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The one-pot syntheses of two pentadeca-(15)-block methacrylate-
based amphiphilic copolymers, specifically a bipolymer (AB),;A and
a quintopolymer (ABCDE)s;, are being reported using a fast and
easy to scale up procedure that does not require any intermediate
purification steps. Both syntheses were carried out using sequen-
tial group transfer polymerisation (GTP) and took under 3.5 h.
Amino-containing (DMAEMA, DEAEMA), ether (THFMA, MEGMA)
and alkyl (EtMA) methacrylates were used to produce the multi-
block copolymers with a final Db < 1.3.

In nature, monomer sequence control and regulation in vital
molecules like proteins and DNA play a crucial role in biology
and life such as complex self-assembly and self-replication.
Thus, mimicking nature by trying to establish sequence
control in polymer synthesis has gained much interest."
Recent synthetic strategies have incorporated the precise
control of the sequence of monomers, facilitating single
monomer insertion. However, these approaches are not easy to
scale up, so there is increasing interest in synthesizing multi-
block copolymers through scalable methods.® Several groups
have successfully produced multiblock copolymers by using
reversible-deactivation ~ radical = polymerisation  (RDRP)
methods. Specifically, Perrier et al. produced acrylamide poly-
mers with hepta-block (7),” octa-block (8),® deca-block (10),’
dodeca-block (12)'° and icosa-block (20)'* copolymer architec-
tures using reversible addition-fragmentation chain-transfer
(RAFT) polymerisation. Haddleton et al. used acrylates and
acrylamides  with  photo-living radical polymerisation
(photoLRP) and atom-transfer radical polymerisation (ATRP),
respectively, to produce copolymers with hepta (7)'* and heni-
cosa (21)° blocks. Where conversion is high enough (>99%),
RDRPs are one-pot synthetic methods. However, in order to
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achieve high conversion, the polymerisation conditions will
need to be optimised and studied thoroughly for each set of
monomers used and this, depending on the monomers, can
be a time consuming procedure. Furthermore, the actual poly-
merisation time varies from 30 minutes to 8 days for each
block.

All of the above-mentioned studies polymerised acrylates or
acrylamides, that polymerize much faster than methacrylates.
Only one study reported methacrylate-based multiblocks with
RAFT using a bifunctional initiator. A hepta-block copolymer
was synthesised but poor monomer conversion required purifi-
cation between each polymerisation.'® This is due to the “poor”
kinetics of methacrylate monomers with RDRP methods which
could not be overcome until a recent publication in Nature
Chemistry.® In this study, several methacrylate multiblock
copolymers were synthesised using an innovative method-
ology: sulphur-free RAFT emulsion polymerisation.® The heni-
cosa-block (21 blocks) copolymer produced had a dispersity
(P) of 1.25 and a total polymerisation time of 60 hours. In a
follow-up study by the same authors, deca (10)- and hexa (6)-
block multiblock copolymers with similar dispersities were
also synthesised.'” The main disadvantage of this method is
that it limits the chemistry of the monomers that can be used
since it is an emulsion polymerisation method. Thus, only
hydrophilic or only hydrophobic monomers can be polymer-
ised under optimised conditions depending on the choice of
the disperse phase limiting the possibility for amphiphilic
copolymers with a multiblock architecture, unless combined
with post-polymerisation modification(s).

Multiblock copolymers have also been reported with living
polymerisation methods, typically having a narrower P. Using
the conventional living anionic polymerisation, high molar
mass copolymers of hexa (6),"> hepta (7),"® and octa (8)"” blocks
have been reported with a P of 1.09, 1.5 and 1.25, respectively.
Coupling reactions in combination with living anionic poly-
merisation have produced a hepta-block with a b of 1.07.'

Several studies have also been reported using group transfer
polymerisation, GTP, which is an easy to scale up living
anionic polymerisation that was developed by Du Pont in the
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1980s.">%° The mechanism of GTP has undergone much
debate and is believed to depend on the nucleophilicity of
the catalyst used. Monomers are added to the active chain
by repetitive Mukaiyama aldol additions. However, two pro-
posed mechanisms exist to describe the interaction of the
catalyst with the active species: (1) a dissociative mechanism
with enolate anions as the active species or (2) an associative
mechanism with an intramolecular transfer of the silyl
group through a concerted reaction. We believe that the
initiator/catalyst we use follows an anionic, dissociative
mechanism.

GTP, unlike the conventional living anionic polymerisation,
can be conducted at temperatures up to 100 °C but is fre-
quently conducted at ambient temperatures; thus there is no
need to cool down to temperatures below 0 °C. However, to
mitigate fluctuations in the polymerisation kinetics of GTP, at
industrial scales, a reflux condenser is sometimes used to
control the reaction exotherm. Furthermore, it should be
noted that the recent studies on living anionic polymerisation
have been performed at room temperature.””>> However these
were conducted using flow tubular or microreactor devices, so
scalability is a concern.

Patrickios’ group has reported the synthesis of methacry-
late-based copolymers by GTP with penta (5)** and hepta
(7)>**® blocks using a bifunctional initiator as well as a hexa-
block'® using a monofunctional initiator. More recently,
Kakuchi’s group reported the synthesis of an acrylate icosa-
block copolymer using GTP with novel catalysts.>® The latter
was done in small scales (<1 g) using a glove box.

Here we report the synthesis of two novel methacrylate pen-
tadecablock (15) copolymers using GTP. The synthesis was
performed in one pot using sequential polymerisation and the
overall polymerisation time was less than 3.5 hours. At
15 minutes per block, this is faster than any previous studies
with a similar number of blocks. Unlike traditional anionic
polymerisation methods, GTP can be conducted at ambient
temperatures and at higher concentrations. Furthermore, due
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to exceptionally high conversion (>99%), no intermediate puri-
fication steps are needed and this methodology can be easily
scaled up. For these reasons, this methodology is cost-effective
when compared to RDRP and the conventional anionic poly-
merisation. Additionally, GTP has been routinely used in
industry for the synthesis of block copolymers such as emulsi-
fiers and narrow dispersity poly(methyl methacrylate) GPC cali-
bration standards. The organic catalyst remains in the polymer
solution at very low concentrations (typically 0.05% w/w cata-
lyst/polymer). In applications where the presence of the cata-
lyst is undesirable, the end product can be easily purified by
precipitation to remove the non-sulphurous, non-metallic and
colourless catalyst.

In this study, the first multiblock copolymer synthesised
was a pentadecablock bipolymer based on ethyl methacrylate
(EtMA) and 2-(dimethylamino)ethyl methacrylate
(DMAEMA). These monomers were chosen for the initial
multiblock study because of their different properties
(specifically hydrophilicity), in order to produce amphiphilic,
pH-responsive copolymers, and both monomers are readily
available from commercial sources. Furthermore, the blocks
were alternated between DMAEMA and EtMA for a sub-
sequent investigation into the self-assembly of these block
copolymers in the solution.

After confirming that the polymerisation of the bipolymer
was successful, a second multiblock copolymer was syn-
thesised based on 5 monomers in order to highlight the diver-
sity of functional groups which can be polymerised with GTP.
The chemical structures of the five commercially available
monomers chosen to synthesise the pentadecablock copoly-
mer are shown in Fig. 1. These monomers are EtMA,
DMAEMA, 2-(diethylamino)ethyl methacrylate (DEAEMA), tet-
rahydrofurfuryl methacrylate (THFMA) and ethylene glycol
methyl ether methacrylate (MEGMA). The chemical structures
of the resulting polymers are shown in Fig. 2a and 3a.
DEAEMA, similarly to DMAEMA, is a pH-responsive monomer
that is hydrophobic under normal physiological conditions

Tetrahydrofurfuryl 2-(Diethylamino)- Ethyl Ethylene glycol 2-(Dimethylamino)- 1-Methoxy-2-methyl-1-
methacrylate ethyl methacrylate methacrylate methyl ether ethyl methacrylate (trimethylsiloxy)propene
(THFMA) (DEAEMA) (EtMa)  methacrylate (MEGMA) (DMAEMA) (MTS)

o} O (6] O

/ /T

Fig. 1 Chemical structures of the monomers and initiator used for the synthesis of multiblock copolymers with GTP.
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Fig. 2 (a) The chemical structure of the pentadecablock bipolymer
(EtMAs-b-DMAEMAG),-b-EtMAs. (b) The overlayed GPC traces corres-
ponding to the bipolymer. (c) The theoretical and experimental molar
mass and D against the number of blocks for the bipolymer.

instead of being hydrophilic. THFMA and MEGMA are cyclic
and linear esters, respectively, and both are polar.

For this one-pot synthesis, the monomers were distilled
from calcium hydride and purged with argon. The polymeris-
ation catalyst (tetrabutylammonium bibenzoic acid, TBBAB),
the solvent (tetrahydrofuran) and the initiator (1-methoxy-1(tri-
methylsiloxy)-2-methyl propene, MTS) were added into a dry
flask containing argon. Subsequently, the first monomer
(THFMA) was syringed in the flask, drop-wise. After the reac-
tion exotherm attenuated, samples for gel permeation chrom-
atography (GPC) and nuclear magnetic resonance (NMR) spec-
troscopy were obtained and the polymerisation was terminated
with methanol. Sequential additions of THFMA, DEAEMA,
EtMA, MEGMA and DMAEMA were executed in a similar
manner. This sequence of additions was repeated 3 times to
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Fig. 3 (a) The chemical structure of the quintopolymer (THFMAs-b-
DEAEMAGs-b-EtMAs-b-MEGMAs-b-DMAEMAG)s. (b) The overlayed GPC
traces corresponding to the quintopolymer. (c) The theoretical and
experimental molar mass and D against the number of blocks for the
quintopolymer.

produce a pentadecablock copolymer. GPC samples were ana-
lysed to determine the molecular mass of the polymer after
each addition and NMR samples confirmed the composition
of the polymers and the full conversion of the monomers to
the polymer. The bipolymer was synthesised in a similar
manner, where only EtMA and DMAEMA were polymerised in
an alternating sequence. The concentration of the monomers
in the solution was kept constant at 25 wt% for both reactions.

The final M,’s were 13 000 g mol™" and 12 200 g mol ™" for
the quintopolymer and bipolymer, respectively. More than 19 g
of the polymer, specifically 19.7 g (bipolymer) and 26.2 g
(quintopolymer), was produced. The reactions could have been
easily scaled up to produce more polymer if required; in
fact, GTP works better at larger scales by minimising the
deactivation caused by trace impurities or humidity. The total

This journal is © The Royal Society of Chemistry 2018
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polymerisation time was <3 h for the bipolymer and <3.5 h for
the quintopolymer. Each addition/block polymerised between
10 and 15 minutes. The temperature of the reaction ranged
between 23 and 28 °C for both syntheses, with a typical temp-
erature increase of 0.5 to 1 °C as each monomer was added. It
should be pointed out that no cooling was required unlike the
conventional anionic polymerisation. If a higher degree of
polymerisation (DP) for each block was desired, then a water
bath may be required to avoid the exotherm from compromis-
ing the . With this technique, the DP of each block could be
increased, as required; however, the rate of addition should be
reduced for larger volumes of the monomer and the final
molecular mass of the copolymer should be reduced to retain
control over the D.

In Fig. 3b and 2b, the GPC chromatograms of the quintopo-
lymer (THFMA;-b-DEAEMA;-b-EtMA5-h-MEGMA;-h-DMAEMA; ),
and the bipolymer (EtMA;-b-DMAEMA;),-b-EtMA; are shown,
respectively. The corresponding number average molar mass
(M,), theoretical molar mass (M) and dispersity (D) are
plotted against the number of blocks for the bipolymer
(Fig. 2¢) and the quintopolymer (Fig. 3c). Also, provided in the
ESIt are two tables which summarise these data and the
theoretical and experimentally determined polymer compo-
sitions. The NMR spectra of both the final polymers are also
provided in the ESI.{ Noteworthy is the fact that the NMR
spectra for the precursors and polymers did not reveal any
monomer traces, confirming >99% conversion of the monomer
to the polymer. This is typical for GTP synthesis under these
conditions, demonstrating the advantage of GTP for the syn-
thesis of block copolymers by sequential polymerisation.

Furthermore, as can be seen in Fig. 2b and 3b, there was
slight deactivation between each block addition. As the poly-
merisation proceeds to above 12 blocks, the rubber septum
sealing the polymerisation flask has been pierced more than
20 times for monomer addition and sample acquisition. These
polymers were synthesised in a normal fume hood with no
control over humidity, resulting in some unavoidable de-
activation during the polymerisation. This factor and initial de-
activation of the initiator, which is typical for GTP
synthesis,®*’ ¢ cause the M, to increase more than the My,.
The D remained low (<1.3) at all times during the polymeris-
ation for both polymers. However, the final polymers had a
slightly higher D than for a typical GTP synthesis. This can be
attributed to chain transfer reactions that occur at longer poly-
merisation times. The quintopolymer had a higher b than the
bipolymer possibly due to the slightly better kinetic rate for
EtMA and DMAEMA with GTP; the polymerisation is more con-
trolled in comparison with THFMA and MEGMA. At this point
it should be noted that the aimed average degree of polymeris-
ation per block was 5, knowing that normally there is some
initial deactivation that will result in at least an average 6 units
per block. This ensures that at least one unit was attached
until the addition of the next monomer according to a recent
theoretical study.®”

In conclusion, the successful sequential GTP syntheses of
two pentadecablock copolymers are reported. The short poly-

This journal is © The Royal Society of Chemistry 2018
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merisation times, large scale, no need of heating/cooling and
the relatively high concentration (when compared to the con-
ventional/traditional living anionic polymerisation) makes
GTP a versatile technique to manufacture multiblock copoly-
mers with tailorable number of blocks, composition and
hydrophilicity/hydrophobicity (amphiphilicity).
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