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Scanning Tunneling Microscopy of Ordered Arrays of
Heteropolyacids Deposited on a Graphite Surface
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Keggin-type heteropolyacids (water-soluble H3PM01,040, H4PMO0;1VOy4, and HgPMo,0-
VCuO,4o and water-insoluble K3PMo01,040 and H3_xCsPM01,04, X = 1, 2, 2.5, 3) deposited
on highly oriented pyrolytic graphite (HOPG) surfaces were successfully imaged by scanning
tunneling microscopy (STM). All of these heteropoly acids (HPAs) formed clear two-
dimensional ordered arrays on graphite, and their periodicities were in good agreement with
values determined by X-ray crystallography. Spatially resolved tunneling spectroscopy was
used to demonstrate that the arrays imaged represented HPA monolayers, as the
characteristic tunneling spectrum of graphite was obtained at high-symmetry interstitial
sites in these arrays. The periodicity of the ordered arrays of the water-soluble Keggin-
type HPAs was ca. 10—11 A. However, ordered arrays of the water-insoluble KsPMo015,040
and Hi_,Cs,PMo1,040 showed periodicities of ca. 12—14 A, values somewhat larger than that
of the pure acid form. The array spacing increased monotonically with increasing substitution
of larger (Cs) cations, as expected. However, the nearly invariant periodicity of 2-D arrays
of the water-soluble HPAs with changes in the number of protons suggests that there is
little or no water of crystallization in these arrays, in contrast to the bulk compounds. STM
permitted observation of the ordered structures of HPAs when deposited on a chemically
inert surface, as well as the determination of the effects of changing framework and charge-
compensating cations on these structures. The ubiquity of ordered array formation of these
HPAs suggests that they can be utilized to create well-defined surfaces with more complex
chemical functions than one typically encounters in studies of metal or oxide single-crystal

surfaces.

Introduction

STM permits surfaces to be imaged at the atomic
level.1=3 Although the emphasis of much early STM
work was on the study of semiconductor surfaces,*~6 it
has been used to image graphite, metals, and super-
conductors.” Many insulating materials such as pro-
teins,® liquid crystals,® petroleum asphaltenes,’© and
Langmuir—Blodgett films!! have also been imaged
successfully using STM by depositing the molecules on
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a conducting substrate. A previous study from this
group? was one of the first two reportsi213 of the
formation and the imaging of ordered arrays of het-
eropolyacids (HPASs) deposited on conductive surfaces
such as graphite.

HPAs as both acid catalysts!*15 and oxidation cat-
alysts6-18 have been widely investigated and have been
used in a commercial process producing methacrylic
acid.’® HPAs are very attractive catalysts because (1)
the acidic and redox properties can be controlled in a
systematic way and (2) owing to their ability to form a
pseudo-liquid phase, catalytic reactions sometimes pro-
ceed not only on the surface but also in the bulk of these
solids.?0

The size of PMo01,040°%", the typical Keggin-type2!
anion, is ca. 10—12 A as determined by X-ray crystal-
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5.0 Angstroms

Figure 1. Polyhedral representation of the molecular struc-
ture of the Keggin anion (PMo012040)%".

lography?2=24 and STM.'2 Figure 1 shows a polyhedral
representation of the molecular structure of the Keggin-
type, PMo01,040%", heteropolyanion.?> The structure of
PMo1,040%~ consists of a heteroatom, P, at the center
of the anion cluster, tetrahedrally coordinated to four
oxygen atoms. This tetrahedron is surrounded by 12
MoOg octahedra.

In this work, Keggin-type HPAs and their water-
insoluble salts were deposited on a graphite surface and
imaged using STM, in order to examine the effects of
changing framework and countercations on the HPA
structure and array characteristics observable by STM.

Experimental Section

H3PMo01,04 was obtained from Aldrich Chem. Co. (Milwau-
kee, WI). The crystals were first dissolved in water and
recrystallized by slow heating at 100 °C and then calcined at
300 °C for 2 h to remove water of crystallization. Cation-
exchanged HPAs such as K3sPMo012040 and Hsz_xCsxPM012040
(x =1, 2, 2.5, 3) were prepared using procedures described
elsewhere.?62” H,PM01,VO4 and HsPMo1,VCuQOy were kindly
supplied by the DuPont Co. (Wilmington, DE). A drop of
approximately 0.01 M aqueous solution of the water-soluble
HPA was deposited on a freshly cleaved HOPG surface and
allowed to dry in air for ca. 45 min at room temperature. In
general, we have found the formation of surface arrays of
Keggin ion samples, including those reported here, to be rather
insensitive to the conditions of deposition for solutions in this
concentration range. Upon drying in air, one typically ob-
serves a visible polycrystalline “rind” around the original
perimeter of the liquid drop; however, the enclosed region
exhibits monolayer arrays of the HPA as demonstrated by
STM and tunneling spectroscopy (TS) results discussed below.
A few samples of other polyoxometalates (e.g., KizsNais-
[NaPsW300110]) exhibit a tendency to form bulk crystallites
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rather than monolayer films upon drying,?® and variations of
the drying procedure (e.g., temperature control, use of a
vacuum desiccator, etc.) may be required. However, such
problems were not encountered in these studies of Keggin-
type HPAs and their inorganic salts.

For the nominally water-insoluble HPA solution of Ks-
PMo012040 and H;—«CsPMo012,040, vials containing aqueous
suspensions/solutions were vigorously shaken before a drop
of the very fine suspended particles was deposited on the
graphite surface to dry in air. It is possible that in each ion-
exchange reaction to produce a specific sample, there may have
been other products of varying cation content; however, for
each of these samples deposited on graphite, subsequent
imaging of several different sites on the adsorbed HPA surface
by STM showed ordered arrays of polyanions that had
consistent periodicities, and tunneling spectroscopy measure-
ments on these anions yielded negative differential resistance
(NDR) behavior?? at consistent values of the applied potential.
HPAs are known to exhibit NDR behavior in their tunneling
spectra and the potential at which this behavior is observed
can be used as a fingerprint of the HPA.}> Both the array
spacing and NDR peak voltage were found to vary for samples
in which the proton content was deliberately varied by ion
exchange, e.g., for the series H3_«CsyPM01,040.2° The absence
of such variations among different regions of the same sample
probed by STM and TS suggests that the composition of the
surface HPA arrays is spatially uniform. In agreement with
other STM reports,'>?° the TS measurements also indicated
that these HPAs formed monolayers on the graphite surfaces.

STM images were obtained both in air and in a N-filled
glovebox using a Topometrix (Santa Clara, CA) TMX 2010
instrument. The images and tunneling spectra for these
samples did not exhibit noticeable sensitivity to the ambient
conditions. The results reported here were obtained over a
period of months, during which the relative humidity of the
laboratory ranged up to 60%. Samples imaged under these
conditions were not distinguishable from those obtained in the
humidity-free environment of the glovebox.

Mechanically formed Pt/Ir tips were used in all experiments.
The quality and stability of the tips were first established by
scanning the bare graphite section of the surface repeatedly
in air or in the glovebox. The tip was considered “good” if it
reproduced atomic resolution images of the graphite surface
from scan to scan taken at at least three different spots on
the graphite surface and if the periodicities of these atoms
determined from two-dimensional fast fourier transforms (2-D
FFT) were within 0.2 A of the 2.5 A periodicity of graphite.
The “good” tip would then be positioned over an adsorbate-
covered region of the surface. Images were obtained in the
constant-current mode at a positive sample bias of 100 mV
and a tunneling current of 1—-2 nA. None of the STM images
presented in this work was filtered, and all lattice dimensions
reported are average values determined by performing fast
fourier transform analyses on at least three different images
obtained at different locations on the sample; each image was
acquired using a different tip. Tunneling spectra were ob-
tained by positioning the tip at the desired location, and then
ramping the sample bias from —2 to +2V with respect to the
tip while monitoring the tunneling current. Twelve-to-fifteen
repetitions of the TS measurement were made with each tip
to ensure reproducibility. In addition, we have reproduced
these HPA tunneling spectra using a second STM instrument.
As with the images, little variation in tunneling spectra was
observed, whether the measurements were made in the
laboratory atmosphere or in an N-filled glovebox.

Results and Discussion

Using the STM, we successfully imaged arrays of
different Keggin-type HPAs. Figure 2 shows an STM
image of a typical Keggin-type HPA, H3PMo0:,040, along
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Figure 2. STM image and schematic diagram of the unit cell
of H3PM012040.

with a schematic diagram of its surface unit cell. All
unit cells were constructed based on lattice parameters
determined by performing fast fourier transforms (FFT)
on various STM images for each sample. The STM
image shows a well-ordered two-dimensional array of
H3PMo1,040 with a nearly square symmetry (oo = 84.93°)
on graphite. The periodicity of the arrays is 10.77 +
0.26 A and is in good agreement with lattice dimensions
determined by X-ray crystallography.?2=24 The STM not
only allowed us to observe the formation of ordered
arrays of these HPAs on a chemically inert substrate
as was observed earlier,1213 put it also allowed us to
directly determine the molecular dimensions of the
HPA.

Spatially resolved tunneling spectra demonstrate that
the 2-D arrays imaged in fact represent monolayer HPA
coverage of these regions of the graphite surface. Figure
3 shows tunneling spectra obtained at the positions
labeled “site 1” and “site II” on the image of the
H3PMo1,040 array in Figure 2. With the tip positioned
atop the corrugations in the Keggin ion array (site 1),
one reproducibly observes tunneling spectra character-
istic of the heteropolyanion. The key features are the
presence of a broad-bandgap region (i.e., a flat -V curve
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Figure 3. Tunneling spectra of the HsPMo0:,04 arrays
obtained at the positions indicated in Figure 2, along with the
tunneling spectrum from a bare graphite surface.

about the origin) and the presence of a sharp peak in
the 1-V spectrum (at —0.95 V in this example) charac-
teristic of negative differential resistance (NDR) behav-
ior. We have previously demonstrated NDR in tunnel-
ing spectra of heteropoly and isopolyanion arrays on
graphite!? and have observed this phenomenon for more
than 12 different polyoxometalates.?® In fact, the ap-
plied voltage at which NDR is observed appears to vary
systematically with the reduction potential of the HPA2®
and thus can be utilized as a site-specific probe of
surface redox properties. Of equal importance for the
present purposes, however, is the absence of such
features in tunneling spectra obtained at high-sym-
metry “hollow” sites in the array (e.g., “site I1” in Figure
2). Tunneling spectra at this position exhibit greater
conductivity at all applied potentials, positive and
negative, than those measured atop the anions. In fact,
the tunneling spectra obtained at these interstitial
positions were indistinguishable from those measured
on a bare graphite surface. The fact that one can “see”
the underlying graphite at the interstitial positions in
the heteropolyanion array demonstrates that the array
consists of a single HPA monolayer, as we have previ-
ously shown?!? for the isopolyanion compound (NHy)s-
V10028'6H20.

Figure 4 shows STM images of several cation-
exchanged HPAs along with schematic diagrams of the
unit cells derived from these images. The images clearly
show two-dimensional ordered arrays of HPAs on the
graphite surface. HPAs in the solid crystalline state are
composed of heteropolyanions (the primary structure),
cations (protons and metals), water of crystallization,
and/or organic molecules. A schematic of this three-
dimensional arrangement, called the secondary struc-
ture,? is shown in Figure 5. Models3%3! of the second-
ary structure of HPAs constructed to account for NMR
results suggest that the secondary structure of bulk Hs-
PW1,040°6H20 (=(Hs502)3PW12040) is one in which the
polyanions are connected by H*™(H,0), bridges. The
secondary structure of Cs3PMo012040 is presumably
similar except that each H*(H,0), is replaced by Cs™.
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Figure 4. STM images and schematic diagrams of the unit cells of arrays of (a) Cs;HPMo01,040, (b) Cs25H05PM012040, (C) CSs-

PM012040, and (d) K3PM012040.

As bulk solids, the

their water-soluble salts contain large amounts of water
at room temperature and their crystal forms strongly

depend on this water of crystallization. The bulk
structures of [PMo01,040]3~ derivatives are not as well

pure acid forms of the HPAs and
defined as those of their [PW1,040]3~ counterparts, and
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Figure 5. Secondary structure of heteropoly acids, after
Misono.?°

even here there is some variation in literature reports.
The basic trends in lattice dimensions with thermal
dehydration of hydrated heteropolyacids are not in
dispute, however. Brown et al.?0 reported the most
comprehensive structural study by XRD of H3PW1,040*
6H,0. The nearest center-to-center distance between
the [PW12040]3~ anions was 10.831 A.20 |zumi et al.32
list three crystal forms of 12-tungstophosphoric acid:
H3PW15040°5H,0, H3PW12,040°:14H,0, and H3PW1,040°
29H,0. Of these, H3PW1,040:29H,0 is claimed to be
the most stable form at room temperature and its lattice
is face-centered cubic with a primitive cell volume of
ca. 1590 A3 (and an anion center-to-center distance of
13.10 A).32 On the other hand, the crystal form of Hs-
PW31,040-5H,0 (which is most likely actually the hexahy-
drate39) is reported to be body-centered cubic with a
primitive cell volume of 900 A3 and an anion center-to-
center distance of 10.53 A.32 Another X-ray structure
analysis?* showed that the 29 water molecules in Hs-
PW12040-29H,0 form a cluster with the three protons
(H3(H20)20)%" and these clusters and the polyanion
clusters appear at alternate corners of the body-centered
cubic lattice, and the heteropolyanion and hydrated
proton clusters are each 10.10 A in diameter, assuming
that each of the clusters is spherical. The water of
crystallization can be removed stepwise with increas-
ingly severe thermal treatment,33 and a somewhat more
stable crystalline form can exist at each step of the
dehydration process. Most of the water molecules in
the water-soluble HPAs are removed at 100—150 °C.33:34
In the case of water-insoluble salts of HPAs such as K*-
and Cs*-exchanged HPAs, the number of water mol-
ecules is much smaller and water can be removed by
drying in vacuum at 25 °C.33

In bulk form, water-soluble HPAs and their water-
soluble salts typically have surface areas of less than
10 m?/g, while water-insoluble HPA salts such as Ks-
PMo1,040 and CszPMo;,040 have surface areas greater
than 40 m?/g.35> The large surface areas of the water-
insoluble HPAs may be due to their unique secondary
structures. It has been reported3 that the water-
insoluble HPAs behave like porous catalysts such as
zeolites because of their stable three-dimensional sec-
ondary structure.

Unlike the bulk crystals, the two-dimensional ordered
HPA arrays on graphite appear to be unaffected by
water of crystallization or by their solubility properties
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Table 1. Periodicities of Cation-Exchanged
Heteropolyacids

heteropolyacid/salt periodicity of array, A

H3PMo012040 10.77 £ 0.26
HCs;PM012,040 12.04 £ 0.22
Ho.5Cs25PM012040 12.59 + 0.05
K3PMo012040 12.98 +0.16
Cs3PMo01,040 13.68 = 0.14

in water. Table 1 lists the periodicities of the arrays of
HPAs shown in the STM images of Figures 2 and 4.
Comparison of these periodicities indicates that the
periodicity of the ordered arrays of Hz xCsyPM012040
increases with increasing Cs content. Comparison of
the periodicities of the arrays of the water-insoluble
HPAs (K3sPMo012040 and CszPMo12040) and of the water-
soluble HPA, H3PMo01,04, likewise shows that the
periodicities of the arrays of the water-insoluble HPAs
are larger. This result indicates that even though the
bulk crystals of the water-soluble HPA contain more
water of hydration than its water-insoluble counter-
parts, this is not, however, reflected in the STM images.
Perhaps the water molecules are more stable within the
three-dimensional structure of the bulk crystals than
in the two-dimensional structure of HPA arrays on the
graphite surface. The number of water molecules in the
two-dimensional arrays may be very small and may not
appreciably affect the periodicities of the ordered arrays
of HPAs. Also, models of the secondary structure of
HPAs3! suggest that the insoluble cations such as K+
and Cs* exist in the interstices between the polyanions,
acting as bridges, just as the protons do in the pure acid
form. We conclude, therefore, that the increase of 1—2
A in the periodicities of the arrays of the water-insoluble
HPAs in the STM images is due to the introduction of
large cations such as K* (ionic radius of 1.33 A) and
Cs* (ionic radius of 1.67 A) in place of the bridging
protons in the pure acid form.

Aqueous HPA solutions were deposited on the graph-
ite surfaces and allowed to dry at room temperature in
this work; the deposited samples did not undergo any
other physical treatment nor any chemical treatment
to remove water. Also, the STM images were obtained
both in air and in a glovebox. These procedures might
lead one to expect that the HPAs deposited from
aqueous solution would retain large amounts of water
in the interstices after drying; however, as noted, this
appears not to be the case for the 2-D surface arrays.
Hence, the increase in periodicities of the arrays of the
water-insoluble HPAs on HOPG can be attributed only
to the effect of the cations in these HPAs, suggesting
that one can control the size of the interstitial space
between the polyanions by a judicious choice of the
counter ion. Such STM images provide important
insights into the characteristics of supported heteropoly-
acids on the molecular level with potential applications
as acid and oxidation catalysts.

Figure 6 shows STM images of heteropolyacids with
different frameworks (changing molybdenum content),
H4PMo011VO40 and HgPMo01oVCuO4o. These HPAs also
form well-ordered two-dimensional arrays on the graph-
ite surface, which may be compared with the ordered
H3PMo01,040 arrays on HOPG in Figure 2. In bulk
crystals of HPAs, the number of molecules of water of
crystallization has a very strong effect on the three-
dimensional secondary structure of the HPA.30-32 For
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Figure 6. STM images and schematic diagrams of the unit cells of arrays of (a) HiPMo01:VO4o and (b) HsPMo010VCuQOyo.

Table 2. Periodicities of Heteropolyacids with Different
Framework Compositions

heteropolyacid periodicity of array, A

H3PM012040 10.77 £ 0.26
H4PMo011VO49 10.58 4+ 0.44
HgPMOloVCUO40 10.71 + 0.36

example, the eight protons in HgPMo10VCuO49 would
be expected to bind more water molecules than the four
protons in H4PMo03;VOy4. Even though changing the
framework of the HPA resulted in changes in the
number of charge-compensating protons (and thus the
potential number of hydrated protons), the periodicities
of the arrays of these HPAs with different frameworks,
shown in Table 2, are almost identical. Therefore,
changing the framework composition of the heteropoly
acid results in no significant change in the periodicities
of the ordered arrays formed by the HPAs in the STM
images. This observation is consistent with the results3®
of XRD measurements of anion structure for single
crystals of Hzg1xCuo2(PVxM012-4xO40), X = 1, 2, and 3.
These results also support the conclusion that, unlike

(36) Herzog, B.; Bensch, W.; llkenhans, Th.; Schlogl, R. Catal. Lett.
1993, 20, 203.

its effect on the three-dimensional structure of bulk
crystals, water of crystallization has an insignificant
impact on the periodicities of arrays of HPAs on the
graphite surface. Indeed it is reasonable to conclude
that little or no water of crystallization is present in
these two-dimensional surface arrays.

Conclusions

Water-soluble Keggin-type HPAs and their water-
insoluble salts deposited on a graphite surface were
successfully imaged by STM. It was found that all the
HPAs formed two-dimensional ordered arrays on the
substrate. Spatially resolved tunneling spectroscopy
demonstrated that these arrays were HPA monolayers.
The periodicities of the arrays of H3PMo012040, H4PMo011-
VOyo, and HgPMo30VCuOy4o were ca. 11 A. These results
indicate that changing framework composition in the
HPA structure produces almost no change in the peri-
odicities of the ordered arrays formed on graphite,
evenwhen the net charge (and the number of charge-
compensating protons) is changed. However, water-
insoluble K*- and Cs*-exchanged HPAs showed peri-
odicities of 12—14 A, indicating that the introduction
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of large cations such as K™ and Cs* in the interstices
between the polyanions leads to increases in the peri-
odicities of the ordered arrays. All of the periodicities
measured by STM were calibrated against the periodic-
ity of graphite and are in good agreement with molec-
ular dimensions determined by X-ray crystallography.
Finally, unlike bulk crystals, there is no evidence for
water of crystallization affecting the periodicity of the
arrays of HPA molecules on the HOPG surface.
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