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A series of novel noncentrosymmetric borates, MM'4(BO3); (M = Na, M' = Ca; M = K, M' = Ca, Sr), have been
successfully synthesized via a standard solid-state reaction. The crystal structures have been determined by the
SDPD (structure determination from powder diffraction) method. They crystallize in the noncentrosymmetric space
group Ama2 with the following lattice parameters: a = 10.68004(11) A, b = 11.28574(11) A, ¢ = 6.48521(6) A
for NaCa,(BOs)s; a = 10.63455(10) A, b = 11.51705(11) A, ¢ = 6.51942(6) A for KCau(BO3)s; and a = 11.03843-
8) A, b = 11.98974(9) A, ¢ = 6.88446(5) A for KSry(BO3)s. The fundamental building units are isolated BO;
anionic groups. Their second harmonic generation (SHG) coefficients were one-half (NaCas(BOs)s), one-third (KCay-
(BO3)3), and two-thirds (KSr4(BO3)s) as large as that of KH,PO,4 (KDP). The infrared and UV-vis spectra of the
three compounds are discussed. Moreover, a comparison of the structures of these novel compounds and three
other novel cubic compounds with the same formula, MM'4(BO3); (M = Li, M' = Sr; M = Na, M' = Sr, Ba), is
presented here.

Introduction optical properties of borates. Among the various anionic
Inorganic borates have long been a focus of research forgroups, ttr;]e rr])'laﬁlarl [Bgip3‘ c?mlfps attrlac'; our Iattentlljon
their variety of structure types, transparency to a wide ranget.ecauls% e ng )o/I oca 'Zte va er;cg € E'(I:'tror']sa' 0V¥ aﬂ;sotrp-

of wavelengths, high laser-damage tolerance, and high optical ion ( nmy; anc anisotropy poiarzabliity indicate tha
some borates are likely to be good candidates for future deep-

quality. Studies of alkali metal and alkaline earth metal . i S . .
; - UV nonlinear optical (NLO) and birefringent materials. With
borates have produced a large family of compounds with =" ™ . )
Ve produ g "y bou w this in mind, we have investigated the,®—M'0O—B,03; (M

outstanding physical properti&€3such agt-BaB,O,?, LiB30s,* o e

SrBeB,0,,° and KAIB,O;. Recently, with the develop- Lf" INa, .K’IM o C? STr, Bla) systems to segrcrll_lg);ggw

ment of optical communications and the semiconductor large- E;ecu ogtlgi_gnatgréa S'g l:l/vecveBne\{\é Klonc]pogg S l\ll S

scale integrated circuit, the demand for birefringent crystals Blé aflz SG BIO r4(9 NS)Sé aO a NQ,S g al\(l BS)SI'_% Oa g

and nonlinear optical crystals in the deep UV band is soaring. © =% & E(BOs)s,” NaoSrBs010, NaSrBO,, NaBa(BOs)s,

A variety of BO atomic groups are considered to be a KCa(BOs)s, and KSk(BOs)s were synthesized succes;fully.

dominant factor in their physical properties, in particular the The _povyder_XRD patterns of t_hem have t_)een subm|t_ted for

publication in the Powder Diffraction File (International
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Table 1. Crystallographic Data, Experimental Details of X-ray Powder Diffraction, and Rietveld Refinement Data foj(Bl@g)g KCa(BOs)s, and

KCa4(803)3 KSF4(BO3)3
375.84 566.01

orthorhombic orthorhombic
Ama2 Ama2

10.63455(10)
11.51705(11)

11.03843(8)
11.98974(9)

KSrs(BO3)3

chemical formula NaC#BOs)3

fw 359.73

cryst syst orthorhombic

space group Amea2

a(h) 10.68004(11)

b (A) 11.28574(11)

c(A) 6.48521(6)

vol (A3) 781.68(2)

4 4

d. (g cm3) 3.056

diffractometer MXP21VAHF/M21X
MAC Science

radiation type Cu l&

wavelength (A) 1.5418

profile range (deg, @ 10-120

step size (deg,® 0.02

no. of observations\) 5500

no. of contributing reflns 696(K1 + Ka2)

no. of structural param$() 39

no. of profile paramsKy) 18

Reragg (%0) 6.64

Re? (%) 9.10

Rup? (%) 12.9

Rexp? (%) 5.28

6.51942(6) 6.88446(5)
798.49(2) 911.14(2)
4 4
3.161 4.125
MXP21VAHF/M21X MXP21VAHF/M21X
MAC Science MAC Science
Cu Ka Cu Ka

1.5418 1.5418
16-120 10-120
0.02 0.02
5500 5500
712(Kal + Ka2) 809(Kal + Ka2)
39 39
18 18
6.93 5.70
8.78 7.12
13.6 9.59
5.18 2.57

AR=3 IYio — Yicl/ Yiol, Rap=[IWi(Yio — Yic)¥¥ Wi¥io?]¥2, Rex=[(N — P1 — P2)/3 Wiyio?] V2.

mined from powder X-ray diffraction data. They crystallize are given in Table 1. The diffraction patterns of the three compounds

in the noncentrosymmetric space groima2. Three other
cubic borates, LiS(BOs);, NaSi(BOs)s, and NaBaBOs)s,
which crystallize in the cubic space group-3d° are

remarkable in that they have the same novel formula type,
AB.CsXg, but they have different structures. A comparison

of the two structure types is discussed here.
Isolated planar [Bg}*~ anionic groups were found to be

were indexed using DICVOL9¥, giving an orthorhombic unit cell
with a = 10.685(4) Ab = 11.275(2) Ac = 6.482(1) A for NaCa
(BOs)s; @ = 10.652(2) A,b = 11.542(2) A,c = 6.529(1) A for
KCay(BOs)s; anda = 11.040(1) Ab = 11.983(1) Ac = 6.8853-
(5) A for KSry(BO3)s. The systematic absence ful with k + | =
2n+ 1, Okl with K+ 1 =2n + 1, hOl with h, | = 2n + 1, hkO with
k= 2n+ 1, h00 withh = 2n + 1, kO with k = 2n + 1, and 00
with | = 2n + 1 suggests that the possible space group€are;,

the fundamental building units in the title compounds. Ame, andCmem All three compounds are isostructural.
Because of the noncentrosymmetric space group, nonlinear The whole pattern of KS$(BOs); was fit using the Fullprof
optical properties were expected in the new compounds. Theprogrami? based on the Le Bail methé@with the three possible

second harmonic generation coefficients of Ng{B&s)s,

KCay(BOs)s, and KSE(BO3); were detected and were one-

space groups. The final agreement factors convergBg 101.81%,
Ry, = 5.95%,R,, = 8.65%, andRex, = 2.58% forCmey; Rg =

half, one-third, and two-thirds, respectively, as large as that 1-80%,Ro = 5.37%,Rup = 7.63%, andRexp = 2.58% forAma2;

of KH,PQ, (KDP). The UV-vis reflection spectra indicated
that the absorption cutoff was about 28800 nm.

Experimental Section

Solid-State Synthesesolycrystalline samples of MM(BOg3)3
(M = Na, M = Ca; M= K, M" = Ca, Sr) were prepared by

andRs = 1.81%,R, = 5.95%, Ry, = 8.65%, andRey, = 2.58%

for Cmcm The result of the space grodgma was better than the
other two, so it was tested first. A total of 360 independé&nid
values were extracted. Lattice parameters were refined to
11.03578(13) Ab = 11.98681(13) A, andt = 6.88236(8) A.
Patterson methods were applied with SHELXL97 program pack-
agé“ to the extractedF,n4. According to the atom distances, four

sintering at high temperatures via solid-state reactions. Stoichio- peaks listed in the E map were likely to correspond to the correct

metric mixtures of high-purity N&£O; (AR), CaCQ (AR), and
H3BOs (>99.99%) (NaCa); KCO; (AR), CaCQ (AR), and Hs-
BO; (>99.99%) (KCa); and KCO; (AR), SICQG (AR), and Hs-
BOj3; (>99.99%) (KSr) were heated at 600 in platinum crucibles

positions of atoms; three were assigned to the Sr atoms, and the
other was assigned to the K atom. The other atoms were located
using difference Fourier synthesis. Once an atom was located, it
would be used for the next run of difference Fourier synthesis. At

to decompose the carbonate and eliminate the water; then thelast, a satisfactory rough structure was obtained, and then it was
reaction mixtures were elevated to sintering temperatures of 880, refined using the Rietveld methBd®within the Fullprof program.

900, and 80C°C, respectively, for 72 h. Between sintering steps,

In the final cycles of refinement, a total of 57 parameters were

the samples were cooled and then ground. The powder samplegefined (39 structural parameters and 18 profile parameters), and

were characterized by powder X-ray diffraction. Pure N#BQs)s,
KCay(BOs)3, and KSE(BO3); were obtained, and they were found
to be isostructural.

Ab Initio Structure Determination. The data for NaC#BO3)s,
KCay(BO3)3, and KSg(BOs); used for structure determination and
Rietveld refinement were collected over @range of 16-12C° in
the step scan mode with a step size of 0.88d a measurement

(11) Boultif, A.; Louer, D.J. Appl. Crystallogr.1991, 24, 987—-993.

(12) Rodriquez-Carvajal, J.; Fernadez-Diaz, M. T.; Martinez, J. Phys.
Condens. Matte 991, 3, 3215-3234.

(13) Le Bail, A.; Duroy, H.; Fourquet, J. LMater. Res. Bull1988 23,
447-452.

(14) Sheldrick, G. MSHELXS9AndSHELXLI7 University of Gdtingen
Gattingen, Germany, 1997.

(15) Rietveld, H. M.Acta Crystallogr.1967, 22, 151-152.

time of 1 s/step at room temperature. Additional technical details (16) Rietveld, H. M.J. Appl. Crystallogr.1979 12, 483-485.
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Figure 1. Final Rietveld refinement plots of the NagBOs)3, KCay(BO3)s, and KSk(BOs)s. Small circles Q) correspond to the experimental values and
the continuous lines represent the the calculated pattern; the vertical)liadidate the positions of the Bragg peaks. The bottom trace depicts the difference
between the experimental and the calculated intensity values.

the final agreement factors convergedp= 5.70%,R, = 7.12%, NaCa(BOs); and Rg = 6.93%,R, = 8.78%,R,, = 13.6%, and

Rup = 9.59%, andRexp = 2.57%. Lattice parameters were refined R.., = 5.18% for KCa(BOs)s. Lattice parameters were refined to

to bea = 11.03843(8) Ap = 11.98974(9) A, and = 6.88446(5) bea = 10.68004(11) Abp = 11.28574(11) Ac = 6.48521(6) A

A. Structure determination was also attempted with the other two for NaCa(BOs); anda = 10.63455(10) Ap = 11.51705(11) A¢
possible space groups, but no satisfactory results were obtained= 6.51942(6) A for KCa(BOs)s. The final refinement patterns are
The final result was put into the PLATON program packagend given in Figure 1. The crystallographic data, fractional atomic
no additional symmetry was found. The final space group was coordinates, and equivalent isotropic displacement parameters are
determined to bémaz2. The structures of NaG@0s); and KCa- reported in Tables 1 and Table S1; significant bond lengths and
(BOs); were determined by the Rietveld method on the basis of angles are listed in Table S2.

he str ral model of KBOs)s. In the final cycle of refinemen .
the structural model o Oss ) the final cycle of refinement, IR Spectra Measurement.Infrared spectra were recorded with
a total of 57 parameters were refined (39 structural parameters and Perkin-El 983 infrared trophot ter in the 300 to 1500
18 profile parameters), and the final agreement factors convergeda erkin-imer infrared spectrophotometer in the 0

to Rs = 6.64%,R, = 9.10%, Ryp = 12.9%, antRey, = 5.28% for cm~t wavenumber range using KBr pellets.
SHG, UV—vis, and PL spectra measurementThe SHG of

(17) Spek, A. L.J. Appl. Crystallogr.2003 36, 7—13. the samples were measured using the Kurtz powder tecHfiique
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Figure 2. Structure projection of MN4(BOs)s viewed along [100]. The
big black spheres are the'Mtoms, and white ones represent the M atoms.
The black triangles are the planar BBiangles (M= Na, M = Caand M
=K, M' = Ca, Sr).

with a Nd:YAG laser (1064 nm) as the incident light source. The
UV —vis optical reflections of the samples were examined by a
Tu-1901 reflection spectrometer with Bas&s the standard, which
has a cutoff point at about 240 nm. The photoluminescence (PL)
spectrum of KCgBO3); was taken on a PTI-C-700 fluorescence
spectrometer with a HeCd laser line (325 nm) used as the
excitation source.

Results and Discussion

Description of Crystal Structures. The MM 4(BOs)s
(M = Na, M = Ca; M= K, M" = Ca, Sr) compounds
crystallize in the noncentrosymmetric space grounpe2. As

; Figure 3. Coordination environments of (a) M (M Na or K) with O
expected, the volume evolution follows the values of the atoms and (b) M(M' = Ca or Sr) with O atoms. Black spheres represent

ionic radii of the various M and Mions (Na* < K* and the M(1) and M(2) atoms, M(1)Os bicapped trigonal prisms are shown
cat < Sr2+); Vnaca < Vkca < Vksr (Table ]_)_ They show a as gray polyhedra to d_istinguish them from’(l?_/). The white spheres
novel structure type, and no other member of this structural FPresent tohe A atoms In a and the(®) atoms " b .Th; gray 5939385
family has been found previously in borates. As illustrated f;p:farit; atoms; the Briangles, M (in &), and W(in b) are omitte

in Figure 2, the foundational building units of MMBO3)3 _ ) .

(M = Na, M = Ca; M = K, M’ = Ca, Sr) are isolated three crystallographically different environments, as shown
planar [BQ]3 groups, which are distributed parallelly along " Figure 3b. The M1) atoms (in the B position) are
six directions. The B-O bond lengths vary from 1.30(2) to  coordinated with eight oxygen atoms, forming distorted
1.44(2) A with an average value of 1.39 A, and the®-O bicapped trigonal prisms, while the'{2) atoms (in the 8

angles are between 111.8(1) and 1239(Phese values are  Position) are eight-coordinated to oxygen atoms, forming
normal in a BQ plane triangle. The coordination environ-  distorted trigonal dodecahedra. Th&®)O; polyhedra share
ment of M (M = Na or K in the following text) atoms is faces with the adjacent one along thaxis and share corners

shown in Figure 3a. The M atoms are surrounded by eight With the next one along the and b axes. The M1)Os
oxygen atoms, and the MOpolyhedron is a distorted polyhedra share faces with _the four sur_rgundlngzy_og
bicapped trigonal prism. The M@olyhedra are connected ~Polyhedra. The M3) atoms (in the & position) are nine-
via a bridging oxygen atom to form infinite long chains along c0ordinated by oxygen atoms, forming distorted tricapped

the a axis, and they share four edges and two corners with igonal prisms, and they are connected via their corners
the BQ, triangles. The NM(M' = Ca or Sr) atoms appear in along t.hea axis. The M(3)Og polyhedra_l share faces with
one adjacent M1)Os and four M(2)Gs units, and they share
(18) Kurtz, S. K.; Perry, T. TJ. Appl. Phys1968 39, 3798-3813. corners with another two surrounding'(2)Os polyhedra,

Inorganic Chemistry, Vol. 45, No. 7, 2006 3045



Wu et al.

a
(a) 204 1117 731245
)
g
.g 1207 1266
=
2
=
)
T
«
&
S
T T T T T
500 1000 1500
(b) wavenumber (cm™)
105
100 NaCa(BO,),
95—-
7w
Figure 4. Coordination environment of the (a) alkali metal atoms and (b) < 1
alkaline earth metal atoms in NiBOz)z and MM4(BO3)s. The white %’ 85
spheres represent the alkali metal atoms; the black ones are the alkalines 1
earth metal atoms, and the gray ones depict the O atoms (NN’ = Sr ‘E 80'_
and N= Na, N = Sr, Ba; M= Na, M' = Ca and M= K, M’ = Ca, Sr). R
forming a complex three-dimensional network. The MO 704
polyhedra in the MO network, share faces, edges, and 65
corners with the surrounding two '§1)Os, four M'(2)Gs, ———T—— 17—
and fOUf M(3)C)9 UnitS. (c) 200 300 400 500 600 700 800
Comparison of the Structures of Two Types of Borates. 50000 Wavelength (nm)
The novel orthorhombic compounds have the same formula
type (AB4CsXg) as three other borates, Li@80s)s, NaSu- 700001
(BO3)3, and NaBa(BOs);, which crystallize in the cubic 60000 -
space groupla-3d.° To make the structure comparison 50000.]
concise, the orthorhombic compounds will be noted as' MM E ] 420
(BO3); (M = Na, M = Ca; M= K, M' = Ca, Sr) and the E 40000~
cubic compounds will be written as N)BOs)s (N = Li, § 30000 ]
N’ = Sr; N= Na, N = Sr, Ba) in the following text. The = 1
NN'4(BOs); compounds were synthesized first, and the radii 2]
of the alkali metal cations were found to be small, while 10000
those of the alkaline earth metal cations are comparatively o
large. The Natoms separate the unit cell into sixty-four cubic : . . .
grids, and the comparatively large Btoms make enough 350 400 w“5°] s 5)°° 550 600
avelen nm,

interspace for the cubic grids to place the M@ubic
Figure 5. (a) Infrared spectra of Na@@Os)s, KCas(BOs)s, and KSk-

octahedra_ and |soI§1ted B@riangles. When a Iarger alkali (BOs)s. (b) Reflection spectra of NaG@BOs)s, KCa(BOs)s, and KSH(BOYs
metal cation was introduced to replace the lithium and fom the visible to the ultraviolet. (c) Photoluminescence spectrum ofKCa

sodium or a smaller alkaline earth metal cation was (BOs)s (lexc = 325 nm).

introduced to replace the strontium and barium, no isostruc-

tural cubic compound can be synthesized, and at the sameexist in the coordination environments of the other cations.
time, three new compounds with a different type of structure As illustrated in Figure 4a, the alkali metal atoms are six-
were found. The radii of the cations in MMBOs); were coordinate in NNy(BOs); and eight-coordinate in MM
found to be similar. It is believed that the substitution of (BOs)s. The different coordination environments of alkaline
larger alkali metal cations for N or the substitution of smaller earth metal atoms in the two structures are shown in Figure
alkaline earth metal cations for fake the centrosymmetric  4b. They are six-coordinate and eight-coordinate in' /NN
cubic structure unstable and then change it into the non- (BOs)s, and they form three different coordinated polyhedra
centrosymmetric orthorhombic structure. In both types of in MM'4(BOs)s.

crystal, the fundamental building units are isolated;BO Infrared Spectra Analysis. To further confirm the
triangles distributed in different directions. Large differences coordination environment of BO in the MM 4(BOs);
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structure, the IR spectra of NagBOs);, KCay(BOs3)s3, and Conclusions
KSr4y(BOs); were measured at room temperature; they are
given in Figure 5a. The IR absorption at wavenumbers
smaller than 500 cmt mainly originates from the lattice
dynamic modes. The strong bands observed above 1100 cm
should be assigned to the—® stretching mode of the
triangular [BQ]®~ groups, while the bands with maxima at

Three novel NLO borates, NagBOs)s, KCay(BOs)3, and
KSry(BOs);, were synthesized by solid-state reaction, and
their structures were solved using powder X-ray diffraction
data. Isolated planar [B{¥~ anionic groups were found tobe
the fundamental building units. Because they were distributed
1 , in a parallel manner along six different lattice planes, most
about 70&800, cm Sh,OUId be gttnbuted to Fhe—m out- of the anisotropic polarizations were counteracted, and then
of-plane bending, which confirms the existence of the g reqyiting SHG coefficients were not very large. The M
[BOs]*" groups:® It is found that there are many closely ang M atoms were coordinated with O atoms, forming
spaced peaks above 1100 ¢pwhich are believed to come  \arious polyhedra, and those polyhedra were connected to
from the different bond lengths of -BO. form a complex three-dimensional network. The structure

SHG, Ultraviolet Reflection, and Photoluminescence. s very different from that of three other cubic borates: LiSr
The SHG coefficients were detected on powder samples with (BOs)s, NaSu(BOs)s, and NaBa(BOs)s. The differences may
KDP (KH,PQOy) as the standard. The Naf{laO3); exhibited come from the ratios of the radii of alkali metal and alkaline
a SHG effect half as large as of that of KDP, and that of earth metal cations. The infrared, WVis reflection, and
KCay(BOs); was one-third as large as that of KDP, while photoluminescence spectra were investigated, and the results
that KSi(BOs)s was two-thirds as large as the SHG value Were in good agreement with those of the crystallographic
of KDP. The reflection spectra of MMBO3); (M = Na, study.

M' = Ca; M= K, M' = Ca, Sr) from visible to ultraviolet

were measured, and the patterns are given in Figure 5b. The Acknowledgment. This work was financially supported
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