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Abstract

70 NMR parameters of the tricluster oxygen atoms in borosilicate system were theoretically predicted
by means of molecular orbital calculations. Various cluster models containing tricluster oxygen atoms
were constructed. In the cluster models prepared from borate crystals, the tricluster oxygen atoms
surrounded by tetrahedral boron atoms (B[4]) were in a similar isotropic chemical shift 8° compared to
the bridging oxygen atoms in B[4]-O-B[4] bridges. In quadrupole coupling constant Cy and asymmetry
parameter 1, the tricluster oxygen atoms were different from the bridging oxygen atoms. Significant
difference was also observed in 'O MQMAS NMR chemical shifts. The chemical shift in isotropic
dimension was almost the same, but that in MAS dimension was different. The tricluster oxygen atoms
appeared at the lower frequency region in MAS dimension. The cluster models were also constructed by
the geometry optimization of molecular orbital calculations. In the cluster models containing the larger
numbers of Si and trigonal B[3] atoms, the 'O MQMAS NMR peaks of the tricluster oxygen atoms
appeared at the same region with those of the bridging oxygen atoms in B[4]-O-BJ[4] bridges. It was
finally concluded that only the tricluster oxygen atoms surrounded by tetrahedral B[4] atoms were
identified by '’O MQMAS NMR, if present in glass.

Introduction

It has been widely accepted that in aluminosilicate glasses, non-bridging oxygen (NBO) atoms disappear
at the equivalent point of Na,O/Al,0O3 = 1. In borosilicate glasses, it has been commonly accepted that
NBOs are not present at Na,O/B,0; < 1/2 [1]. According to the recent 'O NMR analyses [2,3],
however, NBOs were confirmed even in the glasses where NBOs should not be produced, and it was
also proposed that tricluster oxygen (TO) was responsible for the formation of NBO. In oxide glasses,
oxygen atoms are generally classified into two groups, that is, BO (bridging oxygen) and NBO. BOs are
coordinated by two network forming (NWF) atoms such as B, Si, Ge, P and tetrahedral Al, and NBOs
are bound to only one NWF. TO is surrounded by three NWFs. Tetrahedral BO4, and AlOy, units
possess a unit negative charge, and hence charge compensators such as alkali and alkali-earth network
modifying (NWM) cations are required for charge neutrality. In the tricluster units containing tetrahedral
B or Al atoms, however, less or no NWM cations are needed, because the negative charges of the BO4
and AlOy4 units are reduced. For example, (O3,S1)O(BOs,); tricluster unit carries a unit negative charge,
and hence only one alkali cation is enough to compensate the charge of tricluster unit. The unused alkali
cation is consumed to form an NBO at another place.

The presence of NBOs is confirmed from various experiments, but the direct evidence for the presence
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of TOs has never been reported. As for aluminosilicate glasses, molecular orbital calculations have been
performed to predict the '’O NMR parameters, and the TOs have been identified by means of NMR
spectroscopy [4,5]. However, the predicted NMR parameters of TOs were quite similar to those of BOs,
and hence the experimental identification of TOs might be impossible.

In borosilicate glasses, the presence of TOs has been proposed based on the 'O NMR analysis [3].
However, to the best of the authors’ knowledge, theoretical predictions of NMR parameters have never
been reported. Nanba et al. [6,7] have studied the structure of borosilicate glasses based on the various
experimental observations, such as XPS and NMR spectroscopy. They have also performed molecular
orbital calculations to discuss the chemical bonding character of borosilicate glasses [8]. Recently,
Urushihara et al. [9] have carried out molecular orbital calculations to evaluate the '’O NMR chemical
shifts of various oxygen sites in borosilicate glass. In the present study, the '’O NMR parameters of
tricluster oxygen atoms in the borosilicate system were predicted by means of molecular orbital
calculations.

Experimental

Cluster Models

In the present study, cluster models were constructed with two methods; TOs are found in borate
crystals, such as high pressure form of B,O; (B,Os-1I) [10] and SrB4O7 [11], and hence cluster models
were constructed from the TO-containing borate crystals. Among the borosilicate crystals, however, no
crystal was found in which TOs were present. Then, various cluster models containing SiO4, BOs and
BO, units were constructed, and the atomic arrangement was optimized by using molecular orbital
calculations.

As shown in Figure 1, various cluster models containing TOs were constructed from the borate crystals.
The cluster model shown in Figs. 1(a) and 1(b) were constructed from B,Os-II, in which tricluster
oxygen atom was placed at the center of the clusters. In every cluster model, hydrogen atoms were
located 0.057 nm apart from the terminal oxygen atoms in the direction toward the next atoms. When the
terminal oxygen was tricluster oxygen, the terminal tricluster oxygen should be terminated by up to two
H atoms (addressed as +2H) according to the present rule. In this study, cluster models terminated by the
reduced number of H atoms (addressed as +1H) were also prepared. In the case of the clusters
constructed from SrB4O- (Figs. 1(c) and 1(d) ), cluster models containing charge compensating Na ions
instead of Sr ions were also prepared (Fig. 1(d) ). For comparison, clusters in dimeric forms including
B[4]-O-BJ[4], B[4]-O-BJ3] and B[3]-O—-B[3] bridges are also constructed from the crystals of SrB,O
and Na;B,0O7 [12].

Various cluster models containing tricluster oxygen atoms were constructed, and geometry optimizations
were performed by using the Gaussian03 program [13]. In most models, however, bond dissociation or
recombination took place, and originally-intended structures could not be obtained. Then, the bond
lengths of TO-B[3], TO-B[4] and TO-Si[4] and angles between these bonds were fixed at appropriate
values, and structural optimizations were executed again. In this way, tricluster models with various
combinations among BO3;, BO4 and SiO4 units were obtained.
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Figure 1: Cluster models including tricluster oxygen atoms surrounded by
three tetrahedral boron atoms B[4], TO(B[4]3), prepared from borate crystals
of B,Os-II (a, b) and SrB4O7 (¢, d).

Computation
After obtaining the optimal geometry, NMR parameter calculations were carried out with
HF/6-311+G(2df,p) basis by using the Gaussian03 program. In the magnetic shielding tensor

calculations, the Gauge-Independent Atomic Orbital (GIAO) method [14] was used. The isotropic
chemical shifts of oxygen, 8;° (in ppm) were estimated from the following equation:

8:° (cluster) = 6;° (H,0) — 6;° (cluster) (1)
where o;° is the '"O isotropic magnetic shielding (in ppm) obtained from MO calculations. H,O cluster
was geometrically optimized using HF/3-21G(d), and the referential o;° was obtained with
HF/6-311+G(2df,p).
The 'O quadrupole coupling constant, Cq was calculated using the following equation:

Co = ¢’q,,Q/h 2)
where eQ is the quadrupole moment of the objective oxygen and the experimental value for H,O
molecule (10.175 MHz) [4,15]. The term, eq,,, is the largest absolute value of the electric field gradient

(EFQG) tensor at the nucleus in the principal axis.

Asymmetry parameter, | was calculated according to:

N = (€qxx — €qyy)/€qz (3)
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Peak position in 70 MQMAS NMR spectra is reproduced from the chemical shifts of 05, and dnmas in
isotropic and MAS dimensions, respectively, according to the following equations [16]:

o= S PSS swemaSeel @

where 83 is the isotropic chemical shift given in Eq. 1, and &Q is the second-order quadrupolar shift
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where v is the NMR frequency [MHz], I is the nuclear spin ('’O = 5/2), 1) is the asymmetry parameter
given in Eq. 3, and Cg, is the quadrupole coupling constant given in Eq. 2.

Results and Discussion

70 NMR Parameters for Tricluster Oxvgen in Borate Crystals

70 NMR chemical shifts Sio which are obtained from the cluster models constructed from borate
crystals are shown in Figure 2. As for TOs, only the results of the central TO atoms are indicated in Fig.
2. In the cluster formed by three BO4 units (Fig. 1(a) ), there is no difference in 8;° between the models
having the different numbers of terminal hydrogen atoms, +2H and +1H. In the larger clusters (Fig. 1(b)
~ (c), however, significant differences were confirmed between the models, +2H and +1H, but the
difference is less than 10 ppm. Between the clusters associated with and without Na ions, difference in
8:° is observed, however, it is not so large.

In Fig. 2, &° of bridging oxygen atoms in B[4]-O—B[4] bridges (BO(B[4],B[4])) are also indicated,
which are almost the same value with those of TOs. As shown in Figs. 1(c) and 1(d), TOs and BOs are in
a trimeric ring, suggesting some effects of the trimeric rings. As for BOs in the simple dimers, BOs in
B[4]-O-B[4] bridges show the different 8;° with those in the trimeric rings, also implying the trimeric
ring effects.
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Figure 2: 8;° of tricluster oxygens and bridging oxygens in the various clusters

Quadrupole coupling constant C; and asymmetry parameters m are shown in Figures 3 and 4,
respectively. As shown in Fig. 3, C; of TO(B[4]3) i1s larger than those of BOs in B[4]-O-B[4],
B[4]-O-BJ[3] and B[3]-O-BJ[3] bridges. In Fig. 4, n of TO(B[4];) is smaller than those of BOs.
Therefore, TOs and BOs may be identified by the combination of Cq and 1.
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Figure 3: Quadrupole coupling constant Cq of tricluster
oxygens and bridging oxygens in the various clusters
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Figure 4: Asymmetry parameter n of tricluster oxygens and
bridging oxygens in the various clusters
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"0 MQMAS NMR of Tricluster Oxygen

The peak positions in 'O MQMAS NMR spectrum reproduced from the above NMR parameters are
shown in Figure 5. The peaks of tricluster and bridging oxygens in B—O-B bonds are narrowly
distributed in the range of —60 ~ —90 ppm in isotropic dimension. In MAS dimension, however, the peak
of TOs and BOs are located at different region, that is, the TO peaks are found at lower frequency
(higher magnetic field) region and the BO peaks are at higher frequency region.

In the experimental '’O MQMAS NMR spectra reported by Wang et al. [17], BOs in B-O—B bridges are
observed at disob = —60 ~ —80 ppm in isotropic dimension and Opas = 90 ~ =30 ppm, which is shown in
Fig. 5. The peak positions estimated from the dimeric clusters for B-O-B bridges are located at the
same region with the experiments [17]. TO(B[4];) in the cluster models appear at lower frequency
region in MAS dimension than the experimental BOs in B-O-B bridges. Therefore, if unattributed
component is found at lower frequency side of B-O—B component, it may be tricluster oxygen.
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Figure 5: 7O MQMAS NMR peak positions of tricluster oxygens
TO and bridging oxygens BO. The experimentally observed
regions [17] are indicated by hatching.

In Fig. 5, the results of BOs in Si[4]-O—-BJ[4] and Si[4]-O-Si[4] bridges are also shown, which are
obtained from the dimeric clusters constructed from a borosilicate crystal, NaBSi;Og [18]. Comparing
the chemical shifts derived from MO calculations, BOs in Si—O-Si, Si—~O—-B and B—O-B bridges appear
at the same region centering around 0 ppm in MAS dimension, and in isotropic dimension, however,
they are located at different regions; BO(SiSi) = =50 ppm, BO(SiB) = —60 ppm and BO(BB) = —-60 ~
—80 ppm. The order of the chemical shifts in isotropic dimension is consistent with the
experimentally-given order, even though the absolute values of the chemical shifts are slightly different.

The 'O MQMAS NMR peak positions of various borosilicate triclusters are plotted in Figure 6.
TO(B[4]3) in the cluster obtained by the geometry optimization is located at the same position with
TO(B[4];) in the borate crystals, proving the validity of the cluster models. TOs surrounded by three
boron atoms (a ~ d in Fig. 6) are narrowly distributed at the upper-right on the graph, that is, lower
frequencies in both dimensions. With increasing the relative amount of trigonal B [3], the peak position
shifts to the higher frequency sides in both dimensions. Furthermore, TOs coordinated by Si atoms (e ~ h
in Fig. 6) appear at the lower-left among the TOs in Fig. 6, which is in the region of BOs in B-O-B
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bridges. As for BOs, the experimentally-determined peak position shifts to the upper-left with increasing
the number of Si atoms bonded to a BO. The peak shifts due to the Si contribution for BO and TO are
the same in isotropic dimension but opposite in MAS dimension.

In the geometry optimizations, the local structure around the TOs was fixed. By elongating the bond
lengths of TOs, the '’O MQMAS NMR peaks commonly shifted to the lower frequency (right) side in
isotropic dimension, while no significant shifts were observed in MAS dimension. The chemical shift in
MAS dimension is probably sensitive to the bond angle, and further investigation on the bond angle
dependency is, therefore, required. At least in this moment, the tricluster oxygen atoms surrounded by
tetrahedral boron atoms might be identified by 'O MQMAS NMR.
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Figure 6: 'O MQMAS NMR peak positions of tricluster oxygens.
Solid markers: cluster models constructed from borate crystals,
Open markers: cluster models from geometry optimization.

The experimentally observed regions [17] are indicated by hatching.

Conclusions

Cluster models containing tricluster oxygen atoms in the borosilicate system were constructed, and 'O
NMR parameters of the tricluster oxygen atoms were predicted by means of molecular orbital
calculations. In the cluster models prepared from the borate crystals, the tricluster oxygen atoms
surrounded by tetrahedral B[4] atoms showed similar isotropic chemical shifts 8;° as compared with the
bridging oxygen atoms in B[4]-O-B[4] bridges. In quadrupole coupling constant Cq and asymmetry
parameter 1, the tricluster and bridging oxygen atoms gave different values from each other. It was also
the case in MQMAS NMR chemical shifts. The tricluster and bridging oxygen atoms appeared at the
same region on isotropic dimension, and on MAS dimension, however, the tricluster oxygen atoms were
located at the lower frequency region than the bridging oxygen atoms. The cluster models were also
constructed by the geometry optimization of molecular orbital calculations. With increasing the number
of Si and trigonal B[3] atoms bonded to the tricluster oxygen atoms, the 'O MQMAS NMR peaks
shifted to the higher frequency sides on both isotropic and MAS dimensions. Only the tricluster oxygen
atoms surrounded by tetrahedral B[4] atoms might be identified by '’'O MQMAS NMR, which would be
found at the lowest frequencies on both isotropic and MAS dimensions.
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