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Introducing (inter-)halogen polysulfates — a study
on the influence of halogen bonding on weakly
coordinating anions

‘ '-) Check for updates

Cite this: Dalton Trans., 2025, 54,
16095

xb

Jan Langwald, ©22 Rosa M. Gomila, {2 David van Gerven,? Antonio Frontera

and Mathias S. Wickleder (&) *@

We present the isolation and structural elucidation of the first (inter-)halogen polysulfates
[1514[S4013]2(SO3), [IBr,]5[S4013], [ICLIHS,O7] and [ICL],[S,0]. All compounds are accessible by the reac-
tion of I,, Br, and IClz with neat SOz in sealed glass ampoules. The novel compounds show strong
donor—acceptor interactions between the oxoanionic polysulfates and the electrophilic central iodine
atom of the cations. The strength of the halogen bond increases with electron withdrawal from the
iodine. The electron density donation from the polysulfates into the antibonding ¢*-molecular orbitals
leads to a significant weakening of the X-I bond. The influence of the HaB on the bonding situation
within the anions is analyzed and compared to that of Li>[S4O;3], which we synthesized as a reference
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alkaline metal polysulfate, showing purely electrostatic cation—anion interactions. Density functional
theory (DFT) investigations and resulting MEP surface plots and QTAIM and NBO analyses show the physi-
cal nature of the HaB and reveal their energetic driving force. These insights extend our view on the
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Introduction

The stabilization of highly reactive, thus elusive, (inter-)
halogen cations is an ongoing race that was initiated by the
work of Gillespie et al. in the middle of the last century, who
investigated the existence of such species in superacidic
systems such as oleum and fluorosulfuric acid."” Their work
was inspired by the well-known observation that selenium dis-
solves in oleum yielding green solutions. It could be shown
that the tetraselenium cation Se,®" can be isolated from such
the hydrogendisulfate [Se,][HS,0,].*
Interestingly, together with [Tee][OTf], reported by Beck et al.,’
these are the only examples so far for the stabilisation of non-
metal polycations by oxoanions. For the stabilization of (inter-)
halogen compounds, almost exclusively fluoropnictogenate
and -metalate anions were used. The respective weakly coordi-
nating anions (WCA) were not labile to superacidic environ-
ments or oxidation and the preparation from available precur-
sors such as IX,, (X = Cl, Br, F; n = 3, 5, 7) via Lewis acid (LA)
mediated halide abstraction was an efficient synthetic route.®®
However, in many cases, either the respective neutral interha-
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influence of non-covalent interactions on anions we usually call ‘weakly coordinating’.

logen compound had to be prepared as a suitable precursor or
an additional oxidant was necessary for the generation of the
cation.'"® With the rise of single crystal X-ray diffraction
(SCXRD) techniques, several species were isolated and structu-
rally elucidated by Gillespie ([1,]*"),"* Passmore ([I5]"),’ Birchall
([ICL,]"),” Minkwitz ([Brs]")** and Kraus ([Br,Fs]"),"> besides
others. Although these cations were first studied in oleum and
the existence of (hydrogen-)polysulfate anions was known, no
interhalogen polysulfate has been reported to date. We were
able to stabilize the three cations [I;]", [IBr,]" and [ICI,]" in an
oxoanionic environment as polysulfates and a hydrogendisul-
fate (see Fig. 1).

Oxoanions may serve as weakly coordinating anions, and
the perchlorate, [ClO4]7, and triflate ion, [CF;SO;]™, are text-
book examples. Despite their higher charge, even polysulfates
[SxOsn:1]>” are weak Lewis bases. Throughout the last two
decades, we could show that these polysulfates can be pre-
pared up to n = 6 by reactions with neat SO;. Since SO; is a
very strong oxidizer, we are able to conduct oxidation reactions
where the obtained species are then stabilized by polysulfate
anions. A striking example is the disulfate Pd[S,0,] which
forms almost quantitatively in the reaction of Pd with SO;.'°
The paramagnetic compound shows the Pd** ion in a rarely
seen octahedral coordination, proving that the [S,0,]*~ group
causes only a weak ligand field splitting. Of course, if strongly
Lewis acidic sites are available, the disulfate group can act

Dalton Trans., 2025, 54,16095-16105 | 16095


http://rsc.li/dalton
http://orcid.org/0009-0003-4060-4909
http://orcid.org/0000-0002-0827-8504
http://orcid.org/0000-0001-7840-2139
http://orcid.org/0000-0002-8864-4227
http://crossmark.crossref.org/dialog/?doi=10.1039/d5dt02088c&domain=pdf&date_stamp=2025-10-29
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt02088c
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT054043

Open Access Article. Published on 10 October 2025. Downloaded on 5/10/2026 6:16:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
[13][AsFg] [IC1,][SbF¢]
Passmore, 1981 Birchall, 1981
o (%]
O
(€]

OO\*\QO
(€]
*ue Qg b
o4 4(”;‘.1 N poe
f _:7 6 o B, ;, <
A
e —s (@. " B.
o o »
[1314[5401315(S03) [1Br,L,[S4043]
This work This work

View Article Online

Dalton Transactions

[1Br,][Sb,Fy4]

Birchall, 1983
@
.Br
Osb
Os

Fig. 1 Summary of the presented structures and literature-known (inter-)halogen compounds.

even as a chelating ligand, as seen in Te[S,0;], and ReO,Cl
[S;0,]."'® The possibility of using SO; in reactions with
highly oxidative species and as a synthon for the formation of
weakly basic polysulfate anions encouraged us to investigate
the behavior of nonmetals in this medium. In contrast to the
above-mentioned fluoropnictogenates and -metalates,"**° SO,
gives a much broader variety of possible reaction conditions,
especially with respect to temperature. Indeed, our first
attempt, the reaction of elemental iodine with SO;, yielded the
[LL]** cation stabilized as a hexasulfate.>"

In contrast to the fluoropnictogenates, the nature of the
polysulfate anions enables the formation of noncovalent inter-
actions towards the cations. One example for these noncova-
lent interactions is halogen bonding (HaB), a directional non-
covalent interaction between an electron-deficient halogen
atom (typically bearing a o-hole) and an electron-rich Lewis
base. Conceptually analogous to hydrogen bonding, it belongs
to a broader family of 6-hole interactions, which includes chal-
cogen- (ChB), pnictogen- (PnB), and spodium bonding, among
others.>>?” These interactions generally arise from the
approach of a nucleophilic site (a lone pair or n-system) to an
electrophilic region along the extension of a covalent bond,
the so-called c-hole.?®?° This raises the question up to what
extent we think of “weakly” coordinating anions, especially
when a certain degree of coordination might be the stabilizing
factor. Similar considerations were lately discussed by
Malischewski and co-workers concerning the perfluorinated
Cp* anion, using the term “ambivalent” coordination
behaviour.*’

Although electrostatics provide the dominant driving force,
charge-transfer (orbital) interactions play an increasingly
recognized role, giving rise to strong directionality.®' This
directionality typically increases with donor electrophilicity
and decreases with electronegativity (PnB < ChB < HaB).>”> HaB
has been widely studied using neutral organic donors such as
aryl or alkyl halides, interacting with common Lewis bases like
nitrogen and oxygen donors.*® These interactions have found
broad applications in crystal engineering,**® supramolecular
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Moreover, HaBs can stabilize unusual oxidation states, as
exemplified by the Bi(i) complex reported by Malischewski and
co-workers.*® In contrast, the halogen bonding behavior of
(inter)halogen cations, such as [ICl,]", [IBr,]", and [I;]", has
received limited attention. While recent spectroscopic studies
by Bryce and co-workers investigated HaBs in the solid state
using aryl-based donors,*® the potential of small interhalogen
cations as HaB donors in the solid state remains largely unex-
plored. This is particularly noteworthy, as cationic donors
such as [IY,]" (Y = Cl, Br, I) are expected to exhibit an
enhanced o-hole character and stronger electrostatic inter-
actions compared to neutral species.

Isoelectronic with bent chalcogen species R,Ch (Ch = O, S,
Se, Te), the [XY,]" cations possess two c-holes and can engage
in multiple directional HaBs (see Fig. 2). Their potential as
building blocks in supramolecular architectures and their role
in directing anion coordination via noncovalent interactions
warrants further investigation. To date, only a few examples of
halogen cations stabilized by sulfate-based oxoanionic environ-
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Fig. 2 Theoretical and observed binding motifs for HaB between the
(inter-)halogen cations and polysulfate anions.
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ments are known. These include iodine(ur) bis(fluorosulfate)
iodide, I[OSO,F],I, reported by Gillespie in 1989,'° and the
first homoatomic halogen polysulfate, [I,][S¢Oi0], recently
described by our group.*!

Building on this foundation, we sought to expand the
family of polysulfates through the synthesis and structural
characterization of new (inter)halogen cation salts stabilized
by polysulfate anions. Our goal was to investigate how these
highly Lewis acidic cations coordinate to oxoanions and to
compare their supramolecular behavior with that of halidop-
nictogenate systems. To complement the experimental
insights, we employed density functional theory (DFT) calcu-
lations, including molecular electrostatic potential (MEP)
surface analysis, QTAIM, and natural bond orbital (NBO)
approaches, to probe the nature and strength of the HaBs
observed in the solid state. This combined experimental and
theoretical approach provides a detailed understanding of the
role of directional o-hole interactions in stabilizing these
species and challenges the classical view of polysulfates as
merely weakly coordinating anions.

Results and discussion

For our investigation, we synthesized the first (inter-)halogen
tetrasulfate [IBr5]5[S4013] (1), the homoatomic
[13]a[S4013]2(SO3) (2) and the first (inter-)halogen (hydrogen-)
disulfates [ICL,][HS,0;] (3) and [ICl,],[S,0-] (4), respectively.
We were able to generate compounds 1 and 2 directly from
reactions of the elements with neat SO; under solvothermal
conditions in closed glass ampoules. This highlights the
efficiency of neat SO; for the generation and stabilization of
these cationic species since it can act both as an oxidant and a
building block for the respective WCAs. Compounds 3 and 4
were generated from I,Clg as a precursor, with the former one
forming after hydrolysis upon exposure to ambient humidity.
To compare the influence of HaB on the bond lengths within
the anions, we also synthesized the purely ionic lithium poly-
sulfate Li,[S40;3] (5). Compound 5 was synthesized using
lithium bisimide (Li[NTf,]), thus proving that the Brensted
acidity of polysulfuric acids surpasses that of known strong
superacids like Tf,NH.?® The synthetic procedures and crystal-
lographic details are summarized in the SL

The compounds with heteroatomic cations 1, 3 and 4 crys-
tallize with triclinic symmetry (space group P1, no. 1) and the
compounds with homoatomic cations 2 and 5 crystallize in the
monoclinic space groups Cc (no. 9) and P2,/n (no.14), respect-
ively. This extends the number of reported main group tetra-
sulfates that was so far limited to the compounds
[NO,],[S4015] and Ba[S,0;5].>">* All compounds were structu-
rally elucidated via SCXRD, where strong donor-acceptor (DA)
interactions between the oxoanionic polysulfates and the elec-
trophilic sites of the cations could already be observed by
changes in bond lengths and DA distances. Additionally, we
performed DFT calculations to analyze the orbital interactions
and visualize the halogen bonding. The solid bulk material
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from which single crystals of 1 and 2 were isolated was investi-
gated using IR and Raman spectroscopy and the results were
compared to literature values, as well as the respective mod-
elled spectra using quantum chemical calculations (see the SI,
Fig. S13 and S14 and Tables S31-S34). While the vibrational
modes of the respective cations for both compounds 1 and 2
found via Raman spectroscopy measurements are in good
agreement with the literature and calculated values, the
vibrational modes of the tetrasulfate anion are only pro-
nounced in the case of 2. Due to the high reactivity of 3 and 4
and the disadvantage that both compounds could only be iso-
lated from surrounded crystalline SO; on a microscope slide
with inert oil, no spectroscopic data could be collected for
them.

Bonding situation within the anions

In an isolated polysulfate anion, the terminal S-O bonds of all
SO, units should only differ marginally, mainly possessing a
double bond character. Although the negative charge is deloca-
lized over the polysulfate chain, it usually concentrates at the
terminal units. This is found in the already published group I
and II polysulfates, where the cations are coordinated by all
terminal oxygen atoms. Only a small change in the S-O bond
length can be observed upon coordination and correlated to
the respective O-M (M = Li, Na, K, Ag) distance.’ The $-O,,
bond lengths at both ends of the polysulfate chains are usually
elongated by 1-3 pm compared to the S-O, bonds within the
chain. The S-O bond lengths within all novel compounds are
summarized and compared in Fig. 3. All bond lengths can be
found in the SI.

The novel group I tetrasulfate 5 shows all the above-men-
tioned trends (see the SI, Tables S25-S30 and Fig. S11 and
S12). The S-O, bond lengths range between 140.9(2) and 141.1
(2) pm, while the S-O., bond lengths are slightly elongated
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Fig. 3 S-O bond lengths within compounds 1-5. t = terminal, co =
coordinating, br = bridging; sym. = symmetric bridge (similar bond
lengths towards both sulfur atoms from the bridging oxygen atom),
asym. = asymmetric bridge (alternating bond lengths; short bond length
towards the inner sulfur atom and long bond length towards the term-
inal sulfur atom).
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(141.8(2)-143.1(2) pm). Compound 5 shows a bond length
asymmetry in the S$2-0231-S3 bridge (161.7(2) pm/162.8(2)
pm) and the terminal bridges (176.5(2) pm/152.4(2) pm; 175.3
(2) pm/153.2(2) pm). This is in good agreement with the litera-
ture-known tetrasulfates and Li,[S;0;¢]. Notably, the novel
lithium tetrasulfate shows a mixed coordination of the Li
atoms, one atom being coordinated tetrahedrally and the
other octahedrally by adjacent oxygen atoms. This differs from
the exclusively octahedral coordination reported for
Li,[S5046].>* The different coordination environment leads to
decreased Li---O distances (188.6(6)-196.6(7) pm) for the tetra-
hedral coordinated Lil atom and increased distances (203.8
(7)-218.7(7) pm) for the octahedrally coordinated Li2 atom,
which would be expected due to the electrostatic repulsion of
approaching oxygen atoms in the octahedral coordination.

The novel (inter-)halogen tetrasulfates 1 and 2 show two
major deviations in the S-O bonds. First, the coordinating S—
O, bond length increases up to 146(1) pm for 2 and 144.2(3)
pm for 1. They differ strongly from the terminal S-O; bond
lengths, which range between 140(1) and 143(1) pm for 2 and
140.0(3) and 141.2(3) pm for 1. Furthermore, the S-Op, bond
length of the terminal O-S bridges decreases significantly
down to a minimum of 171.2(9) pm for 2 and 170.5(3) pm for
1. Simultaneously, the bond lengths of the terminal bridging
oxygen atoms towards the inner-lying sulfur atoms slightly
increase, which leads to an overall decrease of the asymmetric
character of the S-O-S bridges compared to the group I and II
tetrasulfates.

The same behavior is observed for compounds 3 and 4 with
the [ICL,]" cation. Although (hydrogen-)disulfate anions
possess only one S-O-S bridge, there is still an asymmetry
with one shorter and one longer S-Oy, bond (usually 5-10
pm), as reported for M,[S,0,] (M = Li, Na, K)***> and M’
[HS,0,] (M’ = Li, K, Rb, Cs, [NH,4], [NO]) by our group.”®”” The
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compounds 3 and 4 show a decreased asymmetry, which basi-
cally vanished in the latter case (S1-0121 = 163.3(3) pm; (S2—
0121 = 164.0(3) pm). We can clarify the bond length changes
by envisioning the formation of polysulfates, starting from the
simplest building blocks SO; and H,SO, (see Fig. 4).

The S=O double bond within SO; ranges from 140 to 141
pm in the y- and p-modifications reported by Westrik,*®>° as
well as the solid state structures of H,SO, and H,S,0; reported
by Hartt and Honle, respectively.®®® The S-O single bond
ranges between 151.8(1) pm (FSO3;H),*> 152.0(5)-152.9(3) pm
(HS,07) and 154 pm (H,SO,). Lastly, the dative O-S bond
length of the 1,4-dioxane-SO; adducts (mono- and diadducts)
ranges from 185.0 to 192.8 pm.®®> We suggest that the polysul-
fate chain growth should be depicted as a subsequent Lewis
adduct formation via SO; addition to a terminal sulfate unit
(see Fig. 4a).

Starting from a sulfate ion, [SO4]*~, the oxoanion will form
a dative bond with the Lewis acidic sulfur atom of the SOj;
monomer. This bond will be the longest bond, formally being
an 03S0-SO; dative bond. For tri- and higher polysulfates, the
coordinating S-O., bond of the former terminal SO, unit will
elongate as it transitions from a S-O~ to a S-OR bond. This
explains the bond length asymmetry of the S-O-S bridges.
Upon complete coordination of a SO; unit, the negative charge
of the former coordinating S-O~ oxygen atom delocalizes on
the new terminal SO; unit, leading to a bond length elonga-
tion compared to the uncoordinated S=O bonds. This process
can proceed until the negative charge on the terminal SO; unit
of the [S,0;,.1]> polysulfate is not Lewis basic enough
anymore to add to another SO; unit. Until today, this is the
case for the hexasulfates. This approach explains the bond
length changes upon coordination of a strongly Lewis acidic
cation instead of SO; (see Fig. 4b). The coordination by an
oxygen atom at the terminal SO; units of the polysulfate leads
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—\ S
n N fo} o) [ ] |
0”0 HO™ OH -
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trigonal ~ SO3 'adduct
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Fig. 4

pyramidalization

(6=6-12) ©6=>12)

(a) Bond lengths of common sulfur—oxygen double- (blue), single- (red) and dative bonds (orange). Schematic representation of the polysulfate

chain growth via dative bond formation between a sulfate unit and a free SOz monomer. (b) Bond length changes upon coordination of an oxygen atom
of a terminal SO4 unit to a LA (iodine in the case of compounds 1-4). Light blue and orange colors indicate a bond length decrease and increase, respect-
ively. (c) Simplified geometric transition process of a SOz monomer towards a SO, unit and subsequent coordination towards another LA.
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to a S-O, bond length increase, thus a slow transition from
the S-O~ towards a S-O(R) bond. Subsequently, the electron
density withdrawal from the terminal oxygen atoms delocalizes
into the polysulfate chain and leads to an overall decrease in
the S-O-S bond length asymmetry.

Besides looking at bond lengths, the strength of coordi-
nation towards a SO; unit can be judged based on its geometry
(see Fig. 4c). Monomeric SO; shows a perfect trigonal planar
geometry with D3, symmetry. Upon coordination (= nucleophi-
lic attack/dative bond formation) of a Lewis base at the central
sulfur atom, a transition (distortion) of the trigonal planar geo-
metry towards the tetrahedral geometry of a sulfate unit [SO,]”
can be observed. In the past, we envisioned using the ‘6 para-
meter’ to describe this deviation from the perfect trigonal
planar geometry.®* We herein present an optimized procedure
(see the SI) for the measurement of § values using the software
Polynator.®® Fig. 5 shows the § values as a function of the Lewis
base-sulfur (LB-S) bond length for our compounds compared
to crystallographically reported main group polysulfates.

The respective bond lengths were extracted from the .cif
files. A complete overview of the analyzed structures, the calcu-
lated & values and the bond lengths can be found in the SI (see
Table S35). The § values of 1 already surpass those of Ca[S;0,3]
and Pb[S;04¢], although the Lewis basicity of polysulfates
usually decreases with increasing chain length. The (hydro-
gen-)disulfate compounds 3 and 4 show & values that are in
the same regime as Te[S,0], and [ReO,Cl][S,0], which were
described as molecular species. This highlights the extreme
Lewis acidity of the [IX,]" cations. For all compared O-Lewis
bases, polysulfates and neutral adducts, the § values correlate
with the LB-S distances. Our findings show that, even if the
terminal SO; unit of a polysulfate is weakly bound, i.e. a long
S-Op; bond length and a small § value, the coordination of a
strongly Lewis acidic cation leads to increasing pyramidaliza-
tion and decreasing S-Oy,, bond length. Thus, not only does

TelS ;071
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Fig. 5 & values as a function of the Lewis base—sulfur bond length in
pm. A summary of the respective values can be found in the SI.
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the anion stabilize the cation, but the cation-induced HaB also
stabilizes the anion.

Bonding situation and coordination of the cations

The DA interactions between the cations and the polysulfate
anions can be compared via the interatomic distances between
the halogen atoms and the oxygen atoms, as well as the bond
lengths within the cations (see Fig. 6). Our novel polysulfates
show shortened X---O (X = I, Br, Cl) distances compared to the
X-F distances in published fluoropnictogenates. For the [ICI,]"
cation, the reference [SbCls]™ and [AICl,]” compounds are not
suitable for comparison since an equilibrium between [ICI,]"
and [ICl,]” was proposed for these species, leading to devi-
ations in the I-Cl bond lengths.®

The central iodine atom is expected to be the most electro-
philic site in the cations, as Schwarz and co-workers showed
using DFT calculations.’® Thus, when moving from [I;]" to
[IBr,]" and [ICl,]", the polarization and electron density with-
drawal from the central atom increase and the DA interactions
become stronger. This is exactly what the I.--O distances for
compounds 1-4 show. If the shortest I---O distances are com-
pared, they decrease from 262(1) pm (2) over 260.1(4) pm (1)
and 258.1(7) pm (3) down to 244.0(5) pm (4), which relates to
the increasing Lewis basicity of the shorter disulfates com-
pared to the tetrasulfates. Notably, the I---:O distances towards
the terminal I atoms in compound 2 are shorter, which would
be counter-intuitive at first but can be clarified by quantum
chemical analysis of the cation, which will be provided in the
following chapter. Furthermore, it shows the weaker Lewis
basicity of the single protonated [HS,0,]” compared to the
[S,0,]>~ anion. For compound 4, the difference between the
longest I-Cl bond and the shortest I.--O distance is only 14
pm, highlighting that the border between classic covalency
and strong non-covalent interactions is reached.

short DA distance

;x
o« 85/ - ®
/A = .Br
|:|O \ |1-X bond weakening @o
¢ 9

@ci
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Fig. 6 Bond lengths within the cations (solid symbols) and interatomic
distances towards the next coordinating donor atom of the respective
anion (open symbols). Open symbols with a cross represent coordi-
nation towards the terminal halogen atoms of the cation. Red and green
colors of the open symbols represent oxygen and fluorine atoms,
respectively.
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With decreasing DA distances, the opposite halogen-
halogen bond length increases. This bond elongation is
already considerable for the [I;]" and [ICl,]" cations in 2 and 3
(up to 1.5% compared to the [PnFg]” compounds (Pn = Sb,
As)). It increases significantly for the cations in 1 and 4 (up to
1.8 and 4%, respectively). Especially in case of 1 ([IBr,]"), the
decreased DA distance and the increased I-Br bond length
indicates an HaB induced I-Br bond weakening due to partial
occupation of the o*-orbital via electron density donation of
the oxoanions. In contrast to the published calculations, the
shortest DA distances in compound 2, as well as the reference
compound [I;][AsFs], are not formed between the central
iodine atoms but between the terminal iodine atoms (see the
SI, Fig. S6). The spatial approximation of the donor atoms and
resulting elongation of the I-X bonds lead to a geometric tran-
sition of the [IX,]" species (see Table 1).

When the HaB between the anions and the cations
becomes stronger, the resulting X-I-D angles increase, result-
ing in a transition of the former bent geometry of [IX,]" (X =1,
Br, Cl) towards a formally square-planar D,[IX,]" species. This
effect becomes stronger when the central iodine atom gets
more electrophilic, i.e. when moving from [I;]" to [ICL,]". The
shorter the D-I distances are, the stronger the HaB becomes
and thus the longer gets the opposite I-X bond. Since the
electrostatic repulsion is smaller between oxygen atoms than
between halogen atoms, the A angle for the oxoanionic com-
pounds is smaller compared to the fluoropnictogenates.
Simultaneously, the increasing I-X bond length results in a
weakened electrostatic repulsion of the terminal halogen
atoms in the cation. Thus, the B angle approximates towards
90° compared to the free cations. The deviation from the calcu-
lated values increases from [I;]" to [ICl,]", which shows the
influence of stronger HaB on the bond weakening and thus
the geometric transition.

View Article Online
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The high directionality of HaB is a result of the electron
density donation into the I-X bond’s 6*-molecular orbital. The
directionality and strength of HaB are therefore interrelated.
This is equal to other non-covalent interactions like hydrogen
bonding (HB), where the O-H-donor angle is used for classifi-
cation of the strength.>®> Our compounds show increased C
angles compared to the reference compounds, indicating an
increased HaB towards our anions compared to the fluoropnic-
togenates. For the heteroatomic compounds 1, 3 and 4, the
strongest HaB is found for the oxygen atoms that coordinate to
the central iodine atom of the cations, whereas the oxygen
atoms that coordinate to the terminal Br and Cl atoms lead to
the C angles below 170° (see the SI, Fig. S4, S8 and S10).

The aforementioned effects should further increase when
moving from [ICL,]" to the even more electrophilic [IF,]"
cation. To our knowledge, there has been no reported crystal
structure with this cation; only the higher fluorinated [IF,]"
and [IFs]" cations have been isolated  using
fluoropnictogenates.'®” % The (an)ion affinity of any Lewis
acid increases with its strength, resulting in the ability of
super LAs to abstract even weak anionic leaving groups like H™
and F~.7°7? Although the significant increase in fluoride ion
affinity (FIA) for cationic group V LAs has been reported, no
calculation has been made for cationic group VII species to
date.”>”* 1t thus might be that [IF,]" is so Lewis acidic that it
leads to covalent bound (poly-)sulfate compounds, which
would not be ionic anymore but show a covalent F,I-OS bond.
Gillespie and his colleagues already described the central
iodine atom of I[OSO,F],I as weakly covalently bound to fluor-
osulfate ligands, judged by the short I---O distance of 208.6(7)
pm to 225.8(8) pm.'® For our systems, compound 4 already
shows I.--O distances below 250 pm. The loss of stabilizing
lattice energy in molecular compounds complicates crystalliza-
tion and might be one reason for the absence of crystal struc-

Table 1 Summary of the D—1-D (A), X—1-X (B) and X-1-D (C) angles within compounds 1-4 compared to reference compounds and the calculated
data for the trihalogen cluster cations. In an ideal square-planar coordination of the central | atom, the A, B and C angles would be 90°, 90° and

180°, respectively

¢
X~ ~ X \ ! / B
D X —
Angles [°]
Angles [°]
Compound A B C Ref.
[15]4[S4013]2(S03) (2) 97.32(3)-102.51(3) 82.6(3)-103.3(3) 161.5(2)-177.4(2) This work
[15][ASFq] 101.6(4) 101.8(4) 170.8(3)-174.8(3) 9
L] — 101 — 66
[IBr,],[S40135] (1) 92.2(1)-98.4(1) 96.4(1)-99.3(1) 161.2(6)-177.8(7) This work
[IBr,][Sb,F44] 100.0(1) 85.6(4) 157.7(3)-174.3(3) 8
[IBr,]" — 100 — 66
[ICL,][HS,0;] (3) 101.1(1) 98.9(2) 174.2(1)-178.1(1) This work
[IC1,],[S20/] (4) 99.1(2)-106.4(1) 91.5(4)-94.5(5) 162.9(8)-177.1(1) This work
[ICL,][SbFe] 97.2(1) 91.3(2) 169.4(1) 7
[IcL,] — 99 — 66
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tures with this motif. We strive towards the isolation of [IF,]"
(n =2, 4, 6) polysulfates for the future, especially to study their
HaB compared to the herein presented structures.

Quantum chemical calculations

DFT calculations were carried out to investigate the HaB inter-
actions in compounds 1-4.

Fig. 7 presents selected assemblies of the four compounds,
offering key insights into the significance of directional HaBs
in solid-state structures.

In compound 1, the formation of a supramolecular macro-
cycle is observed, where two tetrasulfate anions are bridged by
two [IBr,]" cations via short I---O HaBs (~260 pm). In com-
pound 2, a supramolecular cage is formed by the interaction
of two tetrasulfate anions with four [I5]" cations via eight
HaBs, where I---O distances are shorter than the sum of van
der Waals radii (3 Ryaw(I + O) = 350 pm) but longer than the
sum of covalent radii (X Rco,(I + O) = 205 pm). A remarkable
feature of this structure is the encapsulation of a SO; molecule
within the [I;]4[S4013], supramolecular cage, allowing struc-
tural characterization of this highly reactive gaseous species by
X-ray diffraction. Notably, the SO; molecule is stabilized by
two S---O w-hole chalcogen bonding (ChB) interactions. For
compounds 3 and 4, the [ICl,]" cations participate in three
concurrent HaBs (see Fig. 7c and d). Compound 4 forms
assemblies that are similar to those of compound 1 where two
disulfate anions are connected by two cations through I.--O
HaBs, forming the supramolecular macrocycle ‘A’
Additionally, two A rings are further linked via Cl---O HaBs,
giving rise to macrocycle ‘B’. The shortening of the I.--O con-
tacts in the solid-state structures already indicates that the
HaB strength within the [IX,]" species follows the order X = Cl
> Br > L. This aspect was further explored in the theoretical
study, where the nature of the HaB and ChB interactions was
analyzed. First, the MEP surfaces of the SO; molecule and
[1X,]" cations (shown in two different views) were computed
(see Fig. 8) to rationalize the X-ray structures described before.

’2 603

S n ar ¥
N'x"‘vx

2
“’IZ 2:;‘7)&2868‘“!
( 5

Fig. 7 Partial views of the X-ray packing of compounds 1 (a), 2 (b), 3 (c)
and 4 (d). Halogen (c-hole) and chalcogen (r-hole) bonds are rep-
resented as dashed lines. Distances in A.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

m-hole (g)

o-hole (b)

168.2 o-hole

117.9/\

-9.6 +95.1

S0,
-10[F  Kealfmol Wl +55

(c)

[ICl,1*
+o5[  Kealimol W+ 168
(d)

153.1 137.4

+91.6
[1Bra]* [1a]*

+87.0

+85[l  Kealimol Wll+155 +85[l  Kealimol W+ 140

Fig. 8 MEP surfaces of SOz (a), [ICL]* (b), [IBro]*™ (c) and [I5]* (d). The
MEP values at selected points of the surfaces are given in kcal mol™
(isosurface 0.001 a.u.).

For the SO; neutral molecule, the MEP surface reveals two
intense n-holes (53.3 kcal mol™") positioned above and below
the central sulfur atom, explaining its high electrophilicity.
The MEP minima are located at the oxygen atoms, with a value
of —9.6 kcal mol™", revealing very low nucleophilicity. This
strong anisotropy in electron density distribution explains the
formation of double zn-hole interactions in compound 2. The
MEP values for the cationic [IX,]" species (see Fig. 8b-d) are
positive across the entire van der Waals surface. The distri-
bution is also anisotropic, exhibiting significant variations
along the surface. In all cases, two intense c-holes are located
at the central iodine atom, where the MEP values reach their
maximum. The least polarized cation [I;]" shows only a small
difference in the MEP between the central and the terminal
iodine atoms, which explains the counter-intuitive trend of
short I.--O distances towards the terminal atoms discussed
previously.

The MEP maximum decreases as the halogen becomes
heavier (Vi max = 168.2 keal mol™ for Cl, 153.1 keal mol™" for
Br, and 137.4 kcal mol™" for I), explaining the shorter I---O dis-
tances observed in compounds 3 and 4. Additionally, the pres-
ence of local maxima at the X-atoms of the [IX,]" cations is
noteworthy, whereby the positive potential increases with the
heavier halogens. In [I;]", the c-holes at the central iodine
atom exhibit nearly the same MEP value as those at the mono-
valent iodine atoms. This c-hole distribution accounts for the
highly directional HaBs observed in the solid-state structures
of compounds 1-4. To further visualize the influence of the

Dalton Trans., 2025, 54,16095-16105 | 16101
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=@~ o-hole HaB: -61.6 kcal/mol 2
~9— m-hole ChB: —23.3 kcal/mol

~@~ 0-hole HaB: —44.3 kcal/mol 14
=@~ |---O contacts: —2.9 kcal/mol

Fig. 9 QTAIM distribution of BCPs (small spheres) and bond paths
(orange lines) for compounds 1 (a) and 2 (b). Only intermolecular BCPs
characterizing ChB and HaBs are represented for clarity.

noncovalent interactions on the macromolecular arrangement,
we used the quantum theory of atoms in molecules (QTAIM)
analysis.

Fig. 9 presents the distribution of bond critical points
(BCPs) (small spheres) and bond paths (orange lines) for com-
pounds 1 and 2.

In compound 1, each [IBr,]" cation forms two strong HaBs,
characterized by blue BCPs. The formation energy of the supra-
molecular cage was computed using the potential energy den-
sities at the BCPs, following the approach proposed by
Tsirelson.”” The total interaction energy associated with these
HaBs is —44.3 kcal mol™" for four contacts, confirming the
strong bonding nature and the superior ability of [IBr,]" as a o-
hole donor. QTAIM identifies two additional, symmetrically
equivalent BCPs (in dark green) and bond paths linking the
I atoms to the anions. Due to their lack of directionality, these
I---O contacts cannot be classified as HaBs (o-hole inter-
actions). Instead, they represent nondirectional ion-pair inter-
actions. The computed strength of these I---O contacts is only
—2.9 kecal mol™", significantly weaker than the HaBs. These
nondirectional ion-pair interactions are a unique feature of
our polysulfate systems since they are formed between inner-
lying terminal oxygen atoms of the polysulfate chain that are
neither available in fluoropnictogenate systems nor in triflates.

For the assembly of compound 2, each HaB is defined by a
BCP (blue) and a bond path linking the terminal I and O
atoms. This results in a formation energy of —61.6 kcal mol ™"
for eight contacts. Notably, QTAIM confirms the presence of

~@= 0-hole HaB: 5.2 kcal/mol (CI---O)
~@= 0-hole HaB: —116.8 kcal/mol (I---O)
=@ |---O contacts: —5.5 kcal/mol

=@= 0-hole HaB: -2.6 kcal/mol (CI---O)
~@- 0-hole HaB: —23.7 kcal/mol (I---O)
=@ |---O contact: —2.7 kcal/mol

Fig. 10 QTAIM distribution of BCPs (small spheres) and bond paths
(orange lines) for compounds 3 (a) and 4 (b). Only intermolecular BCPs
characterizing the HaBs are represented for clarity.
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chalcogen bonds (dark green), namely zn-hole interactions, as
evidenced by a BCP and bond path connecting the central S
atom of the free SO; molecule and inner-lying terminal O
atoms of the polysulfate chain. The encapsulation of the SO;3
molecule within the cage was further analyzed using the supra-
molecular approach at the RI-PBE0-D4/def2-TZVP level of
theory. Scalar relativistic effects were included in the ECPs for
iodine atoms (for Computational details see SI). The calculated
encapsulation energy of —23.3 kcal mol™" shows the significant
strength of the n-hole interactions involved in stabilizing the
SO; molecule.

Fig. 10 presents the QTAIM analysis for the assemblies of
the [ICl,]" compounds 3 and 4. For both compounds, the
HaBs are represented by dark blue spheres, while nondirec-
tional I---O contacts are indicated by dark green spheres. The
hydrogen disulfate 3 shows two types of HaBs: those involving
the o-holes on iodine atoms (I---O) and those involving the o-
holes on chlorine atoms (Cl---O). Consistent with the MEP ana-
lysis and the differences in c-hole intensity, the Cl---O HaB is
modest, with an interaction energy of —2.6 kcal mol™,
whereas the I.--O HaBs are significantly stronger, with a total
interaction energy of —23.7 kcal mol™" for two contacts. The
nondirectional I---O contact is weaker, with an interaction
energy of —2.7 kcal mol™, further underscoring the domi-
nance of I---O HaBs in stabilizing the assembly.

Although a similar general trend is observed in the assem-
bly of the compound 4, the calculated energies highlight the
significant difference between a hydrogendisulfate and a disul-
fate anion. The I..-O HaBs exhibit a very strong interaction
energy of —116.8 kcal mol ™" for eight contacts. The Cl---O HaBs
are significantly weaker, with an interaction energy of —5.2 kcal
mol™" for two contacts. Additionally, four nondirectional I---O
contacts are observed, with a combined interaction energy of
—5.5 keal mol™". Overall, the energetic analysis confirms the
ranking of HaB donor strength within the [IX,]" species, follow-
ing the order X = Cl > Br > I. Moreover, in all salts, the HaBs
involving the central iodine atom are significantly stronger than
those involving the terminal halogen atoms, reinforcing the key
role of iodine-based o-hole interactions in stabilizing these
assemblies. The identified nondirectional ion-pair interactions,
though being weaker than the HaBs, highlight the increased
stabilization potential of our systems due to small energetic con-
tributions via the chelation by the terminal oxygen atoms of the
polysulfate chain. Finally, Natural Bond Orbital (NBO) analysis
was performed for a representative set of HaBs to investigate the
interactions from an orbital donor-acceptor perspective. The
results are summarized in Fig. 11, where the NBOs characteriz-
ing the HaBs are depicted.

For compound 1, the typical LP(O) — o*(I-Br) electron
donation is observed for both types of I---O HaBs. The corres-
ponding stabilization energies due to donor-acceptor electron
transfer are 7.3 and 6.4 kcal mol™" for both I.--O contacts (see
Fig. 11a), indicating a significant contribution of orbital
effects to the HaBs. This is directly correlated with the short
I..-:O distances, which allow for efficient orbital overlap
between the donor and acceptor orbitals.

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 NBOs involved in the HaBs of compounds 1 (a), 3 (b) and 4 (c). The second order stabilization energies are indicated.

In the case of the hydrogen disulfate 3 (see Fig. 11b), the LP
(0) = o*(1-Cl) electron donation is 5.6 kcal mol™" at the iodine
end of the ¢*(I-Cl) orbital, while the contribution at the chlor-
ine end is almost negligible (0.1 kcal mol™"). A similar trend is
observed for the disulfate 4 (see Fig. 11c), where the LP(O) —
6*(I-Cl) electron donation is notably stronger at the iodine
end of the antibonding orbital (7.8 kcal mol™") compared to
the chlorine end (0.2 kcal mol™). This difference is directly
related to the longer Cl---O distance observed in the crystal
structure. This NBO analysis further confirms the o-hole
nature of the interaction and highlights the significant role of
orbital effects in stabilizing the HaB assemblies.

Conclusion

In this work, we have synthesized and structurally character-
ized a new series of (inter)halogen polysulfate salts featuring
[ICL]", [IBr,]", and [I5]" cations. We were able to synthesize all
compounds in a single step using either neat elements or
easily available precursors. Single-crystal X-ray diffraction ana-
lysis reveals that these cationic halogen species engage in
highly directional halogen bonding interactions with the sur-
rounding oxoanionic polysulfate frameworks. These inter-
actions play a critical role in directing the supramolecular
organization of the salts, giving rise to macrocyclic assemblies,
extended networks, and even discrete cage-like architectures.
Based on thorough structural analysis, we were able to show
the correlations between the interionic distances (i.e. cation—
anion interactions) and the bond length changes within each
ion. We used these results to correlate the bond lengths within
literature-known polysulfates and our new compounds with
the geometry of the terminal SO; units and (re-)introduced the
& parameter for this description.

To further understand the nature of these interactions, we
performed a comprehensive DFT study employing MEP surface
analysis, and QTAIM and NBO calculations. These results
confirm the presence of pronounced c-holes on the iodine
centers of the [IX,]" cations and support the interpretation of

This journal is © The Royal Society of Chemistry 2025

the short I---O contacts as bona fide HaBs. The theoretical find-
ings also highlight the ability of the polysulfate anions, typi-
cally considered weakly coordinating, to act as effective HaB
acceptors through their oxygen lone pairs. We were able to
identify additional nondirectional ion-pair interactions as a
distinct feature of our anions that contribute to the overall
stabilization of the highly reactive cationic species.

Taken together, this study expands the scope of halogen
bonding to include interhalogen cation donors in oxoanionic
environments and demonstrates how directional c-hole inter-
actions can be harnessed in the design of complex supramole-
cular assemblies. These results also open the door to further
exploration of polysulfate chemistry beyond classical ionic
frameworks, particularly in the context of noncovalent inter-
action-driven crystal engineering.
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