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Abstract
Molecular aggregation or supramolecular aggregation-induced emission is one
of the research hotspots in chemistry, biology, and materials. Herein, we report
negatively charged sulfato-β-cyclodextrin (SCD) induced cyanovinylene deriva-
tives (DPy-6C) directional aggregation to form regular nanorods (DPy-6C@SCD)
through supramolecular multivalent interactions, not only achieves ultraviolet-
visible absorption redshifted from 453 to 521 nm but also displays near-infrared
(NIR) aggregation-induced emission with a large spectral redshift of 135 nm. The
DPy-6C monomer presents random nanosheets with weak fluorescence but obtains
regular aggregates after assembly with SCD through electrostatic interactions. In the
presence of H+, the DPy-6C@SCD can further aggregate into elliptical nanosheets
without fluorescence changes due to the protonation of secondary amines. In con-
trast, the morphology of DPy-6C@SCD becomes flexible and sticks together upon
the addition of OH− with an emission blue shift of 72 nm and a 90-fold intensity
increase because of disrupting the stacking mode of aggregates, thereby achiev-
ing acid-base regulated reversible fluorescence behaviors that cannot be realized
by DPy-6C monomer. The DPy-6C@SCD can efficiently select the detection of
volatile organic amines both in liquid and gas phases within 5 s at the nanomo-
lar level. Taking advantage of RGB analysis and calculation formula application,
the DPy-6C@SCD has been successfully used to monitor various organic amines
on a smartphone, accompanied by naked-eye visible photoluminescence. Therefore,
the present research provides an efficient directional aggregation method through
supramolecular multivalent interactions, which not only realizes topological mor-
phology transformation but also achieves reversible NIR luminescent molecular
switch and high sensitivity organic amines fluorescent sensing devices.

K E Y W O R D S
directional aggregation, multicharged cyclodextrins, near-infrared fluorescence emission, smartphone
detection, supramolecular aggregates

1 INTRODUCTION

Macrocycle-induced aggregation based on supramolecular
multivalent interactions possessing morphology-controlled,
luminescence improvement and multistimulus-responsive
characters, which have broad application prospects in
the fields of drug delivery,[1] topological morphology
control,[2] chiral regulation and inversion,[3] luminescent
materials,[4] information encryption and prevention,[5] and
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energy transfer.[6] The commonly used macrocycles such as
cyclodextrins,[7] cucurbit[n]urils,[8] pillar[n]arenes,[9] cyclo-
phanes and cages,[10] and other macrocyclic derivatives[11]

can selectively bind guest molecules,[12] not only increased
the water-solubility of guests, but also significantly improved
their luminescent performance with multifunctional
properties.[13] At present, macrocycle-induced emission
behaviors can be divided into emission enhancement and
quenching, emission blue shift and redshift. All these
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phenomena were dependent on the macrocycle-based nonco-
valent interactions,[14] which changed the aggregation pattern
of the guest molecules, resulting in various optical behaviors.
Among them, macrocycle-induced emission redshift can gen-
erate new fluorescence bands in long wavelengths through
intermolecular interactions in the aggregation state,[15]

making an important contribution to constructing multi-
functional near-infrared (NIR) supramolecular luminescent
materials.

To some extent, some organic luminescent dyes cannot
efficiently obtain emission redshift behaviors due to the
weak self-aggregation capability under low concentration
conditions in aqueous solution. Fortunately, macrocycle-
induced aggregation can accelerate to achieve this process,
because macrocycles can encapsulate guest molecules at
low concentrations, resulting in the dimer or aggregate
luminescence.[15b,16] For example, Park and coworkers
reported that cucurbit[8]uril can encapsulate cyanostilbene
derivatives to form supramolecular block copolymers with
fluorescence emission redshift due to the strong inter-
molecular interactions of guests.[17] Huang and coworkers
selected anionic pillar[5]arenes to assemble with cationic
cyanostilbene derivatives through host-guest interactions
to form enhanced NIR emission nanoparticles for living
cell imaging.[18] It can be seen that a significant emis-
sion spectrum redshift of guests can be achieved by using
host-guest encapsulation. However, the encapsulation of
guest molecules usually requires macrocyclic hosts with
size-matched cavities. In contrast, the electrostatic assem-
bly induced by the multicharged macrocycles was another
effective strategy to achieve aggregation-induced emission
redshift,[19] which may ignore the cavity size of macrocycles.
This is because multicharged macrocycles can significantly
reduce the critical aggregation concentration of the guest
molecules, resulting in a close-packing pattern at low
concentrations.[20] And a small number of multicharged
macrocycles can induce a large number of guest molecules
to aggregate, which is conducive to realizing aggregate
luminescence.[21]

In order to maximize molecular aggregation luminescence,
non-aromatic macrocycles are a good choice because they
can effectively avoid the fluorescence quenching or energy
transfer of guests by aromatic groups on the macrocyclic
skeleton.[22] In the reported non-aromatic macrocycles,
α-, β-, and γ-cyclodextrins constructed from D-glucose units
with different hydrophobic cavities are good macrocyclic
candidates.[23] They can selectively confine guest molecules
to induce or increase the fluorescence and phosphorescence
behaviors,[24] as well as generate large Stokes shift and NIR
emission.[25] Especially, multicharged cyclodextrins such as
sulfato-β-cyclodextrin, sulfobutylether-β-cyclodextrin, and
sugammadex sodium, possessing both hydrophobic cavi-
ties and multiple charges, can encapsulate or aggregate
guests to form functional assembly through multivalent
interactions.[26] Our group reported that copolymers of
bromonaphthylpyridinium and diarylethene derivatives can
coassemble with sulfobutylether-β-cyclodextrin, exhibiting
reversible phosphorescence emission.[27] It can be found
that multicharged cyclodextrin derivatives can quickly induce
guest orderly aggregation through electrostatic interactions,
which obviously changed the morphology and optical prop-
erty of the guest molecules. Although the emission spectrum

has not yet reached the NIR region, the electrostatic assem-
bly strategy is still an effective method, because the NIR
luminescence behaviors of the aggregates can be controlled
by the structure of the guests. Therefore, multicharged
cyclodextrin derivatives can serve as excellent macrocyclic
hosts to construct NIR luminescent materials with large
emission spectrum redshift through supramolecular multi-
valent interactions. By means of dynamic and reversible
noncovalent interactions from multicharged macrocycles,
the formed aggregates can also obtain multiple stimulus
responsiveness,[28] which can be used to construct molecular
switches and supramolecular intelligent devices.

Herein, we constructed multicharged cyclodextrin-induced
aggregates based on cyanovinylene derivatives (DPy-6C)
and sulfato-β-cyclodextrin (SCD) through electrostatic inter-
actions, π-π interactions, and hydrophobic interactions
(Scheme 1). Due to the formation of regular aggregates, the
ultraviolet-visible (UV-vis) absorption of DPy-6C redshifted
from 453 to 521 nm with the maximum fluorescence emission
redshifted from 530 to 665 nm upon the addition of SCD,
accompanied by the morphology of DPy-6C changed from
random nanosheets to regular nanorods. The DPy-6C@SCD
exhibits obvious pH-response capability, especially to OH−,
in which the fluorescence emission blue-shifted about 72 nm
and the intensity was enhanced by about 90 times, accompa-
nied by the morphology becoming flexible and stuck together.
The DPy-6C@SCD can serve as a good luminescent plat-
form for rapidly sensing volatile organic amines within 5 s.
Taking advantage of the sensing process with RGB analysis
and calculation formula application, the content of organic
amines can be rapidly and semi-quantitatively detected on a
smartphone.

2 RESULTS AND DISCUSSION

First, the UV-vis absorption and fluorescence spectra of DPy-
6C were investigated under different solvent compositions.
The maximum UV-vis absorption peak of DPy-6C showed
an obvious redshift of 31 nm when the water content was
changed from 0% to 99%, accompanied by the fluorescence
emission spectrum redshift of 25 nm (Figure 1A), indicat-
ing that DPy-6C can uniformly disperse in tetrahydrofuran
and aggregated in aqueous solution. Because cyanovinylene
dyes can aggregate to form a dimer and exhibit a more
orderly aggregation pattern with redshift luminous behav-
ior in a solid or crystalline state.[29] In order to improve
the aggregation extent of DPy-6C in aqueous solution, neg-
atively charged SCD (12 mol SO3Na per 1 mol SCD) was
employed to assembly with DPy-6C through electrostatic
interactions, aiming to achieve efficient dimer luminescence
of DPy-6C in aqueous solution. Obviously, as shown in
Figure 1B, the maximum UV-vis absorption peak of DPy-
6C at 453 nm gradually decreased upon the addition of
SCD, accompanied by the simultaneous appearance of a
new absorption peak at 521 nm and the color changed from
yellow to orange (Figure 1B inset). Meanwhile, the maxi-
mum fluorescence emission at 530 nm was also redshifted
to 665 nm, and the fluorescence changed from yellow to deep
red (Figure 1C, inset). The above results indicated that SCD
can obviously induce DPy-6C aggregate into a tightly packed
mode through electrostatic interactions and π-π interactions,

 26924560, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/agt2.627 by N

ankai U
niversity, W

iley O
nline L

ibrary on [21/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



AGGREGATE 3 of 9

S C H E M E 1 Schematic illustration of the possible assembly mechanism between DPy-6C and sulfato-β-cyclodextrin (SCD), as well as the reversible
response of the DPy-6C@SCD to acid and base.

F I G U R E 1 (A) Ultraviolet-visible (UV-vis) absorption and fluorescence spectra of DPy-6C (40 µM) under the condition of H2O and tetrahydrofuran
(THF) (Ex = 453 nm; slits: 10/10 nm). (B) UV-vis absorption and (C) fluorescence spectra of DPy-6C (40 µM) upon addition of sulfato-β-cyclodextrin (SCD)
(0–8 µM) in aqueous solution (Ex = 453 nm; slits: 10/10 nm). Inset (B): Photographs of (1) DPy-6C and (2) DPy-6C@SCD; Inset (C): Photographs of (1)
DPy-6C and (2) DPy-6C@SCD under 365 nm irradiation. (D, E) Optical transmittance changes of DPy-6C in the absence of SCD and the presence of SCD
(2 µM), respectively. (F) Optical transmittance changes of DPy-6C (40 µM) with the different concentrations of SCD. Inset (F): Tyndall effects exhibited by
(1) DPy-6C and (2) DPy-6C@SCD.

which efficiently restrict the rotation of DPy-6C, thereby
resulting in significant changes in color and fluorescence.
During this process, it is easy to observe that an interme-
diate state of the aggregation is experienced in fluorescence
emission at 609 nm. This is because DPy-6C has the property
of aggregation-induced emission, which may cause fluores-

cence emission redshift through random aggregation by a
small amount of SCD. Therefore, the intermediate state of
DPy-6C@SCD can obtain fluorescence enhancement with a
redshift of 79 nm, but the equilibrium state of DPy-6C@SCD
with sufficient SCD can form a more orderly aggregate with
a redshift of about 135 nm.
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On the other hand, the aggregation process of DPy-6C
and SCD was further evaluated by measuring the optical
transmittance. In the absence of SCD, the optical trans-
mittance of DPy-6C decreased slightly with the increase
in its concentration (Figure 1D and Figure S1A). In con-
trast, the optical transmittance of DPy-6C decreased rapidly
after assembly with SCD, and the plot of optical trans-
mittance versus DPy-6C concentration indicated that the
critical aggregation concentration (CAC) was about 20 µM
(Figure 1E and Figure S1B). As the SCD content increased,
the optical transmittance decreased to 93% and remained
stable (Figure 1F and Figure S1C). Based on the concen-
tration ratio of SCD to DPy-6C, the optimal molar ratio
of SCD:DPy-6C is calculated to be about 1:9.5. Compared
with DPy-6C, DPy-6C@SCD solution showed a significant
Tyndall effect (Figure 1F inset), indicating the formation
of abundant supramolecular aggregates. Hence, it can be
inferred that the SCD can effectively induce the fast aggre-
gation of DPy-6C and obtain a stable aggregate, not only
decreasing the CAC but also realizing the UV-vis absorption
redshifted and NIR emission, accompanied by the fluores-
cence change from yellow to deep red. In addition. The job
plot was performed to confirm the stoichiometry of DPy-
6C and SCD in the assemblies. As shown in Figure S2, the
binding stoichiometry between SCD and DPy-6C was vali-
dated as 1:9 from the Job plot. This is because the average
degree of sulfonic acid in SCD is about 12, which means
that each SCD has about 12 negative charges, and each DPy-
6C contains only 1 positive charge. The theoretically binding
stoichiometry of SCD and DPy-6C is about 1:12 due to the
electrostatic interactions. The experimental test result dis-
played that the actual test value was close to the theoretical
value, as well as consistent with the optimal molar ratio cal-
culated from the optical transmittance. Therefore, the driving
force between the DPy-6C and SCD was mainly from the
electrostatic interactions.

Since DPy-6C is a cyanovinylene derivative, it is possible
that the above aggregation changes are caused by the close
accumulation of excimer. Therefore, the central luminescent
skeleton without alkyl chain pyridine salts was synthesized,
named DOMe, and its crystal structure was obtained (Figure
S3). The crystal structure displayed that DOMe is arranged
into offset columnar stacks of antiparallel dimers with close
intermolecular stacking distances (3.461 Å) and obvious π-
π interactions (3.950 Å). We deduced that the DPy-6C can
assemble with SCD to form a similar excimer emission, and
the possible assembly mode was J-aggregate. On the other
hand, the chemical shift of the aromatic part of DPy-6C
moves towards the lower field after adding a small amount
of SCD, and then the solid is completely precipitated after
adding a sufficient amount of SCD due to the aggregation
(Figure S4). Hence, it can be inferred that π-π interactions
existed when DPy-6C assembly with SCD.

In order to better characterize the morphological changes
during the assembly process, the DPy-6C, DPy-6C@SCD
intermediated state and DPy-6C@SCD equilibrium state
were measured by transmission electron microscopy (TEM)
and scanning electron microscopy (SEM). The TEM and
SEM photographs displayed that the DPy-6C was irregu-
lar nanofragments (Figure 2A,C). After assembly with a
small amount of SCD, the DPy-6C@SCD intermediated
state gave irregular nanoparticles that stuck together, indi-

cating the efficient assembly between DPy-6C and SCD
(Figure S5). In contrast, the DPy-6C@SCD with enough
SCD showed apparently regular nanorods with lengths of
about 400 nm and a diameter of about 30 nm (Figure 2B,D).
According to the morphologic transformation, it can be con-
firmed that the SCD obviously changed the aggregation
mode of DPy-6C through electrostatic interactions and π-
π interactions. Meanwhile, the fluorescence quantum yields
of DPy-6C, DPy-6C@SCD intermediated state, and DPy-
6C@SCD equilibrium state were measured to be 0.33%,
0.67%, and 0.63%, respectively (Figure S6). The lifetime
of DPy-6C, DPy-6C@SCD intermediated state, and DPy-
6C@SCD equilibrium state were measured to be 0.07, 0.50,
and 1.68 ns, respectively (Figure S7). The changes in lifetime
indicate that SCD can successfully assemble with DPy-6C to
form supramolecular aggregates.

Structurally, the DPy-6C has an alkyl chain containing
six carbons, hence, in order to investigate the role of the
alkyl chain in the assembly process, the guest molecules
containing a three-carbon alkyl chain (DPy-3C), four-carbon
alkyl chain (DPy-4C), eight-carbon alkyl chain (DPy-8C)
were synthesized and their aggregate behaviors were also
evaluated. As shown in Figures S8A and S9, SCD can
also induce DPy-3C, DPy-4C, and DPy-8C aggregate to
generate a new absorption peak at 521 nm. However, the
absorption coefficients of DPy-3C@SCD (ε = 1.15×104

M−1 cm−1), DPy-4C@SCD (ε = 1.23×104 M−1 cm−1) and
DPy-8C@SCD (ε = 0.91×104 M−1 cm−1) were lower than
that of DPy-6C@SCD (ε = 3.15×104 M−1 cm−1), indicat-
ing that the assembly capacity of DPy-3C, DPy-4C, DPy-8C
and SCD was weaker than that of DPy-6C. The results indi-
cated that eight carbon alkyl chain derivatives DPy-8C did
not obtain the best aggregation, which implied that an exces-
sively long carbon alkyl chain may lead to self-aggregation
enhancement. In addition, the change of optical transmittance
is not obvious (Figure S8B), and the fluorescence emission
of DPy-3C@SCD only redshifted to 631 nm, which the red-
shift was 35 nm smaller than that of DPy-6C@SCD (Figure
S8C,D). Therefore, the appropriate alkyl chain length played
an important role in generating large emission redshift in
supramolecular aggregates.

Circular dichroism spectra were further evaluated to
explore the assembly mechanism. As shown in Figure S10A,
DPy-6C has no cotton effect in aqueous solution. However,
upon the addition of SCD in the DPy-6C solution, the cot-
ton effect of DPy-6C@SCD was very obvious. It means that
the SCD can induce the aggregation of DPy-6C to form a
stable assembly with an obvious circular dichroism signal.
In contrast, the circular dichroism spectra of DPy-3C and
DPy-3C@SCD all displayed no cotton effect (Figure S10B),
confirming that even though the SCD can induce aggrega-
tion of DPy-3C, the aggregation mode was different from
DPy-6C@SCD. TEM photographs also displayed that the
morphology of DPy-3C was nanorods, and then changed
to twisted nanosheets after assembly with SCD (Figure
S11), which was significantly different from DPy-6C@SCD
morphology. Since cyclodextrins have chiral hydrophobic
cavities, they can encapsulate molecules to achieve a chi-
ral signal. Therefore, the binding behaviors of DPy-6C with
parent β-CD and γ-CD were studied to confirm the host-
guest encapsulation. As shown in Figure S12, the DPy-6C
displayed no obvious change after the addition of β-CD or
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F I G U R E 2 Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) image of (A, C) DPy-6C and (B, D) DPy-6C@SCD.

γ-CD, meaning that there is no host-guest encapsulation. On
the other hand, once the guests were wrapped into the SCD
cavity, both DPy-3C and DPy-6C displayed similar cotton
effects, but the results were the opposite, thereby indicating
that the guests were assembled around the port of SCD, rather
than in the SCD cavity.

In the structure of DPy-6C, the tertiary amines can be
protonated in the presence of H+, which will affect the lumi-
nescence behaviors. Therefore, the effect of H+ and OH− on
the UV-vis absorption and fluorescence spectra of DPy-6C
and DPy-6C@SCD were investigated, respectively. As shown
in Figure 3A, in the absence of SCD, the UV-vis absorbance
peak of DPy-6C decreased a little after the addition of OH−

and redshifted 25 nm after adding H+. Meanwhile, the flu-
orescence intensity of DPy-6C was only enhanced by 1.5
times upon the addition of OH− and redshifted 14 nm in
the presence of H+. In contrast, the UV-vis absorbance of
DPy-6C@SCD redshifted about 7 nm after adding H+ with
the color changed from orange to orange-red in the presence
of SCD (Figure 3B). The reason may come from the fur-
ther aggregation between the protonated N-atom of DPy-6C
(double charge or triple charge) and SCD. When the OH−

was added to the DPy-6C@SCD solution, the absorbance at
550 nm decreased without any color change (Figure 3C).
The reason may be that the presence of bases affects the
chemical shift of proton on benzimidazole (Figure S13),
thereby disturbing the intermolecular staking of DPy-6C in
the aggregation state. Interestingly, the fluorescence of the
DPy-6C@SCD showed a big difference for H+ and OH−.
The DPy-6C@SCD displayed negligible fluorescence change
upon the addition of H+ (Figure 3D). However, the maxi-
mum fluorescence emission of DPy-6C@SCD at 665 nm blue
shifted to 593 nm after adding 149.4 µM OH− (Figure 3E),

and the fluorescence changed from red to orange with a
significant enhancement of about 90 times. During the titra-
tion of H+ or OH−, the UV-vis changes of DPy-6C@SCD
did not change to DPy-6C monomer, indicating that the
DPy-6C@SCD did not undergo disassembly in this process.
According to the response results of DPy-6C and DPy-
6C@SCD, it can be found that the DPy-6C is not sensitive
to OH− and H+, while the assembly of DPy-6C@SCD gave
noticeable changes to OH−. Subsequently, the reversible flu-
orescence intensity changes of DPy-6C@SCD toward OH−

and H+ at 593 nm were evaluated (Figure 3F and Figure
S14). After alternating OH− and H+ cycles five times, DPy-
6C@SCD showed good reversibility without any attenuation
and fatigue. Even though DPy-3C@SCD displayed respon-
sibility to OH− and H+, the change was smaller than that of
DPy-6C@SCD and the fluorescence intensity was also weak
(Figure S15). The above results indicate that the assembly of
DPy-6C@SCD possesses better responsibility to OH− than
that of DPy-6C and DPy-3C@SCD, which could serve as a
good indicator to identify OH−.

The morphological changes of DPy-6C@SCD to H+ and
OH− were further measured by TEM and SEM. When
H+ was added to DPy-6C@SCD solution, the nanorods
were changed to elliptical nanosheets with a long axis of
500 nm and a short axis of 250 nm (Figure 4A,C). In con-
trast, the nanorods of DPy-6C@SCD became flexible and
stuck together with the addition of OH− (Figure 4B,D). The
morphological changes demonstrated that the assembly of
DPy-6C@SCD did not disassemble into DPy-6C in the pres-
ence of H+ or OH−, but in another aggregation manner.
In order to investigate the assembly mechanism of DPy-
6C@SCD to H+. The reference molecule DBr-6C without
positive charge was selected for assembly with SCD. As
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F I G U R E 3 (A) Ultraviolet-visible (UV-vis) absorption and fluorescence spectra of DPy-6C (40 µM) under the condition of HCl and NaOH (Ex = 453 nm;
slits: 10/10 nm). (B, C) UV-vis absorption and (D, E) fluorescence spectra of DPy-6C@SCD (40 µM) upon addition of HCl and NaOH in aqueous solution,
respectively (Ex = 453 nm; slits: 5/10 nm). Inset (B, C): Photographs of (1) DPy-6C@SCD; (2) DPy-6C@SCD+H+; (3) DPy-6C@SCD+OH−. Inset (E):
Photographs of (1) DPy-6C@SCD and (2) DPy-6C@SCD+OH− under 365 nm irradiation. (F) Reversible fluorescence intensity changes of DPy-6C@SCD
toward OH− and H+ at 593 nm in aqueous solution.

F I G U R E 4 Transmission electron microscopy (TEM) and scanning electron microscopy (SEM) images of (A, C) DPy-6C@SCD+H+; (B, C) DPy-
6C@SCD+OH−.

shown in Figure S16A, there is no significant change in DBr-
6C in the presence of SCD or H+. However, when SCD
and H+ are added at the same time, the fluorescence emis-
sion spectrum of DBr-6C@SCD shows an obvious redshift
of 100 nm (Figure S16B). That is, once the tertiary amines

in DBr-6C are protonated, the single-charged DBr-6C can
assemble with negatively charged SCD through electrostatic
interactions, thereby inducing guest molecules to assemble
and leading to a redshift of fluorescence emission. There-
fore, the single-charged DPy-6C becomes double-charged
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S C H E M E 2 Schematic illustration of the reversible response mechanism of DPy-6C@SCD to acid and base, as well as their morphological
transformation.

or triple-charged after adding the H+ due to the secondary
ammonia in both diethylamino and benzimidazole of DPy-
6C can be protonated upon the addition of H+ (Figure
S17), and then further assembly with SCD to form ellip-
tical nanosheets (Scheme 2). On the other hand, after the
addition of OH− in the DPy-6C@SCD solution, the fluo-
rescence emission displayed a blue shift at about 72 nm
and the morphology became disordered. 1H-NMR of the
DPy-6C@SCD and DPy-6C@SCD+OH− (Figure S18) were
performed to explore the mechanism of DPy-6C@SCD to
bases. The results showed that a large number of bases can
cause the protons of the aromatic group in DPy-6C to reap-
pear, indicating that the bases can disturb the intermolecular
stacking of DPy-6C, thereby resulting in the blue shift of
the emission spectrum. According to the above results, it
can be found that the DPy-6C@SCD displayed an obvious
response to OH−, which cannot be realized by the DPy-6C
monomer. This was mainly dependent on the synergy of mul-
tiple noncovalent interactions in supramolecular assembly
including electrostatic interactions, π-π stacking interactions,
and hydrophobic interactions, endowing the aggregation
with excellent responsiveness that cannot be achieved by
monomer. Meanwhile, the fluorescence quantum yields of
DPy-6C@SCD+H+, and DPy-6C@SCD+OH− were mea-
sured to be 0.80% and 5.33%, respectively (Figure S19). The
lifetime of Py-6C@SCD+H+, and DPy-6C@SCD+OH−

were measured to be 1.55 and 2.37 ns, respectively (Figure
S20).

By using the stimulus-response performance of the DPy-
6C@SCD toward OH−, we wonder whether it can be
used as a good luminescent platform for sensing volatile
organic amines. Hence, some amines such as ammonium

hydroxide, triethylamine, n-butylamine, diisopropylamine,
and benzylamine were selected as the models. In liquid sens-
ing, the diluted volatile amines solution was added to the
DPy-6C@SCD solution. The fluorescence intensity of DPy-
6C@SCD at 593 nm gradually enhanced with the increasing
concentration of organic amines (Figure 5A and Figure S21).
Meanwhile, the DPy-6C@SCD exhibited a fast response rate
and can complete the detection of organic amines within 5
s (Figure S22). Based on S/N = 3,[30] the detection limit is
determined to be 4.53, 15.49, 33.37, 42.47, 78.95 nM for
n-butylamine, triethylamine, benzylamine, diisopropylamine,
and ammonium hydroxide, respectively (Figure S23). On
the other hand, in gas sensing, the DPy-6C@SCD solution
was in an open cuvette and placed in an airtight bottle con-
taining volatile amines at room temperature. When volatile
amines are added to a closed bottle, the DPy-6C@SCD liquid
surface displayed a distinct increasing orange fluorescence
rapidly (Figure 5C and Videos S1–S5), accompanied by
obvious enhancement of fluorescence intensity (Figure 5B).
Furthermore, we used the DPy-6C@SCD to detect other
organic volatile amines such as dimethylamine, trimethy-
lamine, di-n-butylamine, n-hexylamine, and pentylamine.
The result showed that DPy-6C@SCD can generate obvious
fluorescence enhancement at 593 nm (Figure S24), which
confirmed the universality of DPy-6C@SCD response to
volatile organic amines. The results confirmed that the assem-
bly of DPy-6C@SCD can be used as an excellent luminescent
platform for fast sensing organic amines both in liquid and
gas phase.

Due to the red fluorescence intensity of DPy-6C@SCD
being decreased and the orange fluorescence intensity being
increased in the presence of ammonium hydroxide, RGB
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F I G U R E 5 (A) The fluorescence intensity changes of DPy-6C@SCD at 593 nm with the increase of volatile amine concentration in aqueous solution
(Ex = 453 nm; slits: 5/10 nm); (B) The fluorescence intensity of DPy-6C@SCD toward five volatile amines (after complete response in gas phase; (C)
Representative time dependent photographs of DPy-6C@SCD after exposed to volatile amine under 365 nm irradiation; (D) Photographs of DPy-6C@SCD
after adding different concentration of ammonium hydroxide (0.25%) and their R, G, B, R/G values under 365 nm irradiation; (E) Operational procedures
of the RGB analysis and calculation application by using DPy-6C@SCD in smartphone platform; (F) G/R value of DPy-6C@SCD solution upon addition of
ammonium hydroxide (0.25%) under 365 nm irradiation.

analysis could be used as a semi-quantitative method to intu-
itively determine the concentration of ammonium hydroxide.
Therefore, DPy-6C@SCD was used in conjunction with a
smartphone-adaptable RGB application (ColorPicker).[31] As
shown in Figure 5D, the RGB analysis of different solu-
tions was carried out by smartphone, and a good linear
correlation existed between the G/R value of DPy-6C@SCD
and ammonium hydroxide concentrations in the range of 0–
69.5 µM (Figure 5F). Then the fitted formula was edited into
the calculation application (iResult) of the smartphone, and
the concentration of ammonium hydroxide can be quickly
obtained by inputting the captured RGB value (Figure 5E).
When the smartphone was used for RGB analysis, the
concentration of ammonium hydroxide could be quickly out-
putted from the formula application. The results indicated
that a combination of the DPy-6C@SCD sensing process
with a smartphone can be used to determine ammonium
hydroxide concentration without complex pretreatment and
expensive instruments, providing a portable tool for visually
and semi-quantitatively monitoring volatile organic amines.

3 CONCLUSION

In summary, we constructed pH-responsive NIR aggregates
based on negatively charged SCD-induced DPy-6C directed
aggregation through electrostatic interactions, π-π stacking
interactions, and hydrophobic interactions. In the presence
of SCD, the UV-vis absorption of DPy-6C redshifted from

453 to 521 nm, accompanied by the fluorescence emission
redshifted from 530 to 665 nm, and the morphology of DPy-
6C changed from random nanosheets to regular nanorods.
Upon addition of OH−, DPy-6C@SCD displayed an emis-
sion blue shift of 72 nm and a 90-fold increase in intensity
that cannot be achieved by the DPy-6C monomer (Table S1).
The DPy-6C@SCD can serve as a good luminescent platform
for rapidly sensing volatile organic amines in liquid and gas
states within 5 s at the nanomolar level. Combining the iden-
tification process with a smartphone, the content of organic
amines can be quickly and semi-quantitatively detected
through intelligent methods. Therefore, the multicharged
macrocycles induced directional aggregation strategy not
only realizes the topological morphology transformation but
also achieves significant emission spectrum redshift, which
can be combined with a smartphone for the rapid detection of
volatile organic amines, providing a convenient method for
constructing supramolecular intelligent devices.
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