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Abstract: This study investigates the role of yttrium in
phosphate-based glasses in the system45(P2O5)–25(CaO)–
(30-x)(Na2O)–x(Y2O3) (0≤ x≤ 5) prepared via melt quench-
ing and focuses on their structural characterisation and
degradation properties. The structural analyses were per-
formed using a combination of solid-state nuclear mag-
netic resonance (NMR), Fourier transform infrared spec-
troscopy (FTIR) and X-ray photoelectron spectroscopy
(XPS). 31P NMR analysis showed that depolymerisation
of the phosphate network occurred which increased with
Y2O3 content as metaphosphate units (Q2) decreased with
subsequent increase in pyrophosphate species (Q1). The
NMR results correlated well with structural changes ob-
served via FTIR and XPS analyses. XRD analysis of crys-
tallised glass samples revealed the presence of calcium
pyrophosphate (Ca2P2O7) and sodium metaphosphate
(NaPO3) phases for all the glass formulations explored.
Yttrium-containing phases were found for the formula-
tions containing 3 and 5 mol% Y2O3. Degradation analy-
ses performed in Phosphate buffer saline (PBS) andMilli-Q
water revealed significantly reduced rates with addition of
Y2O3 content. This decrease was attributed to the forma-
tion of Y-O-P bonds where the octahedral structure of yt-
trium (YO6) cross-linked phosphate chains, subsequently
leading to an increase in chemical durability of the glasses.
The ion release studies also showed good correlation with
the degradation profiles.
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1 Introduction
Biodegradable phosphate-based glasses (PBGs) have great
potential in the field of biomaterials [1–5] due to their
unique ability to totally resorb in aqueous media, which
can be easily controlled via simple alteration of the glass
formulations [6–8]. Other main advantages of phosphate
glasses over other glasses (i.e. silicates) are their lower
melting temperatures and ability to accommodate high
concentrations of metal oxides [9–12]. However, ternary
phosphate-basedglass formulations (P2O5-Na2O-CaO) are
known to have relatively poor chemical durability which
can limit their applications [6, 9]. To develop durable
phosphate-based glasses, various transition metal oxides
such as TiO2 [11] and Fe2O3 [13] have been incorporated
into phosphate glass formulations to enable control over
their degradability.

Yttrium oxide containing glasses are an area of par-
ticular interest as Y2O3 has been shown to not only im-
prove the glass durability and physical properties [14], but
has also been demonstrated to be hugely beneficial for
applications such as selective internal radiation therapy
(SIRT) for treating liver cancers [15–17]. The yttrium alumi-
nosilicate glass composition used for in situ radiation ther-
apy (with formulation 17.1 mol% Y2O3, 18.9 mol% Al2O3,
64.0 mol% SiO2) is known to be highly durable and non-
resorbable [18, 19]. When this glass (in the form of solid
microspheres) is activated by neutron bombardment they
emit beta particles (from the Y90 isotope) which has a rela-
tively short half-life of 64.2 h [20–22].

Due to shorter half-life, yttrium has led to some use-
ful clinical applications to treat a range of diseases such
as hepatocellular carcinoma [17], cushing’s disease [23],
arthritis [24] and used in a wide range of diagnostics and
therapeutic applications such as PET [25], HP-MRI [26] and
radiotherapy [27]. Borgonovo et al. found that yttrium sta-
bilised zirconia can be used as a dental implant’s mate-
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rial and they reported that incorporation of Y3+ into the
crystal lattice of the smaller Zr4+ helped to produce stable
cubic polymorphs of zirconia which subsequently benefi-
cial for dental implants [28]. Neodymium doped yttrium
aluminium garnets (Nd:YAG), have also been explored
to treat cancer disease [29]. Furthermore, the role of yt-
trium oxide nanoparticles have been explored for nerve
cells where Y2O3 nanoparticles acted as antioxidants that
would be able to rescue cells fromoxidative stress-induced
cell death [30]. Toxicity levels ofwater-soluble compounds
such as yttrium chlorides, yttrium nitrates are considered
mildly toxic whilst its insoluble compounds such as yt-
trium oxides are non-toxic [31]. Dubois et al. studied the
toxicity levels of yttrium chloride, nitrate and oxide in
rats and reported that insoluble yttrium oxide (500mg/kg)
showed relatively non-toxic behaviour compared to solu-
ble yttrium chloride (450 mg/kg) and yttrium nitrate (350
mg/kg) [32].

The structural effects of Y2O3 addition on silicate
glasses have been reported in the literature. Singh et
al. studied the structural changes of lithium borosilicate
glasses with addition of 0 to 15 mol% Y2O3 and showed
that Y2O3 acted as a network modifier as its concentration
exceeded 5mol% [33]. Simon et al. investigated iron-doped
yttrium aluminosilicate glasses via XPS analysis and re-
ported that Y2O3 played the role of networkmodifier oxide
in the silicate glass network [34]. Fayad et al. also studied
borosilicate glasses dopedwith Y2O3 and stated that Y2O3
preferred to act as a networkmodifier than network former
especially at concentrations above 1 wt% [35].

The high durability of these silicate-based glass for-
mulations mean that they remain in the body after treat-
ment, potentially for years [14]. As such, developing biore-
sorbable glass microspheres (i.e. from phosphate glasses)
containing yttrium with controlled and predictable degra-
dation rates could be amajor beneficial advantage over the
existing silicate-based formulation.

The solubility of phosphate glasses is dependent on
the glass composition [1]. The phosphate glass network is
formed by linkages between PO4 tetrahedral units which
are described by Qn notation where ‘n’ represents the
number of bridging oxygens. Ultra-phosphate glasses (Q3)
represent PO4 tetrahedra with three BO and one NBO,
whereas metaphosphate glasses have Q2 notation defined
by tetrahedra with two BOs and two terminal oxygens [10].
Moreover, phosphate tetrahedra with one bridging oxy-
gen (BO) and three NBOs are referred to as pyrophos-
phate (Q1) species,whilst orthophosphate glasses (Q0) rep-
resents four non-bridging oxygens (NBO) [6, 14]. In gen-
eral, mainly Q2 and Q1 species have been observed for 45
mol% P2O5 containing glass formulations [36–38]. How-

ever, glasses with 50 mol% P2O5 theoretically consist of
Q2 units only whilst Q3 species are also found in higher
P2O5 containing glasses [36, 39]. Fu et al. conducted clas-
sical molecular dynamics simulations of the structure of
yttrium doped phosphate-based glasses and reported that
yttrium oxide acted as a network modifier due to depoly-
merisation of the phosphate network [40]. However, very
limited physicochemical studies have been conducted be-
fore.

The crystallisation kinetics and ionic conductivity of
yttrium phosphate glasses have been reported [41–44].
Petra et al. studied crystallisation kinetics of erbium-
doped yttrium phosphate glasses for scintillation applica-
tions [45] by exploring the effect of particle sizes in both
powder and bulk samples. They found that the activation
energy decreased from 193 to 180 kJ/mol with increasing
particle size. Martin et al. investigated the structural anal-
ysis of yttrium alumino-phosphate glasses using a com-
bination of neutron diffraction, NMR and Vicker’s hard-
ness test [46]. From neutron diffraction and NMR experi-
ments, they reported that yttrium acted as a network mod-
ifier where Y3+ cations preferentially bonded to the termi-
nal oxygen atoms of PO4 tetrahedra due to variation of
coordination number with the substitution of Al2O3 by
Y2O3. They also stated that the network connectivity of the
glasses decreasedwith the increase of 0 to 26.3mol%Y2O3
content which subsequently decreased the Vicker’s hard-
ness value from 792 to 410 kg mm−2.

In this study, the effect of Y2O3 incorporation in
ternary phosphate-based glass formulations fixed with 45
mol% P2O5 have been investigated. The structure of this
glass system has been explored using solid-state magic
angle spinning nuclear magnetic resonance (MAS-NMR),
Fourier transform infrared (FTIR) and X-ray photoelectron
(XPS) spectroscopies. The effect of adding Y2O3, on the
ratio of bridging (BO) and non-bridging oxygens (NBO)
has also been investigated. Moreover, chemical durability
tests and pH analysis have been determined in phosphate-
buffered saline (PBS) and Milli-Q water, along with the
cation release data from these glasses.

2 Materials and methods

2.1 Glass preparation

Four different phosphate-based glass (PBG) formulations
in the system 45P2O5-(30-x)Na2O-25CaO-xY2O3 were pre-
pared using sodium dihydrogen phosphate (NaH2PO4),
calcium hydrogen phosphate (CaHPO4), yttrium oxide
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Table 1: Glass codes, drying, melting and casting temperature used throughout the study

Glass Code P2O5
content
(mol%)

CaO
content
(mol%)

Na2O
content
(mol%)

Y2O3
content
(mol%)

Drying temp.
/ time (∘C /

hr)

Melting
temp. / time
(∘C / hr)

Casting
temp. / time
(∘C / hr)

Y0 45 25 30 — 350 / 0.5 1150 / 2 376 / 1
Y1 45 25 29 1 500 / 1 1300 / 2 387 / 1
Y3 45 25 27 3 500 / 1 1300 / 2 408 / 1
Y5 45 25 25 5 500 / 1 1300 / 2 434 / 1

(Y2O3) and phosphorous pentoxide (P2O5) as precursors
(Sigma Aldrich, UK). The precursors were weighed, mixed
and then transferred to a 10%Rh/Pt crucible (Birmingham
Metal Company, UK), which was then placed in a furnace
at 350∘C for half an hour or 500∘C for an hour depending
on the glass compositions. The precursor mixtures were
then transferred to another furnace and melted at 1150∘C
for 2 hours for the yttrium free glass and 1300∘C for the
yttrium-containing glasses, as highlighted in Table 1. The
resultant molten glass was then poured onto a steel plate
for quenching and left to cool to room temperature.

Samples of the glass formulations producedwere then
ground into powder utilising a mortar and pestle for fur-
ther analyses. Having obtained their Tg, the glasses were
cast into a graphite mould (9 mm diameter) which had
been preheated to 10∘C above Tg for each glass formula-
tion. The mould was held at the respective casting temper-
ature (see Table 1) for anhour and then cooled to room tem-
perature. The rods obtained were cut into discs of approx-
imately 5 mm thickness using a Testbourne diamond saw
using Industrial Methylated Spirit (IMS) as a lubricant, for
further analysis.

2.2 EDX analysis

To confirm the formulations produced, samples of each
glass formulation were cast into epoxy resin followed by
polishing with SiC paper and diamond cloth, using indus-
trial methylated spirit (IMS) as an eluent. The samples
were then dried before being carbon coated. EDX analysis
was performedusing anOxford Instruments INCAEDX sys-
tem with a Si–Li crystal detector. The EDX spectrometer
was connected to an XL30 scanning electron microscope
(FEI Company,USA)whichwas operated in secondary elec-
tron imaging mode, with an accelerating voltage of 15 kV,
working distance of 10 mm and system resolution of 60 eV.
Gallium phosphide (for P), jadeite (for Na), wollastonite
(for Ca) and yttrium (for Y) were used as standard refer-

ences. Analysis was performed on five different areas of
each glass sample.

2.3 Powder X-ray diffraction analysis

X-ray diffraction (XRD) analysis was used to explore the
amorphous nature of each glass formulation. The datawas
collected on a Bruker AXS–D8 Advance powder diffrac-
tometer (BRUKERAXS, Germany) in flat plate geometry us-
ing Ni-filtered Cu-Kα radiation (λ = 0.15418 nm), oper-
ated at 40 kV and 35 mA where the angular range 2θ for
each scan was from 10∘ to 70∘. The step time was main-
tained 5 s with a step size of 0.1∘. Phases were identified
using the EVA software (DIFFRACplus suite, Bruker-AXS)
and the International Centre for Diffraction Data (ICDD)
database (2005).

Furthermore, milled glass powder was heat-treated at
approximately 10∘C above the crystallisation temperature
(Tc) for 2 h in order to investigate the crystal phases of
each glass formulation. Crystal phases were analysed us-
ing XRD analysis.

2.4 31P NMR analysis

31P NMR spectra were recorded at room temperature on
a Varian Chemagnetics Infinityplus spectrometer operat-
ing at a Larmor frequency of 121.468 MHz using a 4 mm
MAS probe spinning at 12 kHz. The 31P π/2 pulse duration
was 3.7 µs, the spectral width was 100 kHz and the acquisi-
tion time was 10.24 ms. Chemical shifts are quoted relative
to 85% H3PO4 using Na4P2O7·10H2O as an external sec-
ondary reference. Prior to acquiring 31P spectra the spin-
lattice relaxation time T1 was determined for each sample
by saturation recovery. Saturationwas achievedby 100 31P
π/2 pulses spaced by delays of 5mswith recovery delays of
up to 1000 s. Quantitative 31P NMR spectra required relax-
ation delays (5 T1) of between 250 s and 600 s depending
on the sample. The resulting spectra were deconvoluted
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into a set of Gaussian lineshapes which were integrated in
order to quantify the proportions of the differentQ environ-
ments in the sample. MAS sidebands were included in the
analysis.

2.5 FTIR analysis

Infrared spectroscopy of the glass particles was also per-
formed using a Brüker Tensor 27 spectrometer (Brüker Op-
tics, Germany) which was operated in absorbance mode.
Spectra were measured in the region of 400 to 4000 cm−1

utilising a Standard Pike ATR cell (Pike Technologies, Inc.,
UK). OPUS software version 5.5 was used for the analysis.

2.6 XPS Analysis

XPS was performed using a VG Scientific ESCA Lab Mk2
electron spectrometer with a monochromatic Al KaX-ray
source (1,486.6 eV) operated at 15 mA and 10 kV anode
potential. For the XPS measurement, polished glass spec-
imens were mounted onto a sample holder and readings
were taken from three different areas. The shift of the bind-
ing energy due to surface charging effect was calibrated by
referencing the measured binding energy of C 1s to 284.8
eV. For high-resolution spectra, 20 scans were taken using
pass energy of 20 eV. CASA-XPS software was used for data
processing and curve fitting of XPS spectra. These spec-
tra were deconvoluted by using a best fit programme with
Gaussian distributions.

2.7 Degradation analysis

To examine the differences in degradation profiles from
the formulations produced, glass discs (9 mm diameter
and 5 mm thickness) were placed in 30 ml Phosphate
Buffer Saline (PBS) and Milli-Q-water with pH 7.5 and 7.4
respectively, at 37∘C, in accordance with the degradation
standard test conditions: ISO 10993-13:2010. The mass of
each glass disc was obtained and their surface area was

measured using Mitutoyo Digimatic vernier callipers. Af-
termeasuring the dimensions of each glass disc, theywere
then placed into vials and transferred to a 37∘C oven. At
various time points (1, 2, 3, 7, 14, 21 and 28 days), excess
moisture was removed from the glass discs by blotting
the samples dry with tissue. The mass and dimensions of
the glass discs were recorded at each time point and then
placedback into freshmedia. The rate ofmass loss (%)was
calculated according to the following equation:

Mass Loss (%) = M0 −Mt
M0

× 100 (1)

Where M0 is the initial mass of the disc (g) and Mt is the
mass at each time point. The pH of PBS and Milli-Q-water
solutions were also determined. At each time point, three
replicates of each sample were measured.

2.8 Ion release study

In order to determine the quantities of cations released, a
Dionex ICS-1100 ion chromatography system (Dionex, UK)
was used. A 20 mMMSA (Methanesulfonic acid, BDH, UK)
solution was used as the eluent. The solution obtained
at each time point from the degradation analysis in Milli-
Q-water were analysed for sodium and calcium ion re-
lease. In this method, cations were eluted using a 2×250
mm IonPac1 CS12A separator column. The ICS-1100 per-
forms isocratic ion chromatography (IC) separations using
suppressed conductivity detection. Data analysis was con-
ducted using Chromeleon7 software package. Dionex six
cation-II standard (Li+, Na+, NH+

4, K+, Mg2+ and Ca2+ pH
3.0 ± 0.30, Thermo Scientific, UK) was used to produce cal-
ibration standards of 100, 50, 25, 10 and 1 ppm.

3 Results

3.1 EDX analysis

EDX analysis was performed to confirm the final glass
compositions investigated (see Table 2). The differences

Table 2: Expected and actual chemical compositions from EDX analysis of the four glass formulations investigated in this study

Sample P2O5 (Expected / Actual
value) (mol%)

CaO (Expected / Actual
value) (mol%)

Na2O (Expected / Actual
value) (mol%)

Y2O3 (Expected / Actual
value) (mol%)

Y0 45 / 44.1 ± 1.5 25 / 25.7 ± 1.3 30 / 30.2 ± 1.7 0 / 0
Y1 45 / 43.7 ± 1.2 25 / 26.7 ± 1.5 29 / 28.8 ± 1.4 1 / 0.8 ± 0.5
Y3 45 / 45.8 ± 1.8 25 / 25.7 ± 1.4 27 / 26.1 ± 1.3 3 / 2.4 ± 1.1
Y5 45 / 43.9 ± 1.8 25 / 26.1 ± 1.7 25 / 26 ± 1.9 5 / 4 ± 1.5
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Table 3: 31P NMR peak positions, relative proportions of Q1 and Q2 species and the calculated number of bridging oxygens (BOs) and
non-bridging oxygens (NBOs) in the various glass formulations

Glass
code

v(Q1)
/ppm

v(Q2)
/ppm

Intensity
−8 ppm/ % (Q1)

Intensity −22
ppm/% (Q2)

BO NBO BO/NBO Phosphate chain
length, L

Y0 −5.49 −21.74 22.78 77.22 1.77 2.23 0.79 8.69
Y1 −5.94 −21.57 27.11 72.89 1.73 2.27 0.76 7.41
Y3 −7.19 −21.82 33.90 66.10 1.66 2.34 0.71 5.88
Y5 −8.13 −21.92 41.15 58.85 1.59 2.41 0.66 4.88

between the expected values and actual values obtained
were all within 0-2 mol%.

3.2 XRD analysis

The XRD profiles of the glass compositions are presented
in Figure 1. A single broad halo peak was observed be-
tween 20∘ to 40∘ diffraction angle for each glass formula-
tion investigated. Absence of any sharp crystalline peaks
suggested that all the glasses produced were amorphous.

Figure 1: X-ray diffraction patterns for glasses in the system
45P2O5–25CaO–(30-x)Na2O–xY2O3 (where x = 0, 1, 3 and 5)

3.3 31P NMR analysis

31P NMR analysis was performed to explore the structural
connectivity of the phosphate network. Figure 2 shows the
31P NMR spectra of the glass formulations investigated
where each spectrumwas fitted using Gaussian peaks cen-
tred at approximately −8 and −22 ppm and ascribed to
Q1 and Q2 species respectively [47, 48]. The NMR spectra
showed that the peaks associated with Q1 and Q2 species
shifted from −5.49 to −8.13 ppm and from −21.74 to −21.92
ppm respectively with incorporation of Y2O3 (see Figure 2).
The peak positions, relative proportions of Q1 and Q2

species and the ratio of bridging oxygens (BO) to non-
bridging oxygens (NBO) for the individual glasses have
been presented in Table 3. Significant variations in the rel-
ative intensity of Q species was observed between Y0 and
Y5 glasses. For example, the relative intensity of Q1 species
increased from 22 to 41%whilst the intensity of Q2 species
decreased from 77 to 58% with increasing Y2O3 content
(see Table 3). Furthermore, the average P· · · P coordination
number (Npp) and average phosphate chain length (L) can
be determined from the NMRQ-species [7, 49]. In addition,
the NPP is equal to the average number of bridging oxygen
(NBO) [50]. The NBO and L are calculated using equations 2
and 3 and the results are presented in Table 3.

NBO = f 1Q + 2f 2Q (2)

L = −2
NBO − 2

(3)

Where f nQ refers to the fraction of the Qn group.

Figure 2: 31P NMR spectra for glasses in the system 45P2O5–
25CaO–(30-x)Na2O–xY2O3 (where x = 0, 1, 3 and 5)

The ratios of bridgingoxygen (BO) tonon-bridgingoxy-
gen (NBO) and phosphate chain length were seen to de-
crease from 0.79 to 0.66 and 8.69 to 4.88 respectively with
the inclusion of Y2O3 content (0 to 5 mol%) as shown in
Table 3.
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Table 4: Theoretical calculation of Q species, BO to NBO ratio and chain length for different glass formulations

Sample O/P Q1 species (%) Q2 species (%) BO NBO BO/NBO Phosphate chain length, n
Y0 glass 3.11 22 78 1.78 2.22 0.80 9
Y1 glass 3.13 26 74 1.74 2.26 0.77 7.49
Y3 glass 3.17 34 66 1.66 2.34 0.71 5.62
Y5 glass 3.22 44 56 1.56 2.44 0.64 4.50

3.4 Theoretical calculation of Q species, BO
to NBO ratio and phosphate chain length

The expected percentage of Q species and BO to NBO ratio
from each glass composition can be determined on the ba-
sis of oxygen to phosphorous ratio (O/P). As seen from Ta-
ble 4, it was observed that the O/P ratios were in between
metaphosphate (O/P=3, designated as Q2) and pyrophos-
phate (O/P=3.5, termedasQ1) regions for the glass formula-
tions explored. According to glass composition region, the
fraction of Q2 can be calculated by following theoretical
equation [51]:

f
(︁
Q2

)︁
=
3.5 −

(︁
O
P

)︁
0.5 (4)

f
(︁
Q1

)︁
= 100 − f (Q2) (5)

In addition, the number of BO in phosphate tetrahedral
units can be evaluated by O/P ratio [50] and calculated us-
ing the equation 6 below:

NBO = 8 − 2 × (O/P) (6)

Furthermore, the theoretical chain length (n) for 45 mol%
phosphate based glasses can be determined using the fol-
lowing equation [52]:

n = 2(︁
MNa+2MCa+3MY

P

)︁
− 1

(7)

Where, M and P are the mole fraction of the cation and
phosphorous respectively.

As seen in Table 4, the theoretical estimation of Q1

species increased from 22 to 44%, whilst the Q2 species
decreased from 78 to 56% with increasing Y2O3 content
into the glass system. Additionally, the BO to NBO ratio
and phosphate chain length decreased from 0.80 to 0.64
and 9 to 4.50 respectively with the incorporation of 0 to
5 mol% Y2O3 as represented in Table 4. Overall, the theo-
retical percentage of Q species, BO to NBO ratio and chain
length correlated well with the experimental NMR results.

3.5 FTIR analysis

FTIR analysis was also performed to explore any struc-
tural changes within the glasses produced. The spectra of
each glass composition are presented in Figure 3. The ab-
sorption bands were assigned according to previous FTIR
studies on phosphate based glasses [53–58]. The fivemain
bands observed were at 703 cm−1, 887 cm−1, 970 cm−1,
1095 cm−1 and 1265 cm−1 and their peaks assignments are
provided in Table 5. The band at 703 cm−1 shifted to a
higher wavenumber and intensity as Y2O3 was added into
the glass system as presented in Figure 3. A similar change
was also observed for the band at 970 cm−1 and 1095 cm−1.
The band at 887 cm−1 shifted to higher wavenumber (894
cm−1) for 1 mol% Y2O3 and then decreased with the incor-
poration of 3 and 5 mol% Y2O3 into the glass system. The
band at ~1265 cm−1 was noticed to shift to lower wavenum-

Table 5: FTIR band positions and assignments for different glass compositions

Wavenumbers
(cm−1)

Assignments Reference

703–719 Symmetric stretching vibrations of pyrophosphate groups (Q1) [107]
887–893 vas (P-O-P), asymmetric stretching of the bridging oxygen atoms bonded to a phosphorus

atom in a Q2 phosphate tetrahedron.
[73]

970–976 vs (PO3)2−, symmetric stretching modes of the chain terminating Q1 groups. [108]
1095–1113 vas (PO3)2−, asymmetric stretching modes of the chain terminating Q1 groups. [109]
1245–1265 vas (PO2)−, asymmetric stretching mode of the two non-bridging oxygens bonded to a

phosphorous atom in Q2 species.
[110]
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bers with increased intensity with inclusion of Y2O3 con-
tent at the expense of Na2O. The band near 2350 cm−1 in-
dicates the presence of CO2 [59].

Figure 3: FTIR spectra for glasses in the system 45P2O5–25CaO–(30-
x)Na2O–xY2O3 (where x = 0, 1, 3 and 5)

3.6 XRD profiles of Heat-treated glass
formulations

XRD analysis of heat-treated glass compositions was per-
formed to identify the crystal phases at crystallisation
temperature. XRD patterns of heat-treated glasses are pre-
sented in Figure 4 and the crystalline phases were iden-
tified from XRD analysis (see Table 6). Y0 and Y1 glasses
revealed peaks corresponding to calcium pyrophosphate
(Ca2P2O7), sodium metaphosphate (NaPO3) and calcium
sodium metaphosphate [Na4Ca(PO3)6] phases. With fur-
ther incorporation of 3 and 5 mol% yttrium oxide, sodium
yttrium pyrophosphate (NaYP2O7) and sodium yttrium ox-
ide (NaYO2) phases were observed in place of the calcium
sodium metaphosphate peak.

Figure 4: XRD patterns of the glass formulations heat-treated at
their respective crystallisation temperatures

Table 6: Phases identified for different glass formulations using
XRD and crystallographic software

Sample Phase identified
Y0 NaPO3, Ca2P2O7, Na4Ca(PO3)6
Y1 NaPO3, Ca2P2O7, Na4Ca(PO3)6,
Y3 NaPO3, Ca2P2O7, NaY(P2O7), NaYO2
Y5 NaPO3, Ca2P2O7, NaY(P2O7), NaYO2

3.7 XPS analysis

XPS analysis was performed to provide information on the
signature binding energy of the peaks from their different
elements (as presented in Figure 5). The main signals in
the spectrum were assigned to the glass constituents (P,
O, Y, Na, Ca). Carbon content was also observed in the
scan most likely from the ambient exposure of the sam-
ples before analysis. High-resolution O 1s spectra for the
four glass compositions explored are depicted in Figure 6.
The peaks from x = 0 to 5 were deconvoluted into two com-
ponents each and the highest binding energy peak was re-
ferred to the bridging oxygen (BO) whilst the lowest bind-
ing energy peak was associated with non-bridging oxygen
(NBO). The BO and NBO binding energy increased by 1.5
eVand 1.7 eV respectivelywith inclusion of Y2O3 into these
glasses. The spectra obtained revealed that the BO/NBO ra-
tio values decreased from 0.73 to 0.65 with incorporation

Table 7: BO/NBO ratios of different glass formulations from high
resolution O 1s spectra

Sample
Code

BO, Binding
energy (eV)

NBO, Binding
energy (eV)

BO/NBO
(measured)-

XPS
P45Y0 533.3 531.7 0.73
P45Y1 533.3 531.9 0.70
P45Y3 533.5 531.9 0.67
P45Y5 534.8 533.4 0.65

Figure 5: XPS survey scan for glasses in the system 45P2O5–25CaO–
(30-x)Na2O–xY2O3 (where x = 0, 1, 3 and 5)
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Figure 6: High resolution scans of the O 1s peak for glasses in the system 45P2O5–25CaO–(30-x)Na2O–xY2O3 (where x = 0, 1, 3 and 5)

of 0 to 5 mol% Y2O3 in the glass system as represented in
Table 7.

3.8 Degradation and pH analysis

Degradation tests of the yttrium phosphate glass formu-
lations (cut into discs) were carried out in phosphate

buffered saline (PBS) solution and ultra-pure water (Milli-
Q-water) at 37∘C over 28 days (see Figure 7a and 7b respec-
tively). All glass formulations followed an approximate lin-
ear profile of mass loss against degradation time in both
PBS and Milli-Q water media. At the end of these degra-
dation experiments, the percentage mass loss decreased
gradually from 34.8% to 5.4% (in PBS) and 22.5% to 1.2%
(in Milli-Q water) as Y2O3 content increased from 0 to 5

Figure 7: Dissolution study for the 45P2O5-(30-x) Na2O–25CaO–xY2O3 (where x = 0, 1, 3 and 5) glass system conducted in (a) PBS and (b)
Milli-Q water at 37∘C
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Figure 8: Change in pH of the degradation media as a function of time (day) of the produced glass disc in a) PBS and b) Milli-Q water up to
28 days. (Error bars represent ±SD)

mol% (see Figure 7). The rates of mass loss for all glass
compositions inPBSwere 30-70%faster than thosedegrad-
ing in Milli-Q water.

Figure 8 shows the change in pHof degradationmedia
for the glass discs immersed in PBS and ultra-pure water
(Milli-Q-water). From Figure 8a, little change in pH value
(7.4 to 7.0) was observed in PBS up to 28 days for all glass
formulations. However, the pH values of the control glass
sample (Y0) inMilli-Qwater changed from7.2 to 6.51 by day
28. The other glass formulations also followed very similar
profiles, respectively (see Figure 8a and 8b).

3.9 Ion release profiles

Profiles of cumulative Na+ and Ca2+ ion release (in ppm)
from glass disc were investigated as a function of time
(day) and are presented in Figures 9(a) and 9(b) respec-
tively. It was observed that the cumulative Na+ and Ca2+

ion release for all the glass formulations followed a linear
relationship over the 28 period of degradation study. For
the Y0 glass formulation, the highest Na+ and Ca2+ ion re-
lease was seen to reach 838 ppm and 507 ppm respectively
at day 28. On the other hand, the lowest Na+ and Ca2+ ion
release (42 ppm and 38 ppm) was observed for 5 mol% yt-
trium containing glass (see Figure 9). However, the glasses
containing 1 mol% and 3 mol% Y2O3 released 420 and 119
ppm of Na+ ions respectively at day 28 as seen in Figure 9a.
From Figure 9b, it can be seen that the Ca2+ ion release in-

Figure 9: Cumulative ion release profile of glass discs at different glass formulation in Milli-Q water for 28 days a) Sodium ion release and b)
Calcium ion release. (Error bars are also included in the data above)
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creased to reach 296 ppm and 93 ppm at day 28 for Y1 and
Y3 glass formulations respectively. The rates of sodium ion
releasewere significantly greater than calcium for all glass
formulations after 28 days of immersion in Milli-Q-water
(see Figure 9). As expected, glasses with the highest Y2O3
content exhibited the lowest degree of ion release.

4 Discussion
This study investigated incorporating yttrium oxide into
phosphate glasses and its effect on glass structure and
chemical durability. Ternary phosphate-based glasses
(PBGs) mainly consist of P2O5 (as network former) along
with other network modifying oxides such as Na2O and
CaO. However, poor chemical durability and high solubil-
ity can limit their utility. Several authors have explored the
role of yttrium oxide within silicate glass systems [33, 34,
60–63] and reported that it can act as a network former or
modifier depending on the amount of Y2O3 present. How-
ever, detailed experimental structural analysis and phys-
iochemical studies have not been conducted for yttrium
doped phosphate-based glasses.

31P NMR analysis is a valuable technique to explore
the local phosphorus environment in the glass system. The
NMR data obtained showed a considerable increase of Q1

species (from 23 to 42%) with a decrease of Q2 species
(from 77 to 58%) with incorporation of 0 to 5 mol% Y2O3
(see Table 3). The presence of Q1 and Q2 species in these
glasses is consistent with the work of Ahmed et al., who
reported that both Q1 (17–22%) and Q2 (78–83%) species
were identified for compositions with fixed P2O5 at 45
mol% [36]. Variations in Q species with addition of Y2O3
in the glass system were attributed to dissociation of Q2

metaphosphate chains in effect depolymerising the phos-
phate network subsequently leading to an increase in Q1

species (most likely as chain end terminators). Lee et al.
conductedNMRanalysis ofmagnesiumphosphate glasses
in the system of 50P2O5-5Nb2O5-(45-x)CaO-xMgO (0 ≤ × ≤
45mol%) and reported thatQ1 species increased from10 to
17% whilst Q2 species decreased from 90 to 83% with the
inclusion of MgO into the glass system [64]. In addition,
they stated that the increase in Q1 species indicated that
MgOacted as anetworkmodifier in this glass system.More-
over, as seen from Table 3, the phosphate chain length de-
creased from 8.69 to 4.88with increasing Y2O3 content fur-
ther highlighting that depolymerisation of the phosphate
chains had occurred [52]. Furthermore, Table 4 showed
that the O/P fraction increased from 3.11 to 3.22 with incor-
poration of 0 to 5 mol% Y2O3 in the glass system which

also indicated a high degree of depolymerisation had oc-
curred [3]. The depolymerisation observed via increase in
Q1 species and subsequent decrease of Q2 species, O/P ra-
tio and the theoretical calculation of Q species suggested
that yttrium acted as a network modifier in this glass sys-
tem. In the NMR spectra, the chemical shifts of both Q1

andQ2 speciesmoved upfield (higher negative value) with
a larger change for the Q1 species (−5.49 to −8.13 ppm)
than for Q2 (−21.74 to −21.92 ppm) as the Y2O3 content in-
creased (see Table 3). Similar chemical shifts have been
reported in other studies of phosphate glasses [7, 47, 65].
The decrease in chemical shift with addition of Y2O3 could
be attributed to six fold coordinated octahedral structure
of yttrium (YO6) [40] where yttrium ions (Y3+) occupy the
interstitial position between PO4 tetrahedral units form-
ing strong cross-linking Y-O-P bonds. Cross-linking of the
phosphate network would have increased with further ad-
dition of Y2O3. Abo-Naf et al. studied 27Al NMR analysis
of alumina phosphate glasses and stated that the isotropic
peaks found between −16 to −22 ppm indicated octahedral
structure of Aluminium (AlO6) [66]. From 31P NMR spec-
tra, they reported that the chemical shifts of Q1 and Q2

species shifted from −1 to −6 ppm and −12 to −35 ppm re-
spectively, with incorporation of 10 to 20 mol% Al2O3 in
the glass system. This addition of network modifying alu-
mina increased the cross-linking between phosphate tetra-
hedral units due to the formation of an octahedral struc-
ture of aluminium (AlO6) [67], replacing P-O-P bonds with
P-O-Al bonds. Moreover, the bonding of yttrium with BO
and NBO can be explained in terms of the field strength
of yttrium (~0.6 e Å−2) which is significantly higher com-
pared to sodium (~0.19 e Å−2) and calcium (~0.33 e Å−2)
[14]. Higher field strength atoms lead to stronger interac-
tion with NBOs subsequently increasing cohesion of the
glass network [68], leading to formation of P-O· · · Y· · · O-P
cross links which would have strengthened the glass net-
work [69, 70].

From FTIR analysis, the absorption band at 703 cm−1

shifted to higher wavenumber with increasing Y2O3 con-
tent (see Figure 3) and this band was assigned to the P-
O-P linkage in pyrophosphate (Q1) group [71]. The shift of
the band from 703–719 cm−1 was also attributed to depoly-
merisation of the phosphate network subsequently reduc-
ing metaphosphate chains and increasing Q1 pyrophos-
phate groups. Moreover, similar behaviour was observed
for the bands near 970 and 1095 cm−1. Doweider et al. in-
vestigated infrared spectroscopy of lead phosphate based
glasses and reported that the absorption band near ~685
cm−1 shifted to higher wavenumber (685–730 cm−1) where
modifier Pb ions entered the glass network by breaking
up the P-O-P linkages creating NBOs via the formation of
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Pb2+-O=P ionic bonds [72]. Furthermore, the asymmetric
stretching band of P-O-P (at 887 cm−1) initially shifted to
higher wavenumber (894 cm−1) for 1 mol% Y2O3 and then
decreased back to 893 cm−1 and 887 cm−1 for the 3 and 5
mol% yttrium oxide containing glasses, respectively. This
initial increase was attributed to smaller P-O-P bond an-
gle owing to the higher field strength of yttrium and the
smaller size of the metal cations (Y3+) [73]. Shih et al. in-
vestigated CuO containing sodium phosphate glasses and
reported that the band near 900 cm−1 shifted to higher
frequency due to higher field strength of copper ions as
compared to sodium [48]. In addition, the absorption band
near 900 cm−1 was attributed to asymmetric stretching
vibration of P–O–P groups linked with linear metaphos-
phate chains [72, 74]. Furthermore, the band near 900
cm−1 shifted to lower wavenumber for 3 and 5 mol% yt-
triumcontaining PBGswhichwas also attributed to contin-
uous breakdown of P-O-P chain structures due to depoly-
merisation of the phosphate network [72, 75]. Overall, the
FTIR analysis showed good correlation with NMR and O/P
ratios (as highlighted above and represented in Tables 3
and 4, respectively) [76].

Further structural investigation was conducted by
heat-treating the glass samples and analysing via XRD
in order to explore the crystalline phases formed at their
respective crystallisation temperatures. Crystallised glass
samples revealed various calcium phosphate [77] phases
as shown in Figure 4. Calcium pyrophosphate (Ca2P2O7)
was predominant in the glass system along with a small
amount of sodiummetaphosphate (NaPO3) phase. Ahmed
et al. investigated ternary phosphate-based glasses via
XRD analysis and reported that Ca2P2O7(calcium py-
rophosphate, Q1) phase was identified for 45 mol% P2O5
glasses [36]. Devi et al. studied TiO2 doped phosphate-
based bioactive glasses and found NaPO3 (sodium
metaphosphate, Q2) phase for the glass samples they
tested [8]. The Q1 pyrophosphate species can be found
in two forms, either as chain terminators or as discrete
phosphate dimers. Whereas Q2 species are long chains or
rings composed of P–O–P bondswhich form the backbone
of the glass structure [36]. Figure 4 showed a calcium-
bridged trimetaphosphate (Na4Ca(PO3)6, i.e. Q2) phase
was identified for Y0 and Y1 glasses where two cyclic
phosphate rings (P3O2−

9 ) are bridged by a single cal-
cium [36, 78, 79]. Abrahams et al. studied alumino phos-
phate glasses in the 45P2O5-24CaO-xAl2O3-(31-x)Na2O
glass system and reported that sodium calciummetaphos-
phate (Na4Ca(PO3)6) phase was identified as a major
phase for 0 and 2 mol% Al2O3 containing glasses [80].
They suggested that this phase formed due to the Q2

species (73–78%) being dominant within the glass for-

mulations. Moreover, the sodium yttrium pyrophosphate
[NaY(P2O7)] phase had been identified for the 3 and 5
mol% Y2O3 containing glasses which correlated well with
the reduction of Q2 species, leading to an increase in Q1

species. This phase consists of six-fold coordinated octa-
hedral structure of yttrium which would increase ionic
cross-linking within the phosphate network. Smith et al.
studied alumino phosphate glasses and reported that oc-
tahedral sodium aluminium pyrophosphate (NaAlP2O7)
phase was found in this glass system which had led to an
increase in rigidity of the phosphate network via cross-
linking [50]. Furthermore, a small amount of NaYO2 phase
was also identified with the incorporation of 3 and 5mol%
Y2O3 (see Figure 4) which was attributed to both Na+ and
Y3+ ions surrounded by oxygen atoms in a distorted octa-
hedral environment due to their different ionic radii [81].
However, this phase was absent for the Y1 glass formu-
lation which was ascribed to the low amount of yttrium
content. Overall, only crystal phases containing pyro- (Q1)
and metaphosphate (Q2) species were observed from XRD
analysis which correlated well with the NMR and FTIR
analyses.

From the XPS spectra, typically higher binding energy
(BE) is represented by the presence of BO (P-O-P) whilst
lower binding energy peak results from NBO (P-O-Y) as
shown in Figure 6. The binding energy of these two peaks
can be explained in terms of electronegativity and electron
density. Of the elements incorporated, Y has the lowest
electronegativity (1.22) [82], P has an intermediate value
(2.1) [83] whilst O has the highest electronegativity (3.5)
[84]. The NBO bonded with lowest electronegativity modi-
fier atom (Y3+) will subsequently increase the electron den-
sity. Thus, less energy is required to eject photoelectrons
from the O 1s orbital resulting in lower binding energy for
the NBO peak. On the contrary, higher energy is required
for BO due to lower electron density of oxygen atoms [85].
The XPS O 1s spectra showed that inclusion of Y2O3 into
the glass system shifted both BO and NBO peaks to higher
binding energy compared to the control glass sample as
represented in Figure 6. The shift in peak position to the
higher binding energy could be attributed to charge differ-
ences between BO and NBO atoms with the inclusion of
yttrium oxide in the glass system. Sharma et al. studied
iron oxide doped calcium siliconphosphate glasses and re-
ported that BO and NBO shifted to higher binding energy
with the addition of 0 to 15 wt% Fe2O3 [86]. They stated
that the shift in peak position was attributed to increas-
ing oxidation state of the element. In addition, it was ob-
served that the BO and NBO ratio decreased from 0.73 to
0.65 with the addition of 0 to 5 mol% Y2O3 in the glass
system, further suggesting depolymerisation of the phos-
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phate chain through breakage of P-O-P bonds [87, 88]. Fur-
thermore, this depolymerisation effect decreasedBO inten-
sity and thereby increasing NBO intensity with increasing
yttrium oxide content.

The degradation rates of the glasses investigated de-
creased in phosphate-buffered saline (PBS) and Milli-Q-
water with increasing 0 to 5 mol% Y2O3 content as shown
in Figure 7. As a trivalent cation (Y3+) was added in place
of monovalent (Na+) cation a decrease in degradation
profiles was expected [52, 89]. This decrease in degrada-
tion rate was attributed to the formation of P-O-Y bonds
which were more resistant to a hydration attack than P-
O-P bonds. Shi et al. studied chemical durability of cal-
cium aluminophosphate glasses dopedwith La2O3 and re-
ported that the weight loss ratio decreased from 0.71% to
0.62%with the incorporation of 2 to 2.5 mol% La2O3 in the
glass system. They suggested that this decrease could be
attributed that network modifier La2O3 formed more La-
O-P (NBO) bonds between metal cations with phosphate
glass terminal oxygen which subsequently shortened the
phosphate chain due to cross-links formed in the glass
structure [90]. In addition, higher field strength trivalent
cations such as Y3+ could form stronger bonds in phos-
phate glass network [91–93], leading to an increase in
chemical durability with increasing Y2O3 content. This
could also be explained by the bond strength of Y-O (209
kJ/mol) being much stronger than Na-O (84 kJ/mol) [94–
98]. Metwalli et al. investigated the structural analysis of
aluminophosphate glasses and reported that higher field
strength modifier cations (such as Al3+) formed a rigid
phosphate network which increased chemical durability
due to the formation of cross-links and hydration-resistant
bonds with the phosphate terminal oxygens [99]. In this
study, after 28 days of immersion in degradation media,
the degradation rate decreased by 29.4% in PBS and 21.3%
in Milli-Q-water with the incorporation of 0 to 5 mol%
Y2O3 content (see Figure 7). Usually, the glass dissolu-
tion process is slower in PBS compared to Milli-Q- water
[38, 100] whereas in this study it was the opposite. This
anomalous degradation behaviour could be attributed to
the solubility effect during the degradation. It is suggested
that in PBS, yttrium chloride may have formed [101] which
is highly soluble inwater [102]. On the contrary, yttriumhy-
droxide bonds can be formed in Milli Q water which is in-
soluble in water [103]. As a result, more dissociation in the
glass network may have occurred in PBS due to high water
solubility of yttrium chloride resulting in faster degrada-
tion rates in PBS.

The change in degradation was not only associated
with the glass composition, concentration and rate of
ions released, but also changes in pH of the surround-

ing medium [57] which depend on the ion exchange as
well as the glass composition [100]. It is expected that
glasses of higher dissolution rates would exhibit the great-
est changes in pH. According to Figure 8, a slight decrease
in pHwas seen initially over the first 7 days for all glass for-
mulations which then plateaued with time. No differences
in pH were found for the different glass formulations. This
small changes in solution pH observed were attributed to
the dissociation of P-O-P bonds subsequently leading to
formation of phosphoric acid in the media [36, 104].

The results of the ion release study here reflected
the degradation behaviour of the Y2O3 containing glasses
which exhibited lower ion release profiles as compared
to the yttrium-free glasses (see Figure 9). Since the Y0
glass showed the highest degradation rate, it also exhib-
ited highest level of Na+ release which was also attributed
to highest Na2O content present in this glass formula-
tion. Similar trend was seen for Ca2+ ion release profile.
The decrease of Na+ ion release observed with increasing
Y2O3 content was ascribed to the lower amount of Na2O
compared to the control glass sample [105]. In addition,
the calcium ion release rate decreased with inclusion of
Y2O3, which was attributed to the formation of stronger
ionic cross-linking bonds (Y-O-P) in the phosphate glass
network. Furthermore, sodium and calcium oxide content
for the Y5 glass formulation was the same (25 mol% of
each). However, sodium ions were released more rapidly
in comparison to the calcium for the Y5 glass which was
attributed to the higher field strength and stronger cross-
linking effect of Ca2+ as compared to Na+ [106].

In summary, the studies above showed that yttrium
oxide addition to PBGs had a significant effect on the
glass structure via depolymerisation of the phosphate net-
work. Changes in Q species with substitution of Na2O for
Y2O3 implied that yttrium oxide acted as a network mod-
ifier. The addition of Y2O3 increased the durability of the
glasses which was attributed to the replacement of P-O-P
bonds with hydration resistant Y-O-P bonds. It should be
noted that this study was limited to incorporating up to 5
mol% Y2O3 content only as the glasses crystallised when
further Y2O3 was added in this glass system [44]. Future
studies will focus on manufacturing higher yttrium con-
taining phosphate-based glasses by exploring alternate
manufacturing processes. We expect that addition of 17
mol% Y2O3 in the phosphate glass systemwould decrease
the degradation rate remarkably, and that we would no
longer have a glass system, but instead a glass-ceramic sys-
tem.
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5 Conclusions
In this study, NMR analysis showed that the proportion
of Q1 species increased with the incorporation of Y2O3
into the glass system, leading to a subsequent decrease
in Q2 species. The BO and NBO ratio decreased with the
inclusion of yttrium oxide which was been calculated
from NMR and XPS analysis. The trend observed in Q1

and Q2 species from NMR analysis was also validated via
theoretical calculations. The reduction of Q2 species and
hence BO:NBO, demonstrated that depolymerisation of
phosphate network occurred with the addition of Y2O3
in the glass system. On the basis of NMR, XPS and FTIR
analysis for this glass family series (with fixed 45 mol%
P2O5), yttrium acted as a network modifier. Furthermore,
the degradation rate decreased with the incorporation of
0 to 5 mol% Y2O3 content due to the formation of strong
Y-O-P bonds. Therefore, varying yttrium oxide content can
enable potential control over degradation and hence ion
release profiles, which could be highly beneficial for radio-
therapy based biomedical applications.
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