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An efficient preparation of nanosized charge-transfer (CT) salts of metal phthalocyanine iodides
has been achieved by direct reaction of metal phthalocyanine-silica hybrid nanoparticles with
iodine. The direct reaction was enabled by the enhanced reactivity of the nanoparticles, which
possess enlarged surface arecas. TEM observation revealed that the [MPc]l salts thus formed
separate from the shell layers of the nanoparticles during the reaction to form rod-shaped
nanostructures of hundreds of nanometres in length and about 30 nm in diameter.

Introduction

Nanoparticles of metals, semiconductors and organic compounds
have been attracting ever increasing research interest.! The
nano-downsizing of solids affects their physical and chemical
properties due to a remarkable increase in the proportion of
surface atoms or molecules as well as due to quantum effects,
leading to unique properties different from those of the
bulk solids.! Charge-transfer (CT) salts composed of organic
donors and acceptors exhibit a variety of physical properties
such as electrical conductivity, magnetism, phase transitions
and so forth.” The nano-downsizing of CT salts is an attractive
research target because their electronic properties are sensitive
to external stimuli, and thus size effects are anticipated to play
crucial roles in determining their physical properties. In
addition, fabrication of 2D and 3D nanostructured assemblies
has received remarkable attention in terms of its potential for
construction of nanoscale electronic and optical devices,*
and CT salts are interesting in this respect as well.>** A few
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of CuPc before and after milling with silica nanoparticles (Fig. S1),
SEM images of CuPc-silica hybrid nanoparticles and [CuPc]l
nanorods (Fig. S2 and S3), an EDX spectrum of [NiPc]l nanorods
(Fig. S4), and an electron diffraction image of [NiPc]l nanorods
(Fig. S5). See DOI: 10.1039/c0nj00722f

fabrication techniques for preparing fine crystals of CT
complexes reported to date include electrolysis,* vapor
deposition® and reprecipitation.®

Organic nanocrystals of sizes ranging from a few tens
of nanometres to sub-micrometres have been fabricated by
reprecipitation’ and laser ablation® to give dispersions in poor
solvents. With regard to smaller hybrid nanomaterials, it has
recently been reported that mechanical grinding of organic
pigments including metal phthalocyanines (MPc)’ and
molecular crystals'® in the presence of silica nanoparticles
affords core—shell type hybrid nanoparticles. Energy-filtered
transmission electron microscope observations revealed that
the surfaces of the aggregated primary nanoparticles of silica
are covered with organic shell layers of a few nanometres in
thickness, while a fraction of the pigments densely fill in
hollow spaces at the joint sites of the aggregated primary
silica particles.”” The nanohybridization with silica nano-
particles leads to a notable increase in the surface area of the
organic material, and surface-specific photochemical as well as
physicochemical behaviors have been elucidated.'® For
example, the BET (Brunauer—Emmett—Teller) specific surface
area of a 1 : 1 (w/w) hybrid of CuPc and silica nanoparticles is
86.6 m? g~'.°” Such a large surface area is highly preferable for
reactions in the solid state. Organic solid state reactions have
received much attention'' because of their simplicity and
specific reactivity. In solid state reactions, major emphasis is
placed on mechanochemical effects. The use of the hybrid
nanoparticles is advantageous for exploring the surface effects
in solid state reactions and for the fabrication of secondary
nanostructures.

In the current study, metal phthalocyanines (MPc)
(M = Cu, Ni) were selected for the preparation of CT salts
using the silica hybrid nanoparticles. CT salts of MPc are
familiar as electrically conductive materials.'>'* In [MPc]I
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Fig. 1 Chemical formula of metal phthalocyanine iodide.

(Fig. 1), which are prepared by partial oxidization of MPc
with iodine, MPc molecules are stacked to form conduction
columns.'®!'* We report herein the reaction of solid MPc
(M = Ni, Cu) in the shell layers of the hybrid nanoparticles
with iodine to quantitatively produce [MPc]l. The high
reactivity of the hybridized MPc is notable, considering the
low reactivity of bulk MPc. The rod-shaped nanostructures of
the resultant CT salts were also interesting. Overall, core—shell
hybrid nanoparticles were shown to be useful for efficiently
producing molecular complexes that may exhibit novel nano-
structures and functions.

Results and discussion
Preparation of MPc-silica hybrid nanoparticles

MPc-silica hybrid nanoparticles were fabricated according to
the reported procedure'® by grinding a 1 : 1 (w/w) mixture of
NiPc and the surface-modified silica nanoparticles (14.1 nm
diameter for primary particles) using nylon beads in a table-
top planetary mill to give blue powders. The surface of the
silica nanoparticles was modified with methylhydrogen-
polysiloxane in advance to reduce the surface polarity of the
powder and thus improve the affinity of the silica surfaces for
the MPc. The powdery composites were subjected to X-ray
diffraction (XRD) analysis to characterize the structures of the
hybridized MPc. As can be seen from Fig. 2b, the diffraction
peaks of the original NiPc (Fig. 2a) were considerably reduced
and broadened, suggesting transformation to an amorphous
state or pronounced reduction of crystallite sizes. The diffraction
peak at 20 = 6.98° corresponding to the stacking axis (c-axis)
of the unit cell is retained, implying that the short-range order
is preserved after hybridization. A hybridized blue powder of a
1 : 1 (w/w) mixture of CuPc and silica nanoparticles obtained
under the same grinding conditions yielded very similar
XRD results (Fig. 2c). The MPc hybrid nanoparticles
showed aggregated structures of spherical primary particles
(Fig. S3, ESIY).

The IR stretching frequency for the out-of-plane C-H
bending mode (ycy) in MPc crystals is known to be dependent
on the crystal form.'> While CuPc in the f-form, which was
used as the starting material, exhibited a ycy at 730 cm™ !, the
ycu of the CuPc-silica composite nanoparticles appeared at
725 cm ™!, suggesting that the microenvironment of the CuPc
in the nanoparticles resembled that of the a-form, which shows
a pen at 725 cm~!' (Fig. S1, ESI{).'” This shift implies
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Fig. 2 Powder XRD patterns of (a) NiPc (bulk powders, f-form),
(b) as-prepared NiPc-silica hybrid nanoparticles, (c) as-prepared
CuPc-silica hybrid nanoparticles and (d) CuPc-silica hybrid nano-
particles after annealing at 250 °C.

transformation of the crystal microenvironment. Annealing
of the as-milled CuPc nanocomposite powder at 250 °C
resulted in the growth and narrowing of the XRD diffraction
peaks ascribable to the ff-form, suggesting that crystal growth
occurred, to produce the most thermally stable p-form
(Fig. 2d). The transformation was also confirmed by the
appearance of a ycy at 730 cm ™! in the FT-IR spectra.

Reaction of hybrid nanoparticles with iodine

The complexation of the nanohybrids with iodine was
achieved under both dry and wet conditions. Firstly, the NiPc
nanohybrid powder was ground for 1 h with an equimolar
amount of iodine using nylon beads. The blue powder
turned black after the grinding, and the quantitative 1 : 1
complexation was confirmed by the absence of iodine color in
hexane washings. The XRD pattern of the as-prepared 1 : 1
salt of NiPc with iodine ([NiPc]I) shown in Fig. 3a indicates
only slight modification when compared with that of the NiPc
hybrid. In contrast, the diffraction peaks due to [NiPc]l grew
after washing with hexane (Fig. 3b). It is likely that either
the mobility of the molecules is enhanced via solvation or the
complexation of an unreacted portion was induced by the
solvent, but the majority of the salt in the composite was
amorphous (vide infra) and only a minor portion gave rise to
the diffraction peaks. The crystalline size of the component
was remarkably small (<20 nm) as estimated by Scherrer’s
equation. Washing with water did not affect the XRD pattern.
CuPc also formed an amorphous iodide salt under similar
conditions. The resultant [CuPc]l nanocomposite was stable at
ambient temperature, while slight elimination of iodine was
observed under reduced pressure. Annealing at 250 °C caused
complete elimination of iodine, yielding blue colored CuPc,
which was confirmed by XRD measurements.

The reaction with iodine was also conducted under wet
conditions by dissolving an equimolar amount of iodine into a
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Fig. 3 Powder XRD patterns of (a) [NiPc]l-silica nanocomposite
prepared under dry conditions before and (b) after washing
with hexane, (c) [NiPc]l-silica nanocomposite prepared under wet
conditions and (d) a simulated pattern of [NiPc]I.!?

stirred dispersion of NiPc composite nanoparticles in hexane.
The color of the iodine disappeared thoroughly, indicating
that the reaction occurred stoichiometrically. The black
powder thus formed showed an XRD pattern corresponding
to that of [NiPc]I with weak intensities (Fig. 3c) and closely
resembling that of the solid-doped sample after washing
(Fig. 3b). These results indicate that the growth of the
crystalline component is associated with the use of hexane,
which dissolves the iodine. The XRD pattern of the CuPc
composite powder after the reaction with iodine in hexane
indicated the presence of a small percentage of original CuPc,
suggesting a slightly lower reactivity of CuPc with iodine.
These results indicate that the use of MPc-silica hybrid
nanoparticles enables direct reaction with iodine without
prior dissolution of MPc. Typically, [MPc]l salts are
synthesized by a diffusion method using solvents such as
1-chloronaphthalene.'>'*

To examine the effect of the downsizing of MPc to the
nanoscale, the dry grinding of a mixture of MPc (M = Cu, Ni)
and an equivalent amount of iodine was carried out in the
absence of silica nanoparticles. This procedure afforded bluish
to black powders, but the XRD analysis showed that they
were predominantly comprised of a mixture of unreacted MPc
and I,. These results confirmed the significant role of the
hybridization with the silica nanoparticles, which resulted
in extremely enlarged surface areas and probably also
modification of the molecular arrangement in the MPc crystals
that led more or less to higher reactivity. It is important to
note that this reaction method can be applied to the reaction
of compounds that are insoluble in solvents or that are less
reactive in the solid state.

Electron microscopy

A TEM image of NiPc-silica composite nanoparticles reacted
with iodine under dry conditions is shown in Fig. 4, which

Fig. 4 (a) TEM images of [NiPc]l-silica nanocomposites prepared
under dry conditions followed by washing with hexane. (b) shows an
enlarged image of a [NiPc]I nanorod.

reveals the formation of rod-like nanostructures of about
30 nm in diameter. The rod-shaped nanostructures were also
observed for the [CuPc]l-silica nanocomposite. In all of the
samples, the nanorods were bundled and accompanied by
particles that adhered to them, as can be seen from Fig. 4a.
Noting that MPc hybrid nanoparticles before reaction with
iodine showed aggregated structures of spherical primary
particles and that the rod-like nanostructures are observed
before and after washing, it is reasonable to conclude that the
nanorods are formed and grown during the reaction with
iodine. The same characteristic nanostructures were also
observed for samples obtained under wet conditions (Fig. 5).
Fig. 5a is an SEM image of a highly aggregated structure.
Energy dispersive X-ray spectroscopy (EDX) analysis was
performed to reveal the elemental distribution of the nanorods
(Fig. 6 and Fig. S4 (ESI+)). In Fig. 6, Si from silica is detected
only in the lower right portion of the image, and the nanorods
exhibited the presence of C, N, Ni, and I, indicating
unequivocally that the nanorods consisted of [NiPc]I and were
free from silica particles. Silica nanoparticles mainly existed as
aggregated particles and can be seen as white objects in
Fig. 5a. Electron diffraction patterns of the nanorods showed
halo rings (Fig. S5, ESI¥), indicating their amorphous nature.
Although they were not crystalline, short-range order may be
retained due to the stacked structure of the [MPc]l molecules
in the bulk crystals. While the washing of samples prepared
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Fig. 5 SEM images of (a) bundled and (b) isolated [NiPc]I-silica
nanocomposites prepared under wet conditions.

under dry conditions with hexane led to a slight growth
of crystalline components as described above, this sort of
crystalline components may be so small in size, and probably
located in aggregated structures,” that they were not observed
by electron microscopy.

The mechanism of formation of the nanorods of [MPc]I is
of interest. The MPc molecules in the hybrid nanoparticles
are converted into cations upon reaction with iodine, and
separation from the silica nanoparticles occurs probably due
to their reduced affinity to the hydrophobic silica surfaces.
Consequently, the MPc molecules likely favor self-aggregation
as the salts, and the stacking tendency of the planar molecule
probably leads to growth of the rod-like structures. The large
and flat molecular shape of MPc may be responsible for the
smaller affinity of the cation with the silica surface, because the
affinity seems to be affected by the spherical curvature of the
silica nanoparticles.'® The tendency of MPc salts to form
one-dimensional assembled-structures may be an additional
factor favoring the removal from the silica surface. Indeed,
we also applied the same procedure to BEDT-TTF
(=his(ethylenedithio)tetrathiafulvalene), which similarly gives
CT salts by reaction with iodine, to find that only core—shell
nanoparticles of the iodide were produced.'” BEDT-TTF is a
smaller, more flexible molecule than MPc that favors
two-dimensional assembled structures. This comparison
indicates that nanostructures produced by the present method
strongly depend on the properties of the constituent molecules.
In the [MPc]l-silica nanocomposite, silica nanoparticles are
adhered around the nanorods. Interestingly, the composite

oK

———— 100 nm SiK ——— 100 nm

Fig. 6 TEM elemental mapping images of the [NiPc]I-silica
nanocomposite prepared under dry conditions. (a) [NiPc]I nanorods,
and images corresponding to the mapping of (b) carbon, (c) nickel,
(d) iodine, (e) silicone and (f) oxygen.

powders disperse rather well in organic solvents, which may be
partly due to the presence of the hydrophobically surface-
modified silica. Increased dispersibility in hydrophobic
matrices of organic solvents and polymers is advantageous
for various applications.

Electrical conductivity

FTIR spectra of [MPc]I-silica nanocomposites showed broad
absorption bands characteristic of electrical conductors.
Electrical conductivities of compacted pellets of the powder
samples were measured at room temperature. The MPc-silica
composite  nanoparticles were complete insulators
(<1071°S cm ") before reaction with iodine, while [CuPc]I-silica
nanocomposites prepared under wet conditions exhibited
conductivity of ca. 2 x 107® S em™". The conductivity was
thus increased by the formation of CT salts, but was much
lower than that of the bulk crystals of [MPc]I (~10° S em™!)."?
The very low conductivity is attributed to the amorphous
nature of the [MPc]l nanorods, the existence of silica nano-
particles, and the presence of a large number of grain
boundaries due to the nanostructures. An attempt to remove
silica nanoparticles by an alkaline treatment leads to
decomposition of the CT salts. Electrical conductivities of
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[NiPc]I-silica nanocomposites were not measured because the
preparation of pellets was difficult, while they may be similar
to that of [CuPc]l-silica nanocomposites considering their
close similarities. Direct measurements of the conductivity
of the nanorods using a scanning probe microscope were
unsuccessful because of their extremely small size and
aggregated structures.

Conclusions

MPc-silica hybrid nanoparticles fabricated via grinding
produced CT salts of [MPc]I through a direct reaction with
iodine. The composite powder was found to be structurally
interesting; the CT salt separated from the silica surface to
form rod-like nanostructures with diameters of about 30 nm.
The remarkably enhanced reactivity of MPc is notable, since
iodine doping of bulk MPc in the solid state does not occur
efficiently. The use of silica hybrid nanoparticles as presented
here is a simple, novel and highly productive method due to
the high reactivity of the surface molecules. The higher
reactivity enables more efficient processes than conventional
solid state reactions, and may even enable the use of poorly-
soluble compounds. In addition, while conventional
investigation of CT salts has focused predominately on single
crystals or films, access to nanosized composite materials
expands the scope and applications of these complexes.
For example, their nanosize may lead to unusual physical
properties, while the high dispersibility of nanosized materials
in liquids is advantageous for various applications.'®
Furthermore, the efficiency as well as the simplicity of the
present method is of merit for large scale production of
functional nanomaterials. Exploration of the functionalities
and nanostructures of various molecular complexes prepared
with the present method is therefore of further interest.

Experimental
Materials

The surface of Stober silica nanoparticles (Toso Silica;
NIPSIL VN3, primary particle diameter of 14.1 nm) was
modified with methylhydrogenpolysiloxane to reduce the
surface polarity of the powder so as to improve the affinity
of the silica surfaces for the MPc. The surface-modified silica
powders were gifted by Toda Kogyo Co., Ltd. Metal phthalo-
cyanines (MPc, M = Cu, Ni) in the f-form were purchased
from Wako and Strem, respectively, and sublimed prior to use.

General

XRD data for the powders were recorded on a Rigaku
SmartLab diffractometer using Cu Ko radiation. Electron
micrographs were obtained using a JEOL JEM-2010 TEM
and a JEOL JSM-6700F field emission scanning electron
microscope (FE-SEM). Specimens for TEM observation were
prepared by dropping an aqueous dispersion of a powdery
sample on a copper grid supported with a carbon membrane
followed by drying in vacuo at ambient temperature. FE-SEM
observations were carried out on a silicon wafer spin-coated
with an aqueous dispersion of the powdery samples. FT-IR

spectra were recorded on a Perkin Elmer Spectrum 1000
spectrometer using KBr plates. For conductivity measurements,
powdery samples were pressed into pellets under a pressure of
500 kg cm 2 by using a hydraulic molding press. Conductivity
was measured by the ac impedance technique at ambient
temperature with an applied voltage of 1 V using a Solartron
1260 impedance analyzer. XRD patterns were simulated using
Mercury CSD software (v. 2.3) available from Cambridge
Crystallographic Data Centre.

Preparation of [MPc]I-silica nanocomposites

MPc-silica composite nanoparticles were fabricated according
to the method reported in the literature.' Silica nanoparticles
(100 mg) and a desired amount of MPc were placed in zirconia
vessels (12 mL) and milled with the aid of nylon beads in a
Fritsch P-7 planetary mill at 400 rpm for 1 h. The obtained
composite nanoparticles and an equimolar amount of iodine
were then milled, also with the aid of nylon beads. The
resulting powders were washed with hexane (2 mL) and
the supernatant was removed with the aid of a centrifuge.
The washing was repeated three times, and the powders were
dried in vacuo at room temperature. Alternatively, the reaction
with iodine was carried out under wet conditions as follows.
To MPc-silica composite nanoparticles dispersed in a hexane
solution was dissolved an equimolar amount of iodine, and the
resulting dispersion stirred for 3 h. The supernatant was
separated with aid of a centrifuge, and the resulting powders
washed in a manner similar to the procedure stated above and
then dried in vacuo at room temperature.
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