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a b s t r a c t

A new borate, Cs2Al2B2O7, was synthesized by solid-state reaction. It crystallizes in the monoclinic

space group P21/c with a¼6.719(1) Å, b¼7.121(1) Å, c¼9.626(3) Å, b¼115.3(1)1, and Z¼2. In the

structure, two AlO4 tetrahedra and two BO3 planar triangles are connected alternately by corner-

sharing to from nearly planar [Al2B2O10] rings, which are further linked via common O1 atom to

generate layers in the bc plane. These layers then share the O3 atoms lying on a center of inversion to

form a three-dimensional framework with Cs atoms residing in the channels. The IR spectrum confirms

the presence of both BO3 and AlO4 groups and the UV–vis–IR diffuse reflectance spectrum indicates a

band gap of about 4.13(2) eV.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Research on borate compounds has long time been stimulated by
their rich structural chemistry and interesting physical properties
[1–9]. Boron atoms usually adopt triangular or tetrahedral oxygen
coordination to form BO3 or BO4 groups, which can be linked further
to form linear, layered and three-dimensional structures. For com-
pounds with the M2Al2B2O7 (M¼alkali metal) composition, known
members include Na2Al2B2O7, K2Al2B2O7, and Rb2Al2B2O7. With the
increase of alkali metal ionic radius, the structure of M2Al2B2O7

changes from trigonal system (Na2Al2B2O7 (P3̄1c) and K2Al2B2O7

(P321)) to monoclinic system (Rb2Al2B2O7 (P21/c)) [10–12]. Among
them, K2Al2B2O7 adopts a non-centrosymmetric structure and
exhibits good nonlinear optical (NLO) properties [10], while the
other two are centrosymmetric without NLO effect. The diverse
structural types in this series of compounds inspire us to further
investigate the M2Al2B2O7 (M¼alkali metal) compounds with
emphasis on the largest alkali metal Cs and smallest alkali metal
Li. The preparation of Li2Al2B2O7 is unsuccessful; however, the
Cs2Al2B2O7 compound has been synthesized successfully. Interest-
ingly, it crystallizes in a different structure from the three known
M2Al2B2O7 (M¼Na, K, Rb) borates, which further demonstrates the
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influence of ionic radius on structure transformation. In this paper,
we report the crystal growth, structure, and optical property of
Cs2Al2B2O7.
2. Experimental

2.1. Solid-state synthesis

Cs2Al2B2O7 is a new phase found in the Cs2O–Al2O3–B2O3

system. The sample was synthesized via solid-state reaction using
a mixture of Cs2CO3 (AR), Al2O3 (AR) and H3BO3 (AR) that was
heated progressively up to 1000 1C. Polycrystalline sample corre-
sponding to the Cs2CO3:Al2O3:3H3BO3 molar ratio produced a
single-phase product. X-ray powder diffraction analysis of the
resultant powder sample was performed at room temperature in
the angular range of 2y¼10–701 with a scan step width of 0.021
and a fixed counting time of 1 s/step using an automated Bruker
D8 X-ray diffractometer equipped with a diffracted monochro-
mator set for Cu Ka (l¼1.5418 Å) radiation. It did not resemble
any pattern in the database and was later found to be in excellent
agreement with the calculated pattern on the basis of the single
crystal crystallographic data of Cs2Al2B2O7 (Fig. 1).

2.2. Single-crystal growth

A mixture of the as-synthesized Cs2Al2B2O7 powder, LiF and KF
(acting as flux to lower the melting point) in molar ratio of 1:1:1
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Fig. 1. Experimental (top) and calculated (bottom) x-ray powder diffraction data

of Cs2Al2B2O7.

Table 1
Crystal data and structure refinements for Cs2Al2B2O7.

Cs2Al2B2O7

fw 453.40

a (Å) 6.719(1)

b (Å) 7.121(1)

c (Å) 9.626(3)

b 115.25(2)

Space group P21/c

V (Å3) 416.5(2)

Z 2

T (K) 93(2)

l (Å) 0.71073

rc (g/cm3) 3.615

m (cm�1) 8.960

R1a 0.0232

wR2b 0.0547

a R1¼
P

99Fo9�9Fc99/
P

9Fo9 for Fo
242s(Fo

2).
b wR2¼{

P
[w(Fo

2
�Fc

2)2]/
P

wFo
4}½ for all data. w�1

¼

s2(Fo
2)þ(zP)2, where P¼(Max(Fo

2, 0)þ2 Fc
2)/3; z¼0.02.

Table 2

Atomic coordinates and equivalent isotropic displacement parameters (Å) for

Cs2Al2B2O7.

Atom x y z Ueq
a

Cs 0.77579(3) 0.36260(3) 0.11671(2) 0.01041(10)

Al 0.23909(17) 0.11880(14) 0.03980(12) 0.0055(2)

B 0.3534(6) 0.3893(5) 0.2752(4) 0.0070(7)

O1 0.2542(4) 0.3402(3) 0.1225(3) 0.0099(5)

O2 0.2595(4) 0.3313(4) 0.3691(3) 0.0146(6)

O3 0 0 0 0.0209(9)

O4 0.5390(5) 0.4942(5) 0.3274(3) 0.0224(7)

a Ueq is defined as one third of the trace of the orthogonalized Uij tensor.

Table 3

Selected bond lengths (Å) and bond angles (deg.) for Cs2Al2B2O7.

Cs–O1 3.070(3) Cs–O4 3.552(3)

Cs–O1 3.195(3) Cs–O4 3.600(3)

Cs–O1 3.532(3) Al–O1 1.749(3)

Cs–O2 3.127(3) Al–O2 1.743(3)

Cs–O2 3.353(3) Al–O3 1.708(1)

Cs–O2 3.545(3) Al–O4 1.738(3)

Cs–O3 3.4120(5) B–O1 1.375(4)

Cs–O3 3.478(1) B–O2 1.368(4)

Cs–O4 3.205(3) B–O4 1.353(4)

O3–Al–O4 110.0(1) O3–Al–O1 114.5(1)

O3–Al–O2 109.5(1) O2–B–O1 118.7(3)

O4–Al–O1 105.1(1) O4–B–O2 122.2(3)

O2–Al–O1 103.5(1) O4–B–O1 119.1(3)

O4–Al–O2 114.2(1) Al–O3–Al 180.0(1)

K. Feng et al. / Journal of Solid State Chemistry 184 (2011) 3353–33563354
was ground in an agate mortar and loaded into a platinum crucible.
The sample was placed in a computer-controlled furnace, heated to
900 1C in 15 h and kept there for 24 h, then cooled at a slow rate of
3 1C/h to 600 1C, and finally cooled to room temperature. The
product consisted of colorless block crystals, which were manually
selected for structure characterization. Analysis of the crystals with
an EDX-equipped Hitachi S-3500 SEM showed the presence of Cs
and Al in the approximate molar ratio of 1:1.

2.3. Structure determination

Single-crystal X-ray diffraction data were collected with the use
of graphite-monochromatized Mo Ka (l¼0.71073 Å) at 93 K on a
Rigaku AFC10 diffractometer equipped with a Saturn CCD detector.
Crystal decay was monitored by re-collecting 50 initial frames at the
end of data collection. The collection of the intensity data was
carried out with the program Crystalclear [13]. Cell refinement and
data reduction were carried out with the use of the program
Crystalclear [13], and face-indexed absorption corrections were
performed numerically with the use of the program XPREP [14].

The structure was solved with the direct methods program
SHELXS and refined with the least-squares program SHELXL of the
SHELXTL.PC suite of programs. The final refinement included aniso-
tropic displacement parameters and a secondary extinction correc-
tion. The program STRUCTURE TIDY [15] was then employed to
standardize the atomic coordinates. Additional experimental details
are given in Table 1. The final refined atomic positions and isotropic
thermal parameters are summarized in Table 2 and selected metrical
data are given in Table 3. Further information can be found in
Supplementary Material.

2.4. Infrared spectroscopy

Infrared spectrum was recorded on Shimadzu IR Affinity-1
Fourier transform infrared spectrometer in the 400–3000 cm�1

range. The sample was mixed thoroughly with dried KBr (5 mg
sample and 500 mg KBr).

2.5. Diffuse reflectance spectroscopy

A Cary 5000 UV–visible–NIR spectrophotometer with a diffuse
reflectance accessory was used to measure the spectrum of
Cs2Al2B2O7 over the range 200 nm (6.20 eV) to 2500 nm (0.50 eV).
3. Results and discussion

3.1. Solid-state synthesis and crystal growth

The presence of Cs makes the powder absorb moisture easily.
By repeated grinding and sintering, and gradually elevating the
sintering temperature from 200 to 1000 1C, we finally obtained
pure Cs2Al2B2O7 sample, as indicated in Fig. 1.

Owing to the high melting point of Cs2Al2B2O7, KF and LiF were
used as flux to grow Cs2Al2B2O7 crystal. Colorless and transparent
block crystals with sizes up to 2�1�1 mm3 were isolated, which
were used in single-crystal X-ray diffraction data collection.



Fig. 3. Structure of the layer composed of the [Al2B2O10] rings in Cs2Al2B2O7.

Fig. 4. Connectivity between the AlO4 and BO3 polyhedra in Rb2Al2B2O7.
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3.2. Structure

Cs2Al2B2O7 crystallizes in a new structure type in the centro-
symmetric space group P21/c of the monoclinic system with
a¼6.719(1) Å, b¼7.121(1) Å, c¼9.626(3) Å, and b¼115.3(1)1.
There is one crystallographically independent Cs atom, one
independent Al atom, one independent B atom and four indepen-
dent O atoms in the asymmetric unit. The Cs, Al, and B atoms as
well as O1, O2 and O4 atoms are at the general positions of
Wyckoff sites 4e, while the O3 atom lies on an inversion center of
Wyckoff site 2a. The oxidation state of 1þ , 3þ , 3þ and 2� can be
assigned to Cs, Al, B and O atoms, respectively.

The structure of Cs2Al2B2O7 is illustrated in Fig. 2. It is a three-
dimensional framework built from corner-sharing AlO4 tetrahe-
dra and BO3 triangles with channels occupied by the Csþ cations.
The structure can be considered to be built up from the nearly
planar [Al2B2O10] rings, which are composed of two AlO4 tetra-
hedra and two BO3 triangles connected alternately to each other
by corner-sharing. These rings are further connected by O1 atoms
to form layers parallel to bc plane (Fig. 3). The O3 atom lying at an
inversion center and belonging to the AlO4 tetrahedra, or in other
words, the linear Al–O3–Al, then acts as a linker between layers to
generated a three dimensional anionic framework with channels
to accommodate the Csþ cations.

Clearly, the alkali metal (M) ionic radius has significant effect on
the structure of the M2Al2B2O7 (M¼Na, K, Rb and Cs) system. They
adopt four different structure types. With the increase of the M ionic
radius, the symmetry of the structures descends from space group
P3̄1c (Na2Al2B2O7) to P321 (K2Al2B2O7), and then to P21/c (Rb2Al2B2O7

and Cs2Al2B2O7) [10–12]. In Na2Al2B2O7, the AlO4 tetrahedra and BO3

triangles are connected to form 2
1Al2B2O7

2� layers parallel to ab

plane, which are separated by Naþ cations [11]. In K2Al2B2O7, the
AlO4 tetrahedra and BO3 triangles are also arranged in a layer parallel
to the ab plane, but these layers are further connected by Al–O–Al
along the c direction to build a three-dimensional framework with
Kþ cations located in the channels [10]. Rb2Al2B2O7 and Cs2Al2B2O7
Fig. 2. Crystal structure of Cs2Al2B2O7 showing AlO4 tetrahedra and BO3 triangles

viewed down the c direction.
crystallize in the same space group P21/c and adopts similar three-
dimensional framework built from AlO4 tetrahedra and BO3 triangles.
Their subtle structural difference lies in two aspects: First, the unit
cell of Rb2Al2B2O7 (a¼8.901(2) Å, b¼7.539(1) Å, c¼11.905(2) Å,
b¼103.97 (1)1, V¼775.3(2) Å3) can be considered twice as large as
that of Cs2Al2B2O7 and thus the asymmetric unit of Rb2Al2B2O7

structure contains two crystallographically unique Rb, two Al, two B
and seven O atoms, all at general positions. Second, although in the
structure of Rb2Al2B2O7, the [Al2B2O10] rings also form layers parallel
to the ab plane, but the bridging O atom between these layers are
located at a general position and the bond angle of the bridging Al–O–
Al is 146.9(2)1 (Fig. 4), while the bridging O atom between these
layers in Cs2Al2B2O7 lies on an inversion center with the bridging
Al–O–Al bond angle of 1801.

In all these four compounds, only K2Al2B2O7 crystallizes in a
non-centrosymmetric space group with the two sets of BO3

groups, the major nonlinear optical active units, twisting about
371, which gives it moderate second harmonic generation (SHG)
response. In the Na, Rb, and Cs analogs, the BO3 groups are related
to each other through an inversion center, so none of them has
SHG effect.

The bond distances and angles in Cs2Al2B2O7 are normal. The
AlO4 is a slightly distorted tetrahedron with the Al–O bond
distances ranging from 1.708(1) Å to 1.749(3) Å and the O–Al–O
angles ranging from 103.5(1)1 to 114.5(1)1. In the BO3 triangles,
the lengths of B–O bonds range from 1.353(4) to 1.375(4) Å and
the O–B–O angle lie between 118.7(3)1 and 122.2(3)1. These bond
distances and angles compare well with the related M2Al2B2O7



Fig. 5. Infrared spectrum of Cs2Al2B2O7.

Fig. 6. Diffuse reflectance spectrum of Cs2Al2B2O7.
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(M¼Na, K, Rb) structures [10–12]. As for the Csþ cation, the distances
of Cs–O in Cs2Al2B2O7 range from 3.070(3) to 3.600(3) Å, which
resemble those in CsB3O5 (3.030(3) Å to 3.342(6) Å) and CsLiB6O10

(3.147(3) Å to 3.342(6) Å) [3,16].

3.3. Infrared spectroscopy

In order to confirm the coordination surroundings of B and Al
atoms in the Cs2Al2B2O7 structure, infrared spectrum measure-
ment was carried out and the spectrum from 400 to 3000 cm�1 is
shown in Fig. 5. The peaks at 1374, 1274, 1070, 730, 680, 629, and
565 cm�1 can be attributed to asymmetric stretching and sym-
metric stretching vibrations of BO3 groups [17–22] and those at
960, 760, 480, and 427 cm�1 are likely to be the asymmetric and
symmetric stretching of Al–O in AlO4 [18,23,24], respectively.

3.4. UV–vis–NIR diffuse reflectance spectrum

The UV–vis–NIR diffuse reflectance spectrum of Cs2Al2B2O7 in
the region of 200–2500 nm is shown in Fig. 6. It is clear that
Cs2Al2B2O7 has obvious absorption below 300 nm and the optical
band gap of Cs2Al2B2O7 can be estimated to be 4.13(2) eV by the
straightforward extrapolation method [25].
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