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ABSTRACT: Photoactive transition metal compounds that are prone to reversible redox reactions 

are important for myriad applications, including catalysis, optoelectronics and sensing. This article 

describes chemical and electro-chemical methods to prepare cluster complex (Bu4N)[{Mo6I8}Cl6], 

a rear example of 23ē cluster complex within the family of octahedral clusters of Mo, W, and Re. 

The low temperature and room temperature crystal structures, electronic structure and the 

magnetic, optical and electrochemical properties of this complex are described. 

INTRODUCTION 

Systems that demonstrate reversible redox properties combined with photoluminescence 

properties are highly interesting for applications based on electron transfer or photoinduced 

electron transfer, such as photovoltaics,1 photo/electrocatalysis2, 3 and light-emitting diodes 

(LEDs).4-6 In these regards transition metal complexes are in the focus of the global research 

community, due to the rich diversity of their electrochemical and optical properties. The most 

famous exemplars of such systems are based on precious metals such as Ru(II) complexes for dye-

sensitized solar cells,1 Re(I) carbonyl complexes for photo-/electro-catalytic reduction of CO2
2, 3 

and photoluminescent Ir(III) complexes as photoemissive elements of organic LEDs.4-6 

Photoluminescent octahedral cluster complexes of molybdenum, tungsten and rhenium, 

[{Mo6X8}L6]]
2−, [{W6X8}L6]]

2−and [{Re6Q8}L6]
4− (where X is Cl, Br or I, Q is S, Se or Te and L 

are apical organic or inorganic ligands), respectively, have recently emerged as a new photoactive 

elements in photovoltaic7, 8, photocatalytic9-14 and lighting applications.15, 16 These isoelectronic 
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cluster complexes have a closed 24 valent electron shell and often demonstrate phosphorescent 

properties characterised by the emission in the red/near infrared region and long lifetimes (up to 

400 µs). Moreover, electrochemical studies show that several members of this octahedral cluster 

family also demonstrate reversible one-electron oxidation that leads to 23-electron complexes.17-

22 Thus, octahedral metal cluster complexes may be ideal candidates for efficient charge generation 

and separation. 

It should be noted that although cyclic voltammetry data have been reported for many octahedral 

cluster complexes, only a few examples of 23-electron cluster complexes have been isolated as a 

single phase. These include [{Re6Q8}(CN)6]
3− (Q = S, Se, Te) and [{Re6Q8}Y6]

3− (Q = S, Se; Y = 

Cl, Br, I) compounds synthesised by chemical or electrochemical oxidation of the corresponding 

24-electron parent cluster precursors20, 23-29 examples of a 23ē tungsten cluster compounds, 

containing [{W6X8}X6]
− (X=Br, I)30-37. In regards to the molybdenum cluster complexes 

compounds containing cluster anions [{Mo6X8}Y6]
2‒ (where X is an inner halogen ligand and Y 

is an outer organic or inorganic ligand) are well known and have been extensively studied for the 

last half century, especially those based on [{Mo6Cl8}Cl6].
2‒7, 38-48 In previous works 22, 46 it has 

been shown that complexes [{Mo6X8}Y6]
2‒ undergo quasi-reversible one-electron oxidation when 

X = Y = Cl or Br and irreversible oxidation, when X = Y = I. Moreover, Gray et al. succeded in 

generation of [{Mo6Cl8}Cl6]
‒ in solution upon potentiostatic electrolysis, and noted that the ion is 

not stable in solution over time. 39 Works of Nocera et al. and Gray et al. also suggest that 

[{Mo6Cl8}Cl6]
‒ generated in situ can act as a very strong oxydising agent.39, 49 Despite this prior 

work, to the best of our knowledge, the corresponding halide compounds containing 23 electrons 

or indeed any molybdenum cluster complexes with the fully halide core {Mo6X8}
− (X=Cl, Br, I) 

has not been isolated and characterised as a single phase previously. 
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In this article we present the synthesis and physico-chemical and electronic properties of the first 

example of a stable 23ē octahedral molybdenum cluster complex (Bu4N)[{Mo6I8}Cl6] and detailed 

study of the 23ē/24ē system [{Mo6I8}Cl6]
−/2−. 

EXPERIMENTAL SECTION 

Materials 

(Bu4N)2[{Mo6I8}(NO3)6] was synthesised according to previously reported procedures.50 All 

other reactants and solvents were purchased from Fisher, Alfa Aesar or Sigma-Aldrich and used 

as received. 

Instrumentation 

Elemental analyses were obtained using a EuroVector EA3000 Elemental Analyser. Energy-

dispersive X-ray spectroscopy (EDS) was performed on a Hitachi TM3000 TableTop SEM with 

Bruker QUANTAX 70 EDS equipment; results are reported as the ratio of the heavy elements: 

Mo, I, and Cl; the relative error of the method is about 5%. FTIR spectra were recorded on a Bruker 

Vertex 80 as KBr disks. X-Ray powder diffraction patterns were recorded on a Philips APD 1700 

instrument with λCu(Kα1, Kα2) = 1.54059, 1.54439 Å. The thermal properties were studied on a 

Thermo Microbalance TG 209 F1 Iris (NETZSCH) in the temperature range 25–850 °C with a 

heating rate of 10°/min in a helium flow (30 mL/min). Optical diffuse reflectance spectra were 

measured at room temperature on a Shimadzu UV-Vis-NIR 3101 PC spectrophotometer equipped 

with an integrating sphere and reproduced in the form of Kubelka–Munk theory. The DSC 

measurements were carried out on a differential scanning calorimeter Netzsch DSC 204F1 

Phoenix. The heating rate was 6 K/min and argon flow was 25 mL/min. 
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The mass spectrometric (MS) detection was performed on an electrospray ionization quadrupole 

time-of-filght (ESI-q-TOF) high-resolution mass spectrometer Maxis 4G (Bruker Daltonics, 

Germany). The MS calibration was performed with ESI-L calibration mix (Agilent, USA). 

Synthesis of (Bu4N)2[{Mo6I8}Cl6](1) 

2 mL of 38% hydrochloric acid (25 mmol, 10 eq.) was added to 100 mL solution of 

(Bu4N)2[{Mo6I8}(NO3)6] (1 g, 0.41 mmol) in acetone and the reaction mixture was stirred for 1 h. 

The volume of the solvent was then reduced to 3 mL using a rotary evaporator. This resulted in 

the formation of orange needle-like crystals of the product. The crystals were collected by filtration 

and washed in situ on the filter paper with an excess of water until the filtrate was colorless and 

had neutral pH. Yield: 704.7 mg (77 %). ESI-MS (-): 902.2224 ([{Mo6I8}Cl6]
2−); 2046.7377 

((Bu4N)[{Mo6I8}Cl6]
−). For C32H72NMo6I8Cl6 found: C 16.1 %, H 3.0 %, N 1.3 %.; calculated: C 

16.8%, H 3.2%, N 1.2%. EDS: Mo:I:Cl = 6.0:7.7:5.8. 

Synthesis of (Bu4N)[{Mo6I8}Cl6] (2) 

Method 1 - Chemical oxidation (2a) 

0.5 mL (8.2 mmol) of concentrated HNO3 was added to 50 mL chloroform solution of 1 (100 

mg, 0.04 mmol). The obtained mixture was stood for two days. The dark-green powder formed 

was isolated by centrifugation and washed with an excess of water by cycles of resuspension, 

centrifugation and decantation. Yield: 80.5 mg (90%). For C16H36NMo6I8Cl6 found: C 8.4%, H 

1.7%, N 0.7%; calculated: C 9.4%, H 1.8%, N 0.7%. EDS: Mo:I:Cl = 6.1:7.8:5.8. 

Method 2- Electro-precipitation (2b) 

Electro-precipitation was conducted using a VA 797 Computrace (Metrohm) voltammetric 

instrument. A platinum rod (L15×Ø2 mm) was used as the working electrode. Compound 1 (80 

mg, 0.035 mmol) was dissolved in acetone (10 mL) and placed into an electrochemical cell. Dark-
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green crystals of compound 2 were then grown on the anode by applying a constant potential of 

+1.5 V (rel. AgCl/Ag) for 12 hours at room temperature with constant stirring. The crystals grown 

on the electrode were carefully collected using a spatula and dried. The current varied within a 

diapason of 100-400 µA. Yield: 55 mg (77 %). For C16H36NMo6I8Cl6 found: C 9.3 %, H 1.7 %, N 

0.7 %.; calculated: C 9.4%, H 1.8%, N 0.7%. EDS: Mo:I:Cl = 6:7.7:5.3. 

Crystal structure determination 

Diffraction data for compound 1 we collected at 290 and 150 K on an automated Agilent 

Xcalibur diffractometer equipped with an area AtlasS2 detector (graphite monochromator, 

λ(MoKα) = 0.71073 Å, ω-scans). Integration, absorption correction, and determination of unit cell 

parameters were performed using the CrysAlisPro program package.51 The structures were solved 

by dual space algorithm (SHELXT52 and refined by the full-matrix least squares technique 

(SHELXL53). 

Single-crystal X-ray diffraction data for 2 were recorded for different samples: 

2a – crystals were grown in an aged chloroform solution containing (Bu4N)2[{Mo6I8}(NO3)6]: 

the data were collected on an Oxford Diffraction Gemini four-circle system with a Ruby CCD area 

detector fitted with graphite monochromatised MoKα radiation (λ = 0.71073 Å). The crystal was 

held at 298(2) K with the Oxford Cryosystem, Cryostream Cobra. 2b – crystals obtained by 

electro-precipitation: the data were collected at 298 and 150 K on a Bruker Nonius X8Apex 4K 

CCD diffractometer fitted with graphite monochromatised MoKα radiation (λ = 0.71073 Å). All 

crystallographic information is summarised in Table S1. Absorption corrections were made 

empirically using the SADABS program.54 The structures were solved by the direct method and 

further refined by the full-matrix least-squares method using the SHELXTL program package.54 

All non-hydrogen atoms were refined anisotropically. The positions of the hydrogen atoms of the 
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tetra-n-butylammonium cation were calculated corresponding to their geometrical conditions and 

refined using the riding model with freely rotating methyl groups. Two of the butyl chains of the 

Bu4N
+ in 2a and 2b (T = 298 K) were modelled as disordered. One chain in 2a was refined over 

two positions and refined to an occupancy of 80:20 (C14-C17 to C14A-C17A). The disorder of 

the other chain was refined by fixing the occupancy of the two disordered chains at 75:25 (C10-

C13:C10A-C13A). The disorder of the other chain was refined by fixing the occupancy of the two 

disordered chains at 75:25 (C10-C13:C10A-C13A). Also both disordered chains in 2b (T = 298 

K) were refined over two positions and refined with free variable occupancy factors of 69:31 

(C31A-C34A:C31B-C34B) and 78:22 (C41A-C44A:C41B-C44B). Several SIMU, DELU, ISOR 

and DFIX restraints were used to give these disordered components chemically sensible bond 

lengths, angles and thermal parameters. 

CCDC 1425980, 1576975-1576976 and 1588848-1588849 contain the supplementary 

crystallographic data for this paper. These data can be obtained free of charge from the Cambridge 

Crystallographic Data Centre (www.ccdc.cam.ac.uk/data_request/cif). 

Cyclic voltammetry 

Cyclic voltammetry (CV) of 1 (1,3 mM) was performed using a Metrohm 797 VA Computrace 

instrument in 10 cm3 electrochemical cell equipped with a glassy carbon electrode (working area 

- 3 mm2) as the working electrode, saturated silver / silver chloride (Ag/AgCl) in 3M KCl as a 

reference electrode and a platinum rod as a counter electrode. A 0.15 M solution of tetra-n-

butylammonium perchlorate (Bu4NClO4) in acetone was used as the electrolyte in which 1-2 mM 

of 1 was dissolved. The solutions were degassed by purging with argon for at least 5 minutes prior 

to recording the CV measurements. 

Magnetic properties characterization 

http://www.ccdc.cam.ac.uk/data_request/cif
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EPR analysis was undertaken at room temperature on an Е109 spectrometer (Varian) at 9.5GHz. 

The electrochemical oxidation of 1 was undertaken directly inside of the resonator of the 

spectrometer. An acetone solution of 1 was placed into a flat tube with a platinum net electrode 

and oxidised at a potential of 1.5V. 2,2-Diphenyl-1-picrylhydrazyl (g = 2.0036) was used to 

calibrate the field in the EPR spectrometer. The temperature dependence of the magnetic 

susceptibility was measured by the Faraday method at 7.3 kOe over the temperature range 80–

300-80 K. During the measurements the sample were placed in helium atmosphere at 10 Torr 

pressure. The temperature stabilization was controlled by pid-regulator Delta DTB9696. The data 

were recorded using quartz torque microbalance and precision digital voltmeter Keysight 34465A. 

Photoluminescence Measurements 

For photoluminescence measurements, powdered samples of the complexes were placed 

between two non-fluorescent glass plates. The absorbance of a blank acetone solution was set at < 

0.1 at 355 nm. The solutions were poured into quartz cuvettes. To deaerate, the solution was purged 

with an Ar-gas stream for 30 min and then the cuvettes were sealed. Measurements were carried 

out at 298 K. The samples were excited by 355-nm laser pulses (6 ns duration, LOTIS TII, LS-

2137/3). Corrected emission spectra were recorded on a red-light-sensitive multichannel 

photodetector (Hamamatsu Photonics, PMA-11). For emission decay measurements, the emission 

was analysed using a streakscope system (Hamamatsu Photonics, C4334 and C5094). The 

emission quantum yields were determined using an Absolute Photo-Luminescence Quantum Yield 

Measurement System (Hamamatsu Photonics, C9920-03), which comprised a xenon excitation 

light source (the excitation wavelength was set at 400 nm), an integrating sphere, and a red-

sensitive multichannel photodetector (Hamamatsu Photonics, PMA-12). 

DFT calculations 
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Each compound was fully optimised without imposing any symmetry point group in its low-spin 

state at the B3LYP-D3BJ level of theory,55-57 along with a def2-TZVPP basis set58 and a def2-

TZVPP/J auxiliary basis set,59 using the ORCA 4.0.1 suite of programs.60 Note that the def2 basis 

set uses pseudo potentials for Mo, and I to remove core electrons and the RIJ-COSX approximation 

was used to accelerate calculations.61 

RESULTS AND DISCUSSION 

Synthesis 

In this work we present the chemical and electrochemical synthesis and isolation of the first 23ē 

molybdenum cluster complex (Bu4N)[{Mo6I8}Cl6] (2). Serendipitously, this compound was first 

obtained as a few dark green crystals formed in an aged CHCl3 solution of cluster compound 

(Bu4N)2[{Mo6I8}(NO3)6]. Single crystal X-ray analysis confirmed the composition of these 

crystals to be (Bu4N)[{Mo6I8}Cl6]. It is well-known that (Bu4N)2[{Mo6I8}(NO3)6] is a highly labile 

complex,47, 62-64 while it is also well-known that during prolonged storage in the presence of light 

and oxygen, chloroform converts slowly to phosgene (COCl2, Warning: Highly poisonous, if 

inhaled!), releasing HCl.65 Thus, there are two processes that take place in the solution of 

(Bu4N)2[{Mo6I8}(NO3)6] in chloroform: the oxidation of the cluster core and the replacement of 

the NO3
− ligands by Cl−. Attemts to oxidise freshly prepared (Bu4N)2[{Mo6I8}(NO3)6] in 

chloroform electrochemically showed that this compound is not electrochemically active in the 

diapason -1.8 – 2.3 V (vs. AgCl/Ag). On the other hand as we demonstrate below that 

[{Mo6I8}Cl6]
2− does oxydise reversibly both chemically (by nitric acid) and electrochemically. It 

can therefore be suggested that the formation of [{Mo6I8}Cl6]
− from [{Mo6I8}(NO3)6]

2− in 

chloroform is a two-step process, in which complex [{Mo6I8}Cl6]
2− was first formed from 
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[{Mo6I8}(NO3)6]
2− as a result of the terminal ligand substitution, which was then oxidised by the 

released nitric acid (Scheme 1). 

 

Scheme 1 Equation showing the two-step generation of [{Mo6I8}Cl6]
– from [{Mo6I8}(NO3)6]

2–. 

To test this hypothesis we subsequently synthesised (Bu4N)2[{Mo6I8}Cl6] (1) by the direct 

reaction of a (Bu4N)2[{Mo6I8}(NO3)6] acetone solution with hydrochloric acid. Although our 

method of synthesising compound 1 is different to one reported earlier by Bruckner,66 energy-

dispersive X-ray spectroscopy, mass-spectroscopy (Figure S1) and elemental analysis confirm that 

compound 1 is indeed the same material as that reported earlier. The reaction of 1 with an aqueous 

solution of HNO3 did indeed produce (Bu4N)[{Mo6I8}Cl6] (2a) in the form of a green powder. 

The redox properties of halide molybdenum cluster complexes [{Mo6X8}X6]
2– (X = Cl, Br, I) 

have been studied before by several groups, including ours.22, 46 These studies demonstrated that 

chloro- and bromo- ions undergo one-electron quasi-reversible oxidation in the positive potential 

region, while [{Mo6I8}I6]
2- oxidizes irreversibly.22, 46 Moreover, the potentials of oxidation 

decrease with increase in the atomic number of the halogen atom. The study of mixed halide 

compound 1 by cyclic voltammetry in the region potential 0 – 1.5 V also reveals a quasi-reversible 

oxidation potential E1/2 = 1.26 V (Figure 1). The oxidation and reduction currents have a linear 

dependence upon √𝑣,  where v is the scan rate, which is in agreement with Randles–Sevcik 

equation and signifies that electron transfer is dependent solely on the diffusion rates to the 

electrodes (Figure S2). 
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Figure 1. Cyclic voltammogram of compound 1 vs Ag/AgCl in 3M KCl reference electrode. 

Based on the above CV data, 2 was also obtained by electrochemical oxidation of 1 in an 

electrochemical cell at a constant potential of 1.5 V on a platinum electrode (2b) (Figure. 2). 

Elemental analysis data of the powders, generated by both chemical and electrochemical methods, 

were very similar and consistent with the theoretical composition for (Bu4N)[{Mo6I8}Cl6]. 

Moreover, the powder XRD data of products generated by both oxidation methods corresponded 

to the diffractogram generated from single crystal X-ray structure (Figure S3). 

 

Figure 2. Photograph of a platinum rod electrode covered with crystals of compound 2b. 
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Notably, while precursor 1 is readily soluble in different organic solvents, such as acetone, 

acetonitrile, dichloromethane, dimethyl sulfoxide, tetrahydrofuran, N,N-dimethylformamide, 

compound 2 dissolves well only in dimethyl sulfoxide and dimethylformamide and slowly in 

acetone producing an orange-green or orange solution, which suggests that [{Mo6I8}Cl6]
– is slowly 

reduced back to [{Mo6I8}Cl6]
2– by these mildly reducing solvents (Figure 3). In order to prove the 

possibility of chemical reduction we used a classical reducing agent, hydrazine hydrate and 

achieved an efficient reduction of [{Mo6I8}Cl6]
–. When a small amount of acetone followed by 

hydrazine hydrate was added to 2, the evolution of nitrogen gas was observed. After 30 s the 

reaction stopped and the green powder had completely dissolved producing a yellow/brown 

solution that luminesced brightly and gave similar absorption spectra to those obtained for 

compound 1. (Figure 4). Thus the oxidation of 1 is also a chemically-reversible process. 

 

Figure 3. Test-tube reactions that illustrate the redox properties of compounds 1 and 2. 
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Figure 4. UV-vis Absorbance spectra of 1 and 2a after reduction with acetone (slowly) and N2H4 

(fast). The pronounced shoulder below 370 nm in the latter case is due to the excess of hydrazine. 

Characterisation of 23-electron compound 2 

Crystal structure of 2. 

Both crystals obtained by chemical oxidation (2a) and electrochemical oxidation (2b) were 

characterised by single crystal and powder diffraction analysis. The crystal structure data of 2b 

were also recorded at two different temperatures: 298 K and 150 K. The details of these 

experiments are summarised in Table 1S. All three crystal data sets gave an identical crystal 

structure that belongs to the triclinic space group, P1, and contains two halves of two cluster 

anions [{Mo6I8}Cl6]
– and a Bu4N

+ cation in an asymmetric unit cell. The structure of the cluster 

anion [{Mo6I8}Cl6]
− is similar to that of other octahedral cluster complexes (Figure S4). 

Specifically, the anion consists of a Mo6 octahedron, the triangular faces of which are coordinated 

by iodide ligands in a µ3-mode. Each molybdenum atom is additionally coordinated by terminal 

chloride ligands. The centres of the cluster anions lie on an inversion centre with special positions. 
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There are therefore two crystallographically independent, but chemically identical cluster anions 

and two crystallographically identical Bu4N
+ cations per unit cell (Figure 5). 

 

Figure 5. Structure of (Bu4N)[{Mo6I8}Cl6]. 

Table 1 summarises the Mo−Mo, Mo−I and Mo−Cl bond lengths for both 1 and 2. These data 

demonstrate that oxidation of the cluster anion does not affect the length of Mo−I and Mo−Cl, but 

leads to slight elongation of the Mo−Mo bonds. This, in agreement with a number of previous 

reports, indicates that the HOMO orbital of the molybdenum clusters, which is bonding in nature, 

has significant input from the molybdenum orbitals.67-69 

Table 1. Bond lengths Mo−Mo, Mo−I and Mo−Cl for 1 and 2. 

 
166 

RT 

1 

290 K 

1 

150 K 

2a 

298 K 

2b 

150 K 

2b 

298 K 

Mo-I 2.775(2) 
2.773(3)-

2.789(3) 

2.7734(4)-

2.7970(4) 

2.7688(8)-

2.8091(7) 

2.758(2)-

2.791(2) 

2.762(2)-

2.789(2) 

Mo-Cl 2.460(6) 
2.442(7)-

2.474(8) 

2.4749(9)-

2.4800(9) 

2.440(2)-

2.461(2) 

2.429(4)-

2.448(3) 

2.434(5)-

2.448(4) 
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Mo-Mo 2.655(2) 
2.675(3)-

2.696(3) 

2.6746(4)-

2.6825(4) 

2.6838(7)-

2.7258(8) 

2.672(2)-

2.709(2) 

2.677(2)-

2.704(2) 

 

Jahn-Teller distortion 

In the earlier studies of 23ē rhenium cluster complexes it was shown that these highly symmetric 

complexes (Oh point group) undergo Jahn-Teller distortion.25, 70, 71 Jahn-Teller distortion was also 

suggested for [{Mo6Cl8}Cl6]
− on the bases of the EPR study of electrochemically generated ions 

in frozen solution.39 In contrary, for [{W6Br8}Br6]
− – neither EPR no single crystal XRD of the 

(Ph3P)2N
+ salt shown Jahn-Teller distortion.34 To evaluate whether the cluster in the compound 2 

undergoes Jahn-Teller distortion or not, the structures of Mo6 octahedra in 2b determined at 150 

K and 298 K were compared with those of compound 1. Table 2 summarises the distances between 

opposite vertexes in Mo6 octahedra in both compounds. It can be seen that the cluster in compound 

1 is an almost perfect octahedron and the difference between the largest and the smallest distance 

being maximum 0.018 Å at room temperature and even smaller (0.006 Å) at 150 K. The distortion 

of the oxidised Mo6 octahedron has an opposite dependence on the temperature and for the two 

crystallographically independent clusters the difference between the largest and smallest distances 

is 0.008 Å and 0.023 Å at 298 K and 0.032 Å and 0.050 Å at 150 K. Notably as well that at lower 

temperature these distances in case of compound in average are also somewhat shorter that the 

corresponding in the oxidised cluster in particular at low temperature 3.787 Å and 3.805 Å, for 1 

and 2 respectively. Once again, this observation signifies destabilisation of the 23ē cluster in 

comparison with 24ē one. 

Lowering temperature thus noticeably increases distortion, which is convincing evidence of the 

dynamic Jahn-Teller distortion. Interestingly, in compound 2 two independent Mo6 clusters 
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undergo different modes of D4h distortion upon cooling: one cluster contracts, while another one 

elongates along an h axis (Figure 6). 

Table 2. The distances between opposite vertexes in 1 at RT, 290 and 150 K and 2b at 298 and 

150 K. 

 

Vertex 
2b, 1st octahedron 2b, 2nd octahedron 166 1 1 

298 K 150 K 298 K 150 K RT* 290 K 150 K 

a-b 3.7921(2) 3.7754(1) 3.8035(2) 3.8210(2) 3.7711(2) 3.8111(3) 3.7838(5) 

c-d 3.8123(2) 3.8222(2) 3.8088(2) 3.8052(2) 3.7644(2) 3.7964(3) 3.7894(5) 

e-f 3.8154(2) 3.8257(2) 3.8004(2) 3.7892(2) 3.7695(2) 3.7928(3) 3.7885(4) 

*RT – room temperature 

 

Figure 6. The D4h distortion modes of 23 ē Mo6 octahedron in the structure of 2b upon cooling. 

In order to understand the origins of the observed Jahn-Teller distortion in compound 2, we 

performed density functional theory calculations of cluster anions [{Mo6I8}Cl6]
2− and 

[{Mo6I8}Cl6]
− to determine their electronic structures at their optimal geometries. The results are 

summarised in Figure 7, which shows the energy of selected levels around the highest occupied 

Jahn-Teller distortion

298 K

150 K
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molecular orbitals (HOMOs). One can see that the last five occupied orbitals of the 24-electron 

anion exhibit complementary symmetry and are all energetically near-degenerate. This is 

indicative of a high-symmetry combination of the Mo d orbital with involvement of the Cl p 

orbitals in a bonding combination. The electronic structure of the 23-electron anion is very 

different: we note that there is an energetic difference between the alpha (spin up) and beta (spin 

down) orbitals of the last 5 (4) occupied orbitals. This anion shows significant asymmetry, with a 

single Mo atom interacting with the iodine atoms (lowest depicted alpha orbital, antibonding 

interaction). The SOMO is markedly asymmetric due to the uneven electronic occupation. This 

causes a visible geometric distortion of the cluster, i.e. Jahn-Teller distortion. Indeed the calculated 

distances for the 24-e cluster are a–b = c–d = e–f = 3.763 Å and for the 23-e cluster are a–b = 3.911 

Å, c–d = 3.732 Å and e–f = 3.731 Å, i.e. suggesting D4h distortion type. The appereance in the 

crystal structure of two different types of distortion are likely the result of packing effects that are 

not taken into account in our calculations in vacuum. 
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Figure 7. Electronic energy levels for compound 1 (black asterisks) and 2 (blue crosses, alpha (up) 

spin and red crosses, beta (down) spin). Unoccupied orbitals are represented as (+), black for 

compound 1 and blue/red for alpha/beta spin orbitals of compound 2. The last 5 occupied 

molecular orbitals are depicted for each compound using a 0.05 ē/bohrs contour value. Note the 

presence of a singly occupied orbital (SOMO) and a beta LUMO for compound 2, along with the 

shape of their isosurfaces, indicative of the asymmetry present in the system. 

 

Magnetic properties 
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The paramagnetic properties of 2 were proven by magnetic measurements and EPR spectroscopy. 

The magnetic susceptibility measurements of compound 2 were carried out on sample 2b by the 

Faraday method at 7.3 kOe over the temperature range 300–80–300 K (Figure 8). The data show 

that there is a hysteresis between magnetic susceptibility values measured upon heating and 

cooling between 160 and 240 K, where values of magnetic susceptibility in the cooling mode 

deviate significantly from the Curie-Weiss law. Such behaviour of the sample can be associated 

with a phase transition. DSC analysis of 2b shows that there is indeed a second order phase 

transition at a temperature of 270-300 К (Figure S5). This second-order transition is likely 

associated with the Jahn-Teller effect described above. 

 

Figure 8. Temperature dependence of the magnetic susceptibility for 2b. Before measurements 

the sample was kept at the given temperature for at least 10 min. 

From the temperature dependence of magnetic susceptibility on the heating mode the constants in 

the Curie-Weiss dependence: χ = C/(T–Θ) were approximated as Θ = -2(10) K and C = 0.44(2) 

cm3 mol−1 K−1. The effective magnetic moment was found to be µeff = 1.88(5) μB, which formally 

corresponds to S = 0.57(5) and thus to 1.13 ē per one cluster anion. This is very close to a 

theoretical value for one unpaired electron. 
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The presence of one unpaired electron in the cluster anion was also confirmed by EPR analysis. 

For this experiment 2b was directly generated from 1 in the resonator electrochemically by 

applying a potential of +1.5V. The EPR spectrum of 2b measured at 300 K (Figure 9) has a single 

line with half-width ∆Н½ = 5 mT and g – factor of 2.01, which is consistent with a 1-electron 

system in a symmetrical environment and the values of g⊥ and g‖ determined for [{Mo6Cl8}Cl6]
− 

at 10K.39 

 

Figure 9. EPR spectrum of 2b at 300K. 

Optical properties of 1 and 2. 

Compound 1 has a typically shaped absorption spectrum for octahedral 24 electron molybdenum 

compounds with an optical energy gap of about ~2.1 eV, which is comparable to those found for 

(Bu4N)2[{Mo6I8}I6].
46 One electron oxidation of 1 leads to a striking colour change of the 

compound from orange into dark-green, which is also confirmed by diffuse reflectance 

spectroscopy (Figure S6). 

As with many other 24ē octahedral molybdenum cluster compounds, 1 is phosphorescent in the 

red/near infrared region (Figure S7). Generally the emissive properties of 1 are quite similar to 

those reported for analogous halide molybdenum cluster complexes, and thus do not require 
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detailed discussion.45, 46, 72 However, since the strong effect of both apical (terminal) and inner 

(cluster core) ligands on the photophysical properties was confirmed by both quantum mechanical 

calculations68, 69 and experimentally,46, 47, 50, 73 it is worth comparing the optical properties of 1 with 

those of (Bu4N)2[{Mo6Cl8}Cl6] and (Bu4N)2[{Mo6I8}Y6] (Y = Cl, Br or I). Table 3 summarises 

known photophysical characteristics - positions of maximum of emission (λmax), life times (τ) and 

photoluminescence quantum yields (Φ) - for these compounds in solid state as well as in deaerated 

solutions. From the table it is apparent that changing the inner ligand from Cl to I, leads to a 

hypsochromic shift of the emission maximum and an increase in the life time of emission. This 

feature is well documented for molybdenum cluster complexes with other types of apical ligands. 

On the other hand substitution of apical Cl atoms for less electronegative I atoms leads to 

bathochromic shift of the emission band and some decrease of luminescence quantum yield. This 

observation is in the agreement with earlier suggestions that the more electron withdrawing the 

nature of an apical ligand in a molybdenum cluster is, the higher the values of photoluminescence 

life-times and quantum yields.22, 45, 46, 50, 73, 74 Overall the photoluminescence of compound 1 in 

acetone solution gives the highest value recorded for any molybdenum halide cluster complex to 

date. 

Table 3. Photophysical characteristics A2[{Mo6X8}Y6] in solid state (SS) and in deaerated 

solutions. 

 A State λmax / nm Φ τ / µs 

A2[{Mo6Cl8}Cl6] Bu4N Acetonitrile22 744 0.15 180 

A2[{Mo6Br8}Cl6] Cs Solid75 712 0.21 - 

A2[{Mo6I8}Cl6] Bu4N Solid 704 0.12 
6.0 (0.03) 

41 (0.19) 
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167 

(0.78) 

Acetone 707 0.24 154 

A2[{Mo6I8}Br6] Bu4N Solid76 710 0.12 - 

A2[{Mo6I8}I6] Bu4N 
Solid77 735 0.10 19 

Acetonitrile22, 77 730 0.12 90 

 

CONCLUSION 

The cluster complex (Bu4N)[{Mo6I8}Cl6] is the first chemically synthesised and isolated as a single 

phase example of an oxidised molybdenum cluster having a molybdenum halogenide octahedral 

core {Mo6X8}
5+. Importantly, we have demonstrated that [{Mo6I8}Cl6]

−/2− is both a chemically 

and an electrochemically reversible system. Namely this reversible transition is between a 

paramagnetic state with one unpaired electron, i.e. the 23ē [{Mo6I8}Cl6]
− anion, and a diamagnetic 

luminescent state - [{Mo6I8}Cl6]
2−. Due to the high symmetry of the oxidised anion it undergoes 

dynamic Jahn-Teller D4h distortion. Such systems are so far rare but highly attractive not only for 

applications such as energy-electricity conversion processes and catalysis, but also potentially for 

use in information storage and random-access memory applications. 
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Either bright or magnetic: Highly luminescent octahedral cluster anion [{Mo6I8}Cl6]
2− oxidises 

reversibly producing paramagnetic [Mo6I8Cl6]
− anion. The properties of the first 23e 

molybdenum cluster are comprehensively described. 

 


