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Single crystals of Sr3B2SiO8 were obtained by solid-state reaction of stoichiometric mixture at 1200 1C. The

crystal structure of the compound has been solved by direct methods and refined to R1¼0.064

(wR¼0.133). It is orthorhombic, Pnma, a¼12.361(4), b¼3.927(1), c¼5.419(1) Å, V¼263.05(11) Å3. The

structure contains zigzag pseudo-chains running along the b axis and built up from corner sharing (Si,B)�O

polyhedra. Boron and silicon are statistically distributed over one site with their coordination strongly

disordered. Sr atoms are located between the chains providing three-dimensional linkage of the structure.

The formation of Sr3B2SiO8 has been studied using annealing series in air at 900–1200 1C. According

powder XRD, the probe contains pure Sr3B2SiO8 over 1100 1C. The compound is not stable below 900 1C. In

the pseudobinary Sr2B2O5–Sr3B2SiO8 system a new series of solid solutions Sr3�xB2Si1�xO8�3x (x¼0–0.9)

have been crystallized from melt. The thermal behavior of Sr3B2SiO8 was investigated using powder high-

temperature X-ray diffraction (HTXRD) in the temperature range 20–900 1C. The anisotropic character of

thermal expansion has been observed: aa¼ �1.3, ab¼23.5, ac¼13.9, and aV¼36.1�10�6
1C�1 (25 1C);

aa¼ �1.3, ab¼23.2, ac¼5.2, and aV¼27.1�10�6
1C�1 (650 1C). Maximal thermal expansion of the

structure along of the chain direction [0 1 0] is caused by the partial straightening of chain zigzag. Hinge

mechanism of thermal expansion is discussed.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Strontium borosilicate system has been used for a long time in
ceramic industry for the fabrication of glaze glass coatings intended
for the application on faience, porcelain, majolica, and other types
of ceramics. Sr-containing glass is characterized by the high values
of the refraction index, the volume resistivity, and the X-ray
absorption coefficient. In the SrO–B2O3–SiO2 system, glassforming
and liquid immiscibility regions have been studied [1,2]. The data
on different physical properties like viscosity [1,2], thermal
expansion [3], density and micro-hardness [4] are reported. Glass
structure in the system was discussed by Golubkov et al. [5].
Recent interest to the alkaline-earth borosilicate systems has been
activated by their modern application for producing low-tempera-
ture cofired ceramic (LTCC) materials [6–9], widely used now for
microwave, wireless, sensor, and other devices [http://www.ltcc.
de/en/publications.php]. In [10], electronic properties and rare-
earth ions photoluminescence behaviors in Sr-borosilicate,
SrB2Si2O8, were reported. Excellent photoluminescent properties
were briefly noted for Eu2+-activated SrB2Si2O8 in [11].

Crystallographic data on crystalline Sr borosilicates as well as
for the other alkaline-earth borosilicates are very limited. First the
subsolidus relations in SrO–B2O3–SiO2 system were investigated
ll rights reserved.
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by solid-state reaction techniques and powder X-ray diffraction
(XRD) methods in [12]. A stable ternary Sr3B2SiO8 compound, and
a metastable ternary compound with a probable composition
SrB2Si2O8 were reported and unindexed XRD data were presented
for both of them (PDF ## 32-1224 and 31-1347). Twenty years
later, the structure of high pressure synthetic compound
SrB2Si2O8 was solved in the orthorhombic space group Pnam

[13]. The structure was found to be isotypic with CaB2Si2O8

danburite structure, first reported in 1931 [14] and later refined
by many authors [15–17 and others] and even at high tempera-
tures [18]. The structure of SrB2Si2O8 represents three-dimen-
sional framework built up from ordered BO4 and SiO4 tetrahedra
forming 4- and 8-membered rings. Not long ago, two naturally
occurring Sr- and Ba-dominant analogues of danburite (pekovite,
SrB2Si2O8, and maleevite, BaB2Si2O8) were found in alkaline
massifs and structurally characterized by Pautov et al. [19].

Present work is devoted to the study of crystal structure and
thermal behavior of stoichiometrically different Sr borosilica-
te—Sr3B2SiO8, which was first mentioned in [12] and shortly
noted by us in [20], but never structurally characterized.

2. Experimental

2.1. Synthesis and heat treatment of samples

Sr3B2SiO8 powder and single crystals were prepared by solid-
state reaction from SiO2, H3BO3, and preliminary calcinated SrCO3.

http://www.ltcc.de/en/publications.php
http://www.ltcc.de/en/publications.php
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2010.07.029
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dx.doi.org/10.1016/j.jssc.2010.07.029


Table 1
Crystallographic data and refinement parameters for Sr3B2SiO8.

Crystal size (mm3) 0.03�0.07�0.08

Formula weight (g/mol) 190.52

Structural formula SrB0.67Si0.33O2.67

Space group Pnma

Z 4

a (Å) 12.361(4)
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Initial charge was heat-treated in a platinum crucible in a furnace
in the temperature range 900–1200 1C. Heating and cooling rate
for sample preparation is about 5 and 1 K/min, respectively.
Powder diffraction patterns of heat-treated materials were
obtained with a Stoe Stadi P diffractometer (CuKa1 radiation;
l¼1.5406 Å, 40 kV/35 mA, PSD detector, curved Ge-monochro-
mator). Small single crystals were obtained both in probes heat-
treated at 1100 and 1200 1C. The temperature of 1200 1C is a bit
higher than 1180 1C, noted in [21] as a melting point for the
compound. In this case, the probe was probably partially melted.
In the probe heat-treated at 1100/3 h and 1200 1C for 3 h small
plated colorless crystals of Sr3B2SiO8 were observed with the use
of an optical microscope. These crystals have been used then for
the single crystal diffraction study.

Solid solutions of Sr3�xB2Si1�xO8�3x (x¼0.37, 0.63, 0.84) were
prepared in the pseudobinary Sr2B2O5–Sr3B2SiO8 system by
crystallization of a melt. Before melting, the samples were heat-
treated in the range 900–1200 1C.
b (Å) 3.927(1)

c (Å) 5.419(1)

V (Å3) 263.05(11)

m (mm�1) 20.367

Dcalc (g/cm3) 3.705

Diffractometer STOE IPDS II

Radiation wavelength (Å) 0.71073 (MoKa)

y-range (1) 3.30–29.13

Total Ref 2046

Unique Ref 400

Unique 9Fo9Z4sF 369

Rint 0.086

Rs 0.045

R (2064 Ref) 0.070

R (9Fo9Z4sF) 0.064

wR (2064 Ref) 0.133

wR (9Fo9Z4sF) 0.129

S 1.179

Table 2

Atomic coordinates and displacement parameters (Å2) for Sr3B2SiO8.

Atom Wyck x y z U iso/eqa Occupancyb

Sr 4c 0.1463(1) 0.75 0.9054(2) 0.0393(6) 1

B 4c 0.4170(6) 0.75 0.9336(15) 0.040(2) 0.67

Si 4c 0.4170(6) 0.75 0.9336(15) 0.040(2) 0.33

O(1) 4c 0.4240(16) 0.75 0.674(3) 0.041(4) 0.58

O(2) 8d 0.513(2) 0.914(7) 0.933(5) 0.049(7) 0.25

O(3) 4c 0.342(2) 0.75 0.115(4) 0.038(5) 0.60

O(4) 4c 0.3668(15) 0.75 0.675(3) 0.034(4) 0.50

O(5) 4c 0.317(2) 0.75 0.088(5) 0.040(7) 0.48

a anisotropic displacement parameters for an Sr atom: Sr 0.0734(10) 0.0212(6)

0.0232(6) 0.000 –0.0165(6) 0.000.
b In final refinement, occupancies were fixed in order to fulfill electroneu-

trality requirements; standard deviation errors may be estimated as 0.04.

Table 3
Selected bond lengths in the Sr3B2SiO8 structure.

Bond Distance (Å) Occupancy of O ligand Bond Distance (Å)

Sr–O(5) 2.33(3) 0.48 T–O(3) 1.36(2)

Sr–O(4)�2 2.45(1) 0.50�2 T–O(2)�2 1.35(3)

Sr–O(3)�2 2.52(1) 0.60�2 T–O(1) 1.41(2)

Sr–O(2)�2 2.55(3) 0.25�2 T–O(5) 1.50(2)

Sr–O(1)�2 2.59(1) 0.58�2 T–O(4) 1.53(2)

Sr–O(5)�2 2.65(2) 0.48�2 T–O(2)�2 1.73(3)

Sr–O(3) 2.67(2) 0.60

Sr–O(1) 2.78(2) 0.58

S 6.48
2.2. Crystal structure study

A set of colorless crystals selected for data collection was
examined under an optical microscope and mounted on glass
fibers. Single crystal X-ray experiments were performed using a
STOE Imaging Plate Diffraction System (IPDS) (MoKa radiation;
l¼0.71073 Å, 50 kV/40 mA, frame widths of 11 in o). Most of the
checked crystals were found to be defective. First the unit-cell
parameters and orthorhombic symmetry for Sr3B2SiO8 were
shortly noted by us in the abstract of an IUCr Congress [20]. The
obtained R-factor (R1�0.10) did not allow us to present the
crystal structure data at that time. In the present study, a small
piece was found, which appeared to be suitable for structure
determination. Since the standard tests did not clearly indicate
the existence of centre of symmetry, the structure was refined in
both non-centrosymmetric (Pn21a) and centrosymmetric (Pnma)
space groups. It should be noted that refinement in the
centrosymmetric group Pnma yielded a slightly lower reliability
factor (wR¼0.133) in comparison to that assuming Pn21a

(wR¼0.145); meanwhile R1-factors were practically the same.
Atomic coordinates of the structure and the calculated bond
lengths were similar for both of these groups; although the values
of estimated standard deviations were substantially lower
for the centrosymmetric case. Thus, the structure is reported
here in the centrosymmetric space group Pnma. The unit-cell
dimensions were refined by least-squares method (Table 1).
The unit-cell parameters reported in [20] slightly differ from the
data presented here that is caused by the tendency of the
Sr3B2SiO8 structure to a wide range of B–Si substitution (see below
Section 3.2).

The raw intensities were corrected for Lorentz and polarization
effects. The absorption correction was applied taking into account
the form of the crystal with the use of X-Area (Stoe) program. The
structure was solved by direct methods and refined with SHELXL-97
program package [22]. The final model included anisotropic
displacement parameters for Sr only. Attempts to refine anisotropic
parameters of O and (B,Si) positions resulted in physically unrealistic
values. Technical details of the data acquisition as well as some
refinement results for the title compound are summarized in Table 1.
The atomic coordinates, displacement parameters, and site occu-
pancies are given in Table 2. The refinement of occupancies of Sr and
B,Si sites did not reveal any non-stoichiometry. In final refinement,
the occupancies were fixed in order to fulfill electroneutrality
requirements; direct refinement would result in some discrepancies
from the required stoichiometry. In general, standard deviation
errors for occupancies may be estimated as 0.04.
2.3. High-temperature X-ray powder diffraction study

Thermal expansion of an Sr3B2SiO8 was studied in air by means
of high-temperature X-ray powder diffraction data collected using
a Stoe Stadi P X-ray diffractometer (CuKa radiation) with a high-
temperature camera (Buehler GMbh). The sample was prepared
from the heptane’s suspension on a Pt–Rh plate. The temperature
steps were 25 1C, average heating rate was about 1–2 1C/min in
the range 20–900 1C. Unit-cell parameters of the compound at
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different temperatures were refined by least-square methods.
Main coefficients of the thermal expansion tensor were deter-
mined using polynomial approximation of temperature depen-
dencies for the unit-cell parameters in the range 20–900 1C by
DTC and DTP programs [23].
3. Results

3.1. Crystal structure of Sr3B2SiO8

Selected bond lengths in the structure of Sr3B2SiO8 are listed in
Table 3. General motif of the structure is a pseudo-chain
consisting of corner sharing TOx polyhedra (T¼B, Si; x¼3–4)
(Fig. 1). The statistical distribution of boron and silicon over one
Fig. 1. Crystal structure of Sr3B2SiO8 and pole figure of its thermal expansion coefficien

near the atom labels are devoted to the site occupancies.
crystallographic site was successfully used for structure
determination; meanwhile, the refinement evidenced that the
oxygen coordination for (Si,B) site is highly disordered. As can be
seen from Fig. 1c, there are eight possible sites for the O atoms
visually constructing tetrahedra with splitted positions of each
oxygen atoms. ‘‘Pseudo tetrahedral’’ coordination is strongly
distorted; the T–O distances have a large spread of values
especially for the atoms with small occupancies (see Fig. 1c and
Table 2 atoms O(2) and O(3)). It seems that up to now the most
distorted BO4 tetrahedra were found in the structure of cubic b-
Mg3ClB3O13 boracite with three equal distances 1.437 and one
elongated bond 1.693 Å in tetrahedra [24]. Although the average
distances in tetrahedra should be around 1.48 Å for BO4 [25,26]
and 1.62 Å for SiO4 [27], wide variations of individual interatomic
distances in tetrahedra are described in [27] for silicates and
ts: ab (a) and ac (b) projections; fragment of zigzag pseudochain (c). Italic numbers



Fig. 2. Formation of Sr3B2SiO8 during solid-state reaction.

Fig. 3. Unit-cell parameters of Sr3�xB2Si1�xO8�3x solid solutions in dependence of

chemical composition.
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[25,28,29] for borates. Chains comprise a zigzag along the [0 1 0]
direction. Sr atoms occupying the space between the chains have
irregular coordination (Table 3). Approximately 6.5 oxygen atoms
coordinate Sr atom with the bond lengths below 3 Å (2.33–2.78 Å).
Similar coordination was reported for the nearest neighbor com-
pound Sr2B2O5 [30]: Sr(1)O7 (2.42–2.74 Å) and Sr(2)O6 (2.46–2.55 Å).

Obviously, the wide variations of T–O distances in Sr3B2SiO8

could be explained by the observed disorder of boron and silicon
coordination. The chemical formula of the chain can be written as
[B2SiO8]6� , which implies that, within the chain, there are three
polyhedra, SiO4, BO4, and BO3, condensed through the corners:
[BO3BO2SiO3]6�. Thus, generally Si atoms always have a tetra-
hedral coordination, whereas boron atoms are distributed in
equal proportion between tetrahedra and triangles.
3.2. Formation of Sr3B2SiO8 and Sr3�xB2Si1�xO8�3x solid solutions

According to Baylor and Brown [12], the title compound was
formed by reacting SrSiO3 and Sr2B2O5 or Sr2SiO4 and SrB2O4 at
1100 1C for 10 days. However, the authors did not obtain a pure
phase: the XRD pattern presented in the PDF file (PDF 32-1224)
and in [12] contained main reflections of Sr3B2O6 (d, Å/I,%: 3.55/3;
3.21/5; 2.91/42; 2.885/25; 2.876/13) along with maxima of
Sr3B2SiO8. In this work, polycrystalline Sr3B2SiO8 has been
synthesized by solid-state reaction, as described in Section 2.1.
The XRD patterns after the annealing stages are presented in
Fig. 2. During the solid-state reaction, borate phases crystallize
first as intermediate products. In particular, Sr3B2O6 crystallizes
with an admixture of Sr2B2O5 and traces of Sr2SiO4 by keeping the
starting mixture at 900 1C for 3 h (Fig. 2, bottom XRD pattern).
After the following short treatment at 1000 1C for 3 h, the
intensity of Sr3B2O6 peaks decreases; weak traces of Sr3B2SiO8

appeared. Long-term treatment of an initial mixture performed at
900 1C for 3 days (72 h) showed that the title compound starts to
form at this temperature. The broadened maxima of this phase
could be identified (Fig. 2), although they are remarkably shifted
in 2y from the theoretical positions calculated from structural
data, which possibly indicates a non-stoichiometric nature of the
phase. The approximate unit-cell dimensions calculated for this
phase treated at lower temperatures (900/72 h+1000/5 h: a¼

12.221(9), b¼3.887(4), c¼5.395(3) Å, V¼256.3(3) Å3; 900/72 h+
1000/10 h: a¼12.288(4), b¼3.903(2), c¼5.404(2) Å, V¼259.2(1) Å3)
are less than that of after the treatment at 1100 1C. It is very likely an
evidence that the phase forms by the step-by-step process. The
decrease of the cell parameters indicates that SiO2-poor phase
crystallizes first, and then gradually transforms to Sr3B2SiO8. Over
1100 1C, the probe contains pure Sr3B2SiO8; the unit-cell parameters
do not change after the treatment at 1200 1C. Below 900 1C, the
compound is unstable (see Section 3.3).

The conclusions mentioned above are confirmed by occurrence
of Sr3�xB2Si1�xO8�3x solid solutions in the pseudobinary
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Sr2B2O5–Sr3B2SiO8 system. The solid solutions are prepared by
crystallization from melt and their studies are in progress. The
dependence of unit-cell parameters versus chemical composition
is shown in Fig. 3. It can be seen that parameters decrease along
with decrease of the SiO2 content: e.g., unit-cell dimensions for
Sr2.16B2Si0.16O5.48 (x¼0.84) are: a¼12.076(1), b¼3.8689(8),
c¼5.3774(7) Å, V¼251.23(3) Å3. From the unit-cell parameters
dependence (Fig. 3), we could estimate approximately chemical
composition of the nonstoichiometric phase crystallized after
annealing at lower temperatures (900/72 h+1000/5 h: it is close
to that with xE0.5C0.6; 900/72 h+1000/10 h: and it is close to
that with xE0.3C0.4).

Crystal structures of Sr2B2O5 and Sr3B2SiO8 are similar (Fig. 4).
Actually, Sr2B2O5 is a nearest neighbor of Sr3B2SiO8 in the phase
diagram of the SrO–B2O3–SiO2 system [12]. Sr2B2O5 [30]
crystallizes in the monoclinic space group P21/c (a¼7.719(4),
b¼5.341(1), c¼11.873(2) Å, b¼92.71(2)1, V¼488.9(3) Å3) and is
based upon isolated B2O5 groups of two corner sharing triangles
(Fig. 4, left). When compared to Sr3B2SiO8, Sr2B2O5 has the a

parameter increasing twice, whereas other parameters are
practically the same. Substitution of B by Si is accompanied by
an intercalation of additional oxygen atoms to form disordered
tetrahedra in the Sr3�xB2Si1�xO8�3x solid solutions. It could be
assumed that isolated B2O5 groups in Sr2B2O5 (Fig. 4, left) are
transformed (polymerized) to pseudo-tetrahedral chains in our
structure, due to the incorporation of silicon. This results in the
transformation of isolated B2O5 groups via condensation into
chains of (B,Si)O4 tetrahedra, as shown in Fig. 4. The
Sr3�xB2Si1�xO8�3x (xE0C0.9) solid solutions are extended
almost to Sr2B2O5. Immiscibility is caused by the difference in
symmetry of Sr2B2O5 and Sr3B2SiO8 and nonexistence of silicon
atoms in triangles.
Fig. 5. HTXRD patterns of Sr3B2SiO8. SrSiO3 and Pt–Rh peaks are marked by

arrows. The dashed line shows the temperature of SrSiO3 reflections appearing.
3.3. Thermal behavior of Sr3B2SiO8 from high-temperature X-ray

diffraction

Thermal behavior of Sr3B2SiO8 was investigated by in situ

X-ray high-temperature powder diffraction in the temperature
range 20–900 1C. For the experiment, the samples containing pure
Sr3B2SiO8 prepared by solid-state reaction at 1100 and 1200 1C
have been used. The thermal changes in both samples were the
same. The evolution of XRD patterns at different temperatures is
presented in Fig. 5 for the Sr3B2SiO8 sample prepared at 1200 1C.
In the course of study, several reflections of SrSiO3 (marked by
arrows in Fig. 5) appeared at 770 1C that indicates the start of the
Sr3B2SiO8 decomposition. As it is shown in Section 3.2, the
Sr3B2SiO8 compound starts to form at 900 1C; below this
temperature, the compound is not stable. During HTXRD
experiment, the compound decomposes above 770 1C forming
SiO2-poor nonstoichiometric phase and SrSiO3 (Figs. 5 and 2—the
Fig. 4. The comparison of Sr2B2O
top XRD pattern). Hence, single-phase Sr3B2SiO8 exists within the
temperature range 20C770 1C, and above 770 1C the biphasic
region is observed.

The unit-cell parameters were calculated in the temperature
range 20–900 1C (Fig. 6). The temperature dependences of
orthorhombic unit-cell parameters demonstrate a flexion at about
650–700 1C caused obviously by the compositional changes,
although SrSiO3 reflections in the XRD pattern were observed at
higher temperature (Fig. 5). For further determination of thermal
expansion coefficients of Sr3B2SiO8, the single-phase temperature
region (20–650 1C) has been used only. The temperature
dependencies show a distinctive anisotropy of expansion along
crystallographic directions with maximal expansion along the
minimal crystallographic b parameter (Fig. 6). The temperature
dependences of the a and b parameters are approximated linearly,
while that of the c parameter using quadratic equation

a¼ 12:3325�15:8� 10�6 t

b¼ 3:9227þ92:6� 10�6 t

c¼ 5:4101þ75:0� 10�6 t�4� 10�8 t2

Thermal expansion coefficients are as follows: aa¼ �1.3,
ab¼23.5, ac¼13.9, and aV¼36.1�10�6

1C�1 at 25 1C; aa¼ �1.3,
ab¼23.2, ac¼5.2 and aV¼27.1�10�6

1C�1 at 600 1C. Two projec-
tions of the Sr3B2SiO8 structure are presented in Fig. 1 compared
with the projections of pole figure of thermal expansion coefficients.
Anisotropy of thermal expansion is not typical for chain structures:
maximal expansion is observed along the tetrahedral chain, due to
partial straightening of the chain zigzag. The chain expansion is
governed by the so-called hinge mechanism [29,31]—if the structure
expands along the chain axis [0 1 0] (ab¼23.5�10�6

1C�1), it has to
contract in the perpendicular plane ac (aa¼ �1.3�10�6

1C�1). The
maximal expansion along the chain direction could be explained by
5 and Sr3B2SiO8 structures.



Fig. 6. Temperature dependence of orthorhombic cell parameters of Sr3B2SiO8.
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relatively weak bonding caused by incomplete occupancies of
bridging oxygen sites O(2). Another reason for straightening of the
chain zigzag could be strong vibrations of Sr atoms in the a direction
(Fig. 1). The volumetric expansion coefficient is practically the same
as an average one for borosilicates (36�10�6

1C�1) and slightly
higher than that of silicates (23�10�6

1C�1) [29].
4. Conclusion

The new crystal structure of Sr3B2SiO8 borosilicate was solved
on a single crystal prepared from stoichiometric mixture by solid-
state reaction at 1200 1C. Crystal structure presents a new
structure type and contains a new borosilicate pseudo-chain
anion [B2SiO8]6�. The structure is significantly disordered.
The chemical formula of the chain implies that, within the chain,
there are three polyhedra, SiO4, BO4, and BO3, condensed through
the corners: [BO3BO2SiO3]6� . Thus, generally Si atoms always
have a tetrahedral coordination, whereas boron atoms are
distributed in equal proportion between tetrahedra and triangles.

The compound starts to form at 900 1C by solid-state reactions:
first an intermediate nonstoichiometric SiO2-poor phase Sr3�xB2

Si1�xO8�3x crystallizes. Stoichiometric Sr3B2SiO8 compound is
obtained at 1100–1200 1C. Below 900 1C, Sr3B2SiO8 is not stable in
accord to HTXRD data. The Sr3�xB2Si1�xO8�3x (xE0C0.9) solid
solutions were prepared by crystallization of a melt.

Maximal thermal expansion of the structure along of the
[0 1 0] is caused by the partial straightening of chain zigzag.
Anisotropy of thermal expansion could be explained by strong
vibrations of strontium atoms located between the zigzag chains.
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