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ABSTRACT: Covalent grafting of heteropolyanions hybrids B,α-[AsIIIW9O33{P(O)-
(CH2CH2CO2H)}2]

5‑ on 3-aminopropyl functionalized SBA-15 has been achieved through
the formation of peptide bonds. The covalent link has been confirmed by using IR and 13C CP
MAS NMR spectroscopies. Electrostatic interactions between carboxylate and protonated
amines have been discarded on the basis of the retention of POMs after repeated washings of
the resulting material by ionic liquid (bmimCl). This is the first example of anchored
monovacant polyoxometalates (POM) in which nucleophilic oxygen atoms are still available
after incorporation into mesoporous supports. Further characterization of the textural
properties of grafted materials has shown that they still retain an important mesoporosity,
which is compatible with their potential use in heterogeneous catalysis. Such systems are thus
interesting candidates for the preparation of anchored homogeneous catalysts in which the
POMs would play the role of polydentate inorganic ligands for the active centers.

1. INTRODUCTION

Catalysis is considered as one of the pillars of green chemistry.1

In particular in the field of oxidation reactions, there is a
constant search for catalytic processes using dioxygen or
hydrogen peroxide, i.e., “green” reagents that could substitute
to noncatalytic technologies based on conventional oxidants
(typically MnO2, CrO3, MnO4

−, and so forth) affording
stoichiometric amounts of nonvaluable byproducts. However,
in the field of fine chemistry, alternative solutions are usually
based on homogeneous metal-centered catalysts, and the
principal limitations to their use are linked to separation
problems, i.e., loss of (often expensive) active centers and
contamination of the reaction products by metal traces that are
incompatible with pharmacological applications. Heterogeniza-
tion of soluble catalysts then constitutes an elegant solution,
since it may lead to a stronger robustness and to a growing
efficiency.2 It may indeed allow the chemist to combine the
activity and selectivity of the homogeneous catalyst with the
ease of recovery of the heterogeneous one: “the best of both
worlds”.3 However, the efficiency of the resulting materials is
also linked to the optimization of both the dispersion and the
accessibility of the active sites deposited on the support. One of
the keys for obtaining such efficient materials is the use of
anchoring platforms with high specific surface and porosity,
such as oxides with structured mesopores.

Additionally, polyoxometalates (POMs), a particular class of
transition-metal oxoanion nanosized clusters, and especially
their metallic derivatives, have deserved general attention as
oxidation catalysts.4 Indeed, POMs are capable of acting as
multidentate inorganic ligands with numerous advantageous
properties: they are generally resistant to water and
thermodynamically stable toward oxidation; they have an
interesting tunability of redox and acid properties; they afford
the stabilization of metallic cations with different oxidation
states (for instance Ru in the range +II to + VI)5 or coming
from the entire periodic table of the elements.
The immobilization of POMs onto surfaces has been largely

described in the literature. Most examples deal with nonvacant
heteropolyacids that are bound to oxide supports through the
protonation of hydroxyl groups of the surface and the
interaction of the resulting SiOH2

+ species with external
oxygen atoms of the POMs. These kinds of interactions, which
require the utilization of heteropolyacids, limit actually the
range of accessible POMs, since acidic salts are available for
only a limited number of species regarding the whole literature.
Some examples include the utilization of heteropolyacids as
electrostatic linkers for the grafting of organometallic
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{RhI(COD)(PP)}+ hydrogenation catalysts onto an alumina
support (COD = 1,5-cyclooctadiene; PP are various
diphosphine ligands, such as duphos or binap).6Anchoring
procedures inside the channels of mesoporous materials or at
the surface of oxide nanoparticles that have been functionalized
with positive alkylammonium7−15 or imidazolium16−18 groups
have been used more recently. These electrostatic interactions,
even if they strengthen the POM−support link, do not however
completely avoid the leaching of the supported active phase, in
particular in the case of catalytic processes taking place in
conventional polar solvents or a fortiori in ionic liquids.
A few examples have been described in which POMs can be

covalently bound to an oxide support. This covalent linking is
achieved following two kinds of approaches. In the first one,
transition-metal substituted POMs are attached onto the
surface via coordination of the transition-metal centers of the
POM with nitrogen atoms of alkylamine-substituted porous
materials. This approach has been used with [M(H2O)-
PW11O39]

5 ‑ (M = CoII, NiII),19−21 β-[SiW9O37{Co-
(H2O)}3],

10−19 or [Ln{PW11O39}2].
11−22 However, lots of

questions remain on the strength of the link between the
transition cations and the surface during the catalytic process,
with these cations playing also the role of the active centers.
The second approach consists in the direct grafting of Keggin-
type mono- or divacant POMs on the surface of ordered porous
silica architecture via organosilane moieties.23−25 In these last
examples, POMs have been incorporated either by copoly-
merization of the POMs with silicon precursors or by a
postsynthesis route. However, in both cases the authors used
strategies in which the anchored POMs do not conserve
coordinating sites.
In the present work, we propose to covalently anchor hybrid

lacunary POMs (an organo-phosphonate derivative with
formula B,α-[AsIIIW9O33{P(O)(CH2CH2CO2H)}2]

5‑ onto a
mesoporous support (an SBA-15 functionalized with propyl-
amine groups) in order to improve the chemical linkage
between both partners. We present here a new methodology
based on the utilization of a bifunctional POM that contains
useful organic functions for the covalent grafting onto a surface
and nucleophilic oxygen atoms for the coordination of metallic
cations at once.

2. EXPERIMENTAL SECTION
2.1. Materials. Na8H[B,α-As

IIIW9O33]·24H2O was prepared as
described elsewhere.26 3-Phosphonopropanoic acid was obtained from
Aldrich. Solvents and other reagents were obtained from commercial
sources and used as received, except for triethylamine, which was
distilled under low pressure before using.
IR spectra were recorded from KBr pellets on a Biorad FT 165

spectrometer. Raman spectra were recorded on solid samples on a
Kaiser Optica Systems HL5R spectrometer equipped with a near-IR
laser diode working at 785 nm. The 13C-MAS and 31P-MAS NMR
experiments were performed on powdered samples at room
temperature on a Bruker Avance 500 spectrometer (11.4 T) operating,
respectively, at 125 MHz (13C) and 202 MHz (31P). The samples were
spun at the magic angle at a frequency of 10 kHz in 4 mm-diameter
rotors. In the case of 13C-MAS NMR experiment, proton cross-
polarization (CP-MAS) was applied with a contact time of 1.5 ms, and
the recycle delay was 5 s. The 31P-MAS spectra were obtained with
proton CP. The following parameters were used: cross-polarization
contact time, 2 ms, and recycle delay, 10 s. The 1H (300.13 MHz), 13C
(75.6 MHz), and {1H}31P NMR (121.5 MHz) solution spectra were
recorded in 5 mm o.d. tubes on a Bruker Avance 300 spectrometer
equipped with a QNP probehead. The 183W spectra were recorded at
12.5 MHz on the Bruker Avance 300 spectrometer equipped with a

triple-resonance low-frequency probehead with 31P external decou-
pling coil for {31P}183W NMR spectra. Chemical shifts are referenced
with respect to external 85% H3PO4 (

31P), and to an external alkaline 2
M Na2WO4 aqueous solution (183W), respectively, and were measured
by the substitution method. For 183W a saturated aqueous solution of
the dodecatungstosilicic acid (H4SiW12O40) was used as secondary
standard (δ = −103.8 ppm). Thermogravimetric analyses (TGA) were
performed at air with a TA-Instrument SDT Q600. Elemental analyses
were performed by the Service Central d’Analyse of the CNRS
(Vernaison, France). N2 sorption analyses were obtained at 77 K using
an ASAP-2010 Micromeritics apparatus. Small-angle XRD measure-
ments were carried out on a Bruker D8 Advance XRD diffractometer.
X-ray fluorescence analyses were conducted with an energy dispersive
spectrometer (XEPOS with Turboquant powder software).

2.2. Synthesis of the Hybrid POM (n‑Bu4N)3NaH[As
IIIW9O33{P-

(O)(CH2CH2CO2H)}2]: TBA3NaH(1). Na8H[B,α-As
IIIW9O33]·24H2O

(2.00 mmol, 5.75 g) was suspended into 50 mL of a solution of
(n‑Bu4N)Br (8 mmol, 2.57 g) and 3-phosphonopropanoic acid (4.00
mmol, 0.62 g) in acetonitrile. Concentrated hydrochloric acid 37% (8
mmol, 0.66 mL) was added dropwise at room temperature. The
resulting suspension was heated overnight at 83 °C, and then filtrated
on a glass frit (no. 4). The solution was concentrated under vacuum to
get a colorless oil. Ethanol and diethylether were successively added to
the oil in order to remove the excess of phosphonopropanoic acid, and
to recover the target compound as a white solid material. This
compound can be recrystallized in hot DMF or acetonitrile (20 mL)
(yield = 5.83 g, 89%). Anal. Calcd for C54H120N3Na1As1P2W9O39: C,
19.96; H, 3.72; N, 1.29; As, 2.31; Na, 0.71; P, 1.91; W, 50.91. Found:
C, 20.20; H, 3.80; N, 1.41; As 1.90; Na, 0.63; P, 1.60; W, 51.10. 1H
NMR (CD3COCD3): δ (ppm) 2.18−2.30 (m, PCH2CH2COOH),
2.70−2.90 (m, PCH2CH2COOH).

13C{1H} NMR (CD3SOCD3): δ
(ppm) 23.4 (d, 1JP−C = 134 Hz, 1C, PCH2CH2COOH); 28.0 (s, 1C,
PCH2CH2COOH); and 174.3 (d, 3JP−C = 23 Hz, 1 C,
PCH2CH2COOH). {1H}31P NMR (CH3CN/CD3CN): δ (ppm)
29.0. 183W NMR (CD3SOCD3): δ (ppm) −215.7 (s, 1W); −117.5 (d,
2JP−W = 11.8 Hz, 2W); −117.6 (d, 2JP−W = 10.1 Hz, 2W); −112.5 (s,
2W); −111.7 (s, 2W). IR (KBr, cm−1): 3440(vs), 3200(m), 1725(m),
1662(m), 1202(m), 1178(m), 1025(m), 1005(m), 965(s), 905(s),
828(s), 778(vs), 663(w), 582(w), 514(m), 498(m). Raman (solid,
cm−1): 1127 (w), 1054 (w), 996 (m), 974 (s), 941 (m), 903 (m), 747
(m).

2.3. Synthesis of Anion B,α-[AsIIIW9O33{P(O)(CH2CH2(CO)-
NHCH2C6H5)}2]

5‑ (2). Coupling reaction of compound TBA3NaH(1)
with benzylamine. Complex TBA3NaH(1) (0.65 g; 0.2 mmol) was
introduced in a 100 mL Schlenk tube under argon and dissolved in 25
mL of freshly distilled acetonitrile. Triethylamine (0.17 mL; 1.12 g; 1.2
mmol) was then added and the mixture placed in an ice bath.
Isobutylchloroformiate (0.16 g; 1.2 mmol) was then added, and the
resulting solution was stirred for 30 min. The solution was allowed to
reach room temperature, and benzylamine (0.26 g; 0.26 mL; 2.4
mmol) was finally introduced. The solution was stirred overnight at
room temperature, checked by 31P NMR spectroscopy (major peak at
26.3 ppm), and then centrifugated. The supernatant was removed, and
the solvent was evaporated under vacuum, leading to the formation of
a viscous oil. This oil was triturated with ethanol and diethylether until
the formation of a precipitate. This solid was then dried overnight at
50 °C under vacuum. The solid has been analyzed by 31P NMR
spectroscopy, and we observed the persistence of some uncoupled
carboxylate functions (≈5%). No chemical analysis was performed on
this compound because of the presence of a noteworthy amount of
triethylamine and of uncoupled functions.

Data for compound TBAxNay(Et3NH)z (2) follow.
13C{1H} NMR

(CD3SOCD3): δ (ppm) ≈ 22.4 (d, 1JP−C ≈ 120 Hz, 1C,
PCH2CH2CONH−);

27 29.0 (s, 1C, PCH2CH2CONH−), 42.2 (s,
1C, NH−CH2), 126.7 (s, 1C, C6H5−), 127.2 (s, 2C, C6H5−, 134.9),
(s, 2C, C6H5−), 139.7 (s, 1C, C6H5−), and 171.7 (d, 3JP−C = 23 Hz, 1
C, {−CONH−}). IR (KBr, cm−1): 3065 (w), 3025 (w), 1649 (m),
1535 (m), 1255 (m), 1167 (m), 1024 (w), 1002 (w), 962 (s), 905 (s),
825 (s), 775 (vs), 699 (m), 667(w), 580 (w), 514(m), 498(m).
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2.4. Preparation of the Mesoporous SBA-15 Silica. Poly-
(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock
copolymer of the EO20-PO70-EO20 type (Pluronic P123) (4.0 g) was
added to 120 mL of distilled water and 20 mL of concentrated
hydrochloric acid (37%). The mixture was heated at 40 °C until
complete dissolution of Pluronic P123. TEOS was then added
dropwise and the resulting suspension further heated at 40 °C for 24 h.
A hydrothermal treatment was then performed at 100 °C in a FEP
bottle for another 24 h duration. The suspension was filtered, and the
obtained solid washed with water, dried at 60 °C, and finally calcined
(24 °C/h) at 550 °C for 6 h.
2.5. Functionalization of SBA-15 Silica Using 3-Amino-

propyltriethoxysilane (APTES). Preparation of two NH2−SBA-15
samples follows. In a 100 mL round-bottom flask, 1.0 g of freshly dried
SBA-15 silica (350 °C, 12 h) was added to 50 mL of anhydrous
toluene. The flask was then placed in an ultrasound bath in order to
obtain a better dispersion of the support in toluene. The resulting
suspension was stirred at room temperature, and 2 mmol (0.5 mL) or
4 mmol (1.0 mL) of APTES was added. After 2 h, the reaction mixture
was heated until toluene reflux and maintained at this temperature for
24 h. Then, the suspension was filtered. The recovered solid was
washed successively by 15 mL of toluene, acetonitrile, and ethanol, and
then dried in air. Finally, the solid was extracted using a Soxhlet during
24 h with dichloromethane as the solvent.
2.6. Covalent Binding of TBA3NaH(1) with NH2-Function-

alized SBA-15 Solids. Two materials (A and B) have been
synthesized, starting from the two NH2-functionalized SBA-15 samples
with different amine loadings previously described:
Material A: Complex TBA3NaH(1) (0.65 g; 0.2 mmol) was

introduced in a 100 mL Schlenk tube under argon and dissolved in 25
mL of freshly distilled acetonitrile. Triethylamine (84 μL; 0.06 g; 0.6
mmol) was then added and the mixture placed in an ice bath. Later,
isobutylchloroformiate (78 μL; 0.08 g; 0.6 mmol) was introduced, and
the resulting solution (solution 1) was stirred for 30 min. In parallel,
0.6 g of NH2−SBA-15 sample with 2 mmol/g of −NH2 groups (1.2
mmol) was dispersed in acetonitrile in another Schlenk tube under
argon. Solution 1 was then transferred to the dispersion of the support
using a cannula. The resulting suspension was stirred overnight at
room temperature, and then filtered. The solid recovered was washed
using ethanol and diethylether, dried, and finally extracted using a
Soxhlet over 5 days with acetonitrile as the solvent.
Material B was prepared using a similar procedure starting from 0.6

g of NH2−SBA-15 sample with 4 mmol/g of −NH2 groups (2.4
mmol) using the following quantities of reagents: TBA3NaH(1) (0.65
g; 0.2 mmol), triethylamine (167 μL; 0.12 g; 1.2 mmol), and
isobutylchloroformiate (156 μL; 0.16 g; 1.2 mmol).

3. RESULTS AND DISCUSSION

3.1. Choice of the Strategy for the Covalent Grafting.
Silyl derivatives of POMs have been successfully used for the
preparation of POMs-functionalized silicas.23,25 In both cases,
mesoporous materials with covalent links to α-[SiW11O39{O-
(SiOH)2}]

4‑ or γ-[SiW10O36{RSi-μ-O}4]
4‑ moieties were

obtained by copolymerization of TEOS or a mixture of
TEOS and 1,2-bis(triethoxysilyl)ethane and the corresponding
lacunary POMs. This methodology led to the formation of
apparent regular mesoporous hybrid silicas, with POMs
covalently linked on their walls. Moreover, the first system
has shown a moderate catalytic activity for the epoxidation of
cyclooctene with anhydrous H2O2 as a co-oxidant, which
indicates a certain accessibility of the organic substrate to the
POMs.23 However in both cases the authors have pointed out
some breaking of POMs/surface links, due to the relative
weakness of the {Si−O−W} bonds, even after a moderate
heating of the materials (45 °C).25 Furthermore, due to the
binding strategy implemented, no more nucleophilic oxygen
atoms are available for metal substitution. Considering these

two disadvantages inherent to such approaches, we turned
ourselves to the use of trivacant Keggin-type polyanions bearing
two alkylphosphonate groups with carboxylic terminal
functions.
Indeed, bis-organophosphonate derivatives of the trivacant

A,α-[XVW9O34]
9‑ (X = P, As) or B,α-[XIIIW9O33]

9‑ (X = As,
Bi), respectively A,α-[XVW9O34{RPO}2]

5 ‑ and B,α-
[XIIIW9O33{RPO}2]

5‑, are potentially bifunctional POMs: (1)
They can be functionalized with R functions bearing several
useful pending terminations, in the present case carboxylic acid
functions. (2) More interestingly, only two phosphonate groups
can be grafted onto the lacuna of the different trivacant anions,
two over the six oxygen atoms that delimit the lacuna remaining
insaturated.28 Owing to this particularity they can then be used
as ligands toward lanthanides or d transition metal cations.29

We have reported on the coordination ability of A,α-
[PVW9O34{RPO}2]

5‑ anions, and we have recently extended
t h i s s t u d y t o o t h e r p l a t f o rm s s u ch a s B ,α -
[AsIIIW9O33{RPO}2]

5‑.29b

These hybrids can be easily obtained at a 100 g scale in a
single step, even in the case where R is a reactive pending group
in refluxing acetonitrile or dimethylformamide and in the
presence of aqueous concentrated HCl. Due to the robustness
of {P−O−W} bonds compared to {Si−O−W} ones, these
complexes are then really stable toward heating, hydrolysis, and
acidic and moderately basic conditions.
However, the anchoring of such organophosphonyl-deriva-

tives of POMs onto a surface is hardly achieved by co-
condensation techniques, such as those developed in the case of
organosilyl derivatives.23−25 Even if reagents that contain
terminal trisalkoxysilane and organo-phosphonyl ester groups
at once do exist (for instance diethylphosphatoethyltriethox-
ysilane, PETES = −(EtO)3SiCH2CH2P(O)(OEt)2), it is
impossible to control the specific grafting of the phosphonyl
groups at the trivacant POMs. The presence in this case of a
large excess of silyl functions during the reaction would
undoubtedly lead to the saturation of the vacancy of the POM.
Owing to these difficulties but also to recent reports in the

literature of homogeneous coupling reactions between hybrid
POMs with various organic compounds,31−36 we thus turned
ourselves to a different pathway, which consists in the parallel
preparation of functionalized POMs and silicas, with comple-
mentary organic functions (Scheme 1). These functions would

finally react with each other in a second step. We thus prepared
separately hybrid POMs and SBA-15 silica, the former bearing
acid carboxylic groups, and the latter functionalized with
primary amine functions.

3.2. Preparation and Characterization of the Func-
tionalized Mesoporous SBA-15. The functionalization of
mesoporous silica by aminopropyl groups has been largely
described due to the commercial availability of 3-amino-
propyltriethoxysilane and the various applications of the
resulting materials.37,38 Grafting protocols usually differ by
the solvent, expected loadings, and postsynthesis treatments. In
this work, we have chosen to implement conditions gathering

Scheme 1. Representation of the Strategy Selected for
Grafting a Hybrid POM onto a Functionalized Support
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the advantages of different published procedures. The SBA-15
silica support considered was prepared according to a
conventional procedure.39 It was characterized by a high
hexagonal structuration of its mesoporosity (small-angle XRD,
Figure S1) and textural parameters of good quality, i.e., SBET
(specific surface) = 985 ± 70 m2 g−1, Vp (pore volume) = 1.0 ±
0.1 cm3 g−1, and Dp (mean pore diameter) = 6.5 ± 0.2 nm.
Among the important points, SBA-15 was preliminarily dried at
350 °C,37 and functionalized materials were purified using
Soxhlet extraction by dichloromethane. Otherwise, selected
initial grafting conditions involve either 2 or 4 mmol of NH2
groups per g of SBA-15 which is quite reasonable.37

Thermogravimetric profiles of NH2−SBA-15 samples
(Figure S2) are characterized by a first mass loss (about 3−
4%) below 200 °C related to the departure of physisorbed
molecules such as water and carbon dioxide and another one
(11.5 and 23.1%) in the 200−900 °C range corresponding to
the decomposition of 3-aminopropyl groups.37,40 Estimated
amounts of grafted functions are 2 and 4 mmol g−1 of silica,
respectively, thus emphasizing the quantitative functionalization
of the support in both samples. Introduction of aminopropyl
groups is also demonstrated by infrared spectroscopy (Figure
S3) through the appearance of new bands such as (1) υ(NH) at
3470 cm−1 that is partially masked by υ(OH) bands of silanol
groups, (2) δ(NH) at ∼1540 cm−1,41 and (3) υ(CH) bands of
the propyl linker around 2938 cm−1.
Functionalization also leads to modification of N2 sorption

isotherms (Figure S4) compared to those of SBA-15 precursor
as a result of the decrease of the specific surface area, pore
volume, and mean pore diameter. Such changes are consistent
with the incorporation of at least part of the amino groups
inside the mesopores.42 Table 2 summarizes the textural
characteristics of the silica SBA-15 before and after function-
alization. It is found that 50% of the initial specific surface area
is lost after the incorporation of 2 mmol of NH2 g

−1 whereas
the reduction is about 60% with 4 mmol. Clearly, variation of
the textural parameters is not proportional to the amount of
amino groups introduced as a result probably of a worse
dispersion in the highly loaded sample.
3.3. Preparation and Characterization of the Bis-

carboxylate Der ivat ive B,α - [As I I IW9O33{P(O) -
(CH2CH2CO2H)}2]

5‑ (1). The functionalization of various
trivacant polyoxoanionic platforms with organo-phosphonic
acids RPO(OH)2 was previously described in our group.28 This
reaction is generally performed in acidic medium through the
classical phase-transfer procedure using tetrabutylammonium
cations as transfer agents.30 We have already described the
synthesis of A-type phosphotungstates with general formula
A,α-[PW9O34{RPO}2]

5‑, and we report here on the preparation
of the organo-phosphonate derivative with B-type, B,α-
[AsIIIW9O33{P(O)(CH2CH2COOH)}2]

5‑ (1), using the same
procedure. Due to the higher stability of B-type precursors
compared to A-type, the formation of organophosphonate
{P(O)R} derivatives where R is a very reactive function like
−CH2CH2COOH appears to be facilitated. Indeed, yields of
(n‑Bu4N)3Na2[PW9O34{P(O)(CH2CH2CO2H)}2] hardly
reached 40%, even in very polar solvents such as
dimethylformamide.29 Furthermore, whatever the conditions
used, significant amounts of (n‑Bu4N)3[PW12O40] were system-
atically formed. On the other hand, the preparation of pure
(n‑Bu4N)3NaH[AsIIIW9O33{P(O)(CH2CH2CO2H)}2] (com-
pound TBA3NaH(1), schematic representation of anion 1 in

Figure 1) was easily performed in refluxing acetonitrile with
yields close to 90%.

All these complexes, and in particular complex 1, are
characterized by the presence of four nucleophilic oxygen
atoms (the two {RPO} groups and the two unsaturated
oxygen atoms delimiting the lacuna of the {XW9} anion) that
are able to bind to metallic cations.29

Compound TBA3NaH(1) was characterized by various
spectroscopic methods (see SI for the details of the spectra).
The 31P NMR spectrum (Figure S5) displays a single peak at
+29.0 ppm (in CD3COCD3) corresponding to the two
equivalent phosphorus atoms from the {RPO} groups. The
presence of a pair of satellites due to heteronuclear 2JW−O−P
couplings confirms the grafting of these groups onto the
[AsW9O33]

9‑ core.
The 1H spectrum of the compound shows the presence of 4

signals attributed to three tetrabutylammonium cations. Two
multiplets assigned to the two different −CH2 groups of the
propionic acid chains are also observed in the range [2.18−
2.30] and [2.70−2.90] ppm, respectively. They are however
partially hidden by those of the tetrabutylammonium. We did
not observe the signal of the −COOH groups. The presence of
these functions has been proved by {1H}13C NMR (Figure S6).
Indeed, in addition to the four signals of the n‑Bu4N

+ ions (13.5,
19.2, 23, and 57.5 ppm) and the two signals of the
CH2CH2COOH chains (at 28.0 and 23.4 ppm), we observed
a doublet centered at 174.3 ppm (3JP−C = 23 Hz) assigned to
the −COOH groups. The IR spectrum of TBA3NaH(1)
(Figure S7) displays several bands in the range [700−1000
cm−1] characteristic of terminal WOt and bridging W−Ob−
W bonds as expected for tungstates. In addition, we observed
two bands at 1025 and 1005 cm−1, assigned to the ν(As−Oc)
and to the νasym(PO) of the {RPO} groups, respectively,
by comparison with the phosphotungstate derivatives. The
carboxylic acid function is evidenced by the presence of a νCO
band at 1725 cm−1 (close to that observed in free propionic
acid) and of several small bands in the range 3000−3600 cm−1,
the strongest at 3440 cm−1 being assigned to pure νOH. Raman
spectrum of TBA3NaH(1) has also been recorded (Figure
S11). Concerning the anion part, the strongest band is located
at 974 cm−1. The νCO band, characteristic of the carboxylic
function, is forbidden in Raman spectroscopy, and thus not
observed.
TBA3NaH(1) has been characterized by 183W NMR

spectroscopy. The {31P}183W NMR spectrum displays four
lines with relative intensity 2:2:4:1. This is compatible with the
C2v symmetry expected for anion 1, provided that an accidental
degeneracy of two lines is admitted. In order to confirm this
statement, we have also recorded the 183W NMR spectrum

Figure 1. Polyhedral representation of the [AsIIIW9O33{P(O)-
(CH2CH2CO2H)}2]

5‑ (1) anion. Oxygen atoms are represented in
red, carbon in black, phosphorus in green, arsenic in mauve, and
{WO6} octahedra in blue.
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(Figure 2). The spectrum displays five lines with relative
intensity 2:2:2:2:1. However, two signals (those attributed to

W2 and W3, connected to the P atoms of the phosphonate
groups, see Figure 2) are expected to be split. Providing that
the signal at −117.1 ppm is in fact constituted of two
components, we can thus deduce that the doublets attributed to
W2 and W3 are (almost completely) overlapped and
correspond to the lines at −117.1 and −118.0 ppm. The 2JPW
coupling constants of each signal are consequently slightly
different, and are, respectively, equal to 10.1 and 11.8 Hz, in
good accordance with those observed for [PW9O34{P(O)-
R}2]

5‑.28 The peak with lower relative intensity at −215.7 ppm
is then attributed to W5 while the lines at −111.7 and −112.5
ppm may be assigned to the four other W atoms that are not
connected to the phosphorus atoms (W1 and W4).
3.4. Postfunctionalization of B,α-[AsIIIW9O33{P(O)-

(CH2CH2CO2H)}2]
5‑ (1). Prior to the grafting of anion 1 onto

the amine functionalized support, the reactivity of its carboxylic
acid functions in a coupling reaction with benzylamine has been
studied. The second interest of this study was to provide
spectroscopic data for the characterization of an amide function
linked to the POM. The formation of peptide bonds using the
carboxylic acids functions of 1 has been adapted from the
method previously described by our research group in the case
of organic/inorganic Wells−Dawson-type POM hybrids.31 The
optimized used procedure required the utilization of an
activating agent (isobutylchloroformiate, i‑BuOC(O)Cl) in the
presence of a base (NEt3), in a ratio anion 1/
NEt3/

i‑BuOC(O)Cl/benzylamine 1/6/6/12. The reaction has
been monitored by 31P NMR spectroscopy in acetonitrile. We
observed the progressive decrease of the initial peak at 25.1
ppm43 assigned to the carboxylate-containing phosphonate, and
the appearance of a signal at 26.3 ppm, assigned to the amido-
substituted phosphonate. After 16 h, the intensity of the
carboxylate peak was less than 5% of the one assigned to the
amide group. A solid has been isolated by evaporation of the
solvent, washed with ethanol and diethylether, and charac-
terized by IR and NMR spectroscopy.
The 31P NMR spectrum (Figure S9) confirms the presence

of a small amount of noncoupled functions in the solid.
However, in the 13C NMR spectrum (Figure S8), we did not
observe the signal attributed to the carboxylate {CO}
functions due to their low amount. On the contrary, a new
doublet is observed at lower field (δ = 171.7 ppm), as expected
for an amide where the {CO} is linked to N, i.e., a less
electronegative atom than in a carboxylic acid function.
The IR spectrum is also instructive since we observed the

disappearance of the νCO band of the {COOH} group and the
concomitant enlargement of the band at 1650 cm−1, due to the
δOH of residual water but also in this case to νCO of an amide

(“amide I band”). Furthermore, we observed two new bands at
1535 and 1255 cm−1 which can be attributed, respectively, to
δNH (“amide II band”) and νCN (“amide III band”). The
presence of aromatic groups can be evidenced by two weak
bands beyond 3000 cm−1 (3065 and 3025 cm−1). The bands
characteristic of the POM’s core are essentially at the same
position as in the spectrum of TBA3NaH(1), attesting to the
conservation of the structure during the coupling reaction. All
these data confirm that the new compound thus formed
contains [AsW9O33{P(O)(CH2CH2CONHCH2Ph)}2]

5‑ (anion
2).
Despite careful washing of the solid with water, ethanol, and

diethylether, we were not able to remove the contamination
due to the initial presence of triethylamine. The latter has been
evidenced by chemical analysis and 1H NMR spectroscopy.
This could indicate that some tetrabutylammonium has been
exchanged with triethylammonium during the coupling
reaction.

3.5. Covalent Grafting of the Polyoxometalates onto
the SBA-15 Support and Characterization of the
Resulting Material. Conditions used for the reaction of the
bisphosphonopropanoic derivative of POM (anion 1) with the
NH2-functionalized SBA-15 have been adapted from those
established for the synthesis of anion 2. In order to evaluate the
effect of the loading of NH2 groups on the POM uptake, two
hybrid materials (A and B) have been prepared starting from
the same amount (0.2 mmol) of the complex TBA3NaH(1)
and 0.6 g of the NH2-functionalized SBA-15 support with either
2 or 4 mmol of NH2/g. Hence, the excesses of amine toward
−CO2H groups in materials A and B were 3 and 6, respectively.
In both experiments, the ratios between the coupling agent
(i‑BuOC(O)Cl), triethylamine, and the NH2 functions were
identical (1:1:2). POMs content in both materials has been
checked by X-ray fluorescence spectroscopy (XRF). Surpris-
ingly, the silica that contains fewer aminopropyl groups (2
mmol of NH2/g) led to the incorporation of a higher amount
of POM as shown in Table 1 (see This seems to indicate that

−NH2 groups in highly loaded materials are less accessible to
POMs, despite comparable textural properties of both NH2-
functionalized SBA-15 (respectively, 451 and 436 m2 g−1, see
Table 2). This could be the result of a higher interpenetration
of the organic chains at the surface of the mesopores at a
concentration equal to 4.0 mmol of NH2/g of support. It is
noteworthy that best uptake of POM is almost one-third of the
expected value. As expected, the greater amount of POM
introduced (materials A), the greater the textural parameters
are lowered. Even in the case of the higher incorporation ratio,
mesopores with significant pore volumes are still available. The
results presented below deal with material A because of its
higher POM content.

Figure 2. 183W NMR spectrum of TBA3NaH(1).

Table 1. XRF Analysis of SBA-15 Anchored
Polyoxometalates

NH2 content of the SBA
(mmol/g)

W/Sia molar
ratio

As/Si molar
ratio

W/As molar
ratio

2 0.08 7.2 × 10−3 11.6
4 0.03 3.2 × 10−3 11

aExpected values for W/Si, As/Si, and W/As are 0.23−0.25, 0.025−
0.028, and 9. It is noteworthy that the ratio W/As obtained by XRF on
pure TBA3NaH(1) was found equal to 11.3 instead of expected 9.
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Demonstration for the retention of the integrity of POM
entities upon grafting onto NH2-functionalized SBA-15 was first
brought by 31P CP MAS of material A (inset in Figure 4)
through the presence of a single large peak at 28 ppm. This one
was observed in the same region as the signals obtained in
solution for anions 1 and 2, respectively. The superimposition
of the Raman spectra (Figure S11) of pure TBA3NaH(1) and
SBA-15 anchored anion 1 leads to the same conclusion. Indeed,
the main bands observed on the spectrum of TBA3NaH(1) are
also present on that of sample A. In particular, signals attributed
to the ν(WOt) and ν(W‑Ob‑W) vibrations, in the range 700−1000
cm−1, remain among the more intense in the Raman spectrum
after the grafting step.
Evidences for Covalent Grafting of Polyoxometalates

onto SBA-15. Evidence for the formation of amide bonds
resulting from the reaction of the NH2-functionalized SBA-15
with −COOH functions of anion 1 have been obtained using
different physical techniques.
IR Spectroscopy. IR spectra of the NH2-functionalized

SBA-15 silica before and after reaction with TBA3NaH(1) are
compared in Figure 3. Unlike Raman spectrum of the POM-

grafted materials, the polyoxometalate core may hardly be
characterized by IR spectroscopy. Indeed, the presence of very
intense bands in the range 800−1200 cm−1 attributed to the
νSi−O vibrators strongly masks the characteristic bands of POMs
in this region. Nevertheless, from Figure 3, one can notice an
enhancement of a shoulder peak at 950 cm−1 that may be
tentatively assigned to the ν(WO) band of the B,α-
[AsW9O33{POR}2]

5‑ units. This technique is however more
instructive regarding the nature of the (covalent) link between
the POMs and the functionalized surface. Indeed, as observed
for anion 2, the spectrum of the POM-functionalized material

displays new bands attributed to the amide function at 1685
and 1530 cm−1, respectively, assigned to νCO and δNH bands.
Both bands are accompanied by the δOH one at 1636 cm−1, also
present in the NH2-functionalized SBA-15 starting material.

13C CP MAS NMR Spectroscopy. The presence of amide
bonds in the final materials has been investigated also by 13C
CP MAS NMR spectroscopy. Figure 4 shows the spectrum of

the NH2-functionalized SBA-15 silica after reaction with
TBA3NaH(1). In the range 50−100 ppm, this spectrum
displays predominantly the signals of the aliphatic carbon atoms
from the aminopropyl groups of the surface and tetrabuty-
lammonium cations. More interestingly, the two signals
observed at 176 and 182 ppm, respectively, were assigned to
carbon atoms of two different carbonyl functions. By
comparison of the 13C CP MAS NMR spectrum of the bis-
amido derivative TBAxNay(Et3NH)z(2) (Figure S8, right) to
that of TBA3NaH(1) simply deposited onto NH2-function-
alized SBA-15 (Figure S12), these signals were respectively
attributed to the C atom of amide functions formed during the
coupling reaction (176 ppm) and to the C atoms of residual
carboxylic functions (182 ppm). These values are also in
accordance with that expected for such functional groups in the
literature. Such results confirmed that the covalent linking of
anion 1 onto the NH2-functionalized support was performed,
and led us to propose that most of grafted POM 1 entities are
linked through only one amide function, probably because the
distance between the carboxylic functions does not match with
the distribution of the NH2 groups at the surface.

XRF Analysis of the Materials after a Washing
Treatment with MeCN/Ionic Liquid Mixtures. Further
proof for covalent attachment of POM (1) onto SBA-15 has
been brought through the study of the leaching behavior of
material A toward washing treatments with MeCN/N-butyl,N′-
methylimidazolium chloride (e.g., bmimCl) mixtures for five
days at 90 °C.
Hence, such an ionic and polar solvent mixture should lead

to the dissolution of physically adsorbed POM-CO2H species
or favor the dissociation of possible −NH3

+···−O2C−POM
surface ion pairs thus affording the solubilization of carboxylate
form of compound 1. For sake of comparison, two blank
samples based on the impregnation of the functionalized
support by a solution of TBA3NaH(1) in the presence (blank

Table 2. Textural Data of the Supports before and after
Coupling

materials
SBET (m2

g−1)
pore volume
(cm3 g−1)

pore diameter
(nm)

SBA-15 985 1.0 6.5
−NH2 SBA-15 (2 mmol g−1) 451 0.6 5.9
A: POM@{−NH2 SBA-15} (2
mmol g−1)

193 0.3 4.6

−NH2 SBA-15 (4 mmol g−1) 436 0.5 5.7
B: POM@{−NH2 SBA-15} (4
mmol g‑1)

306 0.4 5.0

Figure 3. IR spectra of NH2-functionalized SBA-15 with 2.0 mmol g−1

(in red) and of POM anchored onto SBA-15 support (in blue).

Figure 4. 13C CP MAS NMR spectrum (inset: 31P CP MAS NMR
spectrum) of POM anchored onto SBA-15 support (material A
obtained from NH2-functionalized silica at 2.0 mmol of NH2 g

−1).
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with NEt3) or in the absence of triethylamine (blank without
NEt3) were prepared using the same quantity of NH2-
functionalized SBA-15, POM, and triethylamine (when
necessary) as for material A. All of these solids were treated
similarly (washing in a Soxhlet in refluxing acetonitrile for 5
days, then by a solution of bmimCl for another 5 days).
The POM content of the recovered materials was analyzed

by XRF spectroscopy before and after treatment with bmimCl
(see Table 3). Whatever the protocol used, analysis results

showed that POMs have been introduced in similar proportions
in the three materials recovered. As expected, the decrease of
POM loading after ionic liquid treatment was stronger for the
two blank samples compared to material A, thus emphasizing a
linkage that differs from simple physical adsorption or
electrostatic interaction.

4. CONCLUSION

In this contribution, we have demonstrated, for the first time,
that the functionalization of both vacant polyoxometalate
species and mesoporous silica support by complementary
organic functions provides an efficient strategy for their
covalently linkage. The principle was illustrated using an
organophosphonate derivative of trivacant POMs bearing
carboxylic functionalities on one hand and an NH2-function-
alized mesoporous SBA-15 support on the other hand. In
parallel, a similar molecular adduct has been prepared from the
same organofunctionalized POM species and benzylamine to
select optimal reaction conditions, and additionally to use its
characterization patterns for a better demonstration of the
preservation of the POM integrity and amide formation on the
support. Integrity of the grafted POMs is important for further
use as ligands. This was demonstrated by XRF, 31P CP MAS
NMR, and Raman spectroscopies. Strong association of the
POMs through peptidic bond formation was evidenced by IR
and 13C CP MAS NMR spectroscopies. Exclusive physical
adsorption or/and electrostatic interactions of −NH3

+···−O2C−
type were ruled out by putting in evidence the high resistance
of hybrid materials toward MeCN/N-butyl,N′-methylimidazo-
lium chloride, i.e., an ionic and polar solvent mixture well
adapted for this purpose. Such a low leaching phenomena in
organic medium and also ionic liquids as well as the
confirmation of the persistence of mesopores in the materials
despite the introduction of such large POM species make these
solids interesting supports for heterogeneous catalysis. Further
work on their reactivity is currently in progress.
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