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Borosilicate glasses have high thermal shock resist-
ance and high chemical durability, and hence they 
have been used as laboratory and heat resistant 
glasses. Recently, they have also been used in glass 
solidification of nuclear wastes. Borosilicate glasses 
are also known for phase separation, and they have 
been used as separation membranes, catalyst sup-
ports and an alternative to SiO2 (Vycor®) glass. 
Structural studies have been extensively performed 
by various experimental techniques, such as 11B 
and 29Si NMR, XPS, IR and Raman spectroscopies, 
and structural models have also been proposed.(1–4) 
Among the models, a model proposed by Dell et al(1) 
has been commonly accepted.

Nanba et al(5,6) found a disagreement between 
the amounts of nonbridging oxygen (NBO) esti-
mated from 11B and 29Si NMR analyses for borosilicate 
glasses with low alkali content; 11B NMR suggested 
that all alkali ions were associated with BO4 units as 
a charge compensator with no NBOs in the low alkali 
glasses, but 29Si NMR suggested the presence of Q3 
species (SiO4 units including one NBO) in a measure-
able amount. In the 29Si MAS (magic angle spinning) 
NMR spectrum of 0·2Na2O.B2O3.0·5SiO2 glass,(6) an 
NMR peak was successfully extracted at −90 ppm. Ac-
cording to a conventional peak assignment for alkali 
binary silicate glasses,(7) the −90 ppm peak is assigned 
to Q3 species. In aluminosilicates, the 29Si NMR signal 
shifts to the higher frequency side (lower magnetic 

field side) as the number of AlO4 units surrounding 
an SiO4 unit increases, and Q4 species associated 
with three AlO4 units appear as a peak at around 
−90 ppm in 29Si NMR.(8) It was hence considered that 
the conventional assignments were not applicable to 
alkali borosilicate glasses, and Nanba et al(6) proposed 
an interpretation of the −90 ppm component in the 
29Si NMR spectra of borosilicates;(6) according to their 
molecular orbital (MO) calculations, Si2p and O1s 
orbital energies of Si and O atoms in B4–O–Si bridges 
(where B4 indicates four-fold coordinated boron) 
with small bond angle (~125°) were close to those 
of Si and O atoms in Q3 species and NBOs in alkali 
silicates. It was finally proposed that in borosilicate 
glasses, Si atoms in such B4–O–Si bridges appeared 
in the −90 ppm component of the 29Si NMR spectra.

In the present study, various structural models 
were constructed changing the number of BOm units 
surrounding an SiO4 unit, and the 29Si NMR chemi-
cal shift of the Si atom in the central SiO4 unit was 
calculated by using MO calculations to investigate 
the effect of boron coordination to SiO4 units.

Computational

Cluster models were constructed by two methods. 
In the first method, the objective structural units 
were extracted from various crystals. In the second 
method, the objective structures were initially hand 
built, and geometrical optimisations were finally 
performed by using the Gaussian03 program(9) to 
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stabilise the structures. In the cluster models, SiO4 
units were centrally positioned and four SiO4, BO4 
or BO3 units were additionally placed around the 
central SiO4 unit. Q0–3 species including NBOs were 
also constructed. Sodium ions were introduced to 
compensate the negative charges of BO4 units and 
NBOs. Hydrogen atoms were also added to the termi-
nal oxygen atoms to reduce bond termination effects.

A cluster model of a Q4 species surrounded by 
three SiO4 units and one BO4 unit is shown in Figure 
1. Geometry optimisation was performed by using 
the Gaussian03 program at the HF6-31G(d) level. In 
the geometry optimisation, hydrogen atoms were 
firstly optimised, and secondly the central SiO4 unit 
was fixed and the surrounding atoms, including hy-
drogen and alkali atoms, were optimised. Lastly the 
limitations were removed, and all atoms in a cluster 
were optimised, obtaining a final structure.

NMR parameters were obtained by making cal-
culations with the Gaussian03 program at the HF/6-
311+G(2df,p) level. Magnetic shielding parameters 
were calculated by using the Gauge-Independent 
Atomic Orbital (GIAO) method.(10) Chemical shifts, 
δ, for 29Si NMR (in ppm) were estimated from the 
following equation

δ(cluster)=σ(TMS)−σ(cluster) (1)

where σ is the 29Si magnetic shielding (in ppm) 
obtained from MO calculations. Tetra methyl silane 
(TMS) was used as a reference. The TMS cluster 
geometry was optimised at the HF/6-31G(d) level, 
and the shielding parameter was calculated at the 
HF/6-311+G(2df,p) level. 

Results 

Firstly, Qn structures were extracted from various 
silicate crystals, and the 29Si NMR chemical shifts for 
Si atoms in each of the Qn species were estimated for 
the purpose of evaluating the validity of the cluster 
models and the calculation conditions. As shown in 

Figure 2, the 29Si NMR chemical shift along with the 
change in Qn structure is successfully reproduced, 
indicating that the calculation methods used are 
applicable to borosilicate structures.

Figure 3 shows the 29Si NMR chemical shift calcu-
lated from the borosilicate clusters Q4(kBm) (Q4 spe-
cies surrounded by k BOm units). High frequency shift 
with increasing number of BO4 units surrounding 
the central Q4 species is commonly confirmed, both 
in the cluster models extracted from the borosilicate 
crystals, and the hand built clusters after geometry 
optimisation. The chemical shifts of the Q4 species 
associated with two and three BO4 units (k=2, 3) are 
slightly different, but the other Q4 species (k=0, 1, 4) 
are in good agreement between the cluster models 
constructed in different ways. It is noted that the 
chemical shifts of the Q4 species associated with more 
than one BO4 unit (k=2, 3, 4) are nearly identical to 
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Figure 1. A cluster model of a Q4 species surrounded by three SiO4 units and one BO4 unit
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Figure 1. A cluster model of a Q4 species surrounded by 
three SiO4 units and one BO4 unit
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Figure 2. The 29Si NMR chemical shift of Si atoms in Qn 
species (Qn are SiO4 units containing n bridging oxygens) 
in silicate crystals (Q4 in SiO2, Q3 in Na2Si2O5, Q2 in 
Na2SiO3, Q1 in Ca3Si2O7, Q0 in Mg2SiO4)

Figure 3. The 29Si NMR chemical shift of Si atoms in various 
Q4 species surrounded by BOm units. Q4(kBm) indicates Q4 
species surrounded by k BOm units. Ext.: cluster models 
extracted from borosilicate crystals (k=0: SiO2, 1: KNa2B-
3Si12O30, KBSi3O8, NaBSi3O8, 2: KBSi2O6, 3: CaB2Si2O8, 4: 
NaBSiO4). Opt.: hand built cluster models after geometry 
optimisation. Al: experimental chemical shift of Q4 species 
surrounded by AlO4 units in aluminosilicate crystals(8)
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those of the Q3 species in alkali silicates. Figure 3 also 
shows the chemical shifts of Q4 species associated 
with BO3 units (m=3). Borosilicate crystals consisting 
of such structures could not be found, and hence the 
cluster models consisting of Si–O–B3 bonds were 
constructed by the hand built method. As shown 
in Figure 3, the 29Si NMR chemical shifts due to B3 
coordination to an SiO4 unit are smaller than those 
due to B4 coordination. It is consequently concluded 
that the −90 ppm component in the 29Si NMR signal 
of borosilicate glasses can be attributed to Q4 species 
associated with more than one BO4 unit.

Discussion

Lippmaa et al(8) reported the 29Si NMR chemical shift 
for various aluminosilicates. For comparison, the 
chemical shift of Q4 species in aluminosilicates is also 
illustrated in Figure 3. A linear change in the chemical 
shift occurs as the number of AlO4 units associated 
with the SiO4 unit increases. It is noted that the calcu-
lated chemical shifts of the Q4(kB4) species are quite 
similar to the experimental shifts of the Q4(kAl) spe-
cies, except for k=4.  If B4 and Al coordination to SiO4 
unit actually results in a similar 29Si NMR chemical 
shift, this seems a curious phenomenon because B and 
Al atoms have different size and electronegativity.

According to the simplest interpretation, the NMR 
chemical shift depends on the electron population of 
objective atoms; when the electron population at outer 
shells increases, the core orbitals such as Si 1s, 2s and 
2p expand and increase in orbital energy. As a result, Si 
nuclei are less shielded, and the 29Si NMR signal shifts 
to the higher frequency (lower magnetic field) side. 
Based on this interpretation, the electron population of 
Si atoms in Q4 species should increase with increasing 
number of surrounding BO4 or AlO4 units. Pauling’s 
electronegativity for B, Al and Si atoms is 2·0, 1·6 and 
1·8, respectively. Therefore, it is reasonable that more 
electrons are populated on Si in Si–O–Al bonds, whilst 
less electrons are populated on Si in Si–O–B bonds. 
However, this is inconsistent with the 29Si NMR chemi-
cal shift predicted by the MO calculations.

The electronic states of Si, such as electron popula-
tion and core orbital energy, were then examined. 
According to Mulliken population analysis,(11) the 
electron population on Si is given by QSi=QSiSi+½ΣQSiO, 
where QSiSi and QSiO are the populations of nonbond-
ing electrons localised on Si and electrons shared 
between Si and neighbouring oxygens, respectively. 
In this paper, the total electron population around a Si 
nucleus was estimated as QSiSi+ΣQSiO, without dividing 
the shared electrons between Si and O. As shown in 
Figure 4(a), a linear correlation between total electron 
population on Si and 29Si NMR chemical shift is con-
firmed in the Qn species extracted from silicate crystals. 
In the case of borosilicate cluster models, however, 
it is difficult to recognise the changes in continuous 

sequence in electron population. Especially, in the case 
of B3 coordination, the change in electron population 
is completely opposite. As for the Si1s orbital energy, 
shown in Figure 4(b), a correlation which is not linear, 
but has a downward sloping trend, is commonly 
observed even in the borosilicate cluster models, and 
similar correlations are also confirmed against Si2s and 
Si2p orbital energies. It is suggested from these results 
that the electron population is not the decisive factor 
in determining the 29Si NMR chemical shift.

It is known that 29Si NMR chemical shift is also 
dependent on bond angle, and Xue & Kanzaki(12,13) 
reported the angular dependence for Si–O–T bonds 
(T=Si, Al) by using MO calculations. Hence the angular 
dependence for Si–O–T bonds (T=Si, B3, B4) in boro-
silicate structures was also examined. Figure 5 shows 
the angular dependence of the 29Si NMR chemical 
shift, where the bond angles of central Si–O bonds to 
the surrounding Si, B3 and B4 atoms are averaged. 
A good correlation is recognised between the 29Si 
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Figure 4. Correlation of the calculated 29Si NMR chemi-
cal shift with (a) total electron population on the Si atom, 
and (b) Si1s orbital energy. Qn (Ext.) and Q4(kB4) (Ext.) 
represent the cluster models extracted from silicate crys-
tals (see Figure 2) and borosilicate crystals (see Figure 3), 
respectively. Q4(kB4) (Opt.) and Q4(kB3) (Opt.) indicate 
the hand built cluster models after geometry optimisation
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NMR chemical shift and the average bond angle for 
the Si–O–(Si,B) bonds. It is consequently suggested 
that the boron coordination to SiO4 unit results in a 
decrease in the Si–O–B bond angle, and hence leads to 
a higher frequency shift of the 29Si NMR signal.

As discussed, boron coordination to SiO4 units 
resulted in a change of bond angle and 29Si NMR 
chemical shift to the higher frequency side. The 
change in bond angle may also induce chemical shift 
anisotropy, and hence the change in anisotropy of 
the 29Si shielding tensor was investigated. As shown 
in Figure 6, the change in anisotropy of Si atoms in 
cluster models extracted from borosilicate crystals is 
not systematic. In the case of Si atoms in cluster mod-
els after geometry optimisation, however, maxima in 
anisotropy are confirmed for Si atoms surrounded by 
two BO4 or BO3 units, and larger anisotropy is caused 
by the coordination of BO4 units. The anisotropy 
of the 29Si shielding tensor of a Si atom in a cluster 
model of Q3 structure after geometry optimisation is 
94·6 ppm, which is much larger than that of Q4(2B4) 
of 66·8 ppm. It is concluded from these results that 
discrimination between Si atoms in Q3 and Q4(kB4) 
species is almost impossible by 29Si MAS NMR, but 
for 29Si static NMR, however, it may be possible based 
on the asymmetric parameters of the NMR signal.

Conclusions
29Si NMR chemical shifts were examined by using 
molecular orbital calculations. Various Q4 structural 
models were constructed, changing the number of 
BOm units surrounding the central SiO4 unit, and the 
effect of boron coordination to SiO4 units on the 29Si 
NMR chemical shift was investigated. As the number 
of BO4 units surrounding the central SiO4 unit in-
creased, chemical shifts to the higher frequency side 
were observed, both for cluster models extracted from 

borosilicate crystals, and for hand built clusters after 
geometry optimisation. The chemical shifts of the Q4 
species associated with more than one BO4 unit were 
nearly identical to those of the Q3 species in alkali sili-
cates, leading to the conclusion that the −90 ppm com-
ponent observed in the 29Si NMR signal in borosilicate 
glasses may also be attributed to Q4 species associated 
with more than one BO4 unit. In the case of Qn species 
in silicates, the change in the electron population on 
Si atoms which is caused by the formation of NBOs in 
SiO4 units is the predominant factor for the 29Si NMR 
chemical shift. In the case of Q4 species in borosilicates, 
however, the change in the bond angle for Si–O–(Si,B4) 
bridges is the most significant factor determining 
the chemical shift. Discrimination between Q3 and 
BO4-associated Q4 species seems to be impossible by 
using 29Si MAS NMR, but these species have different 
anisotropy of the 29Si shielding tensor, suggesting the 
possibility that they can be distinguished by using 29Si 
static NMR measurements.
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Figure 5. The correlation between the calculated 29Si NMR 
chemical shift and the average bond angle for Si–O–(Si,B) 
bonds. Q4(kB4) (Ext.) represents the cluster models ex-
tracted from borosilicate crystals (see Figure 3). Q4(kB4) 
(Opt.) and Q4(kB3) (Opt.) indicate the hand built cluster 
models after geometry optimisation

Figure 6. The anisotropy of the 29Si shielding tensor of Si 
atoms in various Q4 species surrounded by BOm units, 
Q4(kBm). Ext.: cluster models extracted from borosilicate 
crystals (see Figure 3). Opt.: hand built cluster models 
after geometry optimisation
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