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Preparation and Characterization of Water-Soluble Jingle-Bell-Shaped Silica-Coated
Cadmium Sulfide Nanoparticles
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Japan Science and Technology Agency (JST), 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan

Receied: January 14, 2004; In Final Form: June 8, 2004

Treatment of surface silanol groups with hydrophilic compounds enabled silica-coated cadmium sulfifle (SiO
CdS) nanoparticles of coreshell morphologies to be dissolved in a water/methanol mixture. Size-selective
photoetching of the particles was performed by irradiation with monochromatic light at 458 nm, resulting in

a blue shift of its absorption onset because of the decreasing size of the CdS. TEM analyses revealed that the
SiO; shell structure was not shrunken by photoetching and that a void space (ca. 2.3 nm) was formed between

the CdS core and the SiGhell to give a jingle-bell structure. The emission spectra of photoetched particles
showed the development of band-gap emission when cadmium iéh)(@ds added and the pH was adjusted

to 10, whereas the same treatment of original particles gave no peaks assigned to band-gap emission, indicating

that the SiQ@ shell was sufficiently porous for small ionic species such a& @lpenetrate through the shell
and that the photoetched CdS core incorporated in the §i@ll had a bare surface to be covered with a
cadmium hydroxide layer. With increasing shell thickness, the rate of CdS photoetching was reduced as a

result of decrease in the rate of scavenging of the photogenerated electrons in CdS by electron acceptors such

as Q and methyl viologen (M¥") in solution. The structure of the SjQayer was varied by surface
modification of the CdS with both 3-mercaptopropionic acid (MPA) and 3-mercaptopropyltrimethoxysilane
(MPTS) followed by hydrolysis of its trimethoxysilyl group. FT-IR spectra showed that MPA molecules, but
not MPTS molecules, attached to the CdS core surface were eliminated by photoetching of the particles,
resulting in the formation of windows in the SiGhell. The behavior of CdS emission quenching suggested
that MV?* is transported through the windows to the void space inside the3i€ll to reach the CdS core.

Introduction the refractive index of the solution inside the hollow sptfere,
and the difference in the permeabilities of methyl viologen
(MV2*) and iodide ions through the shell wall was measured
on the basis of the fluorescence-quenching behavior of fluo-
escein isothiocyanate incorporated in a hollow silica spkere.

Encapsulation of metal or semiconductor nanoparticle cores
in hollow spheres has attracted much atteritiéhbecause it is
an effective means for preventing aggregation of core particles

and because the void space between the core and shell i h ) . f L hell
expected to be suitable as a reaction site for novel catalytic e permeation properties of a porous titania nanoshell were

reactions and as a nanosized container for molecules. The2diusted by tuning pH and ionic strength of the bulk solutfon.
fabrication has been performed using cesbell structures as ~ Furthermore, it has been reported that the porosity of a carbon
precursors in which nanoparticles were made in the hollow @nd polymer shell of hollow particles was improved by using
structures by the partial removal of core materials by chemical MeSoporous silica as a template in the fabrication of the shell
etching or combustion. To utilize these materials as catalysts Structuret®

or containers, it is important to control the transport of target  Recently, we have reported the preparation of a novel-core
substrates from the bulk solution to the space inside the shell.shell structure of silica (Sig)-coated cadmium sulfide (CdS)
Several strategies for investigating permeation of chemical nanoparticles using a size-selective photoetching techifgte.
species through shell walls have been reported. For example,The resulting nanoparticles had a void space between the CdS
the diffusion of quinoline across a polymer shell was monitored core and the Si@shell, like a nanosized “jingle bell”; the size
by the shift of the plasmon peak position of the incorporated of the void space could be adjusted from 1.4 to 2.4 nm by
gold (Au) core nanoparticles that were sensitive to changes in selecting the wavelength of monochromatic light from 514 to
458 nm, respectively, used in the size-selective photoetching.

* Corresponding address: Prof. Bunsho Ohtani. Catalysis Research | the proposed process of size-selective photoetching. the CdS
Center, Hokkaido University, Sapporo 001-0021, Japan. Phergs-11- prop P P 9,

706-9132. Fax:+81-11-706-9133. E-mail: ohtani@cathokudai.acjp. ~ COre incorporated in the Sihell is corroded by photogener-
' Graduate School of Environmental Earth Science, Hokkaido University. ated holes to liberate cadmium (€gland sulfate ions (S©"),
gg;tg'%’% Research Center, Hokkaido University. and photoexcited electrons in CdS are removed by the reaction
ICenter for Advanced Research of Energy Technology, Hokkaido WIth 0Xygen molecules. Therefore, changes in the shell mor-
University. phology such as thickness and coverage will cause variations
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in the photoetching behavior of the CdS core incorporated in SCHEME 1: Schematic lllustrations of Preparation of
the SiQ shell because the transport of chemical species throughSiO>-Coated CdS Nanoparticles (a) Having Different
the SiQ shell is modified. Furthermore, it is also expected that Shell Thickness (SiQ(x)/CdS) and (b) Having Different
the physicochemical properties of the resulting photoetched Shell Coverages (MPA-SiQ(2)/CdS)

core—shell particles can be controlled by modifying the structure (a)

_(OCH o,
of the SiQ shell. Ok oy £ s
In the present study, we prepared giated CdS (Si@ cds |5~Si—(OCHz)s cds M%i—OH

CdS) nanoparticles dissolved in a water/methanol mixture that “Si~(OCH); ~Si~0H

had different shell thicknesses or various degrees of coverage 0

of the SiQ shell on the CdS core. The size-selective photo- CdS medified with MPTS ® : {CH,),-PO(OC,Hs),

etching behavior and photochemical properties of the CdS cores o O o Q 5

were found to be dependent on the structure of the, St@ll < ;-(o-é8,_2—OH PETS §i{0-Si),.-0-8i-®

of the SiQ/CdS nanopatrticles. %f%ﬂo_ ihzOH —= (4 Mgr(o_gi)x_[o_gi@

Experimental Section f?"‘°j§"“'°" \E"‘°§"*'T°'§r®
Materials. Sodium bis(2-ethylhexyl)sulfosuccinate (AOT), SiO,(x)/ CdS

1,2-dimethyl-4,4-bipyridinium dichloride (methyl viologen, N

MV 2+), 3-mercaptopropyltrimethoxysilane (MPTS), tetraethyl ®) AOR); H SL—OE)‘S'—SD

orthosilicate (TEOS), and 3-mercaptopropionic acid (MPA) were OOH OH 830,:0

purchased from Tokyo Chemical Industry. Cadmium perchlorate ~coon MArosis . N~coon PETS Ns~coom

was obtained from Kishida Reagents Chemicals. Diethylphos- ~SHOR), Hon 0,'10_'0:1@

phatoethyltriethoxysilane (PETS) was purchased from Gelest . i—OH C C

Inc. Other chemicals used in this study were supplied by Wako ™OR); o> OH 0”79 -®

Pure Chemical Industries. Aqueous solutions were prepared justfnﬁ '::gde ;’“h MPA-Si0,(2)/CdS

before use with water purified by a Yamato/Millipore WP501

Milli-Q system. 1 h. After addition of water (10 mmol), the mixture was refluxed

Preparation of CdS Nanoparticles in Reverse Micelles. for 2 h, and then 5 cfof the solvent was removed by
CdS nanoparticles were prepared in reverse micelle solutionsevaporation. After the solution had been cooled to room
by the previously reported procedure with a slight modifica- temperature, toluene was added to make the volume 50 cm
tion 1617 A 240-cn? portion of a heptane solution containing  Under the present reaction conditions, 0.26 mmol of TEOS was
17 g of AOT and 6.9 crhof water was divided into three  expected to give a monolayer of Si@nd the above-described
solutions, A (100 crf), B (100 cnd), and C (40 crd). To procedure corresponded to the addition of two layers.
solutions A and C were added 0.67 and 0.26,amspectively, The outermost layer, which makes the particle surface
of 1.0 mol dn73 Cd(CIQy), aqueous solution, and 0.67 &wf hydrophilic, was prepared through the condensation of surface
1.0 mol dn3 N&S aqueous solution was added to solution B. hydroxyl groups with PETS and hydrolysis. PETS (0.26 mmol)
After these solutions had been stirred individually for 1 h, was added to a solution of Si@oated CdS and subjected to
solution A was poured into solution B, and the mixture was reflux in the presence of water (5.2 mmol). The thus-obtained
stirred vigorously for 15 min, resulting in the formation of a  Sj0,-coated CdS nanoparticles are denoted in this study as
transparent yellow solution of CdS nanoparticles. Solution C Sj0,(x)/CdS, where represents the number of Si@yers, i.e.,
was added to the CdS solution, and the resulting mixture was anchoring, intermediate, and outermost layers: (2).
stirred for another 15 min to obtain CdS particles having  SiO,(x)/CdS particles were isolated by the destruction of
cadmium-rich surfaces. A yellow solid was obtained by vacuum reverse micelles with addition of methanol, washed with
evaporation of the solvent and was dissolved in 208 om  methanol several times, and dissolved in methanol by sonication
toluene (solution D). for several minutes.

SiO,-Coated CdS Nanoparticles with Different Shell CdS Nanoparticles Partially Covered with SiG. Surface
Thicknesses.Coating of CdS nanoparticles was performed modification with a mixture of MPA and MPTS was performed
through three steps of layer-by-layer accumulation of (1) to prepare Si@coated CdS nanoparticles having different
anchoring, (2) intermediate, and (3) outermost layers as showndegrees of surface coverage with $i@cheme 1b). A typical
in Scheme 1a. An anchoring layer was prepared by the reactionpreparation procedure is as follows: MPA (0.13 mmol) was
of surface-excess Gd with a thiol group in MPTS followed added to 50 crof solution D. After the solution had been
by hydrolysis of trimethoxysilyl groups to form a -SD—Si stirred for 1 h, MPTS (0.13 mmol) was added, and the mixture
network as a component of the shell structure as follows: A was stirred for an additional 1 h. Hydrolysis of the trimethoxy-
0.26-mmol portion of MPTS was added to 50 ¢af solution silyl groups of MPTS anchored on CdS was performed by the
D (containing 0.17 mmol CdS), and the mixture was stirred for same procedure as that used for the anchoring layer preparation.
1 h. Then, a 17-cfportion of toluene containing 1.2 g of AOT  Then the outermost layer with PETS was accumulated. The
and 0.1 cri of water was added, and the mixture was refluxed resulting CdS nanoparticles partially covered with a Si@ell
for 2 h, resulting in the formation of a Sg&hell layer on a (MPA-SIiO,(2)/CdS) were isolated and purified in a similar way.
CdS core. The solvent was condensed to ca. 50tomemove The molar portion of MPTS among the modifiers, MPTS and

water and methanol liberated by the hydrolysis. MPA in feed, is expressed d&pts.
Intermediate layers were accumulated by attachment of TEOS  Size-Selective Photoetching of Soluble SiCoated CdS
to the surface hydroxyl groups on the Si@yer. A typical Nanopatrticles. An argon ion laser (lon Laser Technology,

preparation of an intermediate layer is as follows: A 0.52-mmol model 5500A) and a 400-W mercury arc lamp (Eiko-sha)
portion of TEOS was added to a toluene solution of CdS coated equipped with optical filters were used as light sources of
with SiO,, and the mixture was stirred at room temperature for irradiation at 488 and 458 nm and at 436 and 404 nm,
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Figure 1. Absorption spectra of SigR)/CdS (a) before and after size-
selective photoetching with irradiation at (b) 488, (c) 458, (d) 436,
and (e) 404 nm.

respectively. Si@coated CdS particles were dissolved in a
water/methanol (9:1) mixture containing aénol dm 3 MV 2+

and saturated oxygen fDand then irradiated with monochro-
matic light until the absorption spectrum of the solution re-
mained almost unchanged. For emission measurements, photo
etching was performed by the same procedure but without
MV 2, which quenches the emission of CdS nanoparticles, and
then the resulting solution was dialyzed with a cellulose
membrane against the water/methanol (9:1) mixture for 1 day
to remove liberated Cd and SQ?".

Characterization. Absorption and emission spectra were
measured using a photodiode-array spectrophotometer (Agilent
Technology 8453A) and a fluorescence spectrometer (Shimadzu 3 nm
RF-5300PC), respectively. FT-IR spectra were recorded on a
Shimadzu FT-IR-8200PC spectrometer equipped with asurfaceat 458 nm. () A typical image in a large area and (b) images with
reflectance attaChmem_' Specimens for_ FT-IR measurement%igh magnification of individual particles. The schematic illustration
were prepared by casting the nanoparticle solution onto gold of each particle is also shown beside the corresponding TEM image of
substrates and drying under vacuum. The structure and sizep.
distribution of SiQ-coated CdS nanoparticles were examined
using a JEOL 2010F transmission electron microscope (TEM) shifts of the spectra, and exciton peaks became distinct with
with an acceleration voltage of 200 kV. The TEM samples were decreasing wavelength of irradiation. Furthermore, the wave-
prepared by dropping the nanoparticle solution onto a copperlength of absorption onset of each spectrum agreed well with
grid with amorphous carbon overlayers (Ouken Shoji, type B) that of irradiation. It is well-known that CdS nanoparticles are

Figure 2. TEM images of Si@(2)/CdS photoetched with irradiation

and drying under vacuum. photocorroded to smaller particles according to eq 1 in the
presence of dissolved oxygen and &tywith MV2* acting as
Results and Discussion an electron relay from CdS nanoparticles to oxygen molecules

i i 2
Size-Selective Photoetching of SioCoated CdS Nano- and enhancing the photoetching of CHS:

particles. It has been reportééll’ that destruction of reversed by
micelles containing Sig§l)/CdS, i.e., CdS covered only with a Cds+20,—Cd" + 0> 1)
hydrolyzed MPTS layer, caused coagulation of particles, making
them insoluble in any kind of solvent even when the suspension The results indicate that size-selective photoetching of CdS cores
was sonicated for a long time. To prevent this, further surface was successfully performed and the surrounding,Sikells
modification was performed with PETS in this study. The prevented the coalescence between the photoetched CdS cores
resulting particles did not appear to aggregate during the during the process (Scheme 2a), as reported in our previous
isolation of particles from the reverse micelle solution, and the paperst®17 CdS nanoparticles were photocorroded until the
particles had hydrophilic surfaces, enabling dissolution in irradiated light could not be absorbed by the CdS nanoparticles
methanol or a water/methanol mixture. Similar surface treatment as a result of an increase in the energy gap with decrease in
of the SiQ shell with various functionalized alkoxysilane particle size, i.e., size quantization effect. With irradiation of
compounds has been used to make,Si@ated nanoparticles, = monochromatic light at 488, 458, 436, and 404 nm, exciton
such as CdSe/zZn8,CdTel® and Aul®29soluble in water. peaks appeared at 448, 430, 412, and 364 nm, respectively. The
Figure 1 shows changes in the absorption spectra of(3JO diameters of the photoetched CdS nanoparticles were estimated
CdS nanoparticles caused by size-selective photoetching withto be 3.0, 2.6, 2.3, and 1.8 nm, respectively, by fitting the
monochromatic irradiation at various wavelengths. The original experimental results to a theoretical relation between the energy
Si0O,(2)/CdS nanoparticles gave an exciton peak at around 445gap and the particle diameter of Céfs.
nm and an absorption onset at 550 nm, indicating that most of  Figure 2 shows typical TEM images of SiQ)/CdS photo-
the CdS nanoparticles had an energy gap similar to that of theetched at 458 nm. It can be seen in Figure 2a that the
bulk material. Monochromatic light irradiation induced blue photoetched CdS nanoparticles, which could be seen as black
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SCHEME 2: Schematic Illustrations of Structural 30
Changes in SiQ-Coated CdS Nanoparticles by
Size-Selective Photoetching: (a) SigR)/CdS and (b)
MPA-SIO(2)/CdS.
(a] void
—l =]
sio, sio, §
(b) void z)
) j’""‘ § 150
A4 @: L / «window =
q y & 100
O’ Si0, sio,
spots, were small and monodispersed, and almost no large 50
particles having the size of original CdS—<%4 nm) were
observed. Furthermore, CdS particles seemed to be incorporated 0
in the hollow SiQ shells, and void spaces were formed between 400 500 600 700 800
the CdS particles and SiGhells as indicated by the arrows. Wavelength / nm

The electron diffraction patterns of these particles before and Figure 3. Emission spectra of SigR)/CdS (a) before and (b) after
after monochromatic irradiation consisted of five clear diffrac- Size-selective photoetching with irradiation at 458 nm. The spectra were
tion rings corresponding to interplanar spacings of 0.34, 0.21, Measured in an agueous solution at pH 7. 0 (dotted lines) or in a 1.0
0.18, 0.15, and 0.11 nm, which were assignable to diffractions ?héiicrnglﬂgrr:r;;\:g}g(g)i)hz ;gl;eggg rfr?]'unon at pH 10 (solid lines).
from the (111), (220), (311), (400), and (422) planes, respec- '
tively, of the cubic structure of Cd®.Figure 2b shows typical  radiationless recombination sites in original CdS particles.
high-magnification images of Si)/CdS. CdS nanoparticles  Similar enhancement of emission induced by size-selective
are clearly recognized as a part of the lattice fringe. The fringe photoetching was observed for CdS nanoparticles without SiO
corresponds to the interplanar spacing of 0.33 nm assigned toshells in our previous studi. Although addition of Cé&" at
the (111) lattice plane of the cubic crystal structure. In our pH 7.0 caused almost no changes in emission, adjustment of
previous study, TEM analyses revealed that the application of the pH to 10 in the presence of additional?Cdh the solution
size-selective photoetching to SiGoated CdS nanoparticles increased the emission intensity in both particles. Furthermore,
made a jingle-bell structure on a nanometer séalsthough a sharp emission peak at 460 nm, assigned to band-gap emission,
clear images were difficult to obtain because of the increased appeared only from the photoetched sample. Henglein et al.
thickness of the Si@shell in SiG(2)/CdS compared with that  reported that addition of Gd to CdS colloid in an alkaline
of our previous study (Sig1)/CdS)16 the formation of a similar solution induced the appearance of band-gap emission along
structure by irradiation was strongly suggested in this study by with the enhancement of emission from surface defective ites.
the high-magnification images in Figure 2b; the photoetched They attributed this behavior to blocking of the radiationless
CdS particle is surrounded by a SiGhell, and a void space  recombination sites by a cadmium hydroxide (Cd(gHByer.
forms between CdS and SiOas depicted in schematic These facts indicate that the bare surface of a CdS core particle
illustrations in Figure 2b. This structure is quite different from exposed by photoetching was covered with a CdByer,
that of the original particles: SKICdS before photoetching had  resulting in the appearance of band-gap emission, whereas the
almost no void space inside the shell (not shown). surface of the CdS core in the original ${@)/CdS was
The size distributions of CdS core particles before and after protected by MPTS against the formation of a Cd(@ldyer.
the size-selective photoetching were measured by TEM. Thelt should be noted that such photochemical properties of CdS
original CdS nanoparticles had a broad size distribution with are influenced by the composition of the bulk solution, even
an average diametedy) of 4.9 nm and standard deviation)( though the Si@ shell separates them. This fact indicates that
of 0.6 nm, whereas irradiation at 458 nm resulted in a decreasethe SiQ shell surrounding the CdS core is sufficiently porous
in size, givingday = 2.7 nm ando = 0.3 nm. On the other  for small ionic species such as €dand OH- to penetrate from
hand, the Si@ shell obtained after irradiation at 458 nm the bulk solution to the interior of the Si&hell.
exhibited a relatively wide distribution witt,, = 5.0 nm and Dependence of the Rate of CdS Photoetching on the SiIO
o = 0.8 nm, which are very similar to those of original CdS Shell Thickness.Irradiation of 458-nm light onto Si@coated
nanoparticles, working as a template of the S#Dell. These CdS nanopatrticles having different shell thicknesses induced
facts show that the SiOshell structure remained unchanged blue shifts of the absorption spectra of CdS nanoparticles and
with size-selective photoetching without any shrinkage. The size finally gave an absorption onset at 460 nm and an exciton peak
of the void space was calculated as the difference between theat 430 nm, irrespective of the shell thickness. These results
average size of the photoetched CdS cores and that of the SiOindicate that the size of the photoetched CdS nanoparticles was
shells to be 2.3 nm. simply determined by the wavelength of the irradiated light used
Figure 3 shows the emission spectra of KYCdS before in size-selective photoetching. However, the rate of CdS
and after photoetching at 458 nm. At pH 7.0, only a weak broad photoetching was considerably influenced by the ;Séell
emission was observed for both particles in the range of thicknesses. Representative time-course curves are shown in
wavelengths from 500 to 800 nm with a peak around 650 nm, Figure 4a; the change in the absorbance at 458 nm of(§/O
which were attributed to the recombination of photogenerated CdS nanoparticles witk = 12 was slower than that witk =
charge carriers at the surface defect sites in CdS nanopar-2. Assuming that the absorption coefficient at 458 nm was the
ticles2627 The emission intensity was enhanced ca. 5 times by same as that of original CdS nanopatrticles in the early stage of
the photoetching, probably as a result of removal of the irradiation, the initial photoetching rateR{) of CdS was
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Figure 4. (a) Changes in absorbance at 458 nm for ${2CdS by
irradiation at 458 nm:x = 2 (open circles) and 12 (open squares).
Irradiation intensity was 0.24 mW crh Straight lines show the gradient

of absorbance change at the early stage of irradiation time. (b)
Relationship between the initial rate of photocorrosi®) (@and the
SiO; shell thickness. The initial concentration of CdS was 0.64 mmol
dmrs.

evaluated from the slope of a linear part of the relation curve
between absorbance and irradiation time. As shown in Figure
4b, it is clear that an increase in the valuexoh SiOx(x)/CdS
induced a remarkable decreas&jnBecause the photocorrosion
of CdS with photogenerated holes requires scavenging of
photoexcited electrons by electron acceptors, suchasn@

or MV?2* supplied from the bulk solution, the results shown in
Figure 4b suggest that the reduction of &d/or M\2+ by
photoexcited electrons in CdS is greatly retarded with an
increase in the Si@shell thickness, as a result of the lowered
probability of tunneling of the photogenerated electrons through
the SiQ shell and/or the decrease in the rate of@® MV2*+
penetration through the SpGhell wall.

Influence of the SiG, Shell Coverage on Size-Selective
Photoetching.Figure 5 shows FT-IR spectra of various kinds
of CdS nanoparticles used in this study. A broad absorption
band around 3300 cm and an absorption band at 2900 ¢m
were assigned to ©H vibrations of the absorbed,® and C-H
vibration in the alkyl chain of the surface modifiers, respectively.
An absorption band due to-9H vibration28 observed at 2560
cmt for pure MPTS and MPA, was absent in all cases,
indicating that thiol groups of MPTS and MPA were bound to
surface Cd' sites through Cd SR bond formation. The original
particles of SiQ(2)/CdS and MPA-Si@2)/CdS Puprs = 0.5)
showed a broad absorption band due teGi-Si vibration382°
appearing at 10001100 cnv?, whereas a sharp absorption band
at 1550 cmi! was observed in the case of MPA-modified CdS
and MPA-SIQ(2)/CdS and was assigned to vibration of the
carboxylate anion in MPA8 These results revealed that the
hydrolysis of MPTS and PETS gave a-$)—Si network as a
component of the Sigshell structure in Sigf2)/CdS and MPA-
SiO,y(2)/CdS, and for MPA-SIg{2)/CdS, moreover, a part of
the CdS surface was also modified with MPA as illustrated in

lwasaki et al.

(b)

Absorbance / a.u.

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / cm™’
Figure 5. FT-IR spectra of CdS nanoparticles coated with Sa@d
those modified with MPA. (a) Original particles of SiQ)/CdS, (b)
MPA-modified CdS, (c) MPA-Sig2)/CdS withPyprs = 0.5, (d) MPA-
SiOx(2)/CdS withPyers = 0.5 photoetched at 458 nm.

- 0 (a)
1
0
~60
Q (b)
10
0
60
300 L ! !
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Absorbance
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0
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Figure 6. Changes in absorption spectra of MPA-ZZ)/CdS during
size-selective photoetching with irradiation at 458 nRyprs = ()
0.5 and (b) 0.25. Irradiation time in the unit of minutes is indicated in
the figures. The initial concentration of CdS was 0.64 mmoidm

550

was blue-shifted (Figure 6a). The irradiation also induced

Scheme 1b, although the precise coverage by MPA cannot beremarkable changes in FT-IR spectra as shown in Figure 5d;

determined at present.
Size-selective photoetching of MPA-SIQ)/CdS Pyprs =

the absorption band at 1550 chdue to the carboxylate anion
almost disappeared, whereas that at 200000 cnt?! assigned

0.5) was successfully performed, and its absorption spectrumto the Si-O—Si vibration remained. These results indicate that
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Figure 7. Relationship betweefPyvprs and the absorbance of the
exciton peak after irradiation at 458 nm (circles) and at 436 nm
(triangles). The irradiation was performed on the solutions containing

0.64 mmol dm? CdS. 0 0
0 1 2 3 4 0 1 2 3 4

o [MVZ*] / umol dm™ [Rh**]/ umol dm™

MPA bou_nd on the CdS surface was ellmlr_late_d by the Figure 8. Changes in relative emission intensitjld) at 650 nm before
photoetching, possibly asa r_esult of the photOOX|dat|or_1 of thiol (solid circles) and after irradiation at 458 nm (open circles) as a function
groups to sulfonate or disulfide groups, but that the Silell of the concentrations of (a,b) MV and (c,d) RR*. The particles used
remained unchanged and prevented the coalescence of thevere (a,c) Sig2)/CdS and (b,d) MPA-Si@2)/CdS withPyprs = 0.5.
photoetched CdS core nanoparticles, i.e., the shell morphology
of MPA-SiO,(2)/CdS was modified to have windows in the $iO  not stabilized by the Si©shell and coalesced with each other
shell as illustrated in Scheme 2b. to give larger particles, which could absorb the irradiated

The size-selective photoetching behavior of MPA-$R)Y photons again because of the decrease of the energy gap and
CdS was greatly dependent on the valuéP@prs used in the then be subjected to further photocorrosion.
preparation. Figure 6 shows typical changes in absorption spectra Photochemical Properties of Si@-Coated CdS Nano-
of MPA-SIO,(2)/CdS nanoparticles witRyprs values of 0.5 particles Depending on Shell CoverageMPA-SiO,(2)/CdS
and 0.25 during size-selective photoetching with irradiation at showed only a broad emission around 650 nm, attributed to the
458 nm. The absorption spectrum in the cas®@frs = 0.5 recombination of surface defect sites, in an aqueous solution at
was blue-shifted with irradiation time, and finally the absorption pH 7.0, irrespective of eithd?yprs or photoetching of the CdS
onset agreed with the wavelength of irradiation light as in the core. Figure 8 shows changes in the relative emission intensity
case of SiQ(2)/CdS, whereas almost complete photocorrosion (I/1g) at 650 nm of SiQ(2)/CdS and MPA-SIQ(2)/CdS PwupTs
of CdS occurred in the case Bfjprs = 0.25 without any blue = 0.5) before and after size-selective photoetching with irradia-
shift of absorption onset. The absorbance of the exciton peaktion at 458 nm as a function of the concentration of electron
of CdS core obtained after size-selective photoetching with acceptors in the solution. The emission intensity decreased with
irradiation at 458 and 436 nm are plotted in Figure 7 as a increasing concentration of electron acceptors offvr RHT,
function of Pyprs. Similar tendencies were obtained, regardless i.e., they acted as quenchers. It is clear that the degree of
of the wavelength of irradiation light used for the size-selective quenching depends on the kinds of particles and quenchers. The
photoetching. APyprs = 0.3, CdS in MPA-SIQ(2)/CdS was guenching efficiency of original Sig2)/CdS with M\Z* was
successfully photoetched to the size expected from the wave-almost the same as that of the photoetched sample, whereas
length of irradiation light, indicating that the SiGshell the efficiency of MPA-SiIQ(2)/CdS was enhanced by the
surrounding the CdS core at high®yprs could prevent photoetching. The SterfVolmer plot, a plot ofl¢/I against the
coalescence between the photoetched CdS core particlesMV 2" concentration, was not linear (not shown), indicating that
although the absorbance of the photoetched particles decreasethe quenching rate was not controlled by the collision probability
slightly with decreasin®vers. The changes iRvprs can vary between the CdS particles and ®tvmolecules. This is similar
the size of the windows in the shell of the photoetched particles. to previously reported results for CdS nanoparticles withoug SiO
However, because the amount of MPA modified on a particle shells showing that M% adsorbed on hexametaphosphate-
cannot be determined, no information on the size of the windows stabilized CdS nanoparticles quenched their emission through
and their distribution was obtained in the present study. On the a static proces¥®
other hand, the monochromatic irradiation of MPA-ZZ)/CdS These results are interpreted by the characteristic shell
with Pypts values not greater than 0.25 caused a decrease instructure of photoetched MPA-SiQ2)/CdS particles; there seem
the absorbance of the whole wavelength region in a mannerto be windows in the shell wall that are large enough for the
similar to that shown in Figure 6b, and finally, the absorbance transportation of M¥". The original particles have no void
of CdS particles became almost zero, indicating that all CdS space inside the shell, i.e., the bare surface of CdS is not
nanoparticles were completely photocorroded. It has been well- exposed, and the emission quenching is therefore attributable
known that the size-quantized semiconductor nanoparticles areto the electron transfer to M/ adsorbed on the outer shell
unstable and remarkably inclined to coalesce into larger particlessurface. This is also the case for photoetched ,@XCdS
because of their large surface-to-volume ratio, resulting in the nanopatrticles, for which the Si&hells have no large windows
decrease of the energy gap of the particles, unless stabilizingand M2+ cannot reach the bare CdS core surface, resulting in
agents, such as thiol compounds and polyphosphate, arethe same quenching efficiencies even after photoetching. On
available3°-32 Therefore, these facts suggested that the shell at the other hand, photoetching of MPA-S{Q)/CdS produces a
lower Pyprs was weak enough to be destroyed during photo- window in the shell along with removal of MPA and the for-
etching procedures because of its higher porosity and/or thatmation of a void space. M¥ molecules can be adsorbed on
there were large windows to allow free passage of the photo- the bare CdS core surface and quench the emission more effi-
etched cores. Consequently, the photoetched CdS cores wereiently compared with M¥" adsorbed on the outer SiGurface.
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The above interpretation is also supported by the emission  (2) Giersig, M.; Ung, T.; Liz-Marzan, L. M.; Mulvaney, Rdv. Mater.
quenching behavior using Rh which is much smaller than 199(75)9,2'70" e Lo L bre T S0 DL S ;
2+ i _Qj lersig, M.; Liz-Marzan, L. M.; Ung, |.; su, D. S.; Mulvaney, P.
MV*". For bOth.SIQ(Z)/Cfd.S and MPA SIQZ.)/CdS’. Fhe . Bur. Bunsen-GesPhys Chem 1997 101, 1617.
photoetched particles exhibited larger quenching efficiencies (4) Rodriguez-Gonzalez, B.. Salgueirino-Maceira, V.: Garcia-Santa-
than did the original particles at a fixed concentration oFRh 1 aia) F- Liz-Marzan, L. MNano ,_etgzooz 2 471.

and the degrees of quenching in the presence and absence of (g Liz-Marzan, L. M.: Mulvaney, PJ. Phys. Chem. B003 107, 7312.

shell windows were similar. Because Rhis small, it can (6) Yin, Y.; Lu, Y.; Gates, B.; Xia, Y Chem Mater, 2001, 13, 1146.
penetrate through the shell walls even without windows onthem,  (7) sun, v. G.; Mayers, B. T.: Xia, Y. NNano Lett 2002 2, 481.
as seen for Gt going out through the Si©shell during the (8) Sun, Y. G.; Xia, Y. N.Anal. Chem 2002 74, 5297.
photoetching and OHreaching the photoetched CdS surface. (9) Kamata, K.; Lu, Y.; Xia, Y.J. Am Chem Soc 2003 125, 2384.
Thus, the shell structure did not have a marked influence on (10 Lee, K. T.; Jung, Y. S.; Oh, S. M. Am Chem Soc 2003 125
emission quenching with Rh. 5652.
(11) Marinakos, S. M.; Novak, J. P.; Brousseau, L. C.; House, A. B.;

Conclusions ngkgsliéM.; Feldhaus, J. C.; Feldheim, D. L.Am Chem Soc 1999

The effects of the thickness and morphology of S#Qells (12) Marinakos, S. M.; Anderson, M. F.; Ryan, J. A.; Martin, L. D.;

surrounding CdS nanoparticles on size-selective photoetchingFeldheim, D. L.J. Phys Chem B 2001, 105 8872.

behavior and photochemical properties of CdS nanoparticles (13) Makarova, O.V.; Ostafin, A. E.; Miyoshi, H.; Norris, J. R.; Meisel,

were clarified. Size-selective photoetching resulted in exposure P- J- Phys Chem B 1999 103 9080. _

of the bare surfaces of the CdS core particles as well as the_ (14) Kokiysh, D. S.; Liang, X. R.; Yun, B. G.; Pastoriza-Santos, |.; Matts,
. . ._R. L.; Giersig, M.; Serra-Rodriguez, C.; Liz-Marzan, L. M.; Kotov, N. A.

formation of a VO.Id space between the core and. the shell. Th.IS Adv. Funct Mater. 2002 12, 255.

could not be achieved by conventional preparation methods in  (15) kim, M.; Sohn, K.; Na, H. B.; Hyeon, TNano Lett 2002 2, 1383.

which surface modification or incorporation into solid and  (16) Torimoto, T.; Reyes, J. P.; lwasaki, K.; Pal, B.; Shibayama, T.;

polymer matrixes has been used for stabilization of size- Sugawara, K.; Takahashi, H.; Ohtani, 8.Am Chem Soc 2003 125,

quantized semiconductor nanoparticles2 and the bare sur- 316 _ . _

faces of particles could not be discovered. Because photo-Phgltg)chTe%'m;r:gvtoTb-i?olR%Sgﬁé r‘]]’].Z%(;)SM]':jer%,kggm’ S.; Pal, B.; OhtaniJB.

catalytic reactions can be driven on the surfaces of semi- : - :

conductor particles, a Sygroated CdS nanoparticle obtained We(ils? g ?lcl’i'\}isg'tgg"zugiFF;;h\QQ"(':ahn;ﬁ; E'zcd(;)f alglg'ggé‘ll:; zanchet, D

py siz'e-selglective pho'Foetching is a promising material for the (19) Schroedter, A.; Weller, H.; Eritja, R.; Ford, W. E.; Wessels, J. M.
investigation of chemical events occurring on the bare surface Nano Lett 2002 2, 1363.

of a semiconductor nanoparticle. Another interesting finding of ~ (20) Schroedter, A.; Weller, HAngew Chem, Int. Ed. 2002 41, 3218.
this study is that the photochemical properties of photoetched (21) Matsumoto, H.; Sakata, T.; Mori, H.; Yoneyama,JHPhys Chem
SiO,-coated CdS particles were controlled by the ratio of MPA 1996 100, 13781.

to MPTS used in the original CdS particles. Photoetching of _ (22) Torimoto, T.; Kontani, H.; Shibutani, Y.; Kuwabata, S.; Sakata,
CdS induced the elimination of MPA attached to the CdS core, T Morh H.; Yoneyama, HJ. Phys Chem B 2001, 105 6838.

resulting in the formation of windows in the shell through which ~ (23) Nosaka, Y.J. Phys. Chemi991, 95, 5054. o

MV 2+ molecules could penetrate inside the sdell. Control Dag:d')sm’g?frgggag&?nlgggfﬁ';?lso[rxgzr_'at'onal Center for Diffraction
of the w!ndow size can enable selective penetration depending (25) Torimoto, T.: Nishiyama, H.; Sakata, T.; Mori, H.. Yoneyama, H.
on the size of target substrates. Thus, the results presented herg ElectrochemSoc 1998 145, 1964.

should be useful for realization of molecular size-selective  (26) Resch, U.; Eychmuller, A.; Hasse, M.; Weller, llingmuir1992
photocatalytic reactions that have not been achieved by the8, 2215.

conventional semiconductor photocatalysts. Work in this direc- ~ (27) Spanhel, L.; Hasse, H.; Weller, H.; Henglein,JAAm Chem Soc

tion is in progress. 1987 109, 5649. o _ _
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