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Abstract 

 We present a general process that allows convenient production of bifunctional 

superparamagnetic-luminescent composite particles (CPs) by direct self-assembly of 

nanoparticles on host 3-µm silicon oxide microspheres (SiMS). Fe3O4 nanoparticles 

(FeNPs) can be directly assembled lay-by-lay (LBL) with a dithiol agent onto the host 

surface that modified high-density surface thiol groups through the strong 

coordination interactions between metal cations and thiol groups. The resulting 

structures can be further conveniently overcoated with a layer of normal silica with 

thiol groups to stabilize the assemblies and immobilize CdTe quantum dots (QDs). As 

the entire fabrication process does not involve complicated surface modification 

procedures, the rich thiol groups among FeNPs and CdTe QDs are not disturbed 

significantly. Therefore, core/shell/satellite structured SiMS/FeNPs/CdTe CPs retain 

their original properties including highly efficient superparamagnetic and 

luminescence. A home-made transparent sandwich device with solenoid coils (TSDSC) 

contained the aqueous dispersions of these CPs to observe reversible magnetically 

responsive transmittance and luminescence due to the particle chaining behavior in 

presence of an altering magnetic field (AMF). The results suggest that specific 

superparamagnetic and luminescence of nanoparticles can efficiently endued on 

microscale particles. Such assembly approach will provide the research community a 

highly versatile, configurable, scalable, and reproducible process for the preparation 

of various multifunctional structures. 

 

Keywords: core/shell/satellite; CdTe quantum dots; iron oxide nanoparticle; silica 

spherical particles; particle chaining behavior 
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Introduction 

 In recent years, core/shell-structured composite materials,[1] which combine 

with the advantageous properties of both materials of the core and the shell, have 

attracted increasing interest to materials scientists due to their unique physicochemical 

properties and great potential applications in the areas of rheology,[2] photonics,[3] 

catalysis,[4] biotechnology,[5] and nanotechnology[6]. These specific core/shell 

structures which possess the ability to be modified with different charges, functions, 

or reactive moieties on the surface with enhanced stability and compatibility provide 

an avenue for the synthesis of complex composite materials. Alternatively, various 

types of bifunctional or trifunctional core/shell materials, such as electronic/optical, 

electronic/catalytic, magnetic/electronic, etc., could be technically obtained.[7] 

Among these core/shell/satellite-structured composite materials are typical spherical 

particle, the structures comprise a core material, a shell layer, and the satellite 

particles for multifunctional particles [8]. These properties can be modified by 

choosing either the constituting materials or changing the ratio of the core to shell to 

satellite. The resulting composites often combine large spherical particles with 

nanoparticles (NPs). Fabricating core/shell nanostructures is based on the combination 

of solvent-controlled precipitation[9] and layer-by-layer (LBL) adsorption[10,11] of 

oppositely charged macromolecules on colloidal templates (cores). 
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 4 

 SiO2-coated particles have been attracted much attention, because these 

core−shell particles have potential applications in catalysis, drug delivery, and 

colloidal crystals.[12,13] As a coating material, SiO2 has many versatile properties. 

First of all, SiO2 is hydrophilic and negatively charged, which can prevent the 

aggregation of the colloidal particles. Hollow silica structures could be obtained by 

removing the core material via calcination or leaching, because the SiO2 is chemically 

very stable. Furthermore, SiO2 has also a tunable controlled porosity, biocompatibility, 

optical transparency, and mechanical stability to immobilize matal 

nanoparticles.[14−16] Thus, SiO2 is considered as an ideal and low-cost material that 

has already been used for coating on various core particles, such as metal colloids 

(e.g., Au, Ag),[17] magnetic particles (e.g., Fe3O4),[18] semiconductor nanocrystals 

(e.g., CdTe),[19] and polymers (e.g., polystyrene).[20−22] Among these particles, 

magnetite (Fe3O4) has been widely studied because of their potential applications as 

ferrofluids,[23−25] biological assays,[26] and chemical sensors.[27] In addition, 

Semiconductor quantum dots (QDs) could also serve as optical probes and 

biorecognition process for in vitro imaging with a number of advantages, for example, 

high emission intensity, photostability, and a single excitation wavelength for multiple 

colors over conventional dyes.  

 Multifunctional particles in the micrometer scale that exhibit two or more 
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 5 

different properties are highly desirable for many important technological 

applications.[28−31] For example, microspheres embedded with magnetic iron oxide 

nanoparticles and fluorescent quantum dots have been widely studied as a 

multiple-mode imaging contrast agents combining magnetic resonance with optical 

detection and biological targeting.[32,33] Although superparamagnetic and 

luminescent QDs preserve separately their irreplaceable properties, they cannot 

realize multiple functions. It is necessary to constitute a multifunctional nanoplatform 

by integrating multiple nanoparticle components into a single system by rational 

assembly and hybridization techniques. Multi- or bifunctional nanomaterials, in which 

several different materials are mixed on the nanoscale, can show not only combined 

properties of the original components but also possess novel and collective 

performances not seen in the original components.[34] In this work, we explore a 

LBL assembly technique for the fabrication of bifunctional (superparamagnetic and 

luminescent) composite nanostructures of microspheres. Briefly, 3-µm SiO2 

microspheres modified by thiol groups are first synthesized as adsorbent hosts, named 

as SiMS. Fe3O4 nanoparticles (FeNPs) are synthesized separately, and then efficiently 

assembled on the surface of SiMS by taking advantage of the high density thiol 

groups through LBL (using a dithiol linking agent)[23,35]. In order to improve the 

chemical stability of assembled FeNPs layers and water-dispersibility, the composites 
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particles (CPs) were further coated with a thin shell of mercapto-silica. Sequentially,  

CdTe QDs were deposited on the CPs for preparation of core/shell/satellite 

SiMS@FeNPs@CdTe CPs. (Scheme 1) The resulting CPs are dispersed in aqueous 

solution to encapsulate into a home-made transparent sandwich device with solenoid 

coils (TSDSC) to observe the superparamagnetic and luminescent properties. 

Chaining of magnetic nanomaterials has been reported in other media (e.g., water or 

insulating oils), soft condensed matter phases for example.[36, 37] Because of 

nontoxic, cheap and low viscosity, we dispersed CPs in water to result low response 

time in presence of magnetic field for commercial application. Upon applying an 

alternating magnetic field (AMF) to the TSDSCs, these CPs were strung with 

neighborhood particle in a linear feature along the direction of the AMF applying, 

resulting in significant change in transmittance and luminescence. These aqueous 

suspensions might be suitable for application in magnetodisplay applications.  

Experimental section 

Materials 

 Silica microspheres (SiMS, ca. 3 µm) were purchased from Polysciences. 

Tetraethyl orthosilicate (TEOS, 98%), 1,6-dimercaptohexane (cross-linking agent, 

DMH, 96%) and (3-mercaptopropyl)trimethoxysilane (MPS, 95%) were obtained 

from Sigma–Aldrich and purified through vacuum distillation prior to use. Iron(II) 
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 7 

chloride tetrahydrate (FeCl2·4H2O, 98%), iron(III) chloride hexahydrate (FeCl3·6H2O, 

97%), and aqueous ammonium hydroxide (NH4OH, 28%) were purchased from Acros 

Organics. Tellurium powder (Te, 99.99 %), and cadmium chloride hemipentahydrate 

(CdCl2·2.5H2O, 99%) were obtained from Sigma-Aldrich. Thioglycolic acid (TA, 

98%) and 2-mercaptoethanol were obtained from Fisher Scientific. All other 

chemicals and solvents were reagent grade and used without further purification.  

Synthesis of Core/Shell/Satellite SiMS/FeNPs/CdTe CPs 

 Scheme 1 illustrates the main strategy of synthesis for core/shell/satellite 

SiMS/FeNPs/CdTe CPs. Firstly, 3-µm SiMS (0.52 mg), dispersed in anhydrous 

toluene (10 mL) with stirring for 30 min, was heated at 80 °C with a oil bath under N2 

atmosphere. MPS (0.22 mL) was added dropwise into the SiMS solution to modify 

the SiMS with thiol groups for 60 min [38]. After and removing the supernatant 

solution, the resulting MPS-modified SiMS were collected with a centrifuge, and  

washed alternately with toluene and EtOH to remove excess MPS. The resulting 

MPS-modified SiMS were dried and redispersed in aqueous solution. FeNPs 

suspension (20 mL), synthesized according to a pervious study[39], was added 

dropwise slowly to the solution of MPS-modified SiMS (0.13 mg/mL) for 24 h. The 

samples, denoted as SiMS@FeNP1, were washed with water and EtOH to remove 

any unreacted components, and collected by a permanent magnet (0.48T). DMH (0.3 
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mL) in anhydrous toluene (10 mL) was added dropwise slowly to the aqueous 

solution of SiMS@FeNP1 (10 mL) for 30 min to modify the FeNP1 layer with thiol 

groups repeatedly on the surface.[40] The FeNPs solution was added dropwise to the 

DMH-modified SiMS@FeNP1 CPs to assemble second FeNPs layer onto the CPs, 

denoted as SiMS@FeNP2. The procedure, regarded as LBL technique, was repeated 

to assemble FeNPs multi-layers on the SiMS. The descriptor SiMs@FeNP(number) is 

employed herein to describe the species featuring various layers of FeNPs on the 

SiMS. The SiMS@FeNPs CPs were dispersed in the solution of EtOH and 

ammonium hydroxide solution (4:1 v/v), and purged with N2 for 20 min. Mixture of 

TEOS (0.04 M) and MPS (0.01 M) were added dropwise slowly into the solution of 

SiMS@FeNPs CPs for 3 h to generate a buffer layer with thiol groups onto the 

surface. The resulting sample was washed alternately with water and EtOH for three 

times to remove excess MPS. The MPS-modified SiMS@FeNPs@SiO2 CPs were 

redispersed in the water and kept in dark for further use.  

 In addition, black tellurium powder (1.02 mmol) was dispersed with 3.0 mL 

water in a flask to mix with NaBH4 (3.2 mmol) aqueous solution in ice bed for 2 h 

under negative room pressure to remove the product of H2. The entire mixture turned 

from black to colorless, indicating the formation of NaHTe. The resulting solution 

was added to a basic solution (pH 10) including cadmium chloride (2.3 mmol) and TA 
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(4.63 mmol) at 100
o
C for 20 h. The resulting samples were reprecipitated in acetone 

to collect CdTe QDs by centrifugation at 6000 rpm for 30 min. After the purification 

processes for three cycles, the TA-stabilized CdTe QDs were redispersed in water and 

kept in dark for further use. Hydrodynamic size of the CdTe QDs was ca. 7.4 nm, 

obtained by dynamic light scattering measurement (DLS, Malvern Nano-s90). The 

aqueous solution (10 mL) of TA-stabilized CdTe QDs was added dropwise to the 

aqueous solution (20 mL) of MPS-modified SiMS@FeNPs@SiO2 CPs with stirring at 

pH 11 for 4 h. The resulting samples were washed with water repeatedly after 

centrifugation to remove unreacted components. The CdTe QDs were immobilized 

onto the SiMS@FeNPs@SiO2 surface to form the core/shell/satellite structured CPs, 

denoted as SiMS@FeNPs@SiO2@CdTe. 

Characterization of SiMS@FeNPs@SiO2@CdTe CPs 

 Fourier transform infrared (FTIR) and UV–Vis spectroscopy were performed 

using a Digilab-FTS1000 instrument and a Jasco V-670 UV-Vis/NIR 

spectrophotometer. The photoluminescence measurement was performed with the 

Jasco FP-8500 instrument at 400 nm of excitation wavelength. The rhodamine 6 G 

(95 % quantum yield) was employed to integrate the luminescence intensities of the 

QDs and SiMS@FeNPs@SiO2@CdTe. X-ray diffraction (D2 PHASER X-ray 

Diffractometer, Bruker) was employed to analyze the crystallite size and structure of 
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 10 

these samples using Cu target radiation (300 W) over a 2θ range from 10 to 80°. The 

magnetic properties were measured at room temperature using a superconducting 

quantum interference device magnetometer (SQUID, Quantum Design, MPMS7). 

Scanning electron microscopy (SEM) and elemental analyses were performed using a 

field-emission scanning electron microscope (JEOL JSM-6500F) with energy 

dispersive X-ray spectroscopy (EDX). Transmission electron microscopy (TEM) 

images were obtained using a field-emission transmission electron microscope 

(Philips Tecnai G2 F20) operated at an accelerating voltage of 200 kV. The strength of 

the magnetic field was recorded using a Gauss meter (Lutron MG-3002 AC/DC 

magnetic meter). The confocal laser scanning microscopy (CLSM, Leica TCS SP5) 

was employed to observe the 3D distribution of luminescent and magnetic CPs in the 

absence and presence of AMF. The excitation light (Ar laser, wavelength 514 nm, 10 

mW) was exploited to observe luminescence of the samples in aqueous solutions.  

Fabrication of TSDSC Encapsulating Aqueous Solutions of 

SiMS@FeNPs@SiO2@CdTe CPs 

 We fabricated and performed of a sandwich structured magnetodisplay 

consisting a ring-shaped Teflon spacer (thickness: 100 µm; DuPont) between two 

transparent acrylic plates with Teflon coating (layer thickness: 60 nm; AF1600, 

DuPont; transparency : 90.6%) (Scheme 2). A solenoid coil (copper wire, resistance: 

Page 10 of 55Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



 11 

0.59 v/a; line width: 0.27 mm; coil diameter: 22 mm; number of coils: 60) was 

wrapped round the megnetodisplay to obtain the TSDSC. The solenoid coil was 

connected to a power supply (Twintex, TP-1303) and a function generator (Agilent 

Technologies, 33220A) linking with an amplifier (A.A. Lab Systems, A-303) to 

generate AMFs. The TSDSC were placed between a W–Kr lamp source (StellarNet, 

SL1) and an optical spectrometer (StellarNet CXR-25) equipped charge-coupled 

device (CCD; Toshiba, 3648-element) and integrating sphere (radius: 50 mm) to 

monitor the transmittance change in the range of wavelength from 350 to 2300 nm. 

The apparatus for the dynamic image acquisition system comprised an inverted 

microscope (Nikon Eclipse FN1) and a computer with the image processing software 

(Image-Pro Plus V7). Light was scattered by the dispersed CPs in the absence of 

AMF, leading to an opaque of TSDSC (Scheme 2). A transparency of TSDSC 

appeared with particle chaining in the presence of AMF. Various concentrations of 

the suspensions were injected into the area defined by the ring-shaped spacer and two 

acrylic sheets to evaluate the transmittance change between dispersing and chaining 

state. 5.8 wt % of aqueous solutions of CPs was determined as the optimal 

concentration to fill the TSDSC due to the apparent luminescence and transmittance 

change.  

Complex Magnetic Permeability of SiMS@FeNPs@SiO2@CdTe CPs 
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 Physical properties of nanostructures constructed of nanoparticles (NPs), which 

are those of neither the bulk metal nor the molecular components, strongly depend on 

the particle size, interparticle distance, nature of the protecting organic shell, and 

shape of the NPs [41]. The complex magnetic permeability is a useful tool for dealing 

with changes in physical property for SiMS@FeNPs@SiO2@CdTe CPs. The 

permeability was consists of a real part (in phase) and an imaginary part (out of phase) 

dependent on the frequency. For layered spherical particles, the complex magnetic 

permittivity (µcs) in the Clausius-Mossoti factor, can be described as [23, 42] 
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where R is equal to the ratio of radius as defined r2/r1, where r2 is the radius of the 

whole particle and r1 is the radius of the core particle. int
~µ  and ext

~µ  are the complex 

magnetic permittivities of the core and shell layer, respectively. In this study, the 

particles were driven by dipole–dipole interplay in a magnetic field; because they 

were required only to hide behind the neighboring tip particles, they traveled 

relatively short distances. By setting suitable parameters for the device thickness, 

particle size, and concentration of magnetizable composite particles, the response 

speed could reach values comparing favorably with those of the magnetodisplays.  
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Results and Discussions 

Characterization of SiMS@FeNPs@SiO2@CdTe CPs 

 Figure 1 represents the FTIR spectra of SiMS, MPS-modified SiMS, 

SiMS@FeNP5, SiMS@FeNP5@SiO2, SiMS@FeNP5@SiO2@CdTe, pure FeNPs and 

TA-modified CdTe QDs. It can be seen that the significant peaks for SiMS are 470, 

800, 1103, and 1240 cm
–1

, attributed to the characteristic absorption bands of the 

Si-O-Si stretching and the peak at 943 cm
–1

 representing Si–OH bonds [43]. The 

spectrum of the MPS-modified SiMS exhibits two bands in the ranges 2985−2825 and 

2600−2550 cm−1
, attributed to C−H and S−H stretching, respectively[42]. The 

significant peaks at 584 cm
-1

 is clearly shown after the FeNPs assembled onto the 

surfaces of the MPS-modified SiMS, attributed to the vibration of Fe–O bonds. The 

weak absorption bands at 2600−2550 cm−1
 appear after coating the SiO2/MPS layer as 

a buffer layer [44]. However, the stretching vibration of the thiol group disappeared 

with appearance of peaks at 1629 and 1419 cm
-1

 after immobilizing CdTe QDs onto 

the surface of these functional CPs, attributed to carboxyl stretching vibration and 

methylene scissoring vibration of TA components capped on the surface of CdTe QDs, 

respectively [45].  

 Figure 2a and 2b display the UV-vis and PL spectra of SiMS, SiMS@FeNP5, 

SiMS@FeNP5@SiO2, SiMS@FeNP5@SiO2@CdTe, pure FeNPs and CdTe QDs, 
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respectively. The absorption spectrum of SiMS@FeNP5 appears a broad absorption 

signal ranging from 330 nm to 550 nm, consistent with the absorption peak of FeNPs. 

(Figure 2a) The results suggest that assembled FeNPs with Fe–O–Si and Fe-S bonds 

sufficiently remained the original property of FeNPs [46]. A absorption peak at 603 

nm appeared after immobilizing the CdTe onto the SiMS@FeNP5@SiO2 surface, 

consistent with the absorption peak of pure CdTe QDs. Moreover, 

SiMS@FeNP5@SiO2@CdTe exhibited a maximum emission wavelength at 651 nm. 

(Figure 2b) Compared with pure CdTe QDs, immobilizing the CdTe QDs onto the 

SiMS@FeNP5@SiO2 surface led to ca. 13 nm of red-shift because of slight 

aggregation of CdTe QDs. Notable, the SiO2 layer provides a buffer between FeNPs 

and CdTe QDs to prevent the quenching effect [47, 48]. XRD patterns of the 

as-synthesized samples are shown in Figure 2c. It can be observed a broad signal in 

the range of 2θ values between 16.5° and 33.2°, a typical characteristic in the XRD 

pattern of amorphous silica. The appearance of several sharp diffraction peaks (lattice 

planes) are observed at the 2θ values of 30.2°(220), 35.8° (311), 43.3° (400), 57.1° 

(511), and 62.3° (440) after assembling FeNPs onto the SiMS, these peaks match well 

with standard Fe3O4 (JCPDS No. 88-0866) in face-centered-cubic phase. The 

nanocrystal structure of assembled FeNPs onto the SiMS surface is remained 

sufficiently. The pattern of SiMS@FeNP5@SiO2@CdTe exhibits three extra 
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diffraction peaks (lattice planes) at the 2θ values of 25.6°(111), 40.2°(220) and 

47.2°(311) consistent with the cubic structure of CdTe QDs (JCPDS No. 65-1046). 

According to the lattice plane (311) of Fe3O4 and (111) of CdTe and the, 15.2 nm and 

7.3 nm of their nanocrystal sizes could be obtained, respectively, by calculating with 

Scherrer equation [49]. 

 Figure 3a shows the typical magnetization curves of FeNPs, SiMS, 

SiMS@FeNP5, SiMS@FeNP5@SiO2, and SiMS@FeNP5@SiO2@CdTe at 298 K. 

The saturation magnetizations of FeNPs, SiMS@FeNP5, SiMS@FeNP5@SiO2, and 

SiMS@FeNP5@SiO2@CdTe were 66.3, 39.4, 33.8, and 30.5 emu g
–1

, respectively. 

Although the saturation magnetizations of these CPs were smaller than that of pure 

FeNPs, weight ratios of the FeNPs to these CPs was extremely low (below 0.2 wt%). 

The saturation magnetizations of these particles were examined in dry state. In 

general, FeNPs may aggregate in dry state due to hydroxyl groups of the surface. The 

FeNPs assembled on the CPs could remain their dispersing without serious 

aggregation in dry state. On the other hand, nonmagnetic 3-µm SiMS could possess 

highly efficient magnetic behavior by assembling FeNPs as shell on the surfaces. 

Note that the saturation magnetization decreased slightly after modifying the 

SiMS@FeNP5 with SiO2 layer and CdTe QDs, because of the increase in the content 

of nonmagnetic materials. The inset shows the hysteresis loops of these CPs, indicated 
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that all of the CPs exhibited typical superparamagnetic behavior. Pure FeNPs display 

a slight magnetic hysteresis, because of the aggregation of FeNPs in dry state. 

Moreover, Figure 3b illustrates the magnetic separation and redispersion process of 

the SiMS@FeNP5@SiO2@CdTe CPs under normal light and 365 nm excitation. In 

absence of an external magnetic field, the solution of the as-synthesized the 

SiMS@FeNP5@SiO2@CdTe CPs is brown and red under both normal light and UV 

irradiation in the aqueous solution. When a magnetic field (permanent magnet, 0.48T) 

is placed near the solution for 5 s, the CPs are attracted and accumulated toward the 

magnet, and the bulk solution becomes a clear phase, indicating that magnetic 

separation occurs. After the magnet was removed and followed by vigorous stirring, 

the aggregated CPs were quickly redispersed in water. These results suggest that our 

CPs can find potential applications in magnetic guiding and separation.  

 Figure 4 displays the SEM images of these CPs. Bare SiMS (diameter: 3 µm) 

had smooth spherical surfaces (Figure 4a). After modifying the silica surface with 

MPS, a thin-film–like layer appeared on the surface with presence of C (11.62%) and 

S (1.28%) atoms, obtained from EDX analysis (Figure 4b). For the SiMS@FeNPs 

CPs, we observed an increasingly pebble-like appearance upon increasing the FeNPs 

layers on the surface, suggesting that the coverage of FeNPs increased gradually on 

the SiMS surface (Figures 4c–4e). The surface roughness of the particles decreased 
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abruptly after assembled the TEOS/MPS layer onto the shell surface of 

SiMP@FeNP5 with presence of C (13.24%) and S (0.96 %) atoms (Figure 4f). The 

pebble-like structure reappeared after immobilizing CdTe QDS onto the 

SiMS@FeNP5@SiO2 CPs with presence of Cd (0.46%) and Te (0.26 %) atoms 

(Figure 4g). Figure 5 presents TEM images of MPS-modified SiMS, SiMS@FeNP1, 

SiMS@FeNP3, SiMS@FeNP5, SiMS@FeNP5@SiO2@CdTe. Relative to structure of 

the bare SiMS, a semi-transparent thin film (ca. 5 nm) surrounded them after 

treatment with MPS (Figure 5b). Thicker layers of FeNPs gradually formed as a shell 

structure upon increasing the cycles of LbL assembly of FeNPs (Figures 5b–d). We 

calculated shell thicknesses of 16 ± 8, 27 ± 8, and 45 ± 8 nm for SiMS@FeNP1, 

SiMS@FeNP3, and SiMS@FeNP5, respectively, using Gatan Digital Micrograph 

software. The satellite-like distribution [50] of CdTe QDs were clearly observed upon 

the SiO2/MPS layer for the SiMs@FeNP5@SiO2@CdTe (Figure 5e). The thickness of 

the SiO2/MPS layer was approximately 20-30 nm, and average size of the QDs was ca. 

7-10 nm (Figure 5f insert). In addition, Figure 5f displays the high resolution TEM 

(HRTEM) of FeNPs and CdTe layer upon the CPs. The lattice fringes with d-spacing 

was ca. 0.294 nm, consistent with the (220) lattice planes of Fe3O4 (Figure 5f left). 

The selected area electron diffraction (SAED) pattern in the Figure 5f inset represents 

the feature of FeNPs [51]. The lattice fringes with d-spacing of 0.361 nm correspond 
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to the (111) lattice planes of CdTe QDs. 

 We examined the superparamagnetic and highly efficient luminescence of the 

CPs with the TSDSC by a particle chaining behavior in the presence of an AMF. 

Figure 6 presents top-view optical microscopy (OM) images, parallel to the AMF, of 

the TSDSC encapsulating aqueous solutions of CPs (5.8 wt%) in the absence (left) 

and presence (right) of an AMF (field strength: ca. 87.5 gauss; frequency: 980 Hz). 

Because bare SiMS were non-magnetized, these particles remained their original 

status after applying the AMF (Figure 6a). SiMS@FeNPs were strung together in a 

line to form darker particles, resulting in the increase of open area in the TSDSC. 

Figures 6b–d reveal that number of darker SiMS@FeNPs CPs and open area of the 

TSDSC increased simultaneously with the FeNPs layers. Interestingly, the open area 

for SiMS@FeNPs CPs was increased significantly under the AMF, indicated that 

coating SiO2/MPS layers onto the SiMS@FeNPs CPs enhanced the particle chaining 

behavior (Figure 6e). The presence of SiO2/MPS layers provided the spacing among 

the CPs to avoid the random aggregation under the AMF. The open area did not 

change significantly for SiMS@FeNP5@SiO2@CdTe due to nonmagnetic CdTe QDs 

(Figure 6f). Using Image-Pro Plus software (Media Cybernetics), we counted the 

number of particles per area (170 × 130 µm
2
) directly from the top-view images of the 

TSDSC. We set the concentration of the testing suspension at 1.72 × 10
8
 particles 
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mL
–1

 in each case. Moreover, we defined a chaining ratio (CR) to express the degree 

of particle chain formation in the TSDSC window, and calculated the open area ratio 

(OARs) to accurately describe the performance of the TSDSC.[52] Table 1 lists the 

CRs, OARs and contrast for all samples in the dispersing and chaining states. The 

CRs increased gradually from 0 to 69.23% upon increasing the FeNPs shell to five 

layers. CRs reached to ca. 82 and 88.46% for SiMS@FeNP5@SiO2 and 

SiMS@FeNP5@SiO2@CdTe, respectively. The results suggest that both of layer 

number of FeNPs and the buffer layer are the important factors to enhance the particle 

chaining behavior. Contrasts of the TSDSCs, defined as the difference of OARs 

between dispersing and chaining state, reached to 63.7 and 66.7 % for SiMS@FeNP5 

and SiMS@FeNP5@SiO2@CdTe CPs, respectively. Moreover, transmittances of the 

TSDSCs in the dispersing and chaining states at a wavelength of 550 nm for all 

samples were also recorded in the Figure 6g. The transmittance change from 

dispersing to chaining state for SiMS@FeNP5@SiO2@CdTe CPs reached to 66.2 %, 

closed to the difference of OAR. The magneto-responsive transmittance could be 

reversible for 20 cycles at least, indicated that core/shell/satellite structured CPs, 

immobilized on the surfaces by covalent bonds, were stable. In addition, CLSM was 

exploited to observed the magneto-responsive luminescence in aqueous solutions with 

three-dimensional (3D) images. Figure 7a represents the top- (XY plane) and 
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side-view (XZ and YZ plane) CLSM images for SiMS@FeNP5@SiO2@CdTe CPs in 

the absence of AMF. Apparent red luminescence in the Figure 7a represent the 

well-dispersed CPs in the TSDSC with low OAR (XY plane image). The CPs 

precipitated to stack obviously upon the bottom of TSDSC in the absence of AMF 

(XZ and YZ planes of side-view image). In the presence of AMF, the OAR increased 

significantly due to the particle chaining behavior (XY plane image in Figure 7b). The 

suspended CP chains in the aqueous solution without precipitation could be seen 

clearly in the XZ and YZ plane images. The results suggest that the precipitated CPs 

upon the bottom of TSDSC can be driven to suspend and chain linearly in the aqueous 

solution with an AMF. 

 Figure 8a displays the dependence of the transmittance at a wavelength of 550 

nm in the presence of AMFs with various frequency from 1 to 4000 Hz.  

Transmittances of the TSDSCs increased abruptly to a maximum value upon 

increasing the frequency to 980 Hz, but decreased slowly over 980 Hz for all CPs. 

The frequency corresponding to highest transmittance for individual sample did not 

shift significantly with number of the FeNPs layers, suggesting that assembling 

FeNPs as shells on the microspheres still remained the stable magnetic property. 

Therefore, 980 Hz of frequency was determined to generate the optimal formation of 

particle chains. Moreover, the aqueous solutions of SiMS@FeNP5@SiO2 and 
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SiMS@FeNP5@SiO2@CdTe could generate the highest transmittance among these 

CPs, consistent with the results of OM observation. In addition, the transmittances of 

the TSDSC increased approximately linearly upon increasing the magnetic field to 

87.5 gauss, but reached plateaus between 87.5 and 107.2 G. (Figure 8b) However, the 

transmittance decreased abruptly with tuning field strength to 128.6 G. When the 

hydrodynamic resistance was less than the induced force of the AMF [53], the 

particles aggregated irregularly leading to precipitation of the particles. Therefore, the 

optimal field strength range of AMFs for manipulation of these CPs was between 87.5 

and 107.2 G (applied current: 2.0–2.5 A). In the presence of AMF, particle chaining 

can be influenced by two different mechanisms including Néel relaxation and the 

Brownian relaxation [54, 55]. Néel relaxation is caused by the free and rapid rotation 

of the magnetic dipole moment inside the smaller nanoparticles; Brownian relaxation 

is that the reorientation of magnetic dipole is blocked inside the particles, on the other 

hand, the entire particles must physically rotate in the suspensions. It is the widely 

known that Néel and Brownian rotation is depending on the agility, size, and shape of 

the cluster [56]. Using Eqs. (1) we calculated the complex magnetic permeability and, 

thereby, evaluated the degrees of magnetization of the CPs in response to AMFs. The 

complex magnetic permeability can be divided to two parts: a real part (χ', in phase), 

representing the energy storage capability, and an imaginary part (χ", out of phase), 
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symbolizing the magnetic energy loss; these components are related to the loss 

tangent [tanδ = χ"/(1 + χ')]. Figure 9a plots the real and imaginary parts of the 

complex magnetic permeability with respect to the frequency of the AMF having a 

field strength of 87.5 gauss for FeNPs and these CPs. The value of χ' remained at a 

plateau in the frequency range between 1 and 100 Hz under the AMF for FeNPs; it 

decreased abruptly, however, upon increasing the frequency beyond 200 Hz, 

indicating that the degree of magnetization of the FeNPs in response to the AMF had 

also decreased abruptly. The value of χ' reached close to zero when the frequency 

reached 10,000 Hz. For the CPs, the value of χ' remained at a plateau in the frequency 

range between 1 and 300 Hz, wider than that for FeNPs, under the AMF. The results 

indicate that the assembling FeNPs as shells could enhance energy storage capability 

and stability without Brownian rotation. In addition, the value of χ" reached its 

maximum value at a frequency of approximately 700 Hz, indicating the maximum of 

the dissipative processes in the FeNPs or irreversible movement of the domain wall. 

The frequency corresponding to maximum value of χ" shifted to 1200 Hz for the CPs. 

The results indicate that Néel relaxation for the assembled FeNPs layers on the CPs 

are retarded. The behavior of the magnetic dipole moments for the CPs was 

determined predominately by Néel relaxation under AMFs in the range of frequency 

from 0 to 10,000 Hz. When the frequency of the AMF was greater than 10,000 Hz, the 
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Néel rotation of magnetic dipole moment could not keep up with the frequency. The 

magnetodisplay was heating slightly above 10,000 Hz, which could be attributed to 

the aggregation of CPs. Moreover, the energy dissipation of the magnetic particles 

could be described in terms of the loss tangent (loss factor). The loss tangent followed 

a trend similar to that of the imaginary part for all samples, indicating the frequency 

limitation of Néel rotation [56].(Figure 9c) Note that the values of χ' and χ" are also 

relative to the weight ratio of FeNPs to the CPs. 

 Moreover, we evaluated the response time of the change in transmittance under 

the AMF of 87.5 gauss at a frequency of 980 Hz. Figure 10a displays the 

transmittances of the TSDSC encapsulating the aqueous solutions of CPs in real-time 

over three stages: from 0 to 10 s in the absence of AMF, within 30 s of switching on 

the AMF having a field strength of 87.5 gauss and a frequency of 980 Hz and within 

50 s of switching off the AMF. The transmittance of the TSDSC encapsulating 

aqueous solutions of SiMS@FeNP5, SiMS@FeNP5@SiO2 and 

SiMS@FeNP5@SiO2@CdTe increased instantly upon switching on the AMF. The 

transmittance of the SiMS@FeNP5@SiO2@CdTe solution increased from ca. 14 to 

77% instantly upon switching on the AMF within 5 s. In the presence of AMF, the 

transmittances of SiMS@FeNP5, SiMS@FeNP5@SiO2 and 

SiMS@FeNP5@SiO2@CdTe solutions remained stable at their plateaus within the 
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period from 5 to 40 s. For aqueous solutions of these CPs, the transmittance decreased 

abruptly—from 77 to 18%, slightly higher than the initial transmittance—immediately 

after switching off the AMF; during the next 50 s (40–90 s in real-time), their 

transmittance remained stable without sedimentation. The transmittances did not 

return to their initial transmittance completely after switching off the AMF within 

50-s period. Note that precipitate of CPs occurred gradually after switching off the 

AMF, resulting in gradual decrease of the transmittance to approach their initial 

transmittance for ca. 3 hr. For SiMS@FeNP1 and SiMS@FeNP3 solutions, the 

response time to reach the maximum transmittances were approximately 24 and 22 s 

after switching on the AMF, respectively, due to lower weight ratio of FeNPs to the 

CPs. The transmittance also decreased immediately after switching off the AMF. 

These observations suggest that all CPs exhibit superparamagnetism in the solutions 

without residual magnetic dipole moment. The transmittance change for 

SiMS@FeNP5@SiO2@CdTe solution reached over 73 %, which may meet the 

request for display application. Figure 10b displays photographs of the TSDSC 

encapsulating the aqueous suspension of SiMS@FeNP5@SiO2@CdTe (5.8 wt%) in 

the absence of AMF under normal light and 365 nm excitation. The CPs were 

well-dispersed in the solution, resulting in a brown color (opaque) of the TSDSC 

(Figure 10b left). The pattern behind the TSDSC could not be recognized completely 
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by the naked eye because the dispersive particles blocked the normal light traveling 

through the TSDSC. In addition, the TSDSC exhibited red luminescence under 365 

nm excitation (Figure 10b right). The pattern (NTUST’s logo) could be clearly seen 

after applying the AMF (980 Hz and 87.5 gauss) for 10 s, indicating a significant 

increase in transmittance.(Figure 10c left) In addition, the particle chaining behavior 

resulted the increase of OAR in the presence of AMF. Intensity of red luminescence 

of the TSDSC decreased significantly from the top-viewing. (Figure 10c right) The 

results showed that the CPs displayed a strong red emission and superparamagnetic 

behavior at room temperature; therefore, the CPs is expected to find many potential 

applications in display fields. 

Conclusion 

 We reported the synthesis of core/shell/satellite CPs with bifunctional 

magnetic-luminescent property. Superparamagnetism of FeNPs and luminescence of 

CdTe QDs are generally exhibited for nanoscale particles. Assembling napaericles as 

nanocrystal shells could endue these remarkable specific properties on microscale 

particles. A home-made TSDSC encapsulating with these aqueous solution of CPs 

exhibited significant change in transmittance and luminescence due to particle 

chaining behavior in presence of an AMF. Because of the superparamagnetism, the 

transmittance and luminescence of the TSDSC could be switched reversibly without 
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residual magnetic dipole. The as-prepared bifunctional CPs combined the advantages 

of superparamagnetism and luminescence, which will find extensive application in 

magnetodisplay. Many complex composite nanostructures with tailored functions can 

be efficiently produced by using this versatile approach. 
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Figure captions 

Figure 1: FTIR spectra of SiMS, MPS-modified SiMS, SiMS@FeNP5, 

SiMS@FeNP5@SiO2, SiMS@FeNP5@SiO2@CdTe, pure FeNPs and 

TA-modified CdTe QDs. 

Figure 2: (a) UV-vis, (b) PL spectra and (c) XRD patterns of SiMS, SiMS@FeNP5, 

SiMS@FeNP5@SiO2, SiMS@FeNP5@SiO2@CdTe, FeNPs and CdTe QDs. 

Figure 3: (a) Magnetization curves, measured using a SQUID at room temperature, of 

FeNPs, SiMS, SiMS@FeNP5, SiMS@FeNP5@SiO2, and 

SiMS@FeNP5@SiO2@CdTe. (b) Photographs of aqueous solutions of the 

as-synthesized SiMS@FeNP5@SiO2@CdTe CPs in the absence and 

presence of a permanent magnet (0.48T) under normal light and UV 

irradiation. 

Figure 4: SEM images of (a) SiMS, (b) MPS-modified SiMS, (c) SiMS@FeNP1, (d) 

SiMS@FeNP3, (e) SiMS@FeNP5, (f) SiMS@FeNP5@SiO2, (g) 

SiMS@FeNP5@SiO2@CdTe. 

Figure 5: TEM images of (a) MPS-modified SiMS, (b)SiMS@FeNP1, 

(c)SiMS@FeNP3, (d) SiMS@FeNP5 and (e)SiMS@FeNP5@SiO2@CdTe. 

(f)HRTEM of (e), assembled FeNPs layers of the inner shells (left, insert is 

SAED pattern) and CdTe QDs layer of the outer shell (right). 

Page 36 of 55Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



 37

Figure 6: OM images of aqueous solutions (5.8 wt%) of (a) SiMS, (b) SiMS@FeNP1, 

(c) SiMS@FeNP3, (d) SiMS@FeNP5, (e) SiMS@FeNP5@SiO2, and (f) 

SiMS@FeNP5@SiO2@CdTe in the absence (left) and presence (right) of 

AMF (frequency: 980 Hz, strength: 87.5 gauss). (g) Transmittances at a 

wavelength of 550 nm of TSDSC (thickness: 100 µm) encapsulating 

aqueous solutions of these CPs in the absence and presence of AMF. 

Figure 7: CLSM images including XY (middle; top-view), XZ (below, side-view) and 

YZ (right, side-view) plane images of the TSDSC encapsulating aqueous 

solutions of the as-synthesized SiMS@FeNP5@SiO2@CdTe in the (a) 

absence and (b) presence of AMF.  

Figure 8: Transmittances of TSDSC encapsulating aqueous solutions of these CPs in 

the presence of AMF, plotted with respect to (a) the field frequency from 

1-4000 Hz at the field strength 87.5 gauss and (b) the field strength from 

0-128.6 gauss at the frequency 980 Hz.  

Figure 9: (a) Real (µ'),  (b) imaginary (µ") parts of complex magnetic permeability 

and loss tangent (tanδ) of SiMS, SiMS@FeNP1, SiMS@FeNP3, 

SiMS@FeNP5, SiMS@FeNP5@SiO2, SiMs@FeNP5@SiO2@CdTe, and 

pure FeNPs plotted with respect to the frequency of the AMF.  

Figure 10: (a) Transmittance of TSDSC encapsulating aqueous solutions of these CPs 
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in real-time over three stages: from 0 to 10 s in the absence of AMF, within 

30 s of switching on the AMF having a field strength of 87.5 gauss and a 

frequency of 980 Hz and within 50 s of switching off the AMF. (b) 

Photographs of TSDSC encapsulating aqueous solution of 

SiMS@FeNP5@SiO2@CdTe in the (b) absence and (c) presence of AMF 

(frequency: 980 Hz, field strength: 87.5 gauss) for 10 s under normal light 

(left) and UV irradiation (right). 
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Scheme 1. Schematic representation of preparation of core/shell/satellite structured SiMS@FeNPs@SiO2@CdTe CPs. 
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Scheme 2 Cartoon representations of TSDSC, fabricated with a Teflon layer and 

spacer coating onto two acrylic plates, placed into a solenoid coil, in the dispersing 

state (the CPs dispersed randomly in the suspension) and the chaining state (the CPs 

polarized by applying an AMF, resulting in the formation of particle chains).  
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Table 1 Number of the particles, CRs, OARs and contrast determined from top-view OM images in dispersing and chaining states 

Particle 
Particle Counts

a
 

CR
d
 (%) 

OAR
e
(%) 

Contrast
f
 (%) 

Dispersing state
b
 Chaining state

c
 Dispersing state

b
 Chaining state

c
 

SiMS 2700 ± 100 2700 ± 100 0 0.8 0.8 0 

SiMS@FeNP1 2500 ± 100 2100 ± 100 16.00 ± 0.04 0.9 31.5 30.6 

SiMS@FeNP3 2700 ± 100 1600 ± 100 40.74 ± 0.04 1.1 46.7 45.6 

SiMS@FeNP5 2600 ± 100  800 ± 100 69.23 ± 0.04 0.9 64.6 63.7 

SiMS@FeNP5@SiO2 2500 ± 100  450 ± 100 82.00 ± 0.04 1.1 67.3 66.2 

SiMS@FeNP5@SiO2@CdTe 2600 ± 100  300 ± 100 88.46 ± 0.04 0.8 67.5 66.7 
a
 Number of particles counted directly by Image Pro Plus software from top-view images over an area of 170×130 µm

2
. 

b 
Original state of TSDSC in the absence of magnetic fields. 

c
An AMF with 87.5 gauss of field strength and 980 Hz of frequency was applied on the TSDSC. 

d 
Chaining ratio (CR) = %100×

−

N

NN p
, where N and Np the number of particles directly counted in top-view images recorded in dispersing and 

chaining states, respectively. 

e
Open area ratio (OAR) is defined as %1001 ×








−

A

Am , where A and Am represent the total area of the TSDSC and the area of isolated chained 

particles, respectively, as measured from top-view images. 

f 
Contrast = difference of OAR in the dispersing and chaining state.
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Figure 3 
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Figure 4 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Page 45 of 55 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



 46 

(e) 
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Figure 5 

(a) 
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(d) 
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Figure 6 
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Figure 7 

(a) 

  
(b) 
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Figure 8 
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Figure 9 
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Figure 10 

(a) 

0 10 20 30 40 50 60 70 80 90

10

20

30

40

50

60

70

80 Off

 

T
ra

n
sm

it
ta

n
ce

 (
%

)

Response time (s)

 SiMS@FeNP5@SiO
2
@CdTe

 SiMS@FeNP5@SiO
2

 SiMS@FeNP5

 SiMS@FeNP3

 SiMS@FeNP1

 SiMS

On

 

(b) 

 

(c) 

 

 

Page 54 of 55Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



 55

Table of Contents: 

Bifunctional superparamagnetic-luminescent 
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metal cations and thiol groups for magnetodisplay 

applications  
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