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Molecular Shapes, Orientation, and Packing of Polyoxometalate Arrays Imaged by
Scanning Tunneling Microscopy
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Reported here are both STM images and spatially resolved tunneling spectra of four different polyoxometalate
(POM) structural class members: Keggin structurgPM/1,04¢] (spherical); Finke-Droege (FD) structure, Na
[Cus(H20)2(P.W150s6)7] (prolate spheroidal); WellsDawson (WD) structure, #P,M017VOe;] (prolate spheroidal);

and Pope-Jeannin-Preyssler (PJP) structure,j¥dNay g§NaPsW30011¢ and (NHy)14 [NaPsW30011q (oblate
spheroidal). In all four cases, the results demonstrate the formation of well-ordered 2-D inorganic POM anion
arrays (composed of catalytically active molecular constituents) on graphite. Importantly, the image shapes and
lattice spacings accurately reflect the POM anisotropies, permitting the determination of anion orientation with
respect to the surface plane.

Introduction The distinguishing characteristics of this work are the self-

f assembly and molecular imaging of well-ordered inorganic anion
monolayers. We have chosen a set of polyoxometalate anions
(POMs) with distinctive shapes in order to test the ability of

Although the scanning tunneling microscope is capable o
atomic resolution imaging of solid surfaces, accurate imaging

of adsorbates with even molecular resolution is far from routine. . ; . !
STM to resolve molecular anisotropies of inorganic complexes

Successful molecular resolution imaging (i.e., images which ) - o
yield accurate molecular shapes and sizes) has been demontnder ambient conditions. POMs areahrly transition metal

strated for various small organic molecules adsorbed and imagecxoxygen anion _clusters which exhibit a W'de. _dlversny of
in an ultrahigh-vacuum environment. Examples include mixed molecular architectures, S“ff"?‘ce charge densities, and both
CéHs and CO adlayers on Rh(111)aromatics on Pt(11%) photo- and thermoredox behaviors. These molecules have found

perylenetetracarboxylic acid on highly oriented pyrolytic graph- applications as acid and oxidation catalysts; electrode

ite (HOPG)3 and Gy on metal and semiconductor substrates. fznctlonalléatlon agentﬁs%nﬁ antlreltrowral agegf_g. One of g
In cases where the adsorbed layer is not close packed, thedhe great advantages o monolayer assemblies as compare

apparent molecular dimensions from such images may beWith the mor.elwidely studised organic monolayers is the greater
distorted owing to adsorbate mobility, tip-dragging, and other thermal stability of POMS? This stability makes monolayers
effects® Close-packed monolayers of a wide range of organics of these discrete nanoscale clusters good candidates for catalytic
can be formed on surfaces by LangmtBlodgett and self- and sensor applications which may require harsh environments.
assembly techniques, for example, and accurate molecular Several groups have reporteq the formation of_ ordered arrays
resolution images (and, in some cases, images of intramolecular©f POMS,OQ surfaces and have imaged these using STM. Keita
features) have been produced by STM under ambient conditions.2nd Nadjé® deposited HPW,,04 from methanol solution by

Examples include alkanes, alkanethiols, alkyl aromatics, and drying on HOPG, reporting resolution of individual anions in a
liquid crystals’1 as well as several organometallic com- Periodic arrangement at the surface of the deposited layers. They

plexest213 suggested that their procedures produced “thin layers” which
could not be “controlled to be uniformly spread as a monolayer”
* To whom correspondence should be addressed. Tel: (302) 831-8056.and noted difficulty in producing films giving images which

Fax: (302) 831-2085. E-mail: barteau@che.udel.edu. permitted comparison with the known structure aPMV;,04o.
T University of Delaware.
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Polyoxometalate Arrays

Subsequent STM images of depositegii$CeW;¢Ozg]-30H0
from the same laboratotywere compared with AFM images

of the bulk compound and were described as exhibiting short-
range order owing to the uncontrolled nature of the deposition.
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of four POM structural classes: Kegdids[PW;,04q); Finke—
Droegé? (FD), Na g Cus(H20)2(PW150s6)2]; Wells—Dawsoridt
(WD), H7[P.M017VOg3]; and Pope-Jeannin-Preyssle® (PJP),
K12 9Nag §NaPsW30011q and (NHs)14 [NaPsW3011q.  Figure

Electrochemical deposition was suggested to give more uniform 1 shows spatially accurate structural representations of each class

and reproducible thin film&! and it was noted that “thicker”
regions of the POM deposits were difficult to image and
exhibited considerable disorder.

Our initial reporf? provided the first evidence for the
formation of POM monolayer arrays by depositing these
compounds from solution onto HOPG by drying. Ordered
arrays of the heteropolyanion derivativegP0;5,040, Nay-
SiW12040, and HSiWyV 3040, as well as the isopoly compound
(NH4)6V10028:6H,0, were imaged. These ordered surface

arrays exhibited periodicities consistent with the dimensions of )
ed[NaP5W3oOno], and NagCus(P,W1:0s6)7], were prepared according to

e published procedure®36-3 The WD complex, HP.Mo17VOs, Was

the respective anions. Tunneling spectroscopy in air was appli
to these materials for the first time, demonstrating (i) negativ

differential resistance in the spectra of all polyanions examined
and (i) the characteristic spectrum of graphite at the interstitial |,

reconstructed from published X-ray crystal structi#e$> As
shown below, all four POMs form well-ordered 2-D anion arrays
on HOPG and, most importantly, their STM images accurately
reflect the shapes and sizes characteristic of their respective
structural classes, permitting the orientation of anisotropic POMs
with respect to the surface plane to be determined.

Experimental Section

The POMSs, H[PW1204q, KizNapsNaPsW3z0011q), (NH4)14-

supplied by the DuPont Co. (Wilmington, DE). The composition and
structural integrity of the Keggin, PJP, and FD samples were verified
y 3P NMR and FTIR spectroscopy prior to use. The following

positions in the isopolyanion arrays, suggesting that the arraySchemical shifts (relative to 85% 4RO, external standard) were

imaged were indeed monolayéfs Recent work by Ge et &P

measured b§P NMR: HPW;,040, —14.9 ppm (literature value 14.9

also demonstrated self-assembly of silicotungstate anion mono-ppn#9); K, Nay fNaPsW3011d, —10.4 ppm (literature values10.35
layers on a silver surface by electrochemical methods. Although ppm?2 —9.9 ppnt9). Infrared spectra obtained by deposition of the
the electronic states of the POMs which contribute to the STM POMs on the diamond probe of a total internal reflectance FTIR
images of these arrays have not been considered in detail, bottspectrometer, described previou3ilyare given in the Supporting

the occupied and unoccupied frontier orbitals for the Keggin

structure involve the 2p orbitals of the oxygen atoms at bridging

positions in the framework! The delocalization of the frontier

Information.

Samples for STM imaging were prepared by depositing one drop of
agueous POM solution (0.01 M) onto a freshly cleaved highly oriented

orbitals over the Keggin framework may account for the absence PYrovtic graphite (HOPG) surface. The films were allowed to dry for

of intramolecular features (i.e., the relatively isotropic appear-

ance) for individual anions in surface arrays imaged by STM
in these studies.

1 h under ambient conditions with the exception of the PJP sample
which required vacuum desiccation to minimize bulk crystal formation.
The images were acquired with a TopoMetrix TMX 2010 STM
instrument either in air or in a Nilled glovebox. Sharp STM tips

In several recent reports, we provided evidence both for the were prepared by cutting 90/10 Pt/Ir wire with sharp scissors. POM

generality of ordered monolayer formation by POMs and for
characteristics which distinguish arrays of different PG&138

images were recorded with tips which first demonstrated both reproduc-
ible atomic resolution images of HOPG and 2-D fast Fourier transform

We demonstrated that (i) a wide range of phosphomolybdate (FFT) derived periodicities consistent with the standard value for
and phosphotungstate acids and their salts form ordered monographite. All STM images were recorded with a sample bias 00

layers on graphité3-28 (ii) spatially resolved tunneling spec-

troscopy can distinguish the POMs from the graphite substrate

observed at high-symmetry interstitial positions in these
monolayerg>-28 (iii) the lattice constants of these monolayers
increase as the size of the countercations is incref&sédiv)

mV and a tunneling current of-12 nA in the constant-current mode.
The reported periodicities (lattice constants) of the 2-D images were
obtained by 2-D FFT on several images acquired with at least three
different tips and were calibrated against the periodicity measured for
graphite with each individual tip. Post image processing (Fourier
filtering) was performed only on the images of the WelBawson

NDR behavior is consistently observed in the tunneling spectra (wp) and Finke-Droege (FD) samples.

of individual polyanions in these arra§;2® and (v) the NDR
peak voltages correlate well with POM reduction potenfiafs.

Tunneling spectra for each POM sample were obtained with a
minimum of three different tips; in each case, spectra were obtained at

In these previous STM investigations of POMs, measurementsa number of positions in the corresponding STM image. Typical
were recorded principally on members of the most common uncertainties in the positions of NDR peak voltages for POMs such as

structural classthe Keggin structuré® We report here for the

H3sPW:2040 and NagCua(P.W150s6)7] in this study, and others such

first time both STM images and tunneling spectra of members as HPM012040 and HPMoWsO4 also examined; were +:0.09 eV
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Figure 1. Accurate polyhedral representations of four polyoxometalate (POM) structural classes: (a) KegguQ.jPwW (b) Finke—Droege,
[Cuy(H20)2(P,W150s6)2]*6; (c) Wells—Dawson, [BM01506,]¢; (d) Pope-Jeannin-Preyssler, [Nag¥V30011d**". The polyhedral vertices are occupied

by oxygen and the polyhedral centers are occupiedlyefrahedral) and M6, WY', or CU' (pseudooctahedral). These representations are constructed
from atomic coordinates of published X-ray crystal structures using the €erialecular simulation software package on a Silicon Graphics
platform. The two views of the PJP anion depicted are (left) normal to the 5-fold axis and (right) along the 5-fold axis.

Results and Discussion line inclusions and small multilayer patches, neither of which

Uniformity of POM Layers. As noted by Keita and Nadj¥, permits STM imaging owing to its low condu_ctiyity. Figure 2
deposition of POM layers by solvent evaporation may afford shqws a low-resolution AFM image characteristic of the _|nter|or
less control over array structure and thickness than do electro-'¢9'oN of the area originally coyered by the solution c.)f
chemical methods. This expectation notwithstanding, we have H3PW12040, after solvent evaporation. Most of the surface is
found solvent evaporation to be a simple method to prepare Auite flat (region C), but the presence of crystallites (regions
ordered arrays of a wide variety of POMs on HOPG. In general, 1abeled A) and of an additional layer deposit (region B) is
one observes the formation of a polycrystalline “rind” at the €vident. The latter is approximately-1.5 nm in height above
perimeter of the original droplet. Regions such as this in which the flat region of the surface, suggesting that it is one molecule
crystallites are apparent to the naked eye or to a low power thicker Fhan the deposit in the flat regions. In t.hIS image, th
(x200) light microscope are insufficiently conductive to permit flat portion of the sur_face ext_ends for several microns, ar_1d it is
imaging by STM. The polycrystalline perimeter encloses a large NOt unusual to obtain AFM images of such samples with no
region, typically several millimeters across, where the POM topographic features in a flat planar area qird x 5 um.
deposit is much thinner and where STM images of POM arrays STM images of samples such as this exhibit ordered POM
can be reproducibly obtained. This region may exhibit crystal- arrays over distances which are consistent only with the planar
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Figure 2. AFM image of HPW;,040 deposited on HOPG.

region of the AFM image. We have obtained molecular
resolution STM images of molecularly flat POM arrays over
regions as large as 1000 A on a side. We have been
unsuccessful in obtaining, within the regions originally covered
by solvent, STM evidence for steps one molecule high,
representing adjacent domains either of bare graphite and POM
monolayers or of POM monolayers and multilayers. The
inability to detect multilayer features above the plane of
molecularly resolved POM arrays in STM suggests that deposits
which are only two molecules in thickness may be insufficiently i ) )
conductive to permit tunneling. Given our past demonstrations Figure 3. STMimage and unit cell of the ##\Wi.04 array deposited
that the tunneling spectrum of graphite can be obtained at the®" HOPG-

high-symmetry interstitial positions of Keggin ion arrays?’

we conclude that the deposits imaged with molecular resolution "™ . S .
by STM are indeed one molecule in thickness. This is not to similar packing of other Keggin ion monolayefs,e., formally

say that the solvent evaporation technique produces uniform centered rectangular Bravais lattices; these are perhaps better

monolayers; rather, those regions which are successfully imageaIhought of as minor distortions from square (in the present case)

25 . “ i
by STM and characterized as large arrays with uniform height or hexagonal "(e.g., .for @BM0,2040™) packing. .Appr0X|
and molecular resolution are monolayer deposits. As shown mately square” packing of monolayer arrays of silicotungstate

in Figure 2, such regions do in fact dominate the surface after anions deposited on silver has also been f?p‘?fFed by Gt al.
solvent eve;poration In all of these cases both the shape and periodicity of the features

; ) ; bserved by STM are consistent with the Keggin anion
The Keggin Structure: H3[PW1,040]. The approximately ol - ; ;
spherical Keggin structurd symmetry) shown in Figure 2% dimension derived from XRD. Further evidence that the

consists of a central P& tetrahedron whose oxygen vertices corrugations in the _images derive fro_m disprete K_eggin anions
are each linked to one of four Y@y groups. Each WOy unit and not from graphite or Moiranomalie®#3is obtained from

is composed of three Woctahedra linked in a triangular tunneling spectroscopy (TS) measurements which are shown

: in Figure 4. Measured with the tip poised above a spherical
arrangement by sharing edges, and the fou®Wgroups are in ; L -
Iinkedg by shar)ilng corr?ers.g Although the Kegggin Ztructure corrugation (site | in Figure 3), the tunneling spectrum reveals

exhibits a high degree of symmetry, its polyhedral (rather than an NDR pea.k at—;:zo V'. .In coqtrast: ‘“'.““e“”g spectra
spherical) structure leads to some variation in its apparent measured at interstitial positions (site 1l in Figure 3) show no

diameter, depending upon the direction chosen. For example,NDR behavior and are similar to the t“”f‘e"“g s_pectrum_ of
if one assigns the standard ionic radius to the terminal oxo H.OPG' These TS results are once again consistent with a
groups which define the perimeter of this structure, the Keggin smgle-mono'layer covgrage_of Keggin anions on the HOPG
anion [PW0ug®, whose structure has been determined by surface. This conclusion is in agreement with results for other
X-ray diffraction (XRD)33 can be completely contained in a members of the Keggin sErzl;ctural class, including’Mo:2040
cube 10.27 A on a side, with its 2-fold axes of symmetry and its alkali metal salt&:

orthogonal to the cube faces. However, the van der Waals 't IS instructive to compare the POM packing on the 2-D
diameter along the 3-fold axis of symmetry (i.e., the vertical Surface refative to that on the 3-D surface by comparing the

dimension of the structure depicted in Figure 1a) is 11.97 A. structures of model STM images with particular cleavage planes
One might therefore expect the packing of these units in either ©f the bulk crystals. Model STM images were constructed
2-D or 3-D lattices to exhibit intermolecular distances of similar (USing Ceriu$ molecular simulation software) from both the

magnitudes. Figure 3 shows an STM image of the Keggin lattice constants of the experimental STM images (determined

anions deposited on HOPG. The image corrugations are -

spherical and form well-ordered 2-D arrays. The primitive unit (42) Chang, H.; Bard, A. J.angmuir1991, 7, 1143.

cell is a rhombus with an included anale of 79.8nd a (43) Winterlin, J.; Behm, R. J. IrScanning Tunneling Microscopy |
e ANg : ' Guntherodt, H.-J., Wiesendanger, R., Eds.; Springer-Verlag: New

periodicity of 11.7+ 0.3 A as determined by fast Fourier York, 1992; p 50.

transform analysis of the image. We previously observed
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Figure 4. Spatially resolved tunneling spectra of the Keggin monolayer ‘:*j‘; - l-."" r
obtained at the sites indicated in Figure 3. =%
from 2-D fast Fourier transform (FFT) maps) and the POM van
der Waals anion dimensions (determined from published X-ray (100) plane .
crystal structure®). Figure 5 shows both a model STM image . R
and the (100) plane of the Keggin bulk crystal. The tunneling 3 - -, ‘}1 L o
spectra for the 2-D arrays suggest that the counterions are not | = . 'J:::,: ¥
located at the 4-fold hollow sites between anions. Results for s ST [ ¥ 7’ J v .
monolayers of other Keggin salts employing larger counterca- . F{E' J¥E . i
tions suggest that these cations occupy 2-fold bridge sites 2 ol om0 -‘Jﬂ:'-l:* ]
between pairs of anior®8;?6as has also been proposed generi- SRR o S 8
cally for bulk structures of these materiafs A comparison of « Jat 4-“_1.‘ ¥ -e_u:f' .
the model STM image to the (100) plane of the bulk crystal % F:-'-i\.-t‘tb ? 'f_u.(f.:.‘ . i 3
indicates that the Keggin monolayer on HOPG exhibits similar ‘:1‘..:4{; T A By
symmetry but a smaller lattice spacing. This result is not e " g .{;.. ‘:.r]'F .
surprising since the (100) plane (chosen to most closely match o " f"'& R Ay
the planarity and symmetry of the 2-D array) is not the most : .f‘-'&-"'_;; e RW :}" S0
close-packed plane in the structure. The nearest-neighbor (POM _'E.;‘ g b 0
center-to-center) distance in the (100) plane is 12.51 A, vs 10.83 b il

A in the most close-packed direction in the béfk The area
per anion in the 2-D array in Figure 3 is 134.8 Approximately
14% less than the val_ue for the (100) p_Iane o_f_the bulk structure. 30.0 Angstroms
However, as we previously noted, the interstitial protons in bulk
heteropolyacids are highly hydrat&dwhile the 2-D arrays Figure 5. Comparison of Keggin anion packing between model STM
imaged by STM show little evidence for water of crystalliza- mages (see text) and the (100) plane of the 3-D crystal structure
tion?> It should also be recognized that most POM crystal 82::X)espgggs)igg?’esg:&agﬁg)n ?:)Cgtl? 3’:;%8’%6%%. Unattached
structures do not consist of stacks of close-packed layers and
typical cleavage planes are corrugated. It is therefore notdiameters derived from XR® for the minor and major axes
surprising that the packing motif of POM arrays deposited on of the structure depicted in Figure 1b are 11.69 and 24.21 A,
a flat surface does not necessarily reflect that of the most denselyrespectively. Figure 6 shows an STM image of the FD anion
packed planes of the bulk structure. For monolayer structures,deposited on HOPG. The image shows well-ordered 2-D arrays.
the absence of intermolecular interactions in the direction normal Both the primitive unit cell (rhombus) and the conventional unit
to the surface renders exact correspondence with bulk crystalcell (centered rectangle) are illustrated. The primitive cell has
planes unlikely. This notwithstanding, the conclusion to be sides of 22.74 0.4 A with an included angle of 3522 As is
drawn from Figure 5 is that there can be appreciable similarity apparent from examination of the conventional unit cell, the
between the monolayer and bulk packing for these compounds.major axis of each of the prolate spheroidal molecules is aligned
In fact, for both the Keggin and the FD anions (as will be with the major axis of the rectangular cell. The minor axes are
shown), a comparison of lattice periodicities between the 2-D thus also aligned, with the minor axis of the rectangle having a
and 3-D structures, coupled with spatially resolved tunneling length of 13.7+ 0.2 A. At first glance, the periodicities of the
spectra, permits the determination of countercation locations in 2-D array may appear to be incompatible with the anion
the 2-D structures. dimensions, but this difficulty is dispelled by comparison of
The Finke—Droege (FD) Structure: NagCus(H20),- the 2-D and 3-D structures. Figure 7 compares the model of
(P2W150s6)2]. The prolate spheroidal structui@, symmetry) the 2-D array from the STM image with the (100) plane of the
is illustrated in Figure 1#-3¢and consists of four planar edge- bulk structure derived from XRD da#4. The FD anion packings
sharing CUOg octahedra sandwiched between two in the two structures are remarkably similar. The packing
o-[P,W150s6]12~ units. The latter units derive from the parent densities of the 2-D array and the bulk (100) plane in Figure 7
Wells—Dawson structure (vide infra) by the removal of three are also in agreement to within 8%, with the surface array
cap WQ octahedra. The calculated van der Waals anion slightly more densely packed (297.6/Anion vs 322.6 Aanion
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for the bulk (100) plane). In the (100) plane, the anions are .'"l?"%" ok m__a__.'."'.i‘-j*::".. PIt.':'.- L
packed in rows aligned along their minor axis; these rows are e m . oy __'E_._._.'.;:-;
staggered with respect to each other, permitting the periodicity 5 2 2 ,.--.-.-!I-:n."'!ﬂ;
orthogonal to these rows to be slightly less (24.18 A) than the . ..-'-'.":?:-_;-
length of the major axis of the anion. This same packing motif s
is apparent in the structure of the 2-D anion arrays in Figure 7
and suggests that the cation locations may also be similar to 50.0 Angstroms

those in the (100) plane. In the bulk structure, the anions aligned
in rows along their minor axis are separated by the"Na _Figure 7. Comparison of FD anion packings between model STM
counterions which occupy the interstices in this direction. These images and the (100) plane of the bulk crystal,.dGus(Hz0).-
counterions form a cylindrical “sheath” around the anion, with (P2WsOse)2]-53H,0. The largest (unattached) spheres in the crystal
it . Il ith th . is of th - A ! It structure represent the positions of Neountercations from XRE¢

Its axis collinéar with the major axis orthe anion. As aresull, pqgitions of the water molecules are not shown.

the interanion periodicity in the (100) plane along the minor

axis is considerably larger than the van der Waals diameter of 150

the anion along this axis (13.34 A vs 11.69 A). The excellent FD o
agreement of the anion periodicity in the 2-D arrays in this 100 + £o
direction (13.7+ 0.2 A) with that of the bulk structure suggests

that the countercations occupy similar positions in both cases. 50 b

This hypothesis can be tested by utilizing spatially resolved
tunneling spectroscopy. Figure 8 shows tunneling spectra
recorded at the three different sites indicated in the STM image
(Figure 6). With the tip poised above a peak corrugation (site .50
), the tunneling spectra reproducibly (for sampling £0 o 4 —‘A—gﬁg %I
individual spectra) show NDR peaks-80.80+ 0.09 and+1.30 -100 °s o  Site Il
+ 0.05 V. Both the NDR and band-gap characteristics of the s
tunneling spectra at site | demonstrate that the images derive ;50 L tvi bttt tvi e
from FD anions and not from anomalies. As noted previotfly, 2 15 -1 05 0 05 1 15 2
we have been unable to produce spectra exhibiting these features
on bare graphite, even when imaging anomalies, e.g., Moire
fringes, have been observed. We have, however, demonstratedfigure 8. Spatially resolved tunneling spectra of the FD monolayer
that POM monolayers consistently give rise to such tunneling °Ptained at the sites indicated in Figure 6.
spectra225-28 |n contrast to the tunneling spectra obtained with resembles that of the HOPG surface. It is not identical to that
the tip located above the anion, the spectrum measured betweenf HOPG shown in Figure 4; the smaller apparent gain in the
adjacent FD anions along the principal molecular axis (site II) spectrum at site Il may simply reflect a spectrum obtained at

0}

I (nA)

Sample Bias (volts)
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slightly greater sample-to-tip distances. However, this spectrum
exhibits no electronic features which would distinguish this site
from graphite. In contrast, the spectrum measured between
adjacent FD anions perpendicular to the principal molecular axis
(site 1) is attributable neither to FD anions nor to the HOPG
surface; the broad plateau is clear evidence for band-gap
behavior. We tentatively attribute this spectrum to the presence
of the countercations in this location, as inferred above from
the correspondence of 2-D and 3-D structures. Ultraviolet
photoelectron spectroscopy studfeshow that adsorbate-related
energy levels usually lie below the Fermi level; consequently,
spectroscopic identification of adsorbed atoms or small mol-
ecules by STM is inherently difficult. Graphite is relatively
inert, and minimal chemical interaction is expected between the
adsorbates and graphite. Even so, the adsorbate-induced
density-of-states (DOS) may exhibit a pronounced spatial and
energetic structure. Tunneling spectroscopy probes the DOS a
few angstroms above the surface. Since the spectra represent
a convolution of both tip and sample properties, the spectral
differences between sites within the POM monolayer and those
on HOPG can result from modifications to either the tip or the
sample. However, no significant differences were observed in
either the tunneling spectra or STM images of native HOPG
recorded both before and after measurements of the POM-
derivatized surface. Consequently, the presence of an adsorbate
on the tip during these measurements is highly unlikely. Similar
observations were made in spectra/images recorded within a
glovebox, suggesting that humidity also has little effect. We
conclude that the spectra presented in Figure 8 represent three i )
inequivalent but identifiable sites in the FD monolayer on Figure 9. STMimage and unit cell of the #P.M017VOs7] array on
HOPG. HOPG.

The Wells-Dawson (WD) Structure: H7[P2M017VOez]. units. Each PWO,, unit is structurally related to the Keggin
_The prolate_ sphermdal WD structure (apprOXInB&esymmeW) anion,a-[PW;2040)%", by the removal of two sets each of three
illustrated in Figure 1c consists of two defect Keggin A-type ,rner-shared Wgoctahedra fronu-[PW1,040]3~. Five such

a-[PMgOs4]*~ (M = Mo*! or W) fragments which are linked  p\.0,, units are joined together in a pie-wedge fashion by the
by six nearly linear M-O—M bonds. The calculated minimum corner-sharing of their W@ octahedra to form an oblate

van der Waals anion diameters for the relatefiP,M01062]®~ spheroid. The van der Waals dimension determined from
anion derived from a published X-ray structure determindtion published XRD daf# along the minor axis is 12.71 A; the
are 10.98 Ax 14.48 A The (BMo17VOe2)"" anion is expected  minimum dimension of the major axis is 16.70 A (face-to-face)
to have nearly identical dimensions. Figure 9 shows an STM g4 17.39 A (corner-to-comner). Figure 10 shows an STM image
image of the WD anion deposited on HOPG. The image shows ot the pJp anions deposited on HOPG. The images form well-
well-ordered 2-D arrays. These exhibit oblique unit cells with  5,qered 2-D arrays with periodicities of 18460.2 A x 18.9
sides of 13.1 0.3 and 13.3- 0.3 A (included angle= 47.%). + 0.2 A (included angle= 41.2). The anions are oriented
The distortion from centered rectangular packing is fairly small ity the 5-fold (minor) molecular axis parallel to the surface
and, in fact, is within the uncertainty of the lattice dimensions 4 jjlustrated schematically in Figure 11. Although the lattice
determined by FFT analysis of the STM images. As for the j, Figure 10 is formally oblique, it in fact represents a very
FD anion, the WD anions are aligned in rows along their minor gjight distortion from a centered rectangular lattice. A distortion
axes with an interanion separation of 10.3 A in this direction. of the right angles of the rectangular unit cell by only/ig
These rows are staggered with respec.t to each other, permittinqequired to reproduce the lattice in Figure 10; this is much
a closer approach between rows than if the anions were packedsmaller than, for example, the distortion from square symmetry
end-to-end along their major axes. However, the lattice of the lattice in Figure 3. As for the FD arrays, the anions in
constants obtained for the 2-D arrays are slightly less than thethe pJp array in Figure 10 are arranged such that their principal
values for related molecules from X-ray data and suggest that axes are aligned with the axes of the rectangle (recognizing that
some interpenetration of the van der Waals dimensions of thesethe uncertainty in angular orientation is greater than the deviation
anions may occur in the ordered arrays. Further comparisonfrom rectangular symmetry) as shown in Figure 11. Addition-
of these lattice constants and the corresponding packing densitieg|ly, since the periodicities observed for these arrays, including
with those observed in the bulk CI’yStal structure is pl‘ecluded the face-to-face separation between anions (132 A)’ are |arger
by the different countercations used in each study. The than the van der Waals diameters determined by X-ray diffrac-
observation of NDR in the tunneling spectra (not shown) in tjon, they also likely reflect the presence of the countercations
addition to the observed periodicities demonstrates that thepetween the PJP anions in the 2-D array. Further evidence
image corrugations reflect the WD anion molecular topography. supporting this hypothesis is culled from TS measurements.
The Pope-Jeannin—Preyssler (PJP) Structure: KizsNay 5 Tunneling spectra obtained at the image corrugation peaks show
[NaPsW30011g. The oblate spheroidabDs, symmetry) PIJP NDR behavior at two applied voltages;0.66 and+0.87 V,
structure illustrated in Figure 1d is constructed from fived®dy consistent with the assignment of these features to the PJP

8,53 nm x 5.53 nm

HoP;Ma, VO]
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15.03 nm x 15.03 Am 1271 nm x 12.71 nm

l':'E‘-'II""'E'| SMEWEJJDHD] (NH g g alPaF 500,540

Figure 10. STM image and unit cell of the ¥ Nay {NaPsW3¢011q]

array on HOPG. Figure 12. STM image and unit cell of the (NHh{NaPRsW34011d array

(K2 5Na, 5)-PJP salt on HOPG.

indicate the presence of the countercations at the interstitial
spaces between the PJP anions. Further comparison of the
lattice constants with those obtained from the bulk crystal
structure is precluded by the different countercations used in
each study. However, we have also performed STM on 2-D
arrays of the same salt for which XRD results have been
reported, (NH)14NaPsW3¢011]; @ representative STM image
is shown in Figure 12. The packing of molecules with the 2-D
arrays of the Nl salt is similar to that of the alkali metal salt
shown in Figure 10; the NHPJP arrays are oblique with a
periodicity of 13.84 0.2 A x 19.5+ 0.2 A (included angle=
56.9). This lattice spacing, especially along the minor axis,
compares favorably to that of the (010) plane of the bulk
structure which exhibits the most similar anion arrangement
(13.68 A x 17.59 A?9). Relative to the potassium salt, it
therefore appears that the larger Nig¢ation increases the lattice
constant of the 2-D PJP arrays by 0.5 A along the minor axis
and 1 A along the principal axis. The expansion along both
axes is consistent with the relatively homogeneous distribution
of the countercations around the anions in the bulk struéture,
in contrast to the FD example presented above. Even more
remarkable, however, is the influence of cation identity on the
symmetry of the PJP anions arrays and on relationships to the
3-D crystal structure of the ammonium salt. Figure 13 illustrates
the models constructed for the STM image of the ammonium
PJP surface arrays along with the structure of the (010) plane
of the crystal structure of the ammonium salt. In contrast to
the surface arrays of the potassium salt, which can be described
50.0 "a"n'g stroms within experimental uncertainty as a centered rectangular lattice
Figure 11. Model STM image of the kK Na; s PJP salt. (Figures 10 and 11), the lattice for the ammonium PJP surface
arrays is clearly oblique, as is the (010) plane of the bulk
anions. Tunneling spectra at the interstitial spaces show nostructure of the ammonium salt (Figure 13). Careful inspection
NDR behavior and are different from that of HOPG. Taken of the model structures in Figures 11 and 13 reveal that the
together, the tunneling spectra and the large lattice spacings botlb-fold axes of the anions in the surface arrays of the potassium
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NH-PJP salt

SRS oty 0

50.0 Angstroms

Figure 13. Comparison of POM anion packings between model STM
images of the (Nk)14 PJP salt and the (010) plane of the bulk structure
of (NH4)14NaPsW30011-31H:0. Dark, unattached spheres in the latter
represent the positions of NHcountercations from XRB? Positions

of the water molecules are not shown.

salt are collinear, while those in both the 2-D arrays and bulk
structure of the ammonium salt are not. This observation

Kaba et al.

suggests that counterions can influence not only lattice spacing
but also lattice symmetry in these 2-D arrays of polyoxometa-
lates. Confirmation of such structural differences in bulk
crystals of these salts awaits structure determination for potas-
sium PJP crystals, but ample precedents exist among the crystal
structures of less complex inorganic salts (e.g., NaCl vs CsCl).

Conclusions

STM was used successfully to image the shapes, packing,
and orientation of four different polyoxometalates with aniso-
tropic molecular structures: Keggin, FinkBroege, Wells-
Dawson, and Popeleannin-Preyssler. In all cases, well-
ordered 2-D array anion monolayers were prepared on HOPG
surfaces with packing structures similar to but not identical with
those observed in 3-D bulk crystals. The spatially resolved
tunneling spectra provided evidence for both anion and coun-
tercation locations in the 2-D anion arrays. The image peri-
odicities reflected both the POM anion van der Waals dimen-
sions and the presence of cations located between the POM
anions in a manner consistent with the tunneling spectroscopy
measurements. These results indicate that the formation of
ordered monolayers by polyoxometalates can be generalized
beyond the pseudospherical Keggin structure considered in
previous studies, to include highly anisotropic POMs.
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