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Collection of currently known homo- and hetero polyhalide anions and 

polyhalogen cations, “mononuclear” and “oligonuclear” species
Table S1. Currently known polyhalide anions.

Homopolyhalide anions Heteropolyhalide anions

“mononuclear” “oligonuclear”

F [F2]–,[1–3] [F3]−,[4–9] [F5]− [9,10]

Cl [Cl2]–[1–3,11] [Cl3]−,[12–21] [Cl5]−,[22,23] 
[Cl7]–,[24] [Cl9]–,[19] [Cl11]–,[25] [Cl13]–,[25] 
[Cl8]2− [26–28], [Cl12]2–,[25]

[ClF2]−,[5,29–32] [Cl2F]–,[5]

[ClF4]−,[33–36] 
[ClF6]−,[37] [ClBr6]−,[12]

[ClI4]− (unsure),[12,38] [Cl(I2)4]−,[39–41] 
[Cl2I14]2–,[42]

[F(ClF)3]−,[24] [F(ClF3)3]−[43]

Br [Br3]−,[12,44–48] [Br5]−,[44,49,46,50,47] 
[Br7]−,[42,46,51] [Br9]−,[46,52–55] 
[Br11]−,[56,57]

[Br4]2–,[58–62] [Br6]2−,[63] 
[Br8]2−,[64,65,48,42,47] [Br10]2−,[66,67] 
[Br20]2−,[42,68] [Br24]2−[69]

[BrF2]−,[32,70,71] [BrF4]−,[72–80]

[BrF6]−[81–85] [Br2Cl]–,[86] [Br(I2)2]– 
(unsure),[87] [BrCl2]–,[12,88–92]

[F(BrF3)2]−,[93,80,94] [F(BrF3)3]–,[94] 
[Br4F13]−,[95] [F(BrF5)3], [Cl(BrCl)6]–,[96] 
[Cl(BrCl)5]–,[96] [Cl(BrCl)3]–,[96]

I many [97] (In
−)

many (In
2–, In

3–, In
4–) [98]

[IF2]−,[32,35,99,100] [IF4]−,[35,101,102] 
[IF6]−,[81,103–105] [IF8]−,[106–108] [IF5]2–,[109] 
[ICl2]–,[41,110–115] [I2Cl]–,[86,110,116–118] 
[ICl4]−,[119–121] [BrICl]–,[122–127] [I2Cl2Br]–

,[128] [I2Br2Cl4]2–, [I3BrCl4]2–, [I4Br2Cl2]2–, 
[I2Br4Cl2]2–, [I3Br3Cl2]2–,[129] [IBr4]–,[47] 
[IBr2]–,[130–134] [I2Br]–,[118,130,135–137] 
[I2Br6]2–,[47] [I2Br2]2–,[118] [I2Cl2]2–,[118,138] 
[I4Cl4]2–,[38,139] [I3Cl5]2–,[38] [I4Cl8]2–,[139] 
[I6Cl6]2–,[139] [I5Br7]2–,[134] [I2Br6]2–, 
[I3Br5]2–, [I4Br4]2–,[140]

[F(IF5)3]−,[82,141] [Cl(ICl)2]−,[121,128,139,142–144] 
[Cl(ICl)3]–,[145,139,146] [I2Cl7]− (unsure),[120] 
[I3Cl10]− (unsure),[120] [Br(IBr)2]−,[131,147] 
[Br(IBr)3]−,[148,149] [I4Br5]−,[147]

A recent review on polyhalogeno anions is available in the literature.[146]

Table S2. Currently known polyhalogen cations.

Homopolyhalogen cations Heteropolyhalogen cations

“mononuclear” “oligonuclear”

F

Cl [Cl2]+, [Cl3]+,[150–153] [Cl4]+[154] [ClF2]+,[155–158] [Cl2F]+,[152,159,160]

[ClF4]+,[161,162] [ClF6]+,[163,164]

Br [Br2]+, [Br3]+,[165–167] [Br5]+,[167,168] [BrF2]+,[169,170] [BrF4]+,[171,172] [BrF6]+,[173] [Br2F5]+,[174] [Br3F8]+[174]

I [I2]+, [I3]+,[166,175,176] [I5]+,[176] [I7]+ 
(unsure),[177] [I4]2+,[178,179] [I15]3+ [180]

[IF2]+ [181], [ICl2]+,[182,183] [IBrCl]+,[184] 
[IBr2]+,[185] [I2Cl]+ (unsure),[184,186] 
[I2Br]+,[187] [IF4]+,[171] [IF6]+,[188]

[I4Cl3]+ (unsure),[186] [I5Cl4]+ (unsure),[186] 
[I3Cl2]+,[186]
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Experimental
All operations were performed on a stainless steel (316L) Schlenk line, which was passivated 

with fluorine and ClF3 at various temperatures and pressures before use. Reaction vessels were 

made out of fluoropolymer (perfluoroalkoxy alkanes, PFA or perfluorinated ethylene propylene 

copolymer, FEP) and sealed with either a PFA needle valve (Swagelok). The vessels were 

baked out in vacuum (~10–3 mbar) at circa 393 K for several times and passivated with diluted 

F2 (F2/Ar 20:80, V/V, Solvay). All solid starting materials were stored and handled in an Ar-

filled (Ar 5.0, Nippon Gases) glove box (MBraun). BrF5 and [NMe4][BrF6] and [NMe4]F were 

prepared according to literature.[84,189,190]

Caution! F2, BrF5 and the fluoridobromates(V) are highly toxic and very strong oxidizers and 

therefore must be handled with proper protective equipment and with appropriate emergency 

treatment procedures available in the event of contact. The utmost precautions must be taken 

when disposing of these materials and their derivatives.

Synthesis of [NMe4][Br4F21]: 30.0 mg (0.112 mmol, 1.00 eq) of [NMe4][BrF6] was placed in a 

PFA vessel inside the glove box and an excess of BrF5 (0.30 mL, 0.74 g, 4.2 mmol, 38 eq) was 

distilled onto the solid cooled to –196 °C. The reaction mixture was allowed to warm up to 

room temperature resulting in a colorless solution. Cooling the solution to –36 °C resulted in 

the formation of colorless cube-shaped crystals of the title compound.

Reaction of [NMe4]F with neat BrF5: 55.0 mg (0.590 mmol, 1.00 eq) of NMe4F was placed in 

a PFA vessel inside the glove box, sealed with a PFA needle valve, and connected to a Schlenk 

line. The solid was cooled to –196 °C and BrF5 vapor was allowed to enter the evacuated vessel 

via the Schlenk line. Immediately thereafter, an explosion occurred with a sharp bang (see 

Figure S 1).
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Figure S1. Four consecutive frames of a video of the reaction of [NMe4]F with BrF5. The right vessel contains [NMe4]F and is cooled in a 
Weinhold vessel filled with liquid nitrogen. On the right side is the vessel containing BrF5, which is connected to the left vessel via the Schlenk 
line. As soon as BrF5 starts to condense in the left reaction vessel, it starts reacting. A bright flash (second frame) followed by an orange-yellow 
flame shooting upwards through the vessel (third frame) can be seen. After the reaction, the vessel is still intact and only covered by a dense 
layer of soot (fourth frame) that can be wiped off again.

Single crystal X-ray structure determination
Single-crystal X-ray diffraction of [NMe4][Br4F21]·BrF5: Crystals of [NMe4][Br4F21]·BrF5 were 

selected in the absence of air under dried, cooled perfluoropolyether (Galden LS/230, Solvay, 

stored over molecular sieves 3 Å) and mounted on a MiTeGen loop. Intensity data of a suitable 

crystal were recorded with a D8 Quest diffractometer (Bruker). The diffractometer was 

operated with monochromatized Mo-Kα radiation (0.71073 Å) using multi-layered optics and 

equipped with a PHOTON III C14 detector. Evaluation, integration and reduction of the 

diffraction data was carried out with the APEX3 software suite.[191] The diffraction data was 

corrected for absorption utilizing the numerical absorption correction method of SADABS 

within the APEX3 software suite. The structure was solved with dual-space methods 

(SHELXT) in space group P213 (No. 198),[192] and refined against F2 using the SHELXL 

program within the ShelXle suite as a merohedral twin by introducing the following twin 

instruction: TWIN   0 –1 0    –1 0 0    0 0 1.[193,194] 

Because of the BrF5 moieties as well as the [NMe4]+ ion located at 4a positions with .3. 

symmetry, those are affected by disorder. Alternatively, a structural model in the orthorhombic 

subgroup P212121 (No. 19), without threefold rotation axis, was considered. For this purpose, 

the detwinned data were first extracted from the fcf-file created with the LIST 8 option of 

SHELXL using the HKLF5Tools program,[195] which allowed to introduce the additional 

threefold twin instruction (TWIN 0 0 1 1 0 0 0 1 0 3) for the following refinement in space 

group P212121. However, a stable refinement in space group P212121 was only possible with 
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hard constraints such as rigid bonds or fixed atomic positions and fixed batch scale factors, and 

still resulted in ill-behaved or non-positive atomic displacement parameters, strong correlations 

between atom coordinates, and therefore worse R-values than for the refinement in space group 

P213, which therefore is the superior choice. The description of the structure as disordered is 

also reasonable because the recorded reflection intensities decrease sharply at higher diffraction 

angles, which would not be expected if the structure were merely twinned by classical pseudo-

merohedry.

Representations of the crystal structures were created with the Diamond software.[196] Non-

hydrogen atoms were refined with anisotropic displacement parameters. Anisotropic 

displacement parameters of fluorine atoms affected by disorder were restrained to approximate 

isotropic behavior by introducing appropriate ISOR instructions when necessary. H atom 

positions of the disordered methyl groups were calculated and refined using a riding model 

(AFIX) with isotropic displacement parameters 1.5 times Ueq of the associated carbon atom. 

The highest residual electron density after the final refinement was 0.45 e·Å–3, 0.89 Å distant 

from atom F2E. CCDC 2311055 contains the supplementary crystallographic data for this 

paper. These data are provided free of charge by The Cambridge Crystallographic Data Centre.

Table S3. Selected crystallographic data and details of the structure determination of [NMe4][Br4F21]·BrF5.

Compound [NMe4][Br4F21]·BrF5

Molar mass / g·mol−1 967.70
Space group (No.) P213 (198)
a / Å 13.389(4)
V / Å3 2400(2)
Z 4
Pearson symbol cP192
ρcalc. / g·cm−3 2.678 
µ / mm−1 8.57
Color colorless
Crystal morphology block
Crystal size / mm3 0.47 × 0.43 × 0.33
T / K 100
λ / Å 0.71073
No. of reflections measured 61002
θ range / ° 2.151 – 33.745
Range of Miller indices –20≤ h ≤ 20, –20 ≤ k 20, –20 ≤ l ≤ 20
Absorption correction numerical
Tmax, Tmin 0.205, 0.099
Rint, Rσ 0.0504, 0.0207
Completeness of the data set 1
No. of unique reflections 3221
No. of parameters 179
No. of restraints 54*
S (all data) 1.035
R(F) (I ≥ 2σ(I), all data) 0.0248, 0.0273
wR(F2) (I ≥ 2σ(I), all data) 0.0645, 0.0655
BASF 0.466(2)
Δρmax, Δρmin / e·Å−3 0.45, –0.52
*ISOR restraints on Uij parameters of disordered F atoms.

http://www.ccdc.cam.ac.uk/
%255bN(CH3)4%255d%255bBr4F21%255d-BrF5%2520_space_group_name_H-M_alt
%255bN(CH3)4%255d%255bBr4F21%255d-BrF5%2520_exptl_absorpt_coefficient_mu
%255bN(CH3)4%255d%255bBr4F21%255d-BrF5%2520_exptl_crystal_size_max
%255bN(CH3)4%255d%255bBr4F21%255d-BrF5%2520_exptl_crystal_size_mid
%255bN(CH3)4%255d%255bBr4F21%255d-BrF5%2520_exptl_crystal_size_min
%255bN(CH3)4%255d%255bBr4F21%255d-BrF5%2520_refine_ls_number_reflns
%255bN(CH3)4%255d%255bBr4F21%255d-BrF5%2520_exptl_absorpt_correction_T_max
%255bN(CH3)4%255d%255bBr4F21%255d-BrF5%2520_exptl_absorpt_correction_T_min
%255bN(CH3)4%255d%255bBr4F21%255d-BrF5%2520_diffrn_reflns_av_R_equivalents
%255bN(CH3)4%255d%255bBr4F21%255d-BrF5%2520_refine_diff_density_max
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Table S4. Wyckoff position, site symmetry, fractional atomic coordinates, and isotropic or equivalent isotropic displacement parameters (Å2).

Wyck. site x y z Uiso*/Ueq Occ. (<1)
Br1 4a .3. 0.14698 (2) x x 0.02843 (14)
Br2 12b 1 0.36683 (3) 0.36404 (3) 0.14815 (3) 0.02639 (9)
Br3 4a .3. 0.46870 (3) x x 0.04010 (19)
F1 4a .3. 0.25366 (14) x x 0.0219 (6)

F1A 12b 1 0.063 (5) 0.068 (7) 0.1003 (16) 0.060 (6) 0.3333
F1B 12b 1 0.0745 (18) 0.2406 (15) 0.0737 (17) 0.095 (5) 0.3333
F1C 12b 1 0.2078 (15) 0.1291 (14) 0.0320 (11) 0.064 (3) 0.3333
F1D 12b 1 0.2104 (15) 0.0518 (9) 0.1995 (13) 0.060 (3) 0.3333
F1E 12b 1 0.0635 (17) 0.1600 (18) 0.2447 (14) 0.084 (5) 0.3333
F2A 12b 1 0.4714 (3) 0.4090 (3) 0.0926 (4) 0.0652 (11)
F2B 12b 1 0.4249 (4) 0.2464 (3) 0.1311 (4) 0.0701 (15)
F2C 12b 1 0.3197 (6) 0.3578 (6) 0.0270 (4) 0.104 (3)
F2D 12b 1 0.3326 (4) 0.4912 (3) 0.1526 (4) 0.0709 (15)
F2E 12b 1 0.4412 (4) 0.3724 (7) 0.2583 (4) 0.089 (2)
F3A 12b 1 0.540 (5) 0.558 (3) 0.524 (3) 0.059 (6) 0.3333
F3B 12b 1 0.5094 (14) 0.3800 (14) 0.5603 (13) 0.068 (4) 0.3333
F3C 12b 1 0.5874 (12) 0.441 (2) 0.4087 (16) 0.083 (5) 0.3333
F3D 12b 1 0.440 (2) 0.5670 (15) 0.3977 (15) 0.073 (5) 0.3333
F3E 12b 1 0.3747 (13) 0.4948 (19) 0.5498 (12) 0.067 (4) 0.3333
N1 4a .3. 0.7352 (3) x x 0.0259 (9)
C1 4a .3. 0.6707 (3) x x 0.0356 (16)

H1A 12b 1 0.606095 0.660379 0.703476 0.053* 0.3333
H1B 12b 1 0.703476 0.606095 0.660379 0.053* 0.3333
H1C 12b 1 0.660379 0.703476 0.606095 0.053* 0.3333
C2 12b 1 0.8380 (8) 0.7201 (12) 0.7011 (12) 0.054 (3) 0.5

H2A 12b 1 0.881164 0.771676 0.730023 0.081* 0.5
H2B 12b 1 0.840396 0.724519 0.628034 0.081* 0.5
H2C 12b 1 0.861346 0.654055 0.722285 0.081* 0.5
C3 12b 1 0.8160 (9) 0.7917 (16) 0.6765 (9) 0.062 (4) 0.5

H3A 12b 1 0.854520 0.833795 0.722373 0.093* 0.5
H3B 12b 1 0.784289 0.833760 0.625653 0.093* 0.5
H3C 12b 1 0.860688 0.743697 0.644068 0.093* 0.5

%255bN(CH3)4%255d%255bBr4F21%255d-BrF5%2520_atom_site_label
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Table S5. Anisotropic displacement parameters (Å2).

U11 U22 U33 U12 U13 U23

Br1 0.02843 (14) 0.02843 (14) 0.02843 (14) −0.00650 (14) −0.00650 (14) −0.00650 (14)
Br2 0.02618 (18) 0.02442 (17) 0.02858 (18) −0.00481 (13) 0.00501 (14) 0.00427 (14)
Br3 0.04010 (19) 0.04010 (19) 0.04010 (19) −0.00966 (15) −0.00966 (15) −0.00966 (15)
F1 0.0219 (6) 0.0219 (6) 0.0219 (6) −0.0010 (7) −0.0010 (7) −0.0010 (7)

F1A 0.049 (12) 0.068 (14) 0.063 (11) −0.033 (6) −0.010 (16) −0.02 (2)
F1B 0.089 (5) 0.083 (9) 0.113 (11) 0.039 (7) −0.053 (8) −0.003 (8)
F1C 0.089 (5) 0.066 (7) 0.038 (5) −0.014 (7) 0.022 (6) −0.012 (6)
F1D 0.089 (5) 0.025 (4) 0.065 (8) 0.009 (6) −0.014 (7) 0.004 (5)
F1E 0.089 (5) 0.093 (11) 0.069 (9) −0.032 (9) 0.032 (7) −0.021 (8)
F2A 0.052 (2) 0.062 (3) 0.081 (3) −0.0139 (19) 0.036 (2) 0.013 (2)
F2B 0.064 (3) 0.0406 (19) 0.106 (4) 0.0095 (19) 0.040 (3) 0.005 (2)
F2C 0.125 (6) 0.131 (7) 0.058 (3) −0.012 (5) −0.052 (4) −0.002 (4)
F2D 0.082 (3) 0.0261 (14) 0.104 (4) 0.0013 (17) 0.045 (3) 0.008 (2)
F2E 0.072 (3) 0.145 (6) 0.049 (3) 0.010 (4) −0.021 (2) −0.018 (3)
F3A 0.064 (9) 0.052 (10) 0.061 (11) −0.026 (8) −0.023 (8) −0.012 (7)
F3B 0.065 (7) 0.081 (8) 0.059 (7) −0.014 (7) −0.019 (6) 0.013 (6)
F3C 0.045 (7) 0.113 (12) 0.091 (10) 0.001 (9) 0.013 (7) 0.012 (9)
F3D 0.087 (10) 0.060 (8) 0.072 (9) −0.034 (8) −0.004 (8) 0.014 (7)
F3E 0.072 (8) 0.084 (9) 0.045 (6) 0.014 (8) 0.010 (6) −0.013 (7)
N1 0.0259 (9) 0.0259 (9) 0.0259 (9) 0.0012 (10) 0.0012 (10) 0.0012 (10)
C1 0.0356 (16) 0.0356 (16) 0.0356 (16) −0.0034 (14) −0.0034 (14) −0.0034 (14)
C2 0.026 (4) 0.071 (9) 0.064 (8) −0.015 (5) 0.004 (5) −0.015 (7)
C3 0.029 (5) 0.120 (14) 0.037 (5) −0.034 (7) 0.002 (4) 0.010 (6)

Table S6. Selected experimentally observed and calculated equivalent atomic distances of [NMe4][Br4F21]·BrF5 in Å (DFT-PBE0/TZVP for 
solid-state and DFT-PBE0/def2-TZVP for single molecule). Note that the site symmetry of the disordered anion in the crystal structure is C3, 
while in the solid-state quantum-chemical calculation the point group is C1 and S4 in the molecular calculation.

d(exp.) / Å d(solid state calc.) / Å d(single molecule calc.) / Å

Br1–F1A 1.668(8) 1.706 1.715

Br1–F1B 1.864(16) 1.791 1.792

Br1–F1C 1.759(13) 1.792 1.794

Br1–F1D 1.685(13) 1.781 1.786

Br1–F1E 1.729(17) 1.782 1.779

Br2–F2A 1.696(3) 1.704, 1.708, 1.706 -

Br2–F2B 1.771(4) 1.784, 1.785, 1.777 -

Br2–F2C 1.742(5) 1.801, 1.787, 1.789 -

Br2–F2D 1.764(4) 1.793, 1.781, 1.785 -

Br2–F2E 1.783(4) 1.798, 1.795, 1.779 -

Br1–F1 2.474(3) 2.462

Br2–F1 2.5446(14) 2.456, 2.510, 2.577
2.576
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Table S7. Selected experimentally observed and calculated angles for the [Br4F21]– anion in °. Symmetry operations for generation of equivalent 
atoms: ‘z, x, y. Note that the site symmetry of the disordered anion in the crystal structure is C3, while in the solid-state quantum-chemical 
calculation the point group is C1 and S4 in the molecular calculation. DFT-PBE0/TZVP level of theory for solid-state and DFT-PBE0/def2-
TZVP for single molecule.

∡(exp.) /° ∡(solid state calc.) /° ∡(single molecule calc.) /°

Br1-F1-Br2 111.01(7) 112.06, 108.13, 109.11 110.567

Br2'-F1-Br2 107.89(7) 106.83, 109.75, 110.95 108.926

F1A-Br1-F1 166.6(5) 155.19 155.629

F1A-Br1-F1E 84.8(17) 83.34 83.823

F1A-Br1-F1B 83.(4) 84.34 83.262

F1A-Br1-F1C 84.2(12) 83.85 83.911

F1A-Br1-F1D 91.(4) 83.44 83.351

F1B-Br1-F1 102.5(6) 111.54 110.839

F1C-Br1-F1 108.5(6) 113.74 115.041

F1C-Br1-F1B 82.5(8) 90.66 89.581

F1D-Br1-F1 84.5(5) 79.73 80.778

F1D-Br1-F1C 91.7(8) 88.91 89.259

F1D-Br1-F1E 94.9(8) 88.94 89.466

F1D-Br1-F1B 172.1(8) 167.75 167.733

F1E-Br1-F1C 167.2(9) 167.17 166.610

F1E-Br1-F1 83.0(7) 72.28 77.751

F1E-Br1-F1B 89.8(11) 88.77 88.840

F2A-Br2-F2D 83.5(2) 83.45 -

F2A-Br2-F2E 83.1(3) 84.90, 82.44, 83.23 -

F2A-Br2-F1 160.28(18) 162.14, 154.40, 154.84 -

F2A-Br2-F2C 84.7(3) 84.94, 83.84, 83.13 -

F2A-Br2-F2B 84.1(2) 83.59, 84.16, 83.86 -

F2B-Br2-F1 79.43(14) 78.57, 79.00, 82.58 -

F2B-Br2-F2E 85.3(3) 88.71, 88.32, 88.49 -

F2C-Br2-F2D 89.0(3) 90.36, 90.71, 89.36 -

F2C-Br2-F2B 89.8(4) 88.43, 87.85, 89.36 -

F2C-Br2-F1 105.9(3) 95.36, 114.38, 117.74 -

F2C-Br2-F2E 167.2(3) 169.69, 166.06, 166.33 -

F2D-Br2-F2E 93.3(3) 90.21, 90.10, 89.13 -

F2D-Br2-F1 112.78(14) 114.39, 112.93, 108.56 -

F2D-Br2-F2B 167.6(2) 167.04, 167.34, 167.59 -

F2E-Br2-F1 84.8(3) 93.78, 77.96, 75.34 -
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Raman Spectroscopy
The Raman spectra were recorded with a Monovista CRS+ confocal Raman microscope 

(Spectroscopy & Imaging GmbH) using a 488 nm solid-state laser for excitation and either a 

300 grooves/mm (low-resolution mode, FWHM: <5.50 cm−1) or a 1800 grooves/mm (high-

resolution mode, FWHM: <0.443 cm−1) grating. Sample preparation of [NMe4][Br4F21]·BrF5: 

Crystals of the compound were selected under extensive exclusion of air under dried, cooled 

perfluoropolyether (Galden LS/230, Solvay, stored over molecular sieves 3 Å) using an optical 

microscope. For the transfer to the Raman microscope, the crystals within the oil were cooled 

with liquid nitrogen and quickly transferred onto the pre-cooled microscopy stage (BCS196, 

Linkam) of the Raman microscope. During the measurement, the sample chamber was flushed 

with a stream of nitrogen. However, air contact cannot be completely prevented when 

transferring the sample, which can also be seen from the fact that ice crystals form during the 

measurement on the object slide carrying the sample. The spectrum was recorded at a 

temperature of –60 °C in order to avoid the increase of hydrolysis products. After the 

measurement, the crystals of [NMe4][Br4F21]·BrF5 suspended in perfluoropolyether were 

allowed to slowly warm up on the cooled sample holder and their decomposition was visually 

observed under the light microscope. At about –30 °C the crystals began to shrink and droplets 

of a colorless liquid formed on the surfaces of the crystals. As the temperature further increased, 

the crystals began to dissolve more and more. A Raman spectrum of the remaining crystals 

recorded at 5 °C indicated that the compound was still present. At about 22 °C, the remaining 

crystals and the liquid that had formed began to react vigorously, forming a brownish liquid 

indicative of the formation of bromine. However, since the presence of moisture could not be 

completely excluded and the hydrolysis was occurring simultaneously, the decomposition 

temperature of [NMe4][Br4F21]·BrF5 could not be reliably determined.
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Band assignment for the Raman spectrum of [NMe4][Br4F21]·BrF5

Table S8. Band assignment for the calculated Raman spectrum (>150 cm–1) of [NMe4][Br4F21]·BrF5. The notation for band assignments is the 
following: ν – stretching, δ – deformation, s symmetric, as – asymmetric. vw – very weak, w -weak, m – medium, s -strong, vs – very strong, 
sh – shoulder. The band assignment is derived from visual inspection from the calculated normal modes using the visualization tool 
CRYSPLOT.[197,198]

ν(observed) / cm–1 ν(calculated) / cm–1 Assignment

235(vw) 233 BrF5: wagging δ(Feq–Br–Feq)

308(w) 306, 318, 325 BrF5: scissoring mode δ(Br–Feq)

372(m) 393 BrF5: umbrella mode δ(Br–Feq)

413(w) 430 BrF5: wagging δ(Fap–Br–Feq)

529(s) 528, 535, 542, 560 BrF5: various Br–Feq stretching vibrations

567(s) 595, 616 BrF5: out of phase streching νs(Br–Feq) + νas(Br–Feq)

673(sh) 710 BrF5: out of phase stretching νs(Br–Fap)

682(vs) 734 BrF5: in phase stretching νs(Br–Fap)

751(w) 786 NMe4: νs(N–C)

948(w) 985 NMe4: νas(N–C)

1166(vw) 1200 NMe4: δas(CH3)

1289(vw) 1328 NMe4: δas(CH3) combined with δas(N–C)

1422(vw) 1457 NMe4: δs(CH3)

1453(w) 1493 NMe4: δas(CH3)

2826(w)

2872(vw)

2900(vw)

2929(m)

2962(w)

– NMe4: 2nd order vibrations[199]

2988(m) 3197, 3106, 3114 NMe4: νs(CH3)

3047(w) 3200, 3208, 3218, 3223, 
3231, NMe4: νas(CH3)
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Quantum-chemical calculations on the isolated anions [F(XF5)4]– (X = Cl – I)
Molecular calculations were carried out with the TURBOMOLE7.7[200,201] program suite using 

the PBE0 hybrid density functional method (DFT-PBE0).[202,203] We used the def2-TZVP triple-

ζ valence basis set for fluorine, chlorine, bromine, and iodine atoms.[204] For the iodine atom, 

scalar relativistic effects were taken into account using a 28-electron effective core potential 

(ECP).[205] Multipole-accelerated resolution-of-the-identity approximation (MA-RIJ) was used 

to speed up the DFT calculations[206–208] and an m4 integration grid was used for the numerical 

integration of the exchange correlation part. The “COnductor-like Screening MOdel” 

(COSMO) was applied to all structures to compensate the negative charge.[209] The structures 

of the complex anions were fully optimized within the constraints of their respective molecular 

point group symmetry. Numerical harmonic frequency calculations were performed to check if 

the optimized structures were true local minima on the potential energy surfaces. Intrinsic bond 

orbital (IBO) analyses were performed with the Turbomole module proper.[210]

XYZ coordinates for the optimized structures of [F(XF5)4]– anions (X = Cl – I)

[Cl4F21]– in S4
F     0.0000000    0.0000000    0.0000000
Cl    1.4691575   -1.4586392   -1.4873217
Cl   -1.4691575    1.4586392   -1.4873217
Cl   -1.4586392   -1.4691575    1.4873217
Cl    1.4586392    1.4691575    1.4873217
F     2.1831973   -2.4970614   -2.4752505
F     0.0343204   -2.1245352   -2.0375236
F     1.4787249   -0.4034414   -2.8004424
F     3.0407930   -0.9641672   -1.0980627
F     1.5856654   -2.6758668   -0.3314059
F    -2.1831973    2.4970614   -2.4752505
F    -0.0343204    2.1245352   -2.0375236
F    -1.4787249    0.4034414   -2.8004424
F    -3.0407930    0.9641672   -1.0980627
F    -1.5856654    2.6758668   -0.3314059
F    -2.4970614   -2.1831973    2.4752505
F    -2.6758668   -1.5856654    0.3314059
F    -0.9641672   -3.0407930    1.0980627
F    -0.4034414   -1.4787249    2.8004424
F    -2.1245352   -0.0343204    2.0375236
F     2.4970614    2.1831973    2.4752505
F     2.1245352    0.0343204    2.0375236
F     2.6758668    1.5856654    0.3314059
F     0.9641672    3.0407930    1.0980627
F     0.4034414    1.4787249    2.8004424

[Br4F21]– in S4
F     0.0000000    0.0000000    0.0000000
Br    1.6742868   -1.2960479   -1.4669919
Br   -1.6742868    1.2960479   -1.4669919
Br   -1.2960479   -1.6742868    1.4669919
Br    1.2960479    1.6742868    1.4669919
F     2.2306125   -2.6181823   -2.4066603
F     0.1229204   -1.6517722   -2.2607476
F     2.1555726   -0.3254904   -2.8945717
F     3.3728472   -1.2647918   -0.8895561
F     1.3226982   -2.5565745   -0.2521715
F    -2.2306125    2.6181823   -2.4066603
F    -0.1229204    1.6517722   -2.2607476
F    -2.1555726    0.3254904   -2.8945717
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F    -3.3728472    1.2647918   -0.8895561
F    -1.3226982    2.5565745   -0.2521715
F    -2.6181823   -2.2306125    2.4066603
F    -2.5565745   -1.3226982    0.2521715
F    -1.2647918   -3.3728472    0.8895561
F    -0.3254904   -2.1555726    2.8945717
F    -1.6517722   -0.1229204    2.2607476
F     2.6181823    2.2306125    2.4066603
F     1.6517722    0.1229204    2.2607476
F     2.5565745    1.3226982    0.2521715
F     1.2647918    3.3728472    0.8895561
F     0.3254904    2.1555726    2.8945717

[I4F21]– in S4
F     0.0000000    0.0000000    0.0000000
I     1.7209019   -1.1989673   -1.5837829
I    -1.7209019    1.1989673   -1.5837829
I    -1.1989673   -1.7209019    1.5837829
I     1.1989673    1.7209019    1.5837829
F     2.0783513   -2.8187833   -2.3796741
F    -0.0289470   -1.6234400   -2.2042688
F     2.1220805   -0.5891590   -3.3410817
F     3.5832479   -1.3028446   -1.2040848
F     1.4244682   -2.3550036   -0.0964825
F    -2.0783513    2.8187833   -2.3796741
F     0.0289470    1.6234400   -2.2042688
F    -2.1220805    0.5891590   -3.3410817
F    -3.5832479    1.3028446   -1.2040848
F    -1.4244682    2.3550036   -0.0964825
F    -2.8187833   -2.0783513    2.3796741
F    -2.3550036   -1.4244682    0.0964825
F    -1.3028446   -3.5832479    1.2040848
F    -0.5891590   -2.1220805    3.3410817
F    -1.6234400    0.0289470    2.2042688
F     2.8187833    2.0783513    2.3796741
F     1.6234400   -0.0289470    2.2042688
F     2.3550036    1.4244682    0.0964825
F     1.3028446    3.5832479    1.2040848
F     0.5891590    2.1220805    3.3410817
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Solid-state quantum-chemical calculations on [NMe4][Br4F21]·BrF5

Solid-state calculations on [NMe4][Br4F21]·BrF5 were performed with the CRYSTAL23[211] 

program suite using hybrid density functional methods (DFT-PBE0)[202,203] combined with 

triple-valence basis sets TZVP for all atoms[212–214] (derived from molecular Karlsruhe basis 

sets[204]). Empirical D3 dispersion correction with zero damping[215,216] was applied for the 

geometry optimization and frequency calculation to take into account weak intermolecular 

interactions. Atomic positions and lattice parameters were fully optimized within the space 

group symmetry. As a starting point for the optimization the orthorhombic structure model 

(space group P212121, No. 19) was used in order to be able to consider the BrF5 molecules 

without the issue of crystallographic disordering. The reciprocal space was sampled with a 

2×2×2 Monkhorst-Pack-type k-point grid.[217] Tight truncation criteria (TOLINTEG 8, 8, 8, 8, 

16) were applied for the evaluation of the bielectronic Coulomb and exchange series in all 

calculations. Default DFT integration grids and optimization convergence thresholds were used 

in all calculations. The optimized lattice parameters deviated by less than 2.3% from the lattice 

parameters determined with SCXRD. Harmonic vibrational frequencies and Raman intensities 

were calculated with the schemes implemented in CRYSTAL.[218–220] The harmonic frequencies 

confirmed the optimized structure as a true local minimum. Raman intensities were calculated 

for a polycrystalline powder sample, applying the same conditions as in the experimental set (T 

= 213.15 K and  = 488 nm). For the simulation of the Raman spectrum, a pseudo-Voigt band 

profile (50:50 Lorentzian:Gaussian) with a FWHM of 8 cm−1 was used. The band assignment 

is derived from visual inspection from the calculated normal modes using the visualization tool 

CRYSPLOT.[198] 

In the following section, atomic positions and lattice parameters of the optimized structure are given in CIF format:

data_findsym-output
_audit_creation_method FINDSYM

_cell_length_a    13.2028547200
_cell_length_b    13.0867608600
_cell_length_c    13.1904647400
_cell_angle_alpha 90.0000000000
_cell_angle_beta  90.0000000000
_cell_angle_gamma 90.0000000000
_cell_volume      2279.0828245102

_symmetry_space_group_name_H-M "P 21 21 21"
_symmetry_Int_Tables_number 19
_space_group.reference_setting '019:P 2ac 2ab'
_space_group.transform_Pp_abc a,b,c;0,0,0

loop_
_space_group_symop_id
_space_group_symop_operation_xyz
1 x,y,z
2 x+1/2,-y+1/2,-z
3 -x,y+1/2,-z+1/2
4 -x+1/2,-y,z+1/2
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loop_
_atom_site_label
_atom_site_type_symbol
_atom_site_symmetry_multiplicity
_atom_site_Wyckoff_label
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_occupancy
_atom_site_fract_symmform
C1  C    4 a 0.65818 0.66772 0.66727 1.00000 Dx,Dy,Dz 
H1  H    4 a 0.64553 0.70811 0.59628 1.00000 Dx,Dy,Dz 
H2  H    4 a 0.58748 0.65921 0.70856 1.00000 Dx,Dy,Dz 
H3  H    4 a 0.69120 0.59308 0.65237 1.00000 Dx,Dy,Dz 
C2  C    4 a 0.74859 0.67539 0.82832 1.00000 Dx,Dy,Dz 
H4  H    4 a 0.78069 0.60058 0.81302 1.00000 Dx,Dy,Dz 
H5  H    4 a 0.67697 0.66761 0.86798 1.00000 Dx,Dy,Dz 
H6  H    4 a 0.80112 0.72089 0.87295 1.00000 Dx,Dy,Dz 
C3  C    4 a 0.68662 0.83144 0.74996 1.00000 Dx,Dy,Dz 
H7  H    4 a 0.61489 0.82264 0.78942 1.00000 Dx,Dy,Dz 
H8  H    4 a 0.67476 0.86983 0.67780 1.00000 Dx,Dy,Dz 
H9  H    4 a 0.73956 0.87471 0.79609 1.00000 Dx,Dy,Dz 
C4  C    4 a 0.82779 0.73880 0.67482 1.00000 Dx,Dy,Dz 
H10 H    4 a 0.85663 0.66263 0.65926 1.00000 Dx,Dy,Dz 
H11 H    4 a 0.88100 0.78096 0.72187 1.00000 Dx,Dy,Dz 
H12 H    4 a 0.81460 0.77971 0.60437 1.00000 Dx,Dy,Dz 
Br1 Br   4 a 0.36673 0.36377 0.15553 1.00000 Dx,Dy,Dz 
Br2 Br   4 a 0.35947 0.14860 0.36945 1.00000 Dx,Dy,Dz 
Br3 Br   4 a 0.13042 0.36198 0.36771 1.00000 Dx,Dy,Dz 
Br4 Br   4 a 0.45891 0.46880 0.47586 1.00000 Dx,Dy,Dz 
Br5 Br   4 a 0.15057 0.14723 0.14174 1.00000 Dx,Dy,Dz 
F1  F    4 a 0.25111 0.25276 0.25896 1.00000 Dx,Dy,Dz 
F2  F    4 a 0.33513 0.37013 0.02394 1.00000 Dx,Dy,Dz 
F3  F    4 a 0.41940 0.24048 0.13176 1.00000 Dx,Dy,Dz 
F4  F    4 a 0.42901 0.36273 0.27640 1.00000 Dx,Dy,Dz 
F5  F    4 a 0.34070 0.49650 0.16983 1.00000 Dx,Dy,Dz 
F6  F    4 a 0.48205 0.40705 0.11554 1.00000 Dx,Dy,Dz 
F7  F    4 a 0.49186 0.15481 0.33972 1.00000 Dx,Dy,Dz 
F8  F    4 a 0.34740 0.03337 0.29585 1.00000 Dx,Dy,Dz 
F9  F    4 a 0.23720 0.12357 0.42123 1.00000 Dx,Dy,Dz 
F10 F    4 a 0.37508 0.24841 0.46187 1.00000 Dx,Dy,Dz 
F11 F    4 a 0.39941 0.06934 0.46389 1.00000 Dx,Dy,Dz 
F12 F    4 a 0.24745 0.42941 0.36983 1.00000 Dx,Dy,Dz 
F13 F    4 a 0.14888 0.32940 0.49785 1.00000 Dx,Dy,Dz 
F14 F    4 a 0.00099 0.32253 0.37616 1.00000 Dx,Dy,Dz 
F15 F    4 a 0.10365 0.42028 0.24907 1.00000 Dx,Dy,Dz 
F16 F    4 a 0.08404 0.47337 0.41636 1.00000 Dx,Dy,Dz 
F17 F    4 a 0.50980 0.57187 0.53745 1.00000 Dx,Dy,Dz 
F18 F    4 a 0.57929 0.46250 0.41716 1.00000 Dx,Dy,Dz 
F19 F    4 a 0.50831 0.39947 0.58009 1.00000 Dx,Dy,Dz 
F20 F    4 a 0.35042 0.49727 0.54889 1.00000 Dx,Dy,Dz 
F21 F    4 a 0.42187 0.56149 0.38584 1.00000 Dx,Dy,Dz 
F22 F    4 a 0.05332 0.12270 0.06016 1.00000 Dx,Dy,Dz 
F23 F    4 a 0.05241 0.19788 0.21954 1.00000 Dx,Dy,Dz 
F24 F    4 a 0.12185 0.02245 0.18988 1.00000 Dx,Dy,Dz 
F25 F    4 a 0.22795 0.09262 0.04425 1.00000 Dx,Dy,Dz 
F26 F    4 a 0.15538 0.26603 0.07602 1.00000 Dx,Dy,Dz 
N1  N    4 a 0.73011 0.72835 0.73009 1.00000 Dx,Dy,Dz 

# end of cif
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