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ABSTRACT

Polymersomes and related self-assembled nanostructures displaying Aggregation-Induced
Emission (AIE) are highly relevant for plenty of applications in imaging, biology and functional
devices. Experimentally simple, scalable and universal strategies for on-demand self-assembly of
polymers rendering well-defined nanostructures are highly desirable. A purposefully designed
combination of amphiphilic block copolymers including tunable lengths of hydrophilic
polyethylene glycol (PEGm) and hydrophobic AIE polymer poly(tetraphenylethylene-
trimethylenecarbonate) (P(TPE-TMC),) has been studied at the air/liquid interface. The unique 2D
assembly properties have been analyzed by thermodynamic measurements, UV-vis reflection
spectroscopy and photoluminescence in combination with molecular dynamics simulations. The
(PEG)m-b-P(TPE-TMC), monolayers formed tunable 2D nanostructures self-assembled on
demand by adjusting the available surface area. Tuning of the PEG length allows to modification
of the area per polymer molecule at the air/liquid interface. Molecular detail on the arrangement
of the polymer molecules and relevant molecular interactions has been convincingly described.
AIE fluorescence at the air/liquid interface has been successfully achieved by the (PEG)m-b-
P(TPE-TMC)x nanostructures. An experimentally simple 2D to 3D transition allowed to obtain 3D
polymersomes in solution. This work suggests that engineered amphiphilic polymers for AIE may

be suitable for selective 2D and 3D self-assembly for imaging and technological applications.



INTRODUCTION

Aggregation-induced emission (AIE) is being revealed as a core functionality in self-assembled
nanostructures with highly promising applications in plenty of areas.[1,2] AIE is promoted by the
aggregation of chromophore groups. The AIE chromophores that show no fluorescence in
molecularly soluble state can display significant fluorescence when forming aggregates. The
detailed photophysical mechanism for AIE is still under debate, with certain AIE related with the
restricted intramolecular rotation of the chromophore groups in the aggregates.[3] A “dark state”
concerning excited states has also been proposed to account for the appearance of AIE.[4] The
AIE properties can be obtained by subtle chemical modifications of the chromophore groups.[5,6]

AIE is used in a wide range of applications, with biomedicine as the forefront field. Biomedical
sensing might greatly benefit from the AIE.[7] In situ monitoring of cellular processes as apoptosis
during in vivo experiments was successfully carried out using AIE.[8] Imaging of tumor cells in
hypoxia regime has been demonstrated using AIE.[9] Emission in the NIR range from AIE
fluorophores were developed for cancer imaging.[10] In addition to sensing, AIE can be combined
with programmed delivery using purposefully designed nanoparticles.[11] Photodynamic therapy
(PDT) has also been demonstrated using AIE-based nanoparticles.[12] Both PDT and sensing
functionalities could be simultaneously incorporated in AIE luminogens for selective detection
and killing of Gram-positive bacteria.[13,14] Thus, AIE-based molecules are proposed as a
relevant strategy for effective biocides against resistant bacteria.[15] Nanocarriers for pancreatic
cancer therapy using AIE groups have also been proposed.[16]

Beyond biomedical applications, the use of AIE-based nanostructures has been demonstrated in
mechanical sensing[17] and responsive self-assembly under exposure to carbon dioxide.[18] AIE

derivatives can be used in forensics for revealing fingerprints.[19] Sensing of explosives using



AIE has also been demonstrated.[20] Although AIE can be displayed by small chemical group,
AlIE-polymers incorporate a high versatility for self-assembly given the possibility of varying
chemical composition and polymer length. In this sense, amphiphilic block copolymers allocate
for self-assembly and fluorescence in intracellular imaging.[21] Different blocks have been tested
in AIE-copolymers, e.g., polyurethane for selective imaging of actin in living cells.[22]

Block copolymers (PEG)m-b-P(TPE-TMC), combining polyethylene glycol (PEG)m and
polytrimethylene carbonate P(TPE-TMC), have been proven to efficiently self-assemble in bulk
solution to polymersomes displaying AIE in our previous work.[23] The PEG block provides
adequate hydrophilicity to achieve amphiphilic block copolymer, while simultaneously being
biocompatible and repellent for adsorption of proteins.[24] Therefore, the PEG block is a relevant
choice for the hydrophilic block of the amphiphilic copolymer in terms of physicochemical
features and relevance in biological applications. The tetraphenylethylene chromophore is highly
relevant in AIE as a forefront building block. The possible use of tetraphenylethylene in
pharmacological formulations is still a matter of research and clinical essays.[25,26] On the other
hand, published reports clearly show the applicability of the tetraphenylethylene chromophore
group in imaging and photodynamic therapy in model cell studies.[27,28] Therefore, the AIE block
was based on tetraphenylethylene for our AIE amphiphilic polymers. Herein, a series of PEGm-b-
P(TPE-TMC), derivatives with larger choices of lengths of both polymer blocks have been
designed, and their directed 2D self-assembly on air/liquid interface has been investigated in detail.
The intermolecular interactions were tuned by adjusting the length of each block. The PEG length
has been increased to about three-fold and the P(TPE-TMC), length to about two-fold with respect
to our previous study.[23] The surface area per (PEG)m-b-(TPE-TMC), molecule was finely

adjusted by the Langmuir technique. Detailed information on the molecular arrangement at the



air/liquid interface was obtained by devoted experimental techniques, mainly UV-vis reflection
spectroscopy[29] and photoluminescence spectroscopy. The adjustment of the available surface
area has been proven a successful strategy for tuning the mechanical stimulus of surface pressure
in 2D, allowing the directed self-assembly of nanoparticles at the air/liquid interface.[30] In
addition to studying the molecular arrangement, hierarchical materials can be build using this
approach at the air/liquid interface guided by polymers.[31] Remarkably, application of bulk
pressure in 3D crystals of anthracene-TPE derivatives has also been reported as an efficient
physical stimulus for promoting AIE.[32] The standard 3D stimuli for obtaining AIE, e.g.,
variation of concentration and solvent composition are translated into the 2D using the simple
mechanical stimulus. Quantitative insights on the physical scenario and the chemical design of
block copolymers for obtaining AIE have also been explored in this study. This study aims at the
understanding of the physicochemical behavior of model AIE amphiphilic polymers for all

applications including self-assembly of the AIE polymers.

RESULTS AND DISCUSSION

The general molecular structure of the (PEG)m-b-P(TPE-TMC), derivatives is shown in Figure
1A. The tuning of the intermolecular interactions was achieved by adjusting the length of the
hydrophilic and hydrophobic blocks. The functionality of each block in the self-assembly process
is clearly defined. The PEG block contributed to hydrophilic interactions with water, greatly
stabilizing the (PEG)m-b-P(TPE-TMC), monolayer at the air/liquid interface. The P(TPE-TMC),
block directed the self-assembly by hydrophobic interaction to achieve aggregation-induced
emission (AIE) at the air/liquid interface (see Figure 1B). Ten derivatives of (PEG)m-b-P(TPE-

TMC), with different m and n values have been used in this study (see Table 1).
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Figure 1. 2D self-assembly and in situ UV-vis reflection spectroscopy of AIE polymers. A)
Molecular structure of the PEGm-b-P(TPE-TMC), polymer. B) Sketch depicting the self-assembly
of the PEGm-b-P(TPE-TMC), polymer at the air/water interface C) Surface pressure — molecular
area isotherms for the PEGas polymer derivatives. D) Surface pressure — molecular area isotherms
for the PEG113 polymer derivatives. E) UV-vis reflection spectra of the PEGuas-b-P(TPE-TMC)s

monolayer recorded from 3.7 to 0.2 nm? per TPE monomer.

Table 1. Chemical composition of the (PEG)m-b-P(TPE-TMC), derivatives.

PEGus-b-P(TPE-TMC)s

Polymer name Mn? PDI® frrG (%)?
PEGas-b-P(TPE-TMC)s 6300 134 29
PEGus-b-P(TPE-TMC)10 8100 - 25
PEGas-b-P(TPE-TMC)13 9600 135 21




PEGas-5-P(TPE-TMC )1 17100 i 12
PEGus-b-P(TPE-TMC)32 20900 1.44 9.6
PEG113-5-P(TPE-TMC)n

Polymer name Mn? PDI® frrG (%)?
PEG113-b-P(TPE-TMC) 3 12700 147 39
PEG113-b-P(TPE-TMC)s0 17100 136 29
PEG113-b-P(TPE-TMC)32 23900 137 21
PEG113-b-P(TPE-TMC)ss 31400 147 16
PEG113-b-P(TPE-TMC)s4 37000 1.44 135

¥The number-average molecular weight (M,) and the hydrophilic weight ratio (over the total
copolymer) (freG) of the copolymer were determined by '"H NMR spectroscopy.

°PDI = Mw/Mn; Mw and Mn here were measured by size exclusion chromatography using THF
as eluent and monodispersed polystyrenes as calibration standards.

The available surface area per molecule of PEGy-b-P(TPE-TMC), monomer and polymer
molecule at the air/liquid interface could be conveniently controlled, see surface pressure-
molecular area isotherms Figure 1 and S1, respectively. Given the large values of area per polymer
molecule, the surface pressure-molecular area isotherms could not be recorded in a single run due
to lack of available area of the Langmuir trough. Therefore, the isotherms were recorded at
different values of starting molecular area. Remarkably, the isotherms were highly reproducible,
with an almost complete overlap between the sections of the isotherms.

A 2D fluid phase was expected for high values of available surface area in agreement with
amphiphilic PEG-derivatives of phospholipids.[33] No liquid expanded - liquid condensed phase
transition was shown in the isotherms, as expected from the exotic design of the amphiphilic

polymers in contrast to standard surfactants.[34,35] The increase of the length of the P(TPE-TMC)



block led to an increase of monolayer condensation and the shift of the curve towards smaller
values of areas per monomer. An enhancement of the packing of the PEGn-b-P(TPE-TMC),
molecules was obtained with the increase of the length of the P(TPE-TMC) block, indicating a
more condensed assembly of the polymer molecules at the air/liquid interface. In other words,
increasing the length of the P(TME-TMC) block led to a decrease in the area per PEGm-b-P(TPE-
TMC), molecule in a given monolayer at the air/liquid interface. Self-assembled 2D structures
from AIE amphiphilic block copolymers with higher length of the hydrophobic AIE block are
expected from the data at the air/liquid interface to contain a higher number of molecules per
particle of similar size, e. g., micelles, vesicles, nanotubes.[36—39] Therefore, the adjustment of
the length of the P(TPE-TMC) block might be used as a tool for tuning the interplay between the
number of AIE polymer molecules and size of the self-assembled nanostructure.

The self-organization of the PEG113-b-P(TPE-TMC), was different to the PEGas-b-P(TPE-
TMC), polymer molecules at the air/water interface, leading to a different course of the surface
pressure-molecular area isotherms. A single kink was observed at ca. 0.4 nm? per polymer for
PEGi13 series, whereas two kinks were obtained for the PEGas series. PEGm-b-P(TPE-TMC),
monolayers subjected to a further reduction of the surface area led to polymer molecules tightly
packed at the air/liquid interface. This state has been traditionally related with a highly stretched
configuration of the PEG chains named as “brush regime” of the PEG chains.[40] However, the
“brush regime” has been questioned by Salesse et al., who proposed instead the presence of
collapsed structures under high values of surface pressure that stayed attached to the
monolayer.[41] Detailed computational simulations on the arrangement of the PEG block support
this scenario, see below. Moreover, the area per P(TPE-TMC) block for highly compressed PEG-

b-P(TPE-TMC), monolayers was ca. 0.2 nm?, significantly lower than the expected area of ca.



0.45 nm? per P(TPE-TMC) block. This discrepancy in the values of surface area per P(TPE-TMC)
block might be ascribed to the formation of multilayer supramolecular structures or to a loss of
polymer molecules into the bulk water subphase. Therefore, the difference in the transition points,
i.e., kinks, for the isotherms of PEG113 and PEGus series arise from different degree of formation
of multilayers as shown below by UV-vis reflection spectroscopy. Note that in all cases a
homogeneous structure at the interface was observed by in situ Brewster Angle Microscopy, see
Figures S2-11. The excellent self-assembly properties of the amphiphilic polymers were verified
by the absence of any micrometric domains or phase segregation.

The surface concentration and state of aggregation of PEGn-b-P(TPE-TMC), monolayers could
be monitored in situ at the air/liquid interface by following the signal of the P(TPE-TMC) block
at the interface using UV-vis reflection spectroscopy.[42] See Fig. 1E for a representative example
including UV-vis reflection spectra of the PEGa4s-b-P(TPE-TMC)s. The UV-vis reflection signal
neglects any contribution from the bulk solution, instead arising exclusively from the enhancement
of reflection of the incoming radiation by absorbance of molecules located at the air/liquid

interface according to the equation (1):

AR =2.303-10° f /R, T O

where AR is the increase of reflection under normal incidence, ¢ is the molar absorption
coefficient (M !-ecm™), Rs is the reflectivity of the aqueous interface (0.0196), I" is the surface
concentration of the P(TPE-TMC) block (mol-cm2), and fj is the orientation factor. Using the
value of ¢ = 2.04-10* M '-cm™! from our previous study on similar polymers[23] and 4 as the
available surface area for the P(TPE-TMC) block, the orientation factor can be related with the

recorded intensity of the UV-vis reflection signal using equation (2):

AR =AR-A=0.11-f, )



The UV-vis reflection spectra for the PEGas-b-P(TPE-TMC)s and PEG113-b-P(TPE-TMC)2o
monolayers are shown in Figure 2. A significant signal was present at highly expanded state of the
monolayer, indicating the presence of the TPE groups at the air/liquid interface. The subtraction
of UV-vis reflection spectra normalized to the available area per P(TPE-TMC) block (AR, = AR-A)
with respect to the normalized UV-vis reflection spectrum at 2 nm? per P(TPE-TMC) block (AR»,0)
is expressed as [AR, - AR,0]. The AR,,o value was taken as a reference value for a PEGn-b-P(TPE-
TMC), with single monolayer structure. Thus a value of [AR, - AR, 0] greater than zero indicates
the presence of multilayer. The value of [AR, - AR,o] informs on both the formation of
multilayered structure of the PEG13-b-P(TPE-TMC)20 polymer molecules and aggregation of the
P(TPE-TMC) block at the air/liquid interface, see Figure 2. The PEG4s-b-(TPE-TMC)g monolayer
showed formation of multilayered structure from 0.44 nm? to lower values of area per P(TPE-
TMC) block as evidenced by the positive value of [AR, - AR,,0], see Figure 2. A reduction of the
available surface area led to an increase of the [AR, - AR, 0] spectra, indicating the propagation of
the multilayer structure over the monolayer. Therefore, the [AR, - AR, 0] spectra greater than zero
for all polymers upon compression of the monolayer indicates the ability to form multilayered
structures at the air/water interface. The detailed organization within the multilayers is discussed

below.
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Figure 2. In situ UV-vis reflection spectroscopy for the AIE-polymers at the air/liquid interface.
Top: PEGus-b-(TPE-TMC)g monolayer. Bottom: PEG113-b-(TPE-TMC)20 monolayer. A) Left:
difference normalized UV-vis reflection spectra. Right: Bulk UV-vis spectrum (black line). Inset:
values of area per P(TPE-TMC) block. B) Maximum value of intensity of UV-vis reflection. C)
Left, position of the UV-vis reflection peak (black circles). Dashed line corresponds to the peak
position for the UV-vis absorbance spectrum in bulk solution. Right, orientation factor for the TPE

groups (blue triangles).

The UV-vis reflection signal increased with compression of the monolayer up to the maximum
value of UV-vis signal for a surface concentration of 0.2 nm? per P(TPE-TMC) block. The value
of maximum intensity of the UV-vis reflection signal (ARuax) was inversely proportional to the
available surface area per P(TPE-TMC) block, see Figure 2B. The UV-vis reflection intensity

followed a linear trend for the PEGu4s-b-(TPE-TMC)g monolayer, indicating no loss of copolymer
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into the bulk water. A similar value of AR for the PEG113-b-(TPE-TMC)20 monolayer was
achieved at low values of surface area. However, in this case a limiting value of AR of ca. 0.75
was obtained for 5 nm, which corresponds to 0.2 nm? per P(TPE-TMC) block.

Considering a value of the orientation factor of fy = 1 corresponding to a random distribution
and a minimum value of area of 0.45 nm? per P(TPE-TMC) block, a highly packed monolayer of
(PEG)m-b-P(TPE-TMC), at the air/liquid interface should display a maximum value of AR = (0.24.
Higher values of AR could be achieved exclusively by the formation of multilayer supramolecular
structures at the air/liquid interface. A value of ARuawx = 0.6 was found for the PEGys-b-(TPE-
TMC)s monolayer at 5 nm™, i.e., 0.2 nm? per TPE group. Similar values were found for the PEGas-
b-(TPE-TMC), polymer series, indicating that the PEG4s block led in all cases to an incomplete
trilayer structure. The intensity of the UV-vis reflection signal AR indicated a multilayered
structure, including both bilayer and trilayer regions. A value of ARqx = 0.72 was found for the
PEG113-b-(TPE-TMC),0 monolayer at 5 nm™, i.e., 0.2 nm? per TPE group. Therefore a complete
trilayer was formed in the case of the PEGi13-b-(TPE-TMC), polymer series with no bilayer
contribution as confirmed by the intensity value of UV-vis reflection spectroscopy.

Remarkably, the trilayer appeared as the limiting supramolecular structure formed at the
air/liquid interface. Further reduction of the available surface area did not allow for additional
multilayers, instead leading to solubilization of the excess PEG113-b-(TPE-TMC)20 molecules into
the bulk water, as revealed by the constant value of AR« upon further reduction of the available
surface area, see Figure 2B. Similar values were found for the PEG13-b-(TPE-TMC), polymer
series, indicating that in this case the increased length of the PEGi3 block led in all cases to a
complete trilayer structure, see S12-19. Therefore, the first kink observed for both isotherms of

PEG113 and PEGas polymers corresponds to the transition from monolayer to trilayer. A complete
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trilayer is formed for the PEG113 polymers. On the other hand, the second kink obtained for the
isotherms of the PEGus polymers indicates a rearrangement and a loss of polymer molecules into
the subphase leading to an incomplete trilayer.

The aggregation of the P(TPE-TMC) block could be monitored by following the position of the
UV-vis reflection peak at ca. 320 nm as a function of the available surface area, see Figure 2C.
The position of this peak in bulk solution showing no aggregation was Amax = 316 nm. A slight
difference with respect to the bulk solution was found with Amax at ca. 317-320 nm for the PEGus-
b-P(TPE-TMC)s monolayer at high values of available surface area. The peak shifted to Amax = 324
nm for a highly reduced surface area, indicating a significant aggregation of the TPE-TMC group.
The PEG113-b-P(TPE-TMC)20 monolayer displayed the position of the UV-vis peak overlapping
with that of the bulk solution. With a reduction of the available surface area from ca. 1 nm? to 0.45
nm? per P(TPE-TMC) block a shift to Amax= 320 nm was found. Further reduction of the surface
area to 0.15 nm? led to an increased shift to Amax= 325 nm, indicating a high degree of aggregation.

The orientation factor could be calculated from the UV-vis reflection spectra using equation (2),
displaying a value close to unity for the PEG4s-b-P(TPE-TMC)s and PEG113-b-P(TPE-TMC)y0, see
Figure 2D. A distribution of orientation of the P(TPE-TMC) block with respect to the air/liquid
interface close to a random distribution was therefore obtained, in agreement with the aggregation
and multilayered structures. A similar distribution was obtained for all amphiphilic copolymers,
see S12-19.

Computer simulations offered detailed insights in the molecular nanostructure of the PEGys-b-
P(TPE-TMC)s polymer molecules.[43] A monolayer arrangement corresponding to high values of
available surface area and a bilayer arrangement corresponding to lower values of surface area

were considered, see Figure 3. The computer simulations were based on the Molecular Dynamics
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methods, see Supporting Information for computational details. Significant differences were found

between the two arrangements. The obtained area per (PEG)ss-b-P(TPE-TMC)g molecule was

slightly reduced when comparing the monolayer to the bilayer, with values of area per molecule

of 0.62 and 0.59 nm?, respectively. This reduction in the available surface area pointed to an

enhanced ordering when multilayered structures were formed.
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H-bonding has been reported as the guiding interaction for self-assembly promoting AIE,
leading to rigid assemblies as shown by Bravo et al.[44] A decrease in the number of the average
number of H-bonds per PEGas-b-P(TPE-TMC)s molecule with reduction in the surface area was
observed, from 14.5 (monolayer) to 12.9 (bilayer). This partial loss of H-bonds pointed to a slight
dehydration related with the enhanced intermolecular interactions between the PEG4s-b-P(TPE-
TMC)s molecules. The number of H-bonds considering each monomer is comparatively lower to
bulk conditions, as expected from the crowding of the AIE polymer molecules at the
interface.[45,46] This increased interaction was additionally recorded as a decrease in the torsion
angle formed by the C=C-C(phenyl)-C(phenyl) bonds, from 58.9° (monolayer) to 55.9° (bilayer),
see Figure S20. Remarkably, the tilting angle of the mentioned torsion bond showed a lower
variation when comparing monolayer to a bilayer, with values of 112.5° and 113.5°, respectively.
Therefore, the restriction in the intramolecular movement by the increased crowding at the
air/liquid interface leading to AIE did not significantly affect the supramolecular structure.

The photoluminescence (PL) spectra of the nanostructures formed by the amphiphilic polymers
were obtained by transfer to a solid substrate.[47,48] There might be a modification of the ordering
when transferring the polymer layers from the air/water interface to the solid substrate.[49] The
2D uniformity and roughness as well as other physical features might be assessed using Atomic
Force Microscopy. Note that such study is beyond the scope of our present manuscript. The
polymer layers were transferred by the Langmuir-Schaeffer technique at 0.4 nm? per monomer
onto the silicon wafer prior to the vesicle formation. The absence of modification of the molecular
arrangement of the P(TPE-TMC) groups when transferring the polymer layers was confirmed by
the UV-vis spectra for the PEG113-P(TPE-TMC)32 polymer on the air/water interface and on glass

solid substrates, see Figure S21. The PL spectra for the PEG4s-b-P(TPE-TMC)s and PEG113-b-
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P(TPE-TMC)20 monolayers displayed AIE when the surface area reached ca. 0.4 nm? per monomer
in opposition to the low PL of the monolayers transferred at 3.0 nm? per monomer, see Figure 4.
The enhancement of the intensity of the fluorescence signal was ca. 25-fold for both cases. Note
that the PL intensity was corrected by the available surface area per molecule of amphiphilic
polymer, i.e., the enhancement of PL corresponds to AIE. The AIE was even visible by the naked

eye under UV lamp illumination (Aexc = 254 nm), see Figure 4C.
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Figure 4. AIE from self-assembled nanostructures of the amphiphilic polymers. A)
Photoluminescence (PL) spectra of PEG4s-b-P(TPE-TMC)s transferred to a quartz substrate. B)
Photoluminescence (PL) spectra of PEG113-b-P(TPE-TMC)yo transferred to a quartz substrate.
Blue line: available surface area of 0.4 nm? per polymer molecule. Black line: available surface
area of 3.0 nm? per polymer molecule. Excitation wavelength: 315 nm. C) Photographs
corresponding to the PEG4s-b-P(TPE-TMC)s and PEG113-b-P(TPE-TMC)y layers (left and right,
respectively) under lamp illumination with excitation wavelength: 254 nm. The photos were taken

for polymer layers transferred at 0.4 nm? per monomer.

3D polymersomes could be readily obtained from the 2D trilayer by simply immersing the solid

substrate in water with short application of ultrasound, see Figure 5. The application of ultrasound
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have been shown to induce assembly onto AIE-gel structures.[50] The ultrasounds led to the
detachment of the top bilayer in a similar manner to bubbling of supported lipid bilayers induced
by chemical stimuli.[S1] The two top layers of the amphiphilic polymer molecules were self-
assembled onto polymersomes in water with a hydrodynamic diameter value of 122451 nm as
measured by Dynamic Light Scattering, see Figure 5. This procedure is easily applied to all
amphiphilic polymer, as confirmed by the DLS measurements for polymersomes of PEGys-b-
P(TPE-TMC)s and PEG113-b-P(TPE-TMC)sa, see S22. This value of hydrodynamic diameter was
comparable to those found for similar fpec(Wt%), as PEGus-b-P(TPE-TMC), polymersomes
obtained by the nanoprecipitation method.[23] Lecommandoux et al. applied the nanoprecipitation
method for the similar polymer PEGus-b-P(PTMC),, but without TPE side chain in the
polytrimethylcarbonate backbone, and obtained hydrodynamic diameter values around 100 nm for
n =170 and 332.[52] The fact that here P(TPE-TMC), with comparatively shorter chains (n from
8 to 54) led to polymersomes with the similar hydrodynamic diameter values points at an enhanced
interaction between the chains driven by the TPE group. Molecular weight of the hydrophobic
blocks were comparable, with 19720 to 38512 Da for n = 170 and 332 for P(PTMC), and 4728 to
31914 Da for n = 8 and 54 for P(TPE-TMC),. Note the n-r interaction could drive the assembly
of polymer micelles.[53] The trilayer arrangement was further confirmed by contact angle

measurements, see S23.
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Figure 5. Formation of 3D AIE-polymersomes. A) Sketch of the formation process of
polymersomes from deposited multilayers. B) Distribution of hydrodynamic diameter values of
polymersomes formed from PEG113-b-P(TPE-TMC)3; obtained using Dynamic Light Scattering
measurements. C) Scanning Electron Microscopy image of polymersomes from PEG113-b-P(TPE-

TMC)32. Scale bar: 100 nm.

The dispersed polymersomes could also be observed using nanoparticle tracking analysis, see
videos at Supporting Files. When observed by scanning electron microscopy, the polymersomes
flocculated and flattened during the deposition and drying process to a final size of ca. 1.5 pum, see
Figure 5C. This procedure for on-demand synthesis of polymersomes is an experimentally simple
and fast protocol with no requirement of additional stimuli and separation techniques. Well-
defined nanostructures at the air/liquid interface led to 3D polymersomes in colloidal dispersion.
We anticipate that this process is a good candidate as a scalable and sustainable mass-production

protocol for production of AIE-polymersomes.

CONCLUSIONS
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Building on the previous knowledge on formation of AIE nanostructures [1,5,9,22], this study
provides a molecularly detailed description on the assembly and arrangement of the AIE polymers
at air/liquid interfaces. 2D nanostructures from a series of amphiphilic block copolymers PEGy,-
b-P(TPE-TMC), were achieved by using the Langmuir technique.[54] The study of the molecular
arrangement included a combination of experiments and computer simulations. AIE fluorescence
was achieved from the controlled aggregation of the TPE groups by adjusting the available surface
area, similar to the described AIE by aggregation in 3D bulk conditions.[32] The AIE was
successfully obtained by allocating a given available surface area to promote the controlled
aggregation of the TPE-containing P(TPE-TMC) block. PEGi13 polymers formed a complete
trilayer at the air/liquid interface upon the maximum degree of compression, whereas PEGas
polymers formed multilayers with a distribution between bilayer and trilayer structure. The
increase of the PEG length leads to a reduced area per polymer molecule at the air/liquid interface
as noted by the Langmuir monolayer results. This trend is probably translated to the polymersomes
and other nanostructures formed by amphiphilic copolymers using PEG as a hydrophilic block, as
demonstrated for polymersomes obtained by nanoprecipitation.[23] 3D polymersomes were easily
obtained from the 2D nanostructures by a simple application of ultrasounds. The insights include
herein provide clues on the chemical design and balance between the hydrophilic and hydrophobic
blocks when designing amphiphilic polymers for AIE self-assembled nanostructures. This work
suggests that amphiphilic AIE-polymer at the air/liquid interface may provide highly tunable

nanostructures for on-demand AIE properties.

ASSOCIATED CONTENT
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measurements and contact angle measurements. Videos of PEG113-P(TPE-TMC)32 observed by
NanoTracking Analysis setup. The following files are available free of charge:

Supporting Information (PDF)
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FIGURE CAPTIONS

Figure 1. 2D self-assembly and in situ UV-vis reflection spectroscopy of AIE polymers. A)
Molecular structure of the PEGm-b-P(TPE-TMC), polymer. B) Sketch depicting the self-assembly
of the PEGn-b-P(TPE-TMC), polymer at the air/water interface C) Surface pressure — molecular
area isotherms for the PEG4s polymer derivatives. D) Surface pressure — molecular area isotherms
for the PEG113 polymer derivatives. E) UV-vis reflection spectra of the PEGas-b-P(TPE-TMC)s

monolayer recorded from 3.7 to 0.2 nm? per TPE monomer.

Figure 2. In situ UV-vis reflection spectroscopy for the AIE-polymers at the air/liquid interface.
Top: PEGus-b-(TPE-TMC)s monolayer. Bottom: PEG113-b-(TPE-TMC)20 monolayer. A) Left:
difference normalized UV-vis reflection spectra. Right: Bulk UV-vis spectrum (black line). Inset:
values of area per P(TPE-TMC) block. B) Maximum value of intensity of UV-vis reflection. C)
Left, position of the UV-vis reflection peak (black circles). Dashed line corresponds to the peak
position for the UV-vis absorbance spectrum in bulk solution. Right, orientation factor for the TPE

groups (blue triangles).

Figure 3. Molecular dynamics simulations unravel the molecular arrangement of the AIE
polymers in mono- and multi-layer. Snapshot of the molecular dynamics simulation of the PEG4s-
b-P(TPE-TMC)s : A) monolayers and B) bilayers. Density of the P(TPE-TMC) block, PEG block

and water in g-m™ along the z-axis for the C) monolayer arrangement and D) bilayer arrangement.

Figure 4. AIE from self-assembled nanostructures of the amphiphilic polymers. A)
Photoluminescence (PL) spectra of PEG4s-b-P(TPE-TMC)s transferred to a quartz substrate. B)

Photoluminescence (PL) spectra of PEG113-b-P(TPE-TMC)yo transferred to a quartz substrate.
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Blue line: available surface area of 0.4 nm? per polymer molecule. Black line: available surface
area of 3.0 nm? per polymer molecule. Excitation wavelength: 315 nm. C) Photographs
corresponding to the PEG4s-b-P(TPE-TMC)s and PEG113-b-P(TPE-TMC)yo layers (left and right,
respectively) under lamp illumination with excitation wavelength: 254 nm. The photos were taken

for polymer layers transferred at 0.4 nm? per monomer.

Figure 5. Formation of 3D AIE-polymersomes. A) Sketch of the formation process of
polymersomes from deposited multilayers. B) Distribution of hydrodynamic diameter values of
polymersomes formed from PEG113-b-P(TPE-TMC)s; obtained using Dynamic Light Scattering
measurements. C) Scanning Electron Microscopy image of polymersomes from PEG113-b-P(TPE-

TMC)32. Scale bar: 100 nm.
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TABLES

Table 1. Chemical composition of the (PEG)m-b-P(TPE-TMC), derivatives.

PEGys-b-P(TPE-TMC),

Polymer name Mn? PDIP freG (%0)*
PEGas-b-P(TPE-TMC)s 6800 1.34 29
PEGys-b-P(TPE-TMC)1o 8100 - 25
PEGus-b-P(TPE-TMC)13 9600 1.35 21
PEGu4s-b-P(TPE-TMC)a2s 17100 - 12
PEGys-b-P(TPE-TMC)32 20900 1.44 9.6

PEGi13-b-P(TPE-TMC),

Polymer name Mn? PDIP freG (%0)*
PEG113-b-P(TPE-TMC)13 12700 1.47 39
PEGi113-b-P(TPE-TMC)2o 17100 1.36 29
PEG113-b-P(TPE-TMC)3; 23900 1.37 21
PEG113-b-P(TPE-TMC)4s 31400 1.47 16
PEG113-b-P(TPE-TMC)s4 37000 1.44 13.5

aThe number-average molecular weight (Mn) and the hydrophilic weight ratio (over the total
copolymer) (frec) of the copolymer were determined by 'H NMR spectroscopy.

°PDI = Mw/Mn; Mw and Mn here were measured by size exclusion chromatography using THF
as eluent and monodispersed polystyrenes as calibration standards.
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