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The structural organization of sodium borophosphate glasses with composition (Na2O)0.4[(B2O3)x(P2O5)1-x]0.6

(0.0e x e 1.0) has been investigated by11B and31P magic-angle spinnning (MAS) NMR spectroscopy.
Spectral deconvolutions and established chemical shift trends yield a detailed quantitative account of the
local structural units present in these glasses. These units can be described in terms of coordination
polyhedra P(n)

mB and B(n)
mP, wheren reflects the number of bridging oxygen atoms andmB e n andmP

e n are the number of connected boron and phosphorus species, respectively. The favorable interaction
between the two network formers boron oxide and phosphorus oxide results in the dominant formation
of B-O-P linkages. Compared to binary sodium phosphate and borate glasses, the extent of network
polymerization is significantly increased, particularly within the region 0e x e 0.4, caused by the
preferential formation of four-coordinate boron species linked to phosphorus. Glasses with higher boron
contents also contain three-coordinated BO3/2 units, which appear to interact only weakly with phosphorus.
The NMR spectra can be analyzed in terms of the concentration of bridging oxygen atoms per network
former species, [O], and divided into the quantitative contributions from P-O-P, P-O-B, and B-O-B
linkages. [O] reveals a nonlinear compositional trend showing an excellent correlation with macroscopic
properties such as glass-transition temperatures, densities, and ionic-conductivity parameters.

Introduction

Ion-conducting glasses are an important class of solid
electrolytes that have already experienced widespread ap-
plication in energy-storage devices. For the development of
higher-performance materials a fundamental understanding
of the phenomenon of ion transport in glasses is essential.1

To this end, a large amount of structural information has
been obtained concerning the local environments of the
cations and their spatial distribution in binary alkali borate,
silicate, and phosphate glasses.2-5 The structures of such
glasses are based on two- or three-dimensional networks
created by the main group oxide (network former species).
By addition of alkaline oxides (the so-called network-
modifier species), anionic sites are generated in this network,
which compensate the positive charge of the mobile cations.
The electrical dc conductivities are simply given by the
product of ionic charge, ionic mobility, and mobile ion
concentration. When considering the compositional depen-
dence of ion conductivities in glassy electrolytes, it is

important to keep in mind, however, that ionic mobilities
themselves are intrinsically concentration dependent,6 as they
result from a complex interplay of structural parameters,
which are affected by the glass composition and hence the
ion content of the glass. These factors include (a) the depth
of the potential well characterizing the cation-anion Cou-
lombic attractions, (b) the strain imposed by ionic motion
upon the network, (c) the average jump distance for the ions
to be overcome, and (d) the number of well-matched target
sites in the vicinity of the mobile ions. In an effort of
developing a fundamental understanding of the structure/
function relationships, researchers have systematically studied
the effect of ion concentration on modifier content for a
number of binary alkaline-containing oxide glasses.7 For each
of these binary systems, the experimentally found increase
in ionic conductivity with increasing network-modifier
content is not unexpected because these parameters are
generally influenced by higher cation contents in a favorable
way: average jump distances become shorter, the number
of potential target sites increases, and in many cases, glasses
containing higher alkaline ion concentrations feature a less
strongly polymerized network, which tends to diminish the
mechanical strain effect. To understand the effect of each
of the control parameters a-d it would thus be of great
interest to study the influence of local structure on cation
mobility along compositional lines with approximately
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constant ion concentrations. Multiple network former systems
afford this opportunity. In particular, alkali borophosphate
glasses are well-suited for this research objective, as previous
results have shown that the successive replacement of the
network former species phosphorus oxide by boron oxide at
constant alkali content can have a significant influence on
the glass transition temperatures and lead to profound
structural changes in the network (mixed-network former
effect).8-12 Furthermore, previous NMR studies of binary
alkali borate13 and alkali phosphate glasses14 have shown that
the alkali ions are essentially statistically distributed, thereby
avoiding complicating influences of cation segregation and
clustering effects on ionic conductivity. With this objective
in mind, we have chosen the ternary glass system
(Na2O)0.4[(B2O3)x(P2O5)1-x]0.6 for a detailed study of com-
position-dependent ion conductivities and their correlation
with local structure. The latter information has been extracted
from complementary multinuclear solid-state NMR and
Raman spectroscopic experiments. Although the ability of
solid-state NMR to provide structural information in alkali
borophosphate glasses is well-documented,15-20 significant
progress has been achieved in recent years by the application
of advanced dipolar NMR techniques combined with the
benefits of high magnetic field strengths and fast magic-
angle spinning. This has resulted in quantitative insights
about species concentrations and interatomic connectivities
to unprecedented detail,21,22 making solid-state NMR the
technique of choice in addressing detailed structure/property

correlations. The focus of the present study is the “mixed-
network former effect”, a pronounced nonlinear dependence
of a variety of macroscopic properties (glass-transition
temperatures, densities, and ionic conductivities) on the
framework composition in the sodium borophosphate glass
system (Na2O)0.4[(B2O3)x(P2O5)1-x]0.6 (0.0 e x e 1.0). A
structural rationale for these effects will be sought on the
basis of combined Raman as well as11B and31P solid-state
NMR spectroscopies.

Experimental Section

Sample Preparation.The sets of glass samples of the ternary
system Na2O-P2O5-B2O3 have been synthesized by traditional
melt-cooling methods. Glasses with compositions specified by the
general formula: (Na2O)0.4[(B2O3)x(P2O5)1-x]0.6 with 0.0e x e 1.0
were prepared as follows: Sodium carbonate (Merck 99.9%),
ammonium dihydrogen phosphate (Fluka 99.5%), and diboron
trioxide (Merck, 99.95%) were used as starting materials. To obtain
water-free reagents,we kept Na2CO3 and B2O3 at 393 K for more
than 48 h in an oven. The weighed chemicals were ground and
mixed thoroughly in their desired proportions. Glasses with a high
concentration of phosphorus oxide (above 45%) were melted in an
alumina crucible, whereas for the other glasses, a platinum crucible
was used. In a first step, the mixture of starting materials was
preheated inside an electric oven at a temperature of 493 K for 3
h until the decomposition of the starting materials was complete.
In the second step, the preheated materials were melted in a closed
crucible at 1123 to 1173 K for about 1 h. The homogeneous melts
were quenched into preheated sample holders kept at temperatures
20-30 K below Tg. Depending on the glass-forming ability and
moisture sensitivity of the samples, stainless steel moulds with
different inner diameters were used. The quenched glass samples
were annealed about 30 K below their respective glass-transition
temperatures for 2.5 h and then cooled from the annealing
temperature to room temperature with a controlled cooling rate of
0.5 K/min. Because of the hygroscopic character of the borophos-
phate glasses, all samples were kept in plastic containers with
desiccant.

For impedance measurements, thin cylindrical specimens with
a diameter between 16 mm and 28 mm were drilled from glass
plates. The cylindrical samples were then cut into slices of
approximately 1 to 2 mm thickness using a Struers Accutom-5
machine. After that, all samples were polished with a polishing
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Table 1. Boron Oxide Contentx of Glassy (Na2O)0.4[(B2O3)x[P2O5)1-x)]0.6, DensitiesG, Molar Volumes VM, Sodium Ion Number DensitiesNV,
Glass-Transition TemperaturesTg, Logarithms of the Electrical dc Conductivities σdc at 298 K, and Activation EnergiesEa of σdcT in the

Glasses under Study

x
F (g/cm3)
(( 0.3%)

VM (cm3 mol-1)
(( 0.3%)

NV (× 1022 cm-3)
(( 0.3%)

Tg (K)
(( 2 K)

log(σdc @ 298 K)
((Ω cm)-1) (( 1%)

Ea (eV)
(( 0.02)

0 2.47 44.36 1.09 535 -11.298 0.90
0.1 2.48 42.59 1.13 565 -10.941 0.84
0.2 2.51 40.35 1.19 620 n.a. n.a.
0.3 2.52 38.47 1.25 678 -9.250 0.72
0.4 2.56 36.17 1.33 683 -9.054 0.64
0.5 2.55 34.61 1.39 703 -9.012 0.68
0.6 2.51 33.43 1.44 697 -8.978 0.68
0.7 2.49 31.96 1.51 698 -8.875 0.67
0.8 2.45 30.72 1.57 723 -8.630 0.65
0.9 2.43 28.91 1.67 720 -8.600 0.64
1.0 2.39 27.85 1.73 633 -9.110 0.69
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apparatus (La¨pp Machine,λLOGITECH) using a mixture of Al2O3

powder of 9µm diameter and liquid ethylene glycol in a volume
ratio 1:9. To ensure a continuous and stable contact between the
glass sample and the electrodes, the polished faces of each prepared
glass sample were sputtered for 450 s with silver and afterward
with platinum for 300 s.

Characterization. Glass densities were determined according
to the Archimedes principle using ethylene glycol used as a standard
liquid (F ) 1.11 g/cm3). Glass-transition temperatures,Tg, were
determined as “onset points” from differential scanning calorimetry
(DSC), using a NETZSCH DSC-204 instrument, operated with a
linear heating ramp of 10 K/min.

Electrical conductivities were determined from impedance
measurements using a Novocontrol Alpha-S high-resolution di-
electric analyzer with an alpha-S active sample cell andR-Quatro
Cryosystem temperature-control apparatus. Frequency-dependent
impedance measurements were carried out isothermally in the
frequency range between 1× 10-2 Hz and 6 MHz and at
temperatures between 198 and 548 K. From the low-frequency
conductivity plateaus, the dc conductivity for each temperature
could be determined.

Raman scatting experiments were conducted on a LabRAM HR
800 high-resolution spectrometer, using the 532.18 nm line of a
Nd/YAG laser operating at 8.6 mW as the excitation source. The
spectra were collected at room temperature for 420 s with a spectral
resolution of 1 cm-1

. Single-pulse31P and11B MAS NMR spectra
were obtained on Bruker DSX 400 and DSX 500 spectrometers,
respectively, using a 4 mm MAS NMRprobe operated at a spinning
rate of 12 kHz.31P spectra were measured at 162.03 MHz, with a
90° pulse of 4.5µs length and a relaxation delay time ranging from
300 to 400 s.11B MAS NMR spectra were recorded at 160.46 MHz
using a short pulse of 1µs length and a relaxation delay of 10 s.
Experimental lineshapes were deconvoluted using the DMFIT
software.23 Chemical shifts are reported relative to 85% H3PO4 and
BF3-Et2O solution for31P and11B, respectively.

Results, Assignments, and Interpretation

Macroscopic Properties.Table 1 summarizes the densi-
ties, as well as the molar volumes and the sodium ion number
densities,NV(Na), calculated from these data. The experi-
mentally determined densities of the mixed sodium boro-
phosphate glasses range between 2.48 and 2.56 g/cm3 and
initially show a clear increase withx, yielding a maximum
for x ) 0.4. A decrease to 2.39 g/cm3 is observed for the
final pure sodium borate composition. Overall, these results
agree with trends found in the literature for this glass-forming
system.11,12

Figure 1 shows the compositional dependence of the glass-
transition temperature, whereas panels a and b of Figure 2
show the electrical dc conductivity values at 298 K and the
activation energies extracted from temperature-dependent
measurements. Note that all three quantities show rather
analogous compositional dependences: a steep initial in-
crease (decrease inEa) in the phosphate-rich region (0e x
e 0.4), rather marginal changes in the 0.4e x e 0.9 region,
and a steep decrease (increase inEa) when going from the
borate-rich ternary glass to the pure sodium borate endmem-
ber composition.

Raman Spectroscopy.Figure 3 summarizes the Raman
spectra. The trends observed in these spectra are in agreement
with previously published data on sodium and lithium
borophosphate glasses, as well as previous studies of vitreous
NaPO3

24,25and Na2B4O7.26 The Raman spectrum of the binary
(Na2O)0.4(P2O5)0.6 glass is dominated by two intense lines at
1188 and 1161 cm-1, which are assigned to the asymmetric
and symmetric (PO2) stretching modes, respectively, involv-
ing nonbridging oxygen atoms. In addition, a broad band
with its intensity maximum at 693 cm-1 signifies P-O bond
vibrations involving P-O-P bridges. Furthermore, the broad
band centered around 1300 cm-1 is assigned to the (PdO)sym

stretching mode originating from the phosphorus inP(3)

structural groups. As the boron content is increased, the 1300
cm-1 band gradually shifts toward lower frequencies. Fur-
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Figure 1. Compositional dependence of the glass-transition temp-
erature Tg in sodium borophosphate glasses in the system
(Na2O)0.4[(B2O3)x(P2O5)1-x]0.6.

Figure 2. (a) Compositional dependence of the dc electrical conductivity
σdc at 298 K in sodium borophosphate glasses in the system
(Na2O)0.4[(B2O3)x(P2O5)1-x]0.6. (b) Compositional dependence of the activa-
tion energy of σdcT in sodium borophosphate glasses in the system
(Na2O)0.4[(B2O3)x(P2O5)1-x]0.6.
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thermore, the 1161 cm-1 band is gradually replaced by a
broader signal near 1100 cm-1. Both of these effects, which
are most prominently observed in the glasses in the inter-
mediate composition range (0.7< x < 0.4), can be attributed
to boron ligation of the P(3) units and the P(2) units,
respectively. For glasses withx > 0.5, an additional signal
near 1000 cm-1 is observed, which gradually shifts toward
lower wavenumbers as the boron content is increased further.
In conjunction with the31P NMR spectra to be discussed
below, we attribute this band to a superposition of signals
of the PO2 vibrations of P(2) units connected to two boron
species (P(2)

2B) and the PO3 vibrations of P(1) species.26

Finally, the sharp band seen at 950 cm-1 in the x ) 0.9
sample is assigned to P(0) units. Incorporation of borate
produces a new peak at 631 cm-1, which initially increases
in intensity with increasingx and then diminishes again and
shifts to lower wave numbers for higher boron contents (x
> 0.5). As previously suggested, this line may be attributed
to the appearance of BO4/2

- units, abbreviated henceforth
B(4).25 An additional broad feature appearing near 800 cm-1

at higher boron contents (x > 0.5) signifies boron-oxygen
stretching vibrations involving the bridging oxygen atoms
that are associated with the BO3/2 (B(3)) units. The pure
sodium borate end-member glass displays a strong band near
1400 cm-1, which can be assigned to B-O stretching
vibrations associated with nonbridging oxygen atoms. The
noticeable absence of this vibrational mode from the spectra
of all the other glasses suggests that the latter do not contain
appreciable amounts of nonbridging oxygen species. This
conclusion is indeed confirmed by the solid-state NMR data
discussed below.

11B MAS NMR. Figure 4 shows the11B MAS NMR
spectra. The11B spectrum of low-boron-containing glasses
consists of a single sharp resonance signifying four-
coordinate B(4) units subject to rather weak nuclear electric
quadrupolar interactions. For glasses with higher boron
contents, a gradual shift toward higher resonance frequencies
can be noted, and a two-peak structure becomes apparent at
some compositions. For example in the glass with composi-
tion (Na2O)0.4[(B2O3)0.4[P2O5)0.6)]0.6, two distinct signals at
-1.5 and-3.3 ppm can be resolved. As revealed by previous
11B{31P} REDOR results on the related silver borophosphate
glass system, the site discrimination and the chemical shift
trends reflect changes in the extent of B-O-P connectivity
as a function of composition.22 Specifically, the signal at
-3.3 ppm can be assigned to B(4) units linked to 3 to 4 P
atoms (i.e., B(4)

3P and B(4)
4P units), whereas the signal near

-1.5 ppm is attributed to B(4) units linked to 2 P atoms (B(4)
2P

units). In addition to the relatively sharp resonance(s)
attributed to the B(4) groups, the spectra of glasses withx >
0.4 reveal a second signal component having an isotropic
chemical shift near 17-18 ppm, which is assigned to three-
coordinated B(3) species. The line shape of this component
is significantly influenced by second-order quadrupolar
perturbation effects, reflecting nuclear electric quadrupolar
coupling constant values CQ near 2.6 MHz. The relative
intensity of this signal increases significantly toward higher
B2O3 contents, and at the highest boron contents near the
limit of the glass-formation region, about half of the boron
atoms are three-coordinate. A radical change is observed
between the sample withx ) 0.9 andx ) 1.0, the latter
being the pure binary sodium borate glass. In the latter glass,
a strong line shape component is found to be characterized

Figure 3. Raman spectra of sodium borophosphate glasses with composi-
tion (Na2O)0.4[(B2O3)x(P2O5)1-x]0.6 as a function ofx.

Figure 4. 11B-MAS NMR spectra of sodium borophosphate glasses with
composition (Na2O)0.4[(B2O3)x(P2O5)1-x]0.6 as a function ofx.
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by a significant asymmetry parameter (ηQ ) 0.6). This signal
is assigned to three-coordinate boron atoms bound to one
nonbridging oxygen (i.e., BO2/2O--(B(2)) units).27 Analysis
of the whole set of spectra reveals that these types of units
are present only in binary sodium borate, but not in any of
the ternary sodium borophosphate glasses, in agreement with
the conclusion from Raman spectroscopy.

Figure 5 reveals that with increasing value ofx, the B(4)

resonance shifts monotonically toward higher frequencies.
As previously noted, this trend reflects a gradual decrease
in the average number of B-O-P linkages for these units.22

On the basis of this correlation, we can estimate the average
number of B-O-P linkages, corresponding to the number
m in the B(4)

mP notation, by linear interpolation between the
valuesδiso ) 1.0 (m ) 0 in the binary borate glass) andδiso

) -3.9 (m is assumed to be close to 4 in thex ) 0.1 sample).
These values are included in Table 2. Finally, on the basis
of previous11B{31P} REDOR results on the analogous silver
borophosphate glasses and analogous ones (not reported here)
on the present glasses, the B(3) units are assumed to be remote
from phosphorus atoms (no B-O-P linkages).

31P MAS NMR. Figure 6 summarizes the31P MAS NMR
results. The spectrum of the pure sodium phosphate glass
end-member agrees with that found in the literature.28 The
relative fractions of the P(3) (branching) and P(2) (chain) units
are in excellent agreement with the expected 2:1 ratio
predicted by the “binary” site modification model. Addition
of the borate component leads to the appearance of various
distinct new resonances, which can be assigned to P(3)

mB (m
e 3) and P(2)

mB (m e 2) sites arising from the formation of
P-O-B linkages. These assignments were recently sug-
gested by31P{11B} REDOR results on sodium and silver
borophosphate glasses of different compositions21,22 and
confirmed by analogous experiments conducted on repre-
sentative samples of the present glass system (data not
shown). Formation of B-O-P links has the effect of

displacing the resonance of a given P(n) unit toward higher
frequencies. The continuous chemical shift trend observed
in both of the glass series as a function of composition reveals
that, evidently, the number of P-O-B linkages increases
with increasingx, although no clear chemical shift discrimi-
nation between P(2)

1B and P(2)
2B units can be discerned at any

of the glass compositions considered. The continuous trend
of the signal toward more positive chemical shift values with
increasing boron content most likely reflects the changing
ratio between P(2)

1B and P(2)
2B units; we can quantify this

ratio on the basis of the measured chemical shift by
interpolating between the extreme values of-12.8 ppm
(P(2)

1B units) and -5.4 ppm (P(2)
2B units). In addition,

resonances attributable to P(3)
1B and P(3)

2B units are likely to
contribute to the spectra. Finally, at glass compositions with
rather high boron contents (x > 0.7), the spectra show the
formation of P(1) and even P(0) species (peaks near 3 and 10
ppm, respectively). Indeed, this observation is well-correlated
with the appearance of the new Raman scattering peaks near
1000 and 950 cm-1 (see Figure 3), which are easily assigned
to phosphate end groups and isolated PO4

3- units, respec-
tively. Table 3 summarizes the31P peak deconvolutions into
two or three Gauss/Lorentz spectral components and their
corresponding assignments.

Discussion

Figure 6 and Table 3 indicate that in the majority of the
glasses, the resolution of the31P MAS NMR spectra is not

(27) Kriz, H. M.; Park, M. J.; Bray, P. J.Phys. Chem. Glasses1971, 12,
45.

(28) Brow, R. K.; Kirkpatrick, R. J.; Turner, G. L. J.Non-Cryst. Solids.
1990, 116, 39.

Figure 5. 11B isotropic chemical shift of the B(4) resonance in sodium
borophosphate glasses with composition (Na2O)0.4[(B2O3)x(P2O5)1-x]0.6. For
those glasses in which two resolved B(4) resonances are observed, the
weighted average is depicted. The straight line is a linear regression fit to
the data.

Figure 6. 31P MAS NMR spectra spectra of sodium borophosphate glasses
with composition (Na2O)0.4[(B2O3)x(P2O5)1-x]0.6 as a function ofx. Spinning
sidebands are indicated by asterisks.
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complete. At most, three distinct spectral components can
be identified, each of which still represents a superposition
of signals arising from different species. For example, in the
x ) 0.2 sample, the peak observed near-20.3 ppm most
likely comprises the signals of both P(2) and P(3)

2B units. Still,
we can estimate the individual contributions of both species
to this signal by considering the fact that the total number
of anionic charges in the glass must equal the total number
of sodium ions present. Taking into consideration that at this
particular glass composition all the boron species are anionic
B(4)groups (N4 ) 1), we can conclude that the-20.3 ppm
peak in this particular sample is comprised of roughly
comparable contributions from anionic P(2) and neutral P(3)

2B

units. This calculation goes as follows: Thex ) 0.2 sample
contains 40 mol % Na2O, 48 mol % P2O5, and 12 mol %
B2O3. Because according to the11B NMR data, all of the

boron species are anionic, 12 mol % Na2O is consumed for
the modification of the boron species in the network, leaving
28 mol % Na2O for the modification of the phosphorus
species. Thus, of the 48 mol % P2O5 present in the sample,
28 mol % is present as anionic P(2) units (corresponding to
28/48) 58% of the total phosphorus present), and 20 mol
% must be present as neutral P(3) units (corresponding to
20/48 ) 42% of the total phosphorus present). According
to Table 3, the31P NMR spectrum can be deconvoluted into
three signal components with the area ratios listed there. On
the basis of its chemical shift, the component at-12.8 ppm,
which corresponds to 25.5% of the total area in the31P
spectrum, is assigned to a P(2)

1B unit. Furthermore, the
component at-26.5 ppm, which corresponds to 21% of the
total area, is assigned to neutral P(3)

1B and P(3)
0B units. Now,

the central resonance at-20.3 ppm, which contains 53.5%

Table 2. Deconvolution Results of the11B MAS NMR Spectra of Sodium Borophosphate Glasses with Compositions
(Na2O)0.4[(B2O3)x[P2O5)1-x)]0.6

x positionδiso(( 0.1 ppm) fwhm∆V (( 0.2 ppm) G/L CQ (( 0.05 MHz) ηQ area (( 2%) structural groups

0.1 -3.9 2.7 0.97 100.0 B(4)
mP m ) 4.0

0.2 -3.5 2.7 0.93 100.0 B(4)
mP m ) 3.67

0.3 -1.0 1.7 0.06 13.2 B(4)
mPm ) 1.63

-3.2 2.9 0.91 86.8 B(4)
mPm ) 3.43

0.4 -1.5 2.2 0.73 61.3 B(4)
mPm ) 2.04

-3.3 1.8 0.90 35.9 B(4)
mP m ) 3.51

n.d. n.d. n.d. 2.7 B(3)

0.5 -1.1 2.9 1.0 59.3 B(4)
mPm ) 1.71

-2.7 3.0 1.0 25.0 B(4)
mP m ) 3.02

16.3 3.1 - 2.52 0.28 15.7 B(3)

0.6 -0.8 3.3 0.89 66.3 B(4)
mPm ) 1.47

17.1 3.1 - 2.59 0.31 33.7 B(3)

0.7 -0.3 3.1 0.86 58.8 B(4)
mPm ) 1.06

17.6 3.1 - 2.61 0.28 41.2 B(3)

0.8 0.1 3.0 0.88 51.1 B(4)
mPm ) 0.74

17.9 3.1 - 2.61 0.28 48.9 B(3)

0.9 0.5 2.9 0.87 48.2 B(4)
mPm ) 0.41

18.3 3.1 - 2.61 0.28 51.8 B(3)

1.0 18.8 3.1 - 2.49 0.60 43.8 B(2)

18.6 3.1 - 2.60 0.20 39.0 B(3)

1.0 2.5 0.97 17.2 B(4) m ) 0.0

Table 3. Deconvolution Results of the31P MAS NMR Spectra of Sodium Borophosphate Phosphate Glasses with Compositions
(Na2O)0.4[(B2O3)x[P2O5)1-x)]0.6

x positionδiso(( 0.1 ppm) fwhm∆V (( 0.2 ppm) G/L area (( 2%) structural groups

0 -22.7 8.8 0.94 64.7 P(2)

-32.3 12.7 1.00 35.3 P(3)

0.1 -17.2 9.1 0.54 4.8 P(2)
1B

-21.4 8.9 0.81 62.3 P(2) + P(3)
2B

-29.9 12.9 0.90 32.9 P(3) + P(3)
1B

0.2 -12.8 9.5 1.0 25.5 P(2)
1B

-20.3 9.1 1.0 53.5 P(2) + P(3)
2B

-26.5 12.7 1.0 21.0 P(3) + P(3)
1B

0.3 -10.4 9.5 0.46 43.7 P(2)
1B +P(2)

2B

-16.8 10.9 0.99 30.6 P(2)
1B + P(3)

2B

-22.6 12.0 0.76 25.7 P(3)
1B + P(2)

0.4 -9.2 8.6 0.82 43.1 P(2)
1B +P(2)

2B

-15.5 13.1 0.55 52.8 P(3)
2B + P(2)

1B

-22.2 8.2 1.0 4.1 P(3)
1B

0.5 -8.5 11.4 0.66 85.6 P(3)
3B + P(2)

2B

-19.2 8.7 0.15 14.4 P(3)
2B

0.6 -5.9 11.0 0.81 96.2 P(3)
3B + P(2)

2B

-17.2 8.7 1.0 3.8 P(3)
2B

0.7 2.4 7.0 1.0 12.2 P(1)
1B

-5.4 10.3 0.46 87.8 P(3)
3B + P(2)

2B

0.8 14.4 4.1 1.0 0.8 P(0)

3.9 6.1 1.0 31.5 P(1)
1B

-4.2 10.3 0.7 68.7 P(2)
2B

0.9 15.6 4.1 0.98 27.9 P(0)

5.3 5.4 0.52 64.3 P(1)
1B

-5.4 11.1 0.04 7.8 P(2)
2B
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of the total signal area, contains overlapping contributions
from both anionic P(2)

0B (percentagex) and P(3)
2B units

(percentage 53.5- x). Because the total P(2)/P(3) ratio must
be 58:42 in this sample, we have the condition 58) 25.5+
x (and analogously 42) 21 + (53.5- x)), resulting inx )
32.5% (rounded to 33% in Table 4). On the basis of
analogous considerations, the relative boron and phosphorus
speciations, expressed as percentages of the total boron and
phosphorus contents, respectively, have been extracted from
the spectra and are listed in Table 4. By multiplying these
percentages with the actual boron and phosphorus concentra-
tions present in these glasses, we arrive at the absolute boron
and phosphorus species concentrations, which are plotted in
Figure 7. For each glass composition, the individual entries
in this Figure sum up to 60 mol %, corresponding to the
total network former concentration.

Clearly, the structural transformation of sodium borophos-
phate units can be divided into three compositional regions.
Within the phosphate-rich domain I (0e x e 0.4), the most
dramatic change is the rapid increase in the number of B(4)

units, accompanied by the diminution of the metaphosphate-
type chain units. In this region, the concentration of the P(3)

units increases with increasingx, because the boron constitu-
ent consumes more sodium for modification than predicted
from the network former to network modifier ratio (0.67)
present in the glass. Within domain I, this redistribution of
the network modifier results in an increase of the average
degree of polymerization of the phosphate species, even
though the Na/P ratio increases. Although in pure binary
alkali phosphate glasses the P(3) units are known to be rather
unstable, the evidence presented here suggests that they can
be significantly stabilized by the formation of P-O-B
linkages. We note that the behavior observed here is in
striking contrast to the binary sodium phosphate system, in
which the degree of condensation decreases continually as
the Na/P ratio increases.

For intermediate compositions (domain II, 0.4e x e 0.8),
both the concentrations of the P(2) and the B(4) units remain
approximately constant. In this region, the main structural
change is the decrease of the concentration of the P(3) groups,
concurrent with the increase in the concentrations of the B(3)

units. At even higher borate contents (domain III:x ) 0.8,
0.9), the concentration of the P(2) units decreases further (they
are replaced by P(1) and P(0) units), the concentration of B(4)

still remains constant, whereas the contribution of B(3) to the
network keeps increasing. In this region, the formation of
doubly and triply charged phosphate species along with the
observation of large amounts of neutral B(3) groups clearly
indicates a net charge transfer occurring from the borate to
the phosphate network. This particular property by which
the phosphorus atoms compete successfully against the other
network formers for the additional network modifier oxide
has been reported for other borophosphate glasses.22 Finally,
in the pure sodium borate glass end-member, the situation
is entirely different. The amount of B(4) units is drastically
decreased and a new anionic three-coordinate type of boron
unit B(2) appears that bears two bridging and one nonbridging
oxygen atoms. These B(2) units are not found in any of the
ternary glasses. The dramatic change in going from the
ternary to the binary glass system indicates that the tetra-
hedral B(4) units observed in the borate-rich domain must be
stabilized by the formation of B-O-P linkages. Indeed, the
existence of these links has been previously established by
11B{31P} REDOR data obtained on analogous silver boro-
phosphate glasses.22

From the detailed structural analysis reported above, we
can determine the average number of bridging oxygen species
per network former, [O], which corresponds to the overall
degree of network polymerization. Considering the fact that
each bridging oxygen species makes one link between two
network former species, [O] has values of 0.5, 1.0, and 1.5
for the P(1), P(2), and P(3) species, and 1, 1.5. and 2.0 for the
B(2), B(3), and B(4) units, respectively. As shown in Figure 8,
[O] increases significantly in domain I (reflecting the
structural changes discussed above) and remains approxi-
mately constant in domains II and III. Finally, [O] is
dramatically decreased in the binary sodium borate end-

Table 4. Relative Speciations (Percent (( 2%) of the Phosphorus
and Boron Species, Respectively) in Sodium Borophosphate Glasses
Calculated According to the Charge Compensation Rules and on the

Basis of the Isotropic Chemical Shift Assignments of Various
Phosphate and Borate Units

amount in %

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

P(0) 1 28
P1B

(1) 9 32 64

P0
(2) 65 ∼58 ∼33 ∼2

P1B
(2) 5 25 34 24 20 3

P2B
(2) 17 22 29 64 67 69 8

P0
(3) 35 ∼2

P1B
(3) ∼31 21 ∼23 4

P2B
(3) ∼4 ∼21 ∼24 50 51 33

P3B
(3) 24

B2B
(2) 44

BnB
(3) 3 16 34 42 49 52 39

BnB
(4) 13 61 59 66 58 51 48 17

B4P
(4) + B3P

(4) 100 100 87 36 25

Figure 7. Absolute concentrations (in mol %) of individual phosphorus
and boron environments in sodium borophosphate glasses with composition
(Na2O)0.4[(B2O3)x(P2O5)1-x]0.6. For each composition, the individual entries
sum to 60 mol %, corresponding to the constant network former content
present in these glasses.
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member of this glass series, because of the different nature
of the dominant anionic boron species in this glass. The
comparison with the binary glasses sodium borate and
sodium phosphate clearly demonstrates that the combined
presence of the network formers P2O5 and B2O3 results in a
significant enhancement of network polymerization, mani-
festing a “mixed network-former effect”. In this connection,
the striking resemblance of the plots [O](x) (Figure 8) and
Tg(x) (Figure 1) clearly suggests that the compositional trend
of the glass-transition temperature in this system can be
explained on the basis of the average network connectivity
concept. Even more interesting, exactly analogous compo-
sitional dependences can be observed for the ionic conduc-
tivity and its corresponding activation energy. More specif-
ically, comparison of Figures 2 and 6 indicates that electrical
conductivity and absolute concentration of B(4) units show
nearly the same dependence on the compositional parameter
x. This result, in turn, suggests that the concentration of these
B(4) units may be a critical structural parameter influencing
the mobility of the ions. According to these results, the
anionic BO4/2 units may represent binding sites that are
particularly conducive to ionic motion, at least in comparison
to their anionic alternatives, i.e., the P(2) and B(2) groups.

Finally, the number of bridging oxygen species per
network former species, [O], is made from the individual
contributions of P-O-P, P-O-B, and B-O-B linkages.
We can extract approximate numbers for these three con-
tributions from the31P and11B MAS NMR peak deconvo-
lutions (see Table 5 and Figure 9). As a matter of fact, two
independent values for [P-O-B] can be extracted from
either the31P or the11B MAS NMR spectra. The fact that
these respective values are well consistent with each other
(see Figure 10) justifies the assumptions made in arriving at
the analysis described above. Specifically, the result validates

the quantitative analysis of the overlapped31P spectra, the
chemical shift analysis of the11B(4)

mP resonance in terms of
the average number of connected P atoms, and the assump-
tion that the three-coordinate boron species are not linked
to P atoms. Figure 9 documents the strongly favorable
interaction between the borate and the phosphate units in
the network, producing a number of B-O-P linkages that
is close to the maximum value possible at any given
composition, as previously suggested on the basis of qualita-
tive 17O NMR data.21 For future studies, it would be of
interest to compare the predicted concentrations of oxygen
species predicted from the present work to corresponding
values extracted from quantitative17O MQMAS-NMR
spectroscopic data.

Conclusions

In summary, a detailed structural analysis of sodium
borophosphate glasses within the composition range
(Na2O)0.4[(B2O3)x(P2O5)1-x]0.6 with 0.0 e x e 1.0 has been
presented on the basis of the detailed quantitative analysis
of 11B and 31P MAS NMR spectra. These data illustrate

Figure 8. Number of bridging oxygen species per network former unit in
sodium borophosphate glasses with composition (Na2O)0.4[(B2O3)x(P2O5)1-x]0.6.

Table 5. Composition Dependence of the Numbers of the Various
Types of Bridging Oxygen Species Per Network Former Unit

((0.02)

x [P-O-P] [P-O-B] [B-O-B] [O]

0 1.18 0 0 1.18
0.1 0.87 0.40 0 1.27
0.2 0.62 0.72 0.04 1.37
0.3 0.33 0.96 0.12 1.46
0.4 0.25 1.02 0.28 1.54
0.5 0.18 0.89 0.52 1.59
0.6 0.07 0.68 0.82 1.56
0.7 0 0.54 1.04 1.58
0.8 0 0.32 1.25 1.57
0.9 0 0.13 1.48 1.61
1.0 0 0 1.37 1.37

Figure 9. Number of the various types of bridging oxygen species per
network former unit as a function of composition. Symbol sizes represent
experimental error estimates.

Figure 10. Number of [P-O-B] linkages per network former species
determined from11B versus the corresponding number deduced from31P
MAS NMR. Symbol sizes represent experimental error estimates.
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unambiguously the preferential formation of B-O-P link-
ages between P(3) branching units and tetrahedral boron
species. A particular consequence of this favorable interaction
is an increase in the degree of network polymerization as
quantified by the number of bridging oxygen species per
network former. On this basis, we can rationalize the
enhanced glass-transition temperatures of the ternary glasses
in comparison to the binary glass end members.

The strong correlation ofTg with the degree of average
network polymerization deserves some further comment,
however. Although for covalent (chalcogenide) glasses, the
concept of average coordination number has been applied
very successfully for explaining the compositional evolution
of their physical properties,29 its applicability to oxide glasses
has been much more limited. For example, in the (Na2O)x-
(SiO2)1-x glass system,Tg tends to decrease with increasing

x,30 whereas in the (Na2O)x-(P2O5)1-x glass system, a rather
complex dependence onx is observed, showing an increase
of Tg with x for x > 0.2.31 Thus opposite trends are observed
even though in both glass systems an increase in the network
modifier contentx decreases the degree of network polym-
erization. This striking difference illustrates that the physical
properties of oxide glasses are also influenced by effects other
than framework connectivity, for example, Coulomb and
dipolar forces. In the present glass system, these additional
contributions do not change much as a function of composi-
tion (the cation concentrations are kept approximately
constant), thereby allowing us to expose the significance of
the average network connectivity for macroscopic properties
in oxide glasses.
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