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1 |  INTRODUCTION

High phosphate content silicophosphate glasses are known 
for the presence of sixfold‐coordinated silicon even when 
prepared at ambient pressure.1‒12 They are of potential inter-
est for various applications, for example, optical fibers13,14 
or in fuel cells.14,15 However, owing to their low chemical 
durability their use is still limited. The addition of Al2O3 

to phosphate glasses not only affects the glass structure but 
also promotes chemical durability and improves the resis-
tance to moisture invasion,16‒21 and the effect of Al3+ ions 
has been described as strengthening the glass.22 In general, 
Al2O3 can be introduced into the glass network (a) by direct 
addition of either alumina to the batch or through adding 
other aluminous materials which require less energy and, 
thus, a lower temperature for melting, for example, Al(OH)3 
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Abstract
Ceramic crucibles are known to corrode in contact with glass melts. Here, we investi-
gate the effect of alumina and fused silica crucibles on the composition, structure, and 
properties of silicophosphate glasses. Glasses in the system 0.3 Na2O‐0.6 P2O5‐0.1 SiO2 
were melted in platinum, alumina, or fused silica crucibles at 900°C or 1200°C for 
0.5‐12 hours. Al2O3 and SiO2 were found to leach from the crucibles into the glass 
melt and alter the glass composition: Al2O3 content increased with melting tempera-
ture and time, resulting in up to 10 mol% Al2O3; SiO2 from fused silica crucibles was 
also introduced into the glass, resulting in a 25% higher SiO2 content compared to the 
nominal composition. Glass density, transition temperature, thermal expansion, and 
mechanical properties were strongly affected by these compositional changes. Based 
on vibrational spectroscopy, this is explained by increasing numbers of P–O–Al or 
P–O–Si bonds, resulting in a depolymerization of the phosphate network, and ionic 
cross‐linking by high field strength aluminum or silicon ions. With increasing alumina 
content, P–O–Si bonds were replaced by P–O–Al bonds. 31P and 27Al MAS NMR 
spectra revealed that aluminum is present in sixfold coordination exclusively and fully 
bonded to phosphate species, connecting phosphate groups by P–O–Al–O–P bonds.
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or AlO(OH),23,24 or (b) by diffusion from alumina crucibles 
owing to crucible corrosion by the glass melt.25‒30 In the 
latter case, the amount of dissolved Al3+ and O2− depends 
on the melting conditions and the type of alumina crucible 
used. Our previous study showed that sixfold‐coordinated 
silicon in these glasses is replaced by alumina and trans-
forms into fourfold‐coordinated silicon instead.31 The aim 
of this study was therefore to further characterize the struc-
tural effects of alumina on silicophosphate glasses while 
also investigating how alumina incorporation affects the 
glasses' thermal and mechanical properties. We were also 
interested to see whether diffusion of Al3+ from alumina 
crucibles can be used to systematically tailor glass prop-
erties. This is even more important since platinum cruci-
bles are often damaged during melting of phosphate glass 
batches, owing to severe corrosion of the platinum metal.32 
We therefore systematically studied the influence of cruci-
ble material and melting conditions on glass composition, 
structure, and properties of silicophosphate glasses.

2 |  MATERIALS AND METHODS
2.1 | Glass synthesis
A series of glasses in the system 0.3 Na2O‐0.6 P2O5‐0.1 SiO2 
(molar ratio) was prepared by a conventional melt‐quench 
route. High‐purity reagents (NaPO3)n (Sigma‐Aldrich), 
NH4H2PO4 (Carl Roth), and SiO2 (Carl Roth) were used as 
batch materials. The powders were weighed for a batch size 
of 50  g and mixed for 10  minutes to obtain homogeneous 
batches. Subsequently, the batches were transferred to either 
a platinum, alumina (Ceramtrade GbR), or fused silica cruci-
ble (Qsil). The batches were preheated to 600°C for 30 min-
utes in an electrical furnace to ensure the removal of water, 
carbon dioxide, and ammonia. The batches were then melted 
at either 900°C or 1200°C for time periods between 0.5 and 

12  hours. Melting conditions are summarized in Table 1. 
Afterwards, the melt was rapidly quenched between brass 
plates to room temperature, annealed near the glass transition 
temperature for 1 hour and cooled to room temperature inside 
the annealing oven over night (cooling rate ca. 30 K hour−1). 
All samples were stored in a desiccator to avoid reaction 
with atmospheric humidity. The samples were cut into discs 
(thickness about 2 mm) and polished for analysis of chemical 
composition and spectroscopic measurements.

To facilitate the acquisition of NMR spectra and de-
crease relaxation times in REAPDOR (rotational echo 
adiabatic passage double resonance)33‒35 experiments, an ad-
ditional glass sample with a nominal composition of 97(0.3 
Na2O‐0.6 P2O5‐0.1 SiO2)‐3Al2O3 containing 0.01 wt% MnO 
(added as MnCO3, to shorten the T1‐relaxation times) was pre-
pared by melting in a platinum crucible at 1200°C for 1 hour.

2.2 | Glass characterization
The amorphous nature of the glasses was confirmed by X‐ray 
powder diffraction (XRD; MiniFlex, Rigaku). Glass transition 
temperature (Tg), dilatometric softening point (Ts), and the co-
efficient of thermal expansion (α) of glass rods with a diameter 
of 5 mm and a length of 20 mm were determined by dilatom-
etry (Netzsch DIL 402 PC, Netzsch GmbH) at a heating rate 
of 5 K minute−1. The α values of the glasses were determined 
by linear fitting of the slope of dilatometry curves between 
100°C and 300°C (glasses melted at 1200°C) or between 50°C 
and 200°C (glasses melted at 900°C, owing to their lower Tg). 
Error limits were ± 5 K for Tg and Ts and ± 0.1 × 10−6 K−1 for 
α. Glass density (ρ) was measured on monoliths using helium 
pycnometry (AccuPyc 1330, Micromeritics GmbH); the esti-
mated error limit was 0.01 g cm−3.

2.3 | Compositional analysis
Scanning electron microscopy (SEM; JSM 7001F, Jeol 
GmbH) with energy dispersive X‐ray analysis (EDX; Trident 
Analysis System, EDAX Inc) was performed at 15  keV in 
order to analyze the actual composition of the glass samples 
(on two separate locations) and of the various alumina cru-
cibles. The composition of the glass melted in a platinum 
crucible was analyzed by inductively coupled plasma optical 
emission spectroscopy (ICP‐OES; Varian Liberty 150, Agilent 
Technologies). For this, 50  mg of fine powder (<38  µm) 
were digested in acidified water (20 mL of deionized water 
and 10 mL of 65% nitric acid, Suprapur grade, Merck) in a 
50 mL volumetric flask inside an ultrasound bath (Sonorex 
super RK255H, Bandelin Electronic GmbH) until the glass 
was dissolved completely. Then the volumetric flask was 
filled with deionized water to 50 mL and the solution analyzed 
using ICP‐OES (Varian Liberty 150, Agilent Technologies). 
Analyses were performed in triplicate.

T A B L E  1  Silicophosphate (0.3 Na2O‐0.6 P2O5‐0.1 SiO2) glass 
melting conditions

Melting tem-
perature (°C)

Crucible 
material Melting time (h)

Sample 
name

900 Platinum 1 900Pt1

Alumina 1 900Al1

3 900Al3

6 900Al6

12 900Al12

1200 Fused silica 0.5 1200Si0.5

Alumina 1 1200Al1

6 1200Al6

12 1200Al12
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2.4 | Structural investigation
MAS NMR spectroscopy provides important structural infor-
mation on short to intermediate length scales. Standard single 
pulse acquisition (Bloch decay) 31P MAS NMR experiments 
were performed on a Bruker Avance III 300 MHz (7 T) spec-
trometer using a 4 mm MAS probe with a resonance frequency 
of 121.4 MHz. Typical delay times of 300‐500 seconds and 
pulse lengths of 6  µs were used. Measurements were per-
formed at MAS spinning frequencies of 10 kHz. Chemical 
shifts were referenced to concentrated (80%) H3PO4. 

27Al 
MAS NMR experiments were performed on a Varian VNMRs 
500 (11  T) spectrometer using a Varian 1.6  mm T3 MAS 
probe with a resonance frequency of 130 MHz. Typical delay 
times of 1‐2 seconds and pulse lengths of 0.5 µs were used. 
Measurements were performed at MAS spinning frequencies 
of 10 kHz. Chemical shifts were referenced to a 1 M aque-
ous solution of Al(NO3)3. 

31P{27Al}‐REAPDOR NMR ex-
periments were performed on a Bruker Avance III 300 MHz 
spectrometer, employing π‐pulse lengths of 10.5 µs for 31P. 
The 27Al dephasing pulse was set to 1/3 of the rotor period 
with an RF amplitude of 42 kHz. 27Al{31P}‐REDOR (rota-
tional echo double resonance) NMR35‒37 was performed on a 
Bruker Avance III 300 MHz using typical π‐pulse lengths of 
10 µs for 27Al and 11 µs for 31P.

Raman spectra were recorded from 215 to 1500  cm−1 
(Renishaw RM2000 connected to a Leica microscope with 
50× objective), using the 514 nm line of an Argon laser as 
excitation source. Selected samples were further investigated 
by Fourier‐transform infrared spectroscopy (Vertex 80v, 
Bruker) under vacuum in the measurement range from 30 to 
7500 cm−1. Kramers‐Kronig transformation was used for ex-
tracting the spectral absorption coefficient α(ν) in the range 
from 30 to 1800 cm−1.

2.5 | Elastic properties
Elastic properties were characterized by ultrasonic echog-
raphy on co‐planar, optically polished glass discs with a 
thickness of about 1‐2 mm. Values of longitudinal (cL) and 
transversal (cT) sound wave velocities were measured by ul-
trasonic echometry (Echometer 1077, Karl Deutsch GmbH & 
Co. KG), using piezoelectric transducers operating at frequen-
cies of 8‐12 MHz. From these results, longitudinal (L), shear 
(G), bulk (K), Young's modulus (E), as well as Poisson's ratio 
(ν) were calculated according to the following equations38:

(1)L=ρc2
L
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3 |  RESULTS AND DISCUSSION

Chemical analysis (Table 2) confirmed that elements from 
the crucible material, aluminum25‒30 or silicon,39 were incor-
porated into the glasses during melting. Particularly at higher 
melting temperatures, that is, 1200°C compared to 900°C, 
significant alumina incorporation occurred, with maximum 
concentrations reaching 10  mol% Al2O3. In addition, ana-
lyzed phosphate contents were lower than the nominal ones, 
possibly owing to volatilization during melting. This would 
be expected to be more pronounced with increased melting 
temperatures and times, but no such trend was observed. On 
further consideration, a more important factor is the absolute 
dilution of the parent glass composition (P2O5, Na2O, SiO2) 
by crucible material (Al2O3 or SiO2). It is not surprising that 
the best agreement with the nominal composition was found 
for the sample melted in a platinum crucible for 1 hour. The 
alumina crucible used for the preparation of glass 900Al6 
was chosen for crucible analysis by EDX. It revealed that the 
selected part of the crucible wall, which was not in contact 
with the silicophosphate glass melt, consist of Al2O3 only. 

However, even after melting, EDX analyses of the inner bot-
tom part of the crucible demonstrated no evidence for diffu-
sion of ions from the glass melt into the crucible wall. This 
indicates that crucible material was dissolved into the glass, 
as expected, rather than any ion exchange occurring between 
the two materials.

A slight increase in density (ρ) was observed for glass 
900Al1 prepared in an alumina crucible at 900°C for 1 hour 
(2.51 g cm−3) compared to glass 900Pt1 prepared in a plat-
inum crucible (2.49 g cm−3). An increase in melting time 
did not result in any marked changes in density for samples 
prepared at 900°C (Figure 1A), owing to low Al2O3 addi-
tions (1.42‐2.52 mol%) and the relatively constant O:P ratio 
of about 3. Reference glass 1200Si0.5 prepared in a fused 
silica crucible at 1200°C had a density of 2.51 g cm−3. The 
density of glasses melted in alumina crucibles at 1200°C, 
by contrast, was strongly affected by the melting time and 
increased from 2.51 to 2.55 g cm−3 as the melting time in-
creased from one to 12 hours (Figure 1B), owing to more pro-
nounced incorporation of alumina (3.63‐9.74 mol%). Glass 
density is influenced by the atomic weight of glass compo-
nents and the glass structure (in turn affecting cross‐link-
ing). Because of the incorporation of Al2O3 from alumina 
or SiO2 from fused silica crucibles into the melt, glasses 
prepared in either of these crucibles showed higher density 
values and lower molar volumes than the glass melted in a 
platinum crucible. Besides the glass density, thermal prop-
erties were also affected by leaching of crucible material 

(4)E=ρ

[
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T
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F I G U R E  1  Density (ρ), molar 
volume (Vm), glass transition temperature 
(Tg), dilatometric softening point (Ts), 
and coefficient of thermal expansion 
(α) of silicophosphate glasses prepared 
in platinum (red), fused silica (blue), or 
alumina crucibles (black) at (A) 900°C 
or (B) 1200°C for melting times from 0.5 
to 12 h
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into the melt as shown for glass‐transition temperature (Tg), 
softening point (Ts), and coefficient of thermal expansion 
(α) in Figure 1 for glasses melted at 900°C (Figure 1A) or 
1200°C (Figure 1B). Increasing melting times in alumina 
crucibles resulted in an increase in Tg and Ts, whereas α 
decreased. Al3+, contrary to Na+, is a very effective cross‐
linker owing to its high field strength,29,30,40 which is re-
flected in higher bond energies, increasing Tg and lower 
α. The effect of alumina on thermal properties, again, was 
much more pronounced for glasses melted at higher tem-
peratures owing to increased alumina incorporation.

X‐ray diffraction patterns showed the typical amorphous 
halos with no traces of sharp diffraction peaks, confirming 
that the glasses were obtained without crystallization occur-
ring (Figure 2). A shift in the maxima of the amorphous halos 
of XRD patterns with increasing melting time in alumina cru-
cibles already hinted at structural changes occurring, and this 
was confirmed by vibrational (Figures 3 and 4) and solid‐
state NMR spectroscopy (Figures 5 and 6).

Figure 3A presents Raman spectra of glasses melted in plati-
num and alumina crucibles at 900°C with varying melting times. 
Starting with the spectrum of aluminum‐free glass 900Pt1, 
we note that the high‐frequency Raman components at about 
1349 and 1298 cm−1 can be associated with Q3 and Q2 phos-
phate units, respectively. Qn indicates a phosphate tetrahedral 
unit with n bridging oxygen atoms connecting to a neighboring 
PO4 tetrahedron. The band at 1349 cm−1 can be attributed to the 
stretching mode of the P=O double bond, ν(P = O), of the Q3 
unit and the band at about 1298 cm−1 to the asymmetric stretch-
ing mode of the PO−

2
 group in Q2 units, �as

(

PO−
2

)

, in metaphos-
phate chains or rings.29,30,39,41‒45 The Raman bands at 1156 and 

1200 cm−1 are characteristic for the symmetric stretching mode 
of Q2 units, �s

(

PO−
2

)

. The lower energy band is typical for sym-
metric P–O stretching modes of Q2 units charge‐balanced by 
Na+,43,46 whereas the separate band at 1204 cm−1 arises from the 
symmetric stretching modes of the Q2 units charge‐balanced by 
higher charged cations such as Si4+ (but also Al3+, as discussed 
later).43,46,47 The strong broad band at 695 cm−1 is caused by the 
symmetric stretching of P–O–P bridges, νs(P–O–P), connecting 
Q2 units, whereas the very weak band at 624 cm−1 can be at-
tributed to the νs(P–O–P) mode of P–O–P bridges connecting 
Q3 units in a three‐dimensional phosphate network. The pres-
ence of P–O–Si bonds in glass 900Pt1 is signaled by the band at 
587 cm−1, which can be associated to the symmetric stretching 
of P–O–Si bonds, νs(P–O–Si).48

Melting in alumina crucibles, particularly when in-
creasing the melting temperature and time, caused major 
modifications to the silicophosphate glass structure as 

F I G U R E  2  X‐ray powder diffraction patterns of glasses 
prepared in platinum (red), fused silica (blue), or alumina crucibles 
(black) at 900°C or 1200°C for melting times from 0.5 to 12 h

F I G U R E  3  Raman spectra of silicophosphate glasses prepared 
in platinum (red), fused silica (blue) or alumina crucibles (black) at (A) 
900°C or (B) 1200°C for melting times from 0.5 to 12 h
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reflected in the Raman spectra shown in Figure 3. Glasses 
melted in alumina crucibles exhibited progressive changes 
with melting time in the relative intensity and position of 
characteristic Raman bands compared to the glass melted 
in a platinum crucible (900Pt1). A band evolving at 1188 
to 1199 cm−1 suggests the formation of P–O–Al bridges, 
since it can be attributed to �s

(

PO−
2

)

 modes of Q2 units 
cross‐linked by P–O–Al bonds, that is, charge‐balanced by 
Al3+ (and Si4+) rather than Na+.29,42,43,49 The symmetric 
stretching modes of Q2 connected to Al3+, that is, P–O–
Al bonds, found at 1188  cm−1 in Figure 3B are broader 
than the other symmetric stretching modes of P–O in Q2 
units at 1156 and 1204 cm−1, as coupling of Al–O–P bonds 
occurs.43 Following the charges of the modifier cations 
Na+<Al3+<Si4+, the frequency of the P–O symmetric 

stretching mode of Q2 units shifts to higher energies as the 
valence of the bonded cation increases, that is from Na+ 
(1165 cm−1) to Al3+ (1188 cm−1) or to Si4+ (1204 cm−1). 
As Al2O3 dissolved into the glass, the O:P ratio increased 
from 2.9 (900Pt1) to 3.1 (900Al12). This might be reflected 
in an intensity increase in the low‐energy shoulder near 
1120 cm−1 from glass 900Pt1 (Q2 units in longer chains) 
to 900Al12, with more Q2 units next to chain‐terminating 
Q1.29,42,43 The symmetric stretching modes of these chain‐
terminating Q1 units would be found near 1050 cm−1 but 
are only apparent as weak shoulder or tail broadening in 
the Raman spectra of the 900°C series shown in Figure 
3A. The strongest Raman band at 695  cm−1, mentioned 
above, shifted to 701 cm−1 with Al2O3 incorporation. The 
weak Raman bands below 650 cm−1 are harder to assign to 

F I G U R E  4  A, IR spectra of silicophosphate glass melted at 1200°C in a fused silica crucible (blue) for 0.5 h and alumina crucibles (black) 
for 1 or 12 h. B, Far‐IR spectra of silicophosphate glasses melted at 1200°C in a fused silica crucible (blue) for 0.5 h and alumina crucibles (black) 
for 1 or 12 h showing changes in band width and a Na+ ion motion band at about 200 cm−1. Far‐infrared spectra were scaled to have the same 
intensity at 200 cm−1

F I G U R E  5  A, 31P MAS NMR spectra 
of silicophosphate glasses melted in alumina 
crucibles at 900°C between 1 and 12 h. The 
low‐intensity signal at −12.5 ppm in the 
glass melted for 1 h can be traced back to 
minor amounts of Q1 units. B, A typical 27Al 
MAS NMR spectrum of silicophosphate 
glass 900Al1, melted in an alumina crucible 
at 900°C for 1 hour, showing aluminum 
present in sixfold coordination (asterisks 
indicate spinning sidebands)
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specific vibrational modes, as bending of Y–O–Y' and of 
O–Y–O, with Y,Y' = P, Al, Si in all possible variations, are 
likely to contribute, as well as general network deformation 
modes. Only the 587 cm−1 P–O–Si band of the 900Pt1 glass 
(melted in platinum crucible) is assigned readily; it shifted 
to 584 cm−1 with Al3+ incorporation and lost relative inten-
sity, indicating the reduction in the relative population of 
P–O–Si bonds. This low‐intensity broad vibrational band 
of ν(Si–O–P) at 584 cm−1 seemed unaffected by increas-
ing melting times, appearing at the same frequencies for 
all glasses prepared in alumina crucibles, as was the weak 
contribution at 624  cm−1 and the band at 920  cm−1. The 
introduction of Al3+ ions in the glass, leached from the alu-
mina crucible, was further supported by the appearance of 
the weak band at about 530 cm−1, caused by Al–O stretch-
ing, ν(Al–O),50 and the shoulder at 350 to 450 cm−1 caused 
by O–Al–O bending, δ(O–Al–O).42,43 The last two features 
were observed only in the Raman spectra of glasses synthe-
sized in alumina crucibles.

Structural changes owing to Al2O3 incorporation ap-
peared even more pronounced for higher melting tem-
peratures (1200°C compared to 900°C; Figure 3B). As 
the melting time increased from 1 to 12 hours at 1200°C, 
the band at about 1160  cm−1 (corresponding to Q2 units 
charge‐balanced by Na+) gradually decreased in relative in-
tensity and merged with the broad band developing at about 
1188  cm−1, the latter feature corresponding to Q2 units 
charge‐balanced by higher‐charged cations, here Al3+, and 
confirmed the cross‐linking of Q2 units by P–O–Al–O–P 
bonds. With increasing melting time the stretching vibra-
tion (νs) of the P–O–P band near 700 cm−1 was found to 
shift to 708  cm−1 with melting time, whereas the asym-
metric stretching vibration of Q2 units shifted from 1290 
to 1272 cm−1, and the symmetric stretching vibration of Q3 
units shifted from 1344 to 1326 cm−1. These down‐shifts 
are consistent with an increased degree of depolymerization 

as the O:P ratio increased from 2.9 to 3.3 (cf. Table 1). 
Accordingly, a distinct shoulder developed near 1100 cm−1 
with increasing melting time in alumina crucibles, which 
can be attributed to the symmetric P–O stretching mode 
of Q1 units.43,46,51 For the longest melting times the dis-
tinct νs(P–O–Si) band (present at 587 cm−1 for the glasses 
melted in platinum or silica crucibles) disappeared com-
pletely, owing to the dominant formation of P–O–Al bonds 
(Figure 3B). Comparing the effect of temperature, we note 
that the Raman spectrum of glass 900Al12, alumina‐melted 
glass at 900°C for 12 hours, still shows the �s

(

PO−
2

)

 band at 
1161 cm−1, which is characteristic for Q2 in metaphosphate 
chains, as seen in Figure 3A. By contrast, glass 1200Al12, 
melted for the same duration at 1200°C, only showed a 
very weak shoulder here.

The spectrum of glass 1200Si0.5 (Figure 3B), prepared 
in a fused silica crucible at 1200°C, shows that the νs(P–O–
Si) band48 at about 587  cm−1 has gained relative intensity 
in comparison to the same band of the 900Pt1 spectrum in 
Figure 3A. This indicated an increased number of P–O–Si 
bridging bonds upon melting in silica crucible, owing to in-
corporation of additional silica from the crucible. In addi-
tion, the �

(

PO−
2

)

 band of Q2 units charge‐balanced by Na+ at 
about 1160 cm−1 has lost intensity relative to the same mode 
of Q2 sites charge‐balanced by Si4+ at 1200 cm−1.

Three selected silicophosphate compositions (melted in 
silica or alumina crucibles at 1200°C for 0.5, 1200Si0.5, 1, 
1200Al1, or 12 hours, 1200Al12) were additionally analyzed 
by infrared reflectance spectroscopy. The calculated absorp-
tion coefficient spectra are depicted in Figure 4 and further 
demonstrate the structural effect of crucible material incor-
poration on the glass structure.

The presence of P–O–Si bonds was inferred by the bands 
observed at about 1060 and 663  cm−1 in the spectrum of 
glass 1200Si0.5, as they can be attributed to νas(P–O–Si) 
and δ(P–O–Si) modes, respectively.48,49,52,53 This sample, 

F I G U R E  6  A, 31P{27Al}REAPDOR 
and B, 31P{29Si}REDOR NMR spectra, 
obtained at 32 rotor cycles and a MAS 
frequency of 10 kHz. Top spectra represent 
rotor synchronized 31P spin echo spectra; 
middle spectra the actual REAPDOR (A) 
or REDOR (B) spectra with the dephasing 
pulse(s) on 27Al (A) or 29Si (B); bottom 
spectra: difference of the two above
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prepared in fused silica crucible, is free of Al3+ ions and 
such bands were not observed in Si‐free metaphosphate 
glasses.40,43

Both of these Si‐related bands lose relative intensity or 
merge with neighboring bands during prolonged melting 
in alumina crucibles, whereas new bands appear at about 
615 cm−1, ν(Al–O),50 and 395 cm−1, δ(O–Al–O),42,43 as a re-
sult of the incorporation of Al3+ ions from the alumina cruci-
ble. These latter bands are particularly intense in the infrared 
spectrum of glass 1200Al12.

The development of IR spectra with Al2O3 and SiO2 in-
corporation is in good agreement with the  Raman spectra 
(Figure 3), although more bands are IR active and, thus, more 
vibrational modes overlap. The high‐frequency range is dom-
inated by a strong band peaking in the range from 1283 to 
1298 cm−1, owing to the �as

(

PO−
2

)

 mode of the PO−
2
 group in 

Q2 units.29,30,39,42‒45 This band of Q2 units at about 1300 cm−1 
exhibits some contribution from Q3 units on the high‐energy 
side, and the down‐shift of this band from 1298 to 1283 cm−1 
reflects the higher degree of depolymerization, as the number 
of Q3 units decreased and more Q1 units formed for longer 
melting times at 1200°C in Al2O3 crucibles.42,43 We note that 
increasing melting times in alumina crucibles up to 12 hours 
caused a reduction in the relative intensity of the �as

(

PO−
2

)

 
band, which is consistent with the shortening of metaphos-
phate chains29 and their cross‐linking by P–O–Al bridges as 
revealed by Raman spectroscopy. In agreement with Raman 
spectroscopy results, IR spectra here give clear indication for 
the depolymerization of the phosphate network, indicated 
by the change in the O:P ratio of the analyzed compositions, 
which increased from 2.9 to 3.3. Additional evidence for the 
shortening of metaphosphate chains is provided from the IR 
band developing at about 1105 cm−1, which was assigned to 
the as

(

PO2−
3

)

 mode of PO2−
3

 (Q1) units forming the ends of 
shorter chains.29 This band is only apparent as one of sev-
eral features of a broader band envelope for samples melted 
for 1  hour at 1200°C, 1200Al1, but develops into a strong 
band at 12 hours' melting, 1200Al12. The low‐energy side 
can actually be deconvoluted into several bands of P–O–P 
bonds in chains or in larger and smaller rings.42,43 An up‐shift 

of the asymmetric stretching P–O–P mode from about 922 
to 930 cm−1 can be attributed to a larger number of shorter 
metaphosphate chains and the change in the charge‐balancing 
modifier cations from Na+ to Al3+ or Si4+.43

In the far‐infrared parts of the spectra (Figure 4B), the 
band at about 200 cm−1 can be assigned to vibrations of Na+ 
ions, ν(Na–O), within their oxygen coordination polyhedra as 
found in previous studies on sodium phosphate42,43 and so-
dium silicate54,55 glasses. While the central frequency of this 
band remains almost unaffected by melting time and crucible 
material, a broadening towards lower frequencies (125 cm−1) 
was observed for melting in alumina crucible for 12 hours. 
This indicates a broadening in the distribution of oxide sites 
available to Na+ ions, and it agrees with earlier findings in 
sodium aluminosilicate glasses.55,56

Figure 5 illustrates 31P MAS NMR and 27Al MAS NMR 
spectra of glasses prepared in alumina crucibles at 900°C 
with melting times increasing from 1 to 12 hours. The 27Al 
MAS NMR spectra of all glasses (shown in Figure 5B for 
sample 900Al1 prepared at 900°C for 1 hour) present a sin-
gle resonance at −10.5 ppm, which was assigned to six‐co-
ordinated aluminum.57 The 27Al MAS NMR profile did not 
change with melting time, confirming exclusive sixfold co-
ordination for aluminum in all aluminum‐containing glasses 
in this study. The introduction of Al3+ and O2− from alumina 
crucibles resulted in a gradual change in the silicophosphate 
glass network. 31P MAS NMR spectra are mostly composed 
of two peaks, which are in the range typically assigned to Q3 
(about −32 ppm) and Q2 units (about −21 ppm). The results 
of deconvolution of the 31P MAS NMR spectra, performed 
with the software DMFIT58 are collected in Table 3. All spin-
ning sidebands were included to obtain the area of the three 
identified signals.

However, it is not possible to identify contributions to 31P 
signals from P–O–Si or P–O–Al bonds based on the chem-
ical shift alone. MAS NMR cannot distinguish between Qn 
groups, that is, phosphate tetrahedra connected to n neigh-
boring phosphate tetrahedra, and Qn−1

1Al
 or Qn−1

1Si
 groups, that 

is, phosphate tetrahedra connected to n−1 phosphate tetra-
hedra and one aluminum or one silicon atom, respectively.59 

T A B L E  3  31P MAS NMR and 27Al MAS NMR results of silicophosphate glasses prepared in alumina crucibles at 900°C for melting times 
from 1 to 12 h

Sample Melting time (h)

31P MAS NMR

Q1
Q2

+Q1

1Al
Q3

+Q2

1Al
+Q2

1Si

Area (%)
Chem. shift
(ppm) Area (%)

Chem. shift
(ppm) Area (%)

Chem. shift
(ppm)

900Al1 1 5 −13.6 36 −21.6 58 −31.8

900Al3 3 3 −12.8 30 −21.8 66 −32.0

900Al6 6 2 −15.8 28 −22.1 70 −32.5

900Al12 12 — — 28 −21.9 71 −32.6
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P–O–Si bonds detected by vibrational spectroscopy for the 
aluminum‐free glasses, 900Pt1 and 1200Si0.5, are therefore 
likely to be included in these two signals as Q2

1Si
 groups. These 

structural motifs can, however, be safely identified exploring 
the magnetic dipole couplings between 31P and 29Si or be-
tween 31P and 27Al employing dipolar‐based NMR methods 
such as 31P{27Al}‐REAPDOR and 31P{29Si}‐REDOR NMR 
spectroscopy. Owing to the limited Si content of the sam-
ples and the low natural abundance of the NMR‐active 29Si 
isotope, these measurements were conducted using a sample 
of the composition 0.97 (0.3 Na2O‐0.6 P2O5‐0.1 SiO2)‐0.03 
Al2O3, which was 100% enriched in 29Si and contained small 
amounts of MnO to shorten the T1‐relaxation times.

31P{27Al}REAPDOR and 31P{29Si}REDOR NMR spec-
tra, obtained for 32 rotor cycles and a MAS frequency of 
10 kHz, are shown in Figure 6. In both cases, the existence 
of the difference signal indicates spatial proximity between P 
and Al and P and Si, respectively. The positions of the differ-
ence signals are −29 ppm for the 31P{27Al}‐REAPDOR and 
−35 ppm for the 31P{29Si}‐REDOR NMR experiment. These 
are typical values for Q2

1Al
 and Q2

1Si
 units, thus confirming that 

the upfield signal at −32  ppm contains contributions from 
Q2

1Al
 and Q2

1Si
 and corroborating results from Raman and IR 

spectroscopy.
This also explains the increase in intensity of the −32 ppm 

signal with increasing melting time. We assigned this to an 
increasing amount of Q2

1Al
 units contributing to the signal. 

This signal is shifting downfield at higher concentrations of 
incorporated Al, leading to a merging of the signals into a 
single, non‐resolved 31P signal at higher Al content, as ob-
served in our previous study.31 This means that with increas-
ing aluminum content in the glass, the relative amount of Q2

1Al
 

groups increased, while the amount of Q2 groups not con-
nected to Al decreased (Figure 5A).

Further information about dominating connectivity motifs 
could be obtained from a variety of additional dipolar NMR 
experiments including 27Al{31P}REDOR NMR, 29Si{31P}
REDOR NMR, and 29Si{27Al}REDOR NMR. 27Al{31P}
REDOR data on the enriched glass sample31 and the sample 
melted for 12 hours (900Al12; Figure 7) clearly revealed Al 
to be fully coordinated by phosphorous, that is, to be pres-
ent in Al(OP)6 units. While Si exclusively adopted sixfold 
coordination in the Al‐free base glass, a fraction of Si was 
being converted to Si in fourfold coordination upon incorpo-
ration of Al (see Figure S1 and our previous study31). From 
29Si{31P‐}REDOR NMR on the enriched sample (see Figure 
S1) it was found that hexa‐coordinate Si was virtually fully 
coordinated by six phosphate units, in agreement with our 
recent findings.10 For tetrahedral Si, the analysis was ham-
pered by considerable noise owing to the low percentage of 
SiO4 groups  in the samples. However, the result was com-
patible with 3‐4 P neighbors per SiO4 tetrahedron, which is 
also in line with the observed chemical shift of −120 ppm.12 

Correspondingly 29Si{27Al}REAPDOR NMR experiments 
(data not shown) only gave a negligible effect.

Combining our findings with the results from our previ-
ous study,31 we propose that network rigidity and stability of 
the glass are increased as sixfold‐coordinated aluminum from 
corrosion of the alumina crucible adds its high cross‐link-
ing strength to sixfold‐coordinated silicon. At longer melting 
times, the amount of Al3+ ions diffused into the glass and, 
subsequently, the number of Q1

1Al
 and Q2

1Al
 increased, lead-

ing to strengthening of the phosphate structure with P–O–
Al–O–P cross‐links. Al3+ was fully connected to phosphate 
species, replacing silicon atoms.

These structural changes were also reflected in the 
elastic properties of the glasses, including longitudinal 
(L), shear (G), bulk (K), and Young's moduli (E) as well 
as Poisson's ratio (ν) (Figure 8). In agreement with the 
relatively constant density (Figure 1A) mentioned above, 
only minor changes in the elastic properties were noticed 
for glasses melted in alumina crucibles at 900°C (Figure 
8A). Increasing the melting time from 1 to 12  hours re-
sulted in a marginal increase in G from (17.6  ±  0.2) to 
(17.9  ±  0.2)  GPa, whereas E remained constant within 
the error limits, that is, (44.9  ±  1.1)  GPa as compared 
to (45.3 ± 1.1) GPa. Contrary to this, L and K decreased 
slightly from (57.4  ±  0.7) to (56.2  ±  0.5)  GPa and from 
(34.0 ± 0.8) to (32.3 ± 0.8) GPa, respectively, with increas-
ing melting time from 1 to 12 hours. Likewise, ν was re-
duced from 0.280 ± 0.008 to 0.267 ± 0.008. By comparison, 
more pronounced changes in L, G, K, and E are discern-
ible for glasses prepared in alumina crucibles at 1200°C 
(Figure 8B). The values of L, G, K, and E first increased 
with melting time from 1 to 6 hours and then dropped 
slightly at 12  hours. Interestingly, ν showed the opposite 

F I G U R E  7  27Al{31P}‐REDOR NMR data (black filled circles) 
for glass sample 900Al12 together with the results of a SIMPSON 
simulation assuming an effective dipolar coupling of 800 Hz, which 
translates into individual Al–P distances of 3.2 Å
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trend, decreasing from 0.267 ± 0.008 to 0.252 ± 0.008 with 
increasing melting time from 1 to 6 hours, followed by a 
minor increase to 0.260  ±  0.008 at 12  hours. The latter 
findings in combination with the results from the glasses 
melted in alumina crucibles at 900°C indicate an overall 
increase in L, G, K, and E along with a slight reduction of 
ν with increasing melting time and temperature and, thus, 
higher Al2O3 concentration. These trends are in good agree-
ment with previous observations,51,60 and support the con-
clusions derived from our thermal (Figure 1) and structural 
analyses (Figures 3‒5) that the introduction of Al2O3 from 
alumina crucibles strengthens the glass network through 
the creation of P–O–Al–O–P cross‐links between the phos-
phate chains, thus enhancing overall network rigidity and 
connectivity.61 Moreover, the compositional tendency of ν 
agrees well with a commonly accepted model according to 

which glasses with a higher network dimensionality typ-
ically exhibit smaller values of ν as compared to glasses 
with a weakly cross‐linked network structure.62

4 |  CONCLUSIONS

Al2O3 and SiO2 leaching from alumina and fused silica cruci-
bles, respectively, into a silicophosphate melt caused depolym-
erization of the phosphate network, replacing P–O–P bonds by 
either P–O–Al or P–O–Si bonds. Silicon, which was present in 
sixfold coordination exclusively in the starting glass, was re-
placed by aluminum, creating some fourfold‐coordinated sili-
con. Aluminum was present in sixfold coordination exclusively. 
These structural changes significantly affected glass density, 
thermal properties as well as  elastic properties. Alumina in-
corporation was significantly increased with melting tempera-
ture, whereas the effect of melting time was less pronounced. 
Therefore, if alumina incorporation is undesired, glass prepa-
ration at lower temperature is an effective means of reducing 
alumina leaching. Taken together, the findings of this study em-
phasize the pronounced effects of alumina incorporation on the 
structure and, subsequently, on the properties of silicophosphate 
glasses and highlight the need for quantitative analysis of the 
actual glass composition when using ceramic crucibles.
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