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The mixed-alkali-metal borates NaK(BsOs)(OH)-H20 (1), NaKs[(BaOs)(OH)a]3(OH)-C2HsOH (2) and Nao.3K1.67(B4Os)(OH)a-3H.0
(3) have been solvothermally synthesized using various polar organic solvents. Compounds 1 and 2 crystallize in the

centrosymmetric space groups P1and R3c, respectively. The structure of 1 features a 2D-layered framework constructed

by [BsO11]”- primary building units in the ab plane, extending to a 3D framework linked by K* and Na* cations, while the

structure of 2 can be described as isolated [BaOg]® primary building units connected by H-bonding interactions and K-O and

Na-O bonds, forming a 3D supramolecular framework. Compound 3 crystallizes in the acentric space group P&2c, and its

UV nonlinear optical properties have been investigated for the first time. Second-harmonic generation (SHG)

measurements show that 3 is type-I phase-matching, with a moderate SHG response ca. 0.94 times that of KH2POa4. The

cut-off edge of 3 is 242 nm, which suggests that 3 is a potential UV NLO material. Density functional theory calculations

have been employed on 3 to rationalize its band structure and electron density as well as the density of states.

Introduction

The development of second-order nonlinear optical (NLO) materials
is of key importance for practical applications such as frequency
conversion, electro-optical switching, nano-micro mechanical
machining, and signal communication,'? and as NLO-active crystals
that can be used in the UV and infrared (IR) spectral regions.’-
Various high performance UV NLO crystals such as Li4Sr(BOs)2
(2.0 x KDP),® Cs2B4SiO9 (4.6 x KDP),” Ba3(ZnBsO10)PO4 (4.0 x
KDP),®* LiCs:POs (2.6 x KDP),’ NasLax(CO3)s (3.0 x KDP),!°
CazNa3(CO3)sF (3.0 x KDP),!! and RE(OH)2NOs3 (RE = La (5 x
KDP), Y (5.5 x KDP), and Gd (5.6 x KDP))'? have been reported,
among which borates have proven to be excellent candidates due to
their relatively large SHG responses, wide ultraviolet transmittance
and high optical damage thresholds.'>'® Borates may exhibit rich
structural chemistry; polyborate anions from [B303(OH)]** to
[B24042(0H)2]'*" are constructed via corner- and/or edge-sharing
oxygen atoms of BO; triangles and BO4 tetrahedra.'®2* Alkali and
alkaline-earth metal-oxygen bonds are favorable for the
transmission of UV light because there are no d—d electron
transitions in this region’*?® and, to date, commercially
manufactured UV NLO crystals are dominated by metal borates such
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as LiB3Os (LBO),>” g-BaB204 (BBO),?® CsLiBsO1o (CLBO),?® and
KBe2BOsF2 (KBBF).3

Crystalline UV NLO borates can be prepared through
hydrothermal methods, flux syntheses, high-temperature solid-state
reactions and room-temperature self-assembly processes.?!-*> Among
these possibilities, hydrothermal syntheses are milder and possess
the merits of both kinetic and thermodynamic control during the
reaction.’® Consequently, numerous crystalline UV NLO borates,
such as Cay[B509]-(OH)-H20, K3B304(0OH)4-2H20,38
Ba:Bs0o(OH)s,* and LiBa3(OH)(B9O16)[B(OH)4],* have been
prepared through hydrothermal methods. Previous work has
demonstrated that synthetic conditions such as pH and concentration
of boron in aqueous solution may strongly affect the structures of the
resultant metal borates.*!#?

We have recently focussed on developing facile syntheses of UV
NLO borates. In the present study, mixed-alkali-metal borates were
prepared by a facile solvothermal method: three sodium potassium
borates, namely NaK(Bs0s)(OH)-H20 1),
NaKe[(B4Os)(OH)4]3(OH)-C2HsOH (2), and
Na0.33K1.67(B405)(OH)s-3H20 (3),* were obtained by adjusting the
solvothermal reaction solvents, with 1 and 2 possessing 3D
centrosymmetric frameworks and 3 possessing an acentric skeleton.
We report herein details of the solvothermal syntheses and optical
properties of 1-3, the thermal behavior and crystal structures of 1-2,
and NLO properties and theoretical studies of 3.

Experimental
Reagents

All reagents including Na2B4O7-10H20 (99.5%), K2B4O7-4H20
(99.5%), KNOs (99.0%), CH30H (99.5%), C2HsOH (99.5%),
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and N, N-dimethylethanolamine (DMEA, 99.5%)

purchased commercially and used without further purification.

were

Synthesis of NaK(BsOsg)(OH)-H,0 (1)

A mixture of Na:B407-10H20 (0.381 g, 1.00 mmol),
K2B4O7:4H20 (0.610 g, 2.00 mmol), and KNOs (0.202 g, 1.00
mmol) was added to a mixed solvent of H2O (1 mL) and
CH30H (5 mL). The resulting mixture was stirred for 30 min,
and the resultant solution was sealed in a 20 mL Teflon-lined
stainless steel autoclave, heated at 210 °C for 72 h, and then
slowly cooled to room temperature at a rate of 4 °C/h. The
initial and final pH values were 8.4 and 8.3, respectively.
Colorless block crystals of NaK(BsOs)(OH)-H20 (1) were
collected and dried in air. Yield: 72% (based on Na). IR data
(KBr, cm™): 3379 m (br, m), 3147 m, 1463 m, 1384 m, 1340 m,
1263 w, 1128 s, 1043 s, 1003 s, 943 m, 825 s, 705 m, 630 w,
565 w, 540 w.

Synthesis of NaKe[(B405)(OH)4]3(0H)'C2H50H (2)

The same procedure was employed to synthesize 2 except using a
mixed solvent of H20O (1 mL) and C2HsOH (5 mL). The initial and
final pH values were 8.2 and 8.0, respectively. Colorless block
crystals of NaKe[(B4Os)(OH)4]3(OH)-C2HsOH (2) were obtained.
Yield: 61% (based on Na). IR data (KBr, cm™): 3380 m (br, m),
3126 m, 1467 m, 1384 w, 1336 m, 1257 w, 1128 s, 1043 s, 1004 s,
943 m, 825's, 703 m, 659 w, 576 w, 540 w.

Synthesis of Nag.33K1.67(BsOs)(OH)4:3H,0 (3)

The same procedure was employed to synthesize 3 except
employing a mixed solvent of H>O (4 mL) and DMEA (2 mL).
The initial and final pH values were 9.5 and 9.2, respectively.
Colorless block crystals of Nao.33Ki1.67(B4Os)(OH)4:3H20 (3)
were obtained. Yield: 54% (based on Na).

Structural Determinations

Crystal structure determinations of 1 and 2 were performed on a
Bruker D8 VENTURE CMOS X-ray diffractometer equipped
with graphite-monochromated Mo-K« radiation (A = 0.71073
A) at room temperature. Data collection and reduction were
performed using APEX II software. Multi-scan absorption
corrections were applied to both data sets using the APEX II
program. Both structures were solved by direct methods and
refined on F? by full-matrix least-squares methods using the
SHELXTL-97 software package.*+* All non-hydrogen atoms
were refined with anisotropic displacement parameters except
atoms C1, C2 and O7 in 2, which were refined with “ISOR”
constraints. O(9) in 1 and O(4), O(5) and O(6) in 2 were
assigned as hydroxyl groups, and O(10) in 1 were assigned as
water molecules on the basis of the requirements of charge
balance and bond valence calculations. In 2, the C:HsOH
molecules are disordered. By using PLATON, both structures
were also checked for possible missing symmetry, none being
found.*® Crystal data and structure refinement information for
both compounds are summarized in Table 1. Selected important
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bond distances (A) and angles (deg) are listed in Table S1 and
Table S2 (ESIT).

IR Spectra

FT-IR spectra of both crystals were recorded on a Nicolet 360
FT-IR instrument (as KBr discs) in the range 500—4000 cm'!
with a resolution of 4 cm™'. 5 mg of each sample was mixed
thoroughly with 200 mg of oven-dried KBr.

UV-Vis-NIR Diffuse Reflectance Spectra

Optical diffuse-reflectance spectra were performed with a UV-
3600 Plus UV-Vis-NIR spectrophotometer at room
temperature. A BaSOs plate was used as a standard (100%
reflectance). The absorption spectra were calculated from the
reflectance spectra using the Kubelka-Munk function a/S = (1 —
R)?/2R, where a is the absorption coefficient, S is the scattering
coefficient that is practically wavelength-independent when the
particle size is larger than 5 um, and R is the reflectance.*’

Thermogravimetric Analyses

Thermogravimetric analysis (TGA) experiments were carried
out on a TGA/1100SF instrument at a heating rate of 10 °C/min
under a nitrogen atmosphere.

Powder X-ray Diffraction Studies

Powder X-ray diffraction (P-XRD) patterns were recorded
using Cu-Ka radiation on a Bruker D8 X-ray diffractometer in

Table 1 Crystal and structure refinement data for 1 and 2. ?

Formula Compound 1 Compound 2

Formula weight 279.16 894.48

Temperature 293(2)K 2932) K

Crystal system triclinic trigonal

Space group Pl Ric

a(A) 6.6230(5) 11.0685(2)

b (A) 6.6306(5) 11.0685(2)

c(A) 11.2044(9) 40.5755(19)

a (") 78.620(3) 90

L) 76.714(3) 90

7 () 60.612(2) 120

V(AJ) 415.17(6) 4305.03)

z 2 6

Peale/ g-cm’ 2233 2.070

u/ mm! 0.735 1.041

F(000) 276 2688

0 (deg) 3.54-26.00 3.68-26.39

Limiting indices -8<h<8, -13<h<13,
-8<k<8, -13<k<13,
13<I<13 -48<I<50

Ring 0.0244 0.0227

Reflections collected / unique 9277/1617 7741/978

GOF on F? 1.106 1.112

R/ wWR, 1> 20 (1))* 0.0529/0.1445 0.0351/0.1037

Ri/ WR; (all data) 0.0543/0.1449 0.0382/0.1067
Largest diff. peak and hole (e. A?) 0.857 and -0.527  0.949 and -0.269

a 2 22 2212
R =SIF |~ FJVSIF s wR, = [SW(F "~ F) VEw(F. )]
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the angular range 26 = 5—70° with a step size of 0.02° and a
fixed time of 1 s/step.

Second-Order NLO Measurements

Measurements of the powder frequency-doubling effect were
carried out by the method of Kurtz and Perry,*® employing a Q-
switched Nd:YAG laser at 1064 nm and frequency doubling to
532 nm for visible and ultraviolet SHG, respectively. The
crystal samples were ground and sieved into seven distinct
particle size ranges (<26, 26—50, 50—74, 74—105, 105—-150,
150—200 and 200—280 pm), which were pressed into disks with
diameters of 6 mm that were put between glass microscope
slides and secured with tape in a 1 mm thick aluminium holder.
Crystalline KDP and BBO were also ground and sieved into the
same particle size ranges and used as the reference.

Computational Methods

All electronic structure calculations were performed using the
VASP code* in the framework of density functional theory
(DFT). 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)>1:32 potential and a plane wave cut-off energy of 400 eV
was used. A grid of 5 x 5 x 4 Monkhurst-Pack k-points was
used for the self-consistent-field convergence of the total
electronic energy. The Fermi level was set at zero as the energy
reference.

Results and discussion
Syntheses

Three types of crystals in the mixed-alkali-metal borates system
have been synthesized by employing different polar solvents
Scheme 1
reaction conditions and the structural features of 1 — 3,

under solvothermal conditions. summarizes the

C,H;OH/H,0
-

. NaKq[(B,0)(OH),Jy(OH) C;H;OH X &‘;-ng i‘;’é\
.

Nay 39K (B OJOM) 30

Scheme 1 Reaction routes, photographs and packing structures of 1-3.
Hydrogen atoms and solvent molecules have been omitted for clarity.
Color codes: B gold, O red, Na turquoise, K light blue.
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Scheme 2 Schematic comparison of the association of B(OH); with
CH;0H, C,HsOH and DMEA.

including the new compounds 1 and 2. By using CH3OH/H20
as solvent, compound 1 was obtained as colorless block crystals
in 72% yield (based on Na). Employing CoHsOH/H20 as the
solvent afforded 2 as colorless block-like crystals in ~61%
yield (based on Na). When C:HsOH/H20 was replaced by
DMEA/H:0, block-like colorless crystals of 3 were obtained in
~54% vyield (based on Na). All three of these crystalline
materials are stable under ambient conditions for several
months.

It is well-known that the structures of borates are very
sensitive to the synthetic conditions (including reaction
medium, pH, concentration of boron, reaction temperature, and
reaction time).>* In the present study, the reaction medium
plays a key role in promoting the crystallization of the three
borates. There were no crystals formed in our initial attempt
using H>O as solvent, but in contrast, the mixed polar solvents
promoted the crystallization of 1-3. Under these conditions,
tetrahydroxyborate ion was formed as follows: B4O7> + 7H20
— 2H3BO;3 + 2B(OH)4". In combination with CH3OH, C2HsOH
and DMEA, the boric acid forms three different boric esters
that are readily hydrolyzed to the corresponding alcohol and
boric acid under solvothermal conditions (Scheme 2). Although
they are unstable intermediates, %% it is possible that these
three different boric esters may influence the structural
variations found from the sealed reactions.

Crystal Structures

Crystal Structure of 1. Single-crystal X-ray structure analysis
revealed that 1 crystallizes in a centrosymmetric triclinic crystal
system with space group PI. In the metal borate crystal, the
primary building units (PBUs), the pentaborate anions [BsO11]7
, are composed of three BOs triangles (A) and two BOs
tetrahedra (T) linked via bridging O atoms (Fig. 1a). According
to the classification of Christ et al.,*® the shorthand notation for
the [BsO11]7 cluster is [5:(3A + 2T)], which is different from
that of the known penta-borate cluster units of BsO12 [S5:(2A +
3T)]*7 and BsO10 [5:(4A + T)]°8. Each [BsO11]7- PBU is attached
to four adjacent PBUs via B(1)-O(1)-B(2) and B(1)-O(7)-B(3)
linkages (Fig. 1b). Further connectivity of the [BsO11]”- PBUs
through their vertices yields a 2D-layered framework in the ab
plane with 9-membered-rings (Fig. 1c). The 9-membered-rings
have O--O distances in the range 5.30 A to 6.68 A (Fig. 1d).
The asymmetric unit of 1 contains one K atom, one Na atom,
five B atoms, eight O atoms, one OH group and one H20

J. Name., 2013, 00, 1-3 |
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Fig. 1 (a) [BsOy;]” cluster unit, symmetry code: (A)x, 1 +y, z; (B) 1 +
X, Y, Z, (b) polyhedral linking mode of [BsO1;]”- PBU and four adjacent
PBUs in 1, (¢) view of the 2D B-O layer along the c-axis, and (d) the
9-membered rings in the structure viewed down the c-axis. The BO;
and BOj units are shown as green and purple, respectively.

molecule (Fig. S1 in the ESIY). The B atoms adopt two
coordination modes in the BOs triangle (B2, B3 and BS5) and
BOg4 tetrahedron (B1 and B4). The B—O bond distances fall in
the ranges 1.339(6)-1.398(6) A for the BOs: triangles and
1.420(6)-1.517(6) A for the BOs tetrahedrons. The O-B-O
angles of the BO3 and BO4 groups are in the ranges 116.0(4)—
124.0(4)° and 104.7(4)—-113.5(4)°, respectively. These values
are comparable to those of previously reported borate
compounds.>%%!

The K and Na polyhedra form their own frameworks and
balance the charge of the 2D B—O layers. The K ion is eight-
coordinate and located in the cavity of the nine-membered
boron rings within the B—O layer (Figs. 2a and 2¢). The Na ion
is six-coordinate and is bridged via two H2O molecules,
forming a sodium dimer located between two K—B—O layers
(Figs. 2b and 2c). Each adjacent K-O layer is pillared by
sodium dimers forming a 3D open framework (Fig. 2d). There
are weak H-bonding interactions between adjacent B—O layers,
with O-+O distances in the range 2.8429-2.8961 A (Fig. S2 and
Table S3 in the ESIT). Bond valence sum (BVS) calculations

(b)

Fig. 2 (a) View of the coordination environments of the K atoms, (b)
view of the coordination environments of the dimer-containing Na
atoms, (c) view of the packing structure of 1 along the b-axis, and (d)
the K and Na atoms in the interconnected 3D framework. Color codes:
BO; triangle, green, BOy tetrahedron, purple, O red, Na turquoise, K
light blue.
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Fig. 3 (a) [B4O9]® cluster unit, symmetry code: (A) 1.33333-x,
0.66667—x+y, 1.16667-z, (b) view of the 2D supramolecular
framework constructed via hydrogen bonds, (c) topological view of the
2D 4-nodal net with the Schlifli symbol {3%6?}; the purple balls
represent the four-connected nodes, and (d) view of the packing
structure of 2 along the b-axis. Hydrogen atoms have been omitted for
clarity. Color codes: BOjs triangle, green, BO4 tetrahedron, purple, B
gold, O red, Na turquoise, K light blue.

for atoms K(1), Na(1) and B(1) to B(5) gave values of 1.27,
1.15, 3.01, 3.04, 3.05, 3.05 and 3.04, respectively, consistent
with oxidation states of +1 for K, +1 for Na and +3 for B, as
expected.6%%3

Crystal Structure of 2. Compound 2 crystallizes in the
trigonal crystal system with centrosymmetric space group R3c.
The asymmetric unit of 2 contains one Na ion, one K ion, two
B atoms, four O atoms, two OH groups and one C:HsOH
molecule (Fig. S3 in the ESI{). The PBU in 2 is a [B4O9]%
cluster that consists of two BOs triangles and two BOas
tetrahedra (Fig. 3a), which can be written as [4:(2A + 2T)] in
the classification of Christ ef al. The B—O distances range from
1.370(3) to 1.374(3) A and the O—B—O bond angles are
118.0(2)—122.4(2)° for the BOs triangles, while the B—O
distances are in the range 1.449(2)—1.496(3) A and the O—-B—O
bond angles are 108.31(17)—110.59(17)° for the BO4 tetrahedra.
The polyanions [BsO9]® are further connected by eight
hydrogen bonds between four adjacent PBUs, forming 2D
supramolecular layers in the ab plane (Fig. 3b and Table S4). In
other words, defining the [B4Oo]* PBU as a four-connected
node and H(4) and H(5) as connectors, the anionic framework
can be regarded as possessing 4-connected net topology with
the Schlifli symbol {3262} (Fig. 3c¢). Moreover, terminal
hydroxyls exist in the layers and point to the same sides with
the same orientations (Fig. S4 in the ESIt).

The K and Na ions fill the space between the adjacent layers,
balance the charge, and hold the layers together via connections
with the O atoms (Fig. 3d). The 8-coordinated K—O and 6-
coordinated Na—O bond distances vary from 2.737(2) to
3.096(2) A and from 2.331(6) to 2.334(3) A, respectively (Fig.
S5 in the ESIY). The bond valence sum (BVS) calculations give
values of 3.04, 3.00, 1.10 and 1.42 for B(1), B(2), K(1) and

This journal is © The Royal Society of Chemistry 20xx
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Na(l) atoms, which are consistent with

valences. %63

the expected

Crystal Structure of 3. Compound 3 crystallizes in the
acentric space group PB2c. The asymmetric unit of 3 contains
one Na ion, four K ions, two B atoms, and eight O atoms. The
Bl atoms are bonded to three O atoms to form the BOs3
triangles, and B2 are connected to four oxygens to form the
BOs tetrahedra. The BOs triangles and BOa4 tetrahedra are then
linked by an oxygen vertex forming the isolated [B4O9]% anion
groups (Fig. S6a in the ESIf). The polyanion groups are
connected by eight hydrogen bonds to form a quasi-lamellar
structure in the ab plane (Fig. S6b in the ESIT). The K cations
fill in the voids between these layers and the Na cations are
located at the center of the six-membered boron rings. The
connectivity of the K—O and Na—O bonds leads to the
construction of a 3D supramolecular framework (Figs. S6¢ and
S6d in the ESIY).

Framework condensation: The combinations of anionic
borate groups and alkali metal ions have resulted in a wide
variety of open-framework inorganic borates. The reasons for
incorporating alkali metals are as follows: (1) alkali metals
have flexible coordination geometries that may result in diverse
crystal structures; and (2) alkali metals may facilitate a wide
UV transparency and may therefore be promising metal sources
in the design of UV nonlinear optical materials. Many
polyborate anions, such as [B3O3(OH)4]*, [B4O7(OH)2]*,
[BsO7(OH)2]*, and [BsOo(OH)4]*, can be constructed from
borate solutions. Anionic borates and alkali metal ions therefore
afford a myriad of possibilities in combination with promising
optical properties.

Charge balance and the host-guest arrangement are two key
factors influencing the three different frameworks of 1, 2 and 3.
The different frameworks of 2 and 3 are achieved by adjusting
the ratio of K and Na ions per molecule, not by changing the
framework of the host [B4O9¢]® clusters. In addition, the guest
cations acted as structure-directing agents with the polyborate
anionic framework.

Powder X-ray Diffraction

The simulated and experimental PXRD patterns of the three
compounds are depicted in Fig. S7 (ESIT). Most peak positions
of the simulated and experimental patterns are in good
agreement, indicating the phase purity of the products. The
differences in intensity may be due to the preferred orientation
of the powder samples.

IR Measurements

Fig. S8 (ESIT) presents the IR spectra of 1 and 2. The two
figures exhibit some similar characteristics. The broad
absorption band at ca. 3350 cm™' confirms the presence of
hydroxyl groups and water molecules.®% The strong
absorption bands in the range 1250-1500 cm™' are assigned to
asymmetric stretching vibrations of the BO3 groups, while the
bands centered at 1130 and 900 cm’' are likely to be the
asymmetric and symmetric vibrations of the BO4 groups,
respectively. The bending vibrations of BO3 and BOg4 are seen

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 UV-Vis diffuse reflectance spectrum for 3 and an approximate
band gap of 5.13 eV.

at 500-800 cm’'. These assignments are consistent with the
results obtained from the single-crystal X-ray structural

analyses.

UV-Vis-NIR Diffuse reflectance spectra

The UV-Vis-NIR diffuse reflectance spectra for 1, 2 and 3 are
shown in Figs. 4 and S9 (ESIT). The spectra of 1 and 2 indicate
that the optical band gaps for the two compounds are ca. 5.06
eV and 5.07 eV, respectively, corresponding to the UV cutoff
edges at ~245 nm. This suggests that both crystals have wide
transparency ranges from the UV to the NIR (Figs. S9a and S9b
in the ESI{). Similar to these two compounds, the optical
diffuse reflectance spectrum of 3 reveals that its band gap is ca.
5.13 eV with a UV cutoff edge of 242 nm (Figs. 4 and S9c in
the ESIT). The diffuse reflectance spectrum of 3 indicates that
the absorption edge is below 190 nm, similar to other UV NLO
borates.3®%¢ All three compounds therefore have potential for
applications in the UV.

Thermal Stability

Thermogravimetric analysis (TGA) (Fig. S10a in the ESIY)
shows that 1 is stable up to 230 °C, with the weight loss
occurring in two steps over the range 230-750 °C under a
The
approximately 6.40% in the range 230—600 °C, corresponds to
the removal of the H20 molecule (calculated value 6.45%). The
second step results in a weight loss of about 3.33% (calculated
value 3.25%) in the range 600-750 °C, and is assigned to the
condensation of the hydroxyl groups. The TGA curve (Fig.
S10b in the ESIT) of 2 also has a two-step weight loss; the
minor weight loss of 5.09% (calculated value 5.15%) in the
range 75-190 °C is due to the loss of Co:HsOH, while in the
second stage (190-450 °C), the weight loss is tentatively
attributed to the release of 6.5 H2O molecules. The observed

nitrogen atmosphere. first step, a weight loss of

weight loss of 13.01% matches well with the calculated value
(13.09%). The final residuals of the two compounds were

J. Name., 2013, 00, 1-3 |
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Fig. 6 The oscilloscope traces of the SHG signals for powders of 3 and
KDP in the same particle size range of 150-200 xm.

examined, but no matching compounds could be identified
from the powder XRD patterns.®’

SHG Properties

The noncentrosymmetric crystal structure of the mixed alkali-
metal borate 3 encouraged us to examine its SHG properties.
SHG measurements were conducted using an incident laser at 4
= 1064 nm. KDP was selected as the reference for visible SHG
The SHG intensity of 3
increasing particle size before it reaches a maximum that is

measurements. increases with
independent of particle size (Fig. 5), indicating that 3 is type I
phase-matchable. Compound 3 exhibits a moderate SHG
response efficiency (ca. 0.94 times that of KDP) in the particle
size range 150—200 um (Fig. 6). Its value is comparable to
those of some previously reported alkaline-earth metal borates,
e.g. LisCs3B7014 (0.5 x KDP),%® Li3Cs2BsO10 (0.5 x KDP)%
and LiNaB4O7 (0.15 x KDP)’°. With the incident laser at 532
nm, the SHG intensity of 3 shows a weak SHG response
compared with BBO in the same particle size range (Fig. S11 in
the ESIf). The NLO optical properties can be preliminarily
explained from the structural configuration of 3. From anionic

| J. Name., 2012, 00, 1-3

Fig. 7 Calculated band structure of 3.

7173 the m-conjugated system of triangular BO3

group theory,
groups, rather than BO4 groups, should be responsible for the
larger SHG effect. In the structure of 3, the BO3 groups are
aligned in a nearly anti-parallel orientation (Figure S14), which
is an unfavorable pattern for generating a large SHG effect.
Taking the number density of the BO3 groups into account, the
densities of the BO3 groups are 0.0069 per unit volume for I,
which is smaller than that of KBBF (0.00946 per unit volume).
In the present case, and considering also the distorted KOs
polyhedral NLO-active units,”* we can conclude that the
moderate SHG response of 3 mainly originates from the
cooperative action of the distorted KO¢ polyhedra and the
polarized BOs triangles. As a result, one would expect that the
overall SHG efficiency of 3 would remain moderate, and this
was confirmed by SHG measurements.

Theoretical Studies

To better understand the band structure features of 3, first-
principles calculations of the electronic structure was
performed. From the calculated band structure (Fig. 7), the
conduction band minimum (CBM) and the valence band
maximum (VBM) are located at point I with a band gap of 5.02
eV, indicating that 3 belongs to a direct band gap compound.
The value is slightly less than the experimental value of 5.13
eV due to the limitation of the DFT methods, primarily a result
of the exchange correlation energy being
calculated.”

inaccurately

It is well-known that the valence electrons play an important
role in most optical properties of a compound, which are
dominated by the band structure in the vicinity of the Fermi
level. The contributions of atoms and their orbitals to other
bands around the Fermi level can be seen from the density of
state (DOS) plots in Fig. 8. It is clear that the valence band
from —8 eV to the Fermi level is mainly composed of O-2p, H-
Is and B-2p orbitals, and a strong hybridization between
oxygen and the neighboring atoms is exhibited. The conduction
bands are dominated by mixing of O-2p, B-2p, H-1s and K-4s
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Fig. 8 Total density of states (DOS) and partial density of states
(PDOS) of 3. Fermi levels (dotted lines) located at zero.

orbitals. It is clear that the bands around the Fermi level are
comprised predominantly of K, B, O, and H orbitals, which
indicates that the K-O, B-O, and H-O bonds are the dominant
active units influencing the optical properties.

The electron densities of VBM and CBM at I' for 3 are
shown in Fig. S12 (ESI¥). The VBM of 3 is composed of O-2p
states localized at the O atom, while the CBM is significantly
delocalized, consisting mainly of 2s states from the O atoms
together with states of potassium. These suggest that the K, B,
and O atoms have a positive effect on the band gap.

Conclusions

In summary, a series of mixed-alkali-metal borate species have
been synthesized by solvothermal methods using various
organic polar solvents. Interestingly, the different solvent
systems (CH3OH/H:0, C:HsOH/H2O and DMEA/H20)
employed in the syntheses resulted in diversity in the
framework structures. The structure of 1 features a 2D-layered
framework constructed by [BsO11]7- primary building units,
assembled into to a 3D framework by K* and Na' cations,
while the structure of 2 consists of isolated [B4O9]® primary
building units, which are interconnected via K*, Na* cations
and H-bonding interactions to generate a 3D supramolecular
framework. The acentric crystal 3 exhibits a short UV cutoff
edge (~ 242 nm) and is phase-matchable with a moderate SHG
response (ca. 0.94 x KDP). These features make 3 a promising
UV NLO material. Further research developing mixed-alkali-
metal borates under solvothermal conditions for UV NLO
materials is currently in progress.
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