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properties of nanostructured heteropolyacid monolayers
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Abstract

Bulk redox properties of Keggin-type heteropolyacids (HPAs) were determined from surface properties of nanostruc-
tured HPA monolayers using scanning tunneling microscopy (STM) and tunneling spectroscopy (TS). Cation-exchanged
RnPMo12O40 (R = H+, Cs+, Ba2+, Zn2+, Co2+, Cu2+, Bi3+), polyatom-substituted HnPW11MO40 (M = W6+, Mo6+, V5+)
and heteroatom-substituted HnXW12O40 (X = P5+, Si4+, B3+, Co2+) HPAs were examined to elucidate the effect of different
substitutions. All HPA samples formed two-dimensional well-ordered monolayer arrays and exhibited negative difference
resistance (NDR) behavior in their tunneling spectra. In all cases NDR peaks appeared at less negative potentials for higher
reduction potentials of the HPAs. These changes could also be correlated with the electronegativity of the substituted atoms.
Substitution of more electronegative atoms for counter-cations or central heteroatoms shifted the NDR peaks to less negative
voltages, corresponding to increased reduction potentials of the HPAs. However, substitution of more electronegative metals
into the Keggin framework shifted the NDR peaks to more negative voltages, corresponding to decreased reduction potentials.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Scanning tunneling microscopy (STM) has shown
tremendous potential for observing ordered molecu-
lar structures [1–5], and has provided direct insights
to chemical reactions on single crystal metal sur-
faces [6–8]. Direct imaging of adsorbed molecules
on catalyst surfaces is of importance in understand-
ing chemical reaction pathways and reaction sites on
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surfaces. Examples of adsorbates imaged on metal
surfaces include carbon monoxide on Rh(1 1 1) [9]
and Ag(1 1 0) [10], oxygen on Pd(1 1 1) [11] and
Pt(1 1 1) [12,13], benzoic acid on Cu(1 1 0) [14] and
methoxy and formate species on Cu(1 1 0) [15]. The
STM image is a convolution of both the geometric
and electronic structures of surfaces and adsorbates.
However, tunneling spectroscopy (TS) probes only
electronic states of surface species and has been
utilized as a technique to distinguish between differ-
ent molecules with very similar geometric structures
and molecular sizes [15–17]. For example, individ-
ual molecules of soccer ball-like H3PW12O40 and
H3PMo12O40 (whose molecular structures and dimen-
sions are nearly identical) in mixed arrays could be
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successfully distinguished by their TS responses [18].
Moreover, TS measured for a single organic molecule
on a metal surface, e.g. C2H2 on Cu(1 0 0), has proven
to be a valuable spectroscopic technique (referred
to as single-molecule vibrational spectroscopy and
microscopy) to fingerprint the identity of the organic
molecule [19].

Heteropolyacids (HPAs), also known as polyox-
ometalates (POMs), are early transition metal oxygen
anion clusters that exhibit a wide range of molecular
sizes, compositions and architectures [20,21]. Among
various HPA structural classes, the Keggin-type [22]
HPAs have been widely employed as catalysts in ho-
mogeneous and heterogeneous systems for acid–base
and oxidation reactions [23–26]. Some of these re-
actions include hydration of propene [27],n-butene
[28], and isobutene [29], polymerization of tetrahy-
drofuran [30], oxidation of methacrolein [31] and
Wacker and related olefin oxidations [32]. One of the
great advantages of HPA catalysts is that their cat-
alytic properties can be tuned by changing the identity
of charge-compensating counter-cations, heteroatoms
and framework metal atoms (polyatoms) [33].

Recently, members of four HPA structural classes,
Keggin- [22], Wells–Dawson- [34], Finke–Droege-
[35], and Pope–Jeannin–Preyssler-type [36] HPAs,
have been successfully imaged in air using STM
by depositing these molecules on graphite surfaces
[37]. Previous STM studies of HPAs showed that
two-dimensional ordered arrays of these molecules
on a graphite surface exhibited a distinctive current–
voltage (I–V) behavior referred to as negative dif-
ferential resistance (NDR) in their tunneling spectra
[37–46]. Simple one-dimensional theory predicts that
the transmission probability between two electroni-
cally equivalent electrodes should increase monoton-
ically with increasing applied potential [47]. NDR
behavior is manifested as local maxima and minima
in an I–V spectrum. Such peaks in theI–V spectrum
result in negative values of dI/dV, and thus the phe-
nomenon is referred to as NDR. NDR behavior has
been explained in terms of resonant tunneling through
a double barrier quantum well [48,49], and has been
observed consistently for the arrays of pure HPAs
[37–46]. We have shown that NDR peak voltages of
HPAs are closely related to the electronic properties
of HPAs and in turn to the redox potentials of HPAs
[40–44]. NDR peak voltages can be influenced by the

identity of the counter-cations [40–42], framework
transition metal atoms [41–43], heteroatoms [44]
and adsorbed organic molecules [45,46]. Although at
present the correlations between NDR peak voltages
and redox properties of HPAs are largely qualitative, it
may be possible in the future to construct quantitative
relationships. The development of such relationships
will require better theoretical understanding of the
origin of the NDR phenomenon in these molecules,
as well as experimental results testing a wide range
of HPA compositions and structures.

Reported in this work is a comprehensive investiga-
tion of bulk redox properties of HPAs determined from
surface properties of nanostructured HPA monolayers
using STM. Keggin-type [22] HPAs with different
counter-cation, polyatom and heteroatom substitu-
tions were examined. HPA samples were deposited
on a highly oriented pyrolytic graphite (HOPG) sur-
face in order to obtain images and tunneling spectra.
The observed NDR peak voltages of HPA monolay-
ers were correlated with the redox properties of the
HPAs as well as with the electronegativities of the
substituted atoms.

2. Experimental

2.1. Sample preparation and deposition

Cation-exchanged RnPMo12O40 (R = H+, Cs+,
Ba2+, Zn2+, Co2+, Cu2+, Bi3+), polyatom-substituted
HnPW11MO40 (M = W6+, Mo6+, V5+) and
heteroatom-substituted HnXW12O40 (X = P5+,
Si4+, B3+, Co2+) HPAs were investigated. Com-
mercially available H3PMo12O40, H3PW12O40 and
H4SiW12O40 samples were obtained from Aldrich
Chemical. H3PW11Mo1O40 and H4PW11V1O40 were
purchased from Nippon Inorganic Color and Chem-
icals. H5BW12O40 and H6CoW12O40 were pro-
vided by Prof. Craig L. Hill at Emory University.
Cation-exchanged HPAs were prepared by replacing
all protons of H3PMo12O40 with metal atoms accord-
ing to published methods [50,51]. Approximately
0.01 M aqueous solutions of each HPA sample were
prepared. A drop of solution was deposited on a
freshly cleaved HOPG surface and allowed to dry in
air for ca. 1 h at room temperature for STM imaging
and TS measurements.
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2.2. STM and TS

STM images were obtained in air using a
Topometrix TMX 2010 instrument. Mechanically
formed Pt/Ir (90/10) tips were used as probes. Scan-
ning was done in the constant current mode at a
positive sample bias of 100 mV and tunneling current
of 1–2 nA. Tunneling spectra were measured in air.
Both Topometrix TMX 2010 and LK Technologies
LK-1000 STM instruments were used to confirm
consistency and reproducibility of tunneling spectra.
STM tips were first calibrated by imaging bare HOPG
to confirm its standard periodicity (2.46 Å). Several
tunneling spectra were then taken on the bare graphite
section of the surface to ensure the stability of the
tip and the reproducibility of the tunneling spectrum
of HOPG. Once these had been established, the tip
would be moved to the HPA-covered section to im-
age and obtain tunneling spectra of the HPA sample.
To measure a tunneling spectrum, the sample bias
was ramped from−2 to +2 V with respect to the tip
and the tunneling current was monitored. The voltage
axis in the tunneling spectrum represents the potential
applied to the sample relative to that of the tip. TS
measurements were performed at least 10 times each
using at least three different tips for each sample to
obtain more accurate and reproducible results and
provide a basis for statistical analyses.

Fig. 1. (a) Polyhedral representation of the molecular structure of [PMo12O40]3− heteropolyanion [52] and (b) schematic diagram of the
secondary structure of HPAs [24].

3. Results and discussion

3.1. Two-dimensional well-ordered
monolayer arrays

Fig. 1(a) shows the molecular structure of
the pseudo-spherical (Td symmetry) Keggin-type
[PMo12O40]3− heteropolyanion [52]. The structure
of [PMo12O40]3− consists of a heteroatom, P, at the
center of the anion cluster, tetrahedrally coordinated
to four oxygen atoms. This tetrahedron is surrounded
by 12 MoO6 octahedra. The van der Waals diameter
along the 3-fold axis of symmetry (i.e. the vertical
dimension of the structure in Fig. 1(a)) is 11.97 Å
[52–54]. Fig. 1(b) shows the three-dimensional ar-
ray of HPAs comprising heteropolyanions, protons,
cations, water and/or organic molecules called the
secondary structure [24]. The counter-cations are lo-
cated in the interstitial spaces between heteropolyan-
ions. The primary structure, the Keggin structure [22],
of the heteropolyanion is relatively stable and insen-
sitive to its surroundings. However, the secondary
structure is very labile and may change in different
environments by either increasing or decreasing the
interstitial space between heteropolyanions.

Fig. 2 shows the STM image and unit cell of
a H3PMo12O40 array on graphite. The STM im-
age clearly shows the formation of a self-assembled
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Fig. 2. STM image and unit cell of H3PMo12O40 array on graphite.

and well-ordered array on the graphite surface. The
periodicity and included angle of the unit cell con-
structed on the basis of lattice constants determined
from two-dimensional fast Fourier transform (2-D
FFT) are 10.8 Å and 84.9◦, respectively. The mea-
sured periodicity is in good agreement with lattice
constants of the Keggin-type HPAs obtained by STM
[37–46] and X-ray crystallography [52–54]. All HPA
samples examined in this work formed well-ordered
arrays on graphite surfaces over scan areas of at least
200 Å× 200 Å.

Fig. 3 shows the typical tunneling spectra taken at
two different sites, denoted as Site I and Site II in
the image of the H3PMo12O40 array in Fig. 2. The
spectrum taken at a position corresponding to the
bright corrugation (Site I) exhibits a distinctiveI–V
behavior, referred to as NDR, showing an NDR peak
at−0.95 V. The NDR peak voltage was defined as the
voltage at which the maximum current was observed
in this region. A tunneling spectrum taken at the

Fig. 3. I–V spectra taken at two different sites (Site I and Site II)
in the STM image of H3PMo12O40 in Fig. 2.

interstitial space (Site II) between bright corrugations
showed the sameI–V response as bare graphite indi-
cating that the two-dimensional array of H3PMo12O40
on graphite is a monolayer, as previously demon-
strated [37–46]. The NDR measurements atop the
bright corrugations (Site I) were carried out several
times with at least three different tips to obtain more
accurate and reproducible results and provide a basis
for statistical analyses. Fig. 4 shows the frequency and
monomodal distribution of NDR peak voltages of the
H3PMo12O40 sample. The statistical average of NDR
peak voltage of the H3PMo12O40 array was found to

Fig. 4. Frequency and monomodal distribution of NDR peak volt-
ages of H3PMo12O40 monolayer showing a statistical mean of
−0.95± 0.09 V.
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be −0.95 ± 0.09 V. The most reproducible and rep-
resentative NDR peak voltage of each HPA sample
examined in this work was determined in this way.

3.2. Effect of counter-cation substitution

The STM measurements in this work were done
at positive sample biases with respect to the tip. This
means that electrons flow from tip to sample in the
normal mode of operation. NDR behavior in the
tunneling spectra of HPAs is observed at negative
sample biases, i.e. when electrons tunnel from sample
to tip. We have demonstrated that the striking NDR
behavior of nanostructured HPA arrays measured by
STM may be closely related to the electronic proper-
ties of these materials, and may serve as a fingerprint
of their redox properties [40–44]. Previous results
[40–42] have shown that the NDR peaks appeared at
less negative applied voltages when the protons of the
H3PMo12O40 were replaced by more electronegative
cations such as Cu2+; the NDR peaks shifted to higher
negative voltages when the protons were replaced by
less electronegative cations such as Cs+ [40]. When
the reduction potentials of cation-exchanged HPAs
were plotted against the electronegativities of the
counter-cations defined by Tanaka and Ozami [55], it
became apparent that as more electronegative cations
were substituted for less electronegative ones, the
reduction potential increased and vice versa [50].

Comprehensive trends of reduction potential
of cation-exchanged HPAs and electronegativity of
counter-cations with respect to NDR peak voltages of
the HPAs were well established by investigating a set
of cation-exchanged RnPMo12O40 (R = H+, Cs+,
Ba2+, Zn2+, Co2+, Cu2+, Bi3+) HPAs, which cover
a wide range of Tanaka electronegativities [55] of
counter-cations. Fig. 5 shows the reciprocal reduction
temperature of cation-exchanged HPAs taken from the
literature [50] and the Tanaka electronegativity [55]
of the counter-cations, both plotted with respect to the
NDR peak voltages of cation-exchanged HPAs. The
NDR peak voltages observed for cation-exchanged
HPAs appeared at less negative values with decreasing
reduction temperature of HPAs and increasing elec-
tronegativity of the counter-cation. In other words, the
HPA salts with more electronegative counter-cations
had higher reduction potentials and showed NDR be-
havior at less negative applied voltages. The Tanaka

Fig. 5. Correlation between NDR peak voltage of cation-exchanged
RnPMo12O40 (R = H+, Cs+, Ba2+, Zn2+, Co2+, Cu2+, Bi3+)
HPAs and Tanaka electronegativity [55] of the counter-cation (filled
squares), and between NDR voltage and reciprocal reduction tem-
perature [50] of RnPMo12O40 (R = H+, Cs+, Ba2+, Zn2+, Co2+,
Cu2+, Bi3+) samples (open squares).

electronegativity [55] takes into account the electron
donating and accepting ability of the atom. One expla-
nation for these results is that a more electronegative
cation acts as a large electron reservoir to facilitate
electron transfer to the heteropolyanion in reduc-
ing environments, by providing a route for electron
delocalization [56].

3.3. Effect of heteroatom substitution

Fig. 6 shows the correlation between NDR peak
voltage of heteroatom-substituted HnXW12O40 (X =
P5+, Si4+, B3+, Co2+) HPAs and Tanaka electroneg-
ativity of the heteroatom, and between NDR voltage
and reduction potential of HnXW12O40 (X = P5+,
Si4+, B3+, Co2+) samples. Reduction potentials of
HnXW12O40 (X = P5+, Si4+, B3+, Co2+) HPAs were
taken from the literature [33,57,58]. The NDR peak
voltages of HnXW12O40 (X = P5+, Si4+, B3+, Co2+)
arrays appeared at less negative values with increas-
ing reduction potential of the HPAs and increase in
the electronegativity of the heteroatom. This result
supports our general conclusion that more reducible
HPAs show NDR behavior at less negative applied
voltages in their tunneling spectra. Interestingly, the
NDR peak voltage appears at a less negative value, and
reduction potential increases with the increase in the
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Fig. 6. Correlation between NDR peak voltage of heteroatom-
substituted HnXW12O40 (X = P5+, Si4+, B3+, Co2+) HPAs and
Tanaka electronegativity [55] of the heteroatom (filled squares),
and between NDR voltage and reduction potential [33,57,58] of
HnXW12O40 (X = P5+, Si4+, B3+, Co2+) samples (open squares).

electronegativity of the heteroatom in HnXW12O40
(X = P5+, Si4+, B3+, Co2+). These NDR peak volt-
age and reduction potential dependencies on the elec-
tronegativity of heteroatoms exhibit exactly the same
trends as those observed for cation-exchanged HPAs
(Fig. 5). When taking into account different electron
donating and accepting ability of the heteroatoms,
however, the role and effect of heteroatom on the re-
duction potential of HPAs may be understood in a sim-
ilar manner as suggested above for cation-exchanged
HPAs.

In a previous study [59] investigating a set of
heteroatom-substituted HnXMo12O40 (X = As5+,
P5+, Ge4+, Si4+) HPAs, it was demonstrated that
reduction potentials of the HPAs (determined by
polarographic methods) increased in the follow-
ing order: Si4+ (0.475 V) < Ge4+ (0.492 V) <

P5+ (0.518 V) < As5+ (0.526 V). According to a
quantum-chemical calculation for H3PMo12O40 by
the X� method, the LUMO (lowest unoccupied molec-
ular orbital) is a mixture of 4d-orbitals of Mo (50%)
and 2p-orbitals of the bridging oxygen atoms (50%),
while the HOMO (highest occupied molecular orbital)
is mostly composed of 2p-orbitals of bridging oxy-
gen [60]. Theoretical calculations for HnXMo12O40
(X = As5+, P5+, Ge4+, Si4+) HPAs revealed that
the LUMO (antibonding with respect to Mo–O–Mo
bonds) is responsible for reduction of HPAs and

the reduction takes place at the bridging oxygens
[59]. The calculated energy values of the LUMO for
HnXMo12O40 (X = As5+, P5+, Ge4+, Si4+) HPAs
ranged between 18 and 20 eV below the vacuum
level and followed the order Si4+ > Ge4+ > P5+ >

As5+, suggesting that H3AsMo12O40 is the most
reducible and H4SiMo12O40 is the least reducible.
Simple calculation of the Tanaka electronegativity
of the heteroatom in these HPAs gives the sequence
Si4+ (17.1) < Ge4+ (18.1) < As5+ (24.0) ≈ P5+
(24.1). Once again, reduction potential dependence
of the HnXMo12O40 (X = As5+, P5+, Ge4+, Si4+)
HPAs on the electronegativity of the heteroatoms is
roughly consistent with that observed for HnXW12O40
(X = P5+, Si4+, B3+, Co2+) HPAs.

3.4. Effect of polyatom substitution

Fig. 7 shows the correlation between NDR peak
voltage of framework metal polyatom-substituted
HnPW11MO40 (M = W6+, Mo6+, V5+) HPAs and
Tanaka electronegativity of the mono-substituted
polyatom, and between NDR voltage and reduc-
tion potential of HnPW11MO40 (M = W6+, Mo6+,
V5+) samples. Reduction potentials of HnPW11MO40
(M = W6+, Mo6+, V5+) HPAs were taken from
the literature [33,57]. The NDR peak voltages of
HnPW11MO40 (M = W6+, Mo6+, V5+) arrays

Fig. 7. Correlation between NDR peak voltage of
polyatom-substituted HnPW11MO40 (M = W6+, Mo6+, V5+)
HPAs and Tanaka electronegativity [55] of the mono-substituted
polyatom (filled squares), and between NDR voltage and reduc-
tion potential [33,57] of HnPW11MO40 (M = W6+, Mo6+, V5+)
samples (open squares).
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appeared at less negative values with increasing reduc-
tion potential of the HPAs and decreasing electroneg-
ativity of the polyatom. Again this result is consistent
with our finding that more reducible HPAs show NDR
behavior at less negative applied voltages in their tun-
neling spectra. What is surprising about the results in
Fig. 7 is that the trends of polyatom electronegativity
with respect to NDR peak voltage and reduction po-
tential of polyatom-substituted HPAs are the opposite
of those seen for the cation-exchanged HPAs (Fig. 5)
and heteroatom-substituted HPAs (Fig. 6).

In fact, the effect of polyatom substitution on the
NDR peak voltage and reduction potential of HPAs
is somewhat complicated. In our STM investigation
on the vanadium-substituted H3+xPMo12−xVxO40
(x = 0–3) HPAs [43], it was observed that NDR peak
voltages of these HPAs did not vary monotonically
with the number of vanadium ions substituted (note
that vanadium is less electronegative than molyb-
denum). Instead, the NDR peak appeared at the
lowest negative voltage whenx = 2. Nonetheless,
NDR peak voltages were well correlated with reduc-
tion potentials across the composition range above.
H5PMo10V2O40, which has the highest reduction po-
tential, exhibited the lowest negative NDR voltage.
Other framework substitutions produced monotonic
variation of reduction potential and NDR peak posi-
tion. In an STM investigation of polyatom-substituted
H3PMo12−xWxO40 (x = 0, 3, 6, 9, 12) HPAs [43],
it was observed that NDR peak voltages of these
HPAs shifted to less negative values and their reduc-
tion potentials increased in a monotonic fashion with
increasing Mo content. Once again, the correlation
between NDR peak voltages and reduction potentials
established for these polyatom-substituted HPAs was
consistent. When considering that molybdenum is
less electronegative than tungsten, the dependence
of NDR peak voltage on the polyatom electronega-
tivity observed for H3PMo12−xWxO40 (x = 0, 3, 6,
9, 12) HPAs shows the same trend as that observed
for HnPW11MO40 (M = W6+, Mo6+, V5+) HPAs
(Fig. 7). That is, NDR peaks of HPAs appeared at
less negative applied voltages with decreasing Tanaka
electronegativity of the substituted polyatom.

A molecular orbital study [61] for HnPM12−xVxO40
(M = Mo6+, W6+; x = 0–3) HPAs revealed that
the energy gap between the highest occupied and
the lowest unoccupied orbitals was consistent with

reduction potential of the HPAs; the more reducible
HPAs showed the smaller energy gaps. That study
[61] also confirmed the results of the previous studies
[59,60] that the HOMO for all HPAs consists primar-
ily of nonbonding p-orbitals on the oxygens of the
HPAs, while the LUMO consists of an antibonding
combination of d-orbitals on the metal centers and
p-orbitals on the neighboring bridging oxygens. Thus,
substitution of V ions into either the Mo or W frame-
work does not affect the energies of the HOMOs since
they are almost entirely centered on the oxygens. The
same substitution however does stabilize the LUMOs
because these orbitals derive substantially from V
d-orbitals which have been assumed to be more stable
than those of Mo and W. This indicates that electrons
added to the V-substituted HPAs should be localized
on the vanadium centers, as evidenced from an ESR
study [62]. Therefore, it can be inferred that electrons
added to the polyatom-substituted HnPW11MO40
(M = W6+, Mo6+, V5+) HPAs are localized on the
less electronegative metal center. The less electroneg-
ative polyatom in the HnPW11MO40 (M = W6+,
Mo6+, V5+) HPAs is much more efficient in the role
of electron localization.

One more interesting finding is that the dependen-
cies of NDR peak voltage and reduction potential of
HnPW11MO40 (M = W6+, Mo6+, V5+) HPAs on the
electronegativity of the mono-substituted polyatom
(Fig. 7) were exactly the same as those observed
for ammonium salts of Wells–Dawson-type hetero-
poly oxofluorotungstates [63] with different mono-
substituted polyatoms, (NH4)nMW17O56F6NaH4
(M = Mn2+, Cu2+, Mn3+, Fe3+) [64]. Tanaka elec-
tronegativity of the mono-substituted polyatom was
in the order Mn2+ < Cu2+ < Mn3+ < Fe3+, and the
reduction potentials of the Wells–Dawson-type HPAs
increased and NDR peak voltages appeared at less
negative values with decrease in the electronegativity
of the mono-substituted polyatom [64].

4. Conclusions

STM investigation of surface properties of nanos-
tructured HPA monolayers was carried out to relate
nanoscale properties to bulk redox properties of HPAs.
Keggin-type HPAs with different counter-cation, poly-
atom and heteroatom substitutions were examined for



192 I.K. Song, M.A. Barteau / Journal of Molecular Catalysis A: Chemical 182–183 (2002) 185–193

this purpose. All HPA samples studied in this work
formed well-ordered monolayer arrays and exhibited
negative difference resistance (NDR) behavior in their
tunneling spectra. The observed NDR peak voltages
were correlated with the reduction potential of HPAs
and with the electronegativity of the mono-substituted
metal atom. The NDR peak voltages observed for
both cation-exchanged and heteroatom-substituted
HPAs appeared at less negative values with increas-
ing reduction potential of the HPAs and increase
in the electronegativity of counter-cation and het-
eroatom. However, the dependencies of polyatom
electronegativity on the NDR peak voltage and re-
duction potential of polyatom-substituted HPAs were
the opposite of those observed for cation-exchanged
and heteroatom-substituted HPAs; the NDR peak
voltages of polyatom-substituted HPAs appeared at
less negative values with increasing reduction po-
tential of the HPAs and decreasing electronegativity
of the polyatom. In spite of the different effect of
polyatom substitution versus cation and heteroatom
substitution, all these results consistently support the
conclusion that the more reducible HPAs show NDR
behavior at less negative applied voltages. It may
therefore be feasible to utilize NDR peak voltages to
predict surface redox properties, and thus as a cor-
relating parameter with which to construct Balandin
“volcano” plots for HPA-catalyzed selective oxidation
reactions.
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