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Phenylacrylonitrile tartaric acids have been found to enantioselectively self-assemble with an enan-
tiomer of a chiral amine to form either nanofibers or nanospheres that exhibit aggregation-induced
emission (AIE). The nanofibers exhibited stronger emission intensity and longerwavelengths of absorp-
tion and emission than the nanospheres because of increased π-π conjugation, an effect previously
unseen in AIE. When the solvent consists of a mixture of water and THF rather than water and
ethanol, the resultant nanospheres have holes. The holes are the result of the dissolution of defects
and a decrease in the bending energy. This is in contrast to hole formation from solvents flowing out
of the nanospheres, as previously seen. Through control of the water/THF ratio, the size of the holes
in the nanospheres can be tuned. Nanospheres with a single hole displayed both higher uptake capacity
and larger release speed of the drug naproxen than closed nanospheres. The ability to adjust fluo-
rescent properties of AIE molecules through the preparation of organic single-hole hollow nano-
spheres has also been investigated along with the implications of the AIE mechanism.

Introduction

Hollow nanospheres are attracting increasing interest as
catalyst carriers, drug capsules, gas storage, pollutant remov-
ers, and cell imitators among others. These hollow spheres
are closed, which makes it hard to encapsulate and release
the guestmolecules. In contrastmost containers used in daily
life, such as jam jars,milk bottles, and coffee cups have a hole
for rapidly introducing and removing the contents. For exam-
ple, the hydrogenation of ethylene catalyzed by platinum
nanoparticles encapsulated in hollow spheres of CoO is 4
times slower than the platinum nanoparticles supported on

SiO2 which is because the reactants and products must dif-
fuse through the closed shell.1 Porous hollow nanospheres
would appear to be a solution to this problem. Inorganic
materials have used to produce porous hollow nanospheres
made of carbon,2 silica,3 metal oxide,4 sulfide,5 nitride,6 and
phosphate.7 A hollow aluminosilicate sphere with holes has
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encapsulated Discosoma coral proteins which was not pos-
sible by a closed nanosphere.8 Making these porous hollow
nanospheres from organic materials would be advantageous
for some applications such as drug delivery because of increased
compatibility with the living body. However, there has been
very little research on these kinds of organic nanomaterials.
Porous hollow spheres based on organic polymers have been
documented.9-11 Hollow polymer spheres with a hole have
been shown to adsorb more TNT explosives,10 encapsulate
bovine serum albumin,9 and even accommodate iron oxide
nanoparticles.9 Therefore,moremethods for the preparation
of hollow organic spheres need to be developed.

Although the self-assembly of organic small molecules is
one of the most convenient methods for the preparation of
organic micro/nanomaterials, the fabrication of porous hol-
low nanospheres by this method are rare.12 Recently, it has
been reported that U-like porphyrin-Zn(II) complexes,12a

V-like benziporphodimethene-Zn(II) complexes,12b dicya-
nomethylene-containing oligophenylenevinylene12c and dendri-
tic peptides composed of palmitoyl tryptophan12d can self-
assemble into hollow micro/nanospheres with holes on their
surfaces, inaddition todumbbell-shapednonionicamphiphiles12e

which can forma capsule structurewithmesh-like nanopores
on its shell. Like the single hole in single-hole hollow nano-
spheres based on polymer, the holes in the surfaces of these
hollow spheres are formed by the outflow of solvent included

in the spheres. Research into their use as drug carriers has not
been reported.

The chirality of organic small molecules has been ex-
ploited in the formation of nanomaterials13 and can be used
to tune their shape and size.14However, noworkhas yet related
the effect of the molecular chirality on the properties of the
organic micro/nano materials. Moreover, molecular chiral-
ity has not been used to prepare hollow nanospheres with
holes. Here, we have prepared chiral phenylacrylonitrile tarta-
ric acids, which exhibit aggregation-induced emission (AIE)
and have investigated how the chirality controls the AIE.
The mechanism for the formation of the hole on the surface
of the spheres is also discussed.

Results and Discussion

Chiral compounds 1-6 (Scheme1) bearing anoptically pure
tartaric acid group are a new class ofmolecules which exhibit
aggregation-induced emission (AIE).15,16At the correct ratio
of water to ethanol, D-1 or L-1 can induce the aggregation of
just one enantiomer with a number of chiral amines. This
causes a huge difference in the fluorescence intensity between
enantiomers.16 When the volume ratio of water and ethanol
was increased to 9:1, both enantiomers of chiral amine 7

displayed aggregation with D-1, but the morphologies of the
aggregates were different. FE-SEM revealed that aggregates
made of D-1 and (1S,2R)-7 were made of nanofibers with a
length of about 50 μm and a width of about 200 nm. But the
aggregates of D-1 and (1R,2S)-7 were composed of round

SCHEME 1. Structure of Phenylacrylonitrile Tartaric Acids 1-6, Amines 7-9, and Naproxen 10
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nanospheres with a diameter of 100-500 nm (Figure 1, A
andB).TEMimages confirmed the result observedbyFE-SEM
(Figure 1, C and D). As expected, if L-1 was reacted with the
amine, the mixture of L-1 and (1R,2S)-7 led to nanofibers,
but L-1 and (1S,2R)-7 resulted in nanospheres, indicating that
the shape difference of the aggregates was initiated by chiral
recognition. In addition, the powder XRD pattern of dry
solid obtained by filtering the suspension of D-1 and (1S,2R)-
7 exhibited four peaks at low angles corresponding to
d-spacing of 2.6, 1.5, 1.3, and 0.97 nm. However, the powder
XRDpattern of D-1 and (1R,2S)-7 showed no peaks (Figures
S21-S22, Supporting Information [SI]). This indicates that
nanofibers have an orderly layered structure, which is ac-
cordance with the fact that the linear objects are anisotropic
to a greater extent than spherical ones.

Mixing the optically pure acids D-2 and D-3 with the two
enantiomers of the amine 7 also afforded aggregates with
differentmorphologies. Similarly, D-1, D-2, or D-3 reacts with
the two enantiomers of the amine 8 to produce spherical and
fiber aggregates, depending on the chirality. These results are
summarized in Table 1. The fluorescence emission of the
fiber aggregates is stronger much than that of the spherical
aggregates. As shown in Table 1, the quantum yields Φf,

measured using quinine bisulfate in 1 N H2SO4 as the stan-
dard, are between 2 and 58 times greater in the nanofibers.
Moreover, the peak wavelength λmax of the absorption and
emission of fiber aggregations occurs at longer wavelengths.
For example, the λmax of the nanofibers from the mixture of
D-1 and (1S,2R)-7was 20 nm (346 nm vs 326 nm) longer than
that of the nanospheres formed by the interaction of D-1 and
(1R,2S)-7. The emission of the nanofibers also appeared at a
wavelength that was 23 nm (443 nm vs 420 nm) longer than
that of nanospheres (Figure 2). Irradiated under a portable
365 nmUV lamp, a suspension of D-1 and (1S,2R)-7 in water
and ethanol (v/v 9:1) emitted strong green light, but D-1 and
(1R,2S)-7 had a weak blue fluorescence (inset in Figure 2B).

Although chirality has been seen to affect self-assembly,
examples of different chirality resulting in different aggre-
gate morphology are very rare.14 These differences in aggre-
gate morphology leading to different emission properties have
not been reported, to the best of our knowledge. The
aggregation of 1-3 with both (1R,2R)-9 and (1S,2S)-9 only
afforded round nanospheres with a diameter of 200-500 nm
in the mixed solvent of water and ethanol (v/v 9:1).

Compound 4 has an additional conjugated thiophene
group and emits more strongly at a longer wavelength than
1 when aggregated. Because of insolubility in ethanol, the
aggregation of 4 with amines was carried out in a mixture of
water and THF (v/v 90:10) instead of ethanol. When 1.8 mL
ofwaterwas added to the solution of D-4 (0.01M) and 7 (0.01
M) in 0.2 mL of THF without stirring, the resultant aggre-
gates of D-4 and (1S,2R)-7 were primarily nanofibers with a
small amount of nanospheres, and D-4 and (1R,2S)-7 gave
nanospheres with a few nanofibers, as observed in the
FE-SEMimages. D-4 and (1R,2R)-9 gave nanosphereswith very
few nanofibers, but D-4 and (1S,2S)-9 yielded nanorods
composed of nanospheres connected to each other (Figure 3,
A and B). Similar to the results in water and ethanol, the

FIGURE 1. (A) FE-SEM image of mixture of D-1 and (1S,2R)-7 ;
(B) FE-SEM image of D-1 and (1R,2S)-7; (C) TEM image of D-1 and
(1S,2R)-7; (D) TEM images of D-1 and (1R,2S)-7. [1] = [7] = 1.0�
10-3 M in a mixed solvent of water and ethanol, v/v 9:1, mixing 1

and 7.

TABLE 1. Enantioselective Morphologya and Quantum Yield (Φf %)b

(1R,2S)-7 (1S,2R)-7 (R)-8 (S)-8

D-1 spheres fibers spheres fibers
Φf % 0.43 25.0 2.76 5.96
D-2 spheres fibers fibers spheres
Φf % 0.98 3.69 0.52 0.10
D-3 fibers spheres fibers spheres
Φf % 3.10 0.43 2.80 0.30

aThe concentrations of all reagents 1.0� 10-3M in amixed solvent of
water and ethanol, v/v 9:1, measured by FE-SEM. bMeasured using
quinine bisulfate in 1 N H2SO4 as the standard.

FIGURE 2. Absorption (A) and emission (B) spectra of a mixture
of D-1 and enantiomers of 7 in a mixed solvent of water and ethanol
(v/v 9:1).
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suspension of nanofibers in water and THF had a stronger
emission and longer absorption and emission λmax than the
nanospheres. As shown in Figure 4, the nanorod suspension
of D-4 and (1S,2S)-9 in water and THF (v/v 90:10) had a
larger absorption λmax than that of the nanospheres of D-2
and (1R,2R)-9 (385 nm vs 365 nm). The emission λmax of the
nanorods also appeared at a wavelength that was 15 nm (486
nmvs 471 nm) longer than that of the nanospheres, and had a
more intense emission.

Unexpectedly, when the water was slowly added into the
solution in THF while stirring to give a volume ratio of
H2O/THF, 90:10, the resultant aggregates of the mixture of D-4
and (1R,2R)-9were nanosphereswith a hole in their surfaces.
As shown by FE-SEM image in Figure 3C, the nanospheres
had diameters ranging from 150 to 800 nm and the holes in
the surface were 20-150 nm in diameter. Under the same con-
ditions, thenanorodaggregatesofD-4and (1S,2S)-9had smaller
diameters than those without stirring. It is noted that the
minor nanospheres retained among the nanorods also bear a
hole in the surface (Figure 3D).

When water was slowly added into the solution of other
chiral AIE acids such as D-1, D-2, D-3, or D-5 with (1R,2R)-9
in THF under stirring, the resultant aggregates were nano-
spheres with a hole. Without stirring, only closed nanospheres
were obtained. As shown in Figure 5A, rapidly adding the
water to the solution of D-1 and (1R,2R)-9 in THF (volume
ratio H2O/THF, 95:5), gave nanospheres with diameters from
100 to 500 nm. When water was added slowly to the same
solution with stirring, the resultant aggregates were single-
hole nanospheres (Figure 5B). The nanospheres had diameters
from 150 to 500 nm, and the holes in the surface had dia-
meters from 30 to 100 nm. The mixture of D-2, D-3, or D-5
with (1R,2R)-9 in water and THF also displayed the same
pattern as D-1 with (1R,2R)-9. Without stirring, the aggre-
gates were closed nanospheres, but under stirring, the aggre-
gates were single-hole nanospheres (Figure 5, C and D;
Figure S23, SI). Using other amines, such as (1S,2S)-9, ena-
ntiomers of 7 and 8, the same results were also obtained.

Compound 6, bearing a long-chain 10-undecenamide group,
gave single-hole nanospheres more easily than the other acids.
As shown inFigure 6,AandB, uponaddingwater, solutions of
D-6 and (1R,2R)-9 in THF gave nanospheres with a single hole
formed whether the solution was stirred or not. Moreover,
compared with the single-hole nanospheres formed from
D-1-D-5, the diameter of the hole (50-300 nm) was 3 times
larger, while the size of the nanospheres (diameter of 120-
700 nm) changed very little. Using (1S,2S)-9 as the base, D-6

FIGURE 3. (A) FE-SEM image of mixture of D-4 and (1R,2R)-9
under no stirring; (B) FE-SEM image of mixture of D-4 and (1S,2S)-9
under no stirring; (C) FE-SEM image of mixture of D-4 and
(1R,2R)-9 under stirring; (D) FE-SEM image of mixture of D-4 and
(1S,2S)-9 under stirring; [4]= [9]= 1.0� 10-3M in amixed solvent
of water and THF, v/v 90:10.

FIGURE 4. Absorption and emission spectra of mixture of D-4 and
enantiomers of 9. (A) Absorption spectra; (B) emission spectra,
λex=360nm,ex/emslits=3/3nm. [4]=[9]=1.0� 10-3Minamixed
solvent of water and THF (v/v 9:1).

FIGURE 5. FE-SEM images of mixture of (A) D-1 and (1R,2R)-9
under no stirring; (B) D-1 and (1R,2R)-9 under stirring; (C) D-2 and
(1R,2R)-9 under no stirring; (D) D-2 and (1R,2R)-9 under stirring in
a mixed solvent of water and THF, v/v 95:5 (concentration of all
compounds 1.0 � 10-3 M).
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also gave single-hole nanospheres. Mixtures of D-6 with
(1R,2S)-7 or (1S,2R)-7 gave nanospheres with a larger hole.
Exceptionally, even a suspension of D-6 itself without amine
inwater andTHF formed single-hole nanospheres (Figure 6C).
The suspension of single-hole nanospheres prepared by the
mixture of D-6with amine 7 or 9was very stable. Precipitates
and phase separation were not observed even after 3 months
at room temperature. The aged suspension actually exhibited
more consistent single-hole nanospheres because shallow or
small holes on some nanospheres became deeper or larger
(image D compared with image A of Figure 6). Due to the
double bond at the end of undecenamide group of 6, these
single-hole nanospheres could be immobilized by suspension
polymerization, if this is desired.

As shown in Figures 7, A and B, the TEM image also
confirmed the existence of a single hole in the surface of the
nanospheres. The size of the hole in the D-6 and (1R,2R)-9
nanospheres was significantly larger than that of D-1 and
(1R,2R)-9 which agrees with the results from the FE-SEM
images. In addition, a round shell could clearly beobserved inside
the nanosphere, indicating that the nanospheres were hollow.

The suspension of the nanofibers from the mixture of D-1
and (1S,2R)-7 and that of the nanospheres from D-1 and
(1R,2S)-7 in a mixed solvent of water and ethanol, v/v 9:1,

were investigated by dynamic light scattering (DLS). It was
disclosed that the former suspension had particles with a
mean diameter of 2996 nm, while the latter one had a mean
diameter of 440 nm. The very large diameter demonstrates
that the aggregates in the former suspension are probably
nanofibers. The mean diameters of nanospheres with a hole
frommixture of D-1, D-2, D-3, D-4, D-5, or D-6with (1R,2R)-9
in amixed solvent of water andTHF, v/v 95:5, were 228, 220,
284, 241, 244, and 249 nm respectively, measured by the DLS.

The size of the hole on the surface of the nanospheres could
be controlled by the volume ratio of water and THF. As
shown in Figure 8, A-C, and Figure 6A, the diameter of the
largest hole that could be seen increased from 70, 110, and
150 to 200 nm when the ratio of water and THF increased
from 80:20, 80:15 and 90:10 to 95:5, respectively. The mean
diameter of the holes is 60, 100, 140, and 180 nm, respec-
tively. When the suspension of D-6 and (1R,2R)-9 in H2O/
THF (about 95:5) was prepared by evaporating THF from
the solution of D-6 and (1R,2R)-9 in H2O/THF 1:1, the dia-
meter of the hole in the resultant spheres reached 500 nm,
which made the sphere look more like a bowl (Figure 8D).
The mean diameter of the holes is 250 nm.

In addition, nanospheres with no hole could be prepared
by adding water without stirring to mixtures of D-1, D-2, D-3,
D-4, or D-5with (1R,2R)-9. After standing for about 4 days at
room temperature, holes also appeared in these nanospheres.
Whenwater and ethanol was used instead ofwater andTHF,
with or without stirring or after standing, only closed nano-
spheres were seen. The aged suspension of D-6 and (1R,2R)-9
exhibited better single-hole nanospheres after one month at
room temperature (Figure 6D compared with Figure 6A).
Some smaller nanospheres were encapsulated in the hole of
the larger nanospheres (Figures S24 and S25, SI), and some
of nanospheres had more than one hole (Figure S26, SI). All
the above results demonstrated that the hole was not formed
during the aggregation but appeared after the nanospheres
had been produced. All the holes were smooth, and the sur-
face around the hole seemed to be bent toward the interior. In
addition, some of the holes were quite shallow. This implies the

FIGURE 6. FE-SEM images of suspension of (A) D-6 and (1R,2R)-9
under no stirring; (B) D-6 and (1R,2R)-9 under stirring; (C) D-6 itself
without amine under no stirring; (D) D-6 and (1R,2R)-9 under no
stirring and standing for a month in a mixed solvent of water and
THF, v/v 95:5 (concentration of all compounds is 1.0 � 10-3 M).

FIGURE 7. TEM images of mixture of (A) D-1 and (1R,2R)-9
under stirring; (B) D-6 and (1R,2R)-9 under stirring in a mixed
solvent of water andTHF, v/v 95:5 (concentration of all compounds
is 1.0 � 10-3 M).

FIGURE 8. FE-SEM images of suspension of D-6 and (1R,2R)-9
in water/THF, v/v (A) 80:20; (B) 85:15; (C) 90:10 under no stirring
([D-6] = [(1R,2R)-9] = 1.0 � 10-3 M). (D) Suspension of D-6 and
(1R,2R)-9 in H2O/THF by evaporating THF from volume ratio 1:1
to about 95:5.
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hole was formed by etching or dissolution by the solvent
starting from the exterior, not by the solvent flowing out of
the interior of the nanosphere.4,9,12 It has been reported that
organic solid nanorods can be transformed into hollow nano-
tubes by a similar dissolution process.17 Agitation and heat
or prolonged standing allows the solvent to preferentially
dissolve defects in the nanorod and gives a tubular result.17

In our case, the formation of the hole occurs through a sim-
ilar dissolution process. It is known that pores are produced
at each vertex of the icosahedron formed by self-assembly of
one fat acid and one quaternary ammonium base in order to
minimize the curvature energy at the vertex.18 Compared to
nanorods or nanofibers, nanospheres have a more curved
surface, and the production of a holemay reduce the bending
energy.18,19 Therefore, both the dissolution of defects and the
relief of energy associated with bending are probably the
driving forces in the production of a hole.

The bending energy could also be observed in the absorp-
tion and fluorescence spectra of the suspensions. In com-
pounds from D-1 to D-6, there are two phenyl groups and one
cyano group connected by a double bond. If these groups are
in the plane of the double bond, the compound will exhibit
the longest λmax in both the absorption and emission spectra.
On the other hand, the emission intensity will tend to decrease
when this conjugation is reduced. In a nanosphere, increases
in the bending energy will cause these groups to twist and
deviate from the plane of the double bond. This will lead to
absorption and emission peaks at a shorter wavelength and
in a weaker emission intensity. In nanofibers, these groups
are more likely to conjugate into a double bond than in
nanospheres, giving the nanofibers longer absorption and
emission λmax and stronger emission intensities. This agrees
with the above observations (Table 1, Figures 2 and 4),
demonstrating that the groups connected to the double bond
in the D-1-D-6 acids in the nanospheres aremore twisted and
less conjugated than those in nanofibers or nanorods.20

FIGURE 9. Absorption spectra of mixture of (A) D-1 and (1R,2R)-9; (B) D-2 and (1R,2R)-9; (C) D-3 and (1R,2R)-9; (D) D-4 and (1R,2R)-9; (E)
D-5 and (1R,2R)-9 in amixed solvent of water andTHF, v/v 95:5. (F)Absorption spectra of D-6 in themixed solvent ofH2O/THF, v/v 95:5, and
the mixed solvent of H2O/ethanol, v/v 95:5.

(17) (a) Jia, C.-J.; Sun, L.-D.; Yan, Z.-G.; You, L.-P.; Luo, F.; Han,
X.-D.; Pang, Y.-C.; Zhang, Z.; Yan, C.-H. Angew. Chem., Int. Ed. 2005, 44,
4328–4333. (b) Zhang, X.; Zhang, X.; Shi, W.; Meng, X.; Lee, C.; Lee, S.
Angew. Chem., Int. Ed. 2007, 46, 1525–1528.

(18) Dubois, M.; Deme, B.; Gulik-Krzywicki, T.; Dedieu, J.-C.; Vautrin,
C.; Desert, S.; Perez, E.; Zemb, T. Nature 2001, 411, 672–675.

(19) (a) Fogden, A.; Daicic, J.; Kidane, A. Colloids Surf., A 1997,
129-130, 157–165. (b) Dubois, M.; Belloni, L.; Zemb, T.; Deme, B.;
Gulik-Krzywicki, T. Prog. Colloid Polym. Sci. 2000, 115, 238–242.

(20) (a) Oelkrug, D.; Tompert, A.; Gierschner, J.; Egelhaaf, H.-J.;
Hanack, M.; Hohloch, M.; Steinhuber, E. J. Phys. Chem. B 1998, 102,
1902–1907. (b) Kim, S.; Zheng, Q.; He, G. S.; Bharali, D. J.; Pudavar, H. E.;
Baev, A.; Prasad, P. N. Adv. Funct. Mater. 2006, 16, 2317–2323.
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The energy difference between the twisted and planar
molecules is about 20 kJ mol-1 according to the relationship
of energy and frequency of light wave (E = hν). It should
mainly result from the bending energy at the surface of the
nanospheres. A hole in the surface of a nanosphere would
reduce the bending energy, causing the wavelength of the
nanosphere to be longer than in a closed one. This effect can
be seen in partsA-EofFigure 9.Whenwaterwas added into
mixtures D-1, D-2, D-3, D-4, or D-5 with (1R,2R)-9 in THF
with stirring, conditions which led to nanospheres with a
hole, the absorption λmax of the resultant suspension was
longer than that without stirring, which gave closed nano-
spheres. The difference between wavelengths of single-hole
nanospheres and closed ones, Δλmax, was 40 nm (400 vs
360 nm) for D-1, 50 nm (430 vs 380 nm) for D-2, 41 nm (404 vs
363 nm) for D-3, 56 nm (424 vs 368) for D-4, and 45 nm (424 vs
379 nm) for D-5. Themixture of D-6 and (1R,2R)-9 in amixed
solvent of water and THF only produced single-hole nano-
spheres, but the mixture in water and ethanol only afforded
closed ones. It was also showed that the suspension of single-
hole nanospheres had a longer wavelength of maximum
absorption (373 nm) than that of closed ones (360 nm)
(Figure 9E), although the maximum absorption of the solu-
tion of D-6 and (1R,2R)-9 in ethanol was longer than that in
THF.Therefore the production of a hole reduces the bending
energy by 12-43 kJ/mol. In addition, the emission intensity
of single-hole nanosphereswas always larger than that of nano-
spheres without a hole, and the emission maximum of the
single-hole nanospheres was always at a longer wavelength
than that of nanospheres without holes (Figure S29, SI).

A potential mechanism of the formation of a hole in the
nanospheres and nanofibers is shown in Figure 10. Com-
pounds 1, 2, 3, 4, 5, and 6 arewedge shaped, and the complexes
of these acids with amines 7, 8, or 9 are also wedge shaped
(A andD).20 If themolecule ismore planar and conjugated, it
will be like a T-shaped ruler A and can arrange in parallel,
which will result in nanofibers C. If the molecule is more
twisted and less conjugated, the molecule will be more of a
circular cone (Figure 10D) which cannot be arranged in
parallel but tends to form a circular arrangement. This leads
to nanosphere as in Figure 10E. The complexes can be formed
through Coulombic, hydrogen-bonding, π-π stacking, and
hydrophobic forces. The association constant Ka of L-1 with
(1S,2R)-7 is 1.02 � 105 M-1 which is larger than that of L-1
with (1R,2S)-7 (8.98� 103M-1).16 This means that enantio-
mer (1S,2R)-7 interacts more strongly with acid L-1 than its
enantiomer, which will drive the phenyl group connected to
the double bond out of conjugation. Therefore, (1S,2R)-7
leads to nanospheres, and (1R,2S)-7 results in nanofibers upon

interaction with L-1. In addition, chiral diamine 9 interacts
more strongly with the acids, having a Ka with L-1 greater
than106M-1;16 therefore, it tends to formnanospheres.Finally
the nanosphere with a hole (Figure 10 F) is produced by
solvent etching because of defects and reduction in the
bending energy in the surface.

The nanospheres formed from a mixture of D-1 and
(1R,2R)-9 were used to test the encapsulation of naproxen
10. Naproxen, a nonsteroidal anti-inflammatory drug, is an
R-aromatic propionic acidwith a very low solubility inwater.
Hydrogen-bonding, π-π interaction, and hydrophobic forces
will cause naproxen to be included in the aggregates com-
posed of D-1 and (1R,2R)-9 complex. Thus, 0.02mL of 0.3M
naproxen in THF was added to 2 mL of a suspension of D-1
and (1R,2R)-9 (1.0 � 10-3 M) in water and THF (v/v 9:1)
prepared with stirring, and the mixture of naproxen and the
suspension was slowly stirred for 1 h at room temperature.
Under similar conditions, naproxen was tested with the
suspension of D-1 and (1R,2R)-9 in the same solvent when
freshly prepared, without stirring. The residual naproxen
was removed by centrifuge, and the clear solution was
analyzed by fluorescence; 1.2 � 10-3 M of the naproxen
remained in solution after interacting with the suspension
prepared with stirring, but 1.8 � 10-3 M remained after
interacting with the freshly prepared suspension without
stirring. The same results were obtained in three repetitions
of the test. This means that 2.4 μmol of naproxen was
encapsulated by nanospheres without holes and 3.6 μmol
was encapsulated by nanospheres with a hole. When the
concentration of naproxen was varied from 1.0� 10-3 M to
3.0 � 10-3 M, the amount of naproxen encapsulated by the
nanospheres with a hole was always larger than by nano-
spheres without a hole (Figure 11). At the 3.0 � 10-3 M

FIGURE 10. Schematic illustration for the formation of nanofibers, nanospheres, and hollow nanospheres with a hole.

FIGURE 11. Amount of naproxen (μmol) adsorbed by the aggre-
gates from 2 mL of suspension of D-1 and (1R,2R)-9 (1.0� 10-3 M)
changed with the concentration of naproxen. (2) by nanospheres
with a hole; (b) by nanospheres without hole.
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concentration of naproxen, the hollow nanospheres with a
hole could absorb 50%more naproxen than the closed nano-
spheres.

The release of naproxen in water from the aggregates was
also investigated using the original conditions above. Upon
centrifugation was removed 1.6 mL of supernatant from the
above encapsulation test of a mixture of 0.02 mL of 0.3 M
naproxen in THF and a 2 mL of suspension of D-1 and
(1R,2R)-9 (1.0 � 10-3 M) in the mixed solvent of water and
THF (v/v 9:1). Then 1.6 mL of distilled water was added into
the residue and stirred at room temperature. The suspension
was centrifuged again, and the supernatant was removed for
analysis of naproxen. Again, 1.6 mL of distilled water was
added for the next release test. This process was repeated
with different stirring times. As shown in Figure 12, naproxen
included in the nanospheres with a hole was released more
quickly than from nanospheres without a hole. Moreover,
the difference in the amount released by the nanospheres
with a hole versus that by nanosphereswithout a hole increased
with increasing time. This result demonstrates that nano-
spheres with a hole not only could release more included
naproxen but also had a higher release speed than nano-
spheres without a hole.

Conclusion

In conclusion, chiral AIE acids have for the first time
enantioselectively self-assembled with the two enantiomers
of chiral amines in mixed solvents to form either nanofibers
or nanospheres. The nanofibers exhibited a stronger emis-
sion intensity and longer absorption and emission λmax than
the nanospheres. Inwater andTHF, the resultant nanospheres
produced a single hole because of the dissolution of defects
and reduction in the bending energy. The single-hole nano-
spheres displayed both higher uptake capacity and larger
release speed for the drug naproxen than the closed ones. The
decrease in the energy associated with bending in the surface
by hole formation was directly observed. These findings
provide a new approach to adjust the fluorescent properties
of AIE molecules and the preparation of organic single-hole
hollow nanospheres. Other applications of hollow nano-
spheres with a hole, for example as a template for the pre-
paration of inorganic nanospheres with a hole, are under
investigation.

Experimental Section

Materials. All reagents and solvents were of chemically pure
(CP) grade or analytical reagent (AR) grade and were used as
received. D- and L-2,3-dibenzoyltartaric anhydride were home-
made by the reaction of D- and L-tartaric acid with benzoyl
chloride, respectively, in the presence of a catalytic amount of
FeCl3 3 6H2O.

Measurements.
1H NMR and 13C NMR spectra were mea-

sured on a 400 MHz spectrometer at 298 K in CDCl3. Fluor-
escent emission spectra were collected on a fluorophotometer at
298 K. Absorption spectra were recorded on a UV-vis spectro-
photometer. The mass spectrum was measured on a FTMS
instrument. The powder X-ray diffraction (XRD) pattern was
measured on a diffraction instrument. Dynamic light scattering
(DLC) was measured on a particle size analyzer. Infrared spectra
were recorded on a spectrometer.

Field emission scanning electron microscopy (FE-SEM)
images were taken on an electron microscope operating at
5 kV or 10 kV. The suspension of a sample was dropped onto a
slide and air dried. Transmission electron micrographs (TEM)
were recorded on an electron microscope at 200 kV. The sus-
pension was dropped onto a copper grid covered with a thin
carbon film on filter paper and air dried.

Typical Self-Assembly of the HollowNanospheres with aHole.

D-1 (0.002 mmol) and (1R,2R)-9 (0.002 mmol) were dissolved in
THF (0.2 mL) at room temperature. The solution was diluted to
2 mL with deionized water under stirring, and the resultant sus-
pension continued stirring for 0.5 h. The suspension was directly
used for analysis. Instead, the hollow nanospheres with a hole
were collected by centrifuging the suspension.

Synthesis of Phenylacrylonitrile Tartaric Acids 1-6. Synthesis
of 2-6 was similar to that of 1 which has been reported.16

Synthesis of Compound D-2. To a flask was addedN-acetyl-p-
aminocinnamonitrile (0.01 mol), D-2,3-dibenzoyltartaric acid
anhydride (3.7 g, 0.011mol), and dryTHF (30mL). Themixture
was stirred at room temperature for 24 h, evaporated to about
2 mL, into which methanol or ethanol was poured, and the
resultant yellow solid was collected by filtering (3.6 g, 58%).
Mp 235-236 �C; [R]20D þ20 (c, 1.0, THF); IR (kBr) ν 3512,
3307, 3108, 3065, 2217, 1739, 1713, 1668, 1602,1 525, 1452, 1414
cm-1; 1H NMR (400 MHz, DMSO-d6) δ 10.84 (s, 1H), 10.17
(s, 1H), 8.05 (q, J = 7.6 Hz, 4H), 7.88-7.84 (m, 4H), 7.76
(s, 1H), 7.70-7.84 (m, 6H), 7.63-7.89 (m, 4H), 6.06, 5.97 (2d,
J= 36 Hz, 2H), 2.08 (s, 3H); 13C NMR (100 MHz, DMSO-d6)
δ 168.5, 167.3, 164.9, 164.8, 163.6, 140.3, 140.1, 139.7, 134.1,
130.0, 129.5, 129.4, 129.0, 128.6, 128.5, 128.3, 126.1, 119.6,
119.1, 118.1, 108.4, 72.8, 71.5, 23.5; ESI- MS m/z calcd for
C35H27N3O8 617 [M], found 616.2 [(M - 1)]-. Anal. Calcd for
for C35H27N3O8: C, 68.07; H, 4.41; N, 6.80. Found: C, 67.87; H,
4.37; N, 6.72.

Synthesis of Compound D-3.The synthetic procedure is similar
to that of D-2; yield, 80%. Mp 117-119 �C; [R]20D þ19 (c, 1.0,
THF); IR (kBr) ν 3288, 3118, 3067, 2925, 2221, 1731, 1599, 1533,
1493, 1452, 1417 cm-1; 1HNMR (400MHz, DMSO-d6) δ 10.85
(s, 1H), 8.04 (q, J = 7.2 Hz, 4H), 7.99 (s, 1H), 7.91 (d, J =
8.4 Hz, 2H), 7.77-7.70 (m, 6H), 7.64-7.56 (m, 6H), 6.05, 5.96
(2d, J= 36 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 167.2,
164.8, 164.7, 163.6, 142.7, 140.1, 134.0, 133.9, 133.6, 130.2,
129.4, 129.3, 129.1, 129.0, 128.9, 128.6, 128.5, 127.3, 119.5,
117.7, 107.4, 72.8, 71.5; ESI- MS m/z calcd for C33H23N2O7Cl
594.5 [M], found 593.3 [(M - 1)]-. Anal. Calcd for for
C33H23N2O7Cl: C, 66.61; H, 3.90; N, 4.71. Found: C, 66.58;
H, 3.92; N, 4.68.

Synthesis of Compound D-4.The synthetic procedure is similar
to that of D-2; yield, 56%. Mp 196-197 �C; [R]D20 þ44 (c 1.0,
THF); IR (KBr) ν 3468, 3113, 2922, 2852, 1737, 1718, 1602, 1521
cm-1; 1H NMR (400 MHz, DMSO-d6) δ 13.97 (br s, 1H,

FIGURE 12. Release amount inwater of naproxen (μmol) included
in the aggregates from 2mL of suspension of D-1 and (1R,2R)-9 (1.0�
10-3 M) by adding 0.02 mL of 0.3 M naproxen changed with time.
(2) by nanospheres with a hole; (b) by nanospheres without hole.
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COOH), 10.87 (s, 1H, NH), 8.40-7.40 (m, 22H, ArH), 7.18 (s,
1H, =CH), 6.06 (s, 1H, CH), 5.96 (s, 1H, CH); 13C NMR (100
MHz, DMSO-d6) δ 167.2, 164.8, 164.7, 163.6, 142.2, 141.6,
140.0, 134.2, 134.0, 133.9, 132.7, 130.1, 129.4, 129.3, 129.1,
128.9, 128.6, 128.5, 128.4, 126.6, 126.4, 125.8, 119.5, 117.9,
108.0, 79.1, 72.8, 71.5; ESI- MS m/z calcd for C37H26N2O7S 642
[M], found 641.0 [(M- 1)]-. Anal. Calcd for for C37H26N2O7S:
C, 69.15; H, 4.08; N, 4.36. Found: C, 69.33; H, 4.20; N, 4.39.

Synthesis of Compound D-5.The synthetic procedure is similar
to that of D-2; yield, 82%. Mp 216-218 �C; [R]20D þ20 (c, 1.0,
THF); IR (kBr) ν 3516, 3306, 3064, 2214, 1739, 1715, 1671, 1654,
1600, 1522, 1452, 1414 cm-1; 1HNMR (400MHz, DMSO-d6) δ
10.84 (s,1H), 10.47 (s, 1H), 8.05 (q, J=7.6Hz, 4H),7.98 (d, J=
7.2Hz, 2H), 7.95 (s, 1H), 7.93-7.90 (m, 2H), 7.72 (q, J=8.4Hz,
4H), 7.65-7.53 (m, 6H), 6.06, 5.96 (2d, J = 40 Hz, 2H); 13C
NMR (100MHz, DMSO-d6) δ 167.3, 165.5, 164.9, 164.8, 163.6,
140.6, 140.0, 139.8, 134.7, 134.0, 130.0, 129.5, 129.4, 129.0,
128.9, 128.6, 128.5, 128.4, 127.7, 126.0, 120.5, 119.6, 72.8,
71.5; ESI- MS m/z calcd for C40H29N3O8 679 [M], found
678.2 [(M - 1)]-. Anal. Calcd for for C40H29N3O8: C, 70.69;
H, 4.30; N, 6.18. Found: C, 70.52; H, 4.37; N, 6.15.

Synthesis of Compound D-6.The synthetic procedure is similar
to that of D-2 except D-6 was purified by recrystallization from
methanol andwater; yield, 74%.Mp125-128; [R]20Dþ17 (c, 1.0,

THF); IR (kBr) ν 3324, 3109, 3066, 2926, 2854, 2214, 1730,
1670, 1599, 1529, 1452, 1413; 1HNMR (400MHz, DMSO-d6) δ
10.82 (s, 1H), 10.08 (s, 1H), 8.04 (q, J=7.6 Hz, 6H), 7.88-7.84
(m, 4H), 7.74-7.55 (m, 9H), 6.03, 5.96 (2d, J = 28 Hz, 2H),
5.82-5.75 (m, 1H), 5.01-4.91 (m, 2H), 2.32 (t, J=7.2Hz, 2H),
2.01 (m, 2H), 1.59 (m, 2H), 1.27(m, 10H); 13C NMR (100MHz,
DMSO-d6) δ 171.5, 167.3, 164.9, 164.7, 163.7, 140.2, 140.0,
139.7, 138.7, 134.0, 133.9, 129.8, 129.4, 129.3, 128.9, 1286, 128.2,
126.0, 119.5, 119.1, 118.0, 114.5, 108.3, 72.9, 71.7, 36.3, 33.1,
28.6, 28.5, 28.4, 28.1, 24.9; ESI- MS m/z calcd for C44H43N3O8

741 [M], found740.4 [(M- 1)]-.Anal.Calcd for forC44H43N3O8:
C, 71.24; H, 5.84; N, 5.66. Found: C, 71.13; H, 5.79; N, 5.60.
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