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ABSTRACT: We report a novel photofunctional magnetic
nanoparticle that is strategically designed and prepared by
simple modification process. Photofunctionality is provided
by the photosensitizer (PS) of [5,15-bis(phenyl)-10,20-bis(4-
methoxycarbonylphenyl)porphyrin]platinum that generates
singlet oxygen in high quantum yield. The PS molecules are
covalently bonded to the surface of magnetic nanoparticles.
Microstructure and magnetic and photophysical properties of
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the photofunctional magnetic nanoparticles are investigated by transmission electron microscopy, vibrating sample magnetometry,
and time-resolved spectroscopic methods. The results show that the immobilized PS molecules retain their optical and functional
properties including the high efficiency of singlet oxygen generation. Generation quantum yield (®,) and releasing yield (74) of
singlet oxygen from the prepared photofunctional magnetic nanoparticles are 0.47 and 0.42, respectively. Furthermore, the photo-
functional magnetic nanoparticles have good solubility and stability in water, which are induced by the surface modification process.
The photocatalytic experiment is demonstrated by utilizing the oxidation reaction of 2,4,6-trichlorophenol with the photofunctional

magnetic nanoparticles.

1. INTRODUCTION

In last decades, considerable attention has been attracted to
the purification of wastewater and groundwater contaminated
by chlorinated compounds.' * Among the chlorinated organic
compounds, chlorophenols are extensively used compounds for
wood preservatives, pesticides, fungicides, herbicides, insecti-
cides, and disinfectants. They also exist even in the waste of
paper mills.> The chlorophenols are toxic, hardly biodegradable,
and difficult to remove from the environment.®” Therefore, the
chlorophenols have become one of the major environmental
pollutants and are assigned as top priority pollutants by the U.S.
EPA. Because of their toxicity to human and animal lives, strin-
gent restrictions have increasingly been imposed on the concen-
tration of these compounds in the wastewater for safe discharge.
Therefore, it is very important to find an innovative and cost-
effective method for the safe and complete destruction of chloro-
phenols such as 2,4,6-trichlorophenol (2,4,6-TCP) and penta-
chlorophenol.

Several technologies of activated carbon adsorption, incinera-
tion, membrane filtration, ion exchange, electrochemical oxida-
tion, and biological degradation have been applied for the re-
moval of chlorophenols.®*'* A common disadvantage of such
technologies is the fact that removal efficiency decreases
markedly at a trace level. In addition, those technologies have
high treatment costs and possibility of secondary pollution.
Photocatalytic oxidation, an advanced oxidation process, is
one of the cost-effective technologies for the degradation of
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chlorophenols."*"* The governing principle of photocataly-
tic oxidation in this study is the formation of reactive oxygen
species that are the principal oxidizing agents for organic
pollutants. Reactive oxygen species attack organic pollutants
in water and convert them into CO, and H,O and mineral
acids. However, this photocatalytic oxidation method is lim-
ited by the separation and recollection of the utilized cata-
lysts for recycled usage. Recently, various methodologies for
catalyst separation and reactivation have extensively been
developed. Among the methodologies, magnetic separa-
tion provides a very convenient approach for removing and
recycling the catalysts by applying external magnetic
fields."®”'® In this regard, introduction of photocatalyst into
the magnetic nanoparticle with a simple reaction can be a
good solution.

In this study, we report a simple surface modification process
that induces the magnetic nanoparticles to be functionalized with
[5,15-bis(phenyl)-10,20-bis(4-methoxycarbonylphenyl)porphy-
rin]platinum (t-PtCP) without the loss of photofuctionality and
magnetism. Photocatalytic activity of the photofunctional mag-
netic nanoparticles is evaluated by the photosensitized oxida-
tion reaction of 2,4,6-T CP in water under visible light irradiation
(A > 450 nm).
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Scheme 1. Synthesis of t-PtCP
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2. EXPERIMENTAL DETAILS

2.1. Preparation of the t-PtCP Molecule. Synthesis of 1,5-
bis(phenyl)-10,20-bis (4-methoxycarbonylphenyl) porphyrin [FB-
Por]: A mixture of methyl-4-formylbenzoate (1.5 g, 9.137 mmol),
benzaldehyde (0.97 g, 9.147 mmol), and pyrrole (1.27 mL, 18.26
mmol) was condensed in chloroform (913 mL) with BF;- OEt,
(1.39 mL, 10.96 mmol) at room temperature for 1 h. Then DDQ_
(6.22 g, 27.41 mmol) was added. After the mixture was stirred for
1 h at room temperature, the solvent was removed under reduced
pressure. The residue was then dissolved in CHCl; and passed
through a short silica gel column to remove the nonporphyrinic
components from the reaction mixture. This mixture was purified
with a second column (silica, CHCly) to afford the compound of
FB-por (86 mg, 1.4%).

"H NMR (CDCls, 300 MHz) [ppm]: 6 8.87—8.81 (m, 8H, /3
pyrrole), 8.46—8.43 (d, 4H, Ar—H), 8.32—8.29 (d, 4H, Ar—H),
829—823 (d, 4H, Ar—H), 7.78—7.61 (d, 4H, Ar—H), 4.12 (s,
6H, —OCHj,), —2.78 (s, 2H, —NH). FT-IR (KBr pellet, cm ™ '):
1720 (ester, C=0), 3315 (amine, —NH:). FAB-MS (m/z):
Caled CygH34N,O, 730.81, Found 731.0.

Synthesis of [5,15-bis(phenyl)-10,20-bis(4-methoxycarbonyl-
phenyl)porphyrin]platinum [Pt(II)-por]: FB-por (0.5 g, 0.68
mmol) and PtCl, (0.46 g, 1.71 mmol) were suspended in an-
hydrous benzonitrile. The mixture was then purged with N, and
slowly heated to 160 °C. It was then brought to reflux under N,
until there was no free base left as revealed by TLC (24 h). The
mixture was then cooled to room temperature, and the solvent
was removed by vacuum distillation. The resulting product was

then dried completely and purified with a column (silica, CH,Cl,)
to afford the compound of Pt(II)-por (400 mg, 86%).

'H NMR (CDCly, 300 MHz) [ppm]: 8.78—8.68 (m, 8H, f-
pyrrole), 8.43—8.41 (d, 4H, Ar—H), 8.25—8.22 (d, 4H, Ar—H),
8.15—8.12 (d, 4H, Ar—H), 7.75—7.31 (d, 4H, Ar—H), 4.10 (s,
6H, —OCHj). FT-IR (KBr pellet, cm ™ '): 1720 (ester, C=0).
FAB-MS (m/z): Calcd C4sH3,N,O,Pt 923.87, Found 924.0

Synthesis of [S,15-bisphenyl-10,20-bis(4-carboxyphenyl)-
porphyrin]platinum [Pt(II)-por-COOH]: Pt(II)-Por (0.6 g,
0.65 mmol) and KOH (0.36 g, 6.49 mmol) were dissolved in
THF—EtOH—H,0 (in a volume/volume ratio of 1:1:0.1, 50 mL),
and the solution was refluxed for 12 h. The mixture was cooled to
room temperature and neutralized with HCI. It was then extracted
with CH,Cl,. The organic phase was washed with sodium bicar-
bonate aqueous solution and dried with sodium sulfate. Removal of
the solvent yielded Pt(II)-por-COOH (500 mg, 85.9%).

"H NMR (DMSO, 300 MHz) [ppm]: 8.74 (s, 8H, 3-pyrrole),
8.37—8.34 (d, 4H, Ar—H), 8.30—8.27 (d, 4H, Ar—H), 8.17—
8.15 (d, 4H, Ar—H), 7.82—7.80 (d, 4H, Ar—H). FT-IR (KBr
pellet, cm '): 1690 (carboxylic acid, C=0), 2400—3400 (ca-
rboxylic acid, —COOH). FAB-MS (m/z): Calcd C,46H,gN,O,Pt
895.82, Found 896.0.

The prepared t-PtCP molecule (Scheme 1) is easy to be bond-
ed to the surface of magnetic nanoparticles due to the two termi-
nal groups of carboxylic acid which lead to the covalent bonding.
Also, the t-PtCP molecule has a high singlet oxygen quantum
yield of 0.65 % 0.0S in solution. This value of singlet oxygen
quantum yield is higher than the other photosensitizers such as

hematoporphyrin (0.51)*° and protoporphyrin (0.63).>' Therefore,
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Scheme 2. Fabrication Procedure of the Photofunctional Magnetic Nanoparticles
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based on these factors, the t-PtCP molecule is utilized as a
photosensitizer in this study.

2.2. Preparation of the Photofunctional Magnetic Nano-
particles. Magnetite (Fe;0,) nanoparticles covered with oley-
lamine were prepared by applying a similar method as that in the
previous report.”” Fe(acac);, 1,2-hexadecanediol, oleylamine,
and phenyl ether were mixed and magnetically stirred under a
flow of nitrogen. The mixture solution was heated to 200 °C for
30 min and, under a blanket of nitrogen, refluxed under the same
temperature for another 30 min. The dark-brown mixture solu-
tion was cooled to room temperature. Under ambient conditions,
ethanol was added to the mixture. The black compound was pre-
cipitated and separated with centrifugation. Then it was redis-
persed in hexane.

Photofunctionality on the magnetic nanoparticles was pro-
vided by a wet chemical process with t-PtCP as follows. The pre-
cipitated magnetic nanoparticles (1.5 mg) were mixed with the
solution of t-PtCP/THF (1.8 x 10~ > mM). The mixture solu-
tion was agitated for 24 h at room temperature. After the reaction
was completed, the product was then washed with THF solution
several times. The concentration of t-PtCP molecules bound to
the surfaces of the magnetic nanoparicles was estimated by using
UV—visible absorption spectroscopy. The relative absorption
OD at a wavelength of 510 nm (corresponding to the Q-band of
t-PtCP) between a stock solution of t-PtCP (1.8 x 10~ > mM)
and the remaining solution obtained after removing the magnetic
aggregation in the magnetic nanoparticle solution resulted in the
reacted concentration of t-PtCP molecules with the nanoparticles.
Therefore, from the result, it was estimated that ~6.6 x 10~ mol
(equivalent to 3.98 x 10" molecules) of t-PtCP was immobilized
onto the surface of 1 mg of magnetic nanoparticles. Assuming the
density of the magnetic nanoparticles to be 5.4 g/cm>, 1 mg of
magnetic nanoparticles contains 2.85 x 10" particles.23 Conse-
quently, there are approximately 14 t-PtCP molecules that are
immobilized on the surface of each magnetic nanoparticle.

2.3. Characterization of the Photofunctional Magnetic
Nanoparticles. Transmission electron microscopy (TEM,
JEOL JEM-2100F) was applied to determine the size and shape
of the photofunctional magnetic nanoparticles. Crystallographic
characteristics and nanostructure of the composite nanoparticles
were investigated with an X-ray diffractometer (XRD, PANalytical,
Pert Pro MPD) working on Cu Kot radiation. A vibrating sample
magnetometry (VSM, Lakeshore 7300) was utilized to measure the

magnetization versus magnetic field loop at room temperature up to
H = 10 kOe. Infrared spectra were obtained using a FT-IR spectro-
meter (Perkin-Elmer 100). For IR measurements, samples were
prepared in an agate mortar and then prepared in the form of pressed
wafers (ca. 1% sample in KBr). Absorption and emission spectra were
obtained from an UV—vis spectrophotometer (Hitachi, U-2800) and
spectrofluorometer (Hitachi, F-4500), respectively.

2.4. Direct Detection of Singlet Oxygen Generated by the
Photofunctional Magnetic Nanoparticles. Quantum yield of
singlet oxygen (®A('0,)) and its lifetime were measured
by detecting a near-IR phosphorescence emission peak at
1270 nm.** The phosphorescence signal was collected with a
germanium photodiode (EG&G, Judson) at the perpendicular
angle to the excitation beam through cutoff (<1000 nm, CVI) and
interference filters (1270 nm, spectrogon). A Nd:YAG pumped
OPO laser (B. M. Industries, OP901-355, S ns fwhm pulse) was
utilized as an excitation source. The signal was acquired by a 500
MHz digital oscilloscope and transferred to a computer for data
analysis.

2.5. Indirect Detection of the Singlet Oxygen. Degrada-
tion of 1,3-diphenylisobenzofuran (DPBF) of a singlet oxygen
quencher was applied to determine the release of singlet oxygen
into the solution.”® An aliquot of 3.5 mL of THF solution con-
taining the photofunctional magnetic nanoparticles or §,10,15,
20-tetraphenyl-21H,23H-porphine (H,TPP) (142 x 10 ° M)
that is used as a standard reference was introduced to a 1 cm
quartz cell under dark conditions with DPBF (1.0 x 10 ° M).
The experiments were carried out by irradiating the samples with
laser light (4 = 510 nm, 7.5 mW/ cm?) with the nanosecond-
pulsed Nd:YAG pumped OPO laser. Photodegradation of
DPBF was monitored by recording the OD of the absorption
peak at 435 nm. The OD change was measured as a function of
irradiation time. Singlet oxygen releasing efficiency (77,) of the
photofunctional magnetic nanoparticles was determined by the
following equation, using H, TPP solution in THF as a standard.”®

tH, TTP

N Apartide = Pu,TTP
tparticle

where fy tpp is a time constant of the first-order exponential
decay fitted to the decrease in the absorption peak of DPBF dur-
ing the photocatalytic degradation reaction with free H,TPP/THF

solution, £, is the same time constant as above for the absorption
decrease of DPBF in the presence of the photofunctional magnetic
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Figure 1. TEM micrographs of (a) the pure magnetite nanoparticles and (b) the photofunctional magnetic nanoparticles. Corresponding high-
resolution TEM images of the individual nanoparticles are shown in the insets. (c) Histogram for the particle size distribution of the pure magnetite

nanoparticles. (d) XRD pattern of the pure magnetite nanoparticles.

nanoparticles in THF solution, and ¢y, pp is the singlet oxygen
quantum yield of free H,TPP in THF solution which is given
as 0.62.7

2.6. Photocatalytic Reaction with the Photofunctional
Magnetic Nanoparticles. A photocatalytic degradation experi-
ment of 2,4,6-TCP was carried out under visible light irradiation
in the aqueous solution where the photofunctional magnetic
nanoparticles were suspended. The suspension solution was
prepared by adding 10 mg of the photofunctional magnetic
nanoparticles into 20 mL of aqueous 2,4,6-TCP solution with
an initial concentration of 7.5 x 10~ ° M. Before irradiation of
visible light, the mixture solution was magnetically stirred
under dark conditions for 1 h to achieve an equilibrium state.
Air was bubbled into the suspension solution for 30 min
before visible irradiation. An Xe lamp (150 W, Abet Technol-
ogies, U.S.) was used as the irradiation source. The distance
between the lamp and the solution was 50 cm, and the light
radiation intensity at the sample was measured to be 28.5
mW/cm”. A 450 nm glass cutoff filter was used to remove
ultraviolet light, so that only the Q bands were irradiated. This
UV cutoff also prevents direct photodegradation of 2,4,6-TCP
from UV light irradiation. At every 20 min of irradiation,
absorption spectra of the samples were observed with a UV—
vis spectrophotometer.

3. RESULTS AND DISCUSSION

As illustrated in Scheme 2, the photofunctional magnetic
nanoparticles were prepared by the surface modification of mag-
netic nanoparticles with a photosensitizer of t-PtCP. The carbox-
yl terminal group of t-PtCP is chemically bonded to Fe ions on
the surface of magnetic nanoparticles with the surface complexa-
tion structure.”®*’

Morphologies and crystal structures of the pure magnetite
nanoparticles and the photofunctional magnetic nanoparticles
were investigated by using TEM and XRD. The pure magnetite
nanoparticles and the photofunctional magnetic nanoparticles
both have spherical shapes, and they are well dispersed on the
TEM grids as shown in Figure 1a and b. It is noted that, after the
surface modification, there is no significant changes observed in
the particle size and morphology. Figure 1c shows the size distri-
bution histogram of the magnetite nanoparticles, which is esti-
mated from 300 particles in different regions of the TEM micro-
graph. It presents the size uniformity with an average particle size
of 52 £ 04 nm. The high-resolution TEM images (insets of
Figure la and b) show that both nanoparticles have a single crys-
talline nature. The distance between two neighboring planes is

approximately 2.98 A, which is consistent with that of the (220)

planes of an inverse spinel-structured magnetite nanoparticle. >
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Figure 2. Solubility of magnetic nanoparticles before and after the surface modification. (a) As-synthesized nanoparticles in hexane. (b) Nanoparticles
modified with t-PtCP in water. The upper layer presents hexane. (c) t-PtCP-modified nanoparticles in the presence of an external magnetic field.
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Figure 3. Room-temperature magnetic hysteresis loops of the pure
magnetites and the photofunctional magnetic nanoparticles.

The powder XRD pattern of the magnetite nanoparticles
provides more detailed structural information as shown in
Figure 1d. The strong Bragg reflection peaks (26 = 30.0, 35.6,
43.3, 53.7, 57.0, anf 62.8°) are marked by their Miller indices
((220), (311), (400), (422), (511), and (440)) from standard
Fe;0, powder diffraction data (JCPDS, card 19-0629), which are
the characteristic peaks of the magnetite crystal of cubic inverse
spinel structure.®” The average particle diameter of 5.0 nm esti-
mated from Scherrer’s equation is in a good agreement with the
value that is determined by statistical analysis of the TEM image,
which implies that each individual particle is a single crystal.
Scherrer’s equation is expressed as the following®>

094
"~ Bcos Op
where A is the wavelength used, B is the full width at half-

maximum (fwhm) measured in radians on the 20 scale, and 0y is
the Bragg angle for the measured hkl peak.

o Ty
a~
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Figure 4. FT-IR spectra of (a) the pure t-PtCP and (b) the photofunc-
tional magnetic nanoparticles.

Figure 2 displays solubility of the magnetic nanoparticles before
and after the surface-modified reaction with t-PtCP. The pure
magnetite nanoparticles before the modification reaction are well
dispersed in hexane (Figure 2a) due to the oleylamine groups
attached on the particle surface. On the other hand, the surface-
modified photofunctional magnetic nanoparticles only disperse in
water as shown in Figure 2b where the phase separation appears
between the upper and lower mediums of hexane and water,
respectively. Water dispersity of the photofuctional nanoparticles
suggests that the oleylamines on the nanoparticle are mostly
replaced by t-PtCP. As shown in Figure 2¢, the photofunctional
magnetic nanoparticles are collected with the magnet at the outside
surface of the cuvette. As the external magnet is removed, the
collected particles are redispersed into water with a mild shaking.

Magnetic properties of the pure magnetite nanoparticles and
the photofunctional magnetic nanoparticles were measured by

3216 dx.doi.org/10.1021/jp1085137 |J. Phys. Chem. C 2011, 115, 3212-3219
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Figure S. (a) Absorption and (b) emission spectra of the pure t-PtCP and the photofunctional magnetic nanoparticles in THF. The excitation

wavelength is 510 nm for the emission spectra.

using a VSM at room temperature (Figure 3). The magnetization
curves exhibit no hysteresis and no remnant magnetization even
at the highest magnetic field, which implies superparamagnetic
property of the nanoparticles. The pure magnetite nanoparticles
show the high saturation magnetization value of 32.2 emu/g,
whereas the high saturation value of the surface-modified photo-
functional magnetic nanoparticles is 28.5 emu/g. The difference
in the saturation values is attributed to the diamagnetic con-
tribution of the t-PtCP molecules that are chemically bonded to
the nanoparticle surface.

To confirm the bonding between the carboxyl group of the
t-PtCP and the Fe ion of the Fe;O,4 nanoparticle, FT-IR spectra
of the t-PtCP and the photofunctional magnetic nanoparticles
were comparatively studied (Figure 4). As reported in the pre-
vious study,®® the IR spectrum of the pure t-PtCP presents the
absorption peaks at 1689, 1421, and 1290 cm™ ', corresponding
to the stretching modes of the free carbonyl double bond (vc—0),
the carbon—oxygen single bond (vc—o), and the O—H deforma-
tion (Vc—on), respectively. These characteristic absorption peaks
suggest that the pure t-PtCP has the protonated carboxyl groups
(COOH) as expected. After the chemical bonding occurs between
the carboxyl group and the Fe ion, the IR bands for the protonated
carboxyl group substantially disappear and the new bands appear
at 1559 and 1408 cm ™ '. These new bands are ascribed to the
asymmetric (U, = 1559 cm” ') and the symmetric (v, = 1408
cm™ ') stretching modes of the carboxylate group, based on
the similar observation reported by Dravid et al.>* They suggest
that the IR bands at 1556 and 1410 cm™ ' correspond to the
asymmetric (,,) and the symmetric (v;) stretching modes of the
carboxylate in their oleic acid system that has the coordination
bonding between the carboxylate and the cobalt ion on the
surface of the cobalt nanoparticle. In particular, in this photo-
functional magnetic nanoparticle, the disappearance of vc—o-
(1689 cm ™ ") in Figure 4b indicates that the carboxylate group is
bounded to the surface of the Fe;O, nanoparticle symmetrically
through its two oxygen atoms.

Figure Sa shows that the absorption spectrum of the photo-
functional magnetic nanoparticles has the same characteristics as
that of the pure t-PtCP in THF. The peak at 400 nm is the Soret
band of t-PtCP, and the Q bands are located at 510 and 538 nm.
At the excitation wavelength of 408 nm, the pure t-PtCP prod-
uces two strong emission peaks located at 660 and 725 nm, and
the photofunctional magnetic nanoparticles provide the slightly

v 80 0 50 100 150 200

S 0 S50 100 150 200
Time {us)

Figure 6. Phosphorescence decay induced by relaxation of the singlet
oxygen from (a) H,TPP molecules of the reference, (b) the pure t-PtCP
molecules, and (c) the photofunctional magnetic nanoparticles. Phos-
phorescence signals are detected at 1270 nm in THF solution and fitted
with a single exponential function (solid line).

blue-shifted peaks at 651 and 715 nm. The blue-shifted emission
peaks are attributed to the strong bonding between t-PtCP and
the magnetic nanoparticle.

Singlet oxygen generation from the photofunctional magnetic
nanoparticles is confirmed with direct detection of the phos-
phorescence that comes from the photoexcited t-PtCPs bonded
to the nanoparticles. Time-resolved singlet oxygen phosphores-
cence signals are presented in Figure 6. All the singlet oxygen
lifetimes from H,TPP, the pure t-PtCP, and the bounded t-PtCP
in THEF solutions are ~20 us, which is in a good agreement with
the value reported in the literature.> Singlet oxygen quantum
yields (@A) of the samples are determined by comparing the
phosphorescence intensities at 1270 nm for the samples and the
reference of H,TPP in THF solution.*® The singlet oxygen
quantum yield of the photofunctional magnetic nanoparticles is
estimated to be 0.47 & 0.03, while that of the pure t-PtCP is
measured to be 0.65 £ 0.05. The lower @, value of 0.47 as
compared to 0.65 is possibly due to the bonded nature of t-PtCP

3217 dx.doi.org/10.1021/jp1085137 |J. Phys. Chem. C 2011, 115, 3212-3219


http://pubs.acs.org/action/showImage?doi=10.1021/jp1085137&iName=master.img-007.png&w=386&h=156
http://pubs.acs.org/action/showImage?doi=10.1021/jp1085137&iName=master.img-008.png&w=148&h=200

The Journal of Physical Chemistry C

1.6 £,
p— § 2O
q W, \\!‘v\ H"“H.._h__Lb
g 1.2 E - "
e H e S
g i3 “a,
M 0.8
= ‘mgutontmersy
o g
1]
a8 044
<

0.0 —_— e

350 400 450 500 550 600)

Wavelength {nm)

Figure 7. Irradiation time-dependent UV—vis spectra of DPBF in THF
solution with the photofunctional magnetic nanoparticles excited at
510 nm of laser light. Inset represents the absorption OD of DPBF in
THEF at 435 nm as a function of irradiation time with (a) the pure H, TPP
and (b) the dispersed photofunctional magnetic nanoparticles.

and the magnetic nanoparticles. The t-PtCP bond nature on the
surface of the particle induces closer interactions between the
t-PtCP molecules than the interactions among the free molecules
in the solution. Such interactions between the bonded t-PtCP
molecules in high population density and the structural restric-
tion of the bonded t-PtCP molecules are considered to cause the
spectral blue-shift of the emission bands and the lesser generation
of singlet oxygens. The blue-shift emission nature is previously
reported for the aggregated forms of photosensitizers (PS) and
the PS-bonded silica matrix.***’

To estimate the release efficiency of singlet oxygen into the
solution, the degradation method of DPBF is applied. As a
specific singlet oxygen quencher, DPBF readily undergoes 1,4-
cycloaddition reaction with singlet oxygen and forms the endo
peroxides. Then it further decomposes into the irreversible product
of 1 ,Z—dibenzoylbenzene.38 Therefore, the release amount of singlet
oxygen can be monitored by observing the decrease in optical
density of the DPBF absorption at 435 nm.” Figure 7 illustrates the
temporal OD change of the DPBF absorption peak in THF with
the photofunctional magnetic nanoparticles under the laser irradia-
tion at 510 nm. Efficiency of the singlet oxygen release (774) from
the photofunctional magnetic nanoparticles is measured to be 0.42
= 0.04, which is very similar to the singlet oxygen quantum yield
estimated by direct detection of the phosphorescence.

In order to check the application possibility for water purifica-
tion, the photocatalytic activity of the photofunctional magnetic
nanoparticles fabricated in this study is evaluated by the photo-
catalytic oxidation reaction of 2,4,6-TCP in an aqueous solution
at pH 10 under visible light irradiation (4 > 450 nm) of the Xe
lamp. Figure 8 indicates the photodegradation rate of 2,4,6-TCP
as a function of irradiation time in the presence of the photo-
functional magnetic nanoparticles. The spectral change indicates
the decrease of 2,4,6-TCP molecules and the formation of of 2,4-
dichlorobenzoquinone as the photocatalytic reaction continues
since the absorption peaks at 312 and 273 nm correspond to
2,4,6-TCP and 2,4-dichlorobenzoquinone, respectively.** Only
the photofunctional magnetic nanoaprticles efficiently degraded
the 2,4,6-TCP solution under the visible light, while the light-
induced decomposition of 2,4,6-TCP without the magnetic
nanoparticles and the decomposition of 2,4,6-TCP induced by
the photofunctional magnetic nanoparticles without the light
were not observed.
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Figure 8. Absorption spectral change of 2,4,6-TCP in aqueous solution
of pH 10 depending on the photocatalytic reaction time with the photo-
functional magnetic nanoparticles. The visible light (>450 nm) from a
Xe lamp is utilized for all measurements. The inset represents the ratio
between the reaction OD (C) and the initial OD (C,) of 2,4,6-TCP as a
function of irradiation time. Inset: (a) 2,4,6-TCP only with the light, (b)
2,4,6-TCP with the photofunctional magnetic nanoparticles without the
light, and (c) 2,4,6-TCP with the photofunctional magnetic nanoparti-
cles under light conditions.
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Figure 9. Recycling experiment for 2,4,6-TCP photodegradation in the
presence of the photofunctional magnetic nanoparticles under visible
light irradiation. C/C, represents the ratio between the reaction OD (C)
and the initial OD (C,) of 2,4,6-TCP as a function of irradiation time.

To evaluate the stability of the photofunctional magnetic
nanoparticles in the photocatalytic reaction, the recycling effi-
ciency of the photofunctional magnetic nanoparticles was in-
vestigated. Figure 9 suggests that the photofunctional magnetic
nanoparticle shows similar photocatalytic activity after five times
of the recycled usage. Even after seven times of the reuse, the
2,4,6-TCP degradation efliciency with the photofunctional mag-
netic nanoparticles was maintained to be about 80%.

4. CONCLUSIONS

We have successfully fabricated the magnetic nanoparticles
functionalized with t-PtCP using by a simple modification reac-
tion. The t-PtCP coupled photofunctional magnetic nanoparti-
cles have superparamagnetic property with a saturation magne-
tization value of 28.5 emu/g and show excellent dispersibility and
stability in water. The photofunctional magnetic nanoparticles
generate the singlet oxygen quantum yield of 0.47 % 0.03 that is
enough to be utilized as a recyclable photocatalyst activated by
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visible light. The photocatalytic degradation experiment demon-
strates that 2,4,6-TCP is effectively decomposed. Such visible
activated photocatalytic property of the photofunctional mag-
netic nanoparticles fabricated in this study can be utilized to
remove the environmental harzards in water, and, furthermore,
the magnetic property of this composite particle provides the
recycled usage of photocatalyst, preventing possible secondary
contamination.
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