COMMUNICATIONS

Eu?* parity-forbidden intra-f-shell crystal-field transition
D, —’F,, the short component is not attributed to Eu’*, but
to the very weak intrinsic background luminescence from the
TiO, defect centers. Here it should be emphasized that no
significant decrease in the PL lifetimes is observed when the
Eu** content is increased. This indicates that even at euro-
pium concentrations as high as 8 mol % no quenching of the
Eu**°D, —’F, luminescence is present.

In summary, for the first time, a cubic mesostructured
matrix of titania with a three-dimensional array of embedded
anatase nanocrystals has been doped with high concentrations
of europium ions. The semiconducting anatase nanocrystal-
lites sensitize the europium activator, which leads to an
energy transfer system that produces a bright red, near-
monochromatic luminescence. This work represents an inter-
esting optical application of an all-inorganic mesoporous
material. These have, because of their robust self-assembled
framework, high surface area, simple processability, and air
and moisture stability, potential to be incorporated into
optical devices. The ability of the cubic mesostructured titania
films to retain their structure and properties after the addition
of a large amount of dopants opens the field to three-
dimensionally ordered multicomposite materials for new
electrical, magnetic, and optical applications.

Experimental Section

A typical trivalent europium ion doped, red photoluminescent film was
prepared by dissolving EuCl;-6H,0 (0.51 g) and Pluronic P123 (1 g) in
absolute ethanol (12 g). This solution was added to a solution containing
concentrated hydrochloric acid (2.7mL) and titanium(iv) ethoxide
(3.88 mL). After the solution had been aged, films were deposited on
glass or quartz substrates by dip-coating at a rate of 1 mms~". The films
were heat-treated for 4 h at 400°C.

UV/Vis absorption spectra of these films were measured by using a
Shimadzu UV-1610 recording spectrometer. The PL emission and excita-
tion spectra were recorded with a Cary Eclipse PL spectrometer. For the
PL lifetime measurements the films were excited with the 337 nm line of a
pulsed (1 ns pulse width) nitrogen laser. The emission was dispersed by a
monochromator and analyzed by using a digital oscilloscope.
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Multiple Emissions from 1,3-Diphenyl-5-
pyrenyl-2-pyrazoline Nanoparticles: Evolution
from Molecular to Nanoscale to Bulk
Materials**
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Xuehai Ji, Jiannian Yao,* Baowen Zhang, and
Lianqi Zhang

The size dependence of organic crystals has not been as well
investigated as that of inorganic crystals. The strong effects of
confinement on electron—hole pairs in all three dimensions
result in the size-tunable optoelectronic properties of semi-
conductor quantum dots,[>? but are not expected in organic
molecular crystals (OMCs), because of the small radius of the
Frenkel exciton.P! The primary difference between inorganic
and organic semiconductors is the bandwidth, or the degree of
orbital overlap. In the case of OMCs, the electronic and
optical properties are fundamentally different from those of
inorganic semiconductors, because of weak van der Waals
intermolecular forces.>* To date, the search for ways of
controlling size, shape, and hence the properties of OMCs is
still a challengeP), and an important aspect in the develop-
ment of nanoscience.

Size effects may also be significant in OMCs.> ! In our
previous work, the size dependence of the optical properties
of nanoparticles consisting of 1-phenyl-3-((p-dimethylamino)-
styryl)-5-((p-dimethylamino)phenyl)-2-pyrazoline  (PDDP)
was shown to originate from charge-transfer (CT) exciton
formation, with increasing nanoparticle size.l'’) Herein, the
newly synthesized 1,3-diphenyl-5-pyrenyl-2-pyrazoline (DPP)
is used as a model compound, in the light-emitting layer of
an electroluminescent device, because of its strong, blue

[*] Prof. J. Yao, Dr. H. Fu, D. Xiao, R. Xie, X. Ji
Center for Molecular Science, Institute of Chemistry
Chinese Academy of Sciences
Beijing 100080 (P.R. China)

Fax: (+86)10-64879375

E-mail: jnyao@ipc.ac.cn

Prof. B. H. Loo

Department of Chemistry

University of Alabama, Huntsville, AL 35899 (USA)

Prof. B. Zhang, Dr. L. Zhang

Technical Insititute of Physics and Chemistry

Chinese Academy of Sciences, Beijing 100101 (P.R. China)

[**] This research was supported in part by the National Natural
Foundation of China, the National Research Fund for Fundamental
Key Projects No. 973 (G19990330) and the Chinese Academy of
Sciences.

1433-7851/02/4106-0962 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 6



COMMUNICATIONS

pyrazoline fluorescence.!'!] DPP contains two chromophores,
the pyrene and pyrazoline groups. The pyrene ring at the
S-position is almost perpendicular to the parent pyrazoline
ring because of the large volume of the pyrene group, and thus
their conjugated systems are separate from each other. It is
interesting that a dilute solution of DPP in acetonitrile or
tetrahydrofuran exhibits only the emission characteristics of
the pyrene chromophore. In contrast, in the electrolumines-
cent device, DPP shows only the emission characteristics of
the pyrazoline chromophore.l''l We found that DPP nano-
particles exhibit multiple emissions from both pyrene and
pyrazoline groups and from a CT complex between pyrene
and pyrazoline. The emission color of DPP nanoparticles is
tunable between near-UV to green, by alteration of both the
excitation wavelength and the nanoparticle size. For organic
materials, luminescence applications and the multiple emis-
sions of DPP nanoparticles are likely to be important in
tailoring the properties of organic molecules to the resulting
structures at nanoscale. In addition, the evolution of pyrene
and pyrazoline emission in DPP nanoparticles caused by
molecular aggregation and surface effects improves our
understanding of the fundamental processes connecting
OMCs.

DPP nanoparticless were prepared using a simple repreci-
pitation method.> 1% In this process, a molecularly disperse
solution of DPP in a water-miscible solvent, acetonitrile, is
mixed vigorously with an aqueous phase. Mixing the solvent
and water phases changes the character of the solvent and
induces the nucleation and growth of DPP nanoparticles.
Figure 1 presents some field-emission scanning-electron

Figure 1. FESEM photographs of DPP nanoparticles with different sizes.
a) 120 nm; b) 310 nm.

microscopy (FESEM) photographs of the DPP nanoparticles,
in which the average nanoparticle sizes are 120 and 310 nm,
respectively. These values agree roughly with those deter-
mined by dynamic light scattering (DLS), in which the
polydispersity was less than 10%."2l It can be seen from
Figure 1 that the narrow size distribution of DPP nano-
particles caused them to self-assemble into a two-dimensional
array, in a way similar to that observed for many other
colloidal particles.'3l Measurements of the surface potential of
these nanoparticles showed that they are negatively charged,
and that the &-potential retained a value of about —32 mV
with varying nanoparticle size.

Figure 2 displays the UV/Vis absorption spectra of DPP
nanoparticles of different sizes, dispersed in water. Compared
with the absorption spectrum of a 1,3-diphenyl-2-pyrazoline
(DP) solution in ethanol, the spectrum of the dilute DPP in
acetonitrile solution is apparently a combination of the
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Figure 2. The UV/Vis spectrum of DPP nanoparticles of 1) NP1, 65 nm;
2) NP2, 120 nm; 3) NP3, 180 nm, and 4) NP4, 310 nm in aqueous disper-
sions. Inset: DPP in acetonitrile solution with a concentration of 1.0 x
105 molL"!, DP in ethanol solution with a concentration of 8.0 x
10-° mol L% I =relative intensity.

spectra of the pyrene and pyrazoline groups (inset in Fig-
ure 2). On going from spectrum 1 to 4, with increasing
nanoparticle size, the absorption features of the pyrazoline
chromophore become gradually more prominent in the region
from 370 nm to 420 nm, while the absorption bands of pyrene
shift to longer wavelengths. Moreover, a new feature gradu-
ally appears at about 450 nm.

The emission spectrum of the DPP in acetonitrile solution
(Figure 3A) demonstrates the characteristics of the pyrene
group monomer emission bands at 380-410nm, and a
structureless band at 520 nm assigned to a pyrene excimer.!'!]
In contrast, the spectrum of DPP bulk crystals shows an
emission band centered at 445 nm (see Figure 3F). The shape
of the emission of the DPP bulk crystals is similar to that of
DP bulk crystals. There are significant differences between
the fluorescence features of nanoparticles and those of
monomers and bulk crystals. Figure 3D (nanoparticle NP3)
is typical of the fluorescence features of nanoparticles. The
nanoparticle emission (black line) divides into three parts at
385, 465, and 570 nm. The red, yellow, and blue lines are the
excitation spectra obtained by monitoring the emissions at
385, 465, and 570 nm, respectively. We found that the intensity
of the different emission parts at different excitation wave-
length, A.,, is proportional to the intensity at 4., in their
corresponding excitation spectra. For example, when 4., is
fixed at 290 nm, the first part of the emission vanishes, while
the second and third parts are still observed and the second
part becomes the strongest. The multiple emissions have
different individual optical channels, and can be tuned easily
by the selection of 4.

Figure 4 shows the proposed emission transitions for DPP
in monomers, nanoparticles, and bulk crystals, based on the
above spectroscopic study as well as on the fluorescence decay
times given in Table 1. For DPP, the first part of the
nanoparticle emission at 380-410 nm apparently arises from
the pyrene group. Through comparison with the emission
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Figure 3. The fluorescence excitation and emission spectra of A) DPP in
acetonitrile with a concentration of 1.0 x 107> mol L~!; and nanoparticles of
B) NP1, C) NP2, D) NP3 and E) NP4; F) DPP and DP bulk crystals. The
colored lines are the excitation spectra obtained by monitoring the
emission at 385 (red), 465 (yellow), and 570 nm (blue), except for the red
line in E, which was obtained by monitoring the emission at 445 nm. Black
lines are emission spectra obtained by excitation at 345 nm. I =relative
intensity.
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Figure 4. The emission transitions for DPP in monomers, nanoparticles,
and bulk crystals.

characteristics of DP in ethanol solution, the nanoparticle
emission at 465 nm is attributed to the pyrazoline group. It
must be noted that the band at 400 nm in the corresponding
excitation spectra (yellow lines) is not observed in the
excitation spectrum of DP in ethanol solution, monitored at
460 nm. Whereas, for the PDDP nanoparticles'”! this band as
well as that at 370 nm can be assigned to the charge-transfer
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Table 1. The fluorescence decay times of different samples at room
temperature.

Sample Excitation Monitored Decay
wavelength [nm] wavelength [nm] times [ns]
DPP nanoparticles 345 385 38.2+0.42
465 3.76 £ 0.30
560 9.204+0.33
DP in ethanol solution 360 460 4.234+0.30
pyrene crystall®l 345 395 -, 8l
465 70, 180!

[a] From reference [13]. [b] Measured at 77 K.

state between pyrazoline groups and the pyrazoline ring mw—
st* transition. The nanoparticle emission at 465 nm originates
from aggregate states, which explains why the emission is not
quenched by water. In contrast, the emission from the
pyrazoline ring, caused by the twisted intramolecular charge
transfer from the N-1 atom to the C-3 atom in the DPP in
acetonitrile solution, is quenched by acetonitrile.'* 31 The
third band of the emission is unlikely to originate from the
pyrene excimer, in which the emission wavelength is at
465 nm and the fluorescence lifetime is 70 ns at 298 K in
pyrene crystals.'®l It can be seen that the excitation spectrum
(Figure 3) corresponding to the third emission band (blue
line) is similar to the corresponding absorption spectrum for
each nanoparticle (NP1-NP4) shown in Figure 2, and in-
cludes the energy levels of both pyrene and pyrazoline groups.
Therefore, we assigned it to an aggregated state of a charge-
transfer complex between pyrene and pyrazoline groups. The
broad features of the excitation spectrum are also indicative
of a CT state.l' Moreover, the gradually appearing feature at
450 nm in the absorption or excitation spectra (blue line in
Figure 3), with increasing nanoparticle size, may originate
directly from the energy level of the pyrene —pyrazoline CT
states, since the 570 nm emission was observed by excitation
using 450 nm light. The three nanoparticle emission bands at
385, 465, and 570 nm originate from the pyrene and pyrazo-
line groups and from a CT complex between the pyrene and
pyrazoline groups, respectively.

The evolution of the multiple emissions of DPP nano-
particles is also studied as a function of nanoparticle size
(Figure 3B —E). Compared with the spectra of the monomers
shown in Figure 3 A, molecular aggregation effects begin to
influence the properties of DPP molecules in NP1. The
greater intensity of the pyrene emission in Figure 3B than in
Figure 3 C—E indicates that individual molecules also play an
important role in the properties of nanoparticles of this size, as
do molecular aggregates. As the nanoparticle size increases,
the emission at 570 nm is strongest in Figure 3¢ and then
gradually decreases from Figure 3¢ to 3e. The orientation of
the building units is identical because atoms can be regarded
as hard spheres. However, the spatial configuration of organic
molecules in organic nanoparticles plays an important role in
their resulting properties. For example, the formation of
intermolecular charge-transfer complexes demands that the
donor—acceptor pair is in an approximately face-to-face
arrangement, to give the largest orbital overlap.[¥ Initially,
when DPP molecules aggregate to form nanoparticles, two
kinds of molecular aggregation, pyrazoline-pyrazoline
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(Py—-Py) and pyrene—pyrazoline (Pr—Py) pairs, randomly
begin to form nanoparticles such as those in NP1, which cause
the emissions from them to overlap to some extent (Figure 3).
As DPP nanoparticles grow further, as is the case for
NP2(>100 nm), the enhanced Coulombic interaction ener-
gies between moleculesP! cause the Pr—Py pairs to form
mainly on the surface of the nanoparticles, because of the
larger volume of Pr—Py than Py —Py. This hypothesis explains
why the emission from Pr—Py CT states at 570 nm is most
intense in NP2 and then gradually decreases from NP2 to
NP4(Figure 3); as a result of the decrease of the surface-to-
volume ratio from NP2 to NP4. When the nanoparticle size
increases further into the bulk phase, the Py —Py pair plays a
dominant role in the properties of bulk crystals, and only
pyrazoline-like emission is observed. The absence of pyrene
monomeric emission in DPP bulk crystals may be a result of a
low fluorescence quantum yield in bulk crystals as exhibited
by the pyrene bulk crystals (as shown in Figure 3).1
Therefore, the multiple emission of DPP nanoparticles and
their evolution as a function of size is caused by the molecular
aggregation and surface effects.

In summary, unlike the corresponding monomers and bulk
crystals, DPP nanoparticles were found to exhibit a special
type of multiple emission, which ranges from near-UV to
green, and as a result of the surface effects, is tunable by
alteration of both the excitation wavelength and nanoparticle
size,. This novel phenomenon is of interest in the tailoring of
the properties of optical materials. Thus, organic crystals also
possess significant size effects like those of inorganic semi-
conductors and metals, but with a greater diversity because of
a wide variety of organic molecular structures.
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Of the achiral substances in our world, only a small fraction
are spontaneously resolved into enantiomorphic crystals that
can be separated. Spontaneous resolution may occur when the
molecular constituents of the crystal adopt chiral or skewed
conformations or when molecules adopt chiral arrangements,
such as a helices, which act as templates for further growth of
the given enantiomorph. Certain inclusion compounds (such
as those derived from urea and tri-o-thymotide) have received
attention because spontaneous resolution of the inclusion
compound leads to chiral discrimination between guest
enantiomers."? For urea inclusion compounds (UICs), in
which urea forms helical channels in the presence of long-
chain guests,®! the literature has uniformly treated these
materials as either right- or left-handed homochiral objects. In
part, this misconception occurs because the typical needle
morphology makes it difficult to observe the presence of
enantiomorphic domains. Through the combined use of
optical microscopy, synchrotron white beam X-ray topogra-
phy (SWBXT), and crystallography, we demonstrate here the
existence of two types of previously unrecognized macro-
scopic twinning in UICs. This work provides further support
for our models of crystal growth* and hydrogen-bond top-
ologies in UICs containing bis(methyl ketone)sP! and pro-
vides a rationale for chiral (Brasil) twinning in these materials.
This rationale may serve as a model for chiral twinning in
other helical materials,®) especially those with double helices.

Most urea inclusion compounds consist of well-defined host
structures in which urea molecules are hydrogen-bonded to
form honeycomb networks of nonintersecting hexagonal
channels. Within these channels, long-chain guest molecules
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