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Real-Time Visual Monitoring of Kinetically Controlled Self-Assembly
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Abstract: The construction of artificial structures through
hierarchical self-assembly based on noncovalent interactions,
as well as monitoring during the self-assembly process, are
important aspects of dynamic supramolecular chemistry.
Herein we describe the complex dynamics of chiral N,N’-
diphenyl dihydrodibenzo[a,c]phenazine derivatives (S)/(R)-
DPAC, whose different assemblies were found to have distinct
optical and morphological characteristics. With ratiometric
fluorescence originating from vibration-induced emission
(VIE), the self-assembly process from kinetic traps to the
thermodynamic equilibrium state could be monitored in real
time by optical spectrometry. During the morphology trans-
formation from particles to nanobricks, strong circularly
polarized luminescence was induced with glum = 1.6 � 10�2.
The excited-state characteristics of the self-assemblies enabled
investigation of the relationship between molecular aggrega-
tion and conformational change, thus allowing effective
monitoring of the sophisticated supramolecular self-assembly
process.

It has been proved that small molecules can self-assemble
into various nano- or microscopic structures hierarchically via
noncovalent interactions, paving a significant way to materials
chemistry.[1] Traditionally, the construction of self-assembly
was considered as thermodynamic equilibrium structures, but
investigations on the kinetic pathways of product formation
were largely neglected. Intrinsically, supramolecular self-
assembly tends to be “dynamic” in nature ascribed to the
reversible noncovalent interactions. Thus, the dynamic nature
opens up interesting possibilities for application and further
exploration, including dynamic optical materials,[2] self-heal-
ing materials[3] and self-replicating systems.[4] Among them,
a rising number of novel studies are cast into the field of
kinetically controlled self-assembly pathways base on
dynamic process.[5] A precise understanding of self-assembly
processes can give greater control over size and architecture
of the supramolecular aggregates.[6] But the means to monitor
the process during self-assembly of dynamic supramolecules
still remains to be developed. Traditionally, these processes
are studied by such techniques as electron microscopy and

nuclear magnetic resonance spectroscopy.[7] Sample pretreat-
ment before instrumental detection and following analysis
were carried out under harsh conditions. Although great
efforts have been devoted, a simple method to investigate the
molecular aggregation and conformational change remains
a formidable challenge. Since the excited state of chromo-
phores exhibits sensitivity to conformation, orientation and
supramolecular state, optical spectrometry is an excellent
candidate for investigating the transitional process of self-
assembly. However, the realization of the visual monitoring of
the self-assembly process by utilizing distinct luminescence
behavior was rarely reported.

A recent study from Tian�s group indicates that a class of
novel fluorogens show the unique vibration-induced emission
(VIE) effect. The molecules in solution undergo an excited-
state configuration transformations from a bent shape
(intrinsic state) to a planar shape (planarized state), inducing
the effective p-conjugation thus emitting red fluorescence.
While in the solid or aggregation state, the physical constraint
blocked the planarization of the structure in the excited state,
result in an emission of intrinsic blue light.[8] The research
sparked the inspiration to explore the possibility of applying
VIE molecules to in situ and real-time detection of the self-
assembling construction. Different aggregations enabled dis-
tinctly oriented and ordered structures of individual mole-
cules during self-assembly. The noncovalent bond driven self-
assembly was expected to be employed to regulate the
excited-state deformation of VIE molecules as a structural
element in the preparation of dynamic process, and then the
process can be effectively monitored using spectroscopy. In
addition, chirality in molecular units and assemblies is a state
that are derived from the dissymmetry of the environment,
and the fascinating chiroptical properties exhibited by such
systems are frequently employed to investigate the relation-
ship between molecular aggregation and conformational
change.[9] Therefore, with distinct dual fluorescence emis-
sions, large Stokes shift and prominent chiral luminescence,
the unique behaviors of chiral VIE are likely to be applied in
the detection of molecular self-assembly process efficiently.

Herein, we described the synthesis and self-assembly
features of chiral VIE derivatives (S)/(R)-DPAC, which are
composed of chiral cyclohexanediamine and two N,N’-
diphenyl dihydrodibenzo[a,c]phenazine moieties (Figure 1a).
In the solution of THF/H2O = 3/7 (v/v), the chiral derivatives
deformed into kinetically favored metastable assembly with
red fluorescent forms quickly but then spontaneously trans-
formed into the blue fluorescent thermodynamically favored
form. With the synergistic combination of supramolecular and
photochemical strategies, the complex self-assembly pathway
was investigated fully. More significantly, due to the chiral
center in the molecule, accompanying with the morphology
transformation from particles to chiral nanobricks, the nano-
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bricks can induce strong circularly polarized luminescence
(CPL) with glum = 1.6 � 10�2.

Compounds (S)/(R)-DPAC were prepared according to
the synthetic route presented in Figure S1. 1H NMR,
13C NMR and electronic spray ionization (ESI) high-solution
mass spectroscopy analyses were employed to confirm their
structures (detailed characterization data see Supporting
Information, Figure S2–S7). (R)-DPAC was picked out as
the representative for the following elaboration. The details
of enantiomer (S)-DPAC were presented in the supporting
information.

The photophysical properties were investigated by UV/
Vis absorption and fluorescence spectroscopy. (R)-DPAC
exhibited typical VIE properties, which presented different
emissive behaviors in solid state and solution (Figure S9). The
long-wavelength emissions from the solution state located at
610 nm, while the short-wavelength emission from the solid
state at 485 nm. The distinct emission was ascribed to unique
excited-state configurations. Analogously, the phenomenon
could be achieved in different ratio of THF/H2O (v/v)
mixtures through affecting the aggregation state (Figure 2,
S10). As the fraction of water (fw) increased from 0% to 60 %,
the red emission of (R)-DPAC was quenched gradually due to
the intramolecular charge transfer caused by the increasing
solvent polarity. When the water fraction increased to 80% or
90%, the (R)-DPAC molecules aggregated and then the
planarization process of the excited-state induced by vibra-
tion was suppressed and the blue emission located at 450 nm
was observed. Intriguingly, in the water fraction of 70 %, both
red and blue emission intensity increased obviously. Besides,
the freshly prepared mixtures in this condition were turbid
but became clear due to the sedimentation of aggregates after
one week, along with the emission color changing from pink
to blue. However, such unstable state was not found in other
water fraction and not influenced by concentration (Fig-
ure S11, S12). After standing, (R)-DPAC was re-concentrated
to perform structural confirmation and fluorescence spectra,

suggesting that the phenomenon was not originated from
degradation and exhibited reproducibility properties
(Figures S8 and S13).

To further investigate the process, we then conducted the
in situ and time-dependent spectra to monitor the trans-
formation in the above critical systems (fw = 70%). As shown
in the time-dependent fluorescence spectra (Figure 3a), the
fluorescence curve of the freshly prepared (R)-DPAC solu-
tion showed a blue emission located at 470 nm and relatively
strong red emission at 595 nm, respectively. A sharp decrease
in the fluorescence intensity was observed within the next 6 h,
whereafter a new emission appeared at 425 nm and the
intensity gradually increased over the subsequent period,
while the red fluorescence at 595 nm was completely faded
away finally. The corresponding CIE coordinate diagram
clearly shows the change of luminescence during the process
(Figure 3b). In time-dependent absorption spectra, the
absorption of (R)-DPAC showed a slight bathochromic shift
and broadening gradually as time goes, which indicated the
formation of aggregates (Figure S15). According to the
characteristics of VIE,[8a] this distinct emission was ascribed
to unique excited-state configurations of different molecular
assembly states. Therefore, we speculated that it possibly
exists a complex system in which different aggregation
pathways lead to the formation of distinct assemblies. In
a more rigid assembly, the planarization process of the
excited-state induced by vibration was suppressed, showing
a smaller degree of bending angle, resulting in an emission of
intrinsic blue light.

Hence, we carried out X-ray diffraction (XRD) to clarify
the formation of aggregates. The diffraction pattern of (R)-
DPAC exhibited only one broad peak which indicated the
formation of amorphous structures. For samples left standing
for one week, new diffraction peaks were observed, indicating
the molecules have ordered molecular packing and crystalline
nature to some extent (Figure S16). Besides, the process of
change was extremely slow. It could be reasonably envisaged

Figure 1. a) Structures of chiral molecules (S)/(R)-DPAC. b) Illustration
of the morphological transition.

Figure 2. Normalized absorbance (dashed lines) and fluorescence
spectra (solid lines) of (R)-DPAC in THF/H2O (v/v) solvents with
a water fraction of a) 0–60%, b) 70%, and c) 80–90% at 298 K,
and corresponding photographs taken under 365 nm UV light.
([(R)-DPAC] = 1 � 10�5 M, lex = 350 nm).
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that the reason for this change was the multiple coefficient
factors in the condition of fw = 70 %, the (R)-DPAC entered
a thermodynamic non-equilibrium state (i.e., kinetically
trapped aggregates), ripened to form another morphology
over time, which resulted in the blocked configuration
transformations of the VIE molecules in the excited state,
thus influence the emission finally.

Complex self-assembly pathway originates from a combi-
nation of different noncovalent force that govern inter/
intramolecular interactions and spontaneous aggregation,
where out-of-equilibrium states can appear under specific
conditions.[10] Compounds (R)/(S)-DPAC possesses a p-con-
jugated structure in favor of the intermolecular p–p stacking
interactions, which are predicted to induce and direct self-
assembly under certain conditions. Besides, it contains
a cyclohexane–dicarboxamide moiety capable of engaging
a directional hydrogen bond, such as N�H. These different
groups played a critical role in the self-assembly because
multiple interactions provide the contributions in solvents
with different polarities.[11] Hence, a volume ratio of THF/
H2O of 3/7 was critical for the transition and formation of the
observed self-assembly, which provides suitable driving force
for the formation of nanostructure self-assembly.

From the perspective of morphology characterization to
confirm our hypothesis, the transitional process of self-
assembly (the morphological transformation at different
ripening time) was investigated by dynamic light scattering
(DLS), scanning electron microscope (SEM) and atomic
force microscope (AFM). Due to the extremely slow assem-
bling process, we selected several representative times (fresh,
3 h, 9 h, 24 h, 48 h) as the experimented samples. Together
with results from DLS, SEM and AFM studies (Figure 4, S17,
S18), in the condition of fw = 70%, the nanoparticles with
a relatively narrow size distribution at around 830 nm was the
largest compared with other ratios. It suggested that the fresh
prepared (R)-DPAC would tend to aggregate together to
minimize the surface energy with the formation of soft

nanoparticles. The phenomenon indicates that the different
aggregation modes of assemblies enables them to experience
a kinetically trapped state. According to size and spherical
shape confirmed by SEM analysis, we presumed that the
directional hydrogen bond donor amido group formed the
interior and exterior coronas, while the p-conjugated VIE
group probably became the membrane of the particle. The
molecules can undergo an excited-state configuration trans-
formation because the particles with a disorder arrangement
have a certain flexibility at this time, thus generating dual
emission, which was consistent with the luminescence spectra,
whereafter the particles began to coalesce one by one and
formed a bricklike morphology after 3 h of incubation. The
nanostructures became elongated with time progress and the
particles became fewer simultaneously, revealing that the
gradual growth of the nanobricks. After 48 h, substantially
elongated aggregates were formed, accompanied by the
complete disappearance of the precursor particles. The size
change during morphology transformation can also be clearly
presented in time-dependent DLS. The nanobricks morphol-
ogy remained unchanged for a few weeks in solution,
indicating the thermodynamically stable characteristic (Fig-
ure S19). However, no significant assemblies were observed
after one week in other water fractions (Figure S20). Hence,
the results of the above time-dependent experiment demon-
strated that, in fw = 70% mixture, multiple coefficient inter-
actions in this condition favor the formation of metastable
inactivated monomers that entered a kinetically trapped state,
and underwent morphological transitions in self-assembly
process to a thermodynamically stable state.

Reflecting the structural information of the excited state
in the chiral luminescence architecture, CPL, was employed
to investigate the transitional process of self-assembly.[12]

Both S and R isomers exhibited circular dichroism (CD)
signals in various solvents with positive and negative first
Cotton effects, respectively (Figure S21). In THF/H2O = 3/7
(v/v) mixtures, the poor solubility of the newly formed

Figure 3. a) Time-dependent fluorescence spectra of (R)-DPAC in THF/H2O (3/7, v/v) mixtures at 298 K. ([(R)-DPAC] = 1 � 10�5 M, lex = 350 nm).
b) Corresponding 1931 CIE coordinate diagram of (R)-DPAC with different times.
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nanobricks lead to the decrease in the effective concentration
of solution and thus gradually weakened CD signal (Fig-
ure 5a). Besides, since the orderly molecular stacking of
nanobricks was conducive to the generation of chiral environ-

ment, the CPL intensity dramatically enhanced accompany-
ing with the morphology transformation, which exhibited
a similar tendency with fluorescence spectra at 425 nm
(Figure 5b). The enhanced CPL intensity of time-dependent
morphology transformation demonstrated that the CPL
activity presented morphological dependence precisely. Fur-
thermore, the CPL properties of thin films were similar with
the solution (Figure S23), indicating the CPL characteristics
could be applied to the solid state as well.

Due to these significant changes in emission colors during
self-assembly, we realized that the fluorescence spectra could
serve as a rapid and effective tool for the monitoring of the
system evolution. Besides, CPL activity exhibited accurate
morphological dependence, the glum, quantified the extent of
chiral dissymmetry in fluorescence, can employ as another
powerful technique to monitor chiral assembly in supra-
molecular systems simultaneously. The use of such method-
ologies to monitor the excited-state properties and unravel
the pathway of the self-assembly processes were novel
alternative compared with the more-common absorption or
circular dichroism methods. As shown in Figure 5c and 5d,
with the ratiometric fluorescence change originated from the
VIE feature, the transformation of the nanostructure corre-
sponds exactly with the spectrum. The distinct luminescent
performance makes the monitoring of the morphological
transition feasible. Besides, the glum value of the obtained
sample was 2.9 � 10�3 at the first 3 h. After ripening for 48 h,
the glum value reached to 1.6 � 10�2, which was almost six times
as long as 3 h. Concomitantly, the significant increase in glum

was consistent with the morphology transformation. Hence,
the entire supramolecular self-assembly process could be
followed facilely by monitoring the apparent fluorescence
color change and glum during the whole experiment.

In conclusion, we managed complex dynamics of VIE
derivatives (S)-DPAC and (R)-DPAC that involve different

Figure 4. Time-dependent SEM images to visualize the self-assembly processes of (R)-DPAC in THF/H2O (3/7, v/v) mixtures at 298 K. Inset:
Time-dependent DLS of (R)-DPAC.

Figure 5. Time-dependent a) CD spectra and b) CPL spectra of (R)-
DPAC in THF/H2O (3/7, v/v) mixtures at 298 K. c) Illustration of the
morphological transition. d) Time-dependent relative fluorescence
intensity ratios of 595 nm/425 nm (blue line) and glum (black line) for
(R)-DPAC in THF/H2O (3/7, v/v) mixtures. Time is expressed logarith-
mically. ([(R)-DPAC] = 1 � 10�5 M.)
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assemblies with distinct optical and morphological properties.
When exposed the two derivatives in special environment of
THF/H2O (3/7, v/v), the critical mixture solvent can direct it
into metastable aggregations with red fluorescence, which can
be spontaneously transformed into thermodynamically
favored blue fluorescent nanobricks. With the tunable
fluorescence originated from the VIE feature, the spectral
change corresponds precisely to morphological transition,
offered the possibility of real-time monitoring of the self-
assembly process involved. Besides, accompanying with the
morphology transformation from particles to nanobricks, the
ordered packing of nanostructures induced the strong circu-
larly polarized emission, which can contribute a large glum

value with 1.6 � 10�2. Through the engineering of excited-
state, the spectra offered a compendious approach to inves-
tigate the relationship between molecular aggregation and
conformational change, enabling a great potential for fab-
ricating smart optical nanomaterials.
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