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Cu(0)-RDRP of styrene: balancing initiator
efficiency and dispersityt

Richard Whitfield, 2 Athina Anastasaki, 2 Glen R. Jones(® and

David M. Haddleton

Cu(0)-RDRP is a powerful technique to synthesise a wide range of polymeric materials and architectures
with controlled molecular weight, low dispersities and high end group fidelity. The vast majority of reports
using this technique focus on the polymerisation of acrylates or methacrylates, with very limited examples
on styrene, which is surprising as this is one of the most important vinyl monomers. Herein we present
the first Cu(0)-wire mediated polymerisation of styrene with enhanced initiator efficiency and dispersity.
The structure of the ligand, the type of the initiator, the nature of the solvent and the catalyst concen-
tration have been systematically varied to afford polystyrene at relatively high molecular weights
(~50 000 g mol™) with excellent agreement between theoretical and experimental number average
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Introduction

Over the past decades reversible deactivation radical poly-
merisation (RDRP) has greatly advanced the field of controlled
polymerisation. The development of reversible addition frag-
mentation chain-transfer (RAFT)' polymerisation, nitroxide
mediated polymerisation (NMP)*™® and atom transfer radical
polymerisation (ATRP)”'' have allowed the synthesis of
complex polymeric materials with controlled architecture and
molecular weight, narrow molecular weight distributions and
high end group functionality.*>°

Among these techniques, Cu(0)-wire RDRP*' (single elec-
tron transfer living radical polymerisation (SET LRP)** or sup-
plemental activator and reducing agent (SARA) ATRP)* has
attracted considerable attention as a versatile and robust meth-
odology demonstrating broad monomer scope, yielding poly-
mers with high end group fidelity even at near-quantitative
conversions.””*® Perhaps the most significant advantage of
Cu(0)-RDRP is its simplicity®® as the reactions can often be
carried out in a disposable vial (rather than Schlenk tubes)
with simple deoxygenation via nitrogen bubbling for a few
minutes being sufficient for a controlled polymerisation,
rather than time-consuming freeze-pump-thaw cycles. In
addition, the majority of the Cu(0)-wire catalyst can be
removed post-polymerisation by simply removing the wire and
stirrer it is wrapped around. This results in a polymerisation
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molecular weight values and good control over the molecular weight distributions (D ~ 1.15).

product mixture with only ppm concentrations of copper,
which can subsequently be simply removed, circumventing the
perceived issues of product metal contamination and any
associated residual colour.?”*®

To date, Cu(0)-RDRP has been extensively explored for the
synthesis of poly(acrylates) demonstrating an impressive
monomer scope, initiator, ligand and solvent choice.*"
Importantly, polyacrylates can be easily prepared over a wide
range of molecular weights and architectures which is exempli-
fied by the synthesis of high-ordered complex materials.**™**
Whittaker, Haddleton and Junkers were the first to effectively
use this technique in the preparation of high-order multiblock
copolymers with unprecedented control and minimal loss of
end-group fidelity.’>®  Significantly, this methodology
involves no purification between successive blocks as each
step is taken to full monomer conversion, paving the way for
the design and synthesis of a new generation of materials.
More recently, similar advancements have been accomplished
with polyacrylamides by exploiting the rapid disproportion-
ation (usually < 1 minute) of CuBr/MegTren into Cu(0) particles
and CuBr, in either aqueous or mixtures of aqueous and alco-
holic media.>”*° In contrast to monomers with relatively high
kp such as acrylates and acrylamides, monomer with lower &,
such as methacrylates are more rarely explored, due to
additional problems associated with low rates of propagation
of this monomer class. Nevertheless, the controlled polymeris-
ation of methacrylates via Cu(0)-RDRP has been reported in
both aqueous and organic media with an acceptable level of
control.*'™*

Interestingly, the synthesis of polystyrene by Cu(0)-RDRP
has received very little attention to date which is rather surpris-
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Fig. 1 A schematic representation of the Cu(0)-wire RDRP of styrene, illustrating the structures of initiators and ligands utilised in the optimisation.

ing given the importance of this material from both an engin-
eering and technological standpoint.** Due to the low k, of
this monomer, reaction times are significantly longer and reac-
tion temperatures typically higher in comparison to acrylate
polymerisations. The only detailed report, to the best of our
knowledge, is by Perrier, Harrison and co-workers who have
successfully synthesised polystyrene via Cu(0)-RDRP with dis-
persity 1.2."> However, the maximum molecular weight
attained was 24 600 g mol™' and the catalyst employed was
Cu(0)-particles which have been reported to be a less effective
when compared to Cu(0)-wire.*®*” In addition, different types
of solvents and initiators were not investigated. A few other
reports demonstrate higher dispersities (P = 1.40-4) which
really indicate a lack of control and these reports should be
considered as unsuccessful attempts, thus highlighting that
optimal conditions for the polymerisation of styrene by Cu(0)-
RDRP have yet to be found.*®*°

Herein we report the first comprehensive study of Cu(0)-
RDRP of styrene utilising copper wire as a more efficient Cu(0)
source. A wide range of initiators, ligands and solvents are
employed to identify optimal conditions and obtain well-
defined polystyrene in a facile manner (Fig. 1). The effect of
these components on the control over the molecular weight
distribution and the initiator efficiency will be investigated
and critically discussed.

Experimental
Materials and instrumentation

All chemicals were purchased from Sigma Aldrich (Merck) or
VWR and used as received unless otherwise stated. All mono-
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mers were used as received, without subsequent purification.
Solvents and initiators were used as purchased. Tris-(2-(di-
methylamino)ethyl)amine (MegTren) was synthesised accord-
ing to previously reported literature®® and distilled prior to
use. Tris-(2-Aminoethyl)amine (Tren) and N,N,N',N",N"-penta-
methyldiethylenetriamine (PMDETA) were distilled prior to
use. Cu(0) (gauge 0.25 mm) wire was purchased from Comax
Engineered wires and purified by immersion in concentrated
hydrochloric acid for 15 minutes and subsequently rinsed with
water and dried prior to use. "H NMR spectra were recorded on
Bruker DPX-300 MHz or DPX-400 MHz spectrometers in
CDCl;. Chemical shifts are given in ppm downfield from the
internal standard tetramethylsilane. Monomer conversions
were determined via "H NMR spectroscopy by comparing the
integrals of monomeric vinyl protons to polymer signals.
Fig. S1t illustrates a "H NMR of polystyrene synthesised. Size
exclusion chromatography (SEC) measurements were con-
ducted using an Agilent 390-LC MDS instrument fitted with
differential refractive index (DRI), viscometer (VS), dual angle
light scatterer (LS) and dual wavelength UV detectors. The
system was equipped with two PLgel 5 mm mixed-C columns
(300 x 7.5 mm), one PLgel 5 um guard column and auto-
sampler. Narrow linear polystyrene standards (Agilent EasyVials)
with PS molecular weights ranging from calibration between
550 g mol™" and 1 568 000 g mol™" were used as calibrants and
fitted with a 3™ order polynomial. Samples were run at a flow
rate of 1.0 mL min~' at 30 °C. All samples were passed
through a 0.22 pm GVHP membrane prior to analysis. The
mobile phase was THF with 2% TEA and 0.01% BHT (buty-
lated hydroxytoluene) as additives. Experimental molar mass
(M., sec) and dispersity (P) values were analysed using Agilent
GPC/SEC software (version 1.2). Initiator efficiency was calcu-

This journal is © The Royal Society of Chemistry 2018
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lated by finding the ratio of theoretical to actual molecular
weight via SEC analysis.

General procedure: PS (DP800) optimised bulk

Styrene (8 mL or 7.28 g, 800 equiv.), CuBr, (0.98 mg, 0.05
equiv.) and MegTren (4.2 pL, 0.18 equiv.) were sonicated for
20 minutes in a glass vial so as to achieve saturated solutions
of Cu(u)Br,. A stirrer bar wrapped with 5 cm of pre-activated
copper wire was subsequently added to the reaction mixture
and the vial sealed with a septum and subsequently deoxyge-
nated by bubbling with nitrogen for 20 minutes. EBiB (12.8 pL
or 17.0 mg, 1 equiv.) was then introduced in the vial via a gas-
tight syringe and the polymerisation 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 ana-
lysis by "H NMR and SEC.

Results and discussion
The effect of temperature

We recently reported one set of conditions to synthesise well-
defined polymethacrylates, polyacrylates and polystyrene via
Cu(0)-RDRP.>! Although this system is ideal to provide univer-
sal conditions for three different monomer classes and allows
for simplicity in terms of procedure for non-experts, several
compromises were sought for each individual monomer class
(e.g. styrene). For acrylates and methacrylates to some extent,
very well-optimised conditions via Cu(0)-RDRP are well reported
and established.”® On the other hand, the polymerisation
of styrene via Cu(0)-RDRP remains poorly explored.

In the reported universal procedure and upon targeting a
degree of polymerisation of 50, methyl-a-bromophenylacetate
(MBPA) was used as the initiator, N,N,N',N",N"-pentamethyl-
diethylenetriamine (PMDETA) as the ligand and isopropanol
(IPA) as the solvent while the ideal temperature was illustrated
to be 60 °C.>* Interestingly, at lower temperatures (25-50 °C)
much slower polymerisation rates were observed with the final
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conversion never exceeding 70% after Indeed, ideal conditions
for a specific monomer class (e.g. acrylates) would not be
ideal for the polymerisation of a different monomer class
(e.g. styrene). For acrylates and methacrylates to some extent,
very well-optimised conditions via Cu(0)-RDRP are well reported
and established.”® On the other hand, the polymerisation of
styrene via Cu(0)-RDRP remains poorly explored.

In the reported universal procedure and upon targeting a
degree of polymerisation of 50, methyl-a-bromophenylacetate
(MBPA) was used as the initiator, N,N,N',N",N"-pentamethyldi-
ethylenetriamine (PMDETA) as the ligand and isopropanol
(IPA) as the solvent while the ideal temperature was illustrated
to be 60 °C.>” Interestingly, at lower temperatures (25-50 °C)
much slower polymerisation rates 36 hours of reaction time
(Table 1, entries 1.1-1.6 and Fig. 3 & S21). However, upon
increasing the temperature to 60 °C, very high conversions
could be obtained (~ 98%) without compromising the control
over the molecular weight distributions (P ~1.15) (Table 1,
entries 1.7-1.8 and Fig. 3 & S31). When further increasing the
temperature to 70 °C a gradual broadening of the molecular
weight distribution was evident (P ~1.25) with the final disper-
sity greater than 1.4 when 80 °C was employed (Table 1,
entries 1.9-1.12 and Fig. 3 & S47). This is rather surprising as
traditional ATRP of styrene typically operates well at higher
temperatures and as such the higher dispersities could be
attributed to the low boiling point of IPA.>*>*

Nevertheless, even at 60 °C, very poor initiator efficiency
was observed (I = 64%) which demonstrates that these
universal conditions, although sufficient when low dispersi-
ties are required, were not ideal for the polymerisation of
styrene. This deviation in initiator efficiency is even more pro-
nounced when higher targeted degrees of polymerisations (DP)
were attempted. For example, when targeting DP800 even lower
initiator efficiency was evident (I ~54%) resulting in poly-
styrene with a molecular weight of 34300 (M, theoretical
18500 g mol™") (Table 2, entry 2.1 and Fig. S57). Still, however,
under these conditions well-defined polystyrene of relatively
high molecular weight can be obtained with a dispersity as low
as 1.2.

Table 1 *H NMR and SEC analysis of the polymerisation of styrene, with optimisation of temperature illustrated®

Entry number Temp. (°C) Reaction time (h) Conversion (%) My, (theo,) (g mol™) M, (skc) D

1.1 25 18 <10 — — —

1.2 25 36 31 1800 1900 1.22
1.3 40 18 21 1300 1400 1.19
1.4 40 36 67 3700 4300 1.19
1.5 50 18 35 2000 2400 1.13
1.6 50 36 73 4000 4900 1.14
1.7 60 18 47 2600 3800 1.14
1.8 60 36 98 5300 8100 1.15
1.9 70 18 55 3100 5200 1.17
1.10 70 36 >99 5600 8200 1.25
1.11 80 18 61 3500 6800 1.30
1.12 80 36 >99 5600 7800 1.42

%5 c¢m of Cu(0) wire and 0.05% equivalents of CuBr, and 0.36 equivalents of PMDETA with respect to MBPA initiator were utilised for all poly-
merisations, and the volume ratio of monomer to IPA was maintained at 1:1 throughout. The target DP was 50 and conversion was calculated

via "H NMR.

This journal is © The Royal Society of Chemistry 2018
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Table 2 'H NMR and SEC analysis of the polymerisation of styrene, with ligands and ligand concentrations illustrated®

Entry number Ligand and equivalents wrt initiator Conversion (%) My, (theo.) (& mol‘l) M, (sec) Tegr (%) D

2.1 PMDETA (0.36) 22 18500 34 300 54 1.22
2.2 PMDETA (0.72) 32 26 700 29200 91 1.20
2.3 HMTETA (0.36) 28 23 600 29400 80 1.29

45 cm of Cu(0) wire and 0.05 equivalents of CuBr, with respect to MBPA initiator were utilised for all polymerisations, and the volume ratio of
monomer to IPA solvent was maintained at 1:1 throughout. The target DP was 800, reaction time was 36 hours and conversion was calculated

via "H NMR.

The effect of type and concentration of ligand

In our previous investigation, the concentration of PMDETA
was kept constant at 0.36 equivalents with respect to the
initiator (MBPA). Upon systematically varying the concen-
tration of PMDETA from 0.18 to 0.72 equivalents, no change in
the molecular weight distribution was observed with low dis-
persities being maintained for all polymerisations (b ~1.2)
(Table S2t and Fig. 4a). However, the initiator efficiency was
significantly enhanced at higher ligand loading (0.72 equiva-
lents). Kinetics of this polymerisation were performed illustrat-
ing an induction period of less than 2 hours and significant
progression of the polymerisation by the time 4 hours had
been reached. Importantly linear kinetics were observed as a
proof of livingness (Table S2 and Fig. S6T). To better visualise
this we targeted a higher degree of polymerisation (DP800)
where the initiator efficiency was as high as 91% (Table 2,
entry 2.2 and Fig. 2a & S77). This is in stark contrast to when
only 0.36 equivalents were utilised, where only 54% initiator
efficiency was observed. This dramatic increase in efficiency

with increased PMDETA concentration can be attributed to
better solubility and complexation of CuBr, when more ligand
is present in solution. In an attempt to improve initiator
efficiency in an alternative way, a number of ligands were sub-
sequently screened. MegTren one of the highest activity
ligands reported, exhibited a relatively controlled polymeris-
ation at 0.36 equivalents (P = 1.35) although complete loss of
control was observed at higher concentrations (P ~3). In con-
trast, at lower concentrations (0.18 equivalents) a low disper-
sity of 1.12 could be obtained although a significantly lower
polymerisation rate was evident as opposed to PMDETA. These
results suggest that when MegTren is employed, lower concen-
trations are preferred and the controlled polymerisation of
styrene to yield higher conversions is not possible with this
ligand under the conditions studied (Table S31 and Fig. 4b).

A similar behaviour was observed when tris(2-aminoethyl)
amine (Tren)** was instead employed with an even more pro-
nounced loss of control (Table S4 and Fig. S8). A range of
other ligands were also explored including bipyridine (bpy),
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Fig. 2 SEC chromatograms of well-defined polystyrene homopolymers synthesised via the optimised Cu(0)-RDRP conditions, namely (a) increasing
ligand concentration, (b) optimising initiator and solvent and (c) the development of a bulk polymerisation system. In all cases polymerisations were
carried out at 60 °C, with 5 cm of copper wire and 0.05 equivalents of CuBr;, deactivator with respect to the initiator utilised.
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Fig. 3 SEC chromatograms illustrating the effect of temperature on the
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Fig. 4 SEC chromatograms illustrating the effect of ligand concen-
tration on the polymerisation of styrene (Target DP50) with (a) PMDETA
and (b) MegTren via Cu(0)-RDRP.

tris(2-pyridylmethyl)amine (TPMA), 1,4,8,11-tetraazacyclotetra-
decane (Cyclam) and Me,-Cyclam. However, in all cases this
resulted in an absence of polymerisation or a significant loss
of control, highlighting the incompatibility of these ligands to
mediate the controlled polymerisation of styrene under the
selected conditions (Table S5 and Fig. S9f). In contrast,
1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) gener-
ated much higher conversions while maintaining low dispersity
values (P < 1.20) (Table S6 and Fig. S107). To further investigate
whether HMTETA is a better alternative, we pushed the system
further by targeting DP800. This led to well-defined polystyrene
with improved initiator efficiency (I.¢ = 80%) although broader
molecular weight distributions (~1.29) were also observed
(Table 2, entry 2.3 and Fig. S11}). The enhanced initiator
efficiency could be due to the better solubility and complexation
of CuBr, with HMTETA which gave more efficient deactivation.

View Article Online
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Overall, we have shown that in IPA the initiator efficiency can be
significantly improved from ~50 to 80-90% by simply increas-
ing the ligand concentration (PMDETA) or by employing
HMTETA. However, PMDETA might be a better choice since it
strikes a better balance between the highest molecular weight,
dispersity and initiator efficiency.

The effect of the initiator

In the previous section, we concluded that PMDETA allows for
the preparation of well-defined polystyrene. To explore
different ways to improve the initiator efficiency, we also per-
formed an initiator study by maintaining the ligand concen-
tration at 0.36 equivalents with respect to the initiator. The
temperature was maintained at 60 °C, as previously concluded.
Interestingly, when ethyl-a-bromoisobutyrate (EBiB) was
employed no polymerisation was detected, even when the reac-
tion was left to proceed for one week (Table 3, entry 3.1). This
is surprising since conventional ATRP conditions with CuBr
often successfully employing this initiator.*®**

This also highlights that high ppm copper systems can
often exhibit significantly different behaviour to low ppm
systems. When tosyl chloride was used as the initiator, in com-
bination with CuBr, or CuCl, deactivator very poor initiator
efficiency was observed (I < 50%) (Table 3, entries 3.5-3.6
and Fig. S127). Impressively, however, upon employing either
ethyl-2-bromopropionate (EBP) or 2-bromopropiontrile (BPN)
the initiator efficiency was significantly enhanced (I = 80%)
while narrow molecular weight distributions could also be
achieved (~1.10) (Table 3, entries 3.3-3.4 and Fig. 5). These
results together demonstrate that secondary radical forming
initiators (except phenylacetate which has extra stabilisation)
are much more advantageous for the controlled polymeris-
ation of styrene via Cu(0)-RDRP when compared to tertiary
forming radical initiators.

To further probe the potential of these initiators to improve
the initiator efficiency we targeted polystyrene of DP800. In
agreement with our previous observations, BPN showed I.¢ =
76% and EBP showed I.; = 72%. Therefore, both initiators
exhibited higher initiator efficiency as opposed to the highly
active MBPA (I.¢ = 54%) (Table S7 and Fig. S131). MBPA’s low
initiator efficiency is related to the slow addition of some rad-
icals to styrene resulting in termination and a lower number of
polymer chains.

Table 3 'H NMR and SEC analysis of the polymerisation of styrene, with optimisation of a range of initiators shown?

Entry number Initiator Conversion (%) My, (theo.) (g mol™) M, (sc) Leg (%) b))

3.1 EBiB 0 — — — —

3.2 MBPA 98 5300 8100 65 1.15
3.3 EBP 77 4200 5300 79 1.11
3.4 2-BPN 77 4200 5400 78 1.10
3.5 Tosyl chloride (CuBr,) 66 3600 7600 47 1.26
3.6 Tosyl chloride (CuCl,) 67 3700 8200 45 1.29

%5 cm of Cu(0) wire and 0.05 equivalents of CuBr, and 0.36 equivalents of PMDETA with respect to initiator were utilised for all polymerisations,
and the volume ratio of monomer to IPA was maintained at 1:1 throughout. The target DP was 50, reaction time was 36 hours and conversion

was calculated via "H NMR.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 SEC chromatograms of polystyrene homopolymers (Target DP50) with narrow molecular weight distributions synthesised with our optimal

initiators, (a) MBPA, (b) EBP and (c) BPN.

The effect of the solvent

To expand the scope of this system we also explored the poten-
tial of other solvents to mediate the controlled polymerisation
of styrene. Polar solvents such as DMSO, DMF and ethanol
(Table 4, entries 4.1-4.3 and Fig. S14t) yielded uncontrolled
polymerisation and polystyrene with broad molecular weight
distributions while acetone, methanol and trifluoroethanol
resulted in no polymerisation (Table 4, entries 4.4-4.6).
However, upon using the more hydrophobic solvent tert-
butanol a controlled polymerisation took place although the
initiator efficiency was comparable to IPA (Table 4, entries
4.7-4.8 and Fig. S15%). This could be attributed to the fact that
both solvents form biphasic mixtures during polymerisation
which may affect the initiator efficiency.”**™° Finally,
toluene, acetonitrile and dioxane, were also explored (Table 4,
entries 4.9-4.11 and Fig. S167). Interestingly, all three solvents
were compatible with the controlled polymerisation of styrene
and demonstrated improved initiator efficiencies (I¢r > 85% in
all cases).

As with other optimised conditions, these three solvents
were subsequently tested upon targeting polystyrene with DP

Table 4 'H NMR and SEC analysis of the polymerisation of styrene,
with optimisation of solvent shown?

Entl’y M, (Theo.)

number  Solvent Conv. (%) (gmol™) M, seey P
4.1 DMSO 74 4100 5500 1.57
4.2 DMF 79 4300 8000 1.48
4.3 Ethanol 75 4100 6200 1.58
4.4 Acetone — — — —
4.5 Methanol 0 — — —
4.6 TFE — — — —
4.7 IPA 98 5300 8100 1.15
4.8 tBuOH 96 5100 6500 1.23
4.9 Toluene 90 4800 5600 1.12
4.10 Acetonitrile 65 3600 4200 1.24
4.11 Dioxane 77 4300 4400 1.10
4.12 IPA:Tol1:1 90 4800 7600 1.18
4.13 IPA:Tol1:4 89 4700 7500 1.15

%5 cm of Cu(0) wire, 0.05 equivalents of CuBr, and 0.36 equivalents of
PMDETA with respect to MBPA initiator were utilised for all polymeris-
ations, and the volume ratio of monomer to solvent was maintained at
1:1 throughout. The target DP was 50, the reaction time was 36 hours
and conversion was calculated via 'H NMR.

4400 | Polym. Chem., 2018, 9, 4395-4403

800 (Table S8, Fig. S171). Surprisingly, the polymerisation in
acetonitrile resulted in loss of control (dispersity ~2) while the
polymerisation in dioxane and toluene both demonstrated
improved initiator efficiencies over IPA (I = 80% and Iy =
68% respectively in comparison to I = 54%), thus highlight-
ing the superiority of solvents that solubilise copper species
less well. The loss of control observed in the case of aceto-
nitrile might be due to the better stabilisation of CuBr species
in this solvent which may lead to faster polymerisation rates
and subsequent loss of control.®® Interestingly, even the
addition of small amounts of IPA to a toluene polymerisation
resulted in a dramatic decrease of the initiator efficiency,
similar to that of IPA, thus suggesting this solvent should be
avoided (Table 4, entries 4.12-4.13 and Fig. S187).

Combining optimal conditions

Our findings that toluene and dioxane are much better sol-
vents in mediating the controlled polymerisation of styrene
while maintaining high initiator efficiency were further con-
firmed by replacing MBPA with the most effective initiators;
EBP and BPN. Both initiators exhibited improved initiator
efficiency in dioxane and toluene (when compared to MBPA)
with EBP achieving dispersities as low as 1.13 and I = 82%
(Table 5, entries 5.1-5.2 and Fig. S197). On the contrary, BPN
yielded polystyrene with initiator efficiencies >92% although
the dispersities were ~ 1.2 (Table 5, entries 5.3-5.4 and Fig. 2b
& S207). Thus, depending on the application of the polymers
required, any of the initiators/solvents presented in this sub-
section (EBP and BPN in combination with dioxane or
toluene) could be successfully employed.

Exploring polymerisation in bulk

Conventional ATRP in the absence of solvent (bulk) has been
well explored, however Cu(0)-RDRP in bulk has rarely been
investigated.*” Since it was demonstrated that the nature of the
solvent can have such a dramatic effect on the initiator
efficiency, we decided to further simplify our system and elim-
inate any solvent effects. A targeted degree of polymerisation
of 800 was again chosen for this study. To our surprise, 0.36
equivalents of PMDETA with respect to initiator yielded well
controlled polystyrene (M, = 31900) with perfect initiator
efficiency (~100%) (Table 6, entry 6.1 and Fig. S21at). This is

This journal is © The Royal Society of Chemistry 2018
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Table 5 *H NMR and SEC analysis of the polymerisation of styrene, with optimal initiator solvent combinations illustrated?

Entry number Initiator Solvent Conversion (%) My (theo,) (g mol‘l) M, (sec) et (%) D
5.1 EBP Dioxane 28 23 600 29200 81 1.14
5.2 EBP Toluene 28 23 600 28 800 82 1.13
5.3 BPN Dioxane 26 21900 23 800 92 1.20
5.4 BPN Toluene 31 26 000 25800 100 1.25

“In all polymerisations, 5 cm of Cu(0) wire and 0.05 equivalents of CuBr, with respect to initiator were utilised, and the volume ratio of

monomer to solvent was maintained at 1:1 throughout. The target DP
via "H NMR.

was 800, the reaction time was 36 hours and conversion was calculated

Table 6 H NMR and SEC analysis of the polymerisation of styrene in bulk?

Entry number Ligand Initiator Conversion (%) M, (Theo,) (& mol ™) M, (sec) Togr (%) D

6.1 PMDETA (0.36 wrt [I]) MBPA 38 31900 31900 100 1.13
6.2 EBP 39 32700 32700 100 1.14
6.3 EBiB 59 46 900 45100 96 1.13
6.4 MegTren (0.18 wrt [I]) MBPA 30 25200 28 800 88 1.10
6.5 EBP 31 26 000 26100 100 1.10
6.6 EBiB 60 49900 48 200 97 1.16

“In all polymerisations, 5 cm of Cu(0) wire and 0.05 equivalents of CuBr, with respect to initiator were utilised. The target DP was 800, the reac-

tion time was 36 hours and conversion was calculated via "H NMR.
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Fig. 6 SEC chromatograms of well-defined polystyrene (Target DP800) synthesised in bulk utilising MegTren as the ligand and (a) MBPA, (b) EBP

and (c) EBIB as the initiator.

in contrast to when IPA or toluene were used, where 54% and
68% initiator efficiencies were observed respectively. EBP also
gave rise to excellent initiator efficiencies (~100%) and narrow
molecular weight distributions (P = 1.14) (Table 6, entry 6.2
and Fig. S21bt). Interestingly, although EBiB was unable to
successfully polymerise styrene in solution, under bulk con-
ditions it allowed for the controlled polymerisation of styrene
(P = 1.13) also with very good initiator efficiency (~97%) and a
final M, of 45100 (Table 6, entry 6.3 and Fig. S21ct). This is
attributed to the higher concentration of monomer, which
results in more efficient initiation and polymerisation. Bulk
systems have also been previously illustrated to reduce termin-
ation events.®" Similarly to the solvated system, an induction
period of less than 2 hours was observed (Table S9 and
Fig. S227).

Given the great success achieved with these bulk experi-
ments, we hypothesised that the absence of solvent might also
increase the tolerance of the system to other components. To
validate our hypothesis, MesTren was employed as an alterna-

This journal is © The Royal Society of Chemistry 2018

tive ligand. The bulk reactions of MBPA, EBP and EBIiB all
resulted in controlled polymerisations with low dispersity
values (<1.16) and exceptional initiator efficiencies (~88-99%)
(Table 6, entries 6.4-6.6 and Fig. 2¢ & 6). The greater versatility
of this system compared to high copper systems and also polar
solvated conditions can be attributed to the relative solubility
of Cu(1) and Cu(u) complexes, with low copper concentration
systems having much better relative solubilities. These results
demonstrate the superiority of bulk conditions for the con-
trolled polymerisation of styrene while maintaining a balance
between low dispersities and excellent initiator efficiencies for
a range of initiators and ligands.

Conclusions

In conclusion, we have demonstrated a number of different
conditions that allow access to the controlled polymerisation
of styrene via Cu(0)-RDRP. Compared to the literature, we com-

Polym. Chem., 2018, 9, 4395-4403 | 4401
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plete extensive optimisation, carefully adjusting the type and
concentration of ligand, the initiator choice and the solvent,
obtaining well-defined polystyrene of higher molecular weight
low dispersity and very high initiator efficiencies. Using
increased ligand concentrations (0.72 equiv.), specific solvents
(toluene, dioxane) and secondary initiators (EBP, BPN) poly-
styrene can be made in a facile manner. Interestingly, our best
results were obtained when performing the experiments in
bulk where a number of initiators and ligand were shown to
facilitate the controlled polymerisation of styrene without com-
promising the molecular weight distributions.
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