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ABSTRACT 

Inclusion compounds of photoluminescent hexamolybdenum cluster complexes in the chromium 

terephthalate metal-organic framework, MIL-101 (MIL, Matérial Institut Lavoisier) were successfully 

synthesized in two different ways and characterized by means of powder X-Ray diffraction, chemical 

analysis and nitrogen sorption. Some important functional properties of hexamolybdenum cluster 

complexes for biological and medical applications, in particular singlet oxygen generation ability, 

luminescence properties, cellular uptake behavior and cytotoxicity were studied. It was revealed that 

the inclusion compounds possessed significant singlet oxygen generation activity. The materials 

obtained showed a low cytotoxicity, thus allowing them to be used in living cells. Confocal 

microscopy of human larynx carcinoma (Hep-2) cells incubated with the inclusion compounds showed 

that MIL-101 performed as a nanocarrier adhering to the external cell membrane surface and releasing 

the cluster complexes which that penetrated into the cells. Moreover, photoinduced generation of 

reactive oxygen species (ROS) in Hep-2 cells incubated with inclusion compounds was demonstrated. 

The cluster supported on MIL-101 was shown to possess in vivo phototoxicity. 

1 Introduction 

Octahedral molybdenum cluster complexes with the general formula [{Mo6X8}L6]
2–

 (X – Cl, Br 

or I; L – an organic or inorganic ligand) (see Fig. S1 for structure details) are gaining a lot of 

                                                 

† Equally contributed to the work reported. 
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attention these days due to a considerable degree to their outstanding luminescence properties. 

Indeed, these complexes demonstrate bright red/near-infrared emission which is characterized by 

high quantum yields and microsecond lifetimes under ultraviolet [1] and X-ray irradiation [2]. 

Recently, the [{Mo6I8}L6]
2–

 cluster complexes, where L are residues of some strong acids such as, 

for example, CnF2n+1COO
–
 (n = 1, 2, 3), OTs

–
 (p-toluenesulfonate) or NO3

–
, were shown to 

demonstrate the record values of the photoluminescence quantum yields (up to ~0.8) and lifetimes 

(up to ~360 µs) among all known transition metal cluster complexes [3-7]. Furthermore, the bright 

red/near-infrared luminescence produced by such cluster complexes is able to generate singlet 

oxygen [8-12] that can be used, for example, in photodynamic cancer therapy [13, 14]. The high 

quantum yields and ability to generate singlet oxygen make molybdenum cluster complexes 

attractive for biological and medical applications as bioimaging and biolabeling agents as well [15]. 

Though octahedral molybdenum cluster complexes possess such intriguing properties, the 

majority of the known {Mo6X8}
4+

-based cluster compounds are insoluble in water and/or 

potentially react with physiological environments [16-18]. This circumstance doesn’t allow them to 

be used in biological and medical applications. Recently, it was demonstrated that similar 

octahedral metal-cluster complexes could be either surrounded by specific biocompatible moieties 

[19-22], or encapsulated in bioinert matrices, e.g. organic polymers [3, 23-27], dendrimers [28] or 

inorganic oxides [8, 29-34] or metal-organic frameworks (MOFs) [35-38] that can prevent a 

chemical interaction with physiological media of these cluster complexes. 

The first outline of the concept of using MOF materials for drug delivery was made by G. Férey 

in 2006 [39, 40]. Therein, authors have exposed for the first time the remarkable capability of 

porous metal-organic frameworks for drug hosting and controlled delivery, with the chromium 

terephthalate metal-organic framework, MIL-100 and MIL-101 (MIL, Matérial Institut Lavoisier) 

acting as porous matrices and ibuprofen as a model substance. Later the different MOFs for delivery 

of various drugs were observed [41-46]. However, the applicability of MOFs is not limited by the 

“simple” encapsulation of small drug molecules with the following release of the loaded substances 

in physiological media. Some MOFs demonstrated inherent biological activity [47]. Another 

approach to biological active material is a post-synthetic modification of MOFs [45]. 

In this contribution, we report the preparation of new inclusion compounds combining a 

{Mo6I8}
4+

-based cluster complex and the nanosized metal-organic framework MIL-101 using two 

alternative approaches, namely the direct introduction of the hexamolybdenum cluster complex into 

MIL-101 and the introduction of the cluster complex into preliminary modified MIL-101 (the post-

synthetic modification approach). The molybdenum cluster complex possesses luminescence 
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properties and ability for singlet oxygen generation whereas chromium(III) oxoterephthalate MIL-

101 is a good candidate as storage matrix due to its outstanding stability and mesoporosity (see Fig. 

S2). Delivery of the inclusion compounds into Hep-2 cells and their photodynamic properties were 

also considered. 

2 Material and methods 

2.1 Synthesis section 

All reagents and solvents employed were commercially available and used as received without 

further purification. Pyrazine (≥99%) (pyz) was purchased from Sigma-Aldrich. The cluster 

compound (Bu4N)2[{Mo6I8}(NO3)6] was obtained according to the procedure described [25]. 

2.1.1 Synthesis of MIL-101 

Nanosized MIL-101 was synthesized according to the slightly modified procedure [48]. In a 

typical synthesis, chromium nitrate (1.2 g, 3 mmol), terephthalic acid (500 mg, 3 mmol), 3 M HF 

(1 mL, 3 mmol), and H2O (15 mL) were mixed in a Teflon lined autoclave, heated up to 220
 
C in 

3 h and kept at this temperature for 6 h. Then mixture was cooled down to the room temperature. 

The solid obtained was filtered off using a glass filter with the pore size 160 µm to remove crystals 

of excess terephthalic acid and then through a fine paper filter. The purification of the crude MIL-

101 product was carried out in four steps: double treatment with N,N-dimethylformamide (DMF) at 

60
 
C during 1 h per each treatment and then double treatment with hot ethanol at 70

 
C during 3 h 

per each treatment. The resulting material was finally dried overnight at 80
 
C. 

2.1.2 Synthesis of {Mo6I8}@MIL-101 (1) 

Cluster complex (Bu4N)2[{Mo6I8}(NO3)6] (50 mg, 0.020 mmol) was dissolved in 4 mL of 

CH2Cl2 and MIL-101 (300 mg, ~0.3 mmol) was added. The mixture obtained was stirred for 30 min 

at room temperature. After impregnation the solid product 1 was filtered off, washed with two 

portions of CH2Cl2 (2×500 μL) and dried in air at 70
 
°C. The yield of 1 was 330 mg. 

IR, ν/cm
−1

: 3100 (med, brd), 1698 (sh), 1654 (str), 1614 (str), 1550 (sh), 1506 (med), 1433 (sh), 

1400 (str), 1292 (med), 1157 (wk), 1105 (wk), 1018 (wk), 926 (wk), 881 (wk), 829 (wk), 808 (wk), 

777 (wk), 746 (med), 704 (wk), 663 (wk), 577 (med). 

Chemical analysis: Mo/Cr = 1/8.37. 
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2.1.3 Synthesis of MIL-101-pyz (2) 

MIL-101 (500 mg, ~0.5 mmol) was activated in dynamic vacuum during 6 h at 180 °C for 

complete removal of water (the residual pressure was 5∙10
–2

 mbar). After that MIL-101 was 

introduced to the toluene solution of pyrazine (pyz, 84 mg, 1.05 mmol) in 10 mL of toluene under 

the Ar flow. After stirring for 6 h at 80
 
ºC, and then 2 d at room temperature the solid product 2 was 

filtered off, washed with two portions of toluene (2×5 mL) and dried in air at 70 °C. The yield of 2 

was 270 mg. Anal. Calcd for Cr3OF(C8H4O4)3(C4H4N2)1,7(H2O)6 (C30.8H30.8Cr3FN3.4O19): C, 39.9; 

H, 3.3; N, 5.1. Found: C, 39.9; H, 3.3; N, 5.1. 

IR, ν/cm
−1

: 3100 (med, brd), 1701 (med), 1655 (str), 1612 (str), 1549 (str), 1506 (str), 1433 (sh), 

1400 (str), 1319 (med), 1294 (med), 1254 (med), 1157 (med), 1124 (sh), 1105 (med), 1057 (wk), 

1018 (med), 924 (wk), 881 (wk), 827 (med), 808 (med), 746 (str), 704 (str), 663 (med), 579 (str), 

463 (med). 

2.1.4 Synthesis of {Mo6I8}-MIL-101-pyz (3) 

Cluster complex (Bu4N)2[{Mo6I8}(NO3)6] (50 mg, 0.020 mmol) was dissolved in CH2Cl2 (4 mL) 

and 2 (150 mg, ~0.16 mmol) was added. The obtained mixture was stirred for 30 min at room 

temperature. After the reaction the solid product 3 was filtered off, washed with two portions of 

CH2Cl2 (2×500 μL) and dried in air at 70
 
°C. The yield of 3 was 170 mg. 

IR, ν/cm
−1

: 3428 (str, brd), 1695 (sh), 1670 (sh), 1624 (str), 1549 (med), 1508 (med), 1400 (str), 

1159 (wk), 1109 (wk), 1059 (wk), 1016 (wk), 883 (wk), 831 (wk), 748 (str), 665 (med), 588 (str). 

Chemical analysis: Mo/Cr = 1/3.83 

2.2 Extraction of cluster units from 1 and 3 

3 mg of 1 and 3 were placed in a glass vial of 10 mL and saline (3 mL) was added. The mixtures 

were then left for 24 h. As blank experiments, the MIL-101 and 2 were also placed in the similar 

experimental conditions. After extraction, the reaction mixtures were centrifuged (RCF 22000×g) 

and decanted. The supernatant 1 of yellow color was then investigated by Electrospray Ionization 

Mass Spectrometry (ESI-MS). As a reference sample for ESI mass spectrometry the solution 

obtained by hydrolysis of 40 mg of (Bu4N)2[{Mo6I8}(NO3)6] in 30 mL of distilled water was used. 

2.3 Analytical methods 

2.3.1 Chemical analysis 

Elemental analysis on C, H, N was carried out using Euro Vector EA3000. 
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Chromium and molybdenum content was determined by ICP-AES technique (Inductively 

Coupled Plasma Atomic Emission Spectroscopy) using iCAP 600 apparatus. Before the analyses 

the samples (ca. 20 mg) were digested in ca. 10 mL of an aqueous solution of potassium hydroxide 

(ca. 150 mg) and hydrogen peroxide (0.5 mL, 30%). 

2.3.2 Powder X-ray diffraction (XRD) 

XRD patters were collected on Shimadzu XRD 7000S diffractometer with λCu(Kα1, Kα2) = 

1.54059, 1.54439 Å, with the step of 0.03°/sec in the range of 2θ angles from 3° to 35°. 

2.3.3 Thermogravimetric analysis 

The thermogravimetric analysis was performed on NETZSCH TG 209 F1 Iris Thermo 

Microbalance. Approximately 10 mg of each sample were placed on an aluminum sample holder 

and heated from room temperature up to 700
 
°C with the rate of 10

 
°C·min

−1
 in a helium 

atmosphere. 

2.3.4 Surface area and porous structure 

Nitrogen adsorption measurements at 77 K were carried out using Autosorb iQ (Quantachrome 

Instruments). The samples were preliminary degassed in dynamic vacuum at 450 K for 20 hours. N2 

adsorption-desorption isotherms were measured within the range of relative pressures p/p0 from 

10
−4

 to 0.99. The specific surface area was calculated from the data obtained based on Brunauer-

Emmet-Teller and Langmuir models. The Gourvich and Saito&Foley approaches, as the most 

appropriated for the studied materials, were employed to estimate the total pore volume and the 

pore size distribution, respectively. 

2.3.5 Size and morphology 

High Resolution Transmission Electron Microscopy (HRTEM) images were made with a JEM-

2200FS (JEOL) microscope with a lattice-fringe resolution of 0.1 nm at an accelerating voltage of 

200 kV. Suspensions in isopropanol were deposited on carbonfilm-coated copper grids. 

2.3.6 ESI Mass-spectrometry 

The mass spectrometric (MS) detection was performed with direct injection of liquid samples via 

automatic syringe pump KDS 100 (KD scientific, USA) at 180 μL/h rate on an electrospray 

ionization quadrupole time-of-filght (ESI-q-TOF) high-resolution mass spectrometer Maxis 4G 

(Bruker Daltonics, Germany). Mass spectra were recorded in both positive and negative modes with 

300–3000 m/z range. The instrument parameters were: end plate offset 500 V; capillary voltage 
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−4200 V for positive mode, +2800 V for negative mode; nebulizer pressure 1 bar; dry gas flow 

4 L/min; dry gas temperature 180
 
°C. The MS calibration was performed with ESI-L calibration mix 

(Agilent, USA); typical resolution was ca. 50000, accuracy <1 ppm. 

2.3.7 Singlet Oxygen Generation 

The singlet oxygen generation was investigated as described previously [49, 50]. In a typical 

experiment 10 mg of MIL-101, 1, 2 or 3 and the solution of 29 mg (0.12 mmol) of 2,3-diphenyl-

para-dioxene in acetone-d6 (0.6 mL) were placed in a conventional NMR tube. After that, the 

mixture was saturated with oxygen for 5 min. The sealed tube was then irradiated by DRSh-500 

mercury lamp with a filtered light ( ≥ 400 nm). Then 
1
H NMR (200 MHz) spectra were collected 

on a Bruker Avance 200 NMR spectrometer. 

2.3.8 Luminescence properties 

For emission measurements, the powdered samples were placed between two non-fluorescent 

glass plates. The absorbance of an aqueous solution of hydrolyzed (Bu4N)2[{Mo6I8(NO3)6}] was set 

< 0.1 at 355 nm. The solution was poured into two quartz cuvettes and one of them was deaerated 

by purging with an Ar-gas stream for 30 min and then the cuvette was 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-12). For emission decay measurements, the emission 

was analyzed by a streakscope system (Hamamatsu Photonics, C4334 and C5094). The emission 

quantum yields were determined by an Absolute Photo-Luminescence Quantum Yield Measurement 

System (Hamamatsu Photonics, C9920-03), which comprised an excitation Xenon light source (the 

excitation wavelength was set at 380 nm), an integrating sphere, and a red-sensitive multichannel 

photodetector (Hamamatsu Photonics, PMA-12). 

2.4 Biological methods 

2.4.1 Cell Culture 

Human larynx carcinoma cell line (Hep-2) was purchased from the State Research Center of 

Virology and Biotechnology VECTOR and cultured in Eagle’s Minimum Essential Medium 

(EMEM, pH = 7.4) supplemented with a 10% fetal bovine serum under a humidified atmosphere 

(5% CO2 plus 95% air) at 37 °C. 
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2.4.2 MTT-assay 

The effect of the MIL-101, 1, 2 and 3 on the cells metabolic activity was determined using the 3-

[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) colorimetric assay. The Hep-2 

cells were seeded into 96-well plates at 5·10
3
 cells/well in a medium containing MIL-101, 1, 2 or 3 

with concentrations from 500 to 0.5 µg/mL and then incubated for 72 h under 5% CO2 atmosphere. 

Fresh culture medium was added to control cells. After that 5 µL of the MTT solution with the 

concentration of 5 mg/mL was added to each well, and the plates were incubated for 4 h and then 

solubilized with a dimethyl sulfoxide solution, as indicated in the manufacturer’s instructions. The 

optical density was measured with a plate reader Multiskan FC (Thermo scientific, USA) at the 

wavelength of 620 nm. The experiment was repeated three times on the separate days. 

2.4.3 Confocal Laser Scanning Microscopy (CLSM) 

Hep-2 cells were seeded on slides (1.5·10
5
 cells/slide) and incubated overnight at 37

 
°C under 

5% CO2 atmosphere. The medium was then replaced with a fresh medium containing 62.5 µg/mL 

of MIL-101, 1, 2 or 3 and incubated for 24 h. The cells incubated in the absence of investigated 

compounds were also used as a control. Finally, the cells were washed twice with phosphate buffer 

saline, fixed in 4% paraformaldehyde and visualized by using a Zeiss LSM 510 confocal 

microscope (Carl Zeiss Inc., Jena, Germany) equipped with a laser diode (405 nm) for fluorescence 

and with a 100× oil immersion objective. The images were obtained and analyzed with ZEN 2009 

software. 

2.4.4 Detection and quantification of ROS levels induced by {Mo6I8}@MIL-101 (1) on Hep-2 

cells 

Hep-2 cells were seeded in 96-well plate (1 × 10
4
 cells/well) and incubated overnight at 37 °C 

under 5% CO2 atmosphere. The medium was then replaced with a fresh medium containing 125, 

62.5 and 31.25 µg/mL of 1 and incubated for 24 h. The cells incubated in free media and with 

100 µM H2O2 were used as a negative and positive control respectively. The cells were pre-

incubated with 10 µM 5,6-carboxy-2’,7’-dichlorofluoresceindiacetate (DCFH-DA) (Sigma-Aldrich) 

in HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) for 5 min at 37 °C and then were 

irradiated with 500 W halogen lamp (λ ≥ 400 nm) for 15 min. Cell nucleus were stained by 

Hoechst 33342 IN Cell Analyzer 2200 (GE Healthcare, UK) was used to perform automatic 

imaging of four fields per well under 200X magnification, in fluorescence channels. The images 

produced were used to analyse DCFH-DA fluorescent intensity of positive cells among the whole 
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population using the IN Cell Investigator software (GE Healthcare, UK). Data represent the mean 

DCFH-DA fluorescence intensity. 

2.4.5 Photodynamic treatment by {Mo6I8}@MIL-101 (1) and {Mo6I8}-MIL-101-pyz (3) of Hep-

2 cells 

The Hep-2 cells were seeded in 96-well plates at the density of 5×10
3
 cells/well and cultured for 

24 h. The medium was then replaced with the fresh medium containing from 500 to 125 μg/mL of 

{Mo6I8}@MIL-101 (1) and {Mo6I8}-MIL-101-pyz (3) incubated for 24 h and then were irradiated 

with 500 W halogen lamp (λ ≥400 nm) for 30 min to apply a total light dose 20 J/cm
2
. Cells 

cultured in the medium without 1 served as a negative control. The viability of treated and control 

cells was assayed and analysed 4 h Hoechst/Propidium iodide (PI) staining as previously described 

by Lee et al [51]. The irradiated cells and control cells were stained with Hoechst 33342 (Sigma-

Aldrich) for 30 min at 37 °C and PI (Sigma-Aldrich) for 10 min at 37 °C. IN Cell Analyzer 2200 

(GE Healthcare, UK) was used to perform automatic imaging of six fields per well under 100X 

magnification, in brightfield and fluorescence channels. The images produced were used to analyse 

live, apoptotic and dead cells among the whole population using the IN Cell Investigator software 

(GE Healthcare, UK). 

3 Results and discussion 

3.1 Materials preparation and characterization 

Highly emissive and photodynamically active {Mo6I8}
4+

-based cluster complexes have a good 

potential as a luminescence probe or photosensitizer in biomedical applications such as bioimaging 

or photodynamic therapy, respectively. However, the low hydrolytic stability of such complexes 

leading to the formation of poorly soluble derivatives in aqueous solutions and therefore in 

physiological liquids limits their use in biomedicine. There are several approaches to prevent the 

undesirable hydrolysis of a soluble complexes [{Mo6I8}L6]
2–

. It is possible to introduce them into 

matrices of different nature: organic polymers [3, 23-25], inorganic porous solids such as silicon 

dioxide [8, 29, 30, 33, 34] or metal-organic frameworks [36, 37].  

The encapsulation of [{Mo6I8}(NO3)6]
2–

 into nanosized MIL-101 led to the formation of 

inclusion compound 1 with “host-guest” interaction type. Recently, the encapsulation of different 

cluster complexes of molybdenum and rhenium, namely (Bu4N)2[{Mo6Br8}F6], 

(Et4N)2[{Mo6Cl8}Cl6], (Bu4N)4[{Re6S8}(CN)6], K4[{Re6S8}(HCOO)6] and K4[{Re4S4}F12] into 

MIL-101 matrix was demonstrated [35-38, 52]. It was shown that such anionic clusters readily 
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penetrate into the cages through large windows (10–15 Å) and interact strongly with the matrix due 

to the positive electrical charge of the MIL-101 framework. The elemental analysis of the 

compound 1 showed the ratio of Cr/Mo = 8.37 that corresponded to 0.06 clusters per formula unit 

of MIL-101 or ca. 0.7 clusters per each mesocage of the framework. 

Inclusion of cluster complexes into MOFs occurs readily as well as, unfortunately, their leaching 

outside from the pores. We have suggested a novel approach to anchor cluster complexes inside a 

MOF-matrix by using an additional ditopic ligand. To demonstrate the validity of such idea, 

mesoporous chromium terephthalate MIL-101 and its pyrazine-modified derivative MIL-101-pyz 

[53] were used for hexamolybdenum cluster inclusion. 

In our present work, pyrazine-modified framework MIL-101-pyz (2) was used for covalent 

binding of the hexamolybdenum cluster complex via N atom of the ditopic pyrazine ligand. The 

introduction of [{Mo6I8}(NO3)6]
2–

 into 2 led to the formation of compound 3 with the covalent bond 

between the cluster unit and framework. Such type of connectivity is performed due to the high 

lability of terminal NO3
–
-ligands of the cluster complex that are substituted by the pyrazine groups 

presented in 2. Earlier, the complexes [{Mo6X8}(NO3)6]
2–

 (X = Cl, Br or I) were used as precursors 

for preparation of hybrid materials with the general formula {Mo6X8}@PS-SH (PS-SH is thiol-

containing polystyrene microspheres) by the treatment of PS-SH with the corresponding cluster 

complex. It resulted in the substitution of six NO3
–
-ligands by thiol groups of the polymer matrix 

[23, 25]. Here we demonstrate a similar approach with substitution of NO3
–
-ligands by nitrogen 

atom of pyrazine bound to MIL-101. The elemental analysis of 3 showed the ratio of Cr/Mo = 3.83 

that is corresponded to 0.13 cluster units per formula unit of MIL-101-pyz or 1.47 clusters per 

mesocage of the framework. 

The shape and the morphology of the starting MIL-101 prepared here were characterized via 

TEM (Fig. S3). The electron microscope image showed that the compound is a crystalline powder 

with the crystal size of about 100-200 nm. Powder XRD patterns of MIL-101 and synthesized 

compounds 1–3 are shown in Fig. S4. The powder XRD data confirmed that all modifications of 

MIL-101 (cluster complex inclusion and covalent modification with pyrazine) did not affect the 

structure of the framework.  

High porosity of the compounds obtained was established by nitrogen cryoadsorption. Textural 

parameters of MIL-101 and samples 1–3, adsorption–desorption isotherms at 77 K are presented in 

Supplementary Information (Table S1, Fig. S5). Compounds 1–3 are highly porous, nevertheless 

compounds 1–3 demonstrate lower nitrogen adsorption capacity, total pore volume and surface area 
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compared with the starting MIL-101. Such changes in adsorption behavior are due to partial 

occupying of inner free volume of MIL-101 by cluster complexes and pyrazine molecules and 

higher density of the material. Thus, the compounds obtained keep the porous structure of pristine 

MIL-101 along with a slight decrease in pore volumes and pore widths (Fig. S6). 

3.2 Stability of the cluster doped materials in water 

To prove the strong binding of the cluster units by MIL-101-pyz (2) the additional experiments 

were carried out. The compounds 1 and 3 were placed in physiological saline and left for 24 h. As 

blank experiments, the MIL-101 and 2 were also kept under the same experimental conditions. 

After the extraction and the following centrifugation it was observed that the supernatant in case of 

the compound 1 was colored (Fig. 1). In contrast, in the case of compound 3, the supernatant was 

almost colorless, visually confirming the strong binding of cluster units and MIL-101 framework 

via ditopic pyrazine ligand by means of a bond “N atom of pyrazine molecule – {Mo6I8}-unit”. 

 

Fig. 1. Aqueous supernatants MIL-101, 1, 2 and 3 after extraction. Supernatant 1 is yellow. 

The yellow supernatant 1 was then investigated by ESI mass-spectrometry. The mass spectrum 

obtained was absolutely the same as the spectrum of hydrolyzed [{Mo6I8}(NO3)6]
2–

 (Fig. S7a). The 

hydrolysis of [{Mo6I8}(NO3)6]
2–

 cluster complex in distilled water resulted in the formation of 

different cluster ions, as it was confirmed by ESI mass-spectrometry of the resultant solution. Thus, 

in the region of m/z from 810 to 900 (positive mode) a set of signals with complicated structure was 

observed (Fig. S7b). Detailed analysis of the spectrum showed the presence of a number of cluster 

ions, resulted from the substitution of the terminal NO3
−
 ligands. The spectrum is in a good 

agreement with simulation (Fig. S7b and Fig. S8), which is the sum of peaks corresponding to 

different cationic units, namely ({Mo6I8}(OH)2·xH2O)
2+

 and ({Mo6I8}(OH)(NO3)·yH2O)
2+

 (where x 

= 1–9 and y = 0–6). However, the increase of pH to the physiological value of 7.4 led to the 
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precipitation of the poorly water-soluble neutral aquahydroxo complex 

[{Mo6I8}(H2O)2(OH)4]·zH2O accompanied by the bleaching of solution (Fig. S9) [29]. 

3.3 Photophysical studies 

3.3.1 Luminescence properties 

Luminescence from the powdered samples of the starting MIL-101, compounds 1 and 3 as well 

as from hydrolyzed [{Mo6I8}(NO3)6]
2–

 in both aerated and deaerated aqueous solutions was studied. 

The emission spectra are shown in Figs. 2 and S10, and the emission maximum wavelengths (λem), 

quantum yields (Φem), and lifetimes (τem) are summarized in Table 1. Despite the fact that the red 

photoluminescence of the samples can be easily observed by a naked eye, photoluminescence 

quantum yield values are too low to be properly determined using the integrating sphere, i.e., are 

less than 0.01. 

 

Fig. 2. Corrected luminescence spectra of MIL-101 and hybrid compounds 1 and 3. Spectra were recorded 

under identical experimental conditions. 

In the spectra, two peaks with the maximum (λem) at ~430 nm and ~780 nm were observed. 

These peaks can be attributed to the ligand-to-metal charge transfer (430 nm) [54-56] and the 

transition 
2
E → 

4
A2 in the Cr

III
 atoms (780 nm) [36, 57]. Broad luminescence peak with the 

maximum at ~700 nm for 1 and 3 definitely referred to the molybdenum cluster complex 

incorporated into the MOF. However, the “cluster” emission intensity for 3 was much lower than 

that for 1. The difference in the emission intensity (Fig. 2) as well as in emission lifetimes (Table 1) 

between 1 and 3 can be explained by different outer ligand environment of the loaded cluster 

complex [{Mo6I8}(NO3)6]
2–

 due to the substitution of terminal NO3
−
-ligands by pyrazine molecules 
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coordinated to Cr atoms in 2. Similar decrease in the "cluster" emission intensity was previously 

observed after internalization of [{Mo6I8}(NO3)6]
2–

 into PS-SH that was also accompanied by NO3
–

-ligand substitution [23, 25]. On the other hand, coordination of {Mo6I8}
4+

 cluster units by 

conjugated pyrazine ligands led to the formation of the alternative energy dissipation pathway 

“cluster nucleus → conjugated ditopic ligand → metal-organic framework”. Such pathway was 

previously demonstrated by the similar decrease in the luminescence intensity of MIL-101-bipy 

impregnated by the solution of [{Re6S8}(HCOO)6]
4–

 in comparison with [{Re6S8}(HCOO)6]
4-

@MIL-101 [35]. Also it should be kept in mind that both luminescence lifetimes and quantum 

yields quite strongly depend on oxygen presence. Thus, a deaerated aqueous solution of the 

hydrolyzed complex [{Mo6I8}(NO3)6]
2–

 was characterized by about 7 times longer emission 

lifetime and one order of magnitude higher quantum yield than the aerated solution (Fig. S10, Table 

1). 

Table 1. Photophysical parameters of samples studied. 

Sample λem / nm τem / s (A) Φem 

Solid samples 

MIL-101 424, 783 

1 = 2.75 (0.01)

2 = 0.48 (0.08)

3 = 0.08 (0.91) 

<0.01 

1 424, 690 

1 = 14.3 (0.02)

2 = 0.88 (0.19)

3 = 0.16 (0.79) 

<0.01 

3 431, 740 

1 = 7.28 (0.02)

2 = 1.36 (0.19)

3 = 0.25 (0.79) 

<0.01 

Aqueous solutions 

hydrolyzed (Bu4N)2[{Mo6I8}(NO3)6], aerated 700 8.16 0.02 

hydrolyzed (Bu4N)2[{Mo6I8}(NO3)6], deaerated 700 55.3 0.11 

3.3.2 Singlet oxygen generation 

As it was demonstrated in Table 1 and in some previous papers, the photophysical parameters of 

hexamolybdenum cluster complexes in solutions, emission lifetimes and quantum yields in 

particular are very sensitive to the presence of molecular oxygen [3, 6, 24, 58, 59]. One of the 

reasons of such emission quenching is the energy transfer from the excited cluster complex to triplet 

oxygen (
3
O2) resulting in the generation of singlet oxygen (

1
O2) [11, 60]. Since the compounds 1 

and 3 are porous enough for molecular oxygen penetration, the investigation of singlet oxygen 

generation ability was carried out (Fig. S11). The compound 2,3-diphenyl-para-dioxene is well-

established as a singlet oxygen trap, being easily oxidized by the singlet oxygen to form ethylene 
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glycol dibenzoate (Scheme S1). The calculated conversions of 2,3-diphenyl-para-dioxene after 

photoirradiation by light with λ ≥ 400 nm are given in Table 2 and Fig. S12. 

Table 2. Singlet oxygen generation under visible light irradiation (λ ≥ 400 nm) 

Sample 
Conversion of 2,3-diphenyl-para-dioxene / % 

1 h 3 h 5 h 

MIL-101 0.1 0.5 0.5 

1 1.0 2.4 5.8 

2 0 1.1 1.2 

3 0.3 1.9 5.4 

Cluster containing compounds 1 and 3 demonstrate satisfactory activity in the singlet oxygen 

generation, whereas for MIL-101 as well as for its pyrazine derivative 2 only negligible conversion 

of 2,3-diphenyl-para-dioxene was observed. Moreover, the singlet oxygen generation activity is 

comparable for both 1 and 3 in spite of two times higher cluster content in 3 than in 1. Nevertheless, 

the activities in the singlet oxygen generation of MIL-101 based inclusion compounds are higher 

than those recently estimated for hexamolybdenum cluster-doped silica microparticles of 500 nm 

[29]. 

3.4 Biological properties 

3.4.1 Cytotoxicity on Hep-2 cells 

The toxicity of compounds plays crucial role for their implementation in photodynamic therapy 

and other bioapplications. Chromium containing compounds have an especial issue due to a very 

high Cr
VI

 toxicity. In our investigation we use the quite stable compound MIL-101 containing Cr
III

 

which toxicity is much less than Cr
VI

. Even so, we evaluated the influence of MIL-101, 1, 2 and 3 

on the metabolic activity of Hep-2 cells using the MTT-assay. The yellow tetrazolium MTT (3-(4,5-

dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) is reduced by metabolically active cells, 

namely because of dehydrogenase enzymes’ activity. The resulting intracellular purple formazan 

can be solubilized and quantified by means of spectrophotometry. The rates of metabolically active 

cells were determined against the negative control. We showed that the concentrations of 1 and 

MIL-101 from 0.5 µg/mL to 125 µg/mL did not affect viability of the cells, i. e. the cells viability 

was more than 80 %. The half maximal inhibitory concentrations (IC50) of MIL-101 and 1 for cells 

were estimated to be 744±16 µg/mL and 535±48 µg/ml respectively. Compounds 2 and 3 had 

stronger effect on the metabolic activity of cells. For example, the cell viability after treatment by 2 

and 3 was less than 80 % in the same range of the concentrations up to 125 µg/ml, suggesting that 
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the concentrations of 2 and 3 less than 62.5 µg/ml were allowed for further biological applications. 

IC50 of 2 and 3 for the cells were equal to 407±26 µg/mL and 339±16 µg/mL, respectively (Fig. 3). 

Thus, the results obtained on the influence of MIL-101 and its derivatives on Hep-2 viability 

showed that the pristine MIL-101 and its inclusion compounds with the hexamolybdenum cluster 

complexes have a low cytotoxicity. Furthermore, the pyrazine free compounds MIL-101 and 1 have 

lower cytotoxicity than their pyrazine containing counterparts. 

 

Fig. 3. Effect of MIL-101 and its derivatives with hexamolybdenum cluster complexes and pyrazine 1–3 on 

viability of Hep-2 cells measured by MTT. 

3.4.2 Confocal microscopy 

To assess the ability of MIL-101 and compounds 1–3 to internalize into cells, confocal 

fluorescence microscopy of the Hep-2 cells after combined incubation with the medium containing 

62.5 µg/mL MIL-101, 1, 2 or 3 was carried out. The images obtained (Fig. 4) have demonstrated, 

that MIL-101 and 1–3 adhered to cell membrane and did not penetrate into the intracellular space. 

Pyrazine derivatives showed stronger ability to adhere to the surface of the cell membrane in 

comparison with the pristine MIL-101. After cell incubation with 1 it was observed that the 

cytoplasm of cells displayed diffuse red fluorescence, which was indicative of the penetration of the 

fluorescent substance inside the cells. Since the distribution of red fluorescence within the 

cytoplasm was uniform, the cluster complexes included in 1 presumably came out of the framework 

and diffused through the cell membrane into the cytoplasm (Fig. 4). It clearly indicated the auxiliary 

effect of MIL-101 matrix which provided delivery of the cluster complexes up to the cell membrane 

without leaching and dissipation, whereupon the cluster complexes could penetrate into the 

cytoplasm. 
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On the contrary, cell incubation with 3 led only to the red luminescence from external cell 

surfaces due to the impossibility of the penetration of MIL-101 through the cell membrane as well 

as strong bonding of the cluster complexes through pyrazine moieties with metal-organic 

framework. Thus, in this case the penetration of the cluster complexes into cellular space did not 

occur. 

 

Fig. 4. Cellular uptake of cluster complexes after incubation of Hep-2 cells with MIL-101, 1, 2 or 3 

visualized by confocal fluorescence microscopy: red fluorescence (I), differential interference contrast (II) 

and merged images (III). Magnification is X100. 
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3.4.3 Reactive oxygen species generation in living cells 

As it was shown above, the hexamolybdenum cluster-doped MIL-101 materials are able to 

generate singlet oxygen. Since photodynamic therapy (PDT) is based on the generation of different 

reactive oxygen species (ROS) such as singlet oxygen 
1
O2, which is widely considered to be the 

main cytotoxic agent in PDT damaging and inducing apoptosis of tumor cells, the next stage of this 

study was to determine and quantify the ROS level inside Hep-2 cells induced by 1. To monitor the 

presence of intracellular ROS, we used cell-permeable fluorescent probe 5,6-carboxy-2’,7’-

dichlorofluoresceindiacetate (DCFH-DA) sensitive to oxidation by different ROS including singlet 

oxygen. The cells incubated in free media and with H2O2 as irradiation-independent ROS were used 

as a negative and positive control, respectively. The fluorescence of DCFH-DA and corresponding 

ROS level are high and do not depend on light in the presence of H2O2 (Fig. S13) whereas the ROS 

level in the cells incubated in free media is negligible both before and after irradiation. The cells 

incubated in the presence of compound 1 have demonstrated bright green fluorescence after 

photoirradiation which is clearly indicated about high ROS level (Fig. S14). As it is shown in Fig. 5 

the ROS level increase in a concentration-dependent manner upon photoirradiation, whereas the 

level of fluorescent intensity before photoirradiation was several times lower. Thus, these data 

confirmed that 1 is not only able to generate ROS in vitro (See 3.2.2), but also in the living cells. 

 

Fig. 5. Detection and quantification of ROS levels induced by 1 on Hep-2 cells before (blue columns) and 

after (red columns) photoirradiation, respectively. Data represent the mean DCF fluorescence intensity. 

3.4.4 Photodynamic treatment on Hep-2 cells 

We have established that hexamolybdenum clusters included in MIL-101 can come out of 

the framework and diffuse through the Hep-2 cell membrane into the cytoplasm (Fig. 4) 
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where they possess ROS generation ability (Fig. 5). Both these factors play a crucial role in 

employing compound 1 as a tool for intracellular photosensitisation. Compound 3 could be 

used as a negative control, because it strongly bonded to MIL-101 and cannot penetrate into 

the cells. Hep-2 cells were treated by compounds 1 and 3 and then treated and untreated 

control cells were irradiated by light with λ ≥ 400 nm and evaluated by viability, apoptosis 

and proliferation assay. The results obtained in our evaluation of the photodynamic activity 

of 1 and 3 against Hep-2 cells are presented in Fig. S15-16. It was shown that Hep-2 cells 

treated by 1 in concentration 500 μg/mL have 7±1.3% of dead cells after light irradiation, 

while dead cells were detected neither in control group nor in the cells treated by 3 Thus, 

such an approach is very promising to apply in photodynamic therapy using clusters with 

more intense luminescence as well as by prolonging time of irradiation or against special 

forms of cancer. 

4 Conclusions 

Two approaches to introduce photoactive hexanuclear molybdenum cluster complexes into the 

mesoporous metal-organic framework MIL-101 have been applied. The first approach was based on 

classical guest inclusion technique; the second one consisted in the post-synthetic modification of 

the conventional MIL-101 matrix by the substitution of pyrazine for aqua ligands at chromium 

atoms and then strong binding with the hexamolybdenum cluster complexes through the ditopic 

pyrazine strut. The modified solids have kept the structure and porosity of the pristine framework 

and demonstrated typical for hexamolybdenum cluster complexes red long-lived 

photoluminescence, which is responsible for reactive oxygen species generation typical for 

hexamolybdenum clusters. The special attention was paid to stability of materials obtained towards 

aqueous solutions. Thus, the behavior of soluble hexamolybdenum clusters with apical nitrate 

ligands as well as cluster doped MIL-101 in aqueous solutions was investigated. Rapid hydrolysis 

resulted in substitution of nitrates by water and hydroxyl ligands and forming a number of 

aquahydroxo complexes has been established by comparison of ESI-MS experimental and 

simulated spectra. 

More importantly that at biological pH cluster complexes precipitate from the solution what is 

limiting of their application for photodynamic therapy. Whereas confocal microscopy confirmed 

that MIL-101 performed as a nanocarrier for octahedral metal cluster complexes, that could 

penetrate through the cellular membrane from MIL-101 nanoparticles adhered to the external 

surface of the cell, though in the case of strongly bonded cluster complexes to MIL-101-pyz matrix 

via pyrazine ligand the penetration does not occur. 
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The MTT study revealed a low cytotoxicity of pristine chromium metal-organic framework and 

molybdenum cluster inclusion compounds both with and without pyrazine strut. The optimal 

concentration of the cluster-containing materials for biological application was established to be at a 

level below 62.5 µg/mL. Furthermore, photoinduced reactive oxygen species generation in living 

cells by the released from MIL-101 cluster complexes was established. Also, we have demonstrated 

the ability of such a type of materials to apply in photodynamic therapy. The values obtained are not 

very high but significant, so we believe that the approach described is prospective and should lead 

to a new family of efficient materials for photodynamic treatment. 
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5 Synopsis 

Hexamolybdenum clusters possessing red fluorescence were introduced into nanosized chromium 

terephthalate metal-organic framework. Clusters anchored via pyrazine cannot penetrate into cells 

whereas clusters from pyrazine-free compound transport through membrane and generate singlet 

oxygen in cancer Hep-2 cells. Thus, such system is a suitable nanocarrier for applications in 

photodynamic therapy. 
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6 Highlights 

 Molybdenum clusters in mesoporous chromium terephthalate metal-organic framework 

 Luminescence of hybrids were investigated and compared to clusters in solutions 

 Cytotoxicity of all compounds were established at low level. 

 Penetration of clusters into Hep-2 cells were observed for pyrazine-free compound. 

 Generation of reactive oxygen species were tested in vitro and in living cells. 


