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1. Experimental Section

Caution! Hydrofluoric acid is toxic and volatile. All of the experiments must be performed with 

extreme care and proper protection.

Synthesis

The following reagents were used as received in this work: KF (Macklin, 99 %), ZrF4 (Adamas, 

AR), BaCl2·2H2O (Sinopharm Chemical Reagent, AR), and hydrofluoric acid (HF, Aladdin, 

40%). K3Ba2Zr6F31 were prepared via hydrothermal reactions with stoichiometric ratio (KF : 

ZrF4 : BaCl2·2H2O = 1.5 : 1 : 2), 3 ml deionized water and 1.5 ml HF solution were also added 

into the 20 ml Teflon-lined stainless-steel autoclaves. The autoclaves were heated from room 

temperature to 200 ℃ in 3 h, kept for 3 days, and finally cooled to 40 ℃ at a rate of 2.5 ℃/h. 

Colorless crystals of K3Ba2Zr6F31 can grow up to 5 × 1 × 1 mm3 with good habit of growth and 

satisfying yield of 70 % based on ZrF4.  

Single-crystal structure determination

Colorless and transparent single crystals of were selected for single-crystal X-ray diffraction 

(SXRD) collection, and the data was obtained on a Bruker D8 QUEST X-ray diffractometry (λ 

= 0.71073 Å) at 296 K. Concrete crystal structure was solved by direct method and refined by 

the SHELXTL program on Olex2 package.1 The structure was then checked by ADDSYM 

algorithm from the program PLATON, and no missed or higher symmetries were proposed. 

The crystallographic data is listed in Table S1. The atomic coordinates, isotropic displacement 

coefficients, and bond valence sums are summarized in Table S2. Bond lengths are displayed 

in Table S3. CCDC number: 2305228.

Powder X-ray diffraction characterization

Experimental powder X-ray diffraction (PXRD) pattern was collected on a Bruker D8 Advance 

diffractometer equipped with Cu kα radiation at room temperature, with a step size of 0.02 ° in 

the range 2θ = 10‒60 °. The simulated pattern was solved by Mercury program. The exact 

match between the two proves the purity of the polycrystalline powder samples of K3Ba2Zr6F31 

(Figure S1a).  

Element analysis

Element analysis was performed by an energy dispersive X-ray spectroscope (EDS, Bruker, 

Quantax) with an acceleration voltage of 20 kV for K3Ba2Zr6F31, and the result demonstrates 
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the existence of K, Ba, Zr, and F elements (Figure S1b).

Thermal analysis

Under nitrogen flow, the thermogravimetric analysis (TGA) of K3Ba2Zr6F31 was performed 

with the a Netzsch STA449F3 simultaneous analyzer from 20 to 1000 ℃ at the rate of 10 

℃/min (Figure S2).

Optical properties

UV-vis-NIR diffuse reflectance spectrum of K3Ba2Zr6F31 was collected on powder samples 

with BaSO4 as standard on a Carry 5000 UV-vis-NIR spectrometer, and the spectral range is 

set as 200‒1400 nm. IR spectrum was recorded in the range of 400 to 4000 cm‒1 on a Fourier 

transform IR spectrometer.

SHG measurement

Powder SHG response was investigated by the Q-witched Nb: YAG laser (1064 nm) based on 

the Kurtz and Perry method.2 The Polycrystalline sample were sieved to six particle size ranges, 

including 25‒45, 45‒75, 75‒110, 110‒150, 150‒200, and 200‒250 μm. The polycrystalline 

sample of KDP crystal was ground into the same size ranges and tested as reference.

Electronic structure calculations

Band structure and density of states (DOS) of K3Ba2Zr6F31 was calculated with the structural 

mode obtained from the SXRD analysis on the basis of the density functional theory (DFT) 

method with CASTEP mode.3,4 The following orbital electrons were chosen as valence 

electrons, K 3s23p64s1, Ba 5s25p66s2, Zr 4s24p64d25s2, and F 2s22p5 electrons. The plane-wave 

basis energy cutoff was set as 850 eV, and the k-points with 3 × 3 × 2 was chosen in the first 

Brillouin zone. Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional implemented was 

utilized for accurate bandgap of K3Ba2Zr6F31 due to the discontinuity of exchange-correlation 

energy and the underestimated calculated band gap.5 The optical property was calculated by 

using the same method that can be referred to our previous works.6 The polarizability 

anisotropies of ZrF8, MgF6, AlF6, and ZnF6 species in K3Ba2Zr6F31, BaMgF6, SrAlF5, and 

BaZnF6 were calculated by the Gaussian 09 package at B3LYP/QZVPD level.7
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Table S1. Crystal data and structure refinement parameters for K3Ba2Zr6F31.

Empirical formula K3Ba2Zr6F31

Formula weight 1528.30

T/K 296(2)

Crystal system hexagonal

Space group P63mc

a/Å 9.4435(3)

c/Å 15.3288(6)

Volume/Å3 1183.87(9)

Z 2

ρcalc (g/cm3) 4.287

μ/mm‑1 6.566

F(000) 1376.0

Radiation MoKα (λ = 0.71073)

2θ range for data collection/° 4.98 to 55.09

Index ranges –12 ≤ h ≤ 12, –12 ≤ k ≤ 12, –19 ≤ l ≤ 19

Reflections collected 11097

Independent reflections 1012 [Rint = 0.0374, Rsigma = 0.0189]

Data/restraints/parameters 1012/1/78

Goodness–of–fit on F2 1.166

Final R indexes [I>=2σ (I)] R1 = 0.0163, wR2 = 0.0376

Final R indexes [all data] R1 = 0.0163, wR2 = 0.0377

Largest diff. peak/hole (e Å–3) 0.64/–0.47

Flack parameter 0.07(2)

aR1 = ||Fo| – |Fc||/|Fo|; bwR2 = [w(Fo
2 – Fc

2)2]/[w(Fo
2)2]1/2.
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Table S2. Atomic coordinates ( 104), equivalent isotropic displacement parameters (Ueq
a, Å2 

 103), and bond valence sums for K3Ba2Zr6F31.

atom Wyckoff site x y z Ueq
a/Å2 bond valence sums

Ba(1) 4b 3333.33 6666.67 7444.7(4) 10.19(15) 2.11

Zr(1) 6c 2309.3(6) 2309.3(6) 3659.1(4) 6.17(16) 4.09

Zr(2) 6c 2556.3(6) 2556.3(6) 6426.0(4) 5.42(16) 4.06

K(1) 6c 4287.8(14) 0 5058.0(4) 17.7(3) 0.92

F(1) 12d 3112(3) 1573(4) 2556(2) 11.1(6) 1.07

F(2) 2a 0 0 3092(5) 13.6(14) 0.79

F(3) 12d 3093(4) 4671(4) 3859.6(19) 22.1(8) 1.00

F(4) 6c 1975(4) 0 4084(3) 14.7(8) 1.07

F(5) 6c 2388(4) 2388(4) 5024(3) 14.3(8) 1.01

F(6) 6c 1565(5) 0 6205(2) 13.2(8) 0.99

F(7) 12d 2557(4) 4574(4) 6012.6(19) 16.4(7) 1.11

F(8) 6c 4531(5) 4531(5) 7064(3) 17.3(9) 0.90

aUeq is defined as one third of the trace of the orthogonalized Uij tensor.
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Table S3. Important bond lengths (Å) for K3Ba2Zr6F31.

Bond Dist./Å Bond Dist./Å

Ba(1)‒F(1) 2.912(3) × 3 Zr(2)‒F(1) 2.169(3) × 2

Ba(1)‒F(3) 2.807(3) × 3 Zr(2)‒F(5) 2.155(5) 

Ba(1)‒F(7) 2.795(3) × 3 Zr(2)‒F(6) 2.1352(10) × 2

Ba(1)‒F(8) 2.8228(11) × 3 Zr(2)‒F(7) 2.008(3) × 2

Zr(1)‒F(1) 2.108(3) × 2 Zr(2)‒F(8) 2.106(4) 

Zr(1)‒F(2) 2.348(3) K(1)‒F(3) 3.314 (4) × 2

Zr(1)‒F(3) 1.991(3) × 2 K(1)‒F(3) 2.834(4) × 2

Zr(1)‒F(4) 2.143(2) × 2 K(1)‒F(4) 2.647 (5) 

Zr(1)‒F(5) 2.094(5) K(1)‒F(5) 3.140 (4) 

K(1)‒F(6) 3.114 (5) K(1)‒F(7) 2.718 (3) × 2

K(1)‒F(7) 2.995 (3) K(1)‒F(8) 3.270 (5) 
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Table S4. Polymeric Zr‒F clusters, linkage modes, and dimensions of Zr-based fluorides.

Compound Cluster Linkage modes Dimension Reference

K3Ba2Zr6F31 [Zr6F34]10‒ vertex, edge 1D This work

AE5Zr3F22 (AE = Ca, Sr) [Zr8F56]24‒ edge 1D 8, 9

Rb5Zr4F21 [Zr10F57]17‒ vertex, edge 1D 10

A7Zr6F31 (A = Ag, Na) [Zr6F36]12‒ edge 1D 11, 12

ABaZr2F11 (A = Li, Na)
[Zr8F52]20‒

[Zr4F24]8‒

vertex, edge

vertex
1D 13, 14

MZr2F11 (M = La, Pr) [Zr6F36]12‒ edge 1D 15, 16

M'Zr3F15 (M' = La, Lu, Pr, Tl, 

Y, Yb)
[Zr6F36]12‒ edge 3D 16-18

AgM3Zr3F20 (M = Cd, Hg, Ca) [Zr3F18]6‒ edge 0D 19

BaZr2F10 [Zr6F38]14‒ vertex, edge 1D 20
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Table S5. Summary of fluorides with 31 F elements in the formula.

Compound Space 

group

Symmetry Coordination 

geometry

Dimension Ref.

Na7Zr6F31 R3̅ CS ZrF8 3D 12

Ag7Zr6F31 R3̅ CS ZrF8 3D 12

Na7M6F31 R3̅ CS MF9 3D 21

K7A6F31 R3̅ CS AF9 3D 22, 23

Tl7BF31 R3̅ CS BF9 3D 24

[NH4]7C6F31 R3̅ CS BF9 3D 25, 26

K5Cr10F31 C2/m CS CrF6, CrF7 3D 27

K3Ba2Zr6F31 P63mc NCS ZrF8 1D This work

M = Ce, Tb; A = Th, U, Tb; B = U, Np, Pu; C = U, Pu
Note: CS-centrosymmetric; NCS-noncentrosymmetric
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Table S6. Summary of fluorine-rich fluorides (F > 30).

Compound Space group Symmetry Ref.

Na3MU6F30 P c13̅ CS 28

Ba20Al12F76 I4/m CS 29

Yb14F33 R3̅ CS 30

Yb27F64 R3̅ CS 31

(XeF5)3(Ti4F19) P21/c CS 32

(Xe2F3)(Ti8F33) P2/c CS 33

(XeF)2(Ti9F38) Cc NCS 33

ASc7F30 P42/n CS 34

Tl7Pu6F31 R3̅ CS 24

Zr10Pb19F78 Pmmn CS 35

[NH4]7C6F31 R3̅ CS 25, 26

[NH4]4Ta6NiF36 R c3̅ CS 36

Na2Sr6ZnFe6F34 C2/c CS 37

Na7Sr2Fe7F32 Fddd CS 38

Ca14Y5F43 R3̅ CS 39

NaLiBa7Fe6F34 C2/m CS 40

Ba7CuFe6F34 C2/m CS 41

Ba6Cu11F34 P1̅ CS 42

Ba10Cu12CrF47 C2/m CS 43

K4Ti8F36·8HF P1̅ CS 44

Rb4Ti8F36·6HF P1̅ CS 44

Ca9Yb5F33 - CS 45

LiK10Zr6F35·2H2O P21 NCS 46

K3Ba2Zr6F31 P63mc NCS This work

M = Al, Ga, Tl, V, Cr, Fe; A = Rb, Tl; B = Re, Os; C = U, Pu
Note: CS-centrosymmetric; NCS-noncentrosymmetric
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Table S7. The dipole moments of ZrF8 units in the unit cell of K3Ba2Zr6F31.

Dipole moment (D)

x y z Magnitude (Debye)

2.4205 0.0823 -19.8108 19.9583
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Figure S1. (a) Powder X-ray diffraction pattern and (b) EDS image of K3Ba2Zr6F31.

 

Figure S2. (a) [Zr(1)3F19]7‒ clusters made up of edge-sharing Zr(1)F8 units and (b) [Zr(2)3F21]9‒ 

clusters formed by vertex-sharing Zr(2)F8 units.
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Figure S3. Coordination modes of K(1) and Ba(1) atoms.

Figure S4. (a) TG curves and (b) XRD patterns of K3Ba2Zr6F31 samples heated at different 

temperatures.
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Figure S5. (a) Calculated band structure and (b) density of states (DOS) of K3Ba2Zr6F31. The 

Fermi level is chosen at 0 eV.

Figure S6. Calculated refractive index dispersion curves and PM range of K3Ba2Zr6F31.
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