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Experimental Section

Materials. Trifluoromethanesulfonic acid (219 pL, 2.5 mmol) was introduced into the reaction mixture comprising
o-carborane (720 mg, 5 mmol) and N-bromosuccinimide (978 mg, 5.5 mmol) in 50 mL of hexafluoroisopropanol
(HFIP). Subsequently, the reaction mixture was stirred at room temperature for 40 minutes. Upon completion of
the reaction, HFIP was recovered by distillation, followed by extraction with ethyl acetate (50 mL x 3). The
combined organic phase was dried over anhydrous Na,SO,, and concentrated under vacuum. The crude mixture
was subjected to chromatographic purification, resulting in the isolation of 1 (eluent: pentane/ethyl acetate = 8/1,
R¢=0.2). Yield: 1.04 g, 94%. The synthesis process of 2 closely parallels, with the exception that trichloroisocyanuric
acid (TCCA) was employed as the chlorinating reagent.

Trifluoromethanesulfonic acid (878 pL, 10 mmol) was introduced into the reaction system containing o-
carborane (720 mg, 5 mmol) and NBS (1868 mg, 10.5 mmol) in HFIP (50 mL). The reaction mixture was then stirred
at room temperature for 1 hour. Upon completion of the reaction, HFIP was recovered via distillation, and the
residue was extracted with ethyl acetate (50 mL x 3). The combined organic layers were dried over anhydrous
Na,S0,4 and concentrated under reduced pressure. The crude product was purified by chromatography, yielding
compound 4 (eluent: pentane/ethyl acetate = 8/1, R;= 0.2) with a 90% yield. The chlorination reagent used was
TCCA, and the synthesis of compounds 3 and 5 was performed using similar methods, with compounds 2 and o-
carborane as the respective substrates.

Thin-Film Preparation. Prior to use, indium tin oxide (ITO) glass was preliminarily cleaned with water, ethanol, and
acetone. Crystalline samples 1-5 (each 10 mg) were dissolved in 200 pL of ethyl acetate or dichloromethane. 20
pL of the solution was spin-coated onto the cleaned ITO glass substrates. The solvent was allowed to gradually
evaporate at room temperature, resulting in the formation of polycrystalline thin films.

Measurement Methods

Single-crystal and powder X-ray crystallography.

X-ray single-crystal diffraction experiments were performed utilizing a Rigaku Saturn 924 diffractometer,
outfitted with Mo-Ka radiation (A = 0.71073 A). X-ray diffraction (XRD) analyses were executed employing a
PANalytical X’Pert3 diffractometer, equipped with a Cu Ko X-ray source (A = 1.5418 A, 40 kV, 150 mA), with a scan
rate set at 10° min~" for the measurements.

Thermal analyses.



Differential scanning calorimetry (DSC) measurements were performed with a NETZSCH DSC 200F3 instrument.
Crystalline samples underwent both heating and cooling processes at a consistent rate of 20 K min! under
aluminum crucibles and nitrogen atmosphere.

SHG and dielectric measurements.

The second harmonic generation (SHG) was examined using INSTEC instruments. Complex dielectric
permittivities were assessed utilizing the DMS-1000 dielectric temperature spectrum measuring system. Silver
conductive paste was utilized to coat the surfaces of the samples, serving dual roles as the top and bottom
electrodes.

PFM characterization.

The PFM measurements were performed utilizing a piezoresponse force microscopy (PFM) system, specifically
the Oxford instrument Cypher ES, equipped with a high-voltage package. PFM is a technique derived from atomic
force microscopy (AFM), which involves the application of an AC drive voltage to the conductive tip. In our study,
we employed conductive Pt/Ir-coated silicon probes (EFM, Nanoworld) with a nominal spring constant of
approximately 2.8 nN/nm and a free-air resonance frequency of approximately 75 kHz. The PFM experiments were
conducted in Dual Frequency Tracking mode, enabling domain imaging and investigation of polarization switching
behaviors.

IR measurements.

The Fourier transform infrared (FTIR) spectra were acquired employing the Bruker Alpha Il instrument.
Computing methods.

The calculation of dipole moments was conducted using density functional theory (DFT). DFT computations were
carried out employing the Gaussian 09 suite of programs (Wallingford, CT, 2013), utilizing the B3LYP functional in
conjunction with the 6-311G** basis set.

NMR measurements.

The H and *3C nuclear magnetic resonance (NMR) spectra were obtained using a Bruker Advance Il 400
spectrometer (400 MHz for 'H, 100 MHz for 13C, and 128 MHz for 1B NMR). The samples were dissolved either in
CDCl3 or CD3CN, with tetramethylsilane (TMS) serving as the internal reference standard. Chemical shifts (6) were
recorded in parts per million (ppm) and referenced to TMS (8 = 0) for H, chloroform (6 = 77.0) for 13C, and
acetonitrile (& = 118.26) for 13C as internal standards. For 1B and *'B{*H} NMR spectra, data were calibrated using
external boron trifluoride diethyl ether (BFs3-Et,0) as the reference compound.

Characterization data.



Br H

H

1: White solid, 94%; *H NMR (400 MHz, CDsCN): 5 3.60 (s, 2H); *H{}'B} NMR (400 MHz, CDCls): & 3.59 (s, 2H),
2.68 (s, 1H), 2.55 (s, 2H), 2.49 (s, 2H), 2.34 (s, 2H), 2.16 (s, 2H). 3C{*H} NMR (100 MHz, CD;CN): & 53.26, 46.77; 11B
NMR (128 MHz, CDCN): 6 0.16 (s, 1B), -1.58 (d, J = 152.3 Hz, 1B), -8.27 (d, J = 154.9 Hz, 2B), -12.86 — -16.41 (m,

6B); 11B{*H} NMR (128 MHz, CD;CN): § 0.21 (1B), -1.51 (1B), -8.25 (2B), -13.49 (2B), -14.47 (2B), -15.70 (2B).

Cl H

H

2: White solid, 72%; *H NMR (400 MHz, CDCl3): 6 3.55 (s, 1H), 3.43 (s, 1H); H{*!B} NMR (400 MHz, CDCl;): & 3.55
(s, 1H), 3.43 (s, 1H), 2.60 (s, 1H), 2.47 (s, 2H), 2.41 (s, 2H), 2.29 (s, 2H), 2.11 (s, 2H); 13C{*H} NMR (100 MHz, CDCl;):
8 52.03, 44.31; 11B NMR (128 MHz, CDCl3): § 7.59 (s, 1B), -1.96 (d, J = 153.6 Hz, 1B), -8.73 (d, J = 156.1 Hz, 2B), -

13.21 —-17.07 (m, 6B); 11B{*H} NMR (128 MHz, CDCl;): 5 7.70 (1B), -1.89 (1B), -8.67 (2B), -13.83 (2B), -15.15 (28B),

-16.35 (2B).
Br H
Cl H

3: White solid, 92%; 'H NMR (400 MHz, CDCl3): 6 3.63 (s, 1H), 3.52 (s, 1H); 'H{11B} NMR (400 MHz, CDCl;): 6 3.62
(s, 1H), 3.51 (s, 1H), 2.64 (s, 2H), 2.47 (s, 4H), 2.31 (s, 2H); 13C{*H} NMR (100 MHz, CDCl;): & 45.46, 44.22; 1B NMR
(128 MHz, CDCl5): § 7.04 (s, 1B), 0.09 (s, 1B), -7.78 (d, J = 154.9 Hz, 2B), -14.81 (d, J = 168.9 Hz, 4B), -17.60 (d, J =

180.5 Hz, 2B); 1'B{*H} NMR (128 MHz, CDCl3): & 7.04 (1B), 0.10 (1B), -7.76 (2B), -14.79 (4B), -17.63 (2B).

Br H

Br H

4: White solid, 80%; 'H NMR (400 MHz, CDCls): 5 3.70 (s, 2H); *H{1B} NMR (400 MHz, CDCls): § 3.70 (s, 2H), 2.69
(s, 2H), 2.54 (s, 4H), 2.37 (s, 2H); 3C7{*H} NMR (100 MHz, CDCls): 5 46.49; }'B NMR (128 MHz, CDCl;): 5 0.19 (s,
2B), -7.42 (d, J = 152.3 Hz, 2B), -14.46 (d, J = 166.4 Hz, 4B), -16.99 (d, J = 189.4 Hz, 2B); 1B{*H} NMR (128 MHz,

CDCly): 6 0.27 (2B), -7.40 (2B), -14.49 (4B), -17.03 (2B).



Cl H

Cl H

5: White solid, 77%; *H NMR (400 MHz, CDCls): 6 3.48 (s, 2H); *H{*!B} NMR (400 MHz, CDCl3): § 3.47 (s, 2H), 2.57
(s, 2H), 2.41 (s, 4H), 2.26 (s, 2H); BC{*H} NMR (100 MHz, CDCl3): § 43.32; 1B NMR (128 MHz, CDCls): 5 6.86 (s, 2B),
-8.29 (d, J = 156.2 Hz, 2B), -15.28 (d, J = 168.9 Hz, 4B), -18.41 (d, J = 185.6 Hz, 2B); 11B{'H} NMR (128 MHz, CDCl;):

5 6.96 (2B), -8.26 (2B), -15.28 (4B), -18.42 (2B).
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Figure S1. Experimental IR absorption spectra of 1-5 (a-e) under ambient condition.
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Figure S2. TGA of 1-5 (a-e).
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Figure S3. The crystal structures of 2.
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Figure S4. The crystal structures of 4.

Figure S5. The crystal structures of 5.
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Figure S6. Temperature-dependent €' of 1-5 (a-e) at 1 MHz.



(

(a) str— 100Hz (b) 2504 — 100Hz
s00{— 1KHz = 1KHz

= 10 KHz = 10 KHz

s00] — 100Kz 2004 — 100 KHz

= 1 MHz ~— 1 MHz

) .
100 & 150
200 100
100 50
0 0
320 340 360 380 400 320 340 360 380
Temperature (K) Temperature (K)
2000 1500
(c) — 100Hz ()] —— 100Hz — 1| KHz — 10 KHy, (e) — 1001
— 1KHz —— 100 Kliz — 1 MHz 3200 — 1 Kz
15004 — 10 KRz 1200 —— 10KHz
—— 100 KHz —— 100 KHz
—— 1 MHz 24009 1 Muz
1000 : &
N ) @
W 1600
500
800 J\
ol \ f
320 340 360 380 400 420 44 416 424 432 440 448 340 360 3 400 420
Temperature (K) Temperature (K) Temperature (K)
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Figure S8. Temperature-dependent SHG intensity of 1-5 (a-e).
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Figure S10. Variable-temperature PXRD patterns of 1-5 (a-e).
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Figure S11. Pawley refinement of PXRD data of 1-5 (a-e) collected at high temperature.
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Figure S12. Single crystal X-ray diffraction pattern of 1-5 at 373 K, 373 K, and 433 K, 443 K and 443 K, respectively.
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Figure S13. The dipole moments calculated for o-carborane and compounds 1-5.
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Figure S14. PFM amplitude (a, b, c) and phase hysteresis loops (d, e, f) of 2, 4 and 5 thin films.




Table S1. Crystal data and structure refinement for 1-2.

Formula C,H1,B10Br C,H1,B10Cl
Temperature 296 K 296 K
Formula weight 223.11 178.66
Crystal system monoclinic monoclinic
Space group P2, Cc
a(A) 6.8936(14) 7.119(6)
b (A) 24.047(5) 11.824(6)
c(A) 7.1162(15) 11.636(8)
V(A)3 1035.6(4) 979.4(12)
z 4 4
Dearc (g.cm™) 1.431 1.212
F(000) 432.0 360.0
Fmax 27.530 27.882
u(Mo Ka,mm™1) 3.900 0.316
Reflections collected 6221 2725

Unique reflections

4764 [R(e) = 0.0368]

2327 [Rlin) = 0.0335]

No. of variables

236

119

Final R indices (/ 2 20)

R1=0.0633, wR; =0.1492

R, =0.0603, wR; =0.1298

R indices (all data)

R1=0.0957, wR;, =0.1631

Ry =0.0775, wR, = 0.1427

Goodness-of-fit

1.058

1.113




Table S2. Crystal data and structure refinement for 3-5.

Formula CzHloBloBrcl C2H10B108r2 C2H10B10C|2
Temperature 296 K 293 K 296 K
Formula weight 257.55 302.02 213.10

Crystal system

orthorhombic

orthorhombic

orthorhombic

Space group Pna2, Pna2, Pna2,
a(A) 12.9028(15) 13.0415(7) 12.7212(14)
b (A) 7.3660(8) 7.4431(4) 7.2601(8)
c(A) 11.6524(13) 11.7318(6) 11.5565(14)
V(A)3 1107.5(2) 1138.80(10) 1067.3(2)
Z 4 4 4
Dearc (8.cm3) 1.545 1.762 1.326
F(000) 496.0 568.0 424.0
Fmax 24.998 30.771 27.640
(Mo Ka,mm-?) 3.891 7.058 0.544
Reflections collected 5262 5594 6096

Unique reflections

1953 [R(in) = 0.0244]

3552 [R(in;) = 0.0333]

2496 [R(;n) = 0.0219]

No. of variables

128

127

127

Final R indices (/ = 20)

R, =0.0638, wR, =0.1984

R, =0.0362, wR, =0.1006

R1=0.0357, wR; = 0.0901

R indices (all data)

R, =0.0682, wR; = 0.2054

R, =0.0475, wR, =0.1081

Ry =0.0412, wR, = 0.0936

Goodness-of-fit

1.085

0.797

1.057




Table $3. Hydrogen bond lengths [A] and bond angles [°] of 1 at LTP.

D-H--A D-H [A] H--A[A] D--A[A] D-H---A[°]

B(9)-H(9)--Br(1)t 1.10 2.70 3.651(18) 145
B(13)-H(13)-Br(2)? 1.10 2.86 3.763(15) 139
C(2)-H(2)--Br(2)3 1.10 2.81 3.794(9) 149
C(3)-H(3)--Br(1) 1.10 2.79 3.680(9) 137
Symmetry codes: 1 -1+x, y, z; 2 x, y, -1+z; 31-x, 1/2+y, 1-z
Table S4. Hydrogen bond lengths [A] and bond angles [°] of 2 at LTP.

D-H---A D-H [A] H-A[A] D--A[A] D-H--A["]
C(1)-H(1)--Cl(1)* 1.10 2.64 3.579(7) 143
C(2)-H(2)--Cl(1)? 1.10 2.77 3.619(7) 134

Symmetry codes: ! 1/2+x, 1/2+y, z; 2 1/2+x, 3/2-y, 1/2+z.
Table S5. Hydrogen bond lengths [A] and bond angles [°] of 3 at LTP.

D-H---A D-H [A] H-A[A] D--A[A] D-H--A["]
C(1)-H(1)--CI(1)* 1.10 2.59 3.600(11) 153

Symmetry codes: ! 3/2-x, 1/2+y, -1/2+z.
Table S6. Hydrogen bond lengths [A] and bond angles [°] of 4 at LTP.

D-H--A D-H [A] H---A[A] D--A[A] D-H--A[°]

C(4)-H(4)--Br(1) 1.10 2.64 3.638(7) 151

Symmetry codes: ! 3/2-x, 1/2+y, 1/2+z.



Table S7. Hydrogen bond lengths [A] and bond angles [°] of 5 at LTP.

D-H--A D-H [A] H--A[A] D--A[A] D-H--A[’]

C(1)-H(1)--CI(1)2 1.10 2.49 3.515(4) 154

Symmetry codes: ! 1/2-x, 1/2+y, 1/2+z.

Table S8. The list of some typical molecular ferroelectrics with high phase transition temperatures.

Compound T, (K) Year Reference
(R)-3-quinuclidinol
400/398 2018 1
(S)-3-quinuclidinol
2-(hydroxymethyl)-2-nitro-1,3-
362 2020 2
propanediol
1,2,3,4,5-pentamethyl-6-nitrobenzene 403 2021 3
tris(4-acetylphenyl)amine 408 2021 3
D-chiro-inositol-SiMe; 342 2022 4
(R)-BINOL-DIPASI/
362/363 2022 5
(S)-BINOL-DIPASi
R-CSAIl and S-CSAl 429 2022 6
2-amino-2',4,4',6,6'-penta-
443 2022 7
fluoroazobenzene
(-)-camphanic acid 414 2022 8
5-iodo-2-adamantanone 361 2022 9
tetrakis(4-fluorophenylethynyl)silane 475 2023 10
Rs-tBUSA/ S-tBuSA 348 2023 u
2,2,3,3,4,4-hexafluoropentane-1,5-diol 282 2024 12
B(9)-Br-C,B1gH11 353 2024 Our paper
B(9,12)-Br,-C,B1gH1g 437 2024 Our paper
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