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The intermediate-range order in peralkaline calcium aluminosilicate glasses is explored by two different
models using solid-state 29Si MAS NMR spectra as the main experimental basis. The two modeling
approaches describe the spatial arrangement of the tetrahedral SiO4 and AlO4 units, that is, the
intermediate-range order (IRO), assuming either a random distribution of structural units or a hierarchy
in the IRO. The hierarchy creates a quasi-heterogeneous distribution of the structural units. Two series of
calcium aluminosilicate glasses (five glasses for each) are chosen for the present study, compositions of
which vary along the join between the anorthite-wollastonite-gehlenite eutectic point and anorthite-
wollastonite-tridymite point, and parallel to the join. The validity of the two modeling approaches is
examined by simulation of the frequency and intensity distributions observed in the 29Si MAS NMR
spectra of the 10 glasses using a sumof resonances predicted for the different types of structural units. The
results clearly reveal that the 29Si MAS NMR spectra support the quasi-heterogeneous IRO for the
10 glasses, since this approach gives a satisfactory fit to the experimental spectra. In contrast, simulations
based on themodel of random IROcannot reproduce the 29SiNMRspectra in a satisfactorymanner. The
observedhierarchy in the IROmayalso explain the compositional dependence of both viscous behavior of
the melts and the stability of the 10 glasses.

1. Introduction

The physical and chemical properties of a glass are
determined mainly by its microstructure (hereafter called
structure), which to a large extent depends on its chemical
composition. In general, the characterization and under-
standing of the structure of crystalline materials have been
established more thoroughly as compared to that of non-
crystallinematerials (i.e., glasses), reflecting the lack of long-
range structural order in glasses which prevents the applica-
tion of conventional structural tools such as X-ray diffrac-
tion techniques. Nevertheless, a substantial progress in our
understanding of glass structures has been achieved in the
past century1-4 and in particular in recent years because of
the rapid technical improvements of experimental tools such
as EXAFS,5,6 NMR spectroscopy,5,7,8 and molecular dy-
namics simulations.9 Using these tools, several aspects of
both the short-range and the intermediate-range structure of
silicate glasses have been clarified. However, some puzzles

still remain unsolved, especially, about the role of hetero-
geneity in the overall structural network.
Much effort has been devoted to determination of the

topological arrangements of Al ions in aluminosilicate
glasses, for example, the coordination number of Al, the
bond-angle distribution, the linkage of AlOx to alkali or
alkaline earth ions, and the fulfillment of the aluminum
avoidance principle.7,9-15 Using different solid-state NMR
techniques, Stebbins and co-workers8,10-14 have investi-
gated the structure of aluminosilicate glasses primarily along
“charge compensated” joins, alongwhich the total charge of
the network modifying ions equals that of the AlO2 units
(e.g., SiO2-NaAlO2 and SiO2-CaAl2O4 systems). Using
Raman spectroscopy, Mysen and co-workers16-18 have
performed careful structural investigations of various
“charge compensated” and peralkaline aluminosilicates.
These results are the fundamental basis for the structural
investigations of the calcium aluminosilicate (CAS) glasses
presented in this work. However, the compositions of the
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glasses in the present study deviate from those in previous
investigations of aluminosilicate glasses as the glasses in this
work generally possess relatively higher contents of both
non-bridging oxygen (NBO) anions and Al3þ cations.
In this work we investigate the structure of peralkaline

glasses within the CAS system. During the optimization
of the chemical composition for a technical glass, with a
similar composition as the CAS glasses investigated in this
study, we found in a recent study a striking compositional
dependence on both the glass forming ability and the melt
fragility of theCASmelts.19 To understand this behavior in
more detail, it is necessary to characterize the structural
changes that occur when the composition ismodified, since
the glass forming ability is dictated by the topological
arrangement and the chemical bonding strength of glasses.
In addition, investigations of the structure for the CAS
system is particularly interesting since the majority of
magmatic compositions and several technical glasses be-
long to aluminosilicate systems.20,21

In the present study we establish two different structural
models for the intermediate-range order (IRO) and investi-
gate their applicability to describe the distribution of struc-
tural units within two series of glasses, each including five
different compositions. The IRO is defined as the structure
extending beyond nearest neighbors (NN) within the glass.
In one approach, a random spatial rearrangement of struc-
tural units is assumed, referred to as the “random IRO”
(R-IRO)model. The othermodel employs a hierarchy in the
intermediate-range order, resulting in a quasi-heterogeneous
distribution of structural units and is thus denoted as the
“quasi-heterogeneous IRO”(QH-IRO)model.Thecontents
of the different structural units in the 10 glasses are derived
from the twomodels using the chemical compositions of the
glasses along with their solid-state 29Si MAS NMR spectra.
The validity of the models is evaluated by their ability to
simulate the intensity and frequency distributions in the 29Si
MAS NMR spectra.

29SiMASNMR is awell-documented powerful tool for
structural studies of aluminosilicates.22-25 It is widely used
as the isotropic 29Si chemical shift (δ(29Si)) depends on both
the degree of polymerization of SiO4 tetrahedra and the
presence of Al in the second coordination sphere to Si.
However, simultaneous changes in the content of both the
network modifying ions and the network forming Al ions
may complicate the interpretation of single-pulse 29Si MAS
NMR experiments. In such cases, supporting information
may be obtained from two-dimensional 17O and 27Al triple-
quantum (3Q)MASNMRexperiments,where 17O requires
the use of isotopically enriched samples.10,12 In thiswork the
structural modeling based on the chemical composition of

the glasses allows extraction of new important information
about the IRO from the single pulse 29Si MAS NMR
experiments.

2. Experimental Section

The glasses are divided into two series of systematic composi-

tional variations and are placed in the vicinity of the eutectic

compositions for anorthite-wollastonite-gehlenite (An-Wo-Geh)

and anorthite-wollastonite-tridymite (An-Wo-Tri). The composi-

tions of the 10 glasses are summarized in Table 1 while their

location in the ternary CAS system is illustrated in Figure 1. The

sample names of the glasses refer to the molar oxide composition

determined from wet chemical analysis with C, A, and S repre-

senting CaO, Al2O3, and SiO2, respectively

The glasses were synthesized by melting the batch in a

Pt90Rh10 crucible in an electric furnace (model SF6/17 Entech,::
Angelholm, Sweden) in atmospheric air. The individual compo-

sitions were obtained by mixing reagent-grade chemicals of

SiO2, Al2O3, and CaCO3. A two-step melting process was

carried out to obtain a homogenized glass. First, the batch

was melted at 1823 K and kept at this temperature for 2 h.

Subsequently, the melt was quenched in water to get shattered

pieces. The shattered glass was melted again at 1823 K for 2 h

and cast on a graphite plate. The chemical compositions of the

resulting glasses (Table 1) were determined by standard wet

chemical analysis at theCement andConcrete Laboratory of the

Aalborg Portland Group, Aalborg, Denmark.

Table 1. Oxide Compositions (mol %) for the 10 CAS Glasses

glassa SiO2 Al2O3 CaO Caexcess
b

series 1 C26A9S65 64.9 9.3 25.8 16.6
C30A10S60 59.9 10.0 30.1 20.0
C34A11S55 54.7 10.9 34.4 23.5
C39A12S49 49.6 11.7 38.7 27.1
C43A13S44 44.4 12.5 43.1 30.6

series 2 C23A15S62 61.6 14.9 23.4 8.0
C26A16S58 57.8 15.8 26.3 10.5
C31A17S52 51.9 16.8 31.3 13.0
C33A19S48 48.1 18.9 33.0 15.5
C38A19S43 42.7 19.3 38.0 18.0

aThe sample names refer to the actual molar compositions deter-
mined by wet chemical analysis. bCaexcess is the amount of Ca2þ ions
which is not used for charge balancing the Al3þ ions.

Figure 1. Graphical representation of the compositions for the 10 glasses
(upward triangles) in the CAS ternary phase diagram (mol%). The open
triangles represent series 1 (i.e., C26A9S65 to C43A13S44) with the two end
members being the eutectic compositions ofAn-Wo-GehandAn-Wo-Tri,
while series 2 (C23A15S62-C38A19S43) is illustrated by the solid upward
triangles. The downward triangles correspond to the compositions for the
mineral phases wollastonite, anorthite, and gehlenite.
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The 29Si MASNMR spectra were recorded at 59.1MHz on a

Varian INOVA-300 (7.05 T) spectrometer, using a home-built CP/

MAS probe for 7 mm outer diameter (o.d.) rotors. The powder

samples, ground to a fineness below 75 μm, were packed in 7 mm

partially sintered zirconia (PSZ) rotors (220 μL sample volume)

and spun at 7.0 kHz. The experiments employed a radio frequency

(rf ) field strength of γB1/2π ≈ 40.0 kHz, a pulse width of 3.0 μs
(∼45� flip angle), a 120 s repetition delay, and 1000-1400 scans.

The 27Al MAS NMR spectra were recorded at 104.2 and 156.3

MHz on Varian INOVA-400 (9.39 T) and INOVA-600 (14.09 T)

spectrometers using home-built CP/MAS probes for 5 and 4 mm

o.d. rotors, respectively. The 9.39 T spectra employed a spinning

speedof 12.0kHz, a 0.5μs excitationpulse forγB1/2π≈60.0kHz, a

2 s relaxation delay, and typically 6000 scans. The 14.09 T spectra

used a spinning speed of 13.0 kHz, a 0.5 μs excitation pulse for γB1/

2π ≈ 60.0 kHz, a 2 s relaxation delay, and 1400-2100 scans. The
27Al and 29Si isotropic chemical shifts are reported relative to a 1.0

M aqueous solution of AlCl3 3 6H2O and neat tetramethyl silane

(TMS), respectively.

The simulations and optimizations to the 29Si MAS NMR

spectra have been performed using the scaled Levenberg-
Marquardt non-linear least-squares algorithm26 included in

the program QtiPlot 0.9.6.27 A tolerance of 10-4 is used for

the simulations.

3. Theoretical Approach

3.1. Distribution of Bridging and Non-Bridging Oxy-

gen. A classical and commonly used model for silicate glass
structures is the continuous random network (CRN) model
proposed by Zachariasen.28 The CRN model describes the
glass structure as a three-dimensional network of corner-
linked low-valence cation-oxygen polyhedra where the in-
troduction of modifying oxides to the glass leads to the
formation of NBOs randomly distributed within the three-
dimensional network. On the basis of the CRN model,
Greaves29 has proposed the modified random network
(MRN) model where different sizes of the network-forming
and network-modifying polyhedra result in amicro segrega-
tion of the two structural units. This creates regions of
modifier rich channels and other regions rich in more highly
polymerized network-forming polyhedra.5,9,30

All glasses investigated in this work are peralkaline, in
which both Si and Al act as network forming compo-
nents. The excess Ca ions (Caexcess), which are not in-
volved in the charge balance of Al3þ ions, serve to charge
balance the NBOs that are created by the presence of
excess oxide ions. The first step in the description of the
structure is to model the distribution of the various net-
work forming (Si,Al)O4 Qn units (n is the number of
bridging oxygens (BOs) linked to the network former).
A preference of Al for fully polymerized Q4 sites in

peralkaline aluminosilicates has been reported in several
studies,17,18,20,31-33 that is, noNBOs are linked directly to
Al. This preference is found to increase with increasing
Si/Al ratio, and for Si/Al > 1 the content of Al-NBO is
reported to be insignificant.31-33 For the samples studied in
thiswork, the Si/Al ratio varies between 1.1 (C38A19S43) and
3.5 (C26A9S65), and Al is assigned solely to Q4 units,
implying that excess CaO will create NBOs associated with
Si only.
Despite several investigations, inconsistencies in the

description of the Qn distribution of SiO4 units in silicate
glasses still remain within the glass community. Generally,

two models are considered, that is, the binary model and

the random model.5,34-36 The former assumes the exis-

tence of only two different Si(Qn) units for a specific glass

composition, the argument being that repulsive forces

between the modifying ions prevent these ions from enter-

ing a site adjacent to Si in, for example, a Q2 unit until no

otherQ3 units are present. On the other hand, the random

model assumes a statistical distribution ofQn units for n=

0-4. The two models represent extreme situations and

thus,Qn distributions lying in between these two situations

have been reported by several authors.5,16,20,35,37,38 For

example, 29Si MAS NMR studies of binary alkali silicate

systems have indicated the presence of three different Qn

units34,37-39 and thereby that the randomness is larger than

predicted by the binary model although still less than

predicted by the random model. It has also been reported

that a large field strength of the modifying ions increases

the structural disorder.13,20,31,35 From the relatively large

field strength of calcium ions, the CAS glasses investigated

in this work are expected to contain a certain degree of

randomness deviating further from the binary model as

compared to the alkali silicate systems as evidenced from

investigations of such systems.13,40 Hence, the random
model is chosen to describe the distribution of Qn units in
the CAS glasses. In this model, the probability (p) that a
randomly chosen Si-Obond includes aNBO is calculated
as the ratio between the number of NBOs divided by the
total number of bonds (NBO þ BO):

p ¼ NBO

NBOþBO
¼ 2Caexcess

Z 3 Si
ð1Þ

Here, Caexcess and Si are the numbers of the excess calcium
ions and the number of glass forming Si ions, respectively,
whileZ is the coordination number of the network former,
that is,Z=4.Using the p value obtained for the individual

(26) Marquardt, D. W. J. Soc. Industr. Appl. Math. 1963, 11, 31.
(27) Qtiplot; http://soft.proindependent.com/install.html.
(28) Zachariasen, W. H. J. Am. Chem. Soc. 1932, 54, 3841.
(29) Greaves, G. N. J. Non-Cryst. Solids 1985, 71, 203.
(30) Gedeon, O.; Liska, M.; Machacek, J. J. Non-Cryst. Solids 2008,

354, 1133.
(31) Merzbacher, C. I.; Sherriff, B. L.; Hartman, J. S.; White, W. B.

J. Non-Cryst. Solids 1990, 124, 194.
(32) Allwardt, J. R.; Lee, S. K.; Stebbins, J. F. Am. Mineral. 2003, 88,

949.
(33) Lee, S. K.; Stebbins, J. F. Geochim. Cosmochim. Acta 2006, 70,

4275.

(34) Stebbins, J. F. J. Non-Cryst. Solids 1988, 106, 359.
(35) Buckermann, W. A.; M€uller-Warmuth, W.; Frischat, G. H. Glas-

tech. Ber. 1992, 65, 18.
(36) Avramov, I.; R€ussel, C.; Keding, R. J. Non-Cryst. Solids 2003, 324,

29.
(37) Emerson, J. F.; Stallworth, P. E.; Bray, P. J. J. Non-Cryst. Solids

1989, 113, 253.
(38) Maekawa, H.; Maekawa, T.; Kawamura, K.; Yokokawa, T.

J. Non-Cryst. Solids 1991, 127, 53.
(39) Schramm,C.M.;De Jong,B.H.W.S.; Parziale,V. E. J.Am.Chem.

Soc. 1984, 106, 4396.
(40) Schneider, E.; Stebbins, J. F.; Pines, A. J. Non-Cryst. Solids 1987,

89, 371.



4474 Chem. Mater., Vol. 22, No. 15, 2010 Moesgaard et al.

compositions, the molar fraction x(Qn) for each of the
Si(Qn) units can be calculatedby combinatorics assuming a
statistical distribution:

xðSiðQnÞÞ ¼ Z!

n!ðZ- nÞ!ð1- pÞnpZ- n

¼ 4!

n!ð4- nÞ!ð1- pÞnp4- n ð2Þ

Introduction of Al into a silicate glass enhances the
structural disorder since the randomness is found to
increase as the Si/Al ratio decreases.10,16,34 This alsomeans
that use of the random model is reasonable for describing
the distribution of different Qn units in aluminosilicates.
Table 2 lists the distributions of Si(Qn) units for the 10
glasses obtained from eqs 1 and 2. The molar fraction of
Si(Qn) units of<1%isneglected in themodelingof the 29Si
MAS NMR spectra, and thus, the presence of Q0 units is
neglected for all glasses except C43A13S44 for which the
fraction of Q0 accounts for 1.41% of the structural units.
3.2. Al Avoidance Principle. The relative distribution of

SiO4 andAlO4 units in the glass network is described in terms
of the Si nuclei and the distribution of Al in the second
coordination sphere of Si. Thus, the modeling approach pro-
vides no information on the identity of the network former
linked to the AlO4 tetrahedra in the following coordination
spheres, that is, the Al avoidance principle41 is not directly
considered. The only assumption made is that all the Al ions
are available for linking with SiO4 tetrahedra, that is, no for-
mation of large clusters of Al structural units is expected. The
Al avoidance principle has previously been deduced from ex-
perimental observations,13 and it is supported by theoretical
calculations showing that the Al-O-Al linkages are energe-
tically less favorable thanSi-O-Si andSi-O-Al linkages.15

However, it has also been reported that the Al avoidance pri-
nciple is not fully obeyedwithin aluminosilicate glasses.8,10-14

The degree of Al avoidance is derived from the equilibrium
constant of the reaction, 2(Al-O-Si)T (Si-O-Si)þ (Al-
O-Al),11 and an Al avoidance degree of 1 corresponds to
completeAlavoidancewhereasavalueof0denotes a random
distributionofnetworkformingSiandAlunits. It is estimated

that thedegree ofAl avoidance forCASglasses positionedon
the meta-aluminous limit is about 0.85.8,10-14

The fulfillment of the Al avoidance principle in the
present approach depends on the Si/Al ratio and the
content of NBOs linked to Si. When the total number
of BOs bound to Si is larger than the total number of BOs
bound to Al, the Al avoidance principle can be fulfilled.
This is the case for all glasses except C38A19S43 for which
at least 17% of Al is expected to be present in Al-O-Al
linkages. The fulfillment of the Al avoidance principle in
the two IRO modeling approaches is discussed later.
3.3. Random Intermediate-RangeOrder (R-IRO)Model.

The first approach for modeling of the intermediate-range
order is based on the principles of the CRN model. The
structure beyond the nearest neighbors is thus described by a
random distribution of Al around the SiO4 tetrahedra. This
distribution is assumed to follow similar statistical principles
as for theNBOs around Si. The probability that a randomly
picked Si-BO unit is linked to Al is initially calculated as the
ratio between the content of Al and the total content of
network formingcations (SiþAl) (Similarapproachas eq1).
Using this probability, the fraction of each Si(Qni(miAl)) unit
(m is the number of Al in the second coordination sphere to
Si) is calculatedas listed inTable3using thealgorithmofeq2.
Again, structural units accounting for less than 1% of the
sample are neglected. The number of non-negligible units
increases within each series, when the content of both NBO
and Al increases from C26A9S65 to C43A13S44 (series 1) and
from C23A15S62 to C38A19S43 (series 2). For C26A9S65, 9
different structural units existwhereas 13non-negligible units
are found for C43A13S44. In the other series, C23A15S62 has 7
non-negligible units while C38A19S43 are found to include 14
different structural units.
3.4. Quasi-Heterogeneous Intermediate-Range Order

(QH-IRO) Model. The QH-IRO model is based on the
principles of themodified randomnetwork (MRN)model29

whichpredicts clusteringofNBOswithin silicate glasses. For
the glasses studied in the present work, clustering of NBOs
results in highly polymerized regions of alternating SiO4 and
AlO4 tetrahedra as well as highly depolymerized regions
containingonlyaminor contentofAl.This clustering creates
concentration fluctuations within the glasses, which have
been reported for severalmulticomponent oxide glasses42-46

and is ascribed to the existence of chemical heterogeneities
in the range of ∼1-3 nm. The existence of such an IRO
hierarchy is supported by experimental observations from
Raman spectroscopy, light scattering, and small-angleX-ray
scattering studies.43-45 Furthermore, a preferential bond-
ing of Al to fully polymerized SiO4 tetrahedra has been
reported,31,47,48 which supports the existence of nanometric
spatial regions with different heterogeneities within the

Table 2. Calculated Distributions of Si(Qn) Units for the 10 Glasses

Assuming a Random Distribution of NBOsa

glass Q0 Q1 Q2 Q3 Q4

C26A9S65 0 0 7.42 33.87 57.96
C30A10S60 0 1.56 11.66 38.65 48.05
C34A11S55 0 3.12 17.10 41.60 37.96
C39A12S49 0 5.91 23.62 41.96 27.96
C43A13S44 1.41 10.71 30.59 38.82 18.47

C23A15S62 0 0 2.19 21.13 76.59
C26A16S58 0 0 4.20 27.57 67.94
C31A17S52 0 0 7.18 33.50 58.62
C33A19S48 0 1.50 11.38 38.41 48.64
C38A19S43 0 3.09 17.01 41.58 38.11

aThe fractions are given asmolar percents. “0” indicates that the unit
accounts for less than 1% of the SiO4 units in the sample. The distribu-
tions are calculated using eqs 1 and 2.
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glasses. This quasi-heterogeneous nature of the distribution
of structural units is most likely found for network modify-
ing ions with a low positive charge density as these ions have
only a small stabilizing effect onNBOs andAlO4 tetrahedra
linked to the same SiO4 tetradedron.

31,47

For the fully polymerized regions, a structure of alternat-
ing SiO4-AlO4 units is assumed. For C26A9S65, C30A10S60,
C23A15S62, andC26A16S58, theAl content is sufficiently low,
that is, Al(Q4)<Si(Q4) (inmolar fractions), to assign all Al
to these fully polymerized regions, thus obeying the Al
avoidance principle. For the other six glasses the remain-
ing Al, which is not part of the fully polymerized regions,
that is, Al(Q4)-Si(Q4) (in molar fractions), is assigned to
Si(Q3(3Al)) units, since a Si(Q3) with a neighboring Al is

more stable than a Si(Q2) unit with anAl neighbor. Again a
1:1 ratio of Si and Al is assumed for the Si(Q3(3Al)) units,
resulting in the Al-avoidance principle being broken for
these regions. For the glass with the highest Al content
(C38A19S43), Almust in addition be assigned to Si(Q2) units.
The distribution of Si(Qni(miAl)) units obtained from the
HQ-IRO model is given in Table 4, which shows that the
spatial intermediate-range arrangement of the glasses is
described in terms of 4-6 different structural units. This
contrasts the R-IRO model which predicts the presence of
up to 14 different structural units (Table 3).
3.5. Comparison of the Models with 29Si MAS NMR

Spectra. The distribution of the Si(Qni(miAl)) units,
predicted for the 10 glasses from the two different models,

Table 3. Calculated Distributions of Si(Qni(miAl)) Units for the 10 Glasses Obtained by the R-IRO Model
a

glass Q0 Q1(1Al) Q1(0Al) Q2(2Al) Q2(1Al) Q2(0Al)

C26A9S65 0 0 0 0 2.56 4.49
C30A10S60 0 0 1.17 0 4.39 6.53
C34A11S55 0 0 2.24 1.38 6.95 8.77
C39A12S49 0 1.89 4.02 2.42 10.28 10.93
C43A13S44 1.41 3.85 6.86 3.95 14.09 12.55

C23A15S62 0 0 0 0 0 0
C26A16S58 0 0 0 0 1.94 1.70
C31A17S52 0 0 0 1.16 3.45 2.56
C33A19S48 0 0 0 2.24 5.62 3.52
C38A19S43 0 1.51 1.58 4.05 8.50 4.46

ib 1 2 3 4 5 6
ni
b 0 1 1 2 2 2

mi
b 0 1 0 2 1 0

Q3(3Al) Q3(2Al) Q3(1Al) Q3(0Al) Q4(4Al) Q4(3Al) Q4(2Al) Q4(1Al) Q4(0Al)

C26A9S65 0 3.89 13.65 15.96 0 1.97 10.37 24.24 21.25
C30A10S60 0 5.49 16.34 16.21 0 2.29 10.22 20.27 15.08
C34A11S55 0 7.21 18.17 15.27 0 2.49 9.42 15.83 9.98
C39A12S49 1.37 8.76 18.63 13.21 0 2.49 7.94 11.25 5.98
C43A13S44 1.80 9.64 17.18 10.20 0 2.20 5.88 6.98 3.11

C23A15S62 0 4.54 9.39 6.47 0 7.16 22.19 30.57 15.80
C26A16S58 1.32 6.95 12.18 7.12 1.18 8.29 21.80 25.49 11.18
C31A17S52 2.18 9.72 14.44 7.15 1.54 9.12 20.34 20.14 7.48
C33A19S48 3.36 12.62 15.82 6.61 1.89 9.46 17.78 14.86 4.66
C38A19S43 4.83 15.20 15.96 5.59 2.16 9.06 14.27 9.99 2.62

ib 7 8 9 10 11 12 13 14 15
ni
b 3 3 3 3 4 4 4 4 4

mi
b 3 2 1 0 4 3 2 1 0

aThe contents are given as molar percentages where “0” indicates that the unit accounts for less than 1% of the sample. b Index numbers used for the
different δ(Qni(miAl)) units in eqs 3 and for the deconvolution of the 29Si NMR resonances. The relative intensities for the individual resonances (ai) are
the molar fractions listed in the rows above for the different glasses.

Table 4. Calculated Distributions of Si(Qni(miAl)) Units Obtained by the HQ-IRO Model
a

Q0 Q1(0Al) Q2(2Al) Q2(0Al) Q3(3Al) Q3(0Al) Q4(4Al) Q4(0Al)

C26A9S65 0 0 0 7.42 0 33.87 28.51 29.45
C30A10S60 0 1.56 0 11.66 0 38.65 33.60 14.45
C34A11S55 0 3.12 0 17.10 1.70 39.90 37.96 0
C39A12S49 0 5.91 0 23.62 19.06 22.90 27.96 0
C43A13S44 1.41 10.71 0 30.59 37.65 1.17 18.47 0

C23A15S62 0 0 0 2.19 0 21.13 48.39 28.20
C26A16S58 0 0 0 4.20 0 27.57 57.02 10.93
C31A17S52 0 0 0 7.18 8.69 24.81 58.62 0
C33A19S48 0 1.50 0 11.38 31.15 7.26 48.64 0
C38A19S43 0 3.09 15.55 1.46 41.58 0 38.11 0

aQuantities in molar percents. “0” indicates that the unit accounts for less than 1% of the sample.
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is compared with experimental 29Si MAS NMR spectra of
the glasses, providing information on the validity of the two
differentmodels in the descriptionof the intermediate-range
structure of the CAS glasses. The observed chemical shifts,
δ(29Si), for aluminosilicates depend on both the degree of
polymerization of SiO4 tetrahedra and the number of Al in
their second coordination sphere. The 29Si resonances ob-
served experimentally are the sum of subpeaks originating
from different SiO4 environments where the subpeak area is
proportional to the molar fraction of the individual Si(Qni-
(miAl)) units. Thus, rather broad 29Si resonances are ex-
pected since the models predict a range of different
structural environments for each glass composition. The
molar fractions for the individual Si(Qni(miAl)) units are
determined by the structural models and summarized in
Tables 3 and 4. During the modeling process the intensities
of the subpeaks are constrained tomatch themolar fraction
predicted by models.
For tetrahedrally coordinated Si in crystalline as well as

amorphous silicates andaluminosilicatesδ(29Si) ranges from
-60 to -120 ppm. This chemical shift region is split into
smaller subregions, depending on the degree of polymeriza-

tion of SiO4 units. Fully polymerizedQ4 units exhibit chemi-
cal shifts in the range-100 to-120 ppm, and the introduc-

tion of a NBO lowers the shielding of the 29Si nucleus by
5-10 ppm for each NBO,22-24 resulting in characteristic

shifts toward higher frequency for Q3, Q2, Q1, and Q0 SiO4

tetrahedra. Furthermore, the replacement of a Si-O-Si by

a Si-O-Al bond results in a similar shift (∼5 ppm) toward
higher frequency,8,22,24,25 preventing an unambiguous dis-

tinction of different Si(Qni(miAl)) units from the chemical
shifts alone, for example, a Si(Q4(2Al)) unit may exhibit the

same chemical shift as aQ3(0Al) SiO4 tetrahedron.
To test the validity of the R-IRO andHQ-IROmodels,

the 29Si MAS NMR spectra are deconvolved using a sum
of Gaussian shaped resonances corresponding to the
different types of Si(Qni(miAl)) units with relative inten-
sities equal to the molar fractions predicted by the models
(Tables 3 and 4).

f ðxÞ ¼
X15
i¼ 1

ai

w 3
ffiffiffiffiffiffiffiffi
π=2

p exp
- 2ðx- x0iÞ2

w2

" #

¼
X15
i¼ 1

ai

w 3
ffiffiffiffiffiffiffiffi
π=2

p exp
- 2ðx- δðQniðmiAlÞÞÞ2

w2

" #

ð3Þ
Thus, the 29Si NMR resonances are described as a sum of
Gaussian distributions (eq 3) where ai is the relative area

(i.e., the molar fraction) for a given structural unit and x0i is
the centerof the resonancecorresponding to thechemical shift

δ(Qni(miAl)).During thedeconvolutionsai is assumedtohave
a constant value, corresponding to thevalues listed inTables 3

and 4. The relation between i, ni, and mi for the different
δ(Qni(miAl)) units are given by the last three rows in Table 3.

The line width w is equal to 2σ, where σ is the standard
deviation, and the relation between w and the full width at

half-maximum(FWHM) isFWHM=2σ(2 ln 2)1/2≈ 1.18w.

FWHMisexpected tobeof theorderof∼10ppmfor glasses,

which is approximately 1 order of magnitude larger than

the line widths observed for crystalline samples with

similar compositions.8,49 The increased line width ob-

served for amorphous samples is caused by the distribu-

tion of bond angles and atomic distances present in these

materials. The line width is assumed to be constant for all

samples in the deconvolutions, which is considered a

reasonable approximation, taking into account that the

different glasses are synthesized under nearly identical

conditions, that is, similar cooling rates, using the same

starting materials. Thus, all 10 glasses are expected to

exhibit similar bond-angle and atomic distance distribu-

tions. The line width is additionally dependent on the

chemical environment of the Si nuclei. However, the

broadening caused by different atoms in the first and

second coordination spheres to Si is expected to be of

minor importance for the glasses as compared to similar

crystalline materials. The reason for this is that the

resonances are already broadened because of the bond

angle and atomic distance distributions within the glass.

Furthermore, line broadening from 29Si-29Si dipolar

interactions is negligible because of the low 29Si natural

abundance while heteronuclear 27Al- 29Si dipolar cou-

plings and 29Si chemical shift anisotropies are efficiently

averaged out by magic-angle spinning. The usage of a

constant line width within the modeling is discussed in

greater detail later. The dependencies of chemical shift on

the degree of polymerization of SiO4 tetrahedra (n: the

number ofBO linked to Si) and on the incorporation ofAl

in the second coordination sphere (m: the number of Al)

are assumed to be additive, that is, the chemical shift for a

Qni(m iAl) unit can be expressed by

x0i ¼ δðQniðmiAlÞÞ
¼ δðQ4ð0AlÞÞþ ð4- niÞAþmiB ð4Þ

A deconvolution is performed for all 10 glasses simulta-

neously. A master spectrum is created combining all 10 29Si

NMRresonances each shifted 60ppm from theprevious one

in the direction of lower frequencies. Only signals in the

range from -60 ppm to -120 ppm (original spectrum) are

used. The deconvolution is then performed by subtracting

the total ppm-shift from the δ(Q 4(0Al)) value for each

resonance, for example, 2 � 60 ppm is subtracted from

δ(Q4(0Al)) of C34A11S55, and 4� 60 ppm is subtracted from

δ(Q4(0Al)) of C43A13S44. The fitting procedure is performed

by the scaled Levenberg-Marquardt algorithm, using rea-

sonable starting values for the four unknown parameters,

that is,w=8.5 ppm (corresponding toFWHM=10ppm),

δ(Q4(0Al))=-110 ppm,A=7.5 ppm, andB=5ppm. The

validity of a model requires that the overall line shape of the
29SiNMRresonance for each glass ismatched by the decon-

volution and that reasonable values for the four parameters

are obtained.

(49) Greaves, G. N.; Meneau, F.; Kargl, F.; Wardi, D.; Holliman, P.;
Albergamo, F. J. Phys.: Condens. Matter 2007, 19, 415102.
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4. Results

4.1. 29Si MAS NMR. Figure 2 shows the 29Si MAS
NMR spectra for the 10 glasses, each including a broad
resonance with a line width (FWHM) ranging from 12.7
ppm (C38A19S43) to 22.3 ppm (C26A9S65). The resonances
shift toward higher frequencies within each series, that is,
C26A9S65 to C43A13S44 and C23A15S62 to C38A19S43,
which reflects the increase in the content of both Caexcess
and Al. The resonance lineshapes and widths of the
individual spectra are simulated using the deconvolution
procedure described in section 3.5, to evaluate the models
for the intermediate-range order in the glasses.
4.2. R-IRO Model. The predicted intensity distribu-

tions for the 29Si subpeaks, obtained with the random IRO
model, cannotbevalidated fromsimulationsof the 29SiMAS
NMR spectra constraining the intensity of each subpeak to
match the molar contents predicted in Table 3. The simulta-
neousdeconvolutionofall 10 29Si resonancesprovides apoor
fit to the experimental data with a correlation coefficient of
R2=0.237, as illustrated in Figure 3 for C26A9S65 to C43-
A13S44. In addition, the resulting values of the four unknown
fitting parameters, w=29.5 ( 0.2 ppm, δ(Q4(0Al))=33 (
1ppm,A=-119(1ppmandB=-60(1ppm,are far from
the expected values discussed in section 3.5. Figure 4 shows
the distribution of subpeaks for the individual Si(Qni(miAl))
units and the final description of the 29Si resonances for

C26A9S65 and C43A13S44 from series 1. The difference
betweenFigure 3 and 4 is because a large part of the intensity
for the given sample is positioned outside the range of the
experimental signal for that sample.
4.3. QH-IRO Model. When the intensities of the sub-

peaks are constrained to the contents of the different struc-
tural Qn(mAl) units predicted by the quasi-heterogeneous
IROmodel, convincingagreements are achievedbetween the
deconvoluted and experimental 29SiMASNMR spectra for
all 10 glasses. This is illustrated in Figure 5 while the opti-
mized values of the four unknown parameters (w, δ(Q4-
(0Al)), A, and B) are summarized in Table 5. Reasonable
values of the four unknown parameters from eqs 3 and 4 are

Figure 2. 29Si MAS NMR spectra of the two series of calcium alumino-
silicate glasses corresponding to the compositions (a) series 1, C26A9S65 to
C43A13S44 and (b) series 2, C23A15S62 toC38A19S43. The spectra have been
recorded under identical conditions at 7.05 T, using the spinning speed of
νR = 7.0 kHz and a 120 s relaxation delay.

Figure 3. Result from simultaneous deconvolution of the resonances in
all 10 29SiMASNMRspectra using theR-IROmodel, illustrated here for
series 1, that is, C26A9S65-C43A13S44.

Figure 4. Deconvolution of the 29Si NMR resonances for (a) C26A9S65
and (b) C43A13S44 using the R-IRO model. The experimental spectra are
shown by thick black lines whereas the thin black lines illustrate the
subpeaks originating from individual structural units. The sum of the
deconvoluted resonances is shown by the blue line.
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obtained. The sum of the individual resonances provides an
excellent fit to the experimental data, that is,R2= 0.964 for
the simultaneous deconvolution of all 10 resonances.
The sensitivity of the optimized values for w, δ(Q4(0Al)),

A, and B to the initial parameters used in the fitting pro-
cedure is tested. In this examination the starting values ofw,
A, andB are varied in the range(50%of the original values,
that is, w=8.5 ppm,A=7.5 ppm, and B=5 ppm. The ini-
tial value for δ(Q4(0Al)) is varied in the range(10% of the
original shift, δ(Q4(0Al))=-110 ppm. Different combina-
tions of the starting values are used, for example, the largest
value of δ(Q4(0Al)) (δ(Q4(0Al)) =-120 ppm) combined
with the smallest values ofA andB (A=3.75 andB=2.5) as
the values of these parameters affect the result in opposite
directions. The different combinations of starting values lead
in all cases to values within the uncertainty limits of the
parameters given in Table 5. Thus the parameters in Table 5
correspond to a strong localminimumobtainedby the fitting
procedure. In addition, the uncertainties associated with the
four unknown parameters, given as the standard deviation
obtained from the fitting procedure, are observed to be very
small (i.e., ∼0.5% for A which shows the largest relative
uncertainty). Thus, the analysis above shows that it is possi-
ble to obtain an excellent description of all 10 29Si resonances

simultaneously, applying a structural model based on a
quasi-heterogeneous IRO with just four unknown para-
meters which are determined with high precision (Table 5).
The individual descriptions of the resonances for each

glass using the values of w, δ(Q4(0Al)), A, and B stated in
Table 5 provide correlation coefficients (R2) which range
from0.927 (C23A15S62) to 0.996 (C33A19S48) with an average
of 0.970. Figure 6 shows the distribution of subpeaks for the
individual Si(Qni(miAl)) units alongwith the final simulation
of the 29Si resonances for C26A9S65 and C43A13S44.
4.4. 27Al MAS NMR. The 27Al MAS NMR spectra

(9.39 T) of the 10 glasses strongly suggest that Al is only
present in tetrahedral coordination and mainly involved in
Al-O-Si linkages, since the centerband resonances mainly
cover the spectral range of tetrahedrally coordinated Al50

with centers of gravity ranging from 45-52 ppm (Table 6).
In addition, the 27Al MAS NMR spectra of C23A15S62 and
C38A19S43 recorded at 14.09T (Figure 7) support these find-
ings, since these spectra include similar centerband reso-
nances, however, with smaller line widths (FWHM=22.3
ppm for C23A15S62 and FWHM=21.8 ppm for C38A19S43)

Figure 5. Deconvolutions of the 29Si MAS NMR spectra for all glasses.
The spectra are deconvoluted simultaneously using the QH-IRO model.
The experimental spectra are shown by a black lines whereas the blue line
illustrates the modeling result.

Table 5. Optimized Parameters, w, δ(Q4(0Al)), A, and B, from Deconvolutions of the 29Si MAS NMR Spectra Using the QH-IRO Modela

w (ppm) FWHMb (ppm) δ(Q4(0Al)) (ppm) A (ppm) B (ppm) R2

10.71 ( 0.03 12.61 ( 0.04 -100.75 ( 0.06 8.61 ( 0.04 3.92 ( 0.01 0.964

aThe uncertainties are given as the standard deviations obtained from the fitting procedure. bFWHM is the full width at half-maximum, FWHM≈ 1.18w.

Figure 6. Deconvolution of the 29Si NMR resonances for (a) C26A9S65
and (b) C43A13S44 using theQH-IROmodel. The experimental spectra are
shown by thick black lines whereas the thin black lines illustrate the
subpeaks originating from individual structural units. The sum of the
deconvoluted resonances is shown by the blue line.

(50) M€uller, D.; Gessner, W.; Behrens, H. J.; Scheler, G. Chem. Phys.
Lett. 1981, 70, 59.
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and high-frequency shifts of the centers of gravity (δcg =
52.7 ppm for C23A15S62 and δcg= 59.2 ppm for C38A19S43)
as compared to the resonances at 9.39 T. This reflects the
inverse proportionality of the second-order quadrupolar
broadening with the magnetic field strength. Isotropic
chemical shifts from 55-65 ppm are characteristic for
Al(OSi)4 sites,

31,51,52 indicating that such sites are the domi-
nant Al3þ environments in the glasses. Thus, these obser-
vations support the assumptions made in the modeling of
the IRO of the calcium aluminosilicates.
For both series the centers of gravity for the 27Al

centerbands are observed to shift slightly toward higher
frequency (Table 6 and Figure 7), indicating some
changes in the local 27Al environments. In analogy to

the 29Si chemical shifts, it is expected that the introduction
of a NBO linked directly to Al induces a displacement of
the chemical shift toward larger frequencies.53 A similar
effect on the 27Al chemical shift is expected if Al-O-Al
bonds replace Al-O-Si linkages.31

27Al MQMAS NMR investigations of peralkaline CAS
glasseswith similar compositions as the glasses studied in this
work have shown the presence of minor contents of 5-fold
coordinated Al in the glasses54,55 by the observation of AlO5

contentsofup to7%.Thus,minor contentsofAlO5are likely
to be present in the glasses investigated in this work, despite
no clear observations of these sites from the 27Al NMR
spectra in Figure 7 (the effect of these sites on themodeling is
discussed later). In agreement with the conclusions drawn
from Figure 7, no 6-fold coordinated Al is observed in the
previous 27Al MQMAS NMR investigation.54

5. Discussion

5.1. Nature of the IRO. The 29Si NMR resonances
change systematically within each series of glasses
(Figure 2), since the centers of gravity shift toward higher
frequency and the line width decreases for the samples
C26A9S65-C43A13S44 and C23A15S62-C38A19S43, respec-
tively (Table 6). Consequently, the low-frequency edge of
the resonances shifts from about-115 ppm to-100 ppm
in the two series, indicating that the glasses C39A12S49,
C43A13S44 and C33A19S48, C38A19S43 essentially do not
contain any Si(Q4(0Al)) units, which are the most shielded
structural components with chemical shifts in the range
-100 to -120 ppm.22-24 According to the R-IRO model,
Si(Q4(0Al)) units are present in all 10 glasses although their
content decreases along each series from C26A9S65 to C43-
A13S44 and fromC23A15S62 toC38A19S43. Thus, thismodel is
in contrast to the observed high-frequency shifts of the
resonances in the above-mentioned series. The correspond-
ing decrease in the FWHM values, observed experimentally
within each series (Table 6), conflicts also with the R-IRO

Table 6. Centers of Gravity and Line Widths Observed in the
27
Al and

29
Si MAS NMR Spectra and in the Simulated

29
Si NMR Spectra Using

the QH-IRO Model

δcg(
27Al)a

(ppm)
FWHM(27Al)a

(ppm)
δcg(

29Si)b

(ppm)
FWHM(exp)b

(ppm)
δcg(QH-IRO)c

(ppm)
FWHM(QH-IRO)c

(ppm)

C26A9S65 45.3 34.7 -92.4 22.3 -91.6 23.5
C30A10S60 46.0 34.5 -90.9 23.1 -89.4 19.6
C34A11S55 47.8 32.3 -87.4 17.7 -87.4 16.9
C39A12S49 50.1 31.2 -84.0 15.4 -84.6 16.7
C43A13S44 51.4 31.6 -81.6 13.3 -81.9 14.4

C23A15S62 45.8 36.3 -91.8 19.2 -90.0 23.3
C26A16S58 46.8 35.4 -89.5 18.4 -88.0 16.5
C31A17S52 48.8 34.4 -86.6 15.9 -86.2 15.4
C33A19S48 50.4 33.7 -84.0 13.9 -83.7 14.4
C38A19S43 51.7 34.5 -81.6 12.7 -81.4 15.3

aCenter of gravity and linewidth of the centerband from the central transition observed in the 27AlNMRspectra at 9.39T. bCenter of gravity and line
width of the resonances observed in the 29Si MASNMR spectra (Figure 2). cCenter of gravity and line width of the simulated 29Si MAS NMR spectra
obtained using the QH-IRO model (Figure 5).

Figure 7. 27AlMASNMR spectra of C23A15S62 and C38A19S43 obtained
at 9.39 and 14.09 Twith spinning speeds of νR=12.0 kHz and νR=13.0
kHz, respectively.

(51) M€uller, D.; Gessner, W.; Samoson, A.; Lippmaa, E.; Scheler, G.
J. Chem. Soc., Dalton Trans. 1986, 1277.

(52) Lippmaa, E.; Samoson, A.;M€agi, M. J. Am. Chem. Soc. 1986, 108,
1730.

(53) M€uller, D.; Hoebbel, D.; Gessner, W. Chem. Phys. Lett. 1981, 84,
25.

(54) Neuville, D. R.; Cormier, L.; Massiot, D. Chem. Geol. 2006, 229,
173.

(55) Neuville, D. R.; Cormier, L.;Montoullout, V.;Massiot, D. J. Non-
Cryst. Solids 2007, 353, 180.



4480 Chem. Mater., Vol. 22, No. 15, 2010 Moesgaard et al.

model, which predicts an increasing number of non-
negligible types of structural units as the contents of
NBO and Al increases. These discrepancies demonstrate
that the R-IRO model cannot describe the 29Si MAS
NMR spectra in a satisfactory manner.
The QH-IROmodel predicts the presence of detectable

contents of Si(Q4(0Al)) units only for C26A9S65, C30A10-
S60, C23A15S62, and C26A16S58 whereas Si(Q

3(0Al)) units
are the most shielded entities for the remaining glasses
(except C38A19S43) with an estimated chemical shift of
-92.1 ppm. These predictions are in good agreement with
the 29Si MAS NMR spectra (Figure 2). In addition, the
IRO hierarchy is capable of reproducing the experimen-
tally observed decrease in FWHM within each series as
indicated by the data in Table 6. The high-frequency edge
of the 29Si NMR resonances (roughly from -74 ppm to
-67 ppm, Figure 2) is only shifted slightly toward higher
frequency in the series C26A9S65-C43A13S44 and
C23A15S62-C38A19S43 which may reflect the increasing
content ofQ1(0Al) units (andQ0 for C43A13S44) predicted
by the QH-IRO model (Table 4). These are the most
deshielded structural units, and these species are present
in all samples. In general, the Qn(mAl) units correspond-
ing to a low degree of condensation exhibit somewhat
higher intensities for series 1 than series 2 in the QH-IRO
model (Table 4) which is in accordance with the slightly
lower center-of-gravity frequencies (δcg(

29Si)) observed
for series 1 as compared to series 2 (Table 6). Thus, the
distribution of structural units predicted from the QH-
IRO model is found to approach the experimentally
observed distribution and thereby, the QH-IRO model
provides a suitable description of the intermediate range
order in theCAS glasses, despite small variations between
the predicted and the experimental results (Figure 5). The
variations between the modeling results and the experi-
mental 29Si NMR resonances may be explained by the
strict division between depolymerized calcium silicate
regions and highly polymerized regions of alternating
SiO4-(

1/2Ca)AlO4 units used within the modeling. This
very strict division will most likely not be fully retained in
the glasses. For example, minor contents of Al can be
expected within the depolymerized regions and the 1:1
ratio between Si and Al in the highly polymerized regions
is possibly violated to some extent.
Engelhardt et al56 have investigated the structure of a

wide range of CAS compositions, using a similar approach
as employed in the present study, and described the
structure in terms of a distribution of Si(Qn(mAl)) struc-
tural units. In their work, the applicability of a model also
assuming Al to be linked preferentially to the most polym-
erized Si(Qn) units is tested and found to provide a reason-
able description of the experimental data. This supports
the quasi-heterogeneous distribution of Al in the second
coordination sphere of Si found in the present study.
Figure 8 illustrates a schematic representation of the

intermediate-range structure predicted from the two

modeling approaches. The content of intermediate-range
clustering regions is expected to increase in each series as
the contents of both Al and NBO increase. Thus, the
hierarchy in the intermediate-range order and the degree
of heterogeneity increases within each series of glasses,
that is, C26A9S65 to C43A13S44 and from C23A15S62 to
C38A19S43.
5.2. Structural Role of Al. Both theoretical models,

describing the spatial arrangement of structural units in
the intermediate range, are based on the distribution ofAl
around Si and focus only on the identity of the first and
second nearest neighbors of Si. For these approaches the
fulfillment of theAl avoidance principle within the frame-
work depends on the Si/Al ratio and the content of NBOs
bound to Si. It is possible to fulfill the Al avoidance
principle for all glasses except C38A19S43, if it is assumed
that Al is only present as Al(Q4) units. For C38A19S43 at
least 17% of Al is expected to be in Al-O-Al linkages.
The content of Al-O-Al linkages depends also on the

specific model. For example, the random IROmodel does
not contain any assumption regarding the Al avoidance
principle since it is only assumed that no clustering of Al
occurs. In the R-IRO model (Table 3) the individual
structural units must be accommodated into one contin-
uous network to form the glass, which provides further
limits on the Al avoidance as considerable contents of
Si-O-Si bonds are predicted. Using the R-IROmodel at
least 32% of Al in C26A9S65 take part in Al-O-Al
linkages increasing to 58% for C43A13S44. For series 2
the fraction of Al in Al-O-Al linkages is at least 42% for
C23A15S62 and 60% forC38A19S43. Thus, about 50%of the
Al is expected inAl-O-Al linkages, in agreementwith the
random nature of the modeling approach. However, these
fractions ofAl inAl-O-Al linkages appear unrealistically
high since they are significantly larger than those reported
for “charge compensated” CAS systems.10,14

In the QH-IRO model an alternating SiO4-AlO4

structure is assumed within the highly polymerized Al-
containing regions, thus having a Si/Al ratio of 1:1. This
means that the Al avoidance principle breaks down when
Al is assigned to Si(Q3), that is, Si associated with only 3
BO. For C26A9S65, C30A10S60, C23A15S62, and C26A16S58

Figure 8. Schematic representations of the intermediate-range structure
of the CAS glasses projected into two dimensions. Only the network
forming tetrahedra are shown in the figure. Oxygen is located in the four
corners of the tetrahedron surrounding the cation. The red tetrahedra
indicate SiO4 units and the blue tetrahedra represent the (1/2Ca)AlO4

units. Part (a) illustrates a structural arrangement following the random
IROmodel while (b) visualizes the hierarchy in the IRO predicted by the
quasi-heterogeneous IRO model. The highly polymerized regions of
alternating SiO4 and (1/2Ca)AlO4 units are marked by squares.

(56) Engelhardt,G.; Nofz,M.; Forkel, K.;Wihsmann, F.G.;Magi,M.;
Samoson, A.; Lippmaa, E. Phys. Chem. Glasses 1985, 26, 157.
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no Al-O-Al linkages are expected since all Al sites are
assigned to fully polymerized SiO4 units. For C34A11S55,
C39A12S49, and C43A13S44, the expected fractions of Al in
Al-O-Al linkages are 1%, 10%, and 17%, respectively.
In series 2, the expected contents of Al in Al-O-Al
linkages are 3%, 10%, 19% for C31A17S52, C33A19S48,
and C38A19S43, respectively. These degrees of Al avoid-
ance are in the same range as those reported previously
for the “charge compensated” CAS systems.10,14

As mentioned in section 4.4, the observed shifts in
δcg(

27Al) (Table 6) indicate changes in the local 27Al
environment. The high-frequency shift of the resonances
within each series may reflect an increase in the content of
Al-O-Al linkages as predicted from both models.31

However, the rather small displacements in centers of
gravity (Table 6) seem not large enough to justify the
presence of 50% Al in Al-O-Al linkages, which further
supports the suitability of the quasi-heterogeneous model
in the description of IRO in the CAS system.
The assumption that Al is solely present in tetrahedral

coordination seems a good first approximation as this is
clearly the dominant structural arrangement for the
aluminate species. However, the presence of minor con-
tents of 5-fold coordinatedAl (<7%) is expected to affect
the modeling result. So far, the structural role of 5-fold
coordinated Al is not fully understood, and it is unclear
whether penta-coordinated Al can be regarded as a net-
work former or as amodifying component.54,55 To charge
balance an AlO5 units an additional positive charge is
required as compared to Al in tetrahedral coordination.
In this situation the actual content ofCaexcesswill be lower
than assumed in the modeling. This can possibly explain
why the high-frequency edge for the majority of the
modeling results in Figure 5 is positioned at slightly
higher frequencies than the experimental data.
5.3. Variations of the Fitting Parameters. The fitting

procedure employs a constant value to describe the
dependence of δ(29Si) on the introduction of NBO, that
is, the fitting parameter A. Thus, the displacement of the
chemical shift is the same for the introduction of the first
NBO as, for example, for the third one. On the basis of
comprehensive studies of silicate minerals with different
degrees of polymerization, 29Si chemical shift ranges for
the different types of Qn units have been reported.22-24

Furthermore, from structural modeling of about 50 CAS
glasses within awide compositional range, chemical shifts
for the Qn units have been given by Engelhardt et al.56

Considering the mean values of each interval combined
with the results of Engelhardt et al., a linear regression of
these data results in the value for A of 9.6 ( 0.9 ppm.
A similar approach is used to describe the dependency

on δ(29Si) on the replacement of a Si-O-Si by a Si-O-
Al bond. From studies of aluminosilicate minerals with
zeolite-like compositions, ranges of δ(29Si) are obtained
for the different Q4(mAl) units.8,24 The reported ranges
suggest that the introduction of one Al in the second
coordination sphere results in a displacement of the
chemical shift of (6.6( 0.3) ppm. Thus, the displacement
can be regarded as independent of the number of Al

already introducedwithin the second coordination sphere
of the Si(Q4) units. However, the absolute values for B
found in the previous studies are larger than the B values
obtained in this study. This reflects most likely the signi-
ficant content of depolymerized structural units (Qn with
n<4) present within the glasses of this work. This obser-
vation is consistent with the results obtained by spectral
editing in 29Si MAS NMR spectra of glasses with an-
orthite composition.57 Likewise, variations in the Si/Al
ratio are expected to affect the values of both A and B.
The line width of all subpeaks, originating from the

different structural units, is during the modeling proce-
dure regarded as a constant parameter. Of course, this is
an assumption, as the width is known to depend on both
the topological, that is, the distribution of bond angles
and distances, and chemical environment of Si. The
similar cooling rates, used during the preparation of all
10 glasses, ensure similar bond-angle and atomic distance
distributions for all glasses. Thus, it is reasonable to
assume that the broadening because of bond-angle and
atomic distance disorder is constant for all samples. In a
previous study of two series of aluminosilicates glasses
on the meta-aluminous limit, the widths of the individual
Si(Q4(mAl)) resonances have been determined by modeling
of 29Si MAS NMR resonances.8 For calcium aluminosili-
cates, FWHM is reported to vary in the range 0.8-1 ppm
among the various Si(Q4(mAl)) units, whereas for sodium
aluminosilicates, the variation in FWHM is found to be∼2
ppm. The observed variations are not systematic which
makes it difficult to incorporate them into the modeling
procedure. In addition, the line broadening because of
topological disorder diminishes the relative variation of
FWHM.The absolute values for FWHMfound in previous
studies8,57 (FWHM = 11-13 ppm) is comparable to the
results obtained in the present work.
Further improvements of the description of the para-

meters A, B, and FWHM may, of course, provide more
sophisticatedmodeling procedures and thereby potentially
further improve the agreement with experimental data.
5.4. Impact of Structural Heterogeneity on Properties.

The viscous behavior and crystallization tendency for the
10 CAS compositions studied in this work have been
investigated recently19 with the aim of finding the optimal
composition of glass particles for the potential use as
supplementary cementitious materials in blends with
Portland cement. In that study it was found that both
series only exhibit a weak dependence of the composition
on the fragility but a strong compositional dependence of
the stability of the glasses toward crystallization during
reheating.19 The melt workability and glass stability
affect the applicability of the glasses in technical applica-
tions. Thus, it is of special interest to understand correla-
tions between compositional changes and changes in
structure and properties.
The observed intermediate-range quasi-heterogeneity,

which is characterized by the clustering of highly

(57) Hiet, J.; Deschamps, M.; Pellerin, N.; Fayon, F. Phys. Chem.
Chem. Phys. 2009, 11, 6935.
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depolymerized SiO4 units and highly polymerized AlO4

and SiO4 tetrahedra, is expected to influence the physical
properties of the 10 CAS glasses and melts. In general, the
glasses in series 1 show a larger stability toward crystal-
lization upon reheating as compared to the glasses in series
2. In particular C26A9S65 and C30A10S60 exhibit superior
stability19 which may be explained by the observed hier-
archy in IRO.The compositions in series 2 have the highest
content of Al and for this reason the number of highly
polymerized clusters of alternating SiO4-(1/2Ca)-
AlO4 units is larger for series 2 as compared to series 1.
These cluster regions in the IRO are expected to be frozen
in at viscosities of η≈ 104 Pa 3 s.

39,43 Thus, they will remain
in the glass structure during reheating until temperatures
markedly above the glass transition are reached. These
cluster regions constitute inhomogeneities capable of in-
ducing heterogeneous nucleation. Large numbers of in-
homogeneities create the largest reduction of the energy
barrier toward crystallization. Another possibility is that
clusters exceeding the critical sizes can act as nuclei for the
crystallization process. The identity of the crystalline
phases formed during heating of the glasses has been
determined by powder X-ray diffraction for series 1.58

Prior to these investigations, the glasses were subjected to
a dynamic heating to 1523 at 20 K/min. No crystalline
phases are observed in C26A9S65 and C30A10S60, whereas
crystals are detected in the remaining glasses of series 1, the
principal crystalline phases being anorthite, wollastonite,
and pseudowollastonite. The composition of anorthite
(CaAl2Si2O8) corresponds to that expected for the highly
polymerized regions of alternating SiO4 and (1/2Ca)AlO4

tetrahedra, whereas the composition of wollastonite and
pseudowollastonite (CaSiO3) corresponds to that expected
for intermediate-range SiO4 clusters rich in NBOs. For
C43A13S44, approximately 10% of the crystals are identi-
fied as gehlenite (Ca2Al[AlSiO7]). This phase is expected to
be formed from clusters rich in Al. Thus, the formation of
gehlenite in C43A13S44 also indicates the breakdown of the
Al avoidance principle. A study on the dependence of
crystallization on the degree of undercooling for a series
of calcium aluminosilicate liquids in the same composi-
tional range as studied in this work also reveals the
formation of non-isochemical crystal phases that reflects
compositional fluctuations, and hence, structural hetero-
geneities in the melts. The phases reflecting compositional
fluctuations form at low temperatures at which the mobi-
lity of the ions is restricted.59

Fragility is a measure of the deviation of the melt flow
behavior from Arrhenian behavior.60 A fragile melt ex-
hibit non-Arrhenian behavior, whereas a strong melt has
a near-Arrhenian behavior. The fragility reflects the
degree of order in a melt where a strong melt generally
has a high degree of short-range order while fragile melts
do not have well-defined short-range order.60 The stron-
gest melt known today is pure SiO2 and addition of a

network modifying cation (e.g., Ca) into pure SiO2 in-
creases the disorder and thus the fragility. The fragility of
aluminosilicates is also influenced by theAl content and it
has been reported that the fragility of peralkaline CAS
melts increases with a decreasing Si/Al ratio.61 Thus, the
fragility is expected to increase within each series of
glasses from C26A9S65 to C43A13S44 and from C23A15S62
to C38A19S43, since both the content of NBO and Al
increase in these series. However, only a minor composi-
tional dependence of the melt fragility was observed in
our recent study,19 which may reflect the increasing
degree of quasi-heterogeneity in the intermediate-range.
This increase in IRO may counterbalance the expected
increasing short-range disorder as the contents of
NBO and Al increase. Thus, the quasi-heterogeneous
nature of the IROmay in general account for the compo-
sitional dependence of stability of the glasses toward
crystallization and fragility as observed for the 10 melts
in the CAS system.
5.4. Perspective. As proved above, the nature of the

intermediate-range order in CAS glasses is not random.
Instead the appearance of the 29Si MAS NMR resonances

gives evidence of chemical fluctuations in the intermediate-

range of the glass structure. These fluctuations can be

described as clustering of highly depolymerized CaO-SiO2

containing regions and highly polymerized regions of alter-

nating SiO4 and AlO4 tetrahedra. Figure 5 shows the good

agreement of this quasi-heterogeneous modeling with the

experimental results obtained by 29Si NMR. Although the

modeling is found to provide a convincing description of the

data, minor deviations between the simulated and experi-

mental resonances are observed (Figure 5). To reduce these

deviations, future models may consider the following re-

finements. (i) The content of five-coordinated Al may be

probed by 27Al MQMAS NMR and subsequently consid-

ered in the modeling approach. (ii) Ab initio calculations of

the NMR parameters may be a promising approach, which

can potentially be used to estimate influence of the fitting

parameters, for example, the width, on variations in chemi-

cal and structural environments for the various structural

units. (iii) The approach used in this work for obtaining

structural information may potentially be combined with

other methods, particularly, molecular dynamic simula-

tions,62 to provide new insight about the local structure of

the glasses.

6. Conclusions

In this work, the intermediate-range order (IRO) for 10
peralkaline CAS glasses has been investigated by 29Si
MAS NMR in combination with structural modeling.
Two approaches for the IROhave been establishedwithin
the framework of the continuous random network and
modified random network models, respectively. The first
approach, that is, the R-IRO model, employs a random

(58) Moesgaard, M., unpublished data.
(59) Roskosz, M.; Toplis, M. T.; Richet, P. J. Non-Cryst. Solids 2006,

352, 180.
(60) Angell, A. J. Non-Cryst. Solids 1991, 131-133, 13.

(61) Solvang, M.; Yue, Y. Z.; Jensen, S. L.; Dingwell, D. B. J. Non-
Cryst. Solids 2004, 336, 179.

(62) Vargheese, K. D.; Tandia, A.; Mauro, J. C. J. Chem. Phys. 2010,
132, 194501.
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spatial arrangement of Al within the second coordination
sphere to Si whereas the key factor of the second model,
that is, the QH-IRO model, is the clustering of regions
rich in highly polymerized AlO4 and SiO4 units and other
regions rich in highly depolymerized SiO4 units. This
clustering is described as a hierarchy in the IRO. The
applicability of the two modeling approaches to des-
cribe the structure of the peralkaline CAS glasses has
been examined by deconvolution of experimental 29Si
MAS NMR spectra using subpeaks for the different
structural units with relative intensities predicted from
the models. The quasi-heterogeneous modeling approach,
emphasizing a hierarchy in the IRO, results in good agree-
ments between the simulated and experimental 29Si MAS
NMR spectra for all 10 glasses. In contrast, the random
modeling approach is not capable of reproducing the 29Si
NMR resonances in a satisfactory manner. Thus, the struc-

ture of the glasses studied in thepresentwork is dictatedbya
quasi-heterogonous IRO. Furthermore, the IRO hierarchy
approach may explain the compositional dependences of
the glass stability against crystallization, the glass forming
ability and the fragility for the 10 glass systems.
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