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Polymerization-induced self-assembly (PISA) is a facile method to obtain block copolymer aggregates
with defined morphologies. However, the transitions between these morphologies have been difficult to
monitor directly in real-time during the polymerization. Herein, we describe a straightforward and readily
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accessible in situ method to monitor the evolution of nanostructure via changes in internal hydrophobi-
city during the PISA process using a polymer-tethered pyrene fluorescent probe. We were able to corre-
late morphological transitions with changes of the pyrene emission and gain unprecedented insight into
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Introduction

Amphiphilic block copolymers have been widely used to
produce self-assembled nanostructures."™ In solution, these
assemblies adopt not only spherical micellar morphologies
but also higher-order structures, such as cylindrical micelles
(worms) and vesicles to name a few.”® In particular, polymer-
ization-induced self-assembly (PISA) has been used as a versa-
tile method to obtain block copolymer particles in a highly
tunable fashion at high concentrations.”'® During PISA, a sol-
vophilic precursor polymer is chain extended with a monomer
that forms a solvophobic block. At a certain critical degree of
polymerization (DP) of the solvophobic block, aggregation
becomes energetically favorable and causes assembly of the
polymer chains into multimolecular aggregates.'"'?
Controlled radical polymerization techniques, such as revers-
ible addition-fragmentation chain transfer (RAFT)“ ™ or
atom transfer radical polymerization (ATRP),>'® have made the
synthesis of well-defined block copolymers relatively straight-
forward, and for this reason, are widely adopted to conduct
PISA.9,17719
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the evolution of core hydrophobicity during PISA.

Many approaches have focused on broadening the scope of
PISA systems by introducing a wide range of polymer
functionalities®®>* and exploring increasingly complex
morphologies, such as framboidal shapes.”” Such nano-
particles have been utilized for a range of applications from
coatings®® to nanomedicine.?*>*2973*

With these promising applications, a better understanding
of the morphological progression from molecularly dissolved
unimers to complex assembled structures could enable us to
better predict, design, and direct these polymerizations.
However, the sensitivity of the self-assemblies to fluctuations
of temperature and concentration imposes major restrictions
on the feasibility and reproducibility of ex situ morphology
characterization. Both dry state transmission electron
microscopy (TEM) and dynamic light scattering (DLS), which
are commonly used to characterize PISA morphologies, are
often conducted at room temperature, and require dilution or
drying of the samples, which may alter assembly size and mor-
phology. To circumvent the problems associated with ex situ
methods, liquid-cell transmission electron microscopy’>~** and
small-angle X-ray scattering®**> have been adapted, using
specialized setups and systems, for monitoring PISA in situ.
However, the practicality and availability of these methods is a
limitation in some cases.

Aggregation-dependent fluorescent probes, such as pyrene,
have long been used to observe the onset of self-assembly in
block copolymer micelles, ie. the critical micelle concen-
tration (CMC).>*"*® When a ground state pyrene monomer (M)
is excited (M*) at Amax ~345 nm, three distinct monomeric
emission bands are observed at I; ~375 nm, I3 ~385 nm, and
Is ~395 nm upon radiative decay. The I,/I; ratio can be used to
determine the changes in hydrophobicity in the local environ-
ment surrounding the pyrene - as the I; emission band is sen-
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sitive to solvent polarity, and the I; emission band is relatively
insensitive. Upon micellization, the presence of pyrene
embedded in the hydrophobic core will lead to a change in the
I,/I; ratio. When plotted over a range of concentrations, the
CMC can be determined by the inflection point in the graph.*!
If the excited pyrene (M*) is spatially proximal to another
pyrene in its ground state (M), the pair can stack together to
form a dimer (M-M*). This complex (M-M*) is referred to as an
excimer and has an emission band around 475 nm ([;).**™**
The ratio of excimer to monomer has been used to monitor
intra- and intermolecular interactions in proteins and
membranes.*>™*”

There is considerable utility in employing aggregation-
dependent fluorescent probes to interrogate supramolecular
assembly and morphology. For example, Brédas and co-
workers have elucidated how the intermolecular arrangements
of organic n-conjugated molecules dictate electronic and
optical properties.’® Importantly, n-conjugated systems often
stack in columns and form face-to-face interactions (H-type
aggregates) that have a low fluorescence quantum yield. Efforts
have been made to enhance the emission of n-conjugated
materials by modifying the n-n stacking arrangement via
installation of bulky side groups.*® Utilizing supramolecular
interactions to alter the arrangement of these systems, in par-
ticular, the adoption of a slipped stacking arrangement (J-type
aggregates) can result in dramatic improvement in fluo-
rescence quantum yield. Zhang, Wang, and co-workers
reported that by introducing sterically demanding groups, bis
(pyrene) derivatives could adopt a J-type aggregation which led
to an almost 30-fold improvement in excimer emission.>
Importantly, the sterically bulky groups led these aggregates to
adopt a dot-shaped (spherical) morphology with high excimer
fluorescence, while the bis-pyrenes in the absence of sterically
demanding groups formed sheet-like morphologies and
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adopted an H-type aggregation with much lower excimer emis-
sion. These examples highlight how changes in fluorescence
excimer emission can be followed to provide insight into nano-
scale transformations in supramolecular morphology.

In this article, we describe a straightforward and practical
method to monitor changes in morphology and core hydro-
phobicity of the amphiphilic block copolymer polymer assem-
blies that form and evolve during the PISA process. Leveraging
the aggregation-induced change in the emission spectrum of
the fluorescent probe pyrene, we show that the ratio between
the monomer (I,,, at 375 nm) and excimer emission (I.,; at
475 nm) can be used to study morphological changes during
PISA. At the same time, the I;/I; ratio could also be used to
monitor the hydrophobicity within the cores of nanoparticles
prepared during PISA.>"? Importantly, all this information
can be obtained in situ, using a standard benchtop
fluorometer.

Results and discussion

We synthesized a poly(N,N-dimethylacrylamide) (PDMA)
macro-chain-transfer agent (macroCTA) with a carboxylic acid
functionality on the Z group for the selective installation of the
pyrene probe in proximity to the core-forming hydrophobic
block of the polymer chain.*® Size-exclusion chromatography
(SEC) indicated the resulting macroCTA had a number-average
molar mass (M,) of 7900 g mol™" and dispersity (P) = 1.09
(Fig. S1f). To install the fluorescent pyrene probe at the
growing chain end of the PDMA macroCTA, the amine-functio-
nalized pyrene was coupled to the carboxylic acid on the
Z-group of the macromolecular trithiocarbonate using stan-
dard peptide coupling conditions (see Fig. 1 and S1-16} for
details).
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Fig. 1 Synthetic outline of the synthesis of the macro-chain-transfer agent (macroCTA) and the polymerization-induced self-assembly (PISA)
process. (a) Synthesis of PDMA macroCTA (1), pyrene-labeled PDMA macroCTA (2) and the chain extension polymerisation using diacetone acryl-
amide (DAAm) to yield the amphiphilic block copolymer poly(N,N-dimethylacrylamide)-block-poly(diacetone acrylamide) (PDMA-b-PDAAm) (3). (b)
Schematic representation of the morphologies observed during PISA upon chain extension of the PDMA macroCTA with DAAm.
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Previously, Figg et al. showed that to access higher-order
morphologies in aqueous DMA/diacetone acrylamide (DAAm)-
based PISA systems, the incorporation of hydrophilic DMA
monomer into the hydrophobic DAAm block was crucial to
increase core hydration and chain mobility.” As an alternative
approach, we decided to alter the solvent polarity by using a
1:1 (v/v) mixture of methanol and water to facilitate mor-
phology transitions without the need for an additional co-
monomer. Additionally, we added non-functionalized PDMA
macroCTA (1) to the pyrene-functionalized PDMA macroCTA
(2) to prevent fluorescent quenching and to minimize the con-
tribution of the hydrophobic pyrene chain end in the assembly
process. The ratio of 2 to 1 was maintained at 0.2 throughout
the experiments. All the polymerizations were conducted at
70 °C under constant stirring using 4,4'-azobis(4-cyanovaleric
acid) (ACVA) as a thermal radical initiator in a 1:1 (v/v)
mixture of methanol and water.

Initially, a range of DPs of the hydrophobic block was tar-
geted to evaluate the scope of this PISA system (Table S1f).
Each PISA reaction achieved full monomer conversion within
5 h, as confirmed by 'H NMR spectroscopy. Size-exclusion
chromatography (SEC) of the chain extension products showed
some residual uninitiated macroCTA. The deconvoluted SEC
chromatogram revealed that the chain extension (PDMA-Pyr-b-
PDMA) resulted in a blocking efficiency of 91%, see Fig. S16.7
Despite this, we still observed a range of morphologies from
spheres (DP = 100), worms/worm network (DP = 200) to vesi-
cles (DP = 300), as confirmed by dry state TEM (Fig. 2b).
Importantly, control experiments with 100% non-functiona-
lized macroCTA showed similar morphologies at the same DPs
(Table S1 and Fig. S187), suggesting the pyrene residues play
only a minimal role in governing self-assembly. It is worth
noting that keeping the percentage of pyrene-functionalized
macroCTA low (20%) was critical in ensuring that the pyrene
aggregation did not affect the overall morphologies obtained
during the PISA process. Increasing ratios of functionalized
macroCTA led to different morphologies when compared to
the control studies without pyrene-functionalized PDMA (2).
Most notably, higher ratios of pyrene-functionalized macroCTA

a —— MacroCTA b
— DP=50
— DP=100
~—— DP=200

DP=300 /

Normalised dRI

Retention time (min)
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led to kinetically trapped spheres throughout the same
polymerization.

After showing that we could obtain a range of morphologies
with the chain extension of the PDMA macroCTA using only
DAAm, we sought to study the emission behavior of the pyrene
probes in morphological transitions during PISA. Using the
same polymerization conditions, we targeted a final DAAm
block with DP of 300, which generated vesicles in the previous
experiments (Fig. 2b). Specifically, two polymerization sets
under identical conditions, but one in sealed glass vials and
one in the fluorometer, were conducted to correlate monomer
conversion, nanoparticle morphology, and pyrene fluorescence
during the PISA process. The polymerization set in glass vials
was used to determine monomer conversion, molar mass, and
morphology (Fig. 3a and Table S21) by "H NMR spectroscopy,
SEC, and TEM, respectively. The polymerization in the fluo-
rometer allowed monitoring of the pyrene emission through-
out the reaction. Notably, we found that the emission ratio of
pyrene excimer to monomer (Iei/Imon), Which is related to the
stacking of the pyrene molecules, changed throughout the
PISA process (Fig. 3b).

Previously, Wang et al. reported that the arrangement of
stacked fluorophores affected the fluorescence quantum yield
of the pyrene excimer.’® We reasoned that during PISA, the
pyrenes at the core of the self-assembly can undergo changes
in their stacking orientation i.e., packing mode and packing
efficiency. Therefore, the sensitivity of pyrene excimer emis-
sion to minor changes in fluorophore stacking orientation was
used to monitor the structural rearrangements that accompany
morphological transitions during PISA.**>%>*

After 15 min of the polymerization, we observed the aggre-
gation of polymers into spherical micelles (Fig. 3a). As the self-
assemblies transformed from spheres to worms after 30 min
(DP = 108), we observed a decrease in the Iui/Imon ratio.
Throughout the PISA process, the transitions between
different morphologies led to considerable structural
rearrangements; we believe the fluctuations in the excimer
ratio are due to changes in the packing efficiency and packing
modes between the fluorophores during the reaction. The tran-

Fig. 2 Size-exclusion chromatography (SEC) and transmission electron microscopy (TEM) characterization of polymers and assemblies formed via
PISA. (a) SEC traces of PDMA macroCTA chain extended with DAAm to different targeted degrees of polymerization (DP) (50, 100, 200, and 300). (b)
TEM images of spheres at a PDAAmM DP of 100 (red, left), worms at PDAAm DP of 200 (orange, middle), and vesicles at a PDAAm DP of 300 (dark
yellow, right). Scale bar is set to 500 nm. All PISA experiments for TEM were carried out to full conversion and crosslinked at 70 °C using a 10 wt%
O-alkyl bishydroxylamine crosslinker relative to DAAm monomer to preserve the morphology for TEM analysis.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Correlation of polymerization kinetics (obtained by NMR spectroscopy), PISA morphology (obtained by ex situ TEM), and pyrene fluorescence
(obtained by fluorescence spectroscopy). (a) TEM images of assemblies from polymerization aliquots at different conversions: spheres (21% red, top
left), worms (36% orange, middle left), and vesicles (51% yellow, bottom left, 60% green, top right, 84% blue, middle right, and 93% purple, bottom
right). Scale bars represent 1 ym. The ratio of (b) pyrene excimer to monomer emission (leyi/lmon) @and (c) pyrene monomer emission bands /; to I3

(I1/13) throughout the PISA process.

sitions during the classical PISA process (sphere-to-worm and
worm-to-vesicles) are hypothesized to go through different
mechanisms. The sphere to worm transition is often proposed
to take place by collisions between self-assembled aggre-
gates.> In contrast, the worm to vesicle phase is hypothesized
to proceed through a more continuous process. Blanazs et al.
showed that the worm to vesicle transition proceeds via several
intermediates: the branched network of worms leads to the
partial fusion of worms, which then form nascent bilayers (as
evidenced by the presence of ‘octopi’- and ‘jellyfish’-like inter-
mediate structures) that eventually form pure vesicles.>®
Nevertheless, both transitions require structural rearrange-
ments in the polymer self-assembly.

Upon further polymerization of the DAAm block to DP =
153 at 45 min, vesicles were formed, which again led to a
major change in the pyrene emission and, in this case, an
increase in the I.yi/Imon ratio. These results suggest that tran-
sitions involving cylindrical structures are associated with
changes in chain arrangements, which affect the fluorophore
stacking and can be readily detected by changes in the Ixi/Imon
ratio. Also, further increases of the PDAAm block size from
this point onwards (DP = 181 at 60 min to DP = 280 at

3950 | Polym. Chem., 2021, 12, 3947-3952

180 min) showed only a small change in the I.yi/Iion ratio, con-
sistent with no further significant change in morphology. It is
worth noting that this gradual increase in the excimer ratio
corresponds well with the fact that the hydrophobic block is
continuing to grow, and in turn, the packing parameter, which
affects the pyrene stacking arrangement, is still increasing
throughout the polymerization.'

The pyrene monomer emission can also be used to gain
information about the hydrophobicity in the local environ-
ment of the fluorescent probe. A decrease in the intensity ratio
of the emission bands I; to I; is indicative of an increasingly
hydrophobic local environment. From these studies, we can
monitor the change in hydrophobicity near the growing chain
end in the core of the assemblies throughout the polymeriz-
ation. Upon chain extension of the PDMA macroCTA with
DAAm, the pyrene on the active chain end experiences a pro-
gressively more hydrophobic environment, as shown in the
decreasing I,/I5 ratio within the first 40 min of the polymeriz-
ation (Fig. 3c). Interestingly, at 45 min a slight increase of the
L,/I; ratio was observed during the worm-to-vesicle transition,
which suggests a slight increase in hydrophilicity that
coincides with the formation of a bilayer vesicular structure

This journal is © The Royal Society of Chemistry 2021
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where water is on the inside and outside of the bilayer.
Notably, after the polymer chains have rearranged into vesicles
the hydrophobicity (as indicated by the I;/I; ratio) remains
relatively constant as the pyrene moieties are buried in the
center of the bilayer, presumably with very little solvation.
These data suggest this non-invasive technique can monitor,
in tandem, both changes in the self-assembly and hydration in
the cores.

Conclusions

In summary, we demonstrated the use of pyrene as a fluo-
rescent tag to monitor morphology and hydrophobicity during
the PISA process. We were able to relate morphological tran-
sitions during the PISA process to changes in pyrene excimer-
to-monomer ratio, which is dependent on the spatial proximity
of pyrene molecules. Furthermore, the ratio of the I; and I3
emission bands of the pyrene monomer provided unpre-
cedented insight into the hydrophobicity at the growing chain
end at the assembled core. In the future, we believe this
straightforward and non-invasive in situ technique could be
used to better understand and predict morphological pro-
gressions during the PISA process.
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