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Abstract

To test the validity of a thermodynamic model (TM) for glass structure (model of associated solutions previously

proposed by some of us) the distributions of silicon species Qn in several stoichiometric glasses were estimated by

nuclear magnetic resonance. The following glasses were considered: CaO � SiO2 (CS), BaO � 2SiO2 (BS2),

Na2O � 2CaO � 3SiO2 (1 � 2 � 3), 2Na2O �CaO � 3SiO2 (2 � 1 � 3), CaO �MgO � 2SiO2 (CMS2) and PbO � SiO2 (PS). In con-

trast to the usual assumption that all kinds of Qn species can be present in the glass structure, the basic hypothesis of the

TM limits the possible set of species in the glass to those effectively observed in the crystalline phases of the equilibrium

phase diagram. The Qn distributions for the set of glasses were calculated at temperatures close to the respective glass

transition temperatures. A satisfactory agreement was found between the predicted and experimental Qn populations

for glasses 1 � 2 � 3, BS2 and 2 � 1 � 3. On the other hand, for glasses CS, CSM2 and PS, agreement between experiment

and model results is obtained assuming that the expected amount of Q4 silicon in the glass is organized in silica-like

domains of molecular size, having Q3 units at their �interfaces�.
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1. Introduction

A detailed experimental study of any property,

as a function of composition in multi-component

systems, typically requires a large number of ex-

periments. That is why the modeling of properties

of glasses and melts is a compelling problem. An
ed.
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ideal model must be predictive (i.e. it must avoid
adjustable parameters) over extended composi-

tion, temperature and pressure regions, for systems

formed from any number of components, and has

to provide the possibility of calculating a wide

variety of properties. The results for a given system

should be in agreement with available information

on its structure.

In a series of previous papers [1–8], it has been
shown that the thermodynamic model (TM) of

associated solutions meets the above requirements

for oxide glasses and melts, formed from distinct

chemical components. The model uses only the

standard Gibbs free energies of formation of

crystalline compounds, tabulated for various bi-

nary and ternary systems, as input parameters. It

yields an adequate description of the entire set of
thermodynamic potentials of systems formed from

any number of components [1–3]. In addition, due

to the fact that a wide range of physical properties

of glasses and melts are the derivatives of the

Gibbs free energy with respect to different vari-

ables of state, this TM enables these properties to

be calculated [2–5]. Finally, the model relates the

thermodynamic potentials to specific atomic in-
teractions and the distribution of various struc-

tural units which determine the short-range and, to

a certain extent, the medium-range order in glasses

and melts [2,3,6–8]. In this work, model predic-

tions of the short-range order in silicate glasses are

being tested using the results of high resolution
29Si-nuclear magnetic resonance (NMR) experi-

ments.
2. The model of associated solutions

When in contact, basic and acidic oxides inter-

act (especially at high temperatures and, some-

times, even at room temperature) and, similar to

the interaction between a base and an acid, they
form salt-like products (silicates, borates, germa-

nates, etc.). An adequate model has to take into

account these processes. Thus, approximately

twenty models are known, which are used to de-

scribe the properties of oxide systems on the basis

of various structural concepts. All of these models

need to use experimental thermodynamic data for
melts and/or glasses. The model of associated so-
lutions [2] considered here is based on the rigorous

thermodynamic theory of affinity of De Donder

and Van Rysselberghe [9] and describes the ther-

modynamic properties of homogeneous systems

formed from any number of components at any

temperature.

The basis of the model is that a melt, formed

from components with different chemical nature, is
considered as a medium where chemical reactions

proceed in the direction of the equilibrium state.

These reactions are characterized by their standard

Gibbs free energies, which are the parameters de-

termining the actual equilibrium composition (this

concept is explained below). On achieving the

equilibrium state, the Gibbs free energy of a sys-

tem is a minimum. Thus, the suggested approach is
an extension of the applicability of equation of the

van�t Hoff isotherm to the case of several reactions

proceeding simultaneously.

The probability of chemical reactions and the

possibility of calculating their standard Gibbs free

energies (DG0
r ) are totally independent of the state

of aggregation of initial reagents and final prod-

ucts, as well as of the nature of their chemical
bonds (ionic, covalent, etc.). It should be noted

that only the equilibrium state of a system is

considered here. Thus, within the framework of

the model, oxide melts are considered as an equi-

librium solution formed from unreacted initial

oxides and the salt-like products of their interac-

tion. These salt-like products represent structural

chemical groupings of definite composition, with
similar stoichiometry to that of the crystalline

compounds shown by the equilibrium phase dia-

gram of the system considered. According to re-

cent structural data [10], a structural similarity

between the salt-like groupings and crystals of the

same stoichiometry can also be assumed, at least

with respect to the ratio between the basic struc-

tural units (boron–oxygen and silicon–oxygen
polyhedra).

At high temperatures (above 1000 �C for alkali-

silicate, borate and germanate systems), it is pos-

sible to neglect deviations from the ideal behaviour

of a system that are due to the difference in size

and shape of the unreacted initial oxides and the

salt-like groupings. In this case, a single-phase



0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.2

0.4

0.6

0.8

1.0
(a)

3*8

1*1

1*2

SiO2

400oC

800oCX
i

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.2

0.4

0.6

0.8

1.0

(b)

3*8

1*1

1*2

SiO2

1000oC

1200oCX
i

X Na2O

Fig. 1. Chemical structure (mNa2O � nSiO2) of sodium silicate

melts at various temperatures, over the composition region

from 0 to 60 mol% Na2O. (a) Solid line: 400 �C. Dashed line:

800 �C. (b) Solid line: 1000 �C. Dashed line: 1200 �C.
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system can be described on the basis of the ideal
approximation of the model. This implies that the

salt-like groupings and the unreacted oxides form

an ideal solution. Hence, the energy of the system

is independent of the specific type of groupings

that surround a given grouping or, in other words,

it is assumed that the groupings are statistically

distributed in space. As shown in Ref. [1], this

approximation is valid for a wide variety of sys-
tems that present a basis for many industrial

glasses.

The mathematical formalism of the model of

associated solutions consists of a search for a

minimum in the Gibbs free energy of a system as a

function of the degree of completeness of reac-

tions. As shown in Ref. [11, p. 141], this corre-

sponds to the solution of a system of equations for
the law of mass balance of the components and

those describing the law of mass action for all of

the reactions that proceed in the system of a given

composition (if required, the expressions for the

excess Gibbs free energy of mixing of the salt-like

products are taken into account). Examples of

such systems of equations are given in Refs.

[2,5,12]. The solution of these systems provides
information on the equilibrium composition of the

glass (melt), which allows its chemical structure to

be determined. The notion of the chemical struc-

ture of glasses implies the content in them of the

salt-like products (groupings) and the unreacted

initial oxides. This content can be represented by

the number of moles (ni) or by the mole fractions

(Xi) of all of the species. The relationship between
them is determined by the formula

Xi ¼ ni=
X

ni:

It should be noted that the symbol ni represents
the absolute value of the number of moles that

form in the course of the interaction between X �

moles of Na2O and (1� X �) moles of SiO2, B2O3,

etc. while the symbol Xi represents the values re-

ferred to a new total sum of all of the chemical

species (salt-like groupings) present in the system,
due to the achievement of the equilibria of the

reactions that proceed in the system. Thus, a

transformation can be made to new concentration

co-ordinates that describe the system (see for ex-

ample Ref. [13, p. 387]). These new concentrations
are called actual co-ordinates or actual concen-
trations as opposed to analytical concentrations.

It should be stressed that, as follows from cal-

culations made for a wide variety of glasses and

melts, there is no single set of salt-like species that

is common for all glass-forming systems of a given

type. In each particular case, this set has to be

determined on the basis of information from the

phase diagram of the given system, followed by an
analysis of the thermodynamic stability of the

relevant compounds. The idea of a certain set of

species, which is unique for a range of borate,

silicate or other systems, can lead to serious mis-

takes such as the misinterpretation of structural

data obtained by various experimental techniques.

As an example, Fig. 1(a) and (b) shows the

chemical structure of sodium silicate melts, at
various temperatures, over the composition region

from 0 to 60 mol% Na2O. The salt-like species

present in these melts are similar in their stoichi-
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ometry to the crystalline compounds that are
shown in the phase diagram of the system Na2O–

SiO2 [14].

A knowledge of the chemical structure of a

given glass, together with information on the struc-

ture of the stoichiometric crystalline compounds

that form in the relevant system, allows the dis-

tribution of the basic structural units in glasses to

be calculated. In the case when the crystal struc-
tures are unknown, the distribution of various X–

oxygen (X¼ Si, B, Ge, P) polyhedra in glasses can

be modeled, with a certain degree of accuracy, if it

is known how the structure of a vitreous network

changes on addition of modifying oxides, i.e.

whether X–O bonds form or are broken due to the

introduction of each new metal atom. Examples of

modeling the concentration and temperature dis-
tribution of the basic structural units in borate and

binary/ternary silicate glasses and melts are given

in Refs. [2,3,6–8,15].
3. Experimental

The glasses were prepared by melting homoge-
neous mixtures of analytical grade reagents in 100-

ml Pt crucibles, in electric furnaces. The melting

temperatures ranged from 1450 to 1550 �C, with a

hold time of about two hours. To avoid crystalli-

zation, the melts were cast between cold steel

plates and manually pressed at estimated cooling

rates between 100 and 500 �C/s. Additional details

concerning the preparation of the glasses can be
found in Ref. [16].

High resolution 29Si-NMR spectra were ob-

tained in a magnetic field of 9.4 T, at a frequency

of 79.45 MHz, with a Varian Unity Inova spec-

trometer. Measurements were carried out under

magic-angle sample spinning (MAS) of up to 6

kHz, using a 7 mm wide-body CP/MAS probe

from Varian and 7 mm zirconia rotors. The spec-
tra were obtained from free induction decay sig-

nals after p/2 pulses of 4 ls length. Relatively long

recycle times were used to avoid any possible ef-

fects of differential relaxation across the inhomo-

geneously broadened NMR line. For each glass, it

was verified that the pulse recycling time was long

enough to avoid saturation, resulting in recycling
times up to 400 s. A polycrystalline kaolinite
sample was used as secondary external standard

for referencing chemical shifts ()91.2 ppm with

respect to tetrametilsilane, TMS).

The population of Qn silicon sites was estimated

from a least squares fitting of the spectra, assum-

ing Gaussian distributions of isotropic chemical

shifts dISO for each type of Qn unit. For broad

NMR lines, the overlapping of Qn resonances gives
raise to co-variances between best-fit intensity

parameters, this being a source of uncertainty for

the Qn populations. To minimize this effect, several

physical criteria were imposed on the fitting pro-

cedure to discard unrealistic numerical results.

Thus, full width at half maximum (FWHM) values

of individual Gaussians were restricted to less than

15 ppm, based on the chemical shifts observed in
different crystalline silicates [17]. Each non-bridg-

ing oxygen atom (NBO) produces a deshielding of

between 5 and 10 ppm with respect to the chemical

shift of a Q4 silicon in a silica-like environment.

Therefore, the centers of adjacent Gaussians at-

tributed to Qn and Qnþ1 units should be separated

by more than 5 ppm. The number of Gaussians

used in each case was determined by the overall
chemical shift range spanned by the NMR spec-

trum and other spectral features, such as partially

resolved bumps or asymmetries. With these crite-

ria, up to four partially overlapped Gaussian dis-

tributions were needed to deconvolute the spectra.

In some cases, equally acceptable fits were ob-

tained from deconvolutions with three and four

Gaussian functions. To choose physically signifi-
cant fits, stoichiometric criteria and literature data

for isotropic chemical shifts were considered. For

alkali and alkaline-earth metasilicate glasses, the

values for the intensities resulting from the fitting

procedure described above were compatible with

the stoichiometric condition 2Q0 þQ1 ¼ Q3 þ 2Q4

within the uncertainty of the method.
4. Results

4.1. Thermodynamic modeling

An analysis of the agreement between the NMR

measurements and the model prediction of Qn



Table 1

Populations of silicon species in several binary alkali-silicate

glasses calculated with the TM

Glass Q0 Q1 Q2 Q3 Q4

Li2O � 2SiO2

Population

(NMR) [%]a
10 63 22

Population

(NMR) [%]b
14.5 71 14.5

Population

(TM) [%]

0.002 25.6 48.9 25.61

Li2O �SiO2

Population

(NMR) [%]b
8.5 83 8.5

Population

(TM) [%]

1.3 96.4 1.9 0.3

Na2O �SiO2

Population

(NMR) [%]a
1 13 70 16

Population

(NMR) [%]b
1 7.5 85 7.5

Population

(TM) [%]

0.35 9.70 79.82 9.86 0.27

K2O �SiO2
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values should commence with estimating the un-
certainty in the modeling. According to the for-

malism of the model used, the accuracy of

calculating the distribution of the basic structural

units in glasses depends on the accuracy of the

determination of their chemical structure. In Ref.

[5], it is shown that the chemical structure is cal-

culated with an error entirely determined by the

reliability of the standard Gibbs free energies of
formation, DG0

f , from the oxides of the compounds

existing in the particular system. Fig. 2 shows the

change in the fractions of Qn species in sodium

silicate melts, at 1200 �C, due to a variation of �1

kcal/mol in the potentials, DG0
f , calculated ac-

cording to the reaction

mNa2Oþ nSiO2 ¼ mNa2O � nSiO2;

from the data reported in Ref. [18] for the sodium

silicate compounds and the constituent oxides. It is

seen that the maximum change, which is observed

for the case of Q1 and Q2 species, does not exceed

0.1. Note that, in general, the potentials DG0
f used

in the model calculations are chosen on the basis

of a critical analysis of the available literature
data. From the thermodynamic data reported in

Refs. [18–21], it follows that, for the compositions

considered in this paper, the uncertainty in the

DG0
f values used in the model calculations is less
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Fig. 2. Evaluation of the variation in calculated fractions of Qn

species in sodium silicate melts due to a variation on the Gibbs

free-energies DG0
f of the oxides in �1 kcal around the experi-

mental values (Ref. [18]). Calculations were carried out at

1200 �C.
than �1 kcal/mol. Therefore, it can be expected

that the Qn values listed in Tables 1 and 2, re-

spectively, for alkali-silicate and alkaline-earth
Population

(NMR) [%]b
2 96 2

Population

(NMR) [%]a
7 84 9

Population

(TM) [%]

1.4 95.8 2.7 0.1

Na2O � 2SiO2

Population

(NMR) [%]a
10 79 11

Population

(NMR) [%]b
7.5 85 7.5

Population

(TM) [%]

12.0 75.9 12.1

K2O � 2SiO2

Population

(NMR) [%]a
7 86 7

Population

(NMR) [%]a
5.5 89 5.5

Population

(TM) [%]

1.3 97.3 1.4

Experimental NMR data were taken from literature.
aRef. [30].
bRef. [31].
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silicate systems are modelled with an error that is

no larger than the maximum variation of 0.1

shown in Fig. 2.

An analysis of the NMR results reported by

different authors for the compositions listed in

Table 1 shows that, on the average, the uncertainty

in the experimental measurements of Qn values can

be estimated as 10%, which is comparable with the
above error of modelling. In the majority of cases
Table 2

Results from deconvolution of NMR spectra (attributed population

chemical shift values dISO) and predictions of the TM

Glass Q0 þQ1 Q2

CS

Central dISO [ppm] )75.6 )82.6
Population (NMR) [%] 0+ (20� 5) 64� 8

Population (NMR) [%]a 0.7 + 19.3 54.7

Population (TM) [%] 1.9 + 25 58.6

1 � 2 � 3
Central dISO [ppm] )73.4 )80
Population (NMR) [%] 0+ (16� 5) 72� 8

Population (TM) [%] 5.0 + 4.6 77

2 � 1 � 3
Central dISO [ppm] )70.0 )77.5
Population (NMR) [%] 0+ (14� 5) 67� 8

Population (TM) [%] 4.5 + 1.3 84

BS2

Central dISO [ppm] )86.2
Population (NMR) [%] 24� 7

Population (TM) [%] 0.007+ 0 17.9

CMS2

Central dISO [ppm] )77.5 )84.0
Population (NMR) [%] 0+ (28� 8) 43� 10

Population (TM) [%] 13.3+ 4.4 67

PS

4-Gaussian

Central dISO [ppm] )79.3 )85.7
Population (NMR) [%] 0+ (21� 4) 47� 8

Population (NMR) [%]b 0 + 12.8 51

3-Gaussian

Central dISO [ppm] )84.4
Population (NMR) [%]c 73� 7

Population (TM) [%] 1.5 + 0 68.5

aRef. [25].
bRef. [26].
cDeconvolution with three Gaussian distributions of dISO, and attrib

environments.
given in the table, except for Q3 in the composition
Li2O � 2SiO2, the maximum discrepancy between

the model and experimental values of Qn is no-

ticeably less than 20%, i.e. the sum of the experi-

mental error and the uncertainty of modelling. The

larger deviation observed for Q3 in the lithium

disilicate glass is due to unreliable information

concerning the thermodynamic potentials for

lithium silicates reported in Refs. [18–21] and used
of silicon species and center of each distribution of isotropic

Q3 Q4

)91.8 )103.3
14� 5 2� 1

24.1 1.1

0 14.5

)88.5
12� 5

11.6 1.5

)85.3
19� 5

9.6 0.4

)93 )102.8
62� 5 14� 5

64 17.9

)92.7 )103.0
25� 6 4� 1

0 15.6

)94.4 )105.5
26� 5 6� 2

30 5.9

– )94.8/)105.6
– 22� 5/5� 2

0 30

ution of the Gaussians at )98.8 and )105.6 ppm to different Q4
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in the model calculations. Thus, it can be said that,
for alkali-silicate glasses, the model results are in

good agreement with the experimental values.

Before comparing the experimental and model

Qn values listed in Table 2 for the compositions

CaO � SiO2 (CS), BaO � 2SiO2 (BS2), Na2O � 2CaO �
3SiO2 (1 � 2 � 3), 2Na2O �CaO � 3SiO2 (2 � 1 � 3),
CaO �MgO � 2SiO2 (CMS2) and PbO � SiO2 (PS), it

is necessary to consider the equations used, in each
case, for calculating Qn values on the basis of in-

formation about the chemical structure of

the above glasses. It should be remembered that the

sets of salt-like groupings, which characterise the

chemical structure, are determined from an anal-

ysis of the phase diagram of the given system. For

simplicity, binary glasses will be considered first.
4.1.1. CaO �SiO2 (CS)

According to the phase diagram of the system

CaO–SiO2 reported in Ref. [14], the groupings

present in calcium silicate glasses include CaO �
SiO2, 3CaO � 2SiO2, 2CaO � SiO2 and 3CaO � SiO2

as well as the unreacted oxides SiO2 and CaO. As

follows from their stoichiometry and the structural

data for the relevant crystalline compounds, these
groupings bring into the glasses the following

structural species: Q2 (CaO � SiO2), Q1 (3CaO �
2SiO2), Q

0 (2CaO � SiO2 and 3CaO � SiO2) and Q4

(SiO2). As explained inRef. [15], themodel does not

predict the presence of Q3 in these glasses, since

calcium disilicate, CaO � 2SiO2, which could intro-

duce this species, is not shown in the phase diagram.

The model values of Qn presented in Table 2 for
the glass CS have been calculated using the equa-

tions given below. They establish the relationship

between the content (fractions) of each Qn species

and the chemical structure of the glass:

Q4 ¼ XSiO2P
Qn ;

Q2 ¼ XCaO�SiO2P
Qn ;

Q1 ¼ 2X3CaO�2SiO2P
Qn ;

Q0 ¼ X2CaO�SiO2
þ X3CaO�SiO2P
Qn ;
where
X

Qn ¼ XSiO2
þ XCaO � SiO2

þ 2X3CaO � 2SiO2

þ X2CaO � SiO2
þ X3CaO � SiO2

:

Here and in what follows, the symbol
P

Qn rep-

resents the sum of all the structural species, while

XMOðM2OÞ � SiO2
and XSiO2

denote, respectively, the

mole fractions of the salt-like groupings and the

unreacted SiO2 present in the glass considered.

4.1.2. BaO � 2SiO2 (BS2)

As follows from the phase diagram of the sys-

tem BaO–SiO2 [14], the chemical structure of

barium silicate glasses is determined by the

groupings BaO � 2SiO2, 2BaO � 3SiO2, BaO � SiO2,

2BaO � SiO2, and the unreacted oxides SiO2 and

BaO. They introduce into glasses the structural

species Q3 (BaO � 2SiO2 and 2BaO � 3SiO2), Q2

(BaO � SiO2 and 2BaO � 3SiO2), Q0 (2BaO � SiO2)

and Q4 (SiO2). The content of these species in the

glass BS2 is calculated using the relationships:

Q4 ¼ XSiO2P
Qn ;

Q3 ¼ 2XBaO�2SiO2
þ 2X2BaO�3SiO2P
Qn ;

Q2 ¼ XBaO�SiO2
þ X2BaO�3SiO2P
Qn ;

Q0 ¼ X2BaO�SiO2P
Qn ;

where

X
Qn ¼ XSiO2

þ 2XBaO�2SiO2
þ 3X2BaO�3SiO2

þ XBaO�SiO2
þ X2BaO�SiO2

:

4.1.3. PbO �SiO2 (PS)

In the literature [14,22], two variants of the
phase diagram are reported for the system PbO–

SiO2, according to which the sets of salt-like

groupings present in the glass are somewhat dif-

ferent, viz PbO � SiO2, 2PbO � SiO2 and 4PbO � SiO2

[14], or 5PbO � 8SiO2, PbO � SiO2, 2PbO � SiO2,

3PbO � SiO2 and 4PbO � SiO2 [23]. In addition, in

both cases, the unreacted oxides PbO and SiO2 are

also present. The groupings from the former set
are responsible for the presence in the glasses of
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the species Q2 (PbO �SiO2 and 2PbO � SiO2), Q0

(4PbO � SiO2) and Q4 (SiO2), while the latter set

yields a slightly larger variety of Qn species, which

comprises Q3 (5PbO � 8SiO2), Q2 (5PbO � 8SiO2,

PbO � SiO2 and 2PbO � SiO2), Q
0 (3PbO � SiO2 and

4PbO � SiO2) and Q4 (SiO2). Special attention

should be paid to the role of the grouping

2PbO � SiO2. As follows from the experimental

studies of lead silicate crystals [24], the structure of
the compound 2PbO � SiO2 gives raise to the spe-

cies Q2 and not Q0, as could be expected from its

stoichiometry. According to recent structural data

[10], it is possible to assume a structural similarity

between the crystals and salt-like groupings of the

same stoichiometry. This enables an assumption to

be made that the grouping 2PbO � SiO2 brings into

the glasses the species Q2 instead of Q0. It should
also be noted that the difference in the chemical

structure calculated on the basis of the two sets of

lead silicate species is insignificant, due a small

contribution from the groupings 5PbO � 8SiO2 and

3PbO � SiO2. Therefore, the model values Qn given

in Table 2 have been calculated using the smaller

set of the groupings:

Q4 ¼ XSiO2P
Qn ;

Q2 ¼ XPbO�SiO2
þ X2PbO�SiO2P
Qn ;

Q0 ¼ X4PbO�SiO2P
Qn ;
Q4 ¼ XSiO2
þ 2X3Na2O�8SiO2

þ XNa2O�CaO�5SiO2P
Qn ;

Q3 ¼ 6X3Na2O�8SiO2
þ 2XNa2O�2SiO2

þ 4XNa2O�3CaO�6SiO2
þ 4XNP

Qn

Q2 ¼ XNa2O�SiO2
þ XCaO�SiO2

þ 2XNa2O�3CaO�6SiO2
þ 3XNa2O�2CP

Qn

Q1 ¼ 2X3Na2O�2SiO2
þ 2X3CaO�2SiO2

þ 2XNa2O�2CaO�2SiO2
þ 4X4P

Qn

Q0 ¼ X2Na2O�SiO2
þ X2CaO�SiO2

þ X3CaO�SiO2
þ XNa2O�CaO�SiO2P

Qn ;
whereX
Qn ¼ XSiO2

þ XPbO�SiO2
þ 2X2PbO�SiO2

þ X4PbO�SiO2
:

4.1.4. Na2O � 2CaO � 3SiO2 (1 � 2 � 3) and 2Na2O �
1CaO � 3SiO2 (2 � 1 � 3)

In accordance with the phase diagrams of the
ternary system Na2O–CaO–SiO2 [23] and its bi-

nary constituents, Na2O–SiO2 and CaO–SiO2 [14],

the chemical structure of sodium calcium silicate

glasses is characterized by the presence of three

unreacted oxides, Na2O, CaO and SiO2, and 16

salt-like species. The latter include 5 sodium sili-

cates, 3Na2O � 8SiO2, Na2O � 2SiO2, Na2O � SiO2,

3Na2O � 2SiO2 and 2Na2O � SiO2, 4 calcium sili-
cates, CaO � SiO2, 3CaO � 2SiO2, 2CaO � SiO2 and

3CaO � SiO2, and 7 sodium calcium silicates,

Na2O � 3CaO � 6SiO2,Na2O � 2CaO � 3SiO2,2Na2O �
CaO � 3SiO2, Na2O �CaO � SiO2, Na2O � 2CaO �
2SiO2, 4Na2O � 3CaO � 5SiO2 and Na2O �CaO � 5SiO2.

These groupings bring the following Qn species into

the glasses: Q4 (SiO2, 3Na2O � 8SiO2 and Na2O �
CaO � 5SiO2), Q3 (3Na2O � 8SiO2, Na2O � 2SiO2,
Na2O � 3CaO � 6SiO2 and Na2O �CaO � 5SiO2),

Q2 (Na2O � SiO2, CaO � SiO2, Na2O � 3CaO � 6SiO2,

Na2O � 2CaO � 3SiO2, 2Na2O �CaO � 3SiO2 and

4Na2O � 3CaO � 5SiO2), Q
1 (3Na2O � 2SiO2, 3CaO �

2SiO2, Na2O � 2CaO � 2SiO2 and 4Na2O � 3CaO � 5SiO2)

and Q0 (2Na2O � SiO2, 2CaO � SiO2, 3CaO � SiO2

and Na2O �CaO � SiO2). The content of these spe-

cies in the glasses 1 � 2 � 3 and 2 � 1 � 3 is calculated
from their chemical structure as
a2O�CaO�5SiO2 ;

aO�3SiO2
þ 3X2Na2O�CaO�3SiO2

þ X4Na2O�3CaO�5SiO2 ;

Na2O�3CaO�5SiO2 ;
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where
X

Qn ¼ XSiO2
þ 8X3Na2O�8SiO2

þ 2XNa2O�2SiO2

þ XNa2O�SiO2
þ 2X3Na2O�2SiO2

þ X2Na2O�SiO2

þ XCaO�SiO2
þ 2X3CaO�2SiO2

þ X2CaO�SiO2

þ X3CaO�SiO2
þ 5XNa2O�CaO�5SiO2

þ 6XNa2O�3CaO�6SiO2
þ 3XNa2O�2CaO�3SiO2

þ 3X2Na2O�CaO�3SiO2
þ 5X4Na2O�3CaO�5SiO2

þ 2XNa2O�2CaO�2SiO2
þ XNa2O�CaO�SiO2

:

4.1.5. CaO �MgO � 2SiO2 (CMS2)

From the phase diagrams of the ternary system

CaO–MgO–SiO2 [23] and its binary constituents,

CaO–SiO2 and MgO–SiO2 [14], the chemical

structure of calcium magnesium silicate glasses is

determined by three unreacted oxides, CaO, MgO

and SiO2, and 11 salt-like groupings that include 4

calcium silicates, CaO � SiO2, 3CaO � 2SiO2,
2CaO � SiO2 and 3CaO � SiO2, 2 magnesium sili-

cates, MgO � SiO2 and 2MgO � SiO2, and 5 calcium

magnesium silicates, CaO �MgO � 2SiO2, 2CaO �
MgO � 2SiO2, CaO �MgO � SiO2, 3CaO �MgO � 2SiO2

and 5CaO � 2MgO � 6SiO2. Due to the above group-

ings, the following structural species are present in

the glasses: Q4 (SiO2), Q
2 (CaO � SiO2, MgO � SiO2,

CaO �MgO � 2SiO2 and 5CaO � 2MgO � 6SiO2), Q
1

(3CaO � 2SiO2, 2CaO �MgO � 2SiO2 and 5CaO �
2MgO � 6SiO2) and Q0 (2CaO � SiO2, 2MgO � SiO2,

3CaO � SiO2, CaO �MgO � SiO2 and 3CaO �MgO �
2SiO2). A knowledge of the chemical structure of

the glass CMS2 enables the content of these spe-

cies to be calculated using the following equations:
Q4 ¼ XSiO2P
Qn ;

Q2 ¼ XCaO�SiO2
þ XMgO�SiO2

þ 2XCaO�MgO�2SiO2
þ 4X5CaO�2MgOP

Qn

Q1 ¼ 2X3CaO�2SiO2
þ 2X2CaO�MgO�2SiO2

þ 2X5CaO�2MgO�6SiO2P
Qn ;

Q0 ¼ X2CaO�SiO2
þ X3CaO�SiO2

þ X2MgO�SiO2
þ XCaO�MgO�SiO2

þP
Qn
where
X
Qn ¼ XSiO2

þ XCaO�SiO2
þ 2X3CaO�2SiO2

þ X2CaO�SiO2
þ X3CaO�SiO2

þ XMgO�SiO2

þ X2MgO�SiO2
þ 2XCaO�MgO�2SiO2

þ 6X5CaO�2MgO�6SiO2
þ 2X2CaO�MgO�2SiO2

þ XCaO�MgO�SiO2
þ 2X3CaO�MgO�2SiO2

:

Note that, in all of the above equations, the

numerical coefficients represent the numbers of

silicon–oxygen tetrahedra of a given type in each

of the salt-like groupings that bring this particular

Qn species to a glass. For the compositions listed in

Table 2, practically all of these coefficients are

determined on the basis of information on the
structure of the relevant stoichiometric crystalline

compounds.

It should be mentioned that the chemical

structure of the glasses considered in this paper has

been calculated using the standard Gibbs free en-

ergies of formation of the relevant crystals re-

ported in Refs. [18–21]. All of the model values of

Qn have been determined at temperatures that
differ from the respective glass transition temper-

atures, Tg, by less than 50�. From the above

equations it follows that, even in the relatively

simple binary glasses CS, BS2 and PS, some of Qn

species are introduced by two different salt-like

groupings. As to more complex ternary glasses, all

of their structural units, except for Q4 in CMS2,

are the result of several (3–6) groupings.
�6SiO2 ;

2X3CaO�MgO�2SiO2 ;
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4.2. NMR spectroscopy

4.2.1. CaO �SiO2 (CS, wollastonite)

Fig. 3(a) shows plots of the experimental spec-

trum and the four-Gaussian functions fitted to it.

Parameters obtained from this deconvolution are

shown in Table 2. The Qn populations calculated

with the TM are in disagreement with those ob-
tained by NMR. The fundamental discrepancy

arises from the fact that Q3 groupings are not ex-

pected from the TM analysis, but NMR results

indicate the existence of these species (14� 5%). In

our analysis, the Gaussian distribution centered at

)92.5 ppm with FWHM of 11 ppm was attributed

to Q3 units. This interpretation was based on the

identification of Q4 resonances at )103.3 ppm and
the fact that each NBO produces a deshielding of

the silicon resonance of between +5 and +10 ppm.
-6 0 -7 0 -8 0 -9 0 -1 0 0 -1 1 0 -1 2 0

δ ISO [ppm]

CS

1 2 3

2 1.3.

..

(a)

Fig. 3. (a) High resolution NMR spectra of the glasses CS, 1 � 2 � 3 a

distributions of isotropic chemical shift for each silicon species, fitted

olution NMR spectra of the glasses BS2, CMS2 and PS. Circles: expe

chemical shift for each silicon species, fitted by least-squares methods
Furthermore, 2-D NMR isotropic-anisotropic
chemical shift correlation experiments in wollas-

tonite glass support this attribution [25]. The au-

thors of Ref. [25] observed that the anisotropy of

the chemical shift interaction in the )92 ppm re-

gion does not correspond to Q4 units, but is clearly

related to Q3. Also, the typical Q4 anisotropy was

observed for dISO values around )101 ppm. Values

for Qn populations obtained in that study are also
indicated in Table 2, and show reasonable agree-

ment with the present data.

4.2.2. Na2O � 2CaO � 3SiO2 (1 � 2 � 3)
Fig. 3(a) shows plots of the experimental data

and fitted distributions for this glass. The high

resolution 29Si-NMR spectrum of 1 � 2 � 3 was de-

convoluted into three-Gaussian functions, giving
each of them the distribution of dISO associated
δ ISO [ppm]

-6 0 -7 0 -8 0 -9 0 -1 0 0 -1 1 0 -1 2 0

BS2

CMS2

PS

(b)

nd 2 � 1 � 3. Circles: experimental data. Dashed lines: Gaussian

by least-squares methods. Full line: resulting fit. (b) High res-

rimental data. Dashed lines: Gaussian distributions of isotropic

. Full line: resulting fit.
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with each type of silicon species Qn. A remarkably
stable deconvolution of the MAS–NMR spectrum

was obtained, without imposing any physical

constraint during the fitting. Table 2 shows the

values extracted for the center of the dISO distri-

butions and the Qn populations. Three kinds of

silicon species were detected: Q3, Q2 and Q1. A low

concentration (<3%) of Q0 species may be possibly

included within the intensity fitted for Q1 species,
due to overlapping of chemical shift values. The

populations show a remarkable agreement with

the results of the TM.

4.2.3. 2Na2O � 1CaO � 3SiO2 (2 � 1 � 3)
Fig. 3(a) shows that this glass has the best

resolved spectrum of the set. Consequently, the

deconvolution is stable and an excellent, uncon-
strained fit was obtained with three Gaussian

functions for species attributed as Q3, Q2 and Q1.

The resulting parameters are shown in Table 2. A

good agreement is observed with respect to the

values predicted by TM, the greatest difference

being that corresponding to the amount of

Q0 þQ1 units.

4.2.4. BaO � 2SiO2 (BS2)

Fig. 3(b) shows that the NMR spectrum of this

glass has no specially resolved features, aside from

a high field asymmetry caused by Q4 species. Thus,

during the fitting procedure the FWHM of the

three required Gaussians had to be constrained to

11� 1 ppm, a value typically observed in other

silicate glasses. Under these conditions a unique fit
was obtained, giving the set of populations shown

in Table 2. These values are in good agreement

with TM calculations. As can be observed, the

maximum population corresponds to Q3 sites, as

expected for a disilicate composition.

4.2.5. CaO �MgO � 2SiO2 (CMS2)

A deconvolution was performed with four
Gaussian functions, to allow the presence of Q4,

Q3, Q2 and Q1 species. The spectra and fitted dis-

tributions are plotted in Fig. 3(b), while the fit

parameters are summarized in Table 2. As for

wollastonite, the Qn populations obtained by

NMR disagree with the TM, especially in the at-

tribution of Q3 species. The TM excludes the
presence of Q3 species, but an intense distribution
must be considered to account for the spectral

intensity around )93 ppm.

4.2.6. PbO �SiO2 (PS, alamosite)

Fig. 3(b) shows that the NMR spectrum of this

glass is very similar to CSM2. A deconvolution

with four Gaussians was performed, resulting in

the parameters shown in Table 2. Since Q4 species
are clearly present in this glass, as is evidenced

from the NMR signal around )105 ppm, the other

distributions are readily attributed to Q3, Q2 and

Q1 species. These results agree with a study of local

order in lead silicate glasses presented in Ref. [26].

However, populations estimated by NMR are in

disagreement with TM calculations, because in this

glass the TM ruled out the presence of Q3 species,
as in CMS2 and CS.
5. Discussion

As mentioned above, there is a common dis-

agreement between TM and NMR estimations of

the populations Qn in the glasses CS, CMS2 and
PS. There are no crystalline compounds in the

phase diagram of these systems having Q3 units,

but the analysis of their NMR spectra suggest the

presence of these species. The identification of Q3

in the spectra is based on the following argument:

in silica polymorphs, there are no effects on the

dISO value arising from the neighborhood of net-

work modifying cations nor from covalent bonds
other than Si–O. Therefore, dISO is determined

basically by the mean value of the Si–ÔO–Si angle

[17]. In a glassy silica sample, the total range

spanned by dISO is from )100 to )125 ppm. These

limits are determined by the distribution of possi-

ble Si–ÔO–Si angles, varying from 120� to 180� [27].
The maximum of the silica glass spectrum is

around )111 ppm and corresponds to a mean Si–
ÔO–Si angle of 146�. Considering this fact, distri-

butions of dISO centered between )91 and )94
ppm, as observed in CS, CMS2 and PS glasses,

could hardly be attributed to Q4 sites. Instead,

distributions centered between )103 and )106
ppm were observed for these glasses, which can be

readily attributed to Q4 species. Therefore, the less
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shielded distributions between )91 and )94 ppm
should correspond to Q3, since their difference in

mean dISO with respect to Q4 agrees with the ex-

pected deshielding produced by one NBO.

On the other hand, in the context of the TM, it

is difficult to associate these Q3 populations with

chemical structures not considered in the calcula-

tions, since these structures should be related to

crystalline phases not yet observed in the equilib-
rium phase diagrams.

It should be noted that the set of chemical

structures (the salt-like groupings or species, as

they are called in the thermodynamic approach),

as determined by the relevant phase diagram, is

strictly specific for each particular system. Its

choice should receive very careful attention, be-

cause neglecting even a single compound that
forms in a given system makes it impossible to

correctly model its thermodynamic potentials.

Since these potentials are a function only of the

chemical structure of a glass or melt, modelling

their value presents the most direct and reliable

test for checking the correctness of a chosen set of

salt-like species. This is illustrated by Fig. 4, which

shows the chemical potential of Na2O in sodium
silicate melts, at 1200 �C, modelled using different

sets of species. It is seen that neglecting the for-

mation of Na2O � 2SiO2 considerably changes the
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Fig. 4. Chemical potential Dl of Na2O in sodium silicate melts,

at 1200 �C, modelled using different sets of species. Squares:

experimental data (Ref. [1]). Solid line: calculations considering

all salt-like compounds. Dashed line: calculations neglecting

Na2O � 2SiO2.
shape of the model curve. Only by taking into
account the complete set of species, an agreement

with the experimental data can be obtained [1].

Fig. 5 shows the results of modelling the

chemical potential of Na2O in sodium calcium

silicate melts. It is seen that, in the cuts with the

ratio Na2O/(Na2O+SiO2) equal to 0.244 and

0.294, the deviation between the model values and

the experimental data [28] does not exceed 0.5
kcal/mol, which can be considered as good agree-

ment. At Na2O/(Na2O+SiO2)¼ 0.343, this devia-

tion is larger (up to 1 kcal/mol), which is due to an

insufficient accuracy in the experimental data for

this cut. Hence it can be concluded that, in terms

of thermodynamics, the set of the salt-like species

in sodium calcium silicate glasses has been chosen

correctly. Therefore, another possibility should be
considered in order to explain the origin of the

observed Q3 silicon for these compositions.

It should be noted that TM calculations provide

the concentration of salt-like and starting oxides

species. The populations of Qn units in the glass

are calculated from these quantities considering

the type of Qn existing in each chemical com-

pound, assuming they have structures similar to
those observed in crystalline samples. For CS,

CMS2 and PS glasses, the calculated concentra-

tion of silica provides the fraction of Q4 units in
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Fig. 5. Chemical potential Dl modelled for Na2O in sodium

calcium silicate melts. Solid lines: calculations for different

values of the ratio Na2O/Na2O+SiO2: (a) 0.343, (b) 0.294,

(c) 0.244. Squares: Neudorf �s experimental data (Ref. [28]).
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the glass, assuming that these Q4 species are or-
ganized as in a bulk silica crystal. Nevertheless, it

is well known that this is not the case for silica in

highly dispersed forms, such as nano-particles or

highly porous media. In these forms, the surface to

volume ratio could be high enough that Q3 groups

on the interface can be detected with 29Si-NMR.

Many well established observations of silicon

species on the surface of silica can be found in
literature for different types of dispersed silica (e.g.

Ref. [17], Chapter V and references therein; Ref.

[29, p. 212]). Hence, we propose that the amount

of silica-like units predicted by the TM for CS,

CMS2 and PS glasses correspond to silica-like (Q4)

domains of molecular dimensions, where an ap-

preciable amount of Q3 units should necessarily

exist on the �surface�. In this way, the population of
Q3 units detected by NMR in these glasses should

be attributed to these molecular size silica-like

domains, instead of another salt-like compound.

Following this interpretation, the amount of

silicon corresponding to silica-like domains should

be calculated as the sum of silicon populations

detected by NMR in Q3 and Q4 sites. This is the

experimental quantity that should be used in
comparisons with populations calculated with the

TM. These quantities are summarized in Table 3.

With this new interpretation, a reasonable agree-

ment is found between the sum of Q3 and Q4

populations from NMR and the fraction of silicon

in silica-like clusters predicted by the model for

glasses CS and PS. The agreement is not so close

for CMS2 (NMR: 29� 7%, TM: 15.6%). How-
ever, this glass has the broadest spectrum of the
Table 3

Population of silicon species considering finite-size silica domains (hav

not expected from thermodynamics modeling

Glass Q0 þQ1 Q

CS

Population (NMR) [%] 20� 5 6

Population (TM) [%] 1.9 + 25¼ 26.9 5

CMS2

Population (NMR) [%] 16� 8 6

Population (TM) [%] 13.3+ 4.4¼ 17.7 6

PS

Population (NMR) [%] – 7

Population (TM) [%] 1.5 + 0 6
glasses studied and a strong overlap exists among
the fitted distributions. This fact constitutes a

limitation in resolving the details of the dISO dis-

tribution arising from the silica domains. Ac-

cordingly, the number of fitted parameters can be

reduced by considering only a single broad distri-

bution for silica, covering dISO values from Q3 and

Q4. In this case, resulting the silica population is

24� 7; a value closer to the estimation of the
model. On the other hand, it should be noted that,

in glasses 1 � 2 � 3 and 2 � 1 � 3, the expected amount

of silica from TM (1.5% and 0.4%, respectively) is

below the sensitivity threshold for NMR. There-

fore, any possible effects due to finite-size silica

clusters modifying the values for Q3 populations

could not be measured in these glasses.

Regarding the BS2 glass, the only disilicate
glass of the set, substantial amounts of Q3 and Q4

are expected from the model calculations: 17.9%

and 64%, respectively. The Q3 and Q4 populations

determined from NMR agree quite well with the

TM values. No excess of Q3 units (with respect to

the calculations) was observed within the experi-

mental uncertainty. In this case, the silica-like

domains in BS2 should have a low surface to
volume ratio, giving a negligible contribution to

the total population of Q3 sites.
6. Conclusions

The relative content of Qn groups species in six

stoichiometric glasses has been calculated using
the model of associated solutions and compared
ing Q3 and Q4 units) in glasses where Q3-bearing compounds are

2 Qsilica (Q3 þQ4)

4� 8 16� 6

8.6 14.5

0� 10 24� 7

6.6 15.6

3� 7 27� 7

8.5 30
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with NMR measurements for six glasses. Satis-
factory agreement was found between the pre-

dicted and experimental Qn populations for glasses

1 � 2 � 3, BS2 and 2 � 1 � 3. The apparent disagree-

ment with respect to the experimental data of Q3

units in three glasses of the set (CS, CMS2, PS) can

be accounted for by considering the finite-size of

the Q4 groupings species in the network. If it is

assumed that the expected amount of Q4 silicon in
the glass is organized in silica-like domains of

molecular size, which thus have Q3 units at their

�interfaces�, the model predictions are consistent

with experimental the data. Therefore, within the

overall uncertainty of the experimental method

and calculations, the content of Qn species pre-

dicted by the model is in satisfactory agreement

with the results of NMR experiments. This fact
indicates that thermodynamic modeling is a useful

tool in predicting structural aspects of glass.
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