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Structural properties of silver nanoclusters–phosphate glass composites
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Abstract
The structure of the xAg2O(100 � x)[50P2O5�30CaO�20Na2O] glasses, with x = 0, 3 and 5 mol%, was investigated by means of Raman and

infrared spectroscopy. The structural changes induced by the Ag2O presence into the soda-calcium–phosphate matrix were evidenced and

discussed in terms of the network depolymerization process and distortion of the PO4 tetrahedra. The existence of silver nanoclusters inside the

glass matrix, considered to be mainly responsible for the found structural behavior, was supposed by results obtained from the analysis of the UV–

vis absorption spectra and further proved by transmission electron microscopy images.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In the last decades phosphate based glasses have been of

interest for a variety of applications due to their several special

properties such as large thermal expansion coefficients, low

melting temperatures, solubility, etc. [1–5]. Because the glass

chemical composition can be easily chosen to match the natural

bone, these amorphous structures have a great potential for use

as biomaterials [4]. Recently [4], a new type of phosphate glass

for tissue engineering (50P2O5�30CaO�20Na2O) has been

obtained, good biocompatibility and low toxicity being

expected. Phosphate glasses are composed of PO4 tetrahedra

that could be bound to one (Q1 species), two (Q2 species) and

three (Q3 species) other tetrahedra through the formation of P–

O–P bonds at the tetrahedra corners [6–8]. The addition of

definite amounts of metal ions, such as Ca2+ and Na+, could

produce significant changes of the phosphate glass structure

from a three-dimensional random network to long or very short

chains of PO4 tetrahedra [4,9]. Generally, the introduction of

Ag2O into the bioactive glass composition is aimed to minimize

the risk of microbial contamination by taking the advantage of

the potential antimicrobial activity of the leaching Ag+ ions

[10]. The introduction of silver has recently became one of the
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preferred methods that confers microbial resiliency on

biomedical materials and devices, since the incidence of

biomaterial—centered infections is one of the main causes of

revision surgery [11–14].

The understanding of the glasses structure on different

length scales remains difficult mainly due to the lack of

periodicity inherent to glasses. Only the suitable correlation of

experimental data obtained from several investigations

provided by different methods allows the finding of helpful

structural information. The use of complementary techniques

such as Raman, infrared (IR) and UV–vis spectroscopy has

proven to be an efficient examination way of the glasses

structure, in general [15–19], and of the phosphate glasses

structure, in particular [1,2,8,20–22].

The aim of this study is to obtain valuable information

concerning the structure of glasses with the general composi-

tion xAg2O(100 � x)[50P2O5�30CaO�20Na2O], with x = 0, 3

and 5 mol%, by means of Raman and IR spectroscopy. We are

interested to get further insights into the glasses structure with

the help of UV–vis spectroscopy and transmission electron

microscopy (TEM) and to correlate these findings with those

obtained from Raman and IR investigations.

2. Experimental

Glass samples belonging to xAg2O(100 � x)[50P2O5�
30CaO�20Na2O], with x = 0, 3 and 5 mol% were prepared
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Fig. 1. Raman spectra of the xAg2O(100 � x)[50P2O5�30CaO�20Na2O]

glasses.
using as starting materials NH4H2PO4, CaCO3, Na2CO3�
10H2O, and Ag2O of reagent purity grade. The mixtures

corresponding to the desired compositions were melted

together at once in air, in sintered corundum crucibles, in an

electric furnace Carbolite RF 1600 at 1200 8C and maintained

for 15 min at this temperature. The melts were quickly cooled at

room temperature by pouring and pressing between two

stainless steel plates.

Confocal Raman measurements were performed on a Dilor

Labram system equipped with a 100 � 0.90 microscope

objective, a 1800 lines/mm grating and an external laser with

an emission wavelength of 514.5 nm. In the recording of the

micro-Raman spectra a power of 100 mW incident on the

sample has been employed. Samples were mounted on a x, y

motorized stage, and the z-displacement was controlled by a

piezo-transducer on the objective. For all measurements the

confocal pinhole diameter was 200 mm and the slit width was

40 mm. The confocal depth of focus in air, estimated by z-

scanning of a silicon wafer, was measured to be �2 mm. The

spectral resolution was of about 2 cm�1. The acquisition time

required for the recording of each spectrum was of 120 s.

For IR measurements the glasses were powdered and mixed

with KBr in order to obtain thin pellets. The IR spectra were

recorded with a Bruker Equinox 55 spectrometer. The spectral

resolution in this case was 2 cm�1.

UV–vis absorption measurements on the as-prepared

samples were performed with a Cary 5000 UV–vis–NIR

spectrometer.

A JEOL JEM 1010 transmission electron microscope (TEM)

was used to evidence the existence of the silver nanoparticles,

which were formed into the glass matrix. Prior performing

TEM measurements the glass samples were dissolved in HF

and sonicated. The resulted suspensions were well washed with

distilled water and deposited on a holey carbon film supported

by a copper grid. The nanoparticle sizes were determined by

using the Image Processing and Analysing software.

3. Results and discussion

The Raman and IR spectra of the investigated samples are

displayed in Figs. 1 and 2 and the observed bands together with

their assignment are listed in Table 1. By looking at the Raman

spectra a few structural changes can be observed as a result of

the Ag2O presence into the phosphate glass matrix. Thus,

especially for the glass with the smallest Ag2O content (x = 3)

one can remark a slight increase in intensity of the bands and

shoulders at 340, 755 and 1045 cm�1 and attributed to the O–P–

O bending, P–O–P stretching vibrations in various PO4

tetrahedra and asymmetric stretching vibrations of (PO3)2�

(Q1 species), respectively [8,9,23–25], in comparison with

those that occur in the spectra of the glass matrix and the sample

with higher Ag2O content (x = 5). While the increase in

intensity of the 340 cm�1 band could be associated with the

presence of distorted PO4 tetrahedra, the enhancement of the

1045 cm�1 band shows the increase of the number of

nonbridging oxygen. Concerning the shoulder at around

755 cm�1 it was shown that the asymmetry on the high energy
side of the band around 692 cm�1, which is assigned to the P–

O–P stretching vibrations of the long-chain species, is caused

by the increase of the number of very short chain phosphate

units or ring structures [1]. A careful inspection of the Raman

spectra (Fig. 1) reveals the existence of a similar asymmetry of

the band with the maximum at 692 cm�1, especially in the

spectrum recorded on the glass with the smallest Ag2O content

(x = 3). Thus, the distinguished appearance of the shoulder

around 755 cm�1 corroborated with the above-mentioned

increased number of Q1 species found for this glass indicates

the occurrence of a more pronounced fragmentation of the

connected phosphate network. In order to ensure about the

accuracy of the unusuall structural changes revealed by Raman

spectra that take place as the Ag2O content increases several

measurements on different samples have been performed by

using a confocal set-up. The similar spectral caracteristics, i.e.

band position and relative intensities, observed in the spectra

quarantee the samples homogeneous structure and the

correctness of the obtained results.

The particular structural behaviour observed for the sample

with 3 mol% Ag2O is further mirrored by Raman features

recorded at around 1162 and 1256 cm�1, for x = 0, and

attributed to the (PO2)� (Q2 species) stretching vibrations [8].

These bands are shifted to smaller wavenumber values as the

Ag2O content becomes higher. Surprisingly, the wavenumber
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Fig. 2. IR spectra of the xAg2O(100 � x)[50P2O5�30CaO�20Na2O] glasses.
values where these bands appear are located between those of

the corresponding bands recorded for the glass matrix and the

sample with 5 mol% Ag2O. Taking into account that vibrations

of the (PO2)� and (P2O7)4� (Q2 and 2Q1 species) give Raman
Table 1

Raman and IR band assignments for xAg2O(100 � x)[50P2O5�30CaO�20Na2O] gla

Wavenumber (cm�1)

x = 0 mol% x = 3 mol%

Raman IR Raman IR

340 340

385 385

487

525 540 525 520

615 615

692 715 692 715

755 765 755 765

905 918 905 918

1020 1020

1045 1045

1122 1114

1130–1065 1130–1065

1162 1158 1158 1158

1256 1262 1242 1262

Abbreviations: d, deformation; n, stretching; s, symmetric; as, asymmetric.
a Refs. [8,9,23–26].
bands in the 1130–1065 cm�1 spectral range [8] and that the

Raman band with the maximum located at 1162 cm�1 broadens

for x = 3 it becomes plausible that at this concentration

fractions of the Q2 species form 2Q1 species. On the other hand,

these structural changes cause a distortion of the PO4 tetrahedra

as it was before evidenced in the Raman spectra by the shift and

broadening of the band located around 1256 cm�1, for x = 0.

Taking into account these spectral modifications we can

conclude that the silver oxide presence into the phosphate glass

matrix leads both to the appearance of a depolymerization

process of the phosphate network as well as to the distortion of

the PO4 tetrahedra, especially when the Ag2O amount is small

(x = 3). However, it is remarkable that no significant spectral

changes arise for the band located around 905 cm�1 and

attributed to the (PO4)3� (Q0 species) symmetric stretching

vibrations. This result shows that a considerable part of the

phosphate network still remains linked.

By looking at the IR spectra (Fig. 2) one can see the increase

in intensity of the bands around 540 and 1020 cm�1 assigned to

P–O–P bending and (PO3)2� (Q1 species) stretching vibrations,

respectively, as the Ag2O content increases. One can also

remark a shift to smaller wavenumber values of the band at

1122 cm�1 that was attributed to (PO3)2� (Q1 species)

stretching vibrations [8]. A very small raise in intensity of

the absorption signal recorded between 1155 and 1170 cm�1

and due to the (PO2)� (Q2 species) vibrations can be also

observed, especially for x = 3. At the same concentration

appears a slight decrease of the 1262 cm�1 band assigned to

P O vibrations [8,26]. All above-mentioned spectral changes

confirm and further complete the results obtained from Raman

spectra analysis, evidencing both the distortion of the PO4 units

as a result of the Ag2O presence as well as the alteration of the

P O bond for the smallest silver content. The evolution of the
sses

Assignmenta

x = 5 mol%

Raman IR

340 d(O–P–O)

385 d(O–P–O)

d(P–O–P)

525 520 d(P–O–P)

615 d(P–O–P)

692 715 ns(P–O–P)

755 765 ns(P–O–P)

905 918 ns(PO4)3�

1020 ns(PO3)2�

1045 nas(PO3)2�

1110 nas(PO3)2�

1130–1065 ns(PO2)� and ns(P2O7)4�

1157 1158 ns(PO2)�

1250 1262 nas(PO2)�
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Fig. 3. UV–vis absorption spectra of the xAg2O(100 � x)[50P2O5�
30CaO�20Na2O] glasses.
IR bands and shoulders recorded around 765 and 715 cm�1 for

x = 0, as the Ag2O content increases, does not reveal so clear as

in the Raman spectra the gradual transformation of the long

chains phosphate units or ring structures into linked phosphate

units of shorter lengths.

In order to get further insides into the structure of the

investigated glasses UV–vis absorption spectra were recorded

and are presented in Fig. 3. Absorption bands were evidenced

only for the glass samples containing silver. It was reported [27]

that besides the pronounced silver plasmon resonances that

appear between 400 and 500 nm, the electronic transitions

involving the Ag+ ion give rise to absorption bands located

between 200 and 230 nm, whereas the electronic transitions of

metallic Ag0 appear in the 250–330 nm spectral range. By

looking at the spectra shown in Fig. 3 one can see distinct

absorption signals due to Ag0 and plasmon resonances. The

signature of the Ag+ ion cannot be easily observed because of

the electronic absorption signal given by the glass matrix that

appears in the same spectral region. The close analysis of the

spectra further reveals that for the sample with the highest silver

oxide content (x = 5) the intensity of the band given by Ag0 is

higher than that due to the plasmon resonance. The convolution

of the absorption signals given by the glass matrix and Ag0

could explain the shift to longer wavelengths of the absorption

band located around 300 nm for the sample with 5 mol% Ag2O.

In the spectrum of the sample with 3 mol% Ag2O a broad

plasmon resonance absorption band arises as a result of the

convolution of the signals located around 405 and 432 nm,
while in the spectrum of the sample with 5 mol% Ag2O a

singular absorption band appears at around 420 nm.

Theoretical and experimental studies of the optical proper-

ties of silver particles embedded in a glass matrix [15,28,29]

have shown that the appearance of a band at around 400 nm in

the electronic absorption spectrum is associated with the

existence of very small, metallic spherical silver particles inside

the glass matrix. It was also stated [8] that if the particles were

not spherical (or equiaxial), the electronic absorption band

would be at longer wavelengths and would gradually shift to

shorter wavelengths as the particles became more spherical. On

the other hand, it was theoretically shown [8,30] that above a

certain particle size (�10 nm), the absorption band begins to

shift to longer wavelengths because additional magnetic-dipole

terms appear for larger radii particles. It can be thus concluded

that two factors, whose influence can be easier exploited with

the help of standard investigation techniques, mainly contribute

to the shift of the plasmon resonance absorption band to higher

wavelength, the particles shape and size. Nevertheless, the

optical properties of the composite materials sensitively depend

on many other parameters such as density and spatial

distribution of the nanoparticles or the surrounding environ-

ment of the host medium. Keeping in mind the above-

mentioned assertions we are justified assuming that the

appearance of the absorption signal at around 405 nm in the

spectrum of the sample with 3 mol% Ag2O is mainly due to the

existence of almost spherical silver nanoparticles having small

dimension within the phosphate glass matrix, while the

absorption maximum at 432 nm is caused by nonspherical

silver particles or/and particles with higher sizes. Similarly, the

electronic absorption band at 420 nm recorded on the sample

with 5 mol% Ag2O is most probably due to the presence of

nonspherical particles or/and particles with higher sizes

compared to those that give rise to the band at 405 nm, but

smaller than those which are assumed to give the band at

432 nm. The appearance of less spherical nanoparticles as

silver particles become higher was also previously observed

[27].

TEM pictures of these two composite materials are shown in

Fig. 4. These images clarify, complete and confirm the majority

of the above considerations. Thus, for the samples containing

3 mol% Ag2O (Fig. 4(a)) one can observe small nanoparticles

having dimensions around 10 nm (see the inset) as well as

nonspherical particles, whose length sizes are between 40 and

100 nm. For the samples with the higher silver content

(Fig. 4(b)) one can see spherical and nonspherical particles with

dimensions between 20 and 40 nm. The analysis of the plasmon

resonance bands intensity from the UV–vis absorption

spectrum of the sample with 3 mol% Ag2O permits us to

assume that most of the silver nanoclusters inside this sample

have sizes in the range 40–100 nm. Thus, it is important to note

the existence of particles with small dimensions for the sample

with 5 mol% Ag2O in comparison with the main part of the

particles found for the sample with smaller silver content.

These findings corroborated with the results obtained from

Raman and IR analysis provide other relevant conclusion. The

presence of nanoparticles with sizes between 40 and 100 nm,
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Fig. 4. TEM images of the xAg2O(100 � x)[50P2O5�30CaO�20Na2O] glasses:

(a) x = 3 and (b) x = 5. The inset represents another image recorded for the

sample with x = 3 at an enlarged scale.
which are considerable higher than those found for the glass

with 5 mol% Ag2O (between 20 and 40 nm), could explain the

more pronounced depolymerization process occurred in the

sample with the smallest Ag2O content (x = 3) as revealed from

Raman and IR spectra, due to the much consistent distortions

induced by the nanoparticles of high dimensions to the

phosphorus structural units situated in their close vicinity.

The above findings related to the morphological and

structural particularities of the newly prepared silver nanoclus-

ters–phosphate glass composites give confidence that such

materials could be attractive for tissue engineering thanks to the

silver presence that confer them antibacterial properties.

Preliminary tests performed in our laboratories [31,32] have

already proved the antibacterial effects of these composites.

4. Conclusion

Raman and IR spectroscopic investigations of the newly

prepared xAg2O(100 � x) [50P2O5�30CaO�20Na2O] glass

system, with x = 0, 3 and 5 mol%, revealed that the silver

oxide presence into the phosphate glass matrix leads both to the

appearance of a network depolymerization process as well as to

the distortion of the PO4 tetrahedra, especially for the sample

with the smallest Ag2O amount. The silver nanoparticles
existence into the soda-calcium–phosphate matrix was

assumed from the analysis of the UV–vis absorption spectra

and further proved by TEM images. The present structural

investigations could open up new and attractive perspectives of

using such composites in tissue engineering thanks to the silver

presence that can provide them antibacterial properties.
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