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Abstract: A new class of organic nanoparticles (CN-MBE nanoparticles) with a mean diameter of ca. 30-
40 nm, which exhibit a strongly enhanced fluorescence emission, were prepared by a simple reprecipitation
method. CN-MBE (1-cyano-trans-1,2-bis-(4′-methylbiphenyl)ethylene) is very weakly fluorescent in solution,
but the intensity is increased by almost 700 times in the nanoparticles. Enhanced emission in CN-MBE
nanoparticles is attributed to the synergetic effect of intramolecular planarization and J-type aggregate
formation (restricted excimer formation) in nanopaticles. On/off fluorescence switching for organic vapor
was demonstrated with CN-MBE nanoparticles.

Introduction

Fluorescent inorganic semiconductor or metal nanoparticles
have attracted considerable research interests due to their unique
properties originating from quantum-size effects.1 They have
been extensively investigated for various potential applications
including the fluorescent biological labels,2 photovoltaic cells,3

light-emitting diodes (LEDs),4 and optical sensors.5 As far as
the application is concerned, fluorescent organic nanoparticles
(FONs) are expected to hold the higher potentials because FONs
allow much more variability and flexibility in materials synthesis
and nanoparticle preparation. Investigations on the FONs,
however, are only at their very initial stages presently. System-
atic research works on FONs have been initiated by Nakanishi
and co-workers,6-9 who have demonstrated that perylene and
phthalocyanine nanoparticles show very different and size-

dependent fluorescent properties from those of bulk samples.
Recently, Yao et al. reported similar results with pyrazoline
nanoparticles.10

Motivated by the attractive potentials of FONs particularly
for the nanosized optoelectronic devices applications, we have
been engaged in the synthesis of a new class of strongly
fluorescent organic molecules which spontaneously assemble
into a stable FON. 1-Cyano-trans-1,2-bis-(4′-methylbiphenyl)-
ethylene (CN-MBE) is a typical molecule of our work which
formed extremely uniform and stable FON with unusual
fluorescence behavior. It was observed that the fluorescence
emission from the CN-MBE nanoparticle is extremely strong,
although CN-MBE itself is nonfluorescent in dilute solution.
This fluorescence change is quite unusual considering that the
fluorescence efficiency of organic chromophores generally
decreases in the solid state, although they show high fluores-
cence efficiency in solution. This decreasing fluorescence
efficiency in the solid state is quite general and is mainly
attributed to the intermolecular vibronic interactions which
induce the nonradiative deactivation process, that is, fluorescence
quenching, such as excitonic coupling, excimer formations, and
excitation energy migration to the impurity traps.11 Very
recently, however, several exceptional cases are being reported
for a few organic fluorophores such as arylethynyl compounds,12

poly(phenyleneethynylene)s,13 poly(phenylenevinylene) deriva-
tive,14 pentaphenylsilole,15 and pseudoisocyanine derivatives,16

which all together show unique enhanced emission rather than
a fluorescence quenching in the solid state. Although the origins
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of these enhanced emissions are still in debate, it is assumed
that this unique fluorescence change is more or less related to
the effects of intramolecular planarization or a specific aggrega-
tion (H- or J-aggregation) in the solid state. Enhanced fluores-
cence observed in CN-MBE FON seems to belong to this
category of unusual fluorescence, while it is importantly noted
as a unique observation in a nanoparticle medium.

In this paper, we report a synthesis and fluorescence behavior
of CN-MBE nanoparticles with specific discussions on the pos-
sible origin of enhanced emission. Application of CN-MBE
FON to the organic vapor sensor is also demonstrated in this
work.

Results and Discussion

CN-MBE nanoparticles were prepared by a simple precipita-
tion method without surfactants. By this method,17 water was
used as a nonsolvent for CN-MBE in THF. After 60% volume
fractions of water addition, CN-MBE (2× 10-5 mol L-1) in
mixture solution started to aggregate into nanosize particles.
Nanoparticles’ suspensions were very transparent with no pre-
cipitates and were observed to be stable even after 3 months.
This long-term stability was also observed for several surfactant-
free organic nanoparticles in water.7,8,10 Recently, Abe et al.
have shown that particular hydrophobic compounds which have
polar CdO groups and high viscosity are stable in water for at
least a year after nanoparticles’ preparation without surfactants.18

This stability is ascribed to the formation of a particular structure
around the polar groups which induces the negativeú potential
in nanoparticles. Electrostatic repulsion due to the negativeú
potential presumably prevents flocculation/coalescence of nano-
particles in water. We have found from experiment that CN-
MBE nanoparticles which also possess polar cyano groups
showed a negativeú potential from -3 to -5 mV. Most
probably, the excellent stability of CN-MBE nanoparticles seems
to be related to this negativeú potential. The shape of nano-
particles was observed by field emission scanning electron
microscopy (FE-SEM). FE-SEM images in Figure 1 show that
CN-MBE nanoparticles obtained by 80% volume fractions of
water addition are very fine spheres with a mean diameter of
about 30-40 nm.

CN-MBE showed a dramatic change of fluorescence intensity
from the nonfluorescent isolated single molecule in THF to the
strongly fluorescent nanoparticles’ suspension in THF/water
mixtures (Figure 2a). This enhanced emission from CN-MBE
nanoparticles is clearly depicted by the changes of relative
quantum yield (Φf) of CN-MBE (2× 10-5 mol L-1) in various
fractions of THF/water mixtures (Figure 2b).19 Isolated CN-
MBE up to 50% volume fractions of water addition shows

virtually no fluorescence at all (Φf ) 0.001), whereas theΦf

values increase drastically from 60% volume fractions of water
addition when CN-MBE starts to form nanoparticles. In the case
of 80% volume fractions of water addition, theΦf value of CN-
MBE nanoparticles’ suspension is almost 700 times higher than
that of CN-MBE solution in THF.

In recent years, a few cases of enhanced emission in the solid
state of specific organic molecules have been reported and
interpreted in terms of the intra- and intermolecular effects
exerted by fluorophore aggregation.12-16,20,21 Intramolecular
effects on fluorescence enhancement are simply explained by
the conformational changes of chromophores. It is supposed
that the twisted conformations of chromophores in solution tend
to suppress the radiative process, whereas planar ones of
chromophores induced in the solid state activate the radiation
process.22-24 Intermolecular effects by aggregation also influence
the fluorescence changes inπ-conjugated organic chromophores.
Effects on fluorescence changes by intermolecular interactions
are correlated with the aggregation morphology such as H-type
or J-type aggregation. H-aggregates where molecules are aligned
parallel to each other with strong intermolecular interaction tend
to induce the nonradiative deactivation process.11 Formation of
H-aggregates is characterized by blue-shifted absorption bands
with respect to those of the isolated chromophore.25 In contrast,
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Figure 1. SEM images of CN-MBE nanoparticles obtained from nano-
particles’ suspension containing 80% volume fractions of water in THF.
Inset shows the magnified SEM image.

Figure 2. (a) The fluorescence emission of CN-MBE (2× 10-5 mol L-1)
in THF (left) and THF/water mixture (80% volume fractions of water)
(nanoparticles’ suspension) (right) under the UV light (365 nm). (b) Relative
quantum yields (Φf) of CN-MBE (2 × 10-5 mol L-1) depending on water
fractions in THF.
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J-aggregates where the molecules are arranged in head-to-tail
direction induce a relatively high fluorescence efficiency with
a bathochromic shift of UV absorption maximum.25

The enhanced fluorescence emission in CN-MBE nanopar-
ticles (Figure 2) is also explained in terms of the intra- and
intermolecular effects. CN-MBE consists of two biphenyl
molecules with a cyano-stilbene moiety as a bridging group.
The optimized geometry of CN-MBE in the gas phase was
calculated by using the PM3 parametrization in the HyperChem
5.0 program (Hypercube). It was obtained that isolated CN-
MBE molecules are twisted by the steric interactions in biphenyl
unit26 as well as the bulky cyano group attached into vinylene
moiety27(Scheme 1). It is well known that the conformation of
the neighboring phenyl rings in biphenyl molecules is deter-
mined by the opposing influences of the intramolecular repulsion
of ortho-hydrogen atoms and intermolecular packing forces.28

Conformational studies on biphenyl and PPP oligomers have
revealed that a more planar conformation is favored in a
crystalline environment, even though the twist conformation is
preferred in the isolated state.28,29The observed planarity in the
crystalline state is mainly due to the fact that constraints within
the unit cell might be strong enough to overcome theortho-
hydrogen repulsions.28,29 Similar conformational changes also
have been observed in the case of thetrans-stilbene unit in poly-
(p-phenylene vinylene) (PPV) oilgomers30 and twisted aryl-
ethynyl compounds.12

Therefore, the CN-MBE molecule consisting of the biphenyl
and substituted stilbene unit is likely to show similar confor-
mational planarization due to the aggregation in a nanoparticle.

Unlike the almost perfect planarization of biphenyl and stilbene
compound in a crystal,29,30 CN-MBE is speculated to be
somewhat twisted even after aggregation because there are
additional steric interactions caused by the cyano group in CN-
MBE. As a result of this conformation change, however, the
fluorescent property of CN-MBE seems to be altered as to
induce the enhanced fluorescence emission.

It is considered that the aggregation-induced planarization
extends the effective conjugation length and increases the
oscillator strength of CN-MBE. Semiempirical AM1 calculations
supported this postulation. The UV absorption maximum (λmax)
and magnitude of oscillator strength (f) at λmax increase from
the twisted form (λmax ) 341 nm,f ) 1.41) to the planar form
(λmax ) 379 nm,f ) 1.53) of CN-MBE. Therefore, aggregation-
induced planarization is considered as one of the probable
mechanisms of enhanced emission for CN-MBE nanoparticles.

It is also expected that the aggregation-induced planarization
inevitably causes unique intermolecular interactions in nano-
particles. It is well known that the strong intermolecular
interactions are aroused in the solid state of planarπ-conjugated
chromophores which induce the formation of excimer complex
leading to the fluorescence quenching.11 The bulky and polar
cyano group in CN-MBE, however, plays an important role of
restricting the parallel face-to-face intermolecular interactions
in the aggregated state.22,23 Preventing parallel orientation of
conjugated chromophores tends to favor J-aggregation with
enhanced fluorescence emission instead of H-aggregation in the
solid state. The J-aggregation mechanism for the enhanced
fluorescence was already observed in the pseudoisocyanine
(PIC) dye which was characterized by the twisted structure and
bulky groups preventing face-to-face intermolecular interac-
tion.31,32

Therefore, most probably, the enhanced emission of CN-MBE
is attributed to the combined effects of aggregation-induced
planarization and J-aggregate formation. This postulated mech-
anism of enhanced emission in CN-MBE nanoparticles is
depicted in Scheme 1.

Our speculation on the mechanism of enhanced emission is
supported by the experimental UV and photoluminescence (PL)
data of CN-MBE nanoparticles. From 60% volume fractions
of water addition, when the nanoparticles begin to form, the
maximum peaks in the absorption spectra of CN-MBE are red-
shifted, and a new shoulder band appears around 420 nm (Figure
3a). The inset of Figure 3a shows the resolved absorption bands
located at 366 and 420 nm, respectively. The 366 nm band is
associated with theπ-π* transition of the CN-MBE molecule
which is red-shifted from that in dilute solution (342 nm). This
bathochromic effect indicates that effective conjugation length
of CN-MBE is extended from the isolated twisted molecule to
the planar one in nanoparticles. This result is also in accord
with the calculated absorption band shift from the twisted
conformer to the planar conformer (Figure 3a, bottom). On the
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Scheme 1. Proposed Mechanism of Enhanced Emission in
CN-MBE Nanoparticles
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other hand, the band at 420 nm is assigned to the J-aggregates
of CN-MBE. In general, the J-aggregation band is distinctly
red-shifted and appears as an intense narrow absorption band
due to the motional narrowing,33 but that of CN-MBE nano-
particles in Figure 3a is relatively broad and weak. This result
suggests that the molecules in nanoparticles may be oriented in
a less optimal way of J-aggregation. Lattice disorder is
considered as one of the possible reasons of it.34

Extended conjugation and J-aggregation lead to the dramatic
increase of the fluorescence intensity in CN-MBE nanoparticles
as shown in Figure 3b. It is seen that the fluorescence intensity
of CN-MBE increases discontinuously from 60% volume
fractions of water addition as shown in Figure 3b. The inset of
Figure 3b shows that the peak position of fluorescence emission
is also red-shifted discontinuously above 60% volume fractions
of water.

It is supposed that the cyano group in CN-MBE is effective
in reducing the face-to-face intermolecular interaction in nano-
particles which consequently induces the formation of J-
aggregates as was observed in pseudoisocyanine (PIC) mol-
ecules. To investigate the role of the cyano group, the UV and
PL spectra of CN-MBE were compared with those of a reference
model compound,trans-4,4′-diphenylstilbene (DPST), which
lacks only the cyano group from CN-MBE. Both CN-MBE and
DPST show high energy tails in the visible region of the UV

absorption spectrum above 60% volume fractions of water
additions when nanoparticles are formed (Figures 3a and 4a,
respectively). These tails in the visible region are attributed to
Mie scattering caused by nanosized particles.35 The striking
difference of UV absorption spectra between CN-MBE and
DPST is the direction of spectral shift. As nanoparticles are
formed, absorption maximum peaks of CN-MBE are red-shifted,
while those of DPST are blue-shifted. The blue shift is explained
by H-aggregate formation resulting from the strongπ-stacking
interactions, which is consistent with many other spectroscopic
findings.35,36 In contrast to the drastic increase of CN-MBE
emission, the emission intensity of DPST showed a drastic
decrease in nanoparticles (Figures 3b and 4b, respectively). New
red-shifted bands at around 450 and 480 nm of DPST are
attributed to the excimer formation by H-aggregation.

Application of CN-MBE nanoparticles to the on/off fluores-
cence switches was investigated by use of the different
fluorescent intensity in solution and nanoparticles. Under the
365 nm of UV light illumination at room temperature, CN-
MBE nanoparticles on the TLC plate show bright blue fluo-
rescence which switches off reversibly in the atmosphere of
dichloromethane vapor (Figure 5). This fluorescence switch-
ing behavior of CN-MBE nanoparticles provides a novel con-
cept of nanosized fluorescence switches which sense organic
vapors.
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Figure 3. (a) UV absorption spectra changes of CN-MBE (2× 10-5 mol L-1) depending on the water fractions in THF. The calculated absorption maximum
peaks of twisted (dot line) and planar form (solid line) of CN-MBE are shown at the bottom. Inset shows peak separation of CN-MBE nanoparticles in the
case of 80% water addition. (b) PL spectra changes of CN-MBE (2× 10-5 mol L-1) depending on the water fractions in THF. Inset shows the change in
the emission maximum peak of CN-MBE.

Figure 4. (a) UV absorption spectra changes of DPST (2× 10-5 mol L-1) depending on the water fractions in THF. (b) PL spectra changes of DPST (2
× 10-5 mol L-1) depending on the water fractions in THF. Inset shows the changes in the emission maximum peak of DPST.
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In conclusion, we have demonstrated a new class of fluo-
rescent organic nanoparticles (CN-MBE FONs) which are very
fine spheres with a mean diameter of about 30-40 nm. They
exhibit a strongly enhanced emission and on/off fluorescent
switching which senses organic vapor. Enhanced fluorescence
emission in CN-MBE nanoparticles was attributed to the
synergetic effect of planarization and J-aggregation (restricted
excimer formation).

Experimental Section

Synthesis. 4,4′-Dimethyl Biphenyl (1). 4-Chlorotoluene (79 mmol)
was added to the mixture of nickel chloride (3.9 mmol), 2,2′-bipyridine
(BPy) (3.9 mmol), triphenylphosphine (PPh3) (15.7 mmol), and zinc
(122.3 mmol) inN,N-dimethylformamide (DMF) solution (50 mL). The
mixture was stirred at 90°C for 5 h. After being cooled, 1 N HCl
solution was poured into the reaction mixture. The precipitate was
filtered and washed with methanol (yield: 75%).1H NMR (300 MHz,
CDCl3) δ [ppm]: 7.49 (d, 4H, Ar-H), 7.25 (d, 4H, Ar-H), 2.38 (s,
6H, -CH3). MS (EI) (calcd for C14H14, 182.26; found, 182)m/e: 182,
167, 152, 128, 115, 90, 76, 63, 51.

(4′-Methyl-biphenyl-4-yl)-acetonitrile (2). N-Bromosuccinimide
(NBS) (13.3 mmol) was added to a solution of1 (13.3 mmol) in benzene
(40 mL), and the mixture was refluxed for 12 h. The mixture was poured
into a 500 mL of water and stirred for 2 h. After the solvent was
removed under vacuum, the residue was added into a solution of NaCN
(51.2 mmol) in tetrahydrofuran (THF) (30 mL). The mixture was stirred
at 50°C for 24 h. After being cooled to room temperature, the resulting
mixture was column chromatographed on silica gel, eluting with ethyl
acetate/hexane (1:3 by volume) solvent. After solvent was removed
under vacuum, the solid product was obtained (45%).1H NMR (300
MHz, CDCl3) δ [ppm]: 7.58 (d, 2H, Ar-H), 7.47 (d, 2H, Ar-H),
7.40 (d, 2H, Ar-H), 7.27 (d, 2H, Ar-H), 3.79 (s, 2H,-CH2CN), 2.40
(s, 3H,-CH3). MS (EI) (calcd for C15H13N, 207.27; found, 207)m/e:
207, 192, 165, 152, 139, 115, 89, 76, 63, 51.

4′-Methyl-biphenyl-4-carboxaldehyde (3).Bromination reaction of
1 (13.3 mmol) was carried out by the same procedure as above. After
bromination, the residue was added into a solution of hexamethylene-
tetramine (HMTA) (51.2 mmol) in chloroform (30 mL). The mixture
was refluxed for 12 h. After being cooled to room temperature, the
solvent was removed under vacuum. Next 50 mL of a glacial acetic
acid (AcOH) and water mixture (1:1 by volume) was poured into the
reaction mixture and refluxed for 2 h. The resulting mixture was column
chromatographed on silica gel, eluting with ethyl acetate/hexane (1:3
by volume) solvent. After solvent was removed under vacuum, the solid
product was obtained (25%).1H NMR (300 MHz, CDCl3) δ [ppm]:
10.0 (s, 1H,-CHO), 7.95 (d, 2H, Ar-H), 7.75 (d, 2H, Ar-H), 7.55

(d, 2H, Ar-H), 7.28 (d, 2H, Ar-H), 2.42 (s, 3H,-CH3). MS (EI)
(calcd for C14H12O, 196.24; found, 196)m/e: 196, 165, 152, 115, 97,
82, 63, 51.

1-Cyano-trans-1,2-bis-(4′-methylbiphenyl)ethylene (CN-MBE) (4).
The mixture of2 (1 mmol) and3 (1 mmol) in tert-butyl alcohol (7
mL) and THF (3 mL) was stirred at 50°C for 1 h. Tetrabutylammonium
hydroxide (TBAH) (1 M solution in methanol) (0.1 mL) was slowly
dropped into the mixture and stirred for 1 h. The green precipitate was
collected by filtration and washed with methanol (94%) (Scheme 2).
1H NMR (300 MHz, CDCl3) δ [ppm]: 7.98 (d, 2H, Ar-H), 7.69 (m,
6H, Ar-H), 7.58 (s, 1H, vinyl), 7.52 (d, 4H, Ar-H), 7.25 (d, 4H, Ar-
H), 2.39 (s, 6H,-CH3). FT-IR (KBr, cm-1): 3040, 2950, 2220 (-CN
attached to vinylene), 1500, 1150, 800. MS (EI) (calcd for C29H23N,
385.5; found, 385)m/e: 385, 370, 294, 278, 252, 193, 165, 105, 91,
65, 57. Anal. Calcd for C29H23N: C, 90.35; H, 6.01; N, 3.63. Found:
C, 90.27; H, 5.94; N, 3.62.

trans-4,4′-Diphenylstilbene (DPST).DPST (Lancaster, 99%) was
purchased commercially and used as obtained without further purifica-
tion.

Nanoparticles’ Preparation. Distilled water was regularly injected
into the chromophore/THF with vigorous stirring at room temperature,
using a syringe pump. Before distilled water injection, distilled water
and chromophore solution were filtered by membrane filter with 0.2
µm pore size. As volume fractions of injected distilled water increased,
those of THF solution gradually decreased. In all samples, the
concentration of chromophores (2× 10-5 mol L-1) was constant after
distilled water injection.

Instrumentation. 1H NMR spectra were recorded on a JEOL JNM-
LA300 (300 MHz) in CDCl3 solutions with CHCl3 at 7.26 ppm as the
internal standard. IR spectra were measured on a Midac FT-IR
spectrophotometer using KBr pellets. Mass spectra were measured on
a JMS AX505WA by EI mode. UV-visible absorption and fluores-
cence emission spectra were recorded on a HP 8452-A and a Shimadzu
RF-500 spectrofluorophotometer, respectively. FE-SEM images were

Figure 5. On/off fluorescence switching of MBAN nanoparticles on the
TLC plate without vapor (left) and in vapor (dichloromethane) (right) under
UV light (365 nm) illumination at room temperature.

Scheme 2. Synthetic Route of CN-MBE
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acquired on a JSM-6330F (JEOL) by dropping nanoparticles’ suspen-
sion on carbon tapes. The fluorescence displays of CN-MBE nanopar-
ticles’ suspension and CN-MBE nanparticles on the TLC plate were
photographed on a Nikon-Coolpix 995 digital camera. CN-MBE
nanoparticles on the TLC plate were prepared by dropping nanopar-
ticles’ suspension using the same method for acquiring FE-SEM images
of CN-MBE nanoparticles on the carbon tapes. Theú potential of CN-
MBE nanoparticles was measured by an electrophoretic light-scat-

tering spectrophotometer (ELS-8000) (Otsuka Electronics, Japan) using
the standard sample of polystyrene latex particles.
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