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Borophosphate glasses were prepared with the nominal molar compositions 16Na0-(24-y)CaO-ySrO-xB203-(60-
x)P205 (mol%), where 0<x<60 and y=0, 12, and 24. Information about the compositional dependence of borate
and phosphate site speciation and next nearest neighbor linkages was obtained by 'B and 3'P MAS NMR and
Raman spectroscopies, and by high pressure liquid chromatography (HPLC). With the initial replacement of P05
by B2O3, tetrahedral borate sites linked to four phosphate anions, B(@P)4, are created in the glass structure, and
the average phosphate anion becomes smaller as bridging PGP bonds are replaced by bridging P@B bonds. With
further increases in the ByO3 content, borate units, including B-triangles, replace phosphate units linked to the B-
tetrahedra. Compositional trends for the glass transition temperature (Tg) and molar volume are explained by

considering the number and types of bridging oxygens per glass former, consistent with topological models

reported elsewhere.

1. Introduction

Borophosphate glasses have been developed for a wide variety of
applications, including their use in biomedical, optical, and energy
storage devices [1-7]. Small additions of borate to phosphate glass in-
crease thermal stability [3,8,9], reduce a tendency towards devitrifica-
tion [3,5] and decrease dissolution rates in aqueous solutions [1,2,5].
The ionic conductivity of alkali borophosphate glasses has a nonlinear
dependence on composition when borate replaces phosphate, and this
behavior has been called the “mixed glass-former effect” [4,10].

The structures of the borophosphate glasses have been studied by a
variety of techniques, including several different nuclear magnetic
resonance (NMR) experiments; e.g., magic angle spinning (MAS), mul-
tiple quantum magic angle spinning (MQMAS), heteronuclear correla-
tion (HETCOR), and rotational echo double resonance (REDOR) [4,
10-13]. These studies have shown that heteroatomic linkages are
preferred in the structures of borophosphate glasses to maximize the
number of B-O-P linkages per boron [9-13]. SIp11B} and 'B{3!P}
rotational echo double resonance (REDOR) spectra collected from alkali
borophosphate glasses indicate a preference for phosphate species
linked to two borate groups and another phosphate group [12]. Overall,
these NMR studies reveal that for alkali borophosphate glasses, the
anionic moieties that form with the systematic replacement of phos-
phate by borate occur in the order B* > P2 > P! > p% > B2 > B! > BO,
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where the superscript indicates the number of bridging oxygens asso-
ciated with the respective B- and P-sites [11,14].

Hermansen et al. [14,15] used information from similar structural
studies with assumptions including the borate avoidance principal [16]
to develop a topological model to predict the compositional de-
pendences of the relative concentrations of the B- and P-sites that
constitute the structures of phosphate and borophosphate glasses, and
used this model to explain compositional trends in physical properties,
including glass transition temperature (Tg), Vicker’s hardness, melt
fragility, and the isobaric heat capacity jump at T,. The model was
evaluated using information collected on borophosphate glasses with a
variety of modifying oxides, including sodium, lithium, potassium, ce-
sium, and calcium. The model considered the effects of glass formers and
modifiers on network topology, although some modifications were
required to account for the compositional dependence of the thermal
properties of calcium borophosphate glasses [14].

Sodium calcium phosphate and borophosphate glasses have been
developed for biomedical applications [3,7,17-21]. Strontium and cal-
cium have similar physiological effects as they are both absorbed in the
gastrointestinal tract, concentrated in bone, and excreted primarily in
urine [22]. In vivo studies have shown that the substitution of strontium
for calcium in different bioactive silicate-based glasses and ceramics
stimulated osteoblasts to generate new bone and osteoclasts were pre-
vented from resorbing bone, responses similar to those induced by
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strontium ranelate, a drug approved for the treatment and prevention of
osteoporosis [23-25]. The substitution of strontium for calcium in so-
dium metaphosphate glasses decreased dissolution rates in water by
over an order of magnitude and increased the refractive index while
maintaining an acceptable difference in the coefficient of thermal
expansion, properties designed to produce core-clad fibers with poten-
tial biomedical applications [26].

Many studies of the compositional dependence of the properties and
structures of borophosphate glasses have been done on series where
variations in the modifier contents affected the borate and phosphate
site speciation [8,9,11,12,27,28]. In the present study, the modifier to
glass former ratio is kept constant so that the effects of the systematic
substitution of borate for phosphate on the structures and properties of
Na-Ca-Sr-borophosphate glasses could be characterized using 1B and
31p MAS NMR, Raman spectroscopy, and high pressure liquid chroma-
tography (HPLC). The structural information was analyzed using a
modified version of the topological model proposed by Hermansen et al.
[14] to explain the compositional trends in glass transition temperature
and density. The effects of the composition and structure on the disso-
lution behavior of these glasses in water and in simulated body fluids are
described in a separate paper [29].

2. Experimental procedure

Borophosphate glasses with the nominal molar compositions
16Na;0-(24-y)Ca0-ySrO-xB,03-(60-x)P20s5, where 0<x<60 and y=0,
12, and 24, were prepared in 50g batches using NaPOs (Shanghai
Muhong Industrial Co., Ltd., Optical Grade), Ca(POs); (Shanghai
Muhong Industrial Co., Ltd., Optical Grade), H3BO3 (Fisher, >99.5%),
NayCO3 (Alfa Aesar, 99.5%), CaCOs (Fisher, >98.0%), SrCOs (Alfa
Aesar, 97.5%) and H3POy4, 85% (Fisher, ACS Cert.) as raw materials.
Powders were combined in a 150 mL Nalgene bottle and thoroughly
shaken by hand before adding to a platinum crucible. When phosphoric
acid was used as a raw material, it was added to the well-mixed dry
components in the platinum crucible. Each batch was calcined at 300°C
for four to twelve hours, depending on the composition, to evolve water
from the batch materials. The batch was then melted at 1000-1200°C for
one hour, stirred with a platinum rod after 30 minutes to promote ho-
mogeneity, and then cast into preheated graphite molds. The resulting
glasses were annealed for one hour at 350°C before cooling to room
temperature and then stored in a vacuum desiccator. Except for the x =
10 composition in the CaO-free (y = 24) series, glasses were transparent,
colorless and confirmed to be fully amorphous by x-ray diffraction
(XRD), using a PANalytical X’Pert Multipurpose diffractometer with a
Cu Ka source and a PIXcel detector, and XRD was used to identify
crystalline phases in melts that crystallized on quenching. The x = 10
composition in the y = 24 series was slightly gray in color but still
transparent; this is assumed to be due to small amounts of platinum
pickup during melting.

To determine glass compositions, 50mg of powders (<250pum) were
dissolved in 50mL of 3% HNOj for up to one week. These solutions were
then diluted to obtain three separate solutions having 1-50 ppm of the
target ion concentrations, and these solutions were analyzed using
inductively coupled plasma optical emission spectrometry (Perkin-
Elmer Avio 200) to provide the average oxide compositions. Glasses are
described throughout this manuscript using the analyzed B,Os-content.

Densities were measured using Archimedes’ method, with deionized
water as the buoyancy liquid. At least three bubble-free samples from
each glass were characterized and those densities were used with the
analyzed molar compositions to calculate the respective molar volumes.

Differential thermal analysis was performed either with a Perkin
Elmer Differential Thermal Analyzer 7 using the Pyris Series - DTA 7
software or with a TA Instruments Q600 SDT using the TA Instrument
Explorer software. 50mg samples (250-500pm) were heated in a plat-
inum crucible at a rate of 10°C/min to 900°C under a nitrogen atmo-
sphere, and at least two tests were performed on each sample to verify
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reproducibility.

Raman spectra were collected using a Horiba Jobin Yvon LabRAM
ARAMIS micro-Raman spectrometer with a HeNe (632.8 nm) 17 mW
laser or a diode (785 nm) 100 mW laser, depending on composition, and
a 1200 grating at 10x magnification. Fluorescence in the spectra above
1000cm ! required the use of the diode source for the x = 30, 35, and 40
compositions in all three series. At least twenty 10 s scans were collected
on each sample, and the respective average spectra are reported. For
those spectra taken with the diode source, the Smooth (Adjacent-Aver-
aging, <25 Points of Window) function of OriginPro (Massachusetts,
USA), was used to reduce noise.

High pressure liquid chromatography (HPLC) was performed with a
Dionex GP50-2 pump, an Ionpack AS7 4x250 mm analytical ion ex-
change column, and an AD25 absorbance detector. Glass samples were
ground to less than 125um particle size, dissolved overnight in a solution
of 5 mM EDTA and 0.22 M NaCl (pH=10), and analyzed within 24 h.
Three chromatographs were collected for each sample, using a linear
solution gradient from 0.053 M NaCl to 0.5 M NaCl, both with 5 mM
EDTA. The procedure was based on methods described by Sales et al.
[30] to characterize the distributions of anion chain lengths in phos-
phate glasses.

Both !B and 3!P magic angle spinning nuclear magnetic resonance
(MAS NMR) spectroscopy were performed using an Agilent DD2 spec-
trometer and Agilent 700/54 Premium Shielded superconducting mag-
net (16.4 T). Powdered glass was packed into a 3.2mm zirconia rotor
and spun at a rate of 20 kHz. For the !B measurements, at a resonance
frequency of 224.52 MHz, the radio-frequency pulse lengths were 0.6 ps,
corresponding to a ©/12 tip angle, and a 5 s recycle delay occurred be-
tween acquisitions. !B MAS NMR spectra were collected by signal
averaging 160 to 2000 scans depending on boron content of the glass,
and the data were processed without any additional line broadening
(apodization) using commercial software. !B MAS NMR spectra were
referenced to a secondary shift standard of aqueous boric acid (19.6 ppm
relative to BF3-etherate). Spectra were fitted using DMfit Software [31],
incorporating 2" order quadrupolar lineshapes for the trigonal boron
resonances and a mixture of Gaussian and Lorentzian peaks for the
tetrahedral boron resonances. A small correction to the BO4 peak in-
tensity was made by fitting the first set of satellite transition spinning
sidebands and incorporating a similar peak under the central transition
resonances [32].

The radio-frequency pulse length for 3'P experiments (283.27 MHz
resonance frequency) was 1 ps, corresponding to a 7/6 tip angle, and a
180 sec recycle delay was used between acquisitions. 3P MAS NMR
spectra were collected by signal averaging of 54 to 400 scans, and the
data were processed without any additional line broadening (apodiza-
tion) using commercial software. 3'P MAS NMR spectra were referenced
to an 85% H3PO4 solution at 0.0 ppm. All central peaks and their
spinning sidebands were fitted with Gaussian lineshapes to determine
peak areas.

3. Results

X-ray amorphous, visually homogeneous glasses were produced from
melts from the 16Na0-(24-y)CaO-ySrO-xB203-(60-x)P20s series for all
compositions in increments of 10B,03 except at x = 50. For the y =
0 series, several additional compositions were also produced and char-
acterized, including ones to determine the crystallization range, which
extended from x = 43 to x = 56. The crystalline phases identified by XRD
include a calcium borate phosphate phase (Cag 93(P5.84B0.16024)
(Bo.6701.79), ICCD # 01-080-0537) at x = 43 and a sodium calcium
phosphate phase (NazCag(PO4)s, ICCD # 00-011-0236) at x = 50 and 56.
The compositions analyzed by ICP-OES are shown in Table 3.1. There
are minor, non-systematic deviations in the analyzed compositions
(£2.0 mol %) from the as-batched compositions, including the crystal-
lized samples. Throughout this paper, trends in structures and properties
are reported in terms of the analyzed B2O3 content (Table 1).
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Table 3.1

As-batched and analyzed molar compositions for glasses in the series 16Na,O-
(24-y)CaO-ySrO-xB,03-(60-x)P,0s. ICP-OES analyses of glasses were done in
triplicate and are reported as averages with one standard deviation. Asterisks
indicate compositions that crystallized and were not measured in triplicate.

Sample Analyzed by ICP-OES (mol %)

x y Na,O CaO SrO B,03 P,05

0 0 14.2+0.1 25.5+0.1 - 0.0+0.3 60.4+0.5
10 13.9+0.1 25.3+0.1 - 10.8+0.1 50.0+0.2
20 13.7+0.1 25.0£0.2 - 20.3£0.1 41.0+£0.3
23.3 12.8+0.2 24.4+0.3 - 23.7+0.3 39.0+0.1
30 13.9+0.1 24.5+0.3 - 30.0+0.4 31.6+0.2
35 13.0+0.1 24.4+0.1 - 35.94+0.5 26.7+0.3
40 14.1+0.1 24.2+0.2 - 40.6+0.2 21.2+0.1
43* 15.0 25.8 - 44.1 15.1

50* 14.9 25.3 - 52.3 7.5

56* 14.6 23.2 - 58.3 3.9

60 15.2+0.1 24.3+0.2 - 60.5+0.2 0.040.0
0 12 13.4+0.7 12.6+0.6 12.7+0.5 0.0+0.1 61.4+1.8
10 13.3+0.5 12.6+0.3 13.5+1.5 10.4+0.2 50.2+0.6
20 13.2+0.3 12.6+0.2 12.2+0.2 20.6+0.2 41.44+0.3
30 13.7+0.3 12.6+0.1 11.0+0.1 31.3+£0.1 31.5+0.4
40 13.3+0.3 12.1+0.1 12.5+0.0 41.6+0.6 20.5+0.2
60 13.2+0.2 12.4+0.1 14.0+0.1 60.4+0.2 0.0+0.1
0 24 15.0+0.2 - 28.8+0.4 0.0+0.0 56.3+0.4
10 13.0+0.1 - 25.3+£0.2 10.5+0.1 51.2+0.1
20 12.8+0.1 - 25.3+0.2 20.0+0.1 42.0+0.2
30 12.8+0.2 - 25.2+0.2 30.9+0.5 31.2+0.2
40 13.0+0.0 - 24.8+0.2 41.0+0.2 21.24+0.2
60 13.7+0.1 - 25.2+0.1 61.0+0.1 0.0+0.0

3.1. Raman spectroscopy

Fig. 3.1 shows representative Raman spectra collected from the SrO-
free series (y = 0) of the Na-(Ca,Sr)-borophosphate glasses; similar
spectra were collected from the SrO-containing glasses and are shown in
the appendix. It is worth noting that fluorescence in the spectra above
1000 cm™! required a change of excitation source for the x = 30, 35, and
40 compositions in all three series, as noted above. Table 3.2 lists the
assignments for the dominant peaks, which fall into three general
ranges: 1. Stretching modes for P-O nonbridging oxygens (NBO) are

——
X =60
X =40
x =35
x =30
x =23
x =20
x=10

/\u\/\ffﬁ/

—T —T —T T —T
200 400 600 800 1000 1200 1400 1600 1800
Raman Shift (cm™)

Fig. 3.1. Raman spectra from glasses in the SrO-free (y = 0) nominal molar
compositional series 16Na,;0-24Ca0-xB>03-(60-x)P,0s. The intensity of each
spectrum was normalized to the most intense peak in that spectrum for vi-
sual comparison.
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Table 3.2
Assignments to the peaks in the Raman spectra collected from the 16Na0O-(24-
y)Ca0-ySrO-xB,03-(60-x)P20s5 glasses.

Raman Shift Assignment Ref.

(em™)

300 alkali/alkaline earth vibrational modes [33]

520 B-0O-B bending [11,34-36]

550 P-O-P bending [21,33]

630 P-O-Byyp stretch, P5 [4,7,12,14,

34]

700 P-O-Pgyy, stretch, P3, [4,7,34]

720 six-membered borate ring with at least two [4,12,37]
BOj4 units

750, 770 P-O-B stretching modes [34]

770 six-membered borate ring with at least one [4,12,21,34,
BO; unit 37]

1160 (PO2)sym stretch (NBO), P%; units [4,7,12]

1050-1220 (PO3)sym stretch, Pj; units [12,34,38]

1250 (PO5)qsym stretch (NBO), P% units [4,7,12]

1300 P=0Ogym stretch, P units [4,7,12]

1300-1450 BOj in various borate rings [34]

1450-1500 B3, vibrational modes

[4]

assigned to peaks in the 1000-1300 cm ™! range, and nonbridging oxy-
gens on B-triangles account for the broad peak near 1400-1500 cm™%; 2.
Stretching modes associated with bridging oxygens between phosphate
and/or borate sites are assigned to peaks in the 600-1000 cm ™! range; 3.
Bending modes associated with P- and B-polyhedra, and vibrational
modes associated with alkali and alkaline earth ions, are assigned to
peaks below about 500 cm ™.

The spectrum from the borate-free (x = 0) glass is similar to that
reported for other ultraphosphate glasses with similar O/P ratios [39].
The intense peak at 1160 cm ™" is due to the symmetric stretching modes
of nonbridging oxygens on Q? phosphate tetrahedra, and the broader,
asymmetric peak centered near 1300 cm ™! is due to overlapping bands
assigned to the asymmetric P-NBO stretching modes on Q? tetrahedra
and the symmetric stretching modes of terminal oxygens on Q° tetra-
hedra. Here, the Q' terminology is used to describe P-tetrahedra with “i”
bridging oxygens [40]. The asymmetric peak centered near 700 cm ™ is
due to the symmetric stretching modes of bridging oxygens that link
neighboring P-tetrahedra.

The Raman spectrum of the phosphate-free (x = 60) glass is similar to
those reported for other alkali-rich borate glasses [35,36]. The intense
peak at 770 cm™! has been assigned to the symmetric breathing modes
associated with six-membered rings (three borons and three bridging
oxygens) that include one or two B-tetrahedra [35]. These rings have
been associated with several different borate superstructural units,
including pentaborates, tetraborates, and diborates. The lower intensity
peak near 520 cm ™! has been assigned to the vibrational modes of
B-tetrahedra that are not associated with one of the ring units [11,
34-36]. The broad peak that extends from about 1300 to 1550 cm ! has
been assigned to the vibrational modes associated with nonbridging
oxygens on trigonal borate sites [11,34-36].

There are systematic changes in the Raman spectra as borate replaces
phosphate in the glass composition. With the initial addition of borate
(x=10), new peaks appear at 630 em™, 750 cm_l, and 770 cm ™! and
steadily increase in relative intensity with increasing borate content. All
three of these peaks have been assigned to vibrational modes associated
with various borophosphate linkages [4,7,12,34]. The peak at 720 cm ™!
in the spectrum of the x = 35 glass is assigned to a six membered borate
ring, similar to what is found in the phosphate-free composition [4,7,12,
34]. The shift in the frequency of this peak to 770 cm™! with increasing
borate content may indicate that the dominant borate ring changes from
one with one trigonal borate unit to one with two trigonal borate units
[4,12,21,34,37]

The transition from a phosphate to a borophosphate to a distinctly
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borate network with increasing borate content is also reflected in the
evolution of the Raman peaks in the 1000-1300 cm™! range. For
example, the peak at 1160 cm ™}, associated with the P-NBO stretching
modes on Q? tetrahedra, decreases in frequency and broadens with
increasing borate contents. Both trends indicate that one or both of the
bridging P-O-P bonds on those Q? tetrahedra are being replaced either
by a bridging oxygen to a borate site or by another nonbridging oxygen
[11,34,38]. The spectra of glasses with BoO3 contents from 23 to 40 mole
% have three distinct peaks centered roughly around 1000, 1100, and
1200 cm™}, with the intensity of the 1000 cm ™! peak becoming domi-
nant in the borate-rich glass. Ducel et al. [31] explained similar
compositionally-dependent changes in Raman spectra by the formation
of isolated phosphate tetrahedra, ones that link to no other phosphate
tetrahedra, in the structures of their borophosphate glasses.

Broad bands centered near 1400 cm™! appear in the spectra from
glasses with x > 30, indicating the presence of trigonal borate species in
the glass structure. Some of these triangles may be associated with
borate rings that produce the sharp peaks in the 600-1000 cm ™! range of
spectra from the same glasses[29-30]. The spectra of the borophosphate
glasses in this frequency range are much more complex than either the
borate-free or phosphate free end members, indicating structures with a
variety of phosphate, borophosphate, and borate linkages. With
increasing borate content, the broad band around 1400 cm™! shifts to a
higher frequency, around 1450 cm™!, indicating the presence of B2
species in the borate compositions.

3.2. High pressure liquid chromatography

Fig. 3.2 shows examples of chromatographs collected from the Na-
(Ca,Sr)-borophosphate glasses. Peaks in the chromatographs with
increasing retention time represent phosphate anions with increasing
numbers of phosphate tetrahedra. For example, peaks near three mi-
nutes represent isolated, monophosphate anions (PO3 ), those near
seven minutes represent diphosphate anions (P20‘7"), those near ten
minutes represent triphosphate anions (Pgo{’a ), etc. A peak labeled 3m,

L x=40
) =35
< [
= | = 30
@ A
o [ oo e
=
©
(0]
N
©
e
—
(o]
z

Time (min)

Fig. 3.2. Representative HPLC chromatographs from glasses with the nominal
molar composition 16Na0-(24-y)CaO-ySrO-xB,03-(60-x)P20s, where y =
0 (solid), y = 12 (dashed), and y = 24 (dotted). The intensity of each chro-
matograph is normalized to the most intense peak in that chromatograph for
visual comparison.
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near 17 minutes, is assigned to a three-membered ring anion (PgOS’)
[41]. The chromatographs collected from the x = 0 glasses are not
shown here because the networks of those ultraphosphate compositions
are partially hydrolyzed during the preparation of the chromatographic
solutions [30,42] and so the resulting anion distributions are not
representative of the original glass structure.

With the replacement of phosphate by borate, the dominant phos-
phate anions become increasingly smaller, until for the x = 40 compo-
sition, only isolated monophosphate anions remain. The replacement of
CaO for SrO has no obvious effect on the phosphate anion distributions.

3.3. Nuclear magnetic resonance spectroscopy

Fig. 3.3A shows representative !B MAS NMR spectra collected from
the borate-containing glasses. Based on previous NMR studies of bor-
ophosphate glasses [11,12,14,43], the peaks in the range O to -4 ppm are
assigned to tetrahedral borate species, and the broader peak centered
around approximately 15 ppm and exhibiting significant 2" order
quadrupolar line broadening, is assigned to trigonal borate species. With
increasing borate content, the tetrahedral peaks split to reveal new
peaks at lower frequencies and a systematic decrease in the overall peak
frequency. The broad trigonal peak is first detected in the spectrum of
the x = 23 glass, then increases in relative intensity for glasses with
greater borate contents. There are no significant differences in the
spectra from the CaO-, CaO/SrO-, and SrO-glasses, in contrast to another
study which showed that SrO-containing borophosphate glasses have
greater relative concentrations of tetrahedral borate sites than do
CaO-containing glasses [27].

Fig. 3.3B shows representative 31p MAS NMR spectra. Two peaks are
apparent in the spectra collected from the three borate-free glasses. The
peaks near -28 ppm are assigned to the Q? tetrahedra and the lower
intensity peaks near -45 ppm are assigned to the Q® tetrahedra that
constitute the structures of these ultraphosphate glasses [44]. With the
addition of borate to each series, the 3'P MAS NMR peaks become
broader and shift towards lower frequencies, trends seen in the NMR
spectra of other borophosphate glasses [4,45].

Normalized Intensity (A.U.)
Normalized Intensity (A.U.)

T
10 0 -10-20-30 -40 -50 -6

L L L
25 20 15 10 5 O
3 (ppm)

Fig. 3.3. The 113 MAS NMR (A) and 3'P MAS NMR (B) spectra from glasses
with the nominal molar composition 16Nay0-(24-y)CaO-ySrO-xB,03-(60-x)
P,0s, where y = 0 (solid), y = 12 (dashed), and y = 24 (dotted). The intensity
of each spectrum was normalized to the most intense peak in that spectrum for
visual comparison.

5 10
8 (ppm)
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3.4. Glass properties

The compositional dependences of density (p) are shown in Fig. 3.4A.
Density increases in the series CaO<(CaO+SrO)<SrO, a consequence of
the greater average molar weight of the alkaline earth modifier. Density
also goes through a maximum with increasing borate content for each
series, near a B,O3 content of 23 mole%.

Molar volume (V) was calculated from density and the analyzed
molar weight of the glass, then normalized to the analyzed atom fraction
of oxygen [O] using Eq. (3.1):

0 _ M ngass
" plo]

Fig. 3.4B shows the effects of composition on the normalized molar
volumes. In general, the molar volumes of the SrO-glasses are 1-2%
greater than those of the respective CaO-glasses, consistent with the
larger size of the Sr?* ion, but the type of alkaline earth has a much
smaller effect on VO than does the replacement of PoOs by B3Os. The
break in the molar volume trend near x = 23 indicates some change in
the way that the ions pack in the borate-rich glasses.

The glass transition temperatures (Tg) for all three series of glasses
are shown in Fig. 3.5. The initial addition of borate to the phosphate
base glass, up to x ~ 23, increases Tg, whereas further additions of
borate have less effect. There appears to be no systematic effect of
changing the alkaline earth modifier from CaO to SrO on Ts.

B

4. Discussion

The following nomenclature will be used to designate the P- and B-
sites that constitute the glass structural networks. Phosphate sites are
labeled as P}B, where the superscript “i” is the total number of bridging
oxygens on a phosphate tetrahedron and the subscript “j” is the number
of oxygens on that same phosphate tetrahedron that bridge to a borate
anion. Similarly, the borate sites that constitute the glass network are
labeled as B;P, where the superscript “i” is the total number of bridging
oxygens on a borate polyhedron (tetrahedron or triangle) and the
subscript “j” is the number of oxygens on that same borate polyhedron
that bridge to a phosphate anion. For example, the quartz-like structure
of BPO, is made up of linkages between Pj; and B}, tetrahedra. A
metaphosphate glass will have a network based on P%B tetrahedra [40]
and a diborate glass will be constituted from By, and B}, polyhedra [16,
36]. A borate triangle that has one nonbridging oxygen and two bridging
oxygens to other borate polyhedra is designated B2,.
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Fig. 3.5. The effects of analyzed borate contents on the glass transition tem-
peratures for the glasses with the nominal molar composition 16Na0-(24-y)
Ca0-ySrO-xB,03-(60-x)P20s. The dotted vertical lines mark the range of com-
positions in the y=0 series that crystallized upon quenching.

4.1. Quantitative mas NMR analysis

Representative fitted !B MAS NMR and 3'P MAS NMR spectra are
shown in Fig. 4.1A and B, respectively. Two peaks were used to fit the
1B MAS NMR spectral envelope assigned to trigonal borate, one for
neutral B}, sites and a second for anionic BZ,; the latter was identified by
its relatively large electric field gradient asymmetry parameter (1o>0.5),
following the methods reported by Rinke and Eckert [11]. For the cur-
rent fits, ng was fixed as 0.6 for these B3, peaks. Charge balance cal-
culations shown in the appendix further support the presence of these
anionic B%P units, but only for the borate (x = 60) compositions. Addi-
tional spectroscopic evidence, aside from high frequency bands in the
Raman spectra, is needed to confirm the presence of these anionic B2
units in the borophosphate compositions, and so in the present study the
entire trigonal boron signal is assigned to B}, sites for x = 30, 35, and 40.

The tetrahedral boron satellite transition spinning sidebands under
the central peak were accounted for by subtracting the average of the
+/-1 sideband integrated intensities from the total integrated intensity
of the tetrahedral peaks to obtain an accurate measure of the tetrahedral
borate fraction. This part of the spectral envelope was then decomposed
into Gaussian peaks representing different B}P tetrahedra. The peak

n mn
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Fig. 3.4. The effects of analyzed borate contents on the density (A) and molar volume normalized to oxygen content (B) of glasses with the nominal molar
composition 16Na,0-(24-y)Ca0-ySrO-xB,03-(60-x)P,0s. The dotted vertical lines mark the range of compositions in the y = 0 series (43 < x < 56) that crystallized
upon quenching. Error bars represent one standard deviation and may be smaller than the symbol.
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Fig. 4.1. Fitting the (A) 'B MAS NMR spectrum and the (B) 3'P MAS NMR spectrum collected from the glass with the nominal molar composition 16Na,0-24CaO-

30B,05-30P,0s.

positions of the borate tetrahedra with respect to the borate content for
all three series are summarized in Fig. 4.2. The shaded horizontal areas
in Fig. 4.2 show the range of frequencies assigned to similar borate-
species by Carta et al. [9]. There is good agreement for the assign-
ments in the present study with those by Carta et al. [9] although they
did not identify B¢, sites in their glasses.

The phosphate NMR spectra, an example of which is shown in
Fig. 4.1B, were fit using Gaussian line-shapes and by constraining peak
widths to 13-15 ppm for P}% tetrahedra, 8-10 ppm for PJZB tetrahedra and
5-7 ppm for P}B tetrahedra, following the methods of Carta et al. [9].
Similar P]?B and Pj?;3 units have been assigned to the features of the 3'P
MAS NMR spectra collected from other alkali borophosphate glasses [4,
43]. Of note, BPO,4 (PjB) units were identified in amounts less than 10%
of the total phosphate sites for glasses with compositions in the range 10
< x < 35, for all three series. The 31p NMR peak positions for each unit
were averaged across each series (y = 0, 12, and 24) and are plotted in
Fig. 4.3, along with the peak positions of relevant phosphate and bor-
ophosphate crystals, listed in Table 4.1. The shaded boxes represent the
respective ranges of similar assignments made by Carta et al. [9].
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Fig. 4.2. The !B peak positions of the borate tetrahedra in glasses with the
nominal molar composition 16Na0-(24-y)CaO-ySrO-xB;03-(60-x)P20s. The
shaded boxes represent the respective ranges for each species, reported by Carta
etal [9].
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Fig. 4.3. 31p chemical shifts, averaged across each series, for the different
phosphate tetrahedra identified in glasses with the nominal molar composition
16Na,0-(24-y)CaO-ySrO-xB,03-(60-x)P50s. The shaded boxes represent
respective chemical shift ranges, reported by Carta et al. [9]. The chemical shifts
reported for crystalline phosphates (Table 4.1) are shown as the open stars.

Table 4.1

The [31]P MAS NMR peak shifts (8;,) reported for the indicated structural units
in crystalline phosphates, used to compare with the respective peak assignments
for the Na-Ca/Sr-borophosphate glasses in Fig. 4.3.

Structural Unit Compound diso (ppm) Reference
p° hydroxyapatite 2.9,3.3 [46,471
p° CaHPO42H,0 2.0 [47]
p° B-Caz(PO4), 0.5, 1.9, 5.0 [48]
P, -CaP»07 -8,-8.9,-10.8 [47,48]
2 -Ca(PO -26.8, -29.3, -31.0
P3y p-Ca(POs)2 [47]
2 CaBPOs, SrBPO. -9.1,-11.1
Py s 5 [49]
PjB BPO4 -29.2, -30.0 [13,47,49]

Quantitative fits and peak assignments for the !B MAS NMR and 3!p
MAS NMR spectra were made considering anion-to-cation charge bal-
ance, the structural information obtained by both Raman spectroscopy
and HPLC, and the assignments made in other NMR studies of bor-
ophosphate glasses [11,12,43]. Notably, P3; structures were assumed to
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be the predominate moiety for P} units, and that P, and P3, are not
present, as noted by Raskar et al. [12]. Additionally, it was assumed that
neutral B® units would form before anionic trigonal species (B%). The
relative fractions of borate and phosphate sites were determined using
the analyzed compositions (Table 3.1) and the relative areas of the peaks
in the fitted 1'B and 3P MAS NMR spectra, and these are shown in
Fig. 4.4A and B, respectively. BJ.“P units are the first borate sites to form
with the initial replacement of P2Os by BoO3 and their relative fractions
reach a maximum in compositions with 20-30 mole % B503, the com-
positions at which borate triangles first appear. The relative fractions of
these trigonal groups increase systematically with increasing
B,Os-contents. At the same time, the fraction of szB units in the network
decrease systematically with increasing B;Os content, whereas the
fraction of the PfB units remains relatively constant up to about 30 mole
% B20s3. (As noted above, borate units systematically replace the phos-
phate units as next-nearest neighbors for these P]»SB moieties with
increasing BoOs-content.) Small fractions of PﬁB are detected in the x =
10 compositions, and small fractions of P}B and P? sites are present in the
x = 40 glasses.

Topological models of glass structures derived from constraint the-
ories have proved useful for explaining composition-property trends for
a variety of glass forming systems [28,50-53]. Hermansen assumed that
borate was first incorporated into a phosphate network as B}, units, and
then beyond a critical B-to-P ratio, other anionic sites would emerge, in
the order B, >P%>P}, >P%>B? [14]. To simplify the calculations used for
their model, Hermansen also assumed that no more than two different
phosphate sites (P}B) would be present in a borophosphate network and
that the anionic charges of the network sites are balanced by the
modifying cation charges. Table 4.2 shows the equations used by Her-
mansen to describe the compositional dependences of B- and P-sites for
glasses with the nominal molar compositions xR’O(1 — x)[yB203(1 — y)
P,0s5], where R’O represents both alkali and alkaline earth oxides, and
these equations are plotted as the solid lines in Fig. 4.4A and B [14].

In general, the compositional dependences of the relative concen-
trations of the major B- and P-sites derived from the !'B and 3!P MAS
NMR spectra of the glasses in the present study are consistent with the
predictions of the Hermansen model. In particular, Hermansen pre-
dicted that only B;‘P sites would be present in glasses with up to 23 mole
% B20s3 and indeed, significant concentrations of trigonal borate units
were detected only in glasses with greater borate concentrations
(Fig. 4.4A). Hermansen predicted similar breaks in the compositional
dependences of the PJ?'B and szB unit concentrations at 23 mole % B0s,
although these changes are less obvious in the quantitative NMR data
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shown in Fig. 4.4B. The disproportionation of P} sites to P and P sites
has been noted in previous studies of borophosphate glasses modified
with higher field strength cations, like Ca?t [14,54], and similar re-
actions may account for some of the site-concentration differences be-
tween the present measurements and Hermansen’s predictions.

There are several other differences between the quantitative site
analyses of the glasses in the present study and those predicted by
Hermansen. First, the 3'P MAS NMR spectra in the present study
(Fig. 3.3B) reveal small (<10 %) fractions of PZB sites in glasses with up
to 20 mole % B,03; Hermansen assumed that these sites would not form
in these glasses. And secondly, the 3'P MAS NMR spectra reveal that
these borophosphate glasses have more than two distinct P-sites, an
interpretation consistent with the complexity of the Raman spectra in
the 1000-1300 cm ! range (Fig. 3.1) and with the large number of P-
anions detected by HPLC for glasses with a BoO3 content less than about
35 mole% (Fig. 3.2).

Despite these differences, the Hermansen model still provides useful
insight into the evolution of the borophosphate network with increasing
borate contents, insight that will be used below to explain the compo-
sitional dependence of the glass properties.

4.2. Oxygen speciation

The equations in Table 4.3 summarize those used by Hermansen et al.
to calculate oxygen speciation based on the borate and phosphate site
concentration equations in Table 4.2. In these equations, b is a measure
of the allowable B*0-B* bonds per Bj‘i, unit, and Hermansen et al
assumed that no tetrahedral borate units were connected to another
tetrahedral boron (b = 0).

In the present study, the number of bridging oxygens per glass former
and non-bridging oxygens per glass former were calculated from the
fractions of structural units, [B}y] and [Pi;], obtained by MAS NMR using
Egs. (4.4) and (4.5):

o )+ ()

gi?j) = (8] + 32 (@-0[Pu])

In this analysis, the B units are assumed not to have bridging oxy-
gens to phosphate tetrahedra. This assumption is consistent with REDOR
experiments that could not confirm the presence of P-O-B® bonds [11,
13], although such linkages have been identified in a 1p3lp) dipolar
heteronuclear multiple quantum coherence study of alkali bor-
ophosphate glasses [66]. The fraction of each type of bridging oxygen to

4.4)

(4.5)

;\370- B

.
Pis v PL & P 4 Py > P

X, B,O5 content (mol %)

Fig. 4.4. The respective fractions of borate (A) and phosphate (B) sites obtained from the 'B and 3P MAS NMR spectra from glasses with the nominal molar
composition 16Na;0-(24-y)CaO-ySrO-xB203-(60-x)P20s, where y = 0 (solid symbols), 12 (half-filled symbols) and 24 (open symbols). The solid lines are the pre-

dicted distributions from the model proposed by Hermansen et al .[14].
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Summary of the equations used by Hermansen to determine structural units for the glass compositions shown in

Table 4.2
Fig. 4.4 [14].
Structural Unit Set of Equations
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Table 4.3

Equations used by Hermansen et al. to determine oxygen speciation in bor-
ophosphate glasses with nominal compositions of xR’0O(1 — x)[yB203(1 — y)
P,0s] [14].

Oxygen Set of Equations
Speciation
[BOP] 4—b) x [B*
(4-b) x [B) ey
_ (x+(1-x)x(By+5(1-y))/2x(1-x) "~
4 x [P +3x [P’]+2x [P’ +1x[P'] . o
Gt @-0x@y+51-y)/exa-x 7 =Y
[BOB]
1 3 2 1
5><(3><[B]+2><[B]+1><[B]) .
G+ (-0 x @y +50-y)/Exa-0 "=
%x(4><[B4]+3><[B3]+2><[BZ]+1><[Bl]) X )
A0 x @y sA-y)/Ex1-x) 2 PPV =Y
[P@P]
XA P8 P+ 2x P+ 1x P) 4 )
{(x =X x Gy +50—y)/@x(1-x) 2 BoPy=y
0,y <y
[NBO] _ 1% [B* +2x ([B"] +[P?]) +3 x ([B° + [P"]) + 4 x [P°]

(x+ (1 —x) x 3y +5(1-)))/(2x (1 -x))

the total number of oxygens was calculated from the fraction of struc-

tural units, [B,] and [Pj;], obtained by MAS NMR (summarized in Ap-

J!
pendix), using Egs. (4.6), (4.7) and (4.8):

som - =6 [B;,g ):N Eo(é 7)) s
i [pi
w [pi

(PoP) = Zé i /\EZ’S] ) (4.8)

The compositional dependences of the fractions of the three bridging
oxygen species ([BOP], [B@B], and [P@P]), and non-bridging oxygens
associated with borate and phosphate units ([NBO(B)] and [NBO(P)],
respectively), are shown in Fig. 4.5. The solid lines are the trends pre-
dicted by the Hermansen model. The trends in speciation can be divided
into two regions with x = 23 as the pivotal composition. It is worth
noting that this composition is the same at which the structural model by
Hermansen predicts the maximum fraction of tetrahedral borate units
and the onset of the formation of trigonal borate units.

In the compositional range 0 < x < 23, an exchange of P@P for BOP
linkages occurs as tetrahedral borate units replace phosphate units to
form a borophosphate network. At the pivotal composition (x = 23), the
maximum in [BAP] marks the point at which the glass structure is a fully
interconnected borophosphate network. Above this composition (x >
23), the additional borate units are incorporated into a distinctly borate
network as BOP linkages are replaced by B@B linkages, including those
that link increasing fractions of trigonal borate sites (Fig. 4.4A).

The primary assumption made by Hermansen et al. that differs from
the results of this analysis is that the borate units first form heteroatomic
linkages with phosphate units before they form homoatomic linkages to
other borate units. There is clear evidence in the !B MAS NMR spectra
for a greater fraction of homoatomic B@B bonds in the structures of
glasses in the compositional range 20 < B203 < 40 (mol %), and in the
31p MAS NMR spectra and the chromatographs for the presence for
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Fig. 4.5. Compositional dependence of the oxygen speciation for glasses with
the nominal molar composition 16Na,0-(24-y)CaO-ySrO-xB,03-(60-x)P20s,
where y=0, y=12, and y=24 Solid lines are the predictions from Hermansen’s
structural model. The dotted lines mark the range where the compositions
crystallize upon quenching.

greater fractions of homoatomic P@P linkages in in the same glasses
leading to smaller fractions of heteroatomic B@P than are predicted by
Hermansen’s structural model. There is good agreement between the
compositional dependences of the nonbridging oxygens fractions, ([NBO
(B)] and [NBO(P)], and Hermansen’s predictions.

Fig. 4.6 plots the compositional dependence of the number of
bridging oxygens per glass former for the three series of CaO/SrO bor-
ophosphate glasses. This metric will be used below to explain the
compositional dependence of the glass transition temperatures.

The Raman spectra in Fig. 3.1 show an evolution in the network
structures of these glasses from phosphate to borophosphate to borate as
B,03 replaces P05, consistent with the interpretations of the MAS NMR
and HPLC data. The intense peak centered near 1160 cm™! in the
spectrum of the borate-free compositions broadens and shifts to lower
frequencies with increasing BoO3 content. This peak is assigned to the
symmetric stretching modes of nonbridging oxygens on Q2 phosphate
tetrahedra, and the shift to lower frequencies is an indication of the
replacement of a phosphate by a borate as the next nearest neighbors;
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Fig. 4.6. Compositional dependence of the number of bridging oxygens per
glass former (@/(B+P)) for glasses with the nominal molar composition
16Na50-(24-y)CaO-ySrO-xB,03-(60-x)P205, The vertical dotted lines mark the
range where the compositions crystallize upon quenching.
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viz., the conversion of P2, to P2, [4,14]. The development of these PGB
linkages is further indicated by the increase in the intensity of the Raman
peak at 1050 cm ™! with increasing borate content. The relative intensity
of this peak is maximized for the glass where x = 30. In the Raman
spectra from the high-borate compositions, where x > 35, peaks near
720 and 750 cm™! assigned to borate vibrational modes become
apparent. These features are consistent with the appearance of the
trigonal borate sites in the 1B MAS NMR spectra (Fig. 3.3).

4.3. Phosphate anion distributions

When phosphate glasses are dissolved under the conditions used to
prepare the HPLC solutions, ionic bonds that link the phosphate anions
through the modifying cations are hydrated, releasing those anions to be
separated by the chromatography column and then analyzed. The hy-
drolysis of the bridging oxygen bonds (P@P) that link the neighboring P-
tetrahedra that constitute those anions is relatively slow and so the
distribution of anions recorded by HPLC is assumed to represent that
found in the original glass [30]. However, when ultraphosphate glasses
react in aqueous solutions, the P3; units hydrolyze to release smaller
P-anions and so the distributions of those anions in solution are different
from those in the original glass [42,55,56]. Therefore, quantitative
structural information for phosphate glasses from HPLC is limited to the
polyphosphate (O/P > 3) compositions [57-60].

In the preparation of the HPLC samples from the borophosphate
glasses in the present study, the oxygens that bridge borate and phos-
phate units (BOP) are assumed to hydrolyze much faster than the
bridging P@P bonds. Protonated tetrahedral borates which initially form
when borates are hydrated are unstable and immediately convert to
more stable protonated trigonal borates [61,62], leading to the hydro-
lysis of the bridging B@B bonds and the release of borate species to so-
lution [63]. Similar reactions are assumed to occur with the
borophosphate bonds, leading to the separate release of phosphate an-
ions and boric acid.

Fig. 4.7 compares the quantitative P-speciation results from the
HPLC data with those from the 3!P MAS NMR spectra. Here, the different
P}B units identified in the NMR spectra are combined to their respective

values of “i” and compared to the fractions of P! sites obtained directly
from the associated chromatographs. In this analysis, it was assumed
that every P, unit identified in the NMR data was hydrolyzed to form a
P° anion in the HPLC solutions, leading to reasonably good agreement
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Fig. 4.7. Fractions of P°, P!, and P? units for glasses with the nominal molar
composition 16Na,0-(24-y)Ca0-ySrO-xB,03-(60-x)P,0s as measured by Slp
MAS NMR (closed symbols) and HPLC (open symbols). The lines are meant as
guides for the eye.
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between the two data sets .
The average P-anion size (n) in a polyphosphate glass can be pre-
dicted from its composition using Eq. (4.4) [40,64]:
n= ! 4.1
([o/[p) -3 '
Here, it is assumed that all oxygens in the glass structure are linked to
a phosphate unit. In the present borophosphate glasses, some fraction of
oxygens bridge neighboring borate units as BOB bonds and so do not
modify the phosphate linkages. However, if these oxygens are sub-
tracted from the total oxygen content, then, as shown in Fig. 4.8, the
average P-anion size measured by NMR is in good agreement with that
predicted by the following modified version of Eq. (4.4):

1

04 = (O — O] — 3 “2)

4.4. Glass properties

Topological structural models, like the one proposed by Hermansen,
et al. for borophosphate glasses, have proved to be useful for predicting
properties that are sensitive to the nature of the glass-forming network
[14]. In the present study, the similarity in the compositional depen-
dence of the glass transition temperature (Fig. 3.5) and the number of
bridging oxygens per glass-forming cation (Fig. 4.6) indicates that the
former directly depends on the latter. Indeed, Fig. 4.9 shows a system-
atic increase in Ty with increasing numbers of @/(B+P). Rinke et al
observed a similar correlation between glass transformation tempera-
tures and the network former connectivity for Na-borophosphate glasses
[11].

The dependence of Ty on average number of network crosslinks
shown in Fig. 4.9 can be used to explain the compositional dependence
of Tg (Fig. 3.5) and to highlight the significance of the glasses with 23
mole % By0s3. The initial replacement of P2Os by B2O3 creates highly
cross-linked B}, network sites that replace less-crosslinked P3; and P3;
units that constitute the structure of the ultraphosphate (x = 0) glasses.
Indeed, the average (/(B+P) ratio increases from 1.22 to 1.55 when the
B,0s3 content increases from 0 to 23 mole %. Further replacement of
P,05 by B503 (23 < x < 40) creates lower dimensional trigonal borates
and depolymerized phosphate sites, causing Ty to decrease. The

. .
—— Equation 4.5
H N

mod

3.0 35 4.0 45 5.0
([OtotOggr 1)/1P]

Fig. 4.8. Average phosphate chain length determined by *'P MAS NMR (figo0q)
compared to what is expected from the modified O/P ratio (([Otr-Opgsl/[P1),
which excludes oxygens sequestered in B@B linkages.
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Fig. 4.9. The dependence of glass transition temperature on the number of
bridging oxygens per glass former (@/(B+P)) for glasses with the nominal
molar composition 16Nay0-(24-y)CaO-ySrO-xB,03-(60-x)P20s,

phosphate-free compositions (x = 60) have the highest glass transition
temperatures and the greatest @¥/(B-+P) ratios. This analysis indicates
that the type of bridging oxygen bond (P@P, BOP, B@B) has less influ-
ence on the glass transition temperature than the total number of
bridging oxygens per network former.

The effects of composition on molar volume (Fig. 3.4B) are more
subtle, but the break in the trend near 23 mole % B;Os3 can also be
explained by the transition in the structural motif at this composition.
The initial replacement of P;Os5 by B;0O3 results in the replacement of
P@P bonds by BOP bonds, with the relative fraction of the latter reaching
a maximum at 23 mole% B,03 (Fig. 4.5). Above this composition, B&B
bonds become increasingly dominant in the glass structures. Qiu et al
studied the structures of Na-borophosphate glasses using high-energy X-
ray diffraction and found that the distances between network formers
across bridging oxygens decreased in the order PGP (2.88A)>B@P
(2.731°\)>B®B (2.631&) [65]. The trend towards shorter average bond
distances is consistent with the overall decrease in V9 with increasing
B,03 content (Fig. 3.4B), and the steeper slope in the V9 trend below 23
mole% is consistent with the greater difference between the P@P and
B@P bond distances. At compositions above x > 23, BOP linkages are
exchanging for BOB linkages, which are closer in bond length, leading to
a less negative change in molar volume per oxygen.

5. Summary

Borate and phosphate site speciation in the structures of three series
of glasses with the nominal molar composition 16Nay0-(24-y)CaO-
ySrO-xB203-(60-x)P205 (mol%), where 0 <x <60 andy = 0, 12, and 24,
were quantified by 1B and 3!P MAS NMR and found to be in good
agreement with the structural information obtained by HPLC and
Raman spectroscopy. The initial addition of BO3 creates tetrahedral
borophosphate units (Bj‘},) that reduce the average size of the P-anions

that constitute the glass structures. Trigonal borates are present in
glasses with greater BoO3 contents, and become more significant as the
overall compositions and structures evolve from borophosphates to
borates.

The evolution of these structures is in general agreement with the
topological model proposed by Hermansen, et al., and indicate that a
local maximum in network cross-link density is reached at 23 mole %
B,03, where a maximum in the fraction of BOP bonds is expected. Above
this composition B@B bonds associated with tetrahedral and trigonal B-
sites become dominant. Changes in the compositional dependences of
the glass transition temperature and the molar volume occur at 23 mole
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% B,0g3, and are consistent with the changes in the molecular-level
structures of these glasses.
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