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ABSTRACT: The heterometallic cluster-based compound
K;[Re;MoSes(CN)4] was obtained by high-temperature reaction from a
mixture of ReSe, and MoSe, in molten potassium cyanide. The redox behavior
of the [ResMoSes(CN)¢]*~ cluster anion was studied by cyclic voltammetry in
aqueous and organic media showing two reversible one-electron-redox
transitions with E;/, of —0.462 and 0.357 V versus Ag/AgCl in CH,CN.
Aqueous media potentials were found to be noticeably shifted to higher values
because of solvation. Chemically accessible potentials allowed us to structurally
isolate and characterize the [ResMoSeg(CN)4]" (n = 3—, 4—, and 5—) cluster
complex in several charge states with corresponding cluster skeletal electron
(CSE) numbers ranging from 24 to 22. The electronic absorption of the 10 e 0.0 e 10
[ResMoSeg(CN)4]" cluster complex varies significantly upon a change of the Potential / V

CSE number, especially in the visible and near-IR regions. The local cluster

core distortion upon electron removal was confirmed by density functional theory calculation, while the overall geometry of the
cluster anion remained practically unaltered.

B INTRODUCTION

Inorganic high-valence octahedral cluster complexes are known
for their promising intrinsic features, among which photo-
luminescence, radiopacity, biological activity, and catalytic
properties have received attention for different application
fields.'"~” The rigidity and stability of the octahedral cluster
complexes have been utilized in the design of hybrid materials
and extended polymeric solids.*” A typical octahedral cluster
consists of a fragment of six covalently bound metal atoms
stabilized by inner and apical ligand coordination (Figure 1).
Many octahedral cluster complexes neutral or charged have
been found to participate in electron transitions and exhibit
redox activity in solution, among which the clusters of
tantalum,' " tungsten,lz_14 niobium,'>*¢ molybdenum,w_19

rhenium,””*' and technetium®>~** can be mentioned. In some

of the studies, it was shown that variation of the cluster charge by Figure 1. Typical structure of the octahedral cluster complex
redox reaction leads to significant changes in its absorption [MeQisL%]"

spectra.'¥** 7 The joint redox and optical absorption behavior

of the octahedral cluster complexes has attracted attention
recently in the field of electrochromic light-filtering materi-
als.”** The nature of the metal atoms forming the cluster
substantially determines its redox ability and optical properties Received:  March 12, 2021 horaic Qeniy
because of the large contribution of d orbitals of metal to the Published: May 31, 2021 W

frontier molecular orbitals of the cluster.”>** Only some of the
cluster redox transition products for M = Mo, W, Ta, and Nb
were isolated as individual compounds because of the large
potentials required.'®'®**** Well-known rhenium octahedral
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cyanocluster-based complexes [Re;Qg(CN)g]" (Q =S, Se, Te; n
= 3— and 4—) mostly exhibit single one-electron oxidation with
mild accessible potentials*>*' accompanied by a drastic change
in the optical absorption in the visible region and a respective
cluster color change.””**** The redox transition of the cluster
complex proceeds, showing no significant change of the cluster
complex interatomic distances,”” and was performed reversibly
in a solid polymer without its degradation ([{Gd(H,0);},(fdc)-
RegSes(CN)¢]/[{Gd(H,0);},(fdc)ResSes(CN)4]Br, where
fdc = furan-2,5-dicarboxylate).** Several examples show that
nonisovalent substitution of the cluster metals with the
formation of heterometallic clusters can strongly affect the
number of redox transitions and their potential values.
Heterometallic rhenium cluster-based complex
[Re,0s,Seg(CN)¢]>™* and that recently studied by our
group, [Re;Mo;Seg(CN)4]*,* exhibit multiple redox tran-
sitions in a relatively narrow potential window also were
accompanied by a cluster color change. The presence of several
accessible color states can be beneficial in the field of
polyg)romic materials for electrochromic display technolo-
gies.

Taking into account the promising features of heterometallic
rhenium clusters, further evaluation of the mutual redox and
optical absorption of rhenium/molybdenum chalcogenide
cluster complexes is of great interest for the present research.
Herein, we present synthetic routes, redox, and spectroscopic
study of the cluster complex [Re;MoSey(CN)¢]" (n = 3—, 4—,
and 5—) as a novel member of the redox-active cluster series
[Res_.Mo,Ses(CN)¢]" (x = 0-3, 6; n = 3—, ..., 8—).

B EXPERIMENTAL SECTION

Materials and Methods. Metal diselenides were prepared using
the procedure described below. Other reagents and solvents were used
as purchased. Caution! KCN should be handled with care and decomposes
rapidly upon contact with acids and slowly upon contact with water,
moisture, or carbon dioxide, producing highly toxic hydrogen cyanide.

MoSe, (3.779 g, 0.039 mol) of molybdenum with 6.221 g (0.079
mol) of selenium and ReSe, (7.334 g, 0.039 mol) of rthenium with 6.221
g (0.079 mol) of selenium were loaded into separate quartz ampules.
The ampules were evacuated, sealed, heated at a rate of 1.5 °C/min up
to 500 °C, and kept at this temperature for 10 h, then the temperature
was raised to 800 °C at a rate of 1 °C/min, and the ampules were heated
at this temperature for 48 h. The ampules were cooled to room
temperature at a rate of 2.5 °C/min and opened. The phase purity of the
products was verified using powder X-ray diffraction (PXRD; Figures
S1 and S2). The heavy-element ratios by energy-dispersive spectros-
copy (EDS) were 1.0:2.0 Mo/Se and 1.0:2.1 Re/Se.

Elemental analysis was performed with Thermo Fisher Flash 1112
CHNS/O and Euro EA 3000 CHNS analyzers. EDS was performed on
aJEOL JSM-7100F field-emission scanning electron microscope and a
TM-300 with Bruker Nano EDS analyzer. Fourier transform infrared
(FT-IR) spectra in KBr pellets were recorded on Bruker Scimitar FTS
2000 and SIMEX FT-801 spectrometers in the range 4000—375 cm ™.
UV—vis absorption measurements were performed in the wavelength
range 190—1050 nm on an Agilent Cary 60 UV—vis spectropho-
tometer. Diffuse-reflectance spectroscopy (DRS) spectra were
registered by means of a Shimadzu 3101 PC UV—vis—near-IR (NIR)
spectrometer, and the spectra were transformed by the Kubelka—Munk
theory equation.** High-resolution electrospray ionization mass
spectrometry (HR-ESI-MS) was carried out on a high-resolution
Bruker maXis 4G ESI-q-TOF mass spectrometer (negative-ion mode,
range m/z 300—3000, direct injection with an automatic syringe 0.18
mL/h, voltage +2800 V, nebulizer pressure 1 bar, dry gas 4 L/min, and
dry gas temperature 180 °C) at the Center of Collective Use “Mass
spectrometric investigations” SB RAS. Electron paramagnetic reso-
nance (EPR) measurements were carried out on a Varian E-109 EPR
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spectrometer in the X frequency range at 77 K. The EPR spectrum of
2,2’-diphenyl-1-picrylhydrazyl (DPPH) with g = 2.0036 was used as a
reference for the g factor. Cyclic voltammetry (CV) was carried out on
an Elins P-20X8 voltammetry analyzer using a three-electrode scheme
with glassy carbon working, Pt auxiliary, and Ag/AgCl/3.5 M KCl
reference electrodes. Investigations were carried out fora 2.5 X 107> M
solution of cluster salt 2 in a 0.1 M solution of BuyNCIO, in CH;CN
and cluster salt 1 with concentration 9.0 X 107> M in a 0.1 M solution of
NaCl in H,O under an Ar atmosphere. The registered value of E, , for
the Fc™/° couple was 0.440 V under the same conditions. PXRD
patterns of the synthesized compounds were recorded using a Philips
PW1820/1710 diffractometer (Cu Ka 1.54060 A radiation, graphite
monochromator; a Si plate was used as an external standard). Simulated
patterns were generated by PowderCell 2.4 software.*

Single-Crystal X-ray Diffraction (XRD) Studies. Single-crystal
XRD data for compounds 1—4 were collected at 150 K with a Bruker
D8 Venture diffractometer [A(Mo Ka) = 0.71073 A, mirror optics].
Integration and absorption corrections were applied with the use of the
APEX3 program and processed with the APEX 3 program suite.”
Frame integration and data reduction were carried out with the
program SAINT.>' The program SADABS® was employed for
multiscan absorption corrections. The crystal structures were solved
using SHELXT®® and refined using SHELXL** with OLEX2 GUI* for
structures 1, 3, and 4. Structure 2 was solved by a dual-space algorithm
using the SHELXT®? program and then refined with full-matrix least-
squares methods based on F? (SHELXL).>* All non-H atoms were
refined with anisotropic atomic displacement parameters. The
statistical distribution of Re and Mo was processed in accordance
with the EDS data. The occupancy of the Re and Mo atom:s for 1, 3, and
4 was refined with a constraint on the total integer occupancy of the
positions and a restraint on the overall Re/Mo ratio of S:1. The
occupancies for structure 2 were refined without constraint, giving good
agreements with the EDS results.

Selected crystal, collection, and refinement data for 1—4 are collected
in Table S2. Selected interatomic bond distances for 1—4 can be found
in Table S3. Crystallographic data for the structures of the title
compounds have been deposited at the Cambridge Crystallographic
Data Center as CCDC 2059019 for 1, CCDC 2060965 for 2,
CCDC2059020 and 2059021 for 4 and 3, respectively.

Computational Details. Density functional theory (DFT)
calculations were carried out for the [ResMoSeg(CN)4]" (n = 3—,
4—, and 5—) cluster anions in the ADF program package.”®™® The
geometric parameters of the cluster anions in C; symmetry were
preliminarily optimized with the PW92+revPBE density functional®*®
and STO’s all-electron TZ2P basis set.’’ The optimized structures were
close to C,, symmetry; thus, this symmetry was used to optimize the
cluster anions with the B3LYP®* hybrid density functional, Grimme
D4(EEQ)®* dispersion correction, and all-electron TZP basis set.’!
Single-point calculations with the B3LYP hybrid density functional,
Grimme D4(EEQ) dispersion correction, and all-electron TZ2P basis
set were performed afterward to achieve the properties of the systems.

The spin-unrestricted approximation was used for the
[ResMoSes(CN)4]* cluster anion. The QTAIM charges and spin
densities were calculated within the ADF package. The zero-order
regular approximation (ZORA)®* for the scalar relativistic effects and
conductor-like screening model (COSMO) model®® for the water
environment were used in all calculations.

Preparation of K;[Re;MoSeg(CN)e]-8H,0 (1). MoSe, (1.777 g,
7.00 mmol), ReSe, (2.409 g, 7.00 mmol), and KCN (4.023 g, 61.92
mmol) were ground and loaded into the quartz ampule, which was then
evacuated, sealed, and heated at 650 °C for 2 weeks. After cooling, the
ampule was opened in air and the reaction mixture was washed with
deoxygenated water. The volume of the orange solution was reduced to
3 mL, and ethanol was added, causing precipitation of the orange
powder of compound 1 in a yield of 700 mg (25% counting on ReSe,).
Single crystals of 1 suitable for X-ray structural analysis were grown by
means of slow ethanol diffusion in a concentrated aqueous solution of 1
in a thin glass ampule narrowing in the middle. The heavy element ratio
for 1 by EDS was 5.2:5.0:1.0:8.1 K/Re/Mo/Se. FT-IR (KBr, cm™): v
2095 (C=N). UV—vis absorption [H,0; 4,,.,, nm (¢, M~ cm™")]: 230
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(50840), 477 (454). The phase purity of the sample was confirmed by
PXRD analysis (Figure S3a). The solid sample 1 is long-term stable
during air exposure, showing no significant evolution of the PXRD
powder patterns or sample color.

Preparation of (n-Bu,N),[Re;MoSeg(CN)g] (2). A total of 80 mg
(0.04 mmol) of compound 1 was dissolved in water, and an aqueous
solution of tetrabutylammonium bromide (150 mg, 0.47 mmol in 10
mL) was added. An aqueous solution of 0.1 M HCl was added dropwise
to the resulting solution in order to facilitate oxidation of the cluster by
O, until a precipitate formed. Caution!One should preliminarily confirm
the phase purity of1and avoid the KCN admixture because of the potential
risk of formation hydrogen cyanide during the addition of an acid. The
precipitate was separated by centrifugation, dried in air, and
recrystallized from acetone. Yield of 2: 75 mg (74%). Crystals suitable
for XRD were obtained by the slow diffusion of pentane vapor into
solution 2 in acetone. The heavy element ratio for 2 by EDS was
4.9:1.1:7.4 Re/Mo/Se. Elem anal. Caled for C,gH,44N,,SegMo,Res: C,
30.03; H, 5.19; N, 5.01. Found: C, 30.01; H, 5.11; N, 4.95. HR-ESI-MS
(=, CH,CL,). Calcd for ((n-Bu),N),[ResMoSes(CN)s]>™: m/z
1150.32. Found: m/z 1150.30 (100%). Calcd for ((n-Bu),N)-
[ResMoSeg(CN)4]*™: m/z 1029.16. Found: m/z 1029.16 (65%).
Calcd for [ResMoSey(CN);]*: m/z 605.34. Found: m/z 605.36
(18%). FT-IR (KBr, cm™): v 2108 (CN), 2958, 2872, 1629, 1485,
1381, 1150, 883, 739 (most intensive bands for [CH,(CH,);],N*).
UV—vis absorption [CH;CNj A,,.., nm (g, M™" cm™)]: 232 (48560),
464 (724), 518 (573), 562 (894), 665 (193), 957 (411). The phase
purity of the sample was confirmed by PXRD analysis (Figure S3b).

Preparation of (Ph,P),[ResMoSeg(CN)¢l-'5DMF (3). A total of
200 mg (0.09 mmol) of compound 1 was dissolved in 10 mL of water,
and an aqueous solution of bromine (0.08 M, about 1 mL) was added
dropwise until the solution color changed from orange to red. Then a
tetraphenylphosphonium bromide (200 mg, 0.48 mmol in 10 mL)
solution was added dropwise until a precipitate formed. After complete
decolorization of the solution, the precipitate was separated by
centrifugation and dried in air. Yield of 3: 270 mg (92%). Crystals
suitable for XRD were obtained by the slow diffusion of diethyl ether
vapor into solution 3 in N,N-dimethylformamide (DMF). The heavy
element ratio for 3 by EDS was 4.1:4.9:1.1:8.2 P/Re/Mo/Se. Elem anal.
Caled for C g, HgoN,P,SegMo,Re;-0.5C,H,NO: C, 38.8; H, 2.6; N, 2.8.
Found: C, 38.5; H, 3.0; N, 2.5. FT-IR (KBr, cm™"): £ 2104 (CN), 1585,
1483, 1437, 1107, 997, 756, 721, 689, 527 (most intensive bands for
Ph,P*). UV—vis absorption [DMF; A, nm (¢, M™' ecm™)]: 464
(1035), 521 (862), 562 (1328), 660 (307), 952 (571).

Preparation of (Ph,P);[ResMoSeg(CN)g] (4). A total of 200 mg
(0.06 mmol) of compound 3 was dissolved in 10 mL of DMF, and the
bromine solution in CH,Cl, (0.073 M, 0.42 mL) was added dropwise
until the solution from red to brown-violet. Then, 10 mL of isopropyl
alcohol and water were added until precipitation occurred. The
precipitate was filtered off, washed with isopropyl alcohol, and dried in
air, yielding 93 mg (60%). Crystals suitable for XRD were obtained by
the slow diffusion of diethyl ether vapor into solution 4 in CH,Cl,. The
heavy element ratio for 4 by EDS was 3.4:4.9:1.1:8.3 P/Re/Mo/Se.
Elem anal. Calcd for C;sHgoNgP3SegMo Reg: C, 33.1; H, 2.1; N, 3.0.
Found: C, 32.7; H, 2.3; N, 3.1. FT-IR (KBr, cm™'): #2120 (CN), 1585,
1483, 1437, 1105, 997, 756, 723, 689, 528 (most intensive bands for
Ph,P*). UV—vis absorption [DMF; ., nm (¢, M~ ecm™)]: 276
(27060), 532 (941), 579 (1250).

B RESULTS AND DISCUSSION

Synthesis. Our experiments of the reaction of rhenium and
molybdenum diselenides with the potassium cyanide melt have
shown that the composition of the cluster products depends
both on the reaction temperature and on the degree of
crystallinity of the selenides used. The use in the reaction of
diselenides obtained at 600 °C and a sufficiently low reaction
temperature (630 °C) leads to a similar reactivity of diselenides
and the formation of a single cluster product, the chain
polymeric compound K¢[Re;Mo;Ses(CN),(CN),/,] (Scheme
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1 and eq 1), consisting mainly of the cluster core
{Re;Mo,Se, ). "

3MoSe, + 3ReSe, + 14KCN

— K [Re;Mo;Se5(CN),(CN), ,] + E(CN)n + 4K,Se
n

(1)
Scheme 1. Preparation of K¢[Re;Mo;Segs(CN)]*
Re +2Se Mo + 2Se
600°C, 48“ l, 600°C, 48h

ReSe; (sooc) + MOSe€; (go0¢+ KCN (excess)

650°C, 2 weeks,
quartz ampoule

K¢[Re;Mo,Seg(CN)s]

“(600C) = subscript in the scheme indicating the diselenides
preparation temperature in degrees Celsius.

If the reaction temperature is increased and/or if diselenides
obtained at higher temperatures (with a higher degree of
crystallinity) are used, it also leads to the
Kg[Re; Mo, 4Ses(CN),(CN),,,] phase, isomorphic to the
previously obtained one. However, part of molybdenum
diselenide remains as the byproduct of the reaction.®
Examination of the rinsing water by elemental analysis and
MS showed that the reaction product contains, along with an
excess of KCN and K,Se, cluster complex-based compounds
with a high Re content, namely, K;[Re;MoSes(CN)4] (25%
yield counting on ReSe,) with traces of K,[ReSeg(CN)]
(Scheme 2). The change of the reagent loading to 5:1 ReSe,/

Scheme 2. Preparation of K;[Re;MoSes(CN)4]“

Mo + 2Se
l 800°C, 48h

Re + 2Se

800°C, 48!N

ReSe + MoSe. + KCN (excess
650°C, 2 weeks, 2 (s00q) 2 (8ooc) ( )

quartz ampoule

H,0 (Ar)

Ke[Re; gMo, ;Se(CN)s]
71% Ks[ResMoSe,(CN)](1) + K,[RecSeg(CN)]

25% (traces)

“(800C) = subscript in the scheme indicating the diselenides
preparation temperature in degrees Celsius.

MoSe, aimed at directly preparing the Ks[ResMoSeg(CN)]
compound indeed led to an increase in the yield of
Ks[ResMoSey(CN)g] up to 39%; however, it also caused a
simultaneous increase of the content of the homometallic cluster
K,[ResSeg(CN)g] up to 40%, complicating the separation
process.

Redox Properties. The CV curve for salt 2 in acetonitrile is
characterized by two one-electron redox transitions (Figure 2,
lower). The cathodic and anodic curves show that the ratio of ipe
and i, for the processes is close to 1. The first redox process with
a E;/, value of —0.462 V is attributed to reversible oxidation of
the cluster complex [ResMoSeg(CN)4]°™ to
[ReMoSeg(CN)¢]*". The second process at 0.039 V accord-
ingly reflects further reversible oxidation of the cluster complex
[Re;MoSey(CN)4]*™ with the formation of

https://doi.org/10.1021/acs.inorgchem.1c00763
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Figure 2. Cyclic voltammograms for 1 (upper) in H,O and 2 (lower) in
CH,CN. The scan rate for 1 is 500 mV/s, and that for 2 is 200 mV/s.
The potential is given versus Ag/AgCl.

[ResMoSeg(CN)4]*~. The dependence of the CV shape on the
scan rate is shown in Figure S4. The values of the currents and
potentials for transitions depending on the scan rate are given in
Table S1.

The AE values for all processes are significantly higher than
the typical 59 mV for a single-electron “Nernstian” process.’”
The AE value measured varies from 90 to 200 mV (with 25—800
mV/s corresponding to the scan rate), which indicates a high
energy barrier of the redox process and slow electron transfer.
Homometallic octahedral chalcogenide cluster complexes also
demonstrate high AE values that practically never correspond to
the values typical for the “Nernstian” process.'”*' The AE
values of the ferrocene measured under similar conditions are
also relatively large (117 mV obtained at the 25 mV/s scan rate;
Figure S5). The effect of the scan rate, working electrode type,
solvent, temperature, or uncomgensated resistance on the AE
values of the ferrocene is known.***’ Taking that into account, it
cannot be excluded that large AE values for cluster complexes
may arise from the setup and experimental conditions used for
CV. The dependence of the cathodic current i,. on V2
according to the Randles—Sevcik equation®” is linear for all
observed processes (Figures S6 and S7).

For an aqueous solution of 1, the voltammogram shows
similar one-electron redox transitions (Figure 2, upper).
However, noticeable deviations of the i,. and i, ratio are

pe pa
observed for the transformation 3—/4— in an aqueous medium,

depending strongly on the scan rate, which may indicate
irreversible degradation of the oxidized product.®”

As evidenced in Figure 2, the electrochemical potentials of the
[ResMoSeg(CN)¢]" cluster complex significantly depend on the
nature of the solvent. In an acetonitrile solution, the E, /, values
for the 4—/5— and 3—/4— transitions are —0.462 and 0.357 V.
In an aqueous solution, the corresponding E,,, values are
significantly shifted to higher values (0.029 and 0.577 V,
respectively), which can be explained by solvation.”””%”" A
similar effect was also observed for the rhenium cluster complex
[ResSeg(CN)4]" (acetonitrile, —0.37 V;* water, —0.619 V*').
The obtained E,,, values for the transitions for
[Re;MoSes(CN)g]" in comparison with other rhenium/
molybdenum chalcogenide clusters are given in Table 1.

The nonisoelectronic replacement of one Re atom with a Mo
atom in the cluster core results in a higher charge of the cluster
anions of the isoelectronic clusters, e.g, [ResMoSes(CN)4]*~
and [RegSes(CN)4]*", both containing 24 CSE. The metal atom
replacement also leads to the appearance of an additional
oxidative transition of the heterometallic cluster complex.
Hence, [ResMoSeg(CN)4]" can exist in three oxidation states
(n=3—,4—,and 5—) compared to two for [ResSeg(CN)4]" (n=
3—and 4—).42 The 24/23 CSE redox transition potential for the
substituted Re/Mo cluster shifts to negative values compared to
the rhenium one (—0.462 V for [Re;MoSeg(CN)¢]*/5~ and
0.37 V for [Reﬁseg(CN)6:|3_/4_ in CH;CN). An increase in the
number of Mo atoms in the cluster core leads to a further shift of
the redox potentials to the negative values. The corresponding
redox transition potentials (24/23 CSE) for the cluster
complexes [Re,Mo,Segs(CN)¢]1° /¢~ and
[Re3Mo3SeS(CN)6]67/77 are —1.294 and —1.410 V, respec-
tively. Cluster complexes with a high content of molybdenum,
i.e.,, [Re;Mo0;Segs(CN)4]" and [MogSeg(CN)g]", are involved in
three oxidative transformations and can exist in four oxidation
states. However, because of a strong shift in the potential values,
cluster anions with high CSE content are very unstable with
respect to oxidation and can be isolated only under excess of a
reducing agent."®

Chemical Oxidation. The solid sample of 1 is long-term
stable in air, while air exposure of an aqueous solution of 1 causes
a solution color change from orange to red. The reaction in air is
pH-dependent (eq 2 and Figure S8).

Table 1. E, ;, (V) Values from the CV Data for [Re;_,Mo,Seg(CN)¢]" (x = 0—3, 6) Cluster Anions”

anion (solvent)/CSE number

20/21
[RegSes(CN)4]" (CH;,CN)™
[RegSes(CN)¢)" (Hzo)ﬂ
[ResMoSeg(CN),]" (CH,CN)
[ReSMOSeS(CN)é]" (H,0)
[Re,Mo,Ses(CN)4]" (CH,CN)®°
[Re;Mo;Seg(CN)4]" (CH,CN)®
[Re;Mo;Seq(CN)4]" (DME)*
[Re;Mo;Ses(CN)]" (H,0)
[

MogSeg(CN)4]" (H,0)' —0.647 (6—/7-)

21/22 22/23 23/24
0.37 (3—/4-)
0.619 (3—/4-)
0.357 (3—/4-) —0.462 (4—/5-)
0.577 (3—/4-) 0.029 (4—/5-)
—0.476 (4—/5-) —1.294 (5—/6-)
—0.202 (4—/5-) —0.870 (5—/6-) —-1270 (6—/7-)
—0.325 (4—/5-) —0.818 (5—/6-) —1.410 (6—/7-)
—0.490 (5—/6-)
—1.081 (7—/8-) —1.574 (8—/9-)

“Potentials are normalized versus Ag/AgCl/3.5 M KCl electrode. The cluster anion charges for the corresponding redox transition are given in

parentheses.
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_o1
[ResMoSes(CN)J°~ + Zo2 +H"

1
= [RegMoSeg(CN),]*™ + —H,0
S 8( )6 2 2 (2)
Oxidative spectrophotometric titration of the cluster complex
[ResMoSeg(CN)4]°~ by bromine in an aqueous solution results
in the evolution of absorption spectra (Figure 3). Further, the

1.00
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0.50

Absorbance / a.u.

0.25

0.00

T T T
700 800 900

wavelength / nm

T T
400 500 600

Figure 3. UV—vis absorbance spectra for compound 1 in H,O during
titration by a bromine aqueous solution.

addition of bromine water leads to neither a position nor an
intensity change of the characteristic absorption bands of the
cluster complex, showing no further oxidation of the cluster
complex in aqueous solution.

The conditions for crystallization of the oxidized cluster in the
form of a potassium salt from an aqueous solution were not
found owing to the high solubility of the compound. A
metathesis reaction with tetrabutylammonium bromide was
used in order to isolate the cluster complex into the solid phase.
The addition of a tetrabutylammonium bromide solution to an
aqueous solution of 1, followed by acidification, led to the
precipitation of (n-Bu,N),[Re;MoSes(CN)q] (2), which was
structurally characterized. The resulting salt 2 is soluble in polar
organic solvents. Figure 4 shows a fragment of the isotope
distribution in the MS spectrum of an acetonitrile solution of

compound 2, corresponding to the adduct
1150.30
100+
(I
%' 0 'H%lll” ““H%
T
= 50
-100 1150.32
11I40 11I45 1 1ISO l 1 1155 1 1I60

m/z

Figure 4. Selected isotopic distribution pattern in negative mode for an
adduct of 2, observed black curve versus calculated red for
{(C16H36N)2[ResMoses(CN)a] }27-
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{(C1gH3N),[ResMoSes(CN)4]}*~. The detailed assignments
of the ESI-MS data can be found in Figure S9.

Adding a solution of bromine in acetonitrile to an acetonitrile
solution of 2 leads to further oxidation of the cluster complex
and a solution color change from red to brown-violet. Oxidative
spectrophotometric titration of the cluster [ResMoSeg(CN)4]*~
bromine in acetonitrile showed the evolution of absorption
spectra during titration (Figure ).

1.004 W

0.75

0.50

Absorbance / a.u.

0.25 1

0.00 T T T T T
600 700 800 900 1000

wavelength / nm

T T
400 500

Figure 5. UV—vis absorbance spectra for compound 2 in CH,CN
during titration by bromine.

Attempts to crystallize the anion [ResMoSeg(CN)4]*~ with n-
Bu,N" cations were not successful. A similar procedure for
Ph,P* salt yields 4, which was structurally characterized.

IR Spectroscopy. FT-IR spectra of 1, 2, and 4 revealed the
characteristic CN vibration wavenumber to shift depending on
the cluster CSE number. Compared with free cyanide (2080
cm™"),” the frequencies of the CN stretch vibrations of the
cluster complex are shifted to higher energies, which indicates a
significant contribution of the o-donating interaction. The CN
vibration for [ResMoSeg(CN)¢]°~ occurs on 2099 cm™' and
shifts to 2104 cm™ for [ResMoSey(CN)]* and to 2120 cm™
for [ResMoSeg(CN)4]*~ (Figure S10). With oxidation of the
cluster complex, the nominal charge of the metal atoms of the
cluster becomes more positive, the o-donating interaction
becomes more efficient, and CN stretch becomes more
pronounced.”” A similar effect was observed for the cluster
complexes of thenium and molybdenum (2107 and 2130 cm™"
for [RegSeg(CN)s]*"* and [RegSes(CN)s]>~,** respectively;
2080 and 2098 cm™! for [MosSeys(CN)4]7~ and
[MogSeg(CN)4]%~,"* respectively).

EPR Spectroscopy. The EPR data showed that only the
sample 2 was paramagnetic. The EPR spectrum for 2 has a shape
typical for the case of axial anisotropy for S = '/, and is
characterized by two components of the g factor: g, = 2.861 and
g1 = 2.220 (Figure 6). This shape of the spectrum is in good
agreement with the axial symmetry of the singly occupied
molecular orbital (SOMO; 3864, Figure 11). The simulated
spectrum was obtained with a hyperfine coupling constant with
the nuclear spin of rhenium A(Re) = 5 mT (I =3/,, not resolved
because of the low value of the constant). High values of the g
factor are also characteristic for other chalcogenide cluster
complexes [g = 2.44—2.56 for [Re;QsLs]*” (Q =S, Se, Te; L =
CN, Cl, Br);""’® g = 2.430 for (Ph,P),[Re;Mo,Ses(CN)4]-
2CH,CN;*® g, = 2.4425(1) and g = 1.9822(1) for
Ks[MogSes(CN);]”]. For K4[MogSeg(CN);] characterized by
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Figure 6. Experimental EPR spectra for compound 2 at 77 K with the
addition of a DPPH standard (a) and simulated with a hyperfine
structure constant of Aj(Re) = 5.0 mT (b).

a crystal structure built up on polymeric chains, a similar axial
anisotropy of the paramagnetic sig7nal is observed, which is
consistent with the axial SOMO a,,. 7

Electronic Spectroscopy. The electronic absorption spec-
troscopy (EAS) spectra of heterometallic cluster anions
[ResMoSes(CN)4]" where n = 5— (1), 4— (2), and 3— (4) in
solution (Figure 7) contain absorption bands in the UV region
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Figure 7. UV—vis absorbance spectra for 1 in H,0, 2 in CH;CN, and 4
in DMF. Inset: Photographic images of diluted solutions (C = 0.4—0.6
mM/L). The data in the 200—400 nm region are presented at 0.05X
scale, and the data in the 401—1050 nm region are presented at normal
1X scale.

with high extinction values of 28000—50000 M~' cm™". The
position of the absorption maximum in the UV region weakly
depends on the charge state of the cluster (230 nm for 1 and 232
nm for 2). Comparison of the spectrum of 1 with those of 2 and
4 in the visible region revealed a noticeable difference in the
absorption band numbers, maxima, and extinction. Solution
colors vary from orange to pink and then to violet with respect to
the cluster oxidation state (Figure 7). The spectra of the oxidized
cluster complexes 2 and 4 exhibit broad absorption bands in the
NIR region with maxima at 957 and 873 nm, respectively.

EAS for cluster salts have isosbestic points (1 and 2 at 440 nm;
2 and 4 at 547 and 566 nm), which confirms a single reactant to a
single product transformation without side reactions involving
the cluster complex.
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Similar absorption bands with high extinction in the UV
region were also observed for the cluster complexes
[Re,Mo0,Ses (CN)4]*" (244 nm)°® and
[Re;Mo,Seg(CN)]5/#~ (236 nm).*° Chalcogenide cluster
complexes [RegSes(CN)4]*737, [ResMo;Seq(CN)g]5™/+, and
[MogSes(CN)4]¥™7~ also demonstrate drastic changes in the
absorption bands in the visible region with oxidation of the
cluster anion."®%® The appearance of broad absorption bands in
the NIR region is characteristic of electron-deficient chalcoge-
nide cluster complexes and was also observed for
[ResSes(CN) I~ (875 nm),* [Re;Mo;Seg(CN) 15~ (788
nm), and [Re;Mo;Seg(CN)4]*~ (820 and 922 nm).*

Similar characteristic bands are observed in the visible region
of the DRS spectra for solid samples of compounds 1, 2, and 4
(Figure 8).

F(R)

T T
400 500 600 700

wavelength / nm

Figure 8. Kubelka—Munk transforms of the DRS spectra for
compounds 1, 2, and 4. Inset: Photographic images of the observed
powder samples.

Cluster Core Electron Transitions. The weak dependence of
the maxima and extinction of the absorption bands in the UV
region on the oxidation state of the cluster complex indicates
that the valence orbitals do not participate in the electronic
transitions corresponding to this absorption. On the basis of
calculations of the transition energy (230 nm corresponds to 5.4
eV), it can be assumed that this absorption corresponds to
charge transfer from the low-lying bonding orbitals to an
antibonding orbital block. High extinction values are associated
with a large number of allowed transitions with close energies.

The effect of one-electron oxidation of the cluster complex on
the position of the maximum and the transition extinction in the
visible region indicates the strong connection of electronic
transitions with the valence orbitals of cluster complexes. The
presence of broad absorption bands in the NIR region only for
electron-deficient cluster complexes indicates that the valence
orbital, which becomes vacant during the oxidation process, is
involved in transitions.

Crystal Structures. Structure 1. Compound 1 crystallizes in a
cubic system with space group Fm3m. The anionic part of the
structure is represented by the anionic cluster-based complex
[ResMoSeg(CN)¢]*~. The asymmetric unit contains one fully
occupied cluster core metal position with a Re/Mo ratio of 5:1.
The {ResMo} metal cluster core in the highly symmetric
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Figure 9. Structure of the cluster anion [ResMoSey(CN)¢]*~ in 1 with thermal ellipsoids of 75% probability (a). Fragment of the crystal packing in 1, in
which Se atoms, K2 ions, and solvate water molecules are omitted for clarity (b).

Figure 10. Unit cell structures in 2 (a) and 4 (b), in which cyanide ligands and Se and H atoms are omitted for clarity.

structure 1 is an ideal octahedron with an M—M bond distance
of 2.644 A.

Cluster anions are packed within the structure by ionic
interactions between the cyanide ligand N atom and cations K1
with a K---N(C) distance of 2.740 A. The cavities between close-
packed cluster anions and K1 are taken up by the remaining
cations K2 and O atoms from solvate water molecules. The
structure of the cluster anion [ResMoSes(CN)¢]°~ and the
packing of Ks[ResMoSeg(CN)4]-11H,0 are shown in Figure 9.
Structure 1 is isomorphous to Prussian Blue (PB),”® where the
cluster complex is an expanded analogue of [Fe(CN)¢]" (n=3—
and 4—). Other cluster salts also are isomorphic to the PB
structures K,[MosSezs(CN)4]-8H,0’* and
K [Re;Mo,Seg(CN)4]-11H,0.*

Structure 2. Compound 2 crystallizes in an orthorhombic
crystal system with space group Pbca. The asymmetric unit of
the cluster anion of the structure contains three fully occupied
cluster core metal positions, M1—M3. The refined ratios of Re
and Mo were 0.854:0.146, 0.859:0.141, and 0.806:0.194 for the
M1—-M3 positions, respectively, with the total Re/Mo ratio in
the resulting structure of 5:1 being in good agreement with the
EDS results.
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The cluster anions [ResMoSeg(CN)4]*™ (23 CSE) and
tetrabutylammonium cations form a close packing with cluster
anions located at the vertices and centers of the unit cell faces.
The structure of the unit cell in the ac projection is shown in
Figure 10a.

The structure of 2 is isomorphic to n-Bu,N" salts of other Re/
Mo heterometallic cluster complexes (n-
Bu,N),[Re,Mo,Sesg(CN)¢] and (n-
Bu,N),[Re;Mo;Ses(CN)¢],*° containing cluster anions with
the same charge.

Structure 3. Compound 3 crystallizes in a triclinic system
with space group P1. The asymmetric unit of the cluster anion of
the structure contains six metal positions, M1—M6. The
occupancy of Re and Mo atoms was refined with a constraint
on the total integer occupancy of the positions and a restraint on
the overall Re/Mo ratio of 5:1 in accordance with the EDS data.
The resulting structure contains cavities with solvate DMF
molecules. The structure of the unit cell is shown in Figure S11.

Structure 4. Compound 4 crystallizes in a triclinic system
with space group P1. The asymmetric unit of the cluster anion of
the structure contains six core metal positions, M1—M6. The
occupancy of Re and Mo atoms was refined with a constraint on
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Table 2. Selected Interatomic Distances in the Selenocyanide Cluster Anions [Re;_,Mo,Ses(CN)¢]” with Different CSE Numbers

and Minimum—Maximum (Mean) Values (A)

CSE .
number M—M min—max (mean), A
K,[RegSes(CN),]-3.5H,0 24 2.624(1)—2.642(1) (2.633(1))
(Ph,P),[RecSeg(CN)y]-CH;CN 24 2.6329(5)—2.6452(5)
(2.639(5))
(Ph,P),H[ResSes(CN),]-8H,0 23 2.629—2.644 (2.636(6))
(Ph,P);[ResSeg(CN)]-CH,CN- 23 2.6210(4)—2.6470(4)

H,0 (2.631(8))

Ks[ResMoSeg(CN),]-8H,O (1) 24 2.644(1)
(n-BuyN),[ResMoSes(CN)¢] (2) 23 2.6296(5)—2.6481(5)
(2.640(7))
(Ph,P),[Re;MoSey(CN)]- 23 2.6270(3)—2.6439(3)
SDMEF (3) (2.638(5))
(Ph,P);[ResMoSes(CN)4] (4) 22 2.6159(5)—2.6438(5)
(2.634(10))
(n-Bu,N),[Re,Mo,Ses(CN),] 22 2.6274(6)—2.6659(6)
(2.65(1))
Ks[Re;Mo;Seg(CN)g]-11H,0 22 2.6494(9)
(Ph,P),[Re;Mo;Ses(CN),]- 21 2.6407(2)—2.6619(2)
2CH,CN (2.654(2))
(n-Bu,N),[Re;Mo,Seg(CN)¢] 21 2.6417(10)—2.6697(10)
(2.656(9))
Nag[MogSes(CN)4]-20H,0 22 2.6752(9)—2.7599(10) (2.710)
K,[MogSey(CN)4]-8H,0 21 2.700(3)
20 2.700(2)—2.721(2) (2.711(2))

(1\1184N)4K2[M065e8(CN)6J

2

M—Se min—max {mean), A M-C min—max (mean), A ref
2.516(2)—2.538(2) (2.526(2))  2.09(2)—2.12(2) (2.11) 73
2.5058(7)—2.5341(8) 2.114(6)— 2.126(5) 79

(2.521(7)) (2.121(5))
2.511-2.529 (2.522(6)) 2.09-2.12 (2.10(16)) 42
2.5070(7)—2.5330(7) 2.089(6)—2.116(6) 79

(2.521(7)) (2.107(10))

2.530(1) 2.12(2) present
work
2.5163(9)—2.5401(9) 2.120(10)—2.131(10) present

(2.529(8)) (2.124(5)) work
2.5169(5)—2.5394(5) 2.122(5)—2.141(S) present

(2.529(7)) (2.134(7)) work
2.5053(8)—2.5392(8) 2.129(8)—2.131(9) present

(2.525(10)) (2.140(8)) work
2.523(1)—2.558(1) (2.540(9))  2.14(1)-2.20(1) (2.16(2)) 66
2.5464(9) 2.14(2) 46
2.5197(3)—2.5463(3) 2.164(3)—2.171(3) (2.17(2)) 46

(2.539(7))
2.5294(15)—2.5559(15) 2.142(14)—2.188(15) 66

(2.542(8)) (2.16(2))
2.559(1)—2.636(1) (2.588) 2.182(8) 18
2.562(3) 2.17(2) 74

74

2.568(2)—2.584(2) (2.573(5))  2.19(2)—2.21(1) (2.20(2))

the total integer occupancy of the positions and a restraint on the
overall Re/Mo ratio of S:1 in accordance with the EDS data.

The cluster anions [ResMoSez(CN)4]*~ (22 CSE) and
tetraphenylphosphonium cations are close-packed, with the
former located in the center of the C face and in the center of the
¢ edges of the unit cell. The structure of the unit cell in the ab
projection is shown in Figure 10b.

For the cluster complex [ResMoSeg(CN),4]", a decrease in the
average interatomic distances in the cluster complex is observed
with the removal of electrons from the cluster by varying the
CSE number from 24 to 23 and 22. The M—M distances are
shortened by ~0.006 A with each electron removed. In the
heterometallic cluster series [Res_,Mo,Seg(CN)4]”, there is no
uniform dependence of the average interatomic distances
depending on the CSE number. An electronic state change
leads to distortion of the cluster complex, which can
ambiguously affect the average interatomic distances obtained
from the structural data, as was confirmed in our previous study
using extended X-ray absorption fine structure and DFT
calculation data concerning the cluster complexes
[Re;Mo03Seg(CN)g]" and [Re,Mo,Seg(CN)4]™% The overall
geometry of the [ResMoSeg(CN)4]” cluster from the crystal data
is slightly sensitive to the CSE number of the cluster. The
average diagonal N—N and Se—Se distances are shortened only
slightly with the CSE number decrease from 24 to 22 (N—N
10.312—10.284 A and Se—Se 6.195—6.179 A, respectively).

The interatomic distances M—M, M—Se, and M—C of the
cluster complex [Re;MoSes(CN)g]" in the obtained crystal
structures 1—4 are between the similar distances for
[ReSeg(CN)4]" and [Re,Mo,Seq(CN)4]*~ (Table 2). With an
increase in Mo atoms in the composition of the cluster complex,
an increase in the M—M, M—Se, and M—C average distances is
observed. The average M—M distances are lengthened by ~0.01
A when one Re atom is replaced by a Mo one in the cluster core
(when the isoelectronic cluster complexes are compared).
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Electronic Structure of [Res;MoSeg(CN)l" (n = 5—, 4—, and
3—). To analyze the geometries and electronic structures of the
heterometallic cluster complexes [Re;MoSeg(CN)q]" (n = S—,
4—, and 3-), quantum-chemical DFT calculations were
performed. Near frontier orbitals mostly consisted of metal
atomic orbitals and Se (Table $4). The changes in the molecular
orbital energies for the [Re;MoSeg(CN)4]" (n = 5—, 4—, and
3—) anions upon electron removal are shown in Figure 11.

The spin density in the open-shell [ResMoSes(CN)4]*"
cluster anion is primarily located on the M, core (Figure S12).
Within the cluster core, most of the spin density is localized on
the Mo (0.39) and Re (0.14) atoms in the apical positions. The
amount of spin density is much higher on the Mo atom than on
the Re atom. Thus, there is a strong polarization of the spin
density along the Z axis, which leads to the axial anisotropy of the
EPR spectra.

Local Symmetry of the Cluster Complex. The change in the
electronic structure with the removal of electrons is accom-
panied by a change in the optimized geometry of the cluster
anion. The 24-electron closed-shell metal cluster core {ResMo}
is an almost ideal octahedron, where the M—M bond lengths are
practically equal. The removal of electrons leads to a change in
the bond lengths: a slight shortening of the Re—Re distances and
a lengthening of the Re—Mo distances in the metal core (Figure
12a). The metal cores of anions containing 23 and 24 CSE
numbers are weakly distorted, while the 22-electron anion
demonstrates a more pronounced difference in the M—M
distances in the cluster core. The removal of two electrons leads
to a tetragonal distortion of the metal octahedron (Figure 12b).
However, the metal core distortion shows practically no effect
on the overall cluster anion geometry. The average diagonal N—
N and Se—Se distances in the cluster are shortened only very
slightly with a decrease in the CSE number from 24 to 22 (N—N
10.379—10.369 A and Se—Se 6.278—6.271 A).
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The local symmetry of the cluster complex in the crystal
structures 1—4 is centrosymmetric, whereas the heterometallic
anion [Re;MoSes(CN)¢] is C,,-symmetric without an inversion
center. The geometry of the cluster complex from the structural
data is the result of averaging all possible orientations of the
heterometallic core {Re;MoSey}, resulting in partial occupation
of the metal positions by Re and Mo in the cluster core.

B CONCLUSION

A new electrochemically active cluster complex,
[ResMoSes(CN)¢]°~, undergoes two stepwise one-electron
reversible oxidations. Moderate potentials allow us to separate
electron-rich and electron-deficient forms in solution and in the
solid state. DFT calculation data showed that the oxidation of
the cluster complex leads to a slight distortion of the metal core
without a substantial change in the overall geometry and ligand
coordination. Cluster complexes exhibit UV absorption with
large extinction values, which may be beneficial for UV-filtering
coatings. Oxidation of the cluster complex causes a significant
change in the extinction and position of the absorption band
maxima in the visible and NIR regions. The electron-rich form
(24 CSE) demonstrates weak absorption in the visible region,
whereas oxidized species (23 and 22 CSE) comprise increased
extinction values in the visible and NIR regions. The observed
redox behavior and spectroscopic features of the novel
heterometallic cluster complex make it promising in the field
of electrochromic devices, light filters, and sensor materials.
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