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Nanoporous phospho-tungstate organic–inorganic hybrid materials have been synthesized from

sodium tungstate and mono-n-dodecyl phosphate (MDP), which was used as both surfactant and

phosphorus precursor. These hybrid materials were thoroughly characterized by N2 adsorption,

elemental analysis, powder XRD, FTIR, Raman, TG, TEM and XPS and possess lamellar structures

with interlayer spacings of 3.2 nm. A plausible method for formation of hybrid materials comprised of

lacunary Keggin anions and micelles of surfactants is proposed.
Introduction

Inorganic–organic nanocomposite materials have been champ-

ioned in recent years as potential solutions to various challenges,

such as energy supply, storage and production (fuel cells, batter-

ies, solar cells) and information technology. Ideally the partition-

ing of inorganic and organic species on the nanometre scale

should create a homogenous composite possessing advantageous

physico-chemical properties with respect to each component.1

Considerable effort has been devoted to the design and controlled

preparation of such hybrid nanocomposites using colloidal parti-

cles as building blocks. A large number of inorganic-core/organic-

shell hybrids have been fabricated by surface functionalization of

metal, metal oxide, and semiconductor nanoparticles, and have

been used for a variety of applications2,3,4 including catalysis,

material science, photo- and electrochemical devices.

Polyoxometalates (POMs) have received much attention owing

to their novel compositions, molecular and extended structures

and chemical reactivity.5,6 POMs can be regarded as extremely

versatile inorganic entities for the construction of functionally

active solids, and as such constitute nanometre sized building

blocks: anions of Keggin derivatives are widely used to generate

composite materials.7 Muller et al.8 have ingeniously synthesized

many giant POM clusters, including novel ring and wheel-shaped

systems containing as many as 176 Mo atoms. Kurth et al.9 and

Polarz et al.10 have reported the formation of ordered, mesostruc-

tured aggregates of molybdenum-based POMs utilising ionic

surfactants. Likewise the formation of supramolecular nano-

structured materials by complexation of inorganic sandwiched

heteropolytungstomolybdate K13[Eu(SiW9Mo2O39)2] with a cat-

ionic surfactant results in materials with strong photoluminescent

behaviour.11 Neumann et al.12 reported the formation of nano-

particle assemblies between POMs and surfactants using caesium
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dodecyl sulfate and Keggin-type POMs such as H3PMo12O40

to precipitate spherical composite nanoparticles. Stein et al.13

synthesized (C19H42N)6(H2W12O40) by reacting sodium meta-

tungstate with the surfactant template cetyltrimethylammo-

nium hydroxide. The resulting material contains unconnected

Keggin ions [H2W12O40]6� packed in a puckered layer arrange-

ment which create roughly spherical cavities for surfactant

micelle counterions. Taguchi et al.14 have demonstrated the

synthesis of super structures constructed from lacunary Keggin

anions [PW11O39]7� and dodecyltrimethylammonium cations

[CH3(CH2)11N(CH3)3]+.

Surprisingly there are no reported attempts to synthesise phos-

pho-tungstate organic-inorganic hybrid materials via phosphate

based surfactants. The successful application of mono-n-dodecyl

phosphate, C12H25OPO(OH)2 (MDP) as a structure-directing

template to prepare mesoporous aluminophosphate/MDP com-

posite materials has been reported by Fröba et al.15 This study

revealed that the formation of lamellar mesostructured materials

did not require H3PO4 addition as a phosphorus source. Indeed

TGA showed the surfactant was more thermally stable following

formation of the aluminophosphate, due to incorporation of the

phosphate head groups within the inorganic network. In recent

research Bose et al.16 have also used MDP as a surfactant to

prepare nanocrystalline calcium phosphate.

Here we report the first in-situ synthesis of a nanoporous

organophospho-tungstate hybrid without recourse to either

a POM starting material or extra phosphorus precursor, in

which we utilise MDP as both phosphorus source and structural

template.
Experimental

Materials preparation

Mono-n-dodecyl phosphate [(C12H25O)P(O)(OH)2, MDP, 90

wt%] was purchased from Lancaster, UK. Sodium tungstate

(Na2WO4$2H2O, 98 wt%) was purchased from Aldrich. Ethanol

was purchased from Fisher Scientific. All chemicals were used

without further purification. Deionized water and ethanol 30/70

volume ratio was used as a solvent.
This journal is ª The Royal Society of Chemistry 2008
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Polyoxometalate hybrid materials were prepared by a simple

precipitation method. 0.001 moles of MDP was dissolved in 20

ml of solvent in a round bottomed flask, followed by the addition

of 0.012 moles of sodium tungstate in 10 ml of solvent (1 : 12

ratio of MDP : sodium tungstate) to yield MDP-POM. The resul-

tant solution was stirred continuously while being maintained at

around pH 2 by addition of 0.2 M HCl, and yielded a white pre-

cipitate. This precipitate was aged overnight, then filtered and

washed with water and acetone three times to remove unreacted

sodium tungstate and sodium chloride before drying at 80 �C.

Removal of any residual surfactant from the as-synthesised solids

was performed by Soxhlet extraction with ethanol containing 10

vol% dil. HCl (0.1 M) for 24 h. The final material was a white

powder which was insoluble in polar solvents (inc. ethanol, ethyl

acetate, water and acetone). Tungstic acid was prepared under

identical conditions, but without addition of MDP.
Table 1 Elemental composition of polyoxometallate hybrid material

Bulk compositiona/wt%

Bulk atomic ratioC H P W

MDP 54.0 10.0 11.3 — C12H27P1

MDP-POM 25.5 4.0 5.1 59.0 C13H24P1W2

Surface compositionb/wt%

Surface atomic ratioC O P W

MDP 52.9 33.0 14.1 — C9.7P1O4.5

MDP-POM 28.4 17.9 7.6 46.1 C9.6P1W1O4.5

a Determined from elemental and CHN analysis. b Determined from XPS.

Fig. 1 TGA and DSC measurements on (a) MDP and (b) MDP-POM

hybrid samples.
Characterization

Nitrogen porosimetry was undertaken on a Micromeritics ASAP

2010 instrument. Surface areas were calculated using a 5–10

point BET plot over the range P/Po ¼ 0.02–0.2, where a linear

relationship was maintained, while pore size distributions were

calculated using the Barrett–Joyner–Halenda (BJH) model up

to P/Po ¼ 0.6. FTIR spectra were obtained on a Bruker Equinox

FTIR spectrometer. Samples were diluted in KBr prior to anal-

ysis. FT-Raman spectra were collected in 180� scattering geo-

metry from neat samples using a Bruker FRA106/S Raman

module mounted on a Bruker Equinox 55 FTIR bench with

a cw Nd-YAG 1064 nm laser operating at 100–400 mW,

a CaF2 beam splitter and liquid nitrogen cooled Ge detector.

Powder X-ray diffraction patterns were collected on a Bruker

D8 diffractometer using Cu Ka radiation. Elemental analysis was

conducted on Hitachi atomic absorption spectrometer, while

CHN analysis was performed by the Microanalytical Laboratory

at the University of Manchester. XPS was performed with a

Kratos AXIS HSi instrument equipped with a charge neutraliser

and Al Ka X-ray source. Spectra were recorded at normal emis-

sion with an analyser pass energy of 40 eV and X-ray power of

225 W. Binding energies were referenced to both adventitious

carbon and the valence band. Spectra were Shirley background-

subtracted across the energy region and fitted using CasaXPS

Version 2.1.9. 31P MAS NMR spectra were obtained in single

pulse (‘ZG’) mode (3.5 ms pulse, and 8 s delay between pulses) on

a Bruker Advance 400 spectrometer, operating at a frequency of

161.98 MHz. NMR measurements were performed in 4 mm O.D.

rotors, with a sample spin rate of 10 kHz. Spectra were referenced

externally to sodium dihydrogen phosphate (0.0 ppm). Line

broadening of 10 Hz was applied when processing the spectra.

Thermogravimetric analysis was performed using a Stanton

Redcroft STA 780 thermal analyzer. The samples were mounted

in an alumina crucible and heated at 10 �C min�1 to 1000 �C

under flowing nitrogen gas (20 ml min�1). To probe the nano-

structure, a JEOL 2010 high resolution transmission electron

microscope (TEM) operating at 200 kV was used in the JEOL

Nanocentre at the University of York. Samples were supported

on holey-carbon filmed copper grids. Nanoscale chemical com-

position analyses were carried out simultaneously by electron-

stimulated energy dispersive X-ray spectroscopy (EDX) in the
This journal is ª The Royal Society of Chemistry 2008
electron microscope. For compositional studies, analyses were

recorded from several dozen crystals in the sample.

Results and discussion

The surface and bulk composition of the POM material was first

determined by elemental analysis and XPS (Table 1). The bulk

chemical composition of MDP is in excellent agreement with

the theoretical formula of the template. The surface composition

from XPS analysis shows the compositon to be P and O

enriched, suggesting that MDP orients itself with the hydrophil-

lic phosphate headgroups pointing outwards. Retention of the

MDP component following reaction with sodium tungstate to

construct the hybrid material MDP-POM is confirmed from

the observed 13 : 1 : 2 C : P : W bulk ratio. The slight excess

in C content may be attributed to included solvent following

the extraction process. The observed surface W : P ratio of 1 : 1,

suggests the hybrid material is surfactant terminated with WOx

species occluded in the bulk of the structure.

Thermogravimetric profiles (under nitrogen) for MDP-POM

are shown in Fig. 1. Two exothermic weight losses are observed
J. Mater. Chem., 2008, 18, 868–874 | 869
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Table 2 Structural parameters of MDP-POM hybrid materials

Material
Measured
d(100) spacing/nm

Surface
area/m2 g�1

Pore
diameter/nm

Wall
thickness/nm

MDP 2.8 2 —
MDP-POM 4.5a (3.2)b 22 3.5 0.25–0.5

a Calculated from XRD. b Measured from TEM.
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for the MDP sample at �120 and 230 �C, which are attributed to

loss of water and decomposition of the MDP hydrocarbon tail.

The total loss of �70 wt% by 500 �C is in agreement with the

thermal stability of MDP reported by Ying et al.17 For the

MDP-POM hybrid, the major weight loss occurs at 285 �C,

with a total weight loss of �30 wt% by 500 �C, consistent with

the hydrocarbon content determined by elemental analysis.

The increased thermal stability of MDP-POM upon WOx incor-

poration suggests a direct interaction between the MDP and

tungstate clusters, possibly via the phosphate head group coordi-

nating with the WOx framework.

The calorimetry measurements reveal this decomposition is

coupled with an endothermic process, most likely associated

with restructuring of the POM layer upon loss of the hydrocar-

bon tail. Further heating above 650 �C results in an additional

endothermic weight loss which most likely represents decompo-

sition of the P–O–W framework as observed for phosphotungstic

acid. The powder XRD patterns of MDP and MDP-POM are

shown in Fig. 2. The ordered lamella structure of the MDP

template is evident from the sharp reflections visible at 3.4�,

6.8� and 10� corresponding to the (100), (200) and (300) reflec-

tions. Following reaction of MDP with the tungstate precursor

a new set of peaks are observed at 2.2� and 4.4� which are attrib-

uted to the (100) and (200) reflections of the composite material,

suggesting expansion of the inter-lamellar spacing. The observed

diffraction pattern is similar to that observed by Fröba et al. for

lamella aluminophosphates prepared with a dodecylphosphate

template.15 The calculated d(100)-spacings of the two samples

are presented in Table 2. The wide angle XRD pattern of

MDP-POM shown inset also reveals broad diffraction peaks at

2q ¼ 8.6�, 10.7� and 12.9�, which may be attributed to polyoxo-

metallate species. For cubic POM materials, the most sensitive

region lies between 2q¼ 8� to 10� (around the (110) plane), while

protonated heteropolyacids give rise to a sharp diffraction peak

at 8.2�. The precise d spacings in the unit cell are, however, sen-

sitive to changes in the POM secondary structure originating

from inclusion of organic or inorganic species in interstitial sites.
Fig. 2 Powder XRD of MDP and MDP-POM materials.

870 | J. Mater. Chem., 2008, 18, 868–874
The specific surface areas and pore diameters of these mate-

rials are also reported in Table 2. The high order of the MDP

results in its low surface area. In contrast the hybrid MDP-

POM material exhibited a relatively high surface area of 22 m2

g�1, presumably associated with the reduced crystallite size and

associated greater surface area to volume.

The microscopic nature of the hybrid sample was further

explored by TEM (Fig. 3a), revealing the presence of large par-

ticles up to 120 nm that apparently result from aggregation of

tungstate units. Higher magnification images show the presence

of regularly spaced parallel layers (Fig. 3b) with separations �3.2

nm, and also reveal stacking defects. Many of these layers prop-

agate throughout individual particles in an onion-skin structure,

terminating at their surfaces. EDAX measurements (inset) con-

firm the presence of W in dark regions only. The thickness of

these WOx containing walls is �1.1 nm. The formation of

lamella phases of tungsten oxide has been reported using
Fig. 3 (a) Wide area TEM image and (b) high resolution image of lamella

structure of MDP-POM. Inset shows EDAX on highlighted region.

This journal is ª The Royal Society of Chemistry 2008
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benzyl-alcohol18 or alkylamine structure directing agents,19

however we believe this is the first report of such a self assem-

bled, lamella hybrid material.

The nitrogen adsorption–desorption isotherm of MDP-POM

(Fig. 4) is type IV with an H2 hysteresis loop; the shape of the

isotherm suggests a slit shaped pore structure. Analysis of the

pore sizes by the BJH method from the adsorption isotherm

reveals a broad, mesoporous distribution (Fig. 4 inset) centred

between 3–4 nm, consistent with the interlayer spacing observed

by TEM. Related structures are reported by Tiemann et al.15 in

MDP-derived porous aluminium phosphates.

DRIFT spectra of MDP and MDP-POM are shown in Fig. 5.

Alkyl chain vibrations yCH at 2850–2920 and dCH 1470 cm�1 can
Fig. 4 Porosimetry of MDP-POM.

Fig. 5 Comparison of DRIFT spectra of MDP, MDP-POM and refer-

ence HPW and tungstic acid samples.

This journal is ª The Royal Society of Chemistry 2008
be observed in all surfactant containing materials. The presence

of –OH bending and stretching vibrations at 1620 cm�1 and 3510

cm�1 in the MDP-POM composite also indicates it is not hydro-

phobic, in contrast to the MDP starting material. The y(P–O),

y(P–O–R) and y(P–O–C) modes are also visible between 900–

1500 cm�1. The peak pattern in this latter region differs between

the MDP-POM and parent MDP, evidencing P–O–W interac-

tions. The IR absorption bands of H3PW12O40 arising from

the y(P–O), y(W]Ot) y(W–Ob–W) and y(W–Oc–W) stretches

lie at 1080 cm�1, 980 cm�1, 890 cm�1 and 800 cm�1, respectively.20

These are close to, but not a perfect match for, the bands

observed for MDP-POM, which exhibits modes at 1056, 946,

890 and 770 cm�1, suggesting the local tungsten environment

within the hybrid is similar, but not identical, to that of

Keggin-type phosophotungstic acid. The IR spectrum of lacu-

nary PW9O34
9� (PW9) structures are reported to have character-

istic bands at 1060 cm�1, 930 cm�1, 820 cm�1 and 760 cm�1,21

which are in close agreement with those observed in MDP-

POM. The shift between HPW and lacunary species is attributed

to decreased local Td symmetry of the PO4 group in the lacunary

arrangement following removal of a triad of corner-sharing WO6

groups. The resulting short P–O bonds distort the WO6 octa-

hedral symmetry, resulting in distinct W–O bonds: the shortest

W–O bond (980 cm�1) is associated with the fragment of the

anion that has undergone the triad, while the weakest W–O bond

is located at 818–746 cm�1.

Raman spectra are very sensitive to differences in polyoxo-

tungtate environments and provide further insight into the

hybrid material. Spectra of the MDP and MDP-POM are shown

in Fig. 6. Sharp and intense Raman bands due to C–H stretching

vibrations appear around 2800–3000 cm�1 for both parent and

composite. The vibrations due to P–O, P–OH and P–O–C

stretching modes fall between 900 cm�1 to 1500 cm�1.22 Com-

pared with pure MDP, new features emerge in the MDP-POM at

870 and 960 cm�1 in the correct region for symmetric W–O–W
Fig. 6 Raman spectra of MDP, MDP-POM and reference HPW and

tungstate samples.

J. Mater. Chem., 2008, 18, 868–874 | 871
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Fig. 8 P 2p and O 1s XP spectra of MDP and MDP-POM.
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and terminal W–O vibrations, respectively.23 The two other

small Raman peaks at 1015 cm�1 and 1060 cm�1 are assigned

to P–O stretching modes. Reference Na2WO4 and WO3 exhibit

strong bands at 835 (nas WO4
2�) and 930 (ns WO4

2�) cm�1, and

712 (d W–O) and 802 cm�1 (n W–O), respectively.24 None of these

correspond to the bands observed for MDP-POM, which there-

fore does not contain any bulk tungstate species. Detailed

Raman studies of WO3/ZrO2 reveal typical modes for dispersed

tungstate species of around 1019 cm�1 for terminal W]Osym of

mono and poly tungstates, or 808 and 720 cm�1 for crystalline

WO3, which tends to dominate at high loadings.25 In turn,

bulk HPW exhibits Raman bands at 897, 980, 989 and 1005

cm�1 for nas(W–O–W), nas(W–Ot), nas(W–Ot) and ns(W]Ot),

respectively,26 which again do not correlate with those for the

hybrid MDP-POM. We recently showed that Keggin-like clus-

ters constructed on zirconium phosphate supports yield similar

spectral features (978 and 995 cm�1) to those of our new hybrid.27

Removal of a WO6 octahedra from a Keggin unit is reported to

result in the appearance of new bands at 992 and 818–746 cm�1,

akin to that for MDP-POM.23

Corresponding 31P MAS NMR spectra are shown in Fig. 7.

MDP shows a single sharp peak at �3.7 ppm assignable to

CH3(CH2)11H2PO4, while the hybrid material MDP-POM

shows two broad peaks centred at �3.5 ppm and �4.2 ppm sug-

gesting the presence of two MDP coordination environments.

The 31P NMR peak is expected to shift downfield with increased

number of bulky cations, and our observed chemical shifts are

indicative of phosphates with three bridging oxygens (here

P–O–W) and one terminal oxygen (P–O–R).28 The 31P chemical

shift of lacunary Keggin structures decreases with cluster size:

[PW12O40]3� (PW12), PW11O39
7� (PW11) and PW9 lacunary clus-

ters exhibit shifts of �15, �11 and �4.8 ppm,13 respectively. Our

observed 31P MAS NMR peak at �4.2 ppm is thus consistent

with the formation of PW9 lacunary clusters, during our synthe-

sis. Since elemental analysis reveals a 2 : 1 W:P ratio in the com-

posite, and lacunary Keggin species are typically capped with

cations, we propose the MDP surfactant caps Keggin-like
Fig. 7 31P MAS NMR of MDP and MDP-POM samples.

872 | J. Mater. Chem., 2008, 18, 868–874
clusters with missing WO6 units and is responsible for the second
31P environment.

Further evidence for a direct interaction between the head

group of MDP and tungsten cages is provided from P 2p and

O 1s XP spectra, shown in Fig. 8. The P 2p3/2 transition lies at

135 eV in MDP, consistent with that of an organophosphate spe-

cies. Following reaction with sodium tungstate this peak shifts to

lower binding energy. This reflects increased electron density on

the P centre, as expected upon exchange of OH by OW neigh-

bours. The O 1s spectrum of MDP reveals two components at

533.4 and 531.9 eV in a 3 : 1 ratio, arising from the P–OH(R)

and P]O environments. Following reaction with Na2WO4

a new O 1s state appears at 531.4 eV, matching the oxygen envi-

ronment observed in reference H3PW12O40 clusters.

Interpreting these observations requires consideration of the

tungstate species formed upon changing the pH of an aqueous

Na2WO4$2H2O solution. Scheme 1 shows the evolution of stable

isopolytungstate anions as a function of pH.

When a phosphorus source is introduced to solutions of both

Na2WO4 (pH 9.5) and the paratungstate (pH 5–7), reaction pro-

ceeds to form a series of unsaturated heteropoly compounds

including PW9 and PW11 with the end product being a mixture

of PW12 and [P2W21O71]6� heteropoly ions.29 When a pH of

�2 is employed, formation of PW12 clusters dominates and is

the normal pathway employed to synthesise heteropoly acids in

the presence of H3PO4. In the present synthesis, using MDP in
Scheme 1 Condensation of Na2WO4$2H2O at different pH.

This journal is ª The Royal Society of Chemistry 2008
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place of phosphoric acid, the formation of a lacunary PW9 cage

around the R–OP]O(OH)2 headgroup was expected due to the

steric constraints of the alkyl chain. However, this is inconsistent

with the phosphorus-rich stoichiometry (2 : 1 W : P ratio)

suggesting the formation of a more complex structure. Such

a composition could result from formation of monophosphate

tungsten bronzes,30 which have the general formula (PO2)4

(WO3)2m where 2 < m < 14. These contain slabs of cornersharing

WO6 octahedra separated by PO4 units. Our elemental analysis

suggests formation of a (PO2)4(WO3)8 a hybrid composite, which

crystallises in a P212121 unit cell31 (Scheme 2a). In our compound

the MDP headgroup appears to coordinate to 3 WO6 units

bridging the top and bottom layers of the lamella. However,

this structure would only yield a layer thickness of �0.5 nm,
Scheme 2 Proposed structures for lamella MDP-POM (a) phosopho-

tungstate bronze (b) lacunary Keggin based structures.

This journal is ª The Royal Society of Chemistry 2008
inconsistent with TEM which shows the tungstate layer is twice

this thickness. We thus posulate MDP promotes condensation of

a PW6 bilayer to form a belt of capped lacunary clusters as

observed for P2W15M3O62 (Scheme 2b).32

The formation of similar lamella structures containing capped

double-octahedral W–O layers has also been observed following

alkylamine templating of H2W2O7$xH2O clusters.19 In our case

the presence of the alkyl chain from MDP sterically blocks cap-

ping of the cluster by a tunsgtate triad and creation of W9 units.

We propose that an additional 4 MDP units (not shown in

Scheme 2) cap the unsaturated W–O bonds to give an overall

P6W12 cluster. Note this model generates two distinct phospho-

rus environments as seen by 31P MAS-NMR.

In summary, we have prepared the first phospho-tungstate

organic–inorganic hybrid material which shows a highly ordered

layered structure, which we believe is comprised of lacunary

Keggin units. We believe these materials could find application

in areas such as catalysis and photochemistry, which are pres-

ently under investigation in our laboratory.

Conclusions

Nano sized lamellar organic-inorganic hybrid have been success-

fully prepared by reacting mono dodecyl phosphate with sodium

tungstate under conditions employed for syntheisis of Keggin

structures. Phosphate head groups of MDP have reactive oxygen

atoms that interact strongly with tungsten oxide forming a lacu-

nary POM. Small angle XRD following grafting of WO3 groups

reveals a ordered lamella structure upon templating with the

MDP amphiphiles. This is in good agreement with TEM which

shows a lamella spacing of �3.2 nm. FTIR, Raman and 31P

MAS NMR suggest the formation of a lacunary Keggin species

based on a PW9 structure. Taking account of the elemental anal-

ysis we propose a bilayer P6W12 structure forms which is capped

by additional MDP in the interlayer region.
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