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A versatile synthetic methodology is presented for the preparation
of graft copolymers with mixed graft distributions using reversible
addition—fragmentation chain transfer (RAFT). The approach har-
nesses the ability of Z group-tethered grafts to fragment off the
backbone to facilitate intermolecular graft exchange reactions
between distinct starting materials.

The discovery and industrious development of controlled poly-
merisation techniques have allowed the construction of macro-
molecules with intricate architectures and functionalities.'
Today, architectural design is an elemental step in adjusting
polymer properties to suit its application. Further exploration
of new synthetic routes is needed to expand the horizons of
functional polymers.*?

Branched architectures have been widely studied for their
intriguing solution and bulk properties arising from their high
density, reduced interchain penetration and entanglements,
and conformational constraints imposed by their branching
points.*” Amongst them, graft copolymers continue to be of
interest to material scientists.®® The field has stemmed three
synthetic strategies for their preparation, all of which may be
used in conjunction with one or more polymerisation tech-
niques. These include polymerisation of macromonomers
(grafting through), conjugation of grafts to a substrate (grafting
to), and polymerisation of grafts from initiating sites on a sub-
strate (grafting from).”

The grafting from approach is a versatile synthetic strategy
from a chemical and a mechanistic standpoint when con-
ducted as a RAFT polymerisation.”® In RAFT grafting from
polymerisations initiating sites (i.e., RAFT agents) may be teth-
ered to a substrate via the reinitiating R group or the stabilis-
ing Z group, giving rise to two mechanistically different reac-
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tions with each having their benefits and limitations.’ In the R
group approach propagating graft radicals remain covalently
bound to the substrate, resulting in similar reaction mechanics
to grafting from polymerisations conducted with other controlled
polymerisation techniques. The Z group reaction mechanism is
unique to RAFT polymerisation and akin to reversible grafting to
radical reactions. In the Z group approach - also known as the
transfer to approach® - grafts fragment off their graft sites to
propagate and may diffuse freely in the reaction medium. We
hypothesised that the graft fragmentation should lead to inter-
molecular graft exchange if graft radicals were able to diffuse
away from their original graft sites and close to those on
another molecule (Scheme 1). Building on this feature, the Z
group approach could be used to exchange distinct grafts in a
mixture of graft copolymers to yield hybrid products, giving
access to heterograft structures in a simple manner. While
densely grafted heterograft copolymers may also be conveniently
produced via the grafting through strategy, these polymerisations
can suffer from poor control when conducted using RAFT and
targeting long backbones due to steric hindrance congestion
near the propagating and dormant chain-ends."* It is therefore
useful to find alternative ways to achieve these structures.

We present two convenient routes through which graft
copolymers with mixed graft distributions - such as hetero-
graft copolymers — may be prepared using the Z group mecha-
nism. The first route involves mixing two or more structurally
different graft copolymers in solution and subsequent
initiation to induce graft interchange. The exchange may also
be conducted using a mixture of graft copolymers and linear
polymers capable of forming a chain radical. In the second
approach a linear polymer with chain transfer agent-functiona-
lised side groups (pCTA) and a linear polymer with a RAFT
end-group are reacted to graft the linear chains to the pCTA
using radical reactions.

A library of graft copolymers was prepared for the graft
exchange study using a three-step synthetic protocol. In short,
RAFT polymerisation and post-modification of poly(2-hydro-
xyethyl acrylate) (pHEA) was conducted to give a functionalised
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Scheme 1 Proposed graft exchange mechanism. Radical addition or photolysis of a grafting site leads to graft fragmentation () and intermolecular
addition to another RAFT agent, consequently fragmenting the original graft (ll). Repeated events (lll) give a homogeneous product.

PHEA  with 3-((((1-methoxy-1-oxopropan-2-yl)thio)carbo-
nothioyl)thio)propanoic acid (MPPATC) tethered to the
hydroxy groups via the Z group. Using such pCTAs as photoini-
ferters,'® a series of graft copolymers was prepared by polymer-
ising 4-acryloylmorpholine (NAM) via the Z group approach
under blue light irradiation. The products were isolated
through repeated precipitations to remove any residual
monomer and terminated linear polymers and characterised
with size-exclusion chromatography (SEC) and 'H NMR spec-
troscopy. A selection of linear polymers was prepared via
photoiniferter RAFT polymerisations of NAM to study the
linear chain grafting approach. (ESIf: full synthesis and
characterisation details of all materials.)

To test our hypothesis of intermolecular graft exchange
taking place upon fragmentation of Z group tethered grafts, a
reaction was conducted between pHEA,;-graft-pNAM,, and
PHEA,;-graft-NAMg, under typical RAFT polymerisation con-
ditions using an equal mass of each polymer and dimethyl 2,2"-
azobis(2-methylpropionate) (V-601) initiator ([CTA]/[I], = 20) at
75 °C in dioxane. The polymers comprised identical backbones
(DP 23) but different graft lengths (DPs 10 and 87) and were
therefore expected to exhibit a unimodal molecular weight dis-
tribution (MWD) upon a successful exchange. Samples were
withdrawn throughout the reaction for SEC analysis. The chro-
matogram of a sample taken before initiation showed two dis-
tinct MWDs, corresponding to pHEA,;-graft-pNAM;, with short
grafts at the lower end and pHEA,;-graft-pNAMg, with longer
grafts at the higher end of the molecular weight range (Fig. 1A).
Changes in the MWDs after 15 minutes indicated a successful
initiation of intermolecular graft exchange. This change became
more apparent with increasing reaction time as the larger and
smaller species continued to shift towards lower and higher
molecular weights, respectively. After 3 h the exchange was
sufficient to result in a nearly uniform MWD with M, sgc =
39600, b = 1.46, and a subtle peak split still visible. Roughly
4 wt% of terminated grafts were formed over 15 h, corres-
ponding to the expected 5 mol% termination due to the added
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initiator'® and resulting in a reduced grafting density. The main
distribution exhibited subtle asymmetry after the reaction due
to different degrees of graft termination in the preparation of
the starting materials (Table S3t), which lead to the two poly-
mers having slightly different grafting densities and therefore
different chain volumes despite having indistinguishable graft
length distributions after the exchange. Overall, the data indi-
cated a successful graft exchange.

The reaction was repeated in the absence of exogenous
initiator by employing the side group trithiocarbonate as a
photoiniferter.'> A blue light induced reaction between
PHEA,;-graft-pNAM,;, and pHEA,;-graft-pNAMg, at 40-50 °C
showed a nearly identical transformation of the MWD over
15 h, however the apparent rate of graft exchange was slower
than in the initiator-driven reaction (Fig. S121). The slower
reaction rate was ascribed to a reduced frequency of successful
graft detachment events due to a slower rate of radical for-
mation, cage reactions, and/or slower radical diffusion.
Repeated attempts at 20-30 °C resulted in no apparent
exchange over 15 h, likely due to a reduced bond dissociation
and/or diffusivity.

One of the advantages of the presented synthetic strategy is
that the graft distribution may be adjusted with reaction stoi-
chiometry. This modularity could be particularly advantageous
in studies involving large polymer libraries in which one or
multiple properties, such as polymer aspect ratio, rigidity,
charge density, or a functionality are systematically varied. To
this end, photoiniferter graft exchange reactions were con-
ducted between pHEA;;;-graft-pNAMg and pHEA,3;-graft-
PNAM,, in 2:1, 1:1, and 1:2 mass ratios of the two polymers
to yield three products with distinct hydrodynamic volumes
(Fig. 1B). Some termination was observed (<7 wt%), the
amount of which increased with increasing average graft
length. A reaction between graft copolymers with both
different backbone and graft lengths, pHEA,;-graft-pNAM;,
and pHEA;-graft-pNAMs,, resulted in a mixture of polymers
with similar graft size distributions but dissimilar hydrodyn-
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Fig. 1 (A) SEC analysis of a graft exchange reaction between pHEA;3-

graft-pNAMyo and pHEA,3-graft-pNAMg. (B) SEC analysis of pHEA;33-
graft-pNAMg, pHEA;33-graft-pNAM,y, and the products of exchange
reactions carried out using 2:1, 1:1 and 1:2 mass ratios of the two
polymers. Analysis was performed in DMF with DRI detection and PMMA
calibration.

amic volumes (Fig. S10 and S11}). While these reactions were
performed in the absence of monomer, the exchange could
alternatively be carried out as a block extension of the original
grafts.

Grafts may also be exchanged for linear chains capable of
forming a chain radical, providing a versatile functionalisation
strategy. This was demonstrated by exchanging grafts of
PHEA,;-graft-pNAM,, for pyrene-functional linear pNAM;s
under blue light irradiation. Equimolar amounts of linear
chains and grafts were used in an attempt to exchange 50% of
the original grafts for pyrene-functional grafts. The reaction
was monitored by SEC using UV detection at a 265 nm wave-
length, at which pyrene has a strong absorption but trithiocar-
bonate groups absorb only weakly. The data showed a gradual
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increase in the UV absorption of the graft copolymer relative to
the linear polymer, reaching 45% of total absorption over 24 h
and confirming a successful functionalisation of the bottle-
brush polymer with a fluorescent probe (Fig. 2).

The Z group approach reaction mechanism was also used
to access the graft copolymer architecture by reacting linear
PNAM chains with a pCTA. Using this strategy, graft copoly-
mers may be prepared from a mixture of linear polymers in a
similar fashion to previously reported grafting to reactions with
polymeric radicals."”” Due to the ability of grafts to continu-
ously fragment off the backbone, the reaction was expected to
reach an equilibrium wherein the addition and fragmentation
of grafts takes place at equal rates. Therefore, the reactions
would result in a mixture of graft copolymers and linear
chains which would need to be separated to isolate the desired
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Fig. 2 SEC data shows exchange of pHEA,3-graft-pNAM,q, grafts for
pyrene-functional linear pNAM;s chains. Analysis was conducted in
CHCl3z with DRI and UV,g5 oy, detection and PMMA calibration.
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product. The ratio of linear chains to backbone CTAs in the
reaction was expected to determine the number of linear
chains attached to the backbone.

To this end, pNAM,, was reacted with pCTA3y in a
1:1 molar ratio of linear chains to backbone CTAs in the pres-
ence of V-601 ([CTA]y/[T]o = 20) in dioxane at 75 °C. SEC indi-
cated a rapid increase in the hydrodynamic volume of pCTA3,
within the first 30 min as linear chains were grafted to the
polymer (Fig. 3A). The reaction was fast, and samples taken at
longer reaction times indicated very little change in the MWD
as the reaction reached an equilibrium. The fraction of grafted
chains was estimated by monitoring the formation of UV-
active, end-group-derived by-products resulting from chain
grafting to the backbone. The initial molar ratio of pNAM,, to
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Fig. 3 (A) SEC data for the transfer of pNAM44 to pCTAzq0 in the pres-
ence of V-601 at 75 °C in dioxane. Ayy was normalised for each dataset.
Analysis was conducted in DMF with DRI and UV3z49 ., detection and
PMMA calibration. (B) Relative fraction of transferred linear chains
(freiuv), descriptive of the grafting density, plotted against reaction time
in reactions with 1:1, 3:1, and 5: 1 pNAM to backbone CTA ratios.
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backbone CTAs was estimated from their respective peak areas
Ayv,pnam and Ayv,pcra a8
Avvpram

Rpnam/cta = )
Auv pcta

However, the molar absorptivities of backbone CTAs and
PNAM,, were not known to be equal and the relative areas
were only used as an approximation.'® The relative fraction of
grafted linear chains, which is descriptive of the grafting
density, was calculated using the peak area of the by-products
(AUV,CTA) as

Auv,cta

Jrelov = Rpnamycra X m
by assuming the molar absorptivities of the by-products to
roughly equal that of pNAM,,. The reaction reached a plateau
after some 39% of the original R groups of MPPATC had been
exchanged for a pNAM,, chain, falling short of the theoretical
maximum of 50%. The data was in a reasonably good agree-
ment with the 31% grafting calculated from RI vs. RT data
(Table S77).

An excess of linear chains was used in subsequent reactions
to target higher grafting densities. Steric shielding effects near
the reactive sites were anticipated to set a practical upper limit
for the number of grafts per backbone. Grafting was carried
out using 3:1 and 5:1 molar ratios of pNAM,, to backbone
CTAs, expecting to reach frei,uv = 75% and 83%, respectively,
but observing 67% and 72% after 4 h (Fig. 3B). The data
suggested that even with a large excess of linear polymer
roughly 30% of backbone repeating units remained without a
graft.

While this approach limits the achievable grafting density,
it gives an excellent control over graft dispersity. Three grafting
reactions between pCTA;z,, and pNAM (DP 20, 30, and 44) were
conducted to compare the MWDs of the grafted chains after
cleaving them off the backbone. Grafting was performed under
blue light irradiation over 1.5 h with an equimolar ratio of
linear chains to backbone CTAs, resulting in a 30-35% grafting
density. After isolating the graft copolymers from linear chains
through repeated precipitations, the grafts were fragmented off
the backbone with blue light irradiation in the presence of
1-ethylpiperidine hypophosphite'® and analysed by SEC
(Fig. 4). The cleaved grafts retained the molecular weight and
dispersity of the original linear polymer well, and a clear dis-
tinction could be made between the three graft lengths after
cleavage. In contrast, grafts polymerised through the Z group
approach exhibited much higher dispersities (P = 1.58-1.98)
regardless of the backbone or graft length. The poor control
was to be expected due to chain transfer to the graft sites
being hindered by steric shielding effects and the fast propa-
gation rate of NAM.'®*° The new approach seems beneficial
when low dispersity grafts are preferred over high grafting den-
sities or when the selected materials cannot be synthesised
through grafting from polymerisations. The strategy is appli-
cable to linear polymers prepared through other polymeris-

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 SEC data of grafts cleaved off polymers synthesised via grafting
of linear pNAM to pCTAzqo (top) and the Z group approach (bottom).
Analysis was conducted in DMF with DRI detection and PMMA
calibration.

ation methods, provided that they carry a suitable radical-
forming functionality.

In conclusion, the Z group approach was used to realise two
new synthetic strategies that may be adapted as a convenient
way to construct heterograft copolymers and other mixed graft
distributions. In applying Z group grafting strategies, attention
should be paid to the radical flux to minimise graft termin-
ation which may generally be expected to increase with
increasing graft length due to steric shielding effects.
Parameters such as reaction temperature, viscosity, concen-
tration,>' and solvent quality*> may be used to optimise each
system. In reactions employing various monomer families
(e.g., methacrylic and acrylic monomers) the relative reactiv-
ities and radical stabilities of each should be taken into con-
sideration. The versatile UV absorption characteristics and
reactivities of RAFT agents may be explored further to develop
more elegant grafting strategies. The scope of our work may be
expanded beyond RAFT chemistry by employing polymers pre-
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pared through other polymerisation techniques -carrying
radical forming functionalities.
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