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Abstract: Nanoparticles of 1-phenyl-3-((dimethylamino)styryl)-5-((dimethylamino)phenyl)-2-pyrazoline (PDDP)
ranging from tens to hundreds of nanometers were prepared by using the reprecipitation method. Their excitonic
transitions responsible for absorption and emission, as compared with those of dilute solution, have been
investigated as a function of nanoparticle size. We found that PDDP nanoparticles possess a special size
dependence in their optical properties. We identified an extended charge-transfer (CT) state stemming from
PDDP molecules closely stacking in nanoparticles and observed its shift to the high-energy side with decreasing
nanoparticle size due to exciton confinement. At the same time, the moleculal absorption of the
nanoparticles was also blue-shifted, accompanied by an almost unchangifigibsorption as a result of the
reduced overlap of the pyrazoline rimgorbital and decreased intermolecular interactions. Moreover, S1 and
CT states were in equilibrium in the nanoparticles, and the probability of fluorescence from S1 increased with
decreasing nanoparticle size.

Introduction widely used as optical brightening agents for textiles, paper,
| and fabrics because of their strong fluorescéhteand as a
Jpole-conveying medium in photoconductive matefiatéand
electroluminescence (EL) devicEsl® Specifically, 2-pyrazo-
lines containing electron donors and acceptors at the 1- and
3-positions have intrinsically large molecular hyperpolarizabili-
ties, which suggests the photorefractivity of a two-dimensional
array constructed with its nanoparticles in an applied optical
field.1” To some degree, 2-pyrazolines are considered to be an

On the basis of the study of semiconductor and meta

confinement effects, finite size effects, etc., have been discov-
ered, and many novel device concepts have been developed.

In recent years, the number of studies of organic nanoparticles
has been increasing, but most such studies focus on polymers
such as polystyrene latex particles and its colloidal crystal.

However, the preparation of nanoparticles from general organic . . o D P
molecules has been paid little attention. Because of the diversity'mportam organic heterocyclic “transition” matertle., a

of organic molecules, there is a tendency to extend the researct{nate”aI which shares many properties with conventional

on nanoparticles from metals and semiconductors into the semiconductors (with their delocalized electronic states) and

organic field, especially into general organic molecules. In the "Sulator-like “organic. molecular crystals (with their large
case of organic molecular crystals, their electronic and optical abso7rpt|on oscillator s_treng_ths,_ polaron-assisted condu_ct|on,
properties are fundamentally different from those of inorganic etc.). In the v_vork described in this paper,.PDDP ”a“c’p?r?'c'?s
metals and semiconductors, due to weak intermolecular interac-Of different sizes .have .been prepqred using the reprecipitation
tion forces of the van der Waals typdo understand how these method, and their optical properties have been studied as a

properties develop as a function of size is of fundamental and function _Of nanoparticle SIz€. W? have found that PDDP.
technological interest. nanoparticles possess a special size dependence of absorption

Nakanishi et al. prepared microcrystals of perylene and and emission, and the formation of the aggregates also influences
polydiacetylene by the simple reprecipitation method and found the slze de_p_endence of PDDP nanopamcles in_addition to
that polydiacetylene microcrystals were a new type of material previous opinions about the change of lattice state. The present

for third-order nonlinear optic%.1° Pyrazolines have been optical size effects exhibited by PDDP nanoparticles may prove

useful in optoelectronic device applications, such as optical
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Figure 1. FESEM photographs of PDDP nanoparicles: (a) 50 nm, (b) 105 nm, (c) 190 nm, and (d) 310 nm.

fundamental process connecting both of these more conventional Energy /eV

classes of materials, i.e., organic molecular crystals (OMCs). L. 35 3 25
- T T T T T T T

Results 1

We prepared a series of PDDP nanoparticles from tens to 0324

hundreds nanometers, which were stable after two months. The
nanoparticles’ dispersions into water exhibited an off-white

o 0.244
turbidity due to the light scattering of the nanopatrticles. §
Moreover, the color deepened as the nanopatrticle size increased. g
Some of their FESEM photographs are shown in Figure 1, in 8 **

which the average nanoparticle sizes are 50, 105, 190, and 310

nm, respectively. These values agreed roughly with those 0.08
determined by DLS, of which the polydispersity was measured
to be less than 0.1. It can be seen from Figure 1 that the shape
of the PDDP nanoparticles changed from perfectly spherical to
amorphous with decreasing nanoparticle size. This implies that
the crystallization of PDDP nanoparticles is gradually weakened

; : : ; igure 2. UV-—visible absorption spectra of PDDP nanopatrticles
with decreasing nanoparticle size. Measurements of the surface';ispersions in water with different sizes: (a) 20 nm, (b) 50 nm. (c)

electric of the nanoparpcles showed that they are negative 105 nm, (d) 190 nm, and (e) 310 nm. (m) The spectrum of the PDDP/
charged, and thé-potential kept the same value of abot23 ethanol solution (1.0 105 mol-L-Y).

mV with different nanoparticle sizes.

Figure?displays th? UVViSibI? absorption spectra of PDDP ¢ absorption features of PDDP nanopatrticles is studied as a
nanopa_rﬂcles with different SIZES dispersed in water. FOT function of nanoparticle size upon going from Figure 2a to f.
comp?nson, Etze spectrum of dilute PDDP/ethanol solution (1.0 g the nanoparticle size increases from 20 to 310 nmPghgy
x 107> mol-L ™), which has three clearly resolved peaks at 259, ,nqp . of PDDP nanoparticles are observed to shift to longer
314, and 378 nm, is also displayed as Figure 2m. 'V'Ofeo"?f’ nOWavelerlgth while thé®,—« remains almost stable at the same
spectral changes were observed when th;e concentratslon Ofposition.At the same time, a new ped¥() gradually appears
PDDP_/fthanoI solution changed from k010 1.0x 107 i, 1 region of 436-450 nm and also shifts to the lower energy
mol-L ™% It has been reported that the UV band at 259 nm arises gjge |t is obvious that these spectral changes are related to the

from the phenyl ring (labeled @&neny) and the OFher two peaks nanopatrticle size. To accurately determine the detailed behavior
at 314 and 378 nm are due to the pyrazoline rirgeh (Pn—+)

0.00

T T T v T ¥ T T T
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Wavelength /nm

andx—m* (P,—»+) transitions, respectivel{#-2° The evolution 23(%3%) Nurmukhametov, R. N.; Tishchenko, V. Gpt. Spectrosc1967,
(18) Mukai, M.; Miura, T.; Nanbu, M.; Shindo, T. YCan. J. Chem. '(20)- Wilkinson, F.; Kelly, G. P.; Michael, Cl. Photochem. Photobiol.

1979 57, 360. A: Chem.199Q 52, 309-320.
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Table 1. Results of Numerical Fit to the Absorption Spectra of PDDP Dilute Solution and Different Size Nanop&rticles

absorption of pyrazoline ring

absorption [So(0)—S(0)] [So(0)—Su(n)] [So(0)—CT(n)]
nanoparticle of phenyl position Frz position Fremr position Fer
sample size (nm) (nm/eV) (nm/eV) (%) (nm/eV) (%) (nm/eV) (%)
(m) - 258 309 21.7 378 78.30 - -
4.81 4.01 3.28
(@) 20 264 324 17.6 396 78.0 438 4.4
4.70 3.83 3.13 2.83
(b) 50 266 324 12.9 400 78.0 439 9.1
4.66 3.83 3.10 2.83
(c) 105 269 325 9.3 407 78.3 444 124
4.61 3.82 3.05 2.79
(d) 190 271 325 6.3 411 78.5 448 15.2
4.58 3.82 3.02 2.77
(e) 310 274 326 4.7 414 7.4 455 17.9
4.53 3.80 3.00 2.73

aEach spectrum in Figure 2 was fit to four Gaussian shapes. Because the absorption peak of the phenyl ring is not a Gaussian type, we directly
read its wavelength from the software of the Shimadzu UV-1601 PC, while the data for the pyrazoline ring are obtained from the fitting results.
[So(0)—S,(0)], [So(0)—Si(n)], and [S(0)—CT(n)] correspond the transitions identified in the text and are expressed by peak position and peak area
percentage for the whole pyrazoline ring absorption.
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1 Figure 4. Fluorescence excitation spectra of PDDP nanoparticles
0 L S . U U dispersions in water with different sizes: (a) 20 nm, (b) 50 nm, (c)
0 50 100 150 200 250 300 105 nm, (d) 190 nm, and (e) 310 nm. (m) The spectrum of the PDDP/
Nanoparticle Size /nm ethanol solution (1.0< 1075 mol-L%).

Figure 3. Relative oscillator strength (proportional to the peak area . 0 . .
and represented by area percentage of every peak for the wholedradually increases from 4.4 to 17.9% with increasing nano-

pyrazoline absorption area) of absorption peéR, +, Px_+, andPcr) particle size from 20 to 310 nm, while tH&, - gradually
as a function of PDDP nanoparticle sizes. Inset: Sample numerical fit decreases from 17.6 to 4.7%. The most interesting observation
to the absorption spectrum with nanoparticle size 105 nm. is that theF,—,+ basically keeps the same value of about 78%

with different nanoparticle sizes.

of absorption transitions on nanoparticle size, each spectrum The fluorescence excitation spectra of PDDP nanoparticles
was fit to four Gaussian peaks with the parameters provided in with different sizes and PDDP monomer in the dilute ethanol
Table 1. The inset in Figure 3 is a sample fit to the spectrum of solution displayed in Figure 4 show changes similar to those
Figure 2c with the nanoparticle size of 105 nm. Because the of the absorption spectra in Figure 2. As the nanoparticle size
peakPprenyl is NOt @ Gaussian type, in Table 1, its data were increases, the peak width becomes broader and its shape changes
directly obtained from the software Schimadzu Uv-1601 PC, from symmetric to asymmetric, and at the same time, the peak
while the data of the other three peaks came from the results ofalso shifts to the longer wavelength region. Furthermore, the
fitting. peak position where the fluorescence efficiency is the highest

According to Table 1, as the size of PDDP nanoparticles is consistent with the wavelength of the new absorption peak
increases from 20 to 310 nm, tRghenyi P~—~+, and the gradually Pcr obtained from Figure 2. The low-energy tails of PDDP
appearing new peaRct are all shifted to lower energy, while  nanoparticles (defined as the energy at which the intensity is
the Pn—-+ remains almost stable at 3.82 eV. Moreover, the energy >5% of the peak intensity) extend to 2.66, 2.64, 2.62, 2.60,
decreases AAE(Ppheny) = —0.17 eV andAE(P,—»+) = —0.13 and 2.58 eV, corresponding to the crystal sizes 20, 50, 105,
eV are greater than that &f£(Pct) = —0.10 eV. Figure 3 shows 190, and 310 nm, respectively. In contrast, the low-energy tail
the dependence of the area percentages (which are referred tof the dilute PDDP solution only extends to 2.76 eV.
as the relative oscillator strength;) of the absorption peak There are significant differences between the fluorescence
(Pn—z*, Pz—2+, andPcr) for the whole pyrazoline ring absorption  emission spectra of the PDDP solution and PDDP nanoparticles
as a function of PDDP nanoparticle size. It can be seen from in Figure 5. All these spectra are excited at 395 nm (3.14 eV).
Figure 3 that the new peak in the region of 4360 nm The PDDP solution emission spectrum (an asymmetric peak)
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Figure 5. Fluorescence emission spectra of PDDP nanoparticles PDDP.
dispersions into water with different sizes: (a) 20 nm, (b) 50 nm, (c)
105 nm, (d) 190 nm, and (e) 310 nm. (m) The spectrum of the PDDP/ (open circle) and 535 nm (solid circle) are well described with
only onert with high accuracy. The fluorescence lifetime of

ethanol solution (1.0< 10°° mol-L™%).
the PDDP monomer was determined torge= 278 + 25 ps.
The fluorescence lifetimes of 105 nm PDDP nanoparticles

monitored at 500 and 535 nm were determined to be nearly
) equal,rsgo = 601 + 80 ps andrszs = 693 + 80 ps. However,
105 im nanoparticle the decay curve of the 105 nm PDDP nanoparticle monitored
o at500 nm at 463 nm (up triangle in Figure 6) is well-resolved into two
¢ at335nm decay components with high accuracy, a short fluorescence
lifetime 7'463 = 150 £+ 25 ps (72%) and a long fluorescence
lifetime 7' 463 = 659+ 80 ps (28%), respectively. It is interesting
to note that ther'4s3 is similar to 7, and 7"'463 is practically

e
: equal to the average afoo and ts3s.

Figure 7. (A) Absorption and (B) emission transitions proposed for

solution

—n— [amp file v at450 nm

1000 -

intensity

100

w- Discussion
T a5 40 Absorption and Emission Transitions in the Dilute Solu-
tion and Nanopatrticles. To interpret the data of Figures-5,

Time /ns
Figure 6. Fluorescence decay profiles of PDDP/ethanol solution (1.0 We use an energy state diagram as shown in Figure 7. Here,

x 10° mol-L~1) monitored at 450 nm (down triangle) and PDDP  Figure 7A corresponds to the absorption transitions, whereas
nanoparticle with size of 105 nm monitored at 463 (up triangle), 500 Figure 7B corresponds to the emission transitions occurring after
(open circle), and 535 nm (solid circle). The excitation wavelength is nyclear relaxation. The ground electronic state of PDDP is a
320 nm. spin-singlet and is labeledySThe high oscillator strength of
has a maximum at about 450 nm (2.76 eV), and the low-energy the absorption features in Figure 2 is therefore a signature of
tail extends to 2.17 eV. This is compared with that of PDDP spin-allowed singletsinglet transitions. Since monomers are
nanoparticles with the emission peak centered at 500 nm (2.48the dominant species in the dilute solution, further, the
eV) and two additional features at 463 nm (2.68 eV) and 535 fluorescence emission spectrum does not significantly change
nm (2.32 eV). Moreover, the intensity of the shoulder at 2.68 with concentration, the solution emission in Figure 6 is assigned
eV gradually decreases with increasing nanopatrticle size, butto direct monomer transitions from; $0 &. The absorption

at the same time the remainder shows little change. No evidenttransition from $ to high vibrational levelsi(, = O, ...,n) of
changes in the shape of the solution and the nanoparticles’S; (labeled [$(0)—Si(n)]) leads to the large Stokes shift of 0.52

emission spectra are observed as the pump energy changes fromV; moreover, the [§0)—Si(n)] is 7—x* type. The higher
E=475t02.76 eV. energy absorptionaz* type (4.01 eV) than that of [§0)—
To obtain further information on the nature of the excited S;(n)] (3.28 eV) leads us to assign it as being frogit& S,
state, we measured the fluorescence lifetimes of PDDP monometabeled [3(0)—S,(0)].
in the dilute ethanol solution and different size PDDP nano- For PDDP nanoparticles, the absorption transitiongd)S-
particles in the aqueous dispersions with an excitation at 320 S;(n)] and [$(0)—S,(0)] are considered to be the contribution
nm. Because no evident changes were observed for differentof individual molecules, i.e., Frenkle-likehe excitation is
size PDDP nanoparticles when other experimental conditions largely confined to the individual molecules. The distinctly
were fixed, the fluorescence decay profiles of 105 nm PDDP different behavior of [§0)—Si(n)] and [$(0)—S(0)] as
nanoparticles monitored at 463, 500, and 535 nm as a typicalcompared to the gradually appearing new pBgkleads us to
and PDDP monomer monitored at 450 nm were shown in Figure assign these two groups of transitions to separate singlet
6. The fluorescence decay data were best fitted with a double-manifolds. Returning to Figures 2 and 3, we observe that the
exponential function by use of the nonlinear least-squares absorption peak centered at about 4380 nm is strongly
method with a deconvolution technique. The decay curve of affected by the nanoparticle sizes, becoming vanishingly small

the monomer monitored at 450 nm (down triangle in Figure 6) for crystals<20 nm. This is expected for an aggregate state
and those of 105 nm PDDP nanoparticles monitored at 500 arising from ther— orbital overlap of closely stacked PDDP



1438 J. Am. Chem. Soc., Vol. 123, No. 7, 2001 Fu and Yao

molecules in nanoparticles and is similar to the previous
observations of absorption by aggregate states in other organic
molecular crystals such asperylene?! tetracené2and 3,4,9,-
10-perylenetetracarboxylic dianhydride (PTCDA)n addition,
comparing Figure 2m with Figure 2a, although the concentration
1.0 x 107% mol-L~! of the dilute PDDP/ethanol solution is
greater than that of the 20 nm PDDP nanoparticle aqueous
dispersion (prepared by injecting 4Q of 1.0 x 103 mol-L 1
PDDP/ethanol solution into 10 mL of water atQ), the former
has no detectable peak in the region 4360 nm but the latter
does. From this, we infer that the peak centered at 438 nm in
Figure 2a is associated only with aggregate formation and is
non-Frenkel-like in nature; i.e., it is not associated with the
lowest observed band;SThus, we assign the gradually
appearing absorption feature with increasing nanoparticle size
to a charge-transfer (CT) exciton of the extended PDDP crystal
structure. The lower energy of the 2:83.73 eV peak (labeled
[So(0)—CT(n)]) as compared to that of the State is also
consistent with this picture, where CT states are generally found _
at energies lower than the corresponding maxima of the ; '
monomer spectrurh?*

Note that in Figure 5, without considering the shoulder at
2.68 eV, the shape of the nanoparticle emission is similar to

that of the dilute solution, and its peak red shifts by 0.28 eV Optical Size Dependence of PDDP NanoparticlesThis

from the .value for the dilute solut.ion. The energy decrease.of optical size-dependent property of PDDP nanoparticles, which
0.28 eV is close to the energy difference between absorption 5nnears in nanoparticles ranging from tens to hundreds nanom-
transitions [$(0)—Sy(n)] and [$(0)-CT(n)]. Thus, the nano-  gierg differs from the so-called “quantum confinement effect”
particle emission peak at 2.48 eV is from CT to the ground ich is observed in semiconductor fine particles whose sizes
state (labeled [CT(0)So(0)]). The additional emission feature 4.4 |ess than 10 niThe size dependence of PDDP nanopar-
at 2.32 eV results from vibrational characteristics (transitions ;;-jes is also unlikely to be due to Mie scattering, which is often
as the dashed line arrows in Figure 7B), indicating some ghqerved in metal nanocrystals. Actually, Mie scattering can
anharmonicity in the.CT potentlgl mduced upon cryste}lllzqtlon affect the peak position of absorption spectra; however, the
and subsequent exciton delocalization, or additional vibrational change in the peak widths of the spectra in Figure 2 cannot be
modes of PDDP in the solid state. Further, we assign the h'gherexplained by Mie scatteringln fact, the cause for this peculiar
energy shoulder at 2.68 eV to be from ® S (labeled [S-  yhenomenon is not clear. To explain the same size dependence
(0)~So(0)]). This is supported by the fluorescence lifetime o horviene nanoparticles as that in our experimental results,
measurements. In organic molecules, the CT state generallynayanishi suggested two reaséfOne is the change of lattice
exhibits a Ionsg decay time as compared to that of the initially 516 que to the increase in surface area. It is likely that the
excited staté> As stated above, the fluorescence lifetime of jcrease in surface area causes lattice softening, and therefore
nanoparticles monitored at 2.48 and 2.32 eV is about 2.5 times e coylombic interaction energies between molecules become
that for the monomer. Therefore, it is likely that the_ charge smaller, leading to wider band gaps. The other reason may be
transfer occurs in PDDP nanoparticles and the increasedyq gleciric field effect of surrounding media through the surface
fluorescence lifetime originates from the CT state. The short nanoparticles. The sandepotential of PDDP nanoparticles
fluorescence lifetime of nanoparticles monitored at 2.68 eV, \yi gifferent sizes and shapes indicates that the latter is not, at

T'as3 Which is near to that of monomer, indicates that the 2.68 |55t the principal reason for the optical size dependence of
eV emission feature of nanoparticles also originates from the pppp nanoparticles.

same state,SThe dogble-exponential decay of nanoparticles |, 2-pyrazolines, the charge distribution of N-1 (N at the
monitored at 2.68 eV IS due to the overlap betweer_1 S1 an_d (_:T 1-position) changes from negative in the ground state to positive
states. Moreover, the line shape of each nanoparticle emission, he excited state because of the conjugated charge transfer
spectrum in Figure 5 does not change as the excitation energysom N-1 to C-31617Thus, 2-pyrazolines possess a large dipole
IS varled. between the energy determined from the same yoment and hyperpolarizability. For example, the dipole
nanoparticle size absorption spectrugiS(0)—Sy(n)] (corre- moment of PDDP is about 4.34 B Considering the steric effect

sponding to excitation directly into;Band E[So(0)—CT(n)] of the phenyl ring at the 5-position and the orientation of the
(with excitation into the CT state). This indicates that, in PDDP dipole moment, and referring to the crystal structure of the

nanopatrticles, S;.and CT are in'eq.uilibrium at room temperature gjiay 1,3-diphenyl-2-pyrazolin® the optimized structure of
and the probability of the emission transition.(&—Su(0)] the two-PDDP-molecule pair in a nanoparticle is proposed as
decreased with increasing nanoparticle size. shown in Figure 8. The intermolecular charge transfer may occur

Ly
L 4

Figure 8. Optimized structures of the two-PDDP-molecule pair in
nanoparticles.

(21) Tanaka, JBull. Chem. Soc. Jpri963 36, 1237. from N-1 of one molecule to the neighbors, Ieading to the
(22) Kelly, M. K.; Etchegoin, P.; Fuchs, D.; Kratschmer, W.; Fostirop- decrease in the probability of optical transitions that involves
oulos, K.Phys. Re. B 1992 46, 4963. the n electrons of nitrogen. This is supported by the simultaneous

M (éS)CI?]LéI%VI%r:;slzé&ug%vsifi:;mrest, S.R.; Cronin, J. A Thompson, o0 rence of the relative oscillator strength decrease @f [S
(24) Pope, M.; Swenberg, C. Electronic Processes in Organic Crystals ~ (0)=(0)] (n—z* type) and the relative oscillator strength
Oxford University Press: Oxford, 1982 increase of [§0)—CT(n)] with increasing nanopatrticle size (cf.
(25) Schulman, S. GFluorescence and Phosphorescence Spectros-
copy: Physicochemical Principles and Practi€xford: New York, 1977. (26) Duffin, B. Acta Crystallogr. B1968 24, 1256.
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Figure 3). The increase in the relative oscillator strength of this decreases with increasing nanoparticle size. The redistribution
CT peak with increasing the nanoparticle sizes reflects the of emission intensity from the S1 state to the CT state with
formation process of CT states in nanoparticles. Moreover, its increasing nanopatrticle size indicates that the S1 state and the
position was observed to shift to the low-energy side from 2.83 CT state compete with each other and are affected by the
to 2.73 eV as the nanopatrticle sizes were increased from 20 tonanoparticle size, and this is supported by the excitation spectra.
310 nm, and the value of energy decrease amount®tt eV. ) .

A similar red shift in the CT peak in PTCDA/InPc-Cl multilayer ~ EXPerimental Section

structures has also been obser¥eth that case, an energy Materials. The compound 1-phenyl-3-((dimethylamino)styryl)-5-
decrease of about 80 meV was obtained for an increase in((dimethylamino)phenyl)-2-pyrazoline (PDDP) was synthesized ac-
PTCDA thickness from 3 to 250 A and has been attributed to cording to refll and confirmed by NMR and MS. PDDP nanoparticles
the change in the CT exciton binding energy as a result of N(CHs)2

guantum confinement in a finite potential wéllThat is, as

the nanoparticle size is decreased, the exciton overlaps with

fewer moleculesthe exciton radius reduces, and so the dipole (CHN—__)—CH=CH—
. N\
moment is reduced.
From Figure 8, we can see that the phenyl and the pyrazoline PDDP

rings of the two neighbor molecules overlap to some extent. \ere prepared as follows: quantities of a PDDP/ethanol solution (1.0
As the nanoparticle size increases, the degree of these chro~, 10-3 mol-L-%) were injected into 10 mL of water with vigorous

mophores’ overlap would be enhanced and would result in their stirring, using a 100L microsyringe. PDDP molecules began to
absorption shifting to lower energy. In fact, the Nakanishi aggregate at once, and a dispersion of its nanoparticles in water was
viewpoint is from bulk to mesoscopic. If reversed, from obtained. By controlling the quantity of PDDP/ethanol solution injected
molecular level to mesoscopic, the occurrence of CT in into water and the temperature, the size of the nanoparticles was
nanoparticles leads to a larger increase in the dipole momentcontrolled. For example, when 40 and 1@0amounts of the PDDP/
than the monomer does. As the nanoparticle size increases, cethanol solution were injected, the nanoparticle sizes flnally'prepared
states gradually form and the overlap of the pyrazoline rings is "W&"€ 50 and 105 nm at 2& or 90 and 190 nm at 5, respectively.

radually enhanced. Therefore, the increase in the intermolecular Methods. The UV—visible absorption spectra of nanoparticles
g y . o ' dispersions in water were measured using a Shimadzu UV-1601 PC
dipole—dipole interaction leads to a narrow band gap.

" . . : . In double-beam spectrophotometer. The steady-state excitation and emis-
addition, because of the inverse orbital orientation of n electrons gjon fluorescence spectra were recorded with a Hitachi F-4500

of nitrogen atoms, the orbital overlap between them is small, spectrometer. Time-resolved fluorescence measurements were carried
leading to little change of the-rwr* absorption with different out by using a time-correlated single-photon counting (TCSPC) method.
nanoparticle sizes. The coexistence of emission transitions [S A cavity-dumped dye laser (M3500, SP) synchronously pumped by a
(0)—So(0)] and [CT(0Y-Sy(0)] indicates that, in nanoparticles, mode-locked YAG laser (M3800, SP) was employed as an excitation
the S1 state and the CT state are in equilibrium. The occurrencesource. The dye laser was operated using Rh 6G dye with a tuning

probability is different for different naoparticle sizes, which range of 296-320 nm, and the laser pulse which has an 800 kHz
suggests that they compete with each other and are affected b repetition rate and<100 ps pulse width was doubled using a 390
¥requency doubler (SP) to excite the sample. Fluorescence was selected

the nanoparticle size. into a double monochromator with an MCP-PMT (E3059-00, Hamamat-
. su) for detection. All of the standard electronics used for TCSPC were
Conclusion EG&G Ortec, except for the Tennelec 454 constant fraction discrimina-

In summary, we have successfully prepared PDDP nanopar-"". The maximum count was 10 000.
Y, y prep P The sizes and shapes of the nanoparticles were observed by means

ticles with a series of sizes by the simple reprecipitation method. ¢ fiaid emission scanning electron microscopes (FESEM, Amray

Using the absorption and fluorescence spectra of different size 1910re and JSM-6301F). The sizes and distributions of nanoparticles
nanoparticles and the dilute PDDP/ethanol solution, the elec- dispersed in water were also evaluated by dynamic light scattering

tronic transitions of this interesting PDDP molecular crystal have (DLS) using a Zetaplus BI-9000 (Brookhaven Instruments Corp.,

been studied. We identify Frenkel-like states which result from Holtsville, NY). The same instrument measured the surface electric
the individual molecules and are in the absorption spectéa at &-potential of nanoparticles.

> 3.0 eV, and we find that the feature in the region of 2:83 Molecular modeling calculations were carried out using CHEM3D

2.73 eV is a charge-transfer exciton stemming from the close Pro 4.0, which was developed by CambridgeSoft Corp., Cambridge,
stacking of PDDP molecules in nanoparticles. Evolution of the MA- Molecular modeling was done on a Pentium 266 using a MM2

CT peak with increasing nanoparticle sizes unambiquous! force field. The structure of the two-PDDP-molecule pair in hanopar-
P 9 P 9 Y ticles was drawn, and the minimum energy configuration was obtained

!dentlflgs this state a.S being due to PDDP aggregates, and alscby energy minimization under a vacuum. The modeling was also done
is confirmed by the time-resolved fluorescence measurements.sing the PM3 semiempirical quantum mechanical method for the two-
Moreover, the CT peak is observed shifting to the low-energy ppbp-molecule pair in a nanoparticle. The minimization procedure
side with increasing nanoparticle size due to exciton confine- involves systematically altering the coordinates of the atoms and
ment. The energy decrease of the S1 state accompanying arestimating the conformation until a minimum energy configuration was
almost unchanging S2 state is explained by the overlap degreereached.

of the n orx orbital and the intermolecular interaction as a
function of nanoparticle sizes. In nanoparticles, the S1 and CT
states are in equilibrium, and the energy space between the
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