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Toward Sulfur-Free RAFT Polymerization Induced Self-
Assembly

Andrea Lotierzo, Ryan M. Schofield, Stefan A. F. Bon*

Department of Chemistry, University of Warwick, Coventry, CV4 7AL, U.K.

ABSTRACT: Polymerization induced self-assembly (PISA) using methacrylate-based macromonomers as RAFT agents is
an unexplored, attractive route to make self-assembled colloidal objects. The use of this class of RAFT-agents in hetero-
geneous polymerizations is however not trivial, because of their inherent low reactivity. In this work we demonstrate that
two obstacles need to be overcome, one being control of chain-growth (propagation), the other monomer partitioning.
Batch dispersion polymerizations of hydroxypropyl methacrylate in presence of poly(glycerol methacrylate) macromon-
omers in water showed limited control of chain-growth. Semi-continuous experiments whereby monomer was fed im-
proved results only to some extent. Control of propagation is essential for PISA to allow for dynamic rearrangement of
colloidal structures. We tackled the problem of monomer partitioning (caused by uncontrolled particle nucleation) by
starting the polymerization with an amphiphilic thermoresponsive diblock copolymer, already “phase-separated” from
solution. TEM analysis showed that PISA was successful and that different particle morphologies were obtained through-

out the polymerization.

Control of macromolecular chain architecture using
radical polymerizations has undergone a step-change
from the development of “reversible-deactivation radical
polymerization” (RDRP).'3 Accessible routes towards syn-
thesis of amphiphilic polymers has catalyzed scientific
studies into the self-assembly behavior of such polymers
in liquids. Control over the dynamics of the self-assembly
process and the resulting morphologies of the polymeric
colloidal objects has been of considerable interest.+°
Polymerization induced self-assembly (PISA) is an emerg-
ing area that couples control of chain-growth and thus
molecular architecture with dynamic self-assembly of the
produced macromolecules into colloidal structures. 74
PISA is a heterogeneous polymerization technique, typi-
cally performed under dispersion or emulsion polymeri-
zation conditions. When this is done a lyophilic polymer
is chain-extended in a suitable solvent where the second
block gradually becomes insoluble. This drives the as-
sembly of the copolymer chains into colloidal objects,
which can be seen as a particle nucleation event. One of
the key aspects of PISA is that the formed colloidal ob-
jects can dynamically rearrange into different morpholo-
gies (e.g., spheres, worms and vesicles) throughout the
polymerization process.” These dynamics can be further
exploited when thermo-responsive polymers which exhib-
it a volume-phase transition, for example lower critical
solution temperature (LCST) behavior, are used.s™® This
allows for temperature-induced morphological transi-
tions, decoupled from the polymerization process.

PISA has been mostly carried out using reversible addi-
tion-fragmentation chain transfer (RAFT) polymerization
in a variety of different solvents,2°24 using organo-sulfur
based RAFT agents and a wealth of monomers." Other
RDRP methods such as nitroxide-mediated radical

polymerization (NMP),>25 atom transfer radical polymer-
ization (ATRP),?%?7 single electron transfer living radical
polymerization  (SET-LRP)*® and organotellurium-
mediated living radical polymerization (TERP)? have also
been applied to PISA. These approaches can overcome
the inherent limitations of RAFT polymerizations that use
organo-sulfur compounds (i.e. yellow color and sulfur
odor).

RAFT polymerization using sulfur-based chemistry was
developed on the back of the discovery that methacrylate-
based macromonomers could undergo the degenerative
RAFT mechanism. Moad and coworkers demonstrated
that “living” radical polymerizations using these macro-
monomers as RAFT agents was possible, facilitated by
monomer starve-fed emulsion polymerization conditions
(Scheme S1).3° The slow feed of monomer was the key to
achieve control of chain growth. Recently, Haddleton et
al. showed that multi-block methacrylic copolymers could
be made using the same seeded starved emulsion
polymerizations.3* Zetterlund and co-workers attempted
to replace the conventional sulfur-containing RAFT
agents with the macromonomers in batch dispersion
PISA.3 The latter, despite resulting in both limited con-
version and lack in control of chain-growth, indicated a
potential pathway to PISA by sulfur-free RAFT.

In this work we provide an understanding of the reac-
tion conditions necessary to attain control of the PISA
process using methacrylate-based macromonomers as
RAFT agents. This was be done by exploring the chain-
extension of poly(glycerol methacrylate) (PGMA) and
thermoresponsive  poly(glycerol = methacrylate)-block-
poly(poly(ethylene glycol) methyl ether methacrylate)
(PGMA-PPEGMA) macromonomers in water with hy-
droxypropyl methacrylate (HPMA). We show that in
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Scheme 1. Synthetic pathway for the synthesis of poly(glycerol methacrylate) (PGMA) macromonomers and poly(glycerol meth-
acrylate)-block-poly(poly(ethylene glycol) methyl ether methacrylate) (PGMA-PPEGMA) and their subsequent chain-extension

with HPMA in aqueous PISA.

order to achieve control of chain-growth nucleation needs
to be decoupled from the polymerization process and, as
already shown by previous literature,3°3* seeded starve-fed
conditions are required. To the best of our knowledge, the
dynamic rearrangement of the colloidal structures ob-
tained under such polymerization conditions is novel,
hereby demonstrating that PISA with methacrylate mac-
romonomers is feasible.

Firstly, we will describe the macromonomer synthesis,
then the optimized PISA process, after which we will dis-
cuss the mechanistic aspects on why the chosen reaction
conditions are required.

Water soluble PGMA macromonomers were obtained
from the hydrolysis of glycidyl methacrylate macromon-
omers (PGlyMA) synthetized by means of catalytic chain-
transfer polymerization (CCTP) (Scheme 1). CCTP is
based on the use of certain low-spin Co(II) complexes as
efficient chain transfer agents in the polymerization of
methacrylates (Scheme S2).3°3435 The advantages are the
high chain transfer constant (Cr) values (~40 K using
bis[(difluoroboryl) dimethylglyoximato]cobalt(II) (CoBF)
for the CCTP of methyl methacrylate in bulk)3® and that
the catalyst is not consumed during the reaction, leading
to little metal contamination in the final product. In this
work different amounts of catalyst, CoBF, were adopted in
the solution polymerization of glycidyl methacrylate in
acetonitrile in order to fabricate macromonomers with
varied number average degree of polymerization (DP)
(Table S1). Polymers with dispersities (Py) of about 2
were obtained for [CoBF]/[GMA] < 4.61 X107, which were
in in a similar range of what previously reported (Dy ~
1.7/1.8).37

Thermoresponsive PGMA,,PPEGMA,, macromonomers
were prepared by chain-extension of a PGMA,;, macro-
monomer in water with a second hydrophilic monomer,
PEGMA 300, which exhibits a lower critical solution tem-

perature (LCST) behavior in water.3® The chain-extension
was conducted under solution polymerization conditions
in water by feeding the monomer (Scheme 1). GPC analy-
sis showed an upward shift in the molecular weight dis-
tribution with control of chain-growth (Figure 1).

Table 1. Experimental conditions for the chain-
extension of PGMA and PGMA-PPEGMA macromon-
omers with HPMA in aqueous PISA.

Run | PGMApp | PPEGMApp | F2/h | Initiator | T /°C
1 32 10 93 FedP 8o
2 50 / Batch Batch 70
3 50 / 25.0 Batch 70
4 27 / 15.3 Batch 70
5 32 / 9.3 Fedb 80

aFeed rate = molupma*mOlmacromonomer™*h. 10% of initiator
present from the start. See supporting material for additional
experimental details (Table S1).

In order to carry out PISA, this thermoresponsive di-
block macromonomer, i.e. PGMA32PPEGMAI10, was add-
ed to water and heated to 8o °C, above its LCST (Figure
S2). This resulted in the formation of a colloidal disper-
sion, which was used as a seed. HPMA monomer was fed
to chain-extend (run 1, Table 1). Essentially the reaction
was operated under starved seeded emulsion/dispersion
polymerization conditions similar to those originally re-
ported by Moad et al3* and recently by Haddleton and
coworkers.3> Instead in this work, colloidal particles
which were the result of the self-assembly of the ther-
moresponsive macromonomers were adopted instead of
latex particles made of macromonomer chains. Control of
chain-growth as function of monomer conversion was
accomplished (Figure 1, Figure S3). We did, however, ob-




serve a small increase in dispersity (Puy) from about 2 to
around 2.5 (Table S2).
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Figure 1. Evolution of the molecular weight distribution dur-
ing the chain-extension of PGMA,,PPEGMA10 with HPMA
(run 1, Table 1).

DLS measurements indicated the formation of narrowly
dispersed 40 nm particles after 2h which grew in size up
to 6 h, after which the dispersity broadened and larger
colloidal structures appeared (Figure S4). Negative stain
transmission electron microscopy (TEM) analysis showed
that indeed sphere-like objects were formed after 2h (Fig-
ure 2a). This morphology dynamically changed into
branched wormlike structures as observed after 8 h (Fig-
ure 2c). Note that the overall viscosity of the system
markedly increased at this stage. Finally, after 10 h (with a
noticeable drop in viscosity of the dispersion) the system
rearranged again away from worm-like structures into
larger spherical aggregates. To date we still do not know if
these objects have a full or hollow core (i.e. vesicles). As a
final observation, the colloidal morphologies appear to be
less defined than the ones formed in sulfur-RAFT mediat-
ed PISA. This could be potentially related to the higher
dispersity of the block copolymers made in this work, >2,
but this aspect is still under investigation.

Our approach to use a thermo-responsive macromon-
omer to generate a colloidal seed as the starting point for
the PISA process was successful, as demonstrated above.
Conventional organo-sulfur RAFT PISA is however usual-
ly carried out in batch conditions, with all the monomer
present from the start, and employing a lyophilic macro-
RAFT agent. For this reason, we tried to simplify our sys-
tem to match the standard PISA conditions.

A PGMA,, macromonomer was used as water-soluble
macro-RAFT agent and chain-extended with HPMA in
batch aqueous dispersion polymerization (Scheme 1; run
2, Table 1). Note that PGMA-PHPMA block copolymers
have been widely studied in aqueous dispersion PISA us-
ing benzodithioate transfer agents, showing effective

chain-extension and access to  higher order
morphologies.334° In our case, polymerizations using
these batch conditions resulted in low monomer conver-
sion, no observable chain-extension (Figure S5A), and a
lot of coagulation along with the formation of a milky
white suspension. This result was not unexpected though.
Methacrylate macromonomers have a much lower report-
ed chain-transfer coefficient in comparison to the widely
adopted dithioesters or trithiocarbonates macro-RAFT
agents (typically Cr is at least 10 for well controlled RAFT
processes).# Cr for a w-unsaturated methacrylate macro-
monomer (DP = 24) has been previously estimated to be
~ 0.21 in methyl methacrylate polymerization.>* As a
measure for control of chain growth one can use the ki-
netic chain length, v (Equation 1).#* Note that for ideal
“living” conditions v should have a value £ 1, this to allow
for control of monomer sequence. The comparatively low
Cr values for methacrylate-based macromonomers cause
the downfall of a batch PISA process. When using sulfur-
based RAFT agents higher monomer concentrations are
tolerated.

o KM KkM] 1 [M]
V~2kt[R'J+ktr[MM]Nkv[MM]NC_T[MM]

where k;, ke and ki are respectively the propagation,
termination and transfer-to-macromonomer rate coeffi-
cients, [M], [MM] and [R‘] are respectively the monomer,
macromonomer and radical concentrations.

For this reason, PISA was re-attempted by feeding the
monomer at a slow rate (F = 25.0 h™) over 6 hours, meet-
ing the required condition of having low overall monomer
concentration (run 3, Table 1). Figure 3 shows the molecu-
lar weight distributions at different stages of the polymer-
ization. Unexpectedly, the results show that the molecu-
lar weight of the forming diblock polymer did not grow
linearly with conversion but rather experienced a “jump”
in molecular weight which did not appear to increase sig-
nificantly over the reaction timescale. This means that
values of v must be considerably > 1. Strikingly, the jump-
ing in molecular weight was similar to what was recently
shown by Zetterlund et al, where batch conditions were
adopted (like in run 2, Table 1) resulting in high v and
hence favoring high monomer insertions at the macro-
monomer w-end.3 In our case, similar results were ob-
tained even by applying semi-batch conditions. The ex-
periment was then repeated, lowering the feeding rate to
F =15.3 h? and using a macromonomer with lower DP,
PGMA,,, therefore increasing [MM] (run 4, Table 1).
Again, analogous results were obtained, suggesting lim-
ited control on chain-growth (Figure S5B). The apparent
bimodality of the molar mass distributions is easily ex-
plained as the macromonomer has a low reactivity as evi-
dent from the low value of Cr. As a result, the timescales
of full monomer conversion and complete macromono-
mer incorporation are out of sync, as d[M]/d[MM] = v.



Figure 2. Negative stain TEM pictures of samples taken at 2, 4, 8 and 10 h during the HPMA chain-extension of a
PGMA,,PPEGMA,, macromonomer in water (Run 5, Table 1); scale bars: 200 nm. Inset: pictures of the samples appearance be-

fore 50-fold dilution for TEM analysis.
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Figure 3. Evolution of the molecular weight distribution
during the chain-extension of a PGMA;, macromonomer
with HPMA in aqueous dispersion polymerization (run 3,
Table 1).

Dynamic light scattering (DLS) measurements showed
that in these experiments large colloidal objects (dz = 140-
250 nm) were formed after 30 minutes (Figure S6), indi-
cating a conventional particle nucleation process as a di-
rect result of loss of control in chain-growth. These re-
sults were again in contrast to what is reported for the
aqueous chain-extension of a sulfur-based PGMA,, mac-
ro-RAFT agent.® In fact, in the latter case, micellar nucle-
ation occurred with the formation of PGMA ,,PHPMA,, in
correspondence with the observation of 20 nm colloidal
objects.

Our DLS and GPC data essentially suggested that in
runs 2-4 (Table 1) the chain-extensions were not “living”;
multiple insertions of HPMA occurred at the macro-CTA
w-end after every macromonomer activation, hence lead-
ing to a jump in molecular weight. The observations
clearly stated that values of v >> 1 did not fit with the low
overall concentration of monomer throughout polymeri-
zation. We believe that every time a radical-activated
macromonomer species is formed (Scheme S1), the extent

of the addition of HPMA is such that the resulting di-
block copolymer is surface active. This results in the for-
mation of new particles. Once this happens, HPMA from
the water phase will diffuse and swell these particles, in-
creasing the monomer concentration locally at point of
polymerization. The observed high values for the kinetic
chain length and thus loss of control of chain growth are
hence explained. Note that this experimentally will be
amplified in case of inhibition/retardation phenomena at
the start of the polymerization process (for example due
to presence of inhibitor). Monomer accumulation can
however be minimized. This was done by reducing the
feed rate of monomer further and increasing the reaction
temperature to 80°C (run 5, Table 1; same reaction condi-
tions as run 1). This indeed showed some improvements
(Figure S7). Nevertheless, a “jump” of molecular weight
was still visible so that large colloidal objects at the be-
ginning of the reaction were still formed (Figures S6 and
S8).

The results from all of these experiments show that
there is a fine balancing act in experimental conditions
needed to alleviate the effects of the local monomer con-
centration influenced by monomer feed rate and parti-
tioning events. The system is further complicated by diffi-
cultiesin controlling particle nucleation. This essentially
infers that PISA with control of propagation starting from
a solution of macromonomers may not be possible. How-
ever, when operating in seeded polymerization condi-
tions, this particle nucleation event leading to loss of con-
trol of chain growth is skipped.

In summary, we have shown the successful application
of methacrylate-based macromonomers as RAFT agents
in polymerization induced self-assembly (PISA). Seeded
emulsion polymerization conditions, in this work the seed
being self-assembled amphiphilic macromonomers,
demonstrate both control of chain-growth and dynamic
transformations of the block copolymer colloidal struc-
tures. Our results show that PISA is practically not suc-
cessful starting from a macromonomer solution. In the
latter, particle nucleation and the associated monomer
partitioning obstruct the PISA process. We believe that
our results open up routes to the production of water-
borne polymer dispersions of intricate particle morpholo-



gy, with the big advantage that conventional organo-
sulfur based RAFT agents can be omitted.
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