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Successful encapsulation of polyoxometalate (POM) within the framework of a mesoporous iron

trimesate MIL-100(Fe) sample has been achieved by direct hydrothermal synthesis in the absence of

fluorine. XRPD, 31P MAS NMR, IR, EELS, TEM and 57Fe M€ossbauer spectrometry corroborate the

insertion of POM within the cavities of the MOF. The experimental Mo/Fe ratio is 0.95, in agreement

with the maximum theoretical amount of POM loaded within the pores of MIL-100(Fe), based on

steric hindrance considerations. The POM-MIL-100(Fe) sample exhibits a pore volume of 0.373 cm3

g�1 and a BET surface area close to 1000 m2 g�1, indicating that small gas molecules can easily diffuse

inside the cavities despite the presence of heavy phosphomolybdates. These latter contribute to the

decrease in the overall surface area, due to the increase in molar weight, by 65%. Moreover, the

resulting Keggin containing MIL-100(Fe) solid is stable in aqueous solution with no POM leaching

even after more than 2 months. In addition, no exchange of the Keggin anions by tetrabutylammonium

perchlorate in organic media has been observed.
Introduction

The numerous applications of polyoxometalates (POM) in acid

and oxidation catalysis have recently attracted great attention.1

However, their applications are limited by their low specific

surface area, low stability under catalytic conditions and high

solubility in aqueous solution. One of the strategies to overcome

these drawbacks consists of their encapsulation within porous

solid matrixes. Recently, this strategy was applied to a few

selected large pores Metal Organic Frameworks (MOFs),2 crys-

talline solids that combine a versatile and easily tunable hybrid

framework and an important ordered porosity.3,4

Recently, studies of many POM based MOFs have been

reported,3 built up from the association (direct or post-synthesis)
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of POMs, mono- or divalent cations (Ag, Cu, Zn.) and different

types of linkers (carboxylates, pyrazolates, bipyridine.). POMs

are either encapsulated within the pores or are directly part of the

framework. However, very little information is reported on their

stability (leaching) and/or their real accessible porosity. An

interesting case concerns the direct synthesis of the highly porous

copper trimesate HKUST-1 loaded with POM moieties,5

with however a low resulting (Langmuir) surface area, close to

460 m2 g�1.1 The authors reported interesting catalytic properties

but as it is well established that copper carboxylate based MOFs

dissolve in water, this might rule out their practical use for liquid

phase applications.6 As a result, most POM-loaded MOFs

reported so far probably lack sufficient thermal and chemical

stability to prevent leaching and allow an appropriate diffusion

of catalytic reactants. In consequence, there is still a strong need

to develop new POM-MOF stable supports.

Some of us reported recently the mesoporous metal poly-

carboxylates with a zeotype architecture denoted MIL-1007 or

MIL-1014 (MIL stands for Material from Institut Lavoisier). Both

solids are built up from iron or chromium oxo-centred trimers

connected by polycarboxylate linkers resulting in hybrid super-

tetrahedra, further delimiting two sets of mesoporous cages

(Fig. 1).8 As a result, MIL-100(Fe) and MIL-101(Cr) exhibit upon

dehydration an important porosity (for MIL-100(Fe, Cr), SBET¼
1900 m2 g�1, Vp ¼ 1.2 cm3 g�1, for MIL-101(Cr), SBET ¼ 3200–

4200 m2 g�1, Vp¼ 1.6–2.3 cm3 g�1) with the presence of a significant

amount of accessible Lewis acid metal sites.9,10 In the case of MIL-

101(Cr), the larger mesoporous cages (34 �A) are accessible through

large microporous windows (16 �A), allowing an easy post-

synthesis loading of POMs within these pores.4 Several studies

have reported the loading of various types of metal substituted

POMs in MIL-101(Cr), including details on their catalytic pro-

perties as well as insights into their stability.5,11,12 However, the

high toxicity of chromium makes it necessary to develop loading
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 A) Schematic view of MIL-100(Fe): trimers of iron octahedra and

trimesic acid (left), the resulting hybrid supertetrahedra (centre) and one

unit cell (right). Ball and stick view (Fe octahedra: grey, O: black, C: grey).

B) XRPD patterns of MIL-100(Fe)noF and H3PMo12@MIL-100(Fe)noF.
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methods of POMs in the less toxic iron based MOFs. In the case

of MIL-100(Fe) or FeIII
3O(H2O)2(F){C6H3(CO2)3}2$nH2O (n ¼

14.5),8 the mesoporous cages of ca. 25 and 29 �A free diameters are

accessible through pentagonal and hexagonal windows of free

diameter close to 5.5 and 8.6 �A, respectively, which rules out the

possibility of a post-synthesis encapsulation of POMs within its

pores. On the other hand, if one could synthesise directly a POM-

loaded MIL100(Fe) solid, this would decrease the risk of any

catalyst leaching. In addition to its low toxicity, MIL-100(Fe)

fulfils many of the conditions required for a POM support: i)

cheap composition, ii) high thermal (270 �C under air) and

hydrothermal stability, and iii) 3D mesoporous system suitable

for high POM loading capacities as well as easier diffusion of the

gaseous reactants.

Here, we propose a synthesis method for the encapsulation

within the pores of MIL-100(Fe) matrices of a model oxidative

catalyst phosphomolybdate [PMo12O40]3� Keggin hetero-

polyanion. This POM is hydrothermally stable and possesses

a 13 �A van der Waals diameter.13 Phosphomolybdates are also

oxidative heterogeneous catalysts in gas or liquid phases,14 and

can activate C–H bonds in aromatic and alkyl aromatic

compounds and oxygenate such substrates according to a

Mars–van Krevelen-type mechanism in both phases15

Different synthetic methods have been investigated: (i) direct

synthesis of MIL-100(Fe) in the presence of heteropolyacid; (ii)

direct synthesis of heteropolyanion inside the cages of formed

MIL-100(Fe) and (iii) post-synthesis impregnation of MIL-

100(Fe) with an aqueous solution of the heteropolyanion.
Experimental section

Synthesis

Synthesis of MIL-100(Fe)noF (noF stands for no fluorine). A

mixture of FeCl3$6H2O (1mmol, 162.2 mg) and trimethyl 1,3,5-

benzenetricarboxylate (0.66 mmol, 138,7 mg) dispersed in 5 mL

of water was heated for three days at 130 �C in a Teflon lined
This journal is ª The Royal Society of Chemistry 2011
autoclave. Then, the orange solid was recovered by filtration,

washed with acetone and dried under air. Yield: 47%.

Direct synthesis of PMo12O40
3� in the presence of MIL-

100(Fe)noF. 100 mg of MIL-100(Fe)noF (100 mg of orange-pink

solid) was added under stirring into an aqueous solution

composed of 1.45 g of Na2MoO4$2H2O, 170 mL of water and

3.4 mL of H3PO4 (0.14 mol L�1). The pH was adjusted to 1.8 by

the addition of concentrated H2SO4 resulting in a yellowish

solution. The UV-visible spectrum of the filtrate indicates the

presence of [PMo12O40]3� ions. After different contact times

(from 2 h to 16 h), the solid was recovered and washed with

distilled water until a colourless filtrate was obtained. Then, the

solid was dried with ethanol and ether and then collected by

centrifugation. Due to dissolution of the MOF with time, 80 mg

of solid was collected after one hour against a smaller amount,

40 mg, after 16 h. In order to estimate the influence of pH on the

aqueous stability of MIL-100(Fe)noF, a suspension of MIL-

100(Fe)noF was acidified up to pH 1.8 by adding concentrated

H2SO4. After one hour, the solid was recovered by centrifugation

(15000 rpm, 5 min) and characterized by IR.

Synthesis of MIL-100(Fe) in the presence of H3PMo12O40,

denoted H3PMo12@MIL-100(Fe)noF. FeCl3$6H2O (1.89g) was

dissolved into a solution of H3PMo12O40 (3.15 g) in 50 mL of

water. Then triethyl 1,3,5-benzenetricarboxylate (1.36 g) was

added. The mixture was heated for three days at 130 �C in

a Teflon lined autoclave. Then, the orange solid was recovered by

filtration and washed with ethanol and ether.

Synthesis of MIL-100(Fe) in the presence of Na6P2Mo18O62.

FeCl3$6H2O (1.89 g) was dissolved into a solution of Na6P2-

Mo18O62 (4.43 g) in 50 mL of water. Then triethyl 1,3,5-benzene-

tricarboxylate (1.36 g) was added. The mixture was heated for three

days at 130 �C in a Teflon lined autoclave. Then, the orange solid

was recovered by filtration and washed with ethanol and ether.
Impregnation

Impregnation of MIL-100(Fe)noF with Na2HPMo12O40. 1 g of

MIL-100(Fe)noF was suspended in 100 mL of water. After the

addition of 400mg of Na2HPMo12O40 the slurry was stirred at

room temperature for 20 h (pH¼ 2.6). The solid was collected by

filtration, and washed several times with distilled water until

a colourless filtrate was obtained. 1 g of solid were recovered and

is designed hereafter as Na2HPMo12/MIL-100(Fe)noF

Impregnation of MIL-100(Fe)noF with H3PMo12O40. 0.1 g of

MIL-100(Fe)noF was suspended in 10 mL of water. After the

addition of 40 mg of H3PMo12O40 the slurry was kept under

stirring at room temperature for 5 h. The solid was collected by

filtration, and washed several times with distilled water until

a colourless filtrate was obtained. 45 mg of solid were recovered.
Instrumentation

X-Ray powder diffraction (XRPD) patterns were recorded at

room temperature with a Siemens D 5000 diffractometer using

Cu Ka1,2 radiation (l ¼ 1.54059, 1.54439 �A).
J. Mater. Chem., 2011, 21, 1226–1233 | 1227
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X-Ray thermodiffractometry (XRTD) was performed under

air in an Anton Paar HTK16 high temperature device of

a Siemens D 5000 diffractometer (q–q mode) using Co Ka radi-

ation (l ¼ 1.7903 �A), and equipped with a M Braun linear

position sensitive detector (PSD). Samples were deposited

directly on the heating platinum support connected to a ther-

mocouple. Patterns were recorded from 20 �C to 430 �C every

10 �C, with a temperature ramp of 1.8 �C min�1. The temperature

was stabilized 2 min before every measurement; each data

collection lasted 570 s.

Thermogravimetric analyses (TGA) were carried out under air

(60 mL min�1) with a Perkin-Elmer electrobalance TGA-7 at

a heating rate of 5 �C min�1 up to 600 �C. Infrared spectra of KBr

pellets were recorded on a Fourier transform Nicolet 550 appa-

ratus.

The 31P NMR spectra were recorded on a Bruker DSX-300

spectrometer operating at 121.51 MHz, with a classical 4 mm

probe head allowing spinning rates up to 10 kHz. The chemical

shifts are given relative to 85% H3PO4 (external reference,

precision 0.5 ppm). As the recycle delay can be very high in

crystalline POMs, this parameter was carefully checked. If for

the pure heteropolyacid T1 was of some seconds, it was very

short (less than 0.1 s) for the polyacid entrapped in the MOF.

The chemical shift anisotropy was determined by using DMFIT

and spectra recorded at low spinning rates.
57Fe M€ossbauer spectra were recorded in transmission geo-

metry using a conventional acceleration spectrometer and a 57Co

source diffused into a rhodium matrix. The sample consists of

a thin layer of powder containing 15 mg Fe while the experi-

mental conditions are detailed above. Both the velocity and

isomer shift values were calibrated using an a-Fe foil at 300 K.

M€ossbauer spectra were recorded at 77 K.

Bright field TEM, HAADF-STEM and EELS experiments

were performed on a JEOL 3000F TEM/STEM microscope

operated at 300 kV and equipped with a GIF-2000 post-column

spectrometer. The EELS experiments were carried out in

diffraction mode using a convergence semi-angle a of 0.9 mrad,

a collection semi-angle b of 1.8 mrad, an energy dispersion of

0.3 eV per pixel and an energy resolution of approximately

1.2 eV. All core-loss spectra were background subtracted, aligned

using the onset of the carbon peak (at 283 eV), deconvoluted

using the zero-loss peak and normalized in intensity to their

maxima. The HAADF-STEM images were taken with an

approximate inner ADF detector semi-angle of 40 mrad.
Results and discussion

POM insertion into porous MIL-100(Fe) solid was investigated

using several methods: direct synthesis, in situ formation of the

POM within preformed MIL-100(Fe) and, finally, post-synthesis

loading of the POM. Then, the stability towards leaching of the

different solids was evaluated.
Fig. 2 TGA under air (2 �C min�1 heating rate) of MIL-100(Fe)noF and

MIL-100(Fe) (grey) synthesized in the presence of H3PMo12O40 (black).
Direct synthesis of POM loaded MIL-100(Fe)

In order to achieve a direct synthesis of a POM loaded MIL-

100(Fe) solid, the conditions reported for MIL-100(Fe) had to be

considered first. This used hydrothermal conditions and

a mixture of iron metal, trimesic acid, hydrofluorhydric acid and
1228 | J. Mater. Chem., 2011, 21, 1226–1233
nitric acid leading to a fluorinated MIL-100(Fe) sample, denoted

here as HF-MIL-100(Fe).8 In the present case, the presence of

iron metal was of high concern due to the potential reduction of

the phosphomolybdates. Thus, other synthesis conditions had to

be defined. Using iron chloride FeCl3$6H2O and an ester of

trimesic acid (trimethyl 1,3,5-benzenetricarboxylate) in water at

130 �C for three days (see experimental section), a crystalline

non-fluorinated material, denoted MIL-100(Fe)noF, was

obtained as confirmed by X-ray powder diffraction (Fig. 1). This

new route offers many advantages in comparison to the previ-

ously reported method: i) a faster synthesis (three days compared

to seven), ii) avoids the use of corrosive acids (HF, HNO3), iii)

FeCl3 as iron source to circumvent the reduction of phospho-

molybdates in the presence of Fe0. Please note that the direct use

of trimesic acid under such conditions only leads to poorly

crystalline solids. Thus, the substitution of 1,3,5-benzene-

tricarboxylic acid (1,3,5-BTC) by trimethyl benzenetricarboxy-

late allowed a better control of the reaction kinetics through the

slow hydrolysis of ester moieties, leading to a well crystalline

MIL-100(Fe) solid.

Elemental analysis of MIL-100(Fe)noF, based on the structure

formula FeIII
3O(OH)(H2O)2{C6H3(CO2)3}2$nH2O (n � 14.6), is

in agreement with the theoretical values with Fe and C contents

of 19.6% and 26.4% (calc.: 19.1% Fe, 24.6% C), respectively,

despite a slight excess of the carbon content due to the presence

of residual free acid. No chlorine was found in the solid (% Cl <

200 ppm), indicating that the counteranion is here probably

a OH group. Thermal gravimetric analysis of MIL-100(Fe)noF

(Fig. 2) is in agreement with the formula Fe3O(OH)-

(H2O)2[C6H3(CO2)3]2$18H2O. Hydration water molecules

(z30%) leave the structure before 140 �C while the collapse of

the framework occurs through the departure of the benzene-

tricarboxylic acid (46%) between 250 and 400 �C resulting in

Fe2O3 at higher temperatures.

Using the synthesis conditions of MIL-100(Fe)noF, the direct

synthesis of MIL-100(Fe)noF in the presence of Keggin phos-

phomolybdate (H3PMo12O40) or Dawson molybdophosphate

(Na6P2Mo18O62) was carried out (see experimental). Note that

Dawson molybdophosphates are usually decomposed into the

more stable Keggin structure under hydrothermal conditions. In

both cases, a crystalline orange solid is obtained, and the struc-

ture is confirmed by powder X-ray diffraction (Fig. 1).
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 Nitrogen sorption–desorption isotherms at 78 K (P0 ¼ 1 atm)

(left) and Horvath–Kawazoe pore distribution (right) of MIL-

100(Fe)noF (1) and MIL-100(Fe) synthesised in the presence of

H3PMo12O40 (2).
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UV-visible spectroscopy and IR analysis confirm that both direct

syntheses lead to the same product: a H3PMo12O40 entrapped

within MIL-100(Fe)noF, denoted H3PMo12@MIL-100(Fe)noF.

EDX confirms the absence of sodium cations in this solid.

Interestingly, the Keggin structure of the phosphomolybdate is

maintained, as confirmed by IR spectroscopy and solid state 31P

NMR, while the MIL-100 structure is formed.

Although the positions of XRPD Bragg peaks of

H3PMo12@MIL-100(Fe)noF are similar to those of MIL-

100(Fe)noF, a strong change in relative intensities, especially at

low angles, is observed, in agreement with a significant change in

the electronic density within the pores of MIL-100(Fe). The same

phenomenon was previously observed for MIL-101(Cr) loaded

with Keggin ions.4

Elemental analysis (Table S1†) of H3PMo12@MIL-

100(Fe)noF indicates a remarkable loading capacity of POM

(Mo/Fe¼ 0.95), close to ca. 65 POM per unit cell (containing 816

Fe). As one unit cell contains 8 large and 16 small mesoporous

cages, one can estimate approximately 22 POM molecules for the

8 large cages and 43 for the 16 small cages considering that POMs

occupy both cages with the same filling ratio. However, consid-

ering the van der Waals diameter of Keggin moieties (�13 �A) and

the size of each cage (24 and 29 �A), small cages are likely to

accommodate only one POM per cage while larger ones might

accommodate about six POMs per cage (see Scheme S1†). This is

in agreement with a maximum theoretical occupancy within the

large cages of six POMs per cage.

TG analyses of MIL-100(Fe)noF and H3PMo12@

MIL-100(Fe)noF are displayed in Fig. 2. As expected,

H3PMo12@MIL-100(Fe)noF exhibits a lower weight loss than

MIL-100(Fe)noF. A first weight loss up to 80 �C corresponds to

the departure of free water molecules, while water molecules in

stronger interaction with the framework and/or POM moieties

leave between 80 and 200 �C. One can note the smaller water

content in the POM containing MIL-100(Fe)noF (�9 water

molecules per formula unit instead of 18 for MIL-100(Fe)noF)

due to the occupancy of the cages by POM. Finally, the solid

degrades at higher temperature (>270 �C) with the departure of

the benzenetricarboxylate groups (2.5 observed against 2

theoretical per formula unit).

Elemental analysis confirms the presence of an excess of

organic linker (theoretical and experimental C/Fe ratio 6 and 8.1,

respectively), which represents 0.5 linker molecules per formula

unit. This means that the current activation process using water,

ethanol and ether was not sufficient enough in the case of

the H3PMo12@MIL-100(Fe)noF solid. It is also likely that the

presence of POM within the pores makes the diffusion of the

linker out of the pores harder.

The thermal behaviour was followed by X-ray thermodif-

fraction (Fig. S1†). XRD patterns of MIL-100(Fe)noF show an

increase of the intensity of low angle diffractions up to around

60 �C, as a consequence of dehydration. The structure remains

unchanged up to 310 �C when the structure starts to degrade,

with a totally amorphous phase observed at 370 �C. Upon

heating at 410 �C a large peak appears at 2q ¼ 27.8�, indicating

the crystallisation of iron oxide. H3PMo12@MIL-100(Fe)noF

patterns show a different relative intensity of the Bragg diffrac-

tion peaks in comparison to MIL-100(Fe), as already observed

above. The structure remains stable up to 320 �C, remarking
This journal is ª The Royal Society of Chemistry 2011
a slight modification of the intensity of some peaks from 230 �C.

Then, formation of crystalline Fe2(MoO4)3 occurs at 390 �C.

This ferric molybdate has been typically prepared from Fe2O3

and MoO3 at 800 �C16 or by oxidation of FeMoO4 at 450–

550 �C.17 This decrease in the formation temperature of

Fe2(MoO4)3 could be explained by the dispersion and confine-

ment effect of POM inside MIL-100(Fe).

Nitrogen sorption–desorption isotherms and pore size distri-

bution are shown in Fig. 3. The pore volume and surface area

(SLangmuir) decrease from 0,882 to 0,373 cm3 g�1 and from �2800

to �1000 m2 g�1 for MIL-100(Fe)noF and H3PMo12@MIL-

100(Fe)noF, respectively, in agreement with the presence of

heavy phosphomolybdate moieties. According to the elemental

analysis, the contribution of POM moieties to the molar weight

of H3PMo12@MIL-100(Fe)noF reaches 65 wt%. Therefore, the

surface area of the H3PMo12@MIL-100(Fe)noF, not taking into

consideration the increase in density due to the POM loading,

would reach 1500 m2 g�1, in total agreement with the presence of

an important residual porosity despite the Keggins. This is of

great importance for the catalytic applications of POM inserted

into porous MOFs since diffusion of the reactants is required.

Estimation of the pore size distribution by the Horvath–Kawa-

zoe method shows two maxima at 15 and 20.8 �A for MIL-

100(Fe)noF, attributed to small and large cages, respectively.

Note that the values are underestimated in comparison to van

der Waals diameters calculated from crystalline structure

(XRPD).

For H3PMo12@MIL-100(Fe)noF, no homogeneous pore size

distribution is observed. This is consistent with the formation of

heterogeneous pockets of different sizes as a consequence of the

POM. These pockets are nevertheless accessible to the nitrogen

gas. This is an important feature since diffusion of reactant could

be possible for catalysis.

IR spectroscopy characterisation (Fig. 4) reveals additional

bands in the H3PMo12 containing MIL-100(Fe)noF corres-

ponding to molybdophosphate at 1059, 958, 872 and 814 cm�1

attributed to nas(P–Oa), nas(Mo]Od), nas(Mo–Ob) and nas(Mo–

Oc), respectively. The nas(P–Oa) and nas(Mo–Oc) vibration bands

are remarkably shifted in comparison to free molybdophosphate

(1068 and 790 cm�1, respectively). This shift discloses the

confinement effect of POM inside the porous solid. Additionally,

the band at 1544 cm�1 in MIL-100(Fe)noF disappears while

a vibration band appears at 1710 cm�1 (nas(C]O)) and

1280 cm�1 (n(C–O)), in agreement with the presence of free

benzenetricarboxylic acid, as evidenced by elemental analysis.
J. Mater. Chem., 2011, 21, 1226–1233 | 1229
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Fig. 5 shows the solid-state 31P MAS NMR spectrum of

H3PMo12O40 H3PMo12@MIL-100(Fe)noF compared to that of

the free heteropolyacid. Clearly the spectrum of the incorporated

heteropolyacid is similar to that of the bulk compound, with

a similar chemical shift. However a careful analysis of the data

reveals that (i) the chemical shift anisotropy (as deduced from

simulations of the curves obtained at low spinning rates) has

increased from less than 10 ppm to ca. 90 ppm and (ii) the T1

relaxation rate has considerably decreased compared to the bulk

compound, being lower than 0.2 s. The unchanged chemical shift

indicates that the integrity of the Keggin unit is kept inside MIL-

100(Fe), in agreement with IR data. The increase in the chemical

shift anisotropy shows that the interaction between the MIL-

100(Fe) framework and Keggin polyanion is weak, as expected

for ionic bonds, and is supported by surrounding phosphorus, in

agreement with a low mobility of the Keggin unit within the

mesoporous cages. The presence of bulk heteropolyacid can be

excluded as deduced from the shorter relaxation time, in agree-

ment with the recent work of Zhu et al.18

M€ossbauer spectra recorded at 77 K on both MIL-100(Fe)noF

and H3PMo12@MIL-100(Fe)noF samples are illustrated in
Fig. 5 31P MAS NMR at a spinning rate of 10 kHz for

H3PMo12O40$13H2O and H3PMo12@MIL-100(Fe)noF.

1230 | J. Mater. Chem., 2011, 21, 1226–1233
Fig. 6. It is important to emphasize that they were first obtained

at both 77 K and 300 K with a large velocity scale (not shown

here): the presence of only a quadrupolar feature allows us to

unambiguously conclude that no magnetic iron oxide or

hydroxide occurs as impurity. Then M€ossbauer experiments were

performed with a bath cryostat, i.e. the as-prepared powdered

sample at atmospheric pressure (Fig. 6a), then with a cryo-

furnace, i.e. the as-prepared powdered sample under vacuum

(Fig. 6b) and finally, in situ after a 1 h treatment at 70 �C (under

vacuum) to check whether H2O molecules were located within

pores (Fig. 6c). From the shape of the spectra, the main changes

are observed on MIL-100(Fe)noF suggesting that more H2O

molecules are entrapped within the pores during the synthesis

and the natural ageing of the sample. In contrast, the adsorption

of H2O molecules is limited by the presence of polyoxometalate

in the case of H3PMo12@MIL-100(Fe)noF. This could mean

POM partially occupies some free volume within the cages. The

exact modelling of the hyperfine structure remains rather difficult

because of the lack of resolution. The asymmetrical quadrupolar

doublets have to be described by means of at least three quad-

rupolar components, the proportions of which are dependent on

the fitting conditions (constraints on linewidth and/or intensity),

in agreement with previously reported results for fluorinated

MIL-100(Fe).8 The values of isomer shift clearly indicate the

presence of high spin Fe3+ ions located in octahedral units, with

different anionic environments. A decrease of the mean isomer

shift (which is independent of the fitting model) is observed for

the different tested conditions (from atmospheric pressure to

70 �C under vacuum: 0.54 down to 0.51 and 0.51 down to

0.47 mm s�1 relative to a-Fe for MIL-100(Fe)noF and

H3PMo12@MIL-100(Fe)noF, respectively) while the mean

quadrupolar splitting value is significantly reduced in the case of

MIL-100(Fe)noF. The slight decrease of the isomer shift from

0.51 to 0.47 mm s�1 in the presence of POM indicates a pertur-

bation of the environment of Fe3+ as a consequence of the

presence of POM inside the cages of MIL-100(Fe)noF.
Fig. 6 Evolution of M€ossbauer spectra recorded on MIL-100(Fe)noF

(left) and H3PMo12@MIL-100(Fe)noF (right) powdered samples at 77 K

at atmospheric pressure (a), under vacuum (b) and after in situ 1 h

treatment at 70 �C (c).

This journal is ª The Royal Society of Chemistry 2011
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It is of interest to analyse what are the potential driving forces

for the incorporation of POM within the pores of MIL-

100(Fe)noF. This porous iron tricarboxylate exhibits a cationic

framework, compensating the one negative charge per iron

trimer with anions such as hydroxyl or fluorine (MIL-

100(Fe)noF or MIL-100(Fe)). Thus, are POMs hosted in MIL-

100 in their acidic, neutral or anionic forms? Considering charge

balance, two hypotheses can be raised: i) a cationic MIL-

100(Fe)noF loaded with heteropolyanions (Scheme S1b†) or (ii)

a neutral heteropolyacid hosted in the neutral MIL-100(Fe)noF

form (Scheme S1a†).

On the one hand, IR analysis of MIL-100(Cr) previously

indicated the presence of hydroxyl groups as a part of the

framework, in addition to the coordinated fluorine atoms.19 In

our case, no fluorine is present, and one could postulate that one

OH and two H2O groups are coordinated to each iron trimer,

which is also consistent with a higher polarizing of Fe3+

compared to Cr3+ and with the lack of chlorine in the MIL-

100(Fe)noF. Considering a neutral mesoporous framework, one

could propose the following formula here for H3PMo12@MIL-

100(Fe)noF: {Fe3O(H2O)2OH[C6H3(CO2)3]2}[H3PMo12O40]0.2375-

[C6H3(CO2C2H5)3]0.5$9H2O. On the other hand, according to the

strong acidity of heteropolyacids, the reaction occurs at pH � 2

and it is likely that the POM exhibits an anionic PMo12O40
3�

form solvated by water molecules to produce H5O2
+ cations.20

Both ionic species could be encapsulated inside the neutral

mesoporous cavities. The ionic model cannot be completely ruled

out, since no sodium was present in the final material unless it

was introduced with the starting POM, like Na6P2Mo18. In this

case the most suitable formula for H3PMo12@MIL-100(Fe)noF

is the one where heteropolyanions moieties compensate positive

charges of the hybrid solid: {Fe3O(H2O)2.71(OH)0.29[C6H3-

(CO2)3]2}[PMo12O40]0.2375[C6H3(CO2C2H5)3]0.5$9H2O.

POM species are then hosted in the MOF governed by weak

interactions (van der Waals, electrostatic.) but strong enough

ionic interactions between anionic POM and the cationic MOF,

as proposed previously for the immobilization of POM in posi-

tively charged modified mesoporous silica.21

The two models differ in the position of protons which can be

easily delocalized with hydration water molecules. Thus 57Fe

Mossbauer spectrometry was used to evidence only slight differ-

ences between hydrated MIL-100(Fe)noF and POM containing

MIL-100(Fe)NoF. However, after treatment at 70 �C under

vacuum, a smaller decrease of the mean isomer shift and a signi-

ficant reduction of the mean quadrupolar splitting value are

observed in the case of MIL-100(Fe)noF. Thus, dehydration has

less effect on the iron coordination sphere of the sample with

POM. We have to consider the effect of dehydration in the two

models. If the protons are incorporated on the iron trimer

(cationic framework) the hydrogen bonding with water molecules

could be replaced by hydrogen bonding with the oxygen atoms of

dehydrated POM. This is in agreement with a change in the color

of H3PMo12@MIL-100(Fe)noF which turns from pale orange to

greenish-brown upon heating (T > 70 �C). Thus, it can be assumed

that the removal of coordinated water9 possibly leads to a coor-

dination of iron Lewis acid sites with oxygen atoms of POM. In the

case of a neutral framework, dehydrated heteropolyacid should be

formed and hydrogen bonding of the hydroxo ligand of iron will

be removed by dehydration like for the pure MIL-100(Fe)noF.
This journal is ª The Royal Society of Chemistry 2011
Other loading methods

Finally, other methods of producing a POM-MIL-100(Fe) solid

were investigated. First, in situ synthesis of [PMo12O40]3� in the

presence of MIL-100(Fe)noF was attempted. A suspension of the

MOF into a solution of Na2MoO4$2H2O and H3PO4 under

acidic conditions (pH ¼ 1.8) was stirred at room temperature.

After one hour, the solution became yellowish, characteristic of

phosphomolybdate, as confirmed by UV-visible spectroscopy.

However, the yellow colour could also be attributed to Fe3+ in

solution due to degradation of the iron carboxylate MOF. The

IR spectrum showed a decrease of the band at 1710 cm�1 and

additional weak and large bands in comparison to MIL-

100(Fe)noF at 1040, 877 and 807 cm�1, similar to those observed

in the MIL-100(Fe)noF solid alone acidified for one hour at pH

1.8. This confirms the partial destruction of the solid at low pH.

In this case the 1040 cm�1 band cannot be assigned to P–O

vibrations which are observed as an intense and sharp band at

1060 cm�1, quite independent of the nature of the counter-ion of

the 12-molybdophosphate. Solid degradation was estimated as

24.4% by dosing the concentration of trimesic acid in the solution

by HPLC. Moreover, the total amount of suspended solid

drastically decreases after 16 h, in agreement with the dissolution

of the solid. Consequently, the low stability of MIL-100(Fe)noF

under the acidic conditions (pH ¼ 1.8), which are needed for the

in situ formation of [PMo12O40]3�, rules out the use of in situ

synthesis of POM within the pores of MIL-100(Fe).

In a last step, impregnation of MIL-100(Fe)noF with an

aqueous solution of H3PMo12O40 was carried out, knowing that

the size of the windows of MIL-100(Fe) will prevent any

adsorption within the pores and allow adsorption of POM only

at the external surface of the particles. After impregnation,

a partial degradation of the MOF is observed due to the acidic

pH of the POM solution (pH ¼ 1.8). Again, IR characterisation

of the impregnated solid shows the decrease of the band at

1710 cm�1 and the presence of additional weak bands at 1040,

877 and 807 cm�1 due to the degradation under acidic conditions.

To reduce the degradation of the solid, impregnation of MIL-

100(Fe)noF with the less acidic Na2HPMo12O40 was carried out

(pH¼ 2.6). Only a very low proportion of POM was adsorbed on

the external surface (Mo/Fe ratio ¼ 0.14) corresponding roughly

to �9.5 POM per unit cell containing 816 Fe, as estimated by

elemental analysis. The Na/POM ratio after analysis was found

to be 1.75, comparable to the initial Na2HPMo12O40 (Na/POM

ratio ¼ 2) and confirming the presence of the salt and possibly

a small fraction of deprotonated POM. IR characterisation again

shows a new band at 1540 cm�1 and weak bands at 1060, 870 and

813 cm�1, in agreement with a small content of POM. Similarly,

IR bands comparable to those observed with the H3PMo12@

MIL-100(Fe)noF solid obtained by direct synthesis are observed,

indicating that the POM moieties exhibit a strong interaction

with the surface of the particles. XRPD confirm the integrity of

the MIL-100(Fe) structure, even though additional diffraction

peaks at 2q ¼ 9.5, 14.4 and 28.5� (which were not present in

H3PMo12@MIL-100(Fe)noF) appear. Note that the relative

Bragg peak intensities are similar to those of MIL-100(Fe)noF,

in concordance with the location of the Na2HPMo12O40 on the

external surface and not into the pores (Fig. S2†). Nitrogen

sorption–desorption isotherms and pore size distribution are
J. Mater. Chem., 2011, 21, 1226–1233 | 1231
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illustrated in Fig. S3.† The pore volume and surface area

decrease from 0.882 to 0.543 cm3 g�1 and from SLangmuir�2800 to

�1600 m2 g�1, for MIL-100(Fe)noF to Na2HPMo12/MIL-

100(Fe)noF, respectively. The pore size distribution established

by the Horvath–Kawazoe method gives evidence for two

maxima at 15 and 20.8 �A as for MIL-100(Fe)noF, attributed to

small and large cages, respectively. The decrease in surface area is

only due to the increase of weight due to the presence of heavy

POM since POM can only be located on the external surface.

Stability tests

In order to assess the stability of the POM-MIL-100(Fe)noF,

solids made following the various methods described above

compared to the pure MIL-100(Fe)noF solid and solid impreg-

nated by Na2HPMo12 were dispersed into water. After two

months in aqueous solution (Fig. 7), macroscopic direct obser-

vation of the solids did not reveal any change in colour for the

MIL-100(Fe)noF and H3PMo12@MIL-100(Fe)noF solids.

However, microaggregates of greenish colour (black in Fig. 7)

are visible from the Na2HPMo12/MIL-100(Fe)noF suspension.

EDX analysis confirms that while the greenish aggregates region

contains mainly Mo and Na (Mo/Fe ratio up to 5), the remaining

domains contain mainly Fe (Mo/Fe � 0.14, which cannot be

exactly compared to results from elemental analysis). Bearing in

mind the high solubility of Na2HPMo12O40, the formation of

a new salt can be proposed. The partial decomposition of MIL-

100(Fe) in acidic media may provide trimeric iron species such as

{Fe3O(H2O)3[C6H3(CO2)3]6}+ h (Fe3)+ that can form

(Fe3)+Na2PMo12O40 salts similar to those reported by the group

of Mizuno with chromium.22

In contrast, EDX analysis of H3PMo12@MIL-100(Fe)noF

after two months in water did not show any change in compo-

sition, confirming the absence of any POM leaching. Further-

more, POM exchange tests using tetrabutylammonium

perchlorate species in organic media did not lead to any

H3PMo12O40 replacement. This indicates that the POMs

encapsulated by direct synthesis inside the cages of MIL-

100(Fe)noF are stable, in agreement with the size of the windows

being smaller than those of the POM.

Finally, H3PMo12@MIL-100(Fe)noF was stable after inmersion

in different organic solvents (acetonitrile, chloroform and di-

methylformamide) under stirring for 5 days at room temperature.

Electron microscopy analysis

Samples H3PMo12@MIL-100(Fe)noF, Na2HPMo12/MIL-

100(Fe)noF and MIL-100(Fe)noF were also investigated by
Fig. 7 Images of aqueous solutions of MIL-100(Fe)noF, H3PMo12@

MIL-100(Fe)noF or Na2HPMo12/MIL-100(Fe)noF after two months.

1232 | J. Mater. Chem., 2011, 21, 1226–1233
transmission electron microscopy, high-angle annular dark field

scanning transmission electron microscopy (HAADF-STEM)

and electron energy-loss spectroscopy (EELS) (Fig. 8). The

EELS spectra were all collected from several pieces of loaded or

unloaded MIL material. All EELS spectra show the presence of

carbon, oxygen and iron through the carbon K-edge at 285 eV,

the oxygen K-edge at 532 eV and the Fe L2,3-edge at 708 eV.

Sample H3PMo12@MIL-100(Fe)noF clearly shows the presence

of Mo through the Mo M-edge starting at �230 eV (first onset

indicated by *, M4,5 and M2,3 indicated by arrows). Comparison

of our EELS data with reference data from literature indicates

that the molybdenum in sample H3PMo12@MIL-100(Fe)noF
Fig. 8 (a) TEM (left) and HAADF-STEM (right) images of sample

H3PMo12@MIL-100(Fe)noF; (b) TEM and HAADF-STEM images of

sample Na2HPMo12/MIL-100(Fe)noF; (c) background subtracted, nor-

malised EELS spectra of samples H3PMo12@MIL-100(Fe)noF (top),

Na2HPMo12/MIL-100(Fe)noF (middle) and MIL-100(Fe)noF (bottom).

All spectra show the presence of carbon, oxygen and iron through the

carbon K-edge at 285 eV, the oxygen K-edge at 532 eV and the Fe L2,3-

edge at 708 eV. H3PMo12@MIL-100(Fe)noF shows the clear presence of

Mo through the Mo M-edge starting at �230 eV (first onset indicated by

*, M4,5 and M2,3 indicated by arrows).

This journal is ª The Royal Society of Chemistry 2011
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(top of Fig. 8c) is in an oxidized state, as pronounced M2,3 white

lines should not be present in the case of metallic Mo.23–25

Although determination of the oxidation state of Mo is in

principle possible via the fine structure of the Mo-M and O–K

edges, this is not possible in the current samples due to a complex

overlapping of the C–K and Mo-M edges and the fact that the

O–K edge also arises from oxygen bound within the MIL host

framework. The lowered Mo content in sample Na2HPMo12/

MIL-100(Fe)noF makes detection via EELS difficult; no signi-

ficant Mo M4,5 edge is present at 270 eV, although a heightened

contribution around 400 eV does appear to indicate the presence

of Mo via the M2,3 edge.

The bright field TEM images in Fig. 8 show typical H3PMo12

loaded (a) and Na2HPMo12 impregnated (b) MIL-100 frame-

work crystals. In both samples the MIL-100 crystals show a large

degree of faceting and have sizes ranging from �30 to several

hundred nanometres, in agreement with the particle size distri-

bution determined by light diffusion scattering (DLS). The

bright field TEM images in both cases are strikingly similar—the

contrast over a single MIL-100 crystal is uniform and no large

agglomerates can be discerned in the TEM images for sample

H3PMo12@MIL-100(Fe)noF or sample Na2HPMo12/MIL-

100(Fe)noF, a first indication that the POM clusters are well-

dispersed in both samples. However, the very low amount of

molybdenum in Na2HPMo12/MIL-100(Fe)noF does not allow

us to detect any difference of contrast. According to the high

molybdenum content in H3PMo12@MIL-100(Fe)noF, one could

conclude that the POM dispersion is uniform in the whole

material. This conclusion is corroborated by HAADF-STEM

(Z-contrast) imaging. As the image contrast in this regime is

mass-thickness sensitive, larger agglomerates should light up in

the HAADF-STEM images. As no such agglomerates or struc-

tures can be made out in the image in Fig. 8a, the POM clusters

are thought to be extremely small (<1 nm) and evenly spread out

in H3PMo12@MIL-100(Fe)noF.

Conclusion

Several routes for the development of POM loaded porous iron

carboxylate MIL-100(Fe) have been investigated. The in situ

formation of POM in the presence of preformed hybrid solid as

well as the post-synthesis encapsulation of the Keggin within the

preformed MIL-100(Fe) did not lead to satisfying results. Only

direct synthesis of POM-MIL-100(Fe)noF using the Keggin

heteropolyanion H3PMo12O40 allowed the successful entrapment

of a remarkable amount of POM up to one and six POMs per

small or large mesoporous cage, respectively. Although the

porosity is slightly reduced, a significant porosity is maintained

after the loading (DSLangmuir � 1000 m2 g�1 and DVp �
0.373 cm3 g�1), as required for future catalysis applications.

Finally, Keggin entrapped within MIL-100(Fe)noF solid is

remarkably stable with no POM leaching after 2 months in

aqueous solution and no exchange by tetrabutylammonium

perchlorate in organic media. This paves the way for future

catalytic applications based on non-toxic and cheap POM based

iron MOFs.
This journal is ª The Royal Society of Chemistry 2011
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