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Experimental Section

Crystal Growth. Single crystals of (N,Hg)[HPOs;F], were grown via mild
hydrothermal reaction without water. A mixture of N,HgF; (0.865g) and P,Os (1.135g).
with the molar ratio of 1.5:1 was put into a 25 mL Teflon-lined autoclave. They are
heated to 110 °C for 80 h, and then slowly cooled to 70 °C at a rate of 0.01°C/min; then
quickly cooled to room temperature. With this process, the colorless (N,Hg)[HPO;F],
crystals were obtained. To remove the impurities (a small amount of unknown phases
with), crystals were washed quickly with water and alcohol, then placed on filter paper
to dry. In addition, N,HgF, was synthesized by mixing N,H,;-H,0O (50 %) and excess
HF (analytical purity). Single-crystal X-ray diffraction analysis was used to determine
the crystal structure and powder X-ray diffraction measurement was applied to confirm

the purity of as-prepared polycrystalline samples (see Figure S1).

Single Crystal Structure Data Collection. The single crystal diffraction data were
collected on a Bruker D8 Venture Single Crystal X-ray Diffractometer (Mo Ka
radiation with 4 =0.71073 A) at 300 K. Data integration, cell refinement and absorption
corrections of the data were completed by utilizing SAINT program.! The structure was
solved by direct methods and refined on F? by full-matrix least-squares techniques
using the program suite SHELXL.? No missed symmetry was proved using PLATON

program.3

Powder X-ray Diffraction Powder X-ray diffraction measurements for the targeted
(N,Hg)[HPOsF], were carried out on a Bruker D2 PHASER diffractometer equipped
with Cu K@ radiation at room temperature. The 26 range is 10-65 ° with a step size of

0.02 ° and a fixed counting time of 1 s/step.

Characterizations. TG and DSC analyses were carried out on a simultaneous
NETZSCH STA 449 F3 thermal analyzer instrument in a flowing N, atmosphere. The
powder sample of (N,H¢)[HPO;F], was placed in the Pt crucible, heated from 40 to 500
°C at a rate of 5 °C min~!. The infrared spectroscopy was measured on a Shimadzu IR

Affinity-1 Fourier transform infrared spectrometer in the 400-4000 cm™!' range. The
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UV-vis-NIR diffuse-reflectance spectroscopy data were recorded at 25 °C using a
powder sample of (N,Hg)[HPOs;F], on a Shimadzu SolidSpec-3700DUV
spectrophotometer. The polycrystalline powder of (N,Hg)[HPOsF], was prepared for
the measurement of solid-state NMR. A Bruker Advance III 500 WB (11.75 T)
spectrometer was utilized. The instrument was equipped with a DVT quadruple
resonance H/F/X/Y 2.5 mm CP/MAS probe (spinning frequency = 30 kHz). PTFE,
abound with CF, groups, was used as the external reference of '°F chemical shifts. The

existence of P-F bonds was checked employing 3'P and '°F NMR spectroscopy.

Computational Methods. The first-principles calculations were performed by the
plane-wave pseudopotential method implemented in the CASTEP package.* To achieve
energy convergence, the kinetic energy cutoff of 850 eV for (N,Hg)[HPO;F], within
normal-conserving pseudopotential (NCP) was adopted.’ The Monkhorst-Pack k-point

meshes in the Brillouin zone was set as 4 x 4 x 3 for (N,Hg)[HPO;F],.

S3



Figure S1. The experimental and calculated PXRD patterns of (N,H¢)[HPO;F],.
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Figure S2. The TG and DSC curves of (N,Hg)[HPO5F]s.
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Figure S3. The UV-vis-NIR diffuse reflectance spectrum, inset gives the experimental
band gap of (N,Hg)[HPOsF],
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Figure S4. The IR spectrum of (N,Hg)[HPO5F]..
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Figure S5. The band structure of (N,Hg)[HPOsF], with GGA method.
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Table S1. Crystal data and structure refinement parameters of (N,Hg)[HPO;F],.

Empirical formula (N,H¢)[HPO;F],
Formula weight 232.02
Temperature/K 300.0

Crystal system monoclinic
Space group C2/c

alA 14.1316(5)

b/A 7.0340(2)

c/A 7.9877(3)

a/® 90

p° 96.763(3)

y° 90

Volume/A3 788.52(5)

4 4

Peale g/cm3 1.954

w/mm-! 5.545

F(000) 472.0

Radiation Mo Ka (A=0.71073)

26 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>20 ()]

Final R indexes (all data) [2!

Largest diff. peak/hole (e/A3)

5.28 to 54.856
S16<h<16,-8<k<8,-9<[<9
5752

727 [Riy = 0.0371, Rjgma = 0.0238]
727/4/72

1.066

Ry =0.0233, wR, = 0.0658

Ry =0.0250, wR, = 0.0678

0.21/-0.27

aR=2IIF,| - |Fcll / XIF,| and wR, = [EW(F,2 — F2)2/wF,*]\2 for F,2> 20(F,2).
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Table S2. Atomic coordinates equivalent isotropic displacement parameters and bond
valence sum (BVS) for (N,Hg)[HPOsF]s.

Atom x y z U, (A2) BVS
NI 5511.1(10) 8363.0(19) 7593.0(17) 26.2(3) ;

Pl 6397.7(3) 3130.8(5) 6927.4(5) 24.02) 5.066
o1 6075.0(10) 5027.9(16) 6283.5(15) 38.6(3) 1.952
02 6213.9(12)  2746.0(19) 8752.8(15) 49.6(4) 2,288
03 6058.7(9) 1442.0(15) 5908.9(13) 32.1(3) 1.912
Fl 7495.0(9) 3141.2(17) 7024.9(19) 60.1(4) 0.961

S10



Table S3. Anisotropic displacement parameters (A2x103) for (N,Hg)[HPO5F]..

Atom Uy Us, Uss Uss Uss U
N1 35.1(8) 20.3(7) 23.0(7) 0.5(5) 2.7(6) 1.1(5)
Pl 32.0(3) 18.8(3) 21.03) -0.31(13) 2.64(17) -1.46(13)
01 62.7(8) 21.7(6) 32.2(6) 2.3(5) 8.4(6) 4.0(5)
02 99.112)  27.9(7) 23.3(7) -0.8(5) 12.9(7) -6.5(7)
03 49.8(7) 22.2(6) 23.8(6) -1.6(4) 1.9(5) -4.4(5)
Fl 33.3(7) 63.4(8) 82.1(10) -2.8(6) 0.3(6) -4.2(5)
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Table S4. Selected bond lengths for (N,Hg)[HPO;F],.

P1-O1 1.4825(11)
P1-02 1.5349(13)
P1-03 1.4868(11)
PI-F1 1.5434(13)

NI-N1! 1.435(3)

Symmetry transformations used to generate equivalent atoms:

#1 1-X, +Y, 3/2-Z

S12



Table SS. Selected bond angles for (N,Hg)[HPO;F],.

Bond angles

O1-P1-F1 106.23(7)
02-P1-F1 103.55(9)
03-P1-F1 106.77(7)
01-P1-02 114.12(7)
01-P1-03 117.59(7)
02-P1-03 107.41(7)
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Table S6. Hydrogen bonds for (N,H¢)[HPO;F],.

D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°
02 H2 01! 0.901(18) 1.73(2) 2.5827(17) 156(3)
N1  HIA 032 0.878(16) 1.837(16) 2.7100(17) 173(2)
N1  HIB 03! 0.879(16) 1.796(17) 2.6740(18) 175(2)
N1  HIC ol 0.876(15) 1.851(16) 2.7256(18) 177.1(19)

Symmetry transformations used to generate equivalent atoms:

#1 +X, 1-Y, 12+Z; #2 +X, 1+Y, +Z
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Table S7. 'H, 3'P and '°F chemical shift parameters for (N,Hg)[HPOF]..

Type 6 (ppm)

H 9.23,8.53

31p 0.07, 3.06

op 7228, -78.34
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Table S8. The reported optical properties of fluorophosphates.

Calculation
Compounds Birefringence Band gap (eV) Ref
method
(NH,4),PO;F 0.03@589.3 nm obv. 7.59
Na,PO;F 0.028@1064 nm 6.14
K,POF 0.021@1064 nm 6.79
Rb,PO;F 0.02@1064 nm 6.76
Cs,POsF 0.018@1064 nm 6.94
BaPO;F 0.01@1064 nm 7.9 PBEO 6
K,P,05F, 0.023@1064 nm 7.74
NaK;(POsF), 0.021@1064 nm 6.91
KPO,F, 0.047@1064 nm 7.95
CsPO,F; 0.045@1064 nm 7.99
NH,PO,F, 0.046@1064 nm 8.15
KHPOsF 0.028@532 nm 6.92
[C(NH,);],PO;F 0.039@532 nm 6.55 '
NaNH,PO;F-H,0O 0.053@589.3 nm obv. 7.02 8
LiPO,F, 0.013@1064 nm 7.69 9
KLa(PO,F,), 0.023@1064 nm 7.43 HSEO06
NH4La(PO,F,)4 0.019@1064 nm 7.29 o
(NH4),Ba(PO,F,), 0.022@1064 nm 6.87 11
SnPO;F 0.075@1064 nm 4.83
SrPO;F 0.034@1064 nm 7.18 .
7.38 HSEO06
(N,Hg)[HPO;F], 0.077@1064 nm This work
8.13 PBEO
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Table S9. The real-space atom-cutting analysis of calculated birefringence in

(N,Hg)[HPOsF],. The cutting radius of N, P, O, F, and H were set as 0.75, 1.06, 0.73,
0.72 and 0.32

Cut unit An (1064 nm)
None 0.077
[N2He] 0.085
[HPOsF] 0.015
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