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Abstract—The reaction of a solution of Sb,O; in HBr in the presence of Br, with a solution of 2,6-dibromopy-
ridine (2,6-BrPy) in HBr affords supramolecular bromoantimonate polybromide (2,6-BrPy);[SbBr¢]-
{(Br,)Br} - 2H,0 (I). The structure of compound I is determined by X-ray structure analysis (CIF file CCDC
no. 1962867). The energies of noncovalent Br-Br interactions in the solid state are estimated by quantum-

chemical calculations.
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INTRODUCTION

Increasing interest in the chemistry of halide com-
plexes of p elements (Pb, Sb, Bi, and others) [1—3] is
caused, to a significant extent, by the possibility of
using them as components of solar cells of the so-
called perovskite type [4—10]. We have recently shown
that bromoantimonates(V) can also play this role,
and the efficiency of the first model devices based on
(1-EtPy)[SbBrg] reaches 4% [11]. The Sb(V) bromide
complexes can be synthesized using the general
scheme: [Sb'"'Br¢]*~ + Br, + CatBr, + HBr (Cat is an
organic cation). However, the diversity of products of
these reactions is not restricted by the mononuclear
complex Cat[SbYBr,] only. The factor predetermining
the structures and compositions of the formed com-
pounds is the nature of the cation, the salt of which is
used in the synthesis [12, 13]. Diverse variants can take
place during the reactions: Sb(III) can undergo the
complete or partial oxidation to Sb(V). The polybro-
mide fragments forming, as a rule, halogen bonds
[14—16] with bromoantimonate(V) anions in the solid
state and leading to one-, two-, or three-dimensional
supramolecular associates [17—20] can enter or not
into the structure of the complex simultaneously with
the oxidation to Sb(V). We have previously shown [12]
that the use of bromide salts of the pyridinium deriva-

tives (Py) as reagents in the above indicated scheme
can give complexes containing up to eleven Br atoms
per Sb atom. It was also mentioned for halogen-con-
taining Py [12, 21] that the noncovalent halogen---hal-
ogen contacts involving the cations take place in the
crystal packing in some cases. Continuing this series of
experiments, we synthesized bromoantimonate poly-
bromide (2,6-BrPyH);[SbBr¢]{(Br,)Br} - 2H,O (I) using
2,6-dibromopyridine as a precursor. The structure of
complex I was determined by X-ray structure analysis.
The energies of the noncovalent Br---Br interactions in
the structure of compound I were estimated using
quantum-chemical calculations.

EXPERIMENTAL

The synthesis was carried out in air. The initial
reagents were purchased from commercial sources.
The operation with solutions of Br, requires the neces-
sary fulfillment of caution measures. Concentrated
HBr (reagent grade) was used.

Synthesis of (2,6-BrPyH);[SbBr,]{(Br,)Br}
2H,0 (I). Antimony oxide Sb,0; (37 mg, 0.13 mmol)
was dissolved in HBr (3 mL), and the following
reagents were consequently added: a 1 M solution
(1.5 mL) of Br, in HBr and a solution of 2,6-dibro-
mopyridine (60 mg, 0.25 mmol) in HBr (1 mL). The
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Table 1. Crystallographic data and structure refinement
parameters for compound I

Parameter Value
Empirical formula C,5sH(N;0,Br,,;Sb,
W 2191.92
Crystal system Monoclinic
Space group C2/c
a, A 32.8242(9)

b, A 9.6155(2)

c, A 14.7877(4)

B, deg 101.732(3)

v, A3 4569.8(2)

Z 4

Peate> &/cm’ 3.186

w, mm~! 19.57

F(000) 3920

Crystal size, mm 0.41 x 0.34 x0.32

Scan range over 0, deg 29.0-3.3

Range of indices Akl —32<h<44,
—13<k<12,
—19</<20

Number of measured/ 16 416/5262

independent reflections

Ry 0.039

Number of reflections 4480

with 7> 26([)

R (F?>26(F%), wR (F?), S 0.034, 0.080, 1.06

AP v/ Prnins € A3 1.46/—1.73

mixture was kept on cooling (6°C) for 24 h, and
cherry-black crystals of compound I were formed. The
yield was 76%.

For C15H16N302Br21 Sb2
Anal. caled., % C,8.2
Found, % C,83

H, 0.7
H, 0.7

N, 1.9
N, 2.0

X-ray structure analysis of complex I was con-
ducted at 130 K on an Agilent Xcalibur automated dif-
fractometer equipped with an Atlas S2 two-coordinate
detector (graphite monochromator, A(MoK,) =
0.71073 A, ® scan mode). The integration was per-
formed, an absorption correction was applied, and the
unit cell parameters were determined using the Crys-
AlisPro program package. The crystal structures were
solved using the SHELXT program and refined by
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full-matrix least squares in the anisotropic (except for
hydrogen atoms) approximation using the SHELXL
program [22]. The positions of the hydrogen atoms of
the organic ligands were calculated geometrically and
refined by the riding model. The crystallographic data
and details of X-ray diffraction experiments are pre-
sented in Table 1.

The full tables of interatomic distances and bond
angles, coordinates of atoms, and atomic shift param-
eters were deposited with the Cambridge Crystallo-
graphic Data Centre (CIF file CCDC no. 1962867;
https://www.ccdc.cam.ac.uk/structures/).

Quantum-chemical calculations were performed in
the framework of the density functional theory
(M06/DZP-DKH) [23—25] using the Gaussian-09
program package.

RESULTS AND DISCUSSION

As mentioned above, the compositions and struc-
tures of the complexes synthesized via the general
scheme [Sb"'Br¢]*~ + Br, + CatBr, + HBr are prede-
termined by the nature of CatBr,. The first works
devoted to the structural characterization of these
reaction products were published in the late 1960s—
early 1970s [18—20, 26, 27], and later we additionally
described more than 20 compounds [12, 21, 28].

The coordination environment of Sb in the
[SbVBr¢]~ anions in compound I represents a slightly
distorted octahedron, and the Sb—Br bond lengths are
typical of bromoantimonates(V) (2.527—2.563 A).
The structure contains the dibromine fragments (Br—
Br2.377 A) bound to each other by the bromide anions
(Br(35)--Br(34) 2.956 A; hereinafter, for the designa-
tion of Br atoms, see Table 2) into infinite polymer

chains {(Br,)Br}, , and similar structural motifs were
described previously for polybromide salts of a number
of organic cations [29]. The unusual feature of com-
pound I is the presence of solvate H,O molecules (two
molecules per formula unit).

The system of noncovalent Br---Br interactions in
the structure of compound I is very complicated,
because the bromine atoms belonging to both the

[SbYBry]~ and {(Br,)Br}, anions and 2,6-dibromopy-
ridinium cations are involved in structure formation.
Each of the bromoantimonate(V) anions interacts
with three adjacent cations (Br---Br 3.453—3.582,
Br(5)--Br(32), and Br(4)--Br(14) A are contacts of
type 1) and one 2,6-BrPyH™" cation (BrBr 3.504 A
(Br(18)--Br(5), type 2)). In turn, the 2,6-BrPyH™ cat-
ion forms contacts with the bromide anion in the com-

position of the {(Br,)Br}, chains (BrBr 3.369 A
(Br(15)--Br(34), type 2)). On the whole, all Br--Br
interactions lead to the formation of the three-dimen-
sional structure (Figs. 1-3).
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Table 2. Electron density (p(r)), Laplacian electron density (Vzp(r)) total energy density (H,), potential energy density
(M(r)), and Lagrangian kinetic energy (G(r)) (atomic units) at the critical bond points (3, —1) corresponding to the nonco-
valent Br+Br interactions in the crystal of compound I and the lengths of these contacts (/, A) and their energies (E,

kcal/mol) estimated using various correlations proposed in the literature

SpEmIST ) o (v | B | | 6o | 2 | B | B | | ok
Br(5)--Br(32) (type 1) 0.011 0.027 0.000 | —0.006 | 0.006 1.9 1.6 2.2 2.1 3.453
Br(4)---Br(14) (type 1) 0.010 0.023 0.000 | —0.005 | 0.006 1.6 1.6 1.8 2.1 3.582
Br(35)-Br(34) (type 2)| 0.028 | 0.061 | 0.000 | —0.015 | 0.015 | 4.7 4.0 5.5 54 | 2.956
Br(15)--Br(34) (type 2)| 0.007 | 0.019 | 0.000 | —0.004 | 0.004 | 1.3 11 1.5 14 | 3.369
Br(18)--Br(5) (type 2) | 0.009 | 0.026 | 0.001 | —0.005| 0.006 | 1.6 1.6 1.8 21 | 3.504

3 The classification according to types of the supramolecular contacts involving halogen atoms was discussed in detail [14].
bp=_ W(r)/2 (correlation was developed for the estimation of the energy of hydrogen bonds) [41].
N E 0.429G(r) (correlation was developed for the estimation of the energy of hydrogen bonds) [42].
dp=o. 58(—W(r)) (correlation was specially developed for the estimation of the energy of noncovalent interactions involving bromine

atoms) [43].

¢ E = 0.57G(r) (correlation was specially developed for the estimation of the energy of noncovalent interactions involving bromine

atoms) [43].

fThe shortest van der Waals radius for the bromine atom is 1.83 A [44].

In order to estimate the energies of the aforemen-
tioned contacts, we performed the quantum-chemical
calculations (for details, see above) and topological
analysis of the electron density distribution using the
QTAIM method [30] (this approach is widely used for
studying the properties of noncovalent interactions of
various types [31—38]). The results are presented in
Table 2, and the diagrams of contour lines of the
Laplacian electron density distribution V2p(r), bond-
ing routes, and zero flux surfaces corresponding to
various noncovalent Br---Br interactions in the crystal
of compound I are presented in Fig. 4. The values of
the electron density, Laplacian electron density, total

energy density, potential energy density, and Lagrang-
ian kinetic energy at the critical bond points (3, —1)
corresponding to the noncovalent Br--Br interactions
in the crystal of compound I are quite typical of supra-
molecular contacts of this type involving halogen
atoms [39, 40]. The estimation values of the energy of
the noncovalent Br---Br interactions in the crystal of
compound I vary in a range of 1.1-5.5 kcal/mol
depending in the type of the contact and can differ (by
up to 0.5 kcal/mol, see Table 2) for different estima-
tion methods. However, the energies of the BrBr
contacts between various fragments are comparable,
which is consistent with our earlier observations [28].
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Fig. 1. Packing of the cations and anions in the structure of compound I. The cations are shown in the “wire-and-stick” model,

and the [SbBr¢] ™ anions are presented as polyhedra.
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Fig. 2. Contacts Br--Br (shown by dashed lines) between the bromide ligands of the [SbBrg] ™ anions (shown as polyhedra) in the

structure of compound I.

The ratio of the potential energy density and
Lagrangian kinetic energy at the critical bond points
(3, —1) corresponding to the noncovalent Br--Br
interactions in the crystal of compound I indicates the
absence of a substantial fraction of the covalent com-
ponent in these supramolecular contacts.
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