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The synthesis of multiblock copolymers has emerged as an efficient tool to not only reveal the optimal way to
access complex structures and investigate polymer properties but also to ascertain the end-group fidelity of
a given polymerization methodology. Although reversible addition—fragmentation chain-transfer (RAFT)
polymerization is arguably the most dominant strategy employed, its success is often hampered by the
unavoidable and excessive use of radical initiators which results in increased termination and loss of end-
group fidelity. In this work, we employ acid in RAFT polymerization to enhance the synthesis of multiblock
copolymers. By the addition of a small amount of acid, a 4-fold decrease in the overall required radical
initiator concentration was achieved, enabling the synthesis of a range of well-defined multiblock
copolymers with various degrees of polymerization (DP) per block. The acid enhances the propagation rate,
minimizing the initiator concentration. In all cases, near-quantitative monomer conversion was obtained
(>97%) for every iterative block formation step. Notably, and in contrast to conventional RAFT approaches,

the tailing to low molecular weight was significantly suppressed and the dispersity was maintained nearly
Received 18th January 2024 tant (e i ¢ D = 11-12), thus indicati ) t inati ¢ d sid i duri
Accepted 27th February 2024 constant (i.e. in most cases © = 1.1-1.2), thus indicating minor termination events and side reactions during
acid-enhanced synthesis. The possibility to synthesize multiblocks consisting of methacrylates, acrylates, and

DOI: 10.1039/d4sc00399¢ acrylamides was also demonstrated. This work presents an advancement in the synthesis of well-defined
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Introduction

With the advent of reversible deactivation radical polymeriza-
tion, commonly referred to as controlled radical polymeriza-
tion, it is now possible to prepare well-defined polymers with
advanced characteristics including controlled architecture,
dispersity, functionality, and sequence under relatively mild
and user-friendly conditions."™ A particularly exciting aspect of
controlled radical polymerization explored over the last decade
is the possibility of synthesizing sequence-controlled multi-
block copolymers.’®** On one hand, such synthesis offers
a unique approach to explore the effect of sequence on polymer
properties including self-assembly, antimicrobial activity,
folding and microphase separation.'**> On the other hand, the
preparation of multiblock copolymers consists of a unique
strategy to indirectly evaluate the livingness of a given poly-
merization system. For instance, multiblock copolymers with
an overall lower dispersity and suppressed low and high
molecular weight shoulders are more “living” and as such
would be the preferred choice to make these complex structures
with low number of terminated chains that influence the
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multiblock copolymers and more broadly, RAFT polymers with high end-group fidelity.

material properties. It is also noted that such optimization in
the synthesis also enables access to the efficient preparation of
simpler and more commonly utilized materials such as diblocks
and triblocks. As a result, competition has sparked between
various groups to target the highest number of blocks possible
without compromising the final dispersity.™

In atom transfer radical polymerization (ATRP), Whittaker
first demonstrated the synthesis of multiblock copolymers
consisting of very short blocks (i.e. DP = 2 per block) in the
presence of zerovalent copper.*® Although this original work
inspired the field of sequence-controlled multiblock copoly-
mers, targeting longer blocks appeared to be a formidable
challenge.>* For instance, when a decablock copolymer with
~DP = 20 per block was attempted, a final dispersity of 1.72 was
reported accompanied by significant low molecular weight
tailing. Alternative approaches by the groups of Haddleton,
Junkers and Hawker employing photo-induced ATRP subse-
quently expanded the scope of materials while resulting in fast
polymerizations and improved dispersities.”*** However,
pronounced termination was still clearly visible by size exclu-
sion chromatography (SEC) leading to the gradual accumula-
tion of Cu(u) and the inevitable cessation of the polymerization,
thus severely limiting the number of blocks.

From a mechanistic perspective, reversible addition-frag-
mentation chain-transfer (RAFT) polymerization would perhaps
be a more promising alternative as the incorporation of an
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Fig.1 Comparison of the synthesis of multiblock copolymers via conventional RAFT polymerization versus acid-triggered RAFT polymerization.
Top left: schematic representation of a conventional RAFT polymerization. Middle left: graphical representation of polymerization rate, initiator
concentration and dispersity in a conventional RAFT process. Bottom left: illustration of SEC traces of a pentablock copolymer synthesized via
a conventional RAFT process. Top right: schematic representation of acid-triggered RAFT polymerization. Middle right: graphical representation
of polymerization rate, initiator concentration and dispersity in acid-triggered RAFT process. Bottom right: illustration of SEC traces of a pen-

tablock copolymer synthesized via acid-triggered RAFT.

additional radical initiator would, in principle, allow for the
continuation of polymerization, thus potentially overcoming
the obstacle of the limited block numbers.**>” However,
conventional RAFT suffers from the inherent limitation that
external termination (due to added the radical initiator) is
inevitable in the RAFT process and as such RAFT polymeriza-
tion, in theory, exhibits a higher extent of termination than
ATRP.*® For a successful RAFT polymerization, one has to
maintain a high fraction of living chains and this challenge
becomes particularly difficult when targeting multiblock
copolymers as an additional radical initiator must be added
upon each monomer addition. Perrier and co-workers showed
in a series of publications that the successful synthesis of even
icosablock copolymers was feasible by ensuring a sufficiently
high propagation rate.**** To minimize the amount of required
radical initiator, a high k, monomer class (i.e. acrylamides) and
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a polar solvent (i.e. water) were selected, yielding high livingness
for such demanding architectures. Yet, dispersity continually
increased during the synthesis and significant low molecular
weight tailing was evident by SEC. For example, in a dodeca-
block copolymer, a final dispersity of ~1.6 was reported with the
dispersity of the homopolymer being as low as 1.2.** Upon tar-
geting higher molecular weights per block (i.e. DP = 100),
higher dispersity could already be observed in the pentablock
copolymer (P = 1.5). More recently, significant progress has
been made by the groups of Zetterlund, Boyer, and Hartlieb who
have employed emulsion, photoinduced electron/energy trans-
fer RAFT and photoiniferter polymerizations respectively to
prepare a range of multiblock copolymers.*****>* Despite these
recent achievements, the vast majority of these strategies still
exhibit broad molar mass distributions and visible termination,
exemplified by non-uniform molar mass distributions (Fig. 1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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At the same time, thermal RAFT remains an attractive and
versatile polymerization method and as such, alternative
approaches that further suppress the required radical concen-
tration would be highly advantageous.?”

Our group recently reported the acid-triggered polymerization
of vinyl monomers in which a highly abundant acid (e.g. sulfuric
acid) was shown to trigger a successful RAFT polymerization in
the absence of conventional radical initiators.>” Interestingly, the
acid was capable of not only initiating the polymerization but
also increasing the reaction rate thus allowing the system to
operate with an overall lower radical concentration. Although the
synthesis of diblock and triblock copolymers was successful with
only acid (ie. no radical initiator was required), rather slow
polymerization rates were observed (i.e. 20 h per block), thus
limiting the possible total number of blocks and the ability to
synthesize well-defined multiblock copolymers. In this work, we
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hypothesize that the synergy of an acid and a free radical initiator
will enable the rapid synthesis of multiblock copolymers while
significantly suppressing termination events.

Results and discussion

To perform a conventional RAFT polymerization, dimethyla-
crylamide (DMA) was used as a monomer, 2,2'-azobis[2-(2-
imidazolin-2-yl)propane]dihydrochloride (VA-044) as a radical
initiator, 2-(((butylsulfanyl)carbothioyl)sulfanyl)propanoic acid
(PABTC) as the chain-transfer agent (CTA 1) and water as the
solvent. We targeted an initial DP = 500. In the presence of 0.02
equiv. of radical initiator, a conventional thermal RAFT poly-
merization took place at 70 °C (Fig. 2a, e(®) and 2f-h, Table
S1t). Within 20 minutes, 30% of conversion by H' nuclear
magnetic resonance (NMR) was achieved and no further
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(a) Scheme of DMA polymerization with CTA 1 (TTC) in the absence of acid and 2% initiator. (b) Scheme of DMA polymerization with CTA 1

(TTC) with 10 equiv. of acid and 2% initiator. (c) Scheme of DMA polymerization with CTA 1 (TTC) in the absence of acid and 8% initiator. (d)
Scheme of DMA polymerization with CTA 2 (DTC) with 10 equiv. of acid and 2% initiator. (e) Kinetic analysis of the polymerization of DMA with DP
= 500 under the conditions described in (a—d). (f) SEC traces for the final time points of the reactions conducted in (e). (g and h) Initiator

percentage and final conversion of reactions (a—d) accordingly.
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monomer consumption could be observed at prolonged reac-
tion times suggesting that all the radical initiator had been
consumed. In addition, a broad molar mass distribution was
observed (P = 1.53) which was attributed to the low CTA
consumption at this relatively early stage of polymerization.
Indeed, a significant amount of remaining CTA was confirmed
by the SEC UV-detector (Fig. S2t). Typically, a higher equivalent
of initiator (>0.02) can be used to increase conversion and CTA
consumption. However, this approach would also lead to
increased termination.

Inspired by our recent work in acid-triggered RAFT polymer-
ization,** we hypothesized that the addition of acid would result
in both faster reaction rates and overall higher monomer
conversions. To examine this scenario, sulfuric acid (10 equiv.)
was added and the reaction was repeated under otherwise iden-
tical conditions (Fig. 2b, e (¢) and 2f-h, Table S1f). Detailed
kinetic analysis revealed a two-fold increase in the monomer
conversion within the first 20 minutes (i.e. 60% versus 30% that
was observed in the absence of acid) and the polymerization
further progressed to 92% conversion within 1 hour. These
results suggest that the presence of acid can indeed have
a profound effect on the reaction rate and subsequently on the
final conversion reached. Notably, narrow molar mass distribu-
tions (P = 1.11) were obtained at near-quantitative conversions
indicating that a much faster incorporation of the RAFT agent
was achieved, leading to better control over the molecular weight.

As a control experiment, the optimal amount of added
radical initiator that could achieve high monomer conversions
in the absence of acid was also explored (Fig. 2c, e (m) and 2f-h).
It was found that to achieve a similarly high monomer conver-
sion (i.e. =90%), 0.08 equiv. of the radical initiator was essential
leading to 90% conversion within 1 h and a final dispersity of
1.24. It is noted that the concentration of the utilized radical
initiator has been increased by four-fold to achieve similar
conversions when compared to the experiment in the presence
of acid. Another interesting observation here is that we observe
a slower CTA consumption (Fig. S31) as opposed to the acid-
triggered RAFT experiment (Fig. S4t) which suggests that the
presence of acid not only accelerates the rate and yields higher
monomer conversions but also results in improved dispersities
due to the faster CTA consumption.

Although CTA 1 is an excellent candidate to trigger an acid-
triggered RAFT polymerization, we were also interested in
examining a more water-soluble CTA, namely methyl 2-
(methyl(4-pyridinyl)carbamothioylthio)propionate (CTA 2). CTA
2 is a switchable RAFT agent that in acidic media is a high-
activity RAFT agent.>® When CTA 1 was replaced by CTA 2 in
the presence of 10 equiv. of sulfuric acid, a well-controlled
polymerization took place reaching near-quantitative conver-
sion (i.e. 98%) and a dispersity of 1.16 (Fig. 2d, e (®) and 2f-h).
Considering the improved solubility and high monomer
conversion attained, CTA 2 was subsequently selected as the
model CTA for the synthesis of the multiblock copolymers. As
CTA 2 is a switchable RAFT agent and therefore would yield high
dispersity polymers in the absence of acid, CTA 1 was also
selected as an alternative RAFT agent for all the control
experiments.
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Encouraged by the homopolymerization results, a penta-
block copolymer with a DP = 100 per block was set out as the
initial multiblock target considering that when either ATRP or
RAFT polymerization methodologies were previously employed
for this synthesis, rather broad final molar mass distributions
(P > 1.5) and/or severe low and high molecular weight termi-
nation were reported.>>**

In particular, the synthesis of two pentablock copolymers
were performed; the first in the absence of acid using CTA 1 and
the second in the presence of acid utilizing CTA 2. Aside from
the acid content and CTA choice, all other conditions were
identical and are summarized in ESI (Fig. S5, Tables S2 and
S31). In the absence of acid, the first block was easily attained
with a very narrow molar mass distribution (b = 1.09) (Fig. 3a-
c). Upon reaching near-quantitative monomer conversion
(>95% by '"H NMR), an aliquot of the second acrylamide
monomer was injected in situ together with another batch of
free radical initiator to ensure the continuation of the poly-
merization. At approximately 98% conversion SEC revealed
a slight increase in the dispersity (b = 1.13) which became even
more pronounced for the third block (P = 1.20) and was
accompanied by obvious low molecular weight tailing. Perhaps
not surprisingly, blocks 4 and 5 exhibited further termination
and broadening of the molar mass distributions yielding a tet-
rablock and pentablock copolymer with dispersities of 1.28 and
1.38 respectively (Fig. 3a-c). It is also noted that severe low
molecular weight tailing is visible by SEC. This result is rather
expected and is attributed to the necessity of adding further
radical initiator at each iterative monomer addition. Specifi-
cally, to ensure high monomer conversions at each step
approximately 0.02 equiv. of radical initiator was added per
block equating to an overall 0.11 equiv. utilized for the entire
multiblock synthesis. Following the livingness equation previ-
ously developed by Perrier and co-workers®”** the total living-
ness was calculated at 89.6%.

Instead, in the presence of sulfuric acid, a completely
different evolution of the molar mass distributions was
observed. While the first block exhibited slightly broader molar
mass distributions than when conventional RAFT polymeriza-
tion was employed (P = 1.15 versus D = 1.09), the presence of
acid had a remarkable effect for the subsequent blocks and the
overall dispersity remained relatively constant. In particular, the
diblock yielded a dispersity of 1.16, followed by 1.14 for the
triblock, 1.16 for the tetrablock and 1.17 for the final pentablock
copolymer. It is highlighted that near-quantitative monomer
conversions were also reached throughout the synthesis (>97%
for each block) and the extent of termination at either low or
high molecular weight was significantly suppressed, exempli-
fied by a monomodal final molar mass distribution (Fig. 3d-f).

Thanks to the rate acceleration offered by the addition of
acid, a much lower overall amount of radical initiator was
employed (i.e. a total of 0.05 equiv.) As such, the acid-triggered
RAFT polymerization led to the efficient synthesis of a penta-
block copolymer with an overall livingness of 95.1%. It is noted
that the small amount of radicals generated by autoinitiation
has not been considered to ease the calculations. In other
words, acid-triggered RAFT polymerization yielded a two-fold

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) SEC traces illustrating the molar mass distributions for consecutive blocks during the synthesis of a pentablock copolymer synthesized

via conventional RAFT polymerization (Rl detector). (b) Evolution of M,, (blue) and D (black) of the pentablock copolymer via conventional RAFT
polymerization. (c) *H NMR spectra illustrating the monomer conversion of each block. (d) SEC traces illustrating the molar mass distributions for
consecutive blocks during the synthesis of a pentablock copolymer synthesized via acid-triggered RAFT polymerization (Rl detector). (e)
Evolution of M,, (blue) and P (black) of the pentablock copolymer via acid-triggered RAFT polymerization. (f) *H NMR spectra illustrating the

monomer conversion of each block.

decrease in the overall termination when compared to
conventional RAFT polymerization (4.9% of terminated chains
versus 10.4% of terminated chains). A pentablock copolymer
(DP = 100 per block, M,, = 75300, b = 1.23) was successfully
synthesized in the presence of added acid, suggesting that acid
can trigger polymerization without the need for a radical initi-
ator (Table S4+).

Considering the initial success of multiblock copolymer
synthesis via acid-triggered RAFT polymerization, we subse-
quently decided to further challenge our system by attempting
the synthesis of pentablock copolymers consisting of an even
higher DP per block (DP = 200). In the presence of acid, the first
block yielded a well-defined homopolymer with a symmetrical
and monomodal molar mass distribution (P = 1.15) (Fig. 4a and
b, Table S5t). Upon chain extension at high monomer conver-
sion, a diblock copolymer with low dispersity was also attained (P
= 1.18). This process was repeated two more times with SEC
analysis confirming a clear shift to higher molecular weights
after each addition resulting in the near-quantitative synthesis
(i.e. >96% of conversion per block) of a triblock and a tetrablock
copolymer with dispersities of 1.17 and 1.19 respectively. Notably,
even the pentablock copolymer possessed rather narrow molar
mass distributions (P = 1.22) and an overall livingness of 95%
(Table S5, Fig. S67).

Encouraged by these findings, a demanding pentablock
copolymer with DP = 500 per block was subsequently attempted.
For the first three blocks low dispersity values were maintained

© 2024 The Author(s). Published by the Royal Society of Chemistry

(P =1.16 for block 1, b = 1.19 for block 2 and b = 1.21 for block
3) despite the very high monomer conversions reached prior to
the next monomer addition (Fig. 4c and d, Table S61). However,
upon further monomer additions, the dispersity rose to 1.32 for
the tetrablock and 1.38 for the pentablock copolymer with an
overall livingness of 90.6% (Table S6, Fig. S7t). Although SEC
reveals clear termination events, these results represent the most
successful one-pot synthesis of high molecular weight multi-
block copolymers. Acid-triggered RAFT polymerization yielded
a pentablock copolymer (DP = 500 per block) with slightly higher
overall theoretical livingness than the corresponding lower
molecular weight pentablock copolymer (DP = 100 per block)
previously synthesized with conventional RAFT polymerization
(90.6% versus 89.6%). This is also reflected in the comparable
final dispersities achieved despite the large difference in the
molecular weight of each pentablock (i.e. b = 1.38 for both the
acid-synthesized DP = 500 per block pentablock and the
conventional RAFT-synthesized DP = 100 per block pentablock).
When conventional RAFT polymerization (i.e. through the
exclusive use of radical initiator) was employed to synthesize an
equally high molecular weight pentablock (i.e. DP = 500 per
block), the overall dispersity attained rose to 1.75 (Fig. S8 and S9,
Table S71). Furthermore, the total livingness recorded was
reduced to just 64.5%, meaning that 35.5% of chains are
terminated (Fig. S9, Table S77). Instead, the corresponding
multiblock synthesized by acid-triggered RAFT polymerization
possessed only 9.4% terminated chains (Table S67). As such, it

Chem. Sci., 2024, 15, 5019-5026 | 5023
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Fig.4 Sequence controlled multiblocks. (a) SEC traces illustrating the molecular weight distributions for consecutive cycles during the synthesis of
a pentablock with DP = 200 and CTA 2 (RI detector). (b) Evolution of dispersity (black) and the measured molecular weight (blue) during this
multiblock synthesis. (c) SEC traces illustrating the molecular weight distributions for consecutive cycles during the synthesis of a pentablock with
DP =500 and CTA 2 (RI detector). (d) Evolution of dispersity (black) and the measured molecular weight (blue) during this multiblock synthesis.

can be concluded that acid-triggered RAFT polymerization can
reduce termination up to 4-fold by reducing the overall radical
initiator concentration required. Such a large difference in the
overall livingness may be significant not only for the synthesis of
multiblock copolymers but also for applications where post-
polymerization modification is essential to install desired func-
tionality at the chain-end.

Although the preparation of high molecular weight polymers
represents one of the most challenging targets in the synthesis of
multiblock copolymers, previous literature also focused on the
synthesis of lower molecular weight multiblock copolymers to
achieve the highest number of blocks possible. For instance,
Perrier and co-workers reported an impressive icosablock
copolymer comprised of low molecular weight blocks (DP = 3
per block).** Although the initial dispersity recorded was as low

5024 | Chem. Sci, 2024, 15, 5019-5026

as 1.10, this value gradually increased during the multiblock
synthesis with a final dispersity of 1.36 while SEC showed clearly
visible low molecular weight tailing. Harrisson and co-workers
then convincingly demonstrated the limits of precision mono-
mer placement suggesting a minimum DP of 6 in order to
minimize the percentage of defective chains.*® In line with this
recommendation, we set out to target an icosablock copolymer
with DP = 6 per block despite the fact that it would, in principle,
require higher radical initiator concentration as opposed to
a multiblock with only DP = 3 per block. Acid-triggered RAFT
polymerization started with a relatively high dispersity of 1.25
and this value gradually decreased down to 1.14 for the octa-
block copolymer while reaching high monomer conversions
throughout the synthesis (Fig. 5a and b, Table S8t). Unlike the
previous synthesis of multiblock copolymers via either ATRP or

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Sequence-controlled multiblocks. (a) SEC traces illustrating the m

Chemical Shift (ppm)

olar mass distributions of consecutive blocks during the synthesis of an

icosablock copolymer with DP = 6 (RI detector). (b) Evolution of dispersity (black) and the measured molecular weight (blue) during this mul-
tiblock synthesis. (c) Representative *H NMR spectra illustrating the monomer conversion.

RAFT polymerization methodologies, the dispersity was main-
tained for the next monomer additions yielding an icosablock
copolymer with an overall dispersity of 1.15.>>** To date, this is
the lowest reported dispersity for such a complex architecture
and further supports the high livingness obtained via acid-
triggered RAFT polymerization. A minimum conversion of at
least 97% was ensured prior to the next monomer addition for
each block.

Last but not least, we were also interested in synthesizing
a more complex multiblock copolymer simultaneously consist-
ing of methacrylate, acrylate, and acrylamide-based monomers.
In particular, glycerol monomethacrylate (GMA), poly(ethylene
glycol) methyl ether acrylate (PEGA;s), DMA and NAM were
employed to construct the pentablock copolymers under the
following sequence: PGMA-b-PPEGA-h-PDMA-b-PNAM-h-PDMA.
In line with our previous synthesis, acid-triggered RAFT poly-
merization enabled access to a well-defined material with
narrow molar mass distributions (P = 1.23) and an M,, of 51 000
(Fig. S10, Table S9t1). Instead, our control experiment of the
identical multiblock using a radical initiator resulted in
significantly lower molecular weight tailing and an overall
higher dispersity (P = 1.46). These results highlight the
compatibility of our approach to other monomer classes such as
methacrylates and acrylates (Fig. S10, Table S107).

Conclusions

To summarize, in this work we employed acid in RAFT poly-
merization to prepare a range of multiblock copolymers with
variable DPs per block. The presence of the acid substantially
increased the polymerization rate thereby minimizing the
quantity of required initiator employed to achieve quantitative
monomer conversion. The lower amount of radical initiator
utilized consequently suppressed the extent of termination
events and preserved the end-group fidelity, yielding multiblock
copolymers with high livingness. When compared to conven-
tional RAFT polymerization, a four-fold decrease in the
proportion of terminated chains was calculated. Notably, the
synthesis of very high molecular weight multiblock copolymers
was achieved with each block set at either DP = 100, DP = 200 or
DP = 500. In all cases, the livingness exceeded 90% thus leading
to the preparation of well-defined materials. Finally, an

© 2024 The Author(s). Published by the Royal Society of Chemistry

icosablock copolymer was synthesized where the dispersity was
maintained at approximately 1.16 throughout the iterative
monomer additions thus indicating a highly living multiblock
copolymer. Taken together, acid-triggered RAFT polymerization
enables the advanced synthesis of multiblock copolymers with
high livingness by significantly suppressing termination events.
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