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Abstract—Niobium-containing Hy, ,P,W s Nb.Oq, (x=0, 1, 2, 3) Wells-Dawson heteropolyacids (HPAs) were investi-
gated by scanning tunneling microscopy (STM) and tunneling spectroscopy (TS) in order to elucidate their redox prop-
erties. The HPAs formed two-dimensional well-ordered monolayer arrays on graphite surface and exhibited a distinctive
current-voltage behavior called negative differential resistance (NDR) in their tunneling spectra. NDR peak voltage
measured on HPA molecule was correlated with reduction potential and absorption edge energy determined by elec-
trochemical method and UV-visible spectroscopy, respectively. NDR peak voltage of H,, ,P,W ,_ Nb O, Wells-Dawson
HPAs appeared at less negative voltage with increasing reduction potential and with decreasing absorption edge energy.
Oxidative dehydrogenation of isobutyraldehyde was also carried out as a model reaction to probe oxidation catalysis
of the HPAs. The trend of NDR peak voltage of Hy..P,W s Nb.O, Wells-Dawson HPAs was well consistent with the

trend of yield for methacrolein.
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INTRODUCTION

Scanning tunneling microscopy (STM) has demonstrated pow-
erful ability to characterize the surface of conductive materials with
atomic-scale resolution [1]. With advances in STM instruments and
experimental techniques, however, even non-conductive materials
such as aniline [2], terephthalic acid [3], pyridine [4], and Lang-
muir-Blodgett film [5] have been successfully investigated by depos-
iting them on conductive materials such as gold and graphite. Because
STM can provide fundamental microscopic insight with atomic level,
some previous researches attempted to elucidate the heterogeneous
catalytic system by STM study of a model catalyst system [6,7].
STM can be utilized as a versatile technique for exploring not only
structural details but also electronic state of the surface molecules.
Especially, tunneling spectroscopy (TS) can probe current-voltage
behavior, which depends on electronic state of individual molecules.
It has been reported that a single organic molecule on a metal sur-
face was successfully identified [8], and chemically inequivalent
molecules with nearly identical geometric structure and size were
distinguished by tunneling spectroscopy measurements [9].

Recently, a distinctive current-voltage behavior called negative
differential resistance (NDR) phenomenon has gamered great atten-
tion as a probe of electronic state of molecule in tunneling spectros-
copy of semiconducting or insulating materials [10,11]. The NDR
phenomenon is explained by a few models [12,13], but mostly res-
onant tunneling through a double-barrier quantum well structure
[14]; when the incident electron matches with a virtual empty state
in the molecular well, tunneling current can pass without attenua-
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tion through the molecular well. Therefore, the electronic state of
the molecule can be estimated from NDR phenomenon. It has been
reported that Keggin heteropolyacids (HPAs) also exhibited NDR
phenomenon [15,16].

HPAs are early transition metal-oxygen anion clusters that have
been widely employed as catalysts for various homogeneous and
heterogeneous reactions in acid and oxidation catalysis [17]. HPAs
exhibit a wide range of molecular sizes, compositions, and molec-
ular architectures. Among various structural classes, Keggin HPAs
have been widely employed as acid and oxidation catalysts in com-
mercial processes [18,19]. Recently, however, Wells-Dawson HPAs
have also attracted much attention as promising catalysts due to their
excellent catalytic activity for several oxidation reactions [20]. Because
of the importance of comprehensive investigation about catalytic
redox properties of HPAs in designing oxidation catalysts, several
previous researches attempted to elucidate redox properties of HPAs
by quantum chemical molecular orbital study [21], electrochemical
measurement [22], and UV-visible spectroscopy [23]. However,
not much progress has been made on the redox properties of Wells-
Dawson HPAs, and only limited information is available in the litera-
ture.

In this work, STM and tunneling spectroscopy studies of nio-
bium-containing Hy, .P,W s Nb.O,, (x=0, 1, 2, 3) Wells-Dawson
HPAs were carried out to examine their redox properties. To find
out possibility of STM as a promising technique to probe redox prop-
erty of the HPAs, NDR peak voltage was correlated with reduction
potential and absorption edge energy determined by electrochemi-
cal method and UV-visible spectroscopy, respectively. Vapor-phase
oxidative dehydrogenation of isobutyraldehyde to methacrolein was
carried out as a model reaction to probe oxidation catalysis of the
HPAs. A correlation between NDR peak voltage and oxidation catal-
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ysis of the HPAs was then established.
EXPERIMENTAL

1. Catalyst

Niobium-containing Hy,.P,W,5 Nb,Oy, (x=0, 1, 2, 3) Wells-Daw-
son HPAs were prepared via Na,,P,W ;0 lacunary HPA accord-
ing to the method in our previous work [24]|using Na,WO,-2H,O
(Junsei Chem.), phosphoric acid (Sigma-Aldrich), acetic acid (Sam-
chun Chem.), NbCl; (Sigma-Aldrich), oxalic acid (Sigma-Aldrich),
KCl (Junsei Chem.), diethyl ether (Samchun Chem.), and HCI (Sigma-
Aldrich). Successful formation of niobium-containing H, P, W5 Nb,
Oy, (x=0, 1, 2, 3) Wells-Dawson HPAs was confirmed by FT-IR
(Nicolet, Nicolet 6700), *'P-NMR (Bruker, AVANCE 600), and ICP-
AES (Shimadzu, ICPS-1000IV) analyses, as reported in a previous
work [24]. In this work, H,, . P,W s Nb.O,, Wells-Dawson HPAs
with x=0, 1, 2, and 3 were denoted as WD-Nb,, WD-Nb,, WD-
Nb,, and WD-Nb;, respectively.
2. Scanning Tunneling Microscopy and Tunneling Spectros-
copy

0.01 M of aqueous solutions of Hg, ,P,W,; Nb,O, (x=0, 1, 2, 3)
Wells-Dawson HPAs were prepared. Small amount of each sam-
ple solution was deposited on highly oriented pyrolytic graphite
(HOPG) and dried in atmosphere for approximately 1 h. HPA was
physically deposited on graphite surface, and any other chemical
interaction between HPA and graphite surface did not exist. STM
and TS investigations of deposited samples were carried out using
an Autoprobe CP instrument (thermomicroscope) in atmosphere.
Mechanically formed Pt/Ir (90/10) tips were used as probes. STM
tips were first calibrated by imaging bare HOPG and by confirm-
ing its standard periodicity (2.46 A). Scanning was done in the con-
stant current mode at a tunneling current of 1-2nA and a sample
bias of +100 mV. The image presented in this work was not filtered.
The lattice constant of unit cell was determined from 2-dimensional
fast Fourier transform (2D FFT) analyses. To measure tunneling
spectra of the HPAs, the STM probe was positioned above the HPA
molecule of interest and tunneling current was monitored while bias
voltage was ramped from —2 to +2 V with respect to the tip. The
voltage axis in the tunneling spectrum represents the potential applied
to the sample relative to that of the tip. Current-voltage spectra were
measured several times with three different tips in order to get more
accurate and reproducible results and to provide a basis for statisti-
cal analyses.
3. Oxidative Dehydrogenation of Isobutyraldehyde to Meth-
acrolein

Vapor-phase oxidative dehydrogenation of isobutyraldehyde to
methacrolein was carried out as a model reaction to probe oxida-
tion catalysis of niobium-containing Hg, P,W,;_Nb.Oy, (x=0, 1, 2, 3)
Wells-Dawson HPAs. Reaction was performed under atmospheric
pressure in a fixed-bed reactor. 0.5 g of HPA catalyst was charged
into a tubular pyrex reactor and pretreated with a mixed stream of
nitrogen (10 ml/min) and oxygen (10 ml/min) at 280 °C for 1 h. Isobu-
tyraldehyde (0.15 ml/h) was sufficiently vaporized by passing through
a preheating zone and was continuously fed into the reactor together
with nitrogen (10 ml/min) and oxygen (10 ml/min). Catalytic reac-
tion was carried out at 270 °C for 5 h. Reaction products were periodi-
cally sampled and analyzed by gas chromatography (HP 5890, FID)
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equipped with a capillary column (Supelco, VO COL, 60 mx1.5
pmx0.25 mm). Conversion of isobutyraldehyde, selectivity for meth-
acrolein, and yield for methacrolein were calculated on the basis of
carbon balance.

RESULTS AND DISCUSSION

1. Scanning Tunneling Microscopy of H, P,W,, Nb.O,, Wells-
Dawson HPAs

Fig. 1 shows the molecular structure of Wells-Dawson heteropoly-
anion. Heteropolyanion is polymeric oxoanion that consists of cen-
tral heteroatom (X), polyatom (M), and oxygen. Molecular structure
of Wells-Dawson heteropolyanion, [X,M,;O,]"", consists of two
defect Keggin-type fragments, [ XM,0,,]"". Each fragment consists of
a central tetrahedron (XO,) surrounded by nine octahedrons (MO),
and three octahedral sites remain as a defect site. The nine octahe-

Fig. 1. Molecular structure of Wells-Dawson heteropolyanion.
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Fig. 2. STM image H,P,W,;0,, Wells-Dawson HPA deposited on
graphite.
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drons comprise three groups of three edge-shared units (M,0,;),
which have an oxygen connected to central heteroatom. Two defect
Keggin-type units are linked through six metal-oxygen-metal bonds
and form a rugby ball-shaped Wells-Dawson heteropolyanion. Be-
cause various metals or semimetals or even non-metals can be incor-
porated into the molecular structure of heteropolyanion as heteroa-
tom and polyatom, catalytic properties of the HPAs are easily tuned
by changing the identity of heteroatom and framework polyatom.
In Fig. 1, niobium of H¢, P,W,; Nb,O,, (x=0, 1, 2, 3) Wells-Daw-
son HPAs is incorporated on the “cap” site of the Wells-Dawson
structure one by one.

Fig. 2 shows the STM image of H,P,W ,O,, Wells-Dawson HPA
deposited on graphite. The STM image clearly shows the forma-
tion of self-assembled and well-ordered array of heteropolyanions
on graphite surface. Each bright site (denoted as Site A in Fig. 2)
corresponded to individual heteropolyanion molecules. The peri-
odicity of the unit cell constructed on the basis of lattice constants
determined from two-dimensional fast Fourier transform (2D FFT)
is 11.2x14.4 A. The measured lattice constants of HP,W,;O,, array
are in good agreement with the lattice constants of Wells-Dawson
HPA determined by X-ray crystallography [25].

2. Tunneling Spectroscopy of H,, P,W,, Nb.O,, Wells-Daw-
son HPAs

Fig. 3 shows the typical tunneling spectra of HP,W,;0,, Wells-
Dawson HPA taken at two different sites, denoted as Site A and B
in Fig. 2. Tunneling spectrum taken at Site B was identical to that
of bare graphite surface, indicating that the two-dimensional array
of HPA shown in Fig. 2 is monolayer. However, tunneling spec-
trum taken at Site A in Fig. 2 shows a distinctive current-voltage
behavior referred to as NDR, showing an NDR peak in the range
of negative bias voltage. In this work, NDR peak voltage is defined
as the voltage where the maximum tunneling current is observed
in this distinctive current-voltage region.

Fig, 4 shows the distribution of NDR peak voltages of HP,W Oy,
Wells-Dawson HPA. The NDR measurements were carried out sev-
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Fig. 3. Typical tunneling spectra of H,P,W;0;, Wells-Dawson HPA
taken at two different sites, denoted as Site A and B in Fig. 2.
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Fig. 4. Distribution of NDR peak voltages of H,P,W,;0,, Wells-
Dawson HPA.

Table 1. NDR peak voltages, Reduction potentials, and absorp-
tion edge energies of H,,.P,W,; Nb,O, (x=0, 1, 2, 3) Wells-
Dawson HPAs determined by tunneling spectroscopy, elec-
trochemical method, and UV-visible spectroscopy, respec-
tively

Catalyst NDR peak  Reduction potential ~ Absorption edge

voltage (volts) (SCE, volts)” energy (eV)"
WD-Nb; —1.08+0.09 —-0.560 3.73
WD-Nb, —1.06+0.10 —0.555 3.71
WD-Nb, —1.02+0.09 —-0.539 3.67
WD-Nb, —1.13+0.07 —-0.576 3.77

“Data were taken from a literature [24]

eral times atop the bright corrugations in order to obtain more ac-
curate and reproducible results and to provide a basis of statistical
analyses. For H,P,W,;0,, Wells-Dawson HPA, the statistical aver-
age value of NDR peak voltages was found to be —1.13+£0.07 V.
In this work, the average NDR peak voltage was taken as the repre-
sentative NDR peak voltage of the HPA. NDR peak voltages of
H,,..P,W ;. Nb,O, (x=0, 1, 2, 3) Wells-Dawson HPAs are summa-
rized in Table 1.
3. Correlations of NDR Peak Voltage of H, P,W,, Nb. O,
Wells-Dawson HPAs with Reduction Potential and Absorp-
tion Edge Energy

A quantum chemical molecular orbital study of the HPAs reveals
that energy gap between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) is well
correlated with the reduction potential [21]. It is known that energy
required for electron transfer from the HOMO to the LUMO can
be measured by absorption edge energy determined by UV-visible
spectroscopy [26]. Therefore, smaller UV-visible absorption edge
energy corresponded to smaller energy gap between the HOMO and
LUMO. An HPA with smaller energy gap is more reducible. In pre-
vious works [24,27], it was revealed that absorption edge energy of
the HPAs showed the same trend as the trend of reduction poten-
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Fig. 5. Correlations of NDR peak voltage of H, P,W,; Nb.O, (x=
0, 1, 2, 3) Wells-Dawson HPAs with reduction potential and
absorption edge energy. Reduction potential and absorp-
tion energy were taken literature from the literature [24].

tial, indicating that absorption edge energy could be utilized as a cor-
relating parameter for redox property (reduction potential) of the HPA.
Reduction potentials and absorption edge energies of Hy, P,W .
Nb,Og, (x=0, 1, 2, 3) Wells-Dawson HPAs which were taken from
the literature [24] are summarized in Table 1.

Fig. 5 shows the correlations of NDR peak voltage of Hy, .P,W,s_,
Nb,O,, (x=0, 1, 2, 3) Wells-Dawson HPAs with reduction potential
and absorption edge energy. It is noteworthy that the NDR peak
voltage of Hy, P,W,; Nb,O,, Wells-Dawson HPAs appeared at less
negative voltage with increasing reduction potential and with decreas-
ing absorption edge energy. It has been reported that the HOMO of
HPA is mostly composed of 2p-orbitals on the bridging oxygens of
the HPAs, while the LUMO is a mixture of d-orbitals on the frame-
work metal center and 2p-orbitals on the neighboring bridging oxy-
gens [21]. Substitution of polyatom into HPA framework does not
affect the energies of the HOMO which is entirely centered on the
oxygens, while it does affect the LUMO, which is combination of
2p-orbitals in the bridging oxygens and d-orbital of the metals. There-
fore, the energy gap of the HPA mostly depends on the energy state
of the LUMO not the HOMO of the HPA. It can be inferred that
less negative NDR voltage of the HPAs corresponds to lower energy
state of the LUMO. Consequently, less negative NDR peak volt-
age value represents smaller energy gap between the HOMO and
the LUMO, and in turn, higher reduction potential (more reduc-
ible) and lower absorption edge energy. Fig. 5 clearly shows that
NDR peak voltage of Hy, ,P,W,;_Nb,Oy, Wells-Dawson HPAs deter-
mined by tunneling spectroscopy can serve as a correlating param-
eter for reduction potential and absorption edge energy of the HPAs.
4. Oxidative Dehydrogenation of Isobutyraldehyde to Meth-
acrolein over H,, P,W,; Nb O, Wells-Dawson HPAs

In this work, oxidative dehydrogenation of isobutyraldehyde to
methacrolein was carried out as a model reaction to probe oxidation
catalysis of niobium-containing Hg,.P,W , Nb,O, Wells-Dawson
HPA catalysts. It is known that methacrolein was mainly produced
through oxidative dehydrogenation of isobutyraldehyde by consum-
ing lattice oxygen of HPA [28,29]. In our catalytic reaction, ace-
tone, water, CO, and CO, were produced as by-products.
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Fig. 6. Typical catalytic performance of HP,W,;O,, Wells-Daw-
son HPA in the vapor-phase oxidative dehydrogenation of
isobutyraldehyde with time on stream at 270 °C.

Fig. 6 shows the typical catalytic performance of H,P, WO, Wells-
Dawson HPA in the vapor-phase oxidative dehydrogenation of isobu-
tyraldehyde with time on stream at 270 °C. HP,W,,O,, Wells-Daw-
son HPA showed a stable catalytic performance. Conversion of iso-
butyraldehyde and yield for methacrolein over H,P,W O, Well-
Dawson HPA were almost constant with time on stream. Other nio-
bium-containing HPAs also showed a stable performance with time
on stream. Yield for methacrolein obtained after a 5 h-reaction in-
creased in the order of WD-Nb, (17.2%)<WD-Nb, (19.1%)<WD-
Nb, (19.8%)<WD-Nb, (21.6%).

Fig. 7 shows the correlation between NDR peak voltage of H,,
P,W,; Nb,O,, (x=0, 1, 2, 3) Wells-Dawson HPAs and yield for meth-
acrolein. The correlation clearly shows that the NDR peak voltage
of H,P,W ,O,, Wells-Dawson HPAs appeared at less negative applied
voltage with increasing yield for methacrolein. This demonstrates
that NDR peak voltage of H, P,W,;_ Nb.O,, (x=0, 1, 2, 3) Wells-
Dawson HPAs can also be utilized as a correlating parameter for
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Fig. 7. Correlation between NDR peak voltage of H,, .P,W; Nb,Og,
(x=0, 1, 2, 3) Wells-Dawson HPAs and yield for methacrolein.
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oxidation catalysis of the HPAs.
CONCLUSIONS

Scanning tunneling microscopy and tunneling spectroscopy stud-
ies of niobium-containing Hy, P,W,;_ Nb,O,, (x=0, 1, 2, 3) Wells-
Dawson HPAs were carried out to elucidate their redox properties.
STM image clearly showed the formation of self-assembled and
well-ordered array of heteropolyanions on graphite surface. In tun-
neling spectroscopy measurements, Hg, P,W,;_ Nb.O,, Wells-Daw-
son HPAs exhibited a distinctive current-voltage behavior referred
to as NDR. In order to correlate NDR peak voltage of the HPAs
with redox property, reduction potential and absorption edge energy
determined by electrochemical method and UV-visible spectroscopy,
respectively, were compared. It was revealed that NDR peak volt-
age of the HPAs appeared at less negative voltage with increasing
reduction potential and with decreasing absorption edge energy. Vapor-
phase oxidative dehydrogenation of isobutyraldehyde to methac-
rolein was carried out as a model reaction to probe oxidation cataly-
sis of Hy, P,W,, Nb O, Wells-Dawson HPAs. Correlation between
NDR peak voltage of the HPAs and yield for methacrolein clearly
showed that NDR peak voltage of the HPAs appeared at less nega-
tive voltage with increasing yield for methacrolein. In conclusion,
NDR peak voltage of niobium-containing Hy, P, W5 Nb,O, (x=0,
1,2, 3) Wells-Dawson HPAs could be utilized as a correlating param-
eter for redox property (reduction potential and absorption edge en-
ergy) and as a probe of oxidation catalysis in the oxidative dehy-
drogenation of isobutyraldehyde.
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