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ABSTRACT

A robust strategy is developed for preparing light-responsive block copolymer (BCP)
particles in which shape and color can be actively controlled with high spatial and temporal
resolution. The key to achieving light-responsive shape transitions of BCP particles is the
design and synthesis of surfactants containing light-active groups (i.e., nitrobenzyl esters and
coumarin esters) that modulate the amphiphilicity and interfacial activity of the surfactants in
response to light of a specific wavelength. These light-induced changes in surfactant structure
modify the surface and wetting properties of BCP particles, affording both shape and
morphological transitions of the particles, for example from spheres with an onion-like inner
morphology to prolate or oblate ellipsoids with axially stacked nanostructures. In particular,
wavelength-selective shape transformation of the BCP particles can be achieved with a mixture
of two light-active surfactants that respond to different wavelengths of light (i.e., 254 and 420
nm). Through the use of light-emitting, photo-responsive surfactants, light-induced changes in
both color and shape are further demonstrated. Finally, to demonstrate the potential of the light-
triggered shape control of BCP particles in patterning features with microscale resolution, the
shape-switchable BCP particles are successfully integrated into a patterned, free-standing

hydrogel film, which can be used as a portable, high-resolution display.
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INTRODUCTION

Shape-changing particles have gained a considerable amount of attention in the
production of smart materials for a wide range of applications. For example, the rheological
behavior,!* optical properties,® and capillary interactions® can be controlled through changes
of particle shape in response to specific external stimuli to afford smart solutions for industrial
paints and coatings, as well as bio-inspired materials for artificial camouflage and drug delivery
systems.”” In particular, the development of light-responsive shape-changing particles has been
a long-thought dream for generating active, programmable smart systems. Distinct from
particles that respond to other physicochemical stimuli (i.e., pH, temperature, redox, and
biomolecules), the shapes and properties of the light-responsive, shape-switching particles can
be tuned actively with high spatial and temporal resolution.!%13 Also, the shape and property of
the particles can be tuned without time delay when the light is switched on and off.!41
Moreover, the capability to precisely modulate the wavelength and intensity of light provides a
powerful strategy for tuning particle shape in a programmed manner.'%!3 In the pursuit of light-
responsive systems, extensive progress has been made to develop photo-responsive polymers
and solution assemblies by the use of polymers having photo-cleavable groups or photochromic
units that undergo reversible isomerization upon light irradiation.'2¢ However, examples of
shape-tunable polymer particles that respond to light are very limited, especially in the size
range of 100 nm to a few micrometers,?’->° which is ideal for the practical applications described
above.

One promising approach is to design photo-responsive polymers and surfactant
molecules, which can manipulate the shape of polymer particles. Recently, to prepare shape-
transforming, nanostructured polymer particles, self-assembly of block copolymers (BCPs)
confined in soft and mobile emulsion droplets has been utilized.3’** This method enables the

large-scale production of uniform particles in the size range of 100 nm to several
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micrometers,*4% which fulfills the important requirements for a variety of practical
applications. The use of the stimuli-responsive BCPs and/or surfactants in these particle
systems can allow fine-tuning of particle shape and nanostructures in response to external
stimuli.#’->! For example, elongation of polystyrene-b-poly(2-vinylpyridine) (PS-5-P2VP) BCP
particles was achieved by triggering a solubility change of pH-responsive P2VP.47-48 Recently,
our group reported that the use of responsive polymer surfactants can facilitate temperature-
and pH-driven shape transformations of BCP particles.*->* Therefore, we expected that
judiciously designed, light-responsive surfactants, which adjust the interfacial properties of the
BCP particles in response to light irradiation, would afford polymer particles exhibiting light-
responsive, shape-switchable properties.

In this work, we develop shape- and color-switchable BCP particles in response to a
light signal. The structural changes of the photochromic unit, which can be reversibly
isomerized between two or more states, are often insufficient to exert a significant effect on
interfacial activity. Therefore, our strategy starts from the design of photo-cleavable surfactants,
which undergo a significant change in amphiphilicity and interfacial activity under light
irradiation. The use of these surfactants significantly changes the interfacial interactions between
the BCPs and surrounding environment in response to the light irradiation, affording shape
transformations of the particles from spheres to striped footballs (prolate particles) or convex
lenses (oblate particles). Wavelength-selective shape transformation of BCP particles is
realized using a mixture of light-active surfactants, which respond to light of two different
wavelengths (i.e., 254 nm and 420 nm). To demonstrate the potential of such light-responsive
BCP particles, the particles are incorporated into a hydrogel film to produce a portable display
with microscale resolution. The shape and color tuning of the BCP particles at the desired

locations in the film is achieved by irradiation through a photomask.
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RESULTS AND DISCUSSION
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Scheme 1. Schematic illustration of the photo-induced shape transformation of PS-b-P2VP
particles enabled by light-active 5-hexyloxy-2-nitrobenzyl-16-N,N,N-trimethylhexadecan-1-
ammonium bromide (N-CTAB) surfactants.

PSi02k-b-P2VPyy, (number-average molecular weight (M, ps) = 102 kg mol!, M, povp
=97 kg mol-!, dispersity (P) = 1.15) particles were prepared by emulsifying polymer solution
(1 wt% in chloroform) into aqueous solution containing light-active surfactant, 5-hexyloxy-2-
nitrobenzyl-16-N,N,N-trimethylhexadecan-1-ammonium bromide (N-CTAB). The chloroform
was evaporated, resulting in the production of the solid BCP particles. Then, the particles
dispersed in water were treated by different times of light irradiation with solvent vapor.

Several aspects of the light-active N-CTAB surfactant design were carefully
considered to achieve particle shape transformation in response to light irradiation. First, N-
CTAB is composed of light-cleavable nitrobenzyl ester linkages, which upon irradiation at 254
nm cleave to yield a carboxylic acid-terminated surfactant (i.e., HOOC-CTAB).> The ability
of the pyridine groups in P2VP to hydrogen bond with carboxylic acids is exploited to provide
preferential interaction between the cleaved surfactants and the P2VP domains of the BCP

particles.*® Therefore, it was hypothesized that the preferential interaction between the BCPs
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and surfactants (i.e., PS with N-CTAB (before light irradiation) and P2VP with HOOC-CTAB
(after irradiation)) could be tailored by light irradiation to transform the interfacial properties,
and therefore, the shape of PSg,-b-P2VPy7 BCP particles using these surfactants (Scheme 1).

The N-CTAB surfactant was synthesized from 5-hydroxy-2-nitrobenzaldehyde as
described in the supporting information, and the photolysis studied at the small molecule level
prior to use for particle shape transformations. Photolysis of N-CTAB surfactant was monitored
by 'H nuclear magnetic resonance ('"H NMR) spectroscopy and attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectroscopy. Under light irradiation, N-CTAB
surfactants were cleaved, with the overall conversion of N-CTAB to HOOC-CTAB reaching
92 % in 2 h (200 uW/cm?). As shown in Figure S2a, the intensities of the benzylic proton
resonances on the nitrobenzene ring of N-CTAB at 8.19 and 7.04 ppm decreased, while new
peaks appeared at 8.06 and 7.47 ppm, corresponding to the nitrosoacetophenone photoproduct.
ATR-FTIR spectra (Figure S3) show the appearance of a broad absorption peak at 3500-2500
cm!, which corresponds to O-H stretching of carboxylic acid, after light irradiation. Temporal
control of the cleavage reaction progress was demonstrated by switching the light on and off

(Figure S4).
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Figure 1. Shape-switching BCP particles induced by light-active surfactants. (a-¢) TEM
images of PSp-b-P2VPgyy particles prepared with N-CTAB surfactants. The onion-shaped
particles were treated with light irradiation at 254 nm for (a) 0 h, (b) 0.5 h, (¢) 1.0 h, (d) 1.5 h,
and (e) 2.0 h.; (f) The time-dependent mole percent of surfactants (N-CTAB and HOOC-
CTAB) during photo-cleavage of N-CTAB.

Having characterized the photocleavage of these surfactants at the small molecule
level, we then implemented them to stabilize particles and facilitate light-triggered
transformations. First, onion-shaped PS;(y-b-P2VPy; BCP particles were prepared with N-
CTAB surfactants (Figure 1a). To provide enough mobility of polymer chains during the shape
transformation, we performed solvent vapor annealing with chloroform, which is a good solvent
for both PS and P2VP blocks (Figure S5).°3 The BCP particles in water were subject to the
chloroform-saturated atmosphere with different times of UV light irradiation (0.5, 1, 1.5, and 2
h). Then, the absorbed chloroform was completely released for 36 h. Transmission electron

microscopy (TEM) images in Figure 1 show the shape transformation of PS;p-b-P2VPgyyy
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BCP particles depending on the light irradiation times. Before irradiation, onion-like spherical
BCP particles with PS at the outermost layer were obtained (Figure 1a). Subsequent light
irradiation led to a remarkable transition of the overall shape as well as the inner morphology
of the BCP particles. After irradiation for 0.5 h, the BCP particles showed a mixture of axially
and radially stacked lamellar morphologies, forming tulip bulb shapes (Figure 1b). In this case,
PS and P2VP lamellae were exposed alternately at the surface with high curvature, while only
PS was surface-exposed on the interface with low curvature. Prolonged irradiation resulted in
the generation of striped prolate particles after 1 h (Figure 1c¢). As the time of the light exposure
increased to 2 h, inverse tulip bulb-like particles (Figure 1d) and spherical particles with P2VP
outer layers (Figure 1e) were produced.

To understand the role of the light-active N-CTAB surfactants on the shape transition
of BCP particles, the ratio of N-CTAB to HOOC-CTAB surfactants was monitored as a
function of irradiation time. The ratio of N-CTAB to HOOC-CTAB was calculated from the 'H
NMR spectra, by comparing the integration of the nitrobenzene resonances at 8.19 and 7.04
ppm to those of the nitrosoacetophenone photoproduct at 8.06 and 7.47 ppm; the results are
summarized in Figure 1f. The use of solely N-CTAB surfactants resulted in spherical particles
with preferential localization of the PS domain at the surface, driven by the favorable
hydrophobic interactions between N-CTAB and PS.*% 54 After irradiation for 1 h, the conversion
of N-CTAB to HOOC-CTAB resulted in prolate particles. Importantly, the ratio of N-CTAB
and HOOC-CTAB determined particle shape and morphology. For example, after light
exposure for 1 h, 72 mol % of the N-CTAB had converted to HOOC-CTAB. This condition
produced neutral interfaces such that both PS and P2VP blocks localized at the particle surface,
leading to the perpendicular orientation of the BCPs relative to the surface and generating
ellipsoid-shaped particles with axially stacked lamellar morphologies.?* 3® Lower and higher

percentages of carboxylic acid-terminated surfactants (i.e., 57 mol% after 0.5 h and 82 mol%
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after 1.5 h irradiation) afforded the presentation of primarily PS and primarily P2VP,

respectively, at the particle surface. Therefore, both radially and axially stacked lamellac were

oNOYTULT D WN =

formed within a particle (i.e., one block on the low curvature, and stripe distribution on the high
10 curvature), producing tulip bulb-like particles.> Finally, as the ratio of HOOC-CTAB increased
to 0.92 after irradiation for 2 h, inverse onion-like spherical particles with P2VP-outermost
15 layers were produced driven by hydrogen bonding interactions between HOOC-CTAB and
17 P2VP (Figure 1e).*® We note that most of the nitrosoacetophenone photoproduct of N-CTAB
migrate to the surrounding aqueous media and are removed by repeated washing steps, therefore

2 these molecules do not affect the morphology of the BCP particles.
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52 Figure 2. Light-responsive, shape transformation of cylinder-forming BCP particles. (a-
¢) TEM and (d-f) SEM (top-view and side-view) images of PS;s5,-b-P4VP5 particles prepared
55 with N-CTAB surfactants. The spherical particles (a, d) were treated with irradiation at 254 nm
56 for (b, €) 0.5 h, and (c, f) 2 h.
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To investigate the general applicability of the light-active surfactants for producing
particles with various shapes with different BCPs, N-CTAB was applied to encapsulate
cylinder-forming polystyrene-b-poly(4-vinylpyridine) (PS;sx-b-P4VP7) (M, ps = 15 kg mol-,
M, pavp = 7 kg moll, D = 1.15). Figure 2 shows the scanning electron microscopy (SEM) and
TEM images of PS5,-b-P4VP7 BCP particles before exposure and after light irradiation for
different amounts of time. First, spherical BCP particles with coiled cylinders were produced
(Figure 2a), where the preferable hydrophobic interaction between PS and N-CTAB generated
particles with PS as the outermost layer.3% 3 Subsequently, when the BCP particles were
subjected to light irradiation, the overall particle shape transformed to oblate with hexagonally
packed cylindrical morphology (Figure 2b). Again, conversion of the N-CTAB surfactant to
HOOC-CTAB afforded neutral wetting conditions at the particle surface, however, a different
molar ratio of N-CTAB to HOOC-CTAB was required due to the different relative surface area
of each domain at the surface of the particles with cylindrical morphology relative to those with
lamellar morphology.*> 7 For example, for cylinder-forming BCPs, 40 % conversion of N-
CTAB to HOOC-CTAB (after 0.5 h) was sufficient to generate neutral surfaces allowing the
presentation of both PS and P4VP blocks at the surface. The neutral surfaces created upon
irradiation yielded perpendicularly oriented cylinders, resulting in the formation of oblate
particles.’% 3¢ Similar to the previous results, prolonged light exposure (> 2 h) changed the

particle shape back to the spherical BCP particles, but with P4AVP outermost layers (Figure 2c).
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Figure 3. Wavelength-dependent, orthogonal activation of shape-switching properties. (a)
Chemical structures of two light-active surfactants (C-CTAB and N-CTAB) having different
activation wavelengths (420 nm for C-CTAB and 254 nm for N-CTAB); (b-d) TEM images of
PS02k-b-P2V Py particles prepared with a mixture of C-CTAB and N-CTAB surfactants (b)
before light exposure, (¢) irradiated at 420 nm for 6 h, and (d) irradiated for an additional 2 h at
254 nm. (e) Time-dependent mole fraction of each surfactant (C-CTAB, N-CTAB, and HOOC-
CTAB) during light irradiation.

A distinct advantage of the light-activated, shape-transforming BCP particles is the
ability to selectively engineer and trigger multiple transformations depending on the light
wavelength and intensity. To demonstrate the potential of the wavelength-dependent shape-
switching behavior of BCP particles, we developed a model system to prepare BCP particles
with a mixture of two light-active surfactants having different activation wavelengths. For this
purpose, we designed another light-responsive surfactant, 7-(diethylamino)-4-(N,N,N-
trimethylhexadecan-1-ammonium bromide)coumarin (C-CTAB), composed of a coumarin
ester group, which can be activated and deprotected at 420 nm (Figure 3a).°%-> Similar to the
N-CTAB surfactants, cleavage of C-CTAB leads to the generation of carboxylic acid groups,
forming HOOC-CTAB (Figures S2-4). Accordingly, the use of C-CTAB surfactants in the

preparation of PSqx-b-P2VPyy; particles produced similar light-induced shape transformations
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of the particles from spheres to striped prolate particles, however, using lower-energy 420 nm
light to trigger this transformation (Figure S6).

We then monitored the orthogonal, wavelength-triggered shape change of PS;p-b-
P2VPy; BCP particles stabilized by a mixture of N-CTAB and C-CTAB surfactants at a molar
ratio of 1:3. As expected, the BCP particles were initially spherical with PS outermost layers
due to the preferential hydrophobic interactions of PS with alkyl chains of both N-CTAB and
C-CTAB (Figures 3b).4%: 5% 60 The BCP particles were then sequentially irradiated at 420 nm,
followed by 254 nm to investigate the resulting shape and morphological changes (Figures 3b-
d). Irradiation at 420 nm led to a transformation of particle shape from spheres with onion-like
morphology to prolate ellipsoids with stacked lamellar morphology. During irradiation at 420
nm, C-CTAB molecules were selectively converted to HOOC-CTAB, resulting in a ratio of
HOOC-CTAB/C-CTAB = 0.73/0.02 while the fraction of N-CTAB (0.25) remained unchanged
after 6 h. Photolysis of C-CTAB was clearly proved by 'H NMR spectra (Figure S2b), where
the intensities of the proton resonances on 7-(diethylamino)-4-(hydroxymethyl)coumarin of C-
CTAB (i.e., 4.79 and 3.38 ppm) decreased according to the light irradiation. We note that the
N-CTAB surfactants were stable under 420 nm light irradiation (Figure 3e). The second
irradiation step at 254 nm decreased the ratio of N-CTAB, resulting in the overall ratio of
HOOC-CTAB/N-CTAB/C-CTAB to be 0.95/0.03/0.02. In this case, inverse onion-like
spherical particles with P2VP-outermost layers were obtained. Therefore, the shape transition
of BCP particles from onion-like spheres to striped prolate particles was achieved by irradiation
at 420 nm light, followed by another shape transition from prolate particles to spheres at 254
nm, highlighting the excellent wavelength-selectivity of the shape transformations of these

particles.
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Figure 4. Light-triggered, shape-dependent optical properties of BCP particles. (a) PL
spectra and (b-d) photographs showing the fluorescence of PS;g,-b-P2V Py particles prepared
with C-CTAB surfactants before and after irradiation at 420 nm for (b) 0 h (black line, onion-
like particles with PS outermost layers), (¢) 3 h (red line, prolate particles), and (d) 6 h (blue
line, reverse onion-like particles with P2VP outermost layers).

Direct, colorimetric visualization of particle shape change is highly beneficial for the
clinical and biological applications, such as drug delivery.”#° In our system, the light-cleavable
coumarin ester group of C-CTAB is strongly emissive, imparting tunable optical properties to
the BCP particles and allowing monitoring of the light-triggered shape transformation by color
change. In order to demonstrate the correlation of particle shape to the optical signal, we
examined the emission properties of the BCP particles during the irradiation-induced particle
shape transformation. Figure 4a shows the photoluminescence (PL) spectra of the BCP
particles prepared with C-CTAB surfactants before light exposure and the following irradiation
at 420 nm for 3 and 6 h. Note that the PL spectra were acquired after removal of excess
surfactants by repeated centrifugation. The spherical particles stabilized with C-CTAB showed
a strong blue emission peak at 440 nm from the coumarin chromophore of the C-CTAB
surfactants, as depicted in Figure 4b. After irradiation for 3 h, the particle deformed to a striped
prolate, while the fluorescence decreased by 74 %, resulting in the dark blue BCP particle

suspension shown in Figure 4c¢. After prolonged irradiation (6 h), the suspension of spherical
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BCP particles with reverse onion morphology (i.e., with a P2VP outermost layer) became nearly
colorless and the fluorescence intensity decreased by 92% (Figure 4d). This result corresponds

closely with the conversion ratio of C-CTAB to HOOC-CTAB (91%) after 6 h of irradiation.

(c) | | Light-unexposed
- G F Light-exposed

& -

Figure 5. Fabricating portable, high-resolution displays by incorporating light-responsive
BCP particles into patterned hydrogel matrices. (a) Photograph of a particle-containing
hydrogel film exhibiting blue fluorescence; (b) cross-sectional SEM images of a freeze-dried
hydrogel film; (c) schematic illustration of the preparation of patterned hydrogel film by UV
light irradiation through a patterned photomask; (d) optical micrograph of the patterned
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photomask; (e) fluorescence images of the hydrogels after irradiation for 3 h at 420 nm through
the photomask; (f, g) high-magnification SEM and TEM images of the freeze-dried hydrogel
on the (f) light-unexposed region (boxed blue region in e) and (g) light-exposed region (boxed
black region in e); and (h) schematic illustration of the hydrogel film containing shape-
switching, fluorescent BCP particles.

Finally, to demonstrate the potential of the light-triggered shape control of BCP
particles in patterning features with microscale resolution, we fabricated hydrogel films
containing the BCP particles, irradiated it through a photomask, and examined the local shape
and fluorescence characteristics in the exposed and unexposed regions. We chose a hydrogel as
the host matrix because the elastic and moldable properties of hydrogels allow for successful
embedding and immobilization of the polymer particles; further, the swelling of hydrogels in
aqueous media provides sufficient mobility of the surfactants to facilitate the particle shape
transition.%!-%3 Also, the hydrogel film is free-standing and flexible, thus can be engineered for
desired applications. The BCP particle-containing hydrogel film was prepared by UV-initiated
polymerization of the aqueous suspension of poly(ethylene glycol) diacrylate, sodium acrylate,
and BCP particles. After polymerization, the un-reacted components and excess surfactants
were removed by repeated washing of the hydrogel with deionized (DI) water (See the
experimental section and the Supporting Information for details). Figure 5a shows the
photograph of the hydrogel film containing PS,g,-b-P2V Py particles stabilized by C-CTAB.
Due to the homogenous embedding of BCP particles within the matrix, a blue emission was
observed over the entire hydrogel film. This was also demonstrated by the cross-sectional SEM
image of the freeze-dried hydrogel film shown in Figure Sb. Given the good dispersion of the
BCP particles within the hydrogel matrix, each particle can act as a photographic pixel, such
that changes in the particle shape and fluorescence response can be displayed as a fluorescence
map with microscale resolution. To explore the local transitions of particle shape and optical

properties, a square lattice photomask with 100 um features was placed on top of the pre-cured
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hydrogel film, which was irradiated at 420 nm through the mask (Figures 5¢ to e). The photo-
responsive shape transformation of the BCP particles was realized successfully within the
hydrogel film (Figures 5f-h and S7-8). As shown in the cross-sectional SEM images of the
freeze-dried hydrogels (Figure 5f and Figure S7a), spherical particles were observed in the
light-unexposed region. In contrast, prolate ellipsoids were observed in the light-exposed region
(Figure 5g and Figure S7b). Consistent with the results in Figure 4 showing reduced
fluorescence upon conversion of C-CTAB to HOOC-CTAB, the fluorescence intensity
decreased only in the light-exposed area, as seen by the dark square patterns shown in Figure

Se.
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CONCLUSIONS

In this work, we developed a robust and effective method to prepare particles that
exhibit light-triggered changes in shape and color. The photo-responsive surfactants N-CTAB
and C-CTAB were designed such that irradiation changed their molecular structure, resulting
in modulation of their amphiphilicity and interfacial activity and corresponding changes to the
shape of the PS-b-P2VP or PS-b6-PAVP BCP particles. The light-responsive shape
transformation of the BCP particles from spheres to prolate or oblate ellipsoids was achieved
with high temporal resolution and wavelength selectivity. In addition, the use of light-emitting,
photo-responsive surfactants allowed direct, colorimetric visualization of the shape change of
these BCP particles. And, we demonstrated the potential of the shape- and color-changing BCP
particles by integrating them into the free-standing patterned hydrogel film, which can be used
as a portable display with micrometer-scale resolution. Nevertheless, the non-reversible
character of the photo-cleavable surfactants can limit the use of these particles in some practical
applications, which require the particles with reversible shape and color transformation.
Therefore, the design of photo-active surfactants containing the photochromic units that can be
reversibly isomerized between different states upon light irradiation (i.e., spiropyran
derivatives)?% ¢ is an important future direction to realize the light-active BCP particles with

different switching modes.
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EXPERIMENTAL SECTION

Synthesis of N-CTAB and C-CTAB. Detailed synthetic procedures are provided in the
Supporting  Information.  5-hexyloxy-2-nitrobenzyl-16-bromo-hexadecanoate  or  7-
(diethylamino)-4-(bromo-hexadecanoate)coumarin (3.0 g, 5.3 mmol) was added into a sealed
tube with trimethylamine (5.4 g, 53.0 mmol) and ethyl acetate (15 mL). The reaction mixture
was held under argon for 7 d at 60 °C. The products were purified by recrystallization from
water to obtain N-CTAB as a light yellow powder (2.2 g, yield 67.4%) or C-CTAB as a white

powder (2.3 g, yield 67.9%).

Preparation and shape transformation of PS-b-P2VP BCP particles. A chloroform solution
(50 pL) containing PS-5-P2VP (0.5 mg) was emulsified in DI water (1 mL) containing 0.1 wt%
of light-responsive surfactant (N-CTAB or C-CTAB) using a homogenizer. Then, the
chloroform was slowly evaporated for 36 h to obtain solid particles. The shape transformation
of the BCP particles is performed by the following procedure: a vial containing the particle
suspension (1 mL) in water was placed inside a larger vial containing chloroform (2 mL) to
produce a chloroform-saturated atmosphere, and irradiated under 254 or 420 nm for different
times (0.5-6 h). Then, the absorbed chloroform was completely removed for 36 h. The particles
were washed by repeated centrifugation (13000 rpm) to remove remaining surfactants.

Fabrication of BCP particle-containing hydrogel films. An aqueous solution (5 mL) of
poly(ethylene glycol) diacrylate (M, = 1000 g mol-!, 0.9 g), sodium acrylate (0.1 g), 2-hydroxy-
2-methylpropiophenone (10.0 mg), and BCP particles prepared by C-CTAB (5.0 mg) was
injected into the gap between two glass slides spaced by Kapton spacers (1 mm), and irradiated
by UV light (254 nm, 200 pW/cm?) for 10 min to initiate polymerization and gelation.®! To
remove unreacted residues, the resulting hydrogel was rinsed with DI water. An additional

patterned hydrogel film was prepared by placing a square lattice photomask on top of the BCP
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particle-containing pre-cured hydrogel films, followed by irradiation at 420 nm for 3 h. Solvent

vapor annealing was then performed using chloroform for 12 h.
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10 ASSOCIATE CONTENT
Supporting Information: Experimental details and additional characterization data (NMR,
15 FT-IR, TEM, and SEM). This material is available free of charge via the Internet at

17 http://pubs.acs.org.

5 AUTHOR INFORMATION

24 Corresponding Author

26 *bumjoonkim@kaist.ac.kr

Author Contributions

31 iThese authors contributed equally.
33 Notes

The authors declare no competing financial interest.

39 ACKNOWLEDGMENTS
4 This research was supported by the National Research Foundation (NRF) Grant, funded by the
Korean Government (2016R1E1A1A02921128, 2012M3A6A7055540 and

46 2017M3D1A1039553). The authors thank Prof. Rachel Letteri for helpful discussion.

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

REFERENCES

(1) Loudet, J. C.; Yodh, A. G.; Pouligny, B., Wetting and Contact Lines of Micrometer-
Sized Ellipsoids. Phys. Rev. Lett. 2006, 97, 018304.

2) Yunker, P. J.; Still, T.; Lohr, M. A.; Yodh, A. G., Suppression of the Coffee-ring Effect
by Shape-dependent Capillary Interactions. Nature 2011, 476, 308.

3) Vermant, J., When shape matters. Nature 2011, 476, 286.

4 Dugyala, V. R.; Lama, H.; Satapathy, D. K.; Basavaraj, M. G., Role of Particle Shape
Anisotropy on Crack Formation in Drying of Colloidal suspension. Sci. Rep. 2016, 6, 30708.
®)] Forster, J. D.; Park, J.-G.; Mittal, M.; Noh, H.; Schreck, C. F.; O’Hern, C. S.; Cao, H.;
Furst, E. M.; Dufresne, E. R., Assembly of Optical-Scale Dumbbells into Dense Photonic
Crystals. ACS Nano 2011, 5, 6695-6700.

(6) Zhang, Y.; Tekobo, S.; Tu, Y.; Zhou, Q.; Jin, X.; Dergunov, S. A.; Pinkhassik, E.; Yan,
B., Permission to Enter Cell by Shape: Nanodisk vs Nanosphere. ACS Appl. Mater. Interf. 2012,
4,4099-4105.

(7 Venkataraman, S.; Hedrick, J. L.; Ong, Z. Y.; Yang, C.; Ee, P. L. R.; Hammond, P. T.;
Yang, Y. Y., The Effects of Polymeric Nanostructure Shape on Drug Delivery. Adv. Drug
Deliv. Rev. 2011, 63, 1228-1246.

(8) Champion, J. A.; Mitragotri, S., Role of Target Geometry in Phagocytosis. Proc. Natl.
Acad. Sci. U.S.A. 2006, 103, 4930-4934.

) Park, J.; Moon, J., Control of Colloidal Particle Deposit Patterns within Picoliter
Droplets Ejected by Ink-Jet Printing. Langmuir 2006, 22, 3506-3513.

(10)  Lendlein, A.; Jiang, H.; Jiinger, O.; Langer, R., Light-induced Shape-memory
Polymers. Nature 2005, 434, 879.

(11)  Kamenjicki, M.; Lednev, 1. K.; Asher, S. A., Photoresponsive Azobenzene Photonic
Crystals. J. Phys. Chem. B 2004, 108, 12637-12639.

(12)  Schumers, J.-M.; Fustin, C.-A.; Gohy, J.-F., Light-Responsive Block Copolymers.
Macromol. Rapid Commun. 2010, 31, 1588-1607.

(13) Zhu, K.; Liu, G.; Hu, J.; Liu, S., Near-Infrared Light-Activated Photochemical
Internalization of Reduction-Responsive Polyprodrug Vesicles for Synergistic Photodynamic
Therapy and Chemotherapy. Biomacromol. 2017, 18, 2571-2582.

(14) Yoo, J.-W.; Doshi, N.; Mitragotri, S., Adaptive Micro and Nanoparticles: Temporal
Control over Carrier Properties to Facilitate Drug Delivery. Adv. Drug Deliv. Rev. 2011, 63,
1247-1256.

(15)  Palagi, S.; Mark, A. G.; Reigh, S. Y.; Melde, K.; Qiu, T.; Zeng, H.; Parmeggiani, C.;
Martella, D.; Sanchez-Castillo, A.; Kapernaum, N.; Giesselmann, F.; Wiersma, D. S.; Lauga,
E.; Fischer, P., Structured Light Enables Biomimetic Swimming and Versatile Locomotion of
Photoresponsive Soft Microrobots. Nat. Mater. 2016, 15, 647.

(16)  San Miguel, V.; Bochet, C. G.; del Campo, A., Wavelength-Selective Caged Surfaces:
How Many Functional Levels Are Possible? J. Am. Chem. Soc. 2011, 133, 5380-5388.

(17) Goguen, B. N.; Aemissegger, A.; Imperiali, B., Sequential Activation and Deactivation
of Protein Function Using Spectrally Differentiated Caged Phosphoamino Acids. J. Am. Chem.
Soc. 2011, 133, 11038-11041.

(18) Garcia-Fernandez, L.; Herbivo, C.; Arranz, V. S. M.; Warther, D.; Donato, L.; Specht,
A.; del Campo, A., Dual Photosensitive Polymers with Wavelength-Selective Photoresponse.
Adv. Mater. 2014, 26, 5012-5017.

(19) Tong, X.; Wang, G.; Soldera, A.; Zhao, Y., How Can Azobenzene Block Copolymer
Vesicles Be Dissociated and Reformed by Light? J. Phys. Chem. B 2005, 109, 20281-20287.

ACS Paragon Plus Environment

Page 20 of 24



Page 21 of 24

oNOYTULT D WN =

Journal of the American Chemical Society

(20)  Einaga, Y.; Sato, O.; Iyoda, T.; Fujishima, A.; Hashimoto, K., Photofunctional Vesicles
Containing Prussian Blue and Azobenzene. J. Am. Chem. Soc. 1999, 121, 3745-3750.

(21)  Yao, C.; Wang, X.; Liu, G.; Hu, J.; Liu, S., Distinct Morphological Transitions of
Photoreactive and Thermoresponsive Vesicles for Controlled Release and Nanoreactors.
Macromolecules 2016, 49, 8282-8295.

(22)  Ji, W.; Li, N.; Chen, D.; Qi, X.; Sha, W.; Jiao, Y.; Xu, Q.; Lu, J., Coumarin-containing
Photo-responsive Nanocomposites for NIR Light-triggered Controlled Drug Release via a Two-
photon Process. J. Mater. Chem. B 2013, 1, 5942-5949.

(23)  Zhao, Y., Light-Responsive Block Copolymer Micelles. Macromolecules 2012, 45,
3647-3657.

(24)  Jiang, J.; Tong, X.; Zhao, Y., A New Design for Light-Breakable Polymer Micelles. J.
Am. Chem. Soc. 2005, 127, 8290-8291.

(25)  Georgiev, V. N.; Grafmiiller, A.; Bléger, D.; Hecht, S.; Kunstmann, S.; Barbirz, S.;
Lipowsky, R.; Dimova, R., Area Increase and Budding in Giant Vesicles Triggered by Light:
Behind the Scene. Adv. Sci. 2018, 5, 1800432.

(26)  Klajn, R., Spiropyran-based Dynamic Materials. Chem. Soc. Rev. 2014, 43, 148-184.
27) Li, Y.; He, Y.; Tong, X.; Wang, X., Photoinduced Deformation of Amphiphilic Azo
Polymer Colloidal Spheres. J. Am. Chem. Soc. 2005, 127, 2402-2403.

(28) Li, Y.;He, Y.; Tong, X.; Wang, X., Stretching Effect of Linearly Polarized Ar" Laser
Single-Beam on Azo Polymer Colloidal Spheres. Langmuir 2006, 22, 2288-2291.

(29) Li, Y.; Deng, Y.; He, Y.; Tong, X.; Wang, X., Amphiphilic Azo Polymer Spheres,
Colloidal Monolayers, and Photoinduced Chromophore Orientation. Langmuir 2005, 21, 6567-
6571.

(30)  Li, L.; Matsunaga, K.; Zhu, J.; Higuchi, T.; Yabu, H.; Shimomura, M.; Jinnai, H.;
Hayward, R. C.; Russell, T. P., Solvent-Driven Evolution of Block Copolymer Morphology
under 3D Confinement. Macromolecules 2010, 43, 7807-7812.

(31)  Zhu, J.; Hayward, R. C., Hierarchically Structured Microparticles Formed by
Interfacial Instabilities of Emulsion Droplets Containing Amphiphilic Block Copolymers.
Angew. Chem. Int. Ed. 2008, 120, 2143-2146.

(32) Xu,J.; Wang, K.; Li, J.; Zhou, H.; Xie, X.; Zhu, J., ABC Triblock Copolymer Particles
with Tunable Shape and Internal Structure through 3D Confined Assembly. Macromolecules
2015, 48, 2628-2636.

(33) Saito, N.; Takekoh, R.; Nakatsuru, R.; Okubo, M., Effect of Stabilizer on Formation of
“Onionlike” Multilayered Polystyrene-block-poly(methyl methacrylate) Particles. Langmuir
2007, 23, 5978-5983.

(34) Ku, K. H.; Lee, Y. J.; Kim, Y.; Kim, B. J., Shape-Anisotropic Diblock Copolymer
Particles from Evaporative Emulsions: Experiment and Theory. Macromolecules 2019, 52,
1150-1157.

(35) Ku, K. H;; Shin, J. M.; Yun, H.; Yi, G.-R.; Jang, S. G.; Kim, B. J., Multidimensional
Design of Anisotropic Polymer Particles from Solvent-Evaporative Emulsion. Adv. Funct.
Mater. 2018, 28, 1802961.

(36) Ku, K. H.; Shin, J. M.; Kim, M. P.; Lee, C.-H.; Seo, M.-K.; Y1, G.-R.; Jang, S. G.; Kim,
B. J., Size-Controlled Nanoparticle-Guided Assembly of Block Copolymers for Convex Lens-
Shaped Particles. J. Am. Chem. Soc. 2014, 136, 9982-9989.

(37)  Higuchi, T.; Tajima, A.; Motoyoshi, K.; Yabu, H.; Shimomura, M., Frustrated Phases
of Block Copolymers in Nanoparticles. Angew. Chem. Int. Ed. 2008, 47, 8044-8046.

(38) Jang, S. G.; Audus, D. J.; Klinger, D.; Krogstad, D. V.; Kim, B. J.; Cameron, A.; Kim,
S.-W.; Delaney, K. T.; Hur, S.-M.; Killops, K. L.; Fredrickson, G. H.; Kramer, E. J.; Hawker,

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

C. J., Striped, Ellipsoidal Particles by Controlled Assembly of Diblock Copolymers. J. Am.
Chem. Soc. 2013, 135, 6649-6657.

(39) Tanaka, T.; Saito, N.; Okubo, M., Control of Layer Thickness of Onionlike
Multilayered Composite Polymer Particles Prepared by the Solvent Evaporation Method.
Macromolecules 2009, 42, 7423-7429.

(40)  Yan, N.; Zhu, Y.; Jiang, W., Recent Progress in the Self-assembly of Block
Copolymers Confined in Emulsion Droplets. Chem. Commun. 2018, 54, 13183-13195.

(41)  Yan, N.; Liu, X.; Zhang, Y.; Sun, N.; Jiang, W.; Zhu, Y., Confined Co-assembly of
AB/BC Diblock Copolymer Blends under 3D Soft Confinement. Soft Matter 2018, 14, 4679-
4686.

(42)  Chen, C.; Wylie, R. A. L.; Klinger, D.; Connal, L. A., Shape Control of Soft
Nanoparticles and Their Assemblies. Chem. Mater. 2017, 29, 1918-1945.

(43)  Schmidt, B. V. K. J.; Wang, C. X.; Kraemer, S.; Connal, L. A.; Klinger, D., Highly
Functional Ellipsoidal Block Copolymer Nanoparticles: A Generalized Approach to
Nanostructured Chemical Ordering in Phase Separated Colloidal Particles. Polym. Chem. 2018,
9, 1638-1649.

(44)  Yan, N.; Liu, X.; Zhu, J.; Zhu, Y.; Jiang, W., Well-Ordered Inorganic Nanoparticle
Arrays Directed by Block Copolymer Nanosheets. ACS Nano 2019, 13, 6638-6646.

(45)  Shin,J.M.; Lee, Y. J.; Kim, M.; Ku, K. H.; Lee, J.; Kim, Y.; Yun, H.; Liao, K.; Hawker,
C. J.; Kim, B. J., Development of Shape-Tuned, Monodisperse Block Copolymer Particles
through Solvent-Mediated Particle Restructuring. Chem. Mater. 2019, 31, 1066-1074.

(46) Shin, J. M.; Kim, Y.; Yun, H.; Yi, G.-R.; Kim, B. J., Morphological Evolution of Block
Copolymer Particles: Effect of Solvent Evaporation Rate on Particle Shape and Morphology.
ACS Nano 2017, 11,2133-2142.

(47) Xu,J.P.;Yang, Y.; Wang, K.; Li, J. Y.; Zhou, H. M.; Xie, X. L.; Zhu, J. T., Additives
Induced Structural Transformation of ABC Triblock Copolymer Particles. Langmuir 2015, 31,
10975-10982.

(48)  Klinger, D.; Wang, C. X.; Connal, L. A.; Audus, D. J.; Jang, S. G.; Kraemer, S.;
Killops, K. L.; Fredrickson, G. H.; Kramer, E. J.; Hawker, C. J., A Facile Synthesis of Dynamic,
Shape-Changing Polymer Particles. Angew. Chem. Int. Ed. 2014, 53, 7018-7022.

(49) Lee, J.; Ku, K. H.; Park, C. H.; Lee, Y. J.; Yun, H.; Kim, B. J., Shape and Color
Switchable Block Copolymer Particles by Temperature and pH Dual Responses. ACS Nano
2019, 13, 4230-4237.

(50) Lee, J.; Ku, K. H.; Kim, M.; Shin, J. M.; Han, J.; Park, C. H.; Yi, G. R.; Jang, S. G.;
Kim, B. J., Stimuli-Responsive, Shape-Transforming Nanostructured Particles. Adv. Mater.
2017, 29, 1700608.

(51) Ku, K. H; Lee, Y. J.; Yi, G.-R.; Jang, S. G.; Schmidt, B. V. K. J.; Liao, K.; Klinger,
D.; Hawker, C. J.; Kim, B. J., Shape-Tunable Biphasic Janus Particles as pH-Responsive
Switchable Surfactants. Macromolecules 2017, 50, 9276-9285.

(52)  Zhao, H.; Sterner, E. S.; Coughlin, E. B.; Theato, P., o-Nitrobenzyl Alcohol
Derivatives: Opportunities in Polymer and Materials Science. Macromolecules 2012, 45, 1723-
1736.

(53) Yin, J.; Yao, X.; Liou, J.-Y.; Sun, W.; Sun, Y.-S.; Wang, Y., Membranes with Highly
Ordered Straight Nanopores by Selective Swelling of Fast Perpendicularly Aligned Block
Copolymers. ACS Nano 2013, 7, 9961-9974.

(54) Gonzélez, F. G.; Vilchez, M. A. C.; Hidalgo-Alvarez, R., Adsorption of Anionic
Surfactants on Positively Charged Polystyrene Particles II. Colloid Polym. Sci. 1991, 269, 406-
411.

ACS Paragon Plus Environment

Page 22 of 24



Page 23 of 24

oNOYTULT D WN =

Journal of the American Chemical Society

(55) Jeon, S.J.; Yi, G. -R.; Yang, S. M., Cooperative Assembly of Block Copolymers with
Deformable Interfaces: Toward Nanostructured Particles. Adv. Mater. 2008, 20, 4103-4108.
(56)  Yang, H.; Ku, K. H.; Shin, J. M.; Lee, J.; Park, C. H.; Cho, H.-H.; Jang, S. G.; Kim, B.
J., Engineering the Shape of Block Copolymer Particles by Surface-Modulated Graphene
Quantum Dots. Chem. Mater. 2016, 28, 830-837.

(57)  Ku, K. H.; Ryu, J. H.; Kim, J.; Yun, H.; Nam, C.; Shin, J. M.; Kim, Y.; Jang, S. G.;
Lee, W. B.; Kim, B. J., Mechanistic Study on the Shape Transition of Block Copolymer
Particles Driven by Length-Controlled Nanorod Surfactants. Chem. Mater. 2018, 30, 8669-
8678.

(58) Schmidt, R.; Geissler, D.; Hagen, V.; Bendig, J., Mechanism of Photocleavage of
(Coumarin-4-yl)methyl Esters. J. Phys. Chem. A 2007, 111, 5768-5774.

(59) Suzuki, A. Z.; Watanabe, T.; Kawamoto, M.; Nishiyama, K.; Yamashita, H.; Ishii, M.;
Iwamura, M.; Furuta, T., Coumarin-4-ylmethoxycarbonyls as Phototriggers for Alcohols and
Phenols. Org. Lett. 2003, 5, 4867-4870.

(60)  Sakuma, S.; Kumagai, H.; Shimosato, M.; Kitamura, T.; Mohri, K.; Ikejima, T.;
Hiwatari, K.-1.; Koike, S.; Tobita, E.; McClure, R.; Gore, J. C.; Pham, W., Toxicity Studies of
Coumarin 6-encapsulated Polystyrene Nanospheres Conjugated with Peanut Agglutinin and
Poly(N-vinylacetamide) as a Colonoscopic Imaging Agent in Rats. Nanomed. Nanotechnol.
Biol. Med. 2015, 11, 1227-1236.

(61) Tang, Q.; Wu, J; Sun, H.; Fan, S.; Hu, D.; Lin, J., Synthesis of
Polyacrylate/poly(ethylene glycol) Hydrogel and its Absorption Properties for Heavy Metal
Ions and Dye. Polym. Composites 2009, 30, 1183-1189.

(62)  Park, C. H.; Yun, H.; Yang, H.; Lee, J.; Kim, B. J., Fluorescent Block Copolymer-
MoS,; Nanocomposites for Real-Time Photothermal Heating and Imaging. Adv. Funct. Mater.
2017, 27, 1604403.

(63) Kim, H.; Kang, J.-H.; Zhou, Y.; Kuenstler, A. S.; Kim, Y.; Chen, C.; Emrick, T.;
Hayward, R. C., Light-Driven Shape Morphing, Assembly, and Motion of Nanocomposite Gel
Surfers. Adv. Mater. 2019, 31, 1900932.

(64)  Helmy, S.; Leibfarth, F. A.; Oh, S.; Poelma, J. E.; Hawker, C. J.; Read de Alaniz, J.,
Photoswitching Using Visible Light: A New Class of Organic Photochromic Molecules. J. Am.
Chem. Soc. 2014, 136, 8169-8172.

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society Page 24 of 24

Table of Contents

Light-Responsive, Shape-Switchable Block Copolymer Particles

Light—responsive group Modified endgroup
o .
N Br
/\N \g{\%\ Ilght HOM
—e + B—e :

=

ACS Paragon Plus Environment



