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Coordination Behavior

Erich Turgunbajew, Gwendolyn Buchner, Aylin Koldemir, Theresa Block, Rainer Pöttgen,
David Hemker, Richard Dronskowski, and Henning A. Höppe*

Abstract: With MIIIMI[B(SO4)2]4 (MIII = Bi3+, Sb3+, Lu3+; MI = H3O+, NO2
+, Li+, Na+, K+, Rb+, Cs+), we recently

described the first modular system within borosulfate chemistry comprising a three-dimensional anion. Herein, we shed
light on the respective series of antimony compounds SbX[B(SO4)2]4 (X = Li+, Na+, K+, Rb+, Cs+, Ag+, Tl+, NO+,
NH4

+). While maintaining the same anionic topology, the compounds crystallize in the space groups I4̄ (no. 82), P4̄ (no.
81), and C2 (no. 5) and are strongly influenced by the lone pair of antimony as well as the size of the monovalent cations. In
the course of this investigation SbX[B4O2(SO4)6] (X = Li+, Na+) were discovered. This borosulfate with a one-dimensional
anion comprising B─O─B bridges crystallizes in the space group Pnma (no. 62) and features a new structure type. 121Sb
Mössbauer spectra revealed negative isomer shifts of almost −22 mm·s−1 not observed before and hinting towards a
very weak coordination behavior of the borosulfate anion. The spectra are confirmed by DFT calculations. Furthermore,
single crystal X-ray diffraction, infrared spectroscopy, thermal analysis, and temperature programmed X-ray diffraction
experiments were carried out.

Introduction

In recent years the interest in borosulfates, a comparably
new compound class classified as silicate-analogous materials,
grew substantially.[1] Accordingly, borosulfates are related
to nitridosilicates, borophosphates, fluorooxoborates, or alu-
mosilicates which all have basic tetrahedral building units TX4

(T = Si, Al, B; X = N, O, F) in common.[2–5] Borosulfate
anions consist of alternately corner-sharing borate and sul-
fate tetrahedra which condensate to form zero-dimensional
groups like in Li5[B(SO4)4],[6] chains in K[B(SO4)2],[6]

planes in Cd[B2(SO4)4],[7] or three-dimensional networks
in Li[B(SO4)2],[8] analogously to silicates. In addition to
the conventional B─O─S bridges mentioned above, further
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connectivity patterns, B─O─B and S─O─S bridges like
in Ba[B2O(SO4)3][9] and Ag[B(S2O7)2][10] are formed and
further increase the already impressive structural diversity,
these violate Loewenstein´s[11] and Pauling´s fourth rule,[12]

respectively, corroborating the limited predictive power of the
latter—nicely demonstrated recently.[13]

Although being comparably recent, with its first repre-
sentative K5[B(SO4)4] only discovered in 2012, already over
a hundred compounds were discovered so far; these not
only show a great structural variability but also interesting
properties leading to their potential fields of application in
phosphors, solid acid electrolytes, or materials with non-
linear optical response (SHG materials).[14–18] One striking
property of borosulfates is their weak coordination behavior
which was observed in multiple studies. For instance, opti-
cal spectroscopy was performed on α-Co4[B2O(SO4)6] and
Ni4[B2O(SO4)6] and revealed a weak ligand field splitting
compared to their respective sulfates and chlorides.[19] The
fluorescence spectra of Ce2[B2(SO4)6] showed emission wave-
lengths in the UV regime, also a strong indication for an
extremely weak nephelauxetic effect comparable to that in
fluorides.[20] In case of Eu2[B2(SO4)6], the Van-Vleck para-
magnetism yields a coupling parameter substantially weaker
than that of EuF3.[20] Furthermore, the homopolycation I4

2+

was stabilized in I4[B(S2O7)2], recently,[21] previously only
observed in fluorides.

Recoil-free nuclear resonance absorption spectroscopy,
also known as Mössbauer spectroscopy is a powerful tool to
give insights into the oxidation numbers, spin states, and mag-
netism of solid materials. Furthermore, due to the methods´
strong dependency on the s-electron density one can extract
information on the chemical bonding and environment of the
considered nuclei meaning its site symmetry, the covalency of
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Table 1: Space groups of SbX[B(SO4)2]4 (X = Li+, Na+, K+, Rb+,
Cs+, Ag+, Tl+, NO+, NH4

+) in correlation with the ionic radii of the
monovalent cations.

Compound r[8](X)/pm Space group

SbLi[B(SO4)2]4 92 I4̄
SbNa[B(SO4)2]4 118 I4̄
SbK[B(SO4)2]4 151 C2
SbRb[B(SO4)2]4 161 C2
SbCs[B(SO4)2]4 174 P4̄
SbAg[B(SO4)2]4 128 P4̄
SbTl[B(SO4)2]4 159 C2
Sb(NO)[B(SO4)2]4 – C2
Sb(NH4)[[B(SO4)2]4 154 C2

a bond, and electronegativity of the ligands. Literature reveals
that more than two thirds of the publication on Mössbauer
spectroscopy are related to iron and tin nuclei whereas only
a very small amount is dedicated to antimony. Sb(V) nuclei
typically show isomer shifts ranging from 3 mm·s−1 in NaSbF6

to −4 mm·s−1 in SbCl2F3 gradually shifting from ionic to
more covalent bonding.[22] The isomer shift in Sb(III) nuclei is
normally found at lower values between −10 and −16 mm·s−1

where a lower value is associated with a weaker, more ionic
coordination. In some rare examples isomer shifts below −16
mm·s−1 are observed, with Co(NH3)6SbCl6 reaching a value
of −20.2 mm·s−1, the lowest value achieved so far to the
best of our knowledge.[23] As mentioned above, borosulfate
anions are known to be weakly coordinating and hence
are also expected to produce low isomer shift values. This
coordination weakens with increasing condensation degree of
the anion and increasing sulfate content.

In this contribution we elucidate the crystal structures
of new antimony borosulfates, also containing thallium and
nitrosonium cations, and not known in borosulfate chemistry
so far. We thoroughly discuss the structural influence of the
monovalent cations on the crystal structures and infrared
spectra. By employing 121Sb Mössbauer spectroscopy, we shed
light not only on the oxidation state of antimony, but the
coordination strength of borosulfates in general, supported
by density functional theory (DFT) calculations. The char-
acterization of this series is concluded by thermogravimetric
analysis (TGA), infrared (IR) spectroscopy, and temperature
programmed powder X-ray diffraction (TPPXRD).

Results and Discussion

Crystal Structures of SbX[B(SO4)2]4 (X = Li+, Na+, K+, Rb+, Cs+,
Ag+, Tl+, NO+, NH4

+)

The series of antimony borosulfates SbX[B(SO4)2]4 (X = Li+,
Na+, K+, Rb+, Cs+, Ag+, Tl+, NO+, NH4

+) crystallizes in
the space groups I4̄ (no. 82), P4̄ (no. 81) and C2 (no. 5) as
listed in Table 1. Details can be found in the supplementary
information (Tables S1, S2).[24] The evolution of space groups
with altering monovalent cation does not follow a strict
pattern as was previously observed in the structurally related
bismuth and lutetium series MIIIMI[B(SO4)2]4 (MIII = Bi3+,

Lu3+; MI = Li+, Na+, K+, Rb+, Cs+) where the choice
of the space group was mainly influenced by the size of
the monovalent cations. After reaching a threshold, along
with a small distortion of the network a symmetry descent
was induced and the structures consequently crystallized
in space group P4̄ instead of I4̄.[25] Therefore, additional
impact factors must be responsible for the observed space
group development along the series. The interplay between
electronic and sterical effects like the expression of a lone
pair and the sizes of both the mono- and trivalent cation
apparently play a crucial role.

Although the title compounds crystallize in different space
groups, their anion topology is the same and can therefore
be described collectively. The anion is built up by vertex
connected borate and sulfate tetrahedra leading to a three-
dimensional network, where all boron atoms are surrounded
more or less tetrahedrally by sulfate ions which themselves
bridge two boron atoms each. Accordingly, a tectosilicate
analogous anion [B(SO4)2]− is achieved. Channels extend
along the c- and b-direction, respectively (Figure 1). Figure 2
shows a section of the structure displaying a B(SO4)4 moiety
and its connection toward mono- and trivalent cations. The
B–O distances range between 1.45–1.47 Å, the bridging S–
Obr distances between 1.51–1.54 Å, and with the terminal
S─Oterm bonds toward coordinating the monovalent cations
lie between 1.40–1.42 Å, those coordinating to the antimony
atoms between 1.45 and 1.46 Å, respectively. The distances
are in accordance with the sum of the ionic radii and other
borosulfates.[19,25–27] Further details concerning the bond
lengths are summarized in Table S6. With deviations smaller
than one percent, all tetrahedra can be classified as regular
(Table S9). Additional calculations based on the MAPLE
concept[28–32] were performed and confirm the electrostatic
consistency of all compounds (Table S4).

Charge compensation is realized by mono- and trivalent
cations residing in the channels. The latter are located within
the narrower channels and are coordinated distorted square
antiprismatically by eight terminal oxygen atoms stemming
exclusively from sulfate groups (Figure 3a). Like bismuth,
antimony in its trivalent state is also considered an s2-cation
and can therefore express a lone pair effect which typically
is more pronounced in antimony compounds compared to
their related less electronegative bismuth homologues.[33,34]

To quantify the lone pair influence we used a geometrical
approach suggested by Hämmer et al.,[35] which is based
on calculations developed by Balić-Žunić and Mackovicky
creating an enclosing sphere based on all ligands.[36,37]

Accordingly, the deviation of its centroid quantifies the lone
pair expression and reveals its direction (Figure 3b). The
results are presented in Table S5. The lithium, sodium, and
cesium compounds show almost no deviation and crystallize
in the tetragonal space groups I4̄ and P4̄. For the remaining
compounds, deviations between 12 and 19 pm are found
and go along with space group C2. However, the respective
silver compound is an exception to the rule and crystallizes
in space group P4̄ despite a centroid deviation of 25 pm.
Besides a comparably strong expressed lone pair, further
aspects seem to influence the structures and should be
considered.
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Figure 1. Unit cells of a) SbCs[B(SO4)2]4 and b) SbK[B(SO4)2]4 representing the tetragonally and monoclinically crystallizing compounds; antimony
shown as gray spheres, cesium in dark blue, potassium in blue; sulfate tetrahedra are shown in yellow, borate in green.

Figure 2. B(SO4)4 moiety in SbX[B(SO4)2]4 (X = Li+, Na+, K+, Rb+,
Cs+, Ag+, Tl+, NO+, NH4

+); dotted yellow lines indicate the
connection to further boron atoms; boron in green, sulfur in yellow,
oxygen in red, cesium in blue, antimony in gray.

Figure 3. Coordination environment of antimony in SbK[B(SO4)2]4
viewed along [001]: a) square antiprismatic SbO8 coordination
polyhedron formed by eight sulfate groups (yellow). b) same SbO8
polyhedron with bond distances (in pm) and the centroid
(semitransparent octant) revealing the direction of the expressed lone
pair. antimony in gray; oxygen in red.

The monovalent cations are situated in the wider channels.
Their position can effectively be described by defining two
planes, spanned by terminal oxygen atoms stemming from
sulfate tetrahedra pointing into the channel (Figure 4).
Depending on the cation´s ionic radius several positions
within the channels are plausible, either within a plane, in
between, or both simultaneously which can be realized by
disorder. In contrast to the related bismuth and lutetium
compounds which were predominantly dominated by the size
of the mono- and trivalent cation, here, the combination of a
smaller ionic radius and expected stronger lone pair effect of
antimony, together with the size and electronic configuration
of the respective monovalent cation are responsible for the
observed structural changes.[25] Hence, both effects need
to be treated simultaneously. Determined by single-crystal
XRD data, lithium shows a disorder and was refined with
an occupation of 60% toward the Li2 position, hence,
preferably a position between the layers. The same trend
was observed for sodium, occupying three positions with
the highest probability of 50% to find sodium on a Na1
position, also between layers. Both structures crystallize in
the tetragonal space group I4̄ and show a quenched lone
pair of the antimony cation. Contrarily to the remaining
compounds of this series, SbX[B(SO4)2]4 (X = Li+, Na+)
were not synthesized phase purely but were obtained as a
side phase of the newly discovered antimony borosulfates
SbX[B4O2(SO4)6] (X = Li+, Na+). Powder data of all
compounds are presented in the supplements in Figures
S3, S4. Although all reactions were driven under the same
reaction conditions, the impact of the lithium and sodium
ions seem to be not strong enough to stabilize the three-
dimensional phase. As a result, the compounds crystallize in
the thermodynamically more stable phase SbX[B4O2(SO4)6]
(X = Li+, Na+) which will be discussed below.

The silver atoms of the respective silver compound were
refined isotropically due to an even stronger disorder with
12 individual positions in total. The highest occupied position
(Ag1c) is located within the layer with a fractional occupation
factor of 33%. Even though sodium shares a similar ionic
radius (r[4] (Na) = 99 pm and r[4](Ag) = 100 pm) strikingly
both ions prefer different positions within the channels and
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Figure 4. Position and coordination of a) lithium, b) sodium, c) silver (channel 1) and d) silver (channel 2), e) nitrosonium, f) ammonium, g)
potassium, h) rubidium, i) thallium, j) cesium ions with planes belonging to different oxygen species marked in blue and red. The silver cations
within the respective compound were refined isotropically with 12 positions. For a better overview, positions with a smaller fractional occupation
factor than 5% were omitted.

crystallize in different space groups. This trend was also
observed for the respective bismuth compounds; but here no
change in symmetry was reported.[38] The occupation of silver
atoms (Ag1c) within the layers causes the plane to flatten to
an almost square planar coordination environment. Conse-
quently, two distinguishable channels are formed (Figure 4).
Although silver ions are known to behave frequently like

alkali cations, due to their electronic configuration they also
often show a different behavior and typically prefer lower
coordination numbers.[39] Interestingly, this compound is the
only one of all structures belonging to this structure type
which has to be described by the second possible set-up of
P4̄ in which we end up with a unique antimony position
instead of commonly two. Except for the cesium compound,
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Figure 5. Unit cell of SbNa[B4O2(SO4)6] viewed along the crystallographic a) a-direction and b) b-direction. For better clarity of the anionic structure
the cations are neglected. The FBU [B4O2(SO4)6]4− is highlighted with red lines; sulfate tetrahedra in yellow; borate tetrahedra in green.

which also crystallizes in space group P4̄ with two unique
antimony positions, the remaining compounds in this series
all crystallize in the monoclinic space group C2. It seems
that we enter a region where the size of the monovalent
cation enhances the expression of the lone pair and a
distortion of the framework to loosen the four-fold symmetry.
A further trend can be observed whereby an increasing
ionic radius comes along with a more expressed lone pair
(Table S5). To confirm the non-centrosymmetric space group
SHG measurements were performed on Sb(NH4)[B(SO4)2]4.
The non-linear response of Sb(NH4)[B(SO4)2]4 was compa-
rable to potassium dihydrogenphosphate (KDP) and hence
confirms the non-centrosymmetric space group (Figure S12).

In this series of antimony borosulfates an unambiguous
determination of the correct space groups often was chal-
lenging as the structural refinements offered several space
groups with similar R values. A structural validation in
PLATON[40–42] consistently suggested a refinement in the
highest possible space group I4̄. A direct comparison between
the experimental and simulated diffraction patterns turned
out to be a helpful tool to identify the proper space group.
Two striking features can be observed which occur due to
the symmetry descent to the lower symmetric space groups
P4̄ and C2. Throughout the series, a symmetry lowering to
the monoclinic space group C2 leads to an obvious splitting
of reflections. This splitting is illustrated for SbK[B(SO4)2]4

where, e.g., the reflections around 23.8° and 25.1° are split
into four and two reflections, respectively, compared to the
higher symmetric refinement in space group I4̄ (Figure S5).
Similarly, by comparing the crystal structure refinements of
SbAg[B(SO4)2]4 in space groups P4̄ and I4̄, consistently
additional reflections around 11° and 19° 2θ appear and
hence, unambiguously specifies the proper space group
(Figure S6).

Crystal Structure of SbNa[B4O2(SO4)6]

SbNa[B4O2(SO4)6] crystallizes in a new structure type in the
orthorhombic space group Pnma (no. 62) with four formula

units per unit cell (Figure 5). Further details may be found in
the supplementary information (Table S3).[24] The structure
comprises two parallel running chains of alternating borate
and sulfate tetrahedra running along the crystallographic
a-direction. Both zig–zag shaped chains are connected via
two common borate corners as well as one bridging sulfate
tetrahedron forming dreier single rings with the latter (Figure
S1). Therefore, according to Liebau´s nomenclature, the
topology can be described as loop-branched achter double
chains.[43] Even though, the ribbon like chains with B─O─B
bridges—hence, classified as unconventional borosulfate—
show similarities to the compounds X[B2O(SO4)3] (X = Sr2+,
Pb2+, Ba2+, Cd2+)[9,44,45] featuring a [B4O2(SO4)6]4− unit, this
structure here offers a new fundamental building unit (FBU)
not known for borosulfates, so far (Figures 5b and S1). This
FBU can be viewed as a modification of the FBU found
in Cd[B2O(SO4)3] where along the chains sulfate tetrahedra
that are part of the dreier ring alternately point up and
downwards. In SbNa[B4O2(SO4)6], this scheme is modified to
two sulfate units pointing up followed by two pointing down
(Figure S2). Followed by this description, the loop-branched
vierer double chains in Cd[B2O(SO4)3] are extended to loop-
branched achter double chains in SbNa[B4O2(SO4)6] (See
Figure 6).

The respective bond lengths in the borate tetrahedra
B–Obr range between 139–142 pm in B─O─B bridges and
extend to 147–153 pm for B─O─S bridges due to elec-
trostatic reasons. The sulfate tetrahedra reveal S─O bond
distances ranging from 150–154 pm in bridging S─Obr bonds.
Furthermore, the bond distances of terminal oxygen atoms
S─Oterm coordinating antimony ions ranging from 143–148 pm
are slightly longer compared to the ones coordinating the
sodium cation with bond lengths of 141–143 pm, respectively.
These results agree well with the distances observed ear-
lier in the described series of three-dimensional antimony
borosulfates comprising mono- and trivalent cations simul-
taneously and unconventional borosulfates forming B─O─B
bridges.[9,25,44,45]

Sodium occupies a position between the chains and
is coordinated by seven terminal oxygen atoms stemming

Angew. Chem. Int. Ed. 2026, 65, e21198 (5 of 11) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 6. Section of the anionic chain in SbNa[B4O2(SO4)6] with the
coordination environment of both cations: a) zig–zag chains with
antimony cations (red polyhedra) positioned within and sodium cations
(blue polyhedra) above and below the chains. b) Coordination
environment of antimony cations (red polyhedron). c) Graphical
illustration of the antimony lone pair activity in the SbO6 polyhedron
including the centroid (semitransparent sphere) and the respective
bond lengths in pm; antimony in gray, oxygen in red. d) Coordination
environment of sodium cations (blue polyhedron).

from monodentate sulfate tetrahedra forming a distorted
pentagonal bipyramid (Figure 5d). The bond distances agree
well with sum of ionic radii (Table S7).

Antimony is situated within the ribbons coordinated irreg-
ularly six-fold by five terminal oxygen atoms of monodentate
sulfate units and a bridging oxygen atom of the B─O─B
bridge units (Figure 5b). Calculations based on the MAPLE
concept confirmed the coordination number (Table S8).

121Sb Mössbauer Spectroscopy

Isomer shifts determined from Mössbauer spectra mirror the
electron density at the studied nuclei. We have therefore
collected 121Sb spectra of the antimony-based borosulfates in
order to get more experimental information on the bonding
situation. The fitting parameters for the different antimony-
based borosulfates are listed in Table 2. The 78 K spectra of
Sb(NH4)[B(SO4)2]4 and SbNa[B4O2(SO4)6] are presented as
examples in Figure 7. A compilation of the remaining spectra
is given in Figure S13 in the supplementary information.
Within the combined standard uncertainties of the fitting
parameters, all borosulfates show similar isomer shifts. This
is underpinned with a grayish line in Figure S13. There is
no noticeable dependence with respect to the monovalent
cation. The borosulfates SbX[B(SO4)2]4 (X = NO+, NH4

+,
K+, Rb+, Cs+) show single signals in agreement with the
unique crystallographic antimony sites (2a in space group
C2, site symmetry 2). The striking features of these spectra
are the extremely negative isomer shifts around −22 mm·s−1

Table 2: Fitting parameters of 121Sb Mössbauer spectroscopic measure-
ments at 78 K. δ = isomer shift, �EQa) = electric quadrupole splitting,
� = experimental line width. Parameters marked with an asterisk were
kept fixed during the fitting procedure.

compound δ (mm·s−1)
�EQ
(mm·s−1) � (mm·s−1)

α-Sb2O4 Sb(V) 0.36(2) −2.6(4) 3.2(1)
Sb(III) −14.62(4) 8.3(2) 3.2(1)

SbNa[B4O2(SO4)6] −18.17(3) 4.8(2) 2.8(1)
Sb(NO)[B(SO4)2]4 −21.74(2) 0* 3.00(8)
Sb(NH4)[B(SO4)2]4 −21.73(1) 0* 3.0(1)
SbK[B(SO4)2]4 −21.60(3) 0* 2.63(9)
SbRb[B(SO4)2]4 −21.44(4) 0* 2.9(1)
SbCs[B(SO4)2]4 −21.76(4) 0* 2.8(2)

a) �EQ with eQVZZ/2.

Figure 7. Experimental (data points) and simulated (red line) 121Sb
Mössbauer spectra of SbNa[B4O2(SO4)6] (top) and Sb(NO)[B(SO4)2]4
(bottom) at 78 K.

which cannot be compared to any other antimony compound.
The ionic formula splitting for Sb(NH4)[B(SO4)2]4, i.e.,
(NH4

+ISb+IIIB4
+IIIS8

+VIN−IIIO32
−II) clearly points to trivalent

antinomy; however, the usual isomer shift range for trivalent
antimony compounds in literature is from about −10 to more
or less −16 mm·s−1,[22,46–48] to around −18 mm·s−1 for very
few exceptions (vide infra). The very low isomer shift of
the antimony atoms in these borosulfates indicates a high s-
electron density, due to the weak coordination behavior of
the borosulfate anions (Sb@O8 square antiprism formed by
four different borosulfate anions).[1] Although the antimony
atoms have only site symmetry 2 and different Sb─O bond
lengths, the spectra could be well reproduced without electric
quadrupole splitting. A reason for this could be that there
is no significant distortion of the s-electron density at the
antimony nuclei because of the weak coordinating borosulfate
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Figure 8. Linear correlation between the experimental Mössbauer 121Sb
isomer shifts and the calculated valence electron densities.

anions. The experimental line widths are in the usual range.
In order to rule out any irregularity from the instrument, also
an α-SbIIISbVO4 sample was measured. The fitting parameters
(Table 2) are in good agreement with literature values.[49,50]

In contrast, the borosulfate anion in SbNa[B4O2(SO4)6]
exhibits a slightly stronger coordination of the antimony
cation which is reflected in a less negative isomer shift of
−18.2(1) mm·s−1. We assume that this difference in coor-
dination strength is predominantly affected by two factors:
the smaller coordination number of six in SbNa[B4O2(SO4)6]
compared to eight in SbX[B(SO4)2]4 (X = NO+, NH4

+, K+,
Rb+, Cs+) results in shorter average bond distances and
hence higher coordination strength (Tables S8, S10). Second,
in the three-dimensional structure antimony is exclusively
surrounded by sulfate units while in the inosilicate-analogue,
the cation is additionally coordinated by BO4-units. Fur-
thermore, a weak quadrupole splitting of 4.8(2) mm·s−1

was refined. Hence, the electronic situation of antimony in
SbNa[B4O2(SO4)6] should be comparable to the chlorides
Cs3Sb2Cl9 (δ = −9.67 mm·s−1 vs. InSb, i.e., −18.27 mm·s−1 rel.
to Ba121SnO3) and (n-C4H9NH3)3Sb2Cl9 (δ = −9.14 mm·s−1

rel. to InSb, i.e., −17.76 mm·s−1 rel. to Ba121SnO3)[51,52] which
exhibit larger chloridoantimonate anions.[52]

Density Functional Theory (DFT)

Figure 8 depicts the expected linear dependency of the isomer
shift on the electron density at the nuclear site. Extrapolating
the linear trend to the density of Sb(NH4)[B(SO4)2]4, which
is calculated to be 270.79 e, results in an isomer shift of
−18.5 mm·s−1 based on a modified Becke–Johnson functional;
the standard PBE functional yields a 4% smaller shift.
Although the −18.5 mm·s−1 differs from the experimental
value of -21.73 mm·s−1, it follows the qualitative trend,
showing an exceptionally large negative isomer shift which
mainly goes back to the role of the Sb5s orbital, the latter
contributing −16.0 mm·s−1. Differences between experiment

Figure 9. IR spectra of SbX[B(SO4)2]4 (X = K+, Rb+, Cs+, Ag+, Tl+,
NO+, NH4

+) in the range between 1700–400 cm−1.

and simulation might be a result of density functional theories
self-interaction error, yielding an underestimation of electron
densities at high-density points, such as the nuclear sites.
Evident from the linear correlation, this underestimation of
the electron density results in higher (less negative) isomer
shifts. Attempts to remedy this issue by utilizing hybrid
functionals were performed, however, deemed unfeasible
after extrapolation of computational runtime.

Fourier-Transformed Infrared Spectroscopy

Figure 9 displays the infrared spectra of SbX[B(SO4)2]4

(X = K+, Rb+, Cs+, Ag+, Tl+, NO+, NH4
+) (see full spectrum

in Figure S11) between 1500 and 400 cm−1 which is the
typical region for vibrations of borate and sulfate tetrahe-
dra. In a recent contribution on the bismuth homologues
BiX[B(SO4)2]4 (X = NH4

+, NO2
+, NO+) DFT calculations

were conducted and gave access to simulated IR spectra.
Consequently, a direct band assignment due to a topologi-
cally similar anionic framework of the titled compounds is
feasible.[53] Upon closer examination of Figure 9, it becomes
evident that all spectra are almost identical except for two
regions. First, whenever polyatomic monovalent cations are
present, additional characteristic bands between 1400 and
4000 cm−1 arise like in the case of ammonium and nitrosonium
ions. Ammonium shows two typical bands located at 3292
and 1430 cm−1 caused by an asymmetric stretching mode
νas (N─H) and an asymmetric deformation mode δas (N─H),
respectively, whereas the nitrosonium cation is characterized
by a stretching mode ν (N─O) around 2296 cm−1. These
results are well in agreement with the performed DFT
calculation and further literature.[53,54] In addition, each
monovalent cation introduced into this system gives rise
to a varying impact on the symmetric stretching modes νs

(S─O) of terminal sulfur oxygen bonds around 1350 cm−1.
A possible explanation for this observed phenomenon was
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analyzed in the earlier mentioned contribution and related
the observed differences to the different positions of the
monovalent cations within the channel. Figure 4 displays
all monovalent cations located within a one-dimensional
channel extending along b-direction (c-direction in tetragonal
space groups) which is built up by terminal oxygen atoms.
Accordingly, two planes can be defined. Generally, three
cases can be distinguished where a cation can either be
located within, between two planes or occupy both positions
simultaneously which can be achieved by disorder. It was
shown that whenever a cation is located between the planes
like it is the case of BiCs[B(SO4)2]4 only a single band is
observed whereas two bands are present whenever a cation
is located within a plane as present in Bi(NO2)[B(SO4)2]4.[25]

Therein, bands of coordinated oxygen shift toward lower and
accordingly non-coordinated toward higher wavenumbers.
An additional splitting may be attributed to further occupied
positions in the channel which is caused by disorder or by
a symmetry related splitting of degenerate vibrations. For
a more thorough discussion on this topic we refer to the
contribution on the analogous bismuth metal borosulfates
BiX[B(SO4)2]4 (X = NH4

+, NO+, NO2
+, H3O+).[53] The

remaining bands are identical and can be treated analogously.
Asymmetric stretching vibrations νas (B─O) located at 1180
and 1150 cm−1 are followed by symmetric stretching vibra-
tions νs (B─O) occurring between 1040–990 cm−1. Symmetric
stretching vibrations νs (S─O) can be found between 930
and 920 cm−1. Finally, the region between 700 to 400 cm−1

can be assigned to bending vibrations δ (O─S─O, O─B─O,
S─O─B).

Thermogravimetric Analysis

Thermal decomposition processes in borosulfate chem-
istry often yield further borosulfates; these are sometimes
even exclusively accessible through the latter.[10,45] In the
phase diagram BaO─B2O3─SO3 a conversion from S─O─S
over B─O─S to B─O─B bridges was observed where
Ba[B(S2O7)2]2 initially decomposes to Ba[B2(SO4)4] and
finally leads to Ba[B2O(SO4)3].[55] If no further borosulfates
are formed, the decomposition typically results in the corre-
sponding sulfate and later at even higher temperatures in the
metal oxide. In some cases, the metal oxide reacts with B2O3

to form the respective borate.[20] Thermal decomposition
studies on the analogue bismuth compounds BiX[B(SO4)2]4

(X = Li+, Na+, K+, Rb+, Cs+, Ag+, Tl+) were the first thermal
decomposition study of borosulfates containing two differ-
ently charged cations.[38] It was observed that all compounds
are stable up to 250 °C and followed the same reaction scheme
in which initially their respective sulfates and eventually
their oxides are formed. The decomposition unfortunately
did not lead to the formation of new borosulfates containing
both cations forming B─O─B bridges as it is observed in
the case mentioned above. A comparison to the antimony
series reveals clear differences. Not only do the antimony
compounds decompose at lower temperatures around 180 °C,
but also show a more complex and distinctive degradation

Figure 10. Thermal analysis of SbK[B(SO4)2]4 under nitrogen
atmosphere and a heating rate of 5 K·min−1.

process, which is specific to almost every combination of
mono- and trivalent cations.

Among the titled compounds, only the decomposi-
tion of SbK[B(SO4)2]4 is well understood and accord-
ingly is characterized by thermogravimetric analysis TGA
and temperature programmed powder X-ray-diffraction
TPPXRD. SbK[B(SO4)2]4 decomposes in a three-step process
(Figure 10). In the first step, accompanied by the release
of 4.5 mol SO3, Sb2(SO4)3, and the borosulfate K[B(SO4)2]
(�mcalc = 37.1 wt%) are formed which was also confirmed in
situ by TPPXRD (Figure S7):

SbK[B(SO4)2]4 → 0.5Sb2(SO4)3 + K[B(SO4)2]

+1.5B2O3 + 4.5SO3

Afterwards the borosulfate K[B(SO4)2] further decom-
poses to form K2SO4 releasing one further SO3 molecule
(�mcalc = 12.4 wt%):

0.5 Sb2(SO4)3 + K[B(SO4)2] + 1.5 B2O3 → 0.5 Sb2(SO4)3

+0.5 K2SO4 + 2 B2O3 + SO3

The observed deviation between the experimental and cal-
culated mass losses for the first two steps (�mobs = 34.4 wt%,
15.9 wt%) may be explained by a slow conversion rate toward
the borosulfate K[B(SO4)2] and Sb2(SO4)3 which at 300 °C
is not fully completed yet and, consequently, influences the
mass loss for the second step. An overall observed mass loss in
the first two steps of 50.4 wt% agrees well with the calculated
49.4 wt% and confirms this assumption.

In the third step the sulfates show a thermal stability
until 550 °C. A chemically plausible decomposition results
in the formation of potassium antimonite[56] which typically
is synthesized in this temperature range and boron oxide
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 15213773, 2026, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202521198 by O

pen A
ccess U

niversity of A
ugsburg - U

niversitätsbibliothek A
ugsburg , W

iley O
nline Library on [23/01/2026]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



Research Article

(�mcalc = 14.8 wt%, �mobs = 14.1 wt%):

0.5 Sb2(SO4)3 + 0.5 K2SO4 + 2 B2O3

→ ”KSbO2” + 2 B2O3 + 2.5 SO3

The final product, after heating the sample to 1000 °C,
could not be analyzed as no residues were left. Besides for the
cases of Sb(NO)[B(SO4)2]4 and Sb(NH4)[B(SO4)2]4 which
presumably result in the formation of Sb2O3 and B2O3, it can
be assumed that in all other cases in the last decomposition
step the respective antimonites are formed as the mass losses
fit very well.

Of the remaining compounds, only SbRb[B(SO4)2]4

reveals a similar behavior (Figure S8). We assume that besides
Sb2(SO4)3 the intermediate “Rb[B(SO4)2]”—not known in
literature so far—is formed and accordingly follows the same
decomposition as the potassium compound.

All remaining TGA curves deviate significantly so that
alternative processes have to be considered. TPPXRD studies
of SbAg[B(SO4)2]4 and SbTl[B(SO4)2]4 revealed so far
unknown diffraction patterns which do not coincide with
sulfates and borosulfates known in literature and may be
caused by the synthesis of new borosulfates (Figures S9, S10).
In general, these deviating decomposition steps indicate that
the antimony compounds are more reactive than the bismuth
analogues and thus tend to form new compounds. This
remains a potential field of study to discover new borosulfates
in the future.

Conclusion

In this contribution we presented a careful analysis of the
antimony borosulfates SbX[B(SO4)2]4 (X = Li+, Na+, K+,
Rb+, Cs+, Ag+, Tl+, NO+, NH4

+), within the first modu-
lar system in borosulfate chemistry, i.e., MIIIMI[B(SO4)2]4

(MIII = Bi3+, Sb3+, Lu3+; MI = Li+, Na+, K+, Rb+, Cs+,
NO2

+, H3O+).[25] The titled compounds crystallize in three
group–subgroup related space groups I4̄ (no. 82), P4̄ (no. 81)
and C2 (no. 5) where the crystallization not only depends
on the incorporated monovalent cation− like observed for
the respective bismuth and lutetium compounds−but also
on the lone pair effect of antimony. Besides the already
known alkali metal compounds, additionally, Ag+, Tl+, NO+,
and NH4

+ were incorporated into this structure representing
the first compounds in borosulfate chemistry containing
thallium and nitrosonium cations. The attempt to synthesize
SbX[B(SO4)2]4 (X = Li+, Na+) resulted in the synthesis
of SbX[B4O2(SO4)6] (X = Li+, Na+). The unconventional
borosulfates comprising B─O─B bridges crystallize in a new
structure type in the space group Pnma (no. 62) consisting
of unprecedented loop-branched achter double chains. The
lone pair effect of antimony overcomes the sterical influence
of Li+ and Na+ that are too small to stabilize the previously
mentioned three-dimensional structure type. 121Sb Mössbauer
spectra of SbX[B(SO4)2]4 (X = K+, Rb+, Cs+, NO+, NH4

+),
revealed an extremely negative average isomeric shift of
−22 mm·s−1 never seen before (Table 2). These results

indicate a high s-electron density at the nucleus and hence
a very weak coordination behavior of the borosulfate anion.
A slightly stronger coordination behavior was observed in
SbNa[B4O2(SO4)6] where the antimony cation is additionally
coordinated by a borate group—compared to the former
structure type where a coordination by solely sulfate groups
is found—leading to an isomeric shift of −18 mm·s−1. DFT
calculations confirm these findings by following the linear
dependency of the isomer shift to the electron density at the
nuclear site (Figure 7). To confirm the non-centrosymmetric
space group and hence validate the structure refinement we
performed SHG measurements. Sb(NH4)[B(SO4)2]4 showed
a non-linear optical response comparable to potassium dihy-
drogen phosphate. Conducted IR spectroscopy confirmed the
same trend which was already observed in ref. [53] where
all spectra only differ in the region around 1350 cm−1, the
location of symmetric S─Oterm stretching vibrations of oxygen
atoms coordinating the monovalent cations and depended
on position on the latter. Furthermore, TGA and TPPXRD
experiments were carried out and uncovered a variety of
decomposition processes along the series which are not all
understood well till date except the one of SbK[B(SO4)2]4.
The decompositions of SbTl[B(SO4)2]4 and SbAg[B(SO4)2]4

were followed in further TPPXRD experiments and unveiled
unknown diffraction patterns. These findings may indicate
the formation of further unknown borosulfates like, e.g.,
SbAg[B4O2(SO4)6] containing both mono and trivalent
cations simultaneously and open a potential field of study to
find more borosulfates in the future.
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