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Ion-based organic dye nanoparticles ranging from tens to hundreds of nanometers have been prepared in aqueous
solution. The synthetic approach is based on “ion-association” (hydrophobic ion-pair formation) in water between the
dye cation pseudoisocyanine (PIC) and the anion tetraphenylborate (TPB) or tetrakis(4-fluorophenyl)borate (TFPB) ion.
Size tuning of spherical and amorphous PIC nanoparticles was accomplished by varying the molar ratio () of the loaded
anion to the dye cation. Electrophoretic characterization revealed that the increase in surface adsorption of anions onto
PIC particles brings about an increase in the negative surface charge density, causing a reduction in the surface tension
and the mean size of nanoparticles. We found that the optical absorption properties of the PIC nanoparticles exhibited
(i) matrix dependence, that is, the 0-0 band position of the PIC chromophore within similar-sized nanoparticles was
dependent on the type of counter anions used, and (ii) size dependence, i.e., the 0—0 band position of the PIC chromo-
phore was dependent on the mean nanoparticle diameter when the particles were prepared using the same counter anion.

For more than a decade, inorganic nanoparticles, such as
semiconductor and metal nanoparticles, have attracted a great
deal of attention from experimentalists and theoreticians and
have been studied extensively. This is due to the fact that such
nanoparticles are intermediate in size between single mole-
cules and bulk materials and have interesting physical/chemi-
cal properties that are size dependent.!~ Organic nanoparticles
consisting of small molecules, on the other hand, have not
been as well investigated as inorganic nanoparticles probably
because of the lack of well-defined synthetic approaches. In or-
ganic nanoparticles, weak van der Waals intermolecular and
hydrogen-bonding interactions are responsible for the specific
electronic/optical properties that are fundamentally different
from those of inorganic metals or semiconductors.® Taking
the diversity and physiological activity of organic molecules
into consideration, scientific and technological interest in or-
ganic nanoparticle has been clearly increasing.”~"

To fabricate organic nanoparticles, a few methods have
been applied so far, such as laser ablation,'? sol-gel method,'!
and the reprecipitation method.'? In particular, since the first
report by Nakanishi and co-workers on the synthesis of organic
nanoparticles by using the reprecipitation method, this tech-
nique has been widely employed to prepare organic nanoparti-
cles of a wide variety of compounds.'>~!® The reprecipitation
method is based on the adjustment of inherent solubility of or-
ganic materials by adding electrolytes or organic co-solvents.
Despite the simplicity in its operation, it is fraught with diffi-
culties. For instance, organic solvents or surfactants are often
used to control the particle size, and the obtained size distribu-
tions are relatively broad, which is in stark contrast to those for
the well-controlled semiconductor or metal nanoparticles.'”

Since many organic materials are insoluble in water and solu-
ble in organic solvents, aqueous procedures require special for-
mulation techniques to utilize or optimize the physiological or
technical action.!® Therefore, the search for ways to control the
size, shape, and the physical/chemical properties of organic
nanoparticles in pure aqueous media without using specific
organic co-solvents or surfactant is still a challenge and is an
important aspect in the development of organic nanoscience.

Meanwhile, we have been interested in supramolecular
structures of ionic dye assembly in aqueous solution. We
showed that some ionic dyes form characteristic nano-meso-
scopic structures, such as strings, sheets, or tubular rods,?%-%?
and their geometries are greatly influenced by the counter ions
present.23 On the basis of these studies, we have considered
that organic nanostructures involving their shape and size
can be controlled by optimizing the interionic interaction. In
this article, we demonstrate a simple and versatile method to
prepare ion-based organic nanoparticles in aqueous solution
by using an ion-association approach.?* This method utilizes
the control of hydrophilicity /hydrophobicity of the ionic mate-
rial itself via ion-pair formation. No organic solvents or surfac-
tants are needed. We focus on the syntheses of pseudoisocya-
nine (PIC) dye nanoparticles because the dye assemblies in-
cluding J-aggregates have served as model systems to study
energy or exciton transport.>>28 The PIC dye cation and the
hydrophobic tetraphenylborate (TPB) or tetrakis(4-fluorophen-
yl)borate (TFPB) anion have been combined to prepare the dye
nanoparticles ranging from several tens to hundreds of nano-
meters in aqueous solution, and a formation mechanism of
the nanoparticles along with their optical properties is dis-
cussed.

Published on the web February 13, 2007; doi:10.1246/bcsj.80.295



296  Bull. Chem. Soc. Jpn. Vol. 80, No. 2 (2007) BCSJ AWARD ARTICLE

Materials and Methods

Materials. 1,1’-Diethyl-2,2’-cyanine bromide (pseudoisocya-
nine bromide, PIC-Br; the chemical structure is shown in the
inset in Fig. 4a) was purchased from Hayashibara Biochemical
Laboratories (Okayama, Japan) and used as received. Sodium
tetraphenylborate (NaTPB) and sodium tetrakis(4-fluorophenyl)-
borate (NaTFPB) dihydrate were purchased from Sigma-Aldrich
and used without further purification. Note that both NaTPB and
NaTFPB include hydrophobic TPB and TFPB anions, respective-
ly, which are often used for ion-pair extraction.?*-3! Hence, we ex-
pect that ion association between PIC cations and TPB (or TFPB)
anions, namely, (PICT.TPB™),, or (PICt.TFPB™),, leads to
water-insoluble nanoparticle formation. Pure water was obtained
by using an Aquarius GSR-200 (Advantec Co., Ltd.) water distil-
lation system.

Synthesis of PIC Nanoparticles. At room temperature, rapid
addition (<2s) of 0.5-1.0mL of aqueous PIC-Br solution (0.1
mM) into an ultrasonicated aqueous solution (2.0-3.0mL) of
NaTPB (0.1 mM), or that (1.0-2.0mL) of NaTFPB (0.1 mM) pro-
duced PIC-based nanoparticles, as confirmed by the fact that the
dispersions exhibited the characteristic Tyndall scattering (see
Supporting Information). Ultrasonic agitation was further em-
ployed for 10min. Samples prepared by using PIC/TPB and
PIC/TFPB are referred to as PIC-1 and PIC-2, respectively.’?
The mean particle size was controlled by changing the molar ratio
(p) of the loaded NaTPB (or NaTFPB) to PIC-Br.

Instruments. Surface {-potential and dynamic light scattering
(DLS) measurements of nanoparticles in aqueous solution were
conducted with an Otsuka ELS-800 electrophoretic light scatter-
ing spectrophotometer with a 10 mW He-Ne laser. For the mea-
surement of {-potentials, a constant voltage (80 V) was applied
between platinum electrodes in a cuvette cell at room temperature.
The cell was washed with a sample dispersion to avoid unintended
contamination with spurious species from the cell wall. Since the
particles are subject to electroosmotic flow superimposed on their
electrophoretic mobility, the measurements were conducted at
several different points to separate the intrinsic electrophoretic
mobility from the electroosmotic flow. The shapes and sizes of
the nanoparticles were observed with a Hitachi-8100 transmission
electron microscope (TEM) operated at 200kV. Selected area
electron diffraction patterns were obtained at a camera length of
1 m under the TEM observations. The specimens for TEM obser-
vations were prepared by dropping the suspension on an amor-
phous carbon-coated copper mesh. UV-visible absorption spectra
were recorded on a Hitachi U-4100 spectrophotometer. Before the
measurements, the samples were freshly prepared and filtered by a
200 nm pore size membrane filter (Sartorious, mini-star RC-15).

Calculation of the Surface Charge Density of Nanoparticles.
The surface charge density, o, is determined by the adsorption of
ions onto the particle surface. We, here, assume that the charge of
the PIC nanoparticle is located at the solid/solution interface,
which is characterized by the electrostatic surface potential ¢,.*
In a description based on the Poisson—Boltzmann equation for
1-1 electrolytes, o of an isolated particle with radius R can be
expressed in terms of ¢, as>

_2eeok (. (Pegy 2 Bew,
o = '8 <Sll'lh (T) + E tanh(T>>, (1)

where € or & is the relative or vacuum dielectric constant, respec-
tively, e is the protonic charge, and ,B_' = kgT (kg: Boltzmann
constant, 7: temperature) is the thermal energy. The Debye length

k! is expressed as

= EE&y @
- 2NA,3€21’

where N and [ are the Avogadro’s number and the ionic strength,
respectively.?

For calculating o of PIC nanoparticles by using Egs. 1 and 2,
we used an experimentally derived potential ({-potential) instead
of a surface potential (¢,).>*

Results and Discussion

Size Tuning of PIC Nanoparticles. A series of PIC-1 or
PIC-2 nanoparticles with different average sizes ranging from
about 50 to 130 nm was successfully prepared in aqueous solu-
tion by controlling p of TPB or TFPB to PIC, respectively.
Figures la—1c display TEM images of PIC-1 nanoparticles
prepared at p = 2, 4, 6, respectively, and Figures 1d—1f show
those of PIC-2 nanoparticles prepared at p = 1, 2, 4, respec-
tively.3® Spherical particles in the size range of 110-130, 70—
90, and 50-70 nm, respectively, for PIC-1 and those in the
range of 100-130, 65-95, and 50-70nm, respectively, for
PIC-2 were observed. In both systems, the particle size strong-
ly depended on p, that is, the mean particle diameter decreased
with an increase in p. Electron diffraction patterns of PIC-1
and PIC-2 nanoparticles show diffusive halos as displayed in
the insets of Figs. 1b and le, respectively. This confirms that
both PIC-1 and PIC-2 nanoparticles are amorphous.

DLS measurements were conducted to determine the size
distribution of PIC nanoparticles in solution. Figures 2a—2c
and 2d-2f show the obtained size distributions of PIC-1 and
PIC-2 nanoparticles, respectively, in which the polydispersity
was less than 15%. The mean diameters are summarized in
Table 1. The mean diameter of nanoparticles estimated by
DLS agreed well with that obtained by TEM, i.e., DLS charac-
terization also confirmed the size-tunable PIC nanoparticle for-
mation as a function of p.

Size Dependence of the Surface Charge Density of PIC
Nanoparticles. The PIC-1 nanoparticle sample prepared at
p = 1 was initially dispersed in solution; however, agglomer-
ates (or precipitates) formed quickly. At p > 1, that is, excess
NaTPB was present in solution, the particles were observed to
be stable with no precipitation. A simple measurement of the
surface electric property by using a gel electrophoresis showed
that the particles were negatively charged.’* This indicates that
the PIC-1 nanoparticles are electrostatically stabilized by the
adsorption of TPB anions. Similar results were obtained for
the PIC-2 nanoparticles; however, we could obtain relatively
stable PIC-2 nanoparticles even when prepared at p = 1, im-
plying that TFPB anions adsorb more readily onto nanoparticle
surfaces than TPB. The size decrease in the PIC nanoparticles
with increasing p suggests that the adsorption of TPB or TFPB
anions onto nanoparticles surfaces suppresses the growth of
nanoparticles.

To quantitatively understand the surface charge properties
of PIC nanoparticles, we measured their {-potentials by using
the electrophoretic light scattering method. Figures 3a and 3b
show typical electroosmotic profiles of PIC-1 and PIC-2 nano-
particles (0 = 4), respectively. A parabolic flow due to the
electroosmotic effect influenced the migration of nanoparti-
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Fig. 1.

Representative TEM images of PIC nanoparticles. (a)—(c): PIC-1 nanoparticles prepared at (a) p = 2, (b) p =4, (c) p = 6.

(d)—(f): PIC-2 nanoparticles prepared at (d) p = 1, (e) p = 2, (f) p = 4. The insets in (b) and (e) show electron diffraction patterns

of the corresponding particles.

cles. We could observe a perfect monotonic peak as a function
of the cell position for any of the PIC nanoparticles prepared at
different p. The result indicates the existence of unique species
in the sample dispersion, i.e., there are no other charged states
in the sample dispersion. From the profile analyses, the nega-
tive {-potential and the electrophoretic mobility (1) could
be obtained. Furthermore, we could calculate o for the PIC
nanoparticles from Eqs. 1 and 2.3° The data are also listed in
Table 1. The table shows that the {-potential and o strongly
depend on the mean particle diameter.

From Table 1, we can see that the particle size becomes
larger with decreasing the absolute value of o. The phenome-
non can be interpreted in terms of the relation between the sur-
face excess of adsorbate and the surface tension.>* On the basis
of Gibbs’ adsorption equation as expressed in Eq. 3,%°

= — i d_)/ , 3)
R,T dC

where I', C, ¥ and R, is the surface excess of adsorbate, solute
concentration, surface tension, and the gas constant, respec-
tively, the increase in the surface adsorption of ions, i.e., the
increase in I' accompanied by an increase in C, causes a de-
crease in Y of the nanoparticles (that is, dy/dC < 0), resulting
in an decrease in particle size. Under these conditions, the
absolute value of o should increase. This behavior is similar
to the case of metal oxide nanoparticles, in which the size de-
crease is caused by the surface adsorption of ions.’’*® We can
then conclude that the particle size is essentially determined by

o due to the adsorption of univalent TPB or TFPB anions.
Formation Mechanism of PIC Nanoparticles. PIC nano-
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Fig. 2. Particles size distribution of PIC nanoparticles determined by DLS: (a)—(c): PIC-1 nanoparticles prepared at (a) p = 2,
(b) p =4, and (c) p = 6. (d)—(f): PIC-2 nanoparticles prepared at (d) p =1, (e) p =2, (f) p =4.

Table 1. Surface Properties of PIC-1 and PIC-2 Nanoparticles

0 /1074 cm? v-1s~! {-Potential/mV o/mCm™2 Mean diameter/nm
2 —1.98 —26.7 —0.81 124
PIC-1 4 —2.44 —33.2 —1.26 84
6 —3.31 —44.2 —1.96 64
1 —1.61 —-21.9 —0.61 120
PIC-2 2 —2.28 —-31.6 —1.16 80
4 —2.26 —36.7 —1.75 52

particles are produced via ion-association reaction between the
dye cation and the hydrophobic anion in aqueous solution.
Once NaTPB (or NaTFPB) is added into the aqueous PIC-Br
solution, TPB~ (or TFPB™) and PIC™ contact with each other
to form an electrically neutral ion-pair because of the strong
electrostatic attraction between the oppositely charged ions.3!

The contact ion-pairs will aggregate themselves by van der
Waals attractive interaction to produce embryos or nuclei for
the particle formation.!® Note that the TPB (or TFPB) anion
does not have a planar structure but rather a tetrahedral struc-
ture due to the phenyl rings,® so that the growth of nuclei
caused by the agglomeration of such contact ion-pairs should
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Fig. 3. Photographs of the electroosmotic profile at several
different positions from the cell wall. (a) PIC-1 nanoparti-
cles at p =4, (b) PIC-2 nanoparticles at p = 4.

lead to spherical nanoparticles. During particle growth, excess
anions begin to adsorb on the particle surface probably also
due to the van der Waals interaction. The competition between
the agglomeration of ion-pairs and adsorption of excess anions
would determine the size of nanoparticles. In addition, a large
p value (or a high ionic strength) increases ¢ by screening the
electrostatic repulsion at the interface, allowing more surface
sites to charge up, which contributes to further lowering of
the interfacial tension of the system. Under the situation,
smaller particles can be formed. A similar mechanism is also
found for metal oxide nanoparticles.”-3

It is worth noting that, for PIC-1 nanoparticles, the particle
size does not change at p > 6. The fact indicates that TPB ad-
sorption on the particle surface was saturated at p > 6. Similar
saturation behavior was also observed for PIC-2 nanoparticles:
TFPB adsorption was saturated at p > 4 since the particle size
no longer decreased. According to the obtained ¢ of each of
the PIC nanoparticles in Table 1, saturated adsorption amount
(or density) of TPB or TFPB is calculated to be 1-anion per ca.
80 or 90 nm?, respectively.

Optical Properties of PIC Nanoparticle. Matrix Effect:
The UV-vis absorption spectra of PIC-1 and PIC-2 nanoparti-
cles with different sizes are shown in Figs. 4a and 4b, respec-
tively. For comparison, the spectrum of PIC-Br monomer solu-
tion (0.1 mM) is also shown along with those of PIC-1 and
PIC-2 nanoparticles with the diameter of ca. 80 nm (Fig. 4c).
In Fig. 4c, the spectra were normalized to the maximum ab-
sorbance. The spectral shapes of PIC nanoparticles and the
monomer exhibited a similar distinct 0-0 absorption band
(71— transition originated from the PIC chromophore) accom-
panied by two resolved vibronic satellites. This indicates that
the PIC chromophore units did not aggregate themselves with-
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Fig. 4. Absorption spectra of (a) PIC-1 and (b) PIC-2 nano-
particles in aqueous solution with different sizes (or differ-
ent p). The inset shows the chemical structure of PIC.
(c) Comparison of absorption spectra of similar sized PIC
nanoparticles; PIC-1 (diameter: 84 nm, line ¢) and PIC-2
nanoparticles (diameter: 80 nm, line b). The spectrum of
the PIC-Br solution (0.1 mM) is also shown (line a).

in nanoparticles, different from J-aggregates (H-aggregates)
frequently observed for the dye/anionic-site adsorption sys-
tems that show a red-shifted (blue-shifted) and narrow absorp-
tion band compared to the monomer absorption band.?34042
Moreover, the 0-0 band positions of nanoparticles (both
PIC-1 and PIC-2) were significantly red-shifted compared to
that of monomer in water (Fig. 4c). Note that the peaks for
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PIC-2 nanoparticles were blue-shifted as compared to those of
PIC-1 nanoparticles. Since it is known that surface charges on
a spherical particle smaller than the probe wavelength do not
appreciably affect the extinction cross section (i.e., surface
charges on a particle scarcely perturb its scattering and absorb-
ing properties),*’ the excess surface charges caused by TPB~
(or TFPB™) adsorption on the particle surface do not palpably
influence the optical absorption of PIC nanoparticles. The neg-
ative electric fields induced by TPB~ (or TFPB™) within the
particle might influence the electronic state of PIC chromo-
phores; however, its contribution would be small because such
interaction is “averaged” in an amorphous solid. Hence, the
observed red shift from the aqueous monomer peak position
can be interpreted in terms of the “matrix (or solvent) effect”
that is related to the matrix polarizability. Within a nanoparti-
cle, it is conceivable that PIC is distributed in a TPB (or TFPB)
matrix with a high index of refraction due to the abundant
phenyl rings, and thus, the red shift of the 0-0 band with re-
spect to the aqueous monomer position is expected. For the
PIC dye, a linear relationship has been found between the
0-0 band maximum (v in cm™!) and the matrix polarizability
function ®(n?) = (n> — 1)/(n> + 2) as follows,*

V& 19716 — 29640 (n?), “4)

where 7 is the refractive index of the matrix for Na-D line at
room temperature. The energy of 19716cm™' corresponds to
that of the 0-0 transition of monomeric PIC in a nonsolvated
state.** Using Eq. 4, for instance, n = 1.83 and n = 1.66 was
obtained for the PIC-1 (64 nm in diameter) and PIC-2 (52 nm
in diameter) nanoparticle samples, respectively. Matrices hav-
ing electronegative substituents, such as fluorine, are known
to possess lower refractive indices compared to those without
them, meaning that the calculated refractive indices are in
accordance with those we have expected: The n value of TFPB
is lower than that of TPB. Although no n values for TPB (and
TFPB) matrices have been published, the estimated n values
seem to be reasonable since other organic solids show similar
n values; for example, an aromatic anthracene crystal (n =
1.77)* and amorphous polymer (PPNA) with attached p-nitro-
aniline moieties as side groups (n = 1.82)*® are similar.

It should be noted that PIC monomer is known to be practi-
cally non-fluorescence in fluid solvents at room temperature.*’
However, we observed distinct fluorescence from the PIC
nanoparticles in solution, quite similar to that of PIC in a solid
matrix of polyvinyl alcohol.#’ This result implies that immobi-
lization of PIC in amorphous solid matrices brought about its
fluorescence enhancement because of the reduction of non-
radiative channels caused by the internal molecular motions.
The fact strongly suggests that the PIC is distributed in a
hydrophobic TPB or TFPB matrix within the nanoparticles
(See Supporting Information for more details).

Size Effect: Also, from Fig. 4, the absorption spectrum of
PIC nanoparticles is strongly dependent on the particle size.
In Fig. 4a, the 0-0 band of PIC-1 nanoparticles slightly shifted
to shorter wavelength from 549 to 543 nm (energy difference:
24.8meV) as the average particle diameter decreased from
125 to 64nm. An energy difference of 12.8 meV was found
for the PIC-2 nanoparticle system when the average particle
diameter decreased from 120 to 52nm (Fig. 4b). The particle
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Fig. 5. Relationship between the inverse average particle
diameter and the absorption energy of the 0-0 band of
PIC chromophore. Lines a and b correspond to the results
of PIC-1 and PIC-2 nanoparticles, respectively.

size dependence of the 0—0 band position for PIC nanoparticles
is shown in Fig. 5. Similar size-dependent phenomena have
been reported for perylene and pyrazoline organic nanoparti-
cles, 3164830 which may not come from so-called quantum
confinement because of the small radii of the Frenkel exciton
in organic compounds.® In our experimental results, the fol-
lowing reasons may be responsible for the size-dependent
spectral shift: (i) Mie scattering,’->? (ii) influence of the matrix
refractive index on the chromophore, (iii) matrix softening. In
scheme (i), Mie scattering occurs when an electromagnetic
wave interacts with particles with diameters on the order of
the wavelength of light, such as the case of our PIC nanopar-
ticles. Actually, Mie scattering can affect the peak position of
the absorption spectra, which is often observed for metal nano-
particles.>?

In Fig. 5, an inverse dependence of the particle diameter on
the 0—0 absorption peak energy was detected, suggesting that
the size-dependent optical properties come from the effect of
the surface-to-volume ratio. In scheme (ii), the electronic state
of chromophores in the vicinity of the nanoparticle surface can
be affected by the surrounding water. From a statistical point
of view, the effective refractive index of the matrices may then
depend on the size (or surface-to-volume ratio) of the nanopar-
ticles, yielding the relevant spectral shifts. In scheme (iii), ma-
trix softening would be brought about by a surface distortion
caused by the increase in the surface-to-volume ratio, causing
the change in interionic interactions.!*1%*8 Hence, we believe
that contributions from the schemes (ii) and/or (iii) are signif-
icant to the observed size effect.

It is worth noting that the different size effect were observed
between PIC-1 and PIC-2 nanoparticle systems. In Fig. 5, the
slope for PIC-2 nanoparticles was steeper than that for PIC-1.
This intriguing result indicates that ion-based organic nanopar-
ticles can have different size dependence of their spectroscopic
properties when different associative counter ions (or matrices)
are used to prepare the nanoparticles having identical chromo-
phores. In other words, the optical and structural parameters
of ion-based organic nanoparticles are highly controllable. In
conclusion, our procedure offers the possibility of a general-
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ized approach to the production of advanced ion-based organic
nanoparticles with size tunability, so that synthesis of different
ion-based organic nanoparticles is underway in our laboratory.

Conclusion

Spherical and amorphous nanoparticles of organic pseudo-
isocyanine (PIC) dye were prepared by using an “ion-associa-
tion method” in aqueous solution. The approach is based on
ion-pair formation between the PIC cation and the TPB or
TFPB anion, which gives rise to a hydrophobic phase in water.
For preparation, neither surfactant nor organic co-solvent was
involved. The size of the PIC nanoparticles could be controlled
by adjusting the interionic interaction between the dye cation
and the associative hydrophobic counter anion. The increase
in surface adsorption of TPB (or TFPB) ions brought about
the increase in the surface charge density, causing a reduction
in the interfacial tension and the size of the nanoparticles. A
formation mechanism for the nanoparticles was proposed in
terms of the competition between the aggregation of contact
ion-pairs and the surface adsorption of excess anions present
in aqueous solution. We also found the matrix and size depen-
dence of spectroscopic properties of PIC nanoparticles. We
expect that this technique, a simple size-tunable method, will
play a vital role in the versatile syntheses of various ion-based
organic nanoparticles in the future.

A part of this work was financially supported by Grant from
Kawanishi Memorial Shinmeiwa Education Foundation and
Grant-in-Aids for Scientific Research (S: 16101003, from
MEXT).

Supporting Information

Photos of the PIC-1 nanoparticle suspension showing the
Tyndall scattering effect, FT-IR spectra of the precipitated PIC
nanoparticles, and the fluorescence properties of the nanoparticle
samples.
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