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Cu-Catalysed reversible-deactivation radical polymerisation of hydrophobic methacrylate monomers in
anhydrous alcohols has been expanded to explore the scope of this unusual choice of solvent. A range of
linear methacrylic homopolymers with well-targeted molecular weight and low dispersity (B = 1.12-1.53)
have been generated in anhydrous methanol and isopropanol with relative ease. These solvents are nor-
mally considered antisolvents and employed to precipitate such polymers; therefore, our studies have
assessed the polymerisation reaction mixture homogeneity and extent of reaction control. Statistical
copolymerisations with the bi-functional monomer, ethylene glycol di-methacrlylate (EGDMA), has led to
branched statistical copolymers with weight average molecular weights up to M,, = 1.76 x 10° g mol™;
subsequent triple-detection size exclusion chromatography studies have provided insight into the impact
of monomer structure on the extent of branching within the final isolated polymers. The ability to control
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branched copolymer molecular weights under these conditions through variation of EGDMA concen-
trations was seen to be highly dependent on methacrylate monomer chemistry. A number of factors
which are likely to effect branching reactions during the polymerisation of hydrophobic methacrylates in

rsc.li/polymers anhydrous alcohols are discussed.

Introduction

The ability to direct polymerisation processes and influence
polymer properties such as molecular weight, dispersity, func-
tionality and macromolecular architecture is an ongoing chal-
lenge for research groups globally."* The discovery of revers-
ible-deactivation radical polymerisation (RDRP) techniques
represents perhaps the most significant recent step towards
controlling radical polymerisation processes and has had a
considerable impact on the advances made in materials chem-
istry over the last quarter of a century.

Since the first “living” radical polymerisation was reported
by Otsu et al.’ in 1982, a number of RDRP techniques have
emerged including: nitroxide-mediated polymerisation,®™
atom-transfer radical polymerisation,'®'" iodine degenerative
transfer polymerisation,'*"'? reversible addition-fragmentation
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chain transfer polymerisation'* and single electron transfer-
living radical polymerisation (SET-LRP).'> Whilst the detailed
mechanistic aspects of each technique are undoubtedly
unique, they commonly equip polymer chemists with the
ability to polymerise a wide range of monomers with a level of
control to dictate the number of growing chains thus allowing
for the generation of polymers with pre-determined number
average molecular weight (M,) whilst maintaining relatively
low dispersity between polymer chains (P = 1.01-1.30).

The level of control provided by RDRP techniques has per-
mitted the generation of numerous novel macromolecular
architectures including: block copolymers,"®™® multi-block
copolymers,'®” star polymers,>3* branched polymers®*>*
and hyperbranched polymers.**** One approach which relies
heavily on the ability to control the number of propagating
polymer chains to avoid the formation of an insoluble gelled
network is the generation of branched polymers via statistical
copolymerisation of mono- and bifunctional monomers
(BFM).*> The mechanism of branched polymer architecture
formation, and the branching processes occurring during
copolymerisation, are well understood;**™>° consequently, this
approach has been used to generate branched polymers using
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a range of different RDRP techniques.’” Branched polymers
synthesised in this way consist of multiple primary chains con-
joined into a distribution of branched macromolecular archi-
tectures, consisting of different numbers of primary chains
and reflecting the statistical nature of BFM incorporation. As a
result, samples typically contain high molecular weight frac-
tions and broad molecular weight distributions. Many factors
can influence the prevalence of branching reactions during
polymerisation; the feedstock ratio of BFM to initiator ([B]o/
[TI]o) determines the fraction of polymer chains theoretically
capable of partaking in branching reactions,>® whilst the stat-
istical distribution of BFM is also dependent on the level of
electronic interaction between co-monomers.””*® The inclusion
of BFM into the polymer structure, whether via intermolecular
branching or intramolecular cyclisation, impacts the extent of
branching and may also be heavily influenced by the concen-
tration at which polymerisations are conducted.®*™®* These
factors must always be considered when designing new
branching copolymerisation reactions using this approach.

Recently, there has been increasing interest in the RDRP of
monomers within reaction media typically considered as bad
solvents for the resulting polymer; many strategies have been
developed to overcome polymer-solvent incompatibility. For
example, Percec and co-workers have demonstrated the ability
to conduct SET-LRP of hydrophobic monomers in biphasic
reaction mixtures to generate linear homopolymers of low dis-
persity with considerable control over molecular weight.®®°
Additionally, polymerisation-induced self-assembly has
become established over recent years, facilitating the for-
mation of amphiphilic block copolymers in solvents which are
incompatible with one copolymer block segment;”" growth of
a solvent-incompatible secondary block drives the self-assem-
bly of propagating polymer chains to form well-defined, steri-
cally-stabilised block copolymer nanoparticles of varying size
and morphology.”>””® Alternatively, Gao and co-workers have
used emulsion polymerisation to generate high molecular
weight hyperbranched polymers via self-condensing vinyl poly-
merisation of water-immiscible acrylic and methacrylic
inimers in aqueous emulsion.””””® Compartmentalisation of
inimers within emulsion droplets has proved an effective tech-
nique to promote the formation of materials with higher mole-
cular weights and greater degrees of branching than those pro-
duced in solution.”®

We have previously reported the highly controlled nature of
the Cu-catalysed RDRP of n-butyl methacrylate (?BMA) at elev-
ated temperature in anhydrous methanol (MeOH; generally
considered a poor solvent for the resulting polymer), to give
poly(nBMA) of controlled molecular weight and low dispersi-
ties (P = 1.03-1.10).%° This technique has been used to gene-
rate various p(nBMA) architectures including: linear homo-
polymers, AB block copolymers, ABA triblock copolymers,
branched statistical copolymers, branched statistical block
copolymers and hyperbranched polydendrons.®"** Herein, we
present our most recent work which expands the scope of
hydrophobic monomers that can be polymerised via Cu-cata-
lysed RDRP in anhydrous alcohol solvents. Pyrene fluorescence
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emission spectroscopy has been utilised to assess the relative
polarity of homogeneous alcohol polymerisation mixtures
across a range of methacrylate monomers and related to the
controlled nature of Cu-catalysed RDRP in anhydrous metha-
nol or isopropyl alcohol (IPA) during the formation of numer-
ous polymer architectures including linear homopolymers and
branched statistical copolymers. In cases where polymeris-
ation-induced phase separation is observed during the reac-
tion, the influence of polymerisation homogeneity on the con-
trolled reaction is studied and its impact on the branched stat-
istical copolymerisation is discussed.

Results and discussion

Evaluating monomer impact on polymerisation mixture
polarity

The effect of monomer upon the solution properties of a poly-
merisation mixture is often an overlooked factor when design-
ing new polymerisation reactions, especially those conducted
at high solids content. Following our previous reports which
demonstrated the ability to polymerise nBMA at concen-
trations up to 50 weight percent (wt%) solids content in anhy-
drous MeOH,?>®* the impact of a wide range of hydrophobic
methacrylate monomers on the reaction solvent quality was
evaluated. Methyl methacrylate (MMA), ethyl methacrylate
(EMA), n-butyl methacrylate, tert-butyl methacrylate (tBMA),
n-hexyl methacrylate ("HMA), cyclohexyl methacrylate (CHMA),
benzyl methacrylate (BzMA), 2-ethyl hexyl methacrylate
(EHMA), lauryl methacrylate (LMA) and stearyl methacrylate
(SMA) were selected as a series of hydrophobic methacrylate
monomers for this study with linear and branched aliphatic
side chains ranging from 1 to 18 carbons and aromatic and ali-
phatic cyclic structures. To establish the feasibility of using
these monomers in Cu-catalysed RDRP in anhydrous alcohols,
the miscibilities of representative monomer-alcohol mixtures
(50 wt%) were investigated (ESI, Table S1at). Monomer-MeOH
miscibility was assessed visually and showed homogeneous
mixtures for all monomers under conditions representative of
Cu-catalysed RDRP, with the exception of SMA; at ambient
temperature (<7, SMA) SMA remained an insoluble white
powder in MeOH which formed a biphasic mixture upon
heating above 20 °C (ESI, Fig. S1at). Homogeneous monomer-
IPA solutions were formed for all monomers at both ambient
and elevated temperatures (ESI, Table S1b, Fig. S1b¥).
Monomer-alcohol mixture polarities were assessed using
fluorometric analysis by examination of the fine structure of
the fluorescence emission spectrum of pyrene, dissolved in
monomer and monomer-alcohol mixtures (Fig. 1). This tech-
nique is commonly used for comparison of organic solvent
polarities and to determine the critical micelle concentration
of aqueous surfactant solutions.®**®® Quantification of
monomer and monomer-alcohol mixture polarities were
achieved by examination of the relative intensities of the first
and third vibrational bands (I/I; ratio, ESI Fig. S2, Table S27)
of the pyrene fluorescence emission. Results obtained for

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Evaluation of monomer polarity by fluorescence emission spec-
troscopy of pyrene dissolved in various monomers and monomer-—
alcohol mixtures at 20 °C. Analyses conducted using pyrene dissolved
in: neat methacrylate monomers (green bars), monomer—IPA mixtures
(blue bars) and MeOH-monomer mixtures (red bars). Comparative ana-
lyses conducted on pyrene dissolved in neat organic solvents including:
in MeOH (red dashed line), THF (grey dashed line), ethanol (cyan dashed
line), IPA (blue dashed line), toluene (orange dashed line) and diethyl
ether (purple dashed line).

pyrene dissolved in pure monomers showed a considerable
variation in monomer polarity (Fig. 1, green bars); monomer
polarity increased from SMA, the least polar monomer (/I3 =
0.95), to MMA, the most polar monomer (I;/I; = 1.48). Analysis
of monomer-MeOH mixtures (50 wt%) showed a significant
decrease in polarity relative to neat methanol (I,/I; = 1.53) for
all monomers tested, with polarity decreases correlating to the
polarity of the selected monomer (Fig. 1, red bars). Monomer—
IPA mixtures showed different results depending upon
monomer polarity relative to pure IPA (I;/I; = 1.21); mixtures
containing monomers less polar than IPA saw a decrease in
polarity with respect to IPA whereas monomer-IPA mixtures
containing more polar monomers saw considerable increases
in polarity (Fig. 1, blue bars).

This highlights the range of polymerisation reaction
mixture polarities which arise simply through monomer selec-
tion; for example, at a monomer concentration of 50 wt%, the
I,/I; ratio of an MMA-MeOH mixture (I;/I; = 1.49) was compar-
able to that of neat methanol (I;/I; = 1.53, polarity index = 5.1).
In contrast the I,/I; ratio obtained for the LMA-IPA mixture
(I1/I; = 1.15) was closer to that obtained for toluene, a solvent
of considerably lower polarity (I;/I; = 1.16, polarity index = 2.4).
It must be noted that monomer-alcohol mixture polarities
would likely decrease, from the values obtained here, at 20 °C,
under typical Cu-catalysed RDRP conditions, due to the temp-
erature dependent dielectric constant of alcohols;*”*® this may
explain initiation efficiency decreases at elevated temperature
observed in our previous reports of methanolic linear poly-
merisations. Polarity is known to impact many polymerisation
conditions, including polymerisation mixture homogeneity
and catalyst solubility, and must therefore not be ignored
during polymerisation design.®%°
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Linear homopolymerisation of hydrophobic methacrylate
monomers by Cu-catalysed RDRP in alcohol media at 60 °C

Homopolymerisations of hydrophobic methacrylate monomers
were conducted by Cu-catalysed RDRP at 60 °C in anhydrous
MeOH or anhydrous IPA (50 wt%) using a CuCl/2,2"-bipyridine
(bpy) catalytic system. Benzyl 2-bromoisobutyrate (BzBiB) was
selected as the initiator for all polymerisations; this greatly
facilitates confirmation of monomer/initiator ratios ([M]o/[I]o)
present within the polymerisation mixture before catalyst
addition, monomer conversion during polymerisation,
number average degree of polymerisation (DP,) of purified
polymer samples, theoretical and experimental M, values
(M (rheory) and Mymr) Tespectively), and initiation efficiencies
(IE%) by conventional 'H NMR spectroscopy. BzBiB was syn-
thesised in accordance with previously reported methods and
analytical data confirmed that the correct structure had been
obtained (ESI Fig. S3 and S41).°*™*?

Polymerisations targeting a DP,, = 60 monomer units were
allowed to proceed for 18 hours and were conducted in MeOH,
with the exception of SMA and ¢{BMA due to poor monomer-
solvent miscibility and previously reported unsuccessful poly-
merisations respectively. During the initial stages of polymeris-
ation all reactions appeared to proceed under controlled con-
ditions showing the characteristic dark brown opaque homo-
geneous solutions commonly associated with Cu-catalysed
RDRP. The polymerisations of MMA, EMA and nBMA
remained as homogeneous solutions (Fig. 2ai) throughout the
polymerisation until precipitation was observed upon cooling
below 60 °C. The polymerisation of nHMA showed phase sep-

(a) i)

- - -——)
50% 90%
Monomer Conversion

Fig. 2 Comparison of polymerisation mixture homogeneity during Cu-
catalysed RDRP. (a) Photographs of polymerisations of (i) nBMA and (ii)
EHMA after 18 hours at 60 °C in anhydrous MeOH. (b) Schematic rep-
resentations of proposed co-solvency effects in (i) homogeneous and (ii)
biphasic reaction mixtures.
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aration during polymerisation forming a biphasic polymeris- for p(LMA) displayed a broader molecular weight distribution
ation mixture containing an opaque dark brown viscous liquid (P = 1.59) and a low molecular weight shoulder likely due to
beneath a non-viscous, opaque dark brown liquid. Similar termination reactions during polymerisation. M,nwmr) values
observations were made during the polymerisation of CHMA  were in good agreement with My (rheory) With initiation efficien-
in MeOH with the polymer-containing phase forming an cies (IE%; calculated as [My(rheory)/Mnmr) OF My(rp-sec)] %
opaque brown solid. Conversely, BzMA, EHMA and LMA 100%) ranging from 69-93%.

formed biphasic reaction mixtures within 3 hours of poly- Polymerisations were also conducted in anhydrous IPA for a
merisation (Fig. 2aii). The contrasting phase behaviours subset of monomers (Table 1b). Monomer-IPA solubility
observed during polymerisation likely arise due to variations resulted in the formation of an initially homogeneous reaction
in monomer co-solvency during consumption and different mixture for SMA that was maintained during the early stages
UCST behaviours, as previously reported.”*°® In cases where of the polymerisation; high monomer conversion was achieved
polymers display UCST behaviour in MeOH, polymers after 18 hours despite the occurrence of polymerisation-
remained solvated at elevated temperature despite the loss of induced phase separation. The purified polymer contained a
the monomer co-solvency effect at high conversion (Fig. 2bi). relatively broad molecular weight distribution (B = 1.53);
Polymers which, presumably, have phase transitions consider- however, M;nvr) demonstrated accurate molecular weight tar-
ably above the temperatures studied here underwent phase geting capability (IExwmr) = 90%). The anhydrous MeOH and
separation during polymerisation as a diminished monomer IPA polymerisations of MMA, CHMA and LMA were compared
co-solvent was no longer able to solvate growing polymer due to their varying phase behaviours under these conditions
chains (Fig. 2bii). (Fig. 3).

Despite this polymerisation-induced phase separation, ana- Analysis of the refractive index (RI) and right-angle light
lysis by "H NMR surprisingly showed that all polymerisations scattering (RALS) chromatograms obtained by TD-SEC showed
achieved high monomer conversion (92 to >99%) after that the change in solvent had minimal impact on the overall
18 hours. Analysis by triple-detection size exclusion chromato- polymer distribution for p(MMA) and p(CHMA) although a
graphy (TD-SEC) in THF/TEA (98/2 v/v%) showed mono-modal slight broadening was observed in anhydrous IPA reactions
chromatograms for all polymers (with the exception of (ESI Fig. S10f). Considerable differences were observed
p(LMA)) produced in MeOH, and narrow molecular weight dis-  between the molecular weight distributions of p(LMA) obtained
tributions (P = 1.12-1.26) typical of those obtained by Cu-cata- by polymerisation in the different solvents (Fig. 3ci + ii). The
lysed RDRP (Table 1, ESI Fig. S8 and S9%). Analysis of Mark- polymerisation of LMA in MeOH yielded a polymer containing
Houwink-Sakurada (MHS) plots obtained for linear polymers a broad molecular weight distribution (P = 1.59) with very low
showed «a values of 0.694-0.544, representative of random coils  initiator efficiencies (IE(rp.sgc) = 55%). Furthermore, the pres-
within a theta solvent. The TD-SEC chromatogram obtained ence of a low molecular weight shoulder in the RI chromato-

Table 1 Cu-Catalysed RDRP of hydrophobic methacrylate monomers in anhydrous alcohols at 60 °C

'H NMR TD-SEC (THF/TEA)®
Conv. Mn(Theor{f M,? M, M, IE

Ml/[T"  (%)° (gmol™) DP,Y (gmol™) IE?(%) Homogenous (gmol™') (gmol™) P (%) «a
(a) MeOH
p(MMA)s; 60 99 6300 67 7000 90 Yes 11000 9800 112 64  0.665
P(EMA)es 60 97 6900 64 7600 91 Yes 10 800 8900 1.21 78  0.683
p(nBMA),, 62 99 9100 74 10 800 84 Yes 13 000 11 600 112 72 0.690
p(nHMA)s; 60 >99 10 500 67 11700 90 No 15 800 13 600 116 77  0.694
p(BzMA),s/ 60 97 10500 —f —f —f No 17 000 13700 124 77  0.558
p(CHMA)ss 60 97 10 000 66 11 400 88 No 15 600 13 100 119 76  0.616
p(EHMA)ss 60 99 12 000 65 13100 92 No 18400 14 500 1.26 83  0.599
p(LMA)g0 60 92 14300 80 20 600 69 No 41400 26 000 1.59 55  0.584
(b) IPA
p(MMA),, 60 >99 6300 70 7300 86 Yes 11200 9600 116 66  0.691
p(tBMA)sy 60 88 7800 59 8700 91 Yes 14 300 10 000 1.43 78  0.643
p(CHMA)ss 60 99 10300 68 11700 88 No 16 400 13 000 1.26 79  0.680
P(LMA)g6 60 97 15100 66 17 000 89 No 24 400 17 800 1.37 85  0.595
P(SMA)s, 61 99 20700 67 23 000 90 No 35500 25000 1.53 83  0.544

See ESI Fig. $5-S771 for details on 'H NMR analyses. “ Calculated by "H NMR analysis of polymerisation mixture at ,. ” Calculated by "H NMR
analysis of polymerisation mixture at ¢z  My(theory) = (((M]o/[T]o X Mr(monomer)) X CONV.) + Mi(initiator))- 4 Calculated by 'H NMR analysis of the puri-
fied polymer: M, = (DP,, X Mymonomer)) + Mi(initiator)- - Calculated by TD-SEC using THF/TEA mobile phase (98/2 v/v%) at 35 °C using a flow rate of
1 mL min~"./ Characterisation of p(BzMAg) by "H NMR spectroscopy was not possible due to overlap between initiator and monomer resonances
therefore DP,, values were calculated using M,, values obtained by TD-SEC.

5106 | Polym. Chem., 2019, 10, 5103-5115 This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Comparison of the molecular weight distributions of (a) p(MMA),
(b) p(CHMA) and (c) p(LMA) generated by Cu-catalysed RDRP in MeOH
(red lines) and IPA (blue dotted lines). Refractive index (i) and right angle

light scattering (ii) chromatograms obtained by TD-SEC in THF/TEA (92/

2 v/v%) at a flow rate of 1 mL min~™.

gram (Fig. 3ci - red line) demonstrated a lack of control during
the polymerisation of LMA in anhydrous methanol and
suggests a level of termination. Anhydrous IPA provided an
improved environment for LMA polymerisation under these
conditions (IE(rp-sec) = 89%) and examination of the RI chro-
matogram (Fig. 3ci blue dotted line) did not show the low
molecular weight shoulder observed in methanol reactions.

It is possible that switching to a less polar reaction mixture
may have delayed the point at which polymerisation-induced
phase separation occurred thus preventing termination of oli-
gomers in the early stages of polymerisation. The level of
control observed in polymerisations varied significantly
between monomers. Polymer dispersities obtained by TD-SEC
showed a negative correlation with polymerisation mixture
polarity (ESI Fig. S111); it is possible that the monomer-con-
trolled reaction polarity induces variations in the solubility of
the CuCl/bpy catalytic system thus boosting the prevalence of
undesirable side reactions.

Branched statistical copolymerisation with ethylene glycol
dimethacrylate (EGDMA)

Having established the viability of RDRP of a range of hydro-
phobic methacrylate monomers in anhydrous alcohols, the
synthesis of high molecular weight branched copolymer archi-
tectures was investigated for each of the most successful
monomer-alcohol combinations. This was achieved by con-

This journal is © The Royal Society of Chemistry 2019
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ducting Cu-catalysed RDRP in an identical manner to those
described above, targeting DP,, values of 60 monomer units as
previously; in addition, small amounts of ethylene glycol
dimethacrylate (EGDMA) were added to generate branch
points between the primary polymer chains (Scheme 1). The
formation of a 3D gelled network was avoided by ensuring that
the nominal ratio of EGDMA to initiator did not exceed unity
(Blo/[1]o < 1.00).°” Copolymerisations were conducted using
nominal [B]y/[I], ratios varying from 0.59 to 0.97, as deter-
mined by "H NMR spectroscopy (ESI Fig. S127) of the crude
reaction mixtures, and were allowed to proceed for 24 hours
during which the observed phase behaviours of all monomer—
alcohol systems were identical to the corresponding linear
polymerisations described above. Analysis of polymerisation
mixtures after 24 hours showed that all polymerisations had
achieved high monomer conversion (97->99%) which is essen-
tial to promote interchain branching and facilitate the for-
mation of high molecular weight branched polymers using
this approach.*®

Following removal of the CuCl/bpy catalytic system via
column chromatography and subsequent purification by mul-
tiple precipitations into a suitable anti-solvent (ESI Table S37),
branched copolymers were characterised by "H NMR spec-
troscopy to determine DP, and M,wmr) Of the constituent
primary chains within the complex branched copolymer archi-
tectures (ESI Fig. S137). Primary chain Mg, values obtained
in this way showed good agreement with M,nmg) values

©”°j+ar + :§=o +
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MMA EMA nBMA @BMA
R= | > ;/)\

nHMA CHMA BzMA EHMA
LMA SMA
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Scheme 1 Synthesis of branched statistical copolymers via Cu-cata-
lysed reversible deactivated radical copolymerisation (RDRP) of hydro-
phobic methacrylate monomers and EGDMA in alcoholic media.
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obtained for corresponding linear homologues generated in
the absence of EGDMA, indicating that the presence of
EGDMA has negligible impact on primary chain formation
during branching copolymerisations of hydrophobic methacry-
late monomers via alcoholic Cu-catalysed RDRP. The for-
mation of branched copolymer architectures was confirmed by
TD-SEC; in all cases, both the weight average molecular weight
(M) and M, values obtained by TD-SEC (M, up to 1758
kg mol™* and M, up to 52.0 kg mol™') were significantly
higher (Table 2) than those of their linear homologues
(Table 1), despite agreement between DP,, values obtained by
"H NMR spectroscopy. This clearly indicates the formation of
branched copolymers consisting of multiple primary chains
which closely resemble the linear homopolymers described
above. This was accompanied by a significant decrease in a
values acquired from MHS plots obtained from the branched
copolymers (a = 0.378-0.471).

In all cases, overlaid MHS plots obtained for branched poly-
mers and their linear homologues highlighted the consider-
able architectural differences between linear homopolymers
and branched copolymers (ESI Fig. S147).

TD-SEC chromatograms of branched copolymers also gave
broad molecular weight distributions (P = 2.09-35.08) indicat-
ing the deviation from conventional linear polymer synthesis
and the considerable variety of species present within the
copolymer samples created by the statistical branching
process.®® Overlays of RI and RALS chromatograms obtained
by TD-SEC show these differences clearly (Fig. 4). The presence
of large (high molecular weight) species was evident from the
difference between chromatograms obtained. A comparison of
the RI chromatogram overlays also shows very close correlation
of linear homopolymers and the low molecular weight frac-
tions of the corresponding branched statistical copolymers,
indicating the presence of the component linear homopolymer
primary chains within the branched copolymer distributions,
as has been previously reported.*®®® This is strongly supported
by the Mywmr) calculations and would suggest a near-identical
number of primary chains are created in both polymerisations
and that they propagate to near-identical chain lengths; mole-
cular weight and dispersity differences are, therefore, simply
due to the number and distribution of conjoined chains. The
presence of unbranched primary chains is the result of the
statistical nature of intermolecular branching and is an intrin-
sic feature of such branching copolymerisations, either due to
the lack of EGDMA incorporation within all chains or con-
sumption of incorporated EGDMA functionality via intra-
molecular cyclisation.”®®® Unbranched linear chains were also
seen within deconvoluted MHS plots where two distinct
regions, consisting of either linear primary chain (@ >
0.500-0.800) or branched copolymer (a < 0.500) fraction, were
readily observed (ESI Fig. S15%).

The effect of varying the ratio of branching comonomer to
initiator was studied across branching copolymerisations con-
taining the various hydrophobic monomers by increasing the
nominal [B]y/[T], ratio from 0.59 to 0.97 and comparing the
resulting molecular weight distributions. In all cases, as would
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be expected, a significant impact on the molecular weight dis-
tributions was observed by TD-SEC (ESI Fig. S16t), with M, D
and the weight fraction of primary chains incorporated during
branching reactions increasing. Surprisingly, the extent to
which the increased EGDMA impacted the molecular weight
distributions varied considerably between monomer-solvent
systems. For example, in the copolymerisation of EMA and
EGDMA in anhydrous MeOH, an increase in nominal [B]y/[I],
ratio from 0.81-0.95 saw weight average molecular weights
increase from 179-1485 kg mol ™', whereas in the copolymeri-
sation of SMA with EGDMA in anhydrous IPA, similar
increases in nominal [B]o/[I], ratios resulted in modest
increases in weight average molecular weights of the resultant
branched copolymers from 186-352 kg mol ™.

Branching copolymerisations utilising [B]o/[I], ratios >1.00
are expected to form insoluble gelled networks due to, cross-
linking of primary chains; whilst, the branching copolymerisa-
tions described here contain nominal [B]o/[I], ratios <0.97, the
varying initiation efficiencies observed in linear homopolymer-
isations indicate experimental [B]o/[I], ratios in excess of the
theoretical gel point (Table 2).

Surprisingly, in many cases the formation of a gel network
was avoided, and soluble branched polymers were obtained
from branching copolymerisations with measured experi-
mental [B]o/[T], ratios in excess of the theoretical gel point. The
high monomer conversions recorded, and the absence of
unreacted methacrylate groups observed during analysis of
purified polymers by "H NMR spectroscopy, indicate that gel
formation was not suppressed due to incomplete polymeris-
ation of pendant methacrylate groups. It is therefore probable
that in copolymerisations with experimental [B]y/[I]o > 1.00,
gelation was avoided due to the consumption of a fraction of
pendant methacrylate vinyl groups (from EGDMA incorpor-
ation) via intramolecular cyclisation.

Comparisons between the M,, of branched copolymers with
M,, values obtained for their linear equivalents (M,,(Br)/M,(L))
provides an indication of the weight average number of chains
that are conjoined during copolymerisation. Fig. 5a demon-
strates the impact that experimental [B]y/[I], ratios has on the
extent of branching; My(Br)/M,(L) generally increased with
experimental [B]o/[I], in the branching copolymerisations of
EGDMA with MMA, EMA, nBMA, nHMA and EHMA. In the
branching copolymerisations of the MMA-IPA and EHMA-
MeOH systems, large increases in the extent of branching were
observed shortly before gelation, which occurred when poly-
merisations were attempted at experimental [B]y/[I], ratios of
1.05. A similar trend was observed in branched copolymers
obtained from copolymerisation of EMA with EGDMA in
methanol; a sudden increase in My(Br)/M,(L) occurred as
experimental [B]y/[I], ratios were increased from 0.99 to 1.04
indicating that the latter copoylmerisation is approaching the
experimental gel point. Surprisingly, similar sudden increases
in the extent of branching were not observed in the copolymer-
sations of nBMA and nHMA with EGDMA in methanol despite
being conducted at experimental [B]o/[I], ratios of 1.12 and
1.03 respectively. This indicates that these reactions would
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Table 2 Branched copolymers generated by Cu-catalysed RDRP of hydrophobic methacrylate monomers and EGDMA in anhydrous alcohols

'H NMR (CDCl;) - primary chain analysis TD-SEC (THF/TEA)*
Exp. Conv.” M, (theory)’ M, (NMR) M, M,

Polymer Mo [Ble® [Ble® (%)  (gmol?)  (gmol™) (kgmol™) (kgmol™) P  a
(a) MeOH
P(MMAg;-c0-EGDMA,) o) 60 0.80 0.89 Gelation observed
P(MMAg;-c0-EGDMA, ) 61 0.90 1.00 Gelation observed
P(EMAgg-co-EGDMA, go) 59 0.81 0.89 99 7000 7800 179.3 30.0 5.97  0.384
P(EMAgg-co-EGDMA, o5) 61 0.85 0.93 99 7200 8000 398.6 35.0 11.80  0.385
P(EMAg;,-co-EGDMA, o0) 59 0.90 0.99 99 7000 7900 538.2 44.4 17.43  0.386
P(EMAg,-co-EGDMA, ,) 60 0.95 1.04 99 7100 7900 1485 51.6 31.78 0.415
p(nBMA,-c0-EGDMA,o5) 61 0.80 0.95 99 8900 10200 242.2 33.4 7.25  0.393
p(nBMA73-CO-EGDMA1_01) 63 0.85 1.01 >99 9200 10600 387.5 35.0 11.07 0.394
p(nBMA;,-c0-EGDMA, o,) 63 0.90 1.07 99 9200 10500 673.3 44.4 15.16  0.392
p(rZBMA73-CO-EGDMA1412) 62 0.94 1.12 >99 9100 10600 798.0 51.6 15.46  0.396
p(nHMAg5-co-EGDMA, ;) 60 0.78 0.87 >99 10 500 11300 282.6 29.5 9.58  0.383
p(nHMAg,-co-EGDMAyo,) 62 0.85 0.94 >99 10 800 11700 530.2 41.7 12.70  0.391
p(nHMAg5-co-EGDMAg o5) 60 0.88 0.98 >99 10 400 11300 591.1 40.9 14.45  0.389
p(nHMAGS-CO-EGDMAl_(B) 60 0.93 1.03 >99 10500 11 800 981.1 50.6 19.39 0.384
p(BzMA,5-c0-EGDMA, 5;) 60 0.70 0.917 >99 10 800 —f 303.5 31.4 9.66  0.390
p(BzMA78—co-EGDMA1_04)f 60 0.80 1.04f_ Gelation observed
p(BzMA,4-co-EGDMA, ;-)/ 60 0.90 1.17/ Gelation observed
p(EHMAg4-c0-EGDMA, 5,) 62 0.75 0.82 >99 12 600 13700 246.2 42.1 5.84  0.390
P(EHMAg5-c0-EGDMA go) 60 0.82 0.89 >99 12200 13100 313.1 31.5 9.94 0.392
p(EHMA68-CO-EGDMA0_93) 63 0.86 0.93 >99 12 800 13700 879.7 52.0 16.93 0.398
P(EHMA;(-c0-EGDMA, o5) 64 0.97 1.05 Gelation observed
P(LMAg;-c0-EGDMA, ,) 60 0.70 1.01 Gelation observed
P(LMAg,-co-EGDMA, 46) 60 0.80 1.16 Gelation observed
P(LMAgg-co-EGDMA, 3,) 61 0.90 1.30 Gelation observed
(b) IPA
p(MMAg,-c0-EGDMA, g;) 56 0.71 0.83 >99 5900 6700 352.6 24.8 14.20  0.347
P(MMA,,-c0-EGDMAy5,) 62 0.81 0.94 >99 6500 7300 1758 50.1 35.08 0.382
P(MMA;y-co-EGDMA, ) 60 0.90 1.05 Gelation observed
P(MMA;(-c0-EGDMA, 1) 60 0.95 1.10 Gelation observed
p(tBMAgg-co-EGDMA, ;) 61 0.70 0.77 >99 8900 9900 66.5 31.8 2.09 0.471
p(tBMAgs-co-EGDMAgo5) 60 0.85 0.93 98 8800 9500 94.1 29.4 3.20 0.431
p(tBMAeg-CO-EGDMALOZ) 63 0.93 1.02 97 9200 10100 150.7 64.0 2.35 0.432
p(tBMAg;-co-EGDMA, o5) 60 0.96 1.05 98 8800 9800 163.2 45.3 3.60  0.422
p(CHMAg5-co-EGDMAy ;) 59 0.59 0.67 >99 10200 11200 45.5 17.3 2.34  0.415
p(CHMAGg'CU‘EGDMAo_gl) 60 0.80 0.91 >99 10400 11700 102.9 23.5 4.38 0.403
p(CHMA69-CO-EGDMA1,03) 60 0.91 1.03 >99 10400 11900 227.1 33.5 6.70  0.391
P(CHMAgo-co-EGDMA, 46) 60 0.93 1.06 >99 10 400 11900 273.2 35.6 7.68  0.398
p(LMA72-C(J-EGDMA0_88) 66 0.78 0.88 >99 17 000 18600 96.1 32.2 2.98 0.423
P(LMAg5-c0-EGDMA, o) 60 0.85 0.96 >99 15 500 16 800 111.1 33.4 3.32  0.407
P(LMAg,-co-EGDMA, ) 59 0.90 1.01 >99 15300 16 500 147.1 30.2 4.86  0.402
P(LMA;(-c0-EGDMA, ,) 64 0.93 1.04 >99 16 500 18100 294.4 54.0 5.46  0.386
P(SMA,,-c0-EGDMA, g) 64 0.80 0.89 >99 21900 24700 186.0 43.5 427 0.404
P(SMA,3-c0-EGDMA, o) 65 0.85 0.94 >99 22200 24900 208.0 39.6 524  0.399
P(SMAgg-co-EGDMA, o) 62 0.90 1.00 >99 21200 23300 362.6 43.1 8.83  0.376
p(SMA(,s-CO-EGDMAlAOS) 60 0.95 1.06 >99 20600 22 300 352.4 53.1 6.63 0.392

“Calculated by "H NMR spectroscopy of polymerisation mixture at ¢,. ” Calculated by "H NMR spectroscopy of polymerisation mixture at t.
“Mperheory) = ((MJo/[Tlo * Mi(monomer)*€ONV.) + Mimitiacor))- @ Calculated by 'H NMR spectroscopy of the purified polymer: Mypcy = (DP, X
M(monomer) t Mi(initiator) ~ Calculated by TD-SEC using THF/TEA mobile phase (98/2 v/v%) at 35 °C using a flow rate of 1 mL min~.
Characterisation of p(BzMAgo-co-EGDMA, ) by "H NMR spectroscopy was not possible due to overlap between initiator and monomer

resonances.
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Fig. 4 Comparison of molecular weight distributions obtained by
TD-SEC. Overlaid refractive index (RI; solid lines) and right-angle light
scattering (RALS; dotted lines) chromatograms obtained for linear
homopolymers (red, Table 1) and the highest molecular weight
branched statistical copolymers (blue, Table 2) obtained for the follow-
ing monomer—alcohol systems: (a) MMA-IPA, (b) EMA-MeOH (c)
nBMA-MeOH, (d) tBMA-IPA, (e) nHMA-MeOH (f) BzZMA-MeOH, (g)
CHMA-IPA, (h) EHMA-MeOH, (i) LMA-IPA and (j) SMA-IPA.

likely tolerate experimental [B]o/[I], greater than those reported
here before the onset of gelation. The extent of branching
observed in the copolymerisations of EGDMA with ¢(BMA,
CHMA, LMA or SMA were significantly lower than those
described above. The CHMA/EGDMA reaction was studied
across a wide range of experimental [B]y/[I], ratios ranging
from 0.67 to 1.06 which gave increased M,,(Br)/M,(L) from 2.77
to 16.66 chains. Much smaller differences in the extent of
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branching were recorded for the LMA/EGDMA and SMA/
EGDMA systems. Copolymerisations of LMA with EGDMA at
experimental [B]y/[I], ratios ranging from 0.88 to 1.04 resulted
in an increase in the observed M,,(Br)/M,(L) from 3.94 to 12.07
chains. Similar increases were observed in the SMA/EGDMA
copolymerisation where M,(Br)/M,(L) increased from 5.24 to
9.93 chains as experimental [B]o/[I], ratios were raised from
0.89 to 1.06. The disparity in the extent of branching observed
was surprising and indicated varying contributions of inter-
molecular branching and intramolecular cyclisation during
copolymerisation in the different monomer/EGDMA systems.

Analyses of the cumulative weight fraction (w;) versus absol-
ute molecular weight, for the highest molecular weight
branched copolymers obtained from each of the monomer—
alcohol systems, were conducted to account for the M,, of the
primary chains from which each macromolecule is constructed
(ESI eqn (S1),f Fig. 5b). This analysis unveils the impact of
varying repeat unit mass, and therefore structure, on the
resulting molecular weights obtained (as judged by TD-SEC
analysis), and provides insight into the contribution of each
branched species within the distribution of each sample.

The extent of branching within the samples studied follow
the order of EMA > MMA > nBMA ~ nHMA > EHMA > CHMA
> BzMA > LMA > tBMA > SMA which supports the M,(Br)/
M,(L) analyses described above. This trend was reaffirmed
when similar analyses were conducted using the cumulative
mole fraction (ESI Fig. S17%). It must be stated however that
the samples studied were generated using varied experimental
[B]o/[I]o ratios therefore the ordering identified is only relevant
to the samples described here and is not indicative of branch-
ing efficacy between monomer/EGDMA systems.

This analysis was used to further demonstrate the discre-
pancy between copolymerisations which exhibited high and
low levels of branching. The composition of branched copoly-
mers possessing the highest weight average molecular weights,
prepared by copolymerisation of EMA and SMA with EGDMA
in methanol and IPA respectively, contained comparable chain
lengths and EGDMA content as determined by 'H NMR.
However, analysis of p(EMAg;-co-EGDMA, ,,) and p(SMAgs-co-
EGDMA; o6) by TD-SEC showed a large contrast in the level of
branching observed in branched copolymer samples. Analysis
showed that the lowest 25% of the cumulative weight fraction
(w; = 0.25) was made up of branched copolymers containing
no more than 4 and 2 primary chains in p(EMAgs-co-
EGDMA; o4) and p(SMAgs-c0o-EGDMA, o¢) respectively. In con-
trast the same analysis showed that 75% of the weight fraction
(w; = 0.75) was made up polymer chains containing up to 104
and 15 chains respectively; the upper quartile of the p(EMAge-
c0-EGDMA, ,,) molecular weight distribution therefore has >7-
fold higher number of conjoined chains than p(SMAgs-co-
EGDMA, ¢) (Fig. 5¢).

This can be explained by three key differences which arise,
and likely influence, branching reactions during varying copo-
lymerisations which target the same weight% solids content
and the same primary chain DP,. Most strikingly, the active
chain-end concentration, within the MMA to SMA copolymeri-
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Fig. 5 Analysis of branched copolymers produced by Cu-catalysed
statistical RDRP of methacrylate monomers with EGDMA using TD-SEC.
(a) Graphical representation of the impact of experimental [Blo/[l]o ratios
on the molecular weights of branched copolymers relative to those of
their linear homologues, M, (Br)/M,(L). (b) Plots showing the contributions
of each branched species towards the cumulative w; for branched copoly-
mers possessing the highest M,, from each monomer/EGDMA system. (c)
A comparison showing the variation in the extent of branching in branched
copolymer species which make up 0.25 and 0.75 of the cumulative w; in
P(EMAgg-co-EGDMA; o4) (red) and p(SMAgs-co-EGDMA, o) (blue).

sation series, decreases significantly when seeking to achieve
constant solids content and identical chain length; the
monomer molecular weight increase across the series can also
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be considered as a vinyl group weight fraction within the
monomers as decreasing from 85 wt% to 25 wt% which
necessitates a subsequent reduction in initiator concentration
to target a fixed DP, (Fig. 6a, ESI Table S4f). A normalised
active chain-end concentration factor can be calculated for
each branching copolymerisation studied; across the extremes
of the copolymerisations reported here, active chain-end con-
centrations for an MMA/EGDMA branched copolymerisation is
3.38-fold higher than the equivalent SMA/EGDMA reaction.
The impact of polymerisation concentration on the prevalence
of intramolecular cyclisation is well known and can likely
explain the relatively low levels of branching observed in the
copolymerisations of LMA and SMA with EGDMA, compared
with those conducted under similar experimental [B]y/[I]o
ratios, at higher active chain-end concentrations. Additionally,
the variation in steric hindrance created by the methacrylate
side-chain must also be considered; as the polymer pendant
groups increase in size, the side chains will ultimately exceed
the length of the pendant vinyl groups resulting from EGDMA
incorporation (Fig. 6b). Molecular modelling calculations
show that the pendant methacrylate group of an EGDMA
repeat unit protrudes an average distance of 0.889 nm from
the primary chain backbone; repeat unit side chains of MMA
and LMA protrude a distance of 0.427 nm and 1.619 nm
respectively (Fig. 5b, ESI Fig. S18, Table S671). Whilst this high-
lights the increasing steric hindrance to incoming radicals, it
is unclear whether this would actually promote consumption
of pendant methacrylate groups via intramolecular cyclisation
over intermolecular branching reactions.’®

Finally, the varying solvent environment within these poly-
merisations, and the impact on the phase behaviour of the
branched copolymers during propagation, may also be impor-
tant. This may be highly specific to the alcoholic copolymerisa-
tions discussed above, however, we have previously hypo-
thesised that in polymerisations where monomer consumption
progressively changes the solvent environment within the reac-
tion mixture, the formation of densely coiled structures is
likely.*>®* In the branching copolymerisations described here,
it is likely that significant differences in the conformations of
the propagating primary chains within highly branched struc-
tures and the lightly branched fraction across the copolymeris-
ing monomer series exist (Fig. 6¢). Branching copolymerisa-
tions of MMA with EGDMA gave homogeneous reactions mix-
tures, even after cooling, indicating that branched copolymers
remained well solvated throughout polymerisation. In con-
trast, nBBMA/EGDMA branching copolymerisations were homo-
geneous until heating was withdrawn and nHMA/EGDMA
copolymerisations remained homogenous until high
monomer conversion. It is reasonable to envisage that in rela-
tively poor solvent environments, branched copolymers will
adopt densely packed conformations, reducing the availability
of pendant methacrylate groups and reducing the overlap
between chain dimensions in solution; this would additionally
hinder successful intermolecular branching. Several of
monomer/EGDMA copolymerisations studied formed biphasic
reaction mixtures during copolymerisation, giving distinct and
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Fig. 6 Factors affecting branching in the copolymerisation of hydro-
phobic methacrylates with EGDMA via Cu-catalysed RDRP in alcohols.
(a) The inherent concentration factor which arises with increasing
monomer side chain length during branching copolymerisations con-
ducted at a concentration of 50 wt%. (b) Schematic representation of
the steric hindrance around pendant methacrylate groups in the pres-
ence of monomers containing (i) short and (ii) long alkyl side chains. (c)
Schematic representation of proposed primary chain conformations in
different solvent environments. (i) Collapsed polymer chains within a
bad solvent environment and (ii) expanded polymer chains within a
good solvent environment.
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highly viscous polymer-rich phases. It is likely that the varied
phase behaviours, and assumed associated conformational
changes, negatively impact the creation of intermolecular
branches; this is somewhat supported by the high levels of
branching observed for MMA/EGDMA and EMA/EGDMA
systems in contrast to lower branching levels seen in the
nBMA/EGDMA and nHMA/EGDMA systems. The lowest
degrees of branching were observed in copolymerisations of
CHMA, LMA and SMA, which form biphasic reaction mixtures
in the early stages of polymerisation with subsequent suppres-
sion of branching.

Conclusions

In this work we aimed to expand the scope of Cu-catalysed
RDRP of hydrophobic methacrylate monomers in alcoholic sol-
vents and explore the viability of the synthesis of a range of
branched polymer architectures using this unconventional
approach.

An attraction of RDRP reactions is the ability to conduct
controlled polymerisations at high solids contents, leading to
final polymer solutions of >50% w/w; however, it is clear that
monomer selection has the potential to impact the initial
solvent environment, whilst monomer depletion during propa-
gation, and formation of polymer, may lead to a transition
from a “good” solvent environment to a “poor” solvent con-
dition, as exploited by the so-called polymerization-induced
self-assembly, or PISA, reactions.”* Equally, varying solvent/
monomer mixture polarity may also impact the solubility of
the catalytic systems employed and alterations of the revers-
ible-deactivation equilibrium during different stages of poly-
merisation. These effects are readily overlooked within reac-
tions where the reaction solvent is a good solvent for all reac-
tion components and products. We have seen that homogen-
eity is not a critical parameter in many of these polymeris-
ations and the delayed onset of phase-separation, likely due to
monomer co-solvency, does not appear to have a considerable
impact on the achievement of high conversions or low D
values. Further work, to determine catalyst solubility within
different monomer-solvent mixtures as well as kinetic moni-
toring of Cu-catalysed RDRP of hydrophobic monomers in
alcoholic media, are ongoing.

The ability to conduct Cu-catalysed RDRP in anhydrous
methanol and IPA across a range of hydrophobic monomers
from methyl to stearyl methacrylate, including cyclic aromatic/
aliphatic and branched alkyl side chains, is remarkable; the
low dispersity and molecular weight targeting to give linear
homopolymers is highly interesting with value potentially
in more environmentally favourable solvent systems being
employed on large scales. Additionally, incorporation of
EGDMA at low co-monomer concentrations, was not unduly
impacted and offers a readily available route to the formation
of branched vinyl polymers; to the best of the authors’ knowl-
edge, this is the first report on the preparation of branched
statistical copolymers containing either nHMA, CHMA, BzMA,

This journal is © The Royal Society of Chemistry 2019
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EHMA, LMA or SMA using Cu-catalysed RDRP in alcoholic
media. Again, further studies are required to optimise branch-
ing copolymerisations of this type under these conditions, but
it may be possible to overcome poor branching efficacies
through simple changes to experimental design, including:
incremental increases to the [B]y/[I], ratios beyond those
studied here to establish the experimental gel point, varying
the chemistry and chain length of the BFM used (to overcome
inter-chain steric issues) and variations in reaction solids
content and subsequent initial solvent environment.
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