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ABSTRACT Self-assembled fluorescent nanoparticles responding to specific
stimuli are highly appealing for applications such as labels, probes, memory

devices, and logic gates. However, organic analogues are challenging to prepare,
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due to unfavorable aggregation-caused quenching. We herein report the pre-

¢
paration of self-assembled fluorescent organic nanoparticles in water by means of \gg/ /
calixarene-induced aggregation of a tetraphenylethene derivative (QA-TPE) “%;

mediated by p-sulfonatocalix[4]arenes. The self-assembled nanoparticles showed
interesting photoswitching behaviors, and the fluorescence output of the

generated nanoparticles was opposite to that of free QA-TPE both before and
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after irradiation. Free QA-TPE is nonfluorescent, owing to intramolecular rotations of the phenyl rings. In contrast, the self-assembled nanoparticles that

formed upon complexation of QA-TPE with p-sulfonatocalix[4]arene exhibited aggregation-induced emission fluorescence (A¢m, = 480 nm, ® = 14%), as a

result of the inhibition of rotations. Upon UV light irradiation, free QA-TPE was cyclized to the corresponding diphenylphenanthrene, which showed typical

fluorescence of a sz-conjugated system (A, = 385 nm, ® = 9.3%), whereas the nanoparticles were nonfluorescent upon irradiation due to the

aggregation-caused quenching. In effect, this system allows programmed modulation of TPE fluorescence at two different emission wavelengths by means

of host—guest complexation and irradiation. Relative to a single-mode stimulus-responsive system, our new developed system of highly integrated modes

into a single molecular unit that can exhibit modulation of fluorescence by multiple stimulus is expected to be more adaptable for practical applications

and to show enhanced multifunctionality.
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luorescent nanoparticles, and water-

soluble species in particular,’ ™ have

received increasing attention in recent
years due to the fact that they are promis-
ing as labels and sensors for cells,>~” bio-
macromolecules,®® small molecules,'*""
and ions.'>'® Several strategies have
been used to construct fluorescent nano-
particles from organic,'*'? inorganic,?® and
inorganic—organic hybrid materials.2' =
Self-assembled fluorescent organic nano-
particles hold great potential because
of the variability and flexibility of the start-
ing materials and synthesis methods
available.”>?® However, their utility is re-
stricted by undesired aggregation-caused
quenching (ACQ), which is a ubiquitous
problem of organic fluorophores.”2® Although
several approaches, such as encapsulating
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organic dyes into nanoparticles?>*° and

grafting bulky substituents onto the
ﬂuorophores,31 have been evaluated to dimin-
ish ACQ, to some extent, such approaches
are helpless to essentially overcome the ACQ
effect.

Aggregation-induced emission (AIE), which
is essentially the opposite of ACQ, is an extra-
ordinary phenomenon that was first reported
by Tang et al. in 2001.3> Molecules that exhibit
AIE are nonfluorescent as isolated solubilized
species but emit efficiently upon aggregation,
due to the restriction of intramolecular
rotations.>® These molecules are therefore
attracting more and more interest in the
fabrication of fluorescent nanoparticles;>* 38
for example, tetraphenylethene (TPE) be-
haves as a novel chemo- and bioprobe that
shows marked AIE3539~41
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Chart 1. 4-[4-(N,N,N-Trimethylammonium)butoxy]phenyl-
1,2- tetraphenylethene bromide (MQA-TPE), 1,2-bis{4-[4-(N,
N,N-trimethylammonium)butoxy]phenyl}-1,2-tetraphenyl-
ethene (QA-TPE), p-sulfonatocalix[4]arene (SC4A), and bis-
(p-sulfonatocalix[4]arenes) (bisSC4A) (counterions are omitted
for clarity).

Recently, we proposed a novel strategy for the
construction of supramolecular assemblies via calixarene-
induced aggregation (CIA): complexation with
p-sulfonatocalix[nlarenes (SCnAs, n = 4—8) promotes
the aggregation of aromatic or amphiphilic molecules
by lowering the critical aggregation concentration
(CAQ), enhancing the aggregate stability, and regulat-
ing the degree of order in the aggregates.*~>° This
behavior of calixarenes is opposite that of other com-
monly studied macrocycles, such as crown ethers,
cyclodextrins, and cucurbiturils, which prevent aggrega-
tion of guest molecules.”” ° For example, complexation
with SCnAs promotes the aggregation of quaternary
ammonium-modified perylene bisimides,** whereas
cucurbit[8]uril prevents it.>

In this study, combining the advantages of both AIE
and CIA, we constructed unique water-soluble fluo-
rescent organic nanoparticles via self-assembly of qua-
ternary ammonium-modified TPE (QA-TPE) and SC4As
(Chart 1), whereas free QA-TPE is incapable of forming
fluorescent nanoparticles, owing to its weak aggrega-
tion ability. In addition, in order to isolate specific
signals of interest, modulating fluorophores between
bright and dark states%®" especially for photo-
switching,®? % is highly desirable for fluorescent
probes,®®> memory devices,®® logic gates,®” etc. For
further practical applications, and also to enhance
the multifunctionality of these systems, it is better to
combine highly integrated modes into a single molec-
ular unit that can exhibit multistimulus modulation
of fluorescence.’® However, most of these systems
employ a fluorescence on—off switching strategy in
only single-mode stimulus response. In our work, TPE
analogues are photoreactive,*~”" allowing for photo-
switching fluorescence of their assemblies. Therefore,
our nanoparticle system exhibited a total of four states,
two fluorescent and two nonfluorescent (Scheme 1),
and could be modulated by multiple stimulus, revealing
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Scheme 1. Schematic illustration of the fluorescence transi-
tions of QA-TPE induced by host—guest complexation and
irradiation: (a) nonfluorescent QA-TPE, (b) fluorescent 1,2-
bis{4-[4-(N,N,N-trimethylammonium)butoxylphenyl}-1,2-
diphenylphenanthrene (QA-DPP), (c) fluorescent SC4A+QA-
TPE nanoparticles, and (d) nonfluorescent SC4A+QA-DPP
nanoparticles.
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Figure 1. Dependence of surface tension (o) on QA-TPE
concentration in water at 25 °C.

a new system of highly integrated fluorescence modes,
which is expected to be adaptable for further practical
applications.

RESULTS AND DISCUSSION

CIA of QA-TPE. SCnAs are a family of water-soluble
calixarene derivatives with three-dimensional, flexible,
m-election-rich cavities and have been widely used in
molecular recognition, sensing, and self-assembly ap-
plications on account of their intriguing inclusion
capabilities.”? SCnAs not only form host—guest com-
plexes in conventional 1:1 stoichiometry but also form
1:n complexes with certain aromatic or amphiphilic
molecules, leading to highly ordered aggregates by
means of CIA.**~>¢

Before studying the aggregation of QA-TPE induced
by complexation with calixarenes, we first evaluated
the aggregation behavior of free QA-TPE. Because QA-
TPE is a bolaamphiphile, we examined its aggregation
behavior by surface tension measurements (Figure 1).
The surface tension of aqueous solutions of QA-TPE
decreased linearly as the concentration of QA-TPE was
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Figure 2. Fluorescence spectra of QA-TPE (7.2 x 107> M)
with S-cyclodextrin (3-CD, 5.0 x 103 M), cucurbit[7]uril
(CB[7], 1.0 x 103 M), 4-phenolsulfonic sodium (PS, 2.0 x
1072 M), SC4A (3.6 x 10> M), and bisSC4A (1.8 x 10> M) in
water at 25 °C, 1o, = 340 nm. Inset: photographs of QA-TPE
(left), QA-TPE+SC4A (center), and QA-TPE+bisSC4A (right)
excited by UV light.

gradually increased from 9.0 x 10> to 1.4 x 10°* M,
and then remained unchanged at concentrations
of >1.4 x 10°* M, which implies typical aggregation
behavior for an amphiphile. The CAC was determined
as 1.4 x 10~* M. Dynamic light scattering (DLS) mea-
surement of a QA-TPE solution (1.5 x 10~* M) showed
substantial aggregates with an average hydrodynamic
diameter of around 110 nm (Supporting Information
Figure S8a), and the aggregates were determined to
have spherical morphology by transmission electron
microscopy (TEM) (Figure S8b) and atomic force micro-
scopy (AFM) (Figure S8c). However, no appreciable
fluorescence of the QA-TPE aggregates was observed
(Figure S9). One reasonable explanation is that the
free QA-TPE aggregates were not compact enough to
restrict intramolecular rotation of the phenyl rings and
thus showed no AIE.

When calixarenes were added to the QA-TPE
solution, the AIE fluorescence was clearly observed
(Figure 2) accompanied by a pronounced complexa-
tion-induced decrease in the CAC. In a control experi-
ment, the addition of excess 4-phenolsulfonic sodium
(the subunit of SC4A) did not lead to an appreciable
change in the fluorescence of QA-TPE, which suggests
the crucial role of the preorganized scaffold of the
calixarenes in CIA. We also measured the fluores-
cence of QA-TPE in the presence of f-cyclodextrin
and cucurbit[7]uril, and no AIE fluorescence was ob-
served (Figure 2), indicating that CIA was not induced
by these other macrocycles. Two driving factors are
indispensable for CIA: (1) the host—guest inclusion
interaction offered by the calixarene cavity and (2)
the charge interactions between the upper-rim sulfo-
nate groups of calixarene and charged groups of QA-
TPE.*?7>° In addition, the AIE fluorescence of QA-TPE
could be also observed in water/glycol mixed solvents,
which was increased with decreasing water components
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Figure 3. Change in the fluorescence of QA-TPE at 480 nm
upon the gradual addition of SC4A or bisSC4A.

(Supporting Information Figure S10), similar to previous
report about AIE characteristics of TPE.”

The binding stoichiometries of SC4A and bisSC4A
with QA-TPE were then determined by fluorescence
titration (Figure 3 and Figure S11) as well as by Job's
method (Figure S12). Upon a stepwise addition of
SC4A or bisSC4A to the QA-TPE solution, the fluores-
cence emission of QA-TPE gradually increased until
it reached a plateau when the concentration of SC4A
or bisSC4A reached 3.6 x 107> or 1.8 x 107> M, re-
spectively (Figure S11). From the inflection points, the
host—guest molar ratios could be clearly read as 0.5 for
SC4A and 0.25 for bisSC4A, corresponding to 1:2 and
1:4 binding stoichiometries (Figure 3). In the Job plots,
the maximum peaks appeared at mole fractions of
0.67 and 0.80, respectively (Figure $12). The obtained
host—guest stoichiometries were consistent with the
charge matching between the sulfonate groups of
the host molecules and the QA groups of the guest
molecules. We inferred that the host—guest and charge
interactions together drove the CIA. For free QA-TPE,
unfavorable electrostatic repulsion between the term-
inal QA groups offset the favorable z-stacking and
hydrophobic interactions of the TPE spacers; hence,
even at high concentrations, only loose aggregates
formed without exhibiting AIE. In addition, a mono-
quaternary ammonium derivative of TPE (MQA-TPE)
(Chart 1) as a comparative compound was employed
to investigate aggregation behavior of TPE under the
same condition as mentioned before (Figures S13 and
S14). The AIE fluorescence was also only observed in
the aqueous solution of MQA-TPE upon addition of
calixarene, which could not be induced by other macro-
cycles (Figure S13). In the Job plot, a 1:4 binding
stoichiometry was determined as a result of charge match-
ing (Figure S14). These results are consistent with those of
QA-TPE and further proved that the multivalent interac-
tions between calixarene and quaternary ammonium-
modified TPE derivative together drove the CIA.

We postulate that the CIA observed upon the
addition of the calixarenes occurred in two steps
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Scheme 2. Schematic illustration of CIA of SC4A and bisSC4A with QA-TPE.

70{® @ © ¢ ® o 4 0 o
654 d ® QA-TPE+SC4A
® QA-TPE+bisSC4A
— 60+ °
E
Z 5 e
o
50 °
° °
45- ° ° °
3.0x10° 6.0x10° 9.0x10° 1.2x10°
[QA-TPE] (M)

Figure 4. Dependence of the surface tension (o) of
SC4A-+QA-TPE and bisSC4A+QA-TPE solutions on QA-TPE
concentration (2.0 x 10°® to 1.1 x 10~° M) with SC4A or
bisSC4A at a 1:1 charge stoichiometry in water at 25 °C.

(Scheme 2). First, the host and guest molecules in-
stantaneously formed a complex in which the two QA
groups of the guest were encapsulated by the cavities
of two host molecules, affording a 2:1 capsule-like
complex driven by the host—guest interaction. Sub-
sequently, additional QA-TPE guest molecules were
readily integrated into the 2:1 complexes, which
resulted in the formation of compact aggregates with
a much lower CAC, due to the fact that the intrinsic
electrostatic repulsion between the QA groups was
replaced by electrostatic attraction between the
QA groups and the sulfonate groups of the host
molecules. The resulting aggregates, exhibiting the
desired AIE fluorescence, were simultaneously stabi-
lized by noncovalent interactions cooperatively, in-
cluding host—guest, electrostatic, m-stacking, and
hydrophobic interactions.

To gain more insight into the process of assembly of
SC4A and bisSC4A with QA-TPE, we investigated the
concentration-dependent surface tension of SC4A+QA-
TPE and bisSC4A+QA-TPE solutions (Figure 4). For the
SC4A+QA-TPE solution, the surface tension decreased
dramatically with increasing concentration until a pla-
teau was reached at 7.0 x 10~° M, implying amphiphilic
aggregation with a 1/20 CAC value of free QA-TPE. By
contrast, the surface tension of the bisSC4A+QA-TPE
solution showed no concentration dependence, indicat-
ing non-amphiphilic aggregation.
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Figure 5. TEM and AFM images: (a,c) SC4A+QA-TPE (QA-TPE,
1.0 X 107> M; SC4A, 5.0 x 10-° M) and (b,d) bisSC4A+QA-TPE
(QA-TPE, 1.0 x 10~° M; bisSC4A, 2.5 x 105 M).

Fabricating Fluorescent Nanoparticles by Complexation of
Calixarenes with QA-TPE. On the basis of the results of
fluorescence titration and Job plots, we used host—
guest ratios of 1:2 for SC4A+QA-TPE and 1:4 for
bisSC4A+QA-TPE to fabricate the corresponding fluo-
rescent nanoparticles. The sizes and morphologies of
the self-assembled SC4A+QA-TPE and bisSC4A+QA-
TPE nanoparticles were determined by DLS, TEM, and
AFM, respectively (Supporting Information Figure S15
and Figure 5). In a control experiment, we found that
QA-TPE showed no appreciable scattering intensity
at 1.0 x 10> M (Figure S15a), implying that no large
aggregates formed. Upon complexation with SC4A or
bisSC4A, aggregates with average hydrodynamic dia-
meters of about 60 nm for SC4A+QA-TPE and about
120 nm for bisSC4A+QA-TPE formed (Figure S15b,c).
Meanwhile, the DLS measurement was also employed
to investigate the aggregation of the SC4A+MQA-TPE
complex (Figure S19), showing no appreciable scattering
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Scheme 3. Models for assembly of QA-TPE in the presence
of SC4A and bisSC4A.

intensity, which was substantially different from the
SC4A+QA-TPE complex. Under the same concentra-
tion of TPE, the complexation of SC4A with MQA-TPE
can generate the AIE fluorescence (Figure S13) but
cannot lead to the formation of large-size aggregates
(Figure S19). Compared to QA-TPE, MQA-TPE is one
binding site less, and therefore, the host—guest and
charge interactions between SC4A and MQA-TPE are
not robust enough to drive the formation of large-size
aggregates, but probably oligomers were formed. TEM
indicated that both the SC4A+QA-TPE and bisS-
C4A+QA-TPE nanoparticles were spherical, with aver-
age diameters of about 30 and 90 nm, respectively
(Figure 5a,b). Moreover, the SC4A+QA-TPE nanoparti-
cles showed multilamellar stacks. AFM measurements
gave similar results (Figure 5¢,d). It should be noted
that, in the AFM image of the bisSC4A+QA-TPE nano-
particles, regular linear arrays extending away from the
spherical nanoparticles were also observed (Figure 5d).
In an effort to gain a deeper understanding of assem-
bly behaviors of calixarenes and QA-TPE, the DLS
experiments with different host—guest ratios were
performed by maintaining the concentration of QA-
TPE (1.0 x 10> M) (Figures 516 and $17). The results
suggest that, after large-size aggregates have formed,
the further increase of the host—guest ratios with a
constant concentration of QA-TPE cannot result in
change of sizes of the SC4A+QA-TPE and bisS-
C4A-+QA-TPE assembilies.

Taken together, our results suggest the assembly
models depicted in Scheme 3. The SC4A+QA-TPE
nanoparticles exhibited typical amphiphilic character-
istics and a bilayer structure that curved to generate
multilamellar spheres. In contrast, the bisSC4A+QA-
TPE nanoparticles consisted of linear arrays formed as a
result of the two cavities of bisSC4A, and the linear
arrays rolled into a random coil stabilized by zz-stacking
interactions among the TPE and calixarene units. Con-
focal fluorescence images showed that both the
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Figure 6. Fluorescence spectra of (a) free QA-TPE and (b)
SC4A+QA-TPE nanoparticles at different irradiation times.
Insets: photographs of fluorescence before (left) and after
(right) irradiation. (c) Fluorescence spectra of free QA-TPE
after irradiation for 310 min and subsequent addition of
SC4A. Inset: fluorescence photographs of free QA-TPE after
irradiation for 310 min before (left) and after (right) addition
of SC4A. [QA-TPE] = 7.2 x 107> M, [SC4A] = 3.6 x 107> M,
and Ao, = 340 nm.

SC4A+QA-TPE and bisSC4A+QA-TPE nanoparticles ex-
hibited robust blue fluorescence (Figure S18b,c). No
such fluorescence was observed with free QA-TPE (or
aggregates of QA-TPE above its CAC) (Figure S18a); this
result is in good agreement with the results of the
above-described fluorescence experiments.
Fluorescence Modulation by Irradiation. TPE derivatives
are photoreactive, undergoing cyclization to diphenyl-
phenanthrene (DPP) derivatives upon irradiation.®®~”"
Given that TPE exhibits AIE and that DPP exhibits
ACQ,”° we decided to examine the fluorescence re-
sponses of free QA-TPE and the self-assembled
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nanoparticles to a photostimulus. The SC4A+QA-TPE
nanoparticles were employed because SC4A is more
readily available than bisSC4A. UV light irradiation of
free QA-TPE switched it from nonfluorescent to fluo-
rescent (Aem = 385 nm, ® = 9.3%; Figure 6a), and the
fluorescence could be quenched by adding SC4A at a
1:1 charge stoichiometry (Figure 6¢). For the SC4A+
QA-TPE nanoparticles, the fluorescence change upon
irradiation differed from that of free QA-TPE (Figure 6b),
switching from fluorescent (Aem, = 480 nm, @ = 14%) to
nonfluorescent.

The mechanisms of the fluorescence changes of
free QA-TPE and the SC4A+QA-TPE nanoparticles
upon irradiation were investigated by mass spectro-
metry (MS) and 'H NMR measurements (Supporting
Information Figures S20—S522). A main peak at 296.4
(Figures S20a and S21a), assigned to [(QA-TPE-2Br)/2]*,
was observed before irradiation but disappeared al-
most completely upon irradiation; meanwhile, a new
main peak at 295.4 (Figures S20b and S21b), assigned
to [(QA-TPE-2Br-2H)/2]", was observed. Moreover,
in the time-dependent 'H NMR spectra of QA-TPE
(Figure S22), the peaks assigned to the aromatic pro-
tons of QA-TPE (0 = 6.51—7.12 ppm) were passivated,
and new signals at 6 =7.24,7.37,7.56,8.12,and 8.68 ppm
emerged after 180 min irradiation (Figure S22a).
The signal assigned to OCH, group (0 = 3.84 ppm)
changed to two singlets with 6 = 3.82 and 4.09 ppm
(Figure S22b). This evidence obtained in the MS and H
NMR spectroscopic data clearly confirmed the photo-
induced cyclization of QA-TPE to QA-DPP,”%”! which
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should have three possible structures due to cis/trans
isomerization of QA-TPE:*~7% one results from the
trans isomer; the other two originate from the cis
isomer (Scheme 4). QA-TPE was nonfluorescent due
to unhindered low-frequency intramolecular rotations
of the phenyl groups, whereas complexation with
calixarene induced the aggregation of QA-TPE, which
then triggered the AIE fluorescence by restricting
intramolecular rotation of the TPE unit. The photoreac-
tion product QA-DPP showed the typical fluorescence
of a ;1-conjugated system because the formation of a
C—C bond between the neighboring phenyl rings
restricted intramolecular rotation. Calixarene also in-
duced the aggregation of QA-DPP, but the fluores-
cence was quenched by means of ACQ that is generally
observed in condensed phase, where the aggregates
of the fluorophore are prone to decay through non-
radiative pathways rather than luminescent ones.”
In addition, we also performed irradiation of free
MQA-TPE and the SC4A+MQA-TPE complex, which
was investigated by fluorescence and MS measurements
(Figures S24 and S25), giving similar results to those of
free QA-TPE and the SC4A+QA-TPE nanoparticles.
With all these results in hand, we concluded that the
programmed modulation of TPE fluorescence with
diverse emissions by means of host—guest complexa-
tion and irradiation occurred as schematically illu-
strated in Scheme 1: nonfluorescent QA-TPE turns to
be fluorescent QA-DPP, while AIE fluorescent SC4A-+QA-
TPE nanoparticles turn to be ACQ nonfluorescent
SC4A+QA-DPP nanoparticles. Remarkably, the oxidative
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photocyclization rate of QA-TPE was markedly acceler-
ated by complexation with SC4A (Figure 6). The photo-
reaction of SC4A+QA-TPE (r,) was 6.8 times as fast as
that of free QA-TPE (r,). One reasonable explanation is
that the complexed QA-TPE existed in a compact ag-
gregate, and the intramolecular rotations of the phenyl
groups in the TPE unit were effectively restricted
by sz---m stacking of the neighboring TPE units,
which favored photocyclization of QA-TPE to QA-DPP
(Scheme 4). Moreover, oxidative photocyclization
rate of aggregates of QA-TPE above its CAC was also
studied (Figure S23); however, no acceleration of
photoreaction was observed.

CONCLUSIONS

In summary, we fabricated two types of self-
assembled fluorescent organic nanoparticles that
exhibited CIA and AIE in aqueous media. When

EXPERIMENTAL SECTION

Materials. All chemicals used are reagent grade unless
noted. p-Sulfonatocalix[4]arene (SC4A)”” and bis(p-sulfonato-
calix[4larenes) (bisSC4A)’® were synthesized and purified
according to previously reported procedures. Trimethylamine
was purchased from commercial resources and used without
further purification. 4-(4-Bromobutoxy)-phenyl-1,2-tetraphenyl-
ethene’”and 1 ,2-bis[4-(4-bromobutoxy)phenyl]-1,2-tetraphenyl-
ethene”® were synthesized according to the procedure in the
literature.

Synthesis of 4-[4-(N,N,N-Trimethylammonium)butoxy]phenyl-1,2-tetra-
phenylethene bromide (MQA-TPE) (Figure S1). 4-(4-Bromobutoxy)-
phenyl-1,2-tetraphenylethene (1450 mg, 3 mmol) was dissolved
in a 100 mL flask with a magnetic stir bar and THF (50 mL). After
the mixture was placed in an ice bath, an excess amount of
trimethylamine gas was introduced. The mixture solution was
allowed to warm to room temperature. After being stirred for
1 day, the solvent was removed at reduced pressure. After being
dried overnight in vacuum at 45 °C, MQA-TPE was obtained
as pale yellow powder (743 mg) in a yield of 48%. 'H NMR
(400 MHz, CDCl3, 6): 7.09—6.97 (m, 15H), 6.90 (d, 2H), 6.60 (d, 2H),
3.91 (t, 2H), 3.72 (t, 2H), 3.43 (s, 9H), 1.93 (br, 2H), 1.83 (br, 2H). "3C
NMR (100 MHz, CDCls, 9): 157.04, 143.93, 143.89, 143.83, 140.32,
140.22, 136.44, 132.57, 131.30, 131.28, 127.74, 127.62, 127.60,
126.38, 126.29, 126.27, 113.56, 66.53, 66.34, 53.38, 25.96, 20.03.
ESI-MS: 462.3 (M — Br)". Anal. Calcd for C33H36BrNO: C, 73.05; H,
6.69; N, 2.58. Found: C, 73.02; H, 6.72; N, 2.49.

Synthesis of 1,2-Bis{4-[4-(N,N,N-trimethylammonium)butoxylphenyl}-
1,2- tetraphenylethene dibromide (QA-TPE) (Figure S1). 1,2-Bis[4-(4-
bromobutoxy)-phenyl]-1,2-tetraphenylethene (1896 mg, 3 mmol)
was dissolved in a 100 mL flask with a magnetic stir bar and THF
(50 mL). After the mixture was placed in an ice bath, an excess
amount of trimethylamine gas was introduced. The mixture
solution was allowed to warm to room temperature. After being
stirred for 1 day, 10 mL of water was added, and then the mixture
was continuously stirred for 1 day. The solvent was removed at
reduced pressure, and the residue was washed with THF three
times. After being dried overnight in vacuum at 45 °C, QA-TPE was
obtained as pale yellow powder (1147 mg) in a yield of 51%. 'H
NMR (400 MHz, D,0, 9): 6.86—6.69 (m, 14H), 6.30 (br, 4H), 3.46 (d,
4H), 3.12 (br, 4H), 2.91 (d, 18H), 1.49 (br, 8H). '*C NMR (100 MHz,
D,0, 6):156.91,139.81, 132.30, 131.07, 127.79, 113.99, 67.18, 66.00,
53.06, 25.62, 19.56. ESI-MS: 296.4 (M — 2Br)/2)". Anal. Calcd for
CyoHs,BroN;0,: €, 63.83; H, 6.96; N, 3.72. Found: C, 63.80; H, 7.01; N,
367.

Measurements. NMR spectra were recorded on a Bruker AV400
spectrometer. Mass spectra were performed on an LCQ-Advantage
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QA-TPE complexed with SC4A and bisSC4A, not
only did the CAC decrease markedly but also the
sm-aggregation of TPE became more compact. Con-
sequently, the SC4A+QA-TPE and bisSC4A+QA-TPE
nanoparticles exhibited the desired AIE fluores-
cence, which cannot be achieved with free QA-TPE.
Photoswitching the fluorescence of free QA-TPE and
the self-assembled nanoparticles was also achieved,
benefitting from the photoreactivity of TPE. Thus, we
were able to achieve a system of nanoparticles with
diverse fluorescence modes by means of host—guest
complexation and irradiation. Our results can be
expected to pave the way for the construction of
organic nanoparticle systems with fluorescence that
can be modulated by multiple stimuli. Such systems
are expected to find practical applications as fluores-
cent probes, memory devices, and logic gates, among
others.

MS. Elemental analysis was performed on a Perkin-Elmer 2400C
instrument. The surface tension in water was measured by using
a QBZY full-automatic surface tensiometer with the method of
platinum plate at 25 °C. Steady-state fluorescence spectra were
recorded on a Varian Cary Eclipse equipped with a Varian Cary
single cell peltier accessory to maintain the temperature.

Transmission Electron Microscopic (TEM) Measurements. TEM images
were recorded using a Tecnai 20 high-resolution transmission
electron microscope operating at an accelerating voltage of
200 keV. The sample of QA-TPE (1.0 x 107> M), QA-TPE
(1.5 x 10* M), SC4A+QA-TPE (QA-TPE, 1.0 x 107> M; SC4A,
50 x 107° M), and bisSC4A+QA-TPE (QA-TPE, 1.0 x 107> M;
bisSC4A, 2.5 x 10~¢ M) were prepared by dropping the solution
onto a copper grid and then drying in air.

Atomic Force Microscopic (AFM) Measurements. The AFM measure-
ments were performed by using an AFM (Veeco Company,
Multimode, Nano llla) in tapping mode at room temperature.
Sample solutions of QA-TPE (1.5 x 10~* M), SC4A+QA-TPE
(QA-TPE, 1.0 x 107> M; SC4A, 50 x 107® M), and bisS-
C4A++QA-TPE (QA-TPE, 1.0 x 10> M; bisSC4A, 2.5 x 107° M)
were dropped onto newly clipped mica and then dried in air.

Dynamic Light Scattering (DLS) Measurements. DLS was performed
on a laser light scattering spectrometer (BI-200SM) equipped
with a digital correlator (BI-9000AT) at 532 nm. All sample
solutions for DLS measurements, including MQA-TPE (1.0 X
107 M), QA-TPE (1.0 x 107> M), QA-TPE (1.5 x 107* M),
SC4A+MQA-TPE (MQA-TPE, 1.0 x 107> M; SC4A, 2.5 x
107® M), SC4A+QA-TPE (QA-TPE, 1.0 x 107> M; SC4A, 5.0 x
107° M), and bisSC4A+QA-TPE (QA-TPE, 1.0 x 10> M; bisSC4A,
2.5 x 107° M), etc., were prepared by filtering solution through a
450 nm Millipore filter into a clean scintillation vial.

Confocal Fluorescence Measurements. The confocal fluores-
cence images were recorded on a laser confocal microscope
(OLYMPUS FV1000S-1X81). Sample solutions of QA-TPE (1.5 x
107* M), SC4A-+QA-TPE (QA-TPE, 7.2 x 107> M; SC4A, 3.6 x
10~° M), and bisSC4A-+QA-TPE (QA-TPE, 7.2 x 10> M; bisSC4A,
1.8 x 107> M) were dropped onto newly clipped mica and
immediately used for measurements.

Irradiation. The solutions of free MQA-TPE (7.2 x 107> M),
free QA-TPE (7.2 x 10~> M), the SC4A+MQA-TPE complex
(MQA-TPE, 7.2 x 10~> M; SC4A, 1.8 x 10> M), and the SC4A+
QA-TPE nanoparticle (QA-TPE, 7.2 x 10> M; SC4A,3.6 x 107> M)
were placed in a quartz bottle and further irradiated by using a
500 W medium-pressure mercury lamp (CEL-M500) after inletting
N, for 10 min at room temperature.

Quantum Yield Measurements. The absolute quantum yields
were measured, referring to the procedure in the literature.®°
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They were recorded on an Edinburgh Analytical Instruments
FLS920 with an inner diameter of 150 mm integrating sphere
coated inside with BaSO,4 and calculated by using following

equation:
L -
f /emlsslon
D =—
o

/Esolvem - /Esample

where fis the photons emitted by the sample; o is the photons
absorbed by the sample; @ is the absolute quantum yield;
Lemission is the luminescence emission spectrum of the sample,
collected using the sphere; Eq,mpie is the spectrum of the light
used to excite the sample, collected using the sphere; and
Esovent is the spectrum of the light used for excitation with only
the solvent in the sphere, collected using the sphere. Sample
solutions of free QA-TPE (7.2 x 107> M) after irradiation for
310 min and SC4A+QA-TPE (QA-TPE, 7.2 x 107> M; SC4A,
3.6 x 107> M) were used to measure the absolute quantum
yields in water at 25 °C, Aox = 340 nm.

Mass Spectra Measurements for Photoreaction. The mass spectra
measurements were performed after 270, 310, 140, and 45 min
irradiation for free MQA-TPE, free QA-TPE, the SC4A+MQA-TPE
complex, and the SC4A+QA-TPE assembly, respectively.
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