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ABSTRACT: Atom transfer radical polymerization (ATRP)
typically requires various parameters to be optimized in order to S ~ Br
achieve a high degree of control over molecular weight and E)

dispersity (such as the type of initiator, transition metal, ligand,

solvent, temperature, deactivator, added salts, and reducing 5 Universal 0 .
agents). These components play a major role when switching j\ o i
monomers, e.g., from acrylic to methacrylic and/or styrenic = 20
monomers during the synthesis of homo- and block copolymers o

as the stability and reactivity of the carbon centered propagating j Conditions S Br
radical dramatically changes. This is a challenge for both oo o !

“experts” and nonexperts as choosing the appropriate conditions
for successful polymerization can be time-consuming and overall
an arduous task. In this work, we describe one set of universal
conditions for the efficacious polymerization of acrylates, methacrylates and styrene (using an identical initiator, ligand, copper
salt, and solvent) based on commercially available and inexpensive reagents (PMDETA, IPA, Cu(0) wire). The versatility of
these conditions is demonstrated by the near quantitative polymerization 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.

B INTRODUCTION the polymerization process and the polymer end groups, the
latter example being especially important for the efficient
synthesis of block copolymers.'*~"> The selection of a suitable
catalyst is also of importance as different reactivities can lead to
vastly different rates of polymerization (k,), thus compromising
overall control.'® In addition the activity as well as the
concentration of ligand plays an important role in the success of

The advent of reversible deactivation radical polymerization
techniques (RDRP) has opened new avenues for the synthesis
of advanced materials that exhibit narrow molecular weight
distributions (MWDs), high end group fidelity, and precisely
controlled molecular weight and architecture. Among various
polymerization approaches (e.g., reversible addition—fragmen- o S ) ’
tation chain-transfer (RAFT),"” nitroxide mediated polymer- ap olyme.rlzatlon with .hgands ranging from very high .(e.g.,
ization (NMP)® etc.), atom transfer radical polymerization tris(2-pyridylmethyl)amine (TPMA), tris[2-(dimethylamino)-
(ATRP),** and Cu(0)-RDRP®' (typically referred to as ethyl]amine (MegTren)) to very low activity (bipyridine (bpy),

either single electron transfer (SET)-LRP or supplemental tetramethylethylenediamine (TMEDA)), where high activity

activation and reducing agents (SARA)-ATRP) have signifi- corres;:cs)ilgs to the ligands ability to stabilize Cu(II) relative to

cantly contributed to this field." Cu(I).” " Each class of ligand can facilitate the controlled
Both ATRP and Cu(0)-RDRP are considered as multi- polymerization of different monomers, with typically active

component systems typically composed of a metal source ligands providing good control in polymerizing high k,

(Cu(1) or Cu(0)), a monomer (e.g,, acrylates, methacrylates, monomers (e.g, acrylates and acrylamides) and less active

styrene etc.), an initiator, a ligand, a solvent, a deactivator (e.g., ligands achieving better control in the polymerization of low kp

CuBr,, CuCl,, etc.), as well as various other additives (e.g,, salts, monomers (e.g, methacrylates), where ligands typically have

reducing agents, etc.). To select the appropriate initiator, good

knowledge of the reactivity of different alkyl halides toward Received: November 22, 2016

initiation is important in order to maintain good control over Published: December 29, 2016
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Figure 1. Schematic representation of the challenges typically encountered when conducting copper mediated polymerizations and our universal
approach that can facilitate the polymerization of styrene, acrylates, and methacrylates.

low lying 7* orbitals capable of accepting electrons from the
metal stabilizing Cu(1)."> 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.'®"? 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 relevant rate
constants."” Similar findings have also been observed in Cu(0)-
mediated processes, where the results vary depending on the
catalyst, ligand, solvent, and monomer structure employed.”” As
such, it is necessary that all these components are judiciously
matched (on top of adjusting other parameters such as
temperature, dilution or reaction time) depending on the
targeted monomer type (e.g, acrylates, methacrylate, styrene,
etc.) in order to yield controlled polymerizations with high end
group fidelity (Figure 1). In contrast, research in the area of
RAFT polymerization has made more progress toward the
development of universal chain transfer agents (CTAs),
potentially due to the simpler overall system.*'~>*

Even after careful optimization of the reaction conditions 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 different “variations” of ATRP
have recently been developed, including use of free radical
initiators (initiators for continuous activator regeneration
(ICAR) ATRP),** reducing agents (activators re§enerated by
electron transfer (ARGET) and AGET ATRP),””° electro-
chemical (eATRP),” and light stimuli (light ATRP),”*™** as
well as Cu(0)-wire and Cu(0) particle-mediated processes.’”*°
The latter two approaches have demonstrated high end group
fidelity even at near-quantitative conversions as exemplified by
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the in situ synthesis of multiblock copolymers.37_43 Moreover,
to the best of our knowledge, in situ chain extensions with
copper mediated polymerization approaches have only been
reported for relatively high k, monomers such as acrylates, as
methacrylates exhibit much lower propagation rates. Impor-
tantly, all these techniques are capable of polymerizing specific
families of monomers, however choosing the appropriate
method depending on the targeted polymer can also be
challenging. '

Considering these issues, it becomes evident that tuning
reaction conditions for different monomer classes can be
challenging and time-consuming. As such, a universal system
where identical components (e.g., same initiator/ligand/
solvent/catalyst) could be used for the controlled polymer-
ization of a range of highly relevant monomers (e.g, acrylates,
methacrylates, and styrene) under environmentally friendly
conditions would be highly desirable. More importantly, these
polymers should exhibit not only narrow MWDs but also high
end group fidelity, capable of facilitating the synthesis of block
copolymers in situ (Scheme 1). In addition, as many ligands
used for classical ATRP or SET-LRP such as MegTren or
TPMA can be either expensive or require stepwise syntheses,
utilizing commercially 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
styrene 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 setup ensures accurate reproducibility. Under these
carefully selected universal conditions, acrylates, methacrylates,
and styrene can be successfully polymerized furnishing
materials with high end group fidelity and narrow molecular
weight distributions. Importantly, polymethacrylates and
polystyrene can be successfully chain extended in situ upon
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Scheme 1. Universal Conditions Illustrating the Synthesis of
Polyacrylate, Polymethacrylate, and Polystyrene Homo and
Block Copolymers via Cu(0)-Mediated RDRP
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sequential monomer addition forming diblock copolymers with
low dispersities. This allows facile access to well-defined
materials by both “experts” and nonexperts for the first time.

B RESULTS AND DISCUSSION

Methyl Methacrylate, Evaluating Optimization to-
ward Universal Conditions. Cu(0)-wire mediated polymer-
ization is frequently employed for the controlled polymer-
ization of acrylates (e.g,, methyl acrylate) at ambient temper-
ature often utilizing ethyl a-bromoisobutyrate (EBiB) as the
initiator, MesTren as the ligand and DMSO as the solvent
yielding poly(acrylates) with narrow molecular weight dis-
tributions and near-quantitative conversions.”* A small amount
of CuBr, deactivator is also typically added to improve the
control over MWDs.*> However, under identical conditions,
the polymerization of methyl methacrylate (MMA) leads to
much slower polymerization rates reaching 77% conversion
(overnight) with broad MWDs (P > 1.5) (Table 1, Entry 1
and Figure S1 of the Supporting Information, SI). Increasing
the temperature to 40 °C gave no improvement over the
conversion or the control over the MWD (P > 1.76), which
demonstrates that this combination of initiator, solvent, and
ligand cannot facilitate the controlled polymerization of MMA
(Table 1, Entry 2 and Figure S2). MBPA, a much less explored

initiator,**~** which exhibits high activity and should thus be
suitable for polymerizing methacrylates given they are
considered active monomers.”” Significantly, switching the
initiator from EBiB to MBPA gave rise to low dispersities (D =
1.15) although the conversion did not exceed 79% (overnight)
even when the temperature was increased to 40 °C (Table 1,
Entries 3—4 and Figures S3 and S4). Regardless 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 propagation. 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 envisaged IPA as a potential candidate for two main
reasons. First, IPA has already been shown to facilitate the
controlled polymerization of hydrophobic monomers (though
only for acrylates) by forming a phase separation system (where
monomer/catalyst are in a different layer to the polymer) with
limited termination and side reactions.*”*° In addition, IPA is
an inexpensive and “green” solvent,”’ which is easy to handle
and can be removed by rotary evaporation (unlike DMSO).>*
However, switching the solvent from DMSO to IPA (Me,Tren,
MBPA and temperature remaining the same) resulted in zero
conversion being observed by either NMR or SEC, and
increasing the temperature to 40 °C resulted in high dispersity
polymer. (D ~ 1.7) (Table 1, entries S—6 and Figure SS).
These results show that the combination of MesTren with
MBPA is unsuitable for the polymerization of methacrylates
under the selected reaction conditions. Interestingly, when the
ligand was changed from MesTren to PMDETA (a less
expensive alternative), narrow MWDs (D = 1.16—1.18) could
be obtained at either ambient or higher temperatures mirroring
the results obtained from polymerizations in DMSO (where
MegTren was used instead of PMDETA, Table 1, Entries 7—8
and Figures S6 and 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 concentration of
the ligand was adjusted from 0.18 equiv. with respect to the
initiator to 0.36 equiv. It has been previously reported by
Percec, Matyjaszewski, and Haddleton that relatively small
changes in ligand concentration can dramatically affect both the
end group fidelity and the rate of the polymerization.****~°

Table 1. "H 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])
1 EBiB DMSO MegTren (18%)
2 EBiB DMSO Me,Tren (18%)
3 MBPA DMSO MegTren (18%)
4 MBPA DMSO Me,Tren (18%)
s MBPA IPA Me,Tren (18%)
6 MBPA IPA MegTren (18%)
7 MBPA IPA PMDETA (18%)
8 MBPA IPA PMDETA (18%)
9 MBPA IPA PMDETA (36%)

10 MBPA IPA PMDETA (36%)
11 EBiB IPA MegTren (36%)
12 EBiB IPA PMDETA (36%)

temp. (°C) conv. (%) My theory M, sec 2]
RT 77 4100 7200 1.53
40 78 4200 6200 1.76
RT 79 4300 7800 1.15
40 62 3300 4600 1.26
RT )

40 25 1500 2500 1.68
RT 57 3100 3800 1.16
40 62 3300 4300 1.18
40 98 5100 7000 1.18
40 90 4700 6900 1.13
40 79 4200 5700 1.76
40 99 5200 6200 1.43

“In all polymerizations, S cm of Cu(0) wire and 5% CuBr, with respect to initiator were utilized, and samples were taken after 18 h. The volume
ratio of monomer to solvent was maintained at 1:1 throughout. The target DP was SO and conversion was calculated via 'H NMR.
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Figure 2. Methacrylic, styrenic, and acrylic homo and block copolymers synthesized via Cu(0)-mediated RDRP showing SEC traces of (a) PMMA
(DP,, = 50—100); (b) in situ block copolymer PMMA—PBMA,; (c) PS (DP, = 50—100); (d) in situ chain extension of PS; (e) PM (DP, = S0—100);

and (f) block copolymer PMA—PS.

Indeed the aforementioned change of ligand concentration
resulted in a remarkable acceleration on the rate of the
polymerization furnishing well-defined PMMA with a final
dispersity of 1.18 at near quantitative conversion (98%) (Table
1, entry 9, Figures S8 and S9). It should be noted that even
lower dispersities can be achieved if the reaction is ceased at
lower conversions (e.g,, P & 1.13 at 93% of conversion, Table
1, Entry 10). However, as we were interested in the full
capabilities of these universal conditions, including subsequent
in situ chain extensions, all polymerizations were pushed to
near-quantitative conversions. The isolated materials were then
initially analyzed by MALDI-ToF-MS although no bromine
could be detected attributed to MS fragmentation effects, in
agreement with previous reports’”>® (Figure S10). However,
when quantitative *C NMR was measured 94% of C—Br end
groups could be observed, thus showing very high end group
fidelity under these conditions (Figures S11—12). In addition,
3C NMR also showed similar stereochemistry (67%
syndiotactic) in comparison to other ATRP analogues
previously reported (Table S1 and Figure $13).*” In order to
further demonstrate the necessity to judiciously combine all the
suggested components, MBPA was replaced by EBiB under our
optimized conditions. However, broad MWDs were observed
with either MesTren or PMDETA, thus highlighting the
importance of our optimized conditions (Table 1, Entries 11—
12 and Figures S14—S15).

Investigating the Scope of the Universal Conditions;
Different DPs, Butyl, and PEG Methacrylate and Block
Copolymers. In order to probe the potential of this system in
maintaining control over higher molecular weights we
conducted a range of polymerizations targeting degrees of
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50—400. Under identical
conditions, four PMMA homopolymers were synthesized
with molecular weight (MWt) varying from 7000 to 42 000.
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 PMMA with a second aliquot
of MMA were also conducted furnishing higher MWt polymer
(M, = 12 800) without any increase in the initial dispersity of
the macroinitiator. 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
tailing in the low MWt region was observed by SEC suggesting
an efficient reinitiation of PMMA and high end group fidelity
under the selected conditions. The scope of the system was
subsequently extended to include butyl methacrylate (BMA)
and poly(ethylene glycol) methyl ether methacrylate
(PEGMA) in order to illustrate the ability to facilitate the
controlled polymerization of both hydrophobic and hydrophilic
monomers. Pleasingly, the polymerization of the hydrophilic
PEGMA led to narrow MWDs (P & 1.11) at near quantitative
conversion (~99%) with a final M, of 27 600 (Figures S19—
$20 and Table S4). Butyl methacrylate was also successfully
polymerized to afford a homopolymer with low dispersity (D =
1.22) at ~97% of conversion (Figures $21—522 and Table S$4).
The latter monomer (BMA) was also employed to in situ chain
extend a PMMA macroinitiator yielding a well-defined
p(MMA)-b-p(BMA) diblock copolymer with a final dispersity
of 1.20 and a final M,, of 17 200 (Figures 2b and S$23 and Table

polymerization from DP,

DOI: 10.1021/jacs.6b11783
J. Am. Chem. Soc. 2017, 139, 1003-1010


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b11783

Journal of the American Chemical Society

Table 2. "H NMR and SEC Analysis of the Polymerization of Polystyrene (DP50) via Cu(0)-RDRP, with Optimization of

Temperature and Ligand Concentration Shown”

entry number ligand (% w.r.t [I]) temp. (°C)
1 PMDETA (18%) 40
2 PMDETA (18%) 60
3 PMDETA (36%) 60

conv. (%)* M, theory M, skc b
0
58 3200 4100 116
98 5300 8100 L1S

“In all polymerizations, S cm of Cu(0) wire and 5% CuBr, with respect to initiator were utilized, and samples were taken after 36 h. The volume
ratio of monomer to solvent was maintained at 1:1 throughout. The target DP was 50 and conversion was calculated via 'H NMR.

Table 3. "H NMR and SEC Analysis for the Polymerization of Methyl Acrylate, with Optimization of Solvent, Ligand,

Temperature, and Ligand Concentration Shown

entry number initiator solvent ligand (% w.r.t [I])
1 EBiB DMSO MegTren (18%)
2 EBiB PA Me,Tren (18%)
3 MBPA IPA MegTren (18%)
4 MBPA IPA PMDETA (36%)
S MBPA IPA PMDETA (36%)
6 MBPA IPA PMDETA (36%)
7 MBPA IPA PMDETA (18%)

temp. (°C) conv. (%)* M, theory M, skc b

RT >99.9 4500 5700 1.06
RT 93 4200 5100 1.10
RT

RT S

40 10

60 88 4000 5200 1.28
60 90 4100 4600 1.15

“In all polymerizations, S cm of Cu(0) wire and 5% CuBr, with respect to initiator were utilized, and samples were taken after 18 h. The volume
ratio of monomer to solvent was maintained at 1:1 throughout. The target DP was S0 and conversion was calculated via '"H NMR.

SS). 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 meth-
acrylates yielding low dispersed polymers even at very high
conversions leading to the in situ synthesis of well-defined
diblock copolymers.

Synthesis of Well Controlled Poly(styrene) under
Universal Conditions. In the previous section, the controlled
polymerization of methacrylates was demonstrated under the
following conditions: [MMA]:[MBPA]:[PMDETA]:[CuBr,] =
[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
'"H NMR spectroscopy or SEC (Table 2, entry 1). It is
interesting to note how one set of conditions provide
quantitative conversions, high end group fidelity, and low
dispersities for one monomer family (methacrylates) but give
rise to no conversion for another family of monomer (styrene),
further demonstrating the need for universal conditions.
Significantly, by simply raising the temperature from 40 to 60
°C, we obtained well-defined poly(styrene) exhibiting a narrow
molecular weight distribution (D & 1.15) at 98% conversion
(Table 2, Entry 2 and Figures 2c and $24—S25). It is noted that
with lower ligand concentration (0.18 equiv. with respect to the
initiator) a slower polymerization was detected reaching only
~58% of conversion under the same time scale of polymer-
ization (Figure S26). Thus, for both methacrylates and styrene,
increasing the ligand concentration (from 0.18 to 0.36 equiv)
results in a large increase in the conversion without
compromising 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 absence of a bromine, but
instead a double bond terminated polymer which is attributed
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to the loss of HBr during the ionization of the silver salt®®¢!

(Figure S27). To demonstrate the presence of an active end
group, a polystyrene homopolymer (98% conversion, M, szc &
8100, D ~ 1.15) was chain extended with another aliquot of
styrene and an additional aliquot of PMDETA (consistent with
the chain extension of MMA) resulting in a clear shift in the
MWt by SEC and a final M, of 17 700 demonstrating high end
group fidelity and low dispersity values (final D =~ 1.24)
(Figures 2d and S28 and Table S6).

As PEO diblocks are highly desirable for many applica-
tions,””"** we were also interested in synthesizing a PEG
macroinitiator functionalized with MBPA (Figures S29 and
$30). 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 conditions (Figure S31). Higher molecular weight
polystyrene could also be obtained (DP, = 100), with a final M,,
of ~12 000 and dispersity as low as 1.17 (Figure 2c and Table
S7). These results show that under universal conditions, both
methacrylates and styrene can be successfully polymerized
yielding low dispersity polymers, with near quantitative
conversions and high end group fidelity, capable of undergoing
in situ chain extensions and block copolymerizations.

Synthesis of Well Controlled Poly(acrylates) Under
Universal Conditions. Our next target was to examine the
polymerization of acrylates. Arguably, the controlled polymer-
ization of acrylates 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.”” EBiB or methyl-bromopropionate (MBP),
MegTren, and DMSO at ambient temperature are well-known
as “ideal” conditions to polymerize MA. Under these
conditions, and in agreement with the literature, >99%
conversion in a few hours can be achieved with dispersities as
low as 1.06 (Table 3, Entry 1, Figure $32).*”°*®” However,
having a universal set of conditions and reagents that would
allow for the controlled polymerization of acrylates, meth-
acrylates, and styrene would be advantageous as it enables

~
~

DOI: 10.1021/jacs.6b11783
J. Am. Chem. Soc. 2017, 139, 1003-1010


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b11783

Journal of the American Chemical Society

greater accessibility of polymeric materials by nonexperts. As
such, we were initially interested to explore whether IPA could
afford the controlled polymerization of MA (maintaining EBiB
and MegTren). As anticipated, the good control over the
MWDs was maintained (D ~ 1.10) with the reaction reaching
>90% conversion (Table 3, Entry 2 and Figure S33).
Nevertheless, EBiB was subsequently switched to MBPA
(maintaining IPA, Me,Tren, 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 ligand from MesTren to PMDETA (0.36 equiv.
with respect to the initiator) did not improve the outcome and
no polymer was obtained (Table 3, Entry 4). However, when
the temperature was raised from ambient temperature to 60 °C,
the polymerization occurred yielding 88% of conversion and a
dispersity of 1.28 (Table 3, Entries S 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, while also presenting a higher
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 commercially available ligand
PMDETA, the more environmentally friendly solvent IPA (in
comparison to DMSO), MBPA as the initiator and ppm
concentrations of copper. Higher molecular weights of PMA
could also be obtained (DP = 100) although the dispersity
value increased from 1.15 to 1.30 (Figure 2e and Table S8).
Nevertheless, butyl acrylate was also successfully polymerized
with a dispersity of 1.28 at ~89% of conversion demonstrating
the capability of the system to polymerize various acrylates
(Figures S37 and 38 and Table S9).

As conversions for the poly(acrylates) did not reach
quantitative or near quantitative levels, in situ chain extensions
were not attempted. However, MALDI-ToF-MS analysis
revealed very high end group fidelity with the major polymer
peak distribution corresponding to bromine terminated poly-
(MA) (Figure 3). As such, the PMA was isolated and purified
(Figure S39) prior to addition of another aliquot of MA, and
this resulted in a near complete shift of the initial macroinitiator
peak on analysis by SEC (D & 1.27 at ~90% conversion for the
chain extension, Figures S40 and S41 and Table S10). Similar
results were obtained when PMA was chain extended with butyl
acrylate (Figures S42 and S43 and Table S11). In addition,
PMA was chain extended with styrene, furnishing a well-defined
diblock poly(MA)-b-polystyrene copolymer with D = 1.21 and
M, sgc ® 12200 (Figures 2f and S44, and Table S12). The
same PMA macroinitiator could also be chain extended with a
larger aliquot of styrene forming higher MWt diblock
copolymers of M,¢zc = 19900 and P ~ 124 (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 of the monomer families selected
could be effectively polymerized under the universal conditions
exhibiting in all cases good control over MWDs, high
conversions, and high end group fidelity.
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Figure 3. MALDI-ToF-MS spectra of PMA synthesized via Cu(0)-
RDRP.

B CONCLUSIONS

We report the eflicacious and controlled polymerization of
acrylates, methacrylates, and styrene under one set of universal
reaction conditions yielding well-defined materials with low
dispersities at near quantitative conversions. High end group
fidelity was also demonstrated by successful chain extension
from PMMA, PS, and PMA macroinitiators generating a range
of diblocks without compromising the control over the
molecular weight distributions. All polymerizations utilized
MBPA as the initiator, PMDETA as the ligand, IPA as the
solvent, Cu(0) wire as the copper source, and CuBr, as
deactivator. Importantly, all the materials employed are
commercially available and inexpensive, while the solvent
used (IPA) is environmentally friendly and the Cu(0) catalyst
used is in ppm levels. Employing one set of conditions for the
controlled polymerization of three broadly applicable monomer
families while utilizing readily available reagents, will allow facile
access to advanced polymeric materials for all researchers.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the

ACS Publications website at DOI: 10.1021/jacs.6b11783.
Further detailed experimental including general proce-
dures for all syntheses and supplementary figures (PDF)

B AUTHOR INFORMATION
Corresponding Authors
*a.anastasaki@warwick.ac.uk
*hawker@mrl.ucsb.edu
*d.m.haddleton@warwick.ac.uk,
ORCID

Richard Whitfield: 0000-0003-4787-2060
Craig J. Hawker: 0000-0001-9951-851X

DOI: 10.1021/jacs.6b11783
J. Am. Chem. Soc. 2017, 139, 1003-1010


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.6b11783
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11783/suppl_file/ja6b11783_si_001.pdf
mailto:a.anastasaki@warwick.ac.uk
mailto:hawker@mrl.ucsb.edu
mailto:d.m.haddleton@warwick.ac.uk
http://orcid.org/0000-0003-4787-2060
http://orcid.org/0000-0001-9951-851X
http://dx.doi.org/10.1021/jacs.6b11783

Journal of the American Chemical Society

David M. Haddleton: 0000-0002-4965-0827

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support from the University of Warwick (RW., V.N,,
G.RJ, and N.E.), Syngenta (RW.), and Lubrizol (G.R]. &
N.E.) are gratefully acknowledged. We also thank the MRSEC
and PREM programs of the National Science Foundation
(DMR-1121053 and DMR-1205194) for financial support
(AA, EHD, CF, JW, and CJH.). The MRL Central
Facilities are supported by the MRSEC Program of the NSF
under Award No. DMR 1121053; a member of the NSF-
funded Materials Research Facilities Network (www.mrfn.org).
E.H.D. acknowledges the NSF Graduate Research Fellowship
for financial support. A.A. acknowledges the Global Marie
Curie Fellowship for financial support. Dr. Alexandre Simula is
gratefully acknowledged for fruitful scientific discussions and
for being so supportive. Dr. Nghia Truong is also acknowledged
for proof reading the manuscript and for providing valuable
comments and discussions.

B REFERENCES

(1) Chiefari, J.; Chong, Y. K; Ercole, F.; Krstina, J.; Jeffery, J.; Le, T.
P. T.; Mayadunne, R. T. A;; Meijs, G. F.; Moad, C. L; Moad, G.
Macromolecules 1998, 31, 5559—5562.

(2) Moad, G.; Rizzardo, E; Thang, S. H. Aust. J. Chem. 2012, 65,
985—1076.

(3) Hawker, C. J.; Bosman, A. W.; Harth, E. Chem. Rev. 2001, 101,
3661—3688.

(4) Kato, M; Kamigaito, M.; Sawamoto, M.; Higashimura, T.
Macromolecules 1995, 28, 1721—1723.

©) Wang, J.-S.; Matyjaszewski, K. J. Am. Chem. Soc. 1995, 117,
5614—5615.

(6) Percec, V.; Guliashvili, T.; Ladislaw, J. S.; Wistrand, A
Stjerndahl, A.; Sienkowska, M. J.; Monteiro, M. J,; Sahoo, S. J. Am.
Chem. Soc. 2006, 128, 14156—14165.

(7) Rosen, B. M,; Percec, V. Chem. Rev. 2009, 109, 5069—5119.

(8) Anastasaki, A; Nikolaou, V.; Nurumbetov, G.; Wilson, P.;
Kempe, K; Quinn, J. F.; Davis, T. P.; Whittaker, M. R.; Haddleton, D.
M. Chem. Rev. 2016, 116, 835—877.

(9) Magenau, A. J. D.; Kwak, Y.; Matyjaszewski, K. Macromolecules
2010, 43, 9682—9689.

(10) Matyjaszewski, K; Coca, S.; Gaynor, S. G.; Wei, M,;
Woodworth, B. E. Macromolecules 1997, 30, 7348—7350.

(11) Boyer, C.; Corrigan, N. A; Jung, K; Nguyen, D.; Nguyen, T.-K;
Adnan, N. N. M,; Oliver, S.; Shanmugam, S.; Yeow, J. Chem. Rev.
2016, 116, 1803—1949.

(12) Konkolewicz, D.; Wang, Y.; Krys, P.; Zhong, M,; Isse, A. A;
Gennaro, A.; Matyjaszewski, K. Polym. Chem. 2014, 5, 4409—4417.

(13) Matyjaszewski, K. Macromolecules 2012, 45, 4015—4039.

(14) Tang, W.; Matyjaszewski, K. Macromolecules 2007, 40, 1858—
1863.

(15) Nanda, A. K; Matyjaszewski, K. Macromolecules 2003, 36,
1487—1493.

(16) Tsarevsky, N. V.; Braunecker, W. A.; Vacca, A; Gans, P,
Matyjaszewski, K. Macromol. Symp. 2007, 248, 60—70.

(17) Matyjaszewski, K; Xia, J. Chem. Rev. 2001, 101, 2921—2990.

(18) Wang, X.-S.; Armes, S. Macromolecules 2000, 33, 6640—6647.

(19) Zhang, X.A£; Wu, Y,; Huang, J.; Miao, X.-l; Zhang, Z.-b.; Zhu,
X.-l. Chin. J. Polym. Sci. 2013, 31, 702—712.

(20) Simula, A.; Nikolaou, V.; Alsubaie, F.; Anastasaki, A.;
Haddleton, D. M. Polym. Chem. 2015, 6, 5940—5950.

(21) Benaglia, M.; Chiefari, J.; Chong, Y. K; Moad, G.; Rizzardo, E.;
Thang, S. H. J. Am. Chem. Soc. 2009, 131, 6914—6915.

1009

(22) Destarac, M.; Charmot, D.; Franck, X.; Zard, S. Macromol. Rapid
Commun. 2000, 21, 1035—1039.

(23) Keddie, D. J.; Guerrero-Sanchez, C.; Moad, G.; Rizzardo, E.;
Thang, S. H. Macromolecules 2011, 44, 6738—6745.

(24) Matyjaszewski, K; Jakubowski, W.; Min, K.; Tang, W.; Huang,
J.; Braunecker, W. A,; Tsarevsky, N. V. Proc. Natl. Acad. Sci. U. S. A.
2006, 103, 15309—15314.

(25) Dong, H.; Matyjaszewski, K. Macromolecules 2008, 41, 6868—
6870.

(26) Min, K;; Gao, H.; Matyjaszewski, K. Macromolecules 2007, 40,
1789—1791.

(27) Magenau, A. J. D.; Strandwitz, N. C.; Gennaro, A,;
Matyjaszewski, K. Science 2011, 332, 81—84.

(28) Fors, B. P.; Hawker, C. J. Angew. Chem.,, Int. Ed. 2012, 51, 8850—
8853.

(29) Konkolewicz, D.; Schroder, K; Buback, J; Bernhard, S
Matyjaszewski, K. ACS Macro Lett. 2012, 1, 1219—-1223.

(30) Anastasaki, A.; Nikolaou, V.; Brandford-Adams, F.;
Nurumbetov, G.; Zhang, Q.; Clarkson, G. J,; Fox, D. J.,; Wilson, P,;
Kempe, K,; Haddleton, D. M. Chem. Commun. 2015, 51, 5626—5629.

(31) Wenn, B,; Conradi, M,; Carreiras, A. D.; Haddleton, D. M,;
Junkers, T. Polym. Chem. 2014, S, 3053—3060.

(32) Anastasaki, A.; Nikolaou, V.; Zhang, Q.; Burns, J.; Samanta, S.
R; Waldron, C.; Haddleton, A. J.; McHale, R.; Fox, D.; Percec, V;
Wilson, P.; Haddleton, D. M. J. Am. Chem. Soc. 2014, 136, 1141—1149.

(33) Anastasaki, A.; Nikolaou, V.; Nurumbetov, G.; Truong, N. P,;
Pappas, G. S.; Engelis, N. G.; Quinn, J. F.; Whittaker, M. R.; Davis, T.
P.; Haddleton, D. M. Macromolecules 20185, 48, 5140—5147.

(34) Jones, G. R;; Whitfield, R.; Anastasaki, A.; Haddleton, D. M. .
Am. Chem. Soc. 2016, 138, 7346—7352.

(35) Anastasaki, A.; Nikolaou, V.; Haddleton, D. M. Polym. Chem.
2016, 7, 1002—1026.

(36) Lligadas, G.; Rosen, B. M; Bell, C. A.; Monteiro, M. J.; Percec,
V. Macromolecules 2008, 41, 8365—8371.

(37) Wenn, B.,; Martens, A. C.; Chuang, Y. M.; Gruber, J.; Junkers, T.
Polym. Chem. 2016, 7, 2720—2727.

(38) Chuang, Y.-M.; Ethirajan, A.; Junkers, T. ACS Macro Lett. 2014,
3, 732—737.

(39) Soeriyadi, A. H; Boyer, C; Nystrdm, F.; Zetterlund, P. B;
Whittaker, M. R. J. Am. Chem. Soc. 2011, 133, 11128—11131.

(40) Boyer, C.; Soeriyadi, A. H.; Zetterlund, P. B.; Whittaker, M. R.
Macromolecules 2011, 44, 8028—8033.

(41) Alsubaie, F.; Anastasaki, A.; Wilson, P.; Haddleton, D. M. Polym.
Chem. 2015, 6, 406—417.

(42) Zhang, Q.; Anastasaki, A.; Li, G. Z.; Haddleton, A. J.; Wilson, P.;
Haddleton, D. M. Polym. Chem. 2014, S, 3876—3883.

(43) Anastasaki, A,; Nikolaou, V.; McCaul, N. W,; Simula, A;
Godfrey, J.; Waldron, C.; Wilson, P.; Kempe, K,; Haddleton, D. M.
Macromolecules 2015, 48, 1404—1411.

(44) Anastasaki, A.; Waldron, C.; Wilson, P.; McHale, R.; Haddleton,
D. M. Polym. Chem. 2013, 4, 2672—2675.

(45) Anastasaki, A.; Waldron, C.; Wilson, P.; Boyer, C.; Zetterlund,
P. B.; Whittaker, M. R.; Haddleton, D. ACS Macro Lett. 2013, 2, 896—
900.

(46) Wang, W.; Zhang, Z.; Wu, Y.; Zhu, J.; Cheng, Z,; Zhou, N,;
Zhang, W.; Zhu, X. . Polym. Sci,, Part A: Polym. Chem. 2012, 50, 711—
719.

(47) Nguyen, N. H,; Leng, X,; Sun, H.-J,; Percec, V. J. Polym. Sci,
Part A: Polym. Chem. 2013, 51, 3110—3122.

(48) Nguyen, N. H.; Leng, X.; Percec, V. Polym. Chem. 2013, 4,
2760—2766.

(49) Anastasaki, A.; Waldron, C.; Nikolaou, V.; Wilson, P.; McHale,
R; Smith, T.; Haddleton, D. M. Polym. Chem. 2013, 4, 4113—4119.

(50) Boyer, C.; Atme, A; Waldron, C.; Anastasaki, A,; Wilson, P.;
Zetterlund, P. B.; Haddleton, D.; Whittaker, M. R. Polym. Chem. 2013,
4, 106—112.

(51) Yilgor, E; Atilla, G. E; Ekin, A,; Kurt, P.; Yilgor, I. Polymer
2003, 44, 7787—7793.

DOI: 10.1021/jacs.6b11783
J. Am. Chem. Soc. 2017, 139, 1003-1010


http://orcid.org/0000-0002-4965-0827
http://www.mrfn.org
http://dx.doi.org/10.1021/jacs.6b11783

Journal of the American Chemical Society

(52) Whitfield, R.; Anastasaki, A.; Truong, N. P.; Wilson, P.; Kempe,
K,; Burns, J. A; Davis, T. P.; Haddleton, D. M. Macromolecules 2016,
49, 8914

(53) Nguyen, N. H,; Jiang, X.; Fleischmann, S.; Rosen, B. M.; Percec,
V. J. Polym. Sci, Part A: Polym. Chem. 2009, 47, 5629—5638.

(54) Tang, W.; Matyjaszewski, K. Macromolecules 2006, 39, 4953—
4959.

(55) Zhang, Y; Wang, Y,; Peng, C.h; Zhong, M; Zhu, W,
Konkolewicz, D.; Matyjaszewski, K. Macromolecules 2012, 45, 78—86.

(56) Faucher, S.; Okrutny, P.; Zhu, S. Ind. Eng. Chem. Res. 2007, 46,
2726—-2734.

(57) Theriot, J. C,; Lim, C.-H,; Yang, H.; Ryan, M. D.; Musgrave, C.
B.; Miyake, G. M. Science 2016, 352, 1082—1086.

(58) Couthouis, J.; Keul, H.; Méller, M. Macromol. Chem. Phys. 2015,
216, 1791—1800.

(59) Miura, Y.; Satoh, T.; Narumi, A.; Nishizawa, O.; Okamoto, Y.;
Kakuchi, T. J. Polym. Sci, Part A: Polym. Chem. 2006, 44, 1436—1446.

(60) Ladaviére, C.; Lacroix-Desmazes, P.; Delolme, F. Macromolecules
2009, 42, 70—84.

(61) Tintaru, A.; Chendo, C.; Phan, T. N.; Rollet, M.; Giordano, L.;
Viel, S. p.; Gigmes, D.; Charles, L. Anal. Chem. 2013, 85, 5454—5462.

(62) Choi, Y. H,; Liu, F.; Kim, J.-S.; Choi, Y. K,; Park, J. S.; Kim, S.
W. J. Controlled Release 1998, 54, 39—48.

(63) Lu, J; Yan, F; Texter, J. Prog. Polym. Sci. 2009, 34, 431—448.

(64) Jeong, B.; Bae, Y. H; Lee, D. S.; Kim, S. W. Nature 1997, 388,
860—862.

(65) Boyer, C.; Zetterlund, P. B.; Whittaker, M. R. J. Polym. Sci,, Part
A: Polym. Chem. 2014, 52, 2083—2098.

(66) Nguyen, N. H.; Rosen, B. M.; Percec, V. J. Polym. Sci, Part A:
Polym. Chem. 2011, 49, 1235—1247.

(67) Monteiro, M. J.; Guliashvili, T.; Percec, V. J. Polym. Sci, Part A:
Polym. Chem. 2007, 45, 1835—1847.

1010

DOI: 10.1021/jacs.6b11783
J. Am. Chem. Soc. 2017, 139, 1003-1010


http://dx.doi.org/10.1021/jacs.6b11783

