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A new compound having a 2,3,4,5-tetraphenylsilole derivative on the center silicon of Dumbbell(1)6Gb3;
Silole-Dumbbell(1)6Gb3 (1) was previously reported. It was found that 1 exhibited strongly increased
fluorescence both in water and in a 96% acetone/water mixed solvent. The physical behavior of 1 in water
and in the 96% acetone/water mixed solvent was investigated, and analyses including fluorescence quan-
tum yields, dynamic-light-scattering (DLS), atomic-force-microscopy (AFM), and fluorescence micros-
copy were carried out. It was clarified that 1 dynamically formed different types of aggregates in
water and in higher acetone concentrations to yield high aggregation-induced emission (AIE) effects
due to the formation of micelle-like particles in water and inversion-type micelles in the acetone/water
mixed solvent, respectively.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
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Figure 1. Structure of 1.
A series of new glycoclusters, carbosilane dendrimers carrying
periphery globotriaose (Gb3; Gala1-4Galb1-4Glcb1-), known to
have a selective affinity to Shiga toxins (Stxs; Stx1 and Stx2) pro-
duced by Escherichia coil O157:H7, were previously prepared.1a–c

The bioactive evaluation of the new glycoclusters demonstrated
that only Dumbbell(1)6Gb3 and Dumbbell(2)18Gb3 were highly
effective among the carbosilane dendrimers having periphery
globotriaose for neutralizing Stxs both in vivo and in vitro. This
was the first example of successful neutralization of Stxs in vivo.
These results showed that for effective inhibition of Stxs, it is
important to appropriately design the number of saccharides and
the formula for the carbosilane dendrimers.2a–d Subsequently, it
was demonstrated that the Dumbbell(1)6-type compounds having
other saccharides such as sialyllactose3a,3b and lacto-N-neotetra-
ose4 were also very effective for inhibiting the influenza virus
and the dengue virus, respectively.

On the other hand, siloles show unique enhanced fluorescence
in a poor solvent, which is known as aggregation-induced emission
(AIE).5 Tang and co-workers reported6a–d that the fluorescence
intensity of siloles increased remarkably above a ratio of 50% water
for the addition of a portion of water to a solvent of a hydrophobic
silole derivative in ethanol. It is considered that the AIE effects are
generated by restricting the rotation of the substituted phenyl
groups on the silole by aggregation.7

As described in a previous Letter, Silole-Dumbbell(1)6Gb3(1)
(Fig. 1) having a 2,3,4,5-tetraphenylsilole derivative on the center
010 Published by Elsevier Ltd. All r
silicon of Dumbell(1)6Gb3 was designed and successfully pre-
pared.8 Interestingly, it was found that 1 exhibited strongly in-
creased fluorescence intensity at 475 nm by 360 nm excitation,
both in water and in acetone/water mixed solvents with over
80% acetone. An application of this for fluorescence detection for
viruses was investigated using the specific character of 1 such as
the enhanced glycocluster effects and AIE effects by aggregation
in water as described in the literature.9 In the present study,
instrument-based analyses, including fluorescence quantum
yields, dynamic-light-scattering (DLS), atomic-force-microscopy
(AFM), and fluorescence microscopy, were conducted in order to
elucidate the detailed behavior of 1 in water and in acetone/water
mixed solvent.
ights reserved.
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Figure 2. Time-dependent changes of PL spectra of 1, (a) in water, (b) in 96%
acetone/water mixed solvent. Concn: 1.0 lM; Ex.: 360 nm.

Table 1
PL intensity, UPL and particle size of 1 in various proportion of acetone/water mixed
solvent

Mixed proportion acetone/water PL intensitya UPL
b Particle sizeb (nm)

0/100 849.2 0.70 11
10/90 608.3 0.49 208
20/80 248.6 0.24 340
50/50 27.1 0.03 —c

85/15 290.9 0.13 800
90/10 557.7 0.33 550

a Concn: 1.0 lM, Ex.: 360 nm, Em.: 475 nm.
b Concn: 2.3 lM.
c Not detected.
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To the best of our knowledge, all the siloles that show AIE ef-
fects are hydrophobic and are soluble in common organic sol-
vents such as acetone and alcohol. In these siloles, AIE effects
appeared by adding a portion of water to the silole in an acetone
or alcohol solution. In contrast, 1 is soluble in water and not sol-
uble in ordinary polar organic solvents, such as acetone and
methanol. In a previous Letter, the relationship between the fluo-
rescence intensities of 1 and the ratio of the mixed solvents of
acetone and water were described.5 Interestingly, 1 exhibited
similar AIE effects both in water and in a 96% acetone/water
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Figure 3. Correlation between PL intensity and aggregation-shape images of 1 in
various proportion of acetone/water mixed solvent.
mixed solvent. However, the solution of 1 in water and in the
96% acetone/water mixed solvent showed quite different stabili-
ties. It maintained almost the same fluorescence after one month
in water, but the fluorescence dramatically decreased in the 96%
acetone/water mixed solvent, which may be due to the precipita-
tion of 1 (Fig. 2).

It is of interest to investigate the detailed behavior of 1 in water
and acetone/water mixed solvent to reveal the reason why 1 shows
high fluorescence both in water and in the acetone in water mixed
solvents. First, quantum yields of 1 were determined in water and
in the acetone/water mixed solvent. Quantum yields were mea-
sured at 10 lM of 1 using quantum yield measurement equipment,
the Hamamatsu photonics C9920-02 (Fig. 3). The quantum yield
was 0.70 in water. With increasing acetone concentration up to
60%, the fluorescence intensity gradually decreased; the quantum
yield decreased to 0.03 at 50% acetone/water mixed solvent (Table
1). Although, the fluorescence intensity barely changed up to 80%
acetone, it began to increase again with increasing acetone content
above 80%, and the quantum yield increased up to 0.33 for the 90%
acetone/water mixed solvent. These results show that the fluores-
cence intensity and the quantum yields are directly correlated,
depending on the solvent used.

On the other hand, it is already known that the quantum yield
of the film prepared from 1,1-dimethyltetraphenylsilole is 0.76
and that of a solution in cyclohexane is 0.0022.10 Based on the
quantum yields for 1 (UPL 0.70) obtained here, it is considered that
silole moieties of 1 in water form rigid aggregates as well as the
film. Because the quantum yield of 1 is significantly higher than
that in the 50% acetone/water in which 1 is homogeneously dis-
solved (UPL 0.03). In contrast, 1 forms soft aggregates in the 90%
acetone/water mixed solvent (UPL 0.33). The quantum yield of 1
in less than 5% concentration of water could not be obtained accu-
rately, because of rapid precipitation of 1 in the solvent.

Next, DLS measurements of 1 in water and in mixed solvent of
water and acetone were demonstrated using a dynamic laser scat-
tering instrument, Nikkiso UPA-UT (Fig. 4). Particle sizes in the cor-
responding mixed solvents were measured by DLS for a
concentration of 1 of 1 mg per 100 ml (2.3 lM) (Fig. 4a). The corre-
sponding particle sizes in water, 10% and 20% acetone/water mixed
solvent were observed to be around 11, 208 and 340 nm, respec-
tively. In contrast, when acetone concentrations were enriched
up to 85% and 90%, the particle sizes were decreased from
800 nm to 550 nm, respectively (Fig. 4b). Interestingly, it was
found that increasing the concentration of acetone up to 20% en-
larged the particle size and gave a wider distribution.

These results suggest a picture wherein particles of 1 in water
and in water containing acetone up to 20% form aggregates with
oriented hydrophobic silole having a carbosilane dendrimer inside
and hydrophilic Gb3 outside, similar to a micelle. In contrast, those
in water containing over 30% acetone form aggregates with
oriented silole having carbosilane dendrimer outside and Gb3
inside, similar to a reversed micelle. It would also be rational to



Figure 4. Particle size of 1 in various proportion of acetone/water mixed solvent. (a) in water and 10%, 20% acetone/water mixed solvent, (b) 85% and 90% acetone/water
mixed solvent. Concn: 2.3 lM.
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consider that in the presence of a small amount of acetone, hydro-
phobic acetone penetrates into the silole having the carbosilane
dendrimer to enlarge the particle size, based on the proportion of
acetone in water up to 20%. It is known that the depression of rota-
tion of the phenyl group on siloles increases fluorescence and
quantum yield of the silole by the AIE effect. So it is possible to re-
late the enlargement of the particle size with increasing acetone
concentration up to 20% in water, making the aggregates less dense
to yield lower fluorescence and quantum yields. In contrast, with
increasing acetone concentration above 80%, the aggregates form
higher density, to give increased fluorescence and quantum yields.
In preliminary experiments, Silole-Dumbbell(1)6 carrying a com-
mon hydrophilic function on the periphery, such as quaternary
ammonium salts or sodium carboxylates, was prepared, and the
AIE effects were investigated by following the procedures de-
scribed above. However, no analogous phenomenon was found.
These results reveal that the balance of a hydrophobic group and
a hydrophilic group is essential in order to demonstrate these un-
ique AIE effects as described for 1.

AFM measurements of 1 at 45 lM in water and in acetone/
water mixed solvent were also carried out (Fig. 5). The samples
for AFM analysis were prepared by dropping a portion of the solu-
tion on a mica surface pretreated with 3-aminopropyltriethoxysi-
lane. Three-dimensional (3D) AFM analysis in water revealed the
existence of relatively small particles (Fig. 5a). Cross-sectional
analysis showed that the aggregates sunk on the mica surface
had a sharp particle diameter (5c) around 11 nm (Fig. 5b and c).
Particle sizes measured by AFM analysis in water were consistent
with those obtained by DLS analysis in water. For AFM character-
ization and cross-sectional analysis in a 50% acetone/water mixed
solvent, a few particles under 4 nm in diameter, which possibly
aggregated during the drying of the sample and a relatively flat
surface on the mica base were observed (Fig. 5d–f). Unfortunately,
acetone was too volatile to obtain an AFM image in 98% acetone/
water mixed solvent. The sample was dried at room temperature.
AFM measurement of the dried sample showed a large lump of
coexisting precipitates with over 300 nm height and crater-like
dents (Fig. 5g–i).

The samples prepared in water and in 50% acetone/water mixed
solvent were dried at room temperature. Observations using fluo-
rescence microscopy for three dried samples, including those dried
from 98% acetone/water mixed solvent, were carried out (Fig. 6).
For fluorescence microscope images, taken under conditions of
excitation wavelength of 350/50 nm, the observed wavelength
was 420 nm at a 100� magnification. Surprisingly, the aggregates
formed in the solutions were sufficiently stable to be observed



Figure 5. 3D AFM images (left, panel a, d, g) and plan view AFM images (center, panel b, e, h) and cross section AFM images (right, panel c, f, i) of 1 on mica at various
conditions. AFM images in water measured by AC mode (top). AFM images in 50% acetone/water mixed solvent measured by AC mode (middle). AFM images measured under
dry condition, the sample prepared from 1 in 96% acetone/water mixed solvent (bottom).

Figure 6. Fluorescence microscope images of dry samples of 1 prepared from (a) water, (b) 50% acetone/water mixed solvent, (c) and (c0) 98% acetone/water mixed solvent.
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directly even on the dried samples. In the sample prepared from
the water solution, there were many pale and small spherical par-
ticles on the mica surface (Fig. 6a), and no strongly fluorescent par-
ticles were found and only a black wide plane was observed in the
sample of 50% acetone/water mixed solvent (Fig. 6b). In contrast,
the fluorescence microscope image obtained for the sample of
98% acetone/water mixed solvent displayed a different picture
(Fig. 6c). This was more clearly observed in the micrograph using
1000X magnification (Fig. 6c0). A number of circle-like fluorescence
patterns with different sizes, and one circle-like fluorescence lie
around a small black circle. Thus, it was confirmed that the parti-
cles produced in the solutions were sufficiently stable to be kept
even under dry conditions.

It was concluded, based on DLS, AFM, and fluorescence micros-
copy observations, that 1 forms water-soluble, small micelle-like
spherical particles with hydrophobic siloles for the inside direction
to yield higher density of siloles with hydrophilic Gb3 outside in
the water solution. 1 also forms an inverse particle with low solu-
bility in 98% acetone/water mixed solvent to give enhanced fluo-
rescence and high quantum yield by the AIE effect.
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