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ABSTRACT: Reactions of [SbBrs]*~ containing HBr solutions
with bromide salts of 1,1’-(1,2-ethanediyl)bis(pyridine) (PyC,*")
or 1,1'-(1,2-ethanediyl)bis(3,5-dimethylpyridine) (3,5-MePyC,>*)
initially result in the formation of the deep orange complexes
Cat[SbBr;] (1 and 2), featuring unusual Sb---Br interactions in the
solid state. In the mother liquor, 1 transforms into discrete
binuclear (C,Py),[Sb,Br;,], which demonstrates polymorphism
(triclinic 3 and monoclinic 4), while 2 transforms into polymeric
(3,5-MePy){[SbBr,]} (5). DFT calculations reveal that the system
of noncovalent Sb---Br contacts may be responsible for the
appearance of the observed optical properties (unusual deep
orange coloring).

B INTRODUCTION

Halide complexes, or halometalates, or halogenidometalates
(HMs), represent a large class of compounds which is literally as
old as coordination chemistry itself.' For p-block elements,
especially for Pb(II),” Sb(III),” and Bi(1II),"* they demonstrate
an enormous diversity of structural types appearing in the
crystalline state: there exist discrete complex anions of different
nuclearities”™"" (up to 18 for Pb(II)'*) and one-,"*~"” two-'*"?
or even three-dimensional polymers (the latter are known for
Sn(II) and Pb(II), being especially well-known due to their
applicability in the design of efficient solar cells”’~**). Among
the physical properties making HMs attractive from the point of
view of materials science, there are photo—,zs_27 thermo-,”* %"
and solvatochromism,** ferroelasticity,g’9 etc. Despite the low
hydrolytic stability of group 15 halide complexes making them
less convenient components of many composites or devices,
they remain the focus of current research.

While synthetic approaches toward HMs are very straightfor-
ward,” there exists a longstanding problem making this area
especially attractive from the point of view of fundamental
inorganic chemistry and crystal engineering: it is yet impossible
to predict the structural type of an anion forming in a certain
reaction. It is usually assumed that species of low nuclearity
(most likely, mononuclear) exist in solution,*” undergoing self-
assembly into more complex units during the crystallization
process, and this process is predominantly governed by the
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nature of the cation®* whose salt was used in synthesis. The more
interesting fact is that relatively low energies of M—X bonds and
favorable ligand substitution kinetics in these systems enable the
appearance of their unusual reactivity even in the solid state. A
very spectacular example of this feature was presented by
Mercier et al. over 12 years ago:”" desolvation of a complex
containing discrete [Bi,I;s]*” anions resulted in dramatic
changes in the molecular structure (formation of polymeric
{[Bil,],}"") in a single-crystal to single-crystal mode, and this
process was reversible (!). A few examples describing the
relationship between the number of solvent molecules and
structural types*® confirm the great lability in these systems.

In the course of our work aiming at the preparation and
characterization of bromobismuthates(II1),>**"*® we decided to
perform related experiments with bromoantimonates(IIl) in
order to see whether stereochemically similar Bi(IIl) and
Sb(III) would form complexes of the same structural type in the
presence of the same organic cation. The outcome was
unexpected: we found that initially there form deep orange
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Cat[SbBr;] (Cat = 1,1'-(1,2-ethanediyl)bis(pyridine) (PyC,*")
(1) and 1,1'-(1,2-ethanediyl)bis(3,5-dimethylpyridine) (3,5-
MePyC,**) (2), respectively, featuring an unusual pentacoordi-
nated Sb and noncovalent Sb---Br contacts which, as described
below, are believed to be responsible for the appearance of the
unusual coloring. In the mother liquor, 1 transforms into
(PyC,),[Sb,Br,o], which demonstrates polymorphism (3 and
4), while 2 transforms into the single-phase polymeric (3,5-
MePyC,){[SbBr,]}, (5).

B EXPERIMENTAL SECTION

Starting Materials. All reagents were obtained from commercial
sources and used as purchased. Solvents were purified according to the
standard procedures. C,PyBr, and (3,5-MePy)C,Br, were obtained by
reactions of 1,2-dibromoethane with pyridine or 3,5-dimethylpyridine,
respectively (1:2.1, reflux, CH;CN, 12 h), and identified by 'H NMR
spectra and elemental analysis.

Synthesis of 1-5. A 60 mg portion (0.2 mmol) of Sb,0; was
dissolved in 3 mL of concentrated HBr, followed by addition of
C,PyBr, (70 mg, 0.2 mmol) or (3,5-MePy)C,Br, (70 mg, 0.2 mmol) in
3 mL of HBr. The mixtures were heated to 70 °C and slowly cooled to
rt, resulting in deep orange crystals of 1 or 2, respectively. After
approximately 12 h in mother liquor, 1 and 2 transform into 3 (4) and 5,
respectively. Elemental analysis data are given in the Supporting
Information.

X-ray Diffractometry. Single-crystal XRD data for 1, 3, and S were
collected with an automated Agilent Xcalibur diffractometer equipped
with an area AtlasS2 detector (graphite monochromator, A(Mo Ka) =
0.71073 A) (Table S1 in the Supporting Information). Integration and
absorption correction were performed using the CrysAlisPro program
package (CrysAlisPro 1.171.38.46, Rigaku Oxford Diffraction, 2015).
Single-crystal XRD data for 2 were collected with a Bruker D8 Venture
diffractometer with a CMOS PHOTON III detector and IS 3.0 source
(A(Mo Ka) = 0.71073 A). Absorption corrections were applied with
the use of the SADABS program (Bruker Apex3 software suite: Apex3,
SADABS-2016/2 and SAINT, version 2018.7-2; Bruker AXS Inc.,
Madison, WI, 2017). Single-crystal XRD data for 4 were collected with
a Bruker Apex DUO diffractometer equipped with a 4K CCD area
detector (graphite monochromator, /(Mo Ka) = 0.71073 A).
Absorption corrections were applied with the use of the SADABS
program (2000—2012), APEX2 (Version 2.0), SAINT (Version 8.18c),
and SADABS (Version 2.11) (Bruker AXS Inc., Madison, WI). The
crystal structures were solved using SHELX T’ and were refined using
SHELXL" with the OLEX2 GUL*' Atomic thermal displacement
parameters for non-hydrogen atoms were refined anisotropically. The
somewhat high R factor and high residual electron density for structure
2 is due to the presence of a diffuse scattering along the ¢* direction in
nkl layers (Figure S1). This feature indicates some local ordering of
adjacent columns of {SbBr;}. CCDC 2026490—2026494 and 2051057
contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/data
request/cif or by emailing data_request@ccdc.cam.ac.uk.

Differential Scanning Calorimetry (DSC). Thermal analysis was
performed with a NETZSCH DSC 204 F1 Phoenix differential
scanning calorimeter with a digital/discrete resolution of ~0.01 yW.
DSC measurements were carried out by a heat flow measurement
method at a 12—15 K min™! cooling/heating rate in 25 mL min~! Ar
flux in unsealed aluminum crucibles with lids. Powdered samples were
distributed uniformly over the bottom and carefully tamped. To
increase the sensitivity and reduce baseline noise, measurements were
taken at a heating rate of 12—15 K min~" without the supply of gas or
liquid nitrogen (self-heating rate of the calorimeter cell ~10 K min™" at
130 K). The sensitivity of the sample carrier sensors and temperature
scale gradation were calibrated by melting and crystal to crystal
transition measurements of standard samples (cyclohexane, adaman-
tane, Hg, Ga, benzoic acid, KNO;, In).

Powder X-ray Diffractometry (PXRD). XRD analysis of
polycrystals was performed on a Shimadzu XRD-7000 diffractometer
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(Cu Ka radiation, Ni filter, linear One Sight detector, S—50° 26 range,
0.0143° 20 step, 2 s per step). Polycrystalline samples were gently
ground with hexane in an agate mortar, the resulting suspension was
deposited on the polished side of a standard quartz sample holder, and a
smooth thin layer was formed after drying. Experimentally obtained
PXRD data and their comparison with calculated patterns are given in
Supporting Information.

Computational Details, Thermogravimetric Analysis, and
Diffuse Reflectance Spectroscopy. See the Supporting Information
for details.

B RESULTS AND DISCUSSION

For preparation of 1 and 2, we used the general approach which
is widely applied in HM chemistry:* Sb,0; was dissolved in HBr

3.686 or 3.736 {\6 E\‘ E\Q

Figure 1. Supramolecular associates formed by [SbBr;]*™ anions in the
structures of 1 and 2. Color code and definition here and below: Sb,
black; Br, olive green; noncovalent contacts, dashed lines.

s ey

(left) and {[SbBr,],}"" (right)

Figure 2. Structures of [Sb,Bro]*"
anions in 3 and §.

in order to generate bromoantimonate(III) species, followed by
addition of an HBr solution of CatBr,. Rapid isolation of 1 and 2
resulted in pure single-phase samples (see the Supporting
Information for PRXD details: 1, P1, a = 6.1343(3) A, b =
9.2857(4) A, ¢ = 17.2041(9) A, a = 90.331(4)°,
100.259(4)°, y = 99.912(4)°, Z = 2; 2, P2/n, a = 6.2898(4) A,
b =8.7454(7) A, ¢ =20.4076(16) A, f =90.438(3)°, Z=2).In
both cases, there are mononuclear [SbBry]>~ anions with
pentacoordinated square-pyramidal Sb (examples of such
bromoantimonates(II) were reported earlier, but those are
rather uncommon®). The main structural feature of these
structures is that, as follows from a comparison of Sb--Br
distances (3.686 and 3.736 A in 1 and 2, respectively) with the
sum of the corresponding van der Waals radii (3.89 A***), the
existence of the corresponding noncovalent interactions
between the neighboring [SbBr]*™ anions, resulting in the
formation of supramolecular linear chains (Figure 1), can be
assumed. In the case of 2, the axial bromide ligand is disordered
over two positions with 0.5/0.5 occupancy, arranging on either
side of the {SbBr,} plane. The disorder can be rationalized as
follows. The [SbBr;]*~ chains spread along the a axis; they are
strictly ordered in this direction for stereochemical reasons.
Along the c axis, there is a low probability of chains ordering, as
indicated by the presence of diffuse scattering along the ¢* axis in
reciprocal space reconstructions (Figure S1). Along the b axis,
the chains are either strictly ordered or randomly arranged: no
diffuse scattering is observed in the corresponding reconstruc-
tions.

The ranges of Sb—Br distances in 1 and 2 are 2.547—-2.838
and 2.580—2.813 A, respectively. The shorter distances
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Figure 3. Crystal packings of 3 (left) and 4 (right). Green rectangles outline layers composed of [Sb,Br;,*~]. Hydrogen atoms are not shown. Dashed

brown lines indicate shortened Br---Br contacts.

correspond to bromide ligands occupying the apex positions of
the pyramids. The Sb—Br---Sb angles in the aforementioned
{[SbBr¢]} chains are 159.21 and 169.38°, respectively. In all
cases, there are H---Br contacts between the cations and anions,
which are common for halogenidometalates in general.**

The samples of 1 and 2 start to transform into colorless solids
within hours when they are kept in mother liquor; this process is
completed overnight (it can be noted visually, and it is
confirmed by PXRD data; see the Supporting Information). In
both cases, it results in the formation of single crystals suitable
for X-ray diffractometry, and the corresponding experiments
were initially performed at low temperatures (Table S1),
resulting in the determination of the structures of 3 and §,
respectively. In 3 (P1, a = 10.1060(4) A, b = 10.2956(4) A, ¢ =
11.1394(4) A, a = 105.030(3)°, B = 101.709(3)°, y
117.233(4)°, Z = 1), the anionic part is represented by binuclear
bromoantimonate(IIT) units [Sb,Br;o]*” built of two edge-
sharing octahedra (Figure 2, left). This structural type is one of
the most common in HMs of group 15 elements.”**™* The
Sb—Br,,m and Sb—u,-Br distances are 2.570—2.855 and 2.872—
3.333 A, respectively. In § (P2,/n, a = 20.5536(8) A, b =
7.2974(2) A, ¢ = 21.2510(7) A, p = 117.694(5)°, Z = 4), there
are one-dimensional polymeric anions {[SbBr,],}"~ (Figure 2,
right) of type E according to a classification proposed by us
earlier.* The Sb—p,-Br bonds (2.727—3.183 A) are elongated in
comparison with Sb—Bry,, (2.581—2.622 A); this is the usual
effect for HMs.*

Attempting to prepare pure bulk samples of 3 and S, we
noticed that, while § forms as a single phase (see the Supporting
Information), experimental PXRD data for the substance which
we expected to be 3 did not match to the XRD-based calculated
pattern. This effect was persistent (over 10 reproductions), and
the phase of 3 was fully absent, while elemental analysis data
agreed with the composition of 3. We assumed that this
difference may be related to polymorphism. Indeed, we isolated
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the crystals of the new phase 4 (C2/c, a = 19.6880(8) A, b =
10.0152(5) A, ¢ = 20.8410(9) A, f = 111.104(2)°, Z = 4) of
higher symmetry (monoclinic vs triclinic in 3) containing the
same [Sb,Br,,]*" anions. The crystal packings of compounds 3
and 4 are similar. Both compounds reveal layers of [Sb,Br;,]*"
spreading along the (—101) plane (Figure 3); the space between
the layers is occupied by bis(pyridinium )ethane cations. In the
layer of 3, shortened Br-+-Br contacts (of 3.58 A) are observed
that connect anions in a chain (Figure 4). In the case of 4, the
corresponding distances are much longer (3.95 A), which results
in less dense packing: the anions in a van der Waals
approximation occupy 31.5% of the cell volume in 4 vs 33.0%
in 3. Note that the cations also pack more densely in 3 (36.4% of
the cell volume) in comparison to 4 (34.7%). Due to this, the
crystal density of 3 is higher than that of 4 (Table S1 in the
Supporting Information).

In order to confirm or dismiss our hypothesis on thermally
induced phase transitions between 3 and 4, we performed an
additional experiment: a single crystal of 4 was cooled to 130 K
and an XRD analysis was performed again. Surprisingly, this did
not lead to transformation into 3; therefore, we cannot state that
there is a single-crystal to single-crystal phase transition. In our
opinion, this is rather the case of “common” polymorphism, but
factors affecting the preferable formation of a certain polymorph
are not clear.

According to DSC data (Figure S), thermal anomalies
associated with phase transitions were not detected in the
145—-280 K range, confirming our XRD-based observations.
Extended data on thermal stability (thermogravimetric analysis)
are given in the Supporting Information.

Diftuse reflectance spectra at room temperature for 1 and 4
are given in Figures 6 and 7 (for 2 and §, these are presented in
the Supporting Information). The spectra agree with the colors
observed for these samples. For 1 and 2, absorption edges are
strongly shifted to longer wavelength ranges, resulting in
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Figure 4. View of [Sb,Br,(]*" layers in compounds 3 (top) and 4 (bottom). Dashed brown lines indicate shortened Br-+-Br contacts.

noticeably narrower optical band gaps: for 1 and 2, those are In order to (1) investigate the nature of the aforementioned
2.28 and 2.17 eV, respectively, therefore being comparable with Sb---Br noncovalent interactions in 1 and 2 and (2) see whether
E, values for iodoantimonates(III) of lower nuclearity. those could cause unusual changes in optical properties, we
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Figure 6. Diffuse reflectance spectra of 1 (green) and 4 (blue).
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Figure 7. Diffuse reflectance spectra of 1 (green) and 4 (blue).

performed DFT calculations and a QTAIM-approach-based*®
analysis of the electron density distribution (see the
Experimental Section for details). Unfortunately, we had to
exclude 2 from these studies due to disorder. For comparison,
we examined the structures of 3 and $, and these results were
rather unexpected (Table 1).

2801

HOMO LUMO

Figure 8. Frontier molecular orbitals in [SbBr;]*~ anion (wB97XD/
DZP-DKH level of theory).
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o02s5F 7 Woooau.

Figure 9. Electrostatic surface potential distribution in the [SbBrs]*~
anion (wB97XD/DZP-DKH level of theory).

While the Sb—p,-X interactions are considered within the
usual paradigm of coordination chemistry, the theoretical
calculations within the QTAIM formalism contradict this idea:
the low magnitude of the electron density, positive values of the
Laplacian of electron density, and the balance between the
potential and kinetic energy densities of electrons at the bond
critical points (3, —1) for these “bonds” in 3 and § reveal that
those indeed do have some very small covalent contribution,*
but it is definitely not prominent (see Figures S6—S8 in the
Supporting Information for visualization). We believe that this
fact is very interesting in terms of an understanding of
halogenidometalate structural chemistry in general. The Sb---
Br interactions in 1 are purely noncovalent.

In order to understand the influence of intermolecular
interactions Sb---Br on the color of crystals 1 and 3, we carried
out TD-DFT simulations of UV—vis absorption spectra for
model mono-, di-, tri-, tetra-, penta-, and hexameric “oligomers”
of 1 and monomeric and dimeric systems in the case of 3.
Theoretical UV—vis absorption spectra for allof these model
systems are shown in Figures S9 and S10 in the Supporting
Information. Obviously, the supramolecular organization and
formation of chains due to Sb--Br intermolecular interactions
lead to a shift in the simulated UV—vis absorption spectra to the
long-wavelength region (the more such noncovalent contacts,
the stronger the shift), which is collateral evidence that these
Sb---Br intermolecular interactions can potentially influence the
color of the crystals under study. In addition, an analysis of
frontier molecular orbitals and the electrostatic surface potential
distribution in the [SbBry]*~ anion provides some additional
insight into the reason for the dramatic difference in color of the
studied crystals (Figures 8 and 9). Obviously, the infinite chains
of [SbBr;]*~ anions can very easily transmit the electron density
from the HOMO to the LUMO (in other words, using their
nominal o-holes) in the case where neighboring species are
oriented in the same direction as in 1 and 2.
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Table 1. Values of the Density of All Electrons (p(r)), Laplacian of Electron Density (V?p(r)) and Appropriate A, Eigenvalues,
Energy Density (H,,), Potential Energy Density (V(r)), and Lagrangian Kinetic Energy (G(r)) (au) at the Bond Critical Points (3,
—1), Corresponding to Intermolecular Interactions Sb*Br in 1, 3, and S, Lengths of Appropriate Contacts (I, A) and Estimated

Strengths for These Interactions (E,,, kcal/mol)

structure p(r) Vip(r) Ay H,
1 0.008 0.021 —0.008 0.001
3 0.018 0.035 —-0.018 —0.001
S 0.019 0.034 -0.019 —0.001

V(r) G(r) ! Ee By’
—0.004 0.00S 3.686 1.5 1.8
—-0.010 0.009 3.333 3.6 3.2
—0.010 0.009 3.290 3.6 3.2

“Eine = 0.58(—V(r)) (this empirical correlation between the interaction energy and the potential energy density of electrons at the bond critical
points (3, —1) was specifically developed for noncovalent interactions involving bromine atoms).*’ E.. = 0.57(G(r)) (this empirical correlation
between the interaction energy and the kinetic energy density of electrons at the bond critical points (3, —1) was specifically developed for

noncovalent interactions involving bromine atoms).*’

B CONCLUSIONS

There are two important points which can be highlighted as
conclusions. First, we confirmed that noncovalent interactions
can have a large influence on the optical properties of
halogenidometalates. These observations agree well with our
earlier results for bromobismuthates®" (in that case, the unusual
coloring was caused by cation--anion halogen bonding), and
this allows us to assume that it can be utilized for directed tuning
of the properties of halogenidometalate-based materials (e.g.,
light absorbers in solar cells or photodetectors). Second, DFT
calculations reveal that the nature of metal---halogen interactions
in halogenidometalates can be different from what it is
commonly used to be—most likely, some “metal—halogen
bonds” should rather be considered within a supramolecular
paradigm. In our opinion, this “provocative” statement requires
a special investigation involving an extended set of halogen-
idometalate structural data. Corresponding research is under-
way in our group.
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