Chemistry
Europe

European Chemical
Societies Publishing

Full Papers

ChemistryOpen doi.org/10.1002/0pen.202000246

Special
Issue

Metal Assisted Synthesis of Cationic Sulfidobismuth

Cubanes in lonic Liquids

Maximilian Knies,”® Matthias F. Groh,™ Tobias Pietsch,”® Mai Lé Anh,”® and Michael Ruck*® 9

Bi,S; was dissolved in the presence of either AuCl/PtCl, or AgCl
in the ionic liquids [BMIm]CI-xAICl; (BMIm = 1-n-butyl-3-meth-
ylimidazolium; x=4-4.3) through annealing the mixtures at 180
or 200°C. Upon cooling to room temperature, orange, air-
sensitive crystals of [BMIm](Bi,S)[AICI]s (1) or Ag(Bi,Sg)[S
(AICI5);1,[AICI,]; (2) precipitated, respectively. 1 did not form in
the absence of AuCl/PtCl,, suggesting an essential role of the
metal cations. X-ray diffraction on single-crystals of 1 revealed a

1. Introduction

lonic liquids (ILs)"" are gaining progressively more attention as
solvents in inorganic synthesis as they provide access to
materials at low temperatures and in high purity or to new
compounds that are inaccessible by conventional synthesis
methods.”® Beyond their classification as solvents, ILs can also
participate in reactions. It can be the weakly coordinating
anionic component of the IL, which is incorporated in the
resulting product to stabilize complex cationic units,” but also
the IL cation that acts either as counter ion for complex
anions®' or is intercalated into a layered compound.""¥ In
the latter case, the intercalation opened new modification
routes, e.g. exfoliation of TiS, through swelling of the interlayer
spaces or led to the improvement of electrochemical properties
of the starting materials, e.g. the catalytic activity of MoS,!'? or
the electrical conductivity in non-aqueous MXenes™ while
upholding high cycling stability."® This stimulated the research
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monoclinic crystal structure that contains (Bi,S,)*" heterocu-
banes and [AICI,]~ tetrahedra as well as [BMIm]* cations. The
intercalation of the ionic liquid was confirmed via solid state
NMR spectroscopy, revealing unusual coupling behavior. The
crystal structure of 2 consists of (Bi,Sg)>" spiro-dicubanes, [S
(AICI;);)* tetrahedra triples, isolated [AICI,]” tetrahedra, and
heavily disordered silver(l) cations. No cation ordering took
place in 2 upon slow cooling to 100 K.

on the intercalation of IL cations into clays and other materials
with the aim to improve adsorption capacities and electro-
chemical properties.'*"

Bismuth(lll) sulfide, Bi,S;, also known as the mineral
bismuthinite, is a hard to dissolve compound, only being
soluble under harsh conditions e.g. in hot nitric acid. We
recently demonstrated that specific ILs readily dissolve Bi,S; at
moderate temperatures.®"*? This opened a path to compounds
that contain either five-atomic Bi,S; molecules M,(Bi,S;)[AICI,],
(M=Cu, Ag)®" or sulfidobismuth(lll) polycations, such as
(BisS,AICH*T in (BisS,AICHIS(AICI,);I[AICII®? or (BisS,GaS)*™ in
(Bi;S,GaS),[Ga;Cl,o],[GaCl,],- S.2* However, the first binary sulfi-
dobismuth(lll) polycation, the cube-shaped (Bi,S,)*" in (Bi,S,)
[AICl,],, was crystallized from a NaAICl, flux by Beck et al.®¥ Sill,
the number of sulfidobismuth polycations is small compared to
the rich variety of heteroatomic polycations composed of other
bismuth-chalcogen or antimony-chalcogen combinations.
Those range from isolated heterocubanes (Bi,Ch,)*" (Ch=Se,
Te)®*3 over oligo-cubanes to complex catena polycations.B5*"

Herein, we report on the IL-based syntheses and crystal
structures of the two new sulfidobismuth(ll) compounds
[BMIm](Bi,S,)[AICI]s (1) and Ag(Bi,Sg)[S(AICI;),;1,[AICLL; (2).

2. Results and Discussion
2.1. Syntheses

A mixture of Bi,S; and AuCl or PtCl,, dissolved readily in the
ionic  liquid  [BMIm]CI-4AICl;  (BMIm = 1-n-butyl-3-meth-
ylimidazolium) at 180°C. Upon cooling to room temperature,
bright orange, air-sensitive crystals of [BMIm](Bi,S,)[AICI,]s (1)
formed, together with AICI; and traces of the reduced noble
metal. When exposed to moist air, the crystals slowly decom-
pose and release the characteristic odor of H,S. The assumed
mechanism for the decomposition is the hydrolysis of the
[AICI,]” ions, resulting in hydrochloric acid, which in turn
protonates the sulfide anions to H,S. The molar ratio of Bi,S; to

© 2020 The Authors. Published by Wiley-VCH GmbH
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the metal chlorides was varied from 4:1 to 1:2 (AuCl) and 6:1
to 1:1 (PtCl,). The compound formed in every mixture, but
smaller amounts of the metal chloride reduced yield and
crystallinity, with only microcrystalline powders found for the
lowest concentrations. Although no noble metal was incorpo-
rated into the product, as was confirmed by EDS analysis and
the crystal structure determination, it seems to be indispensable
for the formation of the compound. Synthesis attempts without
a metal salt did not lead to the formation of 1. Similar structure
direction through metal cations was previously observed in the
synthesis of complex group 14 chalcogenide compounds.”?
PXRD measurements revealed that the metal cations are
reduced to elemental gold or platinum (Figure S1 of the
Supporting Information). The corresponding oxidation products
could not be identified, in particular because of the remaining
AlCL,.

In a second synthesis, a mixture of AgCl and Bi,S; in the
molar ratio of 2:1 was dissolved in the ionic liquid [BMIm]
Cl-4.3AICl; at 200°C. Upon cooling to room temperature, deep
red, shiny crystals of Ag(Bi,Sg)[S(AICI;);],[AICI], (2) crystallized
besides AICI; (Figure S2). EDS analyses confirmed the composi-
tion, particularly the presence of silver in 2.

The product formation in this ionothermal synthesis is
highly sensitive to the concentrations in the reaction mixture.
We used basically the same absolute amounts of AgCl, Bi,S;,
AICl;, and [BMIm]CI as well as the same experimental setup as
in a previous report”" There Ag,(Bi,S;)[AICI,], had been
obtained as a byproduct, while the main product could not be
determined at that time, but was now identified as the silver-
poorer Ag(Bi,Sg)[S(AICL;);],[AICL], (2). We now observed the
formation of Ag,(Bi,S;)[AICI,], only if the amount of AgCl or the
overall concentration of the starting materials in the ionic liquid
was increased. Moreover, any attempt to lower the AgCl
content to the stoichiometric ratio of 2 resulted in the
formation of yellow platelets of a third compound, [Bi;S,AICI][S
(AICl5);1[AICL,]. The latter contains no silver at all and is also
accessible by dissolution of Bi,S; in [BMIm]Cl-xAICl; (x=3.6;
7.2).5% Obviously, the chemically available silver(l) is the primary
parameter that controls the selectivity. Since AgCl is highly
soluble in the used IL and is known to form [Ag(AICI,)CI]™
anions,”? complexation equilibria seem to be important. A
hypothesis, in line with the experimental observations, is that in
these AlCl;-rich melts also [Ag(AICl,),]~ anions form, which mask
the silver cations. Such homoleptic tetrachloridoaluminate
complexes of silver(l) or copper(l) ions were mentioned in
previous electrochemical studies.***? The ratio of the different
silver complexes depend on the concentrations and the
temperature.

2.2. Crystal Structure of [BMIm](Bi,S,)[AICI]; (1)

1-n-butyl-3-methylimidazolium-sulfidobismuth(lll)cubane-penta-
kis[tetrachloridoaluminate(lll)], 1, crystallizes in the monoclinic
space group P2,/c (no. 14) with four formula units per unit cell
and the lattice parameters a=1168.6(1) pm, b=1786.4(1) pm,
¢=2218.0(1) pm, and f=97.94(1)° at 100(2) K. Atomic parame-
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ters and interatomic distances are listed in Tables S1 and S2 of
the Supporting Information. The crystal structure (Figure 1) is
build up by three different complex ions, (Bi,S,)*" heterocubane
cations, [BMIm]* cations, and [AICl,]” tetrahedra. 1 can be
regarded a double-salt consisting of Beck’s (Bi,S,)[AICl,], and the
IL [BMIm][AICI,].

The (Bi,S,)*" cation is a distorted cube with bismuth(lll) and
sulfur(-Il) atoms occupying alternating vertices. The Bi—S bond
lengths range from 261.8(2) pm to 271.9(2) pm, while the
angles within the faces vary between 82.4(1)° and 97.7(1)°,
displaying a significant distortion from O, symmetry. These
values span a wider range compared to previous character-
izations of this group in (Bi,S,)[AICI,], with Bi—S distances from
263.7(3) pm to 269.7(3) pm and angles from 84.2(1)° to
95.7(1)°.2% The deviation can partially be attributed to the lower
overall symmetry of the monoclinic structure of 1 compared to
the tetragonal compound discovered by Beck. In both cases, the
bond lengths deviate from the distance of 264.8 pm found in
the bipyramidal molecular Bi,S; units in M,(Bi,S;)[AICI,1,E" by
7 pm at most.

Taking the surrounding [AICI,]” ions into consideration,
each bismuth atom in (Bi,S,)[AICl,], shows a distorted octahe-
dral coordination with Bi—Cl distances between 297.0(2) pm
and 310.0(2) pm (Figure 2a).2¥ In 1, the shortest Bi—Cl distance
is 294.4(2) pm. Chloride ions at distances of up to 365 pm must
be included in the definition of coordination polyhedra to
achieve reasonably regular forms. Three of the four independ-
ent bismuth positions are surrounded by five chlorine and three
sulfur atoms in the shape of a distorted bicapped trigonal prism

Figure 1. Crystal structure of 1. The [BMIm]* fragment is shown with one of
the two mutually exclusive positions. [AICI,]™ anions are represented as Al-
centered polyhedra.

111 © 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. Extended coordination environment of the bismuth atoms in a)
(Bi,S,)[AICI,], and in 1 for b) Bi1 and c) Bi4. The ellipsoids comprise 90 %
probability density of the atoms.

or square antiprism (Figure 2b). The fourth bismuth atom has
nine neighbor atoms, which form a distorted tricapped trigonal
prism (Figure 2¢). In line with the longer Bi—Cl distances, the
[AICI,]” ions in 1 are weaker coordinating and show stronger
librations than in (Bi,S,)[AICI,L,.

The organic [BMIm]™ cation is embedded between [AICI,]
groups. It is statistically disordered on two mutually exclusive
positions with opposite orientations (Figure 3). Although the
two positions are not equivalent, their occupancies appear to
be equal. Despite the partial overlap of the two positions, the
entire molecules could be identified and refined applying
intramolecular distance restraints. The shortest N--Cl distance is

ocC
wH
ON

Figure 3. The two mutually exclusive orientations of the [BMIm]* fragment
in the crystal structure of 1. The ‘B’ position is shown attenuated.
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Figure 4. Solid state 2D HETCOR NMR spectrum of [BMIm](Bi,S,)[AICI,]s.
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373 pm and the shortest possible C—H--Cl hydrogen bridges
have a C--Cl distance of 340 pm, which indicates only undir-
ected electrostatic interactions between the organic cations
and the [AICI,]™ anions.

The structure of the embedded [BMIm]* was confirmed by
solid state *C magic angle spinning (MAS) nuclear magnetic
resonance (NMR) spectroscopy (Figure 4). The signals are
labeled according to the crystallographic position of the
corresponding carbon atom. The chemical shifts are similar to
the calculated spectrum of the free [BMIm]* cation (Figure S3)
The differences between both spectra are caused by the
chemical environment of the embedded [BMIm]™ molecule. At
first glance, a splitting of the resonances of C2, C3, C5 and C7 in
the spectrum of 1 is noticeable, which can be attributed to two
possible reasons. Because C2, C3 and C5 are each bound to a
nitrogen atom, “C—"N—J coupling can occur which can be
detected by MAS-NMR. This coupling is unusual for the
common liquid state NMR measurement of [BMIm]* since the
second-order quadrupolar effect cannot be transferred from "N
to °C due to fast relaxation processes. However, in solid state
NMR, asymmetric doublets can be observed.”® Contrary to this,
in the *C-MAS-NMR spectrum of pristine [BMIm]CI no splitting
of these signals could be observed (Figure S3c). Supposedly, the
broadening of the signals (FWHM: ca. 50 Hz) prohibits the
observation of "C—“N-J coupling. The second reason for
differences between calculated and experimental spectra is the
presence of [BMIm]* molecules with different orientations in
the crystal structure of 1. The 2D heteronuclear correlation
(HETCOR) spectrum (Figure 4) shows that both signals labeled
with C7 in fact have a minor difference in their *C chemical
shift but both show a *C—'H—J coupling with a chemically
equivalent hydrogen atom. Hence, the splitting originates from
molecules with a different conformation, generating inequiva-
lent C7 positions.”” This is also indicated in the crystal structure
of 1, in which both orientations show a significantly different
C6—C7—C8 bond angle (a,=98(2)°% ag=116(2)°). Furthermore,
long distance interactions between the [BMIm]* and [AICI,]~
might influence the *C chemical shift. This is especially the case
for C2—C5. Their C-Cl distances are the shortest, but differ
greatly between the different orientations of the organic cation
(dnc_cy=338(1)—348(1) pm; dyc_cy=364(1)—371(1) pm). A sim-
ilar disorder of the [BMIm]™ cation had been observed in the
structure of [BMImI[Y(Tf,N),1.®! Additionally, a general tendency
of conformation disorder of the butyl chain has been hinted at
in [BMIm],[SnBr]® and explored in detail by Saouane et al.'”

2.3. Crystal Structure of Ag(Bi,Sg)[S(AICI;);1,[AICL], (2)

Silver(l)-spiro[8,8]sulfidobismuth(lll)cubane-bis{tris[trichloridoa-
luminate(lll)]sulfide}-bis[tetrachloridoaluminate(lll)], 2, crystalli-

zes in the triclinic space group P1 (no. 2) with one formula unit
per unit cell and the lattice parameters a=1064.5(1) pm, b=
1067.0(1) pm, c=1513.3(1) pm, a=77.17(1)°, f=75.59(1)°, and
y=60.42(1)° at 298(2) K. Atomic parameters and interatomic
distances are listed in Tables S3 and S4 of the Supporting

112 © 2020 The Authors. Published by Wiley-VCH GmbH
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Information. The crystal structure (Figure5) features three
different complex ions, (Bi,Sg)*" spiro-dicubane cations, [S
(AICI;);]* anions and [AICI,]” tetrahedra, as well as disordered
silver(l) cations.

The structure is organized into layer packages parallel (001)
(Figure 6). The layer symmetry is close to the trigonal layer
group p3m1 (no 72)."® This is also the origin of the almost
identical lattice parameters a and b. The stacking vector of
layers includes a shift by Ax=20.25 and Ay~0.18. Consequently,
the symmetries of neighboring layers do not match, which
reduces the total symmetry to the triclinic space group P1.

Q@Ag
@Bi
dS
QDA
@Cl

Figure 5. Crystal structure of 2. [S(AICl;);]*~ and [AICI,]™ anions are
represented as Al-centered polyhedra.

QAg
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b oS
QAI

L a QC|

Figure 6. Layer at about —'/, <z<'/, in the crystal structure of 2. The layer
symmetry is close to the trigonal layer group p3m1. The c-axis of the unit
cell is identical to the stacking vector, which reduces the overall symmetry
to the triclinic space group P1.
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Nonetheless, trigonal pseudosymmetry applies to most parts of
the structure.

The hetero spiro-dicubane (Bi,Sg)°" cation (Figure7) is
composed of two (Bi,S,)*" cubes that share a common bismuth
atom vertex. It is isostructural to (Sb,Seg)** and (Sb,Teg)®*.2%*7
In accordance with the layer pseudosymmetry, the (Bi,Sg)’"

molecule has the point group symmetry 3m (D5y) although its

crystallographic symmetry is only 1 (C). The Bi—S distances
range from 259.1(3) pm to 267.2(2) pm for the threefold
coordinated bismuth atoms and from 280.9(4) pm to
281.4(3) pm for the central sixfold coordinated bismuth atom.
The latter is a rare case of almost regular octahedral coordina-
tion of a bismuth(lll) atom. Usually, [3+4 3] coordination with
clear differentiation into shorter and longer bonds is observed,
which in fact is expected to be energetically more favorable for
linear three-center bonds. Moreover, the lone-pair of this
bismuth(lll) atom apparently preserves its spherical 65
character.” The coordination of the outer bismuth atoms is
amended by chloride ions to heavily distorted octahedra with
Bi—Cl distances ranging from 305.7(3) pm to 330.8(3) pm. These
chloride ions belong to both, the [S(AICI;);]* and the [AICI,]™
groups.

The isolated [AICI,]™ tetrahedron is almost regular with one
short Al-Cl distance of 210.6(4) pm along the pseudo threefold
axis perpendicular to the (001) plane and three quite similar
distances ranging from 213.2(4) pm to 213.9(4) pm. These
distances are in accordance with those reported for Na[AICl,].>”

The complex anion [S(AICI;);]*~ consist of three [AISCI;]*~
tetrahedra that share their sulfur atom and point in the same

0 E! 1N

Figure 7. (Bi,Ss)°" spiro-dicubane cation, [S(AICI,);]*~ anion, and coordination
polyhedra of the disordered silver(l) cations in 2. The ellipsoids comprise
90% of the probability density of the atoms.
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direction (Figure 7). The pseudosymmetry is 3 m (G;,), while the
crystallographic symmetry is only 1 (C,). The S—Al distances are
uniform with lengths between 227.7(3) pm and 228.1(3) pm.
This group has first been found in (Bi;S,AICI)[S(AICI;),][AICI,].2?
Most likely, the gallium-centered analog is present in (Bi;GaSs)
[Ga,Cl,ol,[GaCl,l, - Sg (taking into account the similar scattering
factors of S and Cl).%?

The silver(l) ions are distributed over at least thirteen
partially occupied positions, which form three groups (Figures 5
and 7). ‘Ag1’ and ‘Ag2’ are located between the layer packages,
while ‘Ag3’ is in them. The Ag-S distances range from
229(3) pm to 261(4) pm, the Ag—Cl distances from 234(4) pm to
319(3) pm. These ranges were chosen referencing comparable
coordination environments in  Ag,(Bi,S;)[AICL,1,°" and Ag
[AICI,.B"

The group ‘Ag1’ comprises the majority (56.8%) of the
electron density of the silver atom, and is modelled by six
individual positions. The surrounding consists of seven chloride
and two sulfide ions, which originate from the tip of a (Bi,Sg)° "
polycation as well as four [S(AICL;);]>~ anions. These nine anions
form an irregular coordination polyhedron.

The group ‘Ag2’ includes a center of inversion and consists
of two times three individual position, for which the sum of
occupancies is 17.1%. Twelve chloride ions form a distorted
icosahedron around them. Both complex anions contribute to
this coordination polyhedron.

The remaining 26.1% of occupancy are distributed over the
four split positions in the group ‘Ag3’. The group and its
encasing polyhedron show the pseudosymmetry 3 m (G,,). The
polyhedron is an octahedron of six chloride ions of which four
faces are capped by sulfide ions. All building units of the
structure contribute to this coordination.

Beck et al. had presented two similar compounds in 2013
Na(Sb,Teg)[MCl ], (M=Al, Ga) feature pnicogen-chalcogen spiro-
dicubane cations surrounded by tetrachloridometalate anions
and monovalent cations that show disorder at room temper-
ature. There, the degree of disorder was lower than in 2, and
the cations ordered by cooling the crystals to 123 K. For 2, the
disorder persisted even after a very slow cooling to 100 K. This
different behavior might be caused by dissimilar bonding
preferences of the soft silver and the hard sodium cations
(thermodynamic argument), but also by the bulky [S(AICI;);]*~
group, which does not have the libration modes of isolated
tetrahedra (kinetic argument). The sulfide ions seem to partake
more in the coordination of the silver ions of 2 compared to
telluride and sodium ions in Na(Sb,Teg)[MCl,]; (M= Al, Ga). Since
heavier elements of group 16 are attributed with a better
capability to bridge metal centers,*? this is probably caused by
the more covalent nature of interactions between the soft silver
and sulfur atoms compared to the hard sodium and soft
tellurium atoms.®?

36]

3. Conclusions

[BMImI(Bi,S)IAICI]s 1 and Ag(Bi,;Sg)IS(AICI;);1,[AICI], 2 present
two new compounds with pnicogen-chalcogen polycations.

ChemistryOpen 2021, 10, 110-116 www.chemistryopen.org

The structures comprise the heterocubane (Bi,S,)*" and the
spiro-dicubane (Bi,Sg)°*, which are formed by dissolution of
Bi,S; in the IL [BMImI]CI-xAICl; (x=4-4.3) at moderate temper-
atures. 1 can be interpreted as a double-salt of (Bi,S,)[AICI,],
and the IL [BMIm][AICI,]. So far, the incorporation of both
components of the IL into an inorganic compound has mostly
been reported for clay-like materials. Moreover, auxiliary metal
chlorides proved necessary for the crystallization of 1. Similarly,
2 represents an example how product selectivity in ionothermal
syntheses can be influenced by small changes of reaction
parameters.

Experimental Section

Synthesis

All compounds were handled in an argon-filled glove box (MBraun;
p(0,)/p° < 1 ppm, p(H,0)/p°< 1 ppm). The reactions were carried
out in silica ampoules with a length of 120 mm and a diameter of
14 mm. [BMImI(Bi,S,)[AICI,]s 1 was synthesized in the ionic liquid
[BMIm]CI-4AICl;, which acted as solvent and reactant. The ampoule
was loaded with 93.5/40.0/10.0 mg AuCl (99.995%, abcr) or 53.0/
9.2 mg PtCl, (73.27% Pt, Alfa Aesar) respectively, 102.8 mg Bi,S,
(99.9%, Alfa Aesar), 150.0 mg [BMImICI (98%, Sigma Aldrich, dried
under vacuum at 100°C), and 450.0 mg AICl; (sublimed three
times). The evacuated and sealed ampoule was heated at 180 °C for
48 h. The ionic liquid turned black at the reaction temperature.
Before cooling the mixture to room temperature at AT/t=—6 K/h™',
the ampoule was tilted to enable to separation of already
precipitated by-products. Orange crystals of 1 were obtained in
sizes from approximately 50 to 1000 um alongside red Bis[AICI,];
and colorless AICl;. The samples of 1 were washed with dry
dichloromethane under inert atmosphere three times. Ag(Bi,Sg)[S
(AICL);1,[AICL], 2 was synthesized in the ionic liquid [BMIm]
Cl-4.3AICl;, which acted as solvent and reactant. The ampoule was
loaded with 55.1 mg AgCl (99.98%, Alfa Aesar), 98.6 mg Bi.S;
(99.9%, Alfa Aesar), 90.0 mg [BMIm]CI (98%, Sigma Aldrich, dried
under vacuum at 100°C), and 300.0 mg AICl; (sublimed three
times). The evacuated and sealed ampoule was heated at 200 °C for
6 d and subsequently tilted and cooled to room temperature at AT/
t=—6K/h™". The IL was decanted from the precipitated colorless
AICl; and deep red crystals of 2, which were obtained in sizes of 0.1
to 2mm. The excess silver(l) ions were not detected in any
precipitate and are assumed to remain dissolved in the IL.

EDS Analysis

EDS measurements were conducted using a SU8020 (Hitachi) SEM
equipped with a Silicon Drift Detector (SDD) X-Max" (Oxford) to
check the chemical composition of the crystals. However, several
problems impeded the interpretation of the measured data. The
[AICI,]” ions partially decompose in the high-energetic electron
beam (U,=20KkV) that is necessary to activate bismuth for this
measurement.*¥ The preparation had to take place on a carbon
pad, which prevented the determination of carbon as well as
nitrogen contents. Considering these factors, we were able to
support the composition of both compounds regarding the
presence or absence of all elements. Calcd./exp. Bi:S:Al: Cl (at.—%)
in  [BMIm](Bi,S)IAICL]s: 12.1:12.1:15.2:60.6/15.6(8):17.1(8): 19(2):

48(3). Calcd./exp. Ag:Bi:S:Al:Cl (at—%) in Ag(Bi,Sg)[S(Al-
Cly);1L[AICL),: 1.9:13.5:19.2:15.4:50/1.6(3):17(3):16(3): 19.3(8) :
46(5).

114 © 2020 The Authors. Published by Wiley-VCH GmbH
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Powder X-Ray Diffraction

Data collection was performed at 296(3)K with an X'Pert Pro MPD
diffractometer (PANalytical) equipped with a Ge(220) hybrid-
monochromator using Cu-K,, radiation (1=154.056 pm). Due to
their sensitivity to moisture, the samples were contained in a glass
capillary (Hilgenberg) with an outer diameter of 0.3 mm.

X-Ray Crystal Structure Determination

Single-crystal X-ray diffraction was measured on a four-circle Kappa
APEX Il CCD diffractometer (Bruker) with a graphite(002)-mono-
chromator and a CCD-detector at T=100(2) K for 1 and T=298(2) K
for 2. Mo-K,, radiation (1 =71.073 pm) was used. The datasets were
corrected for background, polarization and Lorentz factor through
the APEX3 software suite.®® A multi-scan absorption correction
using SADABS was applied,” and the initial structure solution was
performed through a dual-space approach in SHELXT."” The
structure was refined in SHELXL against F,2.%%

[BMImI(Bi,S,)[AICI,]s: monoclinic; space group P2,/c (no. 14);

T=100(2) K; a=1168.6(1) pm, b=1786.4(1) pm, ¢=2218.0(1) pm,
B=97.94(1)°%; V=4586.1(3) x10°pm’ Z=4; Pyea=2.746 gcm>;
u(Mo—-K,)=168mm™"; 20,,=557°, —15<h<15, —23<k<23,
—29<1<29; 98333 measured, 10922 unique reflections, R,,,=0.064,
R,=0.037; 343 parameters, R,[9057 F,>40(F,)]=0.028, wR,(all F?)
=0.056, GooF=1.035, min./max. residual electron density: —1.27/
1.66 ex107° pm~3.

Two independent, partially overlapping orientations of the [BMIm]™*
cation were identified and refined, using distance restraints for the
n-butyl chain and coupled displacement parameters for all atoms in
the molecules. The occupancies refined to 50% within one standard
deviation and were subsequently fixed to this value. For atomic
parameters see Table S2 of the Supporting Information.

Ag(Bi,Sg)[S(AICI;);1,[AICL],: triclinic; space group P1 (no. 2); T=
298(2) K; a=1064.5(1) pm, b=1067.0(1) pm, c=1513.3(1) pm, a=
77.17(1)°, B=75.59(1)°, y=60.42(1)°; V=1437.7(2)x 10° pm?, Z=1;
Ocaica. = 3498 gcm 3, u(Mo-K,) =234 mm™"; 20,,,,=53.1°, —13<h<
12, —13<k<13, —19</<17; 17640 measured, 5828 unique
reflections, R,,,=0.059, R,=0.053; 302 parameters, R,[4545 F, >
40(F,)]=0.042, wR,(all F,%)=0.095, GooF = 1.145, min./max. residual
electron density: —1.87/2.54 ex 10°° pm 2. The sum of occupancies
for all silver positions was restrained to one Ag per formula unit.
The silver atoms were group-wise constrained to have the same
anisotropic displacement parameters. For atomic parameters see
Table S4 of the Supporting Information.

Further details of the crystal structure determination are available
from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-
Leopoldshafen (Germany), E-mail: crysdata@fiz-karlsruhe.de, on
quoting the depository numbers CSD-2017530 for [BMIm](Bi,S,)
[AICI,]s and CSD-2017529 for Ag(Bi,Sg)[S(AICI;);],[AICI,],.

Nuclear Magnetic Resonance NMR Spectroscopy

For solid-state NMR experiments a Bruker Avance Neo 300 MHz
spectrometer with a 2.5 mm magic angle spinning (MAS) probe
was used. The samples were packed in 2.5 mm zirconium oxide
rotors with vespel caps in the glove box under argon atmosphere.
Cross polarisation (CP) from 'H was used for the '*C measurements.
45,000 scans were recorded with a recycling delay of 3s at
transmitter frequency of 75.47 MHz and a contact time of 3500 ps.
2D - heteronuclear correlation (HETCOR) sequences used 1000
scans times 256 increments and a contact pulse of 200 ps,

ChemistryOpen 2021, 10, 110-116 www.chemistryopen.org

according to TMS with external standard adamantane (Ocy=
29.5ppm) with a spinning frequency of 15 kHz.
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