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ABSTRACT 

In this study, we investigate structural disorder and its implications in metal cluster (MC)-based 

compounds, specifically focusing on Cs2[{Mo6Xi
8}Xa

6] (X = Cl and Br). Utilizing synchrotron 

radiation X-ray diffraction, Fourier transform infrared spectroscopy, and luminescent 

measurements, we examined the incorporation of water molecules into these compounds and their 

effects on the crystal structure and optical properties. Our findings reveal that the presence of water 

molecules induces the lattice disorder, particularly the displacement of Cs atoms. Density 

functional theory calculations, including dispersion corrections (DFT-D), were employed to model 

superlattices incorporating varying positions and amounts of water molecules. The DFT-D results 

corroborated experimental data, indicating that water molecules notably impact the lattice structure 

by causing the Cs disorder without altering the fundamental trigonal arrangement of MC units. 

Our results reveal that the composition of the compounds, specifically the Cs/[{Mo6Xi
8}Xa

6] 

ratio, remains stoichiometry, regardless of the amount of water in their lattice. Luminescent 

spectroscopies confirmed that the water incorporation and the lattice disorder had little effect on 

the luminescence wavelength, but purification enhanced the luminescent efficiency. This study 

highlights the importance of understanding structural disorders in MC-based compounds for 

optoelectronic applications and demonstrates the utility of DFT calculations in exploring complex 

crystallographic phenomena. 

 

Keywords: Molybdenum cluster; Crystal structure; DFT; Hygroscopic; Disorder. 

 

 

 



4 

 

1. Introduction 

Metal atom clusters are defined as finite groups of three to a dozen or more metal atoms held 

together by direct bonds, typically coordinated by non-metal atoms to form metal cluster-based 

complexes (MCs).1,2 These clusters form various polyhedral structures and exhibit a range of 

interesting properties due to their unique arrangements. Specifically, octahedral molybdenum 

halide clusters, with the general formula [{Mo6Xi
8}Xa

6]2− (X = Cl, Br, and I), represent a class of 

classical MCs used as molecular building blocks in constructing inorganic compounds,3−5 

nanomaterials,6−8 and supramolecular architectures.9,10 In those MCs, the Mo6 cluster is 

coordinated by eight face-capping inner halogen ligands (Xis) and six apical halogen ligands (Xas). 

According to investigations on the electronic structures of the MCs,11,12 the roles of Xis and Xas 

are distinctly different due to their chemical nature: the less negatively charged Xis stabilize the 

rigid {Mo6Xi
8}4+ cluster core, whereas the more ionic Xas interact with external entities, such as 

solvent molecules and counter cations. Indeed, photoemission spectroscopy enables us to 

distinguish halogens occupying Xa and Xi sites via differences in electron binding energies.13,14 

Because of the relatively weaker bonding of Mo−Xa, solution processes for the substitution of Xa 

by other halogens,15,16 inorganic anions,17−20 and organic ligands21,22 have been proposed, leading 

to diverse molecular structures for the MCs. Additionally, the unique electronic structure and 

properties of the MCs and solid-state MC-based compounds highlight their significant potential 

for applications in optoelectronics, such as red-luminescence phosphors with a large Stokes 

shift,23−25 photocatalysts for water reduction,26 and photosensitizers in photovoltaic solar cells.27,28  

   The electronic structure stability of the [{Mo6Xi
8}Xa

6]2− complexes is a notable characteristic. 

For instance, photoluminescence spectra for trigonal Cs2[Mo6Cl14] and monoclinic 

Cs2[Mo6Cl14]·H2O are almost identical despite differences in composition and structure.29,30 This 
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indicates that the Mo6 cluster is well-screened by 14 halogens, and its electronic structure is highly 

isolated from surrounding environments, such as the choice of counter cations and crystallization 

molecules. Hence, we can consider the [{Mo6Xi
8}Xa

6]2− cluster anionic unit as robust building 

blocks for designing complex structures. In addition, the relatively large dimension of the 

[{Mo6Xi
8}Xa

6]2− leads to variations in crystal structures involving these complexes. Various 

solvate crystals involving the [{Mo6Xi
8}Xa

6]2− complex have been reported: for instance, MC 

compounds trapping some organic crystallization molecules, such as Cs2[Mo6Cl14]·6C3H6O and 

Cs2[Mo6Cl14]·4CH2Cl2, can be synthesized.31 The formation of such solvate compounds is enabled 

by the relatively large dimension of the [{Mo6Xi
8}Xa

6]2− complex, which makes large interstitial 

spaces. It should also be noted that [{Mo6Xi
8}Xa

6]2− complexes behave as hard spheres with rigid 

ionic charge, forming highly ionic chemical bonds with counter cations. Because of these 

characteristics, investigations on MC-based compounds mostly focus on exploring new crystal 

structures or new functionality.  

   Although exploratory studies on compounds involving the [{Mo6Xi
8}Xa

6]2− complex have been 

extensively performed, attention has not been paid to their purity and structural disorders. As the 

solid-state compounds involving the [{Mo6Xi
8}Xa

6]2− complex are characterized by their bright 

luminescence, numerous studies on the utilization of these compounds as phosphors have been 

reported.2,6,21,24,25,32−34 However, the effect of purity, such as luminescence quenching induced by 

structural disorder, has not been discussed in detail, although luminescence quenching is an 

important issue in conventional inorganic phosphor compounds. For instance, CsCu2I3 is attracting 

interest because of its bright luminescence originating from the annihilation of trapped 

excitons,35−37 but FACu2I3, where formamidinium (FA) is substituted for Cs in CsCu2I3, exhibits 

no luminescence.38 This luminescence quenching has been attributed to electronic interaction 
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between the one-dimensional [Cu2I3]− chain and FA. Although the Mo6 cluster in the MCs is well 

screened, as mentioned above, it is presumable that interaction between the MCs and counter 

cation could cause energy dissipation. Indeed, we have observed elongation of luminescence 

lifetime in Cs2[Mo6Cl14] after dehydration treatment.30 Hence, we suppose consideration of lattice 

defects and impurities on the luminescence of the MC compounds is necessary for their future 

development, particularly for optical applications.  

    Here, it is interesting to introduce the structural disorder in Cs2[{Mo6Bri
8}Bra

6]39 and reentrant 

transition in ((n-C4H9)4N)2[{Mo6Bri
8}Bra

6].40 Crystal structure analyses of Cs2[{Mo6Bri
8}Bra

6] 

suggest that Cs in Cs2[{Mo6Xi
8}Xa

6] shows site-split and, in particular, Cs2[{Mo6Bri
8}Bra

6] 

exhibits a disordered structure due to an obviously large occupation factor at an interstitial site, as 

illustrated in Fig. 1. According to the refined structural parameters of Cs2[{Mo6Bri
8}Bra

6], this 

compound is non-stoichiometric with Cs in excess, expressed by Cs2.04[{Mo6Bri
8}Bra

6]. However, 

the reason and role of the Cs disorder in the physical and chemical properties have not been 

investigated in detail. If this non-stoichiometry has physical significance, we have to consider the 

charge compensation mechanism that enables the excess of Cs. In addition, (n-

C4H9)4N)2[{Mo6Bri
8}Bra

6] exhibits reentrant transition at low temperature, and the luminescence 

lifetime of this compound changes along with its reentrant transition behavior. Hence, there are 

examples of lattice disorder and modification of luminescence behavior due to changes in counter 

cation arrangement.  
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Figure 1. Crystal structures of trigonal phase (a) CMCC and (b) CMBB illustrated based on the 

crystal structure data reported by refs. 48 and 39, respectively. They exhibit a close-packed 

hexagonal stacking arrangement with centrosymmetry (space group 31P c ). The red dashed 

circles denote the disorder of Cs sites. The value in parentheses for each Cs site indicates its atomic 

occupancy. The unit cell, represented by the black line, contains two MC units (Z = 2). The total 

occupancy (2.04) of the Cs atoms in CMBB significantly exceeds the stoichiometric value of 2.0, 

while that of CMCC closely aligns with the stoichiometric value. 

      In this context, we investigate the structural disorder reported for Cs2[{Mo6Xi
8}Xa

6] (X = Cl 

and Br). As hydration is the most probable reason for structural disorder in MC-based compounds, 

we focus on the insertion of water molecules into these MC compounds. Hence, we examined the 

effect of dehydration treatment on the detailed crystal structure parameters by X-ray diffraction 

analysis using synchrotron radiation, as well as on the luminescence properties. Furthermore, we 

conducted density functional theory (DFT) calculations, which simulated superlattices of water 

molecule-incorporated Cs2[{Mo6Xi
8}Xa

6] with varying amount and positions of the water 

molecules. The dispersion correction formalism (DFT-D) was used in DFT calculations to obtain 

realistic results. These investigations rationalized significant water molecule residues remaining 
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in Cs2[{Mo6Xi
8}Xa

6]. Notably, DFT-D calculations predict that water molecules in the trigonal 

lattice structure specifically induce the disorder of the Cs atoms.  

 

2. Materials and method 

2.1 Sample preparation  

The MC-based compounds, Cs2[{Mo6Xi
8}Xa

6] (X = Cl and Br), were prepared using methods 

derived from refs. 39 and 41. The crude solids were dissolved in acetone and crystallized with a 

rotary evaporator. As this process can induces the incorporation of water molecules into the crystal 

structure of the MC-based compounds,29,30 the as-crystallized samples were washed with 

anhydrous 1-propanol at 25 °C for 24 h to achieve dehydration,30 and the resulting precipitate was 

dried under vacuum at 25 °C. The solids were further dried by heating at 300 °C for 1 h under a 

stream of dry high-purity N2 gas. In later sections, we abbreviate Cs2[{Mo6Cli
8}Cla6] and 

Cs2[{Mo6Bri
8}Bra

6] as CMCC and CMBB, respectively. 

 

2.2 Characterization 

The crystal structure of the prepared materials was characterized by high-resolution powder X-ray 

diffraction utilizing synchrotron radiation (SR-XRD) performed at the BL15XU beamline at the 

Japanese national synchrotron facility, SPring-8. For SR-XRD measurements, monochromatic X-

rays at 18.986 keV (λ = 0.653 Å; calibrated with the Nb-K absorption edge) were used as the 

incident beam, and a Debye-Scherrer setup was applied to the sample, which was placed inside a 

glass capillary with a diameter of 0.2 mm. The lattice parameters of the compounds were calculated 

using the least squares method with more than ten diffraction signals. The structure refinement 
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with isotropic atomic displacement parameters (ADPs) was carried out using the Rietveld 

method.42,43 All diffraction measurements mentioned above were performed at 300 K.  

    The presence of water molecule residues in the prepared compounds was characterized by 

Fourier transform infrared (FT-IR) spectroscopy. The FT-IR measurement was performed using a 

Nicolet iS50 spectrometer (Thermo Fisher Scientific K.K) with a diffuse reflectance setup. The 

sample was diluted by mixing it with dried KBr powder in a weight ratio of sample:KBr = 1:20. 

    Photoluminescence (PL) and time-resolved PL (TR-PL) spectroscopies were conducted using a 

pulsed laser (100 fs in pulse width and 1 kHz in repetition frequency) generated from an optical 

parametric amplifier (Spectra Physics TOPAS Prime) excited by a titanium sapphire regenerative 

amplifier (Spectra Physics Solstice). The wavelength of the laser pulse was set at 410 nm. 

Photoluminescence spectra were recorded with a VM 505 monochromator (Acton Research Corp.) 

and detected with an InGaAs photodiode. The TR-PL spectra were measured using a SpectroPro 

300i monochromator (Acton Research Corp.) and a C5680 streak camera equipped with a M5677 

sweep unit (Hamamatsu Photonics).  

 

2.3 Computational method 

Density functional theory calculations were performed to investigate the structural relaxation 

resulting from the insertion of water molecules into the Cs2[{Mo6Xi
8}Xa

6] lattice. As shown in Fig. 

S1, the conventional unit cell of Cs2[{Mo6Xi
8}Xa

6] is formed by an A-B-A-B close-packed 

hexagonal stacking and contains two MC units (Z = 2). The Cs2 site is at the 2b Wyckoff position 

within layer A. On the other hand, the Cs1 site is at the 2c Wyckoff position within layer B, 

occupying one half of the triangular position. MC units are in another triangular position adjacent 

to the Cs1 site. According to the previously proposed structural model of CMBB,39 a partially 
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occupied Cs site is present within layer B, which is denoted as the Cs3 site. In the present study, 

we assumed that the water molecules occupy the interstitial sites, either between two Cs2 sites (i.e. 

the Cs3 site) or between the Cs1 site and the MC unit; the occupancy of Cs atoms at the Cs3 site 

was assumed to be zero in the computational models in order to maintain stoichiometry and charge 

neutrality. Since the utilization of small superlattice models may cause an excessively strong 

interaction between water molecules due to lattice periodicity, we employed superlattice structures 

containing eight MC units (Z = 8). Although lager superlattice models are better for realism and 

accuracy, we employed the size of Z = 8 due to limitations in computational resources. The initial 

atomic arrangements in the superlattice model are shown in Fig. S2, where 16 initial structural 

models before relaxation are exhibited. Superlattice models without water molecule insertion were 

also adopted to test the simulation conditions and to obtain the electronic and crystal structures of 

stoichiometric compounds without disorder.   

    Density functional theory calculations described above were performed using a plane-wave-

based pseudopotential method implemented in the CASTEP code,44 which is included in the 

Materials Studio software (Dassault Systemes, Tokyo, Japan). The norm-conserving 

pseudopotentials generated by the CASTEP code and a generalized gradient approximation (GGA) 

optimized for solids, referred to as GGA-PBEsol,45 were used as the exchange-correlation 

functional for the self-consistent calculation of electronic energy minimization. To account for van 

der Waals (vdW) forces in the total energy calculations, we employed the Tkatchenko-Scheffler 

formalism46 for dispersion correction. The plane-wave cut-off energy was set to 1350 eV to ensure 

simulation accuracy. The convergence tolerance was set to 5.0×10−5 nm for atomic displacement, 

5.0×10−6 eV/atom for total energy, 0.1 eV/nm for maximum interatomic force, and 0.02 GPa for 

pressure. In the calculation of geometry optimization, the Fletcher–Goldfarb–Shanno Hessian 
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update scheme47 was adopted, and no symmetrical restriction was applied to induce complete 

structural relaxation. The superlattice models with various positions, orientations, and amounts of 

water molecules were explored to find realistic and stable atomic arrangements in terms of 

enthalpy.   

 

3. Results and discussion 

3.1 FT-IR measurements 

The Fourier transform infrared spectra of the obtained samples exhibited a very broad signal 

corresponding to the O−H stretching mode in the range of 3086−3700 cm−1, as seen in Fig. 2.  At 

the same time, a small peak assignable to the O−H bending mode at 1612−1618 cm−1 was found 

in these spectra. These results clearly indicate the presence of O−H groups (i.e. water and/or 

alcohol molecules). Figure 2 also shows three strong peaks around 2900 cm−1, which are assignable 

to the vibrational signals of alkanes (i.e. the C−H stretching mode), likely attributable to 1-

propanol molecules still adsorbed on the surfaces of the MC-based compounds.30 Because of the 

overlap of the IR signals from the O−H groups of water and 1-propanol molecules, the FT-IR 

studies could not provide definitive information regarding water molecules incorporated in the 

MC-based compounds. However, the subsequent SR-XRD measurements reveal the presence of 

water molecules in the MC-based compounds and suggest that the incorporation of water 

molecules results in alterations to their crystal structures. 
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Figure 2. FT-IR spectra of the purified CMCC and CMBB. 

3.2 SR-XRD measurements 

First, a comparison between the SR-XRD patterns of the hydrated and purified CMCC is shown 

in Fig. 3. The major phase of the hydrated CMCC sample (see Fig. 3a) was the trigonal phase, but 

it also contained a monohydrate monoclinic phase48 as the minor secondary phase. In contrast, the 

purified CMCC exhibited a single phase of the trigonal phase, as shown in Fig. 3b. The purified 

CMBB was also a single phase without any trace of a secondary phase (see Fig. 3c). These results 

indicate that the purification process prevented the formation of hydrated phases. FT-IR spectra of 

these samples indicate the presence of O−H groups or water molecules even in the purified samples, 

which were confirmed by SR-XRD to be in the pure trigonal phase without any evident hydrated 

impurity phases. This suggests that the O−H-related components are inserted in the trigonal phase. 

Indeed, the refined lattice parameters of the hydrated and purified CMCC, summarized in Table 1, 

show that the hydrated CMCC exhibited a 0.4% larger unit cell volume than that of the purified 

CMCC. This result indicates that residual water or O−H groups in CMCC led to an expansion of 

the trigonal lattice. 
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Figure 3. SR-XRD patterns of the (a) hydrated CMCC, (b) purified CMCC, and (c) purified 

CMBB. The diffraction peaks corresponding to the monohydrated CMCC are marked by inverted 

triangles.  

 

Table 1. Refined lattice parameters of the hydrated and purified MC-based compounds. 

Compound a / Å c / Å Volume / Å3 

Hydrated CMCC 9.8296(6) 14.1745(7) 1186.07(13) 

Purified CMCC 9.7912(3) 14.2238(5) 1180.92(5) 

Purified CMBB 10.1754(8) 15.0448(13) 1349.02(18) 

 

   To elucidate the possible incorporation of water molecules in the trigonal structure, four structure 

models illustrated in Fig. S3 were adopted for structural refinements. These models were 

constructed by considering whether the Cs2 site splits or not and whether the Cs3 site is occupied 

by an O atom. Here, the O atom located at the Cs3 site represents a water molecule, and the H 

atoms of the water molecule were omitted due to their very small contribution to diffraction 

intensity. The results of the structural refinements are shown in Table 2. The value of Rwp took the 
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minimum value when both a split Cs2 site and the presence of O at the Cs3 site were assumed. 

Hence, it is presumable that the model illustrated in Fig. S3d is the most reasonable assumption. 

Summary of the results for the structure refinements (Fig. S4 and Table S1) and resulting structure 

factors (Table S2) deduced by adopting the model shown in Fig. S3d are presented in SI. The most 

significant improvement in Rwp was seen for the hydrated CMCC sample, where Rwp was reduced 

by almost 1% by employing the model for the presence of water at the Cs3 site. This improvement 

was likely due to the high occupancy of water at the Cs3 site. Indeed, the total occupancy of the O 

atom at the Cs3 site reached about 90% (Table 2), which is equivalent to the incorporation of 

approximately one water molecule per MC unit in the hydrated CMCC. In contrast, Rwp for the 

purified CMCC converged well to less than 3.3% and did not change significantly between the 

four structure models (Table 2). This was likely due to the lower occupancy of water molecules at 

the Cs3 site, i.e. about 30% in the purified CMCC (see Table 2). This result indicates that even 

after the dehydration treatment, some water molecules remained at the Cs3 site. Regarding the 

CMBB sample, Rwp was not sensitive to the structural model assumed for refinement. This 

insensitivity was simply due to the difference in the electron number between Cl and Br. However, 

the refinement of CMBB implies an occupancy of up to 80% for water molecules at the Cs3 site, 

even in the purified sample, exhibiting behavior distinct from that of CMCC. This mechanism is 

clarified through subsequent theoretical calculations. 
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Table 2. Rietveld refinements of the hydrated and purified MC-based compounds using four 

structure models illustrated in Fig. S3. 

Model Cs2 split Occup. of O atom at Cs3 Uiso of O atom / Å2 Rwp / % 

Hydrated CMCC     

I No 0 − 7.85 

II Yes 0 − 6.83 

III No 0.95 0.005(4) 6.87 

IV Yes 0.89 0.033(5) 5.88 

Purified CMCC     

I No 0 − 3.28 

II Yes 0 − 3.09 

III No 0.34 0.799(82) 3.22 

IV Yes 0.34 1.020(97) 3.04 

Purified CMBB     

I No 0 − 1.70 

II Yes 0 − 1.68 

III No 0.74 0.084(24) 1.62 

IV Yes 0.81 0.412(44) 1.59 

 

    Here, it is interesting to note that the Cs/[{Mo6Xi
8}Xa

6] ratio calculated from the refined 

occupancy of Cs atoms was identical to the stoichiometry, i.e. 2.0, when the model assuming water 

insertion was adopted. This is an important observation in terms of charge compensation in the 

MC-based compounds. In the previously proposed structural models where the Cs3 site was 

assumed to be occupied by Cs,39 the chemical composition of the compound clearly exhibits non-
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stoichiometry (i.e. Cs/[{Mo6Xi
8}Xa

6] = 2.04). If the excess Cs has physical significance, we need 

to consider variations in the effective electric charge of the MC units to maintain charge neutrality. 

However, optical band gaps reported for the MC-based compounds49,50 have been very 

reproducible, and there is no solid evidence to prove significant non-stoichiometry in these 

compounds. We also note that many exploratory studies have reported strong photoluminescence 

of Cs2[{Mo6Xi
8}Xa

6].6,51 As non-stoichiometry in inorganic phosphors typically results in severe 

luminescence quenching due to excitation energy transfer to quenching sites such as vacancies or 

impurities,52,53 the strong luminescence observed in Cs2[{Mo6Xi
8}Xa

6] prepared under ambient 

conditions also supports the absence of non-stoichiometry in these compounds. Hence, the present 

results of the structural refinements, which consider the stoichiometry of Cs/[{Mo6Xi
8}Xa

6], are 

very reasonable in terms of charge compensation. In addition, we do not need to consider charge 

compensation mechanisms if impurities are electrically neutral.   

 

3.3 Theoretical calculation 

The structure relaxation of the superlattices shown in Fig. S2 was performed using DFT-D 

calculations, which consider the effects of intermolecular interactions. The fully relaxed 

superlattice without water molecules, referred to as SL-O, exhibited a lattice volume per MC unit 

(i.e. V/Z) of 539.6 Å3 for CMCC and 628.1 Å3 for CMBB (see Table S3). These volumes are 12.0% 

for CMCC and 9.0% for CMBB smaller than the corresponding lattice volumes calculated without 

dispersion correction.50 This result indicates significant lattice contraction due to the effects of 

vdW interactions within the MC-based compounds. Table S3 also shows the results of the structure 

relaxation for superlattices incorporating one to five water molecules. The data indicate that their 

lattice volumes remained within about ±1% compared to that of SL-O for both CMCC and CMBB, 
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regardless of the positions and amounts of water molecules. Notably, the packing motif of the MC 

units in the trigonal lattice remained unchanged during the structure relaxation of the superlattices. 

These results suggest that the water molecules can be incorporated into the crystal structure of 

Cs2[{Mo6Xi
8}Xa

6] without changing its trigonal arrangement. The enthalpy difference (ΔH) 

between the superlattices with and without water molecules includes contributions from both the 

water molecules and their different lattice volumes. Therefore, we calculated ΔH/nV, which 

normalizes ΔH by the lattice volume (V) of the water-incorporated superlattice and the number (n) 

of water molecules. Table S3 indicates that the normalized enthalpy differences varied within ± a 

few meV among the superlattices, suggesting that the positions and amounts of water molecules 

in these superlattices did not significantly impact the relative enthalpy difference. Given the large 

dimensions of the MC unit, vdW interactions are expected to play a significant role in realistic 

crystal structures of MC-based compounds. In this context, SL-H is considered the most realistic 

structure, as it exhibited the smallest lattice volume among all superlattices, despite incorporating 

four water molecules. Therefore, we focus on SL-H for further analysis. 

    An analysis of the interatomic distances and angles of water molecules in SL-H clearly indicates 

that hydrogen bonding interactions between the water molecules and MC units play a crucial role 

in determining the stable position and orientation of the water molecules. Figure 4 illustrates each 

interatomic H−Xa distance and angle formed by the O, H, and Xa atoms (∠O−H−Xa) in SL-H for 

CMCC and CMBB. The H−Xa distances ranged from 2.39 to 2.53 Å for CMCC and 2.56 to 2.73 

Å for CMBB. These are significantly shorter than the sum of vdW radii of H and Cl (2.95 Å), and 

H and Br (3.03 Å),54 indicating that the MC unit and water molecule interact via hydrogen bonding. 

Furthermore, the ∠O−H−Xa angles ranged from 156.9° to 166.3° for CMCC and 158.5° to 170.1° 

for CMBB. These values fall almost within the range of 160° to 180°, which indicates that the 
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O−H−Xa motif exhibits directional characteristics.55 The H−Xa bond length and the angle of 

O−H−Xa thus indicate that the hydrogen bonding interaction between the MC unit and the water 

molecule determines the position and orientation of the water molecules in the crystal structure of 

the MC-based compounds. 

 

Figure 4. The atomic arrangements in the solid black square shows relaxed crystal structure 

obtained by DFT-D calculations adopting the SL-H structure shown in Fig. S2. The Atomic 

arrangements shown outside of the black box show the magnified local structure around the water 

molecules pointed with black arrows. Interatomic H−Xa distances and angles formed by the O, H, 

and Xa atoms in SL-H of (a) CMCC and (b) CMBB. The red dot lines indicate the hydrogen 

bonding of H−Xa. The inset red and blue values show the length of the H−Xa bond and the angle 

of ∠O−H−Xa, respectively.  
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    For a comparison between the computational and experimentally determined crystal structures, 

the atomic positions in SL-H were projected into the trigonal unit cell with Z = 2. The results of 

this projection are shown in Fig. 5. Duplicate atoms within a threshold of 0.15 Å were regarded as 

atoms in the same position during the projection. Indeed, most atoms constituting the MC units 

were integrated into single individual sites in the trigonal unit cell without any site-splitting. From 

this result, we reaffirm that the displacements of the MC units due to the incorporation of water 

molecules remained within the ignorable threshold. In contrast, most Cs atoms were substantially 

displaced from their original positions beyond the threshold. These Cs atoms were displaced in 

response to repulsion from the H atoms of adjacent water molecules and attraction to their O atoms. 

As a result, as shown in Fig. 5, Cs atoms appear to be disordered in the projected unit cell. 

Characteristics of the Cs atom disorder exhibited significant differences between CMCC and 

CMBB. In CMCC, Cs1 sites showed relatively minor disorder (disorder A), and Cs2 sites exhibited 

split-like disorder (disorders B and C), as illustrated in Fig. 5a. In contrast, CMBB additionally 

revealed a substantial displacement of Cs2 sites, which shifted toward positions near Cs3 sites, 

resulting in disorders D and E in Fig. 5b. As shown in Fig. S5, displacements of Cs atoms similar 

to disorders D and E were observed when incorporating more than two water molecules in the 

CMBB superlattice (i.e. n/Z≥2/8). This result suggests that the behavior of Cs atom disorder 

depends on both the halogen composition of the MC unit and the concentration and configuration 

of water molecules within the crystal structure. 
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Figure 5. Projections of the water-incorporated superlattices (Z = 8) of (a) CMCC and (b) CMBB, 

which was optimized using DFT-D, into a trigonal unit cell with Z = 2. The Cs atom disorders, 

labeled as A−C for (a) and A−E for (b), are due to the relaxation of the Cs atoms. During the lattice 

projection, duplicate atoms were removed using a threshold distance of 0.15 Å to obtain a 

simplified structural representation. 

    It should be noted that the initial structural model adopted for the DFT-D calculation was 

constructed by assuming no Cs atoms were present at the Cs3 sites, and only water molecules were 

placed at Cs3 sites in some superlattice models. However, after relaxation calculations, Cs3 sites 

were partially occupied by Cs atoms in CMBB, as shown in Fig. S5. Hence, it is evident that Cs 

in CMBB prefer to occupy the interstitial Cs3 site when water molecule intercalation occurs. 

Furthermore, the results shown in Fig. S5 demonstrate that occupation of the Cs3 sites by Cs atoms 

started in one of two models with n/Z = 2/8 and in the models with n/Z = 3/8. This roughly indicates 

that occupation of the Cs3 sites starts when the water concentration y in Cs2[Mo6Br14]·yH2O 

reaches around 0.3.  

    We tested the plausibility of the DFT-D calculations by optimizing the refinement results of the 

SR-XRD data using the DFT-predicted structure models. In this test, we assumed that the space 
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group of the optimized unit cell was P31c, which allowed us to reproduce the non-uniform disorder 

illustrated in Fig. 5. We then optimized the number of sites, positions, and occupancy of Cs atoms 

and compared the results of the optimization to the structure factors of model IV in Table 2. The 

results of the optimization are summarized in Fig. 6 (and in Table S4 for more detailed results). 

The optimized unit cell of the hydrated CMCC shown in Fig. 6a seemed to accord with Fig. 5a. 

Indeed, Cs1 and Cs2 individually split into three distinct sites with a non-uniform occupancy 

distribution. Notably, the optimized unit cell reduced the Rwp value by 0.6% compared to model 

IV in Table 2. This suggests that the DFT-predicted structure is close to the realistic one. The 

optimization of the purified CMCC indicated a reduction in the number of Cs2 sites to two, with 

the occupancy distribution varying to about 50:50. The Rwp value was reduced by only 0.2% 

compared to the refinement using model IV in Table 2. The minor improvement in Rwp is 

rationalized by the low concentration of water molecules in the compound. The purified CMBB 

also resulted in an Rwp value nearly identical to that of model IV in Table 2. However, it still 

exhibited a significant occupancy (72%) of O near the Cs3 site. Given the consistency with the 

DFT-predicted structures, this site is likely a mixed state between water molecules and Cs atoms. 

Therefore, an actual occupancy of water molecules at the Cs3 site in CMBB is likely lower than 

the refined value.  

    Considering the results of the plausibility test, we conclude that the characteristic disorder of Cs 

atoms observed in Cs2[{Mo6Xi
8}Xa

6] is due to the incorporation of water molecules into the 

trigonal crystal structure. Remarkably, DFT calculations can accurately predict the water-

incorporated crystal structure of Cs2[{Mo6Xi
8}Xa

6], even including the positions of the disordered 

Cs atoms.  
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Figure 6. Results of the structure refinements of (a) hydrated CMCC, (b) purified CMCC, and (c) 

purified CMBB assuming the disorder of the Cs atoms predicted by DFT calculations. 

    As the random distribution of impurities in solid-state compounds typically alters their 

luminescence properties,56,57 we examined the electronic structures in detail. First, we present 

contour maps of the charge density for water-incorporated CMCC and CMBB superlattices in Figs. 

7a and 7b. These maps are prepared for planes involving selected O, H, and Xa atoms. The figures 

reveal charge distribution between the H and Xa atoms (0.1−0.15 eÅ−3), confirming that the water 

molecules are bound to Xa via hydrogen bonding.  

    The projected electronic density of states (PDOS) shown in Figs. 7c and 7d indicates that the 

total DOS of water-incorporated superlattices appears slightly broadened due to potential 
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fluctuations caused by the presence of water molecules and disorder in Cs-site occupation. For 

example, the Cs-5p states at −6.81 eV for CMCC split into two peaks due to Cs atom disorder. No 

defect states appear within the band gaps, as the inserted water molecules are electrically neutral, 

but a very slight narrowing of band gap due to water insertion, resulting from the broadening of 

DOS, was confirmed.  

    It has been reported that the electronic state of the Mo6 cluster is screened from the external 

environment, resulting in a luminescence wavelength for trigonal Cs2[{Mo6Cli
8}Cla6] and 

monoclinic Cs2[{Mo6Cli8}Cla6]·H2O30 that is very close despite differences in symmetry and 

cluster packing density. However, it seems that the PDOS for Mo-d around the valence-band 

maximum (VBM) is affected by water insertion and Cs-site disorder. While the profile of Mo-d in 

the VBM range in pure CMBB (bottom panel in Fig. 7d) is similar to that of pure CMCC (bottom 

panel in Fig. 7c), those in the superlattice involving water molecule differ from each other. 

Particularly, the PDOS of Mo-d near the VBM in water-inserted CMBB differs from the others. 

Indeed, the peak maximum of Mo-d appears at relatively a shallower range, as indicated by a red 

arrow in the figure, whereas a deeper peak is higher in the others, as indicated by blue arrows. As 

the electronic structure of the Mo6 cluster is essential to the luminescence properties of 

[{Mo6Xi
8}Xa

6]2−, the insertion of water and disorder of Cs sites, resulting in fluctuation of the 

potential field, may significantly affect the luminescence properties of Cs2[{Mo6Bri
8}Bra

6].  
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Figure 7. Contour maps of the charge density for water-incorporated (a) CMCC and (b) CMBB, 

and PDOS of the (c) CMCC and (d) CMBB superlattices with and without water molecules (top 

and bottom panels, respectively). The blue and red arrows in PDOS indicate the peak maximum 

of the Mo-d state in the VBM range for guides for eyes, by the blue arrow marking the peak 

maximum located at a relatively deeper level than that indicated by the red arrow. 

 3.4 Optical and electronic properties  

Figure 8a presents the PL spectra of CMCC and CMBB measured at room temperature. Due to the 

obvious Stokes shift, comparing the calculated energy band gap and luminescence peak is not 

appropriate. However, the luminescence peak of purified CMCC exhibited a slight blue shift 

compared to hydrated CMCC, while CMBB showed a red shift compared to CMCC. These results 

qualitatively align with the calculated energy band gap. Table 3 compares the present results with 
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the luminescence properties of [{Mo6Xi
8}Xa

6]2− complexes dissolved in acetonitrile.58 Their 

emission wavelengths were similar regardless of being in crystalline or solution form, indicating 

that the Mo6 cluster was well-screened, resulting in nearly identical emission wavelengths.  

 

 

Figure 8. (a) PL and (b) TR-PL spectra of hydrated CMCC, purified CMCC, and purified CMBB. 

These spectra were measured using the excitation wavelength of 410 nm (Reproduced or adapted 

with permission from ref. 30. Copyright 2017 RSC Pub).  
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Table 3. Comparison between the luminescence properties of the present compounds and 

reference data.  

Compounds PL center / nm PL lifetime (τPL) / μs 1/τPL × 103 / s−1  

Hydrated CMCC 769 195±1 5.13 

Purified CMCC 764 310±2 3.22 

Purified CMBB 782 54±1 18.5 

[{Mo6Xi
8}Xa

6]2− complexes dissolved in acetonitrile58 

[Mo6Cli
8Cla

6]2− 764 205 4.88 

[Mo6Bri
8Bra

6]2− 788 150 6.67 

 

     On the other hand, the effect s of water insertion and disorder in Cs distribution are clearly 

observed in the TR-PL spectra shown in Fig. 8b. These TR-PL spectra were fitted using a single 

exponential decay function (I(t) = I0·exp(−t/τPL), where I(t) represents the luminescence intensity 

at a certain time (t). This resulted in τPL values of 195±1 μs for hydrated CMCC, 310±2 μs for 

purified CMCC, and 54±1 μs for purified CMBB. Notably, comparing these τPL values with 

references in Table 3 revealed that purified CMCC exhibited a longer τPL compared to both 

hydrated CMCC and the [{Mo6Cli
8}Cla6]2− acetonitrile solution. Since the inverse of τPL (1/τPL) 

represents the sum of radiative (kr) and non-radiative (knr) decay rates and is approximately equal 

to knr when knr>>kr, purified CMCC effectively prevented non-radiative relaxation processes. This 

indicates that halogens interacting with the surrounding environment contribute to the energy 

dissipation path, although the luminescence path is localized in the well-screened Mo6 cluster. It 

is assumed that the formation of hydrogen bonds through water insertion and the disorder in Cs 

site occupation led to enhanced non-radiative recombination. 
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   In contrast, purified CMBB exhibited a significantly shorter lifetime compared to the 

[{Mo6Bri
8}Bra

6]2− acetonitrile solution. It should also be noted that the amount of water inserted 

in hydrated CMCC was estimated to be almost the same as in purified CMBB. The hydrated 

CMCC exhibited a similar τPL to the [{Mo6Cli
8}Cla

6]2− acetonitrile solution, but τPL of purified 

CMBB was noticeably shorter than that of the solution. This indicates that the luminescence 

properties of CMBB are more strongly affected by Cs disorder and water insertion. As described 

in the previous section, the electronic state (PDOS) of the Mo6 cluster was evidently affected by 

disorder. The notably short τPL of CMBB seems to be consistent with the calculated electronic 

structure, confirming the relatively high sensitivity of [{Mo6Bri
8}Bra

6]2− to the surrounding 

environment compared to [{Mo6Cli
8}Cla

6]2−. 

 
4. Conclusions 

In summary, we investigated the origin of the characteristic Cs atom disorder that observed in 

Cs2[{Mo6Xi
8}Xa

6] and its influence on luminescence properties. SR-XRD studies on both purified 

and hydrated Cs2[{Mo6Xi
8}Xa

6] (X = Cl and Br) revealed the splitting of the Cs2 site and 

significant electron residue in the interstitial spaces between Cs2 sites (i.e. the Cs3 site). In terms 

of charge neutrality, this residue is attributed to water molecules inserted into the crystal structure 

of Cs2[{Mo6Xi
8}Xa

6]. Even after purification, about 30% occupancy of water was observed in 

CMCC, while CMBB exhibited a significantly higher occupancy, reaching up to 80%. Results of 

luminescence measurements indicated that the Mo6 cluster was well-screened to show almost same 

luminescence wavelength regardless of the crystalline disorder. As purified CMCC exhibited a 

significantly longer PL lifetime compared to hydrated CMCC, it was indicated that formation of 

hydrogen bond between [{Mo6Xi
8}Xa

6]2- and water as well as potential fluctuation resulting from 

disorder in Cs site are causes for energy dissipation during luminescence process. To understand 
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the effects of water molecules in the crystal structure, we conducted DFT-D calculations on 

Cs2[{Mo6Xi
8}Xa

6] superlattices with varying amount and positions of water molecules. The DFT-

D calculations revealed that the incorporation of water molecules did not affect the trigonal lattice 

motif of the MC units but induced significant displacements of the Cs atoms due to electrostatic 

interactions with adjacent water molecules. As a result, the water-incorporated superlattices 

exhibited Cs atom disorders resembling those observed experimentally. The SR-XRD refinements, 

using the DFT-predicted structure model, effectively reduced the Rwp value compared to the 

conventional model, which suggest that DFT calculations provided more realistic structure. From 

these results, we conclude that the disorder of the Cs atoms in Cs2[{Mo6Xi
8}Xa

6] is due to their 

atomic displacements induced by water molecules without altering the trigonal lattice structure. In 

addition, this study highlights that DFT calculations can provide essential insights into disorders 

in MC-based compounds. 
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Synopsis 

Synchrotron XRD, FT-IR, PL spectroscopies, and DFT calculations reveal that water molecules 

incorporated into Cs2[{Mo6Xi
8}Xa

6] induce significant lattice disorder by displacing Cs atoms, 

thereby reducing the luminescent efficiency, although the fundamental trigonal structure remains 

intact. Unlike previous studies suggesting non-stoichiometry due to Cs disorder, this study finds 

that the Cs/[{Mo6Xi
8}Xa

6] ratio remains consistent, even with varying water content in the lattice. 

 

 

 

 

 

 

 


