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a  b  s  t  r  a  c t

In  this  paper,  we  describe  the  post-functionalization  of a V-containing  Metal-organic  framework  with
TiO(acac)2 to  create  a bimetallic  oxidation  catalyst.  The  catalytic  performance  of  this  V/Ti-MOF  was
examined  for the  oxidation  of cyclohexene  using molecular  oxygen  as  oxidant  in combination  with  cyclo-
hexanecarboxaldehyde  as  co-oxidant.  A significantly  higher  cyclohexene  conversion  was  observed  for  the
bimetallic  catalyst  compared  to  the  non-functionalized  material.  Moreover,  the  catalyst  could  be  recycled
vailable online 27 December 2012

eywords:
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at least  3 times  without  loss  of activity  and  stability.  No  detectable  leaching  of V  or  Ti was  noted.  Electron
paramagnetic  resonance  measurements  were  performed  to monitor  the fraction  of  V-ions  in the  catalyst
in the  +IV  valence  state.  A  reduction  of this  fraction  by ∼17%  after  oxidation  catalysis  is observed,  in
agreement  with  the  generally  accepted  mechanism  for this  type  of reaction.

© 2012 Elsevier B.V. All rights reserved.

xidation catalysis

. Introduction

Metal-organic frameworks (MOFs) are a highly versatile class
f ordered porous materials constructed of metal nodes or metal
lusters linked together by organic ligands. This recent class of
rystalline materials has been extensively studied for their poten-
ial use in various applications, e.g. in gas storage and separations
1–3], catalysis [4–8] and luminescence [9,10]. MOFs possess many
ntriguing features including very high surface areas, well defined
ore properties (pore size, shape and volume) and have easily
ailorable structures and chemical functionalities. Several reports
ave appeared on the introduction of an additional functionality in
he linker, by pre-functionalization with, e.g., NH2, OH, CH3 and
NO2 groups [11–15]. In the field of catalysis, it has been shown

hat the introduction of these additional functional groups can gen-
rate a significant alteration in the catalytic performance compared
o the parent framework. In a recent report of Vermoortele et al., a

iO-66-X (X = H, NH2, CH3, OCH3, F, Cl, Br, NO2)series with different

unctional groups was tested for the citronellal cyclization [16]. This
tudy demonstrated that the presence of NO2 groups enhanced

∗ Corresponding author. Tel.: +32 9 264 43 56; fax: +32 9 264 49 96.
∗∗ Corresponding author. Tel.: +32 9 264 44 42; fax: +32 9 264 49 83.

E-mail addresses: Henk.Vrielinck@ugent.be (H. Vrielinck),
ascal.Vandervoort@ugent.be (P. Van Der Voort).

920-5861/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.cattod.2012.09.037
the catalytic activity in comparison with the parent framework.
Alternatively, the catalytic activity can be influenced by the intro-
duction of additional framework active sites [17]. Maksimchuk et al.
reported the encapsulation of polyoxometalates into the nanocages
of the MIL-101 framework [18]. The resulting material demon-
strated a good catalytic activity for the epoxidation of various
alkenes. Alkordi et al. encapsulated metalloporphyrins into zeolite-
like MOFs which enhanced the catalytic activity for cyclohexane
oxidation [19]. A third approach is to bring new catalytically active
sites into the framework by a post-modification of the embedded
functional groups [20]. Ingleson et al. reported the two  steps mod-
ification of IRMOF-3 to an imine grafted VO(acac)2 complex [21].
However, the resulting catalyst showed a rather low catalytic activ-
ity and stability for the oxidation of cyclohexene. The group of
Battacharjee reported a more straightforward one step function-
alization of the IRMOF-3 with Mn(acac)2 [22]. Although a good
catalytic and stability performance was  obtained, the yield of the
grafted complex was  rather low (8%).

In our previous studies, we demonstrated that vanadium
based MOFs (MIL-47 and COMOC-3), with saturated vanadium
sites have a remarkable catalytic activity in the liquid phase
epoxidation of cyclohexene with tert-Butyl hydroperoxide (TBHP)

as oxidant [23–25]. However, both the experimental results and
theoretical calculations showed that the catalytic cycle starts with
the breaking of at least one V-carboxylate bond to coordinate
the peroxide. The structural defects created during this process

dx.doi.org/10.1016/j.cattod.2012.09.037
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:Henk.Vrielinck@ugent.be
mailto:Pascal.Vandervoort@ugent.be
dx.doi.org/10.1016/j.cattod.2012.09.037
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ontribute to the catalytic performance. Hence, a small amount of
eaching was observed in the start of the catalysis. Our objective is
o prevent leaching while maintaining or enhancing the catalytic
erformance. Therefore, we opted for a milder system using O2
s oxidant in combination with cyclohexanecarboxaldehyde as a
o-oxidant. To the best of our knowledge, a Ti grafted V-MOF has
ot been reported so far. Nevertheless, bimetallic Ti–V catalysts
re reported to have a synergistic effect in oxidation catalysis
26].

In this contribution, we report a bimetallic V/Ti-MOF via
ost-functionalization of the V-MOF, NH2-MIL-47 with a Titany-

acetylacetonate complex (denoted as NH2-MIL-47 [Ti] hereafter)
see Fig. 1). The obtained NH2-MIL-47 [Ti] was  examined in
he oxidation of cyclohexene and was compared with the non-
unctionalized V-MOF as well as with the homogeneous TiO(acac)2
atalyst. Additionally regeneration and stability tests were carried
ut. In our previous study of the catalytic activity of MIL-47 in the
xidation of cyclohexene with TBHP as oxidant, we used X-band
9.8 GHz) Electron Paramagnetic Resonance (EPR) measurements
t room temperature (RT) to monitor the evolution in the fraction
f V-ions in the paramagnetic +IV valence state [24]. We  observed

 reduction of the V+IV concentration by about 20% in the first
ew hours of reaction, as a result of V+IV → V+V oxidation, con-
rming a radical parallel reaction pathway suggested by density

unctional theory (DFT) calculations. Similar EPR experiments are
erformed in this study in order to gain insight in the catalytic reac-
ion mechanisms. In view of the absence of hyperfine (HF) structure
n the spectra, the X-band measurements are complemented with
-band experiments (34 GHz) and spectral simulations (Easyspin

27] library in Matlab®) in order to corroborate the assignment of
he spectrum to V+IV.

. Materials and methods

.1. General procedures

All chemicals were bought from Sigma–Aldrich and used with-
ut further purification. X-Ray Fluoresence (XRF) measurements
ere performed on a NEX CG from Rigaku using a Mo  X-ray source.
-ray powder diffraction (XRPD) patterns were collected on a ARL
’TRA X-ray diffractometer with Cu-K� radiation of 0.15418 nm
avelength and a solid state detector. The Cross Polarization Magic
ngle Spinning Nuclear Magnetic Resonance (13C CP/MAS NMR)
pectra were recorded at 100.6 MHz  on a Bruker AVANCE-400 WB
pectrometer at RT. The samples were spun at 13 kHz. An overall
0,000 free induction decays were accumulated with 4 s of recycle
ime. Chemical shifts were measured relative to a tetramethylsilane
tandard. The 1H NMR  spectrum was recorded on a Bruker AVANCE
RX500 NMR  spectrometer (500 MHz). Diffuse Reflectance Infrared
ourier Transform Spectroscopy (DRIFTS) measurements were
ecorded on a Thermo Nicolet 6700 FT-IR spectrometer equipped
ith a N2 cooled MCT-A (mercury–cadmium–tellurium) detector.
itrogen adsorption experiments were measured at −196 ◦C using

 Belsorp mini II gas analyzer. The reaction products were iden-
ified with a TRACE GC × GC (Thermo, Interscience), coupled to a
EMPUS TOF-MS detector (Thermo, Interscience). The first column
onsists of a dimethyl polysiloxane package and has a length of
0 m,  with an internal diameter of 0.25 mm,  whereas the second
olumn has a length of 2 m with an internal diameter of 0.15 mm.
he package of the latter is a 50% phenyl polysilphenylene-siloxane.
elium was used as carrier gas with a constant flow (1.8 mL/min).

n ultra-fast gas chromatograph (GC) equipped with a flame ioniza-

ion detector (FID) and a 5% diphenyl/95% poly-dimethylsiloxane
olumn with 10 m length and 0.10 mm internal diameter was  used
o follow the conversions of the products during the catalytic tests.
y 208 (2013) 97– 105

Helium was used as carrier gas, and the flow rate was programmed
as 0.8 mL/min.

2.2. Synthesis of NH2-MIL-47 [Ti]

In a first step NH2-MIL-47 was prepared via a microwave syn-
thesis route. Typically 1.7 mmol  VCl3 was  mixed with 1.7 mmol
2-aminoterephthalic acid in 3.02 mL·H2O. The reaction was carried
out at 150 ◦C for 20 min. Afterwards, an extraction in dimethyl-
formamide (DMF) was performed at 125 ◦C for 90 min  to remove
unreacted linker.

In a second step TiO(acac)2 was  grafted onto the V-MOF. Differ-
ent temperatures and reaction times have been applied as shown
in Table S. 1 of the Supporting Information. In each experiment
0.0785 g TiO(acac)2 was dissolved in 30 mL of dry toluene. After
stirring the solution for 4 h at 55 ◦C, 0.15 g NH2-MIL-47 was added
to the solution. Subsequently this mixture was  stirred at a certain
temperature (55 ◦C, 70 ◦C and 90 ◦C) for 20 or 40 h under an inert
argon atmosphere. Hereafter, the MOF  was filtered on a combined
nylon-membrane filter and washed several times with acetone
to remove unreacted TiO(acac)2. Afterwards the solid was dried
overnight under vacuum.

2.3. Catalytic setup

In a typical catalytic test, a schlenk flask was loaded with 40.0 mL
of acetonitrile as solvent, 7.0 mL  cyclohexene (substrate) and 8.4 mL
1,2,4-trichlorobenzene used as internal standard. Oxygen (99.9%
pure) was  applied as the oxidant in combination with the co-
oxidant cyclohexanecarboxaldehyde (7.6 mL). A constant oxygen
flow of 7 mL/min was bubbled through the solution by means of
a mass flow controller. Blanc reactions were carried out in the
absence of catalyst which showed no conversion of cyclohexene.
All the catalytic tests were carried out at a temperature of 40 ◦C
in a schlenk flask equipped with a liquid condenser coupled with
recirculating cooling liquid at −4 ◦C to prevent evaporation of the
reaction mixture. Aliquots were gradually taken out of the mix-
ture, diluted with 500 �l ethylacetate, and subsequently analyzed
by GC–FID.

2.4. EPR measurements

For quantitative EPR analysis, spectra of dry powders, contained
in quartz tubes with an outer diameter of 4 mm,  filled to a height
of approximately 6 mm (30–35 mg), were recorded at RT using a
Bruker ESP300E X-band spectrometer (ER 4102-ST rectangular cav-
ity). In the bottom part of the EPR cavity an open quartz tube was
fixed, on which the sample tubes rested, in order to ensure repro-
ducible positioning. The microwave frequency was  measured using
a HP 5350 B microwave frequency counter. The magnetic field was
modulated at 100 kHz with a peak-to-peak amplitude of 0.1 mT  and
the microwave power was  set to 2 mW,  avoiding saturation. A broad
magnetic field range was  swept (350 mT)  around the free elec-
tron g-value (2.0023). All spectra were normalized to a microwave
frequency of 9.77 GHz for comparison and corrected for the back-
ground spectrum of the empty cavity. For comparison of intensities,
the spectra were divided by the sample mass. In order to resolve
the anisotropy, selected powders were also measured in Q-band
(≈34 GHz) at RT on a Bruker Elexsys E500 spectrometer equipped

with a Pendulum CNT-90XL frequency counter (spectra normalized
to 33.98 GHz). These measurements were performed on powders
contained in 2 mm outer diameter quartz tubes filled to a height of
about 2 mm.
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ig. 1. Schematic representation of the post-functionalization of NH2-MIL-47 with 

re  depicted in red and the N, Ti and V atoms are shown in blue, black and yellow,
eferred to the web  version of the article.)

.5. Computational details

Ab initio calculations are performed with the gaussian09 pro-
ram [28]. All models were optimized with a B3LYP [29,30]
unctional using a 6–31 + G(d) Pople basis set. Vibrational frequency
alculations were done at the same level of theory. To compare the
alculated frequencies with the experimental DRIFTS spectrum a
cale factor of 0.9648 was imposed, as proposed by Merrick et al.
31].

. Experimental results and discussion

.1. Characterization of the functionalized materials
.1.1. XRPD analysis and determination of the Ti loading
By means of XRF the Ti loading was determined of the func-

ionalized MOF  materials (see Table S. 1). Approximately the same
oading was obtained in each experiment, with an average of

Fig. 2. 13C CP/MAS NMR  spectra of NH2-MIL-47 and NH2-MIL-47 [Ti]. (INSET):
ylacetylacetonatecomplex (the carbon atoms are shown in gray, the oxygen atoms
ctively). (For interpretation of the references to color in the artwork, the reader is

1.25 mmol  Ti/g, which indicates that almost 30% of the –NH2
groups on the organic linker are modified. It should be noted
that this loading is much higher compared to the earlier reported
one step functionalization of Mn(acac)2 on IRMOF-3, which was
approximately 0.23 mmol  Mn/g [22]. Furthermore, the crystallinity
of all the obtained Ti-grafted materials was verified by XRPD mea-
surements (see Fig. S.1 Supporting Information). As can be seen
from this figure, the XRPD pattern of each functionalized material
presents the pure phase of the non-functionalized NH2-MIL-47.
This explicitly shows that the framework integrity of the parent
MOF was  well preserved during the post-functionalization.

3.1.2. DRIFTS, 13C CP/MAS NMR and 1H NMR  measurements
DRIFTS, 13C CP/MAS and 1H NMR  measurements were car-
ried out to verify if the TiO(acac)2 complex was  actually grafted
onto the V-MOF. We  selected the sample NH2-MIL-47 [Ti], 70 ◦C,
20 h, for a detailed characterization and subsequent catalytic stud-
ies. In Fig. 2 the 13C CP/MAS NMR  spectra of NH2-MIL-47 and

 detailed NMR  spectrum of the signal at 148 ppm and its deconvolution.
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Fig. 3. DRIFTS spectra of NH2-MIL-47 (shown in red) and NH2-MIL-47 [Ti], 70 ◦C,
20  h(shown in black) INSET: detailed DRIFTS spectra of both materials in the region
3550–3300 cm−1. The spectra were normalized to the vibration at 800 cm−1 which
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Fig. 4. Model used in the calculation of the IR vibrations after post-functionalization
with the TiO(acac)2 moiety (the C atoms are shown in gray, N atoms in blue, and

2
area of the non-functionalized and post-functionalized material is
650 m2/g and 190 m2/g respectively. Despite the high loading of Ti
(approximately 30%), the post-functionalized MOF  retains a partial
orresponds to the aromatic C H out of plane bend mode. (For interpretation of the
eferences to color in the artwork, the reader is referred to the web  version of the
rticle.)

H2-MIL-47 [Ti] are presented. The 13C CP/MAS NMR  spectrum
f NH2-MIL-47 gave several signals at 118, 125, 131 and 146 ppm
ssociated with different sp2 carbons of the organic linker and one
eak at 171 ppm assigned to the carbonyl groups of the amino
erephthalate linker [32]. In the non-functionalized NH2-MIL-47 an
dditional signal at 162 ppm confirmed the incomplete removal of
olvent (DMF) used in the synthesis of the material. After function-
lization, NH2-MIL-47[Ti] showed new bands which corroborate
he presence of the grafted TiO(acac)2 complex on NH2-MIL-47. An
ntense signal appeared at ca. 148 ppm. As can be seen from Fig. 2
inset), this signal could be deconvoluted into 3 peaks: the signal at
46 ppm corresponds to the C N bond (non-functionalized mate-
ial), whereas the signal at 147 and 149 ppm can be associated to
he C N and C N groups of the bimetallic MOF, respectively [32].
his proves the success of the post-functionalization. Moreover,
he NH2-MIL-47 [Ti] showed several peaks in the aromatic region
120–130 ppm) and a new peak at ca. 191 ppm, which correspond
o the C C and C O groups of the titanylacetylacetonate complex,
espectively [32]. The 1H NMR  spectrum (see Fig. S4) of the digested
H2-MIL-47 [Ti] shows peaks at 2.06, 1.94 and 1.85 ppm due to the
CH3 groups further confirming the presence of acac and imine-

unctionalized acac ligands grafted onto NH2-MIL-47.
The DRIFTS spectra of the NH2-MIL-47 and NH2-MIL-47[Ti],

0 ◦C, 20 h are shown in Fig. 3 (the DRIFTS spectra of the other
aterials are presented in Fig. S.2). It is clear that the charac-

eristic vibrations of the parent MOF  are still present. However,
fter the post-functionalization a decrease in intensity of some
ibrations is observed, pointing toward a decrease in concentra-
ion of the -NH2 groups. The typical vibrations of the benzene
inker at 1510–1450 cm−1 (aromatic ring stretch), 1225–950 cm−1

aromatic C H in plane bend) and 900–670 cm−1 (aromatic C H
ut of plane bend) [33] remain unchanged. Furthermore, the sym-
etric and asymmetric CO2 stretching vibrations in the region

463–1415 cm−1and 1616–1597 cm−1 are still present after graft-
ng [34].

The principal changes in the spectrum before and after post-
unctionalization can be connected to the amine moiety. To obtain

ore insight in these changes, molecular modeling calculations

ere applied. The model of the catalyst was built by isolating

he aromatic part of the linker with a TiO(acac)2 substituent, as
hown in Fig. 4. For comparison, the NH2-MIL-47 was  modeled as
niline. Only the relevant parts of the structure have been taken
the  O and Ti atoms are depicted in red and black, respectively). (For interpretation
of the references to color in the artwork, the reader is referred to the web version
of  the article.)

into account to calculate the spectra. Therefore, in both models
the carboxylic acid group and its coordination with vanadium was
not included since it would not contribute any relevant infor-
mation to the calculated spectrum. The absorbance due to the
vibrations at 1338 cm−1(C N stretch) and the doublet at 3494 cm−1

and 3386 cm−1(NH2 asymmetric and symmetric stretch) decrease
in comparison to the non-functionalized V-MOF [35,36]. Also the
skeletal vibration bands that contain NH2 rocking at 1050 cm−1

and 1100 cm−1 become less intense due to a partial modification
of the amine groups. The presence of the TiO(acac)2 modification
can be seen by the vibrations at 735 cm−1(C C H twisting) and
1026 cm−1(C CO C wagging). The C N vibration cannot be seen
since it overlaps with the vibrations from the parent MOF  between
1600 cm−1 and 1700 cm−1. The new peak that appears at 1710 cm−1

could not be assigned with this model. This vibration could be
due to free C O vibrations, which are the consequence of some
TiO(acac)2 complexes that break during the post-functionalization.
This would result in a ketone substituent which is not coordinated
with titanium on the MOF.

3.1.3. Nitrogen sorption measurement
In Fig. 5 the nitrogen adsorption isotherms of NH2-MIL-47 and

NH -MIL-47 [Ti], 70 ◦C, 20 h are compared. The Langmuir surface
Fig. 5. Nitrogen adsorption isotherms of NH2-MIL-47 and NH2-MIL-47 [Ti].
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Table 1. In each run a small amount of V-leaching is observed
(1,8%, 2.5% and 3.5%) which gives rise to additional defects in the
framework structure. Extra defects present in the structure can
significantly influence the catalytic performance in the additional

Fig. 7. Cyclohexene conversion (�) and the yield of cyclohexene oxide (�) and 2-
cyclohexene-1-one(�) for TiO(acac)2 using acetonitrile as solvent and oxygen as
oxidant in combination with the co-oxidant cyclohexanecarboxaldehyde at a tem-
perature of 40 ◦C. The same Ti loading was applied as for the NH2-MIL-47 [Ti]
(0.22 mmol  Ti).
ig. 6. Cyclohexene conversion (�) and the yield of cyclohexene oxide (�) and 2-c
nd  oxygen as oxidant in combination with the co-oxidant cyclohexanecarboxaldeh

orosity. In addition, the calculated pore volume of the parent and
ost-modified MOF  is 0.30 mL/g and 0.10 mL/g, respectively.

.2. Evaluation of the catalytic performance in the oxidation of
yclohexene

The catalytic performance of NH2-MIL-47 and NH2-MIL-47 [Ti],
0 ◦C, 20 h was evaluated in the oxidation of cyclohexene. To make

 fair comparison of both materials, the catalyst loading was chosen
uch that the number of V-sites was equal in the two experiments.
ig. 6 depicts the cyclohexene conversion and the detailed prod-
ct distribution of both catalysts in the first run. Several features
an be deduced from this figure. (1) A cyclohexene conversion of
pproximately 14.1% and 25% is observed respectively for the non-
unctionalized and bimetallic material after 6 h of reaction. This
learly shows that the bimetallic MOF  exhibits a significantly higher
atalytic performance than the (monometallic) V-MOF due to the
resence of the extra active sites. (2) Moreover, faster conversion

s observed for the bimetallic MOF. After 2 h of reaction, 10% of
yclohexene is already converted, whereas NH2-MIL-47 shows only
% of conversion. (3) Finally, it can be noted that both materials
how only 2 products: cyclohexene oxide and the radical product 2-
yclohexene-1-one, which are produced in almost equal amounts.
n Section 3.5 reaction mechanisms are proposed that explain this
roduct distribution.

Additionally, the homogenous catalyst TiO(acac)2 has been
ested using the same experimental conditions as for the MOF

aterials. The same amount of Ti has been used as in the
ost-functionalized material. The conversion pattern of this homo-
eneous catalyst is depicted in Fig. 7. After 6 h of reaction a
yclohexene conversion of 25% is reached, which is practically the
ame as for the Ti/V-MOF. It is interesting to note that the product
istribution observed for the homogeneous catalyst is very similar
s for the NH2-MIL-47 and NH2-MIL-47 [Ti]: almost equal percent-
ges of the cyclohexene oxide and the ketone are observed.

.3. Stability and regenerability of the catalysts

To test the regenerability of the V-MOFs, two additional runs
ave been executed on both materials. In Fig. 8, the cyclohexene
onversion is shown after each run for the two catalysts, whereas
n Table 1 the TON, TOF and leaching percentage are presented
fter each run for both materials. As can be seen from Fig. 8, the

yclohexene conversion for the post-functionalized material is
lightly enhanced after the first run which is due to the generation
f the extra catalytic V+V sites (see Section 3.4). However, for
he non-functionalized V-MOF a significantly higher cyclohexene
xene-1-one (�) for NH2-MIL-47 and NH2-MIL-47 [Ti] using acetonitrile as solvent
t a temperature of 40 ◦C. In both experiments a V loading of 0.42 mmol was applied.

conversion is observed for the 2nd and the 3rd run (30% and 24%).
This is due to the V leaching in each run as can be noted from
Fig. 8. Cyclohexene conversion for the executed additional runs on NH2-MIL-47 and
NH2-MIL-47 [Ti].
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Ti]  prior to catalysis. The error (1�) is estimated at 4% (see text). (For interpretation
rticle.)

uns [24]. The NH2-MIL-47 [Ti] did not show any detectable Ti or
 leaching, which clearly demonstrates that the original MOF  after
ost-functionalization becomes more stable. The exact reason for
he enhanced leaching stability is currently unclear. Both shielding
ffects and electronic effects may  influence the leaching behavior
nd would require advanced modeling techniques [37]. This falls
eyond the scope of this current paper.

Comparison of the XRPD pattern of NH2-MIL-47 [Ti] before
atalysis and after each run (see Fig. S.3) clearly shows that the
ramework integrity of the MOF  is well preserved.

.4. EPR measurements

The aim of the EPR measurements is gaining insight in the
eaction mechanisms by monitoring the fraction of paramagnetic
+IV ions in the catalyst. Fig. 9 a shows the RT X-band spectra of
H2-MIL-47 [Ti] dry powder samples before and after 2 and 4 h
f catalysis. The spectra of the samples prior to and after cataly-
is appear as single broad lines exhibiting widths of about 9.2 mT
efore and 10.4 mT  after catalysis. No 51V hyperfine (HF) structure

s resolved in the spectra. The line position in the X-band spectra
s practically the same for all samples and already suggests a signal
ssignation to V+IV (g = 1.96 < ge = 2.0023) [38]. Furthermore, spec-
ra were recorded at higher microwave frequency (Q-band), which
artially resolves the anisotropy of the (V+IV = O) O4 complexes. In
ig. 10 the RT Q-band EPR spectrum of NH2-MIL-47 [Ti] is compared
ith that of NH2-MIL-47 and MIL-47. Spectrum simulations show

hat in all three samples the paramagnetic species have (approx-
mately) axial symmetry. The g|| (along the V O bond direction)
nd g⊥ values obtained through fitting of the spectra are listed in

+IV
able 2. These values are typical for V species [38] and are in
ery good agreement with earlier EPR reports on V-MOFs [39]. It is
orth noting that both in the work of Meilikhov et al. [39] and in

ur own previous investigations of V-MOFs [24,25], no HF structure

able 1
ON, TOF and leaching percentage after each run for both V-based catalysts.

Sample TONa TOFb (h−1) Leaching (%)

NH2-MIL-47
Run 1 17.7 6.0 1.8
Run 2 44.6 14.1 2.5
Run 3 63.9 10.4 3.5

NH2-MIL-47 [Ti]
Run 1 39.5 7.5 0
Run 2 44.8 12.1 0
Run 3 49.5 1.1 0

a TON was calculated after 6 h of reaction.
b TOF was calculated after 30 min  of reaction.
spectra of non-functionalized NH2-MIL-47 and of MIL-47 at RT. (For interpretation
of  the references to color in the artwork, the reader is referred to the web version
of  the article.)

was resolved in the spectra, most probably as a result of interactions
between spins in these paramagnetically concentrated samples.
The number of paramagnetic centers in the samples was  estimated
by comparing the signal intensity with that of a VO(acac)2 grafted
silica sample with known V+IV loading. It was  found to be compa-
rable to the number of V-sites in the catalyst, indicating that at RT
EPR provides information on the majority of the metal V-sites, and
not only on a minority fraction, e.g. corresponding to defects.

The intensity of the RT X-band spectra was  evaluated by double
integration of the EPR spectra over a range of 80.0 mT  centered on
the broad EPR line, in order to avoid errors due to non-perfect back-
ground correction in the broader range recorded. The data points in
Fig. 9b represent the relative intensity with respect to the signal of
NH2-MIL-47 [Ti] prior to catalytic reaction. The error (one standard

deviation) is estimated at 4%, combining the effects of variations in
consecutive measurements (sample positioning) and day-by-day
changes in the spectrometer sensitivity. One observes that within

Table 2
Best fit principal g values for the V+IV centers in MIL-47, NH2-MIL-47 and NH2-MIL-47
[Ti] at RT (see Fig. 10).

T Sample g⊥ g||

RT MIL-47 1.972 1.941
NH2-MIL-47 1.970 1.940
NH2-MIL-47 [Ti] 1.970 1.940
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Scheme 1. General mechanism of the epoxidation with O2

he first 2 h of catalysis, the spectrum intensity decreases about
7%. Thereafter it remains stable or decreases more slowly. A very
imilar behavior was observed for MIL-47 in the oxidation of cyclo-
exene with TBHP/decane as oxidant [24]. Hence, we  propose a
imilar interpretation: in the first few hours of catalysis a fraction of
he V+IV centers is oxidized to diamagnetic V+V centers. Mechanis-
ic considerations in Section 3.5 suggest a radical parallel pathway,
nvolving a partial oxidation of the V-metal sites.

.5. Reaction mechanisms

Based on the above described EPR and catalytic results a
lausible reaction mechanism is proposed. The mechanism of
xidation using molecular oxygen and a sacrificial co-oxidant has
een the subject of many studies. A radical mechanism involving

 peracid radical as primary oxidizing species has been generally
ccepted (Scheme 1) [40]. The role of the catalyst is considered to
e the activation of molecular oxygen by the generation of radicals.
owever, a metal-oxygen moiety can be present as alternative,

irect oxidizing species in the metal-catalyzed system. This oxi-
ation pathway is generally accepted for late transition metals
41,42]. Nevertheless, for metals like titanium and vanadium,
his pathway is less likely as described in Sheldon et al. [43]. The

Scheme 2. formation of cyclohexanone, whic
dehydes, most termination steps where omitted for clarity.

presence of metal-oxo species could explain the decrease of the
V+IV signal intensity in the EPR measurements since the generation
of vanadium-oxo species is accompanied by an oxidation to V+V,
which corresponds to what was  already reported for the V-MIL-47
in the cyclohexene oxidation using TBHP as oxidant [24].

Another argument in favor for the mechanism shown in
Scheme 1 is the presence of cyclohexanone in the product mixture.
This is due to the formation of the peroxide radical ((II) in Scheme 1),
followed by the formation of peroxide by a hydrogen abstraction.
Afterwards, the obtained peroxide can react with another peroxide
to form the cyclohexanone and oxygen (see Scheme 2).

This type of reaction generally exhibits a high (>80%) selectivity
toward the epoxide when it is catalyzed by complexes where the
metal can only have a low oxidation state (maximum II or III) [44]. A
MOF containing the same metals as those mostly used as homoge-
neous catalysts (Ni, Cu, Co) for this reaction gave similar results [41].
In the present system however, the selectivity toward the epoxide
is significantly lower. It is known that the presence of carboxylic
acid radicals and peroxo radicals ((I) and (II) in Scheme 1) can lead

to oxidation in the allylic position [40,41]. It is likely that these
intermediates are stabilized by titanium and vanadium in the cat-
alyst, leading to a decreased selectivity. Furthermore, the presence
of M O species and peroxide moieties can lead to the formation

h was observed in the product mixture.
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Scheme 3. Pathway 

f cyclohexenol as shown in Scheme 3. Cyclohexenol can then be
xidized further to 2-cyclohexene-1-one, this conversion was  also
hown by Murahashi et al. [44].

. Conclusions

We succeeded in the post-functionalization of NH2-MIL-47 with
iO(acac)2.13C CP/MAS NMR, 1H NMR  and DRIFTS measurements
learly established the effectiveness of the grafting procedure,
hereas XRPD measurements proved the stability of the bimetal-

ic MOF  during the grafting process. The obtained NH2-MIL-47 [Ti]
xhibits a significantly higher cyclohexene conversion compared
o the non-functionalized material, probably mainly due to the
xtra active sites. Furthermore, no leaching of V or Ti was  detected.
egenerability tests have shown that only a slight increase in
yclohexene conversion is observed during the first 3 runs. EPR
easurements indicate that about 17% of the V+IV sites are oxi-

ized to V+V in the first two hours of catalysis. In agreement with
he latter, the general mechanism of the epoxidation with O2 and
ldehydes shows the generation of vanadium-oxo species which is
ccompanied by a partial oxidation of the V centers toward V+V.
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