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- Pressure-Induced Encapsulation of Cs™ Cations within an
2 18-Crown-6 Cavity: Insights from X-ray Diffraction, Raman

Spectroscopy, and DFT Calculations

Eduard B. Rusanov,**® Michael D. Wérle,”
Kostiantyn V. Domasevitch,

This study utilizes single-crystal X-ray diffraction in a diamond
anvil cell (DAC) to explore the structural response of [Cs(18-
Crown-6)][SbCI6] under high pressure (HP). Notably, the
pressure drives large Cs atoms closer to the center of the crown
ether cavity, ultimately requiring pressures of 3 GPa for its
complete encapsulation. Remarkably, the absence of short
contacts in the crystal classifies the material as a “loose crystal”
offering a unique model for understanding compression
mechanisms. The crystal exhibits highly anisotropic compres-

Introduction

The exceptional properties of macrocyclic compounds make
them valuable tools for the solid-state design of diverse
materials. The unique structure of the 18-crown-6, allows it to
form highly stable host-guest complexes, especially with differ-
ent inorganic and organic cations, such as alkali metals and
primary amine due to the formation of multiple metal-oxygen
and hydrogen bonds with oxygen atoms. This makes 18-crown-
6 containing compounds a versatile and important class of
materials with a wide range of potential applications, including
catalysis,” ions separation,” sensors” drug delivery,” and
materials science.®” Of particular note is the growing interest in
halide perovskites for optoelectronic applications.’®?

The unique ability to finely control the coordination geo-
metries of anionic metal halide octahedra and M(18-crown-6)*
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sion behavior with an impressive volume reduction and non-
linear pressure — unit-cell parameters relationships facilitated by
the absence of short CH--Cl contacts up to 0.9 GPa. Beyond this
pressure, steric repulsion due to shortening H--Cl and H--H
interactions hinders further effective compression, so pressure
dependence on unit cell parameters and volume becomes
more linear. The behavior of [Cs(18-Crown-6)][SbCI6] at different
conditions was studied using Raman spectroscopy and supple-
mented by DFT calculations.

counterparts through variation of the ionic radii of encapsu-
lated M™ cations drives this phenomenon."®'" Therefore,
understanding the inherent solid-state structural trends of
[M(18-crown-6)]" complexes is crucial for designing materials
with desired optoelectronic properties and the positioning of
alkali metal cations within the macrocyclic cavity exhibits
intriguing variations. Unlike [K(18-crown-6)1" species, where the
small K™ cations usually perfectly fit within the macrocyclic
cavity, " larger Rb™ cations exhibit more diverse positioning.
The Rb* cations mostly remain at large distances 0.8-1.2 A
above the plane. Nevertheless, crystal field forces can position
the Rb* cation very close to the cavity less than 0.25 A'? or
even within it. This enables perfect fitting of the cavity with Rb™
cations using an alternating centrosymmetric arrangement of
singly charged cations with oximates™ or AuCl,”" The
centrosymmetric arrangement of cations and anions, proven
successful for Rb™ and TI* cations within crown ether cavities,
holds promise for accommodating the larger Cs™ cation.
Nevertheless, larger Cs™ cations consistently locate themselves
significantly above the crown ether. According to a Cambridge
Structural Database (CSD) search,”” typical deviations of Cs*

[Cs(18-crown-6)]1* cations are reported(see Figure 1) to be 1.2-
1.8 A above the center of the crown ether Cavity. Deviations
exceeding this range indicate the formation of sandwich"®'” or
triple-decker sandwich"®'® structures with Cs* cations located
up to 2.5A above the crown ether plane. Only two known
examples exist where the Cs™ cation resides within about 1 A
above the plane of the crown ether and involve specific
scenarios: in [Cs(18-crown-6)]* sandwiched between two large
planar moieties® and in the structure where cations alternate
with bridged SbCl,~ anions.”” The latter scenario exhibits the
smallest observed out-of-plane deviation of the Cs* cation
(0.934 A). Each of these examples falls into a category of forced
geometries, and therefore the placement of Cs™ ions close to

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 1. Histogram of frequency of observations the Cs* cation above the
mean-square plane of six oxygen atoms of 18-crown-6 according to data
from a CSD search.

the 18-crown-6 cavity inevitably relied on the “pressure of the
crystal environment”, demonstrating the effectiveness of the
centrosymmetric arrangement. Despite this progress, achieving
an ideal location of Cs™ within the crown ether cavity remains
impossible using traditional chemical structure design methods.
However, a similar structural output for crystal structure tuning
may be achieved by applying the forces of the external stimuli
such as high pressure in GPa range, which themselves are
simpler to understand and measure. Pressure has the most
profound effect on weak non-covalent interactions within the
crystal lattice. These include CH--X,>% X..X24 (where X is a
halogen), and H--H®? interactions. These pressure-induced
structural changes often exceed those achieved through
temperature manipulation alone.””” Due to the inherent aniso-
tropy of crystals, pressure rarely acts uniformly. This leads to
anisotropic deformation, where different crystallographic direc-
tions experience varying degrees of compression. The study of
non-covalent interactions provides extremely valuable
information™® about materials, as anisotropy can also promote
phase transitions by minimizing interactions between closely
packed molecules.”

In the present work, we explore such an attractive
possibility with a closer look at the previously reported [Cs(18-
Crown-6)][SbCl¢] complex,?” which was selected for a range of
particular features. Considering the significantly larger deviation
of the cesium atom, we can expect that the corresponding
cesium complex can be structurally adjusted over a wider range
of geometric parameters when changing pressure. Also, a clear
structural response of the [Cs(18-crown-6)]" system to such
extreme conditions, with the simple parameter of Cs*-18-
crown-6 center separation as a function of the applied pressure
is expected in an HP diffraction experiment. The [Cs(18-Crown-
6)1[SbCls] complex has two remarkable structural features that
make it ideal for studying the effects of pressure on cation
positioning within crown ether cavities: i) it exhibits the smallest
observed deviation of a disordered Cs* cation from the crown
ether plane among all known compounds; ii) the compound
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features one-dimensional chains alternating high-symmetry,
centrosymmetric [Cs(18-crown-6)]" cations and [SbClg]~ anions
situated on 3-fold axis. The separation between disordered Cs™
positions (twice the distance between the crown ether center
and the metal) serves as a sensitive indicator for monitoring
pressure-induced changes. Also, the high metric symmetry
(trigonal R-3) and completely ordered macrocyclic ring enhance
the capabilities of HP diffraction data acquisition using a
diamond anvil cell (DAC). In addition, the good overall
scattering ability of the crystal at room temperature further
enhances its potential for diffraction studies.

Results and Discussion
Ambient-Pressure Structure

In the crystal structure of the named complex cationic [Cs(18-
crown-6)]" and anionic SbCl,~ species are situated on the 3-fold
axis and centers of inversion, so the independent part consists
of only a one-sixth complex moiety. According to the symmetry,
the crown ether molecule adopts the D,y conformation. The Cs
cations are equally disordered over the center of inversion and
occupy two equivalent positions, above and below the mean
square plane of six oxygen atoms of the crown ether (see
Figure 2).

A significant feature is cooling to 100 K, which leads not
only improving for displacement ellipsoids but also to a
shortening of the distance between two components of the
disordered Cs* cations from 1.8977(16) A to 1.7157(8) A. This
observation suggests that Cs* cations tend to approach the
center of the 18-crown-6 cavity as the temperature decreases,
so the crystal should be very sensitive to applying HP. The
molecular packing for this structure is represented by infinite
chains along the c-axis (see Figure 3), consisting of alternating
[Cs(18-crown-6)1* cations and SbCls~ anions, linked by set of
Cs—Cl bonds at 3.5891(13) A.

In a crystal present a very weak C2-H2B--Cl1 and
C1-H1B~CI1" (i=1/3+x-y, —1/3+x, 2/3—2) interactions di-
rected along 0z directions with the following parameters
H2B-CI1 3.24 A, C2-H2b-Cl1 150° and H1B-Cl1' 3.42A,
C2-H1b--Cl1" 147° at ambient conditions (Figure 4). Addition-
ally, the crystal exhibits weak C2—H2 A--CI1" (ii=1/3—y, —1/3+
x-y, —1/3 +2) interactions, that extend in the ab plane between
adjacent columns with a H2 A--Cl1" distance of 3.10A and a
C2-H2 A--CI1" angle of 130°. These intermolecular interactions
are further characterized by the presence of the shortest
H1B--H1A" contact 2.74 A directed along the c-axis between
adjacent columns. Based on the observed properties, the
[Cs(18-Crown-6)][SbCl,] crystal exhibits remarkable similarities
to the previously studied Rb complex, suggesting it can also be
categorized as a “loose crystal”®® characterized by a contact
parameter § =0.15, defined as the shortest of all intermolecular
contacts calculated as the difference of distance dj; from atom i
to atom j and their van der Waals (vdW) radii (6=
min(d;—vdW,—vdW,). This reinforces the notion that the choice
of alkali metal cation may not significantly impact the Figure 4.
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Figure 2. Structure of [Cs(18-Crown-6)][SbCl,] at 293 K(top) and 100 K (down)
with the displacement ellipsoids drawn at 50 % probability level. Only
independent non-hydrogen atoms are labeled. Two disordered positions for
Cs cation are shown.

The shortest intra and intermolecular H--Cl and H--H contacts.
Symmetry codes (i=1/3+x-y, —1/3+x, 2/3—z ii=1/3—y, —1/3
+x-y, —1/3+2) overall nature of the crystal packing in this
specific system. Although all these H--Cl and H--H interactions
are longer than the sum of the vdW radii®" for H/Cl and H/H
pairs of atoms (2.95 and 2.40 A respectively), they nevertheless
play an important role in the subsequent discussion of contacts
in a crystal under HP.

An intriguing comparison can be made between the unit
cell parameters of [Cs(18-Crown-6)][SbCl¢] and recently studied
[Rb(18-crown-6)1[SbCl,].”? Notably, the lengths of the a and b
unit-cell axes of the Cs compound are slightly shorter
(0.0586(9) A) than those of the Rb compound, while the axis ¢ is
significantly longer (0.4167(10) A). The decrease in the a and b
unit cell axes suggests more efficient packing of adjacent
[Cs(18-crown-6) " SbCl, 1, chains in the Cs complex compared to
the Rb complex. Conversely, the increase in the axis c arises due
to the larger Cs™ cations deviating more significantly from the
mean plane of the crown ether plane compared to the smaller
Rb* cations. This observation is supported by the shorter
H2 A--Cl1" contacts (3.10 A) in ab plane and significantly longer
H2Bb--Cl1 contacts (3.24 A) along the c¢ direction in the Cs
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Figure 3. Molecular packing of the [Cs(18-Crown-6)][SbCl6] viewed along the
¢ direction (top) and the orthogonal view of the unit cell (down).

Figure 4. The shortest intra and intermolecular H--Cl and H--H contacts.
Symmetry codes (i=1/3 +x-y, —1/3+x, 2/3—z ii=1/3—y, —1/3+x-y, —1/3
+2).

complex compared to the Rb complex (3.11A and 3.08 A,
respectively). It is noteworthy that at room temperature, the
Cs—Cl bond distances in [Cs(18-Crown-6)]1[SbCl¢] are unexpect-
edly shorter (3.5891(13) A) than the Rb—Cl bond distances
(3.7255(13) A) in the corresponding complex. The former value
is very close to the Cs—Cl distance of 3.574 A in the CsCl
crystal,®® while the latter value is significantly longer than the
Rb—Cl distance of 3.438 A in the RbCl crystal.® This is surprising
because the cationic radius of Cs* is larger than that of Rb™
(1.67 and 1.52 A, respectively), so it would be logical to expect
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Table 1. The unit cell parameters and refinement parameters in the crystal [Cs(18-Crown-6)][SbCI6] at various pressures.

Pressure a (A c(A) Vv (A% Rint R1/wR2 GOF Aple/A)
(GPa)* (1> 20(1))

0.0(100 K) 13.9881(6) 10.3114(6) 1747.29(18) 0.0239 0.0198/0.0447 1.050 0.75/—0.54
0.0 14.0626(9) 10.6441(10) 1822.9(3) 0.0252 0.0295/0.0724 1.048 1.74/-0.57
0.04 14.0603(8) 10.5698(13) 1809.6(3) 0.0356 0.0278/0.0685 1.029 0.44/—0.33
0.23 13.9990(8) 10.3595(13) 1758.2(3) 0.0315 0.0282/0.0606 1.037 0.44/—0.53
0.35 13.9658(8) 10.2456(14) 1730.6(3) 0.0356 0.0270/0.0643 1.038 0.50/—0.38
0.56 13.9212(7) 10.1100(13) 1696.8(3) 0.0382 0.0250/0.0609 1.025 0.40/—0.44
0.67 13.9028(8) 10.0318(15) 1679.3(3) 0.0289 0.0264/0.0636 1.009 0.49/—0.42
0.90 13.8578(7) 9.8916(13) 1645.1(3) 0.0280 0.0253/0.0625 1.032 0.43/—-0.34
1.04 13.8384(7) 9.8210(12) 1628.8(3) 0.0302 0.0246/0.0597 1.021 0.37/—0.40
1.20 13.8043(6) 9.7524(12) 1609.4(2) 0.0279 0.0206/0.0459 1.048 0.34/-0.33
1.33 13.7883(6) 9.7046(10) 1597.8(2) 0.0277 0.0199/0.0474 1.019 0.39/-0.22
1.57 13.7549(6) 9.6213(11) 1576.4(2) 0.0285 0.0208/0.0509 1.033 0.29/-0.34
1.69 13.7423(7) 9.5988(13) 1569.9(3) 0.0312 0.0209/0.0423 1.023 0.38/-0.26
2.05 13.6928(11) 9.501(2) 1542.8(4) 0.0954 0.0695/0.1740 1.040 1.90/-1.26
2.05¢ 0.0697/0.1743 1.041 1.88/—1.30
¢ The Cesium atom was refined at the center of inversion. * Data collection for diffraction experiments performed at 293 K excluding the data collected at
100 K.

that the Cs—Cl bond distances would be longer than the Rb—Cl
bonds in the corresponding compound. Apparently, the long
Rb—Cl distances and relatively long shortest H--Cl and H--H
contacts between molecules in a crystal were the primary
factors contributing to the behavior of the loose Rb(18-crown-
6)SbCl, crystal. Since the distance between crown ether and
SbCls~ anion in [Cs(18-Crown-6)][SbCl,] is about 0.2 A larger
compared to the isostructural Rubidium complex, the shortest
H--Cl contacts in the columns are significantly longer than the
sum of their vdW radii. Thus, the large separation of the crown
ether and the SbCl,;~ anion suggests a potentially more efficient
compression due to the lack of short H-Cl contacts in the
direction of the crystallographic axis c¢. Such a larger distance
can provide a more efficient displacement of the Cs* cation to
the center of the crown ether cavity under pressure. However,
shortening of the relevant contacts in the cesium complex is
likely to occur only at significantly higher pressures, exceeding
1 GPa. This expectation is based on the observation that short
contacts H--Cl were observed in the Rb complex only at
pressures above 0.75 GPa. Therefore, to test this assumption
and explore the possibility of encapsulating large Cs™ cations
within the crown ether cavity, a series of HP experiments were
conducted on [Cs(18-Crown-6)][SbCl].

Response of the Unit-Cell Parameters to Applied Pressure

Information about the crystal data and main structure refine-
ment details at various pressures are summarized in Table 1.
Across the pressure range, the crystal structure response to
hydrostatic pressure is anisotropic. The non-linear changes in
the unit cell dimensions P-a/P-c and unit-cell volume P—V on
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pressure are shown in Figure5. The a- and b-axes length
exhibits a relatively small decrease within the pressure range of
0-2.05 GPa, contracting by only 0.3698(11) A or 2.63%, com-
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Figure 5. Unit-cell parameters g, c and V as a function of pressure in the
[Cs(18-crown-6)][SbCl,] crystal.
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pared to 0.4407(8) A or 3.12% observed for the Rubidium
complex at 1.89 GPa. Among the unit-cell parameters, the c-
axis, as noted in Table 1, is the most compressible parameter,
shortening by 1.143(2) A or 10.74% upon increasing pressure to
2.05(3) GPa. This compression is significantly larger than the
0.7841(9) A or 8.25% recently reported for the Rb complex at
1.89(3) GPa.*”

It is noteworthy that at low pressures the c-axis exhibits
significantly faster and more efficient compression than the a-
and b-axes. For example, at 0.23(3) GPa, the ag-axis only shortens
by 0.0636(9) A, while the c-axis exhibits a much larger
contraction of 0.2846(14) A. As expected, the more efficient
packing of adjacent columns leads to a lower compressibility of
the crystal in the directions of a- and b-axes. However, the large
deviation of Cs atoms from the crown ether cavity results in a
significant compression of the axis c¢. The unit-cell volume
exhibits a monotonic decrease between the lowest and highest
measured pressures, with an overall reduction of 280.1(4) A® or
15.37% of the unit-cell volume. This volume compression
exceeds that observed in the Rb complex (13.52%) at a pressure
of 1.89 GPa. The pressure-volume (P-V) data presented in
Figure 5 were analyzed using the EosFit software.’’ A third-
order Birch-Murnaghan equation of state (EoS)*® provided the
best fit for the data. This analysis yielded a calculated zero-
pressure volume (V,) of 1827(5) A* and a pressure bulk modulus
(Ko) of 4.6(5) GPa, indicating a softer material compared to the
rubidium complex with bulk modulus of 9.1(5) GPa due to its
higher compressibility.

Additionally, the pressure derivative K' was determined to
be 13.7(1.6). This low bulk modulus is characteristic of soft
materials, such as organic or metal-organic compounds, where
intermolecular interactions are dominated by dispersion forces
and/or electrostatic interactions.”” Since we are comparing two

isostructural compounds containing the same crown ether and
SbCl;~ anions, such a dramatic difference in the bulk moduli
values can only be explained by the very high compressibility
of the Cs* cation compared to the Rb™.

The cell parameters under pressure (P-a) and (P-c) generally
follow the (P-V) dependence, exhibiting exponential trends as
shown in the graphs. However, these dependencies become
approximately linear within the pressure range 0.2-1.0 and 0.9-
1.7 GPa. Utilizing the graphic-analytical method, we readily
identify inflection points in the corresponding graphs around
0.9-1.0 GPa. The following sections will discuss the reason
behind these inflection points and the deviations from the
linear trend observed at pressure below 0.2 GPa and above
1.7 GPa.

It is noteworthy that at a pressure of 2.05(3) GPa, the a- and
c-cell parameters of the Cs complex are only slightly longer by
0.012 A and 0.058 A, respectively, compared to the Rb complex
at 1.89 GPa. Consequently, the unit cell volume is only about
12 A% larger. This observation highlights the efficient compres-
sion of the Cs complex and suggests the possibility of arranging
Cs atoms inside the crown ether cavity at a slightly higher
pressure than for the Rb complex. Notably, the structural
features of the corresponding salts at HP (around 2 GPa) are
quite similar, despite the significant difference in unit cell
volume (56.7 A3) at ambient conditions and the larger radii of
cesium cations compared to rubidium cations.

The Effect of Pressure on Interatomic Distances
Selected bond distances, contacts, and torsion angles in the

crystal [Cs(18-Crown-6)][SbCl] at various pressures are listed in
Table 2. Within the pressure range up to 2.05 GPa the shorter

Table 2. Selected bond distances, Cs—Cs separation, and torsion OCCO angles in crystal [Cs(18-Crown-6)][SbCI6] at various pressures. (* The deviation of the

Cs from the crown ether plane is half of these values.)

Pressure d(Cs—0)(min, max) (A) d(Cs—l) (A) d(Cs—Cs)* (A) d(sb—Cl) (A) 0-C—C-0, (9
(GPa)*

0.0(100 K) 2.9265(13), 3.0714(13) 3.5179(7) 1.7157(8) 2.3767(5) 70.6(2)
0.0 2.943(2), 3.091(2) 3.5891(13) 1.8977(16) 2.3762(10) 70.4(4)
0.04 2.937(3), 3.083(3) 3.5889(17) 1.827(2) 2.3698(11) 71.2(5)
0.23 2.918(2), 3.056(2) 3.5729(14) 1.6446(19) 2.3729(10) 70.9(4)
0.35 2.914(2), 3.046(3) 3.5707(16) 1.534(2) 2.3710(11) 72.2(5)
0.56 2.9025(18), 3.023(2) 3.5756(14) 1.3778(18) 2.3716(9) 72.3(4)
0.67 2.9014(19), 3.014(2) 3.5769(15) 1.2966(19) 2.3723(9) 72.6(4)
0.90 2.8923(19), 2.994(2) 3.5894(13) 1.1163(18) 2.3719(9) 73.3(4)
1.04 2.892(2), 2.987(2) 3.5968(12) 1.0244(17) 2.3725(8) 73.7(4)
1.20 2.8862(16), 2.9747(17) 3.6030(11) 0.9257(17) 2.3705(7) 74.0(3)
133 2.8872(18), 2.9700(19) 3.6112(12) 0.8619(19) 2.3701(8) 74.3(4)
1.57 2.8855(18), 2.9568(19) 3.6253(19) 0.741(4) 2.3713(8) 73.9(4)
1.69 2.8856(17), 2.9525(19) 3.610(3) 0.692(6) 2.3716(8) 74.3(4)
2.05 2.880(6), 2.929(8) 3.66(3) 0.51(6) 2.376(3) 72.3(12)
2.05¢ 2.894(6) 3.881(3) 0 2.376(3) 72.2(12)

¢ The Cesium atom was refined at the center of inversion. * Data collection for diffraction experiments performed at 293 K.

Eur. J. Inorg. Chem. 2024, 27, €202400222 (5 of 12)

RIGHTS L

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1I.1D) 3|qeo! [dde au Ag peuseno aJe Ss(oile YO ‘@SN JO Se|nu o} Akeiq18uljuQ AB|IA LD (SUOIPUOO-PUB-SWLBI W00 A8 1M AReiq) U [UO//:SdnL) SUORIPUOD pue SWe 1 8y} 885 [7Z02/0T/0E] Uo Akeiqiauljuo AB|IM ‘AKX JO AISIBAIUN U TN 0XUBYOABUS Sere | Ad 222001202 21/Z00T 0T/I0p/wod A8 | imArelq1jpul|uoadoins-Ans iueyd;/sdny wolj pepeojumod ‘02 ‘v@oz ‘9z890660T


https://chemistry-europe.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fejic.202400222&mode=

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Eur]IC > .
doi.org/10.1002/ejic.202400222

European Journal of Inorganic Chemistry

Cs—O bond distances exhibit a relatively modest decrease by
0.063 A square 2.943(2) to 2.880(6) A, while the longer Cs—O
bond distances decrease notably by 0.162 A from 3.091(2) to
2.929(8) A, leading to an average decrease of 0.113 A in Cs—O
bond distances. In general, shorter and longer Cs—O bond
lengths significantly exceed those found for the isostructural
rubidium complex(0.027 and 0.078 A respectively). The geome-
try and conformational features of the crown ether remain
unaffected by pressure, as demonstrated by the unaltered C—O
and C—C bond distances and bond angles. Thus, it was found
that the CO and CC bond distances in the structures at different
pressures were in the range of 1.417-1.440(11) and 1.487-
1.507(14) A respectively. Additionally, the largest difference in
CCOC and OCCO torsion angle values between the structure at
ambient conditions and pressure of 2.05 GPa is about 1 and 4°.
The geometry of the octahedral SbCl,;~ anion is not sensitive to
pressure, so Sb—Cl bond distances remain within a very tight
range of 2.3698(11)-2.3762(10) A, resulting in a maximum
difference in bond lengths by 0.006 A only. Therefore, the Sb—Cl
bond lengths have the same value within 30 in the reported
pressure range. Analysis of Cs—Cl bond lengths shows that
under pressure up to 1.69(3) GPa these bonds are in a fairly
narrow range of values of 3.5797(16)-3.6263(19) A. However,
this trend is disrupted by a larger Cs—Cl distance (3.66(3) A)
observed at a pressure of 2.05(3) GPa. Two possible explan-
ations exist for this outlier: 1) reduced data quality since at the
HP crystal splitting and it might have compromised the X-ray
diffraction data, leading to a decrease in reflection amplitudes
during twinning data processing (this could have resulted in an
inaccurate Cs—Cl bond length determination); 2) partial Cs-
crown ether encapsulation at 2.05(3) GPa pressure, so the Cs
atoms approach the entry barrier of the crown ether cavity
(within 0.25-0.26 A of the center). So, a part of Cs atoms may
become partially encapsulated within the cavity and this mixed
population (ordered and disordered Cs positions) could lead to
an average Cs position closer to the center, resulting in slightly
longer Cs—Cl distances and increased atomic displacement
parameters (ADP) for Cs atoms. Similar Sb—Cl and Cs—Cl bond
lengths in the range 2.344-2.385 A and 3.618-3.745 A respec-
tively have been reported for the inorganic salt CsSbClg.®
However, the Cs—Cl bond lengths found in the few compounds
that have been found in CSD™ and include [Cs(18-crown-6)]*
cation coordinated to different chlorine-containing anions such
as CI~,®¥ sbCl>~,"" and ECIg>~ (where E=Te, Zr, Sn)® shows that
these bonds are a bit shorter and in the range of 3.47-3.54 A. In
the last case with structural fragment [Cs(18-crown-6)][ECI]*~
the shortest H--Cl contacts between hydrogen atoms of the
crown ether and anion are in the same range 3.26-3.33 A as
found for [Cs(18-Crown-6)]1[SbCl;]. Therefore, a significant
lengthening of the Cs—Cl bonds at almost identical H--Cl
contacts in the crystal can be explained by a noticeably smaller
deviation of the cesium atom from the center of the crown
ether in [Cs(18-Crown-6)]1[SbCl¢]. These long distances indicate a
relatively weak interaction between Cesium cations and the
chlorine atoms in the crystal.
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The Effect of Pressure on the Deviation of the Cs* Cation
from the Crown Ether Cavity

Given the ionic radii of 1.81 A for the CI~ anion and 1.78 A for
the Cs* cation with a coordination number of 9,“” one would
expect a Cs—Cl bond distance around 3.59 A. Notably, in [Cs(18-
Crown-6)][SbCl¢], the Cs—Cl bond length aligns precisely with
this expectation (3.5891(13) A), although in the rubidium
complex with smaller Rb* cation, the corresponding distance
was significantly longer 3.7255(13) A. This observation suggests
that increasing pressure leads to a direct transfer of static
pressure from the SbCl,~ anions to the Cs™ cations, causing
them to move immediately closer to the center of the crown
ether cavity. This progressive shift of Cs* cations towards the
crown centers with increasing pressure ultimately results in the
gradual merging of two symmetry-related disordering compo-
nents. As depicted in Figure 6, the pressure dependence of the
Cs—Cs separation (P-d(Cs—Cs)) within this disordering scheme
largely mirrors the behavior of the unit cell parameters in low
pressure region. Within the pressure range up to approximately
1 GPa, the (P-d(Cs—Cs)) graph exhibits an exponential depend-
ence, indicating a rapid convergence of the disordered Cs
atoms towards the center of the crown ether cavity. This
suggests an efficient transfer of static pressure from the anions
to the cations at lower pressures. Beyond 1 GPa, the relation-
ship transitions to a linear trend, implying a gradual slowing
down of the convergence process. This could be due to steric
hindrance in the molecule, such as shortening some intermo-
lecular contacts in the crystal. The best fit for the (P-d)
dependence across the entire pressure range was achieved
using a third-order polynomial function in the form P=A+Bd +
Cd?+Dd? where A, B, C, and D are the fitted coefficients
(1.8775, —1.0652, 0.2914, and —0.047, respectively). This model
predicts that the Cs atoms would perfectly occupy the center of
the crown ether cavity at a pressure of 3 GPa. Notably, a linear
fit within the 1-2 GPa range yields the same predicted pressure.

]

d(Cs-Cs)(A)

08 A

06 A

04 A

02 4

0 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30
Pressure (GPa)

Figure 6. The dependence of the separation between two disordered
positions of the Cs atom on pressure in [Cs(18-crown-6)][SbCl] crystal. The
best fit approximation is made using the third order function P=A + Bd + Cd?
+Dd® in pressure range 0-2.05 GPa with the following A, B, C, and D
coefficients: 1.8775, —1.0652, 0.2914, and —0.047, respectively, and P = pres-
sure and d =d(Cs—Cs) separation.

© 2024 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A1I.1D) 3|qeo! [dde au Ag peuseno aJe Ss(oile YO ‘@SN JO Se|nu o} Akeiq18uljuQ AB|IA LD (SUOIPUOO-PUB-SWLBI W00 A8 1M AReiq) U [UO//:SdnL) SUORIPUOD pue SWe 1 8y} 885 [7Z02/0T/0E] Uo Akeiqiauljuo AB|IM ‘AKX JO AISIBAIUN U TN 0XUBYOABUS Sere | Ad 222001202 21/Z00T 0T/I0p/wod A8 | imArelq1jpul|uoadoins-Ans iueyd;/sdny wolj pepeojumod ‘02 ‘v@oz ‘9z890660T


https://chemistry-europe.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fejic.202400222&mode=

Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Eur]IC > .
doi.org/10.1002/ejic.202400222

European Journal of Inorganic Chemistry

This pressure is only slightly higher than the value of 2.5 GPa
required for the entry of a smaller rubidium cation into the
center of the crown ether cavity in the isostructural compound.
However, the slight downturn observed at high pressures (>
2 GPa) when considering the third-order function was also
observed in the rubidium complex. The crown ether molecule
adopts non-planar conformation, three oxygen atoms of crown
ether reside slightly above and the other slightly below an
average plane defined by all six O atoms. This results in an
interplanar distance of about 0.5 A. Under pressure 0-1.2 GPa,
this distance increases from 0.47 A to 0.56 A. Interestingly, this
increase coincides with a rise in the OCCO torsion angles, from
70.4(4)° to 74.3(4)°. Notably, the interplanar distance remains
constant above 1.2 GPa. As mentioned before, when pressure
increases, the shortest Cs—O distances steadily decrease to
2.880(6) A at 2.05(3) GPa (see Table 2). This pressure corre-
sponds to minimal Cs—O distance, where the disordered Cs
atoms are shifted away from the center of the cavity by 0.255 A
(d(Cs—Cs)=0.51(6) A) since three oxygen and the cesium atoms
occupy the position in the same plane. For a large ion like Cs,
this suggests that the steric barrier to entering the cavity of the
crown ether is located at a distance of approximately 0.22-
0.25 A from the center. When a Cs* cation, driven by external
pressure, enters the cavity of the crown ether between the
three closest oxygen atoms, it occurs in the center of the cavity
surrounded by six oxygen atoms at equivalent distances but
slightly longer Cs—O distances (2.894(6) A compared to the
disordered model. This is due to the location of the cesium ion
outside the planes of the oxygen atoms. While this value falls
within the 3o error range for Cs—O bonds of the disordered
model, a clear trend emerges. However, partial penetration
through the barrier by some Cs atoms introduces additional
statistical disorder, with some residing in the center and others
remaining outside. This explains the observed elongation of the
ellipsoid of thermal vibrations for cesium atoms in the HP range
and some descent observed in the graph in Figure 6 at
pressures above 2.0 GPa.

It is worth noting that as soon as the pressure reaches
2.05(3) GPa, refinement of the structure becomes almost equally
successful for the disordered model with Cs—Cs separation of
0.51(6) A and ordered model when Cs occupied the position in
the inversion center(Tables 1, 2 data labeled 2.05 and 2.05c).
However, this ordered model yields slightly longer Cs—Cl bond
distances (3.881(3) A) and exceedingly large ADP values along
z-axes for the Cs atoms due to the overlapping of the electron
density for several disordered positions. A similar situation was
observed for previously reported crystal Rb(18-crown-6)SbClg. It
can be assumed, however, that at least some of the Cs™ cations
in the crystal at pressure around 2 GPa reside in the inversion
centers.

The Effect of Pressure on Cl---H and H-H Contacts in Crystal
At ambient conditions, cations, anions, and crown ether are

well-separated, as described previously. Consequently, no H--Cl
or H--H contacts in the crystal approach the sum of their vdW
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radii (2.95 A and 2.40 A, respectively). The shortest C2—H2B--Cl1
contact between hydrogen and chlorine within columns is
3.24 A. A bit shorter C1-H1B--Cl1' contact between adjacent
columns measures 3.10 A, and the closest H--H contact is
2.74 A, significantly exceeding the combined vdW radii of two
hydrogen atoms. At pressure 0.9 GPa observed H--Cl contact of
2.95 A which is equivalent to the sum of their vdW radii. As
pressure increases to 2.05(3) GPa, the unit cell shrinks
considerably, bringing cations and anions closer together. This
compression significantly shortens the CH--Cl contacts within
the crystal, reducing them to 2.81 A. The list of H--Cl or H--H
contacts as a function of pressure is shown in table 3. To
investigate the dependence of short contacts H--Cl and H--H on
pressure, we plotted the data from Table 3 on the graph shown
in Figure 7. The points representing H--Cl contacts in columns
along the c-axis and between adjacent columns in the ab plane
are indicated in open blue circles and open red squares,
respectively. The points representing H--H contacts between
adjacent crown ethers are at the bottom and marked in open
green triangles. The plots were smoothed using an exponential
function. Corresponding distances at 2.95 A and 2.40 A repre-
sent the vdW interaction for H--Cl and H-H contacts,
respectively. Interestingly, the intra-columnar H--Cl distance
reaches the sum of their vdW radii (2.95 A) around 0.95 GPa, as
evident in the graph. Due to more efficient and substantial
compression along the c-axis, the reduction in H--Cl contacts in
this direction is notably larger. Similarly, inter-columnar H--Cl
contacts reach 2.95A close to 0.9 GPa, indicating the con-
vergence in both directions at similar pressures. Although
initially longer by 0.14 A, the intra-columnar H--Cl contact
shortens rapidly, decreasing by 0.43 A at 2.05(3) GPa compared
to only 0.24 A for inter-columnar contacts. Therefore, the graphs
intersect at approximately 1.05 GPa. The H--H contacts between

Table 3. Shortest H--Cl and H--H contacts in crystal [Cs(18-Crown-
6)][SbCl6] at various pressures.

Pressure H2b--Cl1 H1b--Cl1' H2a--Ch i H1b-H1a'
(GPa) (A) (A) (A) (A)
0.0 3.24 3.42 3.10 2.75
0.04 3.20 3.39 3.07 2.72
0.23 3.14 3.29 3.05 2.65
0.35 3.10 3.23 3.02 2.63
0.56 3.04 3.17 3.00 2.58
0.67 3.02 3.13 2.96 2.57
0.90 2.96 3.07 2.95 2.53
1.04 293 3.04 2.94 2.51
1.20 2.90 3.01 291 247
1.33 2.89 2.99 291 247
1.57 2.86 2.96 2.89 243
1.69 2.85 2.95 2.88 243
2.05 2.81 293 2.86 2,35

The symmetry code: i=1/3+x-y, —1/3+x, 2/3-z; ii=1/3—-y, —1/3+x-y,
—-1/3+z
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Figure 7. Length of H--Cl and H--H contacts as a function of pressure in
[Cs(18-crown-6)][SbCly]. H--Cl contacts in columns and between adjacent
columns in the ab plane are indicated with open blue circles and red open
squares, respectively, and H--H contacts are marked as open green triangles.
The black crosses indicate the pressure corresponding to the vdW contacts
for the H/Cl and H/H atom pairs. The plots were smoothed using an
exponential function.

adjacent crown ethers decrease by 0.39 A under the applied
pressure range but only approach the vdW radii (2.40 A) at
pressures exceeding 1.8-1.9 GPa. This suggests that H--H
contacts do not significantly influence the relationships be-
tween pressure, unit cell parameters and volume at least up to
1.8-2.0 GPa. These data directly indicate that the detected
inflection points in the graphs of the cell parameters versus
pressure (P-a) and (P-c) are associated with the appearance of
shortened H--Cl contacts in the crystal.

Voids Analysis

Typically, in non-porous molecular crystals, at least 20% of the
unit cell volume remains unoccupied at ambient pressure.*"
The [Cs(18-Crown-6)][SbCl¢] crystal possesses numerous voids
between molecules at ambient pressure, evident from the lack
of close H-Cl and H--H interactions. So, all intermolecular
interactions exceed the sum of their vdW radii at atmospheric
pressure. To estimate the volume occupied by molecules and
voids, the crystallographic data at various pressures were
analyzed using the contact surface mapping method in Mercury
software (version 2023.3.0).? The probing radius and step were
set to 0.2 A. Complete data with the detailed void volume data
in the [Cs(18-Crown-6)][SbCl¢] crystal at different pressures is
presented in Table 4. Since the cesium complex at ambient
conditions exhibits elongation of the unit cell along the c-axis
compared to rubidium one, this results in a larger total unit cell
volume and void volume (57 A® and 22 A3, respectively). The
void volume at ambient pressure is 490.9 A, representing
26.9% of the unit cell volume. While the total void volume in
the crystal is significant, its distribution across small interstitial
spaces around and between molecules prevents the accommo-
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Table 4. Total void volume (A% in the crystal [Cs(18-Crown-6)][SbCl6] at

various pressures.

Pressure (GPa)! Total void % of unit cell volume
Volume (A%

0.0 490.9 26.9

0.04 476.1 26.3

0.23 417.5 23.7

0.35 3935 22.7

0.56 359.2 21.2

0.67 341.8 204

0.90 307.2 18.7

1.04 290.5 17.8

1.20 2736 17.0

1.33 263.7 16.5

1.57 248.0 15.7

1.69 239.1 15.2

2.05 224.7 14.6

dation of even small guest molecules like water. This compares
to 468.5 A’ and 26.5% observed in the isostructural [Rb(18-
crown-6)][SbCls] complex. As pressure increases to 2.05(3) GPa,
the void volume in the [Cs(18-Crown-6)][SbCl¢] crystal shrinks to
224.7 R®, representing 14.6% of the unit cell. This value closely
resembles the void volume (2263 A%) observed in the Rb
complex at a slightly lower pressure (1.89 GPa). Based on the
observed coincidence of the inflection point on the graph (P-
Void), as well as with the inflection points on the graphs (P-a),
(P-c) and the shortening of the H--Cl contacts to 2.95A at a
pressure about 0.9 GPa, we can conclude that a compelling
connection emerges. It suggests that observed inflection points
might be directly linked to the appearance of short H--Cl
contacts Figure 8 presents the complete data of void volume
dependence on pressure (P-Voids). The data closely follows an
exponential trend (red line), but two distinct and linear regions
(marked as blue lines) with an intersection at a point near
0.95 GPa are visible: one between 0.2-0.9 GPa and another
between 1-1.7 GPa (blue lines). This interpretation aligns with
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Figure 8. Total void volume in the [Cs(18-crown-6)][SbCl¢] at various
pressures. (The voids were calculated using the contact surface maps
method, the probing radius and the step was set up to 0.2 A.)
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the observation that void compression becomes more difficult
at a pressure around 0.95 GPa, with the slowing down of the
cesium atom’s approach towards the center of the crown ether
cavity, indicating a decreased availability of “easy” compression
pathways within the voids. The plot’s initial, rapid decrease in
void volume up to 0.2 GPa likely reflects two contributing
factors: slight compression of the bulky cesium cations as they
approach the crown ether cavity and attractive forces acting at
distances close to the vdW radii of the atoms contribute to this
volume reduction before any significant short-range interac-
tions form. Finally, at pressures above 1.7 GPa, a further
decrease in compressibility is observed, which can be attributed
to the emergence of shortened H--H contacts within the crystal.
These data allow us to conclude that the main factor
determining the efficiency of compression of crystals under
pressure is not just the physical presence of voids, but the
presence/absence and subsequent shortening of intermolecular
contacts in the crystal. As these contacts shorten and approach
the sum of their vdW radii under increasing pressure, they act
as points of additional internal crystal resistance, effectively
modulating the compressibility. This knowledge could be
invaluable in tailoring materials for specific applications requir-
ing controlled compressibility of the material.

Raman spectra and Quantum Chemical Calculations

The impact of pressure on the spectral properties of [Cs(18-
Crown-6)1[SbCl¢] was investigated using Raman spectroscopy.
To perform Raman spectroscopy single crystal was placed on a
glass plate and studied at ambient pressure and within a
diamond anvil cell (DAC) at 1.69 GPa. The obtained spectra are
presented in Figure 9. The most prominent Raman shift
vibration modes reside in the low-frequency region of 170-
340 cm™' and are attributed to Sb—Cl vibrations. Relatively weak
signals at 350-1500 cm™' correspond to various vibrations
within the crown ether, involving C—H, C—C, and C—O bonds. At
ambient conditions, well-defined but weak vibration modes
were observed at very low frequencies, specifically at 64 and
112 cm™. Under increasing pressure, most Raman signals
exhibit a blue shift of up to 9 cm™. Notably, the weak signal at
112 cm™" undergoes a redshift of 6 cm™' instead, and the signal
at 64cm™ is degraded. Density functional theory (DFT)
calculations were performed to evaluate the molecules’ energy
characteristics. The geometry of the model molecules in
calculations was not optimized, for single-point calculations the
atomic coordinates after generation symmetry equivalent
positions for all atoms were taken from the X-ray diffraction
experiments. Energies of model molecules were estimated at
ambient conditions, 1.69 and 2.05 GPa. The difference in energy
between the most favorable molecule at ambient conditions
and the corresponding pressure of 1.69 and 2.05GPa for
disordered and ordered cesium atoms, was 4.8, 54, and
7.7 kcal/mol, respectively. These results demonstrate that the
energetic difference between disordered and ordered (with Cs
atoms inside crown ether cavity) models at 2.05 GPa was only
about 2 kcal/mol. Therefore, expecting a completely ordered
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Raman spectra of [Cs(18-crown-6)][SbCls] (ambient conditions/glass)
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Figure 9. Raman spectra of the [Cs(18-crown-6)]1[SbCl,]: (top) recorded from
crystal at ambient conditions placed on top of the glass plate; (middle)
recorded from the crystal inside diamond anvil cell under pressure 1.69 GPa
(at 1333 cm ™' strong Raman signal from the diamond is observed); (bottom)
Raman spectra calculated by DFT methods at ambient conditions.

model with Cs atoms inside the crown ether cavity at pressures
around 3 GPa is reasonable. We employed quantum chemistry
calculation methods for vibrational frequency analysis to
identify all peaks in the Raman spectra. We calculated IR and
Raman spectra of the molecule at ambient pressure and under
pressure of 1.69 GPa to compare with experimental Raman
spectra. These calculations were performed for isolated mole-
cules in a vacuum, neglecting the influence of crystal field
forces. The calculated positions of Sb—Cl Raman vibrational
modes agreed well with the experimental data, for example, at
normal pressure the strongest signal at 333 cm™ is assigned to
totally symmetric breathing mode of SbCl™ anion, the vibration
of doubly degenerate in O, symmetry is split into two
components at 289 cm™' and third vibration at 154-161cm™,
normally seen in the Raman spectrum of octahedral species, is
the triply degenerate in-plane bend.”” It is easy to see that the
presented Raman vibration modes practically coincide with
those detected in the experiment.

However, the vibrational modes of CH, CC, and CO bonds
(340-1470 cm™") were compressed into a narrower frequency
range and shifted towards lower frequencies in the calculations.
Due to the low symmetry of the calculated model crown ether
molecule, the number of vibrational modes in the calculated
spectrum was large, so we will not discuss this here, but the
calculated spectra look quite close to the real ones. The ORCA
output file revealed also low-intensity Raman signals at 67 cm™'
and 114 cm™ under ambient conditions as in experimental
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Raman spectra. These signals correspond to Cs atom vibrations:
the first in the direction perpendicular to the crown ether plane
(towards the anion), and the second, split signal, in the plane of
the crown ether oxygen atoms, respectively. Additionally, in this
region, a very weak signal at 101 cm™' was assigned to Sb—Cl
vibrations. According to calculations, at a pressure of 1.69 GPa,
the low-frequency signal (67 cm™") corresponding to Cs vibra-
tion exhibited a decrease in intensity and a red shift of 11 cm™.
This vibrational mode is associated with the entire [Cs(18-
crown-6)]" species, not the Cs™ cation alone as at ambient
conditions. Conversely, the in-plane Cs vibration (114cm™)
underwent a blue shift of 27 cm™". Notably, the weak Sb—Cl
vibration signal at 101 cm™' remained almost unchanged in
both intensity and frequency. Interestingly, the intensities of
CH, CO, and CC vibrations displayed a redshift of 6-10cm™,
which can be attributed to the absence of intermolecular
interactions when simulating the spectral properties of the
molecule in a vacuum.

Conclusions

There are no shortened intermolecular contacts in the crystal at
relatively low pressures. The low value of pressure bulk modulus
(5.5 GPa) makes this hybrid organic-inorganic crystal compara-
ble to various organic and organometallic compounds, for
which dispersive and/or electrostatic interaction forces predom-
inate. The high compression rate of [Cs(18-Crown-6)][SbClg]
crystals at relatively low pressure can be attributed to the
absence of shortened H--Cl and H--H intermolecular contacts in
the crystal and the “soft” nature of the large Cs* cations. The
nonlinear dependence of unit cell parameters on pressure with
the inflection point at around 0.95 GPa can be explained by the
influence of shortened intermolecular contacts in the crystal. At
pressures exceeding 0.9-1 GPa, steric repulsion forces become
increasingly influential due to the shortening of several
interatomic H--Cl and H--H contacts in the crystal to distances
below the sum of their vdW radii. Compression of crystal,
accompanied by a significant void reduction, leads to the rapid
approach of Cs atoms toward the center of the crown ether
cavity. The void reduction under pressure also demonstrates
two linear sections with the inflection point at 0.95 GPa.
Collectively, these factors play an important role in the behavior
of [Cs(18-Crown-6)][SbCly] crystal under pressure. To force the
Cs atom inside the center of the crown ether cavity, pressures
of about 3 GPa are required. The highly symmetric structure of
[Cs(18-Crown-6)][SbCl,] and a limited number of specific hydro-
gen-bonding interactions with neighboring molecules make it a
particularly valuable model for studying the influence of
interatomic interactions in crystals under high pressure. This
simplified system allows us to isolate and investigate the effects
of pressure on specific interatomic interactions without the
additional complexity of numerous and diverse forces present
in more complex systems. While alternative approaches may be
needed for other systems, compound 1 presents a powerful
tool for gaining fundamental insights into pressure-induced
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changes in interatomic interactions and their impact on various
material properties.

Experimental Part

Preparing the Crystal and the DAC for the Experiment

The [Cs(18-Crown-6)][SbCl;] were synthesized and recrystallized
from the DMF using the procedure described earlier.”" Before the
HP experiments, the best quality crystal with a size
0.11x0.12x0.14 mm was selected for the diffraction experiments.
The compression of a single crystal in experiments was carried out
using a Diacell ® Tozer diamond anvil cell (DAC) equipped with
Boehler"Almax cut diamonds with 0.8 mm culets. For the experi-
ments, the gaskets, made of 0.25 mm BeCu alloy foil, were pre-
intended to a thickness of 0.2 mm. A spark-eroded hole with a
diameter of 0.35 mm was created using Loto Eng. Spark E400. In a
series HP diffraction experiments [at pressures of 0.04(3). 0.23(3)
0.35(3), 0.56(3), 0.67(3), 0.90(3), 1.04(3), 1.20(3), 1.33(3), 1.57(3),
1.69(3) and 2.05(3)GPa)], a mixture of pentane-isopentane (1:1) was
used as a pressure-transmitting medium. This hydrostatic medium
is very volatile (bp ~35°C), therefore, the DAC and hydrostatic
medium were cooled to —17°C in a fridge before loading. The
crystal and ruby ball were glued to the DAC culet using a minimal
amount of transparent epoxy resin without hardener. The cell was
loaded with the selected crystal, reference ruby ball for the pressure
control, and pressure transmitting medium, and then immediately
sealed. After visual inspection for the absence of air bubbles inside,
the DAC was placed into a T-press (LOTO-eng.) for compression and
the step-by-step load to the TozerDAC was applied. The pressure
inside the DAC was monitored before and after each diffraction
experiment by the ruby fluorescence pressure measurement
method™ with an accuracy of 40.03 GPa. The pressure control
with the following data collection on the diffractometer was
performed with a delay of 10 min after the pressure rise. To obtain
high-quality diffraction data from large crystals with high 1/5(1) ratio,
we employed a metal gasket of considerable thickness and a large-
diameter hole. This resulted in an expansion of the working
chamber volume and an outward displacement of the gasket at a
pressure of around 2 GPa. Since the crystal was crushed between
the anvils in an attempt to raise the pressure, further data collection
including pressure release was not performed. To perform the HP
experiment, a single-cup beamstop with a larger crystal-to-beam-
stop distance was installed to create enough space for the HP cell.
The crystal-to-detector distance was set up to 60 mm. Then a
Victrex PEEK 450 g holder together with the HP Tozer DAC was
fixed into the goniometer head and the crystal was readily centered
on the diffractometer.”*¢

Data Collection/Reduction/Refinement Details

The diffraction data were collected at 293 K on a Rigaku XtaLAB
Synergy-S diffractometer equipped with the PhotonlJet-S micro-
focus Mo X-ray source with a mirror design and hybrid photon
counting HyPix-6000HE detector. An exposure time of 3-5 seconds
per 1 degree was estimated as the target for the data collected. The
processing procedures for the HP experiments to a resolution of
0.75 A were followed by procedures implemented in CrysAlisPro
software.”” The integrations were carried out using dynamic
masking of the regions of the detector shaded by the HP cell. The
final data reduction was performed to opening angles of 38°. The
crystal structure was solved by direct methods and refined by the
full-matrix least-squares on F? for all reflections using SHELXL"®
operated under OLEX2,“" these coordinates were then used for
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refinement at subsequent pressure points. The non-hydrogen
atoms were refined freely with anisotropic displacement parame-
ters. All H atoms were placed at calculated positions and refined as
riding, with C—H=0.97 A and Uiso(H)=1.2Ueq(C). At a maximal
pressure of 2.05GPa crystal inside DAC was cracked between
diamond anvils for several fragments and thus diffraction quality
was not so good. In addition, the structure refinement at 2.05 GPa
becomes almost equally successful for Cs sitting on the inversion
center or for the disordered model with d(Cs-Cs)=0.51(6) A.
However, this ordered model yields longer Cs—Cl bond distances of
3.881(3) A compared to values of 3.60+0.03 A found at pressure
range 0-1.69 GPa and exceedingly large ADP values along z-axes
for the Cs atoms. Deposition Numbers 2348747-2348760 contain(s)
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Raman Spectroscopy and Quantum Chemical Calculations

The Raman spectra were recorded with a Horiba LabRAM HR
Evolution UV-VIS-NIR. To perform Raman spectroscopy with 785 nm
laser excitation a single crystal was placed on a glass plate and
studied at ambient pressure and within a diamond anvil cell (DAC)
at 1.69 GPa. Gas phase density functional theory (DFT) calculations
were performed employing the BP86"°*" functionals implemented
in the ORCA 5.0.2 software package.®? For calculations involving
Sb/Cs atoms, the segmented all-electron relativistically contracted
basis set (SARC-ZORA-TZVP)*® was employed. For calculations
involving C, H, O, and Cl atoms, the ZORA-def2-TZVP basis set®™
was used in combination with the corresponding SARC/J auxiliary
basis set.®™ Relativistic effects were accounted for using the zero-
order regular relativistic approximation (ZORA).>*"
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