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ABSTRACT: Utilizing nonplanar conjugated molecules as building
blocks facilitates the development of self-assembly but is fundamen-
tally challenging. To study the self-assembly behavior, we herein
demonstrate the self-assembly process of a nonplanar conjugated
molecule with aggregation-induced emission (AIE) feature from an
isolated molecule to an irregular cluster to a well-defined vesicle
driven by amphiphiles. The superhigh aggregation-sensitive emission
affords more precise and detailed information about the self-assembly
process than traditional dyes. Meanwhile, the arrangements of the
AIE-active molecule change from disordered to well-organized forms
by reducing the twisted configuration during the transformation
process, and the strong hydrophobicity of amphiphiles is crucial for such configuration and morphology transformations.
Owing to the thermophilic bacteria-mimetic membranes, the obtained vesicles exhibit a property of superhigh thermal
stability. They also display promising light-harvesting applications. This work not only deciphers the self-assembly of AIE
molecules but also provides a strategy for nonplanar molecules to build well-organized self-assemblies.
KEYWORDS: aggregation-induced emission, self-assembly, nonplanar, vesicles, thermostable

INTRODUCTION
Nonplanar conjugated molecules present a large class of
conjugated molecules with highly twisted or bent conforma-
tions.1−6 They usually exhibit impressive performances in
luminescence, electronics, and chirality that are obviously
different from traditional planar conjugated molecules.7−14

However, nonplanar conjugated molecules are rarely exploited
as building blocks for self-assembly because their nonplanar
configurations spatially prevent the intermolecular orientation
and stacking, often resulting in disordered or amorphous
architectures. In addition, although some self-assemblies have
been successfully constructed by nonplanar conjugated
molecules, the related self-assembly principles still remain
unclear.15−18 Therefore, to extend the building blocks of self-
assembly and prompt the development of material science,
investigating the self-assembly behaviors of nonplanar
conjugated molecules is supremely significant.
A noteworthy feature of nonplanar conjugated molecules is

the altered molecular conformations upon aggregation, which
always induces prominent variation to luminescence, such as
intensity and wavelength.19−26 The special examples are
aggregation-induced emission (AIE)-active molecules that
have twisted configurations. They display fantastic aggrega-
tion-sensitive emission resulting from the restrained intra-

molecular motions.27−31 Compared with the dispersed state,
the intensity of aggregates can be enhanced hundreds of times,
which is definitely opposite to the aggregation-caused
quenching (ACQ) effect of traditional dyes.32−35 Such distinct
nature in fluorescence endows AIE-active molecules with great
possibilities for the precise and detailed information on the
self-assembly process, including molecular configurations,
orientations, and intermediates.36−38 This could be used as a
quite simple and promising approach of fluorescence
spectrometry for in-depth insights into the self-assembly
behaviors of nonplanar conjugated molecules.
Herein, we investigated the self-assembly process of AIE-

active molecules from dispersed molecules to vesicular
structures based on demonstrating the coassembling behaviors
of AIE-active molecule TPE-BPA and cetyltrimethylammo-
nium bromide amphiphile (CTAB) (Figure 1A). By adopting
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CTAB to progressively assemble TPE-BPA, each intermediate
in the self-assembly process was evaluated, and a successive
morphological evolution from oligomers to irregular clusters,
well-defined nanosheets, and vesicles was observed. More
importantly, strong hydrophobicity mainly drove the trans-
formation from disordered clusters to well-organized vesicles,
where TPE-BPA reduced its dihedral angles for the ordered
arrangement. Vesicles could be also obtained by utilizing
amphiphiles with stronger hydrophobicity than CTAB, while
clusters were produced with the use of amphiphiles with
weaker hydrophobicity. Furthermore, the obtained vesicles
were stable in heat conditions because of the thermophilic
bacteria-mimetic single-layer structure of TPE-BPA in
membranes. They also served as excellent candidates for
light-harvesting applications because of the high quantum yield
(QY) of 42%.

RESULTS AND DISCUSSION
In the chemical structure of TPE-BPA, four hydrophilic
chelidamic acid groups were attached to the AIE-active
segment tetraphenylethylene39−41 (Figure 1A). Such structure
endowed TPE-BPA with 8 negative charges, which not only
renders TPE-BPA with excellent solubility in water but also
offers potential capacity to combine positively charged
amphiphiles for assembling. Fluorescent spectra showed that
TPE-BPA had negligible emission in water but emitted
intensely upon addition of poor solvent (Figure S1). Dynamic
light scattering (DLS) result and transmission electron
microscope (TEM) image showed that TPE-BPA formed
aggregates at DMF fraction of 95% (Figure S2). These solidly
indicated the AIE feature of TPE-BPA. Moreover, the intensity
enhancement was up to 100 times when the fraction of poor
solvent was 95%. This “turn-on” emission was more obvious
than that of traditional dyes, and it could offer more
information about the self-assembly process of AIE molecules.

It was demonstrated that TPE-BPA bound 8 CTAB to self-
assemble into a well-defined vesicular structure.36−38 There-
fore, we studied the self-assembly process by stepwise addition
of CTAB into TPE-BPA aqueous solution in terms of the
hydrophobicity of CTAB. The fluorescence intensities
gradually increased when the molar ratios of CTAB/TPE-
BPA increased, indicating the aggregating process of TPE-BPA
(Figure 1B). The fluorescence intensity at the molar ratio of 8
was enhanced to 120 times by comparison with free TPE-BPA.
Compared with traditional planar dyes that have emission
intensity variations with several times, such superhigh
aggregation-sensitive emission could be used to validate the
self-assembly process of vesicles. As illustrated in Figure 1C,
the emission intensity underwent a slight enhancement at the
molar ratios ranging from 0 to 4, and it drastically boosted
when the molar ratios altered from 5 to 6. Then the intensity
increased mildly again from molar ratio of 7 to 8. This change
was consistent with variations of QY (Figure S3), suggesting
that there were three stages in the self-assembly process of
vesicles. The variation of scattering light intensities indicated
that there were possibly four morphologies of aggregates in the
self-assembly process (Figure S4). Moreover, the isothermal
titration calorimetry (ITC) result in Figure 1D displayed that
the best binding ratio of CTAB/TPA-BPA was 4, in which the
corresponding binding constant and enthalpy were 1.48 × 104

M−1 and −1.11 kJ/mol, respectively. This revealed that TPA-
BPA combined with 4 CTAB through electrostatic interaction
to form a thermodynamically stable intermediate, which
consequently bound more CTAB than that mainly driven by
a hydrophobic interaction (Figure 1A). Meanwhile, the
binding interaction of the intermediate was tested by mixing
different charged amphiphiles with TPA-BPA (Figure S5). The
treatment of positively charged amphiphiles induced bright
fluorescence while faint emissions were detected upon mixing

Figure 1. (A) Chemical structures of TPE-BPA and CTAB, and their binding interactions. (B) Fluorescence spectra and (C) intensity
enhancement of TPE-BPA with increasing fractions of CTAB. I0 is fluorescence intensity at CTAB/TPA-BPA = 0, [TPE-BPA] = 25 μM. (D)
ITC result of TPE-BPA in the presence of CTAB.
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Figure 2. (A−F) TEM images of aggregates at various CTAB/TPE-BPA ratios. Scale bars are 50 nm. (G,H) AFM imaging and height analysis
of aggregates at CTAB/TPE-BPA ratios of 4 and 6. Scale bars are 200 nm. (I) Schematic illustration of self-assembly process of TPE-BPA
with CTAB. [TPE-BPA] = 25 μM.

Figure 3. (A) Variation of absorbance and emission wavelengths of TPE-BPA with different ratios of CTAB. [TPE-BPA] = 25 μM. (B)
Molecular configuration of TMPE and the dihedral angle. Calculated absorbance (C) and emission (D) of TMPE with altered dihedral
angles.
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with negatively charged or uncharged ones, verifying the
electrostatic interaction for the intermediates.
To further monitor the self-assembly process, the aggregates

in three stages were investigated by TEM, DLS, atomic force
microscope (AFM), and fluorescent lifetime. Although no
signal was detected in DLS results in the first stage in which
the molar ratios of CTAB/TPE-BPA were less than 3, the
clearly increased lifetimes of TPE-BPA upon combining with
CTAB (Figure S6A) and aggregates with ambiguous contrast
in TEM image (Figure 2A) demonstrated the formation of
incompact oligomers.42 When the molar ratio reached 4,
obvious aggregates with a diameter of 40 nm were observed
(Figure S7). These aggregates not only had irregular shapes
(Figure 2B), but also demonstrated various thicknesses of 1.6,
3.8, 4.5, and 7.0 nm (Figure 2G) that did not match the
lengths of both molecules (the lengths of TPE-BPA and CTAB
were respectively 2.5 and 2.0 nm as shown in Figure S8).
These outcomes indicated the morphology of irregular clusters
with disordered intermolecular packing. Moreover, in the
second stage, both TEM images (Figure 2C) and AFM results
(Figure S9) demonstrated the formation of jointed aggregates
at the molar ratio of 5, and the thicknesses of those aggregates
were irregular as well, suggesting their cross-linked clusters
features. Most interestingly, nanosheet structure was detected
after increasing the molar ratios to 6 (Figure 2D and S10), and
the nanosheets showed well-organized thicknesses that were
multiple times the length of TPE-BPA (Figure 2H). Thus,
according to the molecular lengths, it seemed reasonable to
infer that TPE-BPA stacked regularly in the nanosheets and

served as skeleton with single-layered structure, while CTAB
crossed with each other with bilayer configuration (Figure 2I).
With further addition of CTAB in the third stage of self-
assembly, irregular vesicles with a diameter of 100 nm at a
molar ratio of 7 and well-defined vesicular structure at molar
ratio of 8 were found (Figure 2E,F). The thicknesses of these
vesicles were even times the length of TPE-BPA (Figures S11
and S12), illustrating the hollow architectures and the same
ordered molecular packing in membrane as the nanosheets.
This demonstrated that irregular and well-defined vesicles were
converted by nanosheets. Additionally, lifetimes continuously
increased during the whole processes (Figure S6), showing
that TPE-BPA packed more and more tensely, and this might
be ascribed to the hydrophobicity of CTAB.
Considering the above results, the self-assembly process of

vesicles can be illustrated as Figure 2I: electrostatic interaction
dominated the integration of TPE-BPA with 4 CTAB to form
clusters with disordered arrangement, then the clusters cross-
linked together to build nanosheets and further transferred into
vesicles by combining more CTAB, where TPE-BPA and
CTAB organized regularly.
As most aggregates fabricated by AIE-active molecules held

disordered stacking and undefined morphologies resulted from
the twisted conformation,43,44 it was quite exciting that
irregular clusters transferred into well-defined vesicular
structure in this contribution. In this regard, studying this
transferring process could afford deep insights into the self-
assembly behaviors of AIE-active molecules. As shown in
Figures 3A and S13, redshifts of both UV absorbance and

Figure 4. (A) Fluorescence emission of TPE-BPA with different ratios of TTAB. Insets are the chemical structure of TTAB and the TEM
image of 8TTAB@TPE-BPA. Scale bar is 100 nm. (B) Fluorescence emission of TPE-BPA with different amphiphiles. [TPE-BPA] = 25 μM.
(C) Schematic illustration of transformation from monomers to clusters to vesicles with amphiphiles.
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fluorescence emission occurred in the transformation process
from clusters to vesicles, accompanied by enhanced QY and
prolonged lifetime of TPE-BPA. This suggested the change of
molecular configuration and restriction of the molecular
motions. To evaluate whether restrained molecular motions
contributed the redshifts, the fluorescence emissions of bare
TPE-BPA in aqueous solution at different temperature were
detected (Figure S14). TPE-BPA could rotate freely and
exhibited negligible emission located at 478 nm at room
temperature. Upon exposure to a frozen water condition (77K)
to prohibit the molecular motions, TPE-BPA emitted brightly
with the maximum emission of 467 nm. Such blueshift
indicated that the redshifts observed in the self-assembly
process were mainly ascribed to the altered molecular
configurations. To validate the relationship between molecular
configuration and wavelength shifts of absorbance and
emission, theoretical calculation was conducted by adopting
tetrakis(4-methoxyphenyl)ethylene (TMPE) as a simplified
model for TPE-BPA, since TMPE was the AIE-active segment
of TPE-BPA and they had almost the same twisted
confirmation and energy gaps (Figure S15 and Table S1).
The dihedral angles caused by torsion between double bond
and phenyl groups significantly contributed the nonplanar
configuration of TMPE and TPE-BPA, which hampered the
ordered arrangement and self-assembly (Figure 3B). Calcu-
lated results in Figure 3C,D revealed that gradual redshifts of
both absorbance and emission wavelengths generally resulted
in diminishing dihedral angles, demonstrating that TPA-BPA
decreased the dihedral angles in transformation process from
clusters to vesicle. This was because decreased dihedral angles
could efficiently weaken the steric hindrance and prompt the
ordered staking of TPE-BPA, consequently rendering the
formation of well-defined structures.
The addition of CTAB drove the transformation from

clusters to vesicles; thereby, the role of positive amphiphiles
was explored. Tetradecyltrimethylammonium bromide
(TTAB) was a positive amphiphile that had weaker hydro-
phobicity than CTAB because its shorter alkyl chain. With
stepwise introduction of TTAB into a TPA-BPA solution, the
fluorescence intensity progressively increased and reached the
maximum at the molar ratio of 8, but reduced with further
addition of TTAB (Figure 4A). This suggested that the
optimal molar ratio of TTAB/TPE-BPA was 8 where the TPE-
BPA packed the most tensely and held the largest possibility

for ordered arrangement. However, TEM image clearly
presented the irregular clusters at the optimal molar ratio
(8TTAB@TPE-BPA), indicating that TTAB@TPE-BPA sys-
tem could not form vesicles. Moreover, the same results were
found after integrating other positive amphiphiles dodecyl-
trimethylaminium bromide (DTAB) and cetyltriethylammo-
nium bromide (CEAB) with weaker hydrophobicity than
CTAB (Figure S16 and S17). Fortunately, vesicles were
produced at the optimal molar ratio by exploiting positive
amphiphile didodecyldimethylammonium bromide (DDAB)
with stronger hydrophobicity than CTAB (Figure S18).45

Meanwhile, at the optimal molar ratios, the TPE-BPA solution
with treatment of DDAB and CTAB showed higher
fluorescence intensity and larger redshifts of emission than
that of DTAB, CEAB, and TTAB, revealing more tense
stacking and smaller dihedral angles of TPE-BPA in vesicular
structure than that in clusters (Figure 4B). These results
indicated that only strong enough hydrophobicity could endow
TPE-BPA with compact packing to reduce the dihedral angles
accompanying with diminished steric hindrance, and the
clusters could convert into vesicles (Figure 4C), which
manifested the crucial role of hydrophobicity for transferring
clusters into vesicles.
The membrane of thermophilic bacteria mainly comprises a

specific phospholipid with two hydrophilic groups at the ends
that self-assembles with transmembrane and single-layer
manners. This architecture keeps bacterial membranes stable
in heat conditions and contributes the heat resistance.46,47

With regards to the single-layer structure of TPE-BPA in the
membrane of 8CTAB@TPE-BPA vesicles, the vesicles would
possess great possibilities of thermal stability as thermophilic
bacteria. Differential scanning calorimeter (DSC) test demon-
strated no changes when the temperature varied from 20 to 80
°C, indicating that no phase transition occurred (Figure
S19A). Moreover, the size of vesicles did not alter in heat
environments (Figure S19B). Nuclear magnetic resonance
(NMR) results further displayed the linear shifts of proton in
TPE-BPA upon gradually increasing temperatures, revealing
that no variation occurred in microenvironments (Figure S20).
Furthermore, the vesicles also exhibited strong emission at
high-temperature conditions (Figure S21). These solidly
suggested that 8CTAB@TPE-BPA vesicles were thermally
stable and could also conversely confirmed the single-layer
structure in membrane.

Figure 5. (A) Fluorescence emission of vesicles with addition of acceptors NiR. D: A presents the molar ratios of TPE-BPA (donor) and NiR
(acceptor). (B) CIE chromaticity diagram of vesicles with different proportions of NiR. Insert is the photo of white-emissive vesicle solution
under 365 nm lamp. [TPE-BPA] = 25 μM, [CTAB] = 200 μM.
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Different from the traditional planar conjugated molecules
that suffered aggregation-caused quenching, AIE molecules
usually possessed impressively enhanced fluorescence in
assemblies.27−31 Such merit rendered 8CTAB@TPE-BPA
vesicles with a superhigh QY of 42% and could serve as
excellent donors for light harvesting materials. Hydrophobic
Nile red (NiR) dye was chosen as the acceptor on account that
it could adhere to the hydrophobic area of vesicle membranes,
and its absorbance was largely overlaid with the emission of the
vesicle (Figure S22A). As illustrated in Figure 5A, the vesicles
displayed intensive emission at 490 nm, and the intensity
progressively diminished upon stepwise addition of NiR, while
the emission of NiR at 630 nm simultaneously increased. This
indicated the energy conversion from donors (vesicles) to
acceptors (NiR). Meanwhile, the average lifetime of TPE-BPA
in vesicles was 1.966 ns, and it became 0.327 ns when the
molar ratio of donor/acceptor was 7.5:1, which confirmed the
energy conversion through the Förster resonance energy
transfer (FRET) process.48−50 The corresponding energy
transfer efficiency was calculated to be 83% according to the
fluorescence lifetimes (Figure S22B), where the antenna effect
value was calculated to be 0.95 in water (Figure S23).
Additionally, the fluorescence emission of vesicles can be easily
tuned from green to red through FRET process, and white
light-emissive vesicles with Commission Internationale de
l’Éclairage (CIE) 1931 coordinate of (0.32, 0.33) was also
successfully obtained at the D/A ratio of 30:1 (Figure 5B).
Furthermore, adding NiR did not change the size and
morphologies of vesicles (Figure S24). These revealed that
the vesicle@NiR was a promising light-harvesting system.

CONCLUSION
In conclusion, we have successfully presented the self-assembly
process of vesicles fabricated by an AIE-active molecule TPE-
BPA with twisted configuration and amphiphile CTAB. It was
clearly observed that TPE-BPA bound with CTAB to form the
stable intermediates with disordered arrangement, and the
disordered aggregates consequently cross-linked and trans-
ferred to vesicles with ordered stacking. In the morphological
transition, hydrophobic effect must be strong enough to render
TPE-BPA pack tensely and consequently reduce the dihedral
angles to weaken the steric hindrance, which could result in the
ordered stacking for self-assembly. The obtained vesicle
showed thermal stability in aqueous solution, mainly benefiting
from the thermophilic bacteria-mimetic single-layer structure
in membrane. In addition, the vesicles were excellent
candidates for light-harvesting and white-emissive systems
due to impressively high emission intensity. We hope that this
study could facilitate an understanding of the self-assembly
principles of AIE molecules and afford strategies for
constructing self-assemblies by nonplanar molecules at will.

EXPERIMENTAL SECTION
Method. The TPE-BPA contained self-assemblies were prepared

as follow: 15 μL of a TPE-BPA aqueous solution (5 mM) and desired
amounts of amphiphiles (10 mM) were directly mixed, then water
was added to reach a total volume of 3 mL. The obtained solutions
were stirred for 1 min and kept at room temperature for 24 h before
use.
Isothermal Titration Calorimetry (ITC). The calorimetric

measurements were conducted on a TAM 2277−201 micro-
calorimetric system (Thermometric AB, Jar̈fal̇la, Sweden) with a
stainless-steel sample cell of 1 mL at 25.00 ± 0.01 °C. The sample
cells were initially loaded with 600 μL of water or 0.05 mM TPE-BPA

solution, and then CTAB solution (8 mM) was injected consecutively
into the stirred sample cell in portions of 10 μL via a 500 μL
Hamilton syringe controlled by a 612 Thermometric Lund pump until
the end of the interaction. The system was stirred at 60 rpm with a
gold propeller.
Transmission Electron Microscope (TEM). A drop of sample

solution (∼4 μL) was dropped on a grid in a high humidity
environment (>90%). The excess sample was blotted up by two
pieces of blotting paper, leaving a thin film sprawling on the grid.
Then the grid was plunged into liquid ethane, which was frozen by
liquid nitrogen. The vitrified sample was transferred into a sample
holder (Gatan 626) and observed on a JEOL JEM-1400 TEM (120
kV) at about −174 °C. The images were recorded on a Gatan
multiscan CCD.
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