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a b s t r a c t

Two flexible ether bonds were designed to connect two pyrene rings on a polyhedral oligomeric sils-
esquioxane (BPy-POSS) to enrich the fraction of ‘‘intrinsic intramolecular pyrene-dimer’’ on the surface
of crystal isobutyl-POSS (iBu-POSS) thin-films. Compared to the monomer emission of 1-pyrenemethanol
(Py-OH), the emission spectra of BPy-POSS in dichloromethane show the large proportion of intramolec-
ular and intermolecular excimers due to the formation of pyrenyl dimers or aggregates via the easy rota-
tion of two adjacent ether bonds and the p–p interaction of pyrene rings, respectively. By blending inert
iBu-POSS, the fluorescent dimers or aggregates of 5 wt.% and 20 wt.% BPy-POSS are distributed on the sur-
face of iBu-POSS crystal fractal pattern as shown by confocal photoluminescence microscopy. Upon expo-
sure to the vapors of nitrobenzene, the 5 wt.% BPy-POSS blend shows the similar quenching efficiency as
100 wt.% BPy-POSS blends, indicating the better excimer dispersion for vapor permeability of blend thin-
films.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Pyrenyl photoluminescence compounds have been widely
used as photosensitive probes in detecting chemical analytes
such as nitroaromatic compounds, oxygen, and bimolecules be-
cause pyrene has a high quantum yield and a strong affinity
with these analytes such as nitroaromatic compounds [1–3].
However, the emission of separate pyrene is in the ultraviolet re-
gion (380 nm) incapable of detecting by naked-eye visible sen-
sors. As a result, one strategy for addressing this problem is to
use the excimer (a short-lived dimeric or heterodimeric mole-
cule) emissions of pyrene derivatives at 450–500 nm [4]. Many
literatures report on photoluminescence sensors of pyrenyl
excimers in solution, but not much in their thin fluorescent films
[5–7]. To fabricate thin-film photoluminescence sensors for gas-
eous analytes, spin-coating is one of the most convenient tech-
niques for preparing the sensing layers. In addition to large
loss of sample solutions, the spin-coating thin-film of pyrene
shows only a weak excimer emission due to a random packing
of pyrene rings at a rapid rate of solvent evaporation [8,9]. The
intermolecular hydrogen bonding induces the formation of
dimer-like excimers by introducing carboxylic acid groups,
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showing strong visible emission for application of sensing
oxygen [10]. However, the analytes with large molecular sizes
(e.g. explosive trinitrotoluene, TNT) are difficult to diffuse into
the physical network thin-film composed of strong intermolecu-
lar interaction such as hydrogen bonds, ionic interaction and so
on. This effect of physical network microstructures strongly
slows down the response rate of the sensor.

To increase the permeability, the sensing films have to be pre-
pared as thin as possible or the pyrene rings grafted with bulky
groups to render a gap for input and output of chemical analytes.
Recently, many literatures reported that the bulky organic and
inorganic hybrid POSS nanoparticles could effectively reduce the
aggregations of photoluminescence units in the active layers of or-
ganic molecule and polymer light-emitting diode devices (OLED
[11–16] and PLED [17–22]). Furthermore, POSS molecules can be
regarded as core–shell colloids with solvated alkyl or aryl shells
to disperse insoluble siloxane cores in solution [23–30]. In our pre-
vious study [31], we found the specific arrangement of alkyl POSS
molecules in a crystal. Like a metal crystal, alkyl POSS has a hexag-
onal unit cell with the dimensional ratio c/a of 1.06 [31–34]. This
value is extremely lower than the expected 1.63 for a hard-
sphere-closed-packing mode. Considering the size of alkyl POSS,
we concluded that there are small cavities on the surface of an al-
kyl POSS crystal which are suitable for inserting a POSS molecule,
allowing a POSS derivative occupying this position. The wanted
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functional groups can be rich on the surface of an alkyl POSS crystal
as long as the functional POSS blends with inert alkyl POSS. In addi-
tion, the low dimensional ratio (c/a) of alkyl POSS forms fern-like
crystal stripes, composing a thin-film of alkyl POSS crystals. These
results imply that we can use a small fraction of functional POSS
derivative to cover a large area of POSS crystal. This would be an
important characteristic for the design of effective materials in
the chemical sensor application. Although, Bai et al. have prepared
pyrene-monofunctional isobutyl-POSS (Py-POSS) in the application
of the rapid fluorescent detection of TNT [35], we reported the
more interesting ether-linked bispyrenyl-monofunctional isobu-
tyl-POSS (BPy-POSS) with the chemical structure shown in Scheme
1a and blended it with inert isobutyl-POSS (iBu-POSS) to fabricate
bispyrene-surface-enriched fern-like micropatterns (Scheme 1b)
as a chemical sensor for detecting nitroaromatic compounds. With
flexible ether bonds, two pyrene rings on a BPy-POSS cage (a but-
terfly-like structure) would be easier to form intramolecular exci-
mers (close form) which has the stronger excimer emission than
Py-POSS. POSS moiety can function as an anchoring group to
self-assemble locate itself onto the iBu-POSS crystal templates
through POSS–POSS recognition.
Scheme 1. (a) Open and close forms of BPy-POSS butterfly-like microstr
2. Experimental

2.1. Materials

1-Pyrenemethanol, 3-chloro-2-chloromethyl-1-propene, tri-
chlorosilane, triethylamine, and the platinum complex (Pt-dvs,
2 wt.% Pt in xylene) were purchased from Aldrich (USA). Prior to
use, the solution of the Pt complex was diluted 100-fold with xy-
lene. Toluene and THF were dried by distillation prior to use in
the hydrosilylation reactions. Trisilanolisobutyl POSS was pur-
chased from Hybrid Plastics Co. (USA).

2.2. Synthesis of hydride-monofunctional isobutyl-POSS (SiAH iBu-
POSS)

Hydride-monofunctional isobutyl-POSS (SiAH iBu-POSS) was
synthesized by sol–gel reaction between trisilanolisobutyl POSS�

and trichlorosilane (HSiCl3) in anhydrous THF using triethylamine
(TEA) to capture HCl in form of an ammonium salt (Scheme 2) [23].
Under Argon atmosphere, SiAH iBu-POSS was obtained by adding a
slight excess of HSiCl3 (1.21 ml, 12 mmol) to a 1-l flask containing
ucture, (b) Surface enrichment of BPy-POSS on an iBu-POSS crystal.
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triSilanolIsobutyl POSS� (7.91 g, 10 mmol), TEA (5.01 ml, 36 mmol)
and 800 ml anhydrous THF. The reaction flask was stirred under
Argon for 12 h, followed by filtration to remove the byproduct of
HNEt3Cl salts. SiAH iBu-POSS was purified by precipitation from
excess ethanol. The 87% yield of SiAH iBu-POSS (11.6 g, 8.7 mmol)
was isolated after vacuum drying. Proton nuclear magnetic reso-
nance (1H NMR, in Fig. 1b) (d, CDCl3): 0.61 (m, 14H, SiCH2), 0.97
(m, 42H, CH3), 4.11 (s, 1H, SiH).
2.3. Synthesis of vinyl-functional bispyrene (V-BPy)

The vinyl-functional bispyrene (V-BPy) was prepared by ether-
ification reaction of an excess of 1-pyrenemethanol (Py-OH) with
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Fig. 1. UV–Vis spectra of dichloromethane solutions (10�5 M) of (a) Py-OH, (b) V-
BPy, and (c) BPy-POSS.
methallyl dichloride in anhydrous THF using a strong base of
potassium hydride (KH) Scheme 2b). Dry KH (0.43 g, 10 mmol,
purification by washing with hexane), methallyl dichloride
(0.37 ml, 3.2 mmol) and freshly distilled dry THF (30 ml) were
placed in a dry round bottomed flask under Argon atmosphere.
At room temperature, Py-OH (2.2 g, 9.5 mmol) was added to the
flask with mixture drop by drop. The mixture was stirred at room
temperature for 15 min and stirred at 65 �C for 12 h. After cooling
to room temperature, the reaction mixture was quenched by water
and extracted with dichloromethane. The organic layer then dried
over anhydrous MgSO4 and the solvent was removed under vac-
uum. Purification of the residue by flash column chromatography
on silica gel with the same amount of hexane and dichloromethane
and yielded 1.32 g of the V-BPy solid (80% yield). Proton nuclear
magnetic resonance (1H NMR, in Fig. 1d) (d, CDCl3): 4.21 (s, 4H,
CCH2O), 5.18 (s, 4H, OCH2), 5.34 (s, 2H, CH2CCH2O), 7.9–8.3 (m,
18H, aromatic).

2.4. Synthesis of bispyrene-monofunctional isobutyl-POSS (BPy-POSS)

The bispyrene-monofunctional isobutyl-POSS (BPy-POSS) was
prepared by hydrosilylation reaction of an excess of vinyl-
functional bispyrene (V-BPy) with hydride-monofunctional isobu-
tyl-POSS (SiAH iBu-POSS) in anhydrous toluene at 60 �C using a
platinum(0) catalyst [Pt(dvs)] (Scheme 2b) [36–39]. A solution of
SiAH iBu-POSS (2.5 g, 3 mmol) and V-BPy (15.5 g, 30 mmol) in tol-
uene (60 ml) in a 100-mL Schlenk flask equipped with a reflux con-
denser and a magnetic stirrer was heated at 60 �C under argon and
then Pt(dvs) (0.2 ml, 0.4 lmol) was added via syringe. The reaction,
which was monitored by measuring the decrease in intensity of the
FT-IR spectra signal at 2134 cm�1 for the SiAH bonds, was
complete after 24 h. The yellowish, transparent reaction mixture
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became clear after removal of the Pt(dvs) catalyst through flash
chromatography (neutral Al2O3; toluene). The crude product was
purified by flash column chromatography on silica gel with hex-
anes-ethyl acetate (EA:Hexane = 1:8) to yield BPy-POSS (2.5 g,
62%). Proton nuclear magnetic resonance (1H NMR, in Fig. 1e) (d,
CDCl3): 0.61 (s, 16H, SiCH2), 0.95 (s, 42H, CH3), 1.86 (m, 8H,
SiCH2CH), 3.66 (m, 4H, CHCH2O), 5.06 (s, 4H, OCH2), 7.8–8.21 (m,
18H, aromatic).

2.5. Preparation of iBu-POSS/BPy-POSS blends

BPy-POSS (0.5 mg) and iBu-POSS (9.5 mg) were dissolved in
1 ml solvent to fabricate the 5 wt.% BPy-POSS/iBu-POSS blend solu-
tion; BPy-POSS (2 mg) and iBu-POSS (8 mg) were dissolved in 1 ml
solvent to make the 20 wt.% BPy-POSS/iBu-POSS blend solution.
The blend solutions were stirred for 2 h then the solvent was re-
moved by rotary evaporator. To avoid the residual solvent re-
mained, the samples were put into the vacuum oven for 1 day.

2.6. Characterizations

1H NMR solution spectra were obtained using Varian Unity
300 Hz instrument; d-chloroform was the solvent. High-resolution
solid-state 29Si NMR spectroscopy experiments were performed at
25 �C using a Bruker DSX-400 spectrometer operating at a reso-
nance frequency of 79.375 MHz. High-resolution solid-state 29Si
NMR spectra were acquired with a 90 �C pulse width of 5 ls, a
pulse delay time of 2 s, and with the spin rate of 6500 Hz. A Mass
spectrum was obtained using a Bruker Daltonics Autoflex III TOF–
TOF mass spectrometer. The following voltage parameters were
employed: ion source 1, 19.06 kV; ion source 2, 16.61 kV; lens,
8.78 kV; reflector 1, 21.08 kV; reflector 2, 9.73 kV. Thermal analysis
was performed with a differential scanning calorimeter from Du-
Pont (DSC-Q20) with a heating rate of 10 �C/min, a cooling rate
of 5 �C/min and a temperature range of �90–200 �C. The measure-
ments were made with a 5–10 mg sample in a DSC sample cell; in
first scan, the sample was heated from room temperature to
200 �C, after the first heating run, the samples were then cooled
to �90 �C and heat again to 200 �C to examine the temperature
of glass transition (Tg) and the other transition temperature. After
the sample treatment, various concentration of BPy-POSS/iBu-
POSS samples were recorded using a TGA-Q50 (TA, USA) over a
temperature range of 50–750 �C in a inert atmosphere, at a heating
rate of 10 �C/min. UV–Vis spectra were measured using an HP 8453
diode-array spectrophotometer. PL spectrophotometer was used to
measure the photoluminescence wavelength of sample film or
solution. PL spectra were obtained using a Hitachi F-4500 lumines-
cence spectrometer. The XRD patterns were collected using a D8
Advance Powder X-ray diffractometer (Cu Ka, 40 kV/40 mA; Bru-
ker, Germany). The scanning rate was 0.6�/min from 2h = 5–30�.
We used the Leica TCS SP5 Confocal Spectral Microscope Imaging
System, the excited light source is 100 mW Ar blue laser; the fluo-
rescence microscopy is Leica DMI 6000B CS. One drop of dilute tol-
uene solutions (10 mg/ml of BPy-POSS/iBu-POSS blends solution)
was placed onto a glass, and then air-dried at 25 �C. The atomic
force microscopy (AFM) employed in this study is a Digital Instru-
ments Veeco Dimension 5000 Scanning Probe Microscope (Veeco
Metrology Group). The AFM tapping mode with a 5–10 nm radius
silicon tip was used to scan the surface structure, the displacement
resolution of AFM is about 0.1 nm. For Transmission Electron
Microscopy studies, ultrathin sections of the sample were prepared
using a Leica Ulatracut UCU microtome equipped with a diamond
knife. Slices of ca. 700 Å thicknesses were cut at room temperature
and then the samples were transferred onto the carbon-coated Cu
TEM grid. TEM analysis was performed using a Hitachi H-7500
electron microscope operated at 100 kV. The hydrodynamic
diameter, Dh, of the BPy-POSS and iBu-POSS solution (in toluene)
was measured by dynamic light scattering (DLS). DLS measure-
ments were performed on a Brookheaven 90 plus model equip-
ment (Brookheaven Instruments Corporation, USA) with a He–Ne
laser with a power of 35 mW at 632.8 nm. The temperature was
controlled at 25 �C, and the measurements were done at an angle
of 90�.
3. Results and discussion

3.1. Design of molecule with pyrene-dimer emission in solution

As above mentioned, pyrene-based compounds have two typi-
cal emissions: one is the monomer emission of a separate pyrene
ring at 380 nm and the other is the excimer emission of a pyr-
ene-dimer or its aggregation at 450–500 nm [4]. Because the latter
is visible, we designed the V-BPy to increase the content of the
effective excimer emission as shown in Scheme 2b. The chemical
structure of the V-BPy is similar to a butterfly, containing two pyr-
ene wings and one vinyl body. The 1H NMR spectrum of the V-BPy
was shown in Figure S1 (see the supporting information), indicat-
ing that two ether bond were used to connect pyrene and vinyl
groups. Comparing to the CAC bond of ACH2ACH2ACH2A, the
CAO bond of ACH2AOACH2A without two hydrogen barriers on
the oxygen atom is easier to rotate, resulting in the formation of
the close form of the butterfly-like microstructure of the V-BPy
through intramolecular p–p interaction between two pyrene rings
on the V-BPy. This result is proven by UV–Vis and PL spectra. As
shown in Fig. 1a, the UV–Vis absorption spectra of the V-BPy in
dichloromethane (10�5 M) are very similar to that of 1-pyrene-
methanol (Py-OH) with the chemical structure shown in Scheme
2, showing the three peaks at 313.4, 327.6, and 344.0 nm corre-
sponding to the vibronic transitions from m = 0 to m0 = 0, 1, 2, where
m and m0 are the quantum vibrational numbers of the ground and
excited states, respectively [40]. The solution PL emission spectra
(excitation light at 343 nm), however, show something different.
In dichloromethane, the Py-OH is dissolved in solution and thus
has two sharp monomer emission at 378.8 and 398.0 nm and
two shoulder bands at 416.5 and 446.8 nm [35,40,12,41]. In con-
trast, although the V-BPy is also dissolved in dichloromethane, its
PL emission spectrum is composed of a strong excimer emission
at 470.7 nm and two weak monomer emissions at 378.8 and
398.0 nm. As reported, the excimer emission at 470.7 nm of pyrene
compounds is in accordance with the previous experimental and
theoretical works that perfect face-to-face stacking interactions
in aromatic p-systems result in an increase in the intensity of the
transitions and in turn lead to a red shift of photoluminescence
spectra [42–44].

The emission intensity ratio of the excimer band to the mono-
mer band (I470.7/I378.8) was calculated to be about 5.2 for the V-
BPy. This consequence is reasonable. Based on thermodynamics,
the close form of the butterfly-like microstructure is enthalpy-fa-
vor due to the intramolecular p–p interaction between two pyrene
rings on the V-BPy. However, the easy rotation of two pyrene rings
along two CAO bonds possess the advantage of entropy. At tem-
peratures higher than 0 K, the two forms of the butterfly-like
microstructures are coexistence. In this study, the enthalpy domi-
nates the conformation of V-BPy and most V-BPy molecules are in
the close form of the butterfly-like microstructures in dichloroform
at 25 �C. In order to distinguish from the dimer or the aggregation
of monopyrene-functional molecules, the excimer emission within
a bispyrene molecule such as the V-BPy is called as intramolecular
excimer emission in this study. Because the coexistence of two
forms of the butterfly-like microstructures is inevitable, we need
to define the emission from the aggregation of pyrene groups on
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the open forms of the butterfly-like microstructure as intermolec-
ular excimer emission. The definition of intramolecular and inter-
molecular excimer emission is useful for the study of the V-BPy
and the following BPy-POSS in solution or solid phase.

3.2. Design of POSS-based molecule with pyrene-dimer emission

We attached a POSS group to the V-BPy as an anchor to fix the
bispyrene fluorescent onto the surface of the additional POSS crys-
tal. It is well-known that the hydrosilylation addition between
silane (RSiAH) and vinyl (CH2 = CHR0) groups has conversions up
to 100% [3]. But the silicon can be added onto two carbons
resulting in two isomeric products: a-(RSiACHR0(CH3)) and
b-(RSiACH2ACH2R0) [38]. In this study, the hydrosilylation addition
between SiAH iBu-POSS and V-BPy produces the BPy-POSS with
the linkage of b-(RSiACH2ACH2R0) (see 1H NMR and 29Si NMR spec-
tra in the supporting information). In view of the chemical struc-
ture, the formation of the b-linkage with less steric hindrance
could be due to two bulky reactants of V-BPy and SiAH iBu-POSS
[23]. In addition, the MALDI-TOF mass spectrum of BPy-POSS
shows a single peak at 1441.40 g/mol for its Ag+-complex (also
see Figure S2b in the supporting information) [16,40,12]. Indeed,
the mass spectrum is more powerful than NMR spectra to support
the new compound of BPy-POSS because the silane and the vinyl-
functional groups are too small in comparison to the bulky body of
the SiAH iBu-POSS and the V-BPy.

The UV–Vis absorbane and PL emission spectra of the BPy-POSS
in dichloromethane (10�5 M) are also observed in Fig. 1. The BPy-
POSS shows the same absorbance bands (313.4, 327.6, and
344.0 nm) as Py-OH and V-BPy [12]. However, the PL emission
spectrum (excitation light at 343 nm) of the BPy-POSS is different,
having three monomer emissions at 385.5, 404.2, and 426.8 nm,
one intramolecular excimer emission at 470.8 nm. Compared to
the excimer emission of the V-BPy, the BPy-POSS is broader and
in detail, another weak excimer emission at 498.3 nm overlaps
with the intramolecular excimer emission. In addition, the emis-
sion intensity ratio of the excimer band to the monomer band
(I470.7/I385.5) was calculated to be about 0.63 for the BPy-POSS
which is much lower than 5.2 for the V-BPy. These results imply
that the BPy-POSS could be in form of aggregation rather than an
individual molecule so as to produce the stronger monomer emis-
sion and the ‘‘intermolecular excimer emission’’ at 498.3 nm. The
following dynamic light scattering analysis of the BPy-POSS can
support this concept as shown in Fig. 2b. According to the size of
the individual BPy-POSS (see the calculation and Figure S3 in the
supporting information), the hydrodynamic diameter of 22.4 nm
is large enough to confirm the aggregation of the BPy-POSS in
dichloromethane. The chemical structure of the BPy-POSS is com-
posed of two parts: one is bispyrene and the other is POSS. Com-
pared to the hydrodynamic diameter of 3.72 nm for inert
isobutyl-POSS (iBu-POSS) in Fig. 2a, we supposed that the intermo-
lecular p–p interaction of pyrene rings of BPy-POSS molecules
plays a significant role in the aggregation of the BPy-POSS in the
dichloromethane as shown in Scheme 3.

In dichloromethane, the PL emission spectra tell us the conforma-
tion of the Py-OH, V-BPy, and BPy-POSS. The solid-state PL emission
spectrum is also important to reveal their conformation without
solvent. This would be more significant for us. The solid-state
photoluminescent spectra (excitation light at 343 nm) of the
Py-OH, V-BPy, and BPy-POSS prepared by spin-coating (500 rpm)
of dichloromethane solutions (10 mg/mL) on a 2 cm � 2 cm quar-
tzes are shown in Fig. 3.

The Py-OH is a typical small molecule and crystalized when the
solvent is evaporated. Thus, the solid-state PL emission spectrum
of the Py-OH shows the excimer emission of the Py-OH crystal
where the pyrene group is adjacent to one another. The solid-state
PL emission spectra of the V-BPy and the BPy-POSS have the sim-
ilar excimer emissions as the Py-OH. Compared to the results of
solution PL spectra in Fig. 1b, they in dichloromethane show some-
thing different, especially having the low fraction of monomer
emission intensities in the solid-state PL spectra. For the BPy-POSS,
we supposed that the aggregation of the BPy-POSS should be dis-
solved in solution and rearranged in the BPy-POSS solid while
the dichloromethane evaporates. As we discussed above, the ther-
modynamics induces the coexistence of intramolecular and inter-
molecular p–p interaction of the V-BPy in dichloromethane. The
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spin coating is a kinetically controlled procedure because most
solution is thrown out by the centrifugal force and the residue sol-
vent is dried more quickly than usual. After the heat treatment at
150 �C for 1 h under vacuum, the monomer emissions of the an-
nealed V-BPy occur at 396.3, 418.1, and 444.8 nm. In comparison,
the excimer emission of the annealed BPy-POSS is similar to that
before the heat treatment. From the DSC thermogram of the BPy-
POSS in Fig. 4a (see the discussion), we inferred that with phase
separation, the POSS domains of the BPy-POSS could promote the
formation of the close form of the bispyrene via the intramolecular
p–p interaction. To compare the solution and the solid-state PL
spectra of the BPy-POSS, we can find that the BPy-POSS in solid-
state tends to form the thermally stable close form of the butter-
fly-like microstructure through intramolecular p–p interaction.

3.3. Immiscible blends of iBu-POSS and BPy-POSS

For most studies, POSS derivatives are used to investigate their
bulk microstructures and unique properties [36]. In our previous
study [31], we found that alkyl POSS molecules tend to form a
thin-film composed of fern-like striped crystals. More interest-
ingly, we can put POSS derivatives on the surface of alky POSS crys-
tals through the POSS-POSS stacking. Thus, the POSS–POSS
stacking would be an alternative method to achieve the surface
enrichment of specific functional groups as long as this functional
group is grafted onto a POSS, mixed with alkyl POSS, and then dried
a drop of solution on a substrate. In this case, the inert isobutyl-
POSS (iBu-POSS) is used to blend with BPy-POSS. To our design,
we hope that BPy-POSS is immiscible with iBu-POSS and BPy-POSS
aggregation or molecules can be dispersed on the surface of iBu-
POSS crystals. Similar to polymer blends, we managed to study
the immiscibility of blends between iBu-POSS and BPy-POSS by
DSC thermograms. In the second heat process, the iBu-POSS has
a melting point at 56.0 �C and the V-BPy has a glass transition tem-
perature at 14.6 �C in Fig. 4a [36]. Herein, the glass transition of the
V-BPy indicates that the dissymmetric V-BPy at low temperatures
is a glasslike substance but not a crystal although V-BPy is a small
molecule rather than a macromolecule. The BPy-POSS possess one
glass transition temperature at 14.2 �C, one recrystallization tem-
perature at 62.7 �C, and one melting temperature at 127.7 �C. Com-
paring to iBu-POSS and V-BPy, we suggested that the BPy-POSS is
more like to a block copolymer with distinct phases and then has
a glass transition for the bispyrene domain and a melting transition
for the POSS domain. Because the bulky bispyrene is attached onto
a POSS, the BPy-POSS need more energy to stacking POSS mole-
cules in form of a crystal resulting in the higher melting tempera-
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Fig. 4. DSC thermograms of (a) iBu-POSS, V-BPy, BPy-POSS and (b) t
ture of the POSS domain. Two phases of the BPy-POSS can be
inferred from its TEM image (see Figure S4 in the supporting
information).

For a homogeneous material, we cannot observe any difference
in a TEM image. In contrast, the needle-like microstructures repre-
sent the aggregation of the BPy-POSS in the solid-state and this
aggregation is induced by the phase separation of bispyrene and
POSS domains. In fact, the morphology of the BPy-POSS in the so-
lid-state is not very important for the immiscible blend with iBu-
POSS. Instead, we are more interested in the dispersion of the
BPy-POSS on the surface of iBu-POSS crystals. Fig. 4b shows the
DSC thermograms of the iBu-POSS blends with the different weight
fraction of BPy-POSS. For 5 and 20 wt.% BPy-POSS, the baselines
slightly descend at 23.7 �C due to the presence of bispyrene do-
mains. However, these results are not clear to prove the immisci-
bility between iBu-POSS and BPy-POSS. To increase the content
of BPy-POSS up to 50 wt.%, the glass transition and the melting
temperatures of the BPy-POSS are observed at 23.7 and 122.0 �C
besides the melting temperature of iBu-POSS occurs at 53.6 �C.
Three domains indicate the phase separation of the immiscible
blend between iBu-POSS and BPy-POSS.

3.4. Surface enrichment of pyrene-dimer fluorescent on POSS crystals

In view of the device to detect the dynamic contacting angle of
one drop on a specific substrate, we discovered the method of the
preparation of an iBu-POSS crystalline thin-film. As depicted in
Scheme 4, a solution of iBu-POSS (10 mg/ml in toluene) is spread
on a substrate through a droper and subsequently, excess solution
is withdrawn by the same droper.

This procedure is called the advancing and receding solution
process. The fern-like striped crystals of iBu-POSS occur along the
receding border between the solution and the substrate; the
thin-film of iBu-POSS is constructed by these stripe crystals with
lateral dimensions on the order of a few micrometers and thick-
ness of a few hundred nanometers [31,45]. As shown in Fig. 5,
the stripes of the iBu-POSS blend containing 5 wt.% BPy-POSS are
observed by the AFM analysis, for example a typical one of
2.93 lm in width and 198.30 nm in height [31]. Similar micro-
structure of the iBu-POSS blends containing 20 wt.% BPy-POSS is
also detected, such as one stripe of 3.75 lm in width and
140.87 nm in height.

Interestingly, we found that the surface of the latter is rougher
than the former. By XRD analyses, Fig. 6c shows the similar amor-
phous halo to the pure BPy-POSS at 2h of 15–25� for the iBu-POSS
blend containing 20 wt.% BPy-POSS, indicating that the dispersion
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Scheme 4. Formation of alkyl POSS crystal stripes though advancing and receding
solution process.
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Fig. 6. Solid-state XRD analyses of iBu-POSS blends with (a) 0, (b) 5, (c) 20, and (d)
100 wt.% BPy-POSS on a silicon wafer.
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of the aggregation of the BPy-POSS on the surface of the iBu-POSS
crystals stripes results in the rough surface as shown in Fig. 5b. To
compare the relatively smooth surface of the iBu-POSS containing
5 wt.% BPy-POSS as shown in Fig. 5a, 20 wt.% BPy-POSS seems too
many to cover a thin layer on the surface of the iBu-POSS crystal
stripes. In other words, the iBu-POSS blend containing 5 wt.%
BPy-POSS would has more economic efficiency to be a chemical
sensor to detect nitrobenzene in this study.

The confocal photoluminescent microscopy (CPLM) is the more
powerful analytic method to prove the surface enrichment of the
BPy-POSS on the surface of the iBu-POSS crystal stripes because
only BPy-POSS has a fluorescent bispyrene group. Herein, the CPLM
provides three images: optical microscopy (OM), photolumines-
cent microscopy (PLM), and their superposition image (OM-PLM).
For pure iBu-POSS, the fern-like crystal stripes can be observed
by the OM image as shown in Fig. 7a. Blending with 5 and
20 wt.% BPy-POSS, the similar microstructures are visible by the
PLM image as shown in Fig. 7b. Compared to pure BPy-POSS, the
OM and PLM images do not show any regular pattern. This infor-
mation reveals that the BPy-POSS is indeed dispersed on the sur-
face of the iBu-POSS crystal stripes resulting in the thin-film of
the iBu-POSS crystals containing BPy-POSS on their surface.

3.5. Chemosensor application using surface enrichment of BPy-POSS

A simple apparatus is designed to measure the fluorescence
quenching of pyrene excimer emission with nitrobenzene in a
close system [35]. The iBu-POSS blends with 5, 20, 100 wt.% BPy-
Fig. 5. AFM 2D images and sectional analyses of iBu-POSS blends with (a
POSS are coated on the 2 cm � 2 cm quartz by the above men-
tioned method and then are placed in a 10 cm � 10 cm � 10 cm
plastic airtight container with two 2 cm � 2 cm quartz windows
in the light pathway and a glass holder. After 0.5 ml nitrobenzene
was injected in the glass holder through syringe, the spectrometer
starts to in situ detect PL intensities at 470 nm under the excited
wavelength of 343 nm. As shown in Fig. 8, the PL decays of 56%,
78%, 58% are observed for the excimer emission of the iBu-POSS
blends containing 5, 20 and 100 wt.% BPy-POSS after exposing to
a nitrobenzene atmosphere for 10 min, indicating the nitrobenzene
liquid (b.p. �211 �C) evaporates and permeates in the cover layer
of BPy-POSS. For convenience of discussion, the quenching effi-
ciency was calculated using the following equation:

g ¼ I0 � I
I0
� 100% ð1Þ

As shown in Fig. 9, 1-min exposure of the iBu-POSS blends with
5, 20, and 100 wt.% BPy-POSS to nitrobenzene vapor causes nearly
15, 20, and 30% quenching of the eximer emission at 470 nm. Here-
in, the 15% decay of the PL emission within 1 min for the iBu-POSS
) 5 and (b) 20 wt.% BPy-POSS in the scanning scale of 20 � 20 lm2.



Fig. 7. (a) OM images, (b) PLM images, and (c) OM-PL superimposed images of iBu-POSS blends with (I) 0, (II) 5, (III) 20, (IV) 100 wt.% BPy-POSS.
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Fig. 9. Time-dependant quenching efficiency of iBu-POSS blends with (a) 5, (b) 20,
(c) 100 wt.% BPy-POSS on exposure to nitrobenzene vapor.
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blend containing 5 wt.% BPy-POSS is clear and quick enough to de-
tect the leakage of nitrobenzene vapor. Based on the above discus-
sion, the iBu-POSS blend containing 5 wt.% BPy-POSS would be the
better composition for the chemosensor to cover the thin layer of
fluorescent BPy-POSS on the surface of the iBu-POSS crystal film.

4. Conclusions

A novel bispyrenyl-functional polyhedral oligomeric silsequiox-
anes (BPy-POSS) is designed and synthesized for detecting nitro-
benzene vapor. Like organic small molecules, iBu-POSS is crystal
(Tm of 56.0 �C) but the dissymmetric BPy-POSS with two pyrene
rings is semicrystal (Tg of 14.2 �C, Tc of 62.7 �C, and Tm of
127.7 �C). Most monofunctional pyrene compounds can be well
dissolved in solvent, resulting in invisible monomer emission. With
flexible ether bonds, two pyrene rings of BPy-POSS tends to form
the intramolecular dimer (p–p stacking), which is active and visi-
ble for detecting nitrobenzene. Besides, the POSS moiety could help
BPy-POSS well-disperse on the surface of iBu-POSS crystals after
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solvent evaporation of BPy-POSS/iBu-POSS mixtures. Mixing with
5 wt.% BPy-POSS in iBu-POSS, the blend has the bright fern-like
fractal pattern under UV light excitation (343 nm), indicating the
distribution of BPy-POSS on the surface of iBu-POSS crystal pat-
terns. Upon exposure to nitrobenzene vapor, the similar results
of the blends with 5 wt.% and 100 wt.% BPy-POSS prove that BPy-
POSS is a useful and economical nanomaterial for chemosensor
application.
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