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The molar fraction and ionization of acrylic acid (c.aa) in the monomer feed affect the
chemical composition, the composition profile and the particle morphology in PISA.
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Abstract

Polymerization-induced self-assembly (PISA) is a polymerization process in which
amphiphilic block copolymers are simultaneously synthesized and self-assembled in a selective
solvent, leading to nanoparticles of different morphologies. Copolymerization has been
reported as a means to tune morphology by changing the properties of the core block. Most
examples in aqueous dispersed media are however limited to the copolymerization of
hydrophobic  monomers,  while  copolymerization  between  hydrophobic  and
hydrophilic/ionisable monomers has scarcely been reported. In this work, we study the aqueous
PISA copolymerization of a mildly hydrophobic monomer (methoxyethylacrylate, MEA) with
a hydrophilic pH-responsive monomer, acrylic acid (AA). Kinetic studies reveal that the
incorporation of AA is strongly dependent on the pH at which the polymerization is performed:
quasi-random copolymers form at low pH, whereas gradient composition profiles with lower
AA contents are obtained at higher pH. The incorporation of AA, its degree of ionization, as
well as its distribution in the copolymer chain (determined by the pH of the polymerization
medium) strongly affect the particle morphology. Moreover, the amount and degree of
ionization of AA, and the composition profile of the copolymer have a strong effect on the
responsiveness of the particles post-polymerization, both to pH and to temperature. This work
highlights that the incorporation of ionisable units within hydrophobic blocks by a typical
aqueous PISA process strongly impacts their composition profile and, at the same time,
provides a powerful tool to modify the morphology of the resulting nanoparticles.

. Introduction

Polymerization-induced self-assembly (PISA)*-! is a powerful and straightforward
technology to produce polymer nanoparticles. It combines the synthesis of amphiphilic AB
block copolymers in a heterogeneous polymerization process and their simultaneous self-
assembly into core-shell structures. PISA allows nanoparticles to be produced directly in water,
at high concentration (typically 20 to 30 wt%) and in scalable conditions. In addition to
spherical particles, vesicles, worm-like particles or long nanofibers can be prepared. The
particle morphology can be tuned by changing polymerization parameters such as the monomer
concentration, and the molar ratio R between the monomer and the solvophilic reactive A block
which governs the degree of polymerization (DP) of the hydrophobic B block. The solvent also
strongly affects the particle morphology.! During the polymerization the solvent properties



changes as the monomer is consumed, and we have recently shown that the presence of
unreacted monomer favors the formation of higher order morphologies such as worms or
vesicles.[® The formation of higher order morphologies can also be promoted by adding a small
molecule "transformer" such as toluene.®7]

Nanoparticle morphologies are also affected by the chemical structure of the
polymers.[289 Highly hydrophobic monomers (such as styrene*® or benzyl methacrylatet*H)
generally give rise to spherical particles in water, while less hydrophobic monomers can
produce all kinds of morphologies.*? Mathers, O’Reilly et al. have classified monomers
according to their octanol/water partition coefficient (logP) in order to predict suitable
monomers for aqueous PISA.I*¥1 The morphologies formed during PISA are, however,
generally out-of-equilibrium and therefore process-dependent,® complicating their ab initio
prediction.

Instead of changing the structure of the B block monomer to obtain a targeted
morphology, the properties of the core block can be tuned through copolymerization with small
amounts of a comonomer. This strategy has less frequently been proposed in the literature.
There are several reports of copolymerization with organosoluble comonomers?+-171 whereas
copolymerization with hydrophilic comonomers has rarely been reported.®1°1 The
copolymerization of a hydrophobic monomer with a hydrophilic one in an aqueous dispersed
system is challenging because unequal partitioning of the comonomers between the discrete
and continuous phases can be expected.?°2%1 Sumerlin et al. studied the incorporation of a
hydrophilic comonomer, N,N-dimethyl acrylamide, within the hydrophobic core block of
poly(N,N-dimethyl acrylamide)-block-poly(diacetone acrylamide) (PDMAc-b-PDAAM)
nanoparticles formed through aqueous dispersion PISA.[**24 They successfully incorporated
DMACc within the core block, but the incorporation of DMAc was strongly dependent on the
polymerization conditions and gradient composition profiles were generally observed.[?l TEM
studies demonstrated that the incorporation of DMAc favored the formation of higher order
morphologies.™®!

The incorporation of stimuli-responsive hydrophilic comonomers in the core of
polymer nanoparticles by aqueous PISA has also been reported.[*>18261 Examples include the
incorporation of 2-(dimethylamino)ethyl methacrylate (DMAEMA) in the hydrophobic
poly(hydroxypropyl methacrylate) (PHPMA) block of PPEGMA-b-P(HPMA-co-DMAEMA)
nanoparticles (with PPEGMA: poly(poly(ethylene glycol) methacrylate)),[*®! and of AA in the
poly(N-cyanomethyl acrylamide) (PCMAm) block of PDMAc-b-P(CMAM-co-AA)

nanoparticles.[?®l In these examples, the presence of pH-sensitive comonomers favoured the
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production of lower order morphologies, typically spheres. Incorporation of hydrophilic
comonomer units to form higher order stimuli-responsive morphologies during PISA has not
been reported. Moreover, the effect of pH on the incorporation of a pH-sensitive monomer in
PISA conditions has never been studied.

We have recently studied the aqueous dispersion polymerization of 2-methoxyethyl
acrylate (MEA) in the presence of a PDMACc macroRAFT agent (DP, = 24).I51 At a monomer
concentration close to 20 wt%, we have shown that only spherical nano-objects were formed
up to targeted DPnpmea < 250. In a related work out of the context of PISA, we have recently
shown that the aqueous dispersion copolymerization of MEA with AA in the presence of a
molecular RAFT agent functionalized by a sulfonate functional group was very sensitive to the
degree of ionization of AA at which the polymerization was performed (ao).1?°! Good control
over polymerization was maintained in all conditions, and the composition profile of the
resulting copolymers could be tuned from random to block-like by varying a.

In this work, we copolymerized MEA with AA in a typical agueous PISA process using
a PDMAc macroRAFT agent to generate PDMACc-b-P(MEA-co-AA) particles comprising pH-
responsive AA units in their core. We studied the effect of the molar fraction of AA, faa, and
the degree of ionization of AA, a, on the copolymerization kinetics, and investigated the
possibility of tuning the composition profile of the P(MEA-co-AA) core block simply by
controlling a. The final objective was to investigate the effet of faa and o on the particle
morphologies. We also studied the pH- and T-sensitivity of the particle morphologies post-

polymerization.

II. Results and discussion

I1.1. Incorporation of neutral AA in the hydrophobic block
(PISA at a ~ 0)

To study the impact of the incorporation of AA in the PMEA block of PDMACc-b-
PMEA nano-objects, we performed a series of copolymerizations in water at 40 °C using VA-

044 as an initiator and solids contents close to 20 wt% (Scheme 1).[52
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Scheme 1. Chain extension of a PDMAC24-TTC macroRAFT agent (macroCTA-1) by MEA
and AA in aqueous PISA.

A trithiocarbonate (TTC) PDMAc macroRAFT agent (macroCTA-1) with a number-
average degree of polymerization, DPn, of 24 was used as the chain transfer agent (Table S2).
In this series of experiments (Table S3) no base was added to ionize AA. The molar fraction
of AA in the feed, faao, was varied, while the initial molar ratio of the comonomers to
macroCTA-1, R = ([MEA]o + [AA]o) / [macroCTA-1]o, which determines the number-average
degree of polymerization of the core block B, DPn,, was kept constant at 200, in order to
produce hydrophobic B blocks with comparable DP, g close to full conversion. AA is a weak
acid (pKa =~ 4.1)1?" and as such is nearly fully protonated in dilute aqueous solution in the
absence of added base (o ~ 0, see SI). As PMEA is a weakly hydrophobic polymer, the molar
fraction of AA introduced in the feed (faao) was kept below 0.3 to ensure the formation of
sufficiently hydrophobic P(MEA-co-AA) blocks that promote the in situ assembly of the
diblock copolymers into core-shell particles, as in preliminary experiments on the dispersion
copolymerization of MEA and AA, water-soluble chains were formed at faa of 0.5 for a > 0.
The copolymers were named R-faa 0, where R was kept at 200 in this first series of experiments
as mentioned above and the molar fraction of AA in the monomer feed (faao) was varied. All

experimental details are reported in the SI (Table S3, series 200-faa0).

For all studied AA contents, colloidally-stable, turbid dispersions were obtained.
Generally, high conversions (> 90 %) of both monomers were achieved in less than 10 h. The
kinetics of two typical polymerizations performed with 10 mol% (200-10) or 30 mol% of AA
(200-30) are displayed in Figure 1 (left). Kinetic monitoring of the individual conversions of
MEA and AA by H NMR showed that in both polymerizations, both monomers were
consumed at similar rates, suggesting quasi-random incorporation of the AA units (see Figure
1, left). As aresult, the content of AA in the produced copolymers (Faa, Table S3) was always
close to the ratio in the initial monomer feed (faao0). This was consistent with our previous

study of the aqueous copolymerization of MEA and AA.[?%
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Figure 1. Kinetic monitoring of the aqueous dispersion copolymerization of MEA and AA in
the presence of macroCTA-1 (R = 200). (a) Sample 200-10 and (b) sample 200-30. (left)
Individual conversion determined by *H NMR of MEA (A) and AA (e). (middle) Overlay of
the normalized SEC RI traces. The global monomer conversions, X, are indicated in the insert.
Ve stands for elution volume. (right) Number-average molar mass, My, and dispersity, D,
determined by SEC with PMMA calibration. The solid line shows the theoretical molar mass.

Molar mass dispersities were low (D ~ 1.1) throughout the polymerization (Figure 1).
In addition, the molar masses evolved linearly with conversion for both samples, even though
the theoretically expected molar masses (solid lines) were quite different from the experimental
ones determined by SEC, which may be explained by the use of a PMMA calibration curve.
These results together with strong absorption at 309 nm indicating the presence of a
trithiocarbonate end-group (see Figure S4) reveal a very good blocking efficiency and a good

control over the polymerizations (Figure 2a, Table S3).

In a previous study, we had shown that PDMAc-b-PMEA diblock copolymers prepared

by PISA in aqueous media self-assembled into spherical nano-objects for R < 250.5! Higher



order morphologies (vesicles) were only obtained for R > 280. To investigate a possible effect
of the AA units in the PMEA block on particle morphology, we characterized three samples
containing 0, 10 or 30 mol% of AA in the PMEA block (with constant R = 200) by cryo-TEM,
SAXS and DLS (samples 200-0, 200-10 and 200-30, Figure 2). Consistent with the increasing
turbidity observed by the naked eye, DLS measurements showed a strong increase of the z-
average diameter, D2, from 49 to 206 to 616 nm with increasing content of AA (Table S3). By
cryo-TEM imaging, long nanoworms and lamellar objects were observed for sample 200-10
and 200-30 respectively, while the reference sample 200-0 contained spherical objects. The
fitted SAXS data were consistent with the morphologies determined by cryo-TEM. The
morphologies and dimensions calculated by cryo-TEM and fitted SAXS data are summarized
in Table S4.
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Figure 2. (a) SEC traces, (b) SAXS data and (c) cryo-TEM images of samples 200-0, 200-10,
and 200-30 (samples synthesized with variable faao, and constant R = 200). The black dotted
lines are models fitting the experimental data. The model used and dimensions are reported in
Table S4.



The analyses show that the incorporation of hydrophilic AA units in the B block triggers
a clear change from spheres towards higher order morphologies. One possibility to rationalize
this trend would be from a thermodynamic point of view based on the packing parameter,[282°
because the introduction of AA units within the solvophobic PMEA block might alter the
interaction parameters and thereby the volumes occupied by the hydrophilic and the
hydrophobic segments. It is also possible that the incorporation of AA units modifies the ability
of the polymer chains to reorganize by exchange of free polymer chains between the self-
assemblies and/or by fusion/fission of self-assembled particles®!, thereby allowing
morphological transitions which are kinetically hindered with pure PMEA blocks. Amphiphilic
block copolymers indeed often form out-of-equilibrium (frozen) structures hardly able to
reorganizeB% in water through exchange of free unimer chains or fusion/fission; but the
incorporation of AA units within their hydrophobic block may favour exchange of

unimerst?%31-33 and possibly fusion/fission of particles too, allowing reorganizations in PISA.

Strikingly, we have recently observed that the incorporation of AA within the core
block of PDMACc-b-PCMAmM nano-objects obtained by a similar synthesis strategy through
aqueous dispersion PISA[®! had the opposite effect: the incorporation of AA within the core
block (PCMAmM) prevented the formation of higher order morphologies. For instance, for
DPnpcmam = 200, fibers of variable lengths were observed for AA contents below 13 mol%
(Faa < 0.13), whereas only spherical objects where obtained for higher Faa. Explaining why
these two systems behave differently when AA is introduced in the hydrophobic B block is not
straightforward. One possibility might be that PMEA has a lower critical solution temperature
(LCST) close to 0-5 °C*35] whereas PCMAmM and P(CMAm-co-AA) exhibit an upper critical
solution temperature, UCST-type behavior®®l. Additionally, the hydration of each core block
may differ, as suggested by the Armes groupt®..

It is well known that the molar masses of the shell and core-forming blocks affect the
morphology of particles obtained by PISA.[25381 |n order to establish a pseudo-phase diagram,
in a second series of experiments, R was systematically varied between 150 and 400 (to vary
the degree of polymerization of the core forming block, DPng), while faao was modified
between 0.05 and 0.3 (see Table S3). Low molar mass dispersities (P < 1.2) were obtained in
all cases, and the conversions of MEA and AA were similar (Table S3 and Figure S5). The
morphology of the nano-objects was determined by cryo-TEM and SAXS analyses (Figure 3



and Figure S7). As expected, higher order morphologies were preferentially formed for long
hydrophobic blocks. For instance, at constant faao of 0.10 and nearly full conversion, spheres,
worms, and vesicles were obtained as R was increased. The combined analyses of all samples
synthesized at various R and faao (see additional cryo-TEM images and fitted SAXS data in
Figure S6 and S7) allowed us to construct a pseudo-phase diagram that is shown in Figure 4.
It confirms that the introduction of AA units into the PMEA core block generally favours the
formation of higher order morphologies, in particular vesicles/lamellae. Overall, vesicles
and/or lamellae could be obtained over a large range of DPng and Faa, Whereas the

experimental window in which fibers can be obtained was small.
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Figure 3. Impact of the M, of the core block with constant AA content (faa0 = 0.1): (top) Fitted
SAXS data. The model used and dimensions are reported in Table S4. (bottom) Representative
cryo-TEM pictures of the samples.
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Figure 4. Summary of the experiments performed at natural pH (o ~ 0). The color indicates
the final morphology obtained determined by SAXS and cryo-TEM. S = spheres, F = fibers, V
= vesicles and L = lamellae.

In agreement with the cryo-TEM analyses, SAXS data suggested that the diameters of
the vesicles were rather polydisperse and no clear effect of the molar content of AA (Faa) or
the DPn,g on the vesicle size could be observed (see details in the SI, Table S4). In contrast,
the distinct signature at intermediate q values (around 2-10 A in Figure 5a) allowed us to
determine the mean thickness e of the vesicle membranes by fitting the data with a vesicle
model (Table S4). The membrane thickness e of all vesicles and lamellae steadily increases

with DPy g as shown in Figure 5b.
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Figure 5. (a) SAXS data for typical lamellar objects with various DPy, g. The arrows indicate
that the membrane thickness, e, varies. Values of e reported in Table S4 were determined by
fitting the data with a vesicle model. (b) Variation of e with the DP, g of the core block. e was
determined by fitting SAXS data with a vesicle or lamellar model (see fitted SAXS data in
Figure S6, and dimensions in Table S4).

11.2.  Syntheses of PDMAc-b-P(MEA-co-AA) nano-objects at a > 0

The self-assembly of amphiphilic copolymers containing pH-sensitive monomer units,
such as AA, in the hydrophilic and/or the hydrophobic block,?4263%-41 js sensitive to their
degree of ionization a. Such studies were generally performed post-polymerization on
polymers that had been synthesized using homogeneous polymerization processes, purified and
then assembled. As mentioned above, the polymerization conditions in PISA have a great
impact on the particle morphologies, and predicting the morphology of PISA-derived particles
is difficult because frozen particles, i.e. Kkinetically trapped and process-dependent
morphologiest®*#  are generally obtained.>*®! These particles are kinetically trapped due to
the extremely slow exchange of polymer chains between particles and thus unable to evolve to
their thermodynamic equilibrium state. As a result, the obtained morphologies depend strongly
on the process used to obtain the particles. This is also true for PDMAc-b-PMEA nanoparticles
produced by PISA.[5*4 Additionally, our previous study on the aqueous dispersion
copolymerization of MEA and AA in the presence of an anionic molecular RAFT agent[?%
revealed that the composition and composition profile of the copolymers is controlled by the
degree of ionization of AA (ao): while random copolymers formed at oo ~ 0, gradient

copolymers containing fewer AA units than the initial monomer feed were produced when AA
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was partially ionized (a0 > 0). These great differences in reactivity of AA were explained by
the difference in intrinsic reactivity*! of sodium acrylate (NaA) and acrylic acid, which is
greatly amplified by the use of a heterogeneous polymerization process, where the partitioning
of NaA is in favour of the continuous water phase. Thus PISA of MEA and AA performed at
ao > 0, using a macromolecular RAFT agent instead of a sulfonate-functional one, should also
lead to copolymers with distinct composition and composition profiles; which may further

impact the morphologies.*%

In all experiments, the molar fraction of AA was kept low at 5 mol% (faao = 0.05) to
preserve the self-assembly of the B block. R was kept constant at 300, while ao was varied
through the addition of NaOH before polymerization (Table S5). Theses samples were named
A-x where X is related to the degree of ionization of AA (ap) in the monomer feed (e.g. A-01

corresponds to oo = 0.1).

SEC analyses (Figure S8) did not reveal any significant impact of the variation of ao
on the control over the polymerizations. The incorporation of AA as a function of the degree
of ionization was investigated by kinetically monitoring the individual conversions of MEA
and AA by *H NMR. As shown in Figure 6, a strong effect of ao on the polymerization rate of
AA was observed. While the polymerization rate of AA greatly decreased when oo was
increased, little impact on MEA conversion was observed, except at the highest ao (0.7 and 1),
where the polymerization of MEA slowed down too. As in our previous study,? we used the
Jaacks method™®! to determine rmea because the AA content is negligible in the initial monomer
feed. The Jaacks plot in Figure 6 shows the experimental data and their fits. rmea steadily
increased from 1 to 12 when oo increased from 0 to 1 (values reported in Figure 6). These
values are very close to those found in our earlier study.l?®! Therefore, it seems that the
reactivity ratios are not impacted by the nature of the stabilizing shell. As the molar fraction in
AA is low (faao = 0.05), the occurrence of AA-terminated radicals is very low and the
composition profile is dominated by rvea. Thus, the reactivity of AA can be estimated solely

from the evolution of rvea = kp mea-mea / Kp mea-aa and clearly decreases with increasing oo.
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Figure 6. Kinetic monitoring of PISA conducted at different ao (Samples A-0 to A-1, with R =
300 and faao = 0.05) displaying the individual conversions in MEA (A) and AA (o). Jaacks
plot showing the fitting curves in dotted lines. A-O corresponds to sample 300-5.

While the MEA conversion was almost quantitative within 8h for the polymerizations

performed at a0 < 0.5 (Figure 6), the conversion of AA was incomplete when ao > 0 (e.g. less
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than 50% for A-05). Consequently, the final AA molar content in the hydrophobic block (Faa)
tends to decrease from 0.05 to 0.02 when ao increases, although all polymerizations started
from the same initial monomer feed, faao= 0.05 (Table S5). The composition profile of the B
block of the copolymers should also vary as a function of ao. To illustrate this, we simulated
the composition profile of 100 chains using the experimentally determined apparent reactivity
ratio of MEA for each ap tested and an arbitrary constant raa = 1. Changing this value did
actually not strongly impact the results because the AA content was very low, decreasing
strongly the probability to incorporate two consecutive AA units within the polymer chain no
matter raa. While at oo = 0 and 0.1 the distribution of AA units in the polymer chains is close
to random, at ao > 0.2 the incorporation of the AA during copolymerization is delayed leading
to gradient B blocks because of the strong differences in reactivity between MEA and AA (see
Figure 7 and Figure S9). The higher ao, the stronger the gradient towards the chain end and
the fewer AA units are located close to the PDMAc block. Overall, the composition profile of
the core-forming block, the number of AA in the chain, and the average number and
distribution of negative charges per polymer chain greatly depend on ao. This must be taken
into account when comparing the morphology of the samples and their thermo-responsiveness

that are discussed below.

A-05

rem

Figure 7. Simulation of 100 monodisperse PDMAc-b-P(MEA-co-AA) chains, stacked
horizontally. The PDMAC block is represented in green, MEA in grey and AA units in blue.
Each line on a figure corresponds to a different chain. The direction of polymerization is from
left to right. Experimental faao, R, reactivity ratios of MEA and the final global conversion
were used in the terminal model to determine the composition profiles (see SI, Figure S9).[46]

In all conditions, stable colloidal dispersions were again obtained, and the morphologies

of the nano-objects were characterized by cryo-TEM and SAXS. The cryo-TEM pictures
15



presented in Figure 8 reveal a strong impact of ao on the particle morphology although the
molar fraction of AA was only 5 mol%. Whereas at oo = O typical vesicles were observed (A-
0), deprotonating 10 % of the AA units gave a mixture of objects (mainly vesicles mixed with
small, mostly elongated nano-objects). When ao was further increased, small vesicles remained
the predominant morphology, but the vesicle membranes became heterogeneous and ill-
defined, possibly due to a dissociation of the membrane induced through the presence of
charges. Above 70 % ionization, vesicles were no longer observed, and small spheres
predominated. SAXS analyses confirmed that spherical objects with diameters below 40 nm

were the main morphology formed in these conditions (Figure S10, Table S6).

A-0 (Faa = 0.05) A-01 (Faa = 0.05) A-04 (Faa = 0.03)

s

A-05 (Faa = 0.03) A-07 (Faa = 0.02) A-1 (Faa = 0.02)

Figure 8. Representative cryo-TEM images (C = 30 g/L) of samples of series A (R = 300, faao
= 0.05, prepared by PISA at different ap).

Although the initial monomer feed was the same for all samples (faao0=0.05), the AA

content in the polymer (Faa) progressively decreased from 0.05 to 0.02 when ao was increased
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from 0 to 1. Considering a DPy g of 300, this means that an average of only 6 AA units instead
of 15 were incorporated per chain. However, the change in morphology, from vesicles (A-0)
to spheres (A-1), cannot be attributed to the lower amount of AA units in A-1 compared to A-
0, as pure vesicles were also obtained for the AA-free reference sample 300-0 (see Table S3
and Table S4).5%1 The formation of spheres (A-1) must therefore be attributed to the presence
of charged AA units in the PMEA block. The presence of a few charged AA units thus seems
to hinder the formation of higher order morphologies while favouring the formation of

spherical aggregates.

ao and faao clearly impact the composition profile and Faa, which in turn have a strong
effect on the morphology of the resulting particles. It is however difficult to determine whether
the changes of morphology as a function of aw and faao have a thermodynamic or a kinetic
origin (or both). Indeed, a change in Faa, a and composition profile should alter the packing
parameter, which may alter the morphology from a thermodynamic point of view!234748],
Simultaneously, addition of AA units within hydrophobic blocks and variation of their
ionization should alter the exchange rate of unimers®:-334% which may favour morphological
transitions from a kinetic point of view. At this stage, it is not possible to determine whether
thermodynamics, kinetics or both explain our observations.

We also note that it has previously been proposed[?4350511 that the presence of charges
in the corona hinders the formation of higher order morphologies because of electrostatic
repulsion limiting chain aggregation. Similarly, in the studied system, spherical aggregates are
formed in the early stages of PISA, and the subsequent incorporation of a few charges might
prevent the fusion of primary particles (because of electrostatic repulsion), which has been
suggested to be a key step in the formation of higher order morphologies.[25521 Alternatively,
it is also possible that a reorganization of initial aggregates occurs during PISA, as the AA units

are incorporated at late stages of the polymerization.

11.3.  Stimuli-responsiveness of the nano-objects

All nano-objects prepared above contain AA units in the PMEA block and are therefore
expected to be sensitive to pH, i.e. variations in o. Moreover, we have previously demonstrated
that P(MEA-co-AA) statistical copolymers are thermoresponsive and exhibit a LCST-type
temperature transition that depends on pH.[2%4%1 We therefore studied post-polymerization the
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impact of o and temperature (T) on representative samples with different morphologies, molar
content of AA (Faa) and DPy,s.

Effect of o

To study whether the nano-objects disassemble at sufficiently high degree of ionization
of the AA units (a), light scattering experiments were performed on dilute samples. As shown
in Figure S11, all studied samples disassembled into unimers when the AA units become
sufficiently ionized, and both the scattering intensity and size of the scattering objects decrease
significantly. For a similar AA fraction (Faa), the greater the DPnp the higher a at which
disassembly occurred (Figure S11). For constant DPy g, increasing Faa reduces the critical a
value at which the assemblies dissociate. These results are consistent with the fact that
decreasing DPn g or increasing Faa decreases the hydrophobic character of the polymers. To
assess whether morphological transitions occurred upon progressive ionization, SAXS
analyses were performed at various a. Representative analyses are shown in Figure 9 (vesicles,
sample 300-5 = A-0) and Figure S12 (lamellae, 310-30).

1.0E+08
1.0E+086

— 1.0E+04
=
©

S

— 1.0E+02

1.0E+00

1ER Vo e
1.0E-03 1.0E-02 1.0E-01
q (A1)

Figure 9. SAXS monitoring of the progressive deprotonation of the AA units of a
representative sample, 300-5 (= A-0, vesicles), post-polymerization and return to o = 0 (back).
The black dotted lines are models fitting the data (see Table S7).

Generally, the change in the slope of | = f(q) and data fitting suggested that higher order
morphologies evolved into spherical assemblies (e.g. 300-5 at a1 = 0.5 or 310-30 at a1 = 0.1)

and ultimately into unimers when the AA units were sufficiently ionized (e.g. 300-5 at ap = 1
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or 310-30 at a2 = 0.30). Decreasing a back to 0 led to re-assembly of the unimers, but into
structures different from the initial ones, which is consistent with the DLS measurements

performed on diluted samples (black symbols in Figure S11).

Samples A-05 and A-1 (Table S5), for which the AA units are at least partially
deprotonated, are also responsive to changes in a. While sample A-05 behaved similarly to the
previously discussed samples (Figure S14), sample A-1 behaved differently (Figure 10). This
sample was prepared by PISA directly at a. = 1. It contains only 2 mol% of AA (Faa = 0.02)
with a strong gradient towards the chain end and a relatively long hydrophobic block (DPng ~
300). The low AA content combined with the strong gradient profile might explain why sample
A-1 remains assembled even at o = 1 contrary to the other samples of this study (Figure 10).55%
Upon progressive protonation towards o = 0, a morphological transition from spheres to

vesicles was observed by SAXS and cryo-TEM analyses (Figure 10).
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Figure 10. SAXS (at C = 50 g/L) and cryo-TEM (at C = 30 g/L) monitoring the progressive
protonation of the AA units in the B block of sample A-1 (spheres, Faa = 0.02, gradient). The
black dotted lines are models fitting the data (see Table S7).

Generally, the pathway dependency and non-reversibly of the morphological transitions
suggest that the final nanostructures produced by PISA are out-of-equilibrium structures. A
notable exception is sample 150-30 (short worms, Figure 11 top), which reversibly formed
elongated morphologies after ionization into unimers and reprotonation: the initial worms
(formed on synthesis at a = 0) transformed into spheres when o was increased to 0.1 and
dissolved completely at a = 0.3. The similar SAXS profiles and data fitting (Table S7) suggest
that worms with similar characteristics to the initial ones reformed on returning to o = 0. This
quasi- reversible responsiveness might be understood by the fact that this sample has the
shortest B block and the highest molar fraction of AA, which might lead to thermodynamically

controlled assemblies.[33:3449]
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Response to ionization and reversibility (at 25°C)
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Response to heating and reversibility (at a ~ 0)
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Figure 11. SAXS monitoring of the response of sample 150-30 (short fibers) to progressive
deprotonation at 25 °C (top) and temperature (bottom, at a ~ 0) (C =50 g/L). The black dotted
lines are models fitting the data (see Table S7 and S8).

Effect of temperature, T

The thermoresponsive behavior of the nano-objects was also evaluated by SAXS on
selected samples, namely 150-5 (spheres), 150-30 (short fibers), 300-5 (i.e. A-0, vesicles), and
A-1 (spheres). Generally, the scattering profiles of all samples significantly changed with
temperature revealing that they were all thermo-sensitive (see Figures S15, Figure S16 and
Figure S17). The response was greatly dependent on the sample and on the degree of ionization
(see Figure S16). For instance, for sample 300-5 (vesicles) the scattering profiles complexified

upon heating indicating the formation of a mixture of objects (Figure S16). For other
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uncharged samples, SAXS data fitting suggests that morphological transitions occurred (e.g.
sample 150-5, Figure S15, Table S8). When the AA units were charged (e.g. A-1, spheres),
only an increase of the particle diameter was observed, without a morphological transition
(Figure S16, Table S8). The effect of temperature was irreversible for most samples (see
samples 300-5, 150-5, and A-1, in Figures S15, S16 and S17), at least on the time scale of the

experiments (= 20 min), which is consistent with observations made in the literature.>4

Again, 150-30 is an exception. The SAXS data of sample 150-30 (short fibers) are
displayed in Figure 11, bottom. The change in the slope observed at low q indicates a
morphological transition from spheres to worms to vesicles/lamellae and larger aggregates
when the sample was progressively heated from 5°C to 80°C. This means that all main
morphologies could be produced from this single copolymer composition simply by changing
the temperature. The SAXS data recorded at 25 °C before and after heating to 80 °C (Figure
11 bottom, right) were similar, suggesting that elongated objects reformed from vesicles after
heating. A similar behaviour has recently been reported for other nanoparticles prepared using
PISAB355] namely particles containing poly(2-hydroxypropyl methacrylate) and poly(4-

hydroxybutyl acrylate-co-diacetone acrylamide) as the hydrophobic core.

It should be noted that PDMACc-b-PMEA samples that did not contain any AA units
(see 150-0, 200-0, 400-0 in Figure S17) also exhibited morphology changes with the
temperature. We can therefore conclude that the thermoresponsive character of the
hydrophobic block is mainly due to the MEA units, although PMEA does not exhibit a classical
LCST-type behaviour®! contrary to P(MEA-co-AA) copolymers?%,

I1l. Conclusion

In this study, we investigated the impact of acrylic acid (AA) in the aqueous PISA of
MEA at different ionization degrees of AA. The consequences on the Kinetics of
copolymerization, composition profile of the polymer chains, morphology of the self-
assembled structures and post-polymerization responsiveness of the nanostructures to

ionization and temperature were investigated.

We showed that the incorporation of protonated AA units within the PMEA
hydrophobic block favored the formation of higher order morphologies, namely worms and

vesicles. While random copolymers were synthesized using uncharged AA, deprotonating AA
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prior to polymerization led to the formation of gradient copolymers. The higher the degree of
AA ionization in the feed, oo, the greater the gradient, and the lower the fraction of AA inserted
in the polymer. The presence of deprotonated AA disfavored the formation of higher order
morphologies, leading to the exclusive formation of spherical particles at o = 1, even though
the polymer contained only 2% AA.

Finally, the nano-objects were sensitive to changes in temperature and pH. Small
fractions of AA (2 to 5 mol% relative to MEA) triggered morphological transitions towards
spherical objects when ionized. In contrast, increasing the temperature favoured the formation
of higher order morphologies or large secondary aggregates. Generally, these pH- or
temperature-induced transitions were irreversible. Therefore, the particles formed during PISA
were generally out-of-equilibrium, implying that the morphologies obtained are probably
determined both by thermodynamic aspects (DPng, content and ionization of the AA units
affecting the packing parameter) and by Kinetic aspects (rate of unimer exchange and/or of
fusion/fission of particles events compared to the rate of polymerization). In one case, however,
for a relatively short polymer (DPng = 150) with a high AA content (faao = 30 mol%), quasi
reversible morphological transitions between spheres, worms and vesicles were observed,

suggesting that this system was close to thermodynamic equilibrium.

These results show that PISA copolymerization of a temperature-responsive PISA
monomer with a pH-responsive one is a straightforward and powerful method to prepare

stimuli-responsive nano-objects in a great variety of morphologies.
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