), “green” and easy to remove (isopropanol 
(IPA)) while the simple set up ensures accurate reproduci-
bility. Under these carefully selected universal conditions 
acrylates, methacrylates and styrene can be successfully 
polymerized furnishing materials with high end group fi-
delity and narrow molecular weight distributions. Im-
portantly, polymethacrylates and polystyrene can be suc-
cessfully chain extended in situ upon sequential monomer 
addition forming diblock copolymers with low dispersities. 
This allows facile access to well-defined materials by both 
“experts” and non-experts for the first time. 

EXPERIMENTAL 

Materials 

All materials were purchased from Sigma Aldrich or 
Fischer Scientific and used as received unless otherwise 
stated. All monomers were used without subsequent puri-
fication. HPLC IPA (99.9%) was used for all the experi-
ments, including the chain extensions. Tris-(2-(dimethyla-
mino)ethyl)amine (Me6Tren) was synthesized according to 
previously reported literature and N,N,N′,N′′,N′′-pentame-
thyldiethylenetriamine (PMDETA) was distilled prior to 
use. Cu(0) (gauge 0.25 mm) wire was purchased from Co-
max Engineered wires and purified by immersion in conc. 
HCl for 15 minutes and subsequently rinsed with water and 
dried prior to use. 1H NMR spectra were recorded on 
Bruker DPX-300 or DPX-400 spectrometers in CDCl3. 
Chemical shifts are given in ppm downfield from the inter-
nal standard tetramethylsilane. Monomer conversions 
were determined via 1H NMR spectroscopy by comparing 
the integrals of monomeric vinyl protons to polymer sig-
nals. 13C NMR spectra were recorded on Bruker Avance 500 
MHz, equipped with a DCH 13C-optimised cryoprobe. Size 
exclusion chromatography (SEC) measurements were con-
ducted using an Agilent 390-LC MDS instrument fitted 
with differential refractive index (DRI), viscometry (VS), 
dual angle light scatter (LS) and two wavelength UV detec-
tors. The system was equipped with two PLgel 5 mm 
mixed-C columns (300 x 7.5 mm), one PLgel 5 µm guard 
column and autosampler. Narrow linear poly(methyl 
methacrylate) and polystyrene standards (Agilent EasyVi-
als) ranging from 200 to 1.0 x106 g mol-1 were used as cali-
brants. Samples were run at a flow rate of 1.0 mL min-1 at 
30 ˚C. All samples were passed through a 0.22 μm GVHP 
membrane prior to analysis. The mobile phase was THF 
with 2% TEA and 0.01% BHT (butylated hydroxytoluene) 
additives. Experimental molar mass (Mn, SEC) and dispersity 
(Đ) values were analysed using Agilent GPC/SEC software 
(version 1.2). MALDI-ToF-MS was conducted using a 



Bruker Daltonics Ultraflex II MALDI-ToF mass spectrome-
ter, equipped with a nitrogen laser delivering 2 ns laser 
pulses at 337 nm with positive ion ToF detection performed 
using an accelerating voltage of 25 kV. Solutions in tetra-
hydrofuran (50 μL) of trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propyldene] malonitrile (DCTB) or dithranol as a 
matrix (saturated solution), sodium iodide or sodium io-
dide as cationization agent (1.0 mg mL−1) and sample (1.0 
mg mL−1) were mixed, and 0.7 μL of the mixture was ap-
plied to the target plate. Spectra were recorded in reflector 
mode calibrating PEG-Me 1900 kDa. 

Materials 

General procedure for a typical Cu(0)-mediated RDRP of 
methyl methacrylate (MMA) 

Methyl methacrylate (MMA) (4 mL or 3.76 g, 50 equiv.), 
pre-activated copper wire (5 cm), methyl-α-bromo-
phenylacetate (MBPA) (0.119 mL or 0.171 g, 1 equiv.), CuBr2

(8.35 mg, 0.05 equiv.) and IPA (4 mL) were added to a sep-
tum sealed vial, equipped with a stirring bar, around which 
the copper wire was wrapped. The mixture was subse-
quently deoxygenateddeoxygenated by bubbling with ni-
trogen for 20 min. PMDETA (0.057 mL, 0.36 equiv.) was 
then introduced in the vial via a gas-tight syringe and the 
polymerization was allowed to commence at 40 ̊ C for 18 h. 
Samples were taken periodically under a nitrogen blanket 
and passed through a short column of neutral alumina to 
remove dissolved copper salts prior to analysis by 1H NMR 
and SEC.  

General procedure for a typical Cu(0)-mediated RDRP of 
styrene 

Styrene (4 mL or 3.64 g, 50 equiv.), pre-activated copper 
wire (5 cm), MBPA (0.111 mL or 0.160 g, 1 equiv.), CuBr2

(7.80 mg, 0.05 equiv.) and IPA (4 mL) were added to a sep-
tum sealed vial. The copper wire was wrapped around the 
stirrer bar and the mixture was subsequently deoxygenat-
eddeoxygenated by bubbling with nitrogen for 20 min. 
PMDETA (0.052 mL, 0.36 equiv.) was then introduced in 
the vial via a gas-tight syringe and the polymerization was 
allowed to commence at 60 ̊ C for 36 h. Samples were taken 
periodically under a nitrogen blanket and passed through 
a short column of neutral alumina to remove dissolved 
copper salts prior to analysis by 1H NMR and SEC.  

General procedure for a typical Cu(0)-mediated RDRP of 
methyl acrylate (MA) 

MA (4 mL or 3.82 g, 50 equiv.), pre-activated copper wire 
(5 cm), MBPA (0.140 mL or 0.203 g, 1 equiv.), CuBr2 (9.92 
mg, 0.05 equiv.) and IPA (4 mL) were added to a septum 
sealed vial. The copper wire was wrapped around the stir-
rer bar and the mixture was subsequently deoxygenatedde-
oxygenated by bubbling with nitrogen for 20 min.  
PMDETA (0.033 mL, 0.18 equiv.) was then introduced in 
the vial via a gas-tight syringe and the polymerization was 
allowed to commence at 60 ˚C for 12 h. Samples were taken 
periodically under a nitrogen blanket and passed through 
a short column of neutral alumina to remove dissolved 
copper salts prior to analysis by 1H NMR and SEC.  

General procedure for a typical chain extension of PMMA 
with MMA 

The general procedure for the homopolymerization of 
MMA by Cu(0)-mediated RDRP was followed, as given 
above. Homopolymer conversions were monitored by reg-
ular sampling to accurately determine the time at which 
near quantitative monomer conversion was reached ac-
cording to 1H NMR (CDCl3). In subsequent experiments 
the homopolymerization of MMA was allowed to proceed 
for 8 h, prior to the addition of a mixture of freshly deoxy-
genated MMA (4 mL or 3.76 grams, 50 equiv.), IPA (4 mL) 
and PMDETA (0.057 mL, 0.36 equiv.). The polymerization 
was allowed to proceed at 40 ˚C for a further 18 h. Samples 
were taken under a nitrogen blanket and passed through a 
short column of neutral alumina to remove dissolved cop-
per salts prior to analysis by 1H NMR and SEC.

General procedure for a typical chain extension of PS with 
Styrene 

The general procedure for the homopolymerization of sty-
rene by Cu (0)-mediated RDRP was followed as given 
above. Homopolymer conversions were monitored by reg-
ular sampling to accurately determine the time at which 
full monomer conversion was reached according to 1H 
NMR (CDCl3). In subsequent experiments the homopoly-
merization of styrene was allowed to proceed for 36 h, be-
fore addition of a mixture of freshly deoxygenated styrene 
(8 mL or 7.28 grams, 50 equiv.), IPA (8 mL) and PMDETA 
(0.057 mL, 0.36 equiv.). The polymerization was allowed to 
proceed for a further 36 h at 60 ˚C. Samples were taken 
under a nitrogen blanket and passed through a short col-
umn of neutral alumina to remove dissolved copper salts 
prior to analysis by 1H NMR and SEC.

General procedure for a typical chain extension of PMA 
with MA 

PMA macroinitiator was synthesized according to the ho-
mopolymerization procedure, as given above. It was di-
luted in THF prior to filtration through a column of neutral 
alumina to remove dissolved copper salts. The polymer was 
isolated via precipitation in MeOH:H2O (70% MeOH), and 
dried under vacuum. The degree of polymerization of the 
PMA was calculated by 1H NMR (CDCl3). The macroinitia-
tor (0.73 g, DPn = 58, 1 equiv.) was subsequently added to 
MA (1.13 mL, target DPn = 50), pre-activated copper wire (5 
cm), CuBr2 (1.40 mg, 0.05 equiv.) and IPA (1.13 mL) in a sep-
tum sealed vial.  The mixture was subsequently deoxygen-
ated by purging with nitrogen for 15 min. PMDETA (0.0047 
mL, 0.18 equiv.) was then introduced in the vial via a gas-
tight syringe and the polymerization was allowed to com-
mence at 60 ̊ C. Samples were taken under a nitrogen blan-
ket and passed through a short column of neutral alumina 
to remove dissolved copper salts prior to analysis by 1H 
NMR and SEC. 

RESULTS AND DISCUSSION 

Methyl methacrylate, evaluating optimization towards 
universal conditions  



     Cu(0)-wire mediated polymerization is often employed 
for the controlled polymerization of acrylates (e.g. methyl 
acrylate) at ambient temperature often utilizing ethyl-α- 
bromoisobutyrate (EBiB) as the initiator, Me6Tren as the 
ligand and DMSO as the solvent yielding poly(acrylates) 
with narrow molecular weight distributions and near-
quantitative conversions.40 A small amount of CuBr2 deac-
tivator is also typically added in order to improve the con-
trol over MWDs.41 However, under identical conditions the 
polymerization of methyl methacrylate (MMA) leads to 
much slower polymerization rates reaching 77% conver-
sion (overnight) with broad MWDs (Ð ≥ 1.5) (Table 1, Entry 
1 and Figure S1). Increasing the temperature to 40 °C gave 
no improvement over the conversion or the control over 
the MWD (Đ ≥ 1.76), which demonstrates that this combi-
nation of initiator, solvent, ligand cannot facilitate the con  

trolled polymerization of MMA (Table 1, Entry 2 and Figure 
S2). MBPA, a much less explored initiator,42-44 exhibits high 
activity and should thus be suitable for methacrylates 
given they are considered active monomers.9 Significantly, 

switching the initiator from EBiB to MBPA gave rise to low 
dispersities (Ð~1.15) although the conversion did not ex-
ceed 79% (overnight) even when the temperature was in-
creased to 40 °C (Table 1, Entries 3-4 and Figure S3-S4). Re-
gardless of the conversion, low dispersities clearly indicate 
that MBPA is an effective initiator for the controlled 
polymerization of methacrylates under Cu(0)-mediated 
conditions resulting in fast initiation with respect to prop-
agation. As DMSO would not solubilize all our targeted 
polymers (polystyrene is insoluble in DMSO) we decided 
to search for an alternative solvent. At that point, we en-
visaged IPA as a potential candidate for two main reasons. 
Firstly, IPA has already been shown to facilitate the con-
trolled polymerization of hydrophobic monomers (though 
only for acrylates) by forming a phase separation system 
(where monomer/catalyst are in a different  from the pol-
ymer) with limited termination and side reactions.45, 46 In 
addition, IPA is an inexpensive and “green” solvent,47

which is easy to handle and can be removed by rotary evap-
oration (unlike DMSO).48 However, switching the solvent 
from DMSO to IPA (Me6Tren, MBPA 

Figure 1: Schematic representation of the challenges typically encountered when conducting copper mediated polymer-
izations and our universal approach that can facilitate the polymerization of styrene, acrylates and methacrylates. 

and temperature remaining the same) resulted in zero con-
version being observed by either NMR or SEC, and increas-
ing the temperature to 40 °C resulted in high dispersity 
polymer. (Đ ~ 1.7) (Table 5, entries 5-6) and Figure S5).  
These results show that the combination of Me6Tren with 
MBPA is unsuitable for the polymerization of methacry-
lates under the selected reaction conditions. Interestingly, 
when the ligand was changed from Me6Tren to PMDETA 
(a less expensive alternative), narrow MWDs (Đ ~ 1.16-1.18) 
could be obtained at either ambient or higher   tempera-
tures mirroring the results obtained from polymerizations 
in DMSO (where Me6Tren was used instead of PMDETA, 
Table 1, Entry 7-8 and Figure S6-S7). Despite the success of 
these experiments, the final conversion was only 62% (after 

18 h of reaction time) which precludes effective in situ
chain extensions. In order to circumvent this, the concen-
tration of the     ligand was adjusted from 0.18 equiv. with 
re- 



-

Scheme 1: Universal conditions illustrating the synthesis 
of polyacrylate, polymethacrylate and polystyrene homo 
and block copolymers via Cu(0)-mediated RDRP 

spect to the initiator to 0.36 equiv. It has been previously 
reported by Percec, Matyjaszewski and Haddleton that rel-
atively small changes in ligand concentration can dramat-
ically affect both the end group fidelity and the rate of the 
polymerization.40, 49-52 Indeed the aforementioned change 
of ligand concentration resulted in a remarkable accelera-
tion on the rate of the polymerization furnishing well-de-
fined poly(MMA) with a final dispersity of 1.18 at near 
quantitative conversion (98%) (Table 1, entry 9, Figure S8-
S9). It should be noted that even lower dispersities can be 

achieved if the reaction is ceased at lower conversions (e.g. 
Ð~ 1.10 at 93% of conversion, Table 1, Entry 10). However, 

as we were interested in the full capabilities of these uni-
versal conditions, including subsequent in situ chain ex-
tensions, all polymerizations were pushed to near-quanti-
tative conversions. The isolated materials were then ini-
tially analyzed by MALDI-ToF-MS although no bromine 
could be detected attributed to MS fragmentation effects, 
in agreement with previous reports.53, 54 (Figure S10) How-
ever, when quantitative 13C NMR was measured 94% of C-
Br end groups could be observed and thus showing very 
high end group fidelity under these conditions (Figures S11-
12). In addition, 13C NMR also showed similar stereochem-
istry (67% syndiotactic) in comparison to other ATRP ana-
logues previously reported (Table S1 and Figure S13).55 In 
order to further demonstrate the necessity to judiciously 
combine all the suggested components, MBPA was re-
placed by EBiB under our optimized conditions. However, 
broad MWDs were observed with either Me6Tren or 
PMDETA, thus highlighting the importance of our opti-
mized conditions (Table 1, Entries 11-12 and Figures S14-
S15). 

Investigating into the scope of the universal conditions; 
Different DPs, butyl and PEG methacrylate and block co-
polymers 

     In order to probe the potential of this system in main-
taining control over higher molecular weights we con-
ducted a range of polymerizations targeting degrees of 
polymerization from DPn=50-400. Under identical condi-
tions four poly(MMA) homopolymers were synthesized 
with MW varying from 7000 

Table 1: 1H NMR and SEC analysis of the polymerization of MMA, with optimization of solvent, ligand, temperature and 
ligand concentration shown. 

Entry 
Number 

Initiator Solvent 
Ligand (% 
w.r.t [I]) 

Temp.  
(˚C) 

Conv. 
(%) 

Mn,theory  (g 
mol-1)

Mn,SEC     (g 
mol-1) 

Đ 

1 EBiB DMSO 
Me6Tren 

(18%) 
RT 77 4100 7200 1.53 

2 EBiB DMSO 
Me6Tren 

(18%) 
40 78 4200 6200 1.76 

3 MBPA DMSO 
Me6Tren 

(18%)
RT 79 4300 7800 1.15 

4 MBPA DMSO 
Me6Tren 

(18%)
40 62 3300 4600 1.26 

5 MBPA IPA 
Me6Tren 

(18%)
RT <5 - - - 

6 MBPA IPA 
Me6Tren 

(18%)
40 25 1500 2500 1.68 

7 MBPA IPA 
PMDETA 

(18%)
RT 57 3100 3800 1.16 

8 MBPA IPA 
PMDETA 

(18%)
40 62 3300 4300 1.18 

9 MBPA IPA 
PMDETA 

(36%)
40 98 5100 7000 1.18 

10 EBiB IPA 
Me6Tren 

(36%) 
40 79 4200 5700 1.76 

11 EBiB IPA 
PMDETA 

(36%) 
40 99 5200 6200 1.43 



to 42000 g mol-1. In all cases ~90% conversion was reached 
with low dispersities ranging from 1.18 to 1.28 (Figures 2a 
and S16 and Table S2). In order to indirectly assess the end 
group fidelity of the system, in situ chain extensions of 
P(MMA with a second aliquot of MMA were also con-
ducted furnishing higher MW polymer (Mn,sec=12800 g mol-

1) without any increase in the initial dispersity of the ma-
croinitiator. As the conversion of the second block was 
~84% we managed to further   increase this by the addition 
of another aliquot of ligand (together with the monomer 
addition) which yielded an increased conversion (92%) 
(Figures S17-S18 and Table S3). Importantly, very little tail-
ing in the low MW region was observed by SEC suggesting 
an efficient re-initiation of PMMA and high end group fi-
delity under the selected conditions. The scope of the sys-
tem was subsequently extended to include butyl methac-
rylate (BMA) and poly(ethylene glycol) methyl ether meth-
acrylate (PEGMA) in order to illustrate the ability to facili-
tate the controlled polymerization of both hydrophobic 
and hydrophilic monomers.   Pleasingly, the polymeriza-
tion of the hydrophilic PEGMA led to narrow MWDs 
(Ð~1.11) at near quantitative conversion (~99%) with a final 
Mn of 27600 g mol-1 (Figures S19-S20 and Table S4). Butyl 
methacrylate was also successfully polymerized to afford a 
homopolymer with low dispersity (Ð~1.22) at ~97% of con-
version (Figures S21-S22 and Table S4). The latter mono-
mer (BMA) was also employed to in situ chain extend a 
poly(MMA) macroinitiator yielding a well-defined 
poly(MMA)-b-poly(BMA) diblock copolymer with a final dis-
persity of 1.20 and a final Mn of 17200 g mol-1 (Figures 2b 
and S23 and Table S5). Again, it should be noted that the 
conversion of the second block was also pushed to near- 
completion (~99%) with earlier samples yielding even 
lower dispersities. Overall, these results demonstrate that 
the combination of MBPA, IPA, PMDETA and Cu(0) wire 
can successfully mediate the controlled polymerization of 
either hydrophobic or hydrophilic methacrylates yielding 

low dispersed polymers even at very high conversions lead-
ing to the in situ synthesis of well-defined diblock copoly-
mers. 

The synthesis of well controlled poly(styrene) under univer-
sal conditions 

     In the previous section the controlled polymerization of 
methacrylates was demonstrated under the following con-
ditions: [MMA]:[MBPA]:[PMDETA]:[CuBr2]  = 
[50]:[1]:[0.36]:[0.05] in 1:1 (v/v) monomer to solvent (IPA) 
ratio at 40 °C. However, when identical conditions were 
utilized to polymerize styrene, no conversion was detected 
by 1H NMR spectroscopy or SEC (Table 2, entry 1). It is in-
teresting to note how one set of conditions provide quan-
titative conversions, high end group fidelity and low dis-
persities for one monomer family (methacrylates) but give 
rise to no conversion for another family of monomer (sty-
rene), further demonstrating the need for universal condi-
tions. Significantly, by simply raising the temperature from 
40 °C to 60 °C we obtained a well-defined poly(styrene) ex-
hibiting narrow molecular weight distributions (Ð~ 1.15) 
for up to 98% conversion (Table 2, Entry 2 and Figures 2c 
and S24-S25). It is noted that with lower ligand concentra-
tion (0.18 equiv. with respect to the initiator) a slower 
polymerization was detected reaching only ~ 58% of con-
version under the same time scale of polymerization (Fig-
ure S26). Thus, for both methacrylates and styrene, in-
creasing the ligand concentration from 0.18 to 0.36 equiv. 
results in a largee increase of the conversion without com-
promising the MWDs (Table 2, entry 3).  

     Although the polymerization rate was low, requiring 
~36 h to reach completion, high end group fidelity could 
be maintained throughout the reaction as evident by in situ
chain extensions. Note however that similarly to previous 
reports, the MALDI-ToF mass spectrometry showed an ab-
sence of a bromine, but instead a double bond terminated 
polymer which is attributed to the loss of HBr during the 
ionization of the silver 

Table 2: 1H NMR and SEC analysis of the polymerization of polystyrene (DP50) via Cu(0)-RDRP, with optimisation of 
temperature and ligand concentration shown. 

Table 3: 1H NMR and SEC analysis for the polymerization of methyl acrylate, with optimization of solvent, ligand, tem-
perature and ligand concentration shown. 

Entry Number 
Ligand (% w.r.t 

[I]) 
Temp. 

(˚C) 
Conv. (%) 

Mn,theory 

(g mol-1)
Mn,SEC 

(g mol-1) 
Đ 

1 
PMDETA  

(18%)
40 0 - - - 

2 
PMDETA 

(18%)
60 58 3200 4100 1.16 

3 
PMDETA 

(36%)
60 98 5300 8100 1.15 

Entry 
Number 

Initiator Solvent 
Ligand (% 
w.r.t [I]) 

Temp. 
(˚C) 

Conv. 
(%) 

Mn,theory 

(g mol-1)
Mn,SEC 

(g mol-1) Đ 

1 EBiB DMSO 
Me6Tren 

(18%) 
RT >99.9 4500 5700 1.06 



Figure 2:  Methacrylic, styrenic and acrylic homo and block copolymers synthesized via Cu(0)-mediated RDRP showing 

SEC traces of a) PMMA (DPn =50-100) b) in situ block copolymer PMMA-PBMA c) PS (DPn =50-100) d) In situ chain exten-
sion of PS e) PMMA (DPn =50-100) f) PMA (DPn =50-100) b) block copolymer PMMA-PBMA. 

salt.56, 57 (Figure S27) In order to further investigate the 
presence of an active end group, a polystyrene homopoly-
mer (98% conversion, Mn,SEC~8100 g mol-1, Ð~ 1.15) was 
chain extended with another aliquot of styrene and an ad-
ditional aliquot of PMDETA (consistent with the chain ex-
tension of MMA) resulting in a clear shift in the MWs by 
SEC and a final Mn of 17700 g mol-1 demonstrating high end 
group fidelity and low dispersity values (final Ð~ 1.24) (Fig-
ures 2d and S28, and Table S6). As PEO diblocks are highly 
desirable for many applications,58-60 we were also inter-
ested in synthesizing a PEG macroinitiator functionalized 
with MBPA (Figures S29-S30). Pleasingly, a clear shift to 
higher molecular weight was observed upon addition of 
styrene yielding a final diblock copolymer with dispersity 
as low as 1.17, thus showing that poly(ethylene oxide)-b-
polystyrene can be synthesized under the universal condi-
tions (Figure S31). Higher MW polystyrene could also be 
obtained (DPn=100), with a final Mn of ~12000 g mol-1 and 

dispersity as low as 1.17 (Figure 2c and Table S7). These re-
sults show that under the universal conditions both meth-
acrylates and styrene can be successfully polymerized 
yielding low dispersity polymers, with near quantitative 
conversions and high end group fidelity, capable of under-
going in situ chain extensions and block copolymeriza-
tions. 

The synthesis of well controlled poly(acrylates) under uni-
versal conditions 

     Our next target was to examine the polymerization of 
acrylates. Arguably, the controlled polymerization of acry-
lates is well documented in the literature with either Cu(0) 
or CuBr mediated systems presenting impressive end 
group fidelity as exemplified by the synthesis of multiblock 
copolymers.61 EBiB or methyl-bromopropionate (MBP), 
Me6Tren and DMSO at ambient temperature are well-
known as “ideal” conditions to polymerize MA. Under 

2 EBiB IPA 
Me6Tren 

(18%)
RT 93 4200 5100 1.10 

3 MBPA IPA 
Me6Tren 

(18%)
RT 0% - - - 

4 MBPA IPA 
PMDETA

(36%)
RT 5% - - - 

5 MBPA IPA 
PMDETA 

(36%)
40 10% - - - 

6 MBPA IPA 
PMDETA 

(36%)
60 88 4000 5200 1.28 

7 MBPA IPA 
PMDETA

(18%)
60 90 4100 4600 1.15 



these conditions, and in agreement with the literature, 
>99% conversion in a few hours can be achieved with dis-
persities as low as 1.06 (Table 3, Entry 1, Figure S32).35, 62, 63

However, having a universal set of conditions and reagents 
that would allow for the controlled polymerization of acry-
lates, methacrylates and styrene would be advantageous as 
it enables greater accessibility of polymeric materials by 
non-experts. As such, we were initially interested to ex-
plore whether IPA could afford the controlled polymeriza-
tion of MA (maintaining EBiB and Me6Tren). As antici-
pated, the good control over the MWDs was maintained 
(Ð~ 1.10) with the reaction reaching >90% conversion (Ta-
ble 3, Entry 2 and Figure S33). Nevertheless, EBiB was sub-
sequently switched to MBPA (maintaining IPA, Me6Tren 
and ambient temperature) but no conversion was observed 
under these conditions further highlighting how the 
change of just one component can have detrimental effects 
on the polymerization (Table 3, Entry 3). Switching the lig-
and from Me6Tren to PMDETA (0.36 equiv. with respect to 
the initiator) did not improve the outcome and no polymer 
was obtained (Table 4, Entry 4). However, when the tem-
perature was raised from ambient temperature to 60 °C the 
polymerization occurred yielding 88% of conversion and a 
dispersity of 1.28 (Table 3, Entries 5 and 6 and Figure S34). 
Once more, it is quite remarkable how a small change in 
the temperature could switch the polymerization “on”. As 
it has already been reported that acrylates possess higher 
end group fidelity at lower ligand concentrations, the 
amount of PMDETA was subsequently decreased from 0.36 
equiv. to 0.18 equiv. (with respect to the initiator) resulting 
in a decrease in the dispersity from 1.28 to 1.15, whilst also 
presenting high conversion (~90%) (Table 3, Entry 7 and 
Figures 2e and S35-S36). This result shows that methyl 
acrylate can also be successfully polymerized under the 
universal conditions utilizing the inexpensive and com-
mercially available ligand PMDETA, the more environ-
mentally friendly solvent IPA (in comparison to DMSO), 
MBPA as the initiator and ppm concentrations of copper. 
Higher molecular weights of poly(MA) could also be ob-
tained (DP=100) although the dispersity value increased 
from 1.15 to 1.30 (Figure 2e and Table S8). Nevertheless, bu-
tyl acrylate was also successfully polymerized with a dis-
persity of 1.28 at ~89% of conversion demonstrating the ca-
pability of the system to polymerize various acrylates (Fig-
ures S37-38 and Table S9).  

     As conversions for the poly(acrylates) did not reach 
quantitative or near quantitative levels, in situ chain exten-
sions were not attempted. However, MALDI-ToF-MS anal-
ysis revealed very high end group fidelity with the major 
polymer peak distribution corresponding to bromine ter-
minated poly(MA) (Figure 3). As such, the poly(MA) was 
isolated and purified (Figure S39) prior to addition of an-
other aliquot of MA and this resulted in a near complete 
shift of the initial macroinitiator peak on analysis by SEC 
(Ð~1.27 at ~90% conversion for the chain extension, Fig-
ures S40-S41 and Table S10). It is noted that a low MW 
shoulder was evident suggesting that the polymerization of 
acrylates is not ideal under these conditions and 100% end 
group fidelity cannot be maintained. Similar results were 

obtained when poly(MA) was chain extended with butyl 
acrylate (Figures S42-S43 and Table S11).  

Figure 3: MALDI-ToF-MS spectra of PMA synthesized via 
Cu(0)-RDRP

     In addition, when poly(MA) was chain extended with 
styrene, more efficient re-initiation was observed furnish-
ing a well-defined diblock poly(MA)-b-polystyrene copol-
ymer with Ð~1.21 and Mn,SEC ~ 12200 g mol-1 (Figures 2f and 
S44, and Table S12). The same poly(MA) macroinitiator 
could also be chain extended with a larger aliquot of sty-
rene forming higher MW diblock copolymers of Mn,SEC = 
19900 g mol-1 and Ð~1.24 (Figure S45 and Table S12). This is 
a significant achievement as it demonstrates that cross 
propagation is also possible in our system despite the 
poly(acrylates) being under not typically ideal conditions. 
As such, all the monomer families selected could be effec-
tively polymerized under the universal conditions exhibit-
ing in all cases good control over MWDs, high conversions 
and high end group fidelity.

CONCLUSIONS 

     We report the efficacious and controlled polymeriza-
tion of acrylates, methacrylates and styrene under one set 
of universal reaction conditions yielding well-defined ma-
terials with low dispersities and high end group fidelity at 
near quantitative conversions. In situ chain extensions and 
block copolymerizations afforded the synthesis of low dis-
persity diblock copolymers for the case of methacrylates 
and styrene while isolation of the poly(MA) macroinitiator 
also yielded well defined diblocks when styrene was used 
as the second monomer. All three monomers utilized 
MBPA as the initiator, PMDETA as the ligand, IPA as the 
solvent, Cu(0) wire as the copper source and CuBr2  as de-
activator. Importantly all the materials employed are com-
mercially available and inexpensive while the solvent used 
(IPA) is environmentally friendly and the Cu(0) catalyst 



used is in ppm levels. By employing one set of conditions 
for the controlled polymerization of broadly applicable 
monomer families with standard, readily available rea-
gents, this will allow facile access to advanced polymeric 
materials for all researchers. 
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