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Herein, we report on the O-monoprotonated and double O-hemiprotonated species of sulfamic acid in

the binary superacidic systems HF/L (L = BF3, GeF4, AsF5, SbF5). Within the structural studies, differences in

the coordination behavior of the weakly coordinating anions MF6
− (M = As, Sb) were determined. The

colorless salts were characterized by low-temperature vibrational spectroscopy and single-crystal X-ray

diffraction. The experimental data are discussed together with quantum chemical calculations in the solid

state at the DFT-TZVP/PBE0-(D3) level of theory. Furthermore, the decomposition of sulfamic acid in

basic milieu was investigated.

Introduction

Sulfamic acid, also known as amidosulfuric acid (ASA), has
diverse applications both in everyday life and in science. ASA
is produced on a ton scale due to the unique properties as an
effective descaling agent,1 as well as for the refinement of
metals.2 ASA is generally synthesized by reacting urea with
oleum (see. Scheme 1).3–7 Neutron diffraction experiments on
single crystals revealed the zwitterionic character in the mole-
cular structure of ASA (see Scheme 1),8 similar to glycine and
its organic aminoalkylsulfonic acid derivatives aminomethane-
sulfonic acid or aminoethansulfonic acid (taurine).9,10

Strong acids are defined by negative pKa values, ASA with a
pKa value of 1, is not a strong acid.11 Investigations carried out
by Hopfinger in 2012 postulated that the monoprotonated
ammoniumsulfonic acid hexafluoridometallate can be
obtained in the binary superacidic system HF/MF5 (M = Sb, As)
at −50 °C (see Scheme 2).

This would be in good accordance with earlier investigation
of the protonation of taurine carried out by Hopfinger. Its pro-
tonation led to the formation of the corresponding ammonium-
ethylsulfonic acid hexafluoridostibate salt (see Scheme 3).12

As shown by our working group, the reported Raman spectrum
contained lines attributable to the diprotonated species of
taurine, containing a sulfonium (–SO3H2

+) moiety (see
Scheme 3).13

The rise of temperature seemed to allow for higher degrees
of protonation if enough Lewis acid was provided.

However, a closer examination of the vibrational data
reveals that some of the values of the observed modes differ
significantly from the calculated values. This led us to ques-
tion whether a higher degree of protonation might be present
for ASA, such as it is the case for taurine. Upon protonation of
ASA, the stability of the expected ammoniumsulfonium dica-
tion might suffer from intramolecular repulsion, as represent-
ing a vicinal superelectrophile.

Since no single crystals of the monoprotonated species of
ASA were obtained before, it can only be assumed that the
determination of the degree of protonation solely through

Scheme 1 Industrial synthesis of ASA (top) and tautomerism of the ASA
zwitterion (bottom).

Scheme 2 Protonation of ASA in the binary superacidic media (M = As,
Sb).†Deceased
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vibrational spectroscopy is very challenging.14 Therefore,
investigations of ASA in the binary superacidic systems HF/L (L
= BF3, GeF4, AsF5, SbF5) were carried out at room temperature.

Furthermore, we investigated the reaction with bases based
on previous titration experiments, indicating that the zwitter-
ion could be deprotonated analogously to aminomethanesulfo-
nic acid with copper carbonate.15

Results and discussion
Protonation of ASA

Similar to the protonation of aminomethanesulfonic acid,
anhydrous hydrogen fluoride is not acidic enough to protonate
ASA (see Scheme 4). By the addition of a Lewis acid, such as
BF3, GeF4, AsF5 or SbF5, protonation occurs on the O-site of
the zwitterion, leading to the formation of the ammonium sul-
fonic acid salt (see Scheme 4). As identified by single crystal
structure analysis, all obtained salts are monoprotonated,
which is in contrast to aminoalkylsulfonic acids, such as ami-
nomethanesulfonic acid and taurine (see Scheme 4). Even by
providing stronger Lewis acids, MF5 (M = As, Sb) no further
protonation could be observed up to room temperature.

While rather strong coordinating anions [BF4]
− and cis-

[GeF5]
− (cis-bridged polymeric) tend to form classical mono-

protonated species, the salts containing the weakly coordinat-
ing anions [MF6]

− (M = As (4), Sb (5)) crystallize as twofold
hemi-protonated species.

Deprotonation of ASA

Attempting to deprotonate ASA with copper(II) carbonate, led
to decomposition, detected by the formation of (NH4)2[Cu
(H2O)6](SO4)2, as identified by single crystal X-ray analysis (see
Scheme 4).16

In contrast to the reaction with the copper(II) carbonate,
treatment of ASA with aqueous amines (methylamine, di-
methylamine, and triethylamine) shows no visible conversion,
as the evaporation of the reaction mixture only led to recrystal-
lization of ASA.

Crystal structures

The donor–acceptor interactions of the molecular unit and cat-
ionic units are illustrated in Table 1–4. Bond lengths of the
starting material and protonated species are compared in
Table 5. The strength of hydrogen bonding was classified
according to Jeffrey.17

Crystal structure of ASA (1)

ASA crystallizes in the orthorhombic space group Pbca with
eight formula units per unit cell and one molecule in the
asymmetric unit.

The S–N (1.759(1) Å) and Sv/–O (1.429(1) Å, 1.431(1) Å, and
1.434(1) Å) bond lengths are in good accordance with structu-
rally related compounds (see Table 5).18

The zwitterions in the crystal structure of ASA are linked by
12 medium to weak hydrogen bonding interactions (2.768(2)–
2.943(2) Å; see Table 1 and Fig. 1). Furthermore, due to the dis-
tance of O3⋯O1 3.026(2) Å, two weak orbital interaction can
be suggested (n(O1) → σ*(O3–S1)).

Crystal structure of [ASA + 1H][BF4]·ASA (2)

The tetrafluoroborate salt of amido sulfuric acid crystallizes
together with ASA in the monoclinic space group P21/n. The
asymmetric unit consists of one [BF4]

− anion, one ammonium-
sulfonic acid cation, and one cocrystallized molecule of amido
sulfuric acid (see Fig. 2). The unit cell comprises four formula
units.

Whereas the S–N bond lengths (1.766(2) Å and 1.764(2) Å)
are nearly unaffected by the protonation (within 3σ), the Sv/–
O bond lengths differ significantly from the starting material.
Due to the mesomeric delocalization of SvO double bonds in
the zwitterion of ASA, all SO bond lengths are nearly equal.
Upon protonation, the S1–O1 bond length (1.507(2) Å) is sig-

Scheme 4 ASA in anhydrous HF (top), protonation of ASA in binary
superacidic media (L = BF3, GeF4, AsF5, or SbF5) (middle) and decompo-
sition reaction of ASA with CuCO3 (bottom).

Table 1 Selected donor–acceptor distances of ASA (1) in [Å]

O2⋯(H1i)N1i 2.768(2) O2⋯(H2i)N1i 2.768(2)
O3⋯(H1i)N1i 2.900(2) O3⋯(H3i)N1i 2.900(2)
O1⋯(H2iii)N1iii 2.904(2) O1⋯(H3iii)N1iii 2.904(2)
O3⋯(H2ii)N1ii 2.917(2) O3ii⋯(H2)N1 2.917(2)
O2⋯(H3iii)N1iii 2.941(2) O2iii⋯(H3)N1 2.941(2)
O1⋯(H1iii)N1iii 2.943(2) O1iii⋯(H1)N1 2.943(2)
O3i⋯O1 3.026(2) O3⋯O1i 3.026(2)

Symmetry codes: i = screw axis 2-fold (along [0,0,1], [0,1,0] and [1,0,0]);
ii = −x,−y, −z; iii = glide plane (along [0,0,1], [0,1,0] and [1,0,0]).

Scheme 3 Taurine in the binary superacidic media at low temperature
(top) and room temperature (bottom).
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nificantly elongated, accompanied by shortening of the term-
inal S–O bond lengths (1.414(2) Å and 1.410(2) Å). As the SO
bond lengths (1.449(2) Å,1.424(2) Å, and 1.414(2) Å) in the
cocrystallized ASA molecule of (2) only deviate weakly from the
values in the starting material and are involved in a stronger
hydrogen bond network, this can be referred to packing
effects, rather than hemi-protonation of ASA.

In contrast to the cocrystallized ASA molecule, the number
of interatomic donor–acceptor interactions are increased in the

[ASA + 1H]+ cation (see Fig. 3). Both molecules show one strong
hydrogen bond and medium to weak interactions (see Table 2).
Furthermore, weak n(O1) → σ*(S1–N1) can be detected in the
crystal structure of the [BF4]

− salt, at the distance of 3.283(2) Å.
The tetrafluoroborate anion shows the expected B–F bond

lengths (1.384(3)–1.407(3) Å) comparable values to from
literature.19,20

Table 2 Interatomic distance of the [ASA + 1H]+ cation (top) and ASA
(below) in the crystal structure of [ASA + 1H][BF4]·ASA (2) in [Å]

O4⋯(H1)O1 2.495(2) O3⋯(H2Bi)N2i 2.898(2)
O6ii⋯(H1A)N1 2.787(2) O3⋯(H2Ci)N2i 2.898(2)
F1⋯(H1C)N1 2.846(2) F2⋯(H1C)N1 2.906(2)
F1⋯(H1B)N1 2.846(2) F4ii⋯(H1B)N1 2.936(2)
F1ii⋯(H1B)N1 2.867(2) O1i⋯S1 3.283(2)
O2⋯(H1B)N1 2.878(2) O1⋯S1i 3.283(2)
O2⋯(H1B)N1 2.878(2)
O4⋯(H1)O1 2.495(2) F3ii⋯(H2A)N2 2.844(2)
O5⋯(H2B)N2 2.709(3) F4iii⋯(H2A)N2 2.853(2)
O5⋯(H2B)N2 2.709(3) O3i⋯(H2B)N2 2.898(2)
O6⋯(H2Bii)N1ii 2.787(2) O3i⋯(H2C)N2 2.898(2)

Symmetry codes: i = 1/2 − x, 1/2 + y, 1/2 − z; ii = −x,−y,−z; iii = 1/2 + x,
1/2 − y, 1/2 + z.

Table 3 Interatomic distance of the [ASA + 1H]+ cation in [ASA +
1H][GeF5] (3) in [Å]

F1⋯(H1)O1 2.460(3) F3i⋯(H1B)N1 2.804(3)
O3⋯(H1Ai)N1i 2.712(4) O2⋯(H1C)N1 2.834(4)
O3⋯(H1Bi)N1i 2.712(4) O2⋯(H1C)N1 2.834(4)
O3⋯(H1Ci)N1i 2.712(4) F3i⋯(H1B)N1 2.840(3)
O3i⋯(H1A)N1 2.712(4) F2i⋯O2 2.974(3)
O3i⋯(H1B)N1 2.712(4) F1i⋯O1 2.978(3)
O3i⋯(H1C)N1 2.712(4) F3i⋯(H1C)N1 3.138(3)
F4i⋯(H1A)N1 2.750(3)

Symmetry codes: i = −1/2 − x,−y, 1/2 + z,−x, 1/2 + y, 1/2 − z; 1/2 + x, 1/2
− y,−z (screw axis (2-fold)).

Table 4 Interatomic distance of [ASA + 1H][SbF6] (5) in [Å]

O2(H2)⋯O2i 2.688(4) F5⋯(H1B)N1 2.927(4)
O1(H1)⋯O1i 2.781(5) F5⋯(H2)O2 2.959(3)
F1⋯(H1)O1 2.883(4) O3⋯(H1B)N1 3.023(4)
F2⋯(H1C)N1 2.902(4) O3⋯(H1B)N1 3.023(4)
F6⋯(H1C)N1 2.906(4) F2i⋯(H1C)N1 3.065(3)
F4i⋯(H1A)N1 2.908(4) F4i⋯(H1B)N1 3.080(3)
F3⋯(H1A)N1 2.924(4) F3i⋯(H1A)N1 3.115(3)

Symmetry codes: i = −x,−y,−z.

Fig. 1 Short contacts of the asymmetric unit of ASA (displacement
ellipsoids drawn with 50% probability).

Table 5 Bond length comparison of ASA and protonated species (2,3,5) in [Å]

ASA (1) ASA (2) [ASA + 1H]+ (2) [ASA + 1H]+ (3) [ASA + 1H]+ (5)

S1–O1 1.429(1) S2–O4 1.449(2) S1–O1 1.507(2) S1–O1 1.505(3) S1–O2 1.454(3)
S1–O2 1.431(1) S2–O6 1.424(2) S1vO3 1.414(2) S1vO2 1.416(3) S1–O1 1.450(4)
S1–O3 1.434(1) S2–O5 1.414(2) S1vO2 1.410(2) S1vO3 1.412(3) S1vO3 1.409(3)
S1–N1 1.759(1) S2–N2 1.766(2) S1–N1 1.764(2) S1–N1 1.736(3) S1–N1 1.765(3)

Fig. 2 Asymmetric unit of [ASA + 1H][BF4]·ASA (2), viewed along the c
axis (displacement ellipsoids drawn with 50% probability).

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2025 Dalton Trans., 2025, 54, 17221–17230 | 17223

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/2
1/

20
26

 8
:4

5:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt02262b


Crystal structure of [ASA + 1H][GeF5] (3)

The cis-[GeF5]
− salt of protonated ASA crystallizes in the non-

centrosymmetric orthorhombic space group P212121 with four
formula units per cell. The asymmetric unit comprises one
[ASA + 1H]+ cation and one [GeF5]

− unit (see Fig. 4).
In contrast to the [BF4]

− salt 2, the [GeF5]
− salt 3 forms a

single classical monoprotonated cationic species. The Sv/–O
bond lengths (1.505(3) Å, 1.416(3) Å, and 1.412(3) Å) in the
[ASA + 1H]+ (3) cation are in good accordance with those of 2,
the S–N bond length is significantly shortened to 1.736(3) Å
(see Table 5), with respect to the 3σ rule.

The Ge–F bond lengths (1.731(2)–1.889(2) Å) are compar-
able to other literature known [GeF5]

− salts.21,22

Similar to the monoprotonated species in 2, the [ASA + 1H]+

cation forms one strong and 11 medium to weak hydrogen
bonds (see Table 3 and Fig. 5).

The anions built up a planar network of isolated cis-
1
1[GeF5]

−chains. These chains are intercalated into hydrogen-
bond-dominated lattices of monoprotonated ASA (see Fig. 6).

Crystal structure of [ASA + 1H][MF6] (M = As (4), Sb (5))

The investigated [MF6]
− salts of twofold hemi-protonated ASA

crystallize isostructurally in the triclinic space group P1̄ with
two formula units per unit cell and half-occupied positions of
H1 and H2 (see Fig. 7). Twofold hemi-protonated species are
especially found in planar cations, allowing chains of cations;
therefore, the appearance in the 3D structure is rather
uncommon.23,24

Fig. 3 Short contacts of [ASA + 1H][BF4]·ASA (displacement ellipsoids
drawn with 50% probability). Symmetry codes: i = 1/2 − x, 1/2 + y, 1/2 −
z; ii = −x,−y,−z; iii = 1/2 + x, 1/2 − y, 1/2 + z.

Fig. 4 Asymmetric unit of [ASA + 1H][GeF5] (3), viewed along the a axis
(displacement ellipsoids drawn with 50% probability).

Fig. 5 Short contacts of [ASA + 1H][GeF5] (3) (displacement ellipsoids
drawn with 50% probability). Symmetry codes: i = −1/2 − x,−y, 1/2 +
z,−x, 1/2 + y, 1/2 − z and 1/2 + x, 1/2 − y,−z (screw axis (2-fold)).

Fig. 6 Polyhedral illustration of the slicing of [ASA + 1H][GeF5] (3),
viewed along the a axis and hydrogen bonding network around the uni-
directional chains of [GeF5]

− anions.
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The Sv/–O bond lengths (1.454(3) Å, 1.450(4) Å, and 1.409
(3) Å) follow the trend of the monoprotonated species, but the
elongation of the Sv/–O bond length upon protonation is dis-
tributed across both hemi-protonated sites. Furthermore, the
remaining SvO bond is shortened, similar to 2 and 3. The SN
bond length (1.765(3) Å) observed in the cation is equal to that
in 2.

In Fig. 8, the short contacts of the twofold hemi-protonated
species of ASA are depicted. The strongest hydrogen bonds are
found between the hemi-protonated sites at the distance of
2.688(4) and 2.781(5) Å. Furthermore, two hydrogen bonds are
formed with the twofold hemi-protonated sites and with the
anion at the distance of 2.883(4) Å and 2.959(3) Å. Ten weaker
interactions are observed between the ammonium moiety and

the sulfuryl oxygen or fluoride acceptors atoms of the anions
of as detected to a distance of 2.902(4)–3.115(3) Å (see Table 4).

Hirshfeld surface analysis (see Fig. 9) of the starting
material, 3 and 5, is depicted in Fig. 9. It emphasizes the
numerous contacts, and the difference in the contact behav-
iour of 3 (strongly coordinating) and 4,5 (weakly coordinating).

Vibrational spectroscopy

The low-temperature Raman spectra of ASA (1) and its proto-
nated species [ASA + 1H][BF4] ·ASA (2), [ASA + 1H][GeF5] (3),
[ASA + 1H][AsF6] (4), and [ASA + 1H][SbF6] (5) are illustrated in
Fig. 10.

In Tables S21–24, selected observed vibrational frequencies
of 1–5 are listed together with the quantum chemically calcu-
lated frequencies of the solid-state structures containing the
[ASA + 1H]+ cation as well as their assignments. The ASA zwit-
terion in the crystal structure has 18 fundamental modes and
processes C3v symmetry. The assignment is shown in
Table S21.

As already mentioned in the literature,25 the calculation of
vibrational spectra of zwitterionic structures deviates in parts
from observed experimental values. Especially, the calculated
ν(N–H) stretching vibrations are shifted to higher wavenum-
bers compared to the observed values, whereas the ν(SO3) and
the ν(N–S) vibrational frequencies are in good accordance with
calculated data.

The [ASA + 1H]+ cation in the crystal structure has 21 funda-
mental modes of and possesses C1 symmetry. The assignments
are shown in Table S22–24 for (2–5).

The monoprotonated species of ASA, [ASA + 1H][GeF5]
shows the expected shifts as calculated, with the exception of
the splitting of some modes. Compared with the starting
material, the ν(N–S) stretching mode is shifted to higher wave-
numbers due to the strengthening effect upon protonation,
similar as observed upon protonation of organosulfonic
acids.26 The vibrational spectroscopic data of the anions are in
good accordance with the literature-known frequencies.22 The
twofold hemi-protonated species 4 and 5 show similar frequen-
cies due to the amount of Lewis acid used, the spectra of 5 also
show the coexistence of the [Sb2F11]

− salt beside the crystallized
[SbF6]

− salt. Furthermore, the Raman lines in the spectra of 4
benefit from better visibility as the lines of the [AsF6]

− (Oh) salt
are smaller. Due to the distribution of the protonated sites, the
ν(N–S) is only shifted marginally compared to the starting
material. Beyond that, the experimental and the calculated are
nearly equal, as expected for isostructural compounds.

The vibrational spectroscopic data of the anions are in
good accordance with the literature-known frequencies.12,13,22

Theoretical calculations

The structure optimization of ASA (1), [ASA + 1H][BF4]·ASA
(2), [ASA + 1H][GeF5] (3) and [ASA + 1H][MF6] (4,5)

Fig. 7 Asymmetric unit of [ASA + 1H][SbF6] (5), viewed along the a axis
(displacement ellipsoids drawn with 50% probability; half-occupation of
H1 and H2).

Fig. 8 Short contacts of the asymmetric unit of [ASA + 1H][SbF6] (dis-
placement ellipsoids drawn with 50% probability). Symmetry codes: i =
−x,−y,−z.
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were carried out using Crystal17 with the DFT-TZVP/PBE0-
(D3) method. For details see experimental part based on the
solid state structures determined by X-ray diffraction. The
MEPs were calculated together with natural population ana-
lysis charges (NPAs) to gain insight into the charge distri-
bution of the zwitterionic character of ASA and its proto-
nated species. In Fig. 11 and 12, the mapped electrostatic
potentials (MEPs) of ASA and [ASA + 1H]+ are shown. The SI
lists the NPA charges and NBO charges of the shown
compounds.

In the MEP of ASA the negative electrostatic potential (red)
is located at the sulfonate oxygen atoms. The positive electro-
static potential (blue) can be located at the ammonium moiety.

In the MEP of [ASA + 1H]+ the least positive electrostatic
potentials (red) are located at the sulfuryl oxygen atoms of the
sulfonic acid moiety. The positive electrostatic potential (blue)
can be located at the ammonium moiety, as well as the acidic
proton on the sulfonic acid moiety.

Experimental
General

Caution! The hydrolysis of BF3, GeF4, AsF5, SbF5 and the pre-
pared salts (2–5) might form HF, which burns skin and causes
irreparable damage. Safety precautions must be taken while
using and handling these materials.

Apparatus and materials

The reactions were carried out according to Schlenk’s standard
procedure with a stainless-steel vacuum line. Fluorinated ethyl-
ene propylene (FEP)/per-fluoralkoxy (PFA) reactors sealed with
a stainless-steel valve were used for all of the reactions in
superacid media. Both the vacuum line and the reactors were
dried with fluorine before use. Raman spectroscopic studies at
low temperatures were performed using a Bruker MultiRAM
FT-Raman spectrometer with Nd:YAG laser excitation (λ =
1064 cm−1) under vacuum at −196 °C. For measurement, the

Fig. 9 Left: Two-dimensional fingerprint plots of the corresponding crystal structures of ASA and [ASA + 1H]+ salts (3 and 5). Right: Distribution of
the close contacts as a ring diagram and the corresponding Hirshfeld surfaces. (de: distance from the Hirshfeld surface to the nearest atom exterior;
di: distance from the Hirshfeld surface to the nearest atom interior).
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synthesized compounds were transferred into a cooled glass
cell at low temperatures. IR spectra were recorded in a vacuum
using a Bruker Vertex-80 VFTIR spectrometer. A small amount

Fig. 10 Low-temperature IR (1–3) and Raman spectra of ASA and protonated species [ASA + 1H]+ (2–5).

Fig. 11 Molecular 0.0004 bohr−3 3D isosurfaces with MEP on a color
scale ranging from −152.3 kJ mol−1 (red) to 294.1 kJ mol−1 (blue). The
electrostatic potential isosurfaces and the NPA charges have been cal-
culated for ASA.

Fig. 12 Molecular 0.0004 bohr−3 3D isosurfaces with MEP on a color
scale ranging from 275.7 kJ mol−1 (red) to 682.6 kJ mol−1 (blue). The
electrostatic potential isosurfaces and the NPA charges have been cal-
culated for ASA.
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of the synthesized samples were placed on a CsBr single-
crystal plate in a low-temperature cell for measurement.27 Low-
temperature single-crystal X-ray diffraction of ASA (1), [ASA +
1H][BF4]·ASA (2), [ASA + 1H][GeF5] (3), [ASA + 1H][AsF6] (4) and
[ASA + 1H][SbF6] (5) was performed on an Oxford XCalibur 3
diffractometer equipped with a Kappa CCD detector, operating
with MoKα (0.71073 Å) radiation and a Spellman generator
(voltage 50 kV, current 40 mA). The program CrysAlisPro
1.171.38.46 (Rigaku OD, 2015) was employed for data collec-
tion and reduction.28 The structures were solved utilizing
SHELXT29 and SHELXL-2018/330 of the WINGX software
package.31 The structures were checked using the software
PLATON.32 The absorption correction was performed using the
SCALE3 ABPSACK multi-scan method.33 Visualization was
done with the software Mercury.34 Selected data and para-
meters of the measured single-crystal X-ray structure analyses
are summarized in Tables S1 and S2 (see SI). The quantum
chemical calculations were performed at the MP2/aug-cc-pVTZ
level of theory. For visualization and illustration of the MEP
calculations, GaussView 6.0 was used.35,36

Periodic quantum-chemical calculations were carried out
for all discussed compounds with the PBE0 hybrid density
functional theory method (DFT-PBE0).37,38 All calculations
were performed with the CRYSTAL17 program package.39

Triple-ζ-valence + polarization (TZVP) level basis sets were
applied for C, O, S, N, H, F, B, Ge, Sb and As. The basis sets
have been previously derived from the Karlsruhe def2 basis
sets and can be found elsewhere in literature.40–44

Intermolecular van der Waals dispersion interactions were
taken into account using Grimme’s empirical D3 dispersion
correction with zero damping.45 Reciprocal space was sampled
by Monkhorst–Pack-type k-point grids: 6 × 3 × 2 for [ASA +
1H][GeF5], 6 × 4 × 3 for [ASA + 1H][SbF6], 4 × 4 × 3 for ASA, 6 ×
4 × 3 for [ASA + 1H][AsF6] and 3 × 6 × 2 for [ASA +
1H][BF4]·ASA.

46 For the evaluation of the Coulomb and
exchange integrals (TOLINTEG), tolerance factors of 8, 8, 8, 8,
and 16 were used for ASA and [ASA + 1H][BF4]·ASA, 6, 6, 6, 6
and 12 for [ASA + 1H][GeF5], 7, 7, 7, 7, 14 for [ASA + 1H][SbF6]
and 8, 8, 8, 8, and 16 for [ASA + 1H][AsF6]. Both the atomic
positions and lattice parameters were fully optimized within
the constraints imposed by the space group symmetry. Default
DFT integration grids and optimization convergence
thresholds were applied in all calculations. The harmonic
vibrational frequencies and Raman and IR intensities were
obtained through usage of the computational
Scheme implemented in CRYSTAL17.47–50 Raman and IR
intensities were calculated for a polycrystalline powder sample
(total isotropic intensity in arbitrary units). The Raman spectra
were obtained by using a pseudo-Voigt band profile (50 : 50
Lorentzian : Gaussian) and a full width at half-maximum
(fwhm) of 8 cm−1 and simulated considering the experimental
setup (293.15 K; λ = 532 nm). Bands for the Raman and IR
spectrum were assigned by visual inspection of the normal
modes with the Jmol program package at https://crysplot.crys-
talsolutions.eu/.51,52 To further explore the stabilization effects
of the in the solid state, of ASA and protonated species 3 and

5, a Hirshfeld surface analysis of the interionic contacts was
conducted.53

[ASA + 1H][BF4]·ASA (RT)

ASA (97.1 mg, 1.00 mmol, 1.0 eq.) was filled into an FEP
reactor, aHF (50.0 mg, 2.50 mmol, 2.5 eq.) and BF3 (136 mg,
2.00 mmol, 2.0 eq.) were condensed into the vessel. The reac-
tants were warmed to room temperature and thoroughly mixed
for 3 min. A colorless precipitant was formed. The excess
solvent was removed in vacuo at −78 °C. The product [ASA +
1H][BF4]·ASA was obtained as a colorless solid in quantitative
yield.

[ASA + 1H][GeF5] (RT)

ASA (97.1 mg, 1.00 mmol, 1.0 eq.) was filled into an FEP
reactor, aHF (100 mg, 5.00 mmol, 5.0 eq.) and GeF4 (594 mg,
4.00 mmol, 4.0 eq.) were condensed into the vessel. The reac-
tants were warmed to room temperature and thoroughly mixed
for 3 min. A colorless precipitate was formed. The excess
solvent was removed in vacuo at −78 °C. The product [ASA +
1H][GeF5] was obtained as a colorless solid in quantitative
yield.

[ASA + 1H][AsF6] (RT)

ASA (97.1 mg, 1.00 mmol, 1.0 eq.) was filled into an FEP
reactor, aHF (60.03 mg, 3.0 mmol, 3.0 eq.) and AsF5 (340 mg,
2.00 mmol, 2.0 eq.) were condensed into the vessel. The reac-
tants were warmed to room temperature and thoroughly mixed
for 3 min. A colorless precipitate was formed. The excess
solvent was removed in vacuo at −78 °C. The product [ASA +
1H][AsF6] was obtained as a colorless solid in quantitative
yield.

[ASA + 1H][SbF6] (RT)

SbF5 (280 mg, 1.29 mmol, 2.0 eq.) was condensed into an FEP
and dissolved in aHF (60.03 mg, 3.0 mmol, 3.0 eq.). ASA
(62.6 mg, 0.645 mmol, 1.0 eq.) was filled into the vessel. The
reactants were warmed to room temperature and thoroughly
mixed for 3 min. A colorless precipitate was formed out of a
turquoise solution. The excess solvent was removed in vacuo at
−78 °C. The product [ASA + 1H][SbF6] was obtained as a color-
less solid in quantitative yield.

Conclusions

In the binary superacidic media HF/L (L = BF3, AsF5, SbF5) ASA
reacts under the formation of ammonium sulfonic acid salts
[H3NSO3H]+[LF]−. Depending on the preferred coordination of
the provided Lewis acid, mono- or twofold hemi protonated
species are formed. The obtained monoprotonated salts were
isolated and characterized by low-temperature vibrational spec-
troscopy, and single-crystal structure analyses and quantum
chemical calculations DFT-TZVP/PBE0-(D3) method. The syn-
thesized superelectrophile cannot be protonated further to
achieve the formation of the ammonium sulfonium dication
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[H3NSO3H2]
2+, as the positive atomic charge of the sulfur

would be 3+. Upon deprotonation of ASA no anionic species
could be obtained which is in contrast to aminomethanesulfo-
nic acid.
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