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Abstract

The purpose of this work is to verify the possible existence of a relationship between the similarity of the local
structure of the network-forming cation Si*" (Q” units and chemical shifts) in glasses and isochemical crystals and the
nucleating ability of these glasses. Four metasilicate glasses with widely different volume nucleation rates: Na,Ca,Si;Oy
and Na,CaSi;O (very large), CaSiO; (intermediate) and CaMgSi,O¢ (undetectably small) were chosen. We present
magic angle spinning nuclear magnetic resonance spectroscopy (MAS-NMR) data for Na,Ca,Si;0y and NasCaSi;Oy
glasses and for their respective isochemical crystalline phases for the first time. Additionally, we repeat NMR mea-
surements of glasses and crystals previously studied by other authors (CaSiO; and CaMgSi,Og) to test the consistency
of our experimental techniques and method of analysis. Different central chemical shifts of Q? resonances in parent
glasses and their isochemical crystals were measured, indicating structural differences. The relative amount of Q” groups
in each glass was obtained from the deconvolution of the 2Si MAS-NMR spectra. The shape of the Q" distribution for
each system was considered as a measure of the similarity of the connectivities of SiO, tetrahedra in each glass with
respect to its isochemical crystal (which has only Q? groups). A correlation was found between the shape of the Q"
distribution and the nucleation tendency of these glasses, indicating that similarities between the tetrahedra connec-
tivities in glass and isochemical crystal has a role in determining the internal nucleation tendency of the metasilicate
glasses studied. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

One of the authors of this study [1] previously
proposed that there are two classes of stoichio-
metric glass-forming systems: for the first, the
volume (presumed to be homogeneous) nucleation
rates are experimentally detectable and the tem-
peratures of maximum nucleation rate are the
same or greater than the glass transition temper-
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ature (7,). For typical laboratory conditions, i.e.,
using centimeter size samples that are heat-treated
for a few hours above T,, the second class of
glasses only crystallize heterogeneously by surface
nucleation or aided by nucleating agents. For this
second family of glasses, the expected tempera-
tures of maximum homogeneous nucleation rates
(calculated by the classical nucleation theory) are
less than T,. Thus, it is possible to classify the
crystal nucleating ability of different systems by
this criterion.

There are a number of questions concerning the
crystal nucleation kinetics in glasses. One of the
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proposed hypotheses postulates that the nucleat-
ing tendency depends on the structural similarity
between the parent glass and its isochemical crys-
tal phase [2-7].

In qualitative terms, the degree of structural
similarity between parent glass and resulting
crystal should affect the main thermodynamic pa-
rameters controlling nucleation; liquid-crystal
surface energy (¢) and thermodynamic driving
force (AG), thus affecting the nucleation ability of
the system. The homogeneous nucleation rate is
given by: I ~ (K'/n)exp(—K"a*/TAG?), where K',
K" are constants, 5 is the viscosity and T is the
temperature. Hence, the surface energy dominates
due to its power-3 against power-2 for AG. The
exact relationships of the structural parameters of
glass and crystal with surface energy and driving
force are not known; however, there should be
some optimum structural similarity. This idea is
clarified if we analyze two limiting cases: (i) when
the structures of glass and isochemical crystal are
too different, then ¢ should be too large, inhibiting
nucleation. On the other hand, in the hypothetical
case, (ii) when the structures of glass and crystal
are almost identical, o should vanish (which would
enhance nucleation), however, AG should also
tend to zero, precluding nucleation.

To further test this hypotheses, in this article we
measure and compare the local structures of the
network-forming cation Si** (Q" groups) in four
metasilicate glasses that have different volume nu-
cleation rates, i.e.: Na,Ca,Si;09 and NayCaSi;Oq
(largest), CaSiO; (intermediate) and CaMgSi,Og
(undetectable nucleation rates).

2. Literature review

We will sum up here some of the most relevant
studies that propose the existence of a structural
relationship between the parent glass and its iso-
chemical crystal and the nucleating ability of the
glass.

In 1984, Schramm et al. [3] analyzed the devi-
trification of lithium silicate glasses using *’Si
magic angle spinning nuclear magnetic resonance
(MAS-NMR). Their studies concentrated on
glassy and crystalline Li,O-2Si0, (LS2). They

found that the most abundant species in LS2 glass
are the Q° species (3 is the number of bridging
oxygen per SiOy tetrahedra). In fact, they obtained
the following distribution of Q" species: 22% Q?,
57% Q3, 14.6% Q* and 6.4% Q" + Q'. As the LS2
crystal should have 100% Q?, the authors men-
tioned that the glass had a sufficiently large con-
centration of Q* units to induce crystallization.
Moreover, the mean chemical shift of Q* (=92
ppm) in the glass was similar to that observed in its
crystalline phase (-93 ppm). Based on the corre-
spondence of the chemical shifts, they suggested
that the local silicon environments in both phases
are similar and concluded that glasses of the Li,O-
SiO, system easily nucleate (which, in fact, they
do) because the local environment of silicon in the
glass is compatible with those in the isochemical
crystal. We will show later that this relationship
between the chemical shifts of glasses and crystals
that easily nucleate does not hold true for a
number of systems.

Dickinson [4] compared the structure of glassy
and crystalline K,TiSi;Oy and analyzed the hy-
pothesis that structural similarity/dissimilarity be-
tween the amorphous and crystalline phases could
affect nucleation. Heat treatments of glassy
K, TiSi3;O9 showed that only surface crystallization
took place. Using Raman spectroscopy and ex-
tended X-ray absortion fine structure (EXAFS), he
observed that there is a clear difference in the local
structures of crystalline and glassy K,TiSi;Os.
Whereas the short-range structure of the crystal is
typical of metasilicates, with the intermediate
range order of ring silicates, the structure of the
glass does not have this type of local and inter-
mediate range structure. Instead, the glass con-
tains more polymerized species (three bridging
oxygens, BO), in addition to species with two BO.
Furthermore, he observed that the largest differ-
ence is in the Ti coordination, for which there is a
change in coordination from the regular octahe-
dron of the crystal to mixed 5- and 6-coordination
in the glass. Dickinson [4] attributed this large
difference in the structures of the crystalline and
glassy phases to the fact that this glass has an
undetectably small volume nucleation rate.

Looking at it from a more macroscopic struc-
tural perspective, Zanotto and Muller [5] proposed
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a simple method to predict the nucleation tendency
in glass. Their approach was based on the follow-
ing argument: if the structures of both glass and
isochemical crystal phases are similar for compo-
sitions that nucleate homogeneously, then the mass
densities, p, of glass and crystal must be similar.
On the other hand, large differences between the
densities of glass and crystal should be expected for
compositions that nucleate heterogeneously. After
analyzing the densities of isochemical glassy and
crystalline phases for various stoichiometric sys-
tems belonging to both families, they concluded
that if the density difference between a glass and its
crystalline phase is significant (>10%), it will most
likely only nucleate heterogencously. On the other
hand, if the densities are comparable, homoge-
neous crystal nucleation could occur. In fact, they
found some exceptions to this rule because some
glasses that only nucleate heterogeneously also
have similar densities in the crystal phase. They
ascribed these exceptions to the fact that compa-
rable densities do not imply similar structures for
glass and crystal, but that the opposite is true, i.e.,
different densities denote distinct structures. Thus,
they concluded that similar densities for glass and
isochemical crystal is a necessary but not sufficient
condition for structural similarity and, inferen-
tially for homogeneous nucleation.

Using the classification proposed in Ref. [5], for
the metasilicate glasses considered in this study we
find that glassy and crystalline Na,Ca,Si;Oy,
Na,CaSi;0y and CaSiO; have density differences
(Ap/Pgass) of 1.8%, 3.8%, and 6.6%, respectively,
while this difference is 18.5% for CaMgSi,Os. In-
deed, volume nucleation is easily detected in the
first three systems, while the last only has surface
nucleation on laboratory scale. However, as com-
parable densities for glass and crystal do not un-
equivocally imply similar structures, it would be
interesting to obtain quantitative structural data
for the above systems. We will show later that the
local structures of the network modifier cation, Ca,
have been determined in two of these systems.
Hence, in this work, we extend the structural
analysis to the network-forming atoms, Si, for
these systems.

Muller et al. [6] tested the hypotheses that
structural similarity at a molecular level between

glass and crystal should favor volume nucleation.
Literature data for the molecular structures of
several silicate glasses that nucleate homoge-
neously and heterogeneously were critically ana-
lyzed. A comparison was made with the structures
of their equilibrium crystalline phases. Muller et al.
did, in fact, observe that for glasses in which ho-
mogeneous nucleation occurs, the structural ar-
rangements in glass and isochemical crystal appear
to be similar while for glasses displaying hetero-
geneous nucleation, the local structures of glass
and crystal is different. In short, they concluded
that it is possible to predict the nucleation ten-
dency by comparing the molecular structure of the
glass and the phase crystallized from such glass.
However, we emphasize that only available liter-
ature data resulting from a number of different
studies and often employing different structural
techniques, were used in the study of Muller et al.
[6].

Recently, aiming at more systematic results
regarding the short range structure around
the network modifiers in glasses and crystals,
Mastelaro et al. [7] undertook an EXAFS anal-
ysis of calcium and lead in three different silicate
glasses: CaSiO; and Na,Ca,Si;Oy (for which
volume nucleation is observed) and PbSiO; (for
which nucleation only occurs on samples surfac-
es). The results indicated that, for the two glasses
that nucleate internally, the local structure of Ca
was similar to its short-range order in the corre-
sponding crystalline phases. On the other hand,
the short-range order of the glass that only nu-
cleates heterogeneously differed from that of its
isochemical crystal. Hence, the proposed rela-
tionship between the local structure and the nu-
cleation mechanism was corroborated by the
EXAFS analysis.

As demonstrated in the summary of previous
research, there is growing evidence to support the
hypotheses that glasses that have detectable ho-
mogeneous nucleation rates have local structures
similar to the crystalline phases formed in them,
and vice versa. However, quantitative structural
information using the same experimental tech-
nique for glasses and isochemical crystals (syn-
thesized by devitrification), for both classes of
systems, were only obtained for the network
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modifiers. Therefore, the purpose of this work is to
make a quantitative analysis of the short-range
structure around the network-forming cation Si**
(Q" groups). With this information, we hope to
verify the possible relationship of these groups in
glass and corresponding crystal with the nucle-
ation tendency. Four stoichiometric metasilicate
glasses having different volume nucleation rates
are considered. Quantitative *Si MAS-NMR
spectra were obtained for these glasses and their
corresponding crystalline phases obtained by
devitrification.

3. Experimental

The glasses were prepared by melting homo-
geneous mixtures of analytical grade reagents in
100-ml Pt crucibles, in electric furnaces. The melt-
ing temperatures ranged from 1450°C to 1550°C,
with a hold time of about 2 h. The liquids were then
cast between cold steel plates and manually pressed
at an estimated cooling rate between 100°C/s and
500°C/s. To obtain fully crystallized samples, the
specimens were subjected to nucleation and devel-
opment treatments, which were chosen after a dif-
ferential scanning calorimetry (DSC) analysis. The
Na,Ca,Si;0y glass sample was heated at 600°C for
24 h and then at 690°C for 20 min; the Na,CaSi;Oq
glass sample was heated at 505°C for 12 h and then
at 596°C for 8 h; the CaSiO; glass sample was
heated at 725°C for 120 h and then at 885°C for 12
h and, finally, the CaMgSi,O4 glass sample was
heated at 874°C for 22 h and then at 877°C for 25 h.
The four metasilicate glasses measured in this work
have different internal nucleation rates:
Na4CaSi;0q ([max ~ 10" m3 S_l), Na,Ca,Si;0q
(=102 m=3s7!), CaSiO; (~10° m=3 s7!) and
CaMgSi,O4 (< 10° m=3 s71) [1].

The crystalline phases obtained through devi-
trification were measured by X-ray diffraction
(XRD). Diffractograms were obtained in an au-
tomatic difractometer (Rigaku Rotaflex model
RU200B), with nickel filtered CuKo radiation
(1.540 A). Figs. 1 and 2 present the XRD patterns
of the Na,Ca,Si;0y and Na,CaSiz;Oy (Figs. 1(a)
and (b)) and CaSiO; and CaMgSi,O¢ (Figs. 2(a)
and (b)).
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Fig. 1. XRD patterns of Na,Ca,Si;Oy and NasCaSi;Oy
crystalline phases.

High resolution ?Si-NMR spectra were ob-
tained in magnetic field of 9.4 T, at a frequency of
79.45 MHz, with a spectrometer (Varian Unity
INOVA). Measurements were carried out under
magic-angle sample spinning (MAS) of up to
5 kHz, using a 7 mm wide-body CP/MAS probe
(from Varian) and 7 mm zirconia rotors. The
spectra were obtained from Bloch decay (BD)
signals after n/2 pulses of 4 ps length. Relatively
long recycle times were used to avoid any possible
effects of differential relaxation across the inho-
mogeneously broadened NMR line. No saturation
of the NMR signal was detected using recycle
times exceeding 250 s. Up to 600 free induction
decay (FID) signals were collected and averaged.
The resonance line of a polycrystalline kaolinite
sample was used as the secondary external stan-
dard for referencing chemical shifts (=91.2 ppm in
respect to tetrametilsilane, TMS).
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Fig. 2. XRD patterns of CaSiO; and CaMgSi,Og phases.

4. Experimental results

The XRD patterns presented in Figs. 1 and 2
were indexed according to the JCPDS powder
diffraction files [8—11]. However, one or two crys-
tallographic peaks in the XRD could not be in-
dexed, indicating that the solids obtained after the
crystallization could contain minor quantities of
other crystalline phases. We used the crystalline
compounds as a reference for the interpretation of
the NMR spectra of the glasses.

Fig. 3 shows the high-resolution *Si-NMR
spectra of the four crystalline samples. A number
of resonance lines can be observed, with a full with
at half maximum (FWHM) typically less than
2 ppm. Table 1 shows the results for the isotropic
chemical shift and the integrated intensity of each
line, obtained from a multiple lorentzian fitting to

**Si MAS-NMR
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Fig. 3. High resolution ?Si—-NMR spectra of crystalline sam-
ples. Arrows points to resonance lines associated with impurity
phases present in the specimens (see text for details).

the experimental data. The attribution of NMR
lines to Q" groups was done by considering the
stoichiometry and crystallographic data of each
material. Fig. 4 shows the 2?Si-NMR spectra of
the corresponding samples. For each glass, a res-
onance line covers the chemical shift range of sil-
icon in several Q" groups with n=0,...,4. A
deconvolution of the spectra was performed to
obtain the Q" distribution, using the common as-
sumption of Gaussian distributions of isotropic
chemical shifts for each type of Q" unit [12-14].
Unfortunately, overlapping of Q" resonances fre-
quently occur, giving co-variances between best-fit
intensity parameters and, consequently, to uncer-
tainties regarding the relative populations of the
Q" species. To minimize these problems, some
physical criteria were imposed on the fitting pro-
cedure to discard unrealistic numerical results.
Thus, FWHMs of individual Gaussians were re-
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Table 1

Isotropic chemical shifts and line intensities of the *Si-NMR
lines of the crystalline samples (possible identification of minor
phases are discussed in the text)

Crystal Center (ppm) Area (%)
Na,Ca,Si;09 Q? -88.2+0.3 -
-90.4+0.3 -2
-92.8+0.3 -2
Q*t -76.7+£0.2 7+1
NayCaSi; Oy Q? -85.0+0.3 -2
-87.0+0.3 -
Qe -83.5+0.4 8x1
Wollastonite Q? -87.8+0.2 28+%5
-88.9+0.2 29%5
-89.5+0.2 355
Q4 -82.0+0.5 5+2
Diopside Q? -84.0%£0.2 774
Qe —-88.0+0.5 18%3

#Strongly overlapped.

® Impurity phase, possibly Na,SiOs.

¢ Impurity phase, pseudo wollastonite.
9 Impurity phase, orto-ensteatite.

¢ Impurity phase, wollastonite.

stricted to less than 20 ppm, based on the chemical
shifts observed in different crystalline silicates [15].
In addition, the centers of adjacent Gaussians
from different Q" units had to be separated by
more than 5 ppm. The number of Gaussians used
in each case was determined by the chemical shift
range spanned by the NMR spectrum and other
spectral features, such as partially resolved bumps
or asymmetries. With these criteria, up to four
partially overlapped Gaussian distributions were
needed to deconvolute these spectra. Equivalent
acceptable fittings were obtained from deconvo-
lutions with three and four Gaussian functions. To
choose the physically significant fittings, stoichio-
metric criteria and literature data of chemical
shifts were considered.

For glassy wollastonite and diopside, though
small, there is an appreciable spectral intensity in
the chemical shift range of Q* (=115 to —100 ppm),
which is rarely overlapped with Q° [15]. It is,
therefore, possible to ensure the existence of Q*
groups in these glasses. Conversely, the NMR
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Fig. 4. High resolution *Si-NMR spectra of glassy samples.

spectra of glassy Na,Ca,Si30y and Na,CaSi;Oy
samples indicate that there are no Q* groups in
their networks. Additionally, the identification of
Q? resonances was done assuming that the distri-
bution of Q" species in metasilicates must satisfy
the stoichiometric condition Q° + Q' =Q*+ Q% so
that the average is always Q2. Thus, the remaining
resonances were readily assigned.

Table 2 shows the fitted parameters for the
chemical shift distributions of each Q" group in the
four samples. For wollastonite and diopside, four
Gaussian deconvolutions were performed because
of the presence of Q* groups, while for
Na,Ca,Si;09 and Na,CaSi;Oy samples, only three
Gaussian functions were used. If a fourth Gauss-
ian is added, its chemical shift cannot be assigned
to Q° or Q* species. Separations of approximately
7 ppm between the centers of Q" and Q" distri-
butions were obtained in all glasses, with FWHM
varying from 7 to 12 ppm. Although the
Q"+ Q' = Q* + Q* constraint was not imposed in
the fittings, Table 2 shows that this condition was
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Table 2

Chemical shifts, line-widths and integrated intensities of the ?Si—-NMR lines corresponding to different Q" units in the four glasses?

Composition Crystal ¢ (ppm) Glass Chemical shift
Center (ppm) FWHM (ppm) Area (%) Fhfference for Q?
+£0.5 ppm +1 ppm in crystal — glass

d-center (ppm)

Na,Ca,Si30y Q! -73.4 9 165

Q? —88.2/-90.4/-92.8 -80.0 10 72+8 8.2/10.4/12.8
Q? -88.5 9 125
NayCaSi; Oy Q! -70.0 7 14%5
Q? —85/-87 -77.5 8 67%8 7.519.5
Q? -85.3 9 197
Wollastonite Q' -75.6 10 205
Q? —87.8/-88.9/-89.5 —82.6 11 6418 5.2/6.3/6.9
Q? -91.8 11 14%5
Q* —-103.3 11 2%1
Diopside Q! -77.5 11 28+8
Q? -84 -84.0 11 43+ 10 0
Q? -92.7 12 256
Q* -103.0 12 4+1

# For comparison, the values of isotropic chemical shift é for the main resonance lines in crystals and their difference respect to the Q>

central chemical shift in glasses are also shown.
°FWHM: full width at half maximum.

met for all samples, within the uncertainty of the
numerical procedures. For clarity, we will describe
and compare the results for each glass and crystal
separately.

4.1. CaSiO; (wollastonite)

This glass has a small volume nucleation rate.
At room temperature, the stable crystalline forms
of CaSiO; contain ‘dreier’ single chains of silicate
tetrahedra [16-18]. Thus, there are three different
Q? sites for silicon in the unit cell. The ®Si-NMR
spectrum of the crystalline wollastonite does, in-
deed, show three resolved resonance lines at —89.5,
—88.9 and —87.8 ppm associated with these sites,
with 93% of the total integrated intensity observed.
These chemical shifts agree with previous obser-
vations of Smith et al. [19] and Magi et al. [20],
who detected a broader line centered at around
—89 ppm. The remaining 7% of the silicon con-
tributing to the NMR spectrum corresponds to a
smaller resonance line at —83.5 ppm. Its isotropic

chemical shift seems rather shielded to correspond
to Q! chain terminators generated by absent tet-
rahedra. Furthermore, the existence of a number
of non-bridging O-H groups can be disregarded
since no ?Si-NMR signal was detected after
"H-?Si cross-polarization experiments performed
on this sample. Based on the chemical shift, 4 ppm
less shielded than the main resonance lines, we
might suggest Al substitution for Si, giving rise to
a Q*(1 Al silicon resonance. Nevertheless, this
substitution is an unlikely possibility because no
2TAl-NMR signal was obtained from Bloch decay
experiments, even after considerable signal aver-
aging. Then, the —83.5 ppm resonance probably
originates from a small fraction of another of the
known forms of wollastonite, differing in the ar-
rangement of the silicate chains. In fact, Magi
et al., reported for pseudo-wollastonite a reso-
nance line exactly at —83.5 ppm [20].

The following distribution was obtained from
the deconvolution of the NMR spectrum of the
glassy wollastonite sample: 20% Q', 64% Q?, 14%
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Q? and 2% Q*. Thus, the largest amount of silicon
in glass and crystal samples corresponds to Q>
groups. It is useful to compare these fractions with
those obtained by Zhang et al. [12,14]. They ap-
plied a 2D ¥Si-NMR technique to correlate iso-
tropic (MAS) and anisotropic (of-MAS) spectra
of glassy wollastonite. They obtained more accu-
rate percentages for the Q" distribution with re-
spect to the usual method of fitting the 1D MAS
spectrum. They obtained Q° =0.740.1%, Q'=
19.340.3%, Q*=54.7+0.3, Q*=24.1+0.5% and
Q*=1.140.1%, which are comparable with our
results (the difference for the most abundant spe-
cies, Q?, is about 15%). Considering that the 2D
approach should be more precise, we assume that
the Q" determination method used in this work
presents a maximum discrepancy of 15%, based on
the difference for the Q? fraction. As for the center
of chemical shift distributions, the ones shown in
Table 2 compare with those reported by Zhang
et al. [14]: —=74.6 ppm for Q!, —=81.7 ppm for Q* and
—-90.4 ppm for Q3.

4.2. CaMgSi,O4 (Diopside)

This sample has an undetectable homogeneous
nucleation rate. Crystallographic data of diopside
indicates that the silicate tetrahedra are arranged in
‘infinite’ linear chains, with only one non-equiva-
lent silicon site in the unit cell [21]. Fig. 3 actually
shows that the NMR spectrum of the crystal has
three resonance lines. The most intense line (77%),
centered at —84 ppm with 0.5 ppm FWHM, cor-
responds to Q? units. Two other smaller and
broader lines are observed at —88 ppm (18%) and
—82 ppm (5%), which are also in the Q> chemical
shift range. Previous NMR measurements made by
Smith et al. [19] and Magi et al. [20] have shown a
single resonance centered at —85 ppm, a shift
comparable to that obtained in our measurement
for the strongest resonance, but with 5 ppm
FWHM. Al NMR experiments were also per-
formed on our sample; however, no appreciable
signal was detected, indicating that Al, if present,
are in concentrations too small to be detected by
NMR. On the other hand, effects of hydration as
those observed by Peck et al. [22] can also be
disregarded in this case, because no signal was

observed after 'H-?’Si cross polarization experi-
ments. Therefore, we associated the smaller NMR
lines to sample inhomogeneities, possibly distorted
wollastonite (—88 ppm line) and orthoenstatite,
Mg,Si,04, (—82 ppm line), the last one according to
the measurements reported in Ref. [20].

For the glassy sample, the distribution of Q"
units was: 28% Q!, 43% Q?, 25% Q? and 4% Q*. To
the best of our knowledge, only one MAS-NMR
experiment has so far been reported for diopside
by Murdoch et al. [23]. No quantification of the Q"
species was made. The maximum of the spectrum
was located at —82.0 ppm and, by analogy with the
observed chemical shift of Q? units in the crystal,
Murdoch et al. concluded that the dominant con-
nectivity in the network is Q?. The deconvolution
of our spectrum gives 43% Q? with a chemical shift
at around —83.0 ppm. Therefore, our results agree
with those reported in Ref. [23].

4.3. Naz CCZzSigOg

As mentioned earlier, this glass has the largest
homogeneous nucleation rate in the studied set of
samples. In crystalline Na,Ca,Si30y, the silicon is
organized in six-membered rings with a C, sym-
metry [24]. Thus, there are three different Si sites
with Q? connectivity in the unit cell. Accordingly,
(Fig. 3) the NMR spectrum is composed of three
partially resolved resonance lines centered at
—88.2, —90.4 and —92.8 ppm. Due to the partially
disordered structure of the Na,Ca,Si;Oy crystal,
where Na/Ca sites with fractional occupation
number were determined from XRD [24], the res-
onance lines are broader than those from wollas-
tonite and diopside. For the glassy sample, the
most satisfactory fitting gives the following distri-
bution of species: 16% Q', 72% Q? and 12% Q3.
On the other hand, as seen in Table 2, resonance
lines in the crystalline state appear more shielded
with respect to the center and width of the fitted Q>
distribution in the glass (—80.0 ppm).

4.4. NCZ4CClSi309
This glass has a similarly large homogeneous

nucleation rate. As far as we know, crystallo-
graphic data are not available for this material.
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However, since it is a metasilicate, according to
stoichiometric considerations only Q> groups
should exist in the homogeneous crystal. As shown
in Fig. 3, there are at least two overlapping lines in
the NMR spectra, at approximately —85 and —87
ppm, which are associated with Q? species. The
total width of the group of lines is 4 ppm, a width
identical to that observed in the spectrum of
crystalline Na,Ca,Si30y. Thus, the presence of
additional unresolved *Si lines cannot be disre-
garded in NayCaSiz;Oy. Also, occupational disor-
der in the crystalline structure may be responsible
for the broadening of the resonance lines, as in
Na,Ca,Si;09. On the other hand, the NMR
spectrum of this crystal has a resonance (0.35 ppm
FWHM) centered at —76.7 ppm. In different
crystal samples prepared from the same glass rod,
this signal appeared with varying intensity (from
5% to 8%), without changes in the shape of the
other lines. The smaller FWHM of this minor
signal indicates that silicon atoms are located in a
more ordered structure, as compared with those
silicons contributing to the resonances at —85/—87
ppm. Based on this fact, we could assign the —76.7
ppm resonance to an impurity silicate phase, per-
haps Na,SiO;, which has a single Q? resonance at
—76.8 ppm [20]. For the glassy Na,CaSiz;Oy sam-
ple, the following distribution of Q" units resulted:
14% Q!, 67% Q2, 19% Q°.

5. Discussion

As we have briefly described before, Schramm
et al. [3] reasonably proposed that the LS2 glass
(we emphasize that this composition is not a me-
tasilicate) has a high tendency to homogeneous
crystallization owing to:

(a) Local structural similarity between the glass

and crystalline phases, inferred from the simi-

larity of the chemical shifts for Q* in glassy
and crystalline LS2.

(b) High concentration of Q* in the glass (great-

er than 50%).

In the set of metasilicate glasses studied in this
work, only criterion (b) applies (for Q? instead of
Q?). The overall Q" distribution can be visualized
in Fig. 5, where integrated intensities are plotted as

a function of the central chemical shift for Q"
resonance. Na,Ca,Si;09, NayCaSi;Oy and wo-
llastonite glasses have similar Q" distributions, Q>
being the most abundant species (72%, 67% and
64-55%, respectively). From the overall shape of
these distributions, we propose that the short-
range order around Si** in the glass is more similar
in respect to its crystal phase (where only Q2
connectivities exist) for the systems with sharper
distributions.

Due to the presence of Q* units, wollastonite has
a slightly wider distribution than Na-containing
glasses. Diopside has a substantially smaller con-
tent of Q? species (43%) and, consequently, has the
larger Q" distribution among the studied glasses.
Therefore, glasses having the greatest nucleating
ability have a considerable amount of tetrahedra
having the same connectivity as in the crystal phase
and a smaller width of the Q" distribution.

On the other hand, there are significant differ-
ences between the chemical shifts of the Q? species
in the glasses and isochemical crystals. Resonance
in crystalline Na,Ca,Si;Oy, Na,CaSi;Oy and wo-
llastonite are systematically more shielded than the
corresponding Q? resonance in glasses. Table 2
shows that the chemical shift differences are con-
siderable and are even comparable to the FWHM
of the Q" distributions in the glasses. Therefore,
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Fig. 5. Integrated intensities for the Gaussian Q" distributions
of isotropic chemical shift for each glass. The chemical shifts
correspond to the centers of the Q" distributions. The points
with sticks in the lower part of the plot show the positions of the
main Q’ resonance lines observed in the corresponding iso-
chemical crystals.
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there are appreciable structural differences in the
environment of Q’-units in glass and in crystal,
despite the similarity in the dominant connectivity
(Q?) of the network-forming cations, although it is
difficult to determine the extent of these differ-
ences. A deshielding effect on the silicon resonance
in glass can be produced by geometrical distor-
tions, such as longer Si—O distances or more acute
Si—O-Si angles, and by weaker bonds between the
modifier cation and O atoms [15]. It should be
noted that, even in crystalline Na,Ca,Si;Oy, there
is a 4.5 ppm difference between two non-equivalent
silicon atoms in the same 6-membered ring, a dif-
ference comparable to some differences observed
between crystal and glass. Quite surprisingly to us
is that the chemical shifts for the Q* groupings in
crystalline and glassy diopside are in close agree-
ment. It is impossible, however, to infer structural
similarity from this coincidence because agreement
between chemical shifts is only a necessary condi-
tion for local similarity.

Therefore, similarity in the overall degree of
connectivity of the forming cations in glass and
crystal, inferred from the shape of the Q" distri-
bution, seems to be more important to internal
nucleation than a close structural similarity
around the Q? silicon atoms, probed by the
chemical shifts. It is interesting to note (Fig. 5 and
Table 1) that the centers of Q" distributions in
Nay4CaSi;Oy glass are systematically shifted by
approximately 3 ppm in respect to the corre-
sponding ones in Na,Ca,;Si;Oy glass. The same
shift is detected for the Q? species in the crystal:
the group of lines are centered at around —90 ppm
in Na,Ca,Si;0y and at —87 ppm in Na,CaSi; Oy,
spanning a 5 ppm range in the spectrum. Based on
these results we suggest a similar structural rela-
tionship between the glass and the crystal phase
for both compositions.

The silicon—oxygen tetrahedra in the crystalline
phases are organized in Q* groups, forming rings
(in Na,Ca,Si3;0¢ and possibly in NasCaSiz;Oy) or
chains (in wollastonite and diopside). Though
high-resolution 1D-NMR can probe the distribu-
tion of Si in terms of Q" units, it shows very little
about the topological relationships among these
groups. The local range of the ID-NMR experi-
ment, restricted to a typical radius of 1 nm, gives

little information about tetrahedral neighbors
outside the first coordination sphere. An explora-
tion of medium range connectivities in glasses with
extreme nucleation and qualitatively different Q"
populations, such as those observed in
Na,Ca,Si309 and diopside, would be very useful.

In summary, the systems that have the largest
nucleation rates (Na,Ca,SizO9 and Na,CaSi;Oy)
have the largest percentage of Q* units (72% and
67%, respectively) and the smallest Q" distribu-
tions. The only other groupings in these glasses are
Q' and Q®. Wollastonite, having a lower nucle-
ation rate than Na-containing glasses, has a
smaller Q? content (64%), but some amount of Q*
is detected in this glass, widening its Q" distribu-
tion. Diopside, displaying undetectable homoge-
neous nucleation, has an even larger Q"
distribution. Only 43% of the network-forming
cations are organized in Q’ units and, conse-
quently, a larger fraction of Q!', Q® and Q*
species are present in this glass than in the other
compositions.

Finally, we stress that while the correlation of
the Q" distribution and nucleation tendency in the
metasilicate glasses studied here is interesting, the
possibility of a fortuitous coincidence should
not be dismissed. Literature data for other sys-
tems, for instance, disilicates Li,O-2SiO, (LS2),
Na,0- 2810, (NS2), K,0-2Si0, (KS2), show an
opposite trend. In the case of these disilicates, for
which the crystal phases are 100% Q3, the crystal
nucleation rates decrease from LS2 to KS2 while
the amount of Q3 increase in that order: 63-71%
Q% in LS2, 79% Q* in NS2 and 86% Q® in KS2 [25].
These findings deserve further attention. We hope
that the present study encourages similar analyses
of a broader set of metasilicate glasses, in order to
check whether there is or not a general trend for
metasilicates.

6. Conclusions

The differences in the chemical shifts of the
predominant Q? species in glass and crystal indi-
cate short range differences between the silicon
environments, even in those systems displaying the
greatest nucleating ability. On the other hand, the
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shape of the Q" distribution, indicating the degree
of similarity between silicate connectivity in glass
and isochemical crystal, shows a correlation with
the internal nucleation tendency of the four me-
tasilicate glasses studied.

We should stress, however, that while the cor-
relation of the Q" distribution and nucleation
tendency in the metasilicate glasses studied here is
quite interesting, the possibility of a fortuitous
coincidence cannot be dismissed. Literature data
for other families of glasses, for instance, disili-
cates, do not show the same trend. Thus, to gen-
eralize the present findings for metasilicates, and to
seek plausible explanations for the phenomenon,
additional effort should be directed to verify the
existence of the correlation in other metasilicate
systems.
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