
A

b
e
(
o
c
a
c
(
s
o
e
f
P
v
s
©

K
p

1

(
f
h
l
e
a

1
d

Journal of Molecular Catalysis A: Chemical 262 (2007) 216–226

Scanning tunneling microscopy (STM) and tunneling spectroscopy
(TS) studies of polyoxometalates (POMs) of the

Wells–Dawson structural class

In Kyu Song a, Mahmoud S. Kaba b, Kenji Nomiya c, Richard G. Finke d, Mark A. Barteau b,∗
a School of Chemical and Biological Engineering, Seoul National University, Shinlim-dong, Kwanak-ku, Seoul 151-744, Republic of Korea

b Department of Chemical Engineering, University of Delaware, Newark, DE 19716, USA
c Department of Materials Science, Kanagawa University, Hiratsuka, Kanagawa 259-1293, Japan

d Department of Chemistry, Colorado State University, Ft. Collins, CO 80523, USA

Available online 22 August 2006

bstract

Presented in this work is an extensive scanning tunneling microscopy (STM) study of self-assembled monolayers of polyoxometalates (POMs)
elonging to the Wells–Dawson structural class. The effects of cation and framework atom substitutions in these POMs and their salts have been
xamined. The Wells–Dawson POMs and their salts formed self-assembled and well-ordered arrays on graphite surfaces. Tunneling spectroscopy
TS) measurements revealed that these POMs exhibited negative differential resistance (NDR) behavior in their tunneling spectra. The arrays
f vanadium-substituted POMs, H6+x[P2Mo18−xVxO62] (x = 1, 2, 3), showed periodicities of ca. 11 Å × 14 Å. The shapes and periodicities of the
orrugations in the STM images are consistent with the structure and the characteristic dimensions of the Wells–Dawson polyanion, [P2Mo18O62]6−,
s determined from X-ray crystallography studies. Moreover, the STM results indicated that framework substitutions and increases in the number of
harge-compensating protons had negligible effects on the array periodicities. Various salts of trisubstituted Wells–Dawson POMs, Q[P2W15Nb3O62]
Q = Na9, Cs9, (Bu4N)9, (Bu4N)5Na3(Re(CO)3)), also formed two-dimensional monolayer arrays with various periodicities. For this class of POM
alts, the periodicities were greater than the anion dimensions, reflecting the size of the counter cation (Q). TS measurements revealed the positions
f the counter cations in the POM salt arrays, and the positions were consistent with the cation positions found in the bulk crystal structures. For
ach class of Wells–Dawson anions, it was shown that the packing of the polyanions in the monolayers was not identical to, but resembled that
ound in bulk cleavage planes of the corresponding POM. A correlation between NDR peak voltage and reduction potential established for both

OM series revealed that more reducible POMs showed NDR peaks at less negative applied voltage. In other words, a less negative NDR peak
oltage corresponded to a higher reduction potential. This trend is consistent with those previously elucidated for POM catalysts with the Keggin
tructure.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Polyoxometalates (POMs), also known as heteropolyacids
HPAs), are early transition-metal oxide anion clusters that have
ound numerous successful applications in homogeneous and
eterogeneous catalysis [1–4]. They are multifunctional cata-

ysts with tunable redox and acid–base properties. These prop-
rties can be altered by replacing protons in the POM with
lkali metals or vice versa, or by substituting one or more of

∗ Corresponding author. Tel.: +1 302 831 8905; fax: +1 302 831 8201.
E-mail address: barteau@udel.edu (M.A. Barteau).
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he framework transition-metal atoms with a different metal
1–4]. Among the different structural classes of these materi-
ls, the Keggin-type anions [5] ([XM12O40]q−, where X = P, Si,
e, etc., and M = Mo, W, V, etc.) constitute the largest group on
hich extensive research has been done. POMs belonging to the
ells–Dawson structural class [6] ([X2M18O62]q−, where X = P,

i, Ge, etc., and M = Mo, W, V, etc.) have also garnered signif-
cant interest as catalysts, especially in the synthesis of methyl
ert-butyl ether (MTBE) [7,8]. For this reaction, Wells–Dawson-

ype POMs were found to be more active per acid equivalent than
eggin-type POMs or other conventional acid catalysts such as
2SO4 and H-ZSM-5 in both homogeneous [7] and heteroge-
eous [8] systems. Wells–Dawson-type POMs have also been

mailto:barteau@udel.edu
dx.doi.org/10.1016/j.molcata.2006.08.028
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sed as components of a microporous solid resembling a zeolite,
ith the hope that the transition-metal atoms in the anion would

erve as active sites for shape-selective oxidation reactions in
ell-defined micropores [9]. Additionally, they have been used

n the pillaring of Mg3Al layered double hydroxides (LDHs)
10]. Unlike the Keggin-type anion, �-[H2W12O40]6−, which
as a nearly spherical (Td) symmetry and thus limits the pos-
ible gallery heights upon intercalation in the LDH galleries,
he lower D3h (cylindrical) symmetry of the Wells–Dawson
ungstophosphate anion, �-[P2W18O62]6−, can lead to gallery

icropores of different sizes, depending on its interlayer orien-
ation [10].

Similar to approaches undertaken to fine-tune catalytic
roperties of Keggin-type POMs, it has also been desirable
o modify Wells–Dawson-type POMs for specific applica-
ions. Hence, mono (iron(III))-substituted Wells–Dawson-type
ungstophosphates have been synthesized [11] and their
atalytic activities for olefin epoxidation, aliphatic and aro-
atic hydrocarbon hydroxylation [12], and for H2O2 and
O2 reduction [13] have been examined. Trisubstituted
eteropolytungstates, [P2W15Nb3O62]9−, have also been
ynthesized in order to covalently attach catalytically active
rganometallic groups [14–17]. For example, it has been
hown that (Bu4N)5Na3(1,5-COD)Ir[P2W15Nb3O62] can serve
s a precursor to a novel [P2W15Nb3O62]9− polyoxoanion-
tabilized nanocluster catalyst active for olefin hydrogenation
eactions [18]. POMs have also been used as surface modifiers
n order to develop specific anion-substrate recognition in
atalysis and biological applications, and to regulate membrane
ermeability for potential chemotherapy [1]. The understanding
f surface structures and properties of POMs is crucial for these
pplications.

Scanning tunneling microscopy (STM) has been used to
xamine surfaces of bulk crystals [19,20] and of self-assembled
onolayers [21–38] of Keggin-type POMs deposited on highly

riented pyrolytic graphite (HOPG) surfaces. These comprehen-
ive STM studies showed that substitution of protons by alkali
etals in Keggin-type HPAs results in increased lattice constants

f the ordered POM arrays, while substitution of the framework
ransition-metal atoms had no significant impact on these spac-
ngs [23–38]. Tunneling spectroscopy (TS) measurements on the
iscrete Keggin anions observed in the STM images revealed
istinctive current peaks in the current–voltage (I–V) spectra;
his behavior is referred to as negative differential resistance
NDR) [21,23–38]. The voltages at which NDR occurred have
een correlated with the reduction potentials of the Keggin-type
OM catalysts [25,26,29,30,32,34–38].

Members of other structural classes were previously
maged with molecular resolution by STM [27]; they included

embers from the Wells–Dawson [6] (H7[P2Mo17VO62]),
he Droege–Finke [39] (Na16[Cu4(P2W15O56)2]), and the
ope–Jeannin–Preyssler [40] (K12.5Na1.5[NaP5W30O110])
lasses. In this report, we present a detailed STM study of

elf-assembled monolayers of several members of the Wells–
awson structural class, Na6[P2Mo18O62], H6+x[P2Mo18−x

xO62] (x = 1, 2, 3), and four kinds of cation substituted-
P2W15Nb3O62]. The effects of cation and framework atom
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f
C
w

ysis A: Chemical 262 (2007) 216–226 217

ubstitutions on the ordered arrays of Wells–Dawson polyanions
ere examined. Their molecular shapes and two-dimensional

urface arrays obtained by STM were compared to simulated
mages obtained using molecular simulation software. The
urrent–voltage (I–V) behavior of each sample was also probed
y TS measurements. The NDR peak voltages were then
orrelated with the reduction potentials of Wells–Dawson POM
atalysts.

. Experimental

.1. Sample preparation and deposition

H6+x[P2Mo18−xVxO62]·nH2O (x = 1, 2, 3) samples were sup-
lied by Dr. George Coulston (DuPont Company, Wilming-
on, DE), and Na6[P2Mo18O62]·24H2O was provided by Prof.
raig L. Hill (Emory University, Atlanta, GA). Na9[P2W15Nb3

62]·23H2O, Cs9[P2W15Nb3O62]·8H2O, (Bu4N)9[P2W15Nb3

62], and (Bu4N)5Na3(Re(CO)3)[P2W15Nb3O62] were synthe-
ized and characterized using procedures described elsewhere
14–17,41,42–46]. Approximately 0.01 M aqueous solutions of
ach sample were prepared. A drop of the sample solution was
hen deposited on a freshly cleaved highly oriented pyrolytic
raphite (HOPG) surface and allowed to dry in air for approxi-
ately 1 h.

.2. STM and TS measurements

STM images were acquired using a TopoMetrix TMX-2010
nstrument in air. Mechanically formed Pt0.9Ir0.1 tips were used.
TM images were acquired in the constant current mode at a

unneling current of 1–2 nA and a sample bias of 100 mV. Cal-
bration procedures have been enumerated elsewhere [23–38].
he STM images were recorded with tips which first demon-
trated both reproducible atomic resolution images of HOPG
nd two-dimensional fast Fourier transform (two-dimensional
FT) derived periodicities consistent with the standard value
or graphite. No image presented in the present work was
ourier filtered, and the reported lattice constants are aver-
ge values determined by performing two-dimensional FFT
nalyses on at least three STM images per sample, with each
mage acquired using a different tip at a different scan rate
40,000–80,000 Å/s). TS measurements were taken using both
opoMetrix TMX-2010 and LK Technologies LK 1000 instru-
ents to confirm consistency and reproducibility. TS measure-
ents were performed at least 10 times each using at least

hree different tips for each sample to obtain more accurate
nd reproducible results, and to provide a basis for statisti-
al analyses. The STM probe was positioned above the POM
olecule of interest for the TS measurements. The tunneling

urrent was then monitored while the bias voltage was ramped
rom −2 V to +2 V. The voltage axis in the tunneling spec-
rum represents the potential applied to the sample relative to

hat of the tip. Cleavage planes of bulk crystals were generated
rom published X-ray diffraction (XRD) results using a Biosym
erius II Molecular Simulations software on a Silicon Graphics
orkstation.



2 Catalysis A: Chemical 262 (2007) 216–226

3

3
(

O
d
m
n
f
p
i
b
a
i
t
a
1
[
c
t

a

18 I.K. Song et al. / Journal of Molecular

. Results and discussion

.1. STM and TS investigation of [P2Mo18−xVxO62](6+x)−
x = 0, 1, 2, 3) series

The structure of the Wells–Dawson anion, �-[P2Mo18

62]6−, is shown in Fig. 1. The polyanion consists of two
efect Keggin-type fragments, �-[PMo9O34]9− [47]. Each frag-
ent consists of a central PO4 tetrahedron sharing corners with

ine MoO6 octahedra—the octahedra are somewhat distorted
rom their ideal geometry. Three MoO6 octahedra form a com-
act group by sharing edges, while the remaining six octahedra
n each of the �-[PMo9O34]9− fragments form a zigzag ring
y alternately sharing edges and corners. The two fragments
re linked by six nearly linear Mo–O–Mo bonds. The result-
ng structure, �-[P2Mo18O62]6−, has approximate D3 symme-
ry. The calculated minimum van der Waals diameters of the
nion from published X-ray structure determinations [47] are
0.98 Å × 14.48 Å (width × height of the molecule in Fig. 1).
P2Mo18−xVxO62](6+x)− (x = 1, 2, 3) anions are expected to have

omparable dimensions, but XRD structure determinations of
hese have not been published.

Fig. 2 shows two typical STM images of Na6[P2Mo18O62]
nd H9[P2Mo15V3O62] on graphite, along with their unit cells.

Fig. 1. Polyhedral representation of the molecular structure of the
Wells–Dawson anion, �-[P2Mo18O62]6−.

Fig. 2. STM images and unit cells of (a) Na6[P2Mo18O62] and (b) H9[P2Mo15V3O62] arrays on HOPG.
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Table 1
Lattice constants of arrays of Wells–Dawson POMs with the [P2Mo18−x

VxO62](6+x)− (x = 0, 1, 2, 3) framework

POM Periodicity of
array (Å × Å)

Included
angle (◦)

Unit cell area (Å2)

Na6[P2Mo18O62] 11.4 × 13.8 57.6 132.8
H7[P2Mo17V1O62] 10.3 × 13.1 71.6 128.0
H
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Fig. 3. (a) A typical I–V spectrum taken at Na6[P2Mo18O62] corrugations (bright
f
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The Wells–Dawson anions in STM images are aligned in
rows along their minor axes. Moreover, the principal molecular
axes of the polyanions for the samples (Fig. 2) are aligned with

Table 2
Most reproducible NDR peak voltages and statistical mean values measured
for Wells–Dawson POMs with the [P2Mo18−xVxO62](6+x)− (x = 0, 1, 2, 3)
framework

POM Most reproducible NDR peak
voltage (statistical mean value) (V)

Na6[P2Mo18O62] −0.90 (−0.93 ± 0.13)
8[P2Mo16V2O62] 11.9 × 14.4 54.3 139.2

9[P2Mo15V3O62] 10.6 × 15.5 59.7 141.9

he STM images presented in Fig. 2 were horizontally lev-
led but not Fourier filtered. These images clearly showed
ell-ordered two-dimensional arrays of Wells–Dawson polyan-

ons. Self-assembled, well-ordered arrays were observed over
he large scan areas, up to 0.1 �m × 0.1 �m (not shown here).
he periodicities of the arrays of each sample are listed in
able 1. Both the shape and periodicities of the corrugations

n the STM images are consistent with the dimensions of the
rolate spheroidal Wells–Dawson structure as determined from
RD [47]. Further evidence that the corrugations observed in

he images were derived from discrete Wells–Dawson anions
nd not from graphite or Moiré anomalies [48,49] was obtained
rom TS measurements. In the TS measurements, the STM tip
as positioned above a corrugation (bright feature in the image),

nd the tunneling current was measured as the sample bias volt-
ge was ramped from negative to positive sample bias.

A typical I–V spectrum taken at a bright feature in the STM
mage of Na6[P2Mo18O62] in Fig. 2(a) is shown in Fig. 3(a). This
pectrum shows a distinctive current peak referred to as nega-
ive differential resistance (NDR) at −0.90 V. The NDR peak
oltage was defined as the voltage where the maximum current
as observed in this region. The STM images in this work were
btained at positive sample biases with respect to the tip. This
eans that electrons flow from the tip to the sample in the imag-

ng mode of operation. NDR behavior in the tunneling spectra
f POMs is observed at negative sample biases, i.e., when elec-
rons tunnel from the sample to the tip [25,26,28,30,34,35,38].
n fact, there is some variation in both NDR peak position and
ntensity between spectra even on single component arrays, most
ikely due to variations in positioning the tip precisely for each

easurement. In order to obtain more reproducible results and
o provide a basis for statistical analyses (the voltage resolu-
ion of I–V spectra was 0.05 V), the NDR measurements were
arried out at least 10 times each using at least three different
ips for each sample. Fig. 3(b) shows the distribution of NDR
eak voltages of Na6[P2Mo18O62] arrays. The NDR peak volt-
ges exhibited a monomodal distribution with a statistical mean
alue of −0.93 ± 0.13 V. The peak in the fitted distribution at
0.93 V can be taken as the representative NDR peak voltage

or this POM catalyst. The most reproducible NDR peak volt-
ge of Na6[P2Mo18O62] arrays was found to be −0.90 V, as in
ig. 3(a). The most reproducible NDR peak voltages and statisti-
al mean values measured for Wells–Dawson POM salts with the

P2Mo18−xVxO62](6+x)− (x = 0, 1, 2, 3) framework are summa-
ized in Table 2. NDR has also been observed in the I–V spectra of
olyoxoanions belonging to other structural classes [21,23–38],

H
H
H

eatures) in Fig. 2(a) showing NDR behavior at −0.90 V. (b) Distribution of
DR peak voltages of Na6[P2Mo18O62] arrays with a statistical mean value of
0.93 ± 0.13 V.

nd thus its appearance provides evidence that the corrugations
n the STM images of Fig. 2 indeed are Wells–Dawson anions.
he characteristic NDR peak voltage of POMs can also serve
s a fingerprint of POM identity, as demonstrated in previous
eports investigating the mixed arrays of Keggin–Keggin [31]
nd Keggin–Wells–Dawson [33] POMs.
7[P2Mo17V1O62] −0.65 (−0.65 ± 0.08)

8[P2Mo16V2O62] −0.55 (−0.58 ± 0.07)

9[P2Mo15V3O62] −0.80 (−0.83 ± 0.10)
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espect to each other. The alignment can easily be seen from
he unit cell schematics. All of the rows (the minor axes) are
lightly staggered with respect to each other; hence, this type
f packing (staggering) permits the anions to be more densely
acked on the surface than if the anions were packed end-to-
nd along their major axes. A similar packing scheme is also
ound in the bulk crystal structure of Na6[P2Mo18O62] [47]. In
he Na6[P2Mo18O62]·24H2O crystals, there are three kinds of
rystallographically different sodium ions, Na(1), Na(2), and
a(3). Each of them is always coordinated to two oxygen

toms in [P2Mo18O62]6− anion. Na(1) and Na(2) are coordi-
ated to two oxygen atoms in two different [P2Mo18O62]6−
nions, while Na(3) is coordinated to two oxygen atoms which
elong to the same polyanion. The O–Na(1)–O bridges connect
ymmetry-related groups in the anions along the z-direction,
hereby forming a zigzag chain (staggering) in this direction.
hese zigzag chains are then connected by O–Na(2)–O bridges

n the y-direction, resulting in the formation of infinite layers
hat are parallel to the yz-plane of the crystal. Finally, the layers
re held together by O–Na(3)–H2O–Na(1)–O linkages (all of
he water molecules associated with the crystal are coordinated
o sodium ions).

Fig. 4 shows the (0 1 0) plane of Na6[P2Mo18O62]·24H2O at a
epth of 0.50 of the unit cell, based on published XRD data [47].
he crystalline water molecules are omitted in this figure for sim-
licity, so that the positions of the sodium counter ions (dark,
nattached spheres) can be easily discerned. The inter-anionic
istance measured along the minor axis of the polyanions in this
lane is 14.81 Å, while that measured along the major axis is
7.76 Å. These dimensions are greater than the measured peri-

dicities of the polyanion arrays observed with the STM, listed
n Table 1. It is evident that a major contributor to these differ-
nces is the water of crystallization which is present in the bulk

ig. 4. The (0 1 0) plane of the bulk crystal of Na6[P2Mo18O62]·24H2O: dark,
nattached spheres represent Na cations, and water molecules have been omitted.
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rystal, but is presumably minimal in the surface monolayers.
n a previous study involving Keggin-type polyanions, it was
emonstrated that the surface arrays of both H4PMo11VO40 and
8PMo10VCuO40 had almost identical lattice constants (10.6 Å

nd 10.7 Å, respectively) although the latter has twice as many
harge-compensating protons as the former [23]. Since each
roton is hydrated in the bulk crystal, one would expect that
y doubling the number of protons (and therefore, the potential
umber of hydrated protons), the lattice of the monolayer would
xpand to accommodate the water molecules [23]. However, the
TM results show that the number of charge-compensating pro-

ons and the water of crystallization in the bulk POM crystals had
egligible effects on the lattices of the two-dimensional POM
onolayers. This was also evidenced from the STM images

btained in air and in a humidity-free glove box, showing
o difference in periodicities of two-dimensional arrays [23].
herefore, the differences between the inter-anionic distances
easured in the bulk crystal of Na6[P2Mo18O62]·24H2O and the

eriodicities of the two-dimensional arrays of Na6[P2Mo18O62]
re likely due to the lack of a significant number of water
olecules in the Na6[P2Mo18O62] monolayer. A comparison

f the two structures shows that while the rows of polyanions in
oth structures are staggered with respect to each other, the stag-
ering appears to be much more pronounced in the STM images
Fig. 2(a)) than in the bulk (Fig. 4). For the monolayer struc-
ures that are formed by polyanions on flat graphite surfaces, it
as been shown that the packing motifs implied are inherently
ifferent from those found in the bulk crystals because of the
bsence of intermolecular interactions in the direction normal to
he graphite surface [21,23–38]. Hence, the monolayers are not
runcated planes of the bulk crystals, and one should not expect
xact correspondence between them [27]. Although the exact
umber of water molecules in the two-dimensional monolayer
rrays was not determined experimentally, it is believed that the
ack of crystalline water molecules in the monolayers could also
ead to the differences seen in the packing of the Wells–Dawson
olyanions, as consistently observed in the Keggin-type POM
onolayers [23].
The periodicities of the arrays of H6+x[P2Mo18−xVxO62]

x = 1, 2, and 3) do not show any particular trend, although
hey are all generally consistent with the dimensions of the

ells–Dawson anion. The slight differences in the periodicities
f the Wells–Dawson anions of H7[P2Mo17V1O62] (13.1 Å) and
hose of H8[P2Mo16V2O62] and H9[P2Mo15V3O62] (14.4 Å and
5.5 Å, respectively) may be due to experimental errors, possi-
ly arising from physical contacts between the STM tip and the
dsorbed anions of the latter two POMs. Nevertheless, there is
ood agreement between the unit cell areas of the arrays. That
he differences in periodicities are not due to the framework
tom substitutions can be inferred from earlier work [23]. Song
t al. showed that framework substitution in Keggin-type molyb-
ophosphates, which subsequently led to different charges on the
nions and to different numbers of protons required for charge

ompensation, had almost no effect on the two-dimensional
tructures or lattice spacing, even when the charge on the polyan-
on was doubled [23]. That work [23] was supported by results
f XRD measurements [50] of the anion structure for single
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very labile; polar molecules can be absorbed into the POM
lattice, forming what Misono has coined the “pseudo-liquid”
phase [58]. This characteristic provides an opportunity for reac-
tions to occur not only on the surface of the solid POM cat-

Table 3
Lattice constants of arrays of Wells–Dawson POM salts with the B-[P2W15Nb3

O62]9− framework

POM Periodicity of
array (Å × Å)

Included
angle (◦)

Unit cell
area (Å2)

Na9[P2W15Nb3O62] 16.3 × 17.8 84.3 288.7
I.K. Song et al. / Journal of Molecular

rystals of H2.6+xCu0.2[PMo12−xVxO40] (x = 1, 2, 3). Further
TM studies on surface arrays of Keggin-type tungstomolyb-
ophosphoric acids have shown that the spacings between the
nions in these monolayers were also unaffected by frame-
ork substitutions [26,28,35]. Therefore, based on these results

23,26,28,35], the slight increases in the periodicities of the
ells–Dawson vanadomolybdophosphates (H8[P2Mo16V2O62]

nd H9[P2Mo15V3O62]) are likely not due to framework substi-
utions in the molybdophosphates.

.2. STM and TS investigation of [P2W15Nb3O62]9− series

Trisubstituted Wells–Dawson polyanions, B-[P2W15Nb3

62]9−, were first synthesized in order to compare them to
heir Keggin-type counterparts, [SiW9Nb3O40]7−, and to deter-

ine their properties [14–17,42–46]. The trisubstituted Keggin-
ype polyanions were shown to contain sufficient surface oxy-
en charge density to covalently attach organic cations such
s CpTi3+ and (C5Me5)Rh2+, and thus that work demon-
trated the first Keggin anion-supported organometallic com-
lexes [51–56]. In the trisubstituted Keggin anions, spec-
roscopy studies indicated that the organometallic moieties
ttach (regiospecifically) to only one of several types of sur-
ace oxygen sites with Cs symmetry. In other words, the CpTi3+

nd (C5Me5)Rh2+ groups preferentially attach to a B-type
riad of edge-sharing MO6 (M = V5+, Nb5+) octahedra [51–56].
imilar studies with B-[P2W15Nb3O62]9− also revealed that
rganometallic moieties can be supported at the C3v sym-
etry site in the three adjacent, B-type, edge-sharing NbO6

ctahedra (triad) [14–17,42–46]. To probe their catalytic prop-
rties, several different tetraalkylammonium and other alkali
alts, most notably (Bu4N)5Na3(1,5-COD)Ir[P2W15Nb3O62],
ere subsequently synthesized [14–18,42–46,57]. It has been

hown that (Bu4N)5Na3(1,5-COD)R[P2W15Nb3O62] (R = Ir,
h) is a catalyst precursor for olefin hydrogenation [18],
nd leads to a nanocluster catalyst with high stability
nd catalytic lifetime (190,000 total turnovers for R = Rh)
57].

Fig. 5 shows a polyhedral representation of [P2W15Nb3

62]9−, as determined from XRD [41]. The anion is formed
s a result of the base degradation of the Wells–Dawson �-
P2W18O62]6− to �-[P2W15O56]12− via the removal of one
nd cap. Therefore, it has the Wells–Dawson, �-[P2W18O62]6−
D3h symmetry) structure, but with the W atoms in one end
ap of the three edge-sharing WO6 octahedra replaced by three
b atoms. The symmetry of the anion is close to C3v. Fig. 6

hows STM images and unit cells of [P2W15Nb3O62]9− anions
eposited as tetrabutylammonium and alkali salts. These STM
mages were horizontally leveled but not Fourier filtered. The
mages also showed well-ordered two-dimensional arrays of
hese polyanions on graphite surfaces with periodicities that
re consistent with the anion structure and dimensions, plus
hose of the charge-compensating, counterion spacers. The self-

ssembled, well-ordered arrays were observed over scan areas
p to 0.1 �m × 0.1 �m. Fig. 7 illustrates a large scan-area
mage for (Bu4N)5Na3(Re(CO)3)[P2W15Nb3O62]. Periodicities
or each of the arrays in Fig. 6 are summarized in Table 3.

C
(
(

ig. 5. Polyhedral representation of the molecular structure of the
ells–Dawson anion, B-[P2W15Nb3O62]9−.

ote the much larger unit cell areas for samples with bulky
ounterions.

Previous studies with Keggin alkali molybdophosphates have
hown that when protons of the POMs were replaced by alkali
ations such as K+ and Cs+, the spacings between the Keg-
in anions in the two-dimensional monolayers on graphite
ncreased correspondingly to accommodate the larger cations
23]. This observation is consistent with the secondary struc-
ure of bulk POMs, as proposed by Misono [58]. According
o this model, POMs in the solid crystalline state are com-
rised of heteropolyanions (which are considered as the primary
tructure), cations (protons and/or metals), water of crystalliza-
ion and/or organic molecules [58]. The secondary structure is
s9[P2W15Nb3O62] 17.1 × 21.9 59.1 321.3
Bu4N)9[P2W15Nb3O62] 18.0 × 27.7 63.0 444.3
Bu4N)5Na3(Re(CO)3)

[P2W15Nb3O62]
24.5 × 32.9 87.7 805.4
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Fig. 6. STM images and unit cells of (a) Na9[P2W15Nb3O62], (b) Cs9[P2W15Nb3O62], (c) (Bu4N)9[P2W15Nb3O62], and (d) (Bu4N)5Na3(Re(CO)3)[P2W15Nb3O62]
arrays on HOPG.



I.K. Song et al. / Journal of Molecular Catalysis A: Chemical 262 (2007) 216–226 223

F
o

a
f
i
K
p
s
t
t
t
H
e
t
t
b
r
d
t
P
t
a
i
i
b
a
t
i
o
c
t
(
g
l
[

F
(

t
F
shown in Fig. 9(a)—evidence that the corrugations imaged were
indeed polyanions. Fig. 9(b) shows the distribution of NDR peak
voltages of Na9[P2W15Nb3O62] arrays, exhibiting a monomodal
distribution with a statistical mean value of −1.04 ± 0.14 V.
ig. 7. Large scan-area image of (Bu4N)5Na3(Re(CO)3)[P2W15Nb3O62] array
n HOPG. Image area = 90 nm × 90 nm.

lyst, but also in the bulk. In the two-dimensional structures
ormed on graphite, the array of H3PMo12O40 had a periodic-
ty of 10.8 Å which is roughly the dimension of the spherical
eggin anion, and the protons presumably occupied bridging
ositions between the anions [23]. Upon ion exchange and sub-
equent deposition of the ion-exchanged POM salt on graphite,
he lattice expanded. The increases in the periodicities reflected
he different sizes of the counterions used. In accordance with
he secondary structure of Misono [58], the STM studies of

3PMo12O40 and its salts showed that the cations in the ion-
xchanged POMs occupied similar bridging positions between
he polyanions, thereby increasing the interstitial space between
he anions [23]. These observations are not exclusive to mem-
ers of the Keggin structural class, but they have also been
eported for Finke–Droege and Pope–Jeannin–Preyssler two-
imensional structures [27]. Though the cations were not seen in
he STM images of Finke–Droege and Pope–Jeannin–Preyssler
OM salts, their positions were established from tunneling spec-

roscopy measurements [24,27]. A typical I–V spectrum taken at
n interstitial position (Site I) in the array of Na9[P2W15Nb3O62]
n Fig. 6(a), and compared to the spectrum of bare graphite
s shown in Fig. 8. I–V spectra taken at interstitial regions
etween two polyanions (Site I in Fig. 6(a)) in the STM image
ll show a broad current plateau (band gap behavior) cen-
ered about zero bias and no NDR features. These character-
stics are consistent with tunneling spectra taken at regions
ccupied by cations, as inferred from comparisons with bulk
rystalline structures [27]. On the other hand, the I–V spec-
rum taken at the hollow site surrounded by four polyanions
Site II in Fig. 6(a)) exhibited the same I–V response as bare

raphite, indicating that the array shown in Fig. 6(a) is a mono-
ayer, as previously demonstrated for Keggin-type POM arrays
24–38].

F
(
o
o

ig. 8. Tunneling spectrum taken at an Site I in the array of Na9[P2W15Nb3O62]
see Fig. 6(a)), compared to the tunneling spectrum of graphite.

A typical and most reproducible I–V spectrum taken atop
he corrugations in the STM image of Na9[P2W15Nb3O62] in
ig. 6(a) showed the distinctive NDR behavior at −1.10 V as
ig. 9. (a) A typical I–V spectrum taken at Na9[P2W15Nb3O62] corrugations
bright features) in Fig. 6(a) showing NDR behavior at −1.10 V. (b) Distribution
f NDR peak voltages of Na9[P2W15Nb3O62] arrays with a statistical mean value
f −1.04 ± 0.14 V.
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Table 4
Most reproducible NDR peak voltages and statistical mean values measured for
Wells–Dawson POM salts with the B-[P2W15Nb3O62]9− framework

POM Most reproducible NDR peak
voltage (statistical mean value) (V)

Na9[P2W15Nb3O62] −1.10 (−1.04 ± 0.14)
Cs9[P2W15Nb3O62] −1.15 (−1.11 ± 0.16)
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but again, this staggering appears to be much more pronounced
in the monolayer than in the bulk. It is also apparent that the
considerable difference between the magnitude of the U vector
Bu4N)9[P2W15Nb3O62] −1.20 (−1.15 ± 0.12)
Bu4N)5Na3(Re(CO)3)[P2W15Nb3O62] −1.05 (−1.02 ± 0.11)

he peak in the fitted distribution at −1.04 V can be taken
s the representative NDR peak voltage for this POM cata-
yst. The most reproducible NDR peak voltages and statistical

ean values measured for Wells–Dawson POM salts with the
-[P2W15Nb3O62]9− framework are listed in Table 4.

Clearly, if we ascribe the corrugations in Figs. 2 and 6 to
he polyanions, we must concede that STM failed to resolve the
ations, even the much bulkier tetrabutylammonium groups and
etal carbonyls as in (Bu4N)5Na3(Re(CO)3). However, such

bservations are not uncommon in STM. A STM image repre-
ents contours of local density of states (LDOS) at the Fermi
evel, EF [59]. For a metal surface, this would resemble not
nly contours of the total electron density, but the topogra-
hy of the surface as well. For adsorbates on metal surfaces,
he STM image becomes much more complex, since the elec-
ronic interaction between these adsorbates and the metal may
xhibit much more pronounced spatial and electronic structure
han the clean metal surface [60]. This interaction may lead
o modifications in the LDOS such that the electronic states
erived from the adsorbate orbitals and probed by STM may
eviate significantly from changes in the total DOS induced
y the different adsorbed species on the metal surface. Hence,
TM contours of the LDOS of the adsorbate-covered surface
ay not truly reflect its topography or the positions of the ion

ores of the adsorbates, and the corrugations in the image may
nclude electronic contributions from some or all of the adsorbed
pecies. Graphite is chemically inert; hence, chemical interac-
ions between it and the polyanions and cations are expected
o be minimal. Though the relative contributions of the polyan-
ons and cations to the total DOS, and thus to the contrast and
orrugation seen in the STM images of the POM samples, are
ot yet known, we can postulate that these contributions are
erived mainly from the more electron-rich polyanion species,
ased on the STM studies previously presented [21,23–38].
trong evidence for this assignment is the accuracy of the shapes
f the corrugations (imaged by STM) relative to the molecu-
ar anisotropies of POMs (determined from XRD) belonging
o the Keggin [5], Wells–Dawson [6], Droege–Finke [39], and
ope–Jeannin–Preyssler [40] structural classes [27]. Nonethe-

ess, contributions from cationic species in the STM images
ay be masked by the closely associated, electron-rich, higher-

ontrast, and bulkier polyanions; the presence of the counter
ations is manifested by variations in the spacings between the

olyanions in the surface monolayers [23,24]. STM has consis-
ently resolved the molecular anisotropies of different polyan-
ons both in the pure acids and in the alkali salts [23–38]. When

F
2
h

ysis A: Chemical 262 (2007) 216–226

he structure of the pure acid form of the POM was resolved, the
attice constants accurately reflected the structure and dimen-
ions of the polyanion. However, the lattice constants for POM
alt monolayers are always greater than their corresponding
nion dimensions, in accordance with the expected secondary
tructure [58] of POMs. Thus one may conclude that the period-
cities of the arrays of trisubstituted Wells–Dawson anions reflect
oth the dimensions of the [P2W15Nb3O62]9− anions (seen by
TM) and those of the charge-compensating tetrabutylammo-
ium and alkali cations (not seen by STM, but detected from TS
xperiments).

XRD data are available for only two of the Q[P2W15Nb3O62]
Q = Na9, Cs9, (Bu4N)9, (Bu4N)5Na3(Re(CO)3)) salt sam-
les, namely, Na9[P2W15Nb3O62] and (Bu4N)6Na1[Rh(C5
e5)·P2W15Nb3O62] [61]. Thus, it is appropriate to com-

are the monolayer structure on graphite and particular cleav-
ge planes of the bulk crystal of the sodium salt, since
he chemical identity of the other counterions presumably
ffects the packing of the POMs [27]. The (1 1 1) plane of
a9[P2W15Nb3O62]·2CH3CN·23H2O at a depth of 0.50 of

he unit cell is shown in Fig. 10. Again, the water molecules
ave been omitted in this figure for clarity. Sodium cations
re shown as unattached dark spheres, while acetonitrile sol-
ent species can be seen near four-fold hollow sites and at
ites slightly above each anion. The unit cell in this plane
as dimensions U = 22.56 Å and V = 17.27 Å, with an included
ngle of 80.94◦, compared to the corresponding lattice con-
tants of 17.8 Å × 16.3 Å and an included angle of 84.3◦ for
he monolayer. As we had seen earlier in the images of
a6[P2Mo18O62], the Wells–Dawson anions in the STM image
f Na [P W Nb O ] are staggered with respect to each other,
ig. 10. The (1 1 1) plane of the bulk crystal of Na9P2W15Nb3O62·2CH3CN·
3H2O: dark, unattached spheres represent Na+ cations, and water molecules
ave been omitted.
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Fig. 11. A correlation between NDR peak voltage and reduction potential of
Wells–Dawson POM catalysts established for [P2Mo18−xVxO62](6+x)− (x = 0, 1,
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22.56 Å) and the STM-measured value of 17.8 Å is due to the
ater molecules that dominate the interstitial regions between

he polyanions along this direction in the bulk. Along the V direc-
ion, the agreement between the two values is close (17.27 Å
ersus 16.3 Å); however, the slight difference may also be due
o the solvent species (acetonitrile and water) that position them-
elves between the anions along this direction in the bulk crystal.
inally, as indicated earlier, the difference in the packing motifs
f the polyanions is due to the absence of some of the bulk
pecies (H2O and possibly CH3CN) in the POM monolayer, and
he absence of intermolecular interactions normal to the surface.

.3. Correlation between NDR peak voltage and reduction
otential

It should be noted that STM images in this work were
btained at positive sample biases with respect to the tip. This
eans that electrons flow from tip to sample in a normal mode

f operation. NDR behavior for POM samples was observed at
egative sample biases, i.e., when electrons tunnel from sample
o tip. Simple one-dimensional theory predicts that the elec-
ron transmission probability between two electronically equiv-
lent electrodes should increase monotonically with increasing
pplied potential [62]. The NDR phenomenon in tunneling spec-
ra of POMs is recognized as a consequence of a double-barrier
esonant tunneling structure or quantum well in which the elec-
ron transmission probability decreases with increasing applied
otential at a resonance energy level; NDR has been observed
onsistently for the arrays of Keggin-type POMs [23–38]. A sim-
lar explanation for NDR behavior observed for an Anderson-
ype [PtMo6O24]4− POM was also reported [63].

We have demonstrated that NDR peak voltages of Keggin-
ype POMs are closely related to the electronic properties of
OMs and, in turn, to the redox properties of Keggin-type POMs
24,26,28–30,32,34–38]. The NDR peak voltages of Keggin-
ype POM arrays were influenced by the identity of the counter-
ations [24,26,30,36–38], framework transition-metal atoms
26,28–30,34,36–38], heteroatoms [32,35–38], and adsorbed
rganic molecules [24,29]. Investigation of the Keggin-type
OMs revealed that substitution of more electronegative atoms
or counter-cations or for the central heteroatom shifted the
DR peaks to less negative voltages, corresponding to increased

eduction potentials of the POMs. However, substitution of
ore electronegative metals into the Keggin framework shifted

he NDR peaks to more negative voltages, corresponding to
ecreased reduction potentials. The most important conclusion
as that, regardless of exchange/substitution positions, NDR
eaks appeared at less negative potentials for higher reduction
otentials of the POMs.

Fig. 11 shows a correlation between NDR peak volt-
ge and reduction potential of Wells–Dawson POM cata-
ysts established for all families of POMs examined in this
ork. The NDR peak voltages of [P2Mo18−xVxO62](6+x)−
x = 0, 1, 2, 3) and Q[P2W15Nb3O62] (Q = Na9, Cs9, (Bu4N)9,
Bu4N)5Na3(Re(CO)3)) POM samples were taken from
ables 2 and 4, respectively. The reduction potentials of
ells–Dawson POM catalysts were measured by electrochem-

r
v
m
p

, 3) and Q[P2W15Nb3O62] (Q = Na9, Cs9, (Bu4N)9, (Bu4N)5Na3(Re(CO)3)).
OM samples: open symbol = Q[P2W15Nb3O62] series, closed symbol = [P2

o18−xVxO62](6+x)− series.

cal method in solution, as described in a previous report
64]. The correlation clearly demonstrates that more reducible

ells–Dawson POM catalysts showed NDR behavior at less
egative applied voltages, in the same fashion as observed for
eggin-type POM catalysts [38]. This result implies that NDR
eak voltage of Wells–Dawson POMs can be utilized as a single
orrelating parameter for the reduction potential of the POMs;
less negative NDR peak voltage corresponded to a higher

eduction potential of the POM. Thus, NDR peak voltages of
upported POMs can provide a selection and design basis for
ells–Dawson POM catalysts efficient for selective oxidation

eactions.

. Conclusions

STM images of Wells–Dawson-type POMs and their salts
howed well-ordered two-dimensional arrays of the polyanions
n graphite surfaces. The measured periodicities of the POM
rrays were consistent with the dimensions and structure of
he Wells–Dawson anion. The monolayers of Wells–Dawson
alts showed increases in the array periodicities; these increases
orresponded to the sizes of the different charge-compensating
ounter cations. Tunneling spectroscopy experiments suggested
hat the countercations are roughly uniformly distributed around
he polyanions in the monolayers, consistent with their loca-
ion in the bulk crystal structures. Also, there were pronounced
ifferences between the packing of the polyanions in the bulk
nd two-dimensional array structures. These differences were
xplained in terms of the absence of significant numbers of
ater molecules in the monolayers, and the absence of inter-
olecular interactions in the direction normal to the plane of the
onolayer. The Wells–Dawson POM samples examined in this
ork exhibited NDR behavior in their tunneling spectra. More
educible POMs showed NDR behavior at less negative applied
oltages. The NDR peak voltages of Wells–Dawson POM arrays
ay therefore serve as a correlating parameter for the reduction

otentials of these POM catalysts.
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