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Abstract Amino acid polyoxometalate nanoparticles-

embedded microcapsules were in situ fabricated by layer-

by-layer (LbL) self-assembly method [polyoxometalate,

H3PMo12O40�nH2O (PMo12); amino acid, glycine (Gly)].

The morphology of the obtained microcapsules was char-

acterized by transmission electron microscopy and scan-

ning electron microscopy. The electrochemical behavior of

the amino acid polyoxometalate nanoparticles-embedded

microcapsules was studied by cyclic voltammetry. The

microcapsules show the pH-dependent properties, indicat-

ing that the pH of solution plays an important role in the

electrochemical behavior of heteropolyanions.
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Introduction

Polyoxometalates (POMs) have attracted more and more

attention for the potential applications in the domain of

electrochemistry, medicine (antiviral, antitumor, antibac-

terial and anti-HIV activity), catalysis and materials sci-

ence because of their well-defined structures and unique

physicochemical properties (Katsoulis 1998; Müller and

Henry 2003; Yamase 2005; Yanagie et al. 2006; Coronado

and Day 2004). As the basic units of many biological

molecules, amino acids are of great importance in bio-

chemistry and life science. The association between POM

clusters and proteins show promising applications in elec-

trochemistry and biochemistry (Rhule et al. 1998; Liu et al.

2000; Wang et al. 2006; Kong et al. 2007; Alizadeh et al.

2006).

Layer-by-layer (LbL) assembly technique has been most

widely utilized for the fabrication of tailored capsules

owing to its simplicity and flexibility, whereby the capsules

are prepared by the sequential deposition of polymers or

other components that interact through electrostatic,

covalent, hydrogen-bonding or hydrophobic interactions

onto template cores, followed by removal of the core

particles (Decher 1997; Donath et al. 1998; Peyratout and

Dähne 2004; Quinn et al. 2007; Yang et al. 2008; Quinn

et al. 2008). In this study, we report that amino acid

(glycine, ab. Gly) polyoxometalate (H3PMo12O40�nH2O,

ab. PMo12) nanoparticles-embedded microcapsules are in

situ fabricated by LbL self-assembly method. The elec-

trochemical behavior of microcapsules was investigated by

cyclic voltammetric (CV) measurements with changing pH

value.

Figure 1 shows the molecular structures of poly(allyla-

mine hydrochloride) (ab. PAH) (a), poly(sodium 4-sty-

renesulfonate) (ab. PSS) (b), glycine (ab. Gly) (c) and

PMo12 (d). PMo12 has a Keggin structure in which the

central P atom is surrounded by a tetrahedron whose

oxygen vertices are each linked to one of the four Mo3O13

groups. Each Mo3O13 consists of three MoO6 octahedra

linked in a triangular arrangement by sharing edges, and

the four Mo3O13 are linked together by sharing corners

(Han et al. 2002).
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Materials and methods

Materials

PS-research particles with a diameter of *450 nm were

purchased from microparticles GmbH, Germany. PSS

(MW = 70,000) and PAH (MW = 70,000) were obtained

from Sigma–Aldrich Inc., USA. Keggin-type polyoxo-

metalate phosphomolybdic acid (H3PMo12O40�nH2O) was

purchased from Alfa Aesar. Glycine was obtained from

Amresco, USA. Commercial products were used without

further purification. The water used in all experiments was

deionized to a resistivity of 18.25 MX cm.

Methods

Fabrication of PMo12–Gly nanoparticles-embedded

capsules

The negatively charged PS particles as a template were

incubated with 3 mL positively charged PAH aqueous

solution for 20 min at room temperature, followed by

three cycles of centrifugation/rinsing, and finally dis-

persed in water. The PSS layer was assembled in the

same way. The concentration of polyelectrolyte (PAH or

PSS) is 2 mg mL-1 containing 0.5 mol L-1 NaCl. The

PAH and PSS adsorption steps were repeated to form

(PAH/PSS)5PAH multilayers on the PS particles to build

a smooth and uniform polyelectrolyte layers for self-

assembly in situ of PMo12–Gly nanoparticles. Subse-

quently, alternate adsorption of PMo12 and Gly for

30 min with stirring were assembled on PS/(PAH/

PSS)5PAH particles. After adsorption of each layer, the

particles were washed three times with deionized water

and centrifuged at 9,000 rpm for 5 min. Five cycles of

alternate adsorption of PMo12 and Gly were carried out

to form PS/(PAH/PSS)5PAH/(PMo12/Gly)5 particles. The

concentration of PMo12 solution is 0.02 mol L-1 con-

taining 0.5 mol L-1 NaCl. The pH of the glycine aque-

ous solution (0.2 mol L-1) was adjusted with dilute

hydrochloric acid to 2. Finally, PMo12–Gly nanoparticles-

embedded hollow microcapsules were obtained after the

template PS core was dissolved in tetrahydrofuran.

The LbL assembly process of PMo12–Gly nanoparticles-

embedded microcapsules was illustrated in Fig. 2.

Characterization of morphology and CV measurements

Transmission electron microscopy (TEM) observations

were carried out at an acceleration voltage of 100 kV

(JEM-100 CXIII JEOL). A small amount of sample

solution was dropped onto a copper grid (3.02 mm, 250

meshes, coated with Formvar film). After the solution

was dried in the air, TEM images were taken on after

10 min.

Scanning electron microscopy (SEM) observations were

conducted using a JEOL JSM6700F field-emission scan-

ning electron microscope.

FT-IR (KBr, cm-1) spectra were performed on a Bruker

EQUINOX55 FT-IR spectrometer equipped with a DGTS

detector for PMo12, glycine and PMo12–Gly nanoparticles-

embedded microcapsules.

Cyclic voltammetric (CV) measurements were conducted

using a CHI 600B electrochemistry system. A conven-

tional three-electrode system was used, with a bare ITO

electrode or a PMo12–Gly nanoparticles-embedded micro-

capsules coated ITO electrode as a working electrode,

platinum foil as a counter electrode, and Hg/HgCl2 as

a reference electrode. All of the solutions were deaer-

ated thoroughly with high-purity N2 for at least 25 min

and kept under a pressure of this gas during the experi-

ments.

NH  Cl3 SO  Na3 OH

O

NH2

(a) (b) (c) (d)

Fig. 1 Molecular structures of PAH (a), PSS (b), Gly (c) and

Keggin-type polyanion [PMo12O40]3- (d Oa the central oxygen atoms

bonded to P, Ob corner-shared oxygen atoms, Oc edge-shared oxygen

atoms, Od terminal or skin oxygen atoms)

Fig. 2 Illustration of layer-by-layer assembly of PAH, PSS, PMo12–

Gly nanoparticles onto PS template particles and hollow microcap-

sules. The stage shows stepwise deposition of polyelectrolytes on PS

colloidal particles (a, b). In situ assembly PMo12–Gly nanoparticles

(b–e). Decomposition of PS cores and formation of hollow (PAH/

PSS)5PAH/(PMo12/Gly)5 microcapsules (e and f)
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Results and discussion

FT-IR spectra

Figure 3 shows the IR spectra of PMo12–Gly nanoparticles-

embedded hollow microcapsules (a), Gly (b) and PMo12 (c).

In the IR spectra of PMo12 (Fig. 3c), the characteristic peaks

are vibrational bands of the P–Oa (1,064 cm-1), Mo–Od

(964 cm-1), Mo–Ob(872 cm-1) and Mo–Oc (782 cm-1),

respectively. It can be seen from the Fig. 3a, PMo12–Gly

nanoparticles-embedded hollow microcapsules showed the

similar characteristic peaks to those of the corresponding

Keggin-type PMo12, which confirms the PMo12 anions in the

microcapsules still remain in their Keggin-type structure.

The vibrational bands of the P–Oa, Mo–Od, Mo–Ob and

Mo–Oc have red-shifted or blue-shifted, suggesting that

interactions between the nitrogen atom of the Gly and the

oxygen atoms of the [PMo12O40]3- (Niu et al. 1996; Bi et al.

2001). Amino acid is amphoteric and exits as in the form of

the dipolar ion NH3
?-CH2-COO- (namely, inner salt) in

crystal. So in the IR spectrum of Gly (Fig. 3b), the charac-

teristic peaks of -COO- appear at 1,415 cm-1. When Gly

reacts with PMo12, the Gly is protonated, and the Gly cation

is generated as NH3
?-CH2-COOH. Hence, in Fig. 3a, the

characteristic peaks of -COO- disappeared and the charac-

teristic peaks of -COOH (1,733 cm-1) became distinct. The

characteristic peaks at 1,611 cm-1 should be assigned to

vibration of -NH3
?. We suggest that the HGly? cations

combined with the PMo12 anions to form PMo12–Gly

nanoparticles-embedded microcapsules.

Morphology measurements of microcapsules

TEM and SEM measurements were conducted for moni-

toring the morphology and the surface transition of

microcapsules. The representative images for bare PS

template particles, polyelectrolyte capsules and PMo12–Gly

nanoparticles-embedded microcapsules are shown in

Fig. 4. The bare PS template particles are smooth ball with

diameter of about 450 nm, as shown in Fig. 4a of TEM

image and Fig. 4d of SEM image. It can be seen from

Fig. 4e of SEM image, the PMo12–Gly nanoparticles-

embedded capsules have a lichee-like morphology. In situ

assembly of PMo12–Gly nanoparticles on PS/(PAH/

PSS)5PAH polyelectrolyte microcapsules results in both an

increase in surface roughness and an increase in the

diameter of the PS template particles. The mean diameter
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Fig. 3 IR spectra of PMo12–Gly nanoparticles-embedded microcap-

sules (a), glycine (b), and PMo12 (c)

Fig. 4 TEM (a–c) and SEM

(d–f) images of PS

microparticles (a and d), (PAH/

PSS)5PAH polyelectrolyte

hollow microcapsules (b),

(PAH/PSS)5PAH/(PMo12/Gly)5

microcapsules assembled on PS

template (e), (PAH/PSS)5PAH/

(PMo12/Gly)5 hollow

microcapsules (c and f)
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of PS/(PAH/PSS)5PAH/(PMo12/Gly)5 particles is 620 nm

from SEM image in Fig. 4e, which yields and increase

diameter of 170 nm (620 - 450 = 170 nm) than that of

the bare PS template particles.

After dissolving the cores by tetrahydrofuran, hollow

microcapsules are formed. The TEM image in Fig. 4b

displays the dented (PAH/PSS)5PAH hollow polyelectro-

lyte microcapsules dissolving the core of PS. TEM image

of Fig. 4c and SEM image of Fig. 4f show the dented

(PAH/PSS)5PAH/(PMo12/Gly)5 hollow microcapsules,

respectively. The TEM and SEM images clearly demon-

strate that robust and well-defined hollow structures can be

obtained after dissolving the bare PS core, no ruptured

holes were observed in the hollow microcapsules. The

PMo12–Gly nanoparticles-embedded microcapsules could

provide potential applications as container or nanoreactor

because of the hollow microcapsules keep their original

properties of polyoxometalates and amino acids.

Electrochemical behavior

In general, the reduction of the polyoxometalate anions is

accompanied by protonation. Hence, the pH of solution

plays an important role in the electrochemical behavior of

heteropolyanions. Keggin-type polyanion, [PMo12O40]3-,

are stable in aqueous medium below pH 4 as evidenced by

UV–vis spectroscopy. Above this pH value, [PMo12O40]3-

anions will be unstable because of hydrolytic decomposi-

tion (Li et al. 2002). Figure 5 exhibits the effects of solu-

tion pH on the electrochemical behaviors of PMo12–Gly

nanoparticles-embedded capsules modified ITO electrode

in 0.5 mol L-1 Na2SO4–H2SO4 buffer solutions. It can be

seen that the mean peak potentials for all three redox

couples are dependent on solution pH and shift in a neg-

ative direction with increasing pH values which are within

the pH stability range for [PMo12O40]3- anions.

Conclusions

PMo12–Gly nanoparticles were successfully in situ fabri-

cated in the polyelectrolyte capsules. The PMo12–Gly

nanoparticles incorporated in capsules were stable enough

to maintain their wonderful electrochemical activities of

polyoxometalate. The microcapsules show the pH-depen-

dent properties. The amino acid polyoxometalate nano-

particles-embedded microcapsules will show potential

applications as container, nanoreactor or drugs delivery in

catalysis, biomedicine and so forth.
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