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Abstract: Polymerization-Induced Self-Assembly (PISA) has
established itself as a powerful and straightforward method to produce
polymeric nano-objects of various morphologies in (aqueous) solution.
Generally, spheres are formed in the early stages of polymerization
that may evolve to higher order morphologies (worms or vesicles), as
the solvophobic block grows during polymerization. Hitherto, the
mechanisms involved in these morphological transitions during PISA
are still not well understood. Combining a systematic study of a
representative PISA system with rheological measurements, we
demonstrate that - unexpectedly - unimer exchange is not necessary
to form higher order morphologies during radical RAFT-mediated
PISA. Instead, in the investigated aqueous PISA, the monomer
present in the polymerization medium is responsible for the
morphological transitions, even though it slows down unimer
exchange.

Polymerization-Induced Self-Assembly (PISA) has been widely
studied during the last 15 years!*2

. It consists in simultaneously synthesizing and self-assembling
amphiphilic block copolymers (ABC) in a selective solvent of one
of the blocks, typically water, to prepare nano-assemblies at high
solids contents through a straightforward and green process. Not
only spheres can be prepared, but also higher order morphologies
(such as worms or vesicles). The latter are of particular interest
because they find use in many applications, for instance as
viscosity modifiers or soft hydrogels (worms)l, as nanoreactors!*!
and as drug delivery systems (vesicles)®8. For diblock
copolymers, the morphology is thermodynamically dictated by the
packing parameter” which is defined as p = V/(a:l) where V is the
volume occupied by the solvophobic B block, lits length and a the
contact surface between the two blocks. As the size of the B block
increases during polymerization, so does p. Therefore, higher
order morphologies should eventually always be obtained in PISA
from a thermodynamic point of view, at least for short and
uncharged solvophilic blocks!8l.

However, in the literature there are many examples where only
spherical nano-objects have been obtained despite a favorable
block length ratio, which suggests kinetic hurdles preventing
reorganization to higher order morphologiesl'®-'4. The fact that
most nano-objects at the end of PISA are out-of-equilibrium (=
frozen) due to kinetic constraints is confirmed by the role of the
preparation route on the obtained morphologies. For instance,
Ferji et al. demonstrated that glycopolymer self-assemblies

exhibited different morphologies when prepared via PISA or via
nanoprecipitation.[’! It was also reported that the initiation system
used in PISAIL817] which affects the end-group fidelity and kinetics
of polymerization, can impact the particle morphology even
though it should not have any influence on the thermodynamics
of self-assembly.

Higher order morphologies (worms, vesicles) have been
produced with various polymers. Kinetic monitoring of the PISA
process in these cases revealed that spheres are formed at the
early stages of the polymerization and then transform into other
morphologieslt&19l, This implies that reorganization of the AB
diblock copolymers occurs at some point. A key question remains
however unanswered: What are the processes involved in PISA
that promote the reorganization of nano-assemblies into higher
order morphologies?

Generally, two main processes take place during self-assembly of
ABCI20-22I; ynimer exchangel?324 and fusion/fission25-271, The
former involves the displacement through the aqueous medium of
a single polymer chain (unimer) from one solvophobic core to
another. The energy barrier for such exchange depends on the
mobility, hydrophobic character and length of the B block. Fission
or fusion of self-assemblies is usually considered unlikely for ABC,
at least at low concentration, because of the steric hindrance
caused by the coronal?829. The fact that the morphologies depend
on the preparation pathway for the same final conditions implies
that unimer exchange is generally inhibited at the end of PISA.
Otherwise, the same thermodynamic equilibrium would be
reached no matter the pathway. However, since the B block grows
during the polymerization and monomer is present during PISA, it
is possible that unimer exchange occurs up to some point during
the process, allowing morphological transitions, but eventually
becomes too slow.

In this communication, we study a typical Reversible Addition-
Fragmentation Chain-Transfer Polymerization (RAFT)-PISA
systemin water, and investigate for the first time the role of unimer
exchange in morphological transitions during PISA. Our strategy
is to monitor the morphological transitions during PISA and to
correlate  this to the rate of unimer exchange. 2-
Methoxy ethylacrylate (MEA) was chosen as a model monomer to
build the hydrophobic block while possessing a good water
solubility. MEA has already been studied as a core-forming
monomer in PISAIB30-32 hut the variability of the obtained self-
assemblies makes a study of its re-organizations and dynamics
even more interesting and valuable. PMEA has a low glass
transition (Tg(PMEA) = - 50 °C)[33] and its rate of unimer exchange
has recently been shown to strongly depend on its molar mass[34,
making this polymer a good candidate for our study.
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Scheme 1. Chain extension of the PDMAc macroCTA to form PDMAc-b-PMEA
diblock copolymers by aqueous PISA.

In order to produce PDMAc-b-PMEA amphiphilic diblock
copolymer assemblies by RAFT-mediated PISA in water, water-
soluble PDMAc macromolecular RAFT agent (macroCTA) (with
DP, = 24, see Sl section 3.a) was chain extended in aqueous
PISA with MEA (see Scheme 1 and Scheme S1). The reaction
was conducted at 40 °C using VA-044 (tu2 (40 °C) ~ 16.5 h)Bl as
a radical initiator, because preliminary tests showed that a better
control was achieved at moderate temperaturel3% where transfer
and recombination reactions are disfavoured. The initial monomer
concentration was set to 1.5 M (final solids contents ~ 20 wt%). In
these conditions, the initial reaction medium was biphasic
because the solubility of MEA in water at 40°C is equal to 11 wt%.
As reported in Table S2, the samples are named PR, where R
corresponds to the targeted number-average degree of
polymerization, DP», of the hydrophobic PMEA block at 100%
conversion. R was systematically increased by varying the initial
monomer to macroCTA molar ratio, [MEA]o/[CTA]o (= R), from 150
to 400 in order to study its impact on the obtained morphologies.
All polymerizations reached high monomer conversion (> 92%)
and were well-controlled: size exclusion chromatography (SEC)
revealed low dispersities (P < 1.2) and quantitative chain
extension of the macroRAFT agent (Figure S2).

P400

P280 P30
Figure 1. Representative cryo-TEM pictures of the final diblock copolymer
dispersions diluted to 3 wt% synthesized at various [MEA]o/[CTA]o = R (Table
S2). The dark spots are surface contaminations stemming from water crystals.

As observed by cryo-TEM (Figure 1), the minimum R necessary
to obtain higher order morphologies close to full conversion is
situated between 250 and 280. Indeed, the final morphologies
were spheres for R < 250, a mixture of vesicles and smaller
objects for R = 280, and vesicles were formed for R = 300 and
400. The cryo-TEM pictures are consistent with the visual aspect
of the polymer dispersions: P150 is a translucent yellowish liquid;
the dispersions become more and more turbid with increasing R,
whereas all vesicle dispersions (P300 and P400) are milkky and
liquid. No worms were observed in the studied experimental
conditions. This might be explained by the fact that the
compositional window where worms can be found is generally
very narrowt8:36-381 and was apparently not covered in this set of
experiments. Worms were actually observed in other conditions
(see below, Mz series).

We showed that vesicles were obtained for R = 280. In order to
determine whether the formation of higher order morphologies
was only controlled by the final DPn of the B block or by additional
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parameters, we monitored the morphologies as a function of
conversion. R =400 (see Table S3) was chosen, as it should allow
us to determine the morphologies over a large range of DPn.
Kinetic monitoring of typical PISA formulations, in particular by in
situ SAXS analysesl'®19 has already been described for other
copolymers, but the driving force for the observed morphological
transitions has not been identified yet. The samples taken from
the reaction medium during polymerization were named Mz-conv.,
where z indicates the reached DPn at the given monomer
conversion in %. The polymerizations were well controlled as
shown by the progressive shift of the SEC signals towards higher
molar masses and the disappearance of the macroCTA (Figure
S4).

M132-33

M166-41 M197-49 M367-92 = P400

Figure 2. Representative cryo-TEM pictures of samples Mz-conv., see Table
S3.

A preliminary investigation of the evolution of the morphologies
during PISA was first conducted by dynamic light scattering (DLS,
see Sl, section 4.b), before imaging the most relevant kinetic
samples by cryo-TEM (Figure 2). Spheres were obtained at least
up to DPng = 72 (sample M72-18). During the polymerization, the
spheres then quite quickly evolved and led to a mixture of
morphologies. In M107-26, a majority of spheres and short worms
(L <100 nm) were observed. This confirmed that a transition from
spheres to cylinders occurred before further evolution towards
vesicles, as expectedl’l. In sample M132-33, spheres, vesicles
and long fibers (several hundreds of nm long) were obtained. The
morphological transitions continued, passing through a mixture of
spheres, short worms and vesicles in quasi identical proportions
(M166-42), a mixture of mainly vesicles with a few worms (M197-
49) and finally only vesicles (M367-92).

Strikingly, for comparable DPn g, i.e. PMEA block length reached,
there is a strong difference in morphology between the self-
assemblies obtained at quasi full monomer conversion (series
PR) and at intermediate conversion (series Mz-conv.), see Figure
S5. For example, M132-33, M166-41 and P150, at 33%, 41% and
95% conversion respectively, have comparable DPns but P150
consisted only of small spheres, whereas the two others
contained a mixture of spheres, worms and vesicles. Similarly,
P200 (at 95% conversion) contained only spheres, whereas
vesicles and a few long worms were observed in M197-49. Thus,
it seems that a smaller hydrophobic block is required to trigger
morphological evolutions during PISA than at full conversion.
Such discrepancy was already observed by Sumerlin et al.l!
using diacetone acrylamide as a hydrophobic monomer, but the
origin of the difference between full conversion morphologies and
their appearance during PISA was not discussed. Two major
differences exist between series PR and Mz-conv.: because of
the incomplete monomer conversion in the latter series, the total
polymer solids content is lower and a large amount of residual
monomer is still present.



It is now clear that PDMAc-b-PMEA copolymers with DPng = 100
can form higher order morphologies and that the morphological
transitions are not only influenced by the actual DPn,g, but also by
the conversion at which it is reached. This implies that the
concentration of free monomer, of polymer or both may be a key
parameter that favors morphological transitions. In order to
rationalize these results, the kinetics of unimer exchange were
determined in the absence or presence of MEA monomer.
Different strategies exist to estimate the rate of unimer exchange
for self-assembled amphiphilic block copolymers in solution.[2!
One reliable strategy consists in the synthesis of BAB triblock
copolymers possessing a central hydrophilic A block and two
lateral hydrophobic B blocks. At sufficiently high concentration
(percolation concentration, Cp), the polymers self-assemble into a
transient network consisting of hydrophobic cores containing the
B blocks, surrounded by bridges of A blocks. This physically
cross-linked network is able to relax provided that the B blocks
exchange between different cores. The rheological response of
the network therefore gives a quantitative estimation of the
exchange rate of the B blocksi?%41, In order to estimate the
exchange rate of the B blocks, we therefore studied PMEAx-b-
PDMAca00-b-PMEAx BAB triblock copolymers by oscillatory linear
rheology[*24% in aqueous mediumf34,

It should be noted that at concentrations slightly above C, super-
bridges (defects in the network) may cause the measured
rheological relaxation time to be much lower than the actual
exchange time of the B blocks.B% On the contrary, Zinn et al.
showed that at concentrations sufficiently above Cp, the terminal
relaxation time measured by rheology for transient networks
formed by BAB triblocks is quantitatively identical to the exchange
time (wr) of B blocks measured for AB diblock copolymers
assemblies in dilute solution.*l Rheology experiments were
therefore conducted above 70 g/L to give a more realistic
estimation of the exchange time of the B blocks in the PISA
conditions. Additionally, we stress that we chose a long PDMAc
block (DPna = 400) on purpose for the BAB triblocks to reduce Cp
and favor the formation of spherical assemblies, which facilitates
the quantification of the exchange dynamics by rheology. The
exchange rate of B blocks is actually mainly controlled by the
length and composition of these blocks with little influence of the
length of the hydrophilic A block®243], Therefore, the exchange
times measured by rheology on PMEAx-b-PDMACa00-b-PMEA
trustworthily inform on the exchange time of diblock copolymers
consisting of B blocks with the same DPx but shorter A blocks in
the conditions of the PISA polymerizations.

We have recently measured the exchange time of PMEA blocks
as a function of T and DPng = x = 50, 100, 200) for PMEAx-b-
PDMACca00-b-PMEAx triblock copolymers in aqueous solution
(without additional MEA monomer) (Figure 3a).[34
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Figure 3. (a) Relaxation time as a function of temperature for triblock
copolymers PMEAx-b-PDMAc400-b-PMEAx, where x = 50, 100 and 200 (C =100
g/L). (b) Relaxation time as a function of MEA weight fraction (Wt%mea = Miree
Mea/ (Mfree MEA + MB bleck) fOr X = 100 (C = 70 g/L) at different temperatures.

Briefly, it was observed that the exchange time increases with X,
which can be explained by a decrease in mobility and an increase
of the surface area of contact with water as the B block becomes

3
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longer2042, Moreover, the exchange time progressively increases
with temperature no matter x, which is opposite to a classical
Arrhenian behavior and was attributed to the fact that the PMEA
blocks dehydrate with increasing temperature. Figure 3a
summarizes the evolution of the exchange time as a function of T
for the different x.”

In PISA, free monomer, swelling the hydrophaobic cores, was
suggested to have a plasticizing role, promoting morphological
transitions®* through enhanced chain mobility and, as a
consequence, an increased unimer exchange rate. To check this
hypothesis, the rheological properties of PME A100-b-PDMAC400-b-
PMEA100 were investigated at C = 70 g/L between 20 and 40 °C
in the presence of increasing amount of MEA, mimicking various
monomer conversions during PISA (Wt% wmea = Miree Mea/(Mree MEA +
MpMEA) = Miree MEA/ Miotal MEA Varying between 0 and 75 wt%wmea).
Very surprisingly, the exchange dynamics was slowed down in
the presence of monomer. Indeed, trincreased with the monomer
content up to one order of magnitude (see Figure 3b). This
behavior might be explained by the fact that MEA swells the
hydrophobic core, replacing partially the water hydrating the
PMEA blocks, making them even more hydrophobic.

In the PISA experiment with R = 400, morphological transitions
were first observed for M107-26, that is for x = 100, i.e. in the
presence of approximately 75 wt%wmea. At 30 °C and with such a
high MEA content, tr is already close to an hour (see Figure 3b).
The polymerizations were actually conducted at 40 °C, where tr
is even higher' (see Figure 3). In view of the polymerization
kinetics (Figure S3), which are rapid compared to those exchange
rates, it is clear that any morphological transitions occurring
during PISA for monomer conversions higher than 25% cannot
result from unimer exchanges.* We therefore demonstrated that
the exchange of unimers is not responsible for morphological
transitions and that the free monomer is actually not accelerating
the dynamics of unimer exchange. This leads us to conclude that
fusions of primary aggregates are necessarily involved in the
morphological transitions. However, the role of the monomer in
the formation of worms/vesicles is still unclear.

Interestingly, it has been proposed in the literature that the
presence of solvent, monomer or molecules with similar chemical
structure may help morphological transitionsl*4-50. On the one
hand, we have demonstrated that the presence of toluene in a
typical emulsion polymerization of styrene via PISA has a great
impact on the morphologies formed;% on the other hand, the
addition of plasticizing solvents post-polymerization (to particles
obtained by PISA or mini- or nanoemulsion) was extensively
explored by the groups of Davis*4 and Anastasakil*®. For
instance, the latter showed that the addition of toluene in an
aqueous dispersion of nano-objects comprising a polystyrene
solvophobic block can trigger quick transitions toward higher
order morphologies.

In order to assess the role of MEA on the morphological
transitions observed during PISA, we added varying quantities of
MEA, post-polymerization, to sample P200 that was diluted to 5
wt%. As a reminder, this sample contained only spherical particles.
Visually, an increase in turbidity was instantaneously observed
upon the addition of 50 to 70 wt%wea (leading to a solvent
composition of around 5-11 vol%wmea = Vireemea / (VireeMea + Vwater)).
Cryo-TEM was used to detect any morphological changes
(Figure 4). Unlike the pristine sample containing 4 wt%wea, the
samples obtained upon addition of 22 wt%wmea already contained
some short worms (see Figure 4). The objects further evolved
into a mixture of vesicles, worms and spheres (with similar sizes
around 100 nm) at 32 wt%wvea and to only vesicles at 72 wt%wmea
(accounting for the visually observed increase in turbidity). We
suppose that the formation of worms and/or vesicles happens
quasi-instantaneously: the increase of turbidity was immediately
detected after the addition of MEA to reach ~ 50 wt%wmga.
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Figure 4. Representative cryo-TEM pictures of P200 dispersions recorded at 3 wt% to which increasing amounts of MEA were added (see Table S4). *residual

MEA after PISA.

Considering that the unimer exchange is extremely slow in these
conditions (tr > 10* s at 20 °C even without monomer, see Figure
3b), we can conclude that these morphological transitions
originate from the fusion of the spherical particles triggered by the
sole addition of monomer.

We hypothesize that the addition of monomer increases the
volume of the hydrophobic cores by swelling them and therefore

favors higher order morphologies (increase in packing parameter).

It is quite unlikely that the free MEA plays a crucial plasticizing
role on the PMEA cores (which would favor fusion from a kinetic
point of view), because the latter are already soft at 20 °C (Tg = -
50 °C)BB3l. Importantly, as the monomer is quite soluble in water,
MEA partitions between water and the particles. Therefore, the
absolute concentration of MEA in the particles does not only
depend on the wt%wmea (Wt%mea = Miree MEA/(Miree MEA + MPMEA) =
Miree MEa/ Meotal MEA), DUL @lso on the polymer concentration in the
dispersion (i.e. the solids content). For highly diluted dispersions,
it could thus be necessary to add much more MEA than to
concentrated polymer dispersions in order to reach similar
concentration of MEA in the micellar cores. Consistently, no
noticeable change in particle size or turbidity were observed upon
addition of 95 wt%wea (corresponding to 2 vol%wea in solvent) to
highly diluted polymer dispersions (0.1 wt%), suggesting that no
evolution happened. We believe that this phenomenon, along with
the less likely collisions at low solids contents, might explain why
only spheres are formed at low polymer content in many
examples in the PISA literaturel®552. While these preliminary
experiments suggest that the total solids content also plays a role
in the occurrence of morphological transitions, more work is
required to fully elucidate the importance of this parameter.

In summary, in order to better understand what triggers
morphological transitions during PISA, we have studied the
formation of PDMAc-b-PMEA amphiphilic block copolymer nano-
assemblies in a typical RAFT-PISA process. As expected, the
final morphologies, i.e. the nano-objects formed at quasi-full
monomer conversion, depend on the length of the PMEA core
block. However, different morphologies were observed for the
same PMEA block length depending on the conversion at which
this length was reached, because the presence of MEA favors
morphological transitions.

Through rheological analyses, we quantitatively assessed that the
presence of free monomer, swelling the hydrophobic cores during
the course of PISA, does not enhance, but, to our surprise,
diminishes the rate of unimer exchange. Considering the time-
scale of the polymerization, the intermediate self-assemblies
must therefore be considered unable to reorganize by unimer
exchange. We stress that although these results were obtained
on one particular PISA system, this is sufficient to prove definitely
that unimer exchange is not a prerequisite for morphological
transitions in PISA. Considering that unimer exchange is too slow
compared to the polymerization kinetics, the observed transitions

to higher order morphologies (worms, vesicles) must be formed
through fusion of primary spherical nano-objects. We however
insist that this result does not imply that unimer exchange never
occurs during PISA, nor that morphological transitions will not be
observed in case unimer exchange is fast. Actually, fast unimer
exchange should favor morphological transitions in PISA provided
that the B block is long enough. Indeed, fast unimer exchange
implies the formation of self-assembled structures at
thermodynamic equilibrium, the morphology of which is dictated
by the packing parameter, and therefore by the length of the B
block.
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t The results displayed in Figure 3a have also been reported in
our related paper®4, highlighting the influence of temperature and
the B block length x on the relaxation time. In the same paper, we
additionally demonstrated that above a critical temperature Tc
(which decreases with x) the physical networks reorganize,
preventing any quantitative measurement in these conditions
because the rheological properties slowly evolve with time. Still,
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the reorganization above Tc tends to increase the rheological
relaxation time, implying that the values determined below Tc
represent minimum values of the exchange time.

¥ The very first morphological transition, from spheres to short
worms, actually occurred somewhere between DPng = 70 and
107. In these conditions, the role of unimer exchange cannot be
fully excluded although it is unlikely (1r is already between 10! s
and more than 108 s for this DPy-range even in the absence of
monomer). For the subsequent transitions, unimer exchange is
definitely excluded. Indeed, these transitions occur between 25%
and 50% conversion, that is within less than 1h, which
corresponds on average to the time needed for one unimer-
exchange event.
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We demonstrate that morphological transitions during radical RAFT-mediated PISA in water do not require unimer exchanges and that
the monomer present in the polymerization medium enables morphological transitions although it unexpectedly slows down unimer

exchange.
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