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Construction of bi-functional inorganic–organic hybrid nanocomposites†
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Single system bi-functional inorganic–organic hybrid nano-

composites, PB@SiO2@BTC@Ln (PB ¼ Prussian blue, BTC ¼
benzene tricarboxylate; Ln ¼ Tb(III)/Sm(III)) having a PB

magnetic core and a luminescent lanthanide probe, show super-

paramagnetic behavior and significant enhancement in luminescence

intensities.
Inorganic magnetic nanoparticles (NPs) have been widely studied in

recent years because of their high surface to volume ratio and high

surface spins; they have applications in data storage, magnetic

recording devices and biomedicine and are expected to be useful in

future spintronics.1 Nanocomposites with dual functionalities such as

fluorescent-photostability and magnetism can be applicable in

different advanced technologies, like magnetic resonance imaging of

various biological systems including separation and detection of

cancer cells,2 bio-labeling3 and bio-sensing.4 Bi-functional composites

consisting of a polymer coated Fe2O3 superparamagnetic core and

a luminescent CdSe/ZnS quantum dots (QDs) shell or CdTe QDs on

the surface were reported.5 The presence of Cd in these systems

severely restricts their use in medical and biological applications.

Recently, Ln(III) ions have been used as an alternative emitting

source material.6 An inorganic–organic hybrid nanocomposite

containing a magnetic inorganic core attached to light emitting

Ln(III) ions through a organic linker may be a better substitute

for Cd-containing quantum dots in many applications.7,8 Prussian

blue (PB) and its analogues composed of transition metal

hexacyanometallates with the general composition of Ai
m+[B(CN)6]

n�

are an important class of molecular magnet and exhibit versatile

magnetic behavior depending on their constituents and ratios of

transition metal ions.9 In addition, the size and shape dependent

magnetic properties exhibited by these materials10 generated a great

deal of interest in their synthesis at nanoscale dimensions. Mann et al.

have reported the synthesis of hydrophobic PB nanoparticles in

a reverse microemulsions technique11 and later the synthesis and

size dependent magnetic properties of PB nanoparticles using

a homopolymer, poly(vinylpyrrolidine) (PVP), as a protective

matrix was documented by Kitagawa et al.12 In this communication,

we report the design and synthesis of inorganic–organic hybrid

nanocomposites, PB@SiO2@BTC@Ln, with dual functionality

combining the optical and magnetic properties associated with the

magnetic PB core and the luminescent lanthanide (Tb(III) or Sm(III))
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probe using silica spheres and an organic linker, benzene tricarbox-

ylate (BTC).

The hybrid nanocomposite was fabricated in four steps

(Scheme 1): (i) synthesis of PB nanoparticles using a PVP homo-

polymer matrix, (ii) coating of the PB nanoparticles with silica, (iii)

attachment of the organic linker, BTC, on the silica surface, and

finally, (iv) connecting of the Ln(III) ions with the resulting hybrid

nanocomposite ligand. Here, we have used the silica coating for three

reasons: it enhances the chemical stability5,13 of the uncoated PB

nanoparticles, surface silanol groups can covalently link with the

different organic alcohol and acid molecules, and it can also produce

stable dispersions in solvents having strong H-bonding affinity.

PVP protected PB nanoparticles were synthesized according to the

procedure reported elsewhere (see ESI†).12 A TEM image of the PB

nanoparticles shows that the particle size are in range of 2–3 nm

(Fig. S1†). The synthesized PB nanoparticles were coated with silica

using the Stöber process, which is a well known method for silica

coating.14 The condensation rate of silica strongly depends upon the

water content of the system and within 30 min the silica coating

started to form around the PB nanoparticles. Vigorous stirring was

continued throughout the reaction to ensure the uniform formation

of the nanocomposites. The adsorbed PVP on the PB nanoparticles

functions as a primer to promote the adhesion and condensation of

silica. The IR spectrum of PB@SiO2 shows four distinct bands

around 1058 cm�1, 1652 cm�1, 2066 cm�1 and a broad absorption

band around 3400 cm�1, associated with n(Si–O), n(C]O) (from the

amide carbonyl of PVP), n(C^N), and n(O–H) stretching frequen-

cies, respectively (Fig. S2†).15 The broad band around 3400 cm�1

confirms the presence of a large number of –OH groups on the

surface of the core/shell PB@SiO2 nanoparticles. The PXRD pattern

of PB@SiO2 is shown in Fig. 1(a), which exhibits a similar pattern to

that of the PB as well as PVP protected PB nanoparticles (ESI†).16
Scheme 1 Schematic diagram for the stepwise synthesis of inorganic–

organic hybrid bi-functional nanocomposites PB@SiO2@BTC@Ln

(bottom left: the probable binding mode of the BTC with Ln(III) in

hybrid nanocomposite).
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Fig. 1 Characterization of the as-synthesized silica coated PB nano-

particles: (a) PXRD pattern of PB@SiO2; (b) high resolution TEM image

of PB@SiO2 (inset showing silica coated PB at a smaller scale).
The broad region between 2q ¼ 20–30�, which hides the 220 peak,

indicates the presence of silica. TEM (Fig. 1b) and FESEM (Fig. S3†)

images of the nanoparticles show spindle-like structures with particle

sizes ranging from 20–25 nm (Fig. S4 and S5†). Considering the size

of the individual PB particles which were around 2–3 nm, the silica

coated PB nanoparticle is expected to have a silica shell thickness of

about 10 nm. Occasionally, we have also found particles of size

around 70 nm (inset Fig. 1b) having 30–40 nm PB core and about

20–30 nm silica shell thickness. This suggests a possible aggregation

of PB nanoparticles before coating with the silica. EDX analysis

suggests the presence of Fe, Si, C, N and O atom in the PB@SiO2

nanocomposite.

The dispersion studies of PB@SiO2 composite (about 1 mg) in

different solvents shows that solvents having oxygen donor atoms,

like H2O, DMSO and THF, form stable dispersions while solvents

like CHCl3 form less stable dispersions (Fig. S6a†). This is probably

due to the H-bonding interaction of the oxygen atom of the solvent

with the surface –OH of the silica. The decrease in dispersability of

silica coated PB nanoparticles compared to PVP protected PB

nanoparticles (Fig. S6b†) further confirms that the PB nanoparticles

are coated with silica. The change in the optical properties of the PB

nanoparticles after silica coating is clearly seen from the UV-Vis

spectra. When SiO2 is coated on the PB nanoparticles, there is a blue

shift from 700 nm to 680 nm (Fig. S7I†), due to the local refractive

index around the particles increasing after the formation of the silica
Fig. 2 Emission spectra: (a) PB@SiO2@BTC@Tb (O), Tb(NO3)3 (B)
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shell. The absorption is affected by the different solvents of different

refractive indices, as evident from Fig. S7II.† With the increasing of

refractive index, the PB peak around 700 nm becomes more

pronounced.

The silica coated PB nanocomposites are now hybridized with the

organic linker and luminescent Ln(III) ions. As carboxylic acid

groups can covalently link with the silica surface, we have employed

benzenetricarboxylic acid (BTC) as an organic linker. BTC has been

proved to be a versatile linker towards Ln(III) due to its rigidity

conferred by the benzene ring and structural flexibility due to the

presence of three equally spaced carboxylate groups in three direc-

tions,17 one of which can bind readily with the silica surface and other

two available for binding with the Ln(III) ions. BTC molecules are

attached to the surface of the silica as confirmed by UV-Vis spectra

(Fig. S8†). BTC coated PB@SiO2 exhibits an absorption peak

around 206 nm in dispersion in aqueous medium after washing,

which is similar to free BTC molecules in aqueous solution. The

coordination mode of the carboxylate linker with the silica surface

can be correlated from the IR bands in the range of 1340–1700 cm�1

(Fig. S9†).15 Two strong and broad bands were observed at

�1641 cm�1 and �1340 cm�1 corresponding to nasym(COO) and

nsym(COO), respectively with the D value of 301 cm�1, suggesting the

unidentate binding of the BTC. There are also two strong bands at

�1565 (nasym) and �1441 cm�1 (nsym) with the D value of 124 cm�1

indicating the presence of bidentate binding of the BTC to the silica

surface. The peak around 1730 cm�1 corresponds to the presence of

free uncoordinated –COOH groups available for binding with the

Ln(III) ions. The PB@SiO2@BTC hybrid nanocomposite was

further linked with Ln(III) ions (Tb and Sm) in aqueous medium.

There are several ways the BTC can bind to the Ln(III) ions (Schemes

1 and S1†); it can chelate, chelate and m-oxo bridge, and even bind in

a syn–syn, syn–anti or anti–anti bridging mode.17 EDX analysis

indicates the presence of Tb(III) and Sm(III) along with other

components in the hybrid composite (Fig. S10†). The IR spectrum of

PB@SiO2@BTC@Tb/Sm shows no peak at �1730 cm�1 for free

–COOH, confirming their coordination with the Ln(III) ions.

UV-Vis spectra of the PB@SiO2@BTC@Ln hybrid composites

are given in Fig. S11† and emission spectra of BTC, free Ln(III) ions

and hybrid nanocomposites are shown in Fig. 2. Free Tb(III) and

Sm(III) ions exhibit very weak characteristic luminescence intensity in

aqueous solution. The aqueous solution of Tb(NO3)3 shows peaks at
and BTC (,) and (b) PB@SiO2@BTC@Sm (O), Sm(NO3)3 (B).
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Fig. 3 Field dependent magnetization curves measured at 2.5 K: (a)

PVP protected PB nanoparticles and (b) PB@SiO2@BTC@Tb hybrid

nanocomposite.
489 nm, 543.5 nm and 584.5 nm corresponding to 5D4 to 7FJ (J ¼
6, 5, 4) transitions.18 When the Tb(III) loaded hybrid nanocomposite

is excited at 300 nm, there is an abrupt enhancement of the

luminescence intensity, which is much higher than for the free Tb(III)

ions (Fig. 2a).6 The excitation of the Sm(III) linked hybrid composite

at 275 nm leads to the strong pink emission due to the 4G5/2–
6HJ

(J ¼ 5/2 and 7/2) transitions. The intense peak is the transition
4G5/2–

6H5/2 at 568 nm and the other transition is 4G5/2–
6H7/2 at

611 nm, and the intensity is much higher than that of the corre-

sponding free Sm(III) ions (Fig. 2b).18 All the lanthanide ions

have high affinity towards hard donors like oxygen and, therefore,

PB@SiO2@BTC@Ln hybrid nanocomposites show enhanced

photo-luminescent properties due to the efficient energy transfer

from the BTC linker to the bound Tb(III)/Sm(III).

In PB, three-dimensional long-range superexchange interactions

between the neighboring Fe(III) ions (S ¼ 5/2) through the

NC–Fe(II)–CN linkages lead to ferromagnetic ordering at low

temperature. Kitagawa et al. showed that with decreasing of the

particle size, Tc also decreases in PVP coated PB nanoparticles, due

to increasing surface to volume ratio.12 The magnetic behavior

with a smallest particle size to be superparamagnetic based on

the nanoparticles with a single magnetic domain. We have studied

the field dependent magnetization of the PB@SiO2 and the

PB@SiO2@BTC@Tb inorganic–organic hybrid nanocomposites up

to 5 T. The M vs. H plot is shown in Fig. 3, exhibiting the charac-

teristic superparamagnetic behavior at 2.5 K, which is typical

for magnetic nanoparticles. The magnetization value in the case

of PB@SiO2@BTC@Tb is increased significantly compared to

PB@SiO2, which is due to the presence of paramagnetic Tb(III) with

S ¼ 3. The atomic content of Tb(III) is 8.5% determined by EDX

measurement, and is much higher than the Fe content of 2.83% in

PB@SiO2@BTC@Tb (Fig. S10†). Therefore, the large magnetiza-

tion in the hybrid composite has a significant contribution from

Tb(III) ions which are connected by the BTC linker.18a

We have synthesized and fabricated bi-functional

PB@SiO2@BTC@Ln that contain a PB magnetic core and lumi-

nescent Tb(III)/Sm(III) in one system using a silica coating. This

method can be employed for the preparation of versatile bi-functional

nanomaterials. The chemical stability of the hybrid nanocomposite is

worth mentioning. Such bi-functional hybrid nanocomposites are
5450 | J. Mater. Chem., 2008, 18, 5448–5451
addressable by a magnetic field and detectable from their character-

istic photoluminescence properties. A significant increase is observed

in the luminescence due to the ligand to metal energy transfer and is

expected to serve as a luminescent marker in biological applications.

We believe that this type of result will exhibit a new approach for

utilizing the Prussian blue class of magnetic materials in advanced

optical and magnetic applications.
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