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Abstract The local and medium-range structure of
the 20Ca0-20A1,053-60Si0, glass generated by classical
molecular dynamics simulations has been compared to NMR
experiments by computing the 2’Al and '’O NMR parameters
and NMR spectra from first-principles simulations. The cal-
culation of the NMR parameters (chemical shielding and
quadrupolar parameters), which are then used to simulate
solid-state MAS and 3QMAS NMR spectra, is achieved by
the gauge including projector augmented-wave and the pro-
jector augmented-wave methods on the DFT-PBE relaxed
structure. The NMR spectra calculated with the present
approach are found to be in excellent agreement with the
experimental data, providing an unambiguous view of the
local and medium-range structure of aluminosilicate glasses.

Keywords First-principles simulations - NMR spectra -
Silicate glass - 3D structure

1 Introduction

In the recent decades, silica-based glasses have emerged as
fundamental materials for new technological applications
regarding data processing and transmission (optical fiber
amplifiers, semiconductor devices), nuclear waste con-
finement and biomaterials (bioactive glasses).
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To rationalize and predict the macroscopic thermody-
namic and transport properties of such materials, a
microscopic understanding of their structure and dynamics
is required [1, 2].

Solid-state NMR spectroscopy has proven to be a very
useful and versatile technique for studying the structure
and the dynamics of non-crystalline materials such as oxide
glasses and melts since long time [1, 3]. The effectiveness
of NMR spectroscopy relies on the strong correlation
between NMR observables (chemical shifts, quadrupolar
parameters, couplings between nuclides) and the short- and
medium-range structure of spin active nuclei constituting
the glass [1].

The directional character of many NMR interactions
coupled with the rigidity of structural units in non-crys-
talline solids results in heavily broad lineshapes, which can
be envisioned as being composed of a series of narrow
lines, each coming from a different crystallite orientation
with respect to the external magnetic field. For this reason,
more effort over the last 40 years has been devoted to the
development of ways to average the anisotropic broadening
in an artificial way, either by manipulating the spins or by
manipulating the sample.

Initial experiments were focused on magic angle
spinning [4-7] (MAS), which has been extensively
applied to cancel out the effect of dipolar and chemical
shift anisotropies of spin ' nuclei (such as *Si) in
silica-based glasses. This technique fails to remove the
second-order quadrupolar effects present for nuclei with
half-integer nuclear spin (so-called half-integer quadru-
polar nuclei, here 'O (I =5/2), ¥*Ca (I =7/2), Al
(I = 5/2)); therefore, new techniques such as dynamic
angle spinning (DAS), double rotation (DOR), or multi-
quantum magic angle spinning (MQMAS) have been
developed [8, 9].
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Although experiments of this kind allow a high resolu-
tion in crystalline materials, the disorder and variety of
structural units (different coordination numbers and Qn
distributions, where n is the number of bridging oxygens
(BO) around a network former species T = Si/Al) present
in glasses make the interpretation difficult.

Traditionally, the interpretation of spectra of amorphous
materials of unknown structure has been generally based
on empirical correlations derived from the study of crys-
talline materials with known structure. However, there is
still a need for much more work of this type, to establish
and refine correlations between NMR observables and
structural parameters.

Theoretical calculations of NMR parameters and struc-
tural correlations have been very helpful in interpreting
spectra of glasses [10—12]. Since NMR interactions are
essentially dependent upon local properties and are domi-
nated by bonding in the first few coordination spheres,
most of the theoretical investigations were performed
on small molecular clusters using atomic orbital basis sets
[13, 14]. The accuracy of this approach is limited by the
choice of parameters such as the size of the cluster, the
termination of the dangling bonds produced on cutting
the cluster from the infinite solid (for covalent solids), or
the treatment of the electrostatic interactions. Moreover, in
the special case of amorphous materials, the cluster
approach does not account for the correlations between
structural factors that exist in solids and disorder in glasses.

These problems have been overcome with the intro-
duction of effective methods specially devised to calculate
NMR parameters in extended systems described within
periodic boundary conditions, plane wave basis sets and
density functional theory [15, 16].

The chemical shifts and the electric field gradients can
be obtained from first principle with the gauge including
projector augmented-wave (GIPAW) and the projector
augmented-wave (PAW) methods, respectively [15, 16].
These methods are able to deal with large systems (up to
hundreds of atoms), and exhibit an outstanding accuracy,
as demonstrated recently for various crystalline and
amorphous crystalline solids [12, 16-19].

Recently, Pedone et al. [10, 11] have reproduced, for the
first time, the MAS and 3QMAS NMR solid-state spectra
of spin active nuclei (ZQSi, 31P, 43Ca,”O and 23Na) for the
CaSiO; and the 46.15i0,-24.4Na;0-26.9Ca0-2.6P,05
(45S5) glasses using a combined classical molecular
dynamics simulations for generating the glass structure and
periodic DFT calculations to obtain NMR parameters. The
latter were introduced in spin-effective Hamiltonian
encoded into a home-made package named fpNMR to
simulate the spectra [10].

This integrated computational approach proved to be
very useful to interpret the experimental spectra of the
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aforementioned nuclei and to gain new insights into the
atomistic structure of very complex oxide glasses such as
calcium-silicate and phospho-silicate glasses containing
sodium and calcium ions.

The aim of the present work is to describe and apply the
integrated computational procedure developed in the recent
years to the simulation of the 27Al, 70 MAS and MQMAS
solid-state spectra of a calcium aluminum-silicate (CAS)
glass of composition 20Ca0-20A1,05-60Si0,, in order to
obtain an unambiguous view of its local and medium-range
structure around aluminum and oxygen atoms.

2 Computational details
2.1 Glass generation

Two three-dimensional structures of a calcium alumino-
silicate glass with composition 20Ca0O-20A1,03-60Si0,
were generated by means of classical molecular dynamics
simulations. The shell model approach [20, 21] is used in
the potential to include polarization effects, by taking into
account the large polarizability of oxygen ions. In this
model, the total charge Z of the oxygen ions is split
between a core (of charge Z + Y) and a massless shell (of
charge —Y), which are coupled by a harmonic spring.
Besides the damped harmonic interaction with the corre-
sponding core, the oxygen shells interact with each other
and with Si, Al and Ca cations through a short-range
Buckingham term, whereas coulombic forces act between
all species which bear full formal charges. Three-body
screened harmonic potentials are used to control the intra-
tetrahedral O-Si—O and O-Al-O angles during dynamics.
The expression for the complete potential model is
therefore

i 3 C;i
Uy(ry) = 29 1 Age <p”) —— (1)
rjj ri
1 rj T
Uii(Oie) = 5y (O — 00)* exps — [ =+ = (2)
2 Pijk  Pijk
1 2
Ucore—shell(rcore—shell) - Eks(rcore—shell) (3)

The complete potential model and the parameters [22]
used are reported in Table 1. The leap-frog algorithm
encoded in the DL_POLY package [23] has been used to
integrate the equation of motions with a time step of 0.2 fs
small enough to control the high-frequency motion of the
core—shell spring during MD simulations [24].

The initial configurations were generated by placing
randomly 250 atoms in a cubic box of 14.98 A accordingly
to the experimental density of 2.624 g/cm®. The systems
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Table 1 Shell model interatomic potential: analytic functions and parameters [22]

A (eV) o A C (eV A%
Buckingham Ae~"/% — C/r6
OO 22,764.30 0.1490 27.88
Si—Og 1,283.91 0.32052 10.661580
Ca—Oq 2,152.3566 0.309227 0.09944
Al-Oq 1,460.3000 0.29912 0.0000000
ky (V rad ) 0o (deg) p A
Three-body potential 1k, (0 — 0) exp(—[ri2/p + r13/p))
0-Si-0 100.0 109.47 1.0
0-Al-O 100.0 109.47 1.0
k, (eV A7?) Y (e)
Core-shell potential 1/2kr?
0.0, 74.92 —2.8482

were heated and hold at 3,200 K for 100 ps in the NVT
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 NVT trajectory of 200 ps [2].

2.2 NMR parameters calculation

NMR calculations were carried out with the CASTEP [25]
density functional theory (DFT) code using the GIPAW
[15] algorithm, which allows the reconstruction of the all
electrons wave function in the presence of a magnetic field.
The generalized gradient approximation (GGA) PBE [26]
functional was employed, and the core—valence interac-
tions were described by ultrasoft pseudopotentials gener-
ated on the fly [27]. For 17O, the 2s and 2p orbitals were
considered as valence states with a core radius of 1.3 A for
298i and 27Al, a core radius of 1.8 A was used with 3s and
3p valence orbitals, while for 43Ca, a core radius of 2.0 A
was used with 3s, 3p and 4s valence states.

For the PAW and GIPAW calculations, we used two
projectors in each s and p angular momentum channel for
O, and in the s, p and d channel for Si, Al and Ca.

It is well known that in the PBE approximation, the
energy of Ca 3d orbital is too low and the hybridization
with O 2p orbitals is overestimated [17]. As a consequence,
the '’O chemical shifts computed with PBE are affected by
very large errors (up to 124 ppm) for O sites close to Ca
atoms. To overcome this problem, a modified Ca pseudo-
potential with shifted 3d orbitals of 3.2 eV has been used as
proposed by Profeta et al. [17].

Before computing the NMR parameters, constant pres-
sure geometry optimizations of the classical generated

models were performed at the I" point [28]. Wave functions
were expanded in plane waves with the kinetic energy cut-
off of 700 eV, this has been demonstrated to be long
enough to reach energy and NMR chemical shift converged
values [10, 29].

The shielding tensor (o) is defined as the proportion-
ality factor between the induced and the externally applied
magnetic fields at the positions of the nuclei:

Ed —

3(R) = Bua(R)/B, 4)

where ?ind(R) is the inhomogeneous magnetic field

induced by the external field B and it can be calculated
according to the Biot-Savart law:

- o7
Bua(7) =2 [ @7 L=k T (7). (5)

747’5 ‘—)’ —)‘3
r —r

where the induced current can be obtained from the first-
order perturbation theory [15].

Then, the isotropic chemical shift, d;5,, can be obtained
from the isotropic chemical shielding, ois:

Oiso = 1/3Tr{;} (6)
Oiso = _(Uiso - O'ref)> (7)

where ot is a reference isotropic shielding. From the
principal components of the symmetric part of the chemical
shift tensor, the magnitude, dcsa, and asymmetry, #cga, of
the chemical shift anisotropy (CSA) can be calculated:

dcsa = 07z — diso (8)
. (Oyy — Oxx)
Ncsa = 4(522 o) )
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where 0;; are the principal components of the symmetric
chemical shift tensor such that [0zz — Jiso| > |Oyy — Jiso| >
|5XX - 5iso|~

Nuclei with a spin >'2 have quadrupolar parameters
related to the traceless electric field gradient tensor V(7):

Val7) = )L, AT, (10)

6rﬁ ary

where o, f§ and y denote the Cartesian coordinates x, y, and
z, and E,(7) is the local electric field at the position (7).
If the eigenvalues of the EFG tensor are labeled V., V,,,
V.. so that IV_| > IV, >V, then one can define the

quadrupolar coupling constant as

e VPAF
Cp = oV (11)
h
And the asymmetry parameter as:
Ve = Vyy
g =—5— (12)
2

In this work, the s, of 2’ Al, 170 and **Ca were evaluated
using the shielding references (g..) of 555.4, 260.5 and
1,134.1 ppm obtained by a-corundum, c«-cristobalite and
CaO, respectively, and the experimentally determined
quadrupolar moment, eQ, of 146.6, 25.58 and 40.9 mB
was used for 2’Al, 170 and **Ca atoms [30].

The simulation of the solid-state MAS and 3QMAS
NMR spectra from the CASTEP outputs have been carried
out by means of the software f{pNMR [10, 31]. For each
atomic site i, the NMR spectrum of interest, say I;(7V'), is
calculated and then co-added to yield the final NMR
spectra (V') =Y, (V). The software allows the sum-
mation to be restricted to a given chemical speciation of the
considered atom and to merge the spectra of several
structural models to increase the statistical data.

Finally, it is worth noting that the aforementioned
approach is a common procedure in ab initio calculations
of glasses and enables only short-range relaxations at the
ab initio level, whereas the medium-range structure, such
as the connectivity of the glass-forming sites, is “frozen”
to the initial configuration obtained by classical MD.

However, several papers have demonstrated that the
present approach is adequate to study the local structure,
such as the coordination environment of ions in bioactive
glasses [32], and important vibrational features [33-35]
and NMR parameters [11, 36].

3 Results and discussion

The structure of alkali or alkaline earth aluminosilicate
glasses has since long been understood in terms of a three-
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dimensional connected structure of [SiO4]4_ and [A104]5 -
tetrahedra linked at the corners by bridging oxygen (BO)
atoms. In this picture, a fully connected network structure
can be maintained if the charge deficit created by the
substitution of Si*™ with AI*" is compensated by ‘charge
balancing’ cations such as Na™ or Ca®" located close to
aluminum.

According to this model, the glass reaches maximum
polymerization for a total compensation of charges by the
cations, for instance, for calcium the system results fully
polymerized at a ratio [CaO]/[Al,O03] = 1.

Any excess of Ca®" will acquire non-bridging oxygens
(NBO) between themselves and a tetrahedral cation (Al,
Si), thus interrupting the network connectivity.

However, recent experiments have shown that the com-
pensated continuous random network model is not entirely
correct for some aluminosilicate compositions. In particu-
lar, both precise measurements of the viscosity of Na- and
Ca-aluminosilicate liquids [37] and high-resolution '’O
MQMAS experiments [38] indicate that the network in
aluminosilicate glasses with a tectosilicate composition
(that is, where the ratio [CaO]/[Al,O3] is equal to one) is not
fully polymerized and that NBO exist in the system. At the
same time, to preserve the total number of Al-O and Si-O
bonds, the presence of NBO is compensated by oxygen
triclusters, also called three bridging oxygens (TBO). That
is, oxygen bounded to three Al and/or Si atoms which are
fourfold-coordinated.

To elucidate better the local environment around alu-
minum ions and corroborate recent experimental evidences
on the oxygen speciation, the theoretical *’Al and 'O
MAS and 3Q-MAS spectra of the structural models gen-
erated by classical molecular dynamics simulations will be
analyzed in details in the following paragraphs.

3.1 YAl NMR spectroscopy

Figure 1a shows the ’Al MAS NMR spectrum of the CAS
glass obtained as the summation of the NMR spectra of the
two structural models containing 250 atoms each. Then, the
merged spectrum has been normalized to be comparable to
the experimental one which has been digitalized from Ref.
[39] and reported in the bottom panel of the figure. Both
the experimental and the simulated spectra were collected/
simulated at a magnetic field of 11.7 T and at a spinning
frequency of 14 kHz.

The simulated *’Al MAS spectrum is in fairly agree-
ment with the experimental one, which shows a chemical
shift of about 50 ppm confirming that all the aluminum
atoms are found in tetrahedral configuration.

Among the 60 Al atoms present in the two struc-
tural models studied only one is fivefold coordinated
with ;o = 10.7 ppm, dcsa = —15.6 ppm, 1csa = 0.45,
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MAS dimension (ppm)

b experimental >’Al MAS — T T T T T T -60
spectra of the CAS glass. The EL (c) ol (a) — TUT:AL'
green line represents the g - ::[:;BN;—‘JL
spectrum of fourfold- s —1-50 _ NE 4TB 6:]]]
coordinated Al ions without Z L -
NBO connected with them; the “E"
blue line represents the 38| —1-4%
spectrum of Al ions connected (E F Qd(#Al=0) .
to 4 BO, while the red line O | Qdmal=D)
represents the spectrum of Al gr - i oL
ions connected to 1 TBO and 3 8 L i SIM. -
BO. ¢ Simulated and = . | ; | ; | )
d experimental 2’ Al 3Q-MAS 80 60 40 20 (1_20
spectra of the CAS glass. The
signals generated by Al ions T T T T T T T -60
with 0, 1, 2, 3 and 4 Al ions in =L . 4
the second coordination sphere é (d) EXP.
are also reported in the g — —-50
theoretical spectrum z L a

V]

ol i

(=]

g - —-30

% B 4 EXP.

1 | 1 | 1 | L 220 T B SR A |
80 60 40 20 0 100 50 0 -50 -100

MAS dimension (ppm)

Co = 6.5 MHz and 1 = 0.51 and one is a Q” species with
Oiso = 62.9 ppm. Therefore, penta-coordinated Al atoms, if
present in the experimental structure of the glass, should be
detectable as a shoulder in the tail of the spectrum. Con-
versely, the signals coming from Q species could not be
easily extracted from the experimental spectra since they
range in the same region as for Q* species.

Hence, the structure of the glass is governed by alumi-
num atoms surrounded by 4 oxygens of the BO or TBO
type, the spectrum of which is represented as the green line
in Fig. la.

Despite the good agreement between the simulated and
the experimental spectra, some inconsistencies are present.
In particular, the latter is narrower than the former proba-
bly because of a distorted tetrahedral arrangement of the
aluminum atoms in the modeled structure. In fact, although
both the mean O-Si—-O and O-Al-O bond angles are
located at the same value of 109°, the standard deviation is
greater for Al (9.9°) than for Si (4.7°). These findings are in
nice agreement with previous Car-Parrinello MD simula-
tions carried out by Benoit et al. [40] on aluminosilicate
glasses with a tectosilicate composition.

The second noticeable inconsistency in the simulated
Al MAS spectrum regards the presence of a second peak
at around 40 ppm, which is imputable to Al atoms con-
nected to 1 TBO (reported as red line signal in Fig. la)

Chemical shift (ppm)

besides the signal of Al atoms connected to only 4 BO
atoms which is located at around 50 ppm.

Indeed, in the models obtained 40% of the Al atoms
have at least 1 TBO in the first coordination sphere, a value
that is probably too high. The presence of TBO in the first
coordination sphere leads to a non-ideal tetrahedral
arrangement because of the reduction of the O-Al-O
angles and thus to a greater standard deviation for this
angle and a broader *’Al MAS NMR spectrum.

The high amount of TBO found in our models is in
agreement with Car-Parrinello MD simulations [40], sug-
gesting that their presence might be a consequence of the
small system sizes and the very fast quenching rate that
we are forced to use in our computational investigations
[2, 41] but inaccuracies due to the empirical force field
employed cannot be excluded.

The mean structural features (bond lengths and bond
angles) and NMR parameters (isotropic chemical shift,
chemical shift anisotropy and quadrupolar coupling con-
stants) of Al ions with 1 or 2 TBO in the first coordination
sphere are reported in Table 2. Interestingly, while the
isotropic chemical shift does not seem to be affected by the
presence of TBO since it lies at around 60-61 ppm, a value
close to the experimental value of 66 ppm reported by
Angeli et al. [39], the quadrupolar coupling constant (Cq)
increases with the amount of TBO in the first coordination
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Table 2 Structural features and computed NMR parameters of aluminum in the CAS glass

Al Al (QY Al (#TBO = 1) Al (#TBO = 2)

# of atoms 60 58 22 2
AL-O (A) 1.77 (0.07) 1.77 (0.02) 1.77 (0.04) 1.80
Al-NBO 1.75 - - -
Al-BO 1.76 (0.03) 1.76 (0.02) 1.76 (0.04) 1.74
Al-TBO 1.83 (0.05) 1.82 (0.05) 1.82 (0.05) 1.86
O-AI-O (°) 109.2 (7.8) 109.3 (9.0) 109.1 (11.1) 109.4
Al-O-T (°) 132.3 (16.5) 132.4 (16.3) 128.8 (17.9) 124.6
diso (ppm) 61.1 (10.3) 61.9 (8.0) 60.4 (13.2) 61.0
dcsa (ppm) —8.8 (29.2) —9.1 (29.6) —7.4 (30.3) —19.1
Ncsa 0.62 (0.22) 0.63 (0.22) 0.57 (0.24) 0.59
Cq (MHz) 9.49 (2.8) 9.58 (2.8) 9.86 (3.0) 11.86
q 0.64 (0.23) 0.64 (0.23) 0.61 (0.20) 0.80
Pq (MHz) 10.14 (9.9) 10.24 (9.9) 10.48 (3.0) 13.0

Standard deviations are reported in parenthesis

sphere from 9.58 to 11.86 MHz for Al atoms with O to 2
TBO, respectively.

Regarding the structural features connected to the short-
range order of Al ions, the DFT-optimized structural
models provide a mean Al-O bond length of 1.77 A, which
is in very good agreement with experimental distances
measured in aluminosilicate glasses and crystalline analo-
gous of different compositions [42—46].

The Al-O bond increases with the number of TBO
connected to the central Al atom, while the mean AI-O-T
angle decreases from 132.4° to 124.6° for Al atoms sur-
rounded by 0 and 2 TBO, respectively.

As expected, the AI-NBO bond distance (1.75 A) is
shorter than the Al-BO one (1.76 A) which in turn is
shorter than the AI-TBO bond distance (1.83 IOA).

Further precious information on the medium-range
structure and the Al/Si ratio in aluminosilicate glasses can

be gained by analyzing the *’Al 3QMAS spectrum as
reported in Fig. lc.

The simulated >’Al 3QMAS spectrum is shown in the
upper panel of the figure together with the contributions of
tetrahedral Al ions surrounded by n = 0,...,4 Al atoms in
the second sphere. These units are denoted with the fol-
lowing symbolism [Q4(#Al = n)], while the mean struc-
tural and NMR parameters of the different speciation of Al
atoms are reported in Table 3.

The detailed analysis of the second coordination sphere
of Al ions shows that the medium-range order of the studied
glass is governed by Q*(4Si) (27%), Q*(3Si,1Al) (40%) and
Q4(28i,2A1) (22%) units which are depicted in Fig. 2.

Table 3 shows that the isotropic chemical shift increases
with the amount of Al ions in the second coordination
sphere from 58.7 ppm (for Q*4Si)) to 72.1 ppm (for
Q*(4Al)) as well as the quadrupolar coupling constant Co

Table 3 Mean structural features and computed NMR parameters of the Q* species of aluminum depending on the network former present in the

second coordination sphere

Q*(4Si) Q*(3Si,1A1) Q*(2Si,2A1) Q*(18i,3Al) Q*(4Al)
# of atoms 16 24 13 4 3
Al-O (A) 1.77 (0.01) 1.77 (0.02) 1.78 (0.05) 1.78 (0.03) 1.76 (0.02)
Al-BO 1.76 (0.01) 1.76 (0.02) 1.76 (0.05) 1.77 (0.02) 1.75 (0.01)
Al-TBO 1.91 1.85 (0.06) 1.81 (0.08) 1.82 (0.07) 1.78 (0.02)
0-AI-0 (°) 109.4 (8.3) 109.2 (9.5) 108.9 (12.8) 109.0 (8.8) 109.4 (7.5)
Al-O-T (°) 136.3 (14.7) 134.3 (17.8) 129.9 (14.3) 122.6 (15.9) 124.6 (11.3)
Jiso (Ppm) 58.7 (5.8) 61.0 (8.9) 60.7 (16.6) 64.4 (1.5) 72.1 (6.6)
dcsa (ppm) —2.5 (24.0) —9.8 (32.0) —13.5 (31.0) —22.0 (28.0) 3.5 (24.7)
Nesa 0.67 (0.14) 0.65 (0.22) 0.51 (0.14) 0.56 (0.16) 0.74 (0.24)
Co (MHz) 8.61 (2.6) 10.05 (2.9) 10.17 (3.4) 8.71 (1.6) 7.7 (1.4)
o 0.62 (0.12) 0.63 (0.23) 0.60 (0.18) 0.76 (0.19) 0.77 (0.14)
P, (MHz) 9.18 (2.6) 10.73 (3.0) 10.80 (3.5) 9.55 (3.5) 8.46 (1.4)

Standard deviations are reported in parenthesis
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. Qasi),

Fig. 2 Local environment (medium-range order) of each AlO4
tetrahedron found in the CAS glass. Violet tetrahedral represents
AlOy units, while the yellow ones represent SiO, units

which increases from 8.6 MHz (for Q*(4Si)) to 10.2 MHz
(for Q*(2Si,2Al).

The presence of Al ions in the surrounding of AlO,4 units
gives rise to a distortion in the tetrahedra as highlighted by
the anisotropic chemical shielding (dcsa) whose absolute
value increases from 2.5 ppm for Q*(4Si) to 22 ppm
Q*(1Si,3Al) and by the standard deviation of the O-Al-O
bond angle which increases from 8.8° to 12.5° for Q*(4Si)
and Q*(2Si,2Al), respectively.

Another important structural parameter that is usually
found to affect the >’ Al isotropic chemical shift is the average
Al-O-T bond angle, where T is the tetrahedral atom Si or
Al [47]. In Fig. 3, the Al ,, is plotted against the mean

Isotropic Chemical Shift (ppm)
2
T

50
r o
40 e} & -
3 L I L | L 1 L | " 1 L | L 1 L
Y0 15 120 125 130 135 140 145 150

<Al-O-T> angle (%)

Fig. 3 Simulated ?’Al isotropic chemical shift as a function of the
mean <Al-O-T> angle

<Al-O-T> angle for the CAS glass studied. Linear
regression analysis of the data as diso = a - (Al — O —T) +
b points yields a slope of —0.60 and intercept of 142.27° with
a poor correlation coefficient (R* = 0.303).

As it has been underlined in a recent paper by some of
us [10], the presence of Ca ions in the glass structure yields
worst correlations with respect to that obtained when the
modifier is an alkaline ion such as Na or Li for which the
linear fit yields R? values in the range 0.7-0.9 [36]. How-
ever, notwithstanding the poor correlation coefficient, it
can be noticed that by increasing AI-O-T bond angle, the
27Al chemical shift decreases, thus confirming the results
of previous experimental and theoretical studies regarding
the relationship between d;,, and Al-O-T bond angle
[48, 49].

The rationale behind the correlation between the
shielding properties of Al atoms and the values of the
Al-O-T angle has been unveiled by Liu et al. [47] in their
ab initio NMR shielding calculations, natural bonding
orbital analysis and natural chemical shielding analysis
performed on model clusters with different AI-O-T angles.
Based on Hartree—Fock calculations, they demonstrated
that the opening of the AI-O-T bond angle leads to a slight
increase in the population of the Al-O and Si-O bond
orbital electrons and a dramatic change in the bond orbital
shapes and hybridization (with an increase in the s char-
acter and a decrease in bond bending). Moreover, the
movement of one lone pair on the oxygen toward Al or Si
contributes to the shielding of both Al and Si.

3.2 70 NMR spectroscopy
Oxygen-17 NMR is an ideal method for the direct inves-
tigation of whether NBO and TBO are indeed present in

aluminum silicate glasses in which the [CaO]/[Al,O3] ratio
is equal to one. In a pioneering work, Stebbins and Xue

@ Springer
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Fig. 4 a Simulated oxygen-17
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[38] found that the 3QMAS spectrum of the CaAl,Si,Og
was composed essentially by four peaks denoted as A, B, C
and D. Peak A was associated with NBO atoms whose
isotropic chemical shift (d;,,) and quadrupolar coupling
constant (Cg) were calculated to be 113 £ 2 ppm and
2.9 + 0.2 MHz. The peak B, assigned to Si—~O-Al bonds,
was the main one with d;;, = 61 ppm and Cq = 3.5 MHz,
while peak C (50 ppm, 5.5 MHz) was associated with
Si—O-Si bonds. Finally, they detected a small peak, called
D, with i, = 20 ppm and Cq = 2.3 MHz, which was
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supposed to be the signal arising from OAl; or OAIL,Si
triclusters, in which Al remains in four-coordination.

To help in the interpretation of the experimental spec-
trum, the simulated 'O 3QMAS NMR spectrum is repor-
ted in Fig. 4, together with the spectra generated for the
different oxygen speciation present in our models (see
panels from b to f).

It is worth to highlight here that albeit the glass studied
in this paper has a different composition with respect to
that investigated by Stebbins et al. [38] both are
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Table 4 Computed NMR parameters and population of oxygen
speciation

diso (ppm) Co MHz) g Population (%)
OSi, 61.0 (10.9) 5.18 (0.54) 0.41(0.26) 28.5
OAl, 62.6 (17.7) 2.26 (0.43) 0.62 (0.25) 6.4
OSiAl 58.2 (15.6) 3.80 (0.46) 0.53 (0.27) 55.8
OSi 110.9 (16.1) 2.85 (0.45) 0.44 (0.25) 54
OAl 159.5 1.18 0.45 0.3
0OSi,Al 77.4 (1.1) 5.53 (0.19) 0.32 (0.19) 0.6
OSiAl, 50.1 (2.8) 4.66 (0.32) 0.49 (0.27) 1.1
OAl3 419 (11.9) 3.15(0.71) 0.38 (0.21) 1.9

Standard deviations are reported in parenthesis

tectosilicate glasses with a unitary [CaO]/[Al,O3] ratio and
thus the same type of structural units (NBO and TBO) is
present in the structure. Although the site populations
might be slightly different leading to differences in the
shape of the NMR spectrum, the peak positions of these
important structural features are only slightly affected by
the glass composition and the comparison of the 'O NMR
spectra between the two glasses is justified.

The computed mean NMR parameters (dis0, Cq, #g) and
the population of the T-NBO, T-BO-T and TBO structural
units are reported in Table 4. Hopefully, these values might
be used to guide the fitting of the experimental '"O
3QMAS spectrum for resolving and quantifying better the
different structural units present in the glass in future
works.

It is worth noticing that both the simulated spectrum and
the NMR parameters of the different species are in good
agreement with those reported by Stebbins and Xue [38].

In particular, the structural model obtained in this work
contains 5.4% of NBO connected to Si atoms with
diso = 111 ppm and Cq = 2.85 MHz and 0.3% of NBO
bounded to Al whose NMR parameters (159 ppm,
1.2 MHz) are very different with respect to the ones of
NBO-Si units. Therefore, if present in the experimental
structure, they should be easily detectable by both 'O
MAS and 3QMAS NMR experiments; however, so far, no
experimental evidence has been found regarding the pres-
ence of these structural units in glasses with a tectosilicate
composition as that studied in this work.

Among the bridging oxygens, 55.4% of them form
Si—O-Al units (58.2 ppm, 3.8 MHz), 28.5% are present as
Si—O-Si units (61 ppm, 5.2 MHz) and 6.4% as Al-O-Al
units (62.6 ppm, 2.3 MHz). These units have similar iso-
tropic chemical shifts but different Cq values, which make
the Si—~O-Al and Si—O-Si units quite distinguishable in the
bi-dimensional spectrum. Instead, the Al-O-Al peak that
accompanies Al/Si disorder in the glass is hidden by the
Si—O-Al and Si—O-Si peaks (see Fig. 4c, d).

Fig. 5 Local geometry of OAl; sites found in the simulated glass.
The oxygen tricluster is highlighted by a light blue arrow. a Al atoms
(violet spheres) contribute to the formation of large rings. b Al atoms
form a 2-membered Al,O, ring

As already reported in previous Car-Parrinello molecu-
lar dynamics simulations of CAS glasses with similar
compositions [40], also in our structural models, the excess
number of NBO is compensated by the existence of OAI,Si
(1.1%), OAISi, (0.6%) and OAl; (1.9%) tricluster oxygens
whose contributions to the 3QMAS spectrum are shown in
Fig. 4e, f.

Figure 4e and Table 4 clearly reveal that the NMR
parameters of the OALSi (50.1 ppm, 4.66 MHz) and
OAISi, (77.4 ppm, 5.53 MHz) are in the same range cov-
ered by the Si—-O-Si and Si—O-Al sites, and since these
triclusters are present in the glass in very small quantities,
it is very unlikely that 3QMAS NMR could detect them.
Conversely, the NMR parameters of the OAl; triclusters
are close to the edge of the main Si—-O-Al peak and their
position (see Fig. 4f) is in nice agreement with the peak D
observed by Stebbins et al. [38].

The five OAlj; sites found in the simulated glass struc-
ture are present in two structural motifs shown in Fig. 5; in
particular, in one of these OAl; sites, two of the Al atoms
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form a 2-membered Al,O, ring (Fig. 5b), whereas in the
other four sites, Al is part of larger rings (Fig. 5a).

A punctual analysis of the NMR parameters associated
with these sites shows that, whereas for the most populated
motif the Cq value ranges between 2.6 and 3.5 MHz, the
oxygen tricluster in the 2-membered Al,O, ring shows the
small value of Co = 2.4 MHz consistent with the experi-
mental observations of Stebbins and Xue [38]. Therefore,
the results obtained seem to support the experimentalist’
assignments of the D peak in the 3QMAS spectra to O
triclusters with a local geometry similar to that depicted in
Fig. 5b, although it must be noted that the calculated iso-
tropic chemical shift of 40 ppm is much greater than that
proposed by Stebbins and Xue [38].

4 Conclusions

In this work, a calcium aluminosilicate glass with a ‘tect-
osilicate’ composition has been generated by core—shell
classical molecular dynamics simulations and its structure
has been compared with NMR experiments by simulating
the ?’Al and '’O MAS and 3QMAS NMR spectra.

The structural model obtained contains an excess of
NBO, which are compensated by the presence of O tricl-
usters connected to three AlO,4 or SiO, tetrahedra.

The simulated 2’ Al NMR spectra are in fairly agreement
with the experimental ones and they confirm that all the
aluminum atoms are found in tetrahedral configuration.
However, it seems that the structural model obtained in this
paper overestimates the amount of Al atoms (40%) con-
nected to at least 1 TBO in their first coordination sphere.
The presence of TBO leads to a non-ideal tetrahedral
geometry around Al and increases the value of the quad-
rupolar coupling constant Cq. As a consequence, the MAS
NMR spectra result broader with the appearance of a
double peak not detected experimentally.

The detailed analysis of the second coordination sphere
of Al ions shows that the medium-range order of the
studied glass is governed by Q*(4Si) (27%), Q*(3Si,1Al)
(40%) and Q4(28i2A1) (22%) species. Both the isotropic
chemical shift and Cg, increase with the amount of Al ions
in the second coordination sphere.

The analysis of the oxygen site populations and of the
70 NMR spectra support the experimentalist’ assignments
of the peaks in the 3QMAS spectra, reported by Stebbins.

In particular, the structural model obtained in this work
contains 5.4% of NBO connected to Si atoms, 55.4% of the
oxygens form Si—O-Al units, 28.5% are present as Si—O-Si
units, 6.4% are present as AI-O-Al units and 3.6% as O
triclusters. Among the O triclusters, only those in the
2-membered Al,O, rings shows the small value of

@ Springer

Cq = 2.4 MHz consistent with the experimental observa-
tions of Stebbins and Xue.
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