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High molybdenum concentration in glass compositions may lead to alkali and alkaline-earth molybdates
crystallization during melt cooling that must be controlled particularly during the preparation of highly
radioactive nuclear glassy waste forms. To understand the effect of molybdenum addition on the struc-
ture of a simplified nuclear glass and to know how composition changes can affect molybdates crystal-
lization tendency, the structure of two glass series belonging to the SiO2–B2O3–Na2O–CaO–MoO3

system was studied by 29Si, 11B, 23Na MAS NMR and Raman spectroscopies by increasing MoO3 or
B2O3 concentrations. Increasing MoO3 amount induced an increase of the silicate network reticulation
but no significant effect was observed on the proportion of BO�4 units and on the distribution of Na+ cat-
ions in glass structure. By increasing B2O3 concentration, a strong evolution of the distribution of Na+ cat-
ions was observed that could explain the evolution of the nature of molybdate crystals (CaMoO4 or
Na2MoO4) formed during melt cooling.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Spent nuclear fuel reprocessing generates highly radioactive li-
quid wastes (HLW) with high Mo concentration that are currently
immobilized in borosilicate glass matrices containing both alkali
and alkaline-earth elements [1,2]. Because of its high field strength,
Mo6+ cation has a limited solubility in silicate and borosilicate
glasses and crystallization of alkali or alkaline-earth molybdates
may occur during melt cooling or heat treatment of glasses [3–
5]. Indeed, according to EXAFS results giving the average Mo–O
distance d(Mo–O) in silicate and borosilicate glasses [1,6–8], the
field strength F of Mo6+ cation (F = 6/d(Mo–O)2) ranges between
1.89 and 1.935 Å�2 (Table 1). Consequently, Mo6+ cation exerts a
strong ordering effect on the surrounding oxygen anions and
may easily separate from the silicate or borosilicate glassy network
combining with other elements such as alkali and alkaline-earth
cations to form crystalline molybdates. The crystallization of
poorly durable Mo-rich phases such as the complex ‘‘yellow
phases” containing water soluble alkali molybdates that could
incorporate significant amounts of radioactive cesium may thus
occur during melt cooling of Mo-rich glass compositions. Conse-
quently, even if Mo is not a radioactive fission product (all the
ll rights reserved.
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nt).
Mo isotopes occurring in HLW solutions are non-radioactive), the
formation of these ‘‘yellow phases” must be avoided during nuclear
glasses preparation because this would lead to waste forms with
lower long term performances than homogeneous glasses due to
the increase of the leaching rate of the short-lived 137Cs and
long-lived 135Cs radioactive isotopes if the waste forms come into
contact with water during storage or disposal. Nevertheless, the
higher chemical durability of CaMoO4 in comparison with alkali
molybdates such as Na2MoO4 (according to [9] the solubility of
Na2MoO4 in water is more than three orders of magnitude higher
than that of CaMoO4 at room temperature and (Ca,Sr,Ba)MoO4

was the phase envisaged to immobilize Mo, Sr and Ba fission prod-
ucts in the multiphase supercalcine ceramics studied in 1970s for
HLW conditioning [10]) recently enabled to envisage a glass com-
posite waste form consisting of a vitreous phase as major compo-
nent with Mo-rich spherical particles – containing CaMoO4 crystals
– dispersed uniformly in the vitreous phase and formed during
melt cooling after casting in metallic canisters [11,12]. This waste
form – referred to as SUMo2-12c [11] – has been developed to
immobilize old waste solutions with high Mo concentration recov-
ered in 1970s after the reprocessing of UMo spent fuel that was
used in gas cooled reactors in 1960s in France [11].

In this paper, we present structural results obtained on a simpli-
fied glass composition derived from this waste form and belonging
to the SiO2–Na2O–CaO–B2O3–MoO3 system. In a recent work on
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Table 1
Average distance d(Mo–O) between Mo6+ cation and its first oxygen neighbors
deduced from Mo–K edge EXAFS experiments performed on Mo-bearing glass
compositions belonging to the SiO2–Na2O–K2O [8] and SiO2–Na2O [7] systems and on
Mo-bearing inactive borosilicate nuclear glasses [1,6]. The field strength F defined as
F = Z/d(Mo–O)2 with Z the cation charge and d(Mo–O) in Å units was calculated. The
bond valence SMo–O (in valence units, v.u.) of the Mo–O bonds was calculated from Mo
EXAFS results according to the formula SMo–O = exp[(R0�d(Mo–O))/b], where R0 is the
bond valence parameter of Mo6+ cation (R0(Mo6+) = 1.907 Å) and b is a constant
(b = 0.37 Å) [40]. The sum of the bond valences SMo–O + SSi–O of Mo–O and Si–O bonds
for hypothetic Mo–O–Si linkages is also given assuming that SSi–O = 1.10 v.u. [18].

d(Mo–O)
in Å

Field strength
in Å�2

Bond valence
(SMo–O) in v.u.

SMo–O + SSi–O

in v.u.
References

1.78 1.89 1.41 2.51 [1]
1.76 1.935 1.49 2.59 [7]
1.77 1.91 1.45 2.55 [8]
1.76 1.935 1.49 2.59 [6]

D. Caurant et al. / Journal of Nuclear Materials 396 (2010) 94–101 95
this system [5], we showed that glass composition changes can sig-
nificantly modify the nature and the relative proportions of the
molybdate crystals that may form during natural cooling of the
melt at 1 �C/min (i.e. at a rate close to the average cooling rate of
the bulk of borosilicate nuclear melts in metallic canisters during
the first 10 h after casting). For instance, it appeared that CaMoO4

crystallization tendency increased at the expenses of Na2MoO4

when B2O3 concentration increased. Thus, by changing glass com-
position, we showed that it was possible to orientate the glass
crystallization tendency towards a more chemically durable phase.
We present here structural results on two series of quenched
glasses (Mx and By series) melted in air and belonging to the previ-
ous system using 29Si, 11B, 23Na MAS NMR and Raman spectrosco-
pies. The effect of increasing MoO3 concentration on the glass
network structure is studied (Mx series). The evolution of the dis-
tribution of Na+ cations within the borosilicate network is followed
when either B2O3 (By series) or MoO3 (Mx series) concentrations in-
creases and is discussed according to the evolution of the crystal-
lization tendency of the melt during controlled cooling at 1 �C/
min [5]. Raman spectroscopy is used to follow the evolution of
molybdenum environment (present as MoO2�

4 units) in glass struc-
ture with composition changes.
Fig. 1. Schematic representation of the structure of a soda-lime borosilicate glass contain
and to the modified random network model of the structure of modified silicate glass
borosilicate network but located in depolymerized regions of the glass structure, SiO4 tetr
BO3 triangles. Examples of bridging oxygen atoms (BOs) and non-bridging oxygen atoms
units – as second neighbors of the Na+ or Ca2+ cations that charge compensate the molyb
both NBOs and Na+ + Ca2+ cations); PR: polymerized regions (i.e. NBOs-poor regions). Th
2. Mo6+ cations in silicate and borosilicate glasses structure

When silicate and borosilicate glasses are prepared under oxi-
dizing or neutral atmosphere, molybdenum mainly occurred at
oxidation state +VI which is the most stable oxidation state of
molybdenum in these conditions [3,13–15]. According to Mo EX-
AFS and XANES results [1,8,6,7] obtained for silicate and borosili-
cate glasses containing Mo6+ cations, these cations would be
present in tetrahedral sites as molybdate MoO2�

4 entities. Using
the average d(Mo–O) distance determined by Mo EXAFS (Table 1)
and bond valence considerations [16] derived from Pauling’s sta-
bility rules [17], it was shown that MoO2�

4 entities cannot be di-
rectly connected to the silicate network [18]. Indeed, the
existence of Mo–O–Si linkages between MoO4 and SiO4 tetrahedra
would imply that the sum of the bond valences SMo–O + SSi–O � 2.5–
2.6 valence units (v.u.) > 2 v.u. for the oxygen atom between Mo
and Si (Table 1) which is not possible according to Pauling’s stabil-
ity rules because in such a situation the oxygen atom would be
strongly overbonded. Consequently, the only charge compensating
cations that can be found around molybdate entities in silicate
glasses structure to stabilize their negative charge should be alkali
or alkaline-earth cations (but not silicon or other glass former cat-
ions). According to these structural results it can be proposed that
in borosilicate glasses, molybdate entities are located in depoly-
merized regions of the glass structure (i.e. in non-bridging oxygen
atoms (NBOs)-rich regions) containing alkali and alkaline-earth
cations to compensate their negative charge [1,7] (Fig. 1). The pres-
ence of high contents of both molybdenum and alkali or alkaline-
earth cations in the same regions of the glass structure may explain
the rather high crystallization tendency of alkali or alkaline-earth
molybdate crystalline phases during melt cooling or heat treat-
ment above the glass transformation temperature. Indeed, the
same kind of isolated MoO2�

4 tetrahedral entities (Fig. 1) are pres-
ent for instance in both Na2MoO4 (spinel structure, Fig. 2a) and Ca-
MoO4 (scheelite structure, Fig. 2b) phases that can crystallize in
nuclear borosilicate glasses. The similarity between the local envi-
ronment of Mo6+ cations in glasses and in molybdate crystalline
phases may thus explain the low solubility of molybdenum in
ing molybdenum according both to Mo EXAFS results reported in literature [1,7,18]
es [41]. In this figure are shown: MoO4ð Þ2� entities no directly connected to the

ahedra, BO4 tetrahedral units that can be charge compensated by Na+ or Ca2+ cations,
(NBOs) are shown. The possible presence of Si and B in the neighborhood of MoO2�

4

date units – is proposed in the figure. DR: depolymerized regions (i.e. regions rich in
e dotted lines separate DR and PR regions.



Fig. 2. Structure of Na2MoO4 (a) and CaMoO4 (b) crystalline phases. At room
temperature (until about 400–460 �C), the stable form of Na2MoO4 has a spinel
structure (a1 = a2 = a3) in which Mo6+ cations form tightly bound molecular MoO2�

4

entities which are bounded to the Na+ cations located in octahedral sites. In this
structure, the MoO2�

4 entities are not directly connected one to another and remain
isolated in the Na+ cations lattice. CaMoO4 (powellite) has the tetragonal scheelite
(CaWO4) structure (a1 = a2 – c). In scheelite, Mo6+ cations also form tightly bound
molecular MoO2�

4 entities which are bounded to the Ca2+ cations (located in 8-fold
coordinated sites) in the lattice via relatively weak long-range ionic forces. Similarly
to Na2MoO4, in powellite the MoO2�

4 entities are not directly connected one to
another and remain isolated in the Ca2+ cations lattice. Contrary to MoO4 tetrahedra
in Na2MoO4 that are almost perfect (with all (O–Mo–O) angles �109� [42]), MoO4

tetrahedra in CaMoO4 are rather distorted. However, CaMoO4 structure remains
stable with temperature (only one allotropic form is reported in molybdates phase
diagrams [43,44]) which is not the case for Na2MoO4. Blue spheres: Mo6+ cations.
Yellow spheres: Na+ (a) or Ca2+ (b) cations. Red spheres: O2� anions. In the figure,
spheres size is not related to ionic radii (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.).
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glasses and its tendency to lead to crystallization during cooling of
melts or heat treatment of glasses. The fact that Mo6+ cations are
far more soluble in phosphate glasses (for instance in the P2O5–
MoO3 system, glasses can be prepared with a MoO3 concentration
ranging from 0 to �83 mol% [19]) than in silicate glasses could be
explained by the fact that molybdenum cations would be mainly
present in six-coordinated environment and would be connected
to the phosphate network [19–22].

Let us now consider different spectroscopic methods that can be
used to check directly the environment of Mo6+ cations in glasses.
The study of the average Mo–O distances determined by Mo EXAFS
spectroscopy of various Mo6+-bearing silicate and borosilicate
glasses shows that d(Mo–O) remains almost constant (1.76–
1.78 Å) whatever the glass composition [1,8,6,7] (Table 1). This
observation suggests that Mo EXAFS spectroscopy is probably not
sensitive enough to detect the effect of glass composition changes
on the environment of molybdenum cations in silicate and borosil-
icate glasses. In comparison, other techniques such as Raman and
95Mo MAS NMR spectroscopies can be very helpful to study the
variation of MoO2�

4 environment with glass composition. Indeed,
these techniques are respectively sensitive to the variation of the
molybdate entities vibration frequency and to the variation of
the interaction between the nuclear spin associated with 95Mo nu-
clei and their neighborhood.

Concerning Raman spectroscopy, several authors indicated that
the frequency of the Mo–O symmetric stretching vibration of
MoO2�

4 tetrahedral units in crystalline phases was sensitive to their
composition [23,24]. Indeed, the existence of a correlation between
the Raman stretching frequency mVo�J of Mo–O bonds and the
d(Mo–O) distance in a large number of molybdate crystalline com-
pounds showing that the frequency decreased non linearly with
the bond length was reported by Hardcastle and Wachs [24]: mVo�J
in cm�1 = 32,895 exp(�2.073 d(Mo–O)). Nevertheless, to the best
of our knowledge, Raman studies have not yet been reported in lit-
erature on Mo-bearing silicate glasses to follow the evolution of
the vibration bands associated with molybdate entities by chang-
ing glass composition. In the present work performed on Mo-bear-
ing silicate and borosilicate glasses, we show that Raman
spectroscopy is sensitive to study the variation of MoO2�

4 units
environment in glass structure.

Concerning 95Mo MAS NMR spectroscopy, it is known that 95Mo
is difficult to detect by NMR because of both its low gyromagnetic
ratio in comparison with other nuclei classically studied in oxide
glasses (29Si, 27Al, 11B, 31P, 23Na) and its low natural abundance
(15.92%). Moreover, as 95Mo is a quadrupolar nucleus (I = 5/2), sec-
ond-order quadrupolar broadening occurs on MAS NMR spectra.
Despite these difficulties, it has been recently shown that 95Mo
MAS NMR can enable to probe directly Mo6+ cations cations in sil-
icate and borosilicate glasses and may prove useful in understand-
ing the impact of composition changes on glass structure by
following the evolution of 95Mo chemical shift [25,26]. Neverthe-
less, in the present paper only Raman spectroscopy was used to
study the evolution of molybdenum environment in our glass
samples.
3. Glass preparation and characterization methods

Two series of glasses Mx and By were prepared for this study, all
derived from the following composition (in mol%): 58.2 SiO2–13.77
Na2O–9.81 CaO–18.08 B2O3 either by increasing MoO3 concentra-
tion from 0 to 5.0 mol% (Mx series with x = 0, 0.87, 1.54, 2.50,
3.62, 5 mol%) or by changing B2O3 concentration from 0 to
24 mol% (By series with y = 0, 6, 12, 18, 24 mol%) while maintaining
a constant MoO3 concentration (2.50 mol%). For all samples,
0.15 mol% Nd2O3 was introduced in the composition both to facil-
itate 29Si nuclei relaxation during MAS NMR experiments and to
perform optical studies not presented in this paper [5]. Glasses
were all prepared at 1300 �C in air in Pt crucibles using reagent
grade SiO2, CaCO3, Na2CO3, H3BO3, MoO3 and Nd2O3 powders.
Depending on glass composition, samples were quenched either
as cylinders or disks without annealing [5]. In spite of the high
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Fig. 3. EPR spectrum (a) of Mo5+ cations in M2.5 glass (2.5 mol% MoO3) recorded at
room temperature (X-band, 9.51 GHz). The intense EPR signal centered near
g = 1.913 arises from the even Mo isotopes (I = 0, natural abundance 74.62%) and
the smaller lines detected at lower magnetic field (between 3200 and 3400 G in the
figure) arise from the hyperfine structure from odd 95Mo (I = 5/2, natural abundance
15.78%) and 97Mo (I = 5/2, natural abundance 9.60%) isotopes. The evolution of the
global intensity (obtained by double integration of the EPR signal) versus MoO3

concentration (in wt.%) for all glasses of the Mx series is shown in (b) with a linear
fit.
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Fig. 4. Normalized Raman spectra of M0.87, M1.54, M2.5, M3.62 and M5 glasses. The
spectra of a CaMoO4 (powellite) ceramic sample and of two reference sodium
silicate and calcium silicate glasses containing molybdenum and referred respec-
tively to as SiNaMo (69.34SiO2–28.09Na2O–2.43MoO3–0.15Nd2O3 in mol%) and
SiCaMo (58.89SiO2–40.15CaO–0.82MoO3–0.15Nd2O3 in mol%) are also given for
comparison. �: Vibration bands due to CaMoO4 crystals in Mx samples. For the M5

sample, XRD revealed the presence of a low amount of small c-Na2MoO4 crystals [5]
whose contribution is not observed on the Raman spectra. The dotted line is a guide
for the eye to follow the evolution of the maximum of the band associated with
molybdates entities in glasses. Spectra have not been corrected for temperature and
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B2O3 content in the compositions studied in this work no phase
separation was detected by SEM for the samples without MoO3

(M0 sample). The separation of very small globular particles was
only detected when the MoO3 content exceeds 2.5 mol% [5]. Thus,
it appears that in the system studied here the phase separation is
only induced by the addition of significant amount of molybdenum
oxide. Several borate and silicate reference glass samples whose
compositions are given in the captions of Figs. 4 and 7 were also
prepared for comparison with Mx and By glasses by MAS NMR
and Raman spectroscopies. The amorphous character of all samples
was checked using both X-ray diffraction (XRD) and Raman spec-
troscopy. XRD characterization was performed by the help of a Sie-
mens D5000 apparatus operating at Co Ka wavelength
(k = 1.778897 Å). Unpolarized Raman spectra were collected at
room temperature on a T64000 Jobin–Yvon confocal Raman spec-
trometer equipped with a CCD detector cooled by nitrogen. The
488 nm line of a Coherent 70 Ar+ laser was used as the excitation
source.

29Si, 11B and 23Na MAS NMR spectra were recorded respectively
at 59.63, 128.28 and 132.03 MHz. Chemical shifts were determined
relative to tetramethylsilane for 29Si, liquid BF3OEt2 for 11B and a
1.0 M aqueous NaCl solution for 23Na. The 23Na MAS NMR data
were processed using a homemade program to fit the spectra by
taking into account the effects of the parameter distribution for
both the quadrupolar interaction and the isotropic chemical shift,
as described in [27]. In this case, very satisfactory results were ob-
tained using a Gaussian isotropic model for the quadrupolar inter-
action [28,29] and a normal distribution for the isotropic chemical
shift. This fitting procedure provides the mean value of the isotro-
pic chemical shift diso and the mean value of the quadrupolar cou-
pling parameter Pq.

For all glasses, ESR was used to investigate the occurrence of
paramagnetic Mo5+ (4d1) or Mo3+ (4d3) cations and spectra were
recorded at X band (9.5 GHz) between 20 and 300 K. For all glasses
of Mx and By series, ESR spectra revealed the existence of a signal
due to molybdenum centered near g � 1.913 and detected from
20 K to room temperature (Fig. 3a). No signal associated with
Mo3+ (4d3) cations near g � 5.19 was observed [7,30]. The charac-
teristics of the ESR signal indicated that it could be attributed to
Mo5+ cations located in low symmetry sites as the spin–lattice
relaxation time of d1 ions is known to increase with site distortion
enabling to detect their ESR signals at high temperature [31]. The
presence of a small intensity hyperfine structure on EPR spectra
(Fig. 3a), that can be attributed to the contribution of 95Mo and
97Mo isotopes with nuclear spin I = 5/2, confirmed that the signal
at g = 1.913 was due to molybdenum and no to other paramagnetic
impurities. Moreover, the nearly linear intensity increase of the
EPR signal with MoO3 content in Mx glasses (Fig. 3b) also con-
firmed that the spectrum was due to molybdenum. It is also inter-
esting to note that, as no evolution of the linewidth of the EPR
signal (�28 G) was observed with increase in MoO3 concentration
even for the highest concentrated samples (5 mol% MoO3), the
magnetic interactions between paramagnetic molybdenum cations
remain small. This indicates that Mo5+ cations are diluted rather
than aggregated in the glassy network. The proportion of Mo5+ cat-
ions (over all molybdenum) ranges between 0.4% and 0.8% for all
the glasses studied in this work as estimated using a DPPH sample
as concentration standard. Consequently, the majority of molybde-
num (>99%) occurs as Mo6+ cations in all glasses of the Mx and By

series prepared in this study (oxidizing conditions). Thus, accord-
ing to Mo EXAFS and XANES results published in literature on sil-
icate and borosilicate glasses [1,7,8] and to bond valence
considerations [16], it can be assumed that the majority of molyb-
denum cations in our glasses are present as tetrahedral MoO2�

4

molybdate entities in modifiers-rich (i.e. depolymerized) regions
of the glass structure and are not linked directly to the silicate net-
work (Fig. 1).
4. Structural evolution of glasses with increasing MoO3

concentration

Raman spectra confirms the XRD results presented in [5] show-
ing that the solubilty limit of molybdenum in Mx glasses was
reached between 1.54 and 2.5 MoO3 mol%. Indeed, Fig. 4 clearly
reveals the occurrence of the contribution of CaMoO4 (powellite)
frequency dependent scattering intensity [45].
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Table 2
Relative proportions of Qn units (n = 2, 3, 4) and of BO3 and BO�4 units in Mx samples
determined after simulation and integration of 29Si and 11B MAS NMR spectra with
the DMFIT program [34]. For a constant number of moles of SiO2 (58.2 in M0

composition), the number of moles of Mo6+ cations (nMo) and Q3 units nQ3

� �
is

reported for all Mx samples. The number of moles of Q3 units that disappeared
DnQ3

�� ��� �
when x increased (in comparison with M0 glass) is also reported.

M0 M0.87 M1.54 M2.50 M3.62 M5

% Q4 43 46.2 49.2 55.2 58.8 64.8
% Q3 53.6 52.2 48.0 42.0 39.8 34.5
% Q2 3.4 2.6 2.8 2.8 1.4 0.7
nQ3

31.19 30.38 27.93 24.44 23.16 20.08
nMo 0 0.87 1.56 2.56 3.75 5.26
DnQ 3

�� �� – 0.81 3.26 6.75 8.03 11.11

2nMo 0 1.74 3.12 5.12 7.5 10.52
% BO3 46.0 43.8 46.4 47.8 49.7 47.8
% BO4 54.0 56.2 53.6 52.3 50.3 52.3
[BO4]/[BO3] 1.17 1.28 1.15 1.09 1.01 1.09
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Raman vibration modes when x > 1.54 mol% (i.e. 3.5 wt.%). For
comparison, the Raman spectrum of a powellite ceramic sample
is given with bands attribution according to [32]. All the CaMoO4

vibration bands with frequency P321 cm�1 correspond to internal
vibrational modes of MoO2�

4 tetrahedra and the strongest band Ag

at 879 cm�1 is associated with the symmetric stretching vibration
of Mo–O bonds. By analogy, we propose that the wide and intense
band observed in the 898–913 cm�1 range of the Raman spectra for
all glasses of Mx series (and also for those of the By series) is also
due to the symmetric stretching vibration of Mo–O bonds of
molybdate tetrahedra within the glass structure. We saw above
that Hardcastle and Wachs [24] reported an empirical correlation
between the Raman stretching frequency of Mo–O bonds and the
d(Mo–O) bond length for several crystalline molybdates showing
the sensitivity of this frequency to MoO2�

4 environment. Neverthe-
less, other authors [33] indicated that the energy of the Raman
Mo–O stretching frequency also depended on MoO2�

4 tetrahedra
distortion in crystalline samples. Thus, it seems difficult to simply
correlate the shift of the Raman band with MoO2�

4 tetrahedra struc-
tural parameters for the glasses studied in this work. Nevertheless,
Fig. 4 clearly demonstrates that this band shifted towards lower
frequencies when x increases (x P 2.5 mol%) which shows that
the environment and/or the symmetry of MoO2�

4 tetrahedra in
the glass is modified when crystallization of powellite is detected
(x > 1.54 mol%). For comparison, spectra of two reference glasses
belonging to the SiO2–Na2O–MoO3 (SiNaMo glass) and SiO2–
CaO–MoO3 (SiCaMo glass) systems and for which all the MoO2�

4

entities are charge compensated by Na+ and Ca2+ cations respec-
tively are also shown in Fig. 4. For these two glasses, the frequency
of the symmetric stretching vibration of Mo–O bonds of molybdate
tetrahedra are significantly different: SiNaMo (902 cm�1), SiCaMo
(922 cm�1). This shows that Raman spectroscopy is sensitive to
the nature of the cations that charge compensate molybdate enti-
ties in silicate glasses. The band shift towards lower energies ob-
served in Fig. 4 when MoO3 content increases could thus indicate
that the proportion of MoO2�

4 tetrahedra charge compensated by
Na+ cations increases with x at the expenses of MoO2�

4 tetrahedra
charge compensated by Ca2+ cations when CaMoO4 begun to crys-
tallize. This evolution could be explained by an increase of the Na/
Ca ratio in the modifiers-rich regions of glass structure when pow-
ellite is formed. For M0.87 and M1.54 glasses, the maximum of the
Mo–O symmetric stretching band (913 cm�1) is intermediate be-
tween that of the two reference glasses suggesting that when
x < 2.5 mol%, MoO2�

4 tetrahedra are charge compensated both by
Na+ and Ca2+ cations.

29Si MAS NMR spectra were all simulated with the DMFIT pro-
gram [34] using three bands centered at �80.0, �92.2 and
�103.6 ppm respectively attributed to Q2, Q3 and Q4 units (Qn units
with n = 0–4 correspond to SiO4 tetrahedra with n bridging oxygen
atoms). An example of curve-fitting is shown in Fig. 5a and the evo-
lution of the relative proportions [Qn] of Qn units is shown in
Fig. 5b. This evolution reveals that [Q2] and [Q3] decrease whereas
[Q4] increases when molybdenum concentration increases in sam-
ples of the Mx series. When MoO3 content increases from 0 to
5 mol% the proportion of Q4 units increases of more than 20% (Ta-
ble 2). The observation of a slight increase of the intensity of Q4

units contribution on Raman spectra near 1100–1200 cm�1 be-
tween M0 and M5 samples (spectra not shown) confirmed 29Si
NMR results. For the Mx series, 11B MAS NMR spectra simulation
only shows a slight and no monotonous decrease of the relative
proportion of BO�4 units when molybdenum concentration in-
creases. The variation of the proportion of BO�4 units is only about
2–4% (Table 2). Consequently in Mx glasses, MoO3 acts as a reticu-
lating agent for the silicate network and it mainly acts on the
amount of Q3 units (Table 2). This result can be explained as fol-
lows. As molybdenum is introduced as MoO3 (corresponding to
one Mo6+ cation and three NBOs) in glass batch whereas Mo6+ cat-
ions are known to occur as MoO2�

4 units (corresponding to one
Mo6+ cation and four NBOs) both in glass structure and in powellite
crystals, each Mo6+ cation introduced in the composition needs to
catch one NBO more from the borosilicate network. We thus pro-
pose the following reaction scheme between MoO3 and Q3 units
(initially charge compensated by Na+ or Ca2+ cations) in the melt:

MoO3 þ ð2Q3; Ca2þ or 2NaþÞ ! ðMoO2�
4 ; Ca2þ or 2NaþÞ þ 2Q4:

ð1Þ

For a constant number of moles of SiO2 (58.2 in M0 composi-
tion), the number of moles of Mo6+ cations (nMo) and Q3 units
nQ3

� �
was calculated for all Mx samples and is reported in Table

2. The comparison of DnQ3

�� �� (the number of moles of Q3 units that
have disappeared in Mx sample in comparison with M0 sample)
with 2nMo (see Eq. (1)) shows that the values of DnQ3

�� �� and 2nMo re-
mains close to each other when the amount of MoO3 increases in
glass composition which seems to confirm the reaction scheme (1).

Experimental and simulated 23Na MAS NMR spectra of glasses
of the Mx series are shown in Fig. 6a and the evolution of the mean
isotropic chemical shift (diso) and quadrupolar coupling parameter
(PQ) deduced from spectra simulation is shown in Fig. 7. As 23Na
NMR parameters diso and PQ are very sensitive to sodium environ-
ment both in glass and crystalline structures [35], the fact that the



Fig. 6. 23Na MAS NMR spectra of glasses of Mx (a) and By (b) series (solid lines:
experimental spectra, dashed lines: simulated spectra). The evolution of the mean
isotropic chemical shift (diso) and quadrupolar coupling parameter (PQ) deduced
from spectra simulation is shown in Fig. 7.
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whereas in B0.2Na glass Na+ cations only compensate bridging oxygen atoms near
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mean diso (��7.83 ppm) and Pq (�2.74 MHz) parameters remains
almost constant when x increases (Fig. 7) shows that the mean
environment of the majority of Na+ cations does not change when
molybdenum content increases. BO�4 entities being preferentially
charge compensated by Na+ cations rather than by Ca2+ cations
in borosilicate glasses [36], it can be deduced from 11B NMR results
(Table 2) and Mx glasses composition that about 70% of all the Na+

cations could act as charge compensator near boron whereas the
remaining Na+ cations would be located near NBO or would charge
compensated a fraction of the MoO2�

4 tetrahedra. This could ex-
plain why the majority of sodium cations are not affected by
increasing MoO3 content.

In [5] we showed that CaMoO4 was the only molybdate phase
that crystallized during controlled cooling of the melt at 1 �C/min
for compositions of the Mx series for which x > 3.5 mol% MoO3

whereas both CaMoO4 and Na2MoO4 phases were detected in the
quenched glass samples (cylinders and disks) when x = 10.9 mol%
MoO3. The fact that Na2MoO4 did not crystallize during slow cool-
ing of Mx samples from the melting to room temperature is prob-
ably due to the high B2O3 and CaO contents in their composition
(respectively higher than 17 and 9 mol%). Indeed, because of both
the preferential charge compensation of BO�4 units by Na+ cations
[36] and the relatively high CaO content in our glass compositions
(in comparison for instance with the composition studied by Calas
et al. [1] and for which Na2MoO4 is expected to crystallize during
cooling of the melt), the high local Ca/Na concentration ratio of
Ca2+ and Na+ cations around molybdate entities (Fig. 1) would fav-
orize CaMoO4 crystallization. The fact that a small amount of Na2-

MoO4 crystallized simultaneously with CaMoO4 during rapid
cooling of the M10.9 melt but not during slow cooling at 1 �C/min
[5] can be explained using the considerations developed by Calas
et al. [1] on the temperature-induced coordination changes of bor-
on: the boron partially changes from BO4 to BO3 coordination with
increasing temperature. In this case, because of the preferential
charge compensation of ðBO4Þ� units by Na+ cations, during
quenching of the M10.9 melt the amount of Na+ cations available
to charge compensate molybdate entities (Fig. 1) would be higher
(and thus also the local Na/Ca concentration ratio around molyb-
date entities) than during slow cooling and both CaMoO4 and Na2-

MoO4 may crystallize.
5. Structural evolution of glasses with increasing B2O3

concentration

In [5] we showed that Na2MoO4 crystallization tendency during
slow cooling of the melt (1 �C/min) decreased by increasing B2O3

concentration whereas the tendency of CaMoO4 to crystallize in-
creased. Such an evolution could be explained by the preferential
charge compensation of BO�4 units by Na+ [36]. Indeed, for By series,
Fig. 8 shows that BO�4

� �
/[SiO2] concentrations ratio increases

whereas [Na+]/ BO�4
� �

concentrations ratio decreases with B2O3
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concentration and it is interesting to notice that for the B24 sample
almost all Na+ cations can act as charge compensator of BO�4 units
([Na+]/ BO�4

� �
� 1). In these conditions, the amount of Na+ cations

able to compensate MoO2�
4 entities strongly decreases when B2O3

concentration increases and the [Ca2+]/[Na+] concentrations ratio
in depolymerized regions of glass structure (Fig. 1) increases which
could explain the evolution of the crystallization tendency [5]. We
recently confirmed this explanation by studying directly the effect
on the crystallization behavior during melt cooling of changing the
Ca/Na concentration ratio around MoO2�

4 entities by changing the
concentration ratio Z = [CaO]/([CaO] + [Na2O]) from 0 (calcium-free
sample) to 0.5 (sample with as much CaO as Na2O) for another Mo-
bearing soda-lime borosilicate glass composition 64.76 SiO2–10.48
B2O3–13.68 Na2O–8.43 CaO–2.5 MoO3 (in mol%) [37].

Fig. 7 shows that diso and Pq 23Na NMR parameters significantly
decreases when B2O3 concentration increases. Thus, contrary to the
Mx series, the distribution of Na+ cations through the glassy net-
work significantly changes when increasing amounts of boron
are introduced in By glasses. The comparison of diso and Pq param-
eters of By glasses with those of sodium silicate (SiNa), sodium cal-
cium silicate (SiNaCa), SiNaMo and two borate (B0.2Na, B0.7Na)
reference glasses clearly reveals that when B2O3 concentration in-
creases, Na+ cations moves from a position near NBO to a position
near BO�4 units as charge compensator inducing both an increase of
the d(Na–O) distance and a decrease of Pq because of the decrease
of the local negative charge on oxygen atoms in the neighborhood
of Na+ cations. Indeed, in silicate and borate crystalline phases con-
taining sodium, the decrease of diso(23Na) is known to be correlated
with the increase of d(Na–O) [35,38,39].

In agreement with the XRD results obtained for the By quenched
disk samples (Fig. 9), Raman spectra of the same samples show
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Fig. 10. Evolution of Raman spectra of By samples. For comparison the spectra of
SiNaMo and SiCaMo reference glasses are also shown. �: Vibration bands due to
CaMoO4 crystals in By samples. Spectra have not been corrected for temperature
and frequency dependent scattering intensity [45].
that the crystallization of CaMoO4 is also detected when
y > 12 mol% (Fig. 10). Contrary to Raman spectra of samples of
the Mx series (Fig. 4), the position of the band associated with
the Mo–O symmetric stretching vibration only slightly varies when
B2O3 concentration increases which indicates that the mean envi-
ronment of MoO2�

4 entities is only slightly modified and remains
charge compensated both by Na+ and Ca2+ cations. This result could
be explained by the fact that the depolymerized regions in which
are located MoO2�

4 entities (Fig. 1) become progressively depleted
both in sodium (because of the charge compensation of BO�4 units
by Na+ cations, Fig. 8) and in calcium (because of CaMoO4 crystal-
lization, Fig. 9).

6. Conclusion

The structural study of two series of SiO2–B2O3–Na2O–CaO–
MoO3 glasses prepared by increasing either MoO3 or B2O3 contents
reveals two main points. The introduction of increasing MoO3 con-
tents induces an increase of the proportion of Q4 units showing
that this oxide acts as a reticulating agent on the silicate network
whereas both the proportion of BO�4 units and the distribution of
Na+ cations are not significantly modified. The introduction of
increasing B2O3 amounts strongly modifies the distribution of
Na+ cations within the glass network which could explain the evo-
lution of the nature of molybdates that can crystallize during melt
cooling (CaMoO4 at the expense of Na2MoO4 [5]).
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