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Abstract-Nanoscale investigation of Keggin-type heteropolyacid (HPA) self-assembled monolayers (SAMs) was 
performed by scanning tmmeling microscopy (STM) and tmmeling spectroscopy (TS) in order to relate surface pro- 
penes  of nanostmctured HPA monolayers to bulk redox and acid properties of HPAs. Cation-exchanged, polyatom- 
substituted, and heteroatom-substituted HPAs were examined to see the effect of different substitutions. HPA sam- 
ples were deposited on HOPG surfaces in order to obtain images and tunneling spectra by STM before and after 
pyridine adsorption. All HPA samples formed well-ordered monolayer arrays, and ~xtfibited negative difference re- 
sistance (NDR) behavior in their tunneling spectra. NDR peaks measured for fresh HPA samples appeared at less 
negative potentials for higher reduction potentials of the HPAs. These changes could also be correlated with the elec- 
tronegativities of the substituted atoms. Introduction of pyridine into the HPA arrays increased the lattice constants of 
the two-dimensional HPA arrays by ca. 6 A. Exposure to pyridine also shifted NDR peak voltages of HPA samples 
to less negative values in the tunneling spectroscopy measurements. The NDR shifts of HPAs obtained before and after 
pyridine adsorption were correlated with the acid strengths of the HPAs. This work demonstrates that tunneling spectra 
measured by STM can fingerprint acid and redox properties of HPA monolayel~ on the nallometer scale. 
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INTRODUCTION 

Scanning tunneling microscopy (STM) provides a way to ob- 
serve individual molecules [Carroll et al., 2000] and even chemical 
reactions on single crystal surfaces [Chiang, 1997]. Examples of 
molecules imaged include carbon monoxide on Rh(ll 1) [Cemota 
et al., 2000] and Ag(110) [Lee and Ho, 2000]; oxygen on Pd(111) 
[Steltenpotfl and Memmel, 1999] and Pt(111) [ Stile et al., 1997 ]; 
benzoic acid on Cu(110) [Chen et al., 2000]; m-xylene and p-xy- 
lene on Rh(l l l )  [Cemota et al., 1998]; and methoxy and formate 
species on Cu(ll0) [Silva et al., 1999]. An STM image contains 
both geometric and electronic intbrmation about the sample. Highly 
resolved STM images can distinguish between different molecules 
with very similar geometric s~ucmres and molecular sizes. For ex- 
ample, metal atoms on an alloy surface have been distinguished by 
their apparent height difference [~r et al., 1996], and metal 
phthalocyanines on Au(111) have been idelNfied by metal d-orbital 
occupation-dependent images [Hipps et al., 1996]. Tunneling spec- 
troscopy (TS), which probes only electronic states of strface spe- 
cies, has been utilized as a complementary tectmique to distinguish 
between dlenlicaHy inequivalent sites or adsorkates with nearly iden- 
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tical geometric structures and sizes [Johansson et al., 1996]. The dis- 
tinction is made based on differences in electromc s~uctures. We have 
observed that individual molecules of soccer baH-like H3PWT~204o 
and H3PMo~2040 (whose molecular structures and dimensions are 
nearly identical) in a mixed array can be distinguished by their tun- 
neling spectroscopy responses [Kaba et al., 2002]. In the case of 
organic molecules, tunneling spectroscopy measured for a single 
molecule on a metal surface has proven to be a valuable "finger- 

print" method [Stipe et al., 1998]. 
Heteropolyacids (HPAs) are early transition metal oxygen anion 

clusters that exhibit a wide range of molecular sizes, compositions, 
and architectures [Pope and M011er, 1994]. Among various HPA 
stmc~-al classes, the Keggin-type [Keggin, 1933] HPAs have been 
widely employed as catalysts in homogeneous and heterogeneous 
systems for acid-base and oxidation reactions [Lee et al., 1995, 
1997; Kozhevnikov, 1995; Hill and Prosser-McCartha, 1995; Choi 
et al., 2tXI); Park et al., 2tXI); Lee and Song, 2000]. One of the great 
advantages of HPA catalysts is that their catalytic properties can be 
tuned by dlanging the identity of charge-compensating coullter- 

cations, heteroatoms, and fiamework metal atoms (polyatoms) [Song 
et al., 1991, 1997; Oknilara et al., 1996]. Recently, members of four 
HPA structural classes --Keggin-, Wells-Dawson-, Finke-Drcege-, 
and Pope-Jeamin-Preyssler-type HPAs--have been successfifily im- 
aged in air using STM by depositing these molecules on graphite 
surfaces [Kaka et al., 19)8]. Previous STM studies of HPAs showed 
that two-dimeusional ordered arrays of these molecules on a graph- 
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ire surface exhibited a distinctive current-voltage (I-V) behavior 
refelTed to as negative differential resistance (NDR) in theh" munel- 
hag speclra [Watson a al., 1992; Kaba et al., 1996, 1997, 1998, 2000, 
Song et al., 1996, 1998, 2002; Kiune andBartean, 2000; Song and 
Bateau, 2002]. NDR behavior has been explained in terms of re- 
sonant tunneling fln-ough a double bailer  quantum well [Mabou- 
dian et al., 1993], andhas been observed consistently for the arrays 
of HPAs. We have shown that NDR peak voltages of  HPAs are 
closely related to eleclronic properties and, in turn, to the redox po- 
tentials ofHPAs [Kaba et at, 1996, 1997; Song a al., 1998, 2002; 
Kinne md Bartem, 2000]. NDR peak voltages can be hffluenced 
by the identity of  the counter-cations, framework Iransition-metal 
atoms, heteroatoms, and adsorbed organic molecules. 

In this work, nanoseale characterization ofHPA monolayers was 
performed by scanning amneling microscopy and muneling spec- 
troscopy in ord~ to relate surface propmies ofnanoslmctured HPA 
monol~jers to bulk redox and acid-base properties of HPAS. Keg- 
gin-type HPAs with different counter-cation, polyatom, and het- 
erc~tam substitations w~e examined for this purpose. HPA samples 
wine deposited on a highly oriented pyrolytic graphite (HOPG) sur- 
face in order to oblain images and tunneling speclm by STM be- 
fore and after pyridine adsorption. The observed NDR peak volt- 
ages ofHPA monohyers were correlated with the redox properties 
as well as with the acid properties of HPAs. 

EXPERIMENTAL 

1. Sample Preparation and Deposition 
A series of  the following HI)As were investigated to explore thdr 

redax properties: cation-exchanged KPMol:0| (R=I-17~, Cs~, Ba~ ,  
2+ 2+ 2+ Zn~ ,  Co~,  Cu~,  Bi~), heteroatom-substituted and/or polyatom- 

g u h s t i ~ l l t o d  I ~ X W l 2 0 4 0  ( X = 1 3 5 + ,  S i  ~ ' ,  g 3+ , C o  2+)  and H n X M o l 2 0 4 0  ( X  = 

pS., Si ~) ttPAs. Commercially available H:~PMo~20~0 , H~Wi20~g 

H4SiMol20~o and I-I~SiW120 m samples were ob~ined from Aldrich 
Chemical Co. HsBWl20~o and I-I~CoWl20~o samples were provided 
by Prof. Craig L. Hill at Emery University. Cation-exchanged HPAS 
were Wepared by replacing all protons of H>PMotzOe with metal 
atoms, according to published methods [Ai, 1982]. Approximately 
0.01 M aquems solution of each ItPA sample was prepared A drop 
of solution was deposited on afi~eshly cleaved HOPG surface and 
allowed to dry in air for ca_ 1 h at room temperature for STM im- 
aging and T8 measurementg Heteroatom-substituted I-I~XW12Oao 
(X=P 5*, Si ~*, B ~+, Co 2+) I-IPAs were also examined to explore their 
acid propertieg For this purpose, pyridine exposure was ca-fled out 
by pl~-inz a drop of liquid pyddine ou these pre,aously deposited 
HPA samples and drying in a~ for ca_ 1 h at room temperature. Re- 
versibly adsorbed pyridine molecules were then removed by evac- 
uating the sample at ca_ 25 millitorr for 1 h at roam temperalure prior 
to the STM measurements. 
2. STM Imaging and Tunnding Spectroscopy 

STM images were obtained in air by using a TopomOrix TMX 
2010 instrument. Mechanically formed Pt/Ir (90/10) tips were used 
as probes. Scanning was done in the canstant cmrent mode at apo- 
sitive sample bias of  100 mV and tuuneling current of  1-2 hA. All 
STM images pres~ated in this work are unfiltered, and the repined 
periodicities (lattice constmts) represent average values det~mined 
by performing turn-dimensional Fast Fourier Tranffonnation (2D- 

FFT) analyses on at least three images for each sample vMch were 
obtained by using different tips. Tunneling spectra were measured 
in air. Both Topome~x TMX 2010 and LK Technologies LK-1000 
STM insmanents were used to co~fLrrn consistency md reproduc- 
ibility ofamneling spectra. To meamre aamneling spectrum, the 
sample bias was ramped from -2  to +2 V w~h respect to the tip 
and the tunneling cunent was monitored The voltage axis in the 
tunneling spectnma represents the potential applied to the sample 
relative to that of the tip. TS meas~armaents were perfonned at least 
ten times each by using at least three different tips for each sample 
to obtain more accurate and reproducible results, and to provide a 
basis for statistical analyses. 

RESULTS AND DISCUSSION 

1. Sdf-assombled HPA Arrays  
Fig. l(a) shows the molecular slruatar of  the pseudo-spherical (T d 

symmetry) Keggin-type [PMoL:O~] > heteropolyanion conslructed 
f i .m X-ray crystallography data [Strandb~g, 1975]. The molecu- 
lar smicture of [PMoL~O~] > consists o f a  heteroatam, E at the cer~er 
of the anion cluster, tetrabe~'ally coOl~aated to four oxygen atoms. 
This teWabeffon is sun'amded by twelve MoO~ octahed'~ The van 
tier Waals diameter along the 3-fold ~ is  of syrameWy is 11.97A. 
Fig. l(b) shows the three-dimensional a n w  of HPAs comprising 
heteropolyanions, protons, cations, water, and/or organic molecules, 
called the secondary slructure [Misono, 1987]. The counter-cations 
are located in the int~stitial spaces between heteropolyanions. The 
primary ~ r u r  the Keggin s~u~ure [Keggin, 1933], of the heter- 
opolyanion is relatively stable. However, the secondary aruaure is 
very labile and may change in different envkonments by either in- 
creasing or decreasing the irCerstifial space between heteropolymions 
[Misono, 1987]. Fig. 1(c) and Fig. l(d) show the STM image and 
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Fig. 1. (a) P~yhedral representation r the molecula~ ~rut~ure of 
the psmd~pherieal  Keggin-t~e [PMo~20~] ~- hetcl~p ~y- 
anion (primary sWummre), (b) ~_hcmaRc r the secondary 
~ ru t~ re  ~ hetcl~olyadds, (c) STM image of HaSiW, O~ 
array on graphite, aad (d) mtit ce~ of H~SiW~O~ array on 
grapl~te. 
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unit cell of a H4 SiW~O40 array on graphite, respectivel:r The struc- 
~re of the [Si~V~204o] 4- a n i o n  is t h e  s a m e  as  t h a t  o f  t h e  [PMo~2040]  3- 

a n i o n  in Fig. l(a). The STM image clearly shows the fcmmtion of 
a self-assembled and well-ordered array on the graphite surface. 
The periodicity and included angle of the unit cell conslructed on 
the basis of laEice constants detemtined fi-om 2D-FFY are 11.2 
and 87.5 ~ respectively The measured periodicity is in good agree- 
merit with lattice constructs of the Keggin-type ItPAs obtained by 
STM [Kaba et al., 1996, 1997, 1998, 2000; Song et al., 1998; Kinne 
and Barteau, 2000] and X-ray crystallography [Strandberg, 1975; 
Brown et al., 1977]. All ItPA samples examined in tiffs work folmed 
well-ordered arrays on gmptfite surfaces over scan areas of at least 
200 A, by 200 _~. 
2. NDR Measurements on HPA Monolayers 

Fig. 2(a) shows the typical ~nneling spectrum taken atop sites 
(Site I) inthe image ofti~e H~SiWz~O4o array inFig, l(c). The spec- 
man takm at Site I extfibits dis~ctive I-V behavior lmown as neg- 
ative differential resistance (NDR), showing anNDR peak at-l .20 V 
The NDR peak voltage is taken as the voltage at which the max- 
imum current is observed in this regior~ A tunneling specmma taken 
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Fig. 2. (a) I-V spectrum taken at Site I in the STM image of 
H4SiW~:O ~ in Fig. l(c), and (b) frequency of NDR peak 
voltages of H4SiWnO~ monolayer an~ys exhibiting mono- 
modal distribution with a statistical average of 1.194- 
0.08 V. 

at the it~lstitial space (Site ]I) showed the same I-V restxaase as l:oz-e 
graphite, indicating that the two-dimensional array of H4SiW~2040 
on graphite is a monolaym; as previously demonstrated for other 
HPAs [Kaba et al., 1996, lffYT, 1998, 2000; Song et al., 1998; Kitme 
and Barteau, 2000]. The amneling spectroscopy measurements atop 
the bright comagations (Site I) were camed out several times with at 
least three different tips to obtain more acctrate and reprcx:tucible re- 
sults, and to provide a basis for statistical mlalyses. Fig. 2(b) shows 
the distribution of NDR peak voltages of the H4SiW~204o sample. 
The statistical average of NDR peak voltage of the t-I4 SiW~2040 array 
was found to be -1.19• V. NDR peak voltages of each ItPA 
sample reported below were determined in the same way. 
3. Probing Redox Properties of ItPAs 

The STM images in tiffs work were obtained at positive sample 
biases with respect to the tip, i.e., electrons flow from tip to sample 
in the normal mode of operation. NDR behavior in the tuimeling 
spectra of HPAs is observed at negative sample biases, i.e., when 
electrons ananel from sample to tip. It has been demonstrated that 
the NDR behavior of nanostructta-ed HPA arrays measured by STM 
is closely related to the electronic propemes of these materials, and 
may serve as a diagnostic of their redox properties [Kaba et al., 1996, 
1997; Song et al., 1998; Kinne and Barteau, 2000]. A previous re- 
sult [Kaba et al., 1996] has shown that the NDR peaks appeared at 
less negative applied voltages when the protons of the H3PMo~O40 
were replaced by more electronegative cations such as Cu>; the 
NDR peaks shifted to higher negative voltages when the protons 
were replaced by less electronegative cations such as Cs § By plot- 
ting the reduction potentials [Ai, 1982] of cation-exchanged HPAs 
against the electronegativities of the counte,-cations defined by Ta- 
naka [Tanaka and Ozami, 1967], it was shown that as more elec- 
tronegative cations were substituted for less electronegative ones, 
the reduction potential increased, and vice versa. More comprehen- 
sive trends of reduction potential of cation-exd~mged ItPAs and 
electronegativity of counter-cations with respect to NDR p~l< volt- 
ages ofti~e ItPAs were well established by investigating a set of cat- 

+ 
ion-exchanged RPMq~O40 (R=H~> C%, Ba~,  Zn~,  Co~,  Cu~, 
Bi~ >) HPAs. These cations cover a wide l-ange of Toz~aka electrone- 
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Fig. 3. Correlation between NDR peakvoltage of cation-exchanged 
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HPAs and Tanaka electl~negalivity of the counter-cation 
(Idled squares), and between NDR peak voltage and recip- 
rocal reducUon temperature of the HPAs (open squares). 
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Fig. 4. Correlation between NDR peak voltage and ~luct ion po- 
tenlial of HPAs with different hete~atom and/or polyatom 
substitutions, established for families of H~XW~:O~ (X=P ~, 
SP § B >, Co :+) and H~Mo~:O4~ (X=P s+, SP +) HPAs. 

gafivities [Tanaka and Ozami, 1967]. Fig. 3 includes tile reciprocal 
reduction temperatures of cation-exchanged HPAs taken from the 
literature [Ai, 1982] and the Tanaka electronegativities of the counter- 
cations, plotted with respect to the NDR peak voltages of catic~l- 
exchanged HPAs. The NDR peak voltages appeared at less nega- 
tive values with increasing reduction potential of the HPAs and with 
increasing electronegativity of the counter-catioi1 HPA salts with 
more electronegative counter-cations were characterized by higher 
reduction pateiNals and showed NDR at less negative applied volt- 
ages. The Tanaka electronegativity scale takes into account the elec- 
tron-donating and -accepting ability of the atom. A possible expla- 
nation for these results is that more elecb~anegative cations facilitate 
electron transfer to the heteropolyanion in reducing environments, 
by providing a route for electron delocalization [Kim et al., 1991]. 

Fig. 4 shows the relationship between NDR peak voltage ofhet- 
eroatom-substituted E,XW~2040 (X=P 5+, Si 4+, B 3+, Co > ) and H~X- 
Mo~2040 (X ps+, Si4+) HPAs atld Tanaka electronegativity of the 
heteroatom, and between NDR voltage and reduction potential of 
the HPA samples. Reduction potentials ofH~-vV~2040 (X=P ~+, Si 4§ 
B 3+, Co 2+) arid H~X[V[o~2040 (X ps+, Si4+) HPAs were taken froln 
the liteI'amre [Alternau et al., 1 975; Okuhara et al., 1996; Sadakane 
and Stec!d~a~, 1998]. As the electronegativity of the heteroatoln 
increased, NDR pink voltages observed for each HPA family ap- 
peared at less negative values, and the reduction potential increase& 
Tt~  result supports out- conclusion that more reducible HPAs show 
NDR behavior at less negative applied voltages in their tunneling 
spectra. This conclusion appears to hold across different families 
of heteroatom-substituted HPAs. The NDR peak voltage and re- 
duction potential dependences on heteroatom electronegativity show 
the same trends &s for cafion-exd~anged HPAs (Fig. 3). A quantum 
chemical molecular orbital study accompanied by experiments for 
heteroatom-subsfituted H~X~/[o~2040 (X=As 5+, PS+, Ge 4+, Si 4+) HPAs 
[Eguchi et al., 1988] revealed that reduction pote,Nals of the HPAs 
increased in the following order; Si4+<Ge4+<PS+<AsS+. Simple cal- 
culation of the Tanaka electronegativity of the heteroatoln in these 
HPAs yields the following sequence: Si 4§ (17.1)<Ge 4+ (18.1)<As s§ 
(24.0),~P ~+ (24.1). These trends are consistent with the results shown 
in Fig. 4. 

Fig. 4 also shows the effect of polyatom substitution on the re- 
duction potential and NDR pink voltage of HPAs. A set of data pa- 
ints H~SiW~2040-H~SiMo12Q0 and H3PW~2040-H~PMo~2040 show 
that NDR peak voltages of polyatom-substituted HPAs appeared 
at less negative values with increasing reduction potential of the 
HPAs, as observed for cation-exchanged and heteroatom-substituted 
tIPAs. Considering that molybdenum is less electronegative than 
tungsten, these data also reveal that N-DR peak voltages of polya- 
tom-substituted HPAs appeared at less negative values and reduc- 
tion potential of the tIPAs increases wiffl decreasing electrc~legativity 
of the polyatom. Surprisingly, the trends of polyatom electronega- 
tivity with respect to N-DR peak voltage and reduction potential of 
polyatom-substituted HPAs are the opposite of those seen for the 
cation-exchanged HPAs and for heteroatom-substituted HPAs. These 
results were also coikCmned by a previous STM study [Song and 
Barteau, 2002] investigating polyatom-substituted H,PWI~MO40 
(M=W ~+, M d  +, V 5+ ) HPAs. Within this HPA family, it was also ob- 
served tim the NDR peak voltages of H~PW, 1MO40 (M W 6+, Mo 6+, 
W +) arrays appeared at less negative values with increasing reduc- 
tion pate~ltial of tile tIPAs, and with decreasing electronegativity of 
the substituted polyatom. In fact, the effect of polyatom substitu- 
tion on the N-DR peak voltage and reduction potential of HPAs is 
somewhat complicated. In the c&se of H~+~PMol2 ,V,O40 (x 0-3) 
HPAs, NDR peak voltages of these HPAs did not vary monotoni- 
cally with the number of vanadium ions substituted (note that vana- 
dium is less electronegative titan molybdenum). Instead, the NDR 
peak appeared at the least negative voltage when x=2. Nonethe- 
less, NDR peak voltages were well correlated with reductic~l poten- 
tials across the composition range above. In a series of polyatom- 
substituted H3PMo,2_]vV,O40 (x=0-12) HPAs [Song et al., 1998], 
however, it was observed ttmt NDR peak voltages of these HPAs 
shifted to less negative values and their reduction potentials increased 
in a monotonic fashion with increasing Mo content. When consid- 
ering that molybdentml is less electronegative than tungsten, the 
dependence of N-DR peak voltage on the polyatom electronegativ- 
ity observed for H3PMo~2 ~W~O40 (x 0-12) tIPAs shows the same 
trend as that shown in Fig. 4. 

A molecular orbital study [Weber, 1994] for H, PM~2_;V;O40 (M= 
Mo ~ W~+; x 0-3) tIPAs revealed that tile energy gap between the 
HOMO (highest occupied molecular orbital) and the LUMO (low- 
est unoccupied molecular orbital) was consistent with reduction 
potentials of the HPAs; the more reducible HPAs showed the 
smaller energy gaps. It also showed that the HOMO for all HPAs 
consists primarily of nonbonding p-orbitals on the oxygens of the 
HPAs, while the LUMO consists of an alNbonding 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 fi-amework did not affect the energies of the HOMOs since 
riley are almost e~ltirely cezltered on the oxygens. However, the same 
substitution stabilized the LLrMOs because these orbitals derive in 
part from V d-orbitals which have been assumed to be more stable 
than those of Mo and Wl This suggests that electrons added to the 
V-substituted HPAs should be localized on the vanaditrn centers. 
Therefore, it is infen-ed that electrons added to the polyatc~n-sub- 
stituted HPAs are localized on the less electronegative metal center. 
The less electronegative polyatom in the HPAs is much more ef- 
ficient in the role of electron localization. 
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Fig. 5. (a) STM hnage of pyridiae-exposed H~SiW,,O~ array on 
geaphRe, mid (b) trait cell of pyridine-exposed H~SiW.O~ 
array on graphite. 

4. Probing A d d  Prop erties of HPAs 
In the 3-dimensional structure of the pyridininm salt of [PW12 

O~] ~-, it v~s reported that the pyridine molecules were p~fired ~ m d  
~ ,  forming (C~N)-H~-(NCsHs) cations ['H~himoto and Misono, 
1994]. The interaction of p~-idine with HPA monolayet"s was im- 
aged by STM. Fig. 5 shows the STM image and unit cell of al l4 
SiWx:D~ ~ obtained after pyridine exposure. The STM image 
cle~ly shows the formation of self-assembled and weU-ordered HI~A 
arrays on the graphite surface after p~idine exposure. As already 
shown in Fig. 1(c) and Fig. l(d~ the periodicity and included angle 
of the unit cell observed for flesh H~SiWx~Oa0 I-IPA were 11.2 A 
and 87.5 ~ respectively. Unlike the flesh HPA sample army, the pyr- 
idine-exposed I-LSiW120~o H?A sanple formed a roughly hexago- 
nal array (included angle=66.6 ~ with periodidty of 17.5 A. Corn- 
pared to that of  fresh s~nple, the periodicity of the pyridine-exposed 
I-Ir array increased by ~6/k, roughly the molecular size of 
pyridine. This result demomWates that pyridine molecules are &xmd 
at the acid sites in the interstitial space between heteropolyanions 
in the two-dimensional surface arrays, serving as spacer molecules, 
in a similar maaner to the bonding in 3-dimensional solids. These 
results also indicate that two-dimensional HPA arrws were rear- 
ranged and expanded upon pyridine expoatre. However, the pyri- 
dinium ions, like other charge compensating cations in these arrws 
[Song et al., 1996], were not imaged directly. 

The interactian ofpyridine with I-IPA manolayers was also probed 
by tunneling spectroscopy meagwements. Tunneling spectroscopy 
showed that the average value of  NDR peak voltages observed for 
~'esh I-I4SiWl2040 sanple was -1.19-~-0.08 V (Fig. 2), while that for 
the pyridine-exposed I-LSiW=O~o sample was found-0.83-tO.07 V. 
Introduction of electron-rich wridne molecules into I4~$1"W~=,O~0 ar- 
rays leads to an NDR voltage shig of 0.34 V, from -1.19 V to -0.85 
V. The shift of NDR peak voltages of  HPA samples to less neg- 
ative applied voltages after pyridine adsorption reflects the replace- 
ment of protons with pyridininm ions This effect on NDR posi- 
tion is similar to that obtained by exchanging more eledronegative 
counter cations for protons. It can be inferred that the strong inter- 
action of base molecules with acid sites of HPA arrays may give 
rise to large NDR shifts. The magnitudes of the NDR peak shifts 
of different HPAs measured before and after pyridine adsorption 
may serve a~ a fingerprint of  their acid properties. Fig. 6 shows the 
correlation bemeen NDR voltage shi:lis for a~-deposited versus pyr- 
idine-exposed HPA an~s ,  and the acid strengths ofI4~XW~:O~0 (X 

2.5 

Z,0 

1.0 

H•.•W•2Oa0 / 
/ 

~'~ H6CO.WI.2 O46 
(X-~Co 2., B ~, s P~) 

0.40 0,45 0.50 0,55 
0 , 5  I I I 

0.20 0.25 0.30 0.3.5 

NDR VoRage Sh~  (volts) 

Fig. 6. Corrdation b~avem add strengths at" HnXV~120 ~ (X=I #+, 
Si 4+, B 3+, Co ~+) HPAs and their NDR voRage dmnges after 
pyridine exposure. 

=1 ~ ,  Si*, B ~, Co 2+) samples reported in the literature [Okuhara ct 
al., 1994]. The acid mmgth of FLXWI:O| (X=I ~ ,  Si ~, B >, C C )  
samples trad~ the NDR peak voltage shifts upon pyridine expo- 
sure. H~PW1204o has the highest acid mcngth among the samples 
examined and exhibits the largest NDR peak shift upon pyridine 
exposure. This suggests that the change in the eleclronic environ- 
ment of  the heteropolyanion upon proton transfer is greatest for the 
slrongest proton don~ Thus, we conclude that NDR voltage shifts 
of HPAs meaatred by STM can be used to track their add pro- 
perties. 

CONCLUSIONS 

STM studies ofnanoslructured I-IPA monolayers were success- 
fill in relating surface properties to bulk redox and acid properties 
of HPAs. All Keggin samples formed well-ordered monolayer ar- 
rays, and exhibited negative difference resistance (NDR) behavior 
in their tunneling speclra NDR peak vokages for both cation-ex- 
changed and hcteroatom-substituted HPAs appeared at less nega- 
tive values with increasing reduction potential of the HPAs and with 
increases in the eleclronegativity of coanter-cations or of  the cen- 
tral heteroatom. NDR peak vokages ofpolyatom-substituted HPAs 
also ~peared at less negative values xa4th increasing reduction po- 
tential of the HPAs, but w~h decreasing eleclranegativity of  the poly- 
atom. All our results consistently support the conclusion that more 
reducible I-IPAs showNDR behavior at less negative applied voR- 
ages. Introduction of pyridinium cations into the HPA aways in- 
creased theh- periodicity and shifted their NDR peak voltages to 
less negative values. The NDR shift of  HPAs obtained before md 
after pyridine adsorption was correlated with the acid slrengths of 
HPA samples. The NDR shig may serve as a diagnostic for the acid 
properties of  HPAs. Thus STM md tanneling spectroscopy permit 
one to determine the chemical properties of  self-assembled HPA 
monolayers an the molecular scale. 
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