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Abstract

Transitioning beyond a trial-and-error based approach for the compositional design of next-
generation borosilicate-based bioactive glasses requires a fundamental understanding of the underlying
compositional and structural drivers controlling their degradation and ion release in vitro and in vivo.
Accordingly, the present work combines magic-angle spinning (MAS) NMR techniques, MD simulations,
and DFT calculations based on GIPAW and PAW algorithms, to build a comprehensive model describing
the short-to—medium-range structure of potentially bioactive glasses in the Na,O-P,05-B,05-Si0, system
over a broad compositional space. P,Os preferentially tends to attract network modifier species, thus,
resulting in a re-polymerization of the silicate network and a re-structuring of the borate component.
HB{3!P} and 3'P{!'B} dipolar recoupling experiments suggest that the ability of glasses to incorporate
P,0O5 without phase separation is related to the formation of P-O-B(IV) linkages integrated into the
borosilicate glass network. An analogous approach is used for elucidating the local environments of the
Na* network modifiers. This work, along with future studies aimed at elucidating composition-structure-
solubility/bioactivity relationships, will lay the foundation for the development of Quantitative Structure-
Property Relationship (QSPR) models, thus representing a leap forward in the design of functional

borosilicate bioactive glasses with controlled ionic release behavior.

Keywords

Structure, Bioactive glass, Compositional design
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1. Introduction

The concept of designing third—generation biomaterials is based on the principle of
activating a synchronized sequence of genes at the cellular level by the ionic dissolution products
released from the biomaterial during its controlled degradation in vitro or in vivo. While second-
generation biomaterials are designed to be either resorbable or bioactive, these two properties are
combined in the third-generation materials, which will, upon implantation, help the body heal
itself.!

While the 45S5 Bioglass® composition (24.3 Na,0-26.9 Ca0O-2.6 P,05-46.1 SiO,; mol.
%), was initially developed as a second-generation biomaterial, the ability of its ionic dissolution
products to stimulate genetic responses in the processes relevant to osteoblast metabolism and
bone homeostasis has paved the way for its application as third-generation biomaterial.>*
However, owing to its high tendency towards devitrification (resulting in poor sintering ability —
a prerequisite to fabricate 3D porous scaffolds)’® and slow/poor resorbability, due to the
formation of a Si—OH-based passivating gel layer on its surface when in contact with body
fluids,® its application as a third-generation biomaterial has been confined to its use as fine
powders/particulates present in toothpaste and dental putty.!® Therefore, in order to suppress its
tendency towards devitrification, and improve its resorbability, B,O3; was introduced into the
silicate network of 45S5 Bioglass®, thus, resulting in the emergence and development of
borosilicate-based bioactive glasses.!!"13

The past 15+ years have experienced a tremendous upsurge in the research interest of
boron-containing bioactive glasses as potential candidates for the design and development of
novel third-generation biomaterials.!6-!8 Borosilicate glasses, in particular, provide certain

advantages over standard silicate-based compositions, including (i) a broader glass-forming
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range, (ii) tunable degradation rates,'¢ and (iii) ease of processing into porous three-dimensional
scaffolds for application in tissue engineering.!”-!° Recent studies have further shown their ability
to promote angiogenesis and osteogenesis in vivo.'l!6 These features make borosilicate-based
bioactive glasses an attractive candidate for application in the treatment of a broad range of
skeletal and non-skeletal biomedical problems. However, a major problem that impedes the
design of novel borosilicate-based bioactive glasses is our poor understanding of the underlying
compositional and structural drivers controlling borosilicate dissolution kinetics when in contact
with body fluids. This knowledge gap stems from the fact that the vast majority of research in the
field of bioactive glasses have focused on silicate glasses, either based on—or—inspired-by
45S5 Bioglass®.20-25 Furthermore, as explained in the next section, the principles of silicate glass
dissolution/degradation (e.g., composition-structure-bioactivity correlations) generally do not
apply to borate or borosilicate glasses. As a consequence, the design of borate and borosilicate
glasses—especially those that exhibit the desired dissolution behavior—has followed Edisonian
approaches involving time-consuming and iterative synthesis-testing cycles. Two notable
examples are 13-93B1 and 13-93B3 glasses, derived from a well-known silicate-based bioactive
glass (13-93). These compositions have been designed through a trial-and-error approach in the
series 6.0 Na,0-7.9 K,0-7.7 MgO-22.1 CaO-1.7 P,0s—x B,03;—(54.6-x) SiO, (mol. %), where x
=01s 13-93 and x = 18.2 and 54.6 are 13-93B1 and 13-93B3 compositions, respectively. This
partial or complete replacement of SiO, with B,O; was performed with little rationale or
revelation of the underlying composition—structure—property relationships.?%2’ For a more
efficient design of such functional materials we will require a deeper, more fundamental
understanding of the compositional and structural dependence of glass degradation behavior in

vitro and in vivo.
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2. Why can we not apply our understanding of the structure of silicate-based bioactive
glasses to design borosilicate glasses with controlled ion-release?

The discovery of 45S5 Bioglass® was a paradigm shift in the field of biomaterials which
later became a benchmark for subsequent research in the field of bioactive glasses. Based on our
understanding of the structure and bioactivity of 45S5 Bioglass®, the highest bioactivity in
silicate-based bioactive glasses arises from a structure dominated by metasilicate chains (Si?
units), which are occasionally cross-linked through Si® units, and are terminated
with Si! species.?® Here, and throughout the text, 7",x (7, X = Si, B, P) refers to the network
former unit (NFU) species, where n denotes the number of bridging oxygen (BO) atoms and m <
n specifies the number of linkages to other NFUs of type X. It should be noted here that when
correlating the structural makeup of silicate glasses with their bioactivity, the latter was
previously considered as the rate of formation of hydroxyapatite on the glass surface when in
contact with body fluids.?! However, hydroxyapatite formation is no longer considered to be an
initial marker of bioactivity and the ability to achieve a tunable degradation rate with controlled
ion-release is instead a pre-requisite for designing third-generation bioactive glasses suitable for
tissue engineering.! Accordingly, silicate glasses with highly polymerized glass structures, for
example, glasses consisting of high fractions of Si® or Si* units, may exhibit well-controlled ionic
release properties while at the same time having lower bioactivity (i.e. glass 55S) or even
becoming bio-inactive (i.e. glass 658S).2!

Further, P,Os, though not strictly necessary for bioactivity, plays a vital role in silicate
glasses to enhance their bioactivity when present in small concentrations (for example, 2.5
mol.% in 45S5 Bioglass®). On a structural level, the enhanced bioactivity of P,Os-containing

silicate glasses has been attributed to the presence of loosely-bound orthophosphate units (P°) in
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the glass structure whose relatively fast initial release from the glass into the solution enhances
the bone-bonding ability of the glass.?!-2%-3

When compared with the structure of silicate-based bioactive glasses, the structure of
borosilicate-based glasses is much more complex.3!-3? Similar to silicate-based glass chemistries,
the dissolution behavior of borosilicate-based bioactive glasses is controlled by the short—to—
medium-range order in the glass structure. As B,O3 enters the silica glass network, in addition to
the introduction of new short-range order species (i.e. three- and four- coordinate boron species),
the intermediate-range associations between NFUSs in borosilicate glasses (e.g., Si*-O-B#, Si*-O-
B3, B3-O-B*, etc. linkages) further complicate the glass structure.?33% These associations are
expected to have a significant impact on the dissolution kinetics and bioactivity of these glasses.
For instance, common boron NFU linkages in borosilicate glasses have lower enthalpies of
hydrolysis, i.e., Si*-O-B? (-3.03 kJ/mole) and B*-O-B3 (-16.98 kJ/mole), as compared to pure
silica linkages (Si*-O-Si* linkages: 16.61 kJ/mole),’” resulting in the greater degradation rates
typically observed upon B,Oj; substitution into silicate-based bioactive glasses.!” The addition of
P,Os5 further adds to the compositional and structural complexity of this glass system by forming
B-O-P linkages.’83° The previously reported impacts of P,Os additions to borosilicate glasses
include an increased degree of polymerization of the silica and phosphate species and P-O-B
intermixing in the network.3**#! P,Os is generally known as a cation scavenger in mixed network
former glasses, attracting large amounts of modifier via multiple charged orthophosphate and
diphosphate anions.’®4% However, the impact of these structural units and linkages on the
dissolution kinetics of glasses is still largely unknown. Thus, it is difficult, if not impossible, to
design next-generation borosilicate-based bioactive glasses using an approach based on the

structure of silicate glasses.
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In the context of the above-discussed rationale, the present contribution aims to combine

the strengths of both experimental and computational materials science to uncover the short—to—

medium-range structure of potentially bioactive glasses in the system Na,0-P,0s-B,0;-SiO,

system over a broad compositional space with distinct structural features. Although we

understand that most bioactive glass compositions contain CaO as a major component, we have

selected a calcium-free glass system for the following reasons:

(@)

(i)

(iii)

(iv)

Competition between Na* and Ca?" (i.e., in a Na,0-CaO-P,05-B,05-SiO, system)
non-framework cations for association with NFU units (B, P, Si) would add
significant additional complexity while interpreting glass structural speciation.
The structural role of Ca?' in these glasses would be challenging to investigate in
the absence of prior in-depth knowledge of the CaO-free system, given the
extreme difficulty in measuring “Ca NMR spectra in glasses without an isotopic
enrichment and/or an elevated Ca-presence in the sample.*>#4 Additionally, the
tendency of glasses containing both sodium and calcium to decrease the
resolution of 2°Si and 3'P MAS NMR spectra further complicates their
interpretation due to the creation of multiple chemical environments.?8

The glass-forming ability of compositions containing both CaO and P,Os is
anticipated to be highly limited, due to the high cation field strength of Ca’" and
the high tendency of P,Os to phase separate/crystallize when introduced into
silica-based glasses.3%40:45

Although CaO is an important component in bioactive glasses and bioceramics

for promoting intracellular and extracellular bodily responses,*® CaO-free
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bioactive glasses and bioceramics displaying bioactivity in vitro and in vivo have
also been proposed in the literature.47-34

v) The inclusion of CaO into the glass system would significantly increase the

number of experiments. It would be difficult to comprehend all the results and
their analysis in one article.

The overarching goal of the study is to develop a comprehensive model elucidating the
structure of sodium phospho-borosilicate glasses. Our future studies will focus on understanding
the impact of non-framework cation mixing, with special emphasis on elucidating the impact of
Ca?" on (i) the short-to-medium-range ordering in the glass structure, and (ii) the kinetics and
mechanisms of chemical degradation and ion release from these glasses. The objective of the
current and forthcoming articles on this topic is to lay the foundation for a rational design of
borosilicate-based bioactive glasses based on the Quantitative Structure-Property Relationships

(QSPR) approach.

3. Experimental

3.1 Glass composition design

In order to design glasses over a broad compositional space with a variety of structural
features, the baseline glasses were selected with respect to their Na,O/B,05 (= R) ratio. This ratio
has been shown to have a significant impact on the short-to—medium-range ordering in the
structure of borosilicate glasses as has been shown by Martens and Muller-Warmuth,>> and Du
and Stebbins.3> Accordingly, three baseline glasses with compositions (mol.%) (i) 25 Na,0O-30
B,05—45 SiO, (R = 0.83), (ii) 25 Na,0-25 B,05-50 SiO, (R = 1), and (iii) 25 Na,0-20 B,03-55

Si0, (R = 1.25) were selected in the perboric (PB, R < 1), metaboric (MB, R = 1), and

ACS Paragon Pl%s Environment
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peralkaline (PA, R > 1) homogeneous glass-forming regions of the sodium borosilicate ternary
diagram.

Further, to unambiguously understand the impact of P,Os on the structure of sodium
borosilicate glasses, the former was introduced in the baseline glass systems using three different
approaches, with the value of R being constant. The substitution schemes (1-3) for metaboric

(MB) glasses serve as representative examples for all the glasses investigated in the present

study.
Series MB1: (25-x/2) Na,O—x P,0s5—(25-x/2) B,03;-50 SiO, (Scheme 1)
Series MB2: x P,Os—(100-x) (25 Na,0-25 B,0;-50 SiO,) (Scheme 2)
Series MB3: 25 Na,O—x P,05—25 B,03;—(50-x) SiO, (Scheme 3)

Accordingly, each borosilicate glass system, i.e., perboric (PB), metaboric (MB), and
peralkaline (PA) has been further divided into three series of glasses based on the scheme of
P,Os substitution and have been labeled in the accordance with the above. The batched P,0Os
contents (x) in the investigated glasses vary between 0 — 9 mol.%. However, only the batched
compositions resulting in visibly transparent glasses were structurally investigated.

3.2 Glass synthesis

High purity powders of SiO, (Alfa Aesar; 99.5%), H;BO; (Alfa Aesar; >98%), Na,Si0;
(Alfa Aesar; >99%), and Na,HPO, (Fisher Chemical; >99%) were used as precursors. Batches
corresponding to 70 g of oxides were melted in Pt-Rh crucibles for 1 h in air at temperatures
between 1400 and 1500 °C and quenched on a metallic plate. The amorphous nature of glasses
was confirmed by X-ray diffraction (XRD) (PANalytical — X’Pert Pro; Cu K, radiation; 20
range: 10-90°; step size: 0.01313° s7!). The glasses were then annealed for 1 hour near their glass
transition temperatures (7,*-50 °C; where 7,* is predicted from the SciGlass database®) and

slowly cooled to room temperature (see Ref.!® for details). Residual stresses of less than 10 MPa
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were measured using a polariscope. The experimental compositions of the selected glasses
(especially those with high Na,O, B,0;, and P,Os concentration) were analyzed using
inductively coupled plasma — optical emission spectroscopy (ICP — OES; PerkinElmer Optima
7300V) for B,0Os, P,Os, and SiO,, and flame emission spectroscopy for Na,O (PerkinElmer
Flame Emission Analyst 200). Table 1 presents the compositions of all the glasses investigated
in the present study. The density of glasses was measured using Archimedes’ method for at least

3 specimens per glass composition weighed in both air and d-limonene.

3.3 Structural analysis by NMR spectroscopy

NMR spectra were measured on an (i) Agilent 240-MR DD2 spectrometer (5.7 T) using
3.2, 40, and 7.5 mm MAS NMR probes, (ii) Bruker Avance Neo 500 and 600 MHz
spectrometers (11.7 and 14.1 T, respectively) using 2.5 and 4.0 mm MAS NMR probes, (iii) an
Agilent DD2 system at 16.4 T equipped with a 3.2-mm MAS NMR probe, and (iv) an Agilent
VNMRs system at 11.7 T equipped with a 5-mm MAS NMR probe. Table S1 specifies the
conditions used for the various single resonance measurements.

One-dimensional refocused INADEQUATE experiments were employed on selected
samples to probe the connectivity between phosphate units.>’ This technique uses double-
quantum filtering, based on homonuclear indirect spin-spin (“J-coupling”), for selective
detection of P-O-P linked species.’® The experiments were performed using a Bruker Avance
Neo 600 MHz spectrometer at 14.1 T (243.0 MHz), and a Bruker DSX 500 console interfaced
with a 4.7 T magnet, with a 2.5 (4.0) mm probe using a spinning frequency of 15.0 (12.0) kHz,
n/2 pulse lengths near 1.6 (4.0) ps, recycle delays of 5-10 s, and signal averaging over at least
4000 (24000) acquisitions. The double quantum coherence buildup time was set to 16 ms,

corresponding to a 2J(3!P-3!P) coupling constant of 30 Hz.
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All the single resonance MAS NMR spectra were analyzed using the DMFit software,
utilizing the CzSimple model for 2Na MAS NMR spectra, Gauss/Lorentz functions for 3!'P and
29Si MAS NMR spectra, and the “Q MAS '4” model and Gauss/Lorentz functions, respectively,
for the "B resonances of 3- and 4-coordinated boron species. N; values were determined from
the fractional areas of the peaks attributed to the four-coordinated boron species, with a small
correction for the overlapping satellite transition of the B(IV) species.®?

Dipolar interactions between "B, 3'P, and *’Na nuclei were probed using ''B{3'P},
ZNa{3'P}, and >'P{*Na} rotational echo double resonance (REDOR) experiments, in addition to
SIP{IIB} rotational echo adiabatic passage double resonance (REAPDOR) spectroscopy, on
selected samples. All REDOR experiments involving 2’Na-3'P nuclear interactions were
conducted on a Bruker DSX 400 spectrometer using a 4.0 mm probe at 9.4 T. 'B-3'P double
resonance measurements were conducted on a Bruker Avance Neo 600 MHz spectrometer using
a 2.5 mm probe at 14.1 T. Table S1 specifies the conditions used for REDOR and REAPDOR
experiments. The normalized REDOR and REAPDOR signal intensities A4S = (Sy-S)/Sy (where S
and S, are the signals (i) with and (ii) without recoupling & pulses, respectively) was plotted as a
function of dipolar mixing time (NT}), where N is the number of rotor cycles and 7; is the rotor
period. REDOR experiments were performed using a rotor-synchronized spin echo sequence
using 7 pulses as shown in Table S1. The compensation pulse scheme was used®' and & pulses on
the 3'P channel were phase cycled according to the XY-4 scheme.b? Following previously
established procedures,’!¢* dipolar second moments (Mys.)) (Where S represents the observed
nucleus and I represents the non-observed nucleus) were determined by fitting the initial part of

the REDOR curves (45/S, < 0.20) using the parabolic approximation shown in Equation (1):%!

AS 4 )
S = 372 Mz[s—f)(NTr) ey
0
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The final Mys.) values are obtained by calibration with experimental data on the crystalline
model compounds BPO, and Na;P;0y, for which the theoretical second moments can be
calculated from crystallographic information.®*% The REAPDOR pulse sequence is typically
used in the S{I} case where the [-nuclei are quadrupolar, such as "B, producing more efficient
dephasing by applying an adiabatic passage pulse lasting one-third of a rotor period in the middle
of the dipolar recoupling period.®® As the signal-to-noise ratio of these experiments is limited by
the long-spin-lattice relaxation times of the 3'P-observe nuclei, data were measured for 2 or 3
dipolar mixing times only, using rotor-synchronized & pulses in the 3'P channel and an adiabatic
passage pulse on the "B channel. Additionally, a saturation comb of sixty 90° pulses ensured a
stationary initial magnetization at the beginning of each experiment. Simulated REAPDOR
curves for each sample were generated using the SIMPSON program package,%’ taking into
account the experimentally determined spin-spin interaction parameters and the experimental

conditions.

3.4 Molecular dynamics simulations

Classical molecular dynamics simulations have been employed to obtain further insight
into the structure of the glass series PB2, MB2, PA2, and on the glass PB3-P7, using the batched
compositions as reported in Table 1. Models containing about 3500 atoms have been generated
(three replicas for each composition) by using the melt-quench approach.®® The exact number of
atoms and box dimensions are reported in Table S2 for these compositions, as well as for the
compositions (mol.%): (i) 55 Na,0-45 P,0s and (ii) 40 Na,0-18 B,03;—42 P,0s, which have
been similarly modeled for the NMR calculations (described below). The shell model force-
fields have been used to describe the interatomic interactions between ionic pairs. In this model,

which has been demonstrated to reproduce better the medium-range structure of oxide glasses
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(especially in terms of 7" distributions and inter-tetrahedral bond angle distributions),®*’! the
more polarizable ions (oxygen in this case) are represented by a massive core connected to a
massless shell by a harmonic spring. A charge is assigned to both the core and shell. The
functional form presented in Equation (2), which has been already used in previous studies,’” has

also been utilized in the present study.

4.4, 7[;7,] Ci‘ 1 2 1 o 2 I’ ry
U(rlu’rc*s’gf'k ): k 2j + Al"e ’ __6j+_ks (rcorefshell) +_kb (Hi'k _Hi'k ) eXp -+ (2)
y y . y rij 2 2 y Yy p p

where the first term describes Coulombic interactions between all ions (the core and shell
belonging to the same ion are filtered out); the second term is a Buckingham function applied
between the cation cores and oxygen shells; the third term represents the harmonic spring
connecting the core and shell of the same oxygen ions whereas the last term is a three-body
interaction used to constrain the O-Si-O and O-P-O angles to 109°.

All the parameters used are included in Table S3 of the supplementary information. It is
important to highlight that all the parameters have been already used in previous investigations
with the exception of the B-O parameter sets.?%%%-73 The latter have been refined starting from
those developed by Edén et al.*! to be consistent with the other parameters and to better
reproduce the N, fraction in borosilicate glasses with [B,05]/[SiO;] < 0.33. The leap-frog
algorithm encoded in the DL POLY?2.14 package’ has been used to integrate the equations of
motion with a time step of 0.2 fs. The initial configurations were generated by randomly placing
the number of atoms in a cubic box, whose dimensions were constrained by the experimental
densities. The systems were heated and held at 3200 K for 100 ps in the NV'T ensemble ensuring
a suitable melting of the samples. The liquids were then cooled to 300 K at a nominal cooling

rate of 5 K/ps. The resulting glass structures were subjected to a final equilibration run of 200 ps.
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Velocity scaling was applied at every step during the quenching of the melt to control the kinetic
energy (temperature) of the shells. Coulomb interactions were calculated by the Ewald
summation method with a cut-off of 8 A, whereas short-range cut-off values of 7.5 A were used

for the (vdW) short-range interactions.

3.5 NMR parameter calculations

To further guide the interpretation of the NMR experiments, we have also computed the
NMR parameters of 70, 3!P, 2°Si, ''B, and **Na nuclei for the PB2-P5, 55 Na,0-45 P,0s, and
40 Na,0-18 B,05-42 P,05 glass compositions. Three models of this glass containing 374 atoms
each have been generated as was described above. Magnetic shielding and EFG tensors of the
various NFUs present were computed with the NMR-CASTEP?® density functional theory (DFT)
code using the GIPAW’® and PAW7 algorithms, respectively. The generalized gradient
approximation (GGA) PBE® functional was employed, and the core-valence interactions were
described by ultrasoft pseudopotentials generated on the fly. For 170, the 2s and 2p orbitals were
considered as valence states with a core radius of 1.3 Bohr; for 2°Si and 3!P, a core radius of 1.8
Bohr was used with 3s and 3p valence orbitals; for 2*Na, a core radius of 1.3 Bohr was used with
2s, 2p, and 3s valence orbitals; while for !'B, a core radius of 1.405 Bohr was used with 2s and
2p valence states. For the PAW and GIPAW calculations we used two projectors in each s and p
angular momentum channel for O and B, and in each s, p and d channel for Si and Na. Before
computing the NMR parameters, constant volume geometry optimizations of the classically
generated models were performed at the I' point. Wave functions were expanded in plane waves
with the kinetic energy cutoff of 610 eV; this has been demonstrated to be long enough to reach

converged values for energy and NMR chemical shift.
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In this work, to fix the 2°Si, !B, 3'P and #Na ¢ scale, the values of 322.17%, 95.0580,
278.87° and 554.05 ppm®! have been used for oy.r (in the formula d¢s™® = — (Ggample — Orer),”° Where
o is the magnetic shielding constant). The experimentally determined quadrupolar moments, eQ,
0f 40.59 x 10?7 m? and 104 x 10?7 m? were used to calculate quadrupolar coupling constants C
for the !'B and 2*Na nuclei.®? However, since previous works demonstrated that the Cq values are
overestimated using these values, we post-scaled the !'B and 2*Na Cj, values by the factors 0.842

and 0.46, respectively, as suggested in previous studies.’%8! NMR output parameters from

CASTEP were analyzed using the SOSNMR software.%?
4. Results and Discussion

4.1 Glass formation and bulk properties

Among the samples within a range of x = 0 to 9 mol.% for each series, those ultimately
selected for study passed the criteria of being transparent in appearance after annealing and
showing an amorphous character in XRD (Figure S1). Perboric (Na/B<1) glasses can incorporate
P,0s in amounts up to x = 5-7 mol.% while in metaboric and peralkaline glasses the limits are x
= 4-5 mol.% and x = 3 mol.%, respectively. Peralkaline glasses synthesized with more than 3
mol.% P,0s5 exhibit evidence of crystalline NasP,O; phase formation in XRD—see Figure S1—
in addition to being visibly phase-separated/crystallized. ICP-OES (see Table 1) analyses
conducted on representative samples show a close agreement of their B,O3; and P,Os contents
with their batched compositions (within £0.6 mol.%). The analyzed concentrations of Na,O and
Si0, in the baseline glasses are also close to their batched values (within £0.5 mol.%). However,
larger variations in the values of Na,O and SiO, can be seen in P,Os — containing glass samples
(x = 3-5 mol.%), with differences ranging between +0.7 and 2.7 mol.%. The experimental

densities and molar volumes of the synthesized glasses are also presented in Table 1. For the
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baseline glasses, density values agree with previous trends,?* while upon successive introduction
of P,0Os, the molar volume tends to increase, reflecting the larger size of the phosphate
component.
4.2 "B MAS NMR and ""Bf'P} REDOR

Figure 1(a-c) presents the "B MAS NMR spectra of glasses in the series PB3, MB3, and
PA2 as representatives for all the glasses investigated in the present study. The ''B MAS NMR
spectra of all the other glasses have been presented in Figure S2. All the spectra show a
structured lineshape near 14 ppm, reflecting strong quadrupolar perturbations on the ''B signals
of three-coordinated boron, and sharper features near 0 ppm, arising from four-coordinated
boron, B(IV), for which quadrupolar interactions are significantly weaker. To obtain satisfactory
fits one must assume at least two B(III) and two B(IV) components each (e.g., see Figure 1d and
Table S4). While this deconvolution should be considered artificial, it serves well for extracting
reliable N, values from these spectra. Regarding assignments, we expect B3(IIl) with three
bridging oxygen species within ring and non-ring units, but also anionic B*(III) units featuring
two bridging and one non-bridging oxygen atoms. For the P,Os-free baseline glasses, PBO, MBO,
and PAO, the fraction of B(IV) units, N,, agrees very well with the previous results on
borosilicate glasses, and predictions based on R and the SiO,/B,0; (= K) ratio.* In PB and MB
glasses, increasing phosphate content results in a moderate decrease in the fraction of four-
coordinated boron, N, which can be attributed to the need for extra charge compensation
required for the anionic phosphate species formed. In the case of the PA glasses where
significant amounts of B2(III) units are expected, the observed invariance of N, may be due to
the depletion of both anionic four-coordinated B(IV) and anionic three-coordinated B2(III) units.

The chemical shifts of the B4(IV) units, near 0 ppm and -2.5 ppm, are close to those previously
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reported for B4;g; 15 and B#ys; units, respectively.’*# While the chemical shift near -2.5 ppm may
have come from an increased number of Si neighbors around borate units for glasses with x = 0,
we can alternatively explain it to signify the formation of some B-O-P linkages, which enhances
the upfield shoulder somewhat in spectra of glasses containing higher amounts of P,Os. This
question has been explored further using chemical shift calculations, MD simulations, and
REDOR experiments, as discussed below. Computed isotropic chemical shifts dgg'*° of all B3(III)
and B*IV) species range between 14 and 18 ppm and -2.3 and 1.1 ppm, respectively, in
excellent agreement with the experimental values. Table 2 reveals that the dcs™® values of both
B3(III) and B*(IV) species are expected to decrease when B(IV) units in the second coordination
spheres are replaced by B(III), Si, and/or P. It is also worth noting that in our models, the most
negative isotropic chemical shifts of B*IV) are found for species surrounded by either one
B(IV), one B(III), and two P atoms (-1.5 ppm), or by four Si NFUs (-2.3 ppm). Thus, based on
these calculations, the chemical shift near -2.5 ppm can be ascribed to the formation of either
multiple B(IV)-O-Si or of multiple B(IV)-O-P linkages or a combination of both.

In order to quantify the extent of B-O-P linkages, 'B{3'P} REDOR experiments, which
probe ''B-3'P magnetic dipole-dipole interactions, have been performed on selected samples.
Figures 2a and b compare the Fourier transformed ''B MAS NMR spectra in the absence (S)
and presence (S) of dipolar recoupling and the corresponding difference spectra (S, — S) for the
samples PB3-P7 and MB3-P5, respectively. Such REDOR experiments are instrumental for peak
identification and assignment based upon spatial proximity (in the present case between ''B and
3P nuclei), detected by re-introducing (re-coupling) magnetic dipole-dipole interactions into
MAS-NMR experiments via coherent pulse trains. This is done by comparing the signal

diminution S, —S relative to that (Sj) obtained on the sample without re-coupling. In the present

ACS Paragon P]lgs Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

glasses, heteronuclei occurring within the second coordination sphere from the observed nuclei
make the dominant contribution to this diminution. In these experiments, dipolar mixing times of
4.0 ms (60 rotor cycles) have been used. In both samples, the four-coordinated boron species
show strong dephasing, while dephasing is significantly weaker for the B(III) units. Based on
this finding, we can conclude that only the B(IV) units are involved in B-O-P linkages, whereas
B(III) units do not link to phosphate to any significant extent — the slight de-phasing observed
here can be easily explained by weaker dipolar interactions with more remote 3'P nuclei. Also,
Figures 2a and 2b indicate that a significant ''B{3'P} REDOR effect is observed for both the
B(IV) signal deconvolution components near 0 and -2.5 ppm, signifying B-O-P linking for both
of them. For further quantification, we turn to the REDOR curves (plots of 45/S, versus dipolar
mixing times NT,, see Figure 2c-d). The initial data regime (45/S, < 0.2) has been fitted to
Equation (1) in order to extract dipolar second moments (Mg.p)) for each sample (see Table 3).
Here, the very low M,s.p) value (0.1x10° rad?/s?) obtained for the B(III) units can be taken as an
estimate of a contribution arising from more remote nuclei, which also needs to be accounted for
when analyzing the M, values measured for the B(IV) units. Accordingly, the corrected M, for
B(V) units, M>g.py (B(IV), net), 1s calculated according to the equation M,g.p) (B(IV), net) =
Myi.py (B(IV)) — Myi.py (B(III)), and is evaluated in terms of the number of B(IV)-O-P linkages.
Thus, by directly comparing the M,_p) values with that measured for crystalline BPO, (four B-
O-P linkages at an internuclear distance of 270 pm),?® we can deduce from the information given
in Table 3 and Table S4 that the average number of B-O-P linkages per B(IV) species in PB3-P7
is <mp(B(IV))> = 0.37. Considering the N4 value, we conclude that, overall, the 60 boron atoms

of this glass formulation are involved in 12.5 B-O-P linkages. For the MB3-P5 glass, the average
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number of B-O-P linkages per B(IV) unit is <mp(B(IV))> = 0.21; in this case, the 50 boron atoms

of the glass formulation make a total of 6.7 B-O-P linkages.

4.3 3P MAS NMR, refocused INADEQUATE, 3'P{*Na} REDOR, and3'P{''B} REAPDOR
Figure 3 shows the 3'P MAS NMR spectra of glasses from series PB2, PB3, MB2, and
MB3, while Figure S3 presents the 3'P MAS NMR spectra of glasses in the series PB1, MBI,
and PA1-PA3. All the 3'P lineshape parameters and the assignment to the various P”,x species
are summarized in Table S5. The spectra from all the series show three main features: a low
intensity peak at ~16 ppm (P units), a strong peak centered between 1 and 4 ppm (P! units), and
a broader feature between -5 and -10 ppm (P? units). The chemical shift range associated with
the latter suggests a mix of P2 and P25 p units,>® however, connectivity to Si must also be
considered. As the concentration of P,Os increases in the PB and MB series, a decrease in the P?
signal intensity can be observed, while the intensities of the P? species increase monotonically.
Peralkaline glasses show a slight increase in the intensity of that peak as the
concentration of P,Os increases from 1 to 3 mol.%, while the changes in the P? signal intensity
depend upon the substitution scheme used (see Figure S3). The spectra of glasses belonging to
the series PA1 show a narrowing of the P° and P! resonance lines while going from PA1-P1 to
PAI1-P3 in addition to a low-frequency displacement and increased intensity of the P° peak.
These changes may indicate the development of more highly ordered phosphate environments.
XRD patterns of the x = 5 glasses show the formation of crystalline sodium pyrophosphate
(Na4P,05), a small amount of which appears to also be present in PA1-P3 glass (see Figure S1
for XRD patterns of PA1-P3 and PA1-P5 samples). Series PA2 and PA3, on the other hand,
show similar or slightly decreased P° peak intensities from x = 1 to 3, alongside small low-

frequency shifts in peak position.
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Additionally, in glasses of all regimes and series, the P! resonance center shifts towards
lower frequencies with increasing P content (as displayed in Figure 3). To aid in the assignments
of these signals to the various P”,x units, we have also computed the NMR parameters of the
phosphate species found in three replicas of models containing about 400 atoms of the PB2-P5
glass (whose data is reported in Table 2). Additional chemical shift calculations have been
performed on phosphate and borophosphate compositions (mol.%): 55 Na,O — 45 P,0s and 40
Na,O — 18 B,05 — 42 P,0s. Our results show that P!ygv), P!isi and P!;p species resonate at about
8.2, 4.3, and 3.8 ppm with standard deviations between 2 and 5 ppm, indicating that these units
may not be clearly distinguishable in the broadened MAS NMR spectra. The predicted chemical
shifts for the four possible P? species, namely P%p1v), P?15av),1si, P?2si, and P21y 1p, are -3.5, -
11.5, -10.8, and -14.8 ppm, respectively, while no value for P?g;;p can be found as it has not
been generated in the MD simulation of the phospho-borosilicate glass. To further understand the
compositional evolution of these spectra, various advanced NMR experiments have been
performed to re-couple homo- and heteronuclear spin-spin interactions, thereby providing direct
evidence of P-O-P and P-O-B connectivities.

1-D refocused INADEQUATE pulse sequences have been applied to probe the indirect
3IP31P spin-spin interactions in the samples PB3-P7 and MB3-P5. As this method relies on the
existence of through-bond spin-spin interactions to generate double quantum coherences, it can
serve as a filter for selectively detecting only those 3'P nuclei that are involved in P-O-P
linkages. Figures 4a and 4b show direct comparisons between the 3'P MAS NMR and the
INADEQUATE spectra for two selected glass compositions. The double-quantum filtered
spectrum of MB3-P5 shows a single component near 2.5 ppm. The same peak is also identified

in the INADEQUATE spectrum of the sample PB3-P7. However, an additional component is
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observed near -10 ppm, whereas the difference spectrum shows components near 4.6 and -4.6
ppm. Using the lineshape parameters of these partial spectra as additional constraints, the overall
3IP MAS NMR spectrum can be fitted to a total of five Gaussian contributions I-V, whose
parameters are summarized in Table S5 (see Figure 4). This particular deconvolution model has
been used to fit the 3'P MAS NMR spectra of all the glasses by maintaining similar Gaussian line
widths and positions, allowing the FWHM and J¢s*° to vary within the constraints 0.1 ppm and
+0.5 ppm, respectively. The lone exception to the fitting methodology concerned the PA1-P3
glass composition which, as mentioned previously, exhibited some degree of crystallinity
marked by a significant reduction in the FWHM of component II, whose chemical shift agrees
with that of pyrophosphate (P'ip) units. We further note that component II in all samples is
narrower than the overall signal near 1-4 ppm observed in the single-pulse spectra, requiring the
additional components I and III for a satisfactory deconvolution. Based on the 3'P{!!B}
REAPDOR results detailed below, component I is tentatively assigned to P!;g units. For
component III the possibilities include P';g; and P%p.

Further insight into this question comes from 3'P{!'B} REAPDOR experiments. Figure
5a and b show the Fourier transforms of rotor-synchronized 3'P spin echoes without (S;) and
with (S) ''B dipolar recoupling for the samples PB3-P7 and MB3-P5 after 16 and 22 rotor cycles.
Also displayed are the difference spectra (S; — §), which indicate that the phosphate species
contributing to both major resonances near 1-4 ppm and -5 to -10 ppm show significant 'B-3'P
dipole-dipole coupling. We conclude that these phosphate species have, at least in part, !'B next
nearest neighbors. Two and three points on the REAPDOR curve have been measured for MB3-
P5 and PB3-P7, respectively, and are compared with data generated from SIMPSON simulations

taking into account the natural abundance of the !'B isotope (80.4%) (see Figure 5c-d). In these
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simulations, the P-B distance across a P-O-B linkage has been assumed to be 270 pm, consistent
with the shortest distance in BPO,.%* Simulations are based on a "B quadrupolar coupling
constant of 0.52 MHz and 0.64 MHz for glasses MB3-P5 and PB3-P7, respectively. These
values have been taken from the overall spectral range of the spinning sideband pattern
associated with the |m| = 72 <-> |m| = 3/2 satellite transitions (see Figure S4). For spin-3/2 nuclei,
this overall spectral range 1s identical to the quadrupolar coupling constant, C,. We can see from
the simulations that the signal near -5 to -10 ppm shows a stronger REAPDOR effect compared
to that simulated for a single P-O-B linkage (about 1.1 and 1.2 per P unit in PB3-P7 and MB3-
P5), whereas the signal in the 1 to 4 ppm range shows a weaker interaction (about 0.65 and 0.8
P-O-B linkages per P unit). While the P° peak also shows evidence of some weak dephasing in
the MB3-P5 sample, this effect must be attributed to contributions from more remote ''B nuclei
in the glass.

In light of the above-discussed results, the most likely candidates for structural species
detected in our experiments, based upon the studied compositional regime and the experimental
3P chemical shifts, are P!y, (component I), P!;p (component II), and P?,5 (component III).
Additionally, P';g; species may contribute to component II or III, which in the latter case would
have the effect of weakening the overall REAPDOR response. Plausible assignments for
component IV and V are the species P?;p;p and Py p as these signals appear both in the
refocused INADEQUATE experiments and in the REAPDOR difference spectra.’® In addition,
subtle differences arising from a detailed comparison of the refocused INADEQUATE spectra
and the REAPDOR difference spectra suggest that the P!;g; and P?5; units may be present as
well, the former contributing intensity mostly to signals III and IV and latter contributing

intensity mostly to signal V in the sample PB3-P7. Concerning the sample MB3-P5, we further
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believe that the resonances associated with P25 ;p and P3,p 1p units may have eluded the double-
quantum filtered detection in Figure 4b due to their low concentrations. Minor components
labeled P° and VI are attributed to isolated monophosphate (P°) or P?,p chain phosphate species
which do not contain any linkages to boron. Table S5 presents the proposed phosphate speciation
of all the samples as determined from the spectral deconvolutions. In the case of sample PB3-P7,
two separate sets of analyses including refocused INADEQUATE experiments have been
performed; the deviations give an impression of the possible experimental error in the speciation.

The data presented in Table S5 reveals some universal trends, regardless of R regime: As
x increases from 1 to higher values, the concentrations of P° and P! species decrease
monotonically, while those of P? and P3 increase. The concomitant increase in connectivity can
be expressed by the average number of bridging oxygen atoms per phosphate unit given by
Equation (3) and presented in Table 4.

<n>= 0xf(P%) + 1 xf(P!) + 2 xf(P?) + 3xf(P?) 3)

Further, for all the glass compositions investigated in the present study, a general rise in
P-O-B linked phosphate units has been observed with increased P,Os presence in the glass
network, with a preference towards units that have at least 2 bridging oxygen atoms (P? units).
While there is a decrease in the concentration of P!y units, those of other B linked P? units (P?,g,
P215.1si, P?1,1p) and some P3,p 1p units as well become more prominent, with the average number
of B next nearest neighbors for each P in the glass rising from 0.5 to 0.9-1.2 in PB glasses, rising
from 0.7 to 0.8-0.9 in MB glasses, and either remaining similar or rising from 0.6 to 0.7 in PA
glasses (Table 4). These values have been calculated from the P,z concentrations, according to
the assessed speciation from 3'P MAS NMR. While in glasses with x = 1 about half (40-60%) of

the phosphate units have no linkages to boron (i.e. are either P? or P!;p), higher concentrations of
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P,0s are linked more extensively with B, as they contain higher levels of P? units. This effect is
most pronounced in the perboric (PB) glass having the highest P,Os content (e.g., PB3-P7).

To validate our results, we can compare the average dipolar interaction strengths
measured in the 'B{3'P} REDOR and the 3'P{!'B} REAPDOR experiments—both techniques
should give consistent results, i.e., the total number of B-O-P linkages as determined from "B
NMR should equal the total number of P-O-B linkages derived from 3'P NMR. From the
"B{3'P} REDOR experiments, which yield the average number of B-O-P linkages per B(IV)
unit from the second moment M, s.p), the total number of B-O-P linkages is given by Equation
(4), neglecting any B(III)-O-P linkages in the network.

#(B-O-P) = N4 x 2 x mol.% B,03 x <mp(B)> 4)
As detailed above, 60 boron atoms in glass PB3-P7 make a total of 12.5 B-O-P linkages whereas
the 50 boron atoms in glass MB3-P5 make a total of 6.7 B-O-P linkages.

For comparison, the average number of B-O-P linkages per P can be deduced from the
simulation of the REAPDOR dephasing observed for the total integrated 3'P MAS NMR signal
(see Figure 5a and b). As shown in Figure 5c-d, this number is found near <ng(P)> = 1.0 for
both samples. Thus, the total number of P-O-B linkages is given by #(P-O-B) = 2x <ng(P)>. For
example, the 14 phosphorus atoms in glass PB3-P7 make a total of 14 P-O-B linkages whereas
the 10 phosphorus atoms in glass MB3-P5 make a total of 10 P-O-B linkages. Yet another
independent estimate of #(P-O-B) is available from the phosphorus speciation as listed in Table
S5. From the calculated values <ng(P)> shown in Table 4, we conclude that there are 14.3/16.8
and 8.6 P-O-B linkages in samples PB3-P7 (measured twice) and MB3-P5, respectively, in good
agreement with the REAPDOR estimate. This consistency also confirms our *'P MAS NMR

peak assignments within the entire body of NMR data collected. Table 3 displays these

4
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comparisons for the two studied samples, expressing the results in terms of the average number
of B-O-P linkages per B(IV) unit, as calculated from the phosphorus speciation according to
Equation (5).

Avg.# B—0-P linkages __ (Avg.# Bper P)+(P content,mol.%)

= )

B(IV) (N, fraction)=(B content,mol.%)

All the results have been summarized in Table 4. The data presented in Table 4 further shows
that the rate of change of <ng(P)> as a function of x increases in the order PA->MB->PB, as does
the number of P-O-B linkages formed for a fixed x-value. Thus, the more highly polymerized PB
glasses tend to mix more extensively with P than the MB or PA glasses as the P,Os content is
increased. However, due to the well-known affinity of phosphate units towards sodium, the
extent of P-O-B mixing is also highly dependent upon the Na* distribution in the network.
Alternatively, the affinity of glasses to form P-O-B(IV) linkages can also greatly affect Na*

distribution among NFUs, as the average bond valence of tetrahedral phosphate and boron units

balance (%0'?5 = 1),% indicative of high bond stability and presumptive charge-sharing

between negatively charged B(IV) units and non-bridging oxygen on phosphate species.?7-88
These competing factors will be further discussed in the next sections.
4.4 ¥Si MAS NMR

Figures 6 and S5 present the 2°Si MAS NMR spectra of samples in the series MB3, PB3,
and PA3 as well as MB1, MB2, PA1, and PA2 samples. Each series displays a broad peak
centered near -92 ppm in the phosphate-free glass which shifts significantly towards lower
frequency with increased P,Os content. A similar trend has also been observed by Muifioz et al.>®
in a compositionally related borosilicate system. The signal positions we see in our samples are
also consistent with previously studied P,0Os-free and P,Os-containing alkali borosilicate glasses

of similar R and K (= [SiO,]/[B,0s]) values.?*8%°0 Owing to the poor resolution, no unambiguous
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lineshape deconvolution is possible here. Therefore, Table 4 lists the average 2°Si chemical shifts
determined from the center of gravity. We clearly note that this quantity shifts significantly
towards lower frequency with increasing P,Os content. As the 2°Si chemical shifts in
compositionally complex mixed-network former glasses are influenced by numerous different
factors, including the number of NBOs and the number of next nearest neighbor linkages the
trend observed here can be explained in different ways. Further guidance comes from quantum
chemical calculations of chemical shifts done on PB2-P5 glass, which are summarized in Table 2
for various Si* species with different connectivities. The calculations confirm the trends found by
Fortino et al.:”! While ds*°(*°Si) increases when Si atoms are replaced by borate species in the
second coordination sphere, the effect is significantly stronger for Si-O-B(IV) linkages than for
Si-O-B(I1I) linkages. For example, the computed isotropic chemical shift for a Si%4gv, species is
-82.0 ppm while it is -107.6 ppm for a Si%4pam species’! (see Table 2). Intermediate values are
found for Si* species with mixed B(III), B(IV), and Si* ligation. The chemical shift ranges of
such species overlap with those usually associated with Si> and Si* units in silicate glasses,
making a corresponding assignment difficult. The situation is complicated further if ligation to
phosphorus is considered, as replacement of a Si-O-Si linkage by a Si-O-P linkage produces a
shift that is more negative than that of Si%;. Given this situation and the poorly resolved
lineshapes, it is not possible to deduce detailed silicon speciation from the 2°Si MAS NMR
spectra alone. Si* species connected to a mix of Si, B(III), and B(IV) are likely to be present; in
addition, there may be some contribution from Si* units. In similar sodium phospho-borosilicate
glasses, Mufioz et al.?? attributed the 2°Si chemical shift trend observed upon the addition of P,Os

to a decrease in silicate-borate network connectivity. However, it might also reflect a diminution
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of Si* units or, in principle, an increase in the number of Si-O-P linkages. From the charge
balance constraint (Equation (6)),
[Si*] + [BAV)] + [P?] + 2[P'] = [Na] (6)

we can deduce the concentration of Si3 units if we neglect the B2(III) units. These numbers, listed
in Table 4, show that the addition of phosphate in these glasses tends to diminish [Si%], i.e., the
concentration of NBOs in the silicate network. Again this effect can be attributed to the
successful competition of P,Os over SiO; in attracting network modifier and/or effective charge-
sharing between P and B units in P-O-B(IV) linkages in the absence of network modifying
species.
4.5 Na MAS NMR and #*Naf'P} & 3'P{**Na} REDOR

Figure 7a-c presents the 2Na MAS NMR spectra of series MB3, PB3, and PA3. The
differences in appearance are attributed to the different magnetic field strengths used for data
collection. The spectra for MB and PA samples have been collected at 5.7 T, while PB samples
have been measured at 16.4 T. Therefore, the extent of 2"-order quadrupolar broadening is very
different for the low and high field data. The 2*Na isotropic chemical shift (dcs'*°) and Cq, values
listed in Table 4 have been extracted from the fitted spectra using the Czjzek distribution model
implemented in DMfit. The isotropic chemical shift values in MB glasses show a monotonic
decrease from near -3 to -9 ppm with increasing x, while PB and PA glasses show much less
pronounced effects. The isotropic chemical shift is expected to be highly dependent upon the
distribution of sodium among the silicate, borate, and phosphate structural units, whose anionic
charges it compensates. Based on the findings of the present study, the main change as a function
of x in all three series is the increased participation of phosphate in the anionic inventory of the

glass. The overall 2’Na chemical shift trend towards more negative values with increasing x
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reflects the increased importance of sodium/phosphate interactions, and the simultaneous
decrease of the importance of B(IV)-Na and Si*-Na interactions.

Further, to probe Na-P interactions in the glass network, »*Na{3'P}, and 3'P{**Na}
dipole-dipole couplings have been measured in the glasses and the crystalline model compound
Na3P;0y for calibration. Again, M, values have been extracted via Equation (1) from the initial
portion of each REDOR curve (45/S, < 0.2; see Figure 8), and are presented in Table 3. As
anticipated, M,,-p) increases with increasing x. We estimate the average coordination of the
sodium ions with phosphorus in the second coordination sphere at 0.3, 1.0, and 2.1 P for samples
PB3-P1, PB3-P4, and PB3-P7, respectively. This trend in 2’Na-*'P proximity is accompanied by
decreases in the Si® and N, fractions (see Tables 4 and S4), suggesting that Na* ions, which in the
phosphate-free borosilicate glasses either charge compensate B(IV) units or create NBOs in the
silicate network, are now more closely associated with phosphate units. Consistent with this
interpretation, the M., values measured in the reverse 3'P{?*Na} REDOR experiments remain
roughly constant as a function of x, suggesting a rather constant environment of the phosphate

units with sodium ions.

4.6 MD Simulations: Glass structure predictions

MBD simulations have been performed on one series per Na/B regime (Series PB2, MB2,
and PA2; including the P,Os-free counterparts) in order to (i) compare and prove the validity of
using MD simulations to reproduce and predict glass structures and (ii) obtain additional
structural details which are not readily available from MAS NMR.

Boron environment: short-range order. Reliable B-O interatomic parameters must first
be validated by their ability to accurately reproduce the N, values as a function of composition.

In this respect, Table 5 indicates good agreement between simulated and experimental data. For
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each series investigated, the majority of the boron atoms are four-coordinated (N, > 0.53),
although the experimental N, values are always higher by 5-7% compared to the simulated data.
Nevertheless, the simulations reflect the same trends observed experimentally: N, tends to
decrease in the order PA->MB->PB, and with increasing P,Os content. Table 5 further indicates
that the large majority (>91%) of the four-coordinated boron species B(IV) are bound to four
bridging oxygen atoms, i.e., they are B4IV) species. The fraction of B(IV) species linked to
NBOs, denoted B3(IV) species, is negligible. It should be noted here that this kind of information
is not available from solid-state NMR, as the NMR-parameters of four-coordinated boron atoms
bound to NBOs are unknown and the spectra of both species are most likely overlapping.

The same kind of analysis has also been conducted on the three-coordinated boron
(B(IID)) species. Table 5 reveals that the majority of them are B3(III) species (trigonal B unit with
3 BO), but the simulations also suggest that there are non-negligible amounts of B2(III) units
bearing one non-bridging oxygen. In this context, it is important to note that small concentrations
of B2(III) units are difficult to detect and quantify by high-field "B MAS NMR, and the low-
field data by Yun and Bray based on their detailed analysis of "B and ''B wideline NMR
spectra®® remain the best estimates known to date. In line with these wideline NMR results, the
MD simulations indicate that the fraction of B2(III) units decreases with decreasing R values, i.e.
in the order PA->MB->PB. Furthermore, in agreement with these general trends, Table 5 reveals
that the successive incorporation of P,Os into these glasses has the effect of depleting the B(III)
units drastically. Such information is currently not available experimentally from the ''B NMR
data presented here, even when analyzing boron speciation with ''B 3QMAS NMR spectroscopy

(data not shown).
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Boron environment: connectivity. Table 5 lists the average number of each NFU around
each B41V) and B3(III) unit, as extracted from the MD generated models. In general, B4I1V)
species are connected to 1.9-2.3 Si atoms and nearly equal amounts (between 0.7 and 1.1) of
B(II) and B(IV) species in the PB2 and MB2 series. In both series, the number of P atoms
connected to B4(IV) species increases (up to 0.3 per B4IV) species) with the addition of P,Os.
While the experimental data from NMR do not permit such an incisive numerical analysis, we
can compare the simulated average number of B(IV)-O-P linkages per boron with the results
from ""B{3'P} REDOR. For the glass PB3-P7, we note an excellent quantitative agreement.
Also, the MD simulations agree with the experimental REDOR result that there are very few if
any B(III)-O-P linkages. Interestingly, we also see that P prefers to replace B(IV) and Si as
opposed to B(III) species in the second coordination sphere of B4(IV). In the PA2 series, the
second coordination sphere of B4(IV) has more Si atoms (2.5-2.7) and fewer B(IV) and B(III)
units (0.6-0.8) compared to the PB2 and MB2 series. In this case, P seems to preferentially
replace Si instead of B(IV). Again, such detailed information is not currently available from
solid-state NMR.

Overall, the MD simulations confirm the NMR result that phosphorus promotes a re-
structuring of the borate component. B¥IV) species are mainly surrounded by silicon atoms and
phosphate units, whereas B3(III) species are mainly connected to B(IV) species (between 1.4 and
1.7), silicon (1.0-1.4), and to a very small extent, other B(III) species (0.1-0.4). Unlike B(IV)
species, B(III) species tend to avoid linking to phosphorus. While the MD simulations suggest
that the fraction of B(III)-O-Si linkages tends to increase with x, no such information can be
drawn from the NMR data, as they do not reveal any discernable spectroscopic trends for the

B(III) units.
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The effect of the network former mixing in the second coordination sphere of the boron
atoms was thoroughly investigated in a previous theoretical study on 25 Na,O—x B,0;—(75-x)
Si0; (x =0 — 75 mol.%) glasses.”! That work showed that (i) the positions and areas of the B(III)
and B(IV) peaks in the "B MAS NMR spectra of the simulated glasses are in good agreement
with their experimental counterparts, which validates the accuracy of the structural models and
NMR calculations, (ii) the ''B isotropic chemical shift decreases with the B-O-T angle and with
the amount of silicon in the second coordination sphere of boron, and (iii) the substitution of
B(II)/B(IV)-O- B(III) bonds by B(III)/B(IV)-O-B(IV) bonds leads to an increase in the isotropic
chemical shift. Unfortunately, the ''B(II[) NMR parameter analyses are not sufficiently
distinctive to monitor the changes in the second coordination sphere of these units as P,Os is
added to these glasses. This may be possible, however, by 'B{?°Si} REDOR experiments to be
conducted on °Si enriched glasses in the future.

Silicon environment and connectivity. Table 6 reports the Si” distribution in the
investigated glasses. In each series, Si is predominantly present as Si* species (>84, 78 and 73%
for the PB2, MB2, and PA2 series, respectively) and Si? species (16, 21, and 26% for the PB2,
MB?2 and PA2 series, respectively), with small amounts of Si? species. While the Si* fractions
extracted from the MD-generated models are roughly 3-15% higher than those deduced from
NMR (Table 4), the trends are the same. With increasing x, the silicate network becomes more
polymerized, reflecting the concomitant transfer of the Na* ions towards the anionic phosphate
component. Table 6 shows that Si* is mainly connected to other silica tetrahedrons (1.7-1.8 for
Series PB2, 2.0-2.1 for Series MB2, and 2.3-2.4 for Series PA2) and B(IV) units (1.5-1.7 for
PB2, 1.4-1.6 for MB2, and 1.2-1.5 for PA2). Si3 units, on the other hand, have one NBO which

effectively replaces one silicon neighbor in the second coordination sphere. Low amounts of
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B(III) species are also connected to Si* and Si* (0.3-0.7). Additionally, there are small fractions
of P (up to 0.2 for glasses with larger amounts of P,Os) that are second neighbors to Si* (minimal
amounts of P are observed around Si® units). As was also observed for B(IV) species, upon
addition of P,0Os to the glass, the environment of Si is depleted in B(IV) and Si species and
enriched in B(III) species as the B(III) units tend to link with B(IV) and Si atoms.

Phosphorus environment: short-range order. Table 7 indicates that the phosphorus
speciation in the present glasses is dominated by anionic P! and P? units reflecting the well-
known fact that P preferentially attracts the anionic charges in mixed network former systems.
Quantitative data on this effect are shown in Figure 9. Plotted are the fractions of NBOs bound to
each NFU in the three glass series studied here, not counting the uncharged formally doubly
bonded NBO already present for any phosphate unit. The data confirm the results of a previous
study of sodium calcium phospho-borosilicate glasses®®?! indicating that the attraction of anionic
NBO decreases in the order P >> B(III) > Si > B(IV). The average number of bridging oxygen
atoms per phosphate unit, <n> as deduced from MD is found to be somewhat higher than the
corresponding experimental values determined from NMR. Nevertheless, both data sets show
that <n> consistently increases with increasing x in the MB2 and PB2 glass series. In contrast,
NMR and MD speciation seem to follow opposite trends in the compositionally more limited
series PA2.

Phosphorus environment: connectivity. Table 8 summarizes the NFU connectivities of
the phosphate species, indicating a dominance of Si and B(IV) units. At variance with the MAS
NMR data, the MD results indicate very low levels of P-O-P linkages. One possible reason for
this discrepancy can be seen in the low overall concentration of the P atoms in our glasses. As a

consequence, their speciation and connectivities have little influence on the energy minimum
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sought in the simulation. Considering this situation, the correct prediction of the trend of <n> as
a function of x and the consistent information on P-O-B linkages can already be considered a
remarkable success.

Sodium distribution. The MD simulations reveal that sodium is surrounded by an average
of 6.4 and 6.5 oxygen atoms at distances near 2.40 A in MBO and PBO glasses, respectively.
Upon addition of P,Os to each glass series, both the average Na coordination numbers and Na-O
distances tend to decrease to 6.2/6.3 and 2.37 A, respectively. The coordination numbers and
distances remain almost constant at 6.2 and 2.38 A, respectively for Series PA2. Regarding the
partitioning between NBO and BO in the studied glasses, the fraction of NBO around Na
increases with increasing P,Os content in the glass, indicating that sodium gradually shifts from
its role as a charge compensator connected to boron-bonded BO species to a charge compensator
of anionic non-bridging oxygen atoms attached to phosphate species. To investigate the sodium
distribution around each NFU in the glass, we have plotted the T-Na (T = Si, B(IIl), B(IV), P)
pair distribution functions in Figure S6 and compared the T-Na coordination numbers extracted
from the simulations to that computed according to homogeneously distributed sodium in the
glass (see Figure S7). Figure S6 indicates that the most probable Si-Na distances range between
3.3-3.4 A and no particular trend is observed with P,Os content apart from a slight decrease in
their occurrence (evidenced by a decreased peak intensity). The B(III)-Na peak is centered at 3.0
A and splits into two peaks (3.0 and 3.1 A) upon P,Os addition. While B(III)-Na interaction is
not traditionally expected as these units are charge-neutral, their spatial proximity can be
attributed to either B*(III) units containing 1 NBO or B3(III) units linked to B(IV) units which
are Na* charge-compensated. The B(IV)-Na PDF peak, on the other hand, is narrower than the

B(II1)-Na peak and occurs at slightly shorter distances (2.9 A), whereas the P-Na PDFs show a
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double peak centered at 3.1 and 3.4 A. From the viewpoint of the Na* ions, their interactions
with the NFUs in the second-nearest neighbor sphere are of particular interest. For defining this
sphere, a cutoff distance of 3.6 Angstroms was found to yield stable results. Table 9 summarizes
the development of the Na-NFU correlations extracted from the MD generated model. They
show a clear dependence on P,Os content, marked by monotonic decreases in Si, B(III), and
B(IV) neighbors and increases in the number of P neighbors. Therefore, the sodium ions strongly
prefer phosphate species over any other NFUs in the second coordination sphere of Na. This
finding stands in excellent agreement with the conclusions from the 2*Na{3!'P} REDOR studies.
We can put this agreement into more quantitative terms, considering that the dipolar second
moments Mys1), determined experimentally by REDOR via Equation (1) and listed in Table 3

follow from the internuclear distance distribution according to the van Vleck equation (Equation

(7)),

(7)

4

4 2 1
Myis—1 = E(N_;) YevERII+ DY »

Ts.
where y and x% are the gyromagnetic ratios of the nuclear species involved, and rg; are the

internuclear distances between the observed nuclei (S) and the nuclei (I) of spin quantum number

I to which they are coupled, and all the other symbols have their usual meanings. As all of the

1

-6
Ys—1

constants in Equation (7) are well-known, we can calculate experimental values of ), (NMR)

from the numerical second moments Mp.nay and Mya.p listed in Table 3. This value can be

compared with values of Er% extracted from the MD generated models, by extending the
sS-1

summation to the convergence limit, which in the present case was found to be 15 A, and results

were averaged over a total of 451 2’Na-observe and 126 3'P-observe nuclei, respectively. For the

1

glass PB3-P7, these numbers are in very good agreement: Specifically, we find 2, =35 x

[
TP—Na
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1037 m% and 3.8 x 1037 m from NMR and MD output, while the corresponding results for

- are 1.8 x 107 m® and 1.1 x 1037 m®, respectively. This preliminary result is very
Na—-P

encouraging, showing good consistency between the MD and NMR data. Future studies will be
devoted to a more systematic comparison of all the Mysyy values (S, 7 = !'B, »*Na, 3'P)
characterizing all the six possible pair correlations for a larger set of glasses in the Na,O-Si0,-
B,03-P,05 system.
5. Summary

The short- and intermediate-range structure of glasses designed in the peralkaline,
metaboric, and perboric regions of the Na,O-B,05-P,05-Si0, system has been investigated. In
general, it is observed that an increase in the P,Os content in the glasses produces an increase in
the phosphate connectivity in the network (P?/P3 units replacing isolated P%P! units). This is
accompanied by a re-structuring of the borate network (favoring B3(IIl) species) and a
considerable re-polymerization of the silicate network. These changes are attributed to a
significant redistribution of Na* cations towards anionic phosphate NBO sites and away from
silicate or borate network units. The rate of change in average P connectivity to boron <ng(P)> as
a function of P,Os; content increases in the order of PA->MB->PB. The present study
demonstrates that MD simulations can be used to guide and/or validate the structural
interpretation of MAS NMR data. In addition, MD simulations can provide useful supplemental
structural data not available from NMR studies.
6. Implications on the design of novel borosilicate bioactive glasses

It is well-known that the short- and intermediate-range order in multicomponent glasses
greatly affects the glass degradation behavior in simulated body environments. For instance,

weakly bound species (i.e. Na™ at Si-NBO sites) are readily released from the glass in aqueous
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environments via ion exchange.”>% Also, B(III) species (acting as Lewis acid sites) have been
previously shown to react with water at quicker rates in comparison to B(IV) species.?®%
Furthermore, isolated orthophosphate (P°) units are known to be released easily from the glass
and to promote biomineralization, whereas Plg; units inhibit the same bioactive processes.??-841
However, in the present phospho-borosilicate glass system, significant amounts of weakly bound
isolated phosphate species (P° and P!;p) in the x = 1 glasses are replaced by species containing P-
O-B(IV) NFU linkages. The latter species, similarly as Plig; units, are likely to improve the
chemical durability of glass, thus, adversely impacting their bioactive response. Furthermore, the
additional structural effects that P,O5 exhibits upon the NFU mixing and speciation (i.e. B(IV)
and Si* fractions), including its impact on the distribution and proximity of Na' to specific
anionic sites, can have profound effects on the ionic release characteristics and bioactivity which
can benefit the conception of novel bioactive glasses for particular applications. Future studies
examining structure-degradation behavior relationships in the present sodium phospho-
borosilicate glass system can help to uncover the ideal NFU structures necessary for tuning ionic
release to elicit desired biological responses when in contact with human body fluids. The
described approach, which necessitates a careful compositional design, can accelerate the

development of borosilicate glasses for innovative biomedical applications.

7. Conclusions

The present study combines the strengths of state-of-the-art experimental and
computational techniques to provide a comprehensive structural understanding of the short- and
intermediate-range ordering in the Na,O-P,05-B,05-SiO, based model bioactive glass system.
The impact of P,Os on the structure of glasses designed in the perboric (R < 1), metaboric (R =

1), and peralkaline (R > 1) regions of the above-mentioned system has been investigated. While
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P,05 > 3 mol.% leads to phase separation and formation of crystalline NasP,0O; in peralkaline
systems, the glass-forming ability increases with decreasing R-value. Further, P,Os induces re-
polymerization in the silicate units and a re-structuring of the borate component in the glass
network, which is driven by the additional demand of phosphate for charge compensation. In
addition, the degree <n> of phosphate polymerization increases as a function of P,Os content, as
increasing amounts of B-O-P linkages are formed. The latter also serve to disperse the negative
charges of the B(IV) units toward non-bridging oxygen atoms located on the phosphate
species.37:88

The detailed analysis of 3!P-!'B dipole-dipole and 3!'P-3!P indirect spin-spin couplings on
selected samples suggests a general picture of the NFU connectivity, which stands in excellent
agreement with the conclusions drawn from the MD simulations and expands significantly on
previous findings on bioactive P,Os-containing silicate and borosilicate glasses.?%-3%91 In
addition, the combined **Na-based double resonance experiments and the MD simulations
portray a consistent and quantitative picture of the next-nearest neighbor coordination sphere of
the modifier cations, featuring their preferred correlations with the phosphate component.
Ultimately, the comprehensive structural details presented here will allow us to develop
predictive models for dissolution kinetics and bioactivity. This will facilitate the compositional
design of gene-activating borosilicate-based glasses with release kinetics that can be tailored to

the specific demands of individual therapeutic applications.
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Figure Captions

Figure 1. ''"B MAS NMR spectra of series (a) PB3, (b) MB3, and (c) PA2 glasses. Series PB3
spectra were collected at 16.4 T while series MB3 and PA2 spectra were collected at 14.1 T. (d)
depicts an exemplary lineshape deconvolution for the central transition of the 'B MAS NMR
spectra of the PB3-P7 glass. Each "B MAS NMR spectrum was fitted with two Q mas %
components for the B(III) resonance and three Gauss/Lorentz functions for the B(IV) resonance.
The minor fitted peak displayed near 0 ppm represents the central peak of the satellite transition
manifold of the B(IV) resonance, which overlaps with the MAS peak of the central transition,

and whose area needs to be considered when extracting N, values from these spectra.

Figure 2. Fourier Transforms of the ''"B MAS spin echoes obtained in a '"B{3!P} REDOR
experiment after 60 rotor cycles (N7, = 4.0 ms): reference signal, Sy, signal with dipolar
dephasing, S, and REDOR difference spectrum S-S, for (a) PB3-P7 glass and (b) MB3-P5 glass.
(c) and (d) display '"B{*'P} REDOR curves (45/Sy vs. NT;) for PB3-P7 and MB3-P5 samples,
respectively. Red squares and blue circles denote data points obtained from the dephasing of the

B(III) and B(IV) units, respectively.
Figure 3. 3'P MAS NMR spectra of series (a) PB2, (b) PB3, (¢) MB2, and (d) MB3 glasses.

Figure 4. Deconvolution of the *'P MAS NMR and double-quantum filtered 3'P MAS NMR
spectra, using the refocused INADEQUATE sequence: (a) PB3-P7 and (b) MB3-P5 samples.
The double-quantum filtered spectra were utilized to guide the fitting of 3'P MAS NMR spectra.
Red, blue, and green data points represent the full spectra, the filtered spectra, and the difference

spectra, respectively.
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Figure 5. Fourier Transforms of the 3!P MAS spin echoes obtained in a 3'P{!'B} REAPDOR
experiment: reference signal, S, signal with dipolar dephasing, and REAPDOR difference
spectra Sy-S: (a) PB3-P7 glass after 16 rotor cycles (N7, = 1.1 ms) and (b) MB3-P5 glass after 22
rotor cycles (NT; = 1.5 ms). (¢) and (d) display >'P{!'B} REAPDOR curves (45/S, vs. NT;) for
PB3-P7 and MB3-P5 samples, respectively, for the resolved resonances of P, P!, P2 units and
the integral, after a given evolution time. The solid lines represent the results from numerical
simulations made with the SIMPSON software. The black curve represents the REAPDOR
curves for a 'B-3'P two-spin system assuming an internuclear distance equal to that of a P-O-B
linkage found in BPO,4 (270 pm). The blue curve has been scaled to the experimental data of the

P? species in order to deduce an average number of P-O-B linkages.

Figure 6. 2°Si MAS NMR spectra of series (a) PB3, (b) MB3, and (c) PA3 glasses. The dashed

lines are guides to the eye.

Figure 7. 2Na MAS NMR spectra of series (a) PB3, (b) MB3, and (c) PA3 glasses. Series PB3
spectra were collected at 16.4 T while series MB3 and PA3 spectra were collected at 5.7 T. The

asterisks mark spinning sidebands and the dashed lines serve as guides to the eye.

Figure 8. (a) 2*Na{3!'P} and (b) *'P{**Na} REDOR curves for the model compound Na;P;0, and
the glass samples PBO, PB3-P1, PB3-P4, and PB3-P7. The solid curves represent parabolic fits to
the initial regime (45/Sy <0.20) from which the heteronuclear second moments are extracted via

Equation (1).

Figure 9. MD-derived average numbers of NBOs per network-forming species B(III), B(IV), Si,
and P plotted as a function of x. In the case of the P and Si speciation, results from NMR are

shown for comparison.
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Figure 1. "B MAS NMR spectra of series (a) PB3, (b) MB3, and (c) PA2 glasses. Series PB3
spectra were collected at 16.4 T while series MB3 and PA2 spectra were collected at 14.1 T. (d)
depicts an exemplary lineshape deconvolution for the central transition of the "B MAS NMR
spectra of the PB3-P7 glass. Each "B MAS NMR spectrum was fitted with two Q mas '
components for the B(II) resonances and three Gauss/Lorentz functions for the B(IV)
resonances. The minor fitted peak displayed near 0 ppm represents the central peak of the
satellite transition manifold of the B(IV) resonances, which overlaps with the MAS peaks of the
central transition, and whose area needs to be considered when extracting N, values from these
spectra.

ACS Paragon ch?s Environment

Page 46 of 61



Page 47 of 61

oNOYTULT D WN =

The Journal of Physical Chemistry

PB3-P7
60 rotor cycles

MB3-P5
60 rotor cycles
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"B NMR Shift [ppm]

0.40 {PB3-P7 —m- B(IV)|
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o

(b)
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"B NMR Shift [ppm]

{MB3-P5

= B(IV)
e B(IIT)

35 (©) NT, fms] @ " CONT s )
36 Figure 2. Fourier Transforms of the "B MAS spin echoes obtained in a '"B{3'P} REDOR
38 experiment after 60 rotor cycles (N7, = 4.0 ms): reference signal, Sy, signal with dipolar
39 dephasing, S, and REDOR difference spectrum Sy-S, for (a) PB3-P7 glass and (b) MB3-P5 glass.
40 (c¢) and (d) display 'B{3'P} REDOR curves (45/S, vs. NT,) for PB3-P7 and MB3-P5 samples,
42 respectively. Red squares and blue circles denote data points obtained from the dephasing of the
43 B(III) and B(IV) units, respectively.
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Figure 3. 3'P MAS NMR spectra of series (a) PB2, (b) PB3, (c) MB2, and (d) MB3 glasses.
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22 20 10 31O -10 -20
2 (a) Ocs (O P) [ppm]

" 20 10 0  -10 -20
2; (b) 6(:3 (31P) [ppm]

50 Figure 4. Deconvolution of the 3'P MAS NMR and double-quantum filtered 3'P MAS NMR
51 spectra, using the refocused INADEQUATE sequence: (a) PB3-P7 and (b) MB3-P5 samples.
The double-quantum filtered spectra were utilized to guide the fitting of 3'P MAS NMR spectra.
54 Red, blue, and green data points represent the full spectra, the filtered spectra, and the difference
55 spectra, respectively.
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Figure 5. Fourier Transforms of the 3'P MAS spin echoes obtained in a *'P{!'B} REAPDOR
experiment: reference signal, Sy, signal with dipolar dephasing, and REAPDOR difference
spectra Sy-S: (a) PB3-P7 glass after 16 rotor cycles (N7; = 1.1 ms) and (b) MB3-P5 glass after 22
rotor cycles (NT; = 1.5 ms). (c¢) and (d) display 3'P{!'B} REAPDOR curves (4S/S, vs. NT;) for
PB3-P7 and MB3-P5 samples, respectively, for the resolved resonances of P, P!, P2 units and
the integral, after a given evolution time. The solid lines represent the results from numerical
simulations made with the SIMPSON software. The black curve represents the REAPDOR
curves for a 'B-3'P two-spin system assuming an internuclear distance equal to that of a P-O-B
linkage found in BPO,4 (270 pm). The blue curve has been scaled to the experimental data of the
P2 species in order to deduce an average number of P-O-B linkages.
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Figure 6. °Si MAS NMR spectra of series (a) PB3, (b) MB3, and (c) PA3 glasses. The dashed
lines are guides to the eye.
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Figure 7. 2Na MAS NMR spectra of series (a) PB3, (b) MB3, and (c) PA3 glasses. Series PB3
spectra were collected at 16.4 T while series MB3 and PA3 spectra were collected at 5.7 T. The
asterisks mark spinning sidebands and the dashed lines serve as guides to the eye.
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AS/S,

Figure 8. (a) 2Na{3'P} and (b) 3'P{?*Na} REDOR curves for the model compound Na;P;0, and
the glass samples PB0O, PB3-P1, PB3-P4, and PB3-P7. The solid curves represent parabolic fits to
the initial regime (A4S5/Sy <0.20) from which the heteronuclear second moments are extracted via

Equation (1).
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46 Figure 9. MD-derived average numbers of NBOs per network-forming species B(IIT), B(IV), Si,

and P plotted as a function of x. In the case of the P and Si speciation, results from NMR are
49 shown for comparison.
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Tables

Table 1. All batched compositions of studied glasses compared to selected experimental

compositions (in brackets), as analyzed via ICP-OES (£0.5 mol. %). Density (p) and molar

volume (V) are also displayed.
Sample Batched p (g/cm?) V' (0.3 %)
ID Na,O P,05 B,O; SiO, (£0.3 %) (cm3/mol)
PBO0 25.0 [25.3] -- 30.0[29.7] 45.0[45.0] 2.519 25.18
PB1-P1 24.6 1.0 29.5 45.0 2.509 25.58
PB1-P3 23.6 3.0 28.4 45.0 2.479 26.50
PB1-P5 22.7 5.0 27.27 45.0 2.462 27.30
PB2-P1 24.8 1.0 29.7 44.6 2.518 25.50
PB2-P3 | 24.3[25.9] 3.0[3.0] 29.1[29.0] 43.7[42.2] 2.507 26.24
PB2-P5 | 23.8[25.8] 5.0[5.0] 28.5[29.1] 42.8[40.0] 2.476 27.20
PB3-P1 25.0 1.0 30.0 44.0 2.510 25.59
PB3-P4 25.0 4.0 30.0 41.0 2.485 26.84
PB3-P7 25.0 7.0 30.0 38.0 2.456 28.15
MBO0 25.0 [25.1] -- 25.0[25.0] 50.0[49.9] 2.531 24.87
MB1-P1 24.5 1.0 24.5 50.0 2.519 25.29
MB1-P3 23.5 3.0 23.5 50.0 2.504 26.05
MB1-P4 23.0 4.0 23.0 50.0 2.490 26.50
MB2-P1 24.8 1.0 24.8 49.5 2.533 25.16
MB2-P3 | 24.3[26.0] 3.0[3.0] 24.3[23.9] 48.5[47.1] 2.518 25.94
MB2-P5 | 23.8[24.7] 5.0[5.0] 23.8[23.9] 47.5[46.3] 2.488 26.88
MB3-P1 25.0 1.0 25.0 49.0 2.519 25.31
MB3-P3 25.0 3.0 25.0 47.0 2.510 26.05
MB3-P5 25.0 5.0 25.0 45.0 2.487 26.95
PAO 25.0 [25.1] -- 20.0 [20.1] 55.0[54.8] 2.527 24.72
PA1-P1 24.4 1.0 19.6 55.0 2.501 25.28
PA1-P3 23.3 3.0 18.7 55.0 2.497 25.94
PA2-P1 24.8 1.0 19.8 54.5 2.526 25.04
PA2-P3 | 243[25.1] 3.0[3.1] 19.4[19.3] 53.4[52.6] 2.513 25.80
PA3-P1 25.0 1.0 20.0 49.0 2.515 25.16
PA3-P3 25.0 3.0 20.0 47.0 2.506 2591
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1

2

3 Table 2. Calculated isotropic chemical shifts of boron, silicon, and phosphorus

4 NFUs found in the PB2-P5 glass modeled at the MD-GIPAW level.

> Species dcs™ (ppm) Co (MHz)

? PI(B(IV)) 82+48 -

P!(B(III)) 7.1£5.1 -

8 PI(Si) 43+18 ;

9 P!(P) 3.8+3.0" -

10 P2(2B(IV)) 3.5+2.6 -

1 P2(2Si) -10.8+3.7 -

12 P2(SiB(IV)) -11.5+1.7 -

13 P2(B(IV)P) -14.8 + 4.41

14 P}3B(IV)) -18.8+3.0 -

15 P3}(Si2B(IV)) 232420 -

16 Si“(4B(1V)) 82.0+4.1 -

17 Si*(3B(IV)B(I1)) 92.0+£4.0 -

18 Si4(SiB(IIT)2B(1V)) 955420 -

19 Si4(2Si2B(1V)) 95.9+1.0 -

20 Si4(2B(1V)2B(I1I)) 98.6 3.0 -

21 Si*(B(ILDB(IV)SiP) -99.6 +2.5 -

22 Si*(Si3B(1V)) -100.2 £4.0 -

23 Si*(B(IV)3B(III)) -100.3 +3.5 -

24 Si*(3SiB(1V)) -101.1+3.0 -

25 Si*(2SiB(IV)B(I1L)) -101.6 = 1.1 -

% Si4(Si2B(IIHB(IV)) -101.6 + 3.0 -

57 Si*(B(IV)2SiP) -102.6 + 2.0 -

28 Si4(2Si2B(I1I)) -103.2+ 1.0 -

% Si4(4Si) -107.2 + 4.0 -

30 Si(4B(11I)) -107.6 + 2.0* -
Si*(3SiB(I1I)) -109.2 +£2.0 -

31 B3 (2B(IID)Si) 17.8%0.5 285%0.1

32 B3B(V)) 172+2.0 271+0.1

33 B3(B(IV)B(III)Si) 169+ 1.8 2.67+0.1

34 B3(2B(IV)Si) 16.6+ 1.3 2.65+0.1

35 B32B(1V)B(III)) 161+ 1.0 2.68+0.1

36 B3(2B(IV)P) 159+ 1.4 2.73+0.1

37 B3(B(IV)2Si) 15.1+1.0 2.67+0.1

38 B3(B(IIT)2Si) 14.6 £ 1.6 2.71+0.1

39 B*(3B(IV)B(III)) 1.1£0.5 0.26 + 0.05

40 B4(B(IV)3B(I1I)) 0.6+ 0.4 0.44 £ 0.05

41 B*(2B(IINB(1V)Si) 0.5+ 0.4 0.60 % 0.05

42 B*(3B(IV)Si) 02+03 0.37 +0.05

43 B4(2B(IV)B(I1D)Si) -0.3+0.3 0.41 £ 0.05

44 B*(4B(11I)) 0.8+ 0.4 0.19 +0.05

45 B4(B(IV)3Si) -0.8+0.2 0.35 £ 0.05

46 B*(3B(I1D)Si) 0.9+0.3 0.17 +0.05

47 B*(B(I11)3Si) -1.0£03 0.38 +0.05

48 B*(B‘B(I11)2P) -1.5+04 0.20 + 0.05

49 B*(4Si) 23+04 0.36 + 0.05

50 * As calculated from MD simulations of a 55 Na,O — 45 P,0j5 glass

51  As calculated from MD simulations of a 40 Na,O — 18 B203 — 42 P,0; glass

52  As calculated from MD simulations of a 25 Na,O — 56.25 B,0; — 18.75 SiO, glass”!
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Table 3. Dipolar second moments (M,s.,) of glasses and model compounds, as determined from parabolic fits of
S{I} REDOR data within AS/S,; < 0.20. Here, S and I denote the observed and the non-observed nuclei. M, values
in parentheses are raw data before model compound calibration. M, p) data listed for B(IV), net and B(IV),
respectively, refer to values with and without correction from the contribution of more remote "B nuclei to the
REDOR curvature. Additionally, calculated values of the average number of P next nearest neighbors around B(IV)
were calculated from both double resonance techniques and 3'P MAS NMR speciation.

Sample | Mawn/ 10° rad®/s? (+10 %) Srp ¢/ 100 m <mp(B(IV))> (10 %)*
ID 11B{31P} 3ip 31P{11B}
B(I1I) B(V) B(IV), net B(I1I) B(IV) REDOR | MAS | REAPDOR
BPO, - - 203 (11.2) - 0.0105 - - -
PB3-P7 | 02(0.1) 2.0(1.1)  1.8(1.0) 0.0001 0.0010 037 | 042 0.41
MB3-P5 | 02(0.1) 13(0.7) 1.1(0.6) 0.0001 0.0007 021 | 026 0.31
Sa;l]l)ple MZ(Na-P) / 109 rad?/s? Zr(Na_p)_6 /109 m-6 MZ(P-Na) / 109 rad?/s? Zr(p_Na)_6 /109 m-
Na,P;0, 5.4 (3.4) 0.0041 26.7 (8.2) 0.0041
PB0 -- -- -- --
PB3-P1 0.3(0.2) 0.0002 27.8 (8.5) 0.0042
PB3-P4 1.1 (0.7) 0.0008 24.4(7.5) 0.0037
PB3-P7 23(1.4) 0.0018 23.0 (7.0) 0.0035

*Average number of B-O-P linkages per B(IV) unit
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1

2

3 Table 4. Average number of B next nearest neighbors around P and average number of
4 bridging oxygen atoms per phosphate unit as determined from fitted 3'P MAS NMR data.
Z 2Si chemical shifts &, (center of gravity, £0.5 ppm), calculated Si* fractions (£1.0 %)
7 based on charge 1b.alance, average **Na isotropic chemical shifts, dcs™ (+ 0.5 ppm), and
8 quadrupolar coupling constants Cq (+ 0.2 MHz).

9 Sample 3IP MAS NMR Si MAS NMR Z3Na MAS NMR

10 ID <my(P)> <n> Si¢(calc.) Oeg dcs™ (ppm)  Co (MHz)
11 PB0 - - 70.8 -91.9 -5.2 2.4

g PBI-P1 0.50 1.28 83.4 n.d.f 5.2 25

14 PB1-P3 0.73 1.56 92.0 n.d. -5.8 2.5

15 PB1-P5 0.91 1.77 97.7 n.d. -5.4 2.6

16 PB2-P1 0.47 1.23 81.5 n.d. -5.3 2.4

17 PB2-P3 0.65 1.45 84.5 n.d. -5.0 2.6

:2 PB2-P5 0.90 1.74 88.3 n.d. -5.7 2.5

20 PB3-P1 0.48 1.24 80.8 -92.3 -5.9 2.2

21 PB3-P4 0.73 1.50 95.1 -95.3 -6.5 2.2

22 PB3-P7 | 1.02/1.20" | 1.83/1.86" 100.3 -99.7 -6.4 2.2

23 MBO0 - - 66.7 -92.1 -3.0 2.7

o MB1-P1 | 0.72 1.29 77.4 -93.0 6.4 2.9

2% MBI1-P3 0.84 1.50 88.1 -96.2 -7.9 2.8

27 MBI1-P4 0.88 1.56 91.4 -97.5 -8.8 2.8

28 MB2-P1 0.69 1.25 74.6 -92.5 -6.0 2.9

29 MB2-P3 0.81 1.45 77.8 -95.2 -7.8 2.8

2(1) MB2-P5 0.86 1.56 92.1 -97.4 -9.0 2.7

32 MB3-P1 0.69 1.24 74.1 -91.9 -5.8 2.8

33 MB3-P3 0.80 1.42 85.1 -94.1 -1.3 2.8

34 MB3-P5 0.84 1.55 92.3 -96.7 -9.0 2.7

35 PAO - - 61.7 91.3 -4.8 2.9

g? PA1-P1 0.61 1.21 68.9 -94.6 -6.7 2.8

38 PA1-P3 0.62 1.30 84.0 -96.4 -6.8 2.8

39 PA2-P1 0.67 1.24 68.3 -92.8 -5.1 2.9

40 PA2-P3 0.74 1.39 77.3 -95.2 -7.0 2.8

41 PA3-P1 0.66 1.21 66.6 -92.7 -5.0 2.9

jé PA3-P3 0.71 1.33 77.8 -95.1 -6.2 2.8

44 *Twolseparate sets of measurements with fits constrained by refocused INADEQUATE
45 Lexperlments.

46 "Not determined
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Table 5. N, values and fractions of BYIV), B3(IV), B3(I1I), and B*(III) units found in the MD-generated
structural models of the investigated glasses and average numbers of network former cations bound to
fully connected B*IV) and B3(IIl) units. N, values measured by NMR are listed in brackets. #P
neighbors around B#(IV) has also been compared to the values as calculated from fitting of 3'P MAS
NMR data.

Sample . #P ('P MAS
o Ny B¥IV) | BYIV) | #BAV) | #BID) | #Si 4P NMR)
PB0 | 59.5[62.9] | 20 575 1.0 1.0 2.0 _ -
PB2-P1 | 60.5[63.5] | 1.6 58.9 0.9 1.0 2.1 0.0 0.0
PB2-P3 | 58.6[62.1] | 1.8 56.8 0.9 1.1 1.9 0.2 0.1
PB2-P5 | 54.6[59.1] | 13 53.3 0.7 1.1 1.9 0.3 0.3
PB3-P7 | 53.8[56.4] | 3.9 49.9 0.7 1.1 1.7 0.5 0.4
MBO | 61.7[67.2] | 4.4 57.3 0.9 0.8 2.3 - -
MB2-P1 | 63.4[67.5] | 3.4 60.0 1.0 0.9 2.1 0.0 0.0
MB2-P3 | 60.9[67.2] | 2.7 58.2 0.8 0.9 2.2 0.2 0.2
MB2-P5 | 60.3[65.5] | 2.2 58.1 0.7 0.9 2.2 0.3 0.3
PAO | 67.2[71.0] | 58 61.4 0.8 0.6 2.7 - -
PA2-P1 | 589[71.4] | 2.1 56.8 0.6 0.8 2.5 0.0 0.0
PA2-P3 | 66.6[71.9] | 34 63.2 0.8 0.6 2.5 0.2 0.2
Sai‘]‘)ple N; BX(III) | B3(IID) | #B(AV) | #B(III) | #Si 4P
PBO 40.5 9.9 30.6 1.7 0.3 1.0 ;
PB2-P1 39.5 6.7 32.8 1.6 0.4 1.0 0.0
PB2-P3 41.4 4.1 37.3 1.7 0.3 1.1 0.0
PB2-P5 454 45 40.9 1.5 0.4 1.1 0.0
PB3-P7 46.2 1.7 445 1.5 0.5 1.0 0.0
MB0 38.3 12.5 25.8 1.6 0.3 1.1 -
MB2-P1 36.6 7.5 29.1 1.6 0.2 1.2 0.0
MB2-P3 39.1 7.4 317 1.5 0.3 1.2 0.0
MB2-P5 39.7 4.7 35.0 1.4 0.3 1.2 0.1
PAO 32.8 13.9 18.9 1.5 0.1 1.4 -
PA2-P1 41.1 10.0 31.1 1.4 0.2 1.4 0.0
PA2-P3 33.4 8.6 24.8 1.4 0.2 1.4 0.0

# indicates the average number of linkages from B*(IV) and B3(III) species to each NFU

ACS Paragon F§§s Environment

Page 58 of 61



Page 59 of 61 The Journal of Physical Chemistry

1

2

3 Table 6. Amounts of Si%, Si3, and Si? species (in % of the Si content) found in the MD-
: generated glasses and average number of NFU bound to Si* and Si? (+£0.1).

6 Sample ID Si¢ #BV) #B(II) #Si #P

7 PB0 84.2 1.7 0.5 1.8 -

8 PB2-P1 86.4 1.7 0.5 1.7 0.0

9 PB2-P3 88.5 1.6 0.6 1.7 0.1

10 PB2-P5 92.3 1.5 0.7 1.7 0.2

1 PB3-P7 94.8 1.5 0.7 1.5 0.2

12 MBO0 78.8 1.6 0.4 2.1 -

13 MB2-P1 79.6 1.5 0.4 2.1 0.1

14 MB2-P3 85.9 1.5 0.5 2.0 0.1

15 MB2-P5 89.1 1.4 0.4 2.0 0.2

1? PAO 73.3 1.5 03 23 -

18 PA2-P1 83.2 1.2 0.4 2.4 0.0

19 PA2-P3 80.5 1.3 0.3 2.3 0.1

20 Sample ID Si2 Si3 #B(V) #B(III) #Si #P
21 PB0 0.1 15.7 1.7 0.4 1.0 -
22 PB2-P1 0.0 13.7 1.6 0.4 1.0 0.0
23 PB2-P3 0.1 11.4 1.7 0.3 1.1 0.0
24 PB2-P5 0.0 7.7 1.5 0.4 1.1 0.0
2 PB3-P7 0.0 5.3 1.5 0.5 1.0 0.0
20 MBO 0.3 20.9 1.6 0.3 1.1 -
28 MB2-P1 0.3 20.1 1.6 0.2 1.2 0.0
29 MB2-P3 0.0 14.1 1.5 0.3 1.2 0.0
30 MB2-P5 0.5 10.4 1.4 0.4 1.2 0.1
31 PAO 1.0 25.7 1.5 0.3 1.2 -
32 PA2-P1 0.4 16.4 1.2 0.4 1.4 0.0
33 PA2-P3 0.6 18.9 1.3 0.3 1.3 0.1
34 # indicates the average number of linkages from Si* and Si? species to each NFU

35

36

37 Table 7. Structural speciation of phosphorus (in % of the P content) in the

38 MD-generated glasses.

39 Sample ID | P°Total  P!'Total  P2Total P3Total  P*Total

2(1) PB0 N/A N/A N/A N/A N/A

42 PB2-P1 0.0 47.5 41.5 11.0 0.1

43 PB2-P3 0.0 25.2 58.1 15.3 1.4

44 PB2-P5 0.4 20.7 60.6 17.2 1.2

45 PB3-P7 0.0 15.0 73.0 11.2 0.8

j? MBO N/A N/A N/A N/A N/A

48 MB2-P1 0.0 354 56.7 8.0 0.0

49 MB2-P3 0.9 27.3 64.7 7.2 0.0

50 MB2-P5 0.0 19.4 68.4 11.8 0.4

51 PAO N/A N/A N/A N/A N/A

52 PA2-P1 0.1 29.9 55.7 14.3 0.0

gj PA2-P3 0.9 38.4 52.6 8.3 0.0

55

56

57

58

59
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Table 8. Average numbers of network former units (B(IV), B(III), P, and Si) connected to P! and P?

The Journal of Physical Chemistry

species in the MD-generated glasses.

Pl
Sample ID #B(IV) #B(I1T) #Si 4P
PB2-P1 0.3 0.1 0.6 0.0
PB2-P3 0.3 0.1 0.6 0.0
PB2-P5 0.3 0.1 0.5 0.1
PB3-P7 0.3 0.2 0.3 0.2
MB2-P1 0.5 0.1 0.4 0.0
MB2-P3 0.2 0.2 0.6 0.0
MB2-P5 0.3 0.1 0.6 0.0
PA2-P1 0.3 0.1 0.6 0.0
PA2-P3 0.2 0.0 0.7 0.1
PZ
Sample ID #B(IV) #B(I1T) #Si 4P
PB2-P1 1.2 0.0 0.8 0.0
PB2-P3 1.2 0.2 0.6 0.0
PB2-P5 0.9 0.2 0.9 0.0
PB3-P7 1.0 0.2 0.7 0.1
MB2-P1 1.1 0.0 0.9 0.0
MB2-P3 1.1 0.1 0.8 0.0
MB2-P5 0.9 0.2 0.9 0.0
PA2-P1 0.9 0.2 0.9 0.0
PA2-P3 0.9 0.1 1.0 0.0

# indicates the average number of linkages from P! and P? species to each NFU

Table 9. Contributions of P, B(III), B(IV), and Si to the second-nearest neighbor

coordination of Na in the MD-generated glasses.

Sample ID #P #B(I1T) #B(IV) 4Si
PB0 - 1.7 2.5 23
PB2-P1 0.2 1.6 2.5 2.2
PB2-P3 0.6 1.5 2.2 2.0
PB2-P5 1.0 1.4 2.0 1.7
PB3-P7 1.3 1.3 1.9 1.4
MBO - 1.4 22 2.6
MB2-P1 0.2 1.3 2.2 2.6
MB2-P3 0.7 1.2 1.9 23
MB2-P5 1.0 1.1 1.7 2.0
PAO - 1.0 1.9 3.0
PA2-P1 0.2 0.9 1.7 2.9
PA2-P3 0.6 0.8 1.6 2.5

# indicates the average number of each NFU within 3.6 A of Na
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