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ABSTRACT: Two novel noncentrosymmetric metal borates, Bax[BsO7(OH):] (1) and
Na[B507(OH)2](H20) (2), have been obtained by hydrothermal and surfactant-thermal means.
Compound 1 consists of novel 1D borate chains formed by B3O9 and B3Os rings, assembled into
a 3D framework by Ba?" cations. The structure of 2 exhibits double helical chains constructed
from BsOjo primary building units, which are interconnected via Na" cations and H-bonding
interactions to generate a 3D framework. Second-harmonic generation (SHG) measurements
show that 1 shows a phase-matching powder SHG response of about 2.2 x KH>PO4 (KDP),
while 2 exhibits a weak SHG response. The cut-off edges of 1 and 2 are ca. 242 and 221 nm,
respectively, which suggests that they are potential UV NLO materials. Band structures and

NLO properties have also been theoretically studied.

1 Introduction

Nonlinear optical (NLO)-active crystals functioning in ultraviolet (UV) frequency conversion is
an increasingly attractive research area because of rapid developments in UV laser science and
technology.!? From this perspective, metal borates are of great importance owing to their diverse
architectures, large second-harmonic generation (SHG) properties, wide transparency ranges, and
high damage thresholds.® Several well-known NLO-active borate crystals are extant: $-BaB>Os4
(BBO)** and LiB3Os (LBO)* are two broadly used materials in the UV region, while
KBe>BOsF> (KBBF)* is the sole practically applicable deep-UV NLO material. Metal-oxygen
bonds with alkali/alkaline-earth metal atoms facilitate a relatively wide UV transparency because
of the absence of d-d or f-f electronic transitions in the UV-vis spectral region.’

Borates display a rich structural chemistry; various infinite chains, sheets, and frameworks
constructed from discrete B-O clusters have been discovered.® Alkali/alkaline-earth metal atoms

can convert the 3D oxo boron frameworks into 0D/1D oxo boron structures. For example, a-



BaB4O7,7* -BaB407,”* NaB3;0s5:0.5H,0,”® a-CsByO14,”° BaLiB¢Ojs,’® SrLiBoO;s’® and
BaNaBO1s'¢ possess 3D B—O frameworks; BaxBsOo(OH)** and Liz[BsOi12(OH):]* have 2D
B—O layer structures; while f-BaB,04* and A;[B3;O4(OH)4] (A = Na, K, Rb)***% exhibit
isolated B-O groups. To the best of our knowledge, Ba3(BsOo(OH)s),'® BazBsO11(OH),,!%
Nax(B4O6(OH),),!? Naz(B4Os(OH)2)(H20)s,!° Nay(BsO7(OH)3)2(H20)s,''
HNajo(B10030(OH)s,''¢ and NaxB4O7(H20)s''® are the only barium or sodium borates with 1D
oxo boron chain structures reported thus far, and there are no reports of the NLO properties of
these acentric borates whatsoever. We were therefore prompted to explore the NLO activity of
borates combining infinite chains with alkali/alkaline-earth metals.

Several different approaches have been employed to synthesize alkali/alkaline-earth metal
borates. High-temperature solid-state reactions have afforded a wide variety of metal borates
with excellent second-order NLO properties;'>!® although the high-temperature procedure can
produce well-defined crystals, it requires lengthy reactions and it often forms glassy products.
Hydrothermal methods have proven successful, affording a variety of acentric structures.!'%®'*
Surfactant-thermal methods have been widely used to control the growth of colloidal inorganic
nanocrystals and porous frameworks,!> but the potential use of this procedure to grow borate
crystals is unexplored. Surfactants have several advantages such as negligible vapor pressure,
high thermal stability, low cost and multifunctional properties (such as basic, neutral, acidic,
anionic, cationic). The success of surfactants in controlling the growth of micro/nanostructures
led us to speculate that surfactants could be potential reaction media to direct the growth of
crystalline materials.'®

Therefore, we describe herein the facile synthesis of two alkali/alkaline-earth metal borates,

Bay[BsO7(OH)2] (1) and Na[BsO7(OH)2](H2O) (2), via hydrothermal or surfactant-thermal



methods, respectively. Compound 2 represents the first example of an SHG-active metal borate
crystal synthesized under surfactant-thermal conditions. This new strategy of “growing
crystalline materials in surfactants” could enhance the structural diversity of borate crystals. Both
metal borates possess 1D borate chains. The SHG efficiency of 1 is ca. 2.2 times that of KH2PO4
(KDP), while 2 shows a weak SHG response. In combination with the cut-off edges of 1 and 2
(ca. 242 and 221 nm, respectively), these data suggest that 1 and 2 have promise as NLO-active
materials in the UV region. Theoretical studies on both compounds employing density functional
theory (DFT) methods have been undertaken to explore the influence of the alkali/alkaline-earth
metal substitution on the SHG properties.

2 Experimental Section

2.1 Reagents.

LaxO3  (99.99%), BaB:0s (99%), NaBsO7:10H,O (99.5%), H3:BO3 (99.5%),
NH4HB4O7:3H,0 (99%) and polyethylene glycol-400 (PEG-400, CP) were purchased
commercially.

2.2 Synthesis of Baz2[B4O7(OH):] (1).

A mixture of LaxO3 (0.162 g, 0.50 mmol), BaB>O4 (0.021 g, 1.00 mmol), NH4sHB4O7-3H>O
(0.228 g, 1.00 mmol) and deionized water (5 mL) was sealed in a 15 mL autoclave with a Teflon
liner. The initial pH value was 8.5. The autoclave was heated at 210 °C for 72 h, and then slowly
cooled to 30 °C at 4 °C/h, after which the pH was 8.0. After washing with deionized water,
colorless needle-like crystals were isolated using a microscope. Compound 1 remains stable in
air for several months. The yield of 1 was 34% based on Ba. IR spectrum (KBr pellet, cm™):
3461 m (br, s), 3145 s, 1380 m, 1348 m, 1226 s, 1033 w, 950 vs, 790 w, 721 m, 690 w, 586 w,
524 w.

2.3 Synthesis of Na[BsO7(OH):](H20) (2).



A mixture of Na;B4O7-10H,0 (0.381 g, 1.00 mmol), H;BO3 (0.618 g, 10.00 mmol) and
PEG-400 (3 mL) was placed in a 15 mL autoclave with a Teflon liner. The autoclave was heated
at 160 °C for 72 h, followed by cooling to 30 °C at a rate of 3 °C/h. Deionized water was used to
remove PEG-400 and excess H3BOs. Colorless block crystals were isolated. Compound 2
remains stable in air over several months and shows good chemical stability. The yield of
compound 2 was 81% based on Na. IR spectrum (KBr pellet, cm™): 3334 m (br, m), 3043 m,
1444 s, 1294 s, 1218 m, 1126 m, 1066 m, 946 vs, 783 m, 675 m, 567 w, 524 w.

2.4 Structural Determination. Single-crystal X-ray diffraction data of 1 and 2 were
collected at room temperature on a Bruker D§ VENTURE CMOS X-ray diffractometer using
graphite-monochromated Mo-K ¢ radiation (A = 0.71073 A). APEX II software was applied to
collect and reduce data. Semi-empirical absorption corrections based on equivalent reflections
were applied for both data sets using the APEX II program. The two structures were solved by
direct methods and refined on F? by full-matrix least-squares methods using SHELXTL.!7&!17
All non-hydrogen atoms were refined anisotropically. Based on the requirements of charge
balance and bond valence calculations, the calculated bond valences for O(1), O(2), O(3), O(4),
O(5) and O(6) in 1 are 2.65, 1.96, 2.21, 2.29, 1.22 and 1.87, respectively, and O(5) is assigned to
hydroxyl groups. The hydrogen atoms bonding to O(5) were not assigned because the largest
residual peaks in the final electron density map were around the Ba atoms. The calculated bond
valences for O(1), O(2), O(3), O(4), O(5), O(6), O(7), O(8), O(9) and O(1W) in 2 are 1.02, 2.04,
2.02, 1.90, 1.84, 1.11, 1.94, 1.96, 1.98 and 0.18, respectively. O(1) and O(6) are assigned to
hydroxyl groups and O(1W) is assigned to water molecules. The bond valences for O(1), O(6)
and O(1W) are 2.23, 2.34 and 2.69 after geometry optimization. Both structural data sets were

also checked for possible missing symmetry using the program PLATON, none being found.!”



Table 1 provides the details of crystal data and structural refinement parameters for the two
compounds. Selected bond distances (A) and angles (deg) are given in Table S1 (Supporting
Information).

2.5 Powder XRD. Powder XRD data of 1 and 2 were collected using a Bruker D8 X-ray
diffractometer equipped with Cu-Ka radiation (A = 1.5418 A) in the angular range 260 = 3—70°
with a scan step width of 0.02°.

2.6 IR Spectroscopy. The IR spectra were measured on a Nicolet 360 FT-IR instrument
within the range 500-4000 cm™ using KBr pellets.

2.7 UV-Vis-NIR Diffuse Reflectance Spectra. Optical diffuse-reflectance spectra were
measured at room temperature with a UV-3600 Plus UV-Vis-NIR spectrophotometer and BaSO4
was used as standard. Reflectance spectra were converted into absorbance based on the
Kubelka—Munk function. '8

2.8 Thermal Analysis. A TGA/1100SF instrument was used to analyze the thermal
stabilities of the two compounds. The samples were heated from 50 °C to 900 °C with a heating
rate of 10 °C/min in nitrogen gas.

2.9 Second-Order NLO Measurements. According to the modified method of Kurtz and
Perry,!” the SHG intensities of 1 and 2 were measured. A Q-switched Nd:YAG laser with 1064
nm radiation was employed for visible SHG. Because the SHG efficiency depends on particle

size, compounds 1 and 2 were ground and sieved into several particle sizes (<26, 26—50, 5074,

74—105, 105—-150 and 150—200 um). Crystalline KDP with the same particle size ranges was
used as reference.
2.10 Calculation Details. The electronic structure calculations were carried out based on

density functional theory (DFT) by using the VASP code?®. The generalized gradient



approximation (GGA) function of Perdew-Burke-Ernzerhof (PBE)*® was employed. A plane

wave basis with a frozen-core projector-augmented wave (PAW)>>0¢-20d

potential and a plane
wave cut-off energy of 520 eV was used. A dense k grid of 8 x 8 x 4 and 6 X 8§ x 8 was
employed to calculate the density of states (DOS) of compounds 1 and 2, respectively. In the
optical property calculations, the scissor operation was applied for 1 and 2, respectively. A total
600 k-points in the full Brillouin zone and 100 unoccupied bands were applied to generate the
momentum matrix elements, which were used in the SHG calculations. The contributors to the
SHG susceptibility are the interband transitions Yiner(-2®; ®, ®), the intraband transitions Yjnta(-
2m0; ®, ®) and the modulation terms ymod(-2®; ®, ®). These terms are numbered according to
Eqns. (46)—(48) in Ref. 20e, and then the SHG susceptibility tensor can be obtained by summing
up all these terms.?%

3 RESULTS AND DISCUSSION

3.1 Syntheses.

Previous preparations of alkali/alkaline-earth metal borates were conducted under either high
temperature (> 800 °C) or high pressure (> 100 bar).?! In the current work, we adopted a more
convenient and energy-efficient method to synthesize single crystals of the metal borates 1 and 2.
Compound 1 was synthesized from the reaction of La;O3, BaB,O4 and NH4HB4O7-3H,0 (molar
ratio 1:2:2) at 210 °C for 3 days; note that the concentration of BaB»Oj is critical for the growth
of 1. Block crystals of 2 were surfactant-thermally prepared using Na;B4O7-10H>0 and H3BOs in
the surfactant medium PEG-400. The reason for the choice of PEG-400 is because: (1) PEG-400
possesses some unique properties, such as wide liquid temperature range and low vapor pressure;
(2) there are a large number of oxygen atoms in PEG-400, which have strong interactions with

the inorganic species and direct the formation of crystalline materials.
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3.2 Crystal Structures.

3.2.1 Crystal Structure of 1. Bax[B4sO7(OH):] crystallizes in the polar trigonal space group
P3121 (No. 152) with Z = 3. In the structure of 1, the primary building unit (PBU), BsO13, is
comprised of one BO3 and four BO4 units; its shorthand notation is 5:[(1 A + 4 T)] based on
Christ and Clark (Figure 1a).?? Each BsOi; PBU is attached to adjacent PBUs by sharing
common B(1) atoms, forming novel infinite chains along the c-axis (Figure 1b). These 1D chains
in 1 are constructed from two distinct non-coplanar six-membered B3Os3 rings, B3Og and B3O9
units, linked in an alternating fashion by sharing the tetrahedrally coordinated B atoms.

The asymmetric unit of 1 contains 1 Ba, 2 B and 4.5 O atoms (Figure S1, Supporting
Information). There are three unique B atoms: B(3) is coordinated to three O atoms to form a
planar BOs unit, while B(1) and B(2) each coordinate to four O atoms in a tetrahedral manner.
Atoms B(2) and B(3) are located on the two-fold axis. The B-O bond lengths and O—-B—O bond
angles are in the range 1.27(4) —1.42(2) A and 118(3)°-121.4(12)° in the BOs triangles, while the
B-O bond lengths and O-B—O bond angles are in the range 1.42(3)-1.53(3) A and 105(4)°—
112(3)° in the BO4 tetrahedra. The arrangement of the [B(3)Os]> groups is positive for NLO
susceptibilities (Figure S2, Supporting Information).>®!?

The Ba atom is bonded to 10 O atoms with Ba—O distances in the range 2.53-3.15(3) A
(Figure S3, Supporting Information). The network of Ba—O groups is exhibited in Figure S4
(Supporting Information). The Ba®' dications provide compensating positive charges in the
structure and are located between adjacent polyborate chains (Figure 1c¢), which assemble into a
3D framework linked by Ba-O bonds. (Figure 1d). In addition, there is hydrogen bonding

between the OH™ ions and the chain O atoms, with a distance of 2.8029(3) A. The calculated



BVS for B(1), B(2), B(3), and Ba(1) are 3.20, 3.27, 3.06 and 2.48, respectively, leading to the
formal oxidation states of +3 for B and +2 for Ba atoms.??

We also compared the structure of 1 with those of Ba;BsOo(OH)s'* and Ba3BsO11(OH),'%.
The Ba atoms in 1 and BazB¢O9(OH)s are coordinated to 10 O atoms. There are three types of Ba
atoms in BazBsO11(OH)2, one each coordinated to 8, 9 and 10 O atoms. While the infinite chains
of the three compounds are all constructed from six-membered B3Os3 rings, the specific
connectivity of the rings varies; the borate chain in 1 is built from alternating B3Os (type A) and
B3O¢ (type B) units with an ABABAB cyclization manner, whereas Ba3BsOo(OH)s and
Ba3;BsO11(OH), adopt BBBBBB and BAABAA stacking arrangements, respectively (Figure 2).

3.2.2 Crystal Structure of 2. Na[BsO7(OH):](H20) crystallized in the noncentrosymmetric
orthorhombic space group Pca2i (No. 29). The PBU in 2 is a BsO10 double-ring unit that consists
of four BO3 and one BOs4 groups connected by sharing one tetrahedral B atom, with the
shorthand notation of 5:[(4 A + 1 T)] according to Christ and Clark (Figure 3a).?* Each BsO1o
unit is vertex-linked to two other equivalent ones through its O(8) atoms, forming 1D infinite
chains (Figure S5, Supporting Information). There are two types of helical chains with a screw
pitch of ca. 8.90 A (atom-to-atom distance) along the c-axis (Figure 3b). The left- and right-
handed helical chains alternate along the a-axis (Figure 3c¢).

The Na cations interact with adjacent helical chains via Na—O bonds (Figure 4a). The Na
atom in 2 is 6-coordinate (Figure S7, Supporting Information), with Na—O bond lengths varying
from 2.432(3) to 2.725(2) A. The BVS for the B atoms range from 3.02 to 3.06 and for the Na
atom is 0.77, which are consistent with the expected valences.?* There are weak hydrogen bonds
not only between adjacent chains but also between chains and H>O molecules, with OO

distances varying from 2.6128 to 3.1497 A (Table S2, Supporting Information). This



connectivity of hydrogen bonds and Na—O bonds leads to a 3D supramolecular framework
(Figure 4b).

The crystal structure of 2 is isostructural with that of KBsO7(OH)2(H20)'#, but 2 adopts an
acentric structure while KBsO7(OH)2(H20) adopts a centric structure. The structural distinction
of KBsO7(OH)2(H20) and 2 can be explained as follows. The coordination environment of K™ is
10-coordinate, with a range of bond lengths [K-containing 2.776(3) to 3.267(3) A]. The
coordination environment of Na' is 6-coordinate [Na-containing bond lengths 2.432(3) to
2.725(2) A] in 2. The angles defined by the B3;O7 units for the K- and Na-containing structures
are 87.67° and 86.77°, respectively (Figure 5). When Na' cations conceptually replace the K*
cations, the coordination environment at the metal cation is radically modified, resulting in an
acentric space group.

3.3 Powder X-ray Diffraction.

Powder XRD patterns for the bulk samples of 1 and 2 are depicted in Figure S8 (Supporting
Information). The experimental pattern is in good agreement with the simulated pattern,
suggesting the phase purity of the products. The preferred orientation of two samples may give
rise to the differences in intensity of the peaks.

3.4 IR Measurements.

The infrared spectra of 1 and 2 are shown in Figure S9 (Supporting Information). The broad
IR absorption bands of the two compounds at ca. 3461 cm™ and 3334 cm™' confirm the presence
of hydroxyl groups and water molecules. For 1, the bands in the range 1313-1450 cm™ are
assigned to B—O asymmetric stretching vibrations of the BO3 units, whereas those in the range
883—1110 cm™! are stretching vibrations of the BO4 groups. Additional B-OH and B—-O bending

vibrations are also seen at 1226 and 500-800 cm™!, respectively. Similar to 1, asymmetric

10



stretching vibrations of BO3 groups are found at ca. 1218-1456 cm™ in 2. The bands centered at
960 and 1120 cm™ correspond to the symmetric and asymmetric stretching modes of BO4
groups, respectively. The B-O bending vibrations are also observed at 500-800 cm™. These
assignments are consistent with those reported metal borates.>*

3.5 UV-Vis-NIR Diffuse Reflectance Spectra.

The UV-Vis-NIR diffuse reflectance spectra for 1 and 2 are shown in Figure 6. By the
Kubelka—Munk function: F(R) = (I—R)*/2R = K/S, absorption data were calculated. The optical
band gaps for 1 and 2 are approximately 5.12 eV and 5.61 eV, corresponding to the UV cutoff
edges at ~242 nm and ~221 nm, respectively, results that are comparable to other borates NLO-
active in the UV region>*>>* The wide transparency ranges from the UV to the NIR with short
wavelength cutoff edges indicate that these two alkali/alkaline-earth metal borate crystals are
potential UV NLO materials.

3.6 Thermal Stabilities.

Thermogravimetric analyses (TGA) of 1 and 2 were performed under a nitrogen atmosphere
(Figure S10, Supporting Information). The TGA curve of 1 reveals that it is stable at
temperatures up to 380 °C. Upon further heating, the weight loss over the temperature range 380
to 500 °C is about 3.70%, which corresponds to the removal of one H2O molecule (calculated
value 3.88%). The endothermic peak observed at 480 °C in the DTA curve of 1 is in agreement
with this. The TGA study of 2 reveals one weight loss step in the range 180-360 °C,
corresponding to the release of one H>O molecule and dehydration of the hydroxyls per formula
unit (found: 14.80%; calcd: 14.95%); the DTA curve of 2 confirms the loss of two H>O
molecules.

3.7 SHG Properties.
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Since 1 and 2 crystallize in the polar space group P3:21 and the acentric space group Pca2i,
respectively, we were encouraged to study their SHG properties. The SHG intensity of 1
increases with increasing particle size before it reaches a maximum that is independent of
particle size (Figure 7a), consistent with phase-matchable behavior. With the same particle size
range of 105—150 um, compound 1 displays a moderate SHG efficiency of ca. 2.2 times that of
KDP (Figure 7b). Its value is comparable to those reported for other metal borates, e.g.
Bax[BsO9(OH)4] (3 x KDP),>® Cas(BO3)sF (2 x KDP)**° and SrsB19015(OH)22H.0 (2
KDP)?*. Based on anionic group theory,?® the SHG response of 1 should mainly originate from
the barium oxygen polyhedra and the BOs triangles, which have asymmetric electronic
distributions, while the BO4 tetrahedra are expected to contribute comparatively less to the SHG
response.

Compound 2 shows a weak SHG response (0.1 x KDP, 105-150 um particle size range)
(Figure S11, Supporting Information). This relatively small SHG effect may be due to the BO4
tetrahedra making little contribution to the second-order susceptibility (see above), while the
arrangements of the BO3 triangles in 2 are not favorable for the generation of significant SHG
(Figure S12, Supporting Information).

3.8 Theoretical Calculations.

To gain further insight into the electronic structures of 1 and 2, theoretical calculations of the
compounds were performed using DFT methods. From the band structures (Figure S13,
Supporting Information), the minimum optical band gaps were calculated to be 4.22 eV and 6.13
eV for 1 and 2, respectively. The slightly smaller gap compared to the experimental value (5.12
eV) for 1 is caused by the limitation of the exchange correlation function of GGA within the

DFT method.?” The electronic band gap for 2 is larger than the experimental optical band gap,
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which may be attributed to the fact that strong excitonic effects®® exist in compound 2.2 The
presence of both valence band maximum (VBM) and conduction band minimum (CBM) at the
I'-point suggest a direct band gap for 1, while the VBM of 2 is on the Y-point, consistent with an
indirect band gap for 2.

The electron densities of the VBM and CBM for 1 and 2 are given in Figure S14 (Supporting
Information). The VBM of 1 consists of O-2p states localized at the O atom, while the CBM is
significantly delocalized and largely composed of states from the Ba®* dications and the [BOs]*
units. The VBM of 2 is similar to that of 1. However, in 2, the CBM consists mainly of 2s states
from the O atoms together with a few states of sodium, significantly different from the CBM of
1. Thus, the VBM of the two compounds are similar and sited on the oxygen atoms, while the
CBM of 1 is much more delocalized than that of 2, i.e., the CBM of 1 should be more polarizable
than that of 2. Because the SHG intensity is a function of the polarizability of molecules, the
calculations suggest that 1 should show a larger SHG efficiency than 2, consistent with
experiment.

The density of states (DOS) plots for the two compounds are shown in Figure 8. For 1,
valence bands ranging from -8 eV to -2 eV involve strong hybridization of O-2p and B-2p
orbitals, while the major contributions to the higher-energy valence bands (-1 — 0 eV) are from
the O-2p state. The mixing of O-2p, B-2p and Ba-5d states makes up the conduction bands. The
valence bands in 2 are similar to those of 1, but the contributions of the Na atoms to the
conduction bands of 2 are far less significant than that of the Ba atoms in 1.

From Kleinman symmetry, the space group P3:21 (No. 152) of 1 has 5 nonzero SHG
coefficient tensors, which include the 2di1 = —2di2 = —d26 and di4 = —d25 components. Only two

independent SHG tensors therefore remain, namely, di1 and dis. The frequency-dependent SHG
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activity of the two compounds is exhibited in Figure S15 (Supporting Information). The SHG
coefficients of di1, da¢ and di4 at 1064 nm (1.165 eV) are 2.17 x 10, 4.34 x 10° and 0.315 x 10-
? esu, respectively. The average SHG coefficient is 2.275 x 10~ esu, which is 2 times larger than
KDP (1.1 x 10 esu) and the largest coefficient das is 3.9 times larger than KDP at 1064 nm.
Compound 2 (Pca21, No. 29) also has five non-vanishing SHG tensors, namely dis, d24, d31, d32,
and ds;. The SHG coefficients of these modes at 1064 nm are 0.068 x 107, 0.340 x 107, 0.736 x
107, 0.306 x 107, and 1.833 x 10 esu, respectively. The largest tensor ds3 is suggestive of a
NLO performance larger than the experimentally measured powder SHG effect (~0.1 x KDP).
The difference between the SHG calculations and the experimental measurements is that the

SHG calculations are based on single-crystals, and these usually achieve larger SHG responses.

4 CONCLUSION

In summary, two novel NCS compounds, Ba;[B4O7(OH):] (1) and Na[BsO7(OH)2](H20) (2),
have been obtained using hydrothermal and surfactant-thermal methods, respectively. The crystal
structure of 1 consists of novel 1D borate chains formed by B3O¢ and B3Os rings, with Ba**
cations as the counterions located around the chains and linked by Ba-O bonds, affording a 3D
framework. The double helical chains of 2 are composed of BsO1o primary building units and
further extend to a 3D framework by interactions with Na* cations and H-bonding. The cut-off
edges of 1 and 2 are about 242 and 221 nm, respectively. 1 shows a phase-matching powder
SHG response of about 2.2 x KDP while 2 shows a weak SHG response. These features make 1
and 2 potential UV NLO materials. Our research demonstrates that the surfactant-thermal

method is an effective synthetic strategy to new metal borates.
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Table 1 Crystallographic Data and Structure Refinement Parameters for 1 and 2.

Empirical formula

Formula weight
Temperature
Crystal system
Space group
a(A)

b(A)

c(A)

a (")

BC)

7 ()

V(A

V4

/ gem

p

calc
u/ mm’’
F(000)
0 (deg)

Limiting indices

int

Reflections collected/ unique

GOF on F’2

Ri/WRy (1> 20 (1))

R/ WR; (all data)

Largest diff. peak and hole (e.A_3)
a 2 202
R=2NF | = FW2IF s wRy = [Xw(F | —F) JVXW(EF,

Ba;[B4O7(OH):]
463.92
293(2) K
trigonal
P3:21
6.8245(5)
6.8245(5)
13.7181(14)
90

90

120
553.31(8)

3

4.159
10.637

612
3.45-25.70

-8<=h<=8,
-8<=k<=8,
-l6<=l<=16
0.0521

2435/706

1.115
0.0706/ 0.1449

0.0814/0.1503

1.246 and -1.805

2,212

)]

Na[Bs07(OH),](H20)

482.14
293(2) K
orthorhombic
Pca2,
11.0487(6)
7.8742(4)
8.9089(4)
90

90

90
775.07(7)
2

2.066
0.246

480
3.18-26.39

13<=h<=13,
-9<=k<=9,
-11<=1<=11
0.0415

8678/1588

1.056
0.0366/0.0786

0.0426/0.0809

0.240 and -0.330
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Figure 1. (a) BsO13 cluster unit. Symmetry code: (A) 1 +x—y, 2 —vy, 0.66667 —z; (B) y, x, 1 —
z,(CO) 1 —x+y,2-%x,-033333+z; (D)2 -y, | +x -1y, 0.33333 + z. (b) View of the infinite
chain constructed from the BsO13 units. The green and blue planes represent the B3Og and B3O9
units, respectively. (c) Structure of 1 viewed along the a-axis. (d) Perspective view of the 3D
structure of 1 projected along the c-axis. The Ba—O bonds are omitted for clarity. Color codes: B

gold, O red, Ba blue, BO3 triangle green, BO4 tetrahedron purple.
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(b)

(c)

Figure 2. The infinite borate chains in (a) 1, (b) Ba3BsO9(OH)s and (c¢) BazBsO11(OH),. The

green and blue planes represent the B;Og and B3Oy units, respectively.
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Left-handed Right-handed (c)
helical chain helical chain

(b)

Figure 3. (a) B5sOio cluster unit. Symmetry code: (A) —2 —x,—3 —y, — 0.5 + z. (b) View of left-
handed (red) and right-handed (blue) helical chains in 2. (¢) View of arrangement of helical

chains along the a-axis. Color codes: B gold, O red, BOs triangle green, BO4 tetrahedron purple.
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Figure 4. (a) View of the Na atoms located between two adjacent helical chains. (b) View of the
3D supramolecular framework of 2 with Na—O bonds omitted for clarity. Color codes: B gold, O

red, Na blue, H black, BOs3 triangle green, BO4 tetrahedron purple.
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(@) (b)

Figure 5. View of the angles between the planes defined by the B3O7 units in 2 (a) and

KBs07(OH)2(H20) (b).
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Figure 6. UV-Vis-NIR diffuse reflectance spectra of 1 (a) and 2 (b). The inserts show the

corresponding band gaps.
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Figure 7. (a) Phase-matchable curves of 1 and KDP with 1064 nm laser radiation. (b)
Oscilloscope traces of the SHG signals for powders of 1 and KDP in the same particle size range

of 105-150 zm.
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Two new metal borates, Bax[B4sO7(OH);] (1) and Na[BsO7(OH):](H2O) (2), have been
synthesized by using hydrothermal and surfactant-thermal methods. Compound 1 consists of
novel 1-D borate chains and 2 exhibits double helical chains. Compound 1 shows a moderate
second harmonic generation 2.2 x KDP while 2 shows a weak SHG response. The cut-off edges

of 1 and 2 are about 242 and 221 nm, respectively, indicating that the two compounds are

potential ultraviolet nonlinear optical materials.
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