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Abstract

The strontium aluminosilicate Sr3Al;(SiO has been synthesised by a spray-drying process and characterised by powder
X-ray diffraction. It crystallises in the monoclinic 72/m space group with the cell parameters a = 14.394(2) Ab= 11.189(2) A,
c=4.904(1) A,[f =90.793(1)°, Z = 2. Its structure is built of double AlOs octahedra chains interconnected by AlO4 and SiO4
tetrahedra forming a three-dimensional channel-like network where the strontium cations are located. The distribution of
aluminium and silicon cations in the different tetrahedral and octahedral sites of the structure was probed using 2°Si, >’ Al MAS and

3Q-MAS NMR.
© 2002 Elsevier Science (USA). All rights reserved.
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1. Introduction

Strontium aluminates have been studied and applied
extensively as phosphors when activated by Eu?*
cations, owing to their excellent properties such as high
quantum efficiency, long persistence phosphorescence
and good stability [1]. Due to unique properties such
as high strength, low density, chemical stability, low
thermal expansion and low dielectric constant, rare-
earth aluminosilicate glass-ceramics have been used for
various purposes including high-temperature structural
applications and electronic packaging [2]. However,
despite numerous similarities with their calcium counter-
parts, strontium aluminates and aluminosilicates have
received less interest. Their phase diagrams and the
overall chemical properties are not yet completely
known. In the Al,03;-SiO,—SrO phase diagram [3] three
ternary compounds are reported. Two of them,
SrAl;Si,Og and Sr, Al;SiO7, are the strontium analogues
of anorthite CaAl;Si;Og and gehlenite Ca,Al,SiO; and
have been extensively studied, whereas the third
compound, with the reported formula SrgAl;gSi,O37, is
much less known. Its X-ray diagram has been identified
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[4] but its structure has not been determined. However,
from our study of the Al,O3;—SiO,—SrO phase diagram,
the reported X-ray diagram of ‘SrgAl;gSi,O3;” is
exactly reproduced only for the composition
3Sr0.5A1,03.Si0;. This diagram being strongly analo-
gous with those of Pb3Al(SiOy and Pb3AljiGeOy
[5], we conclude that the actual formula is Sr3 Al;(SiOy.
In the present work, we describe the synthesis of
Sr3Al;(Si0, by a spray-drying process and its structural
characterisation by X-ray diffraction (XRD), *Si and
27Al high-resolution solid-state NMR spectroscopy.

2. Experimental
2.1. Synthesis

Amorphous precursors of composition 3SrO-
5A1,03-Si0, were synthesised using a spray-drying
process. Aluminium nitrate nonahydrate Al(NO3); -
9H,O and strontium nitrate Sr(NO3), (Aldrich) were
the chemical sources for aluminium and strontium. Due
to some uncertainty about their hydration, especially
for the amount of water of crystallisation of
the aluminium salt, their exact cation contents were
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carefully determined by thermogravimetry. Tetraethox-
ysilane (TEOS) Si(OC,Hs), (Aldrich) was added to
an aqueous solution of the two nitrates in the stoichio-
metric ratio and the mixture was magnetically stirred
for 1h, giving, after hydrolysis of TEOS, a clear
precursor solution of aluminium and strontium nitrates
and silicic acid. To reduce the ?°Si NMR relaxation
time, gadolinium nitrate was added to the solution
in order to have a 0.04 wt% concentration of Gd,0;
in the final oxide. The solution was spray-dried
with compressed air in a laboratory apparatus
(Biichi 190 mini spray-drier equipped with a 0.5 mm
nozzle) operating at 200°C. The obtained powder
was first calcined in a ventilated furnace at 800°C for
I h to eliminate the nitrate and hydroxyl residues
and then heated at different temperatures to study the
different steps of the crystallisation process of
SI‘3A11()Si020.

2.2. Characterisation

The XRD powder patterns were collected at room
temperature on a Philips PW1729 diffractometer (CuKo
radiation) in flat plate 6/20 geometry. Data were
recorded in the 26 range of 5-90° by steps of 0.02° with
a scan time of 10 s per step.

The differential scanning calorimetry (DSC) analysis
(Setaram, Caluire, France) was carried out at 5°C/min
heating rate in air atmosphere.

The *’Si magic angle spinning (MAS) NMR experi-
ments were performed at room temperature on a Bruker
DSX300 spectrometer (7.0 T) operating at a Larmor
frequency of 59.6 MHz for °Si with a 7 mm MAS
probehead. The 2Si MAS NMR spectra were obtained
at 4 kHz spinning rate using a single pulse excitation
(n/10) with a recycle delay of 15 s to prevent saturation.
The ?’Al solid-state NMR experiments were carried out
on DSX Bruker spectrometers with magnetic field
strengths of 7.0, 9.4 and 14.1 T, operating at *’Al
Larmor frequencies of 78.2, 104.3 and 156.4 MHz
respectively and using 4 mm MAS and 2.5 mm high-
speed MAS probeheads. The >’Al MAS NMR spectra
were recorded at spinning rates ranging from 13 to
35 kHz using a single pulse excitation sequence with
small pulse angle (n/12) to ensure a quantitative
excitation of the central transitions [6] and recycle delay
of 4 5. The 2’ Al triple-quantum MAS (3Q-MAS) spectra
[7] were recorded at 9.4 T using the shifted-echo pulse
sequence [8] while spinning at 15 kHz. To avoid
sidebands in the w; dimension and improve the
sensitivity, the ¢#; time increment was synchronised with
the rotor period [9]. The two-dimensional pure absorp-
tion phase spectrum was obtained using the hypercom-
plex method [10]. The ?°Si and ?’ Al chemical shifts were
referenced relative to Si(CHj3), and 1 M AI(NOs3),
aqueous solution, respectively.

3. Results and discussion
3.1. Synthesis and structure determination

The precursor powder was synthesised by a non-
conventional process, since TEOS, the silicon alkoxide,
was directly hydrolysed into an aqueous solution of
strontium and aluminium nitrates. TEOS being not
miscible with aqueous solutions, its hydrolysis is
catalysed under stirring by the acidity of the nitrates
solution [11]. The mixture turns into a clear solution of
strontium and aluminium nitrates and silicic acid. In
dilute solution and acidic pH, the condensation of silicic
acid into silica is very low [11]. Spray-drying such
aqueous solutions of metal nitrates and silicic acid,
followed by heat treatment to decompose the nitrates,
is a very simple process that has proved to be efficient in
the synthesis of very chemically homogeneous amor-
phous precursors of silicates, like mullite [12,13] or
magnesium silicates [14], and aluminosilicates, like
cordierite [15]. In the present case, as usually for this
process, TEOS being hydrolysed, no metallic element
can be specifically lost by spray-drying, and thus the
final composition of the mixed oxide is simply deter-
mined by a careful control of the stoichiometry of these
elements in the starting solution. This is confirmed by a
chemical analysis of the final product calcined at 1450°C
(Table 1). The analysed weight ratio Al/Sr, 1.049, is
closer to the theoretical 1.033 of the formula
Sr3Al;(Si0y than to 0.92 corresponding to the formula
SrgAlsSi, 037 originally reported [3.,4].

The DSC trace (5°C/min) of the amorphous pre-
cursor of composition 3SrO-5A1,03;-SiO, is shown
in Fig. 1. This curve exhibits a first intense sharp

Table 1

Chemical analysis of Sr3Al;(SiOs

Weight % Sr Al Si
Calculated 29.84 30.63 3.19
Analysed 28.6+0.6 30.0+0.6 3.0+0.1

Heat flow (au.)
Exo—>

900 1000 1100 1200
Temperature (°C)

Fig. 1. DSC curve of the spray-dried powder; heating rate: 5°C/min.
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Fig. 2. X-ray diffraction powder patterns of the 3SrO-5A1,05-SiO, spray-dried sample annealed at the indicated temperatures. The broad and weak

peaks of y-Al,O3 solid solution are indicated by the asterisks.

exothermic peak located at 960°C with an enthalpy of
147 J/g and a second exothermic peak that occurs at
1180°C with an enthalpy of 109 J/g.

The XRD powder pattern of the sample heated
at 1000°C for 1 h and cooled to room temperature is
depicted in Fig. 2. It evidences the high-temperature
metastable hexagonal phase of SrALOs(a =5.10 A,
c=8.45A, JCPDS file 31-1336) [16] and also reveals
the presence of y-alumina solid solution, as indicated by
the very broad and weak peaks at 46° and 67° 20
characteristic of this high defect spinel phase. The
SrAl;O4 hexagonal phase is not expected at room
temperature, but current work in our laboratory has
shown that it may be easily stabilised by incorporating
silicon, calcium or excess aluminium cations. On the
other hand, a high level of these cations (Si, Ca, Sr) can
also be inserted in the yp-alumina structure using
the same spray-drying process [13,17,18]. After the
first crystallisation peak, the sample is a mixture of
hexagonal SrAl,O, and y-alumina solid solutions,
both phases probably inserting silicon atoms in their
structures.

The XRD pattern of the sample heated at 1300°C for
1 h, shown in Fig.2, is similar to that previously
reported for “SrgAlsSiO37” [4] (JCPDS file 10-0025).
However, according to the initial stoichiometry, con-
firmed by chemical analysis, and to the strong analogy
between the experimental XRD diagram and those
reported for Pb3Al1(SiOy and Pb3AljgGeOy [5], the
actual formula becomes Sr3Al;(SiOy. The second
crystallisation peak occurring at 1180°C is therefore
associated to the formation of Sr;Al;(SiO5. It should be
mentioned that this XRD pattern also evidences a
residual trace of the SrAl,O4 hexagonal phase. After
annealing at 1450°C for 10 h, this secondary phase has
completely disappeared. This sample was used for the
structural characterisation.

Sr3Al;(SiOy is an equilibrium phase in the SrO-
Al,03-Si0; system. The XRD diagram is unchanged
after annealing at 1600°C. This compound may be
synthesised by the solid-state reaction between
Si0,, Al,O3 and SrCOs3; heating a few hours at 1600°C
yields single phase Sr3Al;(SiOy.

Assuming a monoclinic cell and the I2/m space
group, like for Pb3;Al(SiOy [5], the structure of
Sr3Al;SiO,y was refined from the Rietveld profile
analysis [19] of the XRD powder pattern using the
FULLPROF program [20]. The Sr atoms were first
located using the atomic coordinates of Pb in
Pb3Al;(Si0, at the initial step, and then the remaining
atoms were deduced from subsequent Fourier difference
calculations. Since the scattering factors of Al and Si are
very similar, the Si atoms were assumed to be randomly
distributed at the positions of the Al atoms. Fig. 3 shows
the Rietveld refinement of Sr3Al;(SiOyy. The principal
crystallochemical data and conditions for intensity
collection are summarised in Table 2. The final atomic
coordinates and equivalent isotropic thermal parameters
are given in Table 3.

The three-dimensional structure of Sr3Al;(SiOyg is
built of AlO¢ octahedra and TO, tetrahedra occupied
both by aluminium and silicon atoms. By edge sharing,
the AlOg units form double octahedra chains parallel to
the c-axis. The TO,4 tetrahedra are linked by corner
forming layers in the (b,c) plane connected by the
double octahedra chains. The Sr>* cations are located in
the tunnels running parallel to the c-axis of the structure
(Fig. 4). The inter-atomic distances are very similar to
those encountered in the PbsAl;(SiOy isostructural
compound [5]. The Sr-O distances range from 2.35 to
2.82 A and are slightly shorter than those of Pb-O
(2.36-2.86 A) as expected from the ionic radii of Sr**
and Pb>" [21]. For the two crystallographically non-
equivalent AlOyg sites (Al(1), Al(2)), the Al-O distances
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Fig. 3. Observed and calculated X-ray diffraction profiles (upper) together with their difference plots (lower) of the Rietveld refinement of

Sr3Al;SiOy; tick marks represent the positions of the Bragg reflections.

Table 2
Crystallographic data for Sr3Al;oSiOy

Chemical formula Sr3Al;(SiOy

Formula weight (g/mol') 880.75
Symmetry Monoclinic
Space group 12/m

a(A) 14.394(2)
b(A) 11.189(2)
«A) 4.904(1)
ﬂ(decg) 90.793(1)
V(A) 789.74(2)
zZ 2

Pcalc. (g/cm3) 3.69
Diffractometer Philips PW 1729
20 range (CuKo) 5-90°
Number of reflections 1224
Independent reflections 340
Average FWHM (deg) 0.1957
Number of refined parameters 65

“Rp (%) 3.63

"Ryp (%) 4.95

Rexy (%) 3.09

Chi? 2.58

i‘RP:Z:[‘Fo*Fc‘]/z:|€0|~ i
® Rup = [ w(lFol — |Fe)/ S0 wiFo[1/%.

vary from 1.86 to 1.94 A, while for the two crystal-
lographically non-equivalent tetrahedral sites (T, T3),
the M—O distances (M = Si or Al) range from 1.71 to
1.76 A. To go further in the description of the ordering
of Si and Al atoms in the two distinct tetrahedral sites of

the structure, »’Si and 2’Al solid-state NMR experi-
ments have been carried out.

3.2. Solid-state NMR characterisation

As shown in Fig. 5, the ?Si MAS NMR spectrum
of crystalline Sr3Al;(SiOyy exhibits a narrow resonance
located at about —80.5 ppm characteristic of fourfold
coordinated Si atoms, with an FWHM of 2.5 ppm
typical of crystalline phases. The lineshape of the
resonance is slightly asymmetric showing a shoulder at
the high-field side. A good fit of the experimental
spectrum can only be obtained using two contributions
with isotropic chemical shifts of about —80 and
—81 ppm. In the structure, the two tetrahedral sites
T, and T, can be distinguished according to their
connectivities. The T site is linked to three tetrahedral
T, sites through bridging bonds (Q; unit), the remaining
oxygen atom of the tetrahedron being shared with two
AlO¢ octahedra, while the T, site is linked to four
tetrahedral sites (Q, unit). According to the 2°Si
chemical shift ranges in aluminosilicates [22,23], the
two components at —80 and —81 ppm can be attributed
to the Q;(3Al) and Q,4(4Al) species corresponding to the
T, and T sites of the structure, respectively. However, a
quantitative determination of their relative populations
remains ambiguous due to the lack of resolution in the
2Si experimental spectrum. It should be mentioned that
the presence of Si—O-Si linkages yielding significantly
lower ’Si chemical shift values is not observed in the
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Table 3

Atomic coordinates and isotropic displacement parameters for Sr3Al;(SiOyq

Atoms Site x y z By (Az)
Sr(1) 2a 0 0 0 3.45(5)
Sr(2) 4i 0.2831(1) 0 0.0218(3) 3.18(2)
Al(1) 2b 0 0.5 0 3.27(9)
Al(2) 4h 0.5 0.1288(3) 0 3.13(1)
T, (Al, Si) 8j 0.1366(3) 0.2872(2) —0.0277(7) 2.63(9)
T, (Al Si) 8j 0.3553(2) 0.3630(2) 0.0096(7) 2.70(8)
O(1) 4i 0.4339(6) 0 —0.1751(1) 2.71(1)
0(2) 4i 0.9007(5) 0 0.4196(1) 2.82(1)
0(3) 8j 0.2404(4) 0.3584(4) —0.0827(1) 2.13(7)
04) 8j 0.4162(4) 0.2482(4) —0.1559(9) 2.14(7)
O(5) 8j 0.8608(4) 0.1492(4) —0.1343(1) 2.53(7)
0O(6) 8j 1.0734(4) 0.3803(4) 0.1845(1) 2.10(8)

Fig. 4. Projection of the Sr3Al;(SiO, structure along (001). The Sr
atoms are drawn as hollow circles, the T; and T, tetrahedral sites in
medium grey and light grey, respectively, and the AlO4 octahedra in
dark grey.

-65 -70 -75 -80 -85 -90 -95
(ppm)
Fig. 5. Si MAS NMR spectrum of Sr3AljpSiO29(By = 7.0 T).

Si MAS spectrum, but a small amount of these
linkages is not completely excluded due to the weak
NMR sensitivity of 2°Si and the low silicon content in
the sample.

The Al MAS NMR spectra of Sr3Al(SiOy
obtained at three different applied magnetic fields are
shown in Fig. 6. These spectra clearly indicate the
presence of several overlapping resonances in the
frequency ranges characteristic of tetrahedral AlOy sites
and octahedral AlOg sites. As expected for 2’Al, the
variation in lineshape with the applied magnetic field
suggests that the broadening of the lines is due to the
second-order quadrupolar interaction. To obtain a 2’ Al
NMR spectrum with improved resolution, we have used
the two-dimensional (2D) triple-quantum MAS (3Q-
MAS) method [7] that allows to average out the second-
order quadrupolar interaction. As shown in Fig. 7, two
intense AlO4 and one intense AlOg resonances are
clearly resolved in the isotropic @; dimension of the >’Al
3Q-MAS spectrum recorded at 9.4 T. This spectrum
also evidences an additional AlQg resonance with a
lower intensity due to its larger quadrupolar coupling
constant (Cq) and the limited radio-frequency field
strength used for the excitation of the triple quantum
coherences. It should be noted that these lines show
broadened asymmetric lineshape characteristic of a
distribution of the quadrupolar interaction that reflects
the structural disorder due to the Al/Si substitution in
the tetrahedral sites. The >’Al isotropic chemical shifts
and quadrupolar parameters (including distributions)
for the four resonances were determined from the
simulation of the experimental 3Q-MAS spectrum [24]
and are reported in Table 4. Using these parameters,
good fits of the quantitative MAS spectra at the three
applied fields were obtained (Fig. 6). This confirms the
interpretation of the 3Q-MAS spectrum and allows a
reliable quantitative interpretation to be derived. The
integrated intensities of the two AlQg resonances
corresponding to the two non-equivalent octahedral
sites of the structure are approximately in the ratio 2:1 in
good agreement with the site multiplicities. The most
intense contribution (diso = 12 ppm, Cq = 8.13 MHz)
is assigned to the Al(2) site and the remaining one
(0150 = 7.2 ppm, Cq = 3.73 MHz) to the Al(1) site of
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Fig. 6. Experimental A1 MAS NMR spectra of Sr3Al;oSiO,y obtained at 7.0, 9.4 and 14.1 T and their simulations according to the parameters

reported in Table 4. The asterisks mark spinning sidebands.

Table 4

27Al isotropic chemical shifts, quadrupolar parameters and relative
intensities obtained from the simulation of the 2’Al 3Q-MAS and
MAS spectra of Sr3Al;(SiOy

Site diso (ppm) Cq (MHz) 5y ACq (MHz) I (%)
Al(1) 7.2 3.73 0 1.13 10
Al(2) 12.0 8.13 0.3 1.33 20
Ty (4Al) 82.0 2.61 0 0.60 20
Ty + Ta(nAl, mSi) 78.0 6.86 0.3 0.80 50

the structure. The proportion of AlO4 and AlOg4 units
in the structure determined from the quantitative
2TAl spectra is close to that expected from the
crystallographic data, although the relative intensities
of the two AlQ4 resonances differ significantly from the
multiplicity of the T; and T, sites. This difference is not

only explained by the presence of silicon in the
tetrahedral sites but also reflects the sensitivity of the
quadrupolar interaction to the symmetry of the 2’Al
environment. In this case, the contribution with weaker
Cq value (d1s0 = 82 ppm, Cq = 2.61 MHz) could be
assigned to the more symmetric >’Al environment of
the structure that corresponds to T, sites with four
adjacent tetrahedra occupied by aluminium atoms
(T2(4Al)), while the remaining resonance (Jdis0 =
78 ppm, Cq = 6.86 MHz) could correspond to both
T, sites and the remaining T, sites linked to SiO4
tetrahedra (T»(nAl, mSi)). A more accurate discussion of
the Al/Si ordering in the tetrahedral sites of the
Sr3Al;pSi0y structure would require a more detailed
characterisation of the various ?’Al and *’Si spatial
relations that will be obtained from 2Si/*’Al double
resonance NMR experiments, currently under develop-
ment.
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Fig. 7. Experimental (a) and simulated (b) Al 3Q-MAS NMR spectra of Sr;Al;;SiOy (By = 9.4 T). The contour levels were set to 3.0%, 5.7%,
10.8%, 20.5%, 39.1% and 74.2% of the maximal peak intensity. The projections on the w; (vertical) and w, (horizontal) dimensions display isotropic

and MAS spectra respectively.
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