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The structural roles of alkali and calcium cations are important for understanding the physical
and chemical properties of aluminosilicate melts and glasses. Recently, oxygen-17 nuclear
magnetic resonance (17O NMR) studies of calcium–sodium aluminosilicate glasses showed that
these structural roles are not randomly given, but rather each cation has its own preferential
role. However, the relationship between cation type and role preference in calcium
aluminosilicate glass is not completely understood. In the present study, the structural roles
of lithium, sodium, and potassium cations in selected calcium aluminosilicate glasses are
investigated using 17O solid-state NMR experiments. Data from these experiments clearly show
that potassium cations have a notably stronger tendency to act as charge compensators within
the network structure, compared to sodium and lithium cations. The result of 17O NMR
experiment also showed that sodium and lithium cations in part act as network modifier
alongside with calcium cations.
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I. INTRODUCTION

ALKALI oxides are important additives for control-
ling the chemical and physical properties of calcium
aluminosilicate melts, which are systems commonly used
for slags and fluxes in high-temperature industries.
However, the effects of alkali oxide additives on the
physical properties of calcium aluminosilicate systems
are complicated and cannot be understood from the
viewpoint of aluminosilicate anion polymerization
alone. For example, the addition of sodium or lithium
oxide results in a decrease in viscosity in such melts,
while potassium oxide addition has the opposite
effect.[1–6] When we focus on the local structure around
these alkali cations, two types of structural roles can be
observed: network modifier that creates the non-bridg-
ing oxygens (NBOs) on SiO4 tetrahedrons, and charge
compensators that neutralize the negative charges on

bridging oxygens (BOs) between Si4+ and Al3+

(Si-OBO-Al).[7] This classification may be directly linked
with the atomic arrangement of these cations, as
network modifiers concentrate in breakage regions of
the network structure whereas charge compensators
prefer to be in the actual network structure. The
physico-chemical properties of aluminosilicate glasses
and melts strongly depend on the types of network
modifiers and charge compensators present, as well as
the degree of polymerization.[8,9]

In the previous paper,[2] the authors tried to under-
stand the effect of alkali oxide addition on the poly-
merization degree of calcium aluminosilicate glasses
using silicon-29 (29Si) solid-state nuclear magnetic res-
onance (SSNMR) spectroscopy, (see Figure 1) and
concluded that the addition of potassium oxide resulted
in the polymerization of network structure while lithium
and sodium oxide additions depolymerized the network
structure. The reported 29Si chemical shift range of each
Qn species (n: number of bridging oxygen around SiO4)
in silicate glasses and minerals are displayed in Figure 1.
The chemical shift ranges[10] of each silicon Qn species
shift to the less negative side with increasing the number
of NBOs in the next nearest neighbors. Considering the
29Si signals of each Qn species shifting to less negative
side also by the presence of aluminum atoms in the next
nearest neighbors (see Figure 1), it is found that the
precise interpretation of the 29Si NMR spectra for the
aluminosilicate glasses is difficult without using dou-
ble-resonance techniques or simulations because of
heavy overlapping signals. Therefore, the change in
polymerization degree by adding alkali oxides should be
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reconsidered by another technique. Recently, oxygen-17
(17O) NMR experiments successfully quantified NBO
and BO fraction in binary and ternary silicate glasses
and these experiments unveiled that the structural role
of calcium and sodium is not fully random in these
aluminosilicate glasses, and that sodium ions prefer to
act as charge compensators in calcium aluminosilicate
glasses.[11,12] However, the influence of different alkali
cations on these arrangements as well as polymerization
degree was not well understood. In the present study,
the structural roles of alkali (specifically lithium,
sodium, and potassium) and calcium cations in a
selected aluminosilicate glass were demonstrated using
17O solid-state NMR spectroscopy. The effect that
cation size has on their preferential structural roles is
explored in depth. Also, the change in the

polymerization degree has been in part reconsidered
based on 17O NMR results.

II. EXPERIMENTAL

A. Sample Preparation

Initial compositions of the samples are listed in the
Table I. A ternary calcium aluminosilicate (CAS) glass
was used as the fundamental glass composition. The
other samples are labeled as CASx, with x denoting the
type of alkali oxide (L: lithium oxide (Li2O); N: sodium
oxide (Na2O); K: potassium oxide (K2O)). The alumina
(Al2O3) and alkali oxide concentration and molar ratio
of calcium oxide (CaO) to silica (SiO2) (CaO/SiO2) of
the samples are 12.6 ± 0.8 mol pct, 10.8 mol pct, and
0.71, respectively. The nominal concentration of NBOs
(listed in Table I) was estimated using Eq. [1]:[13]

NBO=total�O pctð Þ ¼ 100 � 2XO � 4XSi � 4XAlð Þ=XO

½1�

where XO, XSi, and XAl represent the atomic propor-
tions (pct) of each element. This equation is based on
the fact that silicon and aluminum cations have four-
fold coordination within the glasses. Previous studies
determined that the aluminum cations in glasses of
similar compositions had mostly four-fold coordina-
tion, as determined using 27Al MAS NMR spec-
troscopy.[14] As shown in the Table I, the nominal
concentration of non-bridging oxygen (NBO/total-O)
increased with the addition of alkali oxides, and the
value of NBO/total-O is comparable for all alkali
oxide-containing systems.
Since oxygen-17 (17O) is an isotope with a low natural

abundance (0.037 pct), it is difficult to detect 17O NMR
signals for samples that contain a natural abundance of
17O. Subsequently, 17O abundance in our glass samples
was enriched by using oxygen-17-enriched silica as a raw
material in the preparation of glass samples. 17O-en-
riched silica was synthesized from silicon tetrachloride
(SiCl4) and oxygen-17-enriched water (H2

17O) using
Eq. [2], which is based on literature protocols.[15]

SiCl4ðLiq:Þ þ 2H17
2 OðLiq:Þ ¼ Si17O2ðSol:Þ þ 4HClðGasÞ ½2�

A mixture of 17O-enriched silica (17O/total-O � 40
pct) powder was mixed with reagent powders of calcium
carbonate (CaCO3), alkali carbonates, and alumina
(Al2O3) in an alumina mortar. The mixtures were
wrapped in Pt foil and placed in an electric furnace.
The samples were melted at 1873 K (1600 �C) for

Fig. 1—29Si MAS NMR spectra of the calcium aluminosilicate glas-
ses with different types of alkali oxides.[2] Reported chemical shift
ranges[10] of each Qn species are displayed as black bars. Q4(mAl)
means Q4 species with different number of aluminum cation next to
nearest neighbors: m represents the number of aluminum atoms
around a SiO4 tetrahedron. The nominal compositions of the glass
samples for 29Si MAS NMR experiments were same as the present
work (see Table I). Then the samples were labeled according to the
present study and represented in this figure.

Table I. Initial Chemical Composition (Mol Pct) and the Nominal NBO/Total-O (Pct) for the Glass Samples for 17O NMR

Experiments. Nominal Values of NBO/Total-O (Pct) were Estimated from the Nominal Chemical Compositions of the Glasses

Sample CaO SiO2 Al2O3 Li2O Na2O K2O Nominal NBO/Total-O (pct)

CAS 36.5 51.0 12.5 — — — 27.2
CASL 32.2 45.1 11.9 10.8 — — 36.8
CASN 31.9 44.7 12.6 — 10.8 — 35.4
CASK 31.6 44.2 13.4 — — 10.8 33.9

2178—VOLUME 47B, AUGUST 2016 METALLURGICAL AND MATERIALS TRANSACTIONS B



90 minutes under an Ar atmosphere. After the melting
process, the melts were quenched on a copper plate to
obtain vitreous samples. The quenched samples were
crushed into powders, which were used for the 17O
solid-state NMR experiments.

B. 17O Solid-State NMR Measurements
17O magic angle spinning (MAS) NMR spectra and a

triple-quantum magic angle spinning (3QMAS) NMR
spectrum were obtained using JEOL ECA 700 (16.4 T)
and Varian Inova 500 (11.7 T) spectrometers at Larmor
frequencies of 94.9 and 67.8 MHz, respectively. For
single pulse experiments, a JEOL 4.0 mm MAS probe
was used with a small (solids 18�) tip angle at a spinning
speed of 18 kHz. Pulse recycle delays were long enough
to allow full relaxation of 17O spins. 17O chemical shifts
were referenced to pure water.

The additional structural details of each oxygen site
were obtained by the 17O triple-quantum MAS
(3QMAS)[16] NMR experiment. In the present study, a
z-filter type pulse sequence was applied.[17] Pulse dura-
tions for 3QMAS were 3 ls (excitation), 1.1 ls (conver-
sion), and 14 ls (z-filter). The 3QMAS spectrum was
collected using a Varian/Chemagnetics 3.2 mm MAS
probe at a spinning rate of 20 kHz. The isotropic
chemical shift dCS/ppm and the quadrupolar parameter
Pq/MHz can be calculated from the signal position in
two dimensions according to the following Eqs. [3] and
[4][18]

dCS ¼ 17

27
d1 þ

10

27
d2 ½3�

Pq ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

170

81
� 4S 2S� 1ð Þf g2

4S Sþ 1ð Þ � 3f g � d1 � d2ð Þ

s

� m0 � 10�3; ½4�

where d1 and d2 are the peak positions in the F1 and
the F2 dimensions, respectively. S is the spin number
(5/2 for 17O) and m0 is the resonance frequency
(67.8 MHz) of 17O nuclei at 11.7 T. Normally, dCS can
be correlated with bond length while Pq is a measure
of polyhedral distortion.[19]

III. RESULTS

A. 17O MAS NMR Spectra of Alkali and Calcium
Aluminosilicate Glasses

Figure 2 shows the 17O solid-state NMR spectra of
the glasses at 16.4 T. The 17O spectrum of the CAS glass
shows two main peaks at approximately 110 and
50 ppm. The peak at approximately 110 ppm is close
to the NBO signal detected in calcium aluminosilicate
glasses.[20–22] Therefore, this peak can be assigned to
NBOs coordinated to several Ca cations (Ca-ONBO-T,
T: tetrahedral-coordinated Si(or Al)) while the peaks
near 50 ppm can be attributed to signals from BOs.[20–22]

17O solid-state NMR spectra of the CASL, CASN,
and CASK glasses also bear these two main peaks,

indicating that Ca-ONBO-T is the major component of
the NBO species in the alkali oxide-containing glasses, a
tendency that agrees well with previous work on
calcium–sodium aluminosilicate glasses.[11,12] It should
be also noted that other signals are present near 80 ppm
when Li2O or Na2O are added to the CAS glass. The
area around 80 ppm is between the chemical shifts of
Ca-ONBO-T and Na-ONBO-T (or Li-ONBO-T), as previ-
ously reported in the literature.[23,24] In multicomponent
silicate glasses, the non-bridging oxygen is coordinated
by one silicon cation and three or four modifier cations
with a variety of possible mixing ratios.[25] Therefore,
the broad signals around 80 ppm can be attributed to
NBOs coordinated with calcium and lithium cations
((Ca, Li)-ONBO-T) in the CASL glass, and from the
NBOs coordinated with calcium and sodium cations
((Ca, Na)-ONBO-T) in the CASN glass.[23] These results
indicate that lithium and sodium cations can exist in the
breakage region alongside calcium cations as network
modifiers (i.e., there is cation mixing in breakage
regions). By contrast, the creation of another signal
around 80 ppm was not observed when K2O was added
to the CAS glass, implying that potassium cations rarely
exist in the breakage regions but instead exist within the
network structure as charge compensators to BOs (i.e.,
Si-OBO-Al). The 17O MAS NMR results clearly show
that the potassium cation has notably stronger prefer-
ence to be located nearer to the BOs (i.e., Si-OBO-Al),
compared to sodium and lithium cations. However,

Fig. 2—17O MAS NMR spectra of the alkali and calcium alumi-
nosilicate glasses obtained at 16.4 T.
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direct evidence of the changes in the type of charge
compensators caused by adding potassium oxides was
not found in the 17O MAS NMR spectra.

B. 17O 3Q MAS NMR Spectrum of the CASK Glass

In order to obtain more detailed structural informa-
tion of the alkali and calcium aluminosilicate glasses, a
17O 3QMAS NMR spectrum of the CASK glass (which
has the clearest preference in the role of potassium
cations) was also collected. Figure 3 shows this spec-
trum in two dimensions, which shows three main signals
labeled (a), (b), and (c). Structurally relevant parameters
are listed in Table II. The parameters of the signal (a)
(dCS: 115 ppm, Pq: 2.4 MHz) are close to that of the
typical NBO signal found in calcium aluminosilicate
glasses,[20] supporting the 17O MAS NMR results that
suggest that the NBO signal is mainly connected with
calcium cations. The Pq value of the signal (b) (3.3
MHz) is in the typical range of BOs between silicon and
aluminum cations (Si-OBO-Al, 3.3-3.5 MHz).[20,26] How-
ever, the dCS (54 ppm) of signal (b) differs from that of
the Si-OBO-Al species in calcium aluminosilicate glass
(e.g., 61 ppm[20]). This indicates that another type of
Si-OBO-Al is created by the addition of potassium oxide.
Namely, the charge compensator cations of Si-OBO-Al
were changed from calcium to potassium cations by the
addition of potassium oxide. It was difficult to determine
the precise peak position of signal (c) because of signal
overlap; however, the Pq value of signal (c) (�4.5 MHz)
was clearly higher than that of Si-OBO-Al species. This
indicates that signal (c) can be assigned to BO between
two silicon cations (Si-OBO-Si).

[26] One other possible

bridging oxygen species of Al-OBO-Al, which is expected
to have a smaller Pq value (approximately 1.7 MHz[26]),
cannot be detected in the present spectrum, indicating
that the amount of this Al-OBO-Al species is small. As a
result, the presence of Al-OBO-Al was ignored in the
present study.

IV. DISCUSSION

A. Structural Role of Alkali Cations in the Calcium
Aluminosilicate Glass

In aluminosilicate glasses, the alkali and calcium
cations neutralize the negative charges on the NBOs and
the BOs. Following Stebbins’ estimation[27], the negative
charges are relatively concentrated on NBOs: the
amount of negative charge on NBO is �1, based on its
formal valence of �2 and a contribution of +4/4 from
Si4+ in four coordination. On the other hand, the
Si-OBO-Al has the smaller residual charge of �0.25: it is
based on formal valence of oxygen ion (�2) with
contributions of +4/4 from Si4+ and +3/4 from Al3+

in four coordination. Here, the ionic potential (Z/r, Z:
valence, r: cationic radius) can be a measure of charge
density at the cationic surface. Considering the coordi-
nation numbers of calcium, lithium, sodium, and
potassium cations are reported as 7[28], 4[29], 6[30],
and 9[31], respectively, in silicate glasses, the effective
cationic radius of cations, r, are in the order
of potassium (1.55 Å)> calcium (1.06 Å) � sodium
(1.02 Å)> lithium (0.59 Å) according to Shannon’s[32]

report. The ionic potential of calcium and alkali cations
can be calculated using Shannon’s values, and are in the
order of calcium (1.89)> lithium (1.69)> sodium
(0.98)> potassium (0.65). This indicates that cations
with lower ionic potential tend to compensate the
smaller negative charge of the BOs (i.e., Si-OBO-Al)
while cations with higher ionic potential prefer to link
with NBOs, which are more negatively charged than
BOs. Therefore, potassium cations with the lower ionic
potential prefer to be charge compensators, compared to
sodium and lithium cations. This tendency agrees well
with the structural preference of calcium and magne-
sium cations in aluminosilicate glasses, reported in the
literatures.[33,34]

B. Non-bridging Oxygen Concentration

Concentration of NBOs is one of the most important
features for evaluating the physical properties of glass
structures. The area fraction of the non-bridging oxygen

Fig. 3—17O 3QMAS NMR spectrum of the CASK glass obtained at
11.7 T. F1 and F2 dimensions represent the MAS and isotropic
dimensions, respectively. (a), (b), and (c) represents the signals from
Ca-ONBO-T, Si-OBO-Al, and Si-OBO-Si, respectively.

Table II. Calculated Parameters from the 17O 3QMAS NMR Spectrum of the CASK Glass Obtained at 11.7 T

Site

Position (ppm)

dCS (ppm) Pq (MHz) Assignmentd1 d2

(a) 119 107 115 2.4 Ca-ONBO-T
(b) 62 40 54 3.3 Si-OBO-Al
(c) 82 40 66 4.5 Si-OBO-Si
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signal in the MAS NMR spectra of the CAS and CASK
glasses (Figure 2) was roughly obtained by signal
integration. The observed NBO concentration in the
CAS and the CASK glasses was 28.9 and 31.7 pct,
respectively. Those values were relatively close to the
nominal values: 27.2 pct for the CAS and 33.9 pct for
the CASK. Consequently, a clear depolymerization of
the network structure was observed after the addition of
potassium oxide. This goes against previously published
results from 29Si MAS NMR analysis conducted on
similar glasses,[2] which described network structure
polymerization after the addition of potassium oxide.
This disagreement is based on the misunderstanding of
29Si MAS NMR spectra collected from aluminosilicate
glasses; it is difficult to determine the non-bridging
oxygen concentration in aluminosilicate systems using
29Si MAS NMR data alone because the curve fitting is
too arbitrary of a process for this style of NMR.

For lithium- and sodium-containing systems (CASL
and CASN), the peak positions of the (Ca, Li)-ONBO-T
and (Ca, Na)-ONBO-T are still ambiguous in the 17O
MAS NMR spectra, and it was difficult to quantify
those area fractions in the present study. Application of
NMR double-resonance techniques[35] is necessary in
order to quantify overlapped signals, and is planned as
future work related to this study.

V. CONCLUSION

The conventional view of alkali and alkaline-earth
aluminosilicate glasses is that the structural roles of these
cations are randomly distributed according to the chem-
ical composition. The structural roles of alkali and
calciumcations in selected calciumaluminosilicate glasses
were demonstrated by 17O MAS NMR spectroscopy to
not be fully random. It was found that alkali cations with
the lower ionic potential tend to act as charge compen-
sators for Si-OBO-Al while the alkali cations with higher
ionic potential tends to link with NBOs. This structural
preference can link with the physical properties of the
alkali and calcium aluminosilicate melts (e.g., viscosity).
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