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EPR spectroscopy of irradiated bioactive glasses
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The X-band (v 09.4 GHz) EPR spectra of the UV-, X-, and y-irradiated biologically
active glass (Bioglass) samples of two different compositions have been investigated at 77
and 300 K. The generation efficiency of the electron and hole centers depends strongly on
the basic Bioglass composition and is almost independent of ionizing radiation type and
presence of the non-controlled Fe3* impurity in the glass structure. Influence of pre-treat-
ment in NaCl solution and simulated body fluid on formation processes of the radiation-in -
duced paramagnetic defects in Bioglass have been investigated. Spin Hamiltonian parame -
ters and thermal stability of the radiation-induced centers have been evaluated. Electron
structure, formation peculiarities and possible models of the radiation-induced paramag-
netic centers in the Bioglass structure are discussed.

Uccaemosanbr IIIP-cekTpsl B X-amamasone (Vv 19.4 I'Tm) mpu Temmeparypax 77 u
300 K 6uosiornuecKu aKTUBHBIX (O6MOJOTMYECKUX) CTEKOJ ABYX PA3HBIX COCTABOB, O0JyUEH-
HBIX Y@, PDEHTIeHOBCKUMHM U Y-JIydaMu. OPOEeKTUBHOCTh MeHEPAIlUHU IEHTPOB 3JIEKTPOHHOI'O
M IBIPOYHOTO THUIA CYINECTBEHHO 3aBHCHUT OT OCHOBHOTO COCTaBa OMOJIOTMYECKOTO CTEKJa U
IIOYTH HE 3aBUCHUT OT BHAA WOHW3UDPYIOIIEH paguanuyd W IPUCYTCTBUSA HEKOHTPOJIUPYEMO
mpumecu Fe®* B cTpykType crekia. MccieZOBaHO TaK:Ke BIMSHHE IpeLBAPHTEIbHON 06pa-
6orku B pactBopax NaCl u mMomenbHON (HU3NOIOTMUECKON »KUIKOCTH HA IIPOIEecChl (hOPMUPO-
BaHUSA PAJUALMOHHBLIX IMAPAMATHUTHBIX Ie(PEKTOB B OMOJOTMUECKM AKTUBHBIX cTeKJax. Or-
pellesieHbl IMapaMeTphl CIWH-TAMUJIbTOHMAHA M TepMUUYEecKas CTaOMJIbHOCTD pPaJUallMOHHBIX
meHTpoB. OGCYKIalTCA 9JIeKTPOHHAA CTPYKTYpa, OCOGEHHOCTH (GOPMUPOBAHUA U BO3MOMK-
HbIe MOJEJY PaJAWaIlMOHHBIX [TapAMArHUTHBIX IEHTPOB B CTPYKType OMOJOTUUYECKOTO CTEKJIa.

© 2004 — Institute for Single Crystals

The alkali-silicate-phosphate glasses of
the SiO,—Na,0-CaO-P,05 system are in-
tended to be used in the human body as an
implant material and become attached to
living tissue. Such glasses which contain
less than about 60 mass. % SiO, are called
bioactive. Chemical composition of the
bioactive glasses is similar to that of the
bones. A bone consists in 1/3 of organic
materials and in 2/3 of inorganic materials
and water. The inorganic part of the bone
consists of calcium phosphate (crystalline
hydroxyapatite (HAP) and non-crystalline
calcium orthophosphate), calcium carbonate
and a small amount of magnesium oxide.
Since discovery of the Bioglass [1], various
kinds of glasses and glass-ceramics [2—4]
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have been found to bond to living bone. The
Bioglass surface, which can induce the for-
mation of an apatite layer in vivo, or is
pre-coated with an apatite layer, will demon -
strate good bone-bonding properties [5—7].
Electron paramagnetic resonance (EPR)
proves to be a powerful tool for studying in
different bioactive materials, particularly
in the Bioglass. Impurity ions of transition
metals and/or radiation-induced electron
and hole centers trapped at different sites
of the glass network can be used as param -
agnetic probes for such studies. At present,
impurity paramagnetic ions and radiation-
induced defects are widely studied in phos -
phate glasses of different composition. In
particular, the EPR spectrum of radiation-
induced PO42~ hole centers in alkali and
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alkali earth phosphate glasses, charac-
terized by hyperfine doublet from 3'P iso-
tope (nuclear spin I = 1/2) were studied by
a number of authors [8—10]. Different mod -
els have been proposed for the symmetry of
the PO42‘ radical (anisotropy of the g ten-
sor) and localization of unpaired spin in the
glass structure. Several papers report about
EPR study of the radiation-induced defects
in hydroxyapatites [11-14]. Particularly, in
the carbonated HAP, F* centers were ob-
served [13]. In the plasma-sprayed and - and
y-irradiated HAP, the anisotropic EPR signal
related to the O~ anion-radicals adjacent to a
calcium vacancy was observed [14].

In our first paper [15], four types of
radiation-induced centers in the Bioglass
network were registered using EPR tech-
nique, but the nature and structure of some
centers were not clearly established up to
now. The aim of this work is to study fur-
ther the nature, structure and formation
processes of the radiation-induced paramag -
netic defects in the UV-, X- and y-irradiated
Bioglass on the basis of observed EPR spectra
analysis and literature data consideration.

Two types of Bioglass were investigated
produced by Jelenia Gora Optical Factory
(Poland). The glasses have the following,
slightly different composition (per cent
mass): (1) 45 SiO, : 24.5 Na,O : 24.5 CaO :
6 P,05 (Bioglass® I or BG I, in literature —
4585 [1]); and (2) 46 SiO,: 25.5 NayO:
24.5 CaO : 4P,0;5 (Bioglass® II or BG II).
The as-synthesized Bioglass samples were
submitted to treatment by the following
physiological solutions: 0.9 % NaCl and
SBF (simulated body fluid) with pH = 7.4
for 2 h. The SBF contains inorganic ions in
concentrations close to those in blood
plasma [4, 16]. As was verified by scanning
electron microscopy (SEM) and EDAX spec-
tra [17] in areas enriched in calcium and
poor in silica are formed in Bioglass sam-
ples when exposed to 0.9 % NaCl solution.
The comparison of BG I and BG II SEM
photograph shows that the formation of hy-
droxyapatite layer proceeds more fast in BG
II. The quite different image shows sample
dissolution in SBF: no cracks, surfaces are
homogenous, that could suggest that an
early stage of HAP formation takes place.

The Bioglass samples for EPR investiga -
tion were cut out in approximate size of
8x3x2 mm3. The samples were UV-irradi-
ated at room temperature using a DKsEL-
2000 lamp (power P = 2000 W). The X-irra-
diation was carried out at room temperature
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Fig. 1. X-band EPR spectra of non-irradiated
Bioglass I at T =300 K for as-synthesized
(1), pre-treated in the NaCl solution (2), and
SBF (3) samples.

using an URS-55A standard apparatus (Cu
Ky radiation, U =40 kV, I =10 mA). The
exposure duration was 60 min for both irra-
diation types. The y-irradiation of the sam-
ples was performed using a 9Sr 40 mCi
source. The y-irradiation dose was 2 Gy. For
EPR investigations of the as-synthesized,
pre-treated in NaCl solution and SBF, and
irradiated Bioglass samples, special quartz
tubes of high chemical purity were used.

The X-band EPR spectra were registered
at 300 and 77 K using a RADIOPAN
SE/X-2544 (Poznan, Poland) and AE-4700
(L’viv, Ukraine) modified computer-control -
led commercial spectrometers with cylindri -
cal TM;, cavity, operating in the high-fre-
quency (100 kHz) magnetic field modula-
tion mode. The microwave frequency in
each case was controlled by means of
diphenylpicrylhydrazyl (DPPH) g-marker
(g = 2.0036 £ 0.0001). The parameters of
EPR spectra were evaluated wusing a
BRUKER computer simulation program
"SimFonia”. The intensities of EPR lines
were evaluated using a special spin stand -
ard (number of spins Ng = 51015 spins/G).

It is to note first of all that all the inves-
tigated Bioglass samples yield the isotropic
EPR signals at g, =4.29 and g, = 2.00
(Fig. 1). The observed signals are typical of
vitreous (or glassy) state [18—22] and were
assigned to isolated Fe3* (3d5, 685/2) ions in
octahedral and tetrahedral sites with strong
rhombic distortion (Fe3* (I) centers, 8otf =
4.29) and in octahedral sites of nearly cubic
symmetry (Fe3* (II) centers, 8ot = 2.00). In-
tensity of the Fe3* EPR signals in BG I
samples is independent of treatment in NaCl
solution and SBF (Fig. 1). Total amount of
Fe3* ions in the BG I samples estimated by
EPR is 5 to 10 times greater than that in BG
II ones and does not exceed 102 mass. %.
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Fig. 2. X-band EPR spectra of UV-irradiated
Bioglass I at T =300 K for as-synthesized

(1), pre-treated in the NaCl solution (2) and
SBF (3) samples.

The UV-, X-, and y-irradiation of BG I
samples at T = 300 K results generation of
stable radiation-induced centers (RC) of
three types denoted as RC (1), RC (2), and
RC (3) Fig. 2). The same irradiation of BG
II samples generates stable centers of one
type, RC (4), in general (Fig. 3). The EPR
spectra analysis shows that the RC (4) sig-
nals were observed also in the BG I samples
as a background of the RC (1) signal (Fig. 2)
and the weak RC (2) and RC (3) EPR sig-
nals were observed also in BG II samples
(Fig. 3). Thus, the generation efficiency of
the different paramagnetic centers depends
heavily on the basic glass composition. Par -
ticularly, a small increase of SiO, and Na,O
content and a decrease of P,Og content in
the glass composition results in increasing
amount of the RC (4) and in a strong de-
crease of the amount of RC (1), RC (2), and
RC (3), and vice versa. As a result, the RC
(4) signal dominates in BG II samples,
whereas the RC (1), RC (2), and RC (3) sig-
nals dominate in BG I ones (Figs. 2 and 3).
Pre-treatment of the BG I sample in the
NaCl solution and SBF results in a de-
creased amount of RC (2) and an increased
amount of RC (3), whereas the amount and
type of radiation-induced centers in the BG
II are essentially independent of the sample
pre-treatment (Figs. 2 and 3). The types of
paramagnetic radiation-induced defects in
BG I and BG II samples are independent of
the kind of ionizing radiation (UV, X, and Y).
Also the intensity of EPR spectra of the
Fe3* (I) and Fe3* (II) impurity centers in
the irradiated BG I and BG II samples re-
mains the same.

The EPR spectrum of RC (1) is charac-
terized by effective g value of the hole type
(8epr > 8, = 2.0023) and consists of four
equidistant lines equal in intensity (Fig. 2).
The RC (1) signal could be explained assum -
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Fig. 3. X-band EPR spectra of Bioglass II at
T =300 K for pre-treated in the SBF and
UV-irradiated (1), as-synthesized and X-irra-
diated (2), pre-treated in the NaCl solution
and X-irradiated (3) samples.

ing the hyperfine (HF) interaction of un-
paired electron of the spin S = 1/2 with the
magnetic moment of one nearest nucleus
with spin I = 3/2. Analysis of the isotopic
composition of elements occurring in Bioglass
shows that the source of HF interaction can
be a single nucleus of the 23Na isotope
(I = 3/2, natural abundance — 100 %).

The RC (2) EPR spectrum is charac-
terized by approximately isotopic hole-like
g-factor and consists of five approximately
equidistant lines of the intensity ratio close
to 1:4:6:4:1, which can be ascribed to 3P
isotope (I = 1/2, natural abundance —
100 %) superhyperfine structure (SHF).
Since the number of components in the SHF
structure N = (2nlI + 1) = 5, the number of
equivalent 3'P nuclei can be n = 4. Thus,
the fivefold SHF splitting of the RC (2)
EPR signal is caused by interaction of an
unpaired electron spin with four nearest nu-
clei of the 3'P isotope.

The EPR spectrum of RC (3) is charac-
terized by an unresolved broad (Apr O
50 G) signal with g-factor of the electron
type (&5 < 8, = 2.0023). The EPR spectrum
of RC (4) consists of asymmetric line (AH,
09 G) with a hole-like g-factor of the same
value as for RC (1). All observed EPR spec-
tra of the radiation-induced centers in the
BG I and BG II samples are temperature
independent within the 77 to 300 K range.

Presence of the four different types of
radiation-induced paramagnetic centers in
the Bioglass network is demonstrated
clearly by isochronal annealing of the X-ir-
radiated samples (Figs. 4 and 5). The inten -
sity of EPR signal related to the RC (1)
decreases monotonously with increasing an -
nealing temperature and disappears com -
pletely at T 0500 K, whereas the intensity
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Fig. 4. EPR spectra at T = 300 K in as-syn-
thesized and X-irradiated BG I sample after
isochronal (20 min) annealing in air at tem-
peratures (K): 325 (1), 375 (2), 400 (3), 425 (4),
450 (5), 475 (6), 500 (7), and 550 (8).

of RC (2) EPR signal remains unchanged
even after heating up to T > 550 K (Fig. 4).
Intensities of EPR signals related to RC (3)
and RC (4) decrease monotonously during
isochronal annealing (Figs. 4 and 5). As a
result, the EPR signal related to RC (3)
disappears at T 0550 K (Figs. 4), whereas
the RC (4) related line completely disap-
pears at T 0475 K (Fig. 5). Thermal stabil -
ity characteristics of radiation-induced cen -
ters in Bioglass are presented in the Table.

The EPR spectra of the observed radia-
tion-induced centers can be described by
spin Hamiltonian in the following general
form:

4 (1)
H=BH (g0 + S AN + } S [, LI,
i=1

where B is the Bohr magneton; g, the tensor
of electronic Zeeman interaction; A, the ten-
sor of magnetic hyperfine interaction be-
tween the electron of spin S and a nucleus
of spin I; and a;, the tensor of magnetic
superhyperfine interaction between the elec-
tron of spin S and n equivalent nuclei of
spin I,. In the case of axial symmetry of the
g tensor:

BUH Cg OS = (2)
= BgHSZHZ + g (S H, + SyHy)H

where g1 =g,,, 80 = 8y = 8yy» and g, 8yy»
g, are the principal values of the g tensor.

The RC (1) spectrum is described by the
first and second terms; the RC (2) spec-
trum, by the first and third terms; and the
RC (3) and RC (4) spectra, by the first term
of the spin-Hamiltonian (1). The g, A, and a
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Fig. 5. EPR spectra at T = 300 K in the pre-
treated in NaCl solution and X-irradiated BG
II sample after isochronal (20 min) annealing

in air at temperatures (K): 325 (1), 375 (2),
400 (3), 425 (4), 450 (5), 475 (6), and 500 (7).

values for the radiation-induced paramag -
netic centers in Bioglass obtained in the iso -
tropic HF and SHF constant approximation
are presented in the Table.

The observed hole centers in the glasses
can be assigned to an ensemble of O~ cen-
ters, i.e., holes, trapped at non-bridging
oxygen with different local environments.
Basing on the presented EPR and literature
data, we can to conclude that the RC (1)
and RC (4) can be described in terms of HC,
[23] and O~ [24] center models proposed for
the alkali silicate glasses with high content
of alkali modifiers. According to these mod -
els, the RC (4) is a hole captured at a Si-O
tetrahedron which has 3 non-bridging oxy -
gens and wave function of hole presumably
being restricted strongly to the 3 non-bridg -
ing oxygens [23]. The RC (1) is the O~ cen-
ter localized nearest to the Na* ion. It is the
so-called L-center, (Si-O—Na™) [25], where
the observed four-line hyperfine structure
in the EPR spectrum is caused by one nu-
cleus of the 23Na isotope. Note that both RC
(1) and RC (4) are characterized by high but
slightly different thermal stability (see
Table).

The RC (2) center can be interpreted as
an electron trapped at oxygen vacancy. The
SHF structure of the RC (2) centers could
be explained by the interaction of the elec-
tron spin with four nearest 3'P nuclei of
the glass structure. The RC (2) centers in
Bioglass are characterized by high thermal
stability and have no analogs in literature.
The electron RC (3) centers are charac-
terized by inhomogeneously broadened EPR
line (Apr 050 G) and cannot be assigned
to the well-known E' (Si) centers. The inho-
mogeneous broadening of the RC (3) EPR
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Table. Spin Hamiltonian parameters obtained as the best fit of the experimental (7 = 300 K) and
simulated EPR spectra and thermal stability of the radiation-induced centers

Center | Thermal g values A values a values Type of
number | stability g e A”, G A, G a), G ag, G centers
RC (1) | <475 K| 2.009 = 0.001 | 2.005 +0.001 | 121 12+1 - - Hole
RC (2) |> 500 K| 2.048 + 0.001 | 2.048 + 0.001 - - 283+2 | 23+2 Hole
RC (3) | <500 K| 1.965 + 0.005 | 1.953 + 0.005 - - - - Electron
RC (4) | <425 K| 2.009 + 0.001 | 2.005 = 0.001 - - - - Hole

signal can be connected with presence of
several volume and surface electron type
centers with different local environments
which give slightly shifted and statistically
distributed g values, that form the observed
EPR lineshape. The nature and structure of
the RC (3) need additional study by EPR
and other spectroscopic methods.

In conclusion, the ionizing UV-, X-, and
y-irradiation of bioactive glasses (Bioglass)
at room temperature generates four types
of stable paramagnetic centers that have
been identified by EPR spectroscopy. The
generation efficiency and type of radiation-
induced paramagnetic centers depends heav -
ily on the basic bioactive glass composition
(i.e., ratio of the structure-forming ele-
ments to the modifiers) and is independent
of the ionizing radiation kind and presence
of Fe3* non-controlled impurity. The spin
Hamiltonian parameters and thermal stabil -
ity for all radiation-induced centers in Bio -
glass have been evaluated. The RC (1) and
RC (4) hole centers can be described in the
frame of the HC, and O~ hole center mod-
els, respectively. The RC (1) is localized
nearest to the 23Na nucleus (L-center),
whereas the RC (4) center is not related to
any nucleus with magnetic momentum. The
RC (2) can be interpreted as an electron
trapped at oxygen vacancy. The RC (3) elec-
tron center cannot be assigned to the well-
known E'(Si) centers and its nature needs
additional study by different spectroscopic
methods. The EPR data show good correla-
tion with the thermo-stimulated lumines -
cence (TSL) measurements. Particularly, the
TSL glow peaks at 370-380 K, 420-430 K,
and 690-710 K [15] can be assigned to the
RC (4), RC (1), and RC (2), respectively.
Pre-treatment of the samples in the 0.9 %
NaCl solution and SBF results in formation
of a surface coating of composition differ-
ent from the basic Bioglass composition and
influences the formation process of radia-
tion-induced defects. Interaction of the
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physiological solution with surface artificial
material is very complicated and it is not
clear in every detail at present. Studies of
surface coating composition and their influ -
ence on the formation process of the radia-
tion-induced volume and surface defects in
the bioactive glasses are in the progress.
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EIIP-crieKTpOCKOIiA ONMpOMiHEHHX
010JIOTIYHO-AaKTUBHUX CTEKOJI

B.Iladnsax, C.lllapcka

Hocaigxeno EIIP-cmexktpu B X-miamasoni (v 19.4 I'T'm) mpu temmepatypax 77 i 300 K
OiosoriuHo-akTUBHUX (6iOJIOTiUYHMX) CTEKOJI OBOX Pi3HUX CKJIAAiB, OHpoMiHeHUX Y@, DeHT-
reHiBcbKUMU i y-mpomeHsamu. EdekTuBHiCTS reHepariii meHTPiB €JI€KTPOHHOTO i JipKOBOTO THUILY
CYTTEBO 3aJI€KUTH BiJl OCHOBHOTO CKJAAy OiOJIOTiYHOrO CKJa i MaiKe He 3aJIe’KUTDH Big BuUIy
iomisyrouoi pagiamii Ta mpPUCYTHOCTI HEKOHTPOJBOBAHOI AOMIIITKK Fe3* s CcTPYKTypi ckjaa. [o-
CIiIPKeHO TaKO)X BILUIMB IIONepelHLOI 00poOkm y posumHax NaCl i momensHoi (isiomoriunoi
piguuy Ha mporecu (popMyBaHHA pamianmifiHuxX mapaMarHiTHuX gedeKTiB y 0i0JoriuHo-aKTUBHIX
cTeKJax. BusHaueHO IIapaMeTpH CIiH-raMiJbTOHiaHa i TepmiuHy crabinbHiCTH pamiamifiHUX
eHTpiB. OGroBOPIOIOTECSA €JIEKTPOHHA CTPYKTYpa, 0COOJIMBOCTI (DOPMYBAHHA i MOMKJIMBI Mojesi
paziamifiHuX MmapaMarHiTHUX IEHTPiB y CTPYKTypi OiosoriuHoro ckJa.
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