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Ultra-small nanoparticles (NPs) with accessible surface functionalities in the range of 3-50 nm are of
great interest due to their defined size and surface properties, which could bridge the gap between
natural and synthetic materials. Although NPs available in nature present more sophisticated functions as
compared to synthetic materials, the physicochemical and colloidal behaviour is primarily dominated by
geometry and surface charge; synthetic counterparts could mimic aggregation and interaction behaviour
based on similar size, shape and surface structure. Inorganic ultra-small NPs exist in a large variety;
however polymeric counterparts present major problems when trying to produce them in a controlled
manner in the sub-50 nm range. Here, we present the synthesis and self-assembly of a photolabile
diblock copolymers into spheres, worms and vesicles followed by photocleaving of the corona leaving
the core unaltered, which is then surrounded by negative charge. The polymer features a water-soluble
polyethylene oxide (PEO) corona block and a hydrophobic polystyrene (PS) core block. The two blocks
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are covalently linked by an o-nitrobenzyl moiety (ONB), which upon exposure to UV light (1 = 365 nm)
opens up, leaving a carboxylic acid functionality on the PS core for electrostatic stabilization. The nega-
tively charged core then interacts with cationic species, e.g., cationic gold NPs (AuNPs), which will dec-
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Introduction

Nanoparticles with defined size and surface are found in many
areas of nature, science, and technology. Probably most
common are inorganic nanocrystals' (e.g. gold) and biological
NPs (e.g. virus) that both are often stabilized by electrostatic
repulsion of surface charges. While inorganic NPs are formed
via nucleation and growth stabilized by surfactants to control
the interface and thereby size and shape, virus particles are
self-assembled from highly-defined building blocks providing
organic NPs with control of composition and charge distri-
bution.”> For instance, the CCMV virus® has a monodisperse
hydrodynamic diameter of 28 nm and an icosahedral distri-
bution of net negative surface charge. Since both inorganic
and biological NPs are so well-controlled in size and direc-
tional interaction, their electrostatic attraction can be tuned
precisely to self-assemble into NP crystals and co-crystals with
highly ordered lattices.*™®
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Synthetic organic NPs with bare surface on the other hand
are rather difficult to produce in similar size ranges (i.e., Dy, =
10-30 nm). Crystals or co-crystals of polymer NPs with in-
organic or biological NPs are therefore currently beyond our
reach, despite the large toolbox of polymer-specific properties.
Polymer particles with exceptional control over size dispersity
are typically synthesized by emulsion polymerization or vari-
ations thereof, which gives access to nano- and microparticles
larger than 100 nm. Most prominent are latex particles in the
micrometre range able to crystallize due to very low deviation
in particle diameter.” They have raised considerable interest
for applications® and as model system to study crystallization
phenomena on a size scale that is convenient for imaging.’
Reducing the target size to the sub-100 nm range results in
higher particle dispersity due to difficulties in stabilizing the
increasing surface energy. In order to go below the 50-100 nm
range, microemulsion polymerization is a very promising
approach as it already successfully demonstrated the synthesis
of polymer NPs with Dy, = 20-60 nm with similar surface chem-
istry as compared to the microscale analogues (yet, not entirely
homogeneous).'® Microemulsions are thermodynamically
stable emulsions with few nanometre-sized droplets at high
volume fraction. During monomer polymerization - in a
similar manner as for classical emulsion polymerization -
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shape and size-dispersity change because of droplet coalesc-
ence and thermal fluctuations. Although this technique is still
one of the most promising approaches to address the sub-
50 nm range, microemulsions are not accessible for every
system and polymerization processes are complex.

With respect to polymer “NPs”, block copolymers are well-
known to form narrowly size-dispersed nanostructures'' as
well as solution morphologies by self-assembly including
spherical micelles, cylindrical micelles, and vesicles.'?
Polymerization-induced self-assembly (PISA) is another prom-
ising route for the scalable synthesis of polymer nanoparticles,
where the morphology can be tuned during polymerization
and chain extension of the solvophobic block."*'* Micelles are
generally stabilized by the surrounding brush-like corona that
can take up a large volume fraction of the entire micelle. The
corona also alters solution behaviour and interaction with
other particles or interfaces. Regarding higher order self-
assembly, spherical micelles demonstrate the ability to form
soft colloidal crystals’® (even photonic)'® and quasicrystals
with features specific to the soft micelle-micelle interaction.'”
In order to investigate the self-assembly and co-assembly
behaviour in a similar manner as compared to hard colloids
(e.g. silica or latex particles),” it would be desirable to generate
polymer NPs with accessible surface and hard electrostatic
interaction. Such NPs could be a valuable contribution to
supracolloidal self-assembly of nanoscopic colloidal mole-
cules, nanoparticle lattices, and  organic-inorganic
hybrids."®*

We here report on the self-assembly of photocleavable poly
(ethylene oxide)-orthonitrobenzyl-block-polystyrene (PEO-ONB-
b-PS) BCPs into homogeneous micelles, which can be stripped
of their corona by UV irradiation to form naked micelles. We
synthetized different PS block length leading to spheres,
worms and vesicles. Using a dedicated step-wise solution self-
assembly route, we obtain homogeneous micelle populations.
Once the BCPs or micelles are irradiated by UV light (1 =
365 nm), the photosensitive ONB linker cleaves between core
and corona leaving a carboxylic acid functionality on the PS
core, which remains unaltered in shape and size. We analysed
the particle size and shape with TEM and DLS, and calculated
the total acidic content with Zeta-sizer and titration. The
created negative charge on the core provides electrostatic
repulsion and introduces pH-responsiveness. We studied the
effect of particle concentration and pH on particles stability
and aggregation behaviour. The anionic surface could further
be paired with cationic AuNPs, which bind to the PS core by
electrostatic interaction.

Experimental
Materials

All chemicals were used as received, unless otherwise speci-
fied. Poly(ethylene glycol) monomethyl ether (M, prg = 5000 g
mol™', Aldrich), 5-hydroxy-2-nitrobenzyl alcohol (>97%,
Aldrich), K,COj; (99%, Applichem), propargyl bromide (80% in
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toluene, Alfa Aesar), NaCl (>99.5%, Roth), Na,SO, (>99%,
Roth), sodium azide (>99,5%, Aldrich), triethylamine (99%,
Merck), p-toluenesulfonyl chloride (>98%, Aldrich), CuBr
(98%,  Alfa  Aesar),  N,N,N',N",N"-pentamethyldiethyl-
enetriamine (PMDETA, 99%, Aldrich), 4-(dimethylamino)pyri-
dine (DMAP, >99%, Aldrich), 2-bromo-2-methylpropanoyl
bromide (98%, Aldrich), octadecylamine (ODA, >99.0% (GC),
Aldrich), (11-mercaptoundecyl)-N,N,N-trimethylammonium
bromide (MUTAB, Aldrich) were used without further purifi-
cation. Styrene (>99%, Merck) was passed over a silica column
to remove the inhibitor prior to use. All solvents were of
analytical (p.a.) or HPLC grade. The water used for the self-
assembly processes was obtained from a water purification
system (Merck) with a measured resistivity of 18.2 MQ cm.

Methods

Synthesis of 5-propargylether-2-nitrobenzyl alcohol (1).>* A
mixture of 5-hydroxy-2-nitrobenzyl alcohol (3 g, 18 mmol, 1
equiv.) and K,CO; (7.35 g, 53.25 mmol, 3 equiv.) was stirred in
DMF (50 mL) for 1 hour at 60 °C. Propargyl bromide (80% in
toluene, 1.6 mL, 21.3 mmol, 1.2 equiv.) was added dropwise.
The mixture was stirred for 24 hours at 60 °C. The completion
of reaction was checked by TLC using AcOEt:Hex = 1:2 as
eluent. The mixture was cooled to room temperature and the
product precipitated in 300 mL H,O. The solution was
extracted using AcOEt (3 x 75 mL), the organic phase was
washed with 1 M HCI (1 x 75 mL), and a sat. solution of NaCl
(1 x 75 mL). The organic phases were combined, dried over
Na,SO,, filtered and the solvent was removed in vacuo. The
residue was purified by column chromatography using
EtOAc:Hex = 1:2 as eluent (2.69 g, Yield: 73%).

'H NMR (400 MHz, DMSO-dg) & 8.16 (d, J = 9.1 Hz, 1H,
Aromatic), 7.41 (dd, J = 2.5, 1.4 Hz, 1H, Aromatic), 7.09 (dd, J =
9.1, 2.9 Hz, 1H, Aromatic), 5.61 (t, / = 5.5 Hz, 1H, -OH), 4.98
(d, J = 2.4 Hz, 2H, -CH,-OH), 4.86 (d, J = 5.4 Hz, 2H, C=C-
CH,-), 3.67 (t, ] = 2.4 Hz, 1H, C=CH).

C NMR (101 MHz, DMSO) § 161.48, 142.24, 139.90,
127.37, 113.79, 113.13, 79.09, 78.36, 60.15, 56.14, 39.52.

ESI-MS: m/z = 230.04.

Synthesis of PEO;;3-OTs (2).”> To a solution of PEO-OH
(10.04 g, 2.08 mmol) in dry THF (100 mL), dry triethylamine
(5.8 mL, 41.6 mmol, 20 equiv.) and p-toluenesulfonyl chloride
(7.92 g, 41.6 mmol, 20 equiv.) were added. The solution was
stirred under argon at 40 °C for 24 h. THF was removed under
reduced pressure. The residue was diluted in CH,Cl, and
washed with water. The organic phases were combined, dried
over Na,SO,, filtered, and the solvent was removed under
reduced pressure. The polymer was precipitated in Et,O and
dried in vacuo to afford a white powder (9.1 g, Yield: 85%).

'H NMR (400 MHz, Chloroform-d) § 7.33 (d, J = 8.0 Hz, 2H,
Aromatic), 7.21 (d, J = 8.0 Hz, 2H, Aromatic), 3.63 (s, 450H,
~CH,-CH,- (PEO)), 3.36 (s, 3H, CH; (PEO)), 2.43 (s, 3H, CH,
Aromatic).

Synthesis of PEO,3-N; (3).*® To a solution of PEO-OTs (7 g,
1.4 mmol, 1 equiv.) in dry DMF (60 mL), sodium azide (1.75 g,
28 mmol, 20 equiv.) was added. The solution was stirred at
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80 °C for 24 h. DMF was removed under reduced pressure and
the residue was diluted in 350 mL CH,Cl, and washed with
water (3 x 175 mL). The organic phases were combined, dried
over Na,SO,, filtered, and the solvent was removed under
reduced pressure. The residue was precipitated in Et,0O, fil-
tered, and dried in vacuo to afford a white powder (6.09 g,
Yield: 87%).

"H NMR (400 MHz, Chloroform-d) & 3.63 (s, 450H -CH,-
CH,- (PEO)), 3.37 (s, 3H, CH; (PEO)).

Synthesis of PEO;,3-ONB-OH (4).>* A mixture of PEO,;3-N;
(4 g, 0.8 mmol, 1 equiv.), compound 1 (0.568 mg, 1.6 mmol,
2 equiv.) and CuBr (126 mg, 0.88 mmol, 1.1 equiv.) in anisole
(40 mL) was bubbled with argon for approximatively for
15 minutes. PMDETA (0.2 mL, 0.96 mmol, 1.2 equiv.) in
anisole was added. The solution was stirred at 35 °C for 24 h.
The reaction mixture was then allowed to pass through a silica
column; the solvent was removed under reduced pressure. The
residue was precipitated into cold Et,O, filtered and dried
in vacuo to afford a white powder (3.61 g, Yield: 90.2%).

'H NMR (400 MHz, Chloroform-d) § 8.17 (t, J = 9.2 Hz, 1H
Aromatic), 7.94 (s, 1H, Triazole), 7.52-7.41 (m, 1H, Aromatic),
7.06-6.93 (m, 1H, Aromatic), 5.32 (s, 2H, CH,-O), 4.61-4.48
(m, 2H, CH,~OH), 3.63 (s, 450H), 3.37 (s, 3H, CH3-O (PEO)).

Synthesis of PEO,,3;-ONB-Br (5).>° A mixture of compound 4
(2.5 g, 0.5 mmol, 1 equiv.) and 4-(dimethylamino)pyridine
(catalytic amount, ~10 mg) was dissolved in CH,Cl,. After the
flask was capped with a rubber septum, the flask was bubbled
with argon for approximatively 15 minutes. Then, triethyl-
amine (TEA, 1.25 mL) and 2-bromo-2-methylpropanoyl
bromide (250 pL, 2.02 mmol, 4 equiv.) were sequentially
added. The resulting solution was stirred for 24 h at room
temperature. Then, the reaction was quenched by the addition
of methanol (1 mL) and diluted with THF. [HNEt;]Br salt was
removed by filtration through a short column of basic
alumina. The filtrate was dripped in diethyl ether to precipitate
the polymer. The precipitates were collected by filtration and
dried in vacuo to afford a white powder (2.04 g, Yield: 82%).

'H NMR (400 MHz, Chloroform-d) § 8.20 (d, J = 9.1 Hz, 1H,
Aromatic), 7.89 (s, 1H, Triazole), 7.29 (t, /] = 3.6 Hz, 2H,
Aromatic), 7.07 (dd, J = 9.2, 2.8 Hz, 1H, Aromatic), 5.65 (s, 2H,
CH,-0), 5.30 (s, 2H, CH,-0-C=0), 3.63 (s, 450H, CH,-CH,
(PEO)), 3.37 (s, 3H, CH;-O (PEO)), 2.01 (s, 6H, CH;~C-CHj,
(Br)).

Synthesis of PEO,;,3-ONB-b-PS,. A mixture of compound 5
(400 mg, 0.08 mmol, 1 equiv.), CuBr (17.2 mg, 0.12 mmol,
1.5 equiv.) and styrene (5.08 mL, 44.4 mmol, 556 equiv.) in
anisole (9.35 mL) was bubbled with argon for about
15 minutes. Then, degassed PMDETA (50 pL, 0.24 mmol,
3 equiv.) in anisole was added to the reaction mixture pre-
heated to 100 °C with an argon-flushed syringe. The reaction
was quenched by exposing it to air. Then, it was diluted with
THF and passed through a silica column to remove the cata-
lyst. The solvent was removed under reduced pressure and the
polymer was precipitated in cold n-hexane.

Self-assembly of PEO-ONB-b-PS micelles. The general pro-
cedure for the self-assembly of precursor micelles for all

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

PEO-ONB-h-PS diblock copolymers was as follows. Initially,
40 mg of the BCP was dissolved in 40 mL THF and stirred vig-
orously for 24 hours. Afterwards, the solution was first dialyzed
against a mixture of acetone/IPA (80/20 v/v) followed by a
second dialysis step into Milli-Q water. Dialysis was performed
at room temperature using a dialysis tube with molecular
weight cut-off of 14 000 g mol™". For each solvent, the dialysis
bath was replaced 4 times at intervals of 4 h. The resulting
micelle solution had a concentration of 1 mg mL™".

Au NPs synthesis. Citrate-AuNPs were synthesized according
to a method reported by Bastts et al?® Briefly, 100 mL of
2.2 mM sodium citrate aqueous solution was heated to boil
while vigorously stirring the solution. To this solution,
0.67 mL of 25 mM HAuCl, was injected and heating was con-
tinued for 20 min. After the colour of the reaction mixture
changed to red, it was allowed to cool down and the AuNP
batch was collected.

Cationization of AuNPs. Cationic-AuNPs were synthesized
according to a method reported by Ras et al.>’” Briefly, toluene
(6 mL) was added to an aqueous citrate-AuNPs solution
(30 mL) followed by octadecylamine (ODA; 5 mmol). The
mixture was shaken vigorously in order to transfer the AuNPs
to the organic phase that was separated and extensively
washed with water. Afterwards, water (3 mL) and (11-mercap-
toundecyl)-N,N,N-trimethylammonium bromide (MUTAB;
300 mL; 4 mM in ethanol) were added and the mixture was
shaken to initiate the transfer of ODA-AuNPs to the aqueous
phase. The transfer was completed by acidifying the mixture
with HCL

Characterization

Nuclear magnetic resonance ("H NMR) spectra were recorded on
a Bruker AV400 (400 MHz) spectrometer with deuterated CDCl;
or DMSO as solvents.

Gel permeation chromatography (GPC) measurements were
done on a 1260 Infinity instrument (Polymer Standard Service,
Mainz) equipped with three SDV columns (pore sizes 10°, 10°,
10* A) using HPLC grade THF as eluent at a flow rate of 1.0 mL
min~" at 40 °C (column oven TCC6000) and a refractive index
detector. For calibration, a narrow molecular weight poly-
styrene standard kit (Polymer Standard Service, Mainz) was
used together with the WinGPC UniChrom software.

Dynamic light scattering (DLS) was conducted on a LS
Instruments spectrometer operated with a solid-state Cobolt-
laser (max. 100 mW constant power output at A = 660 nm).
Samples were prepared with concentrations of ¢ =1, 0.5, 0.1 g
L' and purified from dust by passing through a PTFE filter of
5 um pore size directly into dust-free cylindrical quartz cuv-
ettes (diameter 10 mm). Three intensity-time autocorrelation
functions were measured at a scattering angle of 90° with an
acquisition time of 60 s. The recorded data was analysed with
LS spectrometer v.63 software package.

Transmission electron microscopy (TEM) measurements were
performed on a JEOL JEM-1400 Plus, operating at an accelerat-
ing voltage of 120 kV, a point resolution of 0.38 nm as well as
a line resolution of 0.2 nm. Images were recorded with 16-bit
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4096 x 4096 Pixel CMOS digital camera and processed with
FIJI open-source software package.*® For sample preparation,
one drop of the polymer solution (¢ = 1, 0.5 and 0.1 g L™") was
deposited on a carbon coated copper grid (200 mesh, Science
Services) and excess solution was blotted after 30s using filter
paper and dried at room temperature.

Zeta potential and conductivity titration were performed on
a Stabino Microtrac particle charge titration analyser. The
methods are based on streaming potential, calibrated to par-
ticle zeta potential or polyelectrolyte charge standards.
Titration methods are based on two integrated titration
pumps, with steps between 10 MI to 100 MI, and the titration
modes include fixed and dynamic intervals; cationic/anionic,
acid/base, salt, kinetic.

Results and discussion
Synthesis of photo-cleavable BCPs

Inspired by several photo-cleavable BCPs for surface coatings
and degradable systems,”>>°~** we here synthetized photo-clea-
vable PEO;3-ONB-b-PS with ortho-nitrobenzyl moiety for solu-
tion self-assembly. The multi-step synthesis of PEO-ONB-Br
macroinitiators and PEO,,3-ONB-b-PS is outlined in Scheme 1.
For details about BCP specifics see Table 1. The length of the
hydrophilic block PEO;,; was kept constant for all experi-
ments. The length of the hydrophobic PS block was varied to
generate different volume fractions and thus different
morphologies.

We first synthesized the ortho-nitrobenzyl-modified PEO
macroinitiator. For that, the phenol group of the 5-hydroxy-2-
nitrobenzyl alcohol was modified with propargyl bromide
through nucleophilic substitution in DMF mediated by
K,CO;.>*> The reaction yield was above 70% as verified with
NMR (Fig. S17). After purification, the terminal alkyne func-
tionality can be used for “click reaction” to azides. The azide
functionality was attached to PEO-OH in 2-steps. The terminal
alcohol of PEO was first endcapped with a tosylate group in
THF in the presence of triethylamine (TEA) (PEO-OTs, com-
pound 2), which is a better leaving group.>” The degree of tosy-
lation was determined to be >90% by '"H NMR (Fig. S31). The
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Scheme 1 Overview of the synthetic steps for PEO-ONB-b-PS BCPs.
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tosylate leaving group was then replaced with an azide
(PEO413-N3, compound 3) by nucleophilic substitution with
NaNj; in DMF at 80 °C.>* Also in this case, "H NMR confirmed
a conversion higher than 90% (Fig. S41). The PEO,;3-N; was
then used in the CuAAC click reaction with compound 1 in
order to produce ONB-functionalized PEO-ONB-OH (4). The
reaction was performed in the presence of a CuBr/PMDETA
catalyst system (93% conversion, Fig. S51).>' Finally,
PEO-ONB-OH was esterified with 2-bromo-2-methylpropanoyl
bromide in the presence of TEA to obtain the PEO-ONB-Br
macroinitiator (compound 5). The chain end functionality
reached a conversion >90%, as verified by "H NMR. The con-
version of PEO-OTs to PEO-N; to PEO-ONB-OH was also fol-
lowed by IR measurements where the characteristic band for
the azide at v = 2100 cm ™" appeared and vanished (Fig. S8t).>*

We then employed the PEO-ONB-Br macroinitiator in the
ATRP of styrene to PEO;,,-ONB-b-PS, diblock copolymers
(Fig. 1). After screening various conditions, the best conditions
of polymerization were found in a mixture of styrene/anisole of
1/2 at 100 °C with CuBr and PMDETA as catalyst system.
Polymerization kinetics were monitored with 'H NMR and
GPC by taking aliquots of the reaction mixture with an argon-
flushed syringe at specific time intervals. As visible from
Fig. 1a, the polymerization showed first-order kinetics, as sup-
ported by the linear relation between monomer conversion
and reaction time. Molecular weights from GPC measurements
likewise showed a linear increase in M, with conversion
(Fig. 1b). The dispersity, P, remained low throughout the reac-
tion increasing only slightly from P = 1.10 to 1.19. The GPC

Table 1 Molecular weight and polydispersity data of PEO;;4-ONB-b-
PS,

Code BCP Ma, theo” M,? p

P1 PEO,;3-ONB-b-PSq, 14300 16 300 1.10
P2 PEO,;3-ONB-b-PS;45 20100 20900 1.13
P3 PEO; 15-ONB-b-PS 5, 27500 28700 1.19

“Theoretical number average molecular weight measured by "H NMR.
b Number average molecular weight and polymer dispersity measured
by GPC using THF as the eluent and PS standards for calibration.
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Fig. 1 Synthesis and characterization of PEO-ONB-b-PS diblock co-
polymers. (a) Logarithmic plot of monomer consumption versus time.
(b) Linear relation of molecular weight and polymer dispersity versus
conversion. (c) GPC traces during the polymerization of PEO;;3-ONB-b-
PS at varying t. (d) *H NMR of PEO;;3-ONB-Br and PEO;,35-ONB-b-PSqp.

traces suggest full initiation as there is no noticeable macro-
initiator detected e.g. in the trace after 26 h of polymerization
(green in Fig. 1c). On the other hand, there is a small shoulder
adjacent to the main peak that likely corresponds to a small
degree of recombination (double molecular weight at peak
maximum). The BCP were purified from the catalyst by silica
column and from the monomer by precipitation in cold
n-hexane. The block composition was determined by "H NMR
comparing the integrals of the aromatic protons of PS at § =
6.3-7.1 ppm with the methylene protons of PEO,;3 at § =
3.5-3.7 ppm (Fig. 1d).

Based on the kinetics, we synthesized three different BCPs,
PEO,;5-ONB-b-PSqy, PEO,;3-ONB-b-PS,s; and PEO,,;-ONB-b-
PS;30, by removing larger reaction volumes at specific times
(subscripts denote the number of repeating units). Fig. 2 sum-
marizes the GPC traces of the three final BCPs and Table 1
summarizes the polymer specifics.
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Fig. 2 GPC traces of PEO;;3-ONB-Br macroinitiator, PEO;,3-ONB-b-
PSg0, PEO113-ONB-b-PS;65, and PEO;;3-ONB-b-PS;3.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

Photocleavage kinetics

When irradiated with UV light of a wavelength of 365 nm, the
PEO-ONB-H-PS cleaves at the ONB position leaving behind a
terminal carboxylic acid functionality on the PS block (which
later is the surface the NP). To analyse the photocleavage kine-
tics we recorded the percentage of cleaved BCP over time for
P1. P1 was dissolved in THF at ¢ = 1.0 mg mL™" and the solu-
tions were exposed to UV light with 1 = 365 nm at varying dis-
tances from the lamp (d = 2 ¢cm, 10 cm and 50 c¢m) for a total
of 20 min. At 30 s intervals, samples were drawn and measured
in GPC. The GPC results are plotted as frequency distributions,
i.e. the area under a peak corresponds to the number of chains
detected. Fig. 3b shows the temporal evolution of the fre-
quency distributions at a distance of 10 cm from the UV
source. After 30 s (black curve), two main peaks can be identi-
fied: the peak at higher M, can be assigned to the uncleaved
P1 BCP, while the peak at lower M, that appears as a small
shoulder corresponds to the cleaved PSg, homopolymer; the
number percentage was found to be 30% after 30 s. Over the
time, the peak for uncleaved P1 gradually decreased and the
peak for the PSg, homopolymer increased accordingly. The
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Fig. 3 Analysis of cleavage kinetics. (a) Cleavage of BCP to PS and PEO
homopolymers. (b) GPC traces of P1 at different irradiation times.
(c) Percentage of cleaved BCP at varying distances from the light source.
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peak for the PEO,,; homopolymer was not visible since it over-
lapped with the PSy, homopolymer. However, carrying out the
same experiment for the P2 BCP with a longer PS;45 block, it
was possible to distinguish three different peaks corres-
ponding to the P2 BCP, as well as the PS;¢5 and the PEO;q;
(Fig. S10%). At an irradiation time of 90 s about 50% of P1 was
cleaved (Fig. 3b, green curve). The max cleavage is reached
when the peak area remains constant, which was the case after
about 14 min. About 4% of P1 BCP remains uncleaved as
visible from the small shoulder, which is still present even
after 20 min of irradiation. This might be attributed to side
reactions during the multi-step synthesis, where unmodified
PEO-OH was probably esterified directly with the ATRP
initiator without ONB in between. Despite rigorous purifi-
cation and testing various other reaction conditions, this peak
was observed in all experiments.

Since the energy input and light intensity decrease with dis-
tance between sample and light source, we also performed
cleavage kinetic at distances of 2 em and 50 cm which are
summarized together with results of 10 cm in Fig. 3c. As
expected, the cleavage shows slower kinetics at increased dis-
tance of 50 cm, whereas kinetics become faster at 2 cm dis-
tance. For instance, at an irradiation time of 30 s, 64% of P2 is
cleaved at 2 c¢m distance, 30% at 10 cm, and only 12% at
50 cm. Thus, distance to the light source is a convenient
handle to tune the cleavage kinetics, which may become rele-
vant for controlling aggregation kinetics in case complementa-
rily charged materials are added during cleavage (e.g. salt,
polymers, NPs).

a)
200 nm
d)
* PEO,,-ONB-PS, ¢,
- PEO,,,-ONB-PS,_irradiated
10
LTS
.
.
08 o
ate
.
208 .
2 R e
£ -
Zos .
-
.
wlm
02 ? '_',
X
i b B

View Article Online

Polymer Chemistry
Self-assembly of photo-cleavable BCP micelles

To create homogeneous populations of photo-cleavable
micelles with PEO corona and PS core, the PEO-ONB-b-PS
BCPs were self-assembled under various conditions. Following
the classical route, the BCPs were dissolved in THF and the
solvent was directly exchanged against water by dialysis.
Exemplified on P2, Fig. 4a shows a TEM image of the mor-
phology obtained for this direct solvent exchange. The P2 BCP
formed large aggregates with diameter of about 500 nm and a
bicontinuous inner structure. The membrane thickness is
about 20 nm. Although the corona fraction of fzo = 25 wt% for
P2 is not in the typical range to form bicontinuous struc-
tures,®® the morphology clearly approaches the direction of
bicontinuous microparticles and cubosomes.*® These particle
are likely kinetically trapped morphologies due to the fast
exchange of THF with water, which reduces PS chain mobility
that cannot rearrange properly to minimize interfacial energy
according to the block volume ratio. Hence, for the purpose of
forming uniform charge-stabilized PS NPs, the direct dialysis
into water was not a suitable process. In previous studies on
related PS-based BCPs, we found that organic solvents with
lower polarity, e.g. isopropanol (IPA) and acetone, plasticize PS
during self-assembly, which increases mobility within the core
and allows for homogenization of the overall
morphology.'**”~*! Therefore, P2 was molecularly dissolved in
THF and first dialysed into a mixture of acetone/IPA with 80/20
v/v, before dialysis into water. As shown in Fig. 4b, the struc-
tures obtained with this slight modification to the self-assem-

PEO,,-ONB-b-PS

Count = 838 Min = 16.24 nm
Mean =22.2740.03nm Max = 33.89 nm

Frequency

3
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SR IR0 O L
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Fig. 4 Self-assembly and irradiation of PEO113-ONB-b-PS;45 (P2). (@) TEM of P2 after dialysis from THF into water. (b) TEM of P2 after dialysis from
THF into acetone/IPA (80/20 v/v) and then into water. (c) Core size distribution of P2 averaged over 838 micelles. (d) DLS measurements of P2
before (red) and after irradiation (black) with UV light (365 nm) for 20 min. (e and f) TEM of PS NPs after irradiation.

1434 | Polym. Chem., 2021,12,1429-1438

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d0py01408g

Published on 18 2020. Downloaded on 2025/10/31 18:23:47.

Polymer Chemistry

bly route changed entirely. P2 now formed spherical micelles
with a very homogeneous size distribution as verified by TEM
image analysis using Image] software.”® The software-sup-
ported analysis of 838 micelle cores on a selected image gave
an average core diameter of D = 22 nm (Fig. 4c). From the core
diameter, the number of chains per micelle (N,4,) can be esti-
mated using eqn (1):

Nags — D3 pN,

6M

(1)

in which, D is the average core diameter of the NPs assuming
spherical geometry, p is the density of PS (1.05 g cm™), N, is
the Avogadro constant, and M is the molecular weight of the
PS.”” According eqn (1), Nygg is 150 for P2 micelles. At full clea-
vage, N,z should correspond to the number of charges gener-
ated for each PS NP, which will be determined with conducto-
metric titration later. DLS measurements confirmed the
narrow distribution with a hydrodynamic radius of R, = 18 nm
(red). The 7 nm difference corresponds to the PEO corona in
the hydrated state that is not visible in TEM (Fig. 4d).

We then photo-cleaved the corona of P2 micelles to create
PS NPs in water at ¢ = 1 mg mL™', d = 10 cm from the UV
source, and 20 min irradiation time. In order to confirm that
PEO cleavage would likewise work in water, micelles of P2 were
freeze-dried after irradiation at different times and redissolved
in THF for GPC measurements (Fig. S11}). After 15 s of
exposure to UV light, it is possible to distinguish three main
peaks corresponding to the BCP at higher M, as well as two
peaks at lower M,, assigned to PEO and PS. Cleavage was com-
pleted after 15 min. After cleavage, the R;, shifted to 14 nm
(black) attributed to the removal of the corona chains. The
TEM image of PS NPs after cleavage in Fig. 4e confirms that
NPs kept their original shape and diameter despite the
missing stabilizing corona. It was not clear whether the nano-
scopic dimension of the NP core would allow for shape trans-
formation once the steric repulsion of the PEO corona was
removed. In 2014, Zhao et al. have prepared PS NPs in the size
range of 20-30 nm, from a ABC triblock terpolymer which can
be triggered by photo and redox cleavage; however, the car-
boxyl acid functionality was on the cleaved corona, leaving a
neutral core that undergoes to aggregation of PS NPs.*?
However, the missing PEO corona does allow the PS NPs
surface to touch, which leads to fusion/entanglement of the PS
chains and NP merging. While DLS did not show any notice-
able larger aggregates, the PS NPs clearly aggregated in TEM
and formed pattern characteristic for diffusion limited aggre-
gation (DLA).** DLA is typically observed for metastable NPs,
e.g. without sufficient electrostatic stabilization. The zetapoten-
tial of the cleaved PS NPs was determined to { = —36 + 7 mV,
while for the uncleaved PEO-ONB-PS micelles was found to be
¢ =-10 + 7 mV (Fig. S147), which confirms the generation of
more negative surface charges (although in a range related to
metastable colloids). Since, we did not observe macroscopic
precipitation of the PS NPs and patterns in TEM are always 2D,
we assume this aggregation predominantly occurred on the
TEM grid during drying.
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To demonstrate that the synthetic route involving self-
assembly of micelles and cleavage of corona is essential to
achieve PS NPs with D = 22 nm, we performed a reference
experiment, in which P2 was irradiated in THF before dialysis
into water (Fig. S10t). In this case, spherical microparticles
developed with a size range of 200 nm which reminds of latex
particles charge stabilized by the generate carboxylic acid
group.

The total content of carboxylic groups for the PS NPs was
determined with conductometric titration according to the
SCAN-test method (EN ISO 5263). The titration of PS NPs was
done at a ¢ =1 mg mL™" from pH 2 to pH 12 by adding 10 mL
aliquots of 1 M NaOH, which neutralized the acidic groups.
The conductivity was then plotted against the pH value
(Fig. S13f). First, we calculated the number concentration of
the nanoparticles by eqn (2):

m

(2)

Nparticle = W

Here, m is the mass of the nanoparticle mixture, r is the
radius of the nanoparticles [em], p is the density of styrene
(1.05 g em™), and V is the volume [L] of NaOH consumed in
the plateau region of the graph. The number of COOH groups
were calculated by eqn (3):

n
Neoon = 22 N, (3)

Nparticle

where 7 is the consumed amount of NaOH in the plateau
region [mol] (graph ESIt) and N, is the Avogadro constant.
The number of COOH units was calculated to 141 charges per
PS NP. In theory, each PS NP should on average carry 144
charges considering Nue, = 150 and 4% of uncleaved PEO
corona. The theoretical value agrees well with the value
obtained by titration. The charge density was then calculated
with eqn (4):

Charges
7g e

Charge density = o

(4)
in which r is the radius of the PS NPs in [m] and e is the
elementary charge (1.602 x 107'® mC). Together the charge

density results in 15.16 mC m™>.

Influence of the pH

Since the PS NPs present a negative charged core surface once
PEO is removed, they should respond to pH changes. The pH
of a P1 solution with a micelle concentration of 1 mg mL™"
was adjusted to pH 2 and pH 10 by adding aliquots of HCI and
NaOH, respectively. The micelles at pH 2 were irradiated at
d =10 cm and the resulting NPs analysed in TEM at different
times. At irradiation times of 0 s and 30 s (Fig. 5a and b), the
micelles remained stable without any larger agglomeration
(<50% cleavage). At an irradiation time of 60 s (Fig. 5c), which
corresponds to a cleavage of about 50% of corona chains,
small agglomerates formed with dendritic structures remind-
ing on DLA. At pH 2, the formed carboxylic acid groups are
protonated and do not contribute to stabilization. Instead,
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Fig. 5 pH-Dependent irradiation of P1 micelles (c = 0.1 mg mL™Y) at pH
2 and pH 10. (a)-(e) TEM images of micelles/NPs with increasing
irradiation time from 0 s to 1200 s. (f) PS NPs after irradiation for 1200 s.

hydrogen bonding favours aggregation between the PS cores,
and thus cluster formation between NPs becomes more
likely.*>*® At cleavage of approx. 80% and above, ie.
irradiation times between 360 s and 1200 s (Fig. 5d and e),
visible precipitation was observed in the solution, which is
confirmed by TEM. There, large irregular cluster networks
with 3D structure had formed due to reaction limited aggrega-
tion (RLA). The RLA regime is characterized by clusters which
diffuse and attach rigidly to each other forming much denser
aggregates as compared to the those in the DLA regime. The
unstable surface of protonated -COOH and the missing steric
stabilization of the PEO corona both favour RLA. On the other
hand, at pH 10 (Fig. 5f) even at full cleavage of the corona
chains (96%, irradiation time 1200 s), PS NPs are stable and
merely assemble in 2D on the TEM grid due to drying. The
solution is likewise stable and does not show precipitates. At
pH 10, the produced carboxylic acid on surface is deproto-
nated and the electrostatic repulsion contributes to
stabilization.

Worms and vesicles formation

Besides spheres, other morphologies like worms and vesicles
with accessible surface are also of interest. Hence, we
assembled the BCPs P2 and P3 with larger PS block at varying
concentration using the two-step self-assembly approach. P2
that at a concentration of 1.0 mg mL™' formed spheres,
resulted in worm-like micelles when dialysed at a concen-
tration of 0.1 mg mL™" (Fig. 6a). This was surprising, because
decreasing the BCP concentration typically results in a tran-
sition from cylinders to spheres, whereas here the morphology

1436 | Polym. Chem., 2021, 12, 1429-1438

Fig. 6 Morphologies of PEO;;3-ONB-b PS, BCPs in water. TEM of P2
cylinder micelles at ¢ = 0.1 mg mL™" before irradiation (a) and after
irradiation (b). TEM of P3 vesicles at ¢ = 0.1 mg mL™ before irradiation
(c) and after irradiation (d).

changed in an inverse manner. We attribute this difference to
the intermediate solvent state which provides thermodynamic
equilibrium conditions before transfer to water. The cylinder
micelle solution was irradiated for 20 min and the resulting
particles in TEM demonstrate that the cylinder structure was
retained (Fig. 6b). The intermolecular forces within the core
are thus strong enough to prevent fission into spherical
micelles, which could have been expected after removing the
stabilizing corona. Other works demonstrated morphological
transition from worms to spheres simply by addition of BCPs
with shorter corona blocks.*® In our case, corona removal
created anionic PS nanofibers that are shape-persistent simi-
larly to rigid core-crystalline rod-like micelles after corona
1. The PS nanofibers are colloidally stable, but inter-
particle collision at locations with low charge density allows

remova

nanofibers to attach to each other over time, thereby promot-
ing loose network formation. P3 with the longest PS block
(PEO;13-ONB-b-PS,3,) was also prepared at a concentration of
0.1 mg mL™" and TEM predominantly shows polymer vesicles
(Fig. 6¢). In this case, UV irradiation also left the vesicular
structure unaltered, which essentially provides a route to
polymer capsules without a brush-like shell (Fig. 6d).

AuNPs interaction

In order to address the anionic surface of the PS core, we
mixed PS NPs with cationic AuNPs (d = 9 nm). Exemplified on
P2 cylinder micelles at a concentration of 0.1 mg mL™", we
added a solution of Au NPs in a mixing ratio of PS NPs:Au
NPs = 1:25. The mixture was then irradiated for 20 min and
the resulting solution stirred overnight before TEM character-
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Fig. 7 TEM Characterization of PEO;;35-ONB-b-PS;¢5 (c = 0.1 mg mL™?,
P2) mixed with AuNPs in a ratio of 1: 25.

ization (Fig. 7). As can be seen, the anionic PS nanofibers
interact with the cationic AuNPs and started to form Au NP-
decorated hybrids. The interaction was not yet quantitative,
which might be attributed to the limited number of charges
on the surface. Nevertheless, it is interesting that the attached
Au NPs were able to deform the PS surface that appears to
melt and wrap around the Au NPs (Fig. 7b). This suggests that
the surface energy of Au NPs is large enough to change the
chain packing of PS in the core, where pull out of chains and
wrapping around the Au NPs could explain the grey shell
around some Au NPs. We were not able to improve the NP-NP
interaction despite changing several experimental conditions
(pH, salt concentration, mixing ratio, irradiation time).
Instead, we experienced, for instance, complete melting of the
PS NPs after addition of NaCl, which further supports the soft
nature of the PS core. Due to the nanoconfinement, the glass
transition temperature of PS could be at or below room
temperature.*®

In order to harvest the full potential of PS NPs for colloidal
co-aggregation, cross-linking of the PS core might be a neces-
sity to overcome the intrinsic softness that leads to strong
shape-deformation after addition of complementarily charged
components.

Conclusions

In this work, we synthesized PEO-ONB-b-PS BCPs with three
different chain lengths of the PS block. The BCPs were self-
assembled in water using a two-step dialysis processes where
plasticizing organic solvents created homogeneous micelle
populations in water. The resulting micelles featured spheres
for P1, with worms-like micelles as predominated shape for
P2, and vesicles for P3. All micelles could be converted to PS
NPs by irradiation with UV light, whereas nanostructures
retained their original shapes despite the loss of the PEO
corona as confirmed by DLS measurements and pH-dependent
aggregation. The PS NPs with negative surface charge could be
co-assembled with complementarily charged Au NPs, yet,
further experiments are required to optimize full surface dec-
oration of spheres, cylinder and vesicles. PS NPs could become

This journal is © The Royal Society of Chemistry 2021
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useful colloidal building blocks for co-assembly with other
nanoparticles into superlattices by varying parameters such as
pH, ratio of NPs/PS NPs, and addition of salt. We foresee that
the concept of “naked” micelles can be expanded to ABC tri-
block terpolymers to create sophisticated patchy NPs from
multicompartment micelles,*® which will be interesting for
directional self-assembly and higher order NP lattices.
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