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Abstract: With the interfacial jamming of nanoparticles (NPs),
a load-bearing network of NPs forms as the areal density of
NPs increases, converting the assembly from a liquid-like into
a solid-like assembly. Unlike vitrification, the lineal packing of
the NPs in the network is denser, while the remaining NPs can
remain in a liquid-like state. It is a challenge to determine the
point at which the assemblies jam, since both jamming and
vitrification lead to a solid-like behavior of the assemblies.
Herein, we show a real-time fluorescence imaging method to
probe the evolution of the interfacial dynamics of NP
surfactants at the water/oil interface using aggregation-induced
emission (AIE) as a reporter for the transition of the assemblies
into the jammed state. The AIEgens show typical fluorescence
behavior at densities at which they can move and rotate.
However, when aggregation of these fluorophores occurs, the
smaller intermolecular separation distance arrests rotation, and
a significant enhancement in the fluorescence intensity occurs.

The assembly of functional materials at liquid/liquid inter-
faces promises new opportunities in designing reconfigurable
smart materials that are responsive to external stimuli.[1]

Nanoparticles (NPs) have been widely used to stabilize
emulsions such as Pickering Emulsions. Recent studies have
shown that functionalized NPs, dispersed in water, can
assemble at the interface with a hydrophobic organic solution,
containing ligands with complementary functionality, to form
NP surfactants (NPSs).[2] With NPSs, the ligands anchor to the
NPs, markedly increasing the binding energy of the NPs to the
interface, such that, when compressed, the NPS assembly will

jam at the interface.[3] This jamming can then be used to lock-
in non-equilibrium shapes of the aqueous phase.[4] The
jamming process, key to the structuring of liquids, occurs as
the shape of the liquid phase changes to minimize the
interfacial energy, increasing the areal density of the NPSs,
leading to a jamming of the NPSs where a percolated pathway
of NPSs forms that can support a load.[5] Unlike vitrification,
with jamming motion of the NPSs are arrested. While we
understand the mechanism underlying the structuring of
liquids, developing a means to isolate and monitor the point at
which jamming occurs, that is, the point at which shape
changes to the liquids be locked-in, are essential for the
molding or three-dimensional (3D) printing of one liquid in
another and to the development of all-liquid devices.[6] There
are no prior reports on the direct visualization of jamming at
liquid–liquid interfaces. For systems absent liquids, TEM
tomography is possible, but is time-intensive, and real-time
measurements are not possible. For colloidal system, laser
scanning confocal microscopy is possible, but isolating the
specific colloids involved in the jamming process is not
possible. For 2D assemblies, scanning probe microscopy is
possible on static assemblies, but due to the scanning time and
image analysis time, real-time measurements, in situ are not
possible. Consequently, the method of fluorescence imaging
based on aggregation induced emission (AIE) molecules fills
a gap. The system self-selects the elements involved in the
jamming and, hence, in providing the excess fluorescence
emission and the massive increase in the fluorescence
intensity characteristic of AIEgens provides the sensitivity
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needed for a molecular reporting of some, but not all, of the
chromophores assembled at the interface. In addition, the
measurements are simple, can be done in situ and in real time,
and the signal arises only from those AIEgens that are
jammed.

A unique route by which the state of interfacial aggrega-
tion can be independently addressed is by use of AIE, a term
introduced and popularized by Tang et al.[7] Numerous
AIEgens with tetraphenylethene (TPE) as a building block
have been developed to harness their responsive optical
properties.[8] If we use a water soluble TPE-based derivative
functionalized with carboxylic acid units that is dispersed in
water as a functionalized NP, then, in contact with an oil, in
which amine-functionalized ligands are dissolved, the electro-
static interactions between the TPE-based AIEgens and the
ligands result in the formation of NPSs, significantly increas-
ing the binding energy of the AIEgens at the interface. In
solution, the phenyl rings of the TPE-based AIEgen deriv-
ative can rotate freely, dissipating energy upon excitation by
thermal decay, quenching fluorescence.[9] If the assemblies of
AIEgens at an interface are liquid-like, a similar quenching
occurs and only the inherent fluorescence of the AIEgen is
seen. However, when the areal density of the interfacial
assembly of the NPSs containing the TPE-based AIEgen
derivative and ligand increases, as the system drives to reduce
the interfacial area or interfacial energy, the separation
distance between the NPSs decreases until the assembly
jams, arresting a further decrease in the interfacial area,
locking in the shape of the liquid. At the point of jamming, the
interfacial assembly is a 2D aggregate and the interactions
between adjacent TPE-based AIEgen surfactants restrict the
motion of the phenyl rings and promote energy dissipation by
emission, dramatically increasing the fluorescence. This can
easily be detected by fluorescence microscopy, providing
a molecular reporter of interfacial jamming.

Here, we demonstrate a real-time fluorescence imaging of
the formation, assembly and dynamics of NPSs at the water/
oil interface as the AIEgens undergo a transition from
a liquid-like packing at the interface with a characteristic
fluorescence intensity that reaches a maximum value as an
increasing number of NPSs assemble at the interface, to an
increased fluorescence level when a percolated pathway of
the jammed NPSs exhibit AIE. For this study, a water-soluble
nanometer-size TPE derivative, 2,2’,2’’,2’’’,2’’’’,2’’’’’,2’’’’’’,2’’’’’’’-
((4’,4’’’,4’’’’’,4’’’’’’’-(ethene-1,1,2,2-tetrayl)tetrakis([1,1’-
biphenyl]-3,5-dicarbonyl))octakis(azanediyl))octaglutaric
acid (referred to as TPE-OA, Scheme 1), containing 16
carboxylic acid groups, was designed and synthesized. As
shown in Scheme 2c, TPE-OA-based AIEgen surfactants can
be formed in situ at the water/oil interface by electrostatic
interactions between TPE-OA and aminoethylaminopropyl
isobutyl polyhedral oligomeric silsesquioxane (referred to as
POSS-NHNH2, chemical structure shown in Scheme S1)
dissolved in an oil phase. Without the amine functionalized
ligands in the oil phase, the AIEgen will not assemble at the
interface but, rather, are repelled from the inherently
negatively charged water/oil interface.[10] POSS-NHNH2

shows strong interfacial activity, significantly reducing the
interfacial tension, acting as a surfactant, and assembles at the

oil/water interface, as shown in Scheme 2a. The TPE-OA-
based AIEgen then diffuses to the interface and interacts with
the POSS-NHNH2 to form the NPSs (Scheme 2 b,c). As the
interfacial area decreases to reduce the interfacial energy, the
TPE-OA-based surfactants can either detach from the inter-
face or remain at the interface depending on the binding
energy. When the binding energy is too small, the TPE-OA-
based lumogen will be ejected from the interface under
compression, causing the fluorescence from the interface to
have a value characteristic of a monolayer at the interface,
and the liquid assumes a spherical shape, the shape with the
smallest interfacial area for a given volume. As the binding
energy increases, the TPE-OA-based lumogens are held at the
interface under compression, the areal packing density
increases to the point where a percolated pathway of NPSs
forms that can support a load, that is, the NPSs jam, and an
increase in the fluorescence is seen as the AIE occurs for the

Scheme 1. a) Chemical structure of the functionalized TPE-OA lumo-
gen used in this study, and b) DFT molecular simulation structure of
the TPE-OA showing the dimensions of the molecule.

Scheme 2. a) Assembly of POSS-NHNH2 at the oil/water interface.
b) The TPE-OA-based AIEgen diffuses to the interface. c) Formation of
NPSs between TPE-OA and POSS-NHNH2 with a low amount of TPE-
OA at the interface, causing an increase in fluorescence due to
increased local concentration. d) AIE as the TPE-OA lumogens at the
interface come into close enough contact to stimulate emission.
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jammed NPSs, as schematized in Scheme 2d. The interfacial
assemblies of the TPE-OA-based surfactants (NPSs) was
investigated by the wrinkling of droplets under compression,
in situ atomic force microscopy (AFM), the printing of all-
liquids 3D structures, and laser scanning fluorescence con-
focal microscopy (LSFCM).

The synthesis of TPE-OA is shown in the supporting
information (SI). To build a water-soluble nanometer-size
TPE-cored AIEgen, a key intermediate, TPE-1, was synthe-
sized by the Suzuki reaction between the phenyl group having
two methoxycarbonyl end-capping substituents, and 1,1,2,2-
tetrakis(4-bromophenyl)ethane. To increase the negative
charges, TPE-1 was modified with a dendritic ligand by
sequential hydrolysis, amidation, and hydrolysis reactions to
produce TPE-OA having 16 carboxylic acid groups. The
negative charges on the outer layer of TPE-OA increase the
solubility of TPE-OA in water and prevents its aggregation.
The detailed procedures and characterization data are given
in SI. The size of the TPE-OA is 1.9 � 2.6 � 2.7 nm3, as shown
in Scheme 1 b.

The pH-dependence of the fluorescence was measured to
understand the influence of TPE-OA ionization in water on
aggregation. Figure 1a shows a series of TEP-OA solutions in
water as a function of pH and, in Figure 1 b, the corresponding
fluorescence emission spectra. At a pH of 3.66, the TPE-OA
solution emits strongly in the blue at a wavelength of
maximum emission of lmax� 484 nm. When the pH is
increased to approximately 5.44, the photoluminescence
(PL) intensity dramatically decreases and shifts to the red,
with a peak wavelength of lmax� 514 nm. This change in the
fluorescence results from the deprotonation of TPE-OA to
form negative ions and increasing its solubility in water. With
the increased solubility, the intense AIE fluorescence is lost
due to the increase in the separation distance between the
AIEgens and increased intramolecular rotations. The PL
intensity decreases slightly with a further increase in the pH
value. AIE properties and fluorescence quantum yield of
TPE-OA were further investigated in Figures S3–S5.

The dependence of the interfacial tension (g) on pH was
measured using pendant drop tensiometry with droplets of
aqueous TPE-OA solutions suspended in silicone oil solutions
of POSS-NHNH2. For the pure water and pure silicone oil
interface, g is approximately 42.0 mNm�1, as shown in
Figure S6. With only TPE-OA (0.1 gL�1, pH 5.44), g is
approximately 40.7 mNm�1, indicating essentially no interfa-
cial activity of TPE-OA at this pH, due to the inherent
negative charge of the water/silicone oil interface.[10] With
only POSS-NHNH2 (0.01 gL�1), g decreases to approximately
30.0 mNm�1, indicating that POSS-NH2

+NH3
+ behaves like

a surfactant, segregating to the water/silicone oil interface. At
a pH of 7.68 for POSS-NHNH2 (0.005 g L�1) in silicone oil
against TPE-OA (0.1 gL�1) in water, g gradually decreases to
approximately 37.5 mNm�1 after 2100 s and then decreases
more rapidly to 30.8 mNm�1 after about 2400 s (Figure 2a).
Similar behavior is seen with decreasing pH with the distinct
difference that, with decreasing pH, the point at which the
rapid drop in g occurs shifts to shorter times of approximately
1800, 1500 and 1000 s for pH values of 6.5, 5.44 and 5.08,
respectively. With a further decrease in the pH to 3.66, g

decreases very rapidly to about 36 mNm�1 and then gradually
decreases to approximately 30 mNm�1 after 1300 s and then
begins to decrease more rapidly. These time evolutions of g

reflect the electrostatic interactions between POSS-NHNH2

and TPE-OA at the water/oil interface and the strength of
these interactions. With decreasing pH value the degree of
protonation of the POSS-NHNH2 to POSS-NH2

+NH3
+

increases, increasing its interfacial activity, leading to the
initial gradual decrease in g. With the increasing degree of
protonation, come the increase in the electrostatic interac-
tions with the TPE-OA to form essentially a TPE-OA: POSS-

Figure 1. a) Photographs of TPE-OA (0.1 g L�1) in aqueous solutions at
different pH values under 365 nm UV illumination. b) Fluorescence
spectra of TPE-OA (0.1 gL�1) in aqueous solutions at different pH
values (lex = 350 nm).

Figure 2. a) The pH-dependent interfacial assembly of TPE-OA
(0.1 g L�1) in water against POSS-NHNH2 (0.002 gL�1) in silicone oil.
b) Time–evolution of the interfacial tension of TPE-OA (0.1 g L�1,
pH 5.44) in water against POSS-NHNH2 in silicone oil at different
concentrations (gL�1).
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NH2
+NH3

+ surfactant with an increased interfacial binding
energy, as evidenced by the ability of these assemblies to
wrinkle upon compression, as discussed later. At a pH of 3.66,
the TPE-OA, as evidenced from the fluorescence, should
aggregate in the water phase to form an AIEgen and it is
AIEgen that interacts with the POSS-NH2

+NH3
+ assembled

at the interface. Since these entities are larger, effectively
NPs, they will affect a larger reduction in g initially, since
multiple POSS-NH2

+NH3
+ will interact with one of these

aggregates, forming NPSs, with even higher binding energies.
It is apparent that the assembly dynamics changes when the
pH decreases to a point where the TPE-OA can aggregate.
Figure 2b shows the time evolution of g with TPE-OA in the
water solution and POSS-NHNH2 in the silicone oil solution
at a pH of 5.44, where the concentration of POSS-NHNH2

was varied. g decreases with increasing POSS-NHNH2 con-
centration. At the lowest POSS-NHNH2 concentration
(0.0001 gL�1), g decreases slightly to 39.5 mNm�1 and
remains relatively constant, due to the low concentration of
POSS-NH2

+NH3
+ at the interface. As the concentration of

POSS-NHNH2 is increased, clear evidence is seen for the
increased segregation of POSS-NH2

+NH3
+ to the interface by

the initial increased rate of reduction in g and then, the
increased interactions between POSS-NH2

+NH3
+ and TPE-

OA, as evidenced by the more rapid decrease in g after
approximately 2000, 1800, 800 and 500 s for POSS-NHNH2

concentrations of 0.001, 0.002, 0.003 and 0.004 g L�1, respec-
tively. This reflects the availability of POSS-NH2

+NH3
+ at the

interface to interact with the TPE-OA to form a NPSs. For
POSS-NHNH2 concentrations of 0.003 gL�1 or higher, the
interactions between the TPE-OA16� and POSS-NH2

+NH3
+

are so strong that a self-wrinkling of the assembly on the
surface of the droplet is evident (Figure S8). The only way
that this self-wrinkling can occur is that, after the surface of
the droplet is saturated, additional TPE-OA-based AIEgen
surfactants form and assemble at the interface, crowding the
already saturated interface, forcing an out-of-plane deforma-
tion of the assembly, that is, wrinkling and buckling of the
assembly since the surface area of the drop is fixed. The ratio
of the volume at which wrinkling is observed in comparison to
the initial volume, Vw/Vi, serves as an approximate measure of
the initial coverage of the interface. Figure S9 shows that the
surface coverage increases with the increase time, reflecting
the formation and assembly of the TPE-OA-based AIEgen
surfactants over time. The self-wrinkling behavior of the
assemblies on the droplet surface was visualized using in situ
AFM, as shown in Figures S11–S16, where the topography of
the interfacial assembly reflects the wrinkling behavior.

We took advantage of the rapid TPE-OA-based AIEgen
surfactant formation and assembly at the interface by printing
liquid-in-liquid structures as shown in Figure 3a where
a serpentine structure of TPE-OA (0.1 gL�1, pH 6.50) was
printed in a POSS-NHNH2 (5.0 gL�1) silicone oil (viscosity
60000 cSt) solution. A strong blue fluorescence under 365 nm
UV illumination is evident due to the jamming of the TPE-
OA-based AIEgen surfactants at the interface (Figure 3b).
Absent POSS-NHNH2, TPE-OA-based AIEgen surfactants
do not form, and only spherical domains with weak fluores-
cence are seen (Figure S17).

The formation and assembly of the TPE-OA-based
AIEgen surfactants at the interface could be directly visual-
ized by LSFCM. As shown in Figure 4a and Video S1, when
a water droplet containing TPE-OA (0.1 g L�1, pH 6.50) is
placed in a solution of POSS-NHNH2 (1.0 gL�1) in silicone
oil, the interface is difficult to see initially, due to the weak
fluorescence of TPE-OA. After 10 min (Figure 4b), a weak
fluorescence at the interface is observed, as POSS-NH2

+NH3
+

electrostatically interacts with TPE-OA16� at the interface to
form the NPSs. With increasing the time (Figure 4c–f), the
fluorescence intensity at the interface increases. The fluores-
cence intensity appears to level off after about 60 min and
then, begins to increase again and then decrease slightly. This
is more evident when the time-dependence of the fluores-
cence intensity integrated over the interface is examined, as
shown in Figure 4g. The fluorescence intensity increases as
the TPE-OA interacts with the POSS-NH2

+NH3
+ assembled

at the interface to form the NPSs up to a point where the
interface is saturated. Here, the assemblies are still liquid-like
and the fluorescence intensity only arises from the individual
TPE-OA molecules that are located at the interface. Con-
sequently, after 60 min, the interface saturates and the
fluorescence intensity reaches a plateau. With increasing
time, more TPE-OA can interact with the POSS-NH2

+NH3
+,

due to the diffusive motions of the molecules assembled at the
interface, leading to an in-plane crowding and jamming of the
TPE-OA: POSS-NH2

+NH3
+. The percolated networks forced

during the jamming forces a limited number of the TPE-OAs
to be close enough to give rise to AIE and, hence an increase
in the fluorescence intensity. If all the TPE-OAs were
involved, a much greater increase in the fluorescence
intensity would be observed.

The modest increase reflects only the TTPE-OA: POSS-
NH2

+NH3
+ involved in the jamming and, hence, reports on

the jamming process. Since changes to the interfacial area are
locked-in due to the jamming, the florescence intensity does
not increase further but, rather, remains constant. With
increasing time, some of the fluorescent molecules are
photobleached and the fluorescence intensity begins to
decrease (Figures S19 and S20). As shown in Figures 5 and
S21 and Video S2, interfacial jamming can easily be detected

Figure 3. 3D-printed all-liquid systems. a) The sigmoidal structure was
made by manual printing of TPE-OA (0.1 gL�1, pH 6.50) in POSS-
NHNH2 (5.0 g L�1) silicone oil (viscosity 60 000 cSt) solution. Scale
bar: 1 cm. b) Image of (a) under 365 nm UV illumination.
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by a marked increase in the fluorescence when the volume of
a pendant drop is decreased by withdrawing the aqueous
solution into the needle. As the volume decreases, interfacial

area decreases, causing the jammed assembly to wrinkle and
fold. When the assembly wrinkles, no significant increase in
the fluorescence intensity is seen. However, when the
assembly buckles and folds, the AIEgens are forced closer
together in the folds and a dramatic increase in the
fluorescence intensity is seen in the folds, highlighting the
folds in a very dramatic manner, even on the tip of the needle.

In conclusion, a molecular reporter for visualizing inter-
facial jamming based on an AIE platform has been devel-
oped. A water-soluble TPE derivative TPE-OA containing 16
carboxylic acid groups was designed and successfully synthe-
sized, with AIE characteristics. TPE-OA-based AIEgen
surfactants can be formed in situ at the water/oil interface
through electrostatic interactions between TPE-OA and
POSS-NHNH2. The formation and assembly of the AIEgen
surfactants could be monitored in real time by g and
fluorescence intensity, with AIE serving as a reporter as to
when jamming of the assemblies occurred. The PL intensity at
the interface increases with increasing assembly time, indicat-
ing that increased formation and assembly of TPE-OA-based
AIEgen surfactants. The binding energy of the NPSs is
sufficiently high to withstand compressive forces, as evi-
denced by the wrinkling behavior observed during a reduction
in the volume of the droplet. Consequently, the NPSs
assemblies can jam and lock-in shape changes of the liquid
phases. In comparison to conventional electron microscope
imaging and fluorescence imaging based on traditional
chromophores, the TPE-OA-based AIEgen NPS provide
a unique means with highly sensitive and contrast to monitor
interfacial assembly, and the interfacial jamming of the
assemblies.
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