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The bifunctional phosphine–phosphonate ester derivatives Ph2P(CH2)3P(O)(OSiMe3)2 (L), (cis-

Cl2Pt[Ph2P(CH2)3P(O)(OSiMe3)2]2 (1), trans-Cl2Pd[Ph2P(C6H4)P(O)(OSiMe3)2]2 (2) and trans-

Cl2Pd[Ph2P(C6H4)P(O)(OEt)2]2 (3) were used to immobilize platinum(II) and palladium(II)

complexes on metal oxide supports by three different routes: sol–gel incorporation of L in TiO2

or ZrO2 matrices followed by complexation with PtCl2(PhCN)2, direct sol–gel immobilization of 1

and 2, surface modification of TiO2 nanoparticles with 2 and 3. The hybrid solids were

characterized by solid-state 31P MAS NMR spectroscopy, surface area measurements and

chemical analysis; the advantages and disadvantages of the different routes were discussed. This

study demonstrates that phosphonic esters can provide a valuable alternative to phosphonic acids

for the preparation of functional organic–inorganic hybrids based on metal oxides.

Introduction

Phosphonic acids, RPO3H2, are attracting increasing interest

as anchoring groups for the synthesis of hybrid organic–

inorganic materials, either by sol–gel processing or surface

modification.1 Indeed, phosphonic acids bind to a wide range

of metal oxides.2–5 The anchoring results from the formation

of stable M–O–P bonds by condensation with surface hydro-

xyl groups and coordination of the phosphoryl oxygen with

surface metal atoms.6 Thus, phosphonic acids have been used

to immobilize transition metal complexes for application in

photovoltaic cells,7–9 photoelectrochromic devices10,11 or

catalysis.12,13

The main limitations in the use of phosphonic acids as

anchoring functions come from their reactivity that make

them incompatible with acid-sensitive organic functions, and

from their poor solubility in common organic solvents.

In most cases, the synthesis of phosphonic acids involves the

preparation of diethyl phosphonate esters. In addition, as the

hydrolysis of diethyl phosphonates requires harsh acidic con-

ditions, they are usually converted into silylated phosphonates

that can be hydrolyzed under very mild conditions. A few

years ago, we showed that such phosphonate ester intermedi-

ates (PhPO(OSiMe3)2 and PhPO(OEt)2) could be used directly

as anchoring functions on TiO2 or Al2O3.
2,3

In the present work we report the successful immobilization

of phosphine ligands and Pt or Pd complexes on TiO2 or ZrO2

using bifunctional phosphine–phosphonate esters instead of

acids, as depicted in Scheme 1. Characterization of the hybrid

solids by solid-state MAS NMR spectroscopy and elemental

analysis showed that the use of phosphonate esters permit the

avoidance of the formation of phosphonium species by reac-

tion of the acidic POH groups with the phosphine ligands;

phosphonium are poor ligands, which would influence the

formation and stability of Pt or Pd complexes.14,15 In addition,

phosphonate esters are easier to synthesize than the acids and

are easily soluble in common organic solvents. This study

demonstrates that phosphonic esters can provide distinct

advantages over phosphonic acids for the preparation of

functional hybrid materials, particularly in the case of acid-

sensitive functions.

Experimental

Chemicals

All manipulations were carried out under an atmosphere of

dry argon using standard Schlenk and glovebox techniques.

Solvents were dried by conventional procedures before use.

Ti(OiPr)4 (97%) was distilled prior to use. Zr(OiPr)4�iPrOH

(99.9%), Me3SiBr and water (HPLC grade) were purchased

from Aldrich and used as received. TiO2 P25 (70% anatase,

average particle size 21 nm, specific surface area 50 m2 g�1)

graciously provided by the Degussa company, was dried

before use (12 h, 120 1C, 5 � 10�2 mbar).

Synthesis of the precursors

The precursors used in this study are presented in Table 1. The

diethyl phosphonated–phosphine ligands Ph2P(CH2)3-

PO(OEt)2 and Ph2PC6H4PO(OEt)2 were prepared by conven-

tional procedures16–19 and were used for the synthesis of

complexes cis-Cl2Pt[Ph2P(CH2)3PO(OEt)2]2 and trans-

Cl2Pd[Ph2P(C6H4)PO(OEt)2]2 (3) as described in a previous
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article.20 The trimethylsilylated phosphonate precursors

Ph2P(CH2)3PO(OSiMe3)2 (L), cis-Cl2Pt[Ph2P(CH2)3PO(O-

SiMe3)2]2 (1), and trans-Cl2Pd[Ph2P(C6H4)PO(OSiMe3)2]2 (2)

were prepared from the corresponding ethyl esters, by reaction

under argon with Me3SiBr (3 eq. Me3SiBr per diethyl phos-

phonate group) in dry CH2Cl2 at room temperature for 2 h,

followed by removal of the volatiles under vacuum.21 It should

be noted that the geometry of the complexes (cis or trans) was

not modified by the silylation step as shown by solution 31P

NMR (Table 1).

Preparation of the xerogels

Metal oxide-based hybrid gels were prepared from metal

isopropoxide and trimethylsilylated precursors in two steps

(Table 2). In the first step, the metal alkoxide was added to a

solution of the trimethylsilylated precursor in CH2Cl2 (M =

Ti) or in THF (M= Zr), leading to clear solutions in all cases,

with a metal alkoxide concentration of 0.8 mol L�1. After

stirring for 2 h at room temperature, a stoichiometric amount

of water was added dropwise over a period of 1 h, leading to

opaque gels.

Before analysis, the samples were aged at room temperature

for 2 days, then washed successively with the reaction

solvent, water, ethanol and diethyl ether. The final

xerogels were obtained by drying under vacuum (10�1 mbar)

at 120 1C for 5 h.

Complexation of the xerogels

A fourfold molar excess of PtCl2(PhCN)2 (with respect to a

Pt/PPh2 ratio of 0.5 for an expected monometallic complex)

was added to the xerogel in suspension in dry dichloro-

methane. After refluxing for 24 h (40 1C) under an argon

atmosphere, the suspension was filtered, washed successively

with dichloromethane and diethyl ether, then dried under

vacuum (10�1 mbar) at 100 1C for 5 h.

Surface modification of TiO2

G1 was prepared by reaction of dried TiO2 (1 g) with complex

1 (0.845 mmol) in dry dichloromethane (40 mL) under argon

at room temperature for 24 h. The solid was then filtered off

on a 0.45 mm Millipore membrane, washed successively with

dichloromethane, water, ethanol and diethyl ether, then dried

under vacuum at 120 1C for 5 h. G2 was prepared by a similar

procedure but using complex 3 (0.831 mmol) and a reaction

temperature of 40 1C (Table 2).

Analytical methods

Solution 31P NMR spectroscopy was performed using

a Bruker DPX200 spectrometer. Solid-state 31P NMR

spectra were recorded on a Bruker Avance DPX300 spectro-

meter at 121.5 MHz, using magic angle spinning

(MAS) (spinning rate 10 kHz) and high-power proton

decoupling, with a 451 flip angle and a 10 to 40 s recycling

Scheme 1 Immobilization of phosphine–phosphonate ligands and metal complexes by sol–gel routes (routes 1 and 2) and surface modification
(route 3).

Table 1 Phosphonate precursors used in this study and their solution 31P NMR chemical shifts

Precursor d(31P)/ppm Solvent

Ph2P(CH2)3PO(OSiMe3)2 L �15.7 (CPPh2); 26.7 (CPO3Si2) CH2Cl2–CD3COCD3

cis-Cl2Pt[Ph2P(CH2)3PO(OSiMe3)2]2 1 7.7 (PtCPPh2); 25.4 (CPO3Si2) CH2Cl2–CD3COCD3

trans-Cl2Pd[Ph2P(C6H4)PO(OSiMe3)2]2 2 23.8 (PdArPPh2); 3.1 (ArPO3Si2) CH2Cl2–CD3COCD3

trans-Cl2Pd[Ph2P(C6H4)PO(OEt)2]2 3 24.2 (PdArPPh2); 17.9 (ArPO3Et2) CDCl3
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delay. 31P chemical shifts were referenced to H3PO4 (85% in

water).

Elemental analyses were performed at the laboratory of

microanalyses of the CNRS in Vernaison (France). The BET

surface areas of the samples were obtained from nitrogen

adsorption experiments at 77 K with a Micromeritics Gemi-

ni2360 sorptometer.

Results and discussion

In a previous publication, we described the synthesis of diethyl

phosphonated phosphine ligands and their Pd(II) and Pt(II)

complexes.20 These compounds are used as starting com-

pounds for the preparation of the precursors employed in this

study (Table 1). The first part of this work presents the

immobilization of phosphine groups or metal complexes by

sol–gel processing, the second part describes the immobiliza-

tion of metal complexes by surface modification of a titania

support (Table 2, Scheme 1).

Sol–gel processing: routes 1 and 2

The xerogel samples (Table 2) have been prepared from

bistrimethylsilyl esters and metal alkoxides precursors using

a two-step sol–gel process studied in former publications.6,22,23

In this process, the first step involves the formation of P–O–M

bonds (M = Zr, Ti) by non-hydrolytic condensation of

P–O–SiMe3 and M–OiPr groups and also by coordination of

the PQO groups.

In the second step water is added to promote the formation

of M–O–M bonds by classical hydrolysis–condensation of the

remainingM–OiPr groups. As shown in Scheme 1 and Table 2,

the sol–gel immobilization of metal complexes has been done

in two different ways: immobilization of phosphine ligands in

a gel followed by complexation (X3, X4) (route 1), or direct

immobilization of the Pt or Pd complex in the gel (X5, X6)

(route 2). Fig. 1 shows the 31P MAS NMR spectra of the

phosphine ligand L (Ph2P(CH2)3PO(OSiMe3)2) immobilized

in a ZrO2 matrix (X1) or in a TiO2 matrix (X2). The spectrum

of X1 shows two resonances at �16.2 and 24.1 ppm, which can

be unambiguously ascribed to the free phosphine functions

(–(CH2)3PPh2 sites) (Table 3, entry 1) and to the phosphonate

groups bonded to the metal oxide matrix, respectively. These

two resonances are in a 1 : 1 ratio showing that no secondary

reaction such as phosphine oxidation or formation of a

phosphonium took place. The spectrum of X2 is similar to

that of X1, but the ratio between the resonances at �16.4 and

24.9 ppm is about 0.85 : 1.15. In addition, the signal centered

at 24.9 ppm is broader and shows a shoulder at about 31 ppm.

Simulation of the 31P NMR spectrum of X2 (Table 4) con-

firmed the presence of an additional resonance at 30.8 ppm

suggesting that about 15% of the phosphine groups were

oxidized during the synthesis of the solid, leading to –(CH2)3-

PPh2(O) sites (Table 3, entries 2a and b).

The M/P ratios (M = Zr, Ti) derived from elemental

analysis of xerogels X1 and X2 (Table 5) are very close to

the calculated values, indicating in both cases quantitative

incorporation of the phosphine–phosphonate ligands in the

oxide matrix. The BET specific surface area of xerogels X1 and

X2 are very low (o10 m2 g�1). Nevertheless, elemental

Fig. 1 Experimental and simulated (solid line) 31P MAS NMR

spectra of xerogels X1 (ZrO2/Ph2P(CH2)3PO3) and X2 (TiO2/

Ph2P(CH2)3PO3); PO3 (-�-); PPh2 (–��–); POPh2 (� � �).

Table 2 Nomenclature of hybrids obtained by sol–gel process or surface modification

Xerogel Reaction

X1 4.25 Zr(OiPr)4�iPrOH + Ph2P(CH2)3PO(OSiMe3)2 (L) + 7.5 H2O
X2 5 Ti(OiPr)4 + Ph2P(CH2)3PO(OSiMe3)2 (L) + 9 H2O
X3 X1 + PtCl2(PhCN)2
X4 X2 + PtCl2(PhCN)2
X5 10 Zr(OiPr)4�iPrOH + cis-Cl2Pt[Ph2P(CH2)3PO(OSiMe3)2]2 (1) + 18 H2O
X6 10 Zr(OiPr)4�iPrOH + trans-Cl2Pd[Ph2P(C6H4)PO(OSiMe3)2]2 (2) + 18 H2O
X7 10 Ti(OiPr)4 + trans-Cl2Pd[Ph2P(C6H4)PO(OSiMe3)2]2 (2) + 18 H2O

Grafted titania Reaction

G1 TiO2 + cis-Cl2Pt[Ph2P(CH2)3PO(OSiMe3)2]2 (1)
G2 TiO2 + trans-Cl2Pd[Ph2P(C6H4)PO(OEt)2]2 (3)

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 1519–1525 | 1521
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analyses of X3 and X4 (obtained by reaction of X1 and X2

with PtCl2(PhCN)2 in CH2Cl2) indicate that the Pt/P ratios are

close to the value of 0.25 calculated assuming quantitative

complexation of the phosphine functions and formation of

monometallic complexes (Table 5). The near disappearance of

the resonances corresponding to free phosphine sites in the 31P

MAS NMR spectra of xerogels X3 and X4 confirms the nearly

complete complexation of the phosphine sites (Fig. 2). Both

spectra display a major resonance centered at about 23 ppm,

ascribed to the phosphonate groups bonded to the oxide

matrix, and two additional signals centered at about 13 and

2 ppm. Comparison with 31P NMR chemical shifts of Pt(II)

complexes (Table 3, entries 4 and 5) suggests that the immo-

bilized Pt complexes are mostly in a trans geometry.

Indeed, in such a geometry, the coupling of 31P with 195Pt

(I= 1/2; 33.8%) would lead to satellite signals at 2.5 ppm and

23.5 ppm (for a central signal at 13 ppm). However, due to the

lack of resolution of the different signals it is difficult to

propose a reliable simulation, and the presence of cis sites

(Table 3, entry 4) or phosphonium sites (arising from phos-

phine protonation) (Table 3, entry 3) cannot be discarded. On

the other hand, the 31P MAS NMR spectrum of X5 prepared

by direct immobilization of complex 1 in a ZrO2 matrix (route

2) is better resolved (Fig. 3) and can be easily simulated using a

resonance at 22.9 ppm corresponding to phosphonate groups

bonded to the oxide matrix, and a pseudo-triplet centered at

7.9 ppm with a coupling constant close to 3500 Hz character-

istic of a monometallic Pt(II) complex in a cis geometry

(Table 3, entry 4), as in the initial complex 1. The ratio

between the two sets of resonances is close to 1 (Table 4),

indicating that no isomerization or secondary reactions such

as decomplexation or oxidation of the phosphine groups

occured during the sol–gel incorporation of complex 1. In

addition, the absence of a sharp resonance at about 25 ppm

corresponding to dangling (CH2)nPO(OH)2 groups28,29

that would arise from hydrolyzed but uncondensed

(CH2)nPO(OSiMe3)2 groups, shows that the two phosphonate

groups in complex 1 are linked to the oxide network, as

illustrated in Scheme 1.

The Zr/P and Pt/P ratios given by the elemental analysis

(Table 5) are close to the expected values, indicating a nearly

quantitative incorporation of complex 1 in the solid and

confirming the absence of decomplexation during the sol–gel

process.

The Pd(II) complex 2 was also immobilized in a ZrO2 and

TiO2 matrices by route 2. The 31P NMR spectra of X6 and X7

show three main signals (Fig. 3). The signal at about 10 ppm

may be attributed to phenylphosphonate groups bonded to

zirconia or titania.22 The resonance at about 22 ppm is

ascribed to phosphine sites in a trans geometry as in the initial

complex 2 (Table 1 and Table 3, entry 9). A third signal

centered at about 32 ppm is also present in both spectra. This

chemical shift can correspond either to phosphine sites com-

plexed to Pd(II) in a cis geometry (Table 3, entry 8), which

would indicate significant isomerization of the Pd complex, or

to phosphine oxide sites (Table 3, entries 7a and 7b), which

would arise from the decomplexation of the Pd center and

oxidation of the resulting free phosphine.

The Zr/P and Pd/P ratios determined by elemental analysis

(Table 5) of X6 and X7 are close to the expected values,

suggesting that complex 2 was incorporated in the oxide

Table 3 Solid-state and solution 31P NMR chemical shifts of selected
phosphine, phosphine oxide and phosphonium sites

Entry Site d(31P)/ppm Ref.

1 –(CH2)3PPh2 �16.3 (CP-MAS) 14
2a –(CH2)3P(O)Ph2 28.6 24
2b –(CH2)3P(O)Ph2 31.7 25
3 –(CH2)3HPh2P

+Cl� 5.8 (CP-MAS) 14
4 cis-[–(CH2)3PPh2]2Pt 7.5a 20
5 trans-[–(CH2)3PPh2]2Pt 12.4b 20
6 –(C6H4)PPh2 �4.6 20
7a –(C6H4)P(O)Ph2 29.8 26
7b –(C6H4)P(O)Ph2 30.7 (CP-MAS) 26
8 cis-[–(C6H4)PPh2]2Pd 32.6 27
9 trans-[–(C6H4)PPh2]2Pd 23.8 20

a Pseudo-triplet, 1JPt�P= 3643 Hz. b Pseudo-triplet, 1JPt�P= 2550 Hz.

Table 4 Parameters used for the simulation of the 31P NMR spectra of the hybrid samples

Sample Chemical shift, d/ppm Attribution Integral (%) 1JPt�P/Hz

X1 �16.7 PPh2 51 —
23.0 PO3 49 —

X2 �16.6 PPh2 42.5 —
24.5 PO3 50 —
30.8 PPh2O 7.5 —

X5 21.8 PO3 50 —
8.1; �6.6; 21.8 cis-PPh2Pt 33; 8.5; 8.5 3452

X6 8.2 PO3 50 —
31.0 cis-PPh2Pd and/or PPh2O 23 —
22.4 trans-PPh2Pd 27 —

X7 11.1 PO3 49 —
33.4 cis-PPh2Pd and/or PPh2O 22 —
22.5 trans-PPh2Pd 29 —

G1 28.4 PO3 49 —
7.7; �5.6; 22.2 cis-PPh2Pt 33; 9; 9 3377

G2 �4.1 PPh2 4.5 —
12.4 PO3 48.5 —
32.8 cis-PPh2Pd and/or PPh2O 16 —
22.2 trans-PPh2Pd 31 —
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matrices quantitatively and that no decomplexation took

place, which is in favor of isomerization rather than decom-

plexation/oxidation. Furthermore, no signal corresponding to

free phosphine sites are detected around �5 ppm (Table 3,

entry 6) and it would be surprising to have complete oxidation

of the phosphine sites formed by decomplexation whereas no

oxidation of the free phosphine sites was detected for ZrO2

matrices, as shown by the spectrum of X1 in Fig. 1. Thus,

although decomplexation/oxidation cannot be ruled out on

the grounds of chemical shifts only, the signal at about 32 ppm

most likely corresponds to phosphine sites complexed to Pd(II)

in a cis geometry.

The simulation of the spectra (Table 4) indicate that the

resonance at about 10 ppm represents 50% of the phosphorus

species, which is consistent with both assignments. As pre-

viously noted for X5, the absence of a sharp signal at about

15 ppm corresponding to uncondensed –C6H4–PO(OH)2
groups30 shows that the two phosphonate groups in complex

2 are linked to the zirconia matrix (Scheme 1).

Thus, using the sol–gel route 2, it is possible to immobilize

directly metal complexes. In the case of the palladium complex

2, partial isomerization or decomplexation/oxidation of the

phosphine groups occurred, whereas no such secondary reac-

tions occured for the platinum complex 1. However, only low

surface-area xerogels (SBET o10 m2 g�1) have been obtained,

which are not well-suited to applications such as heteroge-

neous catalysis. To avoid this problem, we investigated the

surface modification of titania particles (SBET = 50 m2 g�1)

with different complexes (route 3).

Grafting of TiO2 particles: route 3

The hybrid samples G1 and G2 have been prepared by direct

surface modification of titania P25 nanoparticles using com-

plexes 1 and 3, respectively (Table 2, Scheme 1). As discussed

in previous publications, the grafting process likely involves

the formation of P–O–M bonds by condensation of P–O–X (X

Fig. 2 Experimental 31P MAS NMR spectra of xerogels X3 (X1 +

PtCl2(PhCN)2) and X4 (X2 + PtCl2(PhCN)2).

Table 5 M/P Ratios (derived from elemental analysis and calculated
from the amount of reactants, assuming complete condensation and
complexation) and complex loading of the xerogels

M/P
(M = Ti, Zr)

M0/P
(M0 = Pd, Pt)

Loading
(mmol complex/
mol oxide)Xerogel Found (calc.) Found (calc.)

X1 2.0 (2.1) — —
X2 2.4 (2.5) — —
X3 2.6 (2.1) 0.23 (0.25) 95
X4 2.2 (2.5) 0.23 (0.25) 115
X5 2.8 (2.5) 0.22 (0.25) 90
X6 2.6 (2.5) 0.31 (0.25) 110
X7 2.9 (2.5) 0.29 (0.25) 86

Fig. 3 Experimental and simulated (solid line)31P MAS NMR spec-

tra of xerogels X5 (ZrO2/cis-Cl2Pt[Ph2P(CH2)3PO(OSiMe3)2]2), X6

(ZrO2/trans-Cl2Pd[Ph2P(C6H4)PO(OSiMe3)2]2) and X7 (TiO2/trans-

Cl2Pd[Ph2P(C6H4)PO(OSiMe3)2]2): PO3 (-�-), cis-PPh2M or OPPh2
(� � �), trans-PPh2M (--).

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 1519–1525 | 1523
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= Et, SiMe3) groups with surface M–OH groups and by

coordination of the phosphoryl groups.2,3,23,31,32 The 31P

MAS NMR spectra of grafted complexes 1 and 3 (Fig. 4)

are qualitatively similar to the spectra obtained for X5 and X7

(Fig. 3), respectively.

In both cases, only signals relative to grafted phosphonate

groups and phosphine ligands were present, indicating that

precipitation of bulk metal phosphonate phases did not oc-

cur.2 In the case of G1, the 31P MAS NMR spectrum can be

satisfactorily simulated using two sets of signals: a resonance

at 28.4 ppm (phosphonate sites) and a triplet centered at

7.7 ppm with a coupling constant of about 3400 Hz. The

resonance at 28.4 ppm corresponds to alkylphosphonate

groups bonded to titania.33 The chemical shift and coupling

constant of the triplet are characteristic of phosphine sites

complexed by Pt(II) in a cis geometry.

In the spectrum of G2, the resonance at 11.9 ppm is

attributed to arylphosphonate groups bonded to titania.2

The resonance at 21.9 ppm may be ascribed to phosphine

groups coordinated to Pd atoms in a trans geometry (Table 3,

entry 9), as in the initial complex 3. The low field signal at

32.8 ppm can be ascribed to cis Pd[Ph2PC6H4]2 sites, indicat-

ing partial isomerization (Table 3, entry 8), and possibly to

phosphine oxide groups arising from decomplexation and

oxidation (Table 3, entries 7a and 7b). Indeed, a small

resonance at �4.1 ppm ascribed to free phosphine groups

suggests the occurence of minor decomplexation. The grafting

density (number of complex grafted per nm2) was estimated

from the carbon content and the specific surface area of the

samples (Table 6). Similar values were found for G1 and G2

(0.8–0.9 complex nm�2). This corresponds to complex load-

ings of about 6 mmol per mole of TiO2 (Table 6), much lower

than the complex loadings of the xerogels (around 100 mmol

per mole of TiO2 (Table 5)), but the loadings could be easily

increased by using metal oxide supports with higher surface

area.

Preliminary catalytic tests (Sonogashira reaction)34–36 were

carried out with complex 3 (homogeneous) and G2 (hetero-

geneous). In both cases, the catalytic activity was very low

compared to Cl2Pd(PPh3)2 or silica-supported catalysts35 and

the application of these solids as heterogeneous catalysts was

not investigated further.

Conclusions

The results presented here demonstrate that phosphonic esters

can provide a valuable alternative to phosphonic acids for the

preparation of organic–inorganic hybrids based on metal

oxides either by sol–gel processing (bistrimethylsilyl esters)

or surface modification (bistrimethylsilyl and diethyl esters).

Ester derivatives should prove particularly useful for the

synthesis of functional hybrid materials when the functional

groups can react with the phosphonic acid groups, or to

address problems of solubility.

In this work we used bifunctional phosphine–phosphonate

ester derivatives to immobilize Pt or Pd complexes by three

different routes. Compared to route 1 (phosphine immobiliza-

tion followed by complexation), route 2 (direct sol–gel

immobilization of preformed complexes) permitted the

avoidance of secondary reactions such as phosphine oxidation

or formation of phosphonium species. The spectra of the

solids obtained by route 3 (grafting of preformed complexes

on TiO2) and route 2 were similar. No uncondensed, ‘‘dan-

gling’’ phosphonic acid groups were detected in the solids

prepared by routes 2 and 3, indicating that all the phosphonate

groups were bonded to the oxide moiety. Using route 2, solids

with high loadings in metal complex but low specific surface

area could be obtained. Using route 3, the loadings were lower

but the specific surface area can be easily controlled.
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36 T. Posset and J. Blümel, J. Am. Chem. Soc., 2006, 128, 8394.

This journal is �c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2008 New J. Chem., 2008, 32, 1519–1525 | 1525

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

B
el

gr
ad

e 
on

 0
1 

Ja
nu

ar
y 

20
13

Pu
bl

is
he

d 
on

 0
7 

M
ay

 2
00

8 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/B

80
02

50
A

View Article Online

http://dx.doi.org/10.1039/b800250a

