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New examples of polyoxometalate-anion-pillared layered double hydroxides have been prepared by ion 
exchange and direct synthesis methods and characterised by powder X-ray diffraction, extended X-ray 
absorption fine structure (EXAFS), IR and UV/VIS spectroscopy. Complete conversion into crystalline phases 
was achieved by reaction at pH 4-12 of wet MgAlCCl-] or ZnA1[N03-] layered double hydroxide precursors 
with the species NbxW6-,019(X+2)- (x = 2 4 ) ,  [V2W4019]4-, [v1O02Sl6-, [Ti2WloP040]7- and 
[NaPsW3001 -; MgA1[V2W401g4-] was also formed via MgAI[Br-] in dichloromethane-ethanol. The 
hexametalate ions in MgAI[M601 9n-]  orient themselves with their shortest dimensions (C, axis) perpendicular 
to the host layers (do03 12.0-12.5 A) whereas in ZnAl[NaPsW300110'4-] the ion is oriented with its shortest 
dimension (C, axis) parallel to the host layers (do03 21 A). The structures of several of these incorporated 
clusters have been verified unequivocally by obtaining tungsten L,,,-edge and niobium K-edge EXAFS data 
for the pillared derivatives and pure salts. The layered double hydroxide intercalates MgA1~b,W,Ol 96 -3, 
ZnAl[Ti2WloP0,,7 -3 and ZnA1[NaP,W3,O1 
procedure. In the third synthetic strategy, ZnCr[Vlo0286-], NiAI[V2W,01,4-] and ZnAl[XW 12040"-] 
(X = B or Si) layered double hydroxides were obtained via directly synthesised terephthalate-, 
4-methylbenzoate- and 4-hydroxybenzoate-anion-pillared precursors respectively. 4-Methylbenzoate 
intercalates were found to be the best precursors out of a series of benzenecarboxylate anion-pillared layered 
double hydroxides investigated. Zinc, chromium and nickel K-edge EXAFS data in addition to UV/VIS 
spectroscopic data for the ZnCr and NiAl materials indicate that no significant disruption occurred in the layer 
structures during ion exchange. 

' 

were also prepared by a direct coprecipitation 

The incorporation of inorganic polymeric species into the 
interlayers of two-dimensional materials has for some time been 
investigated as a route to molecular sieve-type compounds that 
mimic the zeolite-type structure but possess larger and more 
modifiable pores and active sites.' The pillaring of layered 
double hydroxides by polyoxometalates is one area of interest 
that has attracted considerable attention over the last eight 
years or These materials are complementary to layered 
silicate clays (smectite clays) intercalated by polyoxocations, 
for example the Keggin l 6  ion [All 304(OH)24(H20)12]7+, 
which have been shown to be thermally stable precursors to 
microporous catalysts. Hydrotalcite-like layered double hydrox- 
ides belong to the pyroaurite-sjogrenite group of clay minerals 
and have the general composition [M2+ -,M3+x(OH)2]- 
[Xn-]x,n-~H20,1 abbreviated M",M"'[X"-] where Y = (1 - 
x)/x Their structure consists of positively charged brucite- 
like sheets separated by charge-balancing anions and water 
molecules. The layer charge densities are relatively high ( 3 0.04 
e A-2 compared to ca. 0.01 e A-2 for smectites) and therefore 
suitable pillaring agents must have large charge densities in 
order to prevent overcrowding of the galleries. Many of the 
early transition-metal polyoxoanions meet this requirement. 
They are also thermally robust and have a wide field of applic- 
ations, for example as acid catalysts and oxidation catalysts. l 8  

A patent in 1984 referred to the use of polyoxometalate layered 
double hydroxides as exhaust gas and hydrocarbon conversion 
catalysts3 More recently, Tatsumi et aL4 showed that hydro- 
talcite pillared by [Mo7O2,l6- and [W120,1]10- catalysed the 
epoxidation of alkenes with significant shape selectivity. 

Pinnavaia and co-workers 2,s  showed in early reports that the 
layer double hydroxides Zn,Al[X], Zn2Cr[X] and Ni3A1[X] 
(X = C1- or NO3-) could undergo facile and complete 
exchange with aqueous solutions of [ N H 4 ] 6 ~ l ~ 0 2 8 ]  at pH 

t Non-SI units employed: eV x 1.60 x J, Torr x 133 Pa. 

4.5, a-[H2W12040]6- and CC-[S~V~W~O,,]~- to give pillared 
derivatives with basal spacings of 1 1.9 and 14.5 A. Similar direct 
pillaring reactions of Mg,,AI, Ni,Al and Zn,Al layered double 
hydroxides with the Keggin-type anions H,V,W,, -n040(X- -") 

(n  = 2 4 )  have also been reported.6 Drezdon synthesised the 
layered double hydroxide intercalates MgzAl[V,002,6-] and 
M~,AI[Mo,O,,~ -1 via a terephthalate-anion-pillared precur- 
sor in order to avoid the problems associated with exchanging a 
small ion such as chloride with a large polyoxoanion. These 
materials produced both propylene and acetone when screened 
for propan-2-01 conversion activity, indicating the presence of 
both acidic and basic catalyst sites. Polyoxometalate layered 
double hydroxides with the same composition have also been 
formed by slurrying calcined Mg,A1[CO3' -3 in carbonate- 
free [VO,] - or [Mo70,,16 - solutions followed by acidification 
to pH 4.5.8 Recent papers by Ulibarri and co-workers9*'' 
present studies of the synthesis and properties of vanadate- 
exchanged layered double hydroxides. Dimotakis and Pinna- 
vaia synthesised an adipate-anion-pillared layered double 
hydroxide at ambient temperature by reaction of a synthetic 
meixnerite analogue, of composition [Mg,Al(OH),][OH]- 
2H20,  with a glycerol-water-adipic acid mixture (glycerol 
acting as swelling agent). Aqueous ion exchange of the adipate 
ion with [H2W,20,0]6- or [SiW1103,]'- in the presence 
of glycerol then gave polyoxometalate layered double hy- 
droxides. Pinnavaia and co-workers l 2  have also reported the 
coprecipitation of Zn' + and A13 + ions in moderately acidic 
a-[SiWl1O,,J8- solution to give a pillared phase with an 
exceptionally well ordered gallery height of 9.8 A. 

Physical techniques used to characterise polyoxometalate 
layered double hydroxides have included powder X-ray 
diffraction (XRD), IR and Raman spectroscopy, Brun- 
auer-Emmett-Teller (BET) (N2) surface area and porosity 
measurements, 'lV magic angle spinning (MAS) NMR 
spectroscopy and electron spin resonance spectroscopy. l4 We 
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have previously shown that X-ray absorption fine structure 
(XAFS) spectroscopy may be used to characterise the co- 
ordination centres present upon transformation of chromia 
pillared smectite clays to active methanol dehydration 
catalysts. l9  There have only been a few reports concerned with 
XAFS studies of hydrotalcite-like clays. 13,15,20-21 In 1983 De 
Roy et ~ 1 . ~ '  investigated the structure of a Zn,Cr[Br-] 
layered double hydroxide using X-ray absorption near-edge 
structure (XANES) and extended X-ray absorption fine 
structure (EXAFS) analysis of the K-edge spectra of 
chromium, zinc and bromine. Their results indicated 
octahedral co-ordination for chromium and zinc and a 
delocalisation of the bromide ion. Rives et ~ 1 . ~ '  carried out a 
similar study on a novel Mg2.45V[C0,2-] layered double 
hydroxide. The low intensity of the pre-edge peak at 5468 eV 
in the normalised vanadium K-edge XANES spectrum 
confirmed that most of the vanadium ions were in the + 3  
oxidation state. Analysis of the vanadium K-edge EXAFS 
revealed one shell of six oxygens at 2.04 8, and a further shell at  
ca. 3.0 8, associated with vanadium and/or magnesium ions 
within the layers. Doeuff et al. obtained zinc K-edge EXAFS 
data for a Zn2AI[N03-]-[Vlo0,86-] system to show that the 
layered double hydroxide host remained intact during the 
pillaring reaction. 

In this paper we present structural studies of new 
polyoxometalate layered double hydroxides prepared by ion- 
exchange reactions of chloride- or nitrate-ion-containing 
precursors, direct coprecipitation methods and ion-exchange 
reactions of benzenecarboxylate-ion-pillared precursors. Syn- 
thetic conditions have been optimised and the relative merits of 
each method will be discussed. The characterisation of several 
of these materials has been advanced by obtaining EXAFS data 
for both the elements of the host lattice (zinc, chromium and 
nickel K edges) and those of the incorporated clusters (niobium 
K and tungsten L,,, edges). The application of EXAFS 
spectroscopy to the study of polyoxometalates has been 
described in the preceding paper.22 

Results and Discussion 
Synthesis of polyoxometalate layered double hydroxides via 
small-ion-containing precursors 

The starting materials, abbreviated M"Al"'[X"-], were 
prepared using standard coprecipitation methods with special 
attention paid to avoiding carbonate interference. Aging of the 
precipitates at 95 "C (1 week) for MgAl[X"-] and 85 "C (1 8 h) 
for ZnAl[NO, -1 resulted in XRD patterns characteristic of 
well crystallised hydrotalcite-like minerals with basal spacings 
(doo3) of 7.88, 8.97 and 8.93 8, for MgAl[Cl-] [Fig. l(a)], 
MgAl[NO, -1 and ZnAI[NO, -1 respectively. Ion-exchange 
reactions were then carried out with a series of polyoxometalates 
at a pH between 4 and 12 depending on the polyanion and the 
layered double hydroxide cations, typically with a temperature 
of 80 "C, time of 1 h, and molar excess of polyoxometalate of 
about 50% (Table 1). Complete or close to stoichiometric 
uptake was achieved in all cases on the basis of IR, XRD, EDX 
(energy dispersive X-ray) analysis and yield calculations. The 
best results were obtained when the precursor clays were not 
dried but stored as aqueous dispersions since the intercalation 
of water into the interlayer clearly assists swelling in the z 
direction.6 There should also be pH compatibility between 
the host and guest species in order to avoid hydrolysis 
side reactions, either of the layered double hydroxide (e.g. 
dissolution of basic divalent cations from the layers under 
acidic conditions) or of the polyoxometalate (decomposition 
of acidic anions under basic conditions). For example, the 
niobotungstates [Nb,W,O, J 5  - and [Nb4W,0, J6 - are 
hydrolytically stable in the zones 5.5 < pH < 11.5 and 
8.5 < pH respectively and are therefore ideally compatible 
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Fig. 1 X-Ray powder-diffraction patterns for oriented film samples 
of layered double hydroxide intercalates MgAlCCl -] (a), 

[Ti2Wl0PO '-] (d). Values adjacent to the diffraction peaks are d 
spacings in r f o r  several 001 harmonics 

MgA~CV,00*,6-l (61, MgA!CV2W40,,4-I. (4 and M a ] -  

with the basic MgAl layered double hydroxide. The ion 
pb2W4Ol9l4- ,  on the other hand, is stable in the range 
4.5 < pH < 7.5 and is better matched with the more acidic 
ZnAl layered double hydroxide. Only in the case of the 
vanadates and vanadotungstates, acid addition was required in 
order to maintain the pH at mildly acidic values. 

Powder X-ray diffraction. Good quality XRD diagrams were 
obtained which showed the absence of reflections due to the 
starting material and the appearance of several new equally 
spaced (001) harmonics (and a broad, asymmetric peak at 28 
7-1 1" the origin of which will be discussed below) with the 
(003) reflection having shifted to lower 28 angles (Fig. 1 ) .  Well 
ordered basal spacings of about 12 8, were observed for the 
hexametalate-anion-pillared layered double hydroxides (Table 
1) and a typical XRD pattern is shown for MgA1[V2W40194-] 
[Fig. l(c)]. Subtracting 4.8 8, for the thickness of a brucite layer 
gives a gallery height of 7.2 8, which is consistent with a 
monolayer of octahedral M601 9n-  ions oriented with their C, 
axes (shortest dimension) perpendicular to the host layers. The 
structurally related decavanadate ion adopts an equivalent 
orientation with its C2 axis parallel to the layers. Both 
configurations optimise hydrogen-bonding interactions with 
the hydroxide frameworks and afford products with the lowest 
free en erg^.^ The shortest van der Waals diameter for ions of 
the type a-XM12040"- is 9.9 8, along the C,  axis and a basal 
spacing of ca. 14.7 8, is therefore predicted.6 This is indeed what 
is observed for the [HV,W8P040]6- and [Ti2W 1oP040]7- 
layered double hydroxide intercalates, in agreement with other 
reported Keggin-ion intercalates6 

The Preyssler2, anion, [NaP5W3,0110]14-, is one of the 
largest known polyanions and is a rare example of a chemical 
assembly with a true five-fold symmetry axis (Fig. 2).24 It is 
hydrolytically stable at room temperature at pH 0-1 1 and this 
makes it an attractive layered double hydroxide pillaring agent. 
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Fig. 2 Representation of [NaP,W,,O, incorporated into a 
layered double hydroxide host with its C,  axis parallel ( a )  and 
perpendicular (b)  to the brucite-like layers. Interlayer spacings have 
been calculated given that the long and short dimensions of the cluster 
ion are 17.0 and 12.2 8, respectively (van der Wads radius of oxygen 
1.4 A). The thickness of a double hydroxide layer is taken to be 4.8 A. 
Small open circles represent tungsten, medium open circles oxygen, 
medium filled circles phosphorus and the large open circle the sodium 
atom. Atomic coordinates from ref. 24 

The structure consists of a cyclic arrangement of five PW6022 
units, each formally derived from the Keggin-type ion 
[PW120,,]3- by removal of two sets of corner-shared WOs 
groups. The sodium atom is located on the five-fold axis at the 
centre of one of the two 10-membered rings of WO, octahedra. 
The ion appears as a prolate spheroid and there are two extreme 
orientations that it could adopt within the interlayer of a double 
hydroxide (Fig. 2). With the C5 axis parallel to the layers and 
the ions in a rectangular arrangement the area per unit charge 
on the interlayer is 14.8 A2. With the C, axis perpendicular to the 
layers and the ions in a triangular arrangement the area per unit 
charge on the interlayer is 17.9 A2. In both of these orientations 
the ions should be spatially capable of balancing the host layer 

(d) 5'33 4.25 3.54 
21.33 10.62 

3.54 20.72 

7.20 4.84 

3.50 10.80 18.10 25.40 32.70 40.00 

2 8P 
Fig. 3 X-Ray powder-diffraction patterns for oriented film samples 
of layered double hydroxide intercalates ZnAI[Ti, W 10P0407 -1, pre- 
pared via ZnAl[NO,-] (a)  and by direct synthesis (b),  and 
ZnAl~aP,W,,O, prepared uiu ZnAI[NO,-] (c) and by direct 
synthesis (d). Values adjacent to the diffraction peaks are dspacings in A 
for several 001 harmonics 

charge of a layered double hydroxide with Zn" : Al"' = 1.3 : 1, 
although the ions would be packed uncomfortably close in the 
second configuration (the area per unit layer charge is 19.2 A' 
with this EDX-determined cation ratio). Seven (001) reflections 
are observed between 28 values of 3 and 40" in the preferred 
orientation XRD (POXRD) pattern of ZnAl[NaP,W,,- 
0, obtained via ZnAl[NO,-] [Fig. 3(c)], assignable to 
a pillared phase with a basal spacing of 21 A. Therefore, the 
ion orients itself with its shortest dimension parallel to the 
host layers. 

Most of the XRD patterns obtained in this work contain a 
broad reflection at low angle (20 7-11") which has been 
attributed in the literature to either a quasi-crystalline M"/M"' 
salt of the polyoxometalate'2 or a disordered layered phase 
resulting from the cluster ions fitting into defects in the brucite- 
like layers., Both theories indicate that pH is important, i.e. that 
formation of the polyoxometalate layered double hydroxide 
under acidic conditions could result in partial dissolution of 
cations from the hydroxide framework resulting in formation of 
a mixed salt and/or removal of hydroxide groups from the 
layers. However, the present results conflict with these ideas in 
that materials with similar X-ray tracings have been prepared 
over a wide pH range, from mildly acidic in the case of the 
vanadium-containing ions to mildly basic in the case of the 
niobotungstates. Furthermore, a MgAl[VzW40194 -1 layered 
double hydroxide was successfully prepared in dichloro- 
methane-ethanol and displayed an identical diffraction pattern 
to that obtained for the same material prepared by the more 
conventional aqueous method [Fig. l(c)], albeit for some 
unexchanged starting material. Further work is clearly required 
to characterise this phenomenon. 

Infrared spectroscopy, surface-area measurements and EDX 
data. Infrared spectroscopy was applied to establish first the 
presence or absence of carbonate in the clays (v3 absorption 
band at 1370 cm- l ) ,  secondly the extent of ion exchange (where 
precursor ion is NO,-, v3 absorption band at 1384 cm-') and 
thirdly confirmation of retention of the polyoxometalate 
structure in the intercalated state. In the spectra of all the 
polyoxometalate layered double hydroxides characteristic 
bands of the polyoxometalates appear in the range 1200400 
cm-' on top of the lattice vibrations of the host (Table 2). 
Materials prepared with pH < 7 were free of carbonate 
whereas those prepared under more basic conditions suffered a 
small degree of interference (weak v3 absorption band at 1370 
cm-'). The absence of the v3 absorption band at 1384 cm ' in 
the spectra of the products obtained from ZnAl[NO,-] 
confirmed that complete conversion into the pillared phase had 
taken place. 
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Table 1 
prepared uia chloride-, nitrate- or benzenecarboxylate-anion-pillared precursors 

Representative reaction conditions and observed basal spacings (doo3) for polyoxometalate-anion-pillared layered double hydroxides 

Sample X" np */mmol cp'/mol dm-, pH doo3lA 
MgA1[V 1 OO.2 86 - 1 
MgAuY2W40194-l 
MgAl[Nb2W40, 94 -3 
MgAI[Nb,W,O, 95 -3 
MgAI[Nb4W201 96 -3 
MgAl[Ti,W 0P0407 -1 
MgAl[ HV4W,P0406 -1 
ZnAI[Ti,WloP0407 -1 
ZnAI[NaP,W,,O, 014 -1 
ZnCr[V,002,6-] 
NiAl[V2W40, 94- ]  

ZnAlCSiW, 20404-] 
ZnAI[BW120405-] 
ZnAI[V,W 10P0405 -1 
ZnAI[HV4W8P0406 -3 

0.025 
0.024 
0.025 
0.0 17 
0.022 
0.014 
0.014 
0.01 1 
0.006 
0.047 
0.008 
0.022 
0.017 
0.01 8 
0.016 

4.5 
4.7-5 .O 
5.8-9.8 
9.0-1 1.1 

10.5-1 1.6 
6.2- 1 0.2 
4.3-5.0 
- 
- 

4.5 
4.6 
3.4-3.8 
3.8-4.0 
3.6 
3.2-3.5 

1 1.70 
11.97 
12.07 
12.18 
12.47 
14.68 
14.53 
14.50 
20.72 
11.82 
1 1.90 
14.55 
14.57 
14.71 
14.40 

a X is the exchanging anion in the precursor. Number of moles of polyoxometalate treated with precursor slurry containing 1 .O g clay material. 
Polyoxometalate concentration. 

Table 2 
layered double hydroxide intercalates obtained by ion exchange 

Characteristic IR bands in the region 2000-400 cm-' for 

Sample 

MgA1[Vl 0°286 - 1 

MgAICV2W40 1 g4 - 1 
MgAl[Nb2W40, 94-]  

MgAI[Nb,W,O, 9 5  -1 

MgAI[Nb4W201 96-]  

MgAl[Ti2W 10P0407 -3 

ZnAI[Ti2W,oP0407 -3 

NiAlCV, W,O,,"-] 

ZnAI[SiW,20404-] 

ZnAlCBW 120405 -3 

ZnAI[V2W loP0405-] 

ZnAl[HV4W8P0,06 -3 

ijmax*/cm 
1625m, 1403vw, 962s, 817m, 736m, 
671m, 554w, 447vs 
1619m, 957s, 774s, 667m, 446vs 
1626m, 1369w, 1022vw, 961m, 897m, 
770s (br), 669m, 568m, 445vs 
1626m, 1366m, 1022vw, 946w, 870w, 
768s (br), 668 (sh), 559 (sh), 448vs 
1634m, 1366m, 1 I OOvw, 1024vw, 935w, 
844w, 769s (br), 669m, 556m, 448vs 
1625m, 1366m, 1083m, 1063m, 1045m, 
961s, 883w, 802vs (br), 668w, 555w, 
448vs 
1625m, 1401w, 1099m, 1074m, 1052m, 
970s, 880m, 780vs, 669s, 600w, 560m, 
498m, 447s 
1622m, 1083m, 1063m, 1047m, 958s, 
883w, 793vs (br), 618s, 594vw, 516vw, 
483w, 428s 
1615m, 1164m, 1081w, 1019w, 984vw, 
938s, 913w, 789s, 730w, 619w, 571vw, 
545vw, 426s 
1615m, 1539m, 1402m, 956s, 775vs, 
624m, 570m, 432vs 
1623m, 1385w, 1096 (sh), 1006m, 951s, 
925vs, 791vs, 721s, 619m, 543w 
1613m, 1542m, 1441m, 1404m, 1013m, 
96 1 s, 922s, 823vs, 624m, 549m 
1603m, 1555m, 144Os, 1252m, 968s, 
884m, 795vs, 620m, 423m 
1614m, 1532m, 1405m, 1099m, 1076m, 
1055m, 964s, 882s, 770vs, 626s, 558m, 
426vs 

* v = Very, s = strong, m = medium, w = weak, br = broad. 

The BET (N,) surface areas were in the range 22-32 m2 g-' 
for the MgAl intercalates which represent only a slight increase 
over those measured for the starting materials. For example, 
MgAI[HV,W,P0406-] exhibited a surface area of 22 m2 8-l 
compared with 17 m2 g-' for the MgAI[Cl-] precursor. 
Drezdon7 found similar values for the similarly dried 
intercalates MgAI[Vlo0,,6-] and M~AI[Mo,O,,~-] prepared 
via a terephthalate-anion-pillared precursor. It was concluded 
that these areas were consistent with a model that approximated 
the clay samples as a close-packed array of non-porous spheres 
1000-2000 8, in diameter (assuming that the space remaining 
in the interlayer region of the pillared hydrotalcites is filled with 
water). 

The EDX-determined mole fractions of aluminium were 

between 0.37 and 0.35 for MgAl (except 0.40 for decavanadate- 
anion-pillared material) and 0.43 for ZnAl layered double 
hydroxides (Table 3). Given these aluminium contents, the 
EDX-determined polyoxoanion loadings are at least 75% of the 
theoretical maximum. 

EXAFS studies. In the preceding paper we have shown that 
the EXAFS spectra for a series of structurally diverse 
polyoxometalates are rich in detail about the metal-oxygen 
bonds and also the non-bonded metal-metal relationships 
which define the cluster geometries. 2 2  Curve-fitting analysis 
enables an element-specific and sometimes complete character- 
isation of each anion. These studies have thus been extended 
to further verify that the structures of polyoxometalates are 
retained when incorporated into the galleries of layered double 
hydroxides (Table 4). This is exemplified by comparing the 
niobium K-edge EXAFS and Fourier transforms obtained for 
[Nb4W,01,]6-, as a pure salt and in the intercalated state (Fig. 
4). The best fits to the EXAFS of the hexametalate anions were 
generally obtained with one OM terminal oxygen at 1.72-1.76 A, 
four OM, doubly bridged oxygens at 1.88-1.99 A, four metals at 
3.20-3.34A andonemetalatomat4.74-4.78A. Thetungsten LIII- 
edge EXAFS of [Ti,WloP040]7- and [HV4W,P040]6- were 
fitted by five-shell models comprising one OW terminal oxygen 
at 1.70-1 .72&fourOW, doublybridged oxygensat 1.88-1.89& 
onetungstenat 3.39-3.41 A, 1.5-1.6tungstensat 3.68-3.70Aand 
one vanadium or titanium atom at 3.32-3.35 A. In all cases the 
EXAFS results strongly confirmed retention of the polyoxo- 
metalate structure. 

Direct synthesis of polyoxometalate layered double hydroxides 

Pillared derivatives ZnAl[Ti2WloP0407 -1, ZnAI[NaP,W,,- 
011014-] and MgAl[Nb4W20196-] were prepared by direct 
coprecipitation at pH 7.6, 8.4 and 9.6 respectively. Nitrate 
interference was small (weak v3 absorption band at 1384 cm-'), 
negligible (very weak v3) and significant (strong v3) respectively. 
This method affords a very quick route to these materials but 
there must be pH compatibility between the host and guest 
species. Very good quality POXRD patterns were obtained 
for the ZnAl derivatives which compare well with their counter- 
parts prepared uia ZnAI[NO,-] (Fig. 3). The pattern for 
MgAl[Nb4W20196-] was of lower quality [broad and low 
intensity (001) diffraction lines]. 

Synthesis of polyoxometalate layered double oxides via 
benzenecarboxylate-anion-pillared precursors 

Layered double hydroxides of ZnAl, ZnCr and NiAl pillared 
by toluene-p-sulfonate and a series of benzenecarboxylate 
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Table 3 The EDX-determined metal atom ratios for polyoxometalate-anion-pillared layered double hydroxides prepared uiu chloride-, nitrate- or 
benzenecar boxylate-anion-pillared precursors a 

Sample Mg A1 Zn W Nb V Ti L'(%) 
MgA1[V100286 -1 1.49 1.00 1.28 77 
MgAlCV2W4O 1 94 - 1 1.88 1.00 0.95 0.37 88 

MgAl[Nb3W,0195 -1 1.78 1.00 0.52 0.69 101 
MgAlCNb, W,O -1 1.72 1.00 0.40 0.80 121 

MgAl[HV4W,P0406-] 1.85 1 .OO 1.01 0.59 80 

MgAl[Nb2W40194-] 1.70 1.00 0.83 0.49 88 

MgAl[Ti,W 10P0407 -1 1.89 1.00 1.23 0.24 84 

ZnAI[Ti2W1,P0407 -1 1.00 1.29 1.91 0.37 131 
ZnAl[NaP,W,oOl 1.00 1.30 3.77 I76 
ZnAl[V,W,oP0405-] 1.00 0.99 0.91 0.20 50 
ZnAI[HV4W8P0406 -1 1.00 1.17 0.32 0.17 26 

Values accurate to 15%. All of the products are detailed in Table I .  Polyoxoanion loadings as a percentage of the theoretical maximum calculated 
from the EDX-determined mole fractions of aluminium. 

~~~~~~~ ~~~ ~ ~ 

Table 4 The EXAFS-derived structural parameters for polyxometalate salts and polyoxometalate-anion-pillared layered double hydroxides 

Anion Edge E, '/eV 
[Nb,W4019]4- W L,,, -8.0 

Nb K -4.5 

w L,,, -7.5 

Nb K -5.5 

W L,,, -7.0 

Nb K -4.8 

W L,,, -7.0 

[Ti2WloP040]7- W L,,, -5.0 

[HV4W8P040]6- w L,,, - 5.0 

Polyoxometalate MgAl layered double hydroxides 
Co-ordination 

Shell number 
0 1.0 
0 4.0 
W 2.5 
Nb 1.5 
0 1.0 
0 4.0 
W 2.8 
Nb 1.2 
w 1.0 
0 1.0 
0 4.0 
w 2.0 
Nb 2.0 
Nb 1.0 
0 1.0 
0 4.0 
w 2.0 
Nb 2.0 
0 1.0 
0 4.0 
w 1.0 
Nb 3.0 
Nb 1.0 
0 1.0 
0 4.0 
W 1.5 
Nb 2.5 
0 1.0 
0 4.0 
W 2.5 
V 1.5 
0 1.0 
0 4.0 
w 1.0 
W 1.6 
Ti 1.0 
0 1.0 
0 4.0 
w 1.0 
W 1.5 
v 1.0 

r '/A 
1.716(6) 
1.907(4) 
3.3 13( 3) 
3.335(5) 
1.741(4) 
I .994( 3) 
3.320( 2) 
3.350( 5) 
4.737(5) 
1.743( 5 )  
1.9 1 O(3) 
3.295(3) 
3.3 16( 3) 
4.780( 7) 
1.763(4) 
1.988(2) 
3.327(2) 
3.337(3) 
1.720(4) 
1.89 l(3) 
3.295(8) 
3.3 1 O( 3) 
4.7 3 5( 6) 
1.756(3) 
1.979(2) 
3.3 3 8( 2) 
3.329( 2) 
1.743(6) 
1.91 9(4) 
3.272(2) 
3.197(5) 
1.707(4) 
1.881(3) 
3.406(3) 
3.693 3) 
3.347( 5) 
1.699(4) 
1.883(3) 
3.392( 3) 
3.684( 5 )  
3.32 1 (4) 

202 d j A 2  

0.0051( 10) 
0.0090(6) 
0.0043( 3) 
0.0041 (8) 
0.0030(7) 
0.007 7( 5 )  
0.0049( 3) 
0.0039( 9) 
0.0039(9) 
0.0042( 7) 
0.0062(3) 
0.0048 (4) 
0.0024(4) 
0.0049(9) 
0.0045(6) 
0.0082(4) 
0.0059( 2) 
0.0090( 5 )  
0.00 14( 5 )  
0.0058(3) 
0.0064( 10) 
0.005 l(4) 
0.0032(7) 
0.0036(5) 
0.0085(3) 
0.0052(2) 
0.0083( 3) 
0.0049( 9) 
0.0094(6) 

0.0049(8) 
0.0048( 6) 
0.0139(5) 
0.0034( 3) 
0.0074(4) 
0.0036( 8) 
0.0046(6) 
0.0122(4) 
0.0048(4) 
0.0 1 12(9) 
0.0031(7) 

0.0044( 1) 

E'IeV 
11.2 

25.6 

11.6 

24.3 

14.4 

25.8 

9.6 

15.4 

13.4 

R (%I 
37.5 

31.2 

35.3 

30.2 

33.4 

25.3 

32.7 

28.5 

32.1 

r lA 
1.739(5) 
1.904(4) 
3.309( 3) 
3.3 3 3( 5 )  
1.746( 7) 
I .988(4) 
3.3 18(3) 
3.343(6) 
4.743( 8) 
1.728(5) 
1.900(3) 
3.301(3) 
3.320( 3) 
4.77 l(6) 
1.760(4) 
1.98 l(2) 
3.324(2) 
3.338(3) 
1.730(5) 
1.895(3) 
3.3 13(11) 
3.3 16(4) 
4.754(6) 
1.759(3) 
I .975(3) 
3.339(3) 
3.3 35(3) 
1.736(9) 
1.91 5(5)  
3.278( 3) 
3.206(7) 
1.714(3) 
1.881(3) 
3.41 3(2) 
3.697(4) 
3.3 50(4) 
1.718(4) 
1.885(3) 
3.400(3) 
3.684(7) 
3.325(4) 

202/A2 
0.0043 (8) 
0.0099(6) 
0.006 l(3) 
0.0062(9) 
0.0070( 13) 
0.0094(6) 
0.0064(4) 
0.0052( 10) 
0.0071(11) 
0.0039( 8) 
0.0063(3) 
0.003 7(4) 
0.0016(4) 
0.0039(9) 
0.0052( 8) 
0.0078(4) 
0.0055(2) 
0.0068( 5 )  
0.0031(7) 
0.0067(4) 
0.0082( 14) 
0.0064( 4) 
0.0035(8) 
0.0039( 6) 
0.0089(4) 
0.0066(3) 
0.0087(4) 
0.0058( 14) 
0.0099( 7) 
0.0053(2) 
0.0050( 1 1)  
0.003 3 (4) 
0.01 33(4) 
0.0059(3) 
0.0099(6) 
0.0043( 8) 
0.0044( 6) 
0.0 1 2 1 (4) 
0.0038( 4) 
0.0130(11) 
0.00 1 6( 6) 

E'jeV 
11.6 

25.2 

11.5 

24.4 

12.7 

27.2 

9.3 

14.2 

14.3 

R (%) 
37.5 

41 .O 

35.7 

31.5 

36.9 

33.5 

41.2 

23.0 

28.5 

a Virtual potential representing inelastic losses and core-hole lifetime effects. See Experimental section for counter ions. Standard deviations in 
parentheses. Debye-Waller factor; (J = root-mean-square internuclear separation. 

anions were prepared using the direct coprecipitation method 
described by Drezdon7 for the synthesis of similar MgAl 
derivatives. The XRD diagrams for each of the products 
contain up to five approximately equally spaced peaks which 
are readily assigned as the (001) reflections of hydrotalcite-like 
phases with basal spacings between 14 and 18.4 A [Table 5, Figs. 
5(a) and 6(a)] .  The values are in agreement with predictions 
based on a model in which the ions stack to form a monolayer 

with the aromatic rings perpendicular to the host layer (Table 
5). Given that we have an ordered interlayer, the sharpness 
of the basal reflections is indicative of crystallite size in the 
z direction. This was found to be dependent on the nature of 
the layered double hydroxide cations, with the ZnAl clays 
consistently forming the best crystallised materials. This so- 
called particle-size-broadening effect is expressed quantitatively 
by the Scherrer e q ~ a t i o n , ~ '  D = O.!%/(pccos €I), where D is the 
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8.0 t A 

-8.01 

I 4.84 

k 7.58 jL.J; . 3 ~ ~ .  , . , YJ: 
4.00 11.20 18.40 25.60 32.80 40.00 

20P 
Fig. 5 X-Ray powder-diffraction patterns for oriented film samples of 
layered double hydroxide intercalates ZnAI[4-HOC6H,C0, -3  (a)  and 
ZnAl[~-SiW,,0,04-] (b). Values adjacent to the diffraction peaks are 
d spacings in A for several 001 harmonics 

rtA 

(b) 
8.0 

h 

v 
-L 
x 
-L 

m 

0 1.0 2.0 3.0 4.0 5.0 6.0 

Fig. 4 Low-temperature (80 K) solid-state niobium K-edge k3-  
weighted EXAFS data and Fourier transform, phase-shift corrected 
for oxygen (-, experimental; -, spherical wave theory), of Na,K,- 
[Nb,W20 9] (a) and the layered double hydroxide intercalate 

rtA 

MgA1[Nb4W20196-] (b)  

mean crystallite size (A) along a line normal to the reflecting 
plane, h the X-ray wavelength (1.5406 A), p, the instrument- 

I 
28.00 36.00 44.00 4.00 12.00 20.00 

2 0P 
Fig. 6 X-Ray powder-diffraction patterns for oriented film samples of 
layered double hydroxide intercalates ZnCrC4- -O,CC,H,CO, -1 (a) 
and ZnCrP ,  0,,6-] (b).  Values adjacent to the diffraction peaks are 
d spacings in 1 for several 001 harmonics 

2000 1600 1200 800 400 
3cm -1 

Fig. 7 Fourier-transform IR spectra of the layered double hydroxide 
intercalates obtained after ion exchange of Na,[V,W,O,,] (a)  with 
ZnAI[4-HOC,H4CO,-) (b) for 1 h at 25-35 (c) ,  50-60 ( d )  and 90- 
100 OC (e )  

corrected width of the (003) harmonic at half-height expressed 
in radians of 20, and 0 is the diffraction angle. Values of D were 
mostly in the range 200-300 8, for the ZnAl in contrast to 100- 
120 A for the NiAl and ZnCr layered double hydroxides. 

Infrared spectroscopy showed that all of the products 
contained the carboxylate [v,,,/cm-’ 1550- 1650s (COasym) and 
ca. 1400s (COSY,)] or sulfonate groups rather than the 
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Table 5 Reaction conditions and X-ray powder-diffraction data for organic-anion-pillared layered double hydroxides prepared by coprecipitation 

20p for (001) harmonics Basal spacing/A 

Sample TpC tlh pH 003 006 009 00, 12 00, 15 dabs dcalc.a 
ZnAl[4-HOC6H4C0, -3 75 48 7.6 5.80 11.67 17.55 23.45 29.46 15.22 14.7 
ZnAl[4-MeC6H4C02 -3 74 48 7.5 5.12 10.37 15.45 20.79 26.11 17.25 17.7 

48 7.7 6.24 12.46 18.83 25.28 - 14.15 14.62 
48 7.7 6.16 12.32 18.55 22.49 - 14.33 14.57 ZnA1[4-0,NC6H4C0, - ] 71 

ZnAI[4-EtC6H4C02 - 3  74 96 7.7 4.98 9.96 15.03 20.03 24.99 17.73 17.9 
Z ~ A I [ ~ - - O Z C C ~ H ~ C ~ H , C O ,  --41 71 48 7.7 4.80 9.66 14.39 19.32 24.17 18.39 18.96 
ZnAI[4-MeC6H,SO, -1 66 48 8.0 5.28 10.60 15.70 20.93 26.11 16.72 17.5 

48 7.6 6.02 12.11 18.32 24.43 - 14.67 22.58 ZnAlCpipes] 67 
NiA1[4--0,CC6H4CO, - 3  68 18 8.0 6.16 12.27 18.61 24.68 - 14.33 14.62 
ZnCr[4- -O2CC6H,CO, -1 65 18 7.9 6.40 12.51 18.77 24.80 - 13.80 14.62 
CuAl[4-MeC6H4C0, -1 60 18 8.0 5.18 10.33 15.52 20.70 25.99 17.04 17.7 
NiAl[4-MeC6H4C0, -1 75 96 7.8 5.20 10.40 15.48 20.81 26.01 16.98 17.7 

ZnA1[4-OzCC6H4CO, -3 75 

D '/A 
184 
263 
255 
247 
193 
226 
394 
343 
94 

118 
198 
117 

a Assumptions: monolayer with aromatic or heterocyclic rings oriented perpendicular to the brucite-like layers; van der Waals radii of oxygen 1.4 A 
and of hydrogen 1.2 A. Mean crystallite dimension along a line normal to the 001 reflecting planes [calculated from the (003) harmonic]. 

corresponding acids [Fig. 7(b)]. Thus, none of the spectra 
contained a peak at 1700-1 750 cm--' characteristic of the 
carboxylic acid dimer or monomer (C=Oasym). The EDX- 
determined M" : M"' ratios were 1.40 : 1 for ZnAlC4- 

2.02: 1 for ZnCr[4--0,CC6H4C0,-], 1.99: 1 for ZnAlC4- 
MeC6H4C02 -1, 1.87 : 1 for NiAl[4-MeC6H4C0, -3, 1.70 : 1 
for ZnAl[4-HOC6H4C02-] and 3.50: 1 for CuAlC4- 
MeC6H4C0, -1. A ZnAl layered double hydroxide pillared by 
the piperazine- 1,4-bis(ethanesulfonate) (pipes) dianion was 
also prepared. This gave an XRD diagram with narrow 
(001) reflections but the observed layer spacing of 14.67 8, is 
considerably smaller than that expected with the piperazine ring 
lying perpendicular to the layers (22.6 A). It follows that the 
molecule may be tilted at an angle of 34' to the layers. 

Layered double hydroxides containing the ions YC6H4C02 - 
(Y = CO,-, OH or Me) were investigated for their suitability 
as precursors to polyoxometalate derivatives. Ion exchange can 
only be facilitated under mildly acidic conditions (pH 3.54.5) 
when protonation of the carboxylate group(s) promotes 
migration of the molecule out of the interlayer. This process is 
inhibited by the poor solubility of the acids in water and the 
resulting difficulty in their removal from the clay matrix. In the 
case of terephthalate-anion-pillared precursors, the products 
had to be treated with hot methanol followed by hot water in 
order fully to extract the acid. 4-Hydroxybenzoic acid can 
however be washed out relatively easily with hot water. The 
ease and extent of ion exchange was found to improve in the 
order terephthalate < 4-methylbenzoate < 4-hydroxybenzo- 
ate. One advantage of this method is that both the precursor 
clay complexes and final products suffer negligible carbonate 
interference, even if strictly carbonate-free conditions are not 
employed. 

Ion exchange in the ZnA~[4-HOC6H4C0,-]-[V,W401,4-] 
system was complete within 1 h at 90-100 OC, as shown by a 
series of IR spectra taken as a function of reaction temperature 
(Fig. 7). The XRD diagram for the final product was very 
similar to that obtained for the MgAl analogue prepared from 
MgAlCCl-] [Fig. l(c)] and gave a basal spacing of 12.00 A. 
Complete conversion was also possible in the ZnAlC4- 
HOC6H4C02 -]-[SiW, 204,4-] (Fig. 5) and ZnAlC4-HO- 
C6H4C02 -]-ZnAl[BW 2040 -3  systems. Keggin-type anions 
with charge -3 should be spatially incapable of balancing 
the host layer charge of a layered double hydroxide with 
MI': MI" = 2 : 1 (assuming each cluster ion occupies an area 
of 83 812) .5*6  It was indeed found that no ion exchange took 
place in the ZnAl[4-HOC6H4C02 -]-[PW120403 -3 system. 
Ion exchange was about 80% in the NiAl[4-MeC6H4C0, -3- 
[V2W40 94 -1 and ZnAl[4-MeC6H4C02 -]-[V2W40 94-] 

systems as evidenced by the weak carbonyl absorptions of 

-02CC6H4CO2 -3, 2.0 1 1 for NiAl[4--0,CC6H4C02 -3, 

(a) / 

900 800 700 600 500 400 300 
htnm 

Fig. 8 UVjVIS spectra of an aqueous solution of Crz(SOp), (a) ,  and 
diffuse reflectance spectra of the layered double hydroxide intercalates 
ZnCr[4--02CC6H,C02-] (b) and Z n C r ~ , o O z s 6 - ]  (c) 

the carboxylate group [v,,,/cm-' 1589w (COasym) and 1401 w 
(COSY,)]. The XRD diagrams of NiAl[V2W40194-] and 
ZnCr[V,,0,,6-] were similar and did not contain any peaks 
due to the starting material [Fig. 6(b)]. 

UV/VIS spectroscopy. Diffuse-reflectance UV/VIS spectra 
were obtained for the ZnCr (Fig. 8) and NiAl systems. The three 
spin-allowed d-d transitions for a d3 chromium(II1) centre in an 
octahedral crystal field are v1 = 4T2g(F) t- 4A2g(F) (= 
lODq), v2 = 4T1,(F) t 4 A 2 , ( F )  and v3 = 4T1g(P) - 
4A2g(F).26a Two broad maxima are observed at v1 17 793 (562) 
and v2  25 000 cm-' (400 nm) in the spectrum of violet ZnCrC4- 
-02CC6H4C0, -1 [Fig. 8(b)]; the third transition is obscured. 
Inputting the observed v1 and v2 into the equations published 
by Dou 2 7  for an A, ground-state ion yields Racah parameter 
B = 724 cm-' and v3 39 236 cm-' (255 nm). The value of B is in 
agreement with that found for K[Cr(H20),][S04],*6H20 (725 
cm-1).26a In the spectrum of olive ZnCr[V,00,,6-] the v1 
absorption is just visible as a weak shoulder but the v2 band is 
completely obscured by the strong absorption due to [Vlo- 
0,,16- [Fig. 8(c)]. 

The three spin-allowed transitions for a ds nickel(r1) centre in 
an octahedral field are v1 = 3T2g(F) + 3A2,(F) (= lODq), 
v2 = 3T1g(F) - 3A2g(F) and v3 = 3T,g(P) - 3A2g(F).26b 
Maxima were observed at 376, 411 (shoulder), 650, 741 
(shoulder) and 1102 nm (very broad) in the spectrum of pale 
green NiA1[4-MeC6H4C02-]. Labajos et al. 2 8  obtained an 
identical spectrum for Ni,Al[C032-] but were limited to the 
wavelength range 250-850 nm. They assigned v, 13 495 (741) 
and v3 26 596 cm (376 nm). In addition, the absorptions at 
15 385 (650) and 24 331 cm-' (41 1 nm) were attributed to the 
spin-forbidden transitions v4 = 'E,(D) - 3A2g(F) and v5  = 
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'T2,(D) - 3A2g(F) respectively which gain intensity due to 
spin-orbit coupling ['mixing' of the 'Eg(D) and 'T2,(D) terms 
with the 3T,g(F) and 3T1g(P) terms respectively]. This assign- 
ment must however be treated with caution since there is 
poor agreement between the observed (9074 cm-') and cal- 
culated (7955 cm-', from v2 13 495 and v3 26 596 cm-' using 
the equations of Dou) 27  values of vl. The spectrum of NiAl- 
[V2W401,4-] is identical to that of NiA1[4-MeC6H4C02 -1 
at wavelengths greater than 550 nm. Below this the broad 
intense absorption due to the tungstovanadate ion dominates 
(h,,, 395 nm). 

EXAFS studies. The best fits to both the chromium K-edge 
EXAFS of ZnCr[4--02CC6H4C02 -3 and ZnCr[Vl,02s6-] 
were achieved with six oxygen atoms at 1.98 8, and six zinc atoms 
at 3.1 1 8, (Fig. 9, Table 6). The zinc shell is in accordance with 
Lowenstein's rule which states that (in aluminosilicates) tri- 
valent cations should not be in adjacent metal sites.29 This 
gives rise to an idealised model in which the cations are ordered 
so as to give a hexagonal supercell with dimension a = a'J3 
where a' is the separation of adjacent cations (Fig. 
Consistent with this model, the zinc K-edge EXAFS of both 
layered double hydroxides were fitted by four-shell models 
comprising six oxygens at 2.06-2.07 8,, three zinc at 3.09 A, three 
chromium at 3.1 1 8, and six zinc atoms at 5.36-5.37 8, (Fig. 11, 
Table 6). The similarity in the backscattering properties of 
chromium and zinc caused unacceptably high correlations 
between the structural parameters of the metal shells at 3.1 8, 
when they were refined together. Therefore the parameters for 
the chromium shell have been fixed at the values determined 
from the chromium K-edge data. A map of the EXAFS fit 
indices for the non-bonded Zn Zn distance oersus the non- 
bonded Zn - e Cr distance for ZnCr[4--02CC,H4C02-] 
supports this result as the point corresponding to Zn Cr 3.1 1 
8, and Zn - - . Z n  3.09 8, lies within an elongated minimum 
stretching between 3.1 1 and 3.16 8, for the Zn Cr distance 
and between 3.09 and 3.07 8, for the Zn Zn distance. 

The Z n . - - Z n  distance of 5.36-5.37 8, is in very good 
agreement with the expected value of 3.1 x J3 (5.37 8,). 
Furthermore, it is identical to the XRD-derived value of a, 
reported by Boehm et al.31 for synthetic layered double 
hydroxides of the type Zn,Cr[X"-] where X"- = C1-, NO,- 
or A Zn * - * M shell comprising three chromium and 
three zinc atoms is also expected at  ca. 6.2 8, and indeed the 
Fourier transforms of the zinc K-edge EXAFS contain an 
intense peak at this distance. Attempts to solve this shell were 
however hampered by the fact that statistically valid shells 
could be fitted at both 6.01-6.06 and 6.33-6.39 8, (zinc and 
chromium interchangeable). For example, a final six-shell fit 
with R factor = 28.8% was obtained with three zinc atoms at 
6.01 8, (202  0.002 A2) and three chromium atoms at 6.39 8, (202 

The best fits to the nickel K-edge EXAFS of NiAl[4- 
MeC6H4C02 - 3  and NiA1[V2W,0, 94-] were achieved with six 
oxygen at 2.04-2.05 A, three nickel at 3.04 8, and six nickel atoms 
at 5.21 8, (Table 6). No acceptable fits were obtained with either 
an aluminium shell at  about 3.0 A or metal shells at about 6.2 A. 
From the non-bonded Ni . . .Ni  distance of 5.21 8, the 
separation of adjacent cations should be 3.01 8,. This is slightly 
shorter than that found but does agree very well with 
predictions based on the approximately linear relationship 
between values of the mole fraction of aluminium (x) and a, for 
layered double hydroxides of the type Nil -,A1,[X"-].32 The 
EXAFS results for both the NiAl and ZnCr systems indicate 
that no significant disruption of the layer structures took place 
during intercalative ion exchange of the cluster ions. 

0.001 A2). 

Conclusion 
Three of the more effective methods for the synthesis of 
polyoxometalate-anion-pillared layered double hydroxides 

14.0 t 

14.0 4 

-1 4.0 1 klh-' 

t 
J~ 

0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 
rtA 

Fig. 9 Chromium K-edge k3-weighted EXAFS data and Fourier 
transform of the layered double hydroxide intercalates ZnCrC4- 
-02CC6H,C02-] (a) and ZnCr[V,,02,6-] (b) in the solid state at 
80 K. Details as in Fig. 4 
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Table 6 The EXAFS-derived structural parameters for benzenecarboxylate- and polyoxometalate-anion-pillared layered double hydroxides 

Edge Shell 
C r K  0 

Z n K  0 
Zn 

Zn 
Cr 
Zn 

C r K  0 
Zn 

Z n K  0 
Zn 
Cr 
Zn 

N i K  0 
Ni 
Ni 

N i K  0 
Ni 
Ni 

-1 

Co-ordination 
number 
6.0 
6.0 
6.0 
3.0 
3.0 
6.0 
6.0 
6.0 
6.0 
3.0 
3.0 
6.0 
6.0 
3.0 
6.0 
6.0 
3.0 
6.0 

r lA 
1.977(2) 
3.1 lO(2) 
2.062(4) 
3.089(3) 
3.1 10 
5.364(8) 
1.973(2) 
3.107(3) 
2.070(4) 
3.089(3) 
3.1 10 
5.37 l (8)  
2.045(3) 
3.038(3) 
5.2 12( 9) 
2.043(3) 
3.040(4) 
5.2 13(9) 

202fA2 FJeV R(%) 
0.0075( 3) 2.9 24.1 
0.0142(3) 

0.0083(4) 
0.0 14 
0.01 15(13) 
0.0056(3) 3.0 27.1 

0.0150(9) -2.3 36.9 

0.01 39(4) 

0.006 l(4) 
0.014 
0.0 108( 15) 
O.OOSO( 5) 0.7 30.0 
0.0 1 OO(6) 
0.01 34( 16) 
0.0078(5) 0.9 32.1 
0.0099(6) 
0.0132(16) 

0.0106(8) -2.2 38.3 

0 

0 

0 0 

0 9 

a 9 

a a 

0 0 

a a y\ 
a a 

0 0 

a 0 

0 a 

a a 

0 0 

0 

0 

Fig. 10 Hexagonal supercell resulting from cation ordering in a 
layered double hydroxide with MI': MI" = 2 : 1. Shaded circles 
represent M2+ ions and open circles M 3 +  ions 

have been used to isolate new examples with gallery heights 
ranging from 7.1 to 16 A. Ion exchange of chloride- or nitrate- 
ion-containing precursors is the more consistent approach in 
terms of high percentage conversion and product crystallinity. 
The choice of polyanion is not limited to those hydrolytically 
stable at pH < 5 as is the case when starting from organic- 
anion-pillared layered double hydroxides, when 4-methyl- 
benzoate was found to be the best precursor ion out of a series 
investigated. Direct synthesis is the third and least general 
method used in that it demands pH compatibility between the 
host and guest species. Nevertheless, success was had in 
preparing the intercalate ZnAl[NaP,W,,O, with a well 
ordered and exceptionally large layer spacing of 21 A. 

Physical techniques such as IR and Raman spectroscopy go 
some way in the characterisation of the pillaring anion in the 
intercalated state but are short on detailed information. We 
have shown that EXAFS spectroscopy allows the metallic 
environments of both the host lattice and guest species to be 
probed in detail up to a distance of 6 A from the absorber. Zinc, 
chromium and nickel K-edge EXAFS studies complement 

those of X-ray powder diffraction and indicate no disruption in 
the layer structures of ZnCr[V,,02,6-] and NiAl[V2W4- 
0,,4-] prepared from ZnCr[4--02CC,H4C02-] and NiAl- 
[4-MeC6H4C02 -1 respectively at pH 4.5. It appears therefore 
that the less crystalline by-product observed for these and other 
examples is not the result of mixed salt formation or the 
polyoxometalate fitting into defects created in the hydroxide 
layers. These theories are further in doubt given that we have 
found the presence of the phase to be largely independent of the 
synthetic method, reaction pH or even solvent. Further studies 
are required to characterise this phenomenon. The EXAFS 
analysis data for the metal centres of the guest species has given 
direct structural evidence for intercalation of the cluster ions 
intact. 

Experimental 
Commercial materials were of reagent grade or better and used 
without further purification. Infrared spectra were measured 
from KBr pellets on a Perkin-Elmer 1710 spectrometer, 
solid-state UV/VIS spectra from undiluted samples using the 
diffuse-reflectance attachment of a Perkin-Elmer Lambda 19 
spectrometer. Powder X-ray diffraction patterns were obtained 
using a Siemens D5000 diffractometer with Cu-KM, radiation. 
Samples were typically step-scanned in 0.02" 28 steps with a 
counting time of 0.6 s per step. Clay specimens for preferred- 
orientation XRD were prepared by evaporating dilute aqueous 
clay slurries onto microscope slides. Semiquantitative EDX 
analysis data were obtained using a JEOL JSM64000 scanning 
electron microscope operating with a 20 keV electron energy 
and fitted with a Tracor Northern series 11 X-ray and image 
analyser. The BET (N2) surface areas were determined at 77 K 
as described p r e v i o u ~ l y . ~ ~  Powders were dried at 100 "C for 1 h 
and degassed overnight (0.04 Torr) prior to measurement. 

X-Ray absorption spectra were acquired using the 
Synchrotron Radiation Source at the Daresbury Laboratory 
and analysed as described previously 2 2  using the personal 
computer resident program PAXAS 34 for background 
subtraction and EXCURVE 35 (version EXCURV 92) for 
curve-fitting analysis. Values of AFAC, the energy-independent 
parameter used to take account of reduction in the EXAFS 
amplitude due to multiple excitations, were 0.95,0.90,0.80,0.85 
and 0.75 for the Nb K-, W LIII-, Ni K-, Zn K- and Cr K-edge 
spectra respectively. The phase shifts for the Nb K- and W L,,,- 
edge spectra were calculated using XM atomic potentials for the 
ground and excited states, whereas those for the Ni K-, Zn K- 
and Cr K-edge spectra were calculated with Von Bart ground- 
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Fig. 11 Zinc K-edge k3-weighted EXAFS data and Fourier transform 
of the layered double hydroxide intercalates ZnCr[4--0,CC6H,- 
COzp] (a) and ZnCr[V,,0,,6-] (b) in the solid state at 80 K 

state and Hedin Lundqvis exchange potentials. The EXAFS- 
derived structural information did not depend significantly 
on the type of potential used. 

The following polyoxometalate salts were prepared and 
purified as reported previously: K7[HNb601 9],36 Na4- 
[V,W40i91,37 CNMe41CNa,KNb,W40ig],38 [NMe,]Na,- 

K4CSiWi20401,~~ Ks[BWi2040], K ~ C T ~ ~ W ~ O P ~ ~ O ] , ~ ~  
K2 [Nb3W301 91 38Na4K2 [Nb4w20;;17 38[NH416[V1 0°281 7,' 

K,CV,WIOPO~OI,~~ [NH416CHV4W8P0401 44 and 
Kl,~,Nal~,[NaP5W300,10].45 All samples were identified in 
the solid state by their IR spectra, which agreed with those 
found previously for the same corn pound^.^^.^^.^ 7*42*46 The 
niobate complexes Nb,W6 - ,O, 9(x+ ,)- were further character- 
ised in solution by their UV spectra.38 

Synthesis of polyoxometalate-anion-pillared layered double 
hydroxides 

Typical procedures are described below. Table 1 gives details 
of the products obtained via nitrate-, chloride- or benzene- 
carboxylate-anion-containing layered double hydroxides. 
Carbonate-free 50% NaOH stock solution was prepared 
by dissolving 99.99% semiconductor-grade NaOH pellets 
(Aldrich) in decarbonated deionised distilled water and stored 
under N,. The final products were generally isolated by 
filtration or centrifugation, washed with methanol and/or 
decarbonated water and dried at room temperature under 
reduced pressure in a vacuum desiccator 

via MgAI[CI-1, MgAI[NO,-] or ZnAI[NO,-1. The 
precursor materials were synthesised under nitrogen atmos- 
pheres using procedures similar to that described by Reichle 
and Meyn et ~ 1 . ~ ~  

(a) MgAl[Cl-]. A solution of MgC12*6H20 (25.82 g, 127 
mmol) and AlC13-6H20 (15.29 g, 63 mmol) in decarbonated 
water (1 30 cm3) was added dropwise within 1 h to a vigorously 
stirred solution of 50% NaOH (31.2 g, 390 mmol) and NaCl 
(12.29 g, 210 mmol) in decarbonated water (130 cm3). The final 
pH after addition was about 10. The precipitate was aged at 
95 "C for 6 d, washed by centrifugation with decarbonated 
water and stored as an aqueous slurry in a sealed container. Net 
weight of clay in final slurry (320 cm3) = 9.2 g (corresponding 
to material dried at room temperature under reduced pressure 
in a vacuum desiccator). The MgAl[NO,-] was prepared in 
exactly the same manner using Mg(NO3),.6H,O, Al(NO,),. 
9H,O and NaNO, (precipitate aged at 95 "C for 7.5 d). Net 
weight of clay in final slurry (324 cm3) = 12.3 g. 

(b) ZnAl[NO,-1. A solution of Zn(NO3),-6H,O (6.84 g, 23 
mmol) and A1(NO3),-9H,O (4.50 g, 12 mmol) in decarbonated 
water (60 cm3) was added dropwise within 30 min to a 
vigorously stirred solution of 50% NaOH (5.6 g, 70 mmol) and 
NaNO, (3.4 g, 40 mmol) in decarbonated water (60 cm'). The 
final pH after addition was about 7. The precipitate was aged at 
85 "C for 18 h, cooled to ambient temperature, washed by 
filtration with decarbonated water and stored as an aqueous 
slurry in a sealed container. Net weight of clay in final slurry 
(100 cm3) = 4.0 g. 

(c) Ion exchange. Table 1 details the conditions for each 
aqueous ion-exchange reaction. A typical reaction scale was 50 
cm3 and involved dropwise addition with stirring of a solution 
of the polyoxometalate (up to 100% in excess over that 
theoretically required for complete exchange) to the clay slurry 
(MgA1) or vice versa (Zn A1 layered double hydroxides). The 
MgAl mixtures were then stirred at room temperature for up to 
1 h; ZnAl[Ti,W,oP0407-] was formed by reaction at 100 "C 
for 35 min, ZnAl[NaP,W,00,,o'4-] reaction at 80 "C for 2 h. 
Only in the case of the vanadium-containing polyoxometal- 
ates the pH of the reaction mixture was controlled (4.0-5.0). 
Yields for 1 g precursor clay, calculated for M",-,Al,- 
(OH),(X"-),,,~0.5H20 where x = 0.36 for MgAI[Cl-], 
0.43 for ZnAl[NO,-], and the EDX-determined value for 
the polyoxometalate layered double hydroxides (Table 3): 
MgAl[Vlo0286-], 1.22 (75); MgA1[V2W4Olg4-], 1.86 (90); 
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MgAl[Nb,W,01,4-], 1.58 (70); MgAl[Nb3W301,5-], 1.39 
(75); MgAl[Nb,W20196-], 1.67 (102); MgAl[Ti2WloP- 
o,,'-], 2.36 (96); MgAl[HV,W8P0,06-], 2.36 (93); ZnAl- 
[Ti,WloP0407-], 1.85 (86) and ZnA1[NaP5W30011014-], 
2.43 g (90%). 

The derivative MgAl[V2W,0194 -1 was also prepared oia 
MgAl[Br -3 in ethanoldichloromethane. Thus, a MgAl- 
[NO,-] slurry (21 cm3) containing clay (0.8 g) was stirred with 
NaBr (0.56 g, 6 mmol) for 1 d at 25 "C. After centrifuging, 
the supernatant was decanted off and the clay treated similarly 
with a fresh solution of NaBr (0.56 g) in decarbonated water (23 
cm3). The product was washed thoroughly with decarbonated 
water, ethanol and finally redispersed in ethanol (net weight in 
10 cm3 = 0.3 g). Infrared spectroscopy and XRD confirmed 
complete exchange for bromide (do03 = 7.88 A). A solution 
of Na,[V2W,01,]~14H,0 (3.11 g, 2 mmol) in decarbonated 
water (10 cm3) was shaken for 15 min with a solution of 
NBu",Br (5.42 g, 17 mmol) in dichloromethane (10 cm3). The 
UV/VIS spectroscopic measurements indicated approximately 
50% transfer of the polyoxometalate to the organic layer which 
was subsequently separated and dried with MgSO,. The yellow- 
orange CH2C1, solution (7 cm3) was then stirred with ethanolic 
MgAl[Br-] overnight at 25 "C. The product was isolated by 
centrifugation and washed with CH2C12-EtOH (1 : 1) followed 
by ethanol. The POXRD pattern showed three harmonics due 
to tungstovanadate-anion-pillared layered double hydroxide: 
28 = 7.32 (003), 14.73 (006) and 22.26" (009); do03 = 12.07 A. A 
weak reflection at 28 = 22.26" (7.91 A) assignable to (003) of 
unexchanged starting material was also observed. 

By direct synthesis. The procedure described by Narita et al. l 2  

for the direct synthesis of a Zn,Al[x-SiW, layered 
double hydroxide was followed, with some modifications. The 
example which follows is for ZnAl[NaP5W3001 

A solution of Kl,~5Nal~5[NaP5W,oOl,,1 (1.16 g, 0.141 
mmol) in deionised water (100 cm3) was heated to 95-100 "C. 
To this were added dropwise simultaneously with stirring at  
100 "C two solutions of Zn(N03),-6H20 (0.58 g, 1.95 mmol) 
and A1(NO3),~9H2O (0.37 g, 0.986 mmol) in deionised water 
(15 cm3) and 0.20 mol dm-3 NaOH (40 cm3, 8 mmol). The 
addition rates were controlled in order to maintain the pH at 
7.5-7.9. After complete addition the precipitate was aged for 
1 h, washed by filtration with water and dried under reduced 
pressure at room temperature in a vacuum desiccator. The 
derivatives ZnAl[Ti,WloP0,07-] (2.5 h and pH 7.6) and 
MgAl[Nb,W20196-] ( 5  h and pH 9.6) were prepared in a 
similar manner. 

From benzenecarboxylate-anion-pillared precursors. A series 
of organic-anion-pillared layered double hydroxides were 
prepared following the method first described by D r e ~ d o n . ~  
A typical example follows (see Table 5 for sample identities, 
reaction conditions, and powder diffraction data). The net 
weight of clay in 25 cm3 slurry was between 1.7 and 1.8 g for all 
products. 

(a) ZnAl[4-HOC6H,CO, -1. A solution of Zn(N03),*6H,0 
(5.95 g, 20 mmol) and Al(N03),*9H20 (3.75 g, 10 mmol) in 
deionised water (30 cm3) was added dropwise with vigorous 
stirring to a solution of 4-hydroxybenzoic acid (2.76 g, 20 
mmol) and 50.2% NaOH (6.05 g, 79 mmol) in deionised water 
(60 cm3). The precipitate was aged at 75 k 3 "C for 2 d (pH 
7.6), washed by filtration with deionised water and finally 
stored as an aqueous slurry. 

(b) Ion exchange. A typical reaction scale was 40 cm3 and 
involved the dropwise addition of a solution of the 
polyoxometalate in water to the precursor layered double 
hydroxide slurry (Table 1). The reaction mixtures were stirred 
for 1-2 h, at room temperature for ZnCr[4--02CC6H,C0, -1- 
[v,oo286-] and NiA1[4-MeC6H,C02-]-~,W,01,4-], 
60 "c for ZnA~[4-HOC6H,C0,-]-[BW120405-], 100 "C for 

ZnAl[4-HOC6H,C02-]-[SiWl 20,04-], 80-100 "c for Zn- 
A1[4-MeC6H,Co2 -]-[HV,W8P0,06-] and 74 "C for ZnAl- 
[4-MeC6H,C02 -1-[PV, W 00405 -1. In all cases the pH 
was controlled by addition of 2 mol dmP3 HNO,. The work-up 
procedures differed according to the precursor benzenecarboxy- 
late (see Results and Discussion section). 
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