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Abstract: An in-depth understanding of dynamic interfacial
self-assembly processes is essential for a wide range of topics in
theoretical physics, materials design, and biomedical research.
However, direct monitoring of such processes is hampered by
the poor imaging contrast of a thin interfacial layer. We report
in situ imaging technology capable of selectively highlighting
self-assembly at the phase boundary in real time by employing
the unique photophysical properties of aggregation-induced
emission. Its application to the study of breath-figure forma-
tion, an immensely useful yet poorly understood phenomenon,
provided a mechanistic model supported by direct visualiza-
tion of all main steps and fully corroborated by simulation and
theoretical analysis. This platform is expected to advance the
understanding of the dynamic phase-transition phenomena,
offer insights into interfacial biological processes, and guide
development of novel self-assembly technologies.

Spontaneous interfacial self-assembly processes, which have
been captivating minds of scientists and artists for decades
because of their ubiquity, fundamental roles in nature, and
aesthetic appeal, still remain a topic of active research.!!
Numerous novel materials and applications have been
explored, and deep insights into the mechanisms of self-
assembly have been gained from the examination of static
systems. Now, the greatest challenges, and opportunities, lie in
the study of the highly dynamic interfacial layers.”) Contin-
uous interaction between phases and the dynamic nature of
interfacial transformations, however, make study of such
systems challenging, requiring access to both temporal and
spatial dimensions. A number of attempts have been made to

directly examine interfacial phenomena in real time by
microscopy-based techniques,”! but all the methodologies
reported to date suffer from their own intrinsic limitations.
Development of a versatile technology capable of monitoring
the interfacial dynamic self-assembly processes in real time
promises to open new opportunities for interrogation of an
“interfacial world”.

Herein, we present a real-time fluorescence imaging
platform that employs the unique phenomenon of aggrega-
tion-induced emission (AIE) for direct visualization of the
dynamic interfacial evolution. Conventional fluorescent
probes are, in general, poorly suited for the interrogation of
fine interfaces because of nonselective fluorescence emission
from both the phase boundary as well as the bulk solution. In
contrast, AIEgens, such as tetraphenylethene (TPE) and its
derivatives (Figure 1a),” are nonluminescent when dissolved
in the solution and become highly emissive when aggre-
gated.! Such behavior stems from the competition between
radiative and nonradiative energy dissipation mechanisms
(Figure 1b). As the AIE mechanism of restriction of intra-
molecular rotation (RIR) occurs at the level of individual
AlE-active units, quenched-to-emissive state transitions are
solely defined by the characteristics of AIEgens regardless of
the size of aggregates or proximity of AIE-active groups, thus
facilitating high-contrast imaging of the thin phase-boundary
layer with conventional fluorescence microscopy (Figure 1c¢)
and providing a selective tool for real-time monitoring of
interfacial dynamic self-assembly.

For this study, a hyperbranched polymer PI consisting of
TPE incorporated into the repeating units of polytriazine (see
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Figure 1. a) Chemical structure of tetraphenylethene (TPE)-based AIE
probe. R is a side group of an AlEgen that conveys selective solubility
of the probe in one phase of an interfacial system. b) Emission
enhancement by the restriction of intramolecular rotation (RIR)
mechanism in AlE-active probes. When fully dissolved, the TPE phenyl
rings rotate freely, dissipating the energy upon excitation in the form
of heat and thus quenching fluorescence. Phase transition and probe
aggregation, in turn, activate the RIR process of the phenyl rings,
promoting energy dissipation by emission and dramatically increasing
fluorescence intensity of AlEgens. c) Schematic of AlE-based imaging
technology for real-time monitoring of the interfacial processes. In the
“soluble " phase, AlE-active probes remain non-emissive under
external excitation. At the phase boundary, in contrast, probes meet
the “insoluble” phase and exhibit high fluorescence because of the RIR
process.

Figure S1 in the Supporting Information) was synthesized by
the polycyclotrimerization of a TPE-containing dinitrile
(Scheme 1)." Being hydrophobic, PI dissolved well in organic
solvents and lacked photoluminescence, but formed fluores-
cent nanoaggregates® with characteristic absorption and
emission profiles when exposed to an aqueous environment
(Figure 2). The photoluminescence intensity was linearly

CN

CF3S03H/0-DCB N—
room temperature N=

Scheme 1. Synthesis of the hydrophobic TPE-based hyperbranched
polymeric AlE-active probe Pl by polycyclotrimerization. TPE = tetra-
phenylethene, 0-DCB = o-dichlorobenzene.
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Figure 2. a) Absorbance (solid line) and photoluminescence (PL) spec-
tra (dashed line) of Pl nanoaggregates. b) Relationship between the PL
intensity and the fraction of an “insoluble ” solvent (water) in THF/
water mixture. | =fluorescence intensity of Pl in THF /water mixtures.
ly=fluorescence intensity of Pl in THF. Pl concentration: 1 mgmL™".
Excitation wavelength: 310 nm. Inset: Pl solutions in THF (left) and
THF /water mixture with 95 % water (right) under UV illumination.

proportional to the PI concentration in the range 0.1-
7mgmL~"' (Figure S2), thus demonstrating the direct rela-
tionship between the number of TPE units and the amount of
fluorescence produced.

Fast and sensitive transition of TPE to a highly emissive
state enabled use of PI and a hydrophilic TPE derivative PII
for selective real-time imaging of dynamic interfacial pro-
cesses in liquid/liquid systems, such as oil-in-water micro-
emulsion®® (Figure S3 in the Supporting Information), and
liquid/air systems, such as coffee-ring formation” (Figures S4
and S5). In comparison to conventional AIE-inactive fluo-
rophores, the contrast was dramatically enhanced with these
AIE probes because of selective activation of fluorescence by
RIR at the interface.

We took advantage of the new capabilities provided by
the AIE imaging platform, and applied this technique to
untangling one of the most intriguing interfacial self-assembly
puzzles, namely breath-figure formation.'”! Despite being
widely used in design of new materials, the mechanism of
breath-figure formation remains unclear,"!! with optical
microscopy producing only limited insights, mostly because
of poor imaging contrast."”’ AIE-active probe PI, in turn,
could serve as both the structural material for breath figure
pattern fabrication and an optical probe for high-contrast
monitoring of the self-assembly process. Casting of a chloro-
form solution of PI onto a glass slide under humid airflow
(Figure 3a) produced characteristic honeycomb-like porous
arrays that could be examined with SEM (Figure 3b and
Figure S6 in the Supporting Information) as well as optical
microscopy (Figure S7), thus confirming the ability of PI to
form highly fluorescent breath figures.

The four main steps in breath-figure formation (Fig-
ure 3¢) were elucidated by monitoring AIE signal develop-
ment by fluorescence microscopy (Figure 3d) and macro-
scopically under a UV lamp (Figure 3e). In step 1, small water
droplets (200-300 nm, Figure S8a in the Supporting Informa-
tion) nucleated on the surface of PI/chloroform solution; yet,
no fluorescence could be observed (Figure S8b), thus suggest-
ing that PI was well dissolved during this period, and no
detectable PI aggregates at the water/oil interface had yet
formed. However, in step2, water droplets with weak
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Figure 3. a) Schematic of breath-figure formation. b) Representative
SEM images of the ordered porous Pl film formed by breath figures.

¢) Schematic of the four main steps of breath figures observed with

in situ AIE imaging. d) Fluorescence microscopy images taken during
the breath-figure formation corresponding to steps 1-4. The inset in
step 4 shows an enlarged ordered cloverlike fluorescent pattern (yellow
arrow). Scale bar: 3 um. e) Representative progressing frames showing
macroscopic evolution of emission signal during steps 1-4 of the
breath-figure formation process.

fluorescence started appearing when the droplets stopped
growing and finished assembling into ordered arrays. It is
hypothesized that during step 1 water droplets form partial
water/oil and water/air interfaces and undergo simultaneous
growth and self-assembly into ordered hexagonal arrays on
the PI/chloroform surface. Growing surface energy of the
water/air interface then leads to spontaneous encapsulation of
water droplets with a thin PI/chloroform layer in step 2
followed by fast chloroform evaporation, enrichment, and
aggregation of PI at the interface,"” and development of
a weak AIE fluorescence signal around water droplets (step 2
in Figure 3¢,d,e). Additionally, AIE imaging results provide
direct evidence for a potential mechanism underlying size
uniformity of pores, thus suggesting that a thin polymer film
featuring outstanding surfactant-like properties® likely sta-
bilizes the shape and size of water droplets and prevents
further droplet growth and coalescence.

In step 3, upon further evaporation of the chloroform, the
film encapsulated on water droplets started bursting in
different directions (step 3 in Figure 3c,d,e). Meanwhile,
highly emissive material enrichment around the edges of
bursting gaps could be observed (Figure S8c in the Supporting
Information), thus implying deposition of PI to the liquid/air
interface. Hypothetically, during the initial stage of step 3,
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faster solvent evaporation at the gap boundary could result in
local drop in temperature and create Marangoni flows within
the PI/chloroform layer encapsulating water droplets that
preferentially carried PI probes to the edges of bursting gaps,
to yield faster local enhancement of PI fluorescence.'”
Following gap expansion and pore formation, evaporation
of the solvent between the water droplets likely contributed
to further PI enrichment around the pores of forming breath
figure through an analogous mechanism.

Finally, in step 4, when the water has completely evapo-
rated, ordered highly emissive porous arrays were formed
(Step 4 in Figure 3c,d,e, and Figure S8d in the Supporting
Information). Interestingly, “cloverlike ” fluorescent patterns
could be observed around the neighboring pores, which is
consistent with the notion of preferential PI deposition within
the junction of three nearby droplets. Notably, similar breath
figures could be prepared with a linear AIE-active polymer
PHI (Figure S9a) and with PI-doped high-molecular-weight
polystyrene (Figure S9b).

AIE imaging highlighted the critical role of water droplet
encapsulation by a thin polymer layer followed by its rupture
and expansion in breath figure self-assembly. To gain a deeper
understanding of these results, we performed a basic theo-
retical analysis and computer simulation. Analysis of the
polymer film stability and rupture was based on the hypoth-
esis that following thin-film encapsulation of the water
droplets, a differential pressure AP induced by the surface
tension of the top layer across the meniscus developed.!”! In
order for the film to rupture and breath figure pores to form,
AP must exceed the critical differential pressure AP, of the
polymer film.['") Taking literature values for a commonly used
breath figure polymer, polystyrene,*!”! model curves of AP
versus R and AP, versus R were constructed (Figure S10a in
the Supporting Information), where R was the radius of
encapsulated water droplets. Examination of (AP—AP,)
versus R relationship (Figure S10b) showed that the bursting
pressure reached its maximum for droplets with a radius of
about 880 nm and dropped rapidly with increasing droplet
size, thus providing a potential explanation for why it is
extremely challenging to prepare breath figures with pore
radius less than 500 nm or larger than 10 pm.*!

A computer simulation using the Monte Carlo method
was employed to gain insights into inhomogeneous PI enrich-
ment around the gap edges during the gap bursting process.
Water, chloroform, and air were considered as the constitu-
ents of simulation cells, which “walk ” across the map through
four processes: evaporation, tension, gravity, and thermal
motion (Figure S11-S13, Table S1, and Movie S1 in the
Supporting Information). Simulation showed that the thick-
ness of the chloroform film (Figure 4, red units) on water
droplets (Figure 4, gray units) decreased continuously during
the solvent evaporation. Then, the combined effect of four
processes led to a PI/chloroform layer burst followed by
a continuous increase in the gap size. Faster evaporation
produced a relative decrease in temperature at the surface
and edge of the burst gap (Figure 4, blue pixels), which, in
turn, created a temperature gradient and an associated
capillary flow inside the solvent (chloroform) units, thus
transporting the AIE probe units to the edge of the bursting
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Figure 4. Simulation of the dynamic bursting process. Fast solvent
evaporation from the Pl/chloroform layer encapsulating water droplets
(a) leads to local temperature drop and induced capillary flow toward
this region (b), eventually resulting in Pl probe enrichment, aggrega-
tion, and emission around the edges of the bursting gap (c).

gap. The AIE probe units homogenously distributed inside
the solvent units (yellow), accumulated on the edge of the
gap, thereby increasing the localized probe concentration.
When the concentration exceeded the threshold (70 probe
units), the AIE effect was activated (as indicated by cyan
color). Thus, simulation results highlighted the profound role
of the combined effect of evaporation, tension, gravity, and
thermal motion in accumulation of material at the burst gap
edge and, eventually, around the breath figure pores.

In conclusion, a simple and versatile AIE imaging plat-
form has been developed for the monitoring of various
interfacial dynamic self-assembly phenomena. A series of
complex interfacial processes, including microemulsion,
coffee-ring, and breath figure evolution, have been directly
visualized by the AIE-active probes in real time. Taken
together with theoretical modeling and simulation, AIE
imaging results have provided, for the first time, direct
evidence for main steps in the formation of breath figures. In
comparison to conventional real-time imaging modalities,
AIE imaging technology is simple yet highly specific and
sensitive, offering a clear view into the “interfacial world”
with ultralow background signal. We envision that AIE
imaging platform will become a powerful tool for advancing
a deeper understanding of the dynamic phase-transition
phenomena, offering new insights into complex biological
processes, and guiding development of novel self-assembly
technologies.
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