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ABSTRACT: A non-centrosymmetric mixed alkaline borate-bicarbonate, 

NaRb3B6O9(OH)3(HCO3), was synthesized and characterized. The compound crystallizes in 

space group P21 (No. 4) with cell parameters of a=8.988(3) Å, b=8.889(2) Å, c=10.068(4) Å and 

β=114.6(4)°. The structure features a combination of chains of boron-oxygen [B6O9(OH)3]
3- 

groups and isolated HCO3
- groups, with charge compensation provided by Rb+ and Na+ cations. 

The UV-Vis-NIR absorption spectrum indicated a transparence of about 40% at 200 nm. The IR 

spectrum confirmed the coordination environments of anionic groups, and the compound is 

thermally stable up to ∼320 °C. Additionally, first-principles calculations were performed in 

order to gain insight into the role of boron-oxygen and HCO3
- groups with respect to the band 

structure and NLO properties. The bicarbonate (HCO3
-) anion has enhanced hyperpolarizability 

relative to the carbonate (CO3
2-) anion. 

 



2 

 

Introduction 

      Deep ultraviolet (DUV) nonlinear optical (NLO) materials have played an important role in 

laser science and photonic technology.1, 2 The first NLO borate crystal described for DUV 

generation was KB5O8·4H2O (KB5).3 Sixth harmonic generation, i.e. 1064nm / 6 = 177.3nm, of 

the Nd:YAG laser has been achieved in KB5 by mixing the fundamental and the fifth-harmonic 

radiation.  Although the absorption edge is at 165 nm and the phase matching range of the crystal 

is down to 200 nm, the output power is unfortunately low attributable to the small nonlinear 

optical effect of the crystal.4, 5 Another DUV NLO material, KBe2BO3F2 (KBBF) has 

successfully generated coherent radiation at 177.3 nm by direct second-harmonic generation 

using a CaF2 prism coupler.6-8 However, KBBF suffers from two serious drawbacks (i) toxic 

BeO is required in the synthesis and (ii) single crystals have a layered growth tendency. With the 

latter, large single crystals of KBBF are difficult to grow, that greatly limits its wide application. 

Exploring new DUV NLO materials is still very active because of the absence of a commercial 

crystal for the DUV region. 

    Considering the non-centrosymmetric (NCS) structural requirement for NLO crystals, 

acentric coordination environments of anions are considered, such as rigid tetrahedral groups 

(e.g., PO4
3-, PO3F

2-)9 and π-conjugated planar groups (e.g., BO3
3-, CO3

2-, NO3
- and C3N3O3

3-)10. 

Moreover, with respect to structure-property relationships between the NLO effects and the 

compounds crystal structure, it is widely accepted that the planar BO3 groups contribute a 

relatively large microscopic second-order susceptibility and exhibit moderate birefringence,11 

both of which are desirable for DUV laser generation. Previously many new potential DUV NLO 

materials based on BO3 groups, such as borate fluorides (BaMBO3F (M=Mg, Zn), 

A3B3Li2Al4B6O20F (A=alkali metal; B=alkaline-earth metal),12-14 Rb3Al3B3O10F,15 Ba4B11O20F
16; 

fluorooxoborates (SnB2O3F2,
17 Li2B3O4F3, Li2B6O9F2,

18 NH4B4O6F,19 and CsB4O6F
20) have been 

reported. Analogous to the BO3
 groups, the CO3 groups possess a similar planar triangle 

geometry with a π-conjugated molecular orbital. Several carbonate fluorides have been reported 

to be potential DUV NLO materials, such as KMgCO3F,21 RbMgCO3F,22 ABCO3F (A=K, Rb, 

Cs; B=Sr, Ca),23, 24 AAlCO3F2 (A=alkali metal),24 Na8Lu2(CO3)6F2 and Na3Lu(CO3)2F2.
25  

     Meanwhile, the incorporation of BO3 and CO3 has been proposed in one acentric 

structure.26, 27 Twenty-five compounds in the mixed borate and carbonate family have been 
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reported, ten of which are minerals and fifteen of which are synthetic according to the Inorganic 

Crystal Structure Database, PDF-4+ and recent publications (Table S1).26 

Pb7O(OH)3(CO3)3(BO3)
28 was the first reported synthetic borate carbonate with NLO 

capabilities. Recently, several mixed borate and carbonate halides have been also discovered.26 

However, the absorption edges of these NCS compounds all exceed 200 nm that indicates DUV 

NLO generation is not possible. The wide transparency range requirement (<200 nm for DUV 

crystals) narrows the choice of elements to alkali and alkaline-earth metals as host of cations 

without d-d or f-f transitions. Two barium borate carbonates, Ba3[B6O10(OH)2](CO3) and 

Ba6[B12O21(OH)2](CO3)2, were synthesized by the high-temperature, high-pressure  

hydrothermal method (460 °C and 600 bar).27 Another barium borate carbonate chloride, 

Ba2(BO3)1−x(CO3)xCl1+x, (0<x<0.5) was obtained by high temperature method,29 while two 

potassium borate carbonate halide, K9[B4O5(OH)4]3(CO3)X·7H2O (X = Cl, Br), was synthesized 

by hydrothermal method.30  

     We report the first synthetic borate-bicarbonate NLO compound, NaRb3B6O9(OH)3(HCO3) 

(SRBOC). A single crystal of the compound was grown by a facile solvothermal method. The 

structure was discussed and related optical properties were characterized. Band structure of the 

compound was calculated and optical properties, including polarizability anisotropy and first 

order hyperpolarizability of HCO3
-, CO3

2-, and BO3
3- group were compared through theoretical 

calculations.  

Experimental Section 

Preparation of NaRb3B6O9(OH)3(HCO3) 

      Boric acid (H3BO3, 99.0%), rubidium carbonate (Rb2CO3, 99.9%), sodium hydroxide 

(NaOH, 99.0%), and ethyl alcohol (C2H6O, Pure 200 proof) were used as received from Sigma-

Aldrich. Deionized water was used during the all experiments. 

     Single crystals of NaRb3B6O9(OH)3(HCO3) were synthesized by a solvothermal method. 

0.69 g Rb2CO3 (3.00 mmol), 0.74 g H3BO3 (12.00 mmol), 0.08 g NaOH (2.00 mmol), 0.50 ml 

ethyl alcohol and 0.16 ml deionized water were added to a Teflon pouch that was sealed and 

placed into a 125 mL Parr autoclave. The autoclave was backfilled with 50 mL ethyl alcohol. 

The autoclave was heated to 220 °C, held at this temperature for 48 h, and cooled to room 

temperature at a rate of 0.1 °C/ min. The crystals were recovered in ∼90% yield based on Rb 
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after vacuum filtration. The photo of single crystal can be found in Figure S1. The final pH value 

of the solution was 8.45. Single solvent systems of only water or ethanol failed to produce the 

title compound, thus the necessity of the mixed solvent system (water and ethanol) used in our 

case can be explained as follows. Water and ethanol are miscible due to their intermolecular 

hydrogen bonding interactions. However, as electrolytes (in this case H3BO3, NaOH and 

Rb2CO3) are added to the system, the solvation of the electrolytes leaves water unavailable to 

form hydrogen bonds with ethanol, which decreases the solubility of ethanol. This salting-out 

effect increases the concentration of the solute in the water. Additionally, the ethanol increases 

the pressure in the reaction vessel at high temperature.  

Instruments and Measurements 

     Powder XRD measurements were performed at room temperature on a Rigaku Ultima 

diffractometer with graphite monochromatized Cu Kα (λ = 1.5418 Å) radiation. The measured 

powder XRD patterns of NaRb3B6O9(OH)3(HCO3) were in agreement with the simulated 

patterns from single crystal X-ray diffraction studies (Figure S2). 

     The Fourier transform infrared spectroscopy (FTIR) spectra in the 600~4000 cm-1
 range 

were recorded on a Bruker 37 Tensor FTIR spectrometer at room temperature.  

      UV-vis diffuse reflectance spectra were collected with a UV-3600 SHIMADZU UV-vis-

NIR spectrophotometer over the spectral range of 200~1000 nm at room temperature. Barium 

sulfate (BaSO4) was used as a standard sample for the baseline correction. The sample was 

thoroughly mixed with BaSO4, and this mixture was used for UV-vis measurements. Reflectance 

spectra were converted to absorbance using the Kubelka-Munk equation.31, 32 

      The thermogravimetric analysis (TGA) and differential thermal analysis (DTA) was carried 

out with a NETZSCH-Proteus-61 analyzer instrument. Crystal samples were added into an 

aluminum crucible and heated from room temperature to 600 °C at a rate of 10 K/min and then 

cooled to room temperature at same rate under flowing Helium with flow rate of 25 ml/min.  

      The SHG measurements of polycrystalline samples were performed with a Nd: YAG (λ = 

1064 nm) as the incident light source. Samples of compounds were ground and sieved into seven 

distinct size ranges for the test. Ground SiO2 powder were used as a reference and sieved into the 

same size ranges. The intensities of the frequency-doubled output emitted from the samples were 

detected by a photomultiplier tube. 

Single-Crystal Structure Determination 
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      Colorless and transparent block crystal (Figure S1) with dimensions of 0.112 mm × 0.068 

mm × 0.044 mm for NaRb3B6O9(OH)3(HCO3) was chosen for structure determination. Single 

crystal XRD data were obtained at 100 K with a Rigaku Oxford XtaLAB Synergy-DW 

diffractometer with monochromated Mo Kα radiation (λ= 0.7107 Å). The crystal-to-detector 

distances were set as 50 mm. The CrysAlisPro software was used for data reduction and 

integration.33 The structures were established by direct method and refined through full-matrix 

least-squares fitting on F2 using OLEX2.34 All atoms were refined using full matrix least-squares 

techniques, and final least-squares refinement was on Fo
2 with data having Fo

2 ≥ 2σ (Fo
2). 

Numerical absorption corrections were carried out using the SCALE program for area detector. 

The structures were solved with the use of Shel-XT to determine the atomic coordinates of the 

cations. The structures were examined for possible missing symmetry elements with PLATON 

and no additional symmetry was found.35 Other crystallographic data are reported in the CIF. 

Calculation details 

Optical properties were calculated by first principles calculations based on density-

functional theory in the CASTEP package.36, 37 The functionals developed by Perdew-Burke-

Ernzerhof (PBE) in generalized gradient approximation (GGA) form were used to describe the 

exchange-correlation energy38. Under the norm-conserving pseudopotential (NCP),39 the 

following orbital electrons were treated as valence electrons: Na 2s2 2p6 3s1, Rb 4s2 4p6 5s1, B 2s2 

2p1, C 2s2 2p2, O 2s2 2p4, H 1s1. A kinetic energy cutoff of 830 eV is chosen with 2×2×2 

Monkhorst-Pack k-point meshes in the Brillouin zone. The scissors operator correction is 

adopted to calculated nonlinear optical properties. 

The so-called length-gauge formalism derived by Aversa and Sipe40 was adopted. At a zero 

frequency, the static second-order nonlinear susceptibilities can be ascribed to Virtual-Hole 

(VH), Virtual-Electron (VE) processes41, 42: 

𝜒𝛼𝛽𝛾
(2)

= 𝜒𝛼𝛽𝛾
(2) (VE) + 𝜒𝛼𝛽𝛾

(2) (VH) 

The formulas for calculating the contribution from VE and VH processes are as follows: 

𝜒𝛼𝛽𝛾
(2) (VE) =

𝑒3

2ℏ2𝑚3
∑∫

𝑑3𝑘

4𝜋3
𝑃(𝛼𝛽𝛾)𝐼𝑚[𝑃𝑣𝑐

𝛼

𝑣𝑐𝑐′

𝑃𝑐𝑐′
𝛽
𝑃𝑐′𝑣
𝛾
] (

1

𝜔𝑐𝑣
3 𝜔𝑣𝑐′

2 +
2

𝜔𝑣𝑐
4 𝜔𝑐′𝑣

) 
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𝜒𝛼𝛽𝛾
(2) (VH) =

𝑒3

2ℏ2𝑚3
∑∫

𝑑3𝑘

4𝜋3
𝑃(𝛼𝛽𝛾)𝐼𝑚[𝑃𝑣𝑣′

𝛼

𝑣𝑣′𝑐

𝑃𝑣′𝑐
𝛽
𝑃𝑐𝑣
𝛾
] (

1

𝜔𝑐𝑣
3 𝜔𝑣′𝑐

2 +
2

𝜔𝑣𝑐
4 𝜔𝑐𝑣′

) 

        Here, α, β, γ are Cartesian components, and v/v', c/c' denote valence bands and conduction 

bands. And P(αβγ), ωij and Pα
ij refer to full permutation, the band energy difference and 

momentum matrix elements, respectively. 

In order to more intuitively display the contribution of electronic orbitals to the SHG effect, 

the SHG-weighted charge density analysis scheme, the contribution to the SHG coefficient of all 

the occupied and unoccupied bands is determined by a “band-resolved” scheme and the charge 

density of the bands is summed up by the SHG weighted factor and visualized in the real space. 

Thus, the orbitals dominantly contributing to the SHG coefficient are highlighted whereas those 

contributed less are not displayed. The theoretical methods have been applied with success to 

analyze SHG coefficients of NLO crystals, in previous study.43, 44 

Results and Discussion  

Structure and description 

      SRBOC crystallizes in the monoclinic crystal system in chiral space group P21. The crystal 

data are summarized in Table 1. SRBOC has four unique Rb atoms, one unique Na atom, six 

unique B atoms, fifteen unique O atoms, one unique C atom and four hydrogen atoms in the 

asymmetric unit. There are two formula units per cell. The fundamental building blocks (FBBs) 

of SRBOC are [B6O9(OH)3]
3- and HCO3

- groups. The former is comprised of three BO3 groups 

and three BO4 groups. Its shorthand notation can be expressed as 6:[(3Δ + 3T)] based on Christ 

and Clark45, 46 (Figure 1). Each BO4 group connects with adjacent two BO4 groups by sharing 

common vertex O atoms, forming an infinite chain along the b-axis (Figure 1b and Figure S3 in 

SI). The chirality of the compound could be attributable to this chain arrangement of the chiral 

BO4 groups. BO3 groups bridge the contiguous BO4 groups with two common O atoms. To the 

best of our knowledge, this type of [B6O9(OH)3]
3-

 group is a new anionic structural motif in 

borates. The isolated HCO3
- groups are located in the cavity of the infinite chains and connected 

by hydrogen bonding. It is observed that the bond length of C(1)-O(14) is 1.350 Å, which is 

slightly larger than that of C(1)-O(10) (1.258(3)Å) and C(1)-O(9) (1.266(3)Å) due to the 

introduction of hydrogen (H(14)) on the O(14).  
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Table 1.  Crystal data and structure refinement for SRBOC. 

Empirical formula  NaRb3B6CO15H4 

Formula weight  600.30  

Temperature/K  100.12  

Crystal system  monoclinic  

Space group  P21  

a/Å  8.988(3)  

b/Å  8.889(2)  

c/Å  10.068(4)  

α/°  90  

β/°  114.6(4)  

γ/°  90  

Volume/Å3  731.36(5)  

Z  2  

ρcalcg/cm3  2.726  

μ/mm-1  10.106  

F(000)  564.0  

Crystal size/mm3  0.112 × 0.068 × 0.044  

Radiation  MoKα (λ = 0.71073)  

2θ range for data collection/°  4.45 to 66.322  

Index ranges  -13 ≤ h ≤ 13, -13 ≤ k ≤ 13, -15 ≤ l ≤ 15  

Reflections collected  15255  

Independent reflections  5011 [Rint = 0.0416, Rsigma = 0.0519]  

Goodness-of-fit on F2  1.029  

Final R indexes [I>=2σ (I)]  R1 = 0.0306, wR2 = 0.0570  

Final R indexes [all data]  R1 = 0.0391, wR2 = 0.0589 

Largest diff. peak/hole / e⸱Å-3  0.82/-0.83  

Flack parameter 0.010 (5) 
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Figure 1. The structure of SRBOC, (a) the [B6O9(O)3] dimer and HCO3
- group; (b) [B6O9(OH)3(HCO3)]∞ chain 

along b-axis, (c) polyhedral representation and projection of the structure of SRBOC (the Rb-O bonds and Na-O 

bonds are removed for clarity). 

     Both Rb+ and Na+ cations provide compensating positive charges in the structure and are 

located between adjacent boron-oxygen chains (Figure 1c). The Na+ cations are six coordinated 

whereas the Rb+ cations are eight or nine coordinated. The Na-O bonds length range from 

2.354(12) Å to 2.649(7) Å while Rb-O bonds length vary from 2.766(1) Å to 3.590(8) Å. The 

incorporation of different kinds of cations in different sites in structures requires that their 

interactions with neighbouring anions should be understood. It is interesting to find that Na+ 

cations only bond to those oxygen atoms belonged to the non-hydroxyl group, whereas the Rb+ 

cations bond to two kinds of oxygen atoms, non-hydroxyl group oxygen and hydroxyl group 

oxygen, (see Figure 2). The exact reason for these bonding characters is unclear. However, given 

the different size of the Na+ and Rb+ cations, of which the ionic radii are 1.12 Å in seven-

coordination and 1.63 Å in nine-coordination respectively,47 it is important to contain cations 

with different size to fill different cavities and stabilize the crystal structure.  

       In addition, there are three kinds of hydrogen bonding in the structure. The first kind 

occurs between the H(14) atoms in the HCO3
− groups and the O(8) atoms in the chain with 
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distance of 1.751(5) Å. The second one exists between O(9) in the HCO3
− group and H(3) atoms 

in the chain OH- groups with distance of 1.954(2) Å. The last type of hydrogen bonding connects 

H(15) atoms and O(12) atoms in the chain with the length of 1.994(3) Å. Bond valence 

calculations,48 Rb 1.09-1.23; Na 1.15; B 3.02-3.04; C 3.94; O 1.83-2.11 are consistent with 

oxidation states of +1, +1, +3 and +4 for Rb, Na, B, C, and non-hydroxyl O, respectively. In 

addition, reasonable bond valence sums (BVS) of 1.00-1.13 for Rb and 0.99 for Na were also 

obtained with applying the updated R0 values by F.A. Rabuffetti.49 The calculated BVS for 

O(12), O(14) and O(15) are -1.17, -1.30 and -1.20 respectively, suggesting these are OH- groups. 

The assignment of OH groups was also confirmed by the IR data.   

 

Figure 2. The coordination environments of (a) the Rb+ and (b) Na+ cations. 

IR Spectroscopy 

      In order to further confirm the coordination environments of anionic groups in the 

structure, IR spectroscopic measurements were carried out (see Figure 3). The broad absorption 

band around 3549 cm-1 and 3415 cm-1 is assigned to the asymmetric and symmetric vibrations of 

O-H bonds respectively. The bands in the range of 1430 - 1333 cm-1 can be assigned to the B-O 

and C-O asymmetrical stretching of the BO3 and CO3 units, whereas the bands around 1221 cm-

1, 1149 cm-1 and 1053 cm-1 can be assigned to the B-O and C-O stretching vibrations of the BO4 

and CO3 units. The bands near 965 cm-1, 916 cm-1 and 852 cm-1 are associated with the 

symmetric stretching vibrations of the BO3 and BO4 units. The bending vibrations of the BO3 
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and BO4 units are found in the range of 796~676 cm-1. These assignments are consistent with the 

crystal structure, as well as what has been reported in the literature.26 

 

Figure 3. The IR spectrum for SRBOC. 

UV−Vis Diffuse Reflectance Spectroscopy 

 

Figure 4. The UV-Vis-NIR diffuse reflectance spectrum for SRBOC. 
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  The UV-Vis-IR diffuse-reflectance spectra between 200-1000 nm for SRBOC is shown in 

Figure 4. Absorption (K/S) data were calculated from the following Kubelka–Munk function: F = 

(1-R)2/2R = K/S, where R represents the reflectance, K the absorption and S the scattering. The 

minima in the second-derivative curves of the Kubelka–Munk function are taken as the maxima 

of the absorption bands. The transparency of about 40% at 200 nm indicates SRBOC exhibits 

wide optical transparent range. The main distribution may be explained by that the dangling 

oxygen atoms in boron-oxygen building units were removed through B-O and O-H bonds. It is 

important to increase the energy gap of the anionic group. This kind of structure would be 

beneficial for a wider transparency range on the UV side.50  

Thermal Analysis 

     The compound SRBOC is stable up to about 329 °C even though the compound consists of 

hydroxyls and HCO3
- groups (see Figure 5). In comparison, bicarbonate such as sodium 

bicarbonate and potassium bicarbonate will decompose into corresponding carbonate at around 

80 °C and 200 °C, respectively. When SRBOC is heated, the weight loss was 9.0 % over the 

range from room temperature to 600 °C, that corresponds to the removal of the hydroxyls as the 

form of water molecules and decomposition of HCO3
-. The increasing weight in TG curve before 

120 °C (~1.01 %) may be due to the absorption of helium gas or error.  

 

Figure 5. The TG/DTA curves for SRBOC. 
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Second Harmonic Generation. 

      The non-centrosymmetric structure of the SRBOC suggests SHG is possible. Powder SHG 

(PSHG) measurements using a 1064 nm Nd-YAG laser revealed that the SHG intensity of 

SRBOC is 0.5×SiO2 in the same particle size range of 90-125 μm (Figure S4 in the SI). From the 

viewpoint between structure and property, the arrangement of BO3 and HCO3
- groups of the 

compound SRBOC in one cell was shown in Figure 6. For clarity and discussion purpose, the 

hydrogen atoms are omitted, HCO3 planes are simplified to CO3 planes. Following the common 

practice of considering parallel arrangement of triangular BO3 or CO3 planes to be needed to 

contribute SHG effect, unparallel arrangements were found in the title compound, which might 

explain the weak SHG effect of SRBOC material. Specifically, the angles of 90.3°, 167.4°, 101.2° 

and 139.9° were observed between the planes C(1)O3 - C(1)O3, B(1)O3 - B(1)O3, B(5)O3 - 

C(1)O3 and B(1)O3 - C(1)O3, respectively (Figure 6). 

  

Figure 6. Arrangement of the CO3 and BO3 planes in SRBOC. 

Theoretical calculation 

The calculated band structure (see Figure 7) for NaRb3B6O9(OH)3(HCO3) reveals that the 

compound is an indirect band gap material with the value of 5.01 eV by the PBE functional. 

Since the electronic transitions from occupied states to unoccupied states reflect the origin of the 

optical properties, it is necessary to analyze the partial density of states (PDOS) of 

NaRb3B6O9(OH)3(HCO3). The top region of the valence bands is mainly occupied by the 2p 

orbitals of the boron, carbon and oxygen atoms. And a wide hybridization between B/C 2s, 2p 

orbitals and O 2p orbitals is shown in the range from -10 to 0 eV. In addition, the non-bonding p 
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orbitals of O dominates in region I. As for the bottom region of the conduction bands, it is 

mainly occupied by the s, p states of Na, Rb and p states of C, B atoms.  

 

Figure 7. Band structures and PDOS of SRBOC. I-II regions refer to the main contribution region in valence bands, 

the main contribution region in conduction bands. 

The SHG coefficients of this compound were also estimated under the sum-over-states 

method. The non-vanishing independent SHG tensors are d16= 0.078 pm/V, d14 = 0.096 pm/V, 

d22 = 0.198 pm/V and d23 = -0.222 pm/V. To demonstrate the contribution of each atom in the 

SHG processes in the real space, the SHG-density method was used. It should be noticed that the 

two virtual transition processes, namely virtual electron (VE) and virtual hole (VH) processes, 

contribute SHG process. From the band-resolved result within the energy band framework which 

corresponds to individual electronic states of SHG coefficients, the contributions of the VH 

processes and VE processes are 13.02% and 86.98%. Therefore, VE processes are extremely 

predominant. SHG densities of VE processes are analyzed. Figure 8 shows the SHG densities of 

occupied and unoccupied states of NaRb3B6O9(OH)3(HCO3)2. It clearly shows that the O atoms 

play an important role in the occupied states. The B and O atoms make major contributions to the 

unoccupied states. Besides, HCO3
- groups make some contributions to SHG both in the occupied 
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and unoccupied states. The SHG density indicates that the B-O groups (especially BO3) have 

main contribution to SHG effect, and the secondary contribution is from HCO3
- groups.  

 

Figure 8. SHG-density of occupied (a) and unoccupied (b) states in SRBOC. 

 Comparing the properties of molecular HCO3
-, CO3

2-, and BO3
3- groups. 

        Atomic-level structural changes can lead to a large difference of SHG effect. For example, 

the optical properties of HCY-based compounds differed significantly from those based on 

H2CY (C3N3O3
3-, CY)10, 51 The scarcity of NLO material compounds containing HCO3

- group 

promotes us to evaluate the polarizability anisotropy and first order hyperpolarizability of the 

HCO3
- group. As we know, an optical polarizability anisotropy (δ) contributes directly to the 

electric birefringence while the first order hyperpolarizability (|βmax|) contributes to molecular dc 

electric field-induced second harmonic generation. These values of CO3
2- and BO3

3- groups were 

obtained as well to compare. The results are in Figure 9. The similar values of δ and |βmax| for 

CO3
2- and BO3

3- groups were found due to their similar structure and bond property. However, 

with the introduction of hydrogen into a CO3
2- group, the |βmax| value of the resulting HCO3

- 

group is much larger (about four times) than that of CO3
2- group, which will benefit larger SHG 

effect if a proper arrangement of the HCO3
- groups can be obtained. In SRBOC, even though 

HCO3
- possesses higher hyperpolarizability, the arrangement and the density of each building 

unit in the compound must also be considered in determining their individual contributions to the 

SHG effect of the material.  
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Figure 9. Calculated polarizability anisotropy (δ) and hyperpolarizability (|βmax|) of the HCO3
-, CO3

2- and BO3
3- 

groups. 

Conclusions 

    A new non-centrosymmetric borate-bicarbonate, NaRb3B6O9(OH)3(HCO3), was synthesized 

by facile solvothermal method, and its crystallographic parameters and structure were defined. 

The titled compound presents a new type of chain structure with the [B6O9(OH)3]
3- and HCO3

- 

groups as basic building units. Transmittance spectroscopy data indicate that this compound has 

a wide transmission range from 200 to 1200 nm. The compound could be thermally stable up to 

∼320 °C. The discovery of the compound enriches the structural chemistry of borates and 

carbonates. The calculated hyperpolarizability (|βmax|) of the HCO3
- group is much larger than 

that of CO3
2- and BO3

3- groups, which means a possibility in relatively higher SHG effect if a 

proper arrangement of the HCO3
- group can be obtained, such as parallel pattern. We hope that 

these approaches applied here can be useful to design and discover other new optically active 

crystals. 
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