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A novel orthoborate, NaMgBO3, has been successfully synthesized by a standard solid-state reaction, and the
crystal structure has been determined from powder X-ray diffraction data. It crystallizes in the monoclinic space
group C2/c with lattice parameters a ) 5.01313(6) Å, b ) 8.8007(1) Å, c ) 5.52831(7) Å, and â ) 99.6962(6)°.
Isolated [BO3]3- anionic groups, which are the fundamental building units, are distributed perfectly parallel to each
other. It is a typical structure of big birefringent crystals. The overall structure is similar to that of NaSrBO3, which
crystallizes in P21/c. The correlation between these two structures is discussed. The Mg atoms in NaMgBO3 are
used instead of the position of Na in NaSrBO3, while the Na atoms occupy the position of Sr. Then the directions
of the BO3 triangles are changed to balance the bond valence, which leads to a higher symmetry. They are the
first pair of alkali−alkaline earth orthoborates with close space groups by exchange of the cation positions.

Introduction

Inorganic borates have long been a focus of research for
their variety of structure types, transparency to a wide range
of wavelengths, high laser damage tolerance, and high optical
quality. Studies on alkali metal and alkaline-earth metal
borates have found a large family of compounds with
outstanding physical properties,1,2 such asâ-BaB2O4,3 LiB3O5,4

Sr2Be2B2O7,5 and K2Al2B2O7.6 Recently, with the develop-
ment of optical communications and the semiconductor large-
scale integrated circuit, the demand for birefringent crystals
and nonlinear optical (NLO) crystals in the deep-UV band
is soaring. A variety of BO atomic groups are considered to
be a dominant factor for their physical properties, in
particular the optical properties of borates. Among the

various anionic groups, the planar [BO3]3- groups attract our
attention. Because of highly localized valence electrons, low
absorption (173 nm)5 and anisotropy polarizability indicate
that some borates are likely to be good candidates for future
birefringent and deep-UV nonlinear optical materials. There-
fore, we have investigated the system M2O-M′O-B2O3 (M
) Li, Na, K; M′ ) Mg, Ca, Sr, Ba) to search for such new
useful optical materials. A total of 12 compounds, LiCaBO3,7

Li4CaB2O6,8 LiSr4(BO3)3,9 NaCaBO3,10 NaCa4(BO3)3,11 NaSr-
BO3,12 NaSr4(BO3)3,9 Na3SrB5O10, NaSrB5O9, NaBa4(BO3)3,9

KCa4(BO3)3,11 and KSr4(BO3)3,11 have been synthesized
successfully, and their powder X-ray diffraction (XRD)
patterns had been submitted for publication in the Powder
Diffraction File (International Centre for Diffraction Data)
in 2003 and 2004. In this paper, we report another new
orthoborate, NaMgBO3, in the system Na2O-MgO-B2O3.
It had been mentioned 40 years ago, but the crystal structure
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was not given.13 It crystallizes in the space groupC2/c and
contains atoms with close atomic numbers, Na and Mg,
which are difficult to distinguish from XRD. In this work,
the method to discern them by the SDPD (Structure Deter-
mination from Powder Diffraction) method was introduced.
Isolated planar [BO3]3- anionic groups were found as the
fundamental building units, which are distributed perfectly
parallel to each other. When the cations are only alkali and
alkaline-earth metals, linear optical properties of borates are
determined mainly by the anionic groups.5,14,15In NaMgBO3,
which contains only light cations, the optical anisotropy will
mainly come from [BO3]3- groups,15-17 which means that it
is a typical structure for big birefringence. It was found that
the structure of NaMgBO3 had a close relationship with
NaSrBO3,12 which was also discussed here.

Experimental Section

Solid-State Syntheses.Polycrystalline NaMgBO3 samples were
prepared by sintering at high temperature through solid-state
reactions. Stoichiometric mixtures of high-purity Na2CO3 (analytical
reagent, AR), MgO (AR), and H3BO3 (>99.99%) were heated at
600 °C in platinum crucibles to decompose the carbonate and
eliminate the water and then elevated to sintering temperatures of
800°C for 72 h. Between sintering steps, the samples were cooled
and ground. Then pure NaMgBO3 powder was obtained and
characterized by powder XRD.

Data Collection and Structure Determination. The data of
NaMgBO3 used for structure determination and Rietveld refine-
ment were collected by a step scan mode with a step width of 2θ
) 0.02° and a sampling time of 1 s in therange of 10-140° at
room temperature. Additional technical details are given in Table
1. The diffraction patterns of the compound were indexed using
DICVOL91.18 This gave a monoclinic unit cell witha ) 5.01313(6)
Å, b ) 8.8007(1) Å,c ) 5.52831(7) Å, andâ ) 99.6962(6)°. On
the basis of the systematic absence ofhkl with h + k ) 2n + 1,
h0l, h00, and 00l with h ) 2n + 1 andl ) 2n + 1, and 0k0 with
k ) 2n + 1, the possible space groups areCc andC2/c. Because
the latter had a higher symmetry, it was tested first.

The whole pattern of NaMgBO3 was fitted using the Fullprof
program19 based on the Le Bail method20 with the possible space
groupC2/c. The final agreement factors converged toRp ) 5.89%,
Rwp ) 8.20%, andRexp ) 2.82. A total of 187 independent|Fo|
values were extracted. Lattice parameters were refined asa )
5.01316(2) Å,b ) 8.80100(4) Å,c ) 5.52866(2) Å, andâ )
99.6971(1)°. Direct methods were applied with theSHELXL97
program package21 to the extracted|Fo|. According to the atom
distances, three peaks listed in theE map were likely to correspond
to the correct positions of the atoms, in which one was assigned to

the Mg atom, one was assigned to the Na atom, and the other was
assigned to an O atom. The other atoms were located by using
difference Fourier synthesis. In this course, once an atom was
located, it would be used for the next run of difference Fourier
synthesis. Because of the similar scattering factors of Na and Mg
atoms, there was not much influence on the following difference
Fourier synthesis even if their positions were mistaken at the first
step. After the rough structure was obtained, a bond valence sum
(BVS) calculation22 was used to determine their reasonable posi-
tions, respectively. Then the structure was refined using the Rietveld
method23,24 within the Fullprof program. In the final cycle of
refinement, a total of 30 parameters were refined (11 structural
parameters and 19 profile parameters, including 5 background
parameters and 5 peak-shape parameters). The pseudo-Voigt
function was used as the peak-shape function, and the final
agreement factors converged toRB ) 2.57%,Rp ) 5.48%,Rwp )
7.65%, andRexp ) 2.81%. Lattice parameters were refined to bea
) 5.01313(6) Å,b ) 8.8007(1) Å,c ) 5.52831(7) Å, andâ )
99.6962(6)°. The final result was put into thePLATONprogram
package,25 and no additional symmetry was found. The other
possible space groupCc was also tried for structure determination.
However, no better result was obtained. Then the final space group
was determined asC2/c. The final refinement pattern is given in
Figure 1. The crystallographic data, fractional atomic coordinates,
and equivalent isotropic displacement parameters are reported in
Tables 1 and 2; significant bond lengths and angles are listed in
Table 3.

Results and Discussion

Description of Crystal Structures. The NaMgBO3 com-
pound crystallizes in the space groupC2/c. As illustrated in
parts a and b of Figure 2, the fundamental building units of
NaMgBO3 are isolated planar [BO3]3- anionic groups, which
are distributed perfectly parallel. Because of the anisotropy
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Table 1. Crystallographic Data, Experimental Details of the Powder
XRD, and Rietveld Refinement Data for NaMgBO3

a

chemical formula NaMgBO3
fw 106.105
cryst syst monoclinic
space group C2/c
a (Å) 5.01313(6)
b (Å) 8.8007(1)
c (Å) 5.52831(7)
V (Å3) 240.42(8)
Z 4
dc (g cm-3) 2.931
diffractometer D/Max 2500, Rigaku
radiation type Cu KR
wavelength (Å) 1.5418
profile range (2θ, deg) 10-140
step size (2θ, deg) 0.02
no. of observation (N) 6501
no. of contributing reflns 467 (KR1 + KR2)
no. of structure param (P1) 11
no. of profile param (P2) 19
RBragg(%) 2.57
Rp (%) 5.48
Rwp (%) 7.65
Rexp (%) 2.81

a Rp ) ∑|yio - yic|/∑|yio|, Rwp ) [∑wi(yio - yic)2/∑wiyio
2]1/2, andRexp )

[(N - P1 - P2)/∑wiyio
2]1/2.
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polarizability of planar BO3 groups, it is likely to be a big
birefringent crystal. The B-O bond lengths vary from 1.327-
(1) to 1.3969(7) Å with an average value of 1.374 Å, and
the O-B-O angles are between 118.573(5)° and 120.713-
(7)°. These values are normal in a BO3 plane triangle. The
Mg atom is coordinated with six O atoms to form an
octahedron, as illustrated in Figure 3a. Those MgO6 octahedra
are face-sharing each other to form infinitely long chains
along thec axis and are corner-sharing with the adjacent
BO3 triangles. The coordination surroundings of the Na atoms
are shown in Figure 4a,b. There are 10 O atoms around the
Na atom, in which 8 are at a reasonable distance [between
2.5102(1) and 2.6684(4) Å] from the Na atom and the other
two are at a longer distance [3.0887(3) Å]. The longest
distance between the Na and B atoms is only 2.938(1) Å. It
is illogical for a longer distance from the cations to the
coordination anions than to the neighboring cations to exist.

On the other hand, if the O atoms with a longer distance are
also taken into account as the coordination atoms, the Na-O
polyhedra will have to share faces with each other, which is
obviously not as stable as edge-sharing in a compound. So,
the Na atom should be neighbored by eight O atoms, which

Figure 1. Final Rietveld refinement plots of NaMgBO3. Small circles (O)
correspond to experimental values, and the continuous lines, the calculated
pattern. Vertical bars (|) indicate the positions of the Bragg peaks. The
bottom trace depicts the difference between the experimental and calculated
intensity values.

Table 2. Fractional Atomic Coordinates and Equivalent Isotropic
Displacement Parameters (Å2) for NaMgBO3

site x y z Ueq

Mg 4a 0.000 00 0.000 00 0.000 00 0.008 05(7)
Na 4e 0.000 00 0.336 00(6) 0.250 00 0.013 54(9)
O1 8f 0.226 59(7) 0.588 74(3) 0.206 04(7) 0.009 80(9)
O2 4e 0.000 00 -0.179 40(6) 0.250 00 0.010 3(1)
B 4e 0.000 00 -0.330 2(1) 0.250 00 0.014 9(2)

Table 3. Selected Interatomic Distances (Å) and Angles (deg) for
NaMgBO3

a

Mg-O1v 2.0765(3) Na-O1i 2.5278(6)
Mg-O1vi 2.0927(3) Na-O1ii 2.5278(6)
Mg-O1vii 2.0765(3) Na-O1iii 2.6684(4)
Mg-O1viii 2.0927(3) Na-O1iv 2.6684(4)
Mg-O2i 2.0983(4) Na-O1v 2.5614(5)
Mg-O2iii 2.0983(4) Na-O1vi 2.5614(5)

Na-O2v 2.5102(1)
Na-O2v 2.5102(1)

B-O1i 1.3969(7) O1i-B-O1ii 118.573(5)
B-O1ii 1.3969(7) O1i-B-O2i 120.713(7)
B-O2i 1.327(1) O1ii-B-O2i 120.713(7)

a i, x, y, z; ii, -x, y, -z + 1/2; iii, -x, -y, -z; iv, x, -y, z + 1/2; v, x +
1/2, y + 1/2, z; vi, -x + 1/2, y + 1/2, -z + 1/2; vii, -x + 1/2, -y + 1/2, -z;
viii, x + 1/2, -y + 1/2, z + 1/2.

Figure 2. Structure projection of NaMgBO3 viewed along [100] (a) and
[010] (b). The short lines are the side faces of the planar BO3 triangles (b).

Figure 3. Coordination environments of Mg with O atoms. The triangles
are BO3 groups.
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form distorted dodecahedra. The NaO8 polyhedra are con-
nected to each other by corners along the directions parallel
to the ab plane and by edges along the perpendicular
directions and share corners or edges with the adjacent planar
BO3 triangles. The MgO6 and NaO8 polyhedra share bridging
O atoms with each other to form an infinite three-dimensional
network. The overall structure of NaMgBO3 is similar to
that ofâ-K2CO3,26 which also contains chains of face-sharing
octahedra, KO6, linked by 10-coordinate K atoms and
triangular CO3 groups.

BVS Calculation. To provide a check on the consistency
of the structure determination, the bond valences have been
calculated according to the Brown and Altermatt parameters22

for the structure of NaMgBO3 and are listed in Table 4. It is
obvious that the sums of the bond valences are reasonable
for both cations and O atoms. However, if the O atoms with
a longer distance from Na are also considered as the
coordination atoms, the BVSs for Na and O2 will have a
larger deviation from the normal values. This is another
reason why they are not considered as the coordination atoms
for Na.

Comparison of the Structures of NaMgBO3 and NaSr-
BO3. Up to now, eight orthoborates were found in M2O-
M′O-B2O3 (M ) Li, Na, K; M′ ) Mg, Ca, Sr, Ba) systems.
Because alkali and alkaline-earth metals are very active, most
of them are crystallized in different structures.7,10,12,27-29

However, it is interesting to find the close relationship
between the structures of NaMgBO3 and NaSrBO3.12 NaSr-
BO3 crystallizes in monoclinic space groupP21/c (No. 14),
while NaMgBO3 crystallizes inC2/c (No. 15). In NaSrBO3,
the [BO3]3- anionic groups are distributed parallel along two
different directions. Na atoms are coordinated by six O
atoms, and Sr atoms are nine-coordinated. When Na is
replaced by Mg and Sr is replaced by Na, NaMgBO3 is
formed. However, the different valences of the alkali metal
and alkaline-earth metal cations ask for the changing
direction of the BO3 groups to improve the bond valence of
the position occupied from Na+ to Mg2+ and, at the same
time, reduce the bond valence of another position occupied
from Sr2+ to Na+. Then the BO3 triangles distribute perfectly
parallel to each other and form a structure with higher
symmetry. The only difference between the coordination
polyhedra of the two compounds is SrO9 and NaO8, which
can be seen from Figure 4, panels b and c. It comes from
the change of the distances between the cations and the O
atoms, which also leads to a change in the coordination
environment of the O atoms. O1 atoms seem to have the
same coordination environment in both of the two com-
pounds, but the surrounding cations of the O2 atoms have a
little bit of change. There are three Sr and two Na atoms
around O2 in NaSrBO3, while only two Mg and two Na
atoms are a suitable distance from O2 in NaMgBO3. The
structural change from NaSrBO3 to NaMgBO3 is similar to
the phase transition of K2CO3

26 from room temperature to a
higher temperature.

Conclusions

A novel orthoborate NaMgBO3, which contains atoms with
close atomic numbers, was synthesized by a solid-state
reaction, and the structure was solved from powder XRD
data. Isolated planar [BO3]3- anionic groups were found as
fundamental building units, which were distributed perfectly
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Figure 4. (a) Coordination environments of Na with O atoms. The isolated
spheres stand for Mg atoms. The polyhedra are the NaO8 dodecahedra in
the upper and lower layers. The triangles are BO3 groups. (b and c)
Coordination surroundings of Na atoms in NaMgBO3 (b) and Sr atoms in
NaSrBO3 (c). The slim dotted lines are the suspicious bonds.

Table 4. Mg-O, Na-O, and B-O Bond Valences in NaMgBO3a

O1 O2 ∑S

Mg 0.355× 2 0.334× 2 2.058
0.340× 2

Na 0.141× 2 0.148× 2 1.028
0.096× 2 0.031× 2b 1.090b

0.129× 2
B 0.932× 2 1.126 2.990
∑S 1.993 2.090

2.152b

a The sums of bond valences for O1 only account for one of those
numbers without multiple 2, according to the coordination numbers.b These
numbers are suspicious bond valences in the compound.
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parallel. Because of the anisotropic polarizations of planar
BO3 groups, a considerable birefringence can be expected.
It is found that the structure of NaMgBO3 has a close
relationship with that of NaSrBO3 by exchange of the
positions of the alkali metal and alkaline-earth metal atoms.
The directions of the BO3 planar triangles were changed to
adjust the bond valences, which leads to a higher symmetry
in NaMgBO3 than in NaSrBO3. BVS calculation was used
to verify the validity of the structure and give an explanation
of eight-coordinated Na atoms in the new compound.
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