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Abstract: A series of rhenium compounds with the octahedral cluster core {RegSg.«Bry} (x = 0—4): with
molecular and polymeric structure were obtained. In these compounds the cluster core composition
varies monotonically, the geometry of the cluster and the rhenium coordination polyhedron are
retained unchanged, while the symmetry of the cluster changes. The vibrational spectra (Raman
and IR) were recorded and analyzed for compounds with all possible S/Br ratios in the cluster core.
The group vibrations of clusters were attributed with the use of DFT calculations of vibrational
spectra. It is shown that the set of main characteristic bands is retained in both ionic and polymeric
compounds regardless of the composition and the symmetry of the cluster core while the observed
vibration frequencies of these bands depend on the S/Br ratio in the cluster core. In particular, the
group Re-S stretching vibrations (A14(Sg) and Tog(Ss) modes) shifted to higher frequencies with the
increase in the number of Br atoms in the cluster. The difference in the connectivity in polymeric
compounds leads to an increase in the number of bands in the spectra and to the disappearance of
the A1g(Br) modes.
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1. Introduction

Rhenium octahedral chalcogenide and chalcohalide cluster complexes are the typical
examples of transition metal high-valence clusters [1-5]. The structures of such clusters
are based on the Reg octahedron, each face of which is co-ordinated by ps3-bridging inner
ligands, forming the {RezQg}™ or {RegQs xYx}™ cluster core (Q =S, Se, Te, Y = Cl, Br, I,
x = 1-4). Each rhenium is additionally coordinated by apical ligand L, forming the general
formula of {RegQg}L¢ or {RegQs.xYx}Lg for a discrete cluster fragment. Compounds based
on Reg clusters are attractive due to promising structural features and physicochemical
properties of compounds based on them. Among the latter, one can consider intense red
luminescence [4,6-9], electronic and magnetic properties [10-16], and highly effective X-ray
contrast properties [17-19]. Well-developed apical ligand exchange chemistry along with
chemical stability and rigid geometry of the cluster core allows the designing of unique
hybrid materials, e.g., liquid crystal phases [20-23], polymeric matrixes with immobilized
clusters [20,24,25], and cluster-coated surfaces [26,27]. Discrete {RegQg. Yx}Lg structural
units were found to be promising building blocks for the bottom—up design of differ-
ent types of supramolecular arrays, e.g., coordination polymers and extended molecular
solids [28-37].

To date, the main methods for structural study of such compounds are diffraction
methods: X-ray structural analysis and powder diffraction. These methods are well suited
for crystalline phases with long-range order, and, to a lesser extent, for hybrid materials,
e.g., liquid crystal phases, nanoparticles, and cluster-coated surfaces.
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Vibrational spectroscopy (Raman and IR) is a powerful and widely used method for
structural characterization of crystalline and non-crystalline phases, but its application to
octahedral chalcogenide and chalcohalide rhenium clusters is very limited. Probably, the
only example of a systematic study of Raman spectra of complexes [{ResQs}Y¢]* (Q =S,
Se; Y = Cl, Br, I) in comparison with spectra calculated by the DFT method is the work of
Gray et al. [6].

In the present work, we systematically study by experimental and DFT methods
the vibrational spectra (Raman and IR) of a family of compounds based on {ReSg_«Brx}
(x=0,1,2,3,4) core: salts of ionic/molecular complexes [{RegSs.«Bry}Brg]** and ternary
phases [{RegSs.Bry}|Br?™. Evidently, the clusters are the large polyatomic moieties in
which all vibrations have a group nature with a significant contribution of a large number
of atoms to each vibration mode, therefore, the analysis is complicated and requires the
support of quantum calculations. In compounds with the {RegSg}>* cluster core, the Reg
octahedron is coordinated by eight inner p3-S' ligands arranged along the eight vertices
of the cube. In compounds with the [{ResSg.«Brx}] cluster core, both S' and Br!, which
are always disordered in crystal structure, are located in the inner sphere, such that the
geometry and the number of ligands around the metal cluster Res remain the same. The
number of cluster skeletal electrons is also constant, which simplifies comparative analysis
of the data.

Thus, two series of octahedral Re(III) clusters—anionic complexes and ternary thio-
bromides in which the metal atoms have the same coordination polyhedron but a mono-
tonically changing environment in the plane of the rhenium atom—are good model objects
for study by vibrational spectroscopy, accompanied by DFT calculations.

2. Materials and Methods

X-ray powder diffraction (XRPD) patterns were collected with a Philips PW 1830/1710
automated diffractometer (Cu Ka radiation, graphite monochromator, silicon plate as
an external standard, 20 5-60°, step 0.05, 2 s), before recording samples were ground
in a mortar in hexane. Far infra-red spectra of samples in a polyethylene tablet were
recorded with a FTIR spectrometer VERTEX 80. Raman spectra were recorded with a
Raman spectrometer LabRAM HR Evolution, with excitation by the 632 and 514 nm lines
of He-Ne and Ar™* lasers, and single crystals or polycrystalline samples were collected for
analysis. If the luminescence of the sample hindered the analysis of the Raman spectrum,
the background level was extrapolated by the second polynomial and subtracted from the
experimental spectrum. Energy-dispersive spectroscopy was performed with a Hitachi
TM3000 device.

Optimization of the geometric parameters of molecules and anions of the composition
[RegSs.«BryBrg |4~ were performed using the density functional theory in the software
package AMS2022 [38]. The calculations were conducted according to the TZP all-electronic
basis [39] using a GGA BP86 functional [40]. The zero-order regular approximation (ZORA)
was used in all calculations in this work to take into account the scalar relativistic effects [41].

All Reg cluster compounds were obtained by high-temperature synthesis from ele-
ments in evacuated quartz ampoules under the same conditions (750 °C, 72 h), except
for RegSgBry prepared at 1100 °C. Ionic compounds were obtained from stoichiometric
amounts of MBr (M = K or Cs), Re, S, and Br, (with 5% excess) [42—45]. Resulting powders
were dissolved in water with the addition of HBr, and insoluble precipitates were filtered
and removed. Dark red solutions were evaporated; red crystal powders were collected and
dried with air. Polymeric compounds were synthesized from stoichiometric amounts of Re,
S, and Br, (with 5% excess) [46-49]. Products were washed with acetone and dried with air.
The purity of the obtained compounds was confirmed by powder diffraction and elemental
analysis data.
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3. Results and Discussion

Vibrational (Raman or IR) spectra contain almost all structural information about
the compound, but the use of these methods in investigation of octahedral Reg cluster
complexes is very limited. This is due to several reasons that hinder their usage for
characterizing, e.g., the complexity of the spectrum, a large number of spectral lines in
a narrow spectral range, and, as a result, low characteristic vibrations. In the case when
a complete interpretation of the spectra is impossible, it is quite sufficient to follow the
characteristic modes to draw conclusions about the preservation of the structure during
the process [16,27]. Two approaches are used to interpret the spectra: vibrations in clusters
refer to individual bond fluctuations, or to collective vibrations of the cluster as a whole.
The second approach is certainly correct, since all vibrations in the spectrum are mixed
and include displacements of all atoms of the molecule, but the relative lightness (i.e.,
small mass) of ligand atoms compared to the mass of metal atoms sometimes allows us to
consider their vibrations as individual ones.

Both in anionic complexes [RegSg.Bry|Brg* ™) (x = 0—4) and in ternary thiobromides
[RegS44xBrig-2x] (x =0, 1, 3, 4), the coordination polyhedron of rhenium atoms is the same,
but the Br/S ratio in the cluster core from {ReSg} to {ResS4Brs} changes. For all cases, the
coordination environment of each rhenium atom lying in the p3 ligand plane can be written
as follows: Re4(S/Br),'Br? (i—inner, a—apical, according to the Schifer notation [50]). An
exception is RegSgBry, in which some of the sulfide ligands are simultaneously inner S! for
one Reg metal cluster and apical S* for the neighboring one. This becomes clearer if we
write down the structural formula of ReSgBr; as [{ReS'¢S 25 /2152 /za‘iBra‘a4 /21 [49].

To avoid the excess of formulas in the text of the article, we introduced the following
designations for the studied compounds: np, ni, and nm, where the number n indicates
the number of sulfur atoms in the cluster core {RegSgBry}, (x = 0-4) and the letter the
type of compound: p—polymeric, i—anionic complex, and m—neutral molecular complex
RegS4Bryg. The composition, structure, and possible isomers of thus designated compounds
are presented in Table 1.

Table 1. List of investigated compounds, its isomers and designations in text.

Polymer Structure

Ionic Structure Isomers (Inner S/Br Positions)

x=8
Oh ? Re
‘Br
8 s
RegSsBr2 (8p) . '
[{Re6S'652/21S2/27 Bray p] * g??Re: SgiBfgr(as X ° ’
3D polymer 4185608 6
x=7

R8687Br4 (7p)
{R66517BI'1 }Bra(,/z
3D polymer

CS3 R65 S7Br7 _(7i)
CS3{Re6871Br1}Bra6
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Table 1. Cont.

Polymer Structure

Ionic Structure Isomers (Inner S/Br Positions)

X=6

M2R8656_BI'8 (M =Csor K) (6i)
Mz{Re(,Sl(,Br‘z}Braé
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* Chemical formula according to Schifer notation [50]; i—inner, a—apical.

3.1. Raman Spectroscopy

Raman spectra of cluster compounds of the presented series were obtained both
experimentally (for all compounds) and via DFT calculations (for ionic and molecular
compounds). The unsubstituted 8i cluster has no geometric isomers (as for 7i, there is
only one form) and its spectrum is described in detail [6]. Replacement of sulfur atoms by
bromine in the cluster core leads to the appearance of isomeric forms for 6i, 5i, and 4m,
for which it is possible to calculate the spectra separately. Moreover, replacement leads to
changing of the charge and the symmetry of the cluster, which, in turns, leads to changing
of the spectrum profile (see Figures 1 and S1-54). Considering the calculated spectra,
three main regions of vibrations can be distinguished: 380-460, 120-200, and 55-95 cm™.
These three regions are marked in the experimentally obtained spectra of ionic 8i-5i and
molecular 4m complexes in Figure 1 as I, I, and III, respectively. The first are vibrations
in the 380460 cm™! region (region I in Figure 1), which in cluster 8i are attributed to
vibrations A14(Sg) and Tag, i.e., in fact, to group Re-S stretching vibrations [6]. Moreover,
the band in the region of ~420 cm™ refers to the symmetric vibration Aqg, i.e., all bonds
simultaneously either lengthen or shorten, and the band at about 390 cm™ is asymmetric;
some of the bonds lengthen while the rest shorten. The region II around 150 cm™ can be
attributed to symmetric vibrations A1g(Br®) (u(Re-Br?)), and in the region III of 60 cm™! §
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or p(Br) (bromine atoms “rock” relative to the cluster, i.e., the angle Br-Re-pi3L changes).
When analyzing calculated Raman spectra of clusters 8i-5i and 4m in these regions several
oscillations with a similar type are observed. Note that experimental samples contain
clusters with a different symmetry type (see Table 1), and even mixtures of isomers with
different symmetry. Therefore, the theoretical description of each vibrational mode is rather
complicated. However, the profiles look similar, and, for easier understanding, we utilize
the same symbols as the parent spectrum for 8i.

' W
5i

— T ' )
50 100 150 200 250 300 350 400 450 500

Raman shift, cm™

Figure 1. Raman spectra of ionic 5i-8i in comparison with molecular 4m cluster. Green rectangles
indicate regions under detailed consideration, i.e., 380-460, 120-200, and 55-95 cm™! marked I, 11,
and III, respectively.

Modes in the remaining regions can be attributed to the complex type, i.e., almost
all atoms in the cluster complex are shifting from their initial positions. For example,
“breathing” cluster vibration, also attributed to Ajg(Reg), located at 275 cm™ for 8i, also
involve sulfur atoms to a lesser extent. Despite the fact that the replacement of inner sulfur
atoms by bromine actually changes the geometry and lowers the symmetry of the cluster,
the oscillations observed in the regions about 420 and 150 cm™ are referred to as “A1g” in
the work, as they resemble the motif of the corresponding ones for 8i. It should be noted that
in the region of 100-320 cm™, the spectra become more complicated and many additional
bands appear. Furthermore, the appearance of isomeric forms for cluster complexes 6i, 5i,
and 4m complicates the experimental spectrum, that being a superposition of spectra of
isomers (Figures 52-54). Despite the calculated ratio of isomeric forms, for example, for
5i as 3:3:1, the real ratio may reach other values [51,52], making the interpretation of the
experimental spectra more difficult.

Experimental Raman spectra for 8i-5i and 4m (Figure 1) were compared with the
corresponding calculated spectra (Figures S1-54). In the case of unsubstituted 8i cluster,
there are only two intense bands in the region of 380-460 cm !, i.e., A14(Ss) and Tog(Ss)
oscillations (region I, Figure 2). The vibration at 428 cm ™! for 8i is the fully symmetrical
vibration A1g(S). Displacement of atoms in the 8i cluster during A14(Sg) vibrations is shown
schematically in Figure 2b. When comparing the spectra in the series of ionic compounds
5i-8i and molecular 4m, it can be seen that increasing the number of Br atoms in the
cluster core leads to a shift of the peak towards higher frequencies, up to 442 cm~! for
4m (Figure 2c). This is probably due to the sum of force constants, which for the metal
remains approximately unchanged regardless of the number of ligands or their types.
This total value represents a certain ability of the metal to use all its valence electrons to
bond with the environmental atoms. For this reason, if sulfur is replaced by bromine the
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bonding with rhenium is changed. The character of this change could be explained by the
effect of electronegativity. When Br as a more electronegative atom than S is introduced
in the cluster core {RegSg}, the bond Re-S becomes more covalent, and the force constant
increases. Another noticeable mode in the region I is the T54(Sg) fluctuation at 400 cm ™!
for 8i. When sulfur is replaced by bromine, this band is broadened in the spectra and
additional bands of low intensity appear which is caused by a change in the symmetry of
the cluster and the nonequivalence of sulfur atoms. However, despite this, the position of
the main most intense A1¢(S) and T (S) bands changes linearly when sulfur is replaced by
bromine (Figure 2c).

a) | Tag (Ss) b)

8i

£ 420
& 4154

C) 4ao: /
_—

—a— A1gcacld
—e— Algexp
—=—T2gexp
—=— T2gcacld

I~

m ————

r IV T T T T T T T T T T T T T 1 -
390 400 410 420 430 440 450 460 380 12

T
7 6 5 4
number of sulphur atoms in cluster core

Raman shift, cm™

Figure 2. Comparison of Raman spectra 4m with ionic 5i-8i in the region I (a). Vertical dotted lines
are drawn from the 8i peaks. The oscillation A1¢(Sg) is shown schematically on (b). Dependence of
the Ajg and Tpg band position on the degree of substitution (calculation and experiment) (c).

The spectra of samples 4m and 5i-8i are compared in the range 120-200 cm™! (range
II) in Figure 3. The vibration at 164 cm ™! for sample 8i can be interpreted as the symmetric
vibration of Ajg(Brg). For samples with mixed inner ligands, due to the presence of isomers
and nonequivalence of Br atoms co-ordinated to Re atoms with different environments
of ps-ligands, the positions of vibrations of similar nature differ, leading to a significant
broadening of the bands and change in their shape (in fact, the appearance of new bands).
The vibration at 138 cm™! for 8i can be interpreted as asymmetric but also involving terminal
bromine atoms (see Figure 3). Displacement of atoms in the 8i cluster during A;4(Bre) and
Eg(Brg) modes are shown schematically in Figures 3b and 3c, respectively.
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b) Aqg (Brg)

Raman shift, cm™

Figure 3. Raman spectra 4m, and ionic 5i-8i in the region II (a). Vertical dotted lines are drawn from
the 8i peaks. On the right, vibrations A14(Brg) (b) and Eg (Brs) (c), in which Br atoms are involved,
are schematically shown.

When sequentially considering the spectra of samples with mixed inner ligands in the
cluster core, it can be seen that for 7i, a shift to higher frequencies is observed, while for
5i and 4m, a split of the peak into two is observed, with the opposite shift relative to the
peak for 8i. Band shifts to the higher wavenumbers can be noted, however, a linear shift is
observed only for the calculated spectra (Figure S5). In the region of ~60 cm™! (range III),
corresponding to bending vibrations involving terminal bromide ligands, new bands also
appear during replacement in the cluster core (Figure 1).

A comparison of Raman spectra of molecular 4m with a series of polymeric 5p-8p
cluster compounds is shown in Figure 4. The change of the binding type of cluster cores
with the formation of chains (5p) and 3D polymers (7p and 8p) leads to a significant change
in the profiles of spectra.

— T T T T T T T T 1
50 100 150 200 250 300 350 400 450 500

Raman shift, cm™

Figure 4. Raman spectra of polymer clusters 5p—8p and molecular 4m. Green rectangles indicate
regions under detailed consideration, i.e., 380460, 120200, and 55-95 cm™! marked I, 11, and III,
respectively. * Data not available due to sample luminescence.

A set of modes in the region of 60-80 cm™! (region I), corresponding to the “rock” of
the terminal bromide ligand, which was observed for all ionic and molecular clusters, is
present in the case of polymeric clusters only for 5p with a chain structure. This vibration is
blocked with an increase in the bonding, since the binding of the terminal bromine atoms
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occurs, thus leading to a formation of u-Br bridges. There are various collective vibrations
affecting the terminal Br atoms (analogues of the A14(Brg) vibration in 8i) in the region
of 170-200 cm™ (region IT). With increasing connectivity of the clusters, the intensity of
these vibrations decreases, which can be associated with a decrease in the number and
diversity of terminal Br atoms. In the range of 400-450 cm™ (region I), a pair of vibrations
is observed, which manifests itself in all clusters (except for 8p, for which the spectrum is
poorly resolved due to luminescence); apparently, these are analogs of the To; and A14(Sg)
vibrations for 8i. Shifts of these vibrations in this series are observed in the same direction
as for ionic clusters, but not so uniformly.

3.2. Far IR Spectroscopy

The complete vibrational representation, for example, for cluster 8i with Oy, symmetry
can be represented as

T =3A14(R) + Agg + 3Eg(R) + 3Fyq + 4F4(R) + Agy + By + 3F1,(IR) + 3Fa,

(The activity of vibrations in IR and Raman spectroscopy is indicated in parentheses
by IR and R, respectively). Thus, different selection rules in IR and Raman spectroscopy
lead to the appearance of different modes in the spectra, which helps to refine the structural
information.

For all compounds in the series, we have recorded IR spectra (Figure 5, and also see
combined Raman and IR spectra in Figures S9-516). Figure 5 shows the IR spectra of
compounds 5i-8i and 4m. The spectrum of the 8i cluster with the {ResSg}>* core contains
the least number of modes in this series. This is probably due to its high symmetry and the
absence of isomers. When sulfur atoms are replaced by bromine in the cluster core, low-
intensity bands appear in the spectra. However, three groups of major intense fluctuations
remain. A significant vibration is in the region of 400-430 cm™, and the position of the peak
changes smoothly in the series: 5i (423 cm™), 6i (418 cm™), 7i (414 cm™) and 8i (407 cm™).
These vibrations can be attributed to vibrations affecting the us-S, stretching vibrations
Re-S. For the molecular complex 4m, the peak broadens and splits, which could be due to
a large number of isomers.

a)
8i

b)
7i 435
432
429 1S
426

6i
423

5i

420+

417 /

414
| 4114
4dm . '
p 408
i
' 8 7 6 5 4

'
number of sulphur atoms

wavenumbers, cm’’

T ¥ T ¥ | ) T L) T L T L] T 4 T X 1
100 150 200 250 300 350 400 450 500
Wavenumber, cm'1

Figure 5. (a) Infrared spectra of 4m and 5i-8i; vertical dotted lines are drawn from the 8i peaks;
(b) changing the position bands of the valence p3-S vibrations.

The group of vibrations in the range of 242-252 cm™! can be attributed to the Re-
Re [53] vibrations. It should be noted that for 6i and 7i the position of the peak is the same
(250 cm™!, see Figure S8). Vibrations in the region of 170 cm™ are referred to as Re-Br
stretching vibrations.
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The IR spectra of polymeric 5p—8p compounds are shown in Figure 6. Three intense
groups of bands at about 400, 270-290, and 170-19 cm™! corresponding to the Re-S, Re—Re,
and Re-Br vibrations, respectively, can be distinguished. It is worth noting the splitting of
the Re-S oscillations in 8p, especially in comparison to 8i (Figure 7). This is explained by
the fact that in the polymer structure of 8p, sulfur atoms are not equivalent, since some of
them participate in the binding of the cluster fragments [{ResS'6S™22}S2,/22 Br 3y 5] [49].

8p

7p

5p

4m

T y T y T y T T 1
100 200 300 400 500
Wavenumber, cm™

Figure 6. Experimental IR spectra of polymers 5p—-8p and molecular 4m.

8p

8i

r T T
100 200 300

Wavenumber, cm”™

Figure 7. Comparison of experimental IR spectra of polymeric 8p and ionic 8i compounds with the
same cluster core {ReySg}.



Symmetry 2023, 15,1791 10 of 12

4. Conclusions

A set of experimental and achieved by DFT calculations IR and Raman spectra for a
number of octahedral cluster complexes with monotonically varying composition of the
cluster core {ResQg.«Bry} has been obtained. It is shown that the set of main characteristic
bands (A1g(S) Tog(S), A1g(Br), Eg(Br)) is retained in both ionic and polymeric compounds.
The observed vibration frequencies of these bands depend on the S/Br ratio in the cluster
core. The difference in the connectivity in polymeric compounds leads to an increase in
the number of bands in the spectra. The data obtained allow the identification of these
cluster forms in solids and will be further useful for the identification of rhenium octahedral
clusters in crystalline and, especially, in non-crystalline materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/sym15091791/s1, calculated Raman spectra of isomers 4m-8i,
combined Raman and IR spectra of 5p—8p and 4m-8i, and some other pieces of information are
located in Supplementary Information.
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