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Borosilicate glasses have been in widespread use for over a century; however, a detailed 

understanding of the structural response to densification is still lacking. In this work, two commercial 

borosilicate glasses, viz., SCHOTT N-BK7® (N-BK7) and Borofloat33® (Boro33), are hot 

compressed up to 2 GPa with nitrogen gas, and the structural response to this densification is explored 

via 11B solid-state nuclear magnetic resonance (NMR) spectroscopy and classical molecular dynamics 

(MD) simulations. The molar volume (Vm) of N-BK7 and Boro33 decreases ~5% and ~10%, 

respectively, as a result of hot compression at 2 GPa. The NMR results demonstrate the presence of 

three different types of fourfold coordinated boron species (B[4]), which are confirmed in MD 

simulations to be (0B,4Si[4]), (1B[3],3Si[4]) and (1B[4],3Si[4]) (where subscripts represent B[4]
1 B[4]

2 B[4]
3

different B[4] types and brackets indicate the next nearest neighbors (NNN)). The NMR results also 

show that the fraction of B[4] increases by ~13% in N-BK7 glass upon hot compression at 2 GPa via 

the trigonal boron to tetrahedral boron (B[3] to B[4]) conversion, while the fraction of B[4] in Boro33 

glass only increases by ~2% at the same pressure, despite the fact that the Vm decrease in N-BK7 is 

double that of Boro33. The MD simulations capture the experimental trends in B[4] populations, 

despite an underestimation of the B[4] increase of N-BK7 (only ~6 %) at 2 GPa. Moreover, the MD 

simulations suggest that the Vm reduction is a linear function of bond angle change and the fraction of 

Si-O-Si and B[4]-O-Si. The modifiers and boron coordination conversion also influence the volume 

densification of borosilicate glasses by increasing the difficulty of bond bending, decreasing the bond 

lengths, and increasing the population of B[4]-O-Si linkages. Lastly, the B[4] to B[4] conversion, i.e., 

(1B[3],3Si[4]) and (1B[4],3Si[4]) to (0B,4Si[4]), is observed in hot compressed N-BK7 and B[4]
2 B[4]

3 B[4]
1

Boro33 from NMR and qualitatively confirmed in MD. 

Keywords: borosilicate glass; densification; nuclear magnetic resonance spectroscopy; structure; 

molecular dynamics simulations
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1. Introduction

Borosilicate glasses are widely applied in industry and daily life due to their excellent 

performance in various environments, e.g., as substrate or cover glass for display panels and personal 

electronic devices, optical glass for microscopes, container glass for kitchen and laboratories, glass 

fiber for composites and insulation, etc.1 Despite its widespread use for over a century, understanding 

of the atomic scale origins of the structure-property response in densified glass is still lacking.2 Such 

understanding is crucial for developing new glass products with improved performance and optimized 

mechanical properties. For example, pressure provides an additional degree of freedom to precisely 

control the interatomic structure of glass as well as induce permanent property changes upon hot-

compression treatment.3 Moreover, the structural evolution of B2O3 in silicate-based magmatic melts, 

particularly under high pressure, is still an unsolved fundamental question for the dynamics of 

magmatic melts in the earth.4  

One of the key structural features for borosilicate glass is the conversion of trigonal boron ([3]B) 

to tetrahedral boron ([4]B), which can be observed upon variation of composition5, temperature6, and 

pressure7, 8, 9. This boron coordination change can be induced near the glass transition range and 

elevated pressure (higher than several hundred megapascals), which has a great impact on the 

structure and properties of borosilicate glass10, 11. For example, Sen et al.6 reported the temperature 

dependence of boron coordination change as the most important source contributing to 

configurational entropy, which directly links to structural changes and viscous flow. Wondraczek et 

al.12 described an equivalence relation between temperature and pressure effects on [4]B fraction and 

molar volume, that is, 400 MPa and 4 K/min gives an equivalent effect as 0.1 MPa and 10-4 K/min. 

Moreover, the [3]B to [4]B conversion has been found to also take place at room temperature under 

high pressure (e.g., 2 GPa)7. 

Among all the studies on hot-compression-induced densification of borosilicate glasses, various 

studies reported a significant [3]B to [4]B conversion with increasing pressure (several hundred 

megapascals to 2 GPa). 8, 9, 10, 13, 14 However, an early nuclear magnetic resonance (NMR) study14 on 

several potassium borate glasses reported no detectable [3]B to [4]B conversion at 2.5 GPa. The puzzle 

of the origin of [3]B to [4]B conversion under high pressure is thus still missing several pieces. 
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In this work, we choose two commercial borosilicate glasses, namely SCHOTT N-BK7® and 

SCHOTT Borofloat33®. Both glasses have a similar concentration of B2O3, similar glass transition 

temperature (Tg,vis) and Poisson’s ratio, but quite different density and mechanical properties. The 

atomic origin of these two widely used borosilicate glasses under high pressure, especially the role of 

boron, is still an area of active research. Fortunately, 11B NMR has long been applied to study the 

short-range structure of borosilicate glass and provide precise information on boron species.5 Also, 

recently developed B-O interatomic potentials15, 16, 17, 18 for classical molecular dynamics (MD) 

simulations have been reported which can reliably reproduce the B[4] fraction of borosilicate glasses. 

Thus, we evaluate the pressure-structure-property relationships by applying a combination of solid-

state NMR spectroscopy and MD simulations to explore the atomic origin of volume densification of 

borosilicate glass.

2. Methods

2.1 Experimental methods

         The compositions and basic properties of SCHOTT N-BK7® (ID: N-BK7) and SCHOTT 

Borofloat33® (ID: Boro33) are reported in Table 1. All the cylindrical samples were provided by 

SCHOTT AG with a size of 7 mm (diameters) × 8 mm (lengths) and mirror-polished surfaces. 

        Two glass samples (N-BK7 and Boro33) were placed inside a graphite furnace in a vertical stack, 

which was separated by a 2 mm alumina disk, and subjected to an isostatic high-pressure treatment by 

applying a nitrogen medium high-pressure apparatus. All the experiments were conducted at 560 ℃-

700 ℃ under 1 GPa or 2 GPa for 0.5 h to evaluate the influence from both pressures. Followed by a 

controlled cooling down to room temperature at a constant rate of 2 K/min. Finally, the system was 

decompressed at a rate of 30 MPa/min to ambient pressure. 

        After the hot compression treatments19, the density of samples was measured by Archimedes 

principle in demineralized water. Each density measurement was repeated five times to obtain a 

standard deviation as the measurement uncertainty. Afterwards, the samples were crushed into fine 

powders for the solid-state 11B NMR spectroscopy measurements. 

        11B solid-state NMR experiments were carried out on a Bruker Avance III HD 500 M 

spectrometer (11.7 T). The resonance frequency is 160.5 MHz. All the spectra were recorded using a A
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4-mm Bruker magic angle spinning (MAS) probe. 11B MAS spectra were obtained at a spinning speed 

of 10 kHz. The pulse length is 0.8 µs (15° liquid angle) with a recycle delay of 32 s. Chemical shifts 

were referenced to 1 M H3BO3 solution.

2.2 Molecular dynamics simulations

Precise prediction of structure-property relations in borosilicate glass at the atomic scale is a very 

challenging task due to the lack of reliable interatomic potentials for MD simulations20. Recently, 

Fortino, et al.20 tested three B-O interatomic potential models and drew the conclusion that the 

potentials proposed by Du17 and Bauchy21 can both reliably reproduce the B[4] fraction of borosilicate 

glasses. Moreover, MD simulation results from Lee et al.22 suggested that Du’s potential more 

accurately predicts the B[4] fraction for N-BK7 glass, while Bauchy’s potential better predicts the B[4] 

fraction for Boro33 glass compared to the neutron diffraction23 measurements. Therefore, following 

Lee’s work22, Du’s potential was applied for modeling the N-BK7 glass by introducing the B[4] 

fraction predicted by DBX model24 (1 atm) as an input parameter, and Bauchy’s potential was 

selected for the Boro33 glass. 

Both Du’s and Bauchy’s potentials adopt the same form of a short-range Buckingham term 

combined with a long-range Coulomb term, which can be expressed as:

         (1)𝑈(𝑟𝑖𝑗) =
𝑧𝑖𝑧𝑗𝑒2

𝑟𝑖𝑗
+ 𝐴𝑖𝑗𝑒

―𝑟𝑖𝑗
𝜌𝑖𝑗 ―

𝐶𝑖𝑗
𝑟6

𝑖𝑗

where zi and zj are the reduced (partial) charges of atom i and atom j, rij is the interatomic distance 

between atom i and atom j, and Aij, Cij, and ρij are the fitting constants. A splice correction is added to 

prevent the problem caused by the Buckingham potential at low rij region in Du’s potential, which is 

described as:

               (2)𝑈′(𝑟𝑖𝑗) =
𝐵𝑖𝑗

𝑟𝑖𝑗
𝑛 + 𝐷𝑖𝑗𝑟𝑖𝑗

2

in which , , and n are fitting parameters. 𝐵𝑖𝑗 𝐷𝑖𝑗

        LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator)25 software was 

employed for the MD simulations. A cutoff of 11 Å was applied for both the short-range and A
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Coulombic interactions. The Particle-Particle Particle-Mesh (PPPM) algorithm was used for 

calculating the long-range forces with an accuracy of 10-5. Periodic boundary conditions were applied 

in all directions in each of the simulations. 

        We note that both the Du and Bauchy potentials are not parameterized for simulating the melt-

quench process under high-pressure conditions. Nevertheless, following an approach tested by 

Bauchy26, glass samples with different densities were run in the canonical ensemble (NVT) to account 

for the pressure effect in MD simulations. Five parallel initial configurations for each type of glass 

were randomly generated with 3073 atoms created in a cubic simulation box. The box size was 

calculated based on the densities of the samples annealed at 1 atm and hot compressed at 1 GPa and 2 

GPa. All the samples were melted at 6000 K for 100 picoseconds (ps) and at 5000 K for 1000 ps to 

eliminate the memory of the initial configuration, followed by a quench from 5000 K to 300 K at the 

rate of 5 K/ps. A subsequent relaxation was conducted at 300 K using the NVT ensemble for 60 ps, 

and a final statistical averaging was run as NVT for 60 ps. The above procedure follows the previous 

work of Deng et al.17 by switching the NPT ensemble during relaxation at 300 K to NVT ensemble. 

One femtosecond (fs) was used as the integration timestep throughout all the simulations. A computed 

pressure of 0.2 GPa was found in N-BK7 glass (using Du’s potential) after the statistical averaging at 

300 K and one of -1.8 GPa is found in Boro33 glass (Bauchy’s potential). The pressure at room 

temperature density is due to the choice of potential, but it has been confirmed that the pressure 

dependence of structural changes can be calculated26. 

3. Results

3.1 NMR

        The 11B MAS NMR spectra of N-BK7 glass and Boro33 glass at various pressure and 

temperature conditions are shown in Figure 1. All the NMR spectra have been area normalized by 

applying the trapezoidal27 numerical integration function in Matlab and fitting by Dmfit28 to 

reproduce the line shapes of the different boron species. Blue dashed curves in Figure 1 are the 

deconvolutions and full fits of the NMR spectra for samples prepared at 1 atm. Based on numerous 

studies5, 8, 14, 29, 30, 31, 32, 33 on borosilicate glasses, the blue dashed curves at the sites of 17.3 ppm, 13.3 

ppm, -0.2 ppm, and 2 ppm can be assigned to trigonal boron in ring units (B[3] ring), trigonal boron A
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

not in rings (B[3] nonring), tetrahedral boron connected to 1 B[3] and 3  Si[4] ( (1B[3],3Si[4])) and B[4]
2

tetrahedral boron connected to 4  Si[4] ( (0B,4Si[4]), B[4] type 1), respectively. Interestingly, a site at B[4]
1

-1.3 ppm corresponding to  (B[4] type 3) is also observed in NBK7, which, to our best knowledge, B[4]
3

has not been reported in the literature.

        The boron speciation results from the NMR analysis are summarized in Table 2. First, the 

fractions of tetrahedral boron to total boron (N4 or ) of as-prepared (1atm-560 ℃/4 h) samples are B[4]
total

86±2 % for N-BK7 and 21±2 % for Boro33, which are close to the previous values from neutron 

diffraction23 measurements (91 % and 23 %) and MD simulations22 (90±1 % and 20±2 %). Second, 

B[3] converts to B[4] with increasing pressure in N-BK7 glass, while both B[3] and B[4] fractions show 

only minor changes as a function of pressure in Boro33 glass. The pressure-induced B[3] change can 

be seen in the inset figure of Figure 1(a). Specifically, the molar volume decreased ~5 % at 2 GPa 

accompanied by a B[4] increase of ~13 % for N-BK7 glass. On the other hand, a molar volume 

decrease of ~10 % while B[4] increased only less than 2 % (within the error bar) is found for Boro33, 

as illustrated in Figure 2. Lastly, a B[4] to B[4] conversion is detected in both N-BK7 and Boro33 glass, 

during which the B[4] ratios (  for N-BK7 glass and  for Boro33 glass) are increasing as a function 
B[4]

1

B[4]
3

B[4]
1

B[4]
2

of pressure, and simultaneously,  (-1.3 ppm) and  (1B[3],3Si[4])  are gradually transformed to B[4]
3 B[4]

2

(0B,4Si[4]) with increasing pressure. This B[4] to B[4] conversion phenomenon is even more distinct B[4]
1

in Figure 1(b), in which two main peaks are observed in the 1 GPa samples and the  peaks are B[4]
1

significantly enhanced from 1 atm to 2 GPa. Moreover, the isothermal holding temperature will also 

have a significant influence on the B[4] to B[4] conversion. The B[4] ratios increase with an increase in 

temperature (580 ℃, 600 ℃, and 700 ℃) for both N-BK7 and Boro33 glasses compressed at 2 GPa, 

while all the N-BK7 samples compressed at 1 GPa reached similar  value with the increase of 
B[4]

1

B[4]
3

temperature (560 ℃, 580 ℃, and 600 ℃). This indicates an equilibrium state of B[4] as the Boro33 

samples compressed at 1 GPa only have a slight increase in . The pressure and temperature 
B[4]

1

B[4]
2

dependence of B[4] to B[4] conversion of Boro33 glass can be seen in Figure 1(b). 

3.2 MD simulationsA
cc

ep
te

d 
A

rt
ic

le



This article is protected by copyright. All rights reserved

        The peak assignment for B[4] is primarily based on the results from 11B and 17O NMR 

spectroscopic studies.5 In this study, we performed MD simulations to directly check the boron 

species and explore the atomic origin of the volume densification in the borosilicate glasses. The Vm 

of the MD samples was set to be equal to the experimental values: N-BK7: Vm=7.86 cm3/mol (~1 

atm), Vm=7.66 cm3/mol (~1 GPa), and Vm=7.46 cm3/mol (~2 GPa); Boro33: Vm=8.64 cm3/mol (~1 

atm), Vm=8.18 cm3/mol (~1 GPa), and Vm=7.80 cm3/mol (~2 GPa). The N4 results in Table 2, which 

is presented as , exhibit a similar overall trend as a function of pressure compared to NMR B[4]
MD

experiments. N4 of N-BK7 increases from 89% to 95% (~6%) at 2 GPa, which is less significant than 

the increase in N4 determined from NMR from 86% to 99%  (~13%). We note that only one N4 input 

(predicted from DBX model24) is applied in Du’s potential for all the other MD simulations on N-

BK7 glass. Moreover, the N4 change in Boro33 is not significant compared to the uncertainty of the 

simulations (~2%) which is consistent with the result from NMR (~2%). 

        To explore the chemical environment around B[4], the fraction next nearest neighbors (NNN) of 

B[4] in N-BK7 and Boro33 glasses are presented in Figure 3. The NNN calculations indicate that 

B[4](0B,4Si[4]) is the most frequent species in both N-BK7 and Boro33, while the second most 

frequent one in N-BK7 is B[4](1B[4],3Si[4]) and that of Boro33 is B[4](1B[3],3Si[4]). Although the B[4]-

O-B[4] linkage has previously been reported as energetically unfavorable14, as interpreted based on the 

results from Al[4]-O-Al[4] linkages in aluminosilicates34, 35, recent studies36, 37 based on double 

quantum 11B NMR and MD simulations suggest the presence of B[4]-O-B[4] linkages in borosilicate 

glasses. Indeed, the presence of the B[4]-O-B[4] linkage was predicted by Gupta’s random pair model38 

in the 1980s. Thus, it seems plausible that the B[4](1B[4],3Si[4]) units in N-BK7 observed in our MD 

simulations may correspond to the NMR results of (-1.3 ppm) in this work. B[4]
3

        The inset figures in Figure 3 show the ratios of  for N-BK7 glass and  for Boro33 glass. The 
B[4]

1

B[4]
3

B[4]
1

B[4]
2

MD simulations show a similar trend as the NMR results, i.e., both  and  increase with 
B[4]

1

B[4]
3

B[4]
1

B[4]
2

increasing pressure, despite the difference in absolute values. Representative atomic structures and the 

corresponding B[4] to B[4] conversion of three different B[4] species are also illustrated in Figure 1. 

However, we note that all the NNN predictions from MD simulations have high standard deviations. 
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        Since oxygen is the atom with the highest concentration in N-BK7 (61% of 3073 atoms) and 

Boro33 (64 % 3073 atoms) in the MD simulation box, the oxygen species from the last statistically 

averaged configurations in the MD simulations have been analyzed to further quantify the atomic 

origin of volume densification in the borosilicate glasses. As shown in Figure 4, the oxygen species 

statistics show that Si[4]-O-Si[4] and B-O-Si[4] share more than 90% of the total oxygen atoms. Among 

these,  Si[4]-O-Si[4] and B[4]-O-Si[4] linkages consist of 23±1% and 13±1% of non-bridging oxygens 

(NBOs) in the second nearest neighbor silicon and boron tetrahedral networks in N-BK7 glass, 

respectively. In the Boro33 glass, the Si[4]-O-Si[4], B[3]-O-Si[4] and B[4]-O-Si[4] linkages consist of 4±

1%, 3±1% and 2±1% of NBOs in the second nearest neighbor including trigonal boron, tetrahedral 

silicon, and boron networks, respectively. All the oxygen species (including the second nearest 

neighbor NBOs) have the same total numbers, except for a slight change (<1 %/GPa) of B-O-Si[4] in 

both N-BK7 and Boro33 as a function of pressure. 

        The bond angle change of network formers, the bond length change of network modifiers, and 

the B or Al coordination change are considered as the primary mechanisms for volume densification 

in borosilicate glasses.10, 13, 39, 40 To further explore the atomic origin, the average bond lengths and 

bond angles change have been calculated based on the last statistically averaged configurations in the 

MD simulations (see Table 3 and Table 4). The cutoffs for calculating all different bonds are reported 

in Table 3, which are based on the pair distribution functions22. The average bond lengths of Si-O, B-

O, B-Si, and B-B remain the same regardless of the large molar volume change (~2 GPa), which is 

consistent with previous studies on SiO2 and B2O3 glasses.39, 41 The average bond length of Si-Si has a 

very small change (~0.015 Å/GPa). Moreover, the average bond lengths change of Na-O and K-O are 

around 0.01-0.02 Å/GPa, consistent with previous results40, 42 on Na-O in sodium aluminosilicate 

glasses. Nevertheless, these bond lengths changes are not significant considering the standard 

deviation of the data. 

        As shown in Table 4, the O-Si-O and O-B-O bonds are the most frequent ones (≥75 %) in the 

glasses, and their average bond angles are independent of pressure (considering the uncertainty of the 

data sets). However, the bond angles of Si-O-Si, B-O-B, and B-O-Si are much more sensitive to the 

hot compression compared to the variations of average bond lengths. The bond angles of Si-O-Si and 

B[4]-O-Si are slightly different among N-BK7 and Boro33 glasses, which is due to the different A
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applied interatomic potential functions as discussed in Ref. [20]. A bond angle decrease of 0.6°/GPa is 

observed for Si-O-Si and B[4]-O-Si in N-BK7 glass, while one of 1°/GPa is observed in Boro33 glass. 

The change in bond angle of B[3]-O-Si is less significant than that of B[4]-O-Si considering the high 

standard deviation. The B-O-B bond angle also has a significant decrease upon densification, 

although it has a high uncertainty due to its the small population.

4. Discussion

        We have found that Si-O-Si and B[4]-O-Si have the same pressure-induced changes in bond 

angles in N-BK7 and Boro33 glasses, indicating similar strengths of the angular constraints of Si-O-Si 

and B[4]-O-Si. Moreover, the bond angle changes of Si-O-Si and B[4]-O-Si (total 24% at 2 GPa) in N-

BK7 glass are 0.6°/GPa, which is smaller than that in Boro33 glass (1°/GPa with 19% of total Si-O-Si 

and B[4]-O-Si). This is consistent with the early conclusion from Bridgman39 that bond bending 

becomes more difficult when foreign atoms are embedded in the structure of soda silica glasses. 

Indeed, the present MD simulations have shown that N-BK7 glass has 6 times more second nearest 

neighbor NBOs in the Si-O-Si and B[4]-O-Si linkages compared to Boro33. 

        Interestingly, we have found an approximate relation (see Figure 5) between the pressure-

induced change in Si-O-Si and B[4]-O-Si bond angle (ΔBA,GPa-1), the total fraction (w) of Si-O-Si and 

B[4]-O-Si linkages, and the pressure-induced molar volume change (ΔVm/Vm0, GPa-1). Namely,  

,                                         (3)
Δ𝑉𝑚

𝑉𝑚0
=

Δ𝐵𝐴
𝑤 ∗ 𝐶

where ΔBA of N-BK7 is 0.6°/GPa and w equal to 0.24; ΔBA of Boro33 is 1°/GPa and w equal to 0.19; 

Vm0 is the initial molar volume, C is a constant equal to 100°. The calculated values of ΔVm/Vm0 are in 

an excellent agreement with the experimental ones for N-BK7 (-0.6/24≈-2.5 %/GPa) and Boro33 (-

1/19≈-5.0 %/GPa). Although the bond angles and bond lengths are in principle correlated with each 

other, various studies of densified silicate glasses have demonstrated how bond angles may change 

significantly while the bond lengths remain almost constant (due to the high standard deviation).26, 39, 

41, 43 It also has been reported that the reduction of the Si-O-Si bond angle decreases the distance of 

oxygen to second-nearest-neighbor to oxygen (O-O-O) and then decreases the molar volume.43 

However, the present MD simulations did not capture such distance change in O-O-O (Table 3) in A
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densified N-BK7 and Boro33 glasses. Therefore, we suggest a simple approach for quantifying the 

volume densification of N-BK7 and Boro33 glasses by considering the bond angle changes of Si-O-Si 

and B[4]-O-Si following Eq. (3). We note that the presence of modifiers also influences the volume 

densification of N-BK7 and Boro33 glasses by increasing the difficulty of bond bending of Si-O-Si 

and B[4]-O-Si and decreasing the bond lengths (~0.015 Å/GPa). In addition, the B[3] to B[4] conversion 

will increase the amount of B[4]-O-Si linkages, and thus, decrease the molar volume of N-BK7 and 

Boro33. 

        The B[4] to B[4] conversion has been investigated by NMR in this study, showing that B[4]
3

(1B[4],3Si[4]) and  (1B[3],3Si[4]) are gradually transformed to (0B,4Si[4]) with the increase of the B[4]
2 B[4]

1

quench pressure. The NNN analysis from the MD simulations, which is greatly influenced by very 

high standard deviations and oxygen tri-clusters, failed to capture the absolute amount of B[4] to B[4] 

conversion. One reason could be the orders of magnitude difference in cooling rates between hot 

compression experiments (2 K/min) and simulated pressure-quenching (5 K/ps). We also note that 

small amount (<5 %) of (1B[3],3Si[4]) is detected in N-BK7 glass, which will not influence the B[4]
2

overall predictions by MD simulations. Nevertheless, the MD simulations qualitatively captured the 

increase of  and  with pressure. This is a new mechanism to explain the different pressure 
B[4]

1

B[4]
3

B[4]
1

B[4]
2

dependence of B[4] in densified N-BK7 and Boro33 glasses, which might answer the question why an 

early study14 on pressurized borosilicate glass reported no detectable B[3] to B[4] conversion. 

        Finally, we note that the MD simulations based on Du’s potential for N-BK7 glass have a linear 

frozen-in pressure inside the glass after the hot compression process, consistent with the previous 

experiments19. However, the MD simulations based on Bauchy’s potential for Boro33 glass 

underestimated the frozen-in pressure after the hot compression process. Besides, we also note that 

the calculated average bond lengths of B[3]-O (~1.39 Å) and B[4]-O (~1.46 Å) for Boro33 (Bauchy’s 

potential) is in agreement with the previous study20, however, the ones for N-BK7 (Du’s potential) is 

overall ~0.15 Å higher than Boro33. Moreover, all the MD simulations conducted in this work as well 

as other studies20, 37 on borosilicate glass reported a very limited boroxol ring formation37, 44, 45. Thus, 

considering the above limitations from MD simulations as well as the comparison approach used in 

this work, the direct interpretation of the NMR data in terms of the MD models contains certain 

limitations. A
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5. Conclusion

        In this study, we have quantitatively investigated the primary volume densification mechanisms 

of commercial N-BK7 and Boro33 glasses, which have been hot compressed up to 2 GPa above the 

glass transition temperature for 0.5 h and then annealed using a cooling rate of 2 K/min, via solid-

state NMR and MD simulations. The results from density and 11B MAS NMR measurements show 

that the molar volumes of N-BK7 and Boro33 decrease ~5% and ~10%, respectively, after the hot 

compression at 2 GPa, while the fraction B[4] increased ~13% in N-BK7 but only ~2% in Boro33 at 2 

GPa. In addition, three different types of B[4] are detected from 11B NMR, which can be confirmed in 

MD simulations as (0B,4Si[4]), (1B[3],3Si[4]) and (1B[4],3Si[4]). Moreover, the MD B[4]
1 B[4]

2 B[4]
3

simulations can overall capture the B[4] populations as well as predict the pressure-induced change in 

B[4] fraction for Boro33 but underestimate that of N-BK7 (only ~6%) at 2 GPa. Furthermore, the 

reduction of molar volume is suggested to be a linear function of the bond angle change and fraction 

of Si-O-Si and B[4]-O-Si. The modifiers and boron coordination conversion will also influence the 

volume densification of borosilicate glasses by increasing the difficulty of bond bending as well as 

decrease the bond lengths (~0.015 Å/GPa) and increase the B[4]-O-Si populations, respectively. Lastly, 

the B[4] to B[4] conversion ( (1B[3],3Si[4]) and (1B[4],3Si[4]) to (0B,4Si[4])) has been observed B[4]
2 B[4]

3 B[4]
1

in hot compressed N-BK7 and Boro33 glasses based on the NMR analysis and qualitatively 

confirmed by the MD simulations. 
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Table captions

Table 1 Compositions and properties of N-BK7 and Boro33 provide by SCHOTT AG.

Table 2 Experimental conditions and results of boron species from NMR and MD simulations.  

Table 3 Average bond lengths in the borosilicate glasses as calculated from the MD simulations.

Table 4 Average bond angles in the borosilicate glasses as calculated from the MD simulations.

Figure captions

Figure 1 11B MAS NMR spectra of (a) N-BK7 glass and (b) Boro33 glass at various pressure and 

temperature conditions. All the samples were annealed at a cooling rate of 2 K/min. The inset in (a) 

on the left side shows the zoomed-in spectra of the B[3]. The blue dash lines are the deconvolutions of 

1atm sample. From high to low frequencies, these deconvolutions represent B[3] ring (17.3±0.1 ppm), 

B[3] nonring (13.3±0.1 ppm), (a) (1B[4],3Si[4]) (-1.3±0.1 ppm), (b) (1B[3],3Si[4]) (-0.2±0.1 B[4]
3 B[4]

2

ppm), (0B,4Si[4]) (-2±0.3 ppm). The schematic atomic structure on the right side is from the MD B[4]
1

simulations, in which the light yellow atom represents B, the blue atom represents Si, the red atom 

represents O, and the yellow atom represents Na or K.

Figure 2 Pressure dependence of molar volume (circles) and B[4] (from NMR, triangles) of (a) N-BK7 

and (b) Boro33 glasses. The arrows of dashed lines represent the overall trend of the data (not the 

mathematically computed one). 

Figure 3 The fractions of next nearest neighbors (NNNs) of B[4] in different densified (a) N-BK7 and 

(b) Boro33 glasses as calculated from MD simulations. B[4](O[3]) consists of all different NNN 

containing O tri-clusters. =B[4](0B,4Si[4]), = B[4](1B[3],3Si[4])  and = B[4](1B[4],3Si[4]). Error B[4]
1 B[4]

2 B[4]
3

bars represent the standard deviation of five MD simulations.

Figure 4 Oxygen species of different densified (a) N-BK7 and (b) Boro33 glasses in the MD 

simulations. All the oxygen species includes bridging and non-bridging oxygens in the second nearest 

neighbor networks. The amount of NBOs has no change as a function of pressure. Error bars represent 

the standard deviation of five MD simulations. 

Figure 5 Approximate relation between the pressure-induced change in Si-O-Si and B[4]-O-Si bond 

angle (ΔBA) and the total fraction (w) of Si-O-Si and B[4]-O-Si linkages compared to the pressure-A
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induced molar volume change (ΔVm/Vm0) of N-BK7 and Boro33 glasses. C is a constant and error bars 

are estimated from the standard deviations of ΔBA.
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Table 1 Compositions and properties of N-BK7 and Boro33 provide by SCHOTT AG.

Glass

ID

SiO2

[mol %]

B2O3

[mol %]

Na2O

[mol %]

K2O

[mol %]

Al2O3

[mol %]
Tg,vis [℃]

Poisson’s 

ratio

Density

[g/cm3]

N-BK7* 74.5 10.2 10.2 5.1 0 561 0.20 2.51

Boro33 83.7 11.1 3.3 0.4 1.5 560 0.21 2.23

* N-BK7 glass also contains very small amounts of CaO and BaO. We simplified here for the convenience of MD 

simulations. 
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Table 2 Experimental conditions and results of boron species from NMR and MD simulations.  

Sample

ID

Experimental

conditions

B[3] 

ring*

[%]

B[3] 

nonring§

[%]

B[4]
1

(0B,4Si[4])

[%]

B[4]
2

(1B[3],3Si[4])  

[%]

B[4]
3

(1B[4],3Si[4]) 

[%]

B[4] ratio¶

B[4]
total

(±2†) 

[%]

B[4]
MD

(±2‡) [%]

N-BK7

N1
1atm-560℃

/4h
6.4 7.6 35.2 - 50.8 0.69 86

89

(Vm=7.86 

cm3/mol) 

N2
1GPa-560℃

/0.5h
2.5 3.1 47.1 - 47.3 1.00 94.4

N3
1GPa-580℃

/0.5h
1.9 3.1 46.9 - 48.1 0.98 95

N4
1GPa-600℃

/0.5h
1.4 2.4 47.4 - 48.8 0.97 96.2

92

(Vm=7.66 

cm3/mol)

N5
2GPa-580℃

/0.5h
1.3 1.1 48.9 - 48.7 1.01 97.7

N6
2GPa-600℃

/0.5h
0.9 1 54.5 - 43.6 1.25 98.1

N7
2GPa-700℃

/0.5h
0.3 0.7 62.4 - 36.6 1.70 99.0

95

(Vm=7.46 

cm3/mol)

Boro33

B1
1atm-560℃

/4h
46.5 32.2 6.5 14.8 - 0.44 21.3

18

(Vm=8.64 

cm3/mol)

B2
1GPa-560℃

/0.5h
54 24.9 10.7 10.4 - 1.03 21.1

B3
1GPa-580℃

/0.5h
56.5 21.9 11.8 9.8 - 1.20 21.6

B4
1GPa-600℃

/0.5h
56.8 21.9 11.9 9.4 - 1.27 21.3

19

(Vm=8.18 

cm3/mol)

B5
2GPa-580℃

/0.5h
59.9 17.1 15.8 7.2 - 2.19 23

B6
2GPa-600℃

/0.5h
59.9 17.5 15.9 6.6 - 2.41 22.5

B7 2GPa-700℃ 61.5 16.1 16.6 5.8 - 2.86 22.4

20

(Vm=7.80 

cm3/mol)
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* 11B NMR parameters obtained from Dmfit: δiso=17.3±0.1 ppm, CQ=2.64±0.01 MHz, ηQ=0.30±0.01

§ 11B NMR parameters obtained from Dmfit: δiso=13.3±0.1 ppm, CQ=2.66±0.01 MHz, ηQ=0.26±0.01

¶ B[4] ratio is  for N-BK7 glass and  for Boro33 glass
B[4]

1

B[4]
3

B[4]
1

B[4]
2

† 11B NMR deconvolution error for fraction is 2 %

‡ Standard deviation from five simulations

/0.5h
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Table 3 Average bond lengths in the borosilicate glasses as calculated from the MD simulations.

Glass
Vm 

[cm3/mol]

Si-O

[Å]

B[3]-O

[Å]

B[4]-O

[Å]

Si-Si

[Å]

B-Si

[Å]

B-B

[Å]

Na-O

[Å]

K-O

[Å]

Al-O

[Å]

B-Al

[Å]

O-O-O*

[Å]

Cutoff [Å] 2 2 2 3.5 3.5 3.4 3 4 - - 3.5-6

7.86 1.61±0.00 1.54±0.00 1.60±0.00 3.11±0.00 3.04±0.00 2.94±0.02 2.58±0.01 2.93±0.03 - - 4.81±0.00

7.66 1.61±0.00 1.54±0.01 1.60±0.01 3.10±0.01 3.03±0.00 2.94±0.01 2.56±0.01 2.90±0.01 - - 4.81±0.00

N-BK7

(Du’s 

potential)

7.46 1.61±0.00 1.54±0.01 1.59±0.01 3.09±0.01 3.02±0.00 2.94±0.05 2.54±0.01 2.87±0.02 - - 4.81±0.00

Cutoff [Å] 2 1.8 1.8 3.5 3.2 3 3 4 2.2 3.5 3.5-6

8.64 1.64±0.00 1.39±0.00 1.46±0.00 3.13±0.01 2.90±0.01 2.76±0.01 2.65±0.01 3.43±0.03 1.77±0.00 2.83±0.05 4.82±0.00

8.18 1.64±0.00 1.39±0.00 1.46±0.00 3.12±0.00 2.89±0.01 2.77±0.01 2.64±0.02 3.42±0.03 1.77±0.00 2.88±0.03 4.82±0.00

Boro33

(Bauchy’s 

potential)

7.80 1.64±0.00 1.39±0.00 1.46±0.00 3.11±0.00 2.90±0.00 2.75±0.01 2.63±0.01 3.37±0.03 1.76±0.01 2.87±0.03 4.82±0.00

* Oxygen-second-nearest-neighbor-oxygen
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Table 4 Average bond angles in the borosilicate glasses as calculated from the MD simulations.

Glass
Vm 

[cm3/mol]

O-Si-O 

(60 %*)

O-B-O 

(16 %)

Si-O-Si 

(15 %)

B-O-B 

(1 %)
B[3]-O-Si B[4]-O-Si

7.86 109.4±0.0° 110.0±0.1° 151.0±0.4° 140.1±1.1°
150.0±1.7° 

(1 %)

145.8±0.4°

(8 %)

7.66 109.4±0.0° 109.8±0.1° 150.7±0.2° 138.9±1.8°
149.6±3.7°

(1 %)

145.0±0.4°

(8 %)

N-BK7

(Du’s 

potential)

7.46 109.3±0.0° 109.8±0.1° 149.7±0.4° 135.6±1.6°
148.6±3.3°

(0 %)

144.6±0.2°

(9 %)

Glass Pressure
O-Si-O 

(65 %)

O-B-O 

(10 %)

Si-O-Si 

(17 %)

B-O-B 

(0 %)

B[3]-O-Si  

(6 %)

B[4]-O-Si 

(2 %)

8.64 109.4±0.0° 116.9±0.3° 148.8±0.3° 155.2±3.2° 148.2±0.4° 143.2±1.1°

8.18 109.3±0.0° 116.6±0.2° 147.8±0.5° 156.3±2.4° 147.8±0.6° 142.2±1.6°

Boro33

(Bauchy’s 

potential)
7.80 109.3±0.0° 116.0±0.3° 146.8±0.2° 151.7±2.3° 147.6±0.2° 141.2±0.4°

* Each bond account for the percentages of total bonds in glass
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