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Abstract

In bioactive devitrified glasses, the glass region with angstrom-scale open spaces reduces in comparison with
relevant glass materials due to the formation of crystalline phases, e.g., magnetite-based crystals in
ferrimagnetic devitrified glasses, thus deteriorating the bioactive properties arising from active surface area.
This work aims to study the influence of a crystalline phase and the introduction, through different processes,
of Cu ions, alternative to open spaces in the glass matrix, for Cu-loaded ferrimagnetic devitrified glasses by
means of element-specific positronic studies coupled with other microscopic techniques. Cu ions, introduced
by melt-quenching or ion-exchange process, are found to preferentially separate the magnetite-based
crystals during synthesis by melt and quenching route increasing the concentration of crystal boundaries
involved with the void-like open spaces. An interior surface of the void-like open spaces in the crystal
boundaries contributes to the formation of carbonate species through the reaction of Ca with CO; in air

evidencing surface activity.
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1. Introduction

Bioactive glasses and glass-ceramics have been widely explored for their ability to regenerate both hard and
soft tissues [1,2]; moreover, their revolutionary role in cancer treatment was also recently explored [3-5]. In
the last years, the researchers focused their attention on improving the biological activity of glasses/glass-
ceramics by developing new formulations containing active elements (e.g. Cu, Ag, Zn, Mn, Sr, B and recently
Te) [6-8] or second phases (e.g. magnetite, useful for hyperthermia treatment of tumors) [4,5] able to
stimulate the genetic activation of specific cell and tissue pathways.

The improvement of materials functionalities can be achieved in different ways: i) introducing ions with
therapeutic effects in their composition [9], ii) modifying the materials surfaces (e.g. by ion-exchange) [10],
iii) promoting the nucleation of second phases/nanoparticles [11]. All these actions could introduce structural
modification from micro to nano/pico level (e.g., defect presence); in particular, the introduction of an
element in materials composition can affect the pores, the defect distribution and the chemical environment
[12]. Active elements can be introduced by employing the conventional synthesis approach such as melt-
guenching [13], the sol-gel method [14], and the ion exchanging [15], a technique specifically designed to
introduce elements with an antibacterial effect. The emergence mechanism of antibacterial effect arising
from these elements in bioactive glasses is, however, complex thus not being well understood yet.
Furthermore, the introduction of these elements often causes a variation in the kinetics of the bioactivity
mechanism. For example, it has been observed that Cu elements in bioactive glasses can cause bioactivity
decrease if introduced as reagents in the melt and quenching process [16]. While it has been reported that
by introducing Cu ions by the sol-gel method less influence on bioactivity is observed [15]. It is also reported
that the reactivity of bioactive glasses depends on their composition and chemical/physical treatments [11].
In addition to the local state of loaded elements, the bioactive property seems to be associated with the
surface properties [17]and the high specific surface area of the glass matrix with the high concentration of
open spaces, as demonstrated for mesoporous glass scaffolds [18]. It is thus preferable to gain knowledge as
to how active elements enter into host materials and induce the concomitant structural variation of local

atomic sites, e.g. grain boundary.



A positively charged positron tends to localize in a nanoscale point defect as vacancy-like nano-defect in
metals, in which a positively charged atomic nucleus is missing. The localized positrons are finally annihilated
with electrons yielding two vy rays in opposite directions that provide information on the size of point defect
and its chemical environment. This spectroscopic technique called as element-specific positron annihilation
spectroscopy has given satisfactory results to probe locally disordered sites, as e.g., vacancy-sized free
volume [18], grain boundary [19], polar element [20], nanoprecipitate [21], and local structural disorder [22],
but it has not yet been investigated in bioactive glasses and glass ceramics. As a positron is the antiparticle
of electron, the local space charge in the oxide ceramics can be identified as well [23, 24], which anticipates
in specifying the local state of introduced Cu, e.g., ion or neutral atom.

In this work, a bioactive and ferrimagnetic devitrified glass (SC45), previously investigated for the
hyperthermic treatment of tumors, was doped with copper, to confer antimicrobial properties, in two
different ways: introducing copper as starting reactant or via an ion-exchange process in molten salts. It is
reasonably inferred that the concentration of angstrom-scale open spaces decreases for the devitrified
glasses due to the reduction of glass region deteriorating surface activity. The objective of this work is to
focus on the alternative atomic sites exhibiting surface activity employing element-specific positron
annihilation spectroscopy, addressing the mechanism of Cu accommodation into the boundaries among
magnetite-based particles, and highlighting the surface activity of void-like open spaces found utilising

positrons.

2. Materials and Methods
2.1 Synthesis of materials
A devitrified glass belonging to the system 24.7% Si0,-13.5% Ca0-13.5% Na,0-3.3% P,0s-31% Fe,05-14%
(wt%) FeO (SC45) was produced using melt and quenching process as described in previous papers [25-28].
Briefly, the reactants were mixed and melted in a Pt crucible at 1550 °C for 30 minutes; the melt was poured
into a brass mold to obtain bars, that were annealed at 600 °C for 12 hours, cut in slices of about 10x10x2

mm and polished with SiC abrasive papers, up to 1200 grit. The SC45 contains magnetite as crystalline phase



and has been completely characterized in terms of morphology, structure, composition, bioactivity, magnetic
properties and biological behaviour in previous papers [25-28].

Subsequently, the SC45 was doped with copper with two different methods: on one hand, the composition
was modified by introducing 5 wt% of CuO by replacing CaO (SC45-5Cu) during the melt and quenching
process, as reported in [30]. On the other, SC45 was subjected to an ion-exchange process in NaNOs and
Cu(NOs), molten salts, using a molar ratio between NaNO3/Cu(NOs), of 20 (SC45-CulE) [31]. SC45 slices were
placed between two layers of salts, in a silica crucible, and heated at 380 °C for 30 minutes. At the end of the
process, the samples were washed with bi-distilled water three times and dried at room temperature.

Since the SC45 contains Si0,, Ca0, Na,0 and P,0s in the same ratio as the bioactive glass 4555 (Bioglass®)[32],
the 45S5 bioactive glass (45 SiO,, 24.5 Ca0, 24.5 Na,0 and 6.0 P,Os wt%) was used as a control material. The

45S5 glass was produced by means of melt and quenching process as previously described.

2.2 Materials characterization

2.2.1 Morphological and structural characterization

The morphology of SC45 undoped and doped with copper was investigated using field emission scanning
electron microscopy (FE-SEM, SUPRATM 40, Zeiss, Germany). For FE-SEM analysis samples were placed on
aluminum stubs and coated with a thin chromium layer.

X-Ray diffraction analysis was performed to evaluate the structure of the samples, and to verify the presence
of magnetite and the eventual formation of other crystalline phases due to the copper introduction. X-Ray
diffraction was performed in the 20 angle range from 10° to 70° with a scan rate of 4°/min, using Cu-Ka
diffractometer (Ultima IV, RIGAKU, Japan). The acquired spectra were compared with previous works [30,31]
using the “X'Pert High Score” program, with the PCPDFWIN database (2002 JCPDS- International Centre for
Diffraction Data).

2.2.2. Positron annihilation spectroscopy

As mentioned above, positron annihilation spectroscopy is known as a powerful tool for examining the
detailed structure of open spaces in materials. This element-specific spectroscopic technique is generally

conducted by positron lifetime spectroscopy coupled with coincident Doppler broadening (CDB)



spectroscopy. Positron lifetime spectroscopy was performed at room temperature. The positron source
(Na), sealed in a thin foil of Kapton, was mounted in a sample-source-sample sandwich for the
measurements. Positron lifetime spectra (~¥1 x 10° coincidence counts) were recorded with a digital
oscilloscope-based spectrometer, where the time resolution of 200 ps full-width at half-maximum was
achieved. The validity of our lifetime measurements and data analysis was confirmed with certified reference
materials (NMIJ CRM 5601-a and 5602-a) provided by the National Metrology Institute of Japan, and the
National Institute of Advanced Industrial Science and Technology [33, 34]. In CDB spectroscopy, the energies
of two annihilation quanta E; and E; were measured with a collinear set-up of two high-purity Ge detectors.
The spectra were obtained by cutting the E;, E> spectra along the energy conservation line E; + E; = (1022 +
1) keV, taking into account the annihilation events within a strip of + 1.6 keV.

2.2.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was conducted at room temperature using the impedance module
of SP-150 (Biologic, France). The frequency range was 100 mHz-100 kHz with an alternative voltage
amplitude of 10 mV. The measured impedance data were analyzed with an equivalent electrical circuit using
Z-View software (Scribner Associates Inc., USA).

2.2.4 FT-IR spectroscopy

Attenuated total reflection (ATR) FT-IR spectra were measured using a Nicolet iS5 FT-IR spectrometer
(Thermo Fisher Scientific Inc., USA) equipped with an ATR device and diamond crystal plate. All FT-IR spectra
were measured at room temperature with a resolution of 4 cm™. The measurements were repeated 100
times to improve the statistical accuracy. The final spectra were obtained by averaging them. The software

OMNIC 8.2 was used to display absorbance spectra by converting ATR data.

Results and Discussion

The morphology of the obtained materials, and in particular the possible influence of the copper
introduction, was evaluated by means of FE-SEM analysis. Figure 1 displays the microstructures of SC45,
SC45-5Cu and SC45-CulE; as already evidenced in previous works [28, 30], SC45 sample (Figure 1 a, b, and c)

shows the presence of elongated columns of octahedral crystals of magnetite (face-centred cubic inverse



spinel structure). The SC45-Cu sample (Figure 1 d, e, and f) shows the same crystals embedded in the glassy
matrix, together with distorted magnetite crystals; as already discussed [30, 35] and observed in this work,
the introduced copper (about 2.3 at%, slightly lower than the theoretical one) enters into the magnetite unit
cell, modifying the structure of the crystals, and is also present in the boundaries between crystallite-
crystallite interfaces. While the use of the ion-exchange technique (Figure 1 g, h, and i) allows to introduce
copper (about 1.1 at %, EDS analysis not reported) without affecting the structure of magnetite crystals. The

analysis of SC45-CulE shows only a rougher surface due to the exchange process.

Figure 1: FE-SEM images of a SC45 a) magnification 2kx, b) and c) magnification 5kx; SC45-%Cu d) magnification 2kx, e)
and f) magnification 5kx; SC45-CulE g) magnification 2kx, h) and i) magnification 5kx.



Figure 2 shows XRD patterns for 45S5 glass and devitrified glasses (SC45, SC45-5Cu, and SC45-CulE). The

diffraction pattern of 45S5 glass is of typical amorphous phase.
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Figure 2: XRD patterns of 45S5 glass, SC45 and Cu-doped SC45.

On the other hand, the SC45, SC45-5Cu, and SC45-CulE exhibit the peaks arising from the formation of
magnetite phases in consistency with the results of FE-SEM observation, and a small amount of hematite (2
Theta = 33.2°, ref. code 01-073-0603). The tiny peak of copper iron oxide phase (CuFeQ5) is found for SC45-
5Cu, in accordance with the previous studies (2 Theta = 31.3° and 40.2°, ref. code 01-074-1953) [30]. The
peak of the magnetite phase for SC45-5Cu is broader than that of SC45, indicating that the crystallite size of
magnetite for SC45-5Cu is smaller than that of SC45. The peak broadening of magnetite proceeds together
with the disappearance of some relevant peaks for SC45-CulE, enhancing the shrinkage of magnetite
crystallites. The average sizes of magnetite crystallite evaluated from the (220) peak broadening employing
Scherrer's formula are listed in Table I, in which the magnetite crystallite sizes are SC45 > SC45-5Cu > SC45-
CulE. Presumably Cu ions, introduced using the melt and quenching process (SC45-5Cu), are located at
interfaces between magnetite crystallites interfering with their growth, as observed by FE-SEM analysis. The
presence of Cu ions at the crystallite-crystallite interfaces will be discussed more in detail based on the results
of element-specific positron annihilation spectroscopy later. The small crystallite size for SC45-CulE could be

associated with the mild annealing condition in comparison with that of SC45-5Cu.



Table I: Crystallite sizes of magnetite and conductivities for (a) 45S5, (b) SC45, (c) SC45-5Cu, and (d) SC45-CulE.

sample crystallite size [nm] conductivity [S cm™]
(a) 45S5 -- 3.6x107
(b) SC45 34 1.2x107
(c) SC45-5Cu 31 1.0x107
(d) SC45-CulE 23 9.5x10®

Figure 3 shows the result of electrochemical impedance spectroscopy for (a) 45S5, (b) SC45, (c) SC45-5Cu,
and (d) SC45-CulE, where the negative of the imaginary versus the real parts of the complex impedance

referred to as Nyquist plots are presented.
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Figure 3: Nyquist plots for (a) 45S5 (black circles), (b) SC45 (red triangles), (c) SC45-5Cu (green squares), and (d) SC45-
CulE (blue inverse squares). The solid lines are the results of the fits employing two-equivalent circuit model.

Semi-circles appear in the Nyquist plots for all the samples, which is caused by ionic mobility generally higher
than that of localized electrons in glass and devitrified materials. The solid lines in Figure 3 are the results of
the fits employing a two-equivalent circuit model, in which ionic conductivities of the order of ~107 S cm™
are evaluated (see Table 1). The evaluated ionic conductivities are similar to those reported for other 4555
glasses [36]. The 45S5 glass with an amorphous structure has the highest concentration of free volumes being

tortuous open spaces, in which Na*, added as a network modifier, participates in conductivity with 3.6x107



S cm. The semi-circle of SC45 is larger than that of 4555 glass, decreasing the conductivity down to 1.2x10°
7S cm™. As observed in the FE-SEM and XRD analysis, SC45 sample revealed the largest fraction of magnetite-
based particles embedded in the glass matrix (see Figs. 1 and 2). The decrease of conductivity for the SC45 is
thus the consequence of reduced intergranular amorphous region resulting from the formation of magnetite-
based particles. The SC45-5Cu exhibits a semi-circle larger than that of SC45 yielding the lower conductivity
of 1.0x107 S cm™. The resistive tendency for the SC45-5Cu could be caused by the intergranular amorphous
region reduced by the growth of magnetite-based particles.

It is beneficial that the impedance data, coupled with FE-SEM, provides information on the fraction of
magnetite-based particles embedded in the amorphous phases. A further large semi-circle is observed for
the SC45-CulE vyielding the conductivity of 9.5x10® S cm™, which could be due, also in this case, to the
reduced intergranular amorphous region. It is of interest that the fraction of magnetite-based particles for
SCA45-5Cu is smaller than that of SC45-CulE despite larger magnetite crystallite (see Table I). We expect the
coexistence of several kinds of Fe-based crystals along with Cu loading, by which the growth of magnetite-
based particles for SC45-5Cu is interfered.

Table Il lists the results of positron lifetime spectroscopy for (a) 45S5, (b) SC45, (c) SC45-5Cu, and (d) SC45-
CulE. The positron lifetime measurement for the 45S5 glass yields three components of positron lifetimes T3
~194 ps, T2 ~238 ps, 13 ~740 ps with corresponding relative intensities 1 ~27%, I, ~56%, and |5 ~17%,
respectively. The short-lived positron lifetimes of 11 correspond to the annihilation at the intrinsic open
spaces in the amorphous matrix originating from the random packing of constituent atoms, which has been
often observed for glass materials, as e. g., bulk metallic glasses [19]. The positron lifetime 1 is attributable
to the trapped positrons at defects in the glass network, whereas the long-lived component of 13 ~740 ps
arises from the pick-off annihilation of ortho-positronium (o-Ps) localized in the sub-nanoscale open spaces
of the glasses. Similar results have been reported for soda-lime [37] and SiO, [38] glasses having open spaces
with ~0.2 nm in size.

The SC45 exhibits two components of positron lifetimes t; ~217 ps and 1, ~329 ps with corresponding relative

intensities 11 ~37% and I, ~63%, respectively. A disappearance of long-lived components is resultant of the



formation of a large fraction of magnetite-based particles thus reducing glass matrix as seen in the FE-SEM

images (see Fig. 1).

Table II: Positron lifetimes and the corresponding relative intensities for (a) 45S5, (b) SC45, (c) SC45-5Cu, and (d) SC45-
CulE.

71 [ps] 1, [%] T2 [ps] 1, [%] T3 [ps] I5 [%]

(a) 45S5 194 27 238 56 740 17
(b) SC45 217 37 329 63 - --
(c) SC45-5Cu 192 29 310 71 -- -
(d) SC45-CulE 216 34 329 66 - -

The short- and long-lived components are the consequence of positron annihilation inside the magnetite-
based particles. We must underline that positron annihilation sites change from glass matrix to the
magnetite-based particles for SC45. The positron lifetime t; ~217 ps is longer than that in the bulk reported
for magnetite natural crystal (~ 180 ps) [39], thus being ascribed to the annihilation in the vacancy-sized open
spaces. The average positron diffusion length L. without any trapping centre is the order of ~ 100 nm for
oxide ceramics [40]. As revealed by XRD experiments, the crystallite size of SC45 is 34 nm, which is by far
smaller than the positron diffusion length in the oxide ceramics (see Table 1). Positrons implanted in the
magnetite crystallites are thus expected to diffuse out and annihilate outside, leading to the conclusion that
vacancy-sized open spaces are formed at the interfaces between magnetite crystallites. On the one hand,
the positron lifetime 1, ~329 ps is similar to that of void (~ 300 ps) reported for magnetite natural crystal
formed by sedimentation [39], thus corresponding to the void-like open spaces. The void-like open spaces
could be located in the boundaries among the magnetite-based particles mainly created by lattice
mismatching. Besides the present materials, positron annihilation at the interfaces and boundaries has been
reported for several materials as e.g., nanocrystal-embedded Fe-based amorphous [41], and biogenic silica

quartz [42,43].



Similarly to the case of SC45, two components of the positron lifetimes are obtained for the SC45-5Cu: the
vacancy-sized open spaces in the interfaces between magnetite crystallites and void-like open spaces in the
boundaries among the magnetite-based particles (see Table Il). Both the positron lifetimes 11 ~192 ps and T,
~310 ps are short in comparison with those of SC45, signifying the increases in local electron density around
the positron annihilation sites upon Cu loading. This evidences the accommodation of Cu in the form of ions
as Cu?* into the crystallite interfaces in addition to the particle boundaries locally forming positive charges
therein. The positive charges in the crystallite interfaces and particle boundaries attract electrons, by which
the local electron densities increase reducing positron lifetimes t; and 1. A similar phenomenon has been
found at the grain boundaries for Gd-doped ceria electrolytes [23,24]. The relative intensity /> corresponding
to void-like open spaces is ~71%, which is higher than that of SC45. This indicates that an introduction of Cu
ions increases the concentration of boundaries among magnetite-based particles for SC45-5Cu. The positron
lifetimes attributable to the vacancy-sized open spaces in the interfaces between magnetite crystallites and
void-like open spaces in the boundaries among the magnetite-based particles are obtained for the SC45-CulE
sample as well (see Table Il). In contrast to SC45-5Cu, the positron lifetimes t; and 1, as well as the relative
intensities /1 and I, are similar to those of SC45, signifying that an introduction of Cu ions is less effective in
two positron annihilation sites for SC45-CulE. This demonstrates that Cu ions, introduced by means of an ion-
exchange process, do not enter into both the crystallite interfaces and particle boundaries.

Figure 4 shows the results of CDB spectroscopy for (a) 45S5, (b) SC45, (c) SC45-5Cu, and (d) SC45-CulE, where
the ratio spectra normalized to that of pure Al are presented to highlight the differences among the spectral
shape in the higher momentum core-electron region.

Unlike the 45S5 glass, the Doppler spectrum for the SC45 devitrified glass indicates a gentle slope above
20x103 mqc, similar to that of pure Fe, as shown with a red solid line. This indicates that positrons probe core
electrons of Fe atoms present in the vacancy-sized open spaces in the interfaces between magnetite
crystallites and void-like open spaces in the boundaries among the magnetite-based particles.

The presence of Fe atoms around the positron annihilation sites is easily understandable because the large

fraction of magnetite-based particles is formed for the SC45 (see FE-SEM images in Figure 1). The gradient at



high momentum core electron region for SC45-5Cu becomes steeper than that of SC45 as shown with a green

solid line.
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Figure 4: CDB spectra for (a) 45S5 (black solid line), (b) SC45 (red solid line), (c) SC45-5Cu (green solid line), and (d)
SC45-CulE (blue solid line) together with those of pure Al (Y=1) and Fe (red circles). All the spectra normalized to that
of pure Al.

This implies that Cu ions are dispersed in the crystallite interfaces and particle boundaries contributing to
positron annihilation together with Fe atoms. The presence of Cuions in the crystallite interfaces and particle
boundaries coincides with the reduced positron lifetimes (see Table Il), which is more element specifically
discussed using the correlation between valence and core electrons later. The gradient for the SC45-CulE
sample, in turn, gets gentle and rather similar to that of SC45, demonstrating fewer Cu ions around the
positron annihilation sites, in agreement with the results of FE-SEM observation as well as positron lifetime
spectroscopy.

Figure 5 shows the correlation between valence and core electron contribution, known as S-W correlation
[44], taken from the momentum distribution of annihilation photons, which has been often employed for
examining the chemical environment around positron annihilation sites [44].

The S-W correlation of 45S5 glass is located on the straight solid line with SiO; glass denoted as the SiO; line,

indicating that the surrounding atoms of positron annihilation sites are similar to those of SiO; glass. The data



of SC45 are deviated from the SiO; line getting toward that of Fe, capturing the picture that positrons probe

the electrons of Fe atoms in the crystallite interfaces and particle boundaries.
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Figure 5: The correlation between S and W parameters taken from coincidence Doppler broadening spectra for 45S5,

SC45, SC45-5Cu, and SC45-CulE. All are plotted with black open circles. The data for SiO2 (black solid circles) together

with those for pure Fe (red solid triangles) and pure Cu (green solid squares) are presented for comparison. The solid
line with the data of SiO2, denoted as the SiO: line, is drawn for guiding the eye.

The tendency of deviation becomes prominent getting toward that of Cu for the SC45-5Cu sample. The
upward deviation from the SiO; line is the consequence of positron annihilation partially with the electrons
of Cu in addition to Fe atom, again supporting the presence of Cu ions at the positron annihilation sites. The
deviation from the SiO, line is less pronounced for SC45-CulE, as Cu ions are not effectively introduced into
the magnetite crystallite-crystallite interfaces and particle boundaries.

Figure 6 shows the results of FT-IR spectroscopy for (a) 45S5, (b) SC45, (c) SC45-5Cu, and (d) SC45-CulE. The
FT-IR spectrum of 45S5 glass exhibits peaks in a complex manner at wavenumbers of ~838 cm™, ~850 cm™,
and ~920 cm™. These peaks are associated with Si-O-Si symmetric stretching vibration of SiO4 tetrahedra
possessing non-bridging oxygen in the nearest surrounding of Si atoms denoted as Q™ species, which is often
observed for glass materials with SiO, [45, 46]. The additional absorption peaks at ~1010 cm™ can be
attributed to Si-O-Si asymmetric stretching vibration of SiO, tetrahedral unit [47]. The distinct peaks of 4555

glass caused by Q' species and SiO4 asymmetric stretching vibration are smeared for the SC45, SC45-5Cu,



and SCA45-CulE devitrified glasses being dominant broad peaks of Si-O-Si stretching vibration, as the glass

structure transforms to devitrified one.
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Figure 6: FT-IR spectra for 4555 (black solid line), SC45 (red solid line), SC45-5Cu (green solid line), and SC45-CulE (blue
solid line). Adsorption peaks arising from SiO4 tetrahedra and carbonate groups are indicated by black and grey
arrows, respectively.

The absorption bands characteristic for asymmetric stretching vibration of carbonate appear at ~1410 cm*
and ~1480 cm for the 45S5 glass together with out-of-plane bending vibration at ~870 cm™ (see Fig. 6 (a)),
resultant from carbonate groups (COs%) [48, 49]. The formation of carbonate species could be caused by the
reaction of Ca with CO; present in the air, due to the highly active surface of the amorphous region with
tortuous porous structure [50, 51]. The peaks of carbonate groups weaken commonly for SC45, SC45-5Cu,
and SCA45-CulE samples (see Fig. 6 (b)) basically due to the reduction of the amorphous region as revealed by
electrochemical impedance spectroscopy. However, it was observed that the SC45 and SC45-5Cu samples
exhibit significant peaks of carbonate species as indicated by arrows. The intensities of adsorption bands of
carbonate species are more pronounced for SC45-5Cu than those of SC45, indicating that surface activity for

three devitrified glasses is the order of SC45-5Cu, SC45, and SC45-CulE (SC45-5Cu > SC45 > SCA5-CulE). It is



of interest that the surface activity observed for three devitrified glasses is not simply correlated with the
fraction of intergranular amorphous region with open spaces. We reasonably infer that the interfacial
structure with the void-like open spaces of magnetite-based particles identified by the present positron
annihilation spectroscopy participates in the surface activity of devitrified glasses SC45-5Cu, SC45-CulE, and
SC45.

Based on the results of element-specific positron annihilation spectroscopy together with FE-SEM
observation, XRD, and electro-chemical impedance spectroscopy, we discuss how Cu ions contribute to the
formation of interfacial structures for magnetite-based particles in devitrified glasses providing the active
surface area. The magnetite-based crystals observed by FE-SEM consist of elongated highly interpenetrated
columns, formed by several octahedral crystals (size 0.5 - 5 um), grown one over the other, with a vertex in
common, with Maltese cross-type morphology. In the SC45-5Cu synthesized by the melt-quenching method,
Cu elements are dispersed in the crystallite-crystallite interfaces and particle boundaries in the form of ions.
Cu ions preferentially separate the magnetite-based particles during melt-quenching increasing the
concentration of particle boundaries involved with the void-like open spaces. An interior surface of the void-
like open spaces could be active as evidenced by the fact that the formation of carbonate species occurs
through the reaction of Ca with CO; in air. In contrast to SC45-5Cu, fewer Cu ions are able to occupy both the
crystallite-crystallite interfaces and particle boundaries for SC45-CulE synthesized by the ion-exchanging
method. Thus, the concentration of void-like open spaces in the crystal boundaries slightly decreases in
comparison with those of SC45-5Cu, the surface activity being lower than that of SC45-5Cu. The present
studies demonstrate that Cu ions dispersed into the magnetite-based crystal boundaries during melt-
guenching play an important role not only in imparting an antibacterial effect but also in developing locally

active surfaces.

Conclusions
The local atomic structure associated with surface activity, alternative to open spaces in the glass matrix, was
explored for bioactive ferrimagnetic devitrified glasses doped with Cu elements by melt-quenching (SC45-

5Cu) and ion-exchanging (SC45-CulE). The results obtained for SC45-5Cu and SC45-CulE were compared with



those of unloaded SC45 in addition to bioactive glass 45S5. FE-SEM observation showed the morphology of
magnetite-based crystals embedded in the glass matrix for unloaded and Cu-loaded samples. Analyses of FE-
SEM images indicated that the Cu species enters into the magnetite unit cell modifying its structure only for
SC45-5Cu sample. The average sizes of magnetite crystallite for SC45-5Cu and SC45-CulE are smaller than
that of SC45, implying that Cu elements participate in interfering magnetite crystallites. Electro-chemical
impedance spectroscopy for SC45-5Cu and SC45-CulE indicated the resistive tendency higher than that of
SC45 because the intergranular amorphous region with tortuous open spaces is reduced due to the growth
of magnetite-based crystals. Element-specific positron annihilation spectroscopy for three devitrified glasses
revealed the presence of vacancy-sized open spaces in the interfaces between magnetite crystallites as well
as the void-like open spaces formed in the boundaries among the magnetite-based crystals. It is found that
Cu elements located in the above interfacial structures are in the form of ion for SC45-5Cu and the void-like
open spaces in the crystal boundaries is efficiently formed. An interior surface of the void-like open spaces
could be active as evidenced from the results of FT-IR spectroscopy, where the formation of carbonate

species occurs through the reaction of Ca with CO,.
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