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Abstract—Nanoscale investigation of Keggin-type heteropolyacid (HPA) self-assembled monolayers (SAMs) was
performed by scanning tunneling microscopy (STM) and tunneling spectroscopy (TS) in order to relate surface pro-
perties of nanostructured 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 exhibited 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 monolayers on the nanometer scale.

Key words: Scanning Tunneling Microscopy (STM), Negative Differential Resistance (NDR), Heteropolyacids (HPAS),
Self-assembled Monolayers, Redox and Acid Properties

INTRODUCTION tical geometric structures and sizes [Johansson et al., 1996]. The dis-
tinction is made based on differences in electronic structures. We have
Scanning tunneling microscopy (STM) provides a way to ob- observed that individual molecules of soccer ball-like\WM,O,,

serve individual molecules [Carroll et al., 2000] and even chemicaland HPMo,,0,, (whose molecular structures and dimensions are
reactions on single crystal surfaces [Chiang, 1997]. Examples ofearly identical) in a mixed array can be distinguished by their tun-
molecules imaged include carbon monoxide on Rh(111) [Cemotaneling spectroscopy responses [Kaba et al., 2002]. In the case of
et al., 2000] and Ag(110) [Lee and Ho, 2000]; oxygen on Pd(111)organic molecules, tunneling spectroscopy measured for a single
[Steltenpohl and Memmel, 1999] and Pt(111) [Stipe et al., 1997];molecule on a metal surface has proven to be a valuable “finger-
benzoic acid on Cu(110) [Chen et al., 2008Kkylene ando-xy- print’ method [Stipe et al., 1998].
lene on Rh(111) [Cernota et al., 1998]; and methoxy and formate Heteropolyacids (HPAs) are early transition metal oxygen anion
species on Cu(110) [Silva et al., 1999]. An STM image containsclusters that exhibit a wide range of molecular sizes, compositions,
both geometric and electronic information about the sample. Highlyand architectures [Pope and Miller, 1994]. Among various HPA
resolved STM images can distinguish between different moleculestructural classes, the Keggin-type [Keggin, 1933] HPAs have been
with very similar geometric structures and molecular sizes. For exwidely employed as catalysts in homogeneous and heterogeneous
ample, metal atoms on an alloy surface have been distinguished Isystems for acid-base and oxidation reactions [Lee et al., 1995,
their apparent height difference [Wouda et al., 1996], and metall997; Kozhevnikov, 1995; Hill and Prosser-McCartha, 1995; Choi
phthalocyanines on Au(111) have been identified by metal d-orbitakt al., 2000; Park et al., 2000; Lee and Song, 2000]. One of the great
occupation-dependent images [Hipps et al., 1996]. Tunneling speadvantages of HPA catalysts is that their catalytic properties can be
troscopy (TS), which probes only electronic states of surface spetuned by changing the identity of charge-compensating counter-
cies, has been utilized as a complementary technique to distinguistations, heteroatoms, and framework metal atoms (polyatoms) [Song
between chemically inequivalent sites or adsorbates with nearly ideret al., 1991, 1997; Okuhara et al., 1996]. Recently, members of four
HPA structural classes --Keggin-, Wells-Dawson-, Finke-Droege-,

To whom correspondence should be addressed. and Pope-Jeannin-Preyssler-type HPAs--have been successfully im-
E-mail: inksong@kangnung.ac.kr aged in air using STM by depositing these molecules on graphite
“This paper is dedicated to Professor Wha Young Lee on the occasiofurfaces [Kaba et al., 1998]. Previous STM studies of HPAs showed
of his retirement from Seoul National University. that two-dimensional ordered arrays of these molecules on a graph-
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ite surface exhibited a distinctive current-voltage (I-V) behavior FFT) analyses on at least three images for each sample which were
referred to as negative differential resistance (NDR) in their tunnelobtained by using different tips. Tunneling spectra were measured
ing spectra [Watson et al., 1992; Kaba et al., 1996, 1997, 1998, 200 air. Both Topometrix TMX 2010 and LK Technologies LK-1000
Song et al., 1996, 1998, 2002; Kinne and Barteau, 2000; Song arfiTM instruments were used to confirm consistency and reproduc-
Barteau, 2002]. NDR behavior has been explained in terms of reibility of tunneling spectra. To measure a tunneling spectrum, the
sonant tunneling through a double barrier quantum well [Mabou-sample bias was ramped frof to +2 V with respect to the tip
dian et al., 1993], and has been observed consistently for the arragsd the tunneling current was monitored. The voltage axis in the
of HPAs. We have shown that NDR peak voltages of HPAs aretunneling spectrum represents the potential applied to the sample
closely related to electronic properties and, in turn, to the redox porelative to that of the tip. TS measurements were performed at least
tentials of HPAs [Kaba et al., 1996, 1997; Song et al., 1998, 2002ten times each by using at least three different tips for each sample
Kinne and Barteau, 2000]. NDR peak voltages can be influencedo obtain more accurate and reproducible results, and to provide a
by the identity of the counter-cations, framework transition-metal basis for statistical analyses.
atoms, heteroatoms, and adsorbed organic molecules.

In this work, nanoscale characterization of HPA monolayers was RESULTS AND DISCUSSION
performed by scanning tunneling microscopy and tunneling spec-
troscopy in order to relate surface properties of nanostructured HPA. Self-assembled HPA Arrays
monolayers to bulk redox and acid-base properties of HPAs. Keg- Fig. 1(a) shows the molecular structure of the pseudo-spheyical (T
gin-type HPAs with different counter-cation, polyatom, and het- symmetry) Keggin-type [PM¢D,]* heteropolyanion constructed
eroatom substitutions were examined for this purpose. HPA sampldsom X-ray crystallography data [Strandberg, 1975]. The molecu-
were deposited on a highly oriented pyrolytic graphite (HOPG) surdar structure of [PMgO,J* consists of a heteroatom, P, at the center
face in order to obtain images and tunneling spectra by STM beef the anion cluster, tetrahedrally coordinated to four oxygen atoms.
fore and after pyridine adsorption. The observed NDR peak volt-This tetrahedron is surrounded by twelve Mo€iahedra. The van
ages of HPA monolayers were correlated with the redox propertiesler Waals diameter along the 3-fold axis of symmetry is 11.97 A.

as well as with the acid properties of HPAs. Fig. 1(b) shows the three-dimensional array of HPAs comprising
heteropolyanions, protons, cations, water, and/or organic molecules,
EXPERIMENTAL called the secondary structure [Misono, 1987]. The counter-cations
are located in the interstitial spaces between heteropolyanions. The

1. Sample Preparation and Deposition primary structure, the Keggin structure [Keggin, 1933], of the heter-

A series of the following HPAs were investigated to explore their opolyanion is relatively stable. However, the secondary structure is
redox properties: cation-exchanged R (R=H;, Cs, Ba2,, very labile and may change in different environments by either in-
Zn%,, Cad,, Cls,, BF"), heteroatom-substituted and/or polyatom- creasing or decreasing the interstitial space between heteropolyanions
substituted EXW,,O,, (X=P*, St*, B*, Cd*) and HXMo0,,0,, (X= [Misono, 1987]. Fig. 1(c) and Fig. 1(d) show the STM image and
P, Si*) HPAs. Commercially available,;PM0,,0,, HPW,,0,q,
H,SiMo,,0,, and HSIW,,O,, samples were obtained from Aldrich [a)
Chemical Co. EBW,,O,, and HCoW,,O,, samples were provided
by Prof. Craig L. Hill at Emory University. Cation-exchanged HPAs
were prepared by replacing all protons gPMo,,0,, with metal
atoms, according to published methods [Ai, 1982]. Approximately
0.01 M aqueous solution of each HPA sample was prepared. A dro
of solution was deposited on a freshly cleaved HOPG surface an
allowed to dry in air for ca. 1 h at room temperature for STM im-
aging and TS measurements. Heteroatom-substitybed/ 50,,
(X=P*, St*, B*, Cd") HPAs were also examined to explore their
acid properties. For this purpose, pyridine exposure was cartied ot I'{E_j
by placing a drop of liquid pyridine on these previously deposited
HPA samples and drying in air 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 room temperature priol
to the STM measurements. .
2.STM Imaging and Tunneling Spectroscopy

STM images were obtained in air by using a Topometrix TMX 0.00 rm % B.50 Am
2010 instrument. Mechanically formed Pt/Ir (90/10) tips were usedli%g
as probes. Scanning was done in the constant current mode at a po¥ . X >
sitive gample bias of 109 m\( and tunneling current of 1-2 nA. All rriorr)\s?;r?rﬁ:rgh;rrﬁgufee)?%g_tggﬁeﬁxﬁ?]thgt?stg(r:%%cc)jg;y
STM images presented in this work are unfiltered, and the reported structure of heteropolyacids, (c) STM image of ESiW,,0,,
periodicities (lattice constants) represent average values determined array on graphite, and (d) unit cell of HSIW,,0,, array on
by performing two-dimensional Fast Fourier Transformation (2D- graphite.

id}

1. (a) Polyhedral representation of the molecular structure of
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unit cell of a HSIW,,O,, array on graphite, respectively. The struc- at the interstitial space (Site Il) showed the same |-V response as bare
ture of the [SiW,0,]* anion is the same as that of the [R)Xag]* graphite, indicating that the two-dimensional array SiW,,0,,
anion in Fig. 1(a). The STM image clearly shows the formation ofon graphite is a monolayer, as previously demonstrated for other
a self-assembled and well-ordered array on the graphite surfacéiPAs [Kaba et al., 1996, 1997, 1998, 2000; Song et al., 1998; Kinne
The periodicity and included angle of the unit cell constructed onand Barteau, 2000]. The tunneling spectroscopy measurements atop
the basis of lattice constants determined from 2D-FFT are 11.2 Ahe bright corrugations (Site 1) were carried out several times with at
and 87.5 respectively. The measured periodicity is in good agree-least three different tips to obtain more accurate and reproducible re-
ment with lattice constants of the Keggin-type HPAs obtained bysults, and to provide a basis for statistical analyses. Fig. 2(b) shows
STM [Kaba et al., 1996, 1997, 1998, 2000; Song et al., 1998; Kinnghe distribution of NDR peak voltages of thgSi¥V,,0,, sample.
and Barteau, 2000] and X-ray crystallography [Strandberg, 1975The statistical average of NDR peak voltage of &\, O,, array
Brown et al., 1977]. All HPA samples examined in this work formed was found to be1.19+0.08 V. NDR peak voltages of each HPA
well-ordered arrays on graphite surfaces over scan areas of at leastmple reported below were determined in the same way.
200 A by 200 A, 3. Probing Redox Properties of HPAs
2.NDR Measurements on HPA Monolayers The STM images in this work were obtained at positive sample
Fig. 2(a) shows the typical tunneling spectrum taken atop sitediases with respect to the tip, i.e., electrons flow from tip to sample
(Site I) in the image of the BiW,,0O,, array in Fig. 1(c). The spec- in the normal mode of operation. NDR behavior in the tunneling
trum taken at Site | exhibits distinctive |-V behavior known as neg-spectra of HPAs is observed at negative sample biases, i.e., when
ative differential resistance (NDR), showing an NDR peak.20 V. electrons tunnel from sample to tip. It has been demonstrated that
The NDR peak voltage is taken as the voltage at which the maxthe NDR behavior of nanostructured HPA arrays measured by STM
imum current is observed in this region. A tunneling spectrum takeris closely related to the electronic properties of these materials, and
may serve as a diagnostic of their redox properties [Kaba et al., 1996,
141 1997; Song et al., 1998; Kinne and Barteau, 2@0ptevious re-
{a}) sult [Kaba et al., 1996] has shown that the NDR peaks appeared at
o0 - 5 less negative applied voltages when the protons of fPel61,0,,
f were replaced by more electronegative cations such %jstiu

NDR peaks shifted to higher negative voltages when the protons
g were replaced by less electronegative cations such.aByGdot-
ol B ting the reduction potentials [Ai, 1982] of cation-exchanged HPAs
f"‘im against the electronegativities of the counter-cations defined by Ta-
a8 ol naka [Tanaka and Ozami, 1967], it was shown that as more elec-
B tronegative cations were substituted for less electronegative ones,
i’; the reduction potential increased, and vice versa. More comprehen-
sive trends of reduction potential of cation-exchanged HPAs and
electronegativity of counter-cations with respect to NDR peak volt-
ages of the HPAs were well established by investigating a set of cat-
ion-exchanged RPM®,, (R=H;, Cs, B&2,, Zn5,,Cd,,Cl,,
Bi*") HPAs. These cations cover a wide range of Tanaka electrone-
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Fig. 2. (@) I-V spectrum taken at Site | in the STM image of Fig. 3. Correlation between NDR peak voltage of cation-exchanged
H,SiW,,0,, in Fig. 1(c), and (b) frequency of NDR peak RPMo,,0,, (R=H}, Cs} Bai., Zn%,, Cos., Cu%,, Bf)
voltages of HSiW,,0,, monolayer arrays exhibiting mono- HPAs and Tanaka electronegativity of the counter-cation
modal distribution with a statistical average of-1.19+ (filed squares), and between NDR peak voltage and recip-
0.08 V. rocal reduction temperature of the HPAs (open squares).
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06 35 Fig. 4 also shows the effect of polyatom substitution on the re-
0 g4l e R i E duction potential and NDR peak voltage of HPAs. A set of data po-
o 0 (X=Co’", B¥, 8i*", P> i 3 2 . b -
2] - i 8 ints H,SiW,,0,-H,SiMo,,0,, and HPW,,O,,-H;PM0o,,0,, show
%; 021 x 12 % that NDR peak voltages of polyatom-substituted HPAs appeared
> oot HgPMOoOul g T at less negative values with increasing reduction potential of the
H - & H,5iMo,,0,, f_; HPAs, as observed for cation-exchanged and heteroatom-substituted
s °r 1" 2 HPAs. Considering that molybdenum is less electronegative than
.§ o4l 110 g',’ tungsten, these data also reveal that NDR peak voltages of polya-
é 3 o Mo % tom-substituted HPAs appeared at less negative values and reduc-
e 08r 4;5%0W1:O40 e L st |02 tion potential of the HPAs increases with decreasing electronegativity
ol by ] of the polyatom. Surprisingly, the trends of polyatom electronega-
15 -4 3 12 11 10 09 -08 tivity with respect to NDR peak voltage and reduction potential of
NDR Peak Voltage (volts) polyatom-substituted HPAs are the opposite of those seen for the

Fig. 4. Correlation between NDR peak voltage and reduction po- cation-exchanged HPAs and for heteroatom-substituted HPAs. These

tential of HPAs with different heteroatom and/or polyatom results were alsg conf?rmr—l.\d by a previous STM study [Song and

substitutions, established for families of BXW 1,0, (X=P%, Barteau, 2002] investigating polyatom-substituteBW,,MO,,

Si*, B¥, Co?") and H,XMo,,0,, (X=P*, Si*") HPAs. (M=W*, Mo™, V**) HPAs. Within this HPA family, it was also ob-
served that the NDR peak voltages @#W,,MO,, (M=W**, Mc*,

V*) arrays appeared at less negative values with increasing reduc-
gativities [Tanaka and Ozami, 1967]. Fig. 3 includes the reciprocation potential of the HPAs, and with decreasing electronegativity of
reduction temperatures of cation-exchanged HPAs taken from théhe substituted polyatom. In fact, the effect of polyatom substitu-
literature [Ai, 1982] and the Tanaka electronegativities of the countertion on the NDR peak voltage and reduction potential of HPAs is
cations, plotted with respect to the NDR peak voltages of cationsomewhat complicated. In the case gfPMo,,_V,0,, (Xx=0-3)
exchanged HPAs. The NDR peak voltages appeared at less negdPAs, NDR peak voltages of these HPAs did not vary monotoni-
tive values with increasing reduction potential of the HPAs and withcally with the number of vanadium ions substituted (note that vana-
increasing electronegativity of the counter-cation. HPA salts withdium is less electronegative than molybdenum). Instead, the NDR
more electronegative counter-cations were characterized by highgreak appeared at the least negative voltage when x=2. Nonethe-
reduction potentials and showed NDR at less negative applied voltess, NDR peak voltages were well correlated with reduction poten-
ages. The Tanaka electronegativity scale takes into account the eld@ls across the composition range above. In a series of polyatom-
tron-donating and -accepting ability of the atom. A possible expla-substituted EPMo, W,0,, (x=0-12) HPAs [Song et al., 1998],
nation for these results is that more electronegative cations facilitatbowever, it was observed that NDR peak voltages of these HPAs
electron transfer to the heteropolyanion in reducing environmentsshifted to less negative values and their reduction potentials increased
by providing a route for electron delocalization [Kim et al., 1991]. in a monotonic fashion with increasing Mo content. When consid-

Fig. 4 shows the relationship between NDR peak voltage of hetering that molybdenum is less electronegative than tungsten, the
eroatom-substituted MW ,,0,, (X=P**, Si**, B**, Cd") and HX- dependence of NDR peak voltage on the polyatom electronegativ-
Mo,,0,, (X=P*, St*) HPAs and Tanaka electronegativity of the ity observed for lPMo,,_W,0,, (x=0-12) HPAs shows the same
heteroatom, and between NDR voltage and reduction potential dfrend as that shown in Fig. 4.
the HPA samples. Reduction potentials pkW,,0,, (X=P", St", A molecular orbital study [Weber, 1994] fofiA,, .V, O, (M=
B¥*, Cd") and HXMo,,0,, (X=P", St"') HPAs were taken from  Mo®, W*; x=0-3) HPAs revealed that the energy gap between the
the literature [Alternau et al., 1975; Okuhara et al., 1996; SadakankelOMO (highest occupied molecular orbital) and the LUMO (low-
and Steckhan, 1998]. As the electronegativity of the heteroatonest unoccupied molecular orbital) was consistent with reduction
increased, NDR peak voltages observed for each HPA family appotentials of the HPAs; the more reducible HPAs showed the
peared at less negative values, and the reduction potential increasathaller energy gaps. It also showed that the HOMO for all HPAs
This result supports our conclusion that more reducible HPAs shoveonsists primarily of nonbonding p-orbitals on the oxygens of the
NDR behavior at less negative applied voltages in their tunnelingHPAs, while the LUMO consists of an antibonding combination
spectra. This conclusion appears to hold across different familie®f d-orbitals on the metal centers and p-orbitals on the neighboring
of heteroatom-substituted HPAs. The NDR peak voltage and rebridging oxygens. Thus, substitution of V ions into either the Mo
duction potential dependences on heteroatom electronegativity shoar W framework did not affect the energies of the HOMOs since
the same trends as for cation-exchanged HPAs (Fig. 3). A quanturtiney are almost entirely centered on the oxygens. However, the same
chemical molecular orbital study accompanied by experiments foisubstitution stabilized the LUMOs because these orbitals derive in
heteroatom-substituted ¥Mo,,0,, (X=As>, P*, G¢&"*, Si*) HPAs part from V d-orbitals which have been assumed to be more stable
[Eguchi et al., 1988] revealed that reduction potentials of the HPAghan those of Mo and W. This suggests that electrons added to the
increased in the following order;"SiGe*<P*<As™. Simple cal- V-substituted HPAs should be localized on the vanadium centers.
culation of the Tanaka electronegativity of the heteroatom in thes@ herefore, it is inferred that electrons added to the polyatom-sub-
HPAs yields the following sequence®il7.1)<Gé& (18.1)<As" stituted HPAs are localized on the less electronegative metal center.
(24.0rP"* (24.1). These trends are consistent with the results showiThe less electronegative polyatom in the HPAs is much more ef-
in Fig. 4. ficient in the role of electron localization.
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Fig. 5. (&) STM image of pyridine-exposed k$iW ,0,, array on 020 025 030 035 040 045 050 055
graphite, and (b) unit cell of pyridine-exposed ESIW,,0,, NDR Voltage Shift (volts)

array on graphite. ) ) )
Fig. 6. Correlation between acid strengths of KW ,,0,, (X=P*,

) ) i Si*, B¥, Ca™) HPAs and their NDR voltage changes after
4. Probing Acid Properties of HPAs pyridine exposure.

In the 3-dimensional structure of the pyridinium salt of [PW
0O,J%, it was reported that the pyridine molecules were paired around
H*, forming (GHsN)-H*-(NC;H,) cations [Hashimoto and Misono, =P, Si*, B¥, Cd") samples reported in the literature [Okuhara et
1994]. The interaction of pyridine with HPA monolayers was im- al., 1994]The acid strength of MW ,O,, (X=P**, Si*, B*, Cd")
aged by STM. Fig. 5 shows the STM image and unit cell of a H samples track the NDR peak voltage shifts upon pyridine expo-
SiW,,0,, array obtained after pyridine exposure. The STM imagesure. HPW,,0O,, has the highest acid strength among the samples
clearly shows the formation of self-assembled and well-ordered HPAexamined and exhibits the largest NDR peak shift upon pyridine
arrays on the graphite surface after pyridine exposure. As alreadgxposure. This suggests that the change in the electronic environ-
shown in Fig. 1(c) and Fig. 1(d), the periodicity and included anglement of the heteropolyanion upon proton transfer is greatest for the
of the unit cell observed for fresh$W,,0,, HPA were 11.2 A strongest proton donor. Thus, we conclude that NDR voltage shifts
and 87.5 respectively. Unlike the fresh HPA sample array, the pyr- of HPAs measured by STM can be used to track their acid pro-
idine-exposed k$iW,,0,, HPA sample formed a roughly hexago- perties.
nal array (included angle=66.&vith periodicity of 17.5 A. Com-
pared to that of fresh sample, the periodicity of the pyridine-exposed CONCLUSIONS
H,SIW,,0,, array increased by ~6 A, roughly the molecular size of
pyridine. This result demonstrates that pyridine molecules are bound STM studies of nanostructured HPA monolayers were success-
at the acid sites in the interstitial space between heteropolyaniontul in relating surface properties to bulk redox and acid properties
in the two-dimensional surface arrays, serving as spacer moleculesf HPAs. All Keggin samples formed well-ordered monolayer ar-
in a similar manner to the bonding in 3-dimensional solids. Thesaays, and exhibited negative difference resistance (NDR) behavior
results also indicate that two-dimensional HPA arrays were rearin their tunneling spectra. NDR peak voltages for both cation-ex-
ranged and expanded upon pyridine exposure. However, the pyrehanged and heteroatom-substituted HPAs appeared at less nega-
dinium ions, like other charge compensating cations in these arraytive values with increasing reduction potential of the HPAs and with
[Song et al., 1996], were not imaged directly. increases in the electronegativity of counter-cations or of the cen-

The interaction of pyridine with HPA monolayers was also probedtral heteroatom. NDR peak voltages of polyatom-substituted HPAs
by tunneling spectroscopy measurements. Tunneling spectroscolso appeared at less negative values with increasing reduction po-
showed that the average value of NDR peak voltages observed foential of the HPAs, but with decreasing electronegativity of the poly-
fresh HSIW,,O,, sample was1.19+0.08 V (Fig. 2), while that for  atom. All our results consistently support the conclusion that more
the pyridine-exposed 8iW,,0,, sample was foune0.85+0.07 V. reducible HPAs show NDR behavior at less negative applied volt-
Introduction of electron-rich pyridine molecules intghV, 0, ar- ages. Introduction of pyridinium cations into the HPA arrays in-
rays leads to an NDR voltage shift of 0.34 V, fretxil9 V t0—0.85 creased their periodicity and shifted their NDR peak voltages to
V. The shift of NDR peak voltages of HPA samples to less neg-ess negative values. The NDR shift of HPAs obtained before and
ative applied voltages after pyridine adsorption reflects the replaceafter pyridine adsorption was correlated with the acid strengths of
ment of protons with pyridinium ions. This effect on NDR posi- HPA samples. The NDR shift may serve as a diagnostic for the acid
tion is similar to that obtained by exchanging more electronegativeproperties of HPAs. Thus STM and tunneling spectroscopy permit
counter cations for protons. It can be inferred that the strong interene to determine the chemical properties of self-assembled HPA
action of base molecules with acid sites of HPA arrays may givemonolayers on the molecular scale.
rise to large NDR shifts. The magnitudes of the NDR peak shifts
of different HPAs measured before and after pyridine adsorption ACKNOWLEDGEMENTS
may serve as a fingerprint of their acid properties. Fig. 6 shows the
correlation between NDR voltage shifts for as-deposited versus pyr- The authors thank Prof. C. L. Hill at Emory University for provid-
idine-exposed HPA arrays, and the acid strength0M1.0,, (X ing several of the HPA samples. In K. Song acknowledges research
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