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The recent development of scanning tunneling microscopy (STM) and tunneling
spectroscopy (TS) has allowed the electronic and atomic structure of interfaces to
be probed with unprecedented spatial resolution. Although both STM and TS are
now commonly used in investigations of metal and semiconductor surfaces, these
techniques canalso be applied in chemical investigations of molecular species and
molecular films, frequently providing details of their orientation, density, and elec-
tronic properties. In this review, the instrumentation and’ fundamental principles
underlying STM and TS are presented and recent examples of STM/TS investi-
gations of molecular interfaces are described. Emphasis is placed on investiga-
tions of molecularly thin films of electroactive transition metal complexes, e.g.,
[(Ru(terpyridine)).(tetrapyridylpyrazine)}-(PF,), and protoporphyrin(IX)-Fe(II[)Cl,
deposited on metal and graphite electrodes. In addition, studies of quasi-crystalline
molecular films, silver halide films, and surface defects are also presented to dem-
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onstrate the broad range of chemical systems that can be explored by these tech-
niques.

Key Words: scanning tunneling microscopy, tunneling spectroscopy, electrochem-
istry, molecular films, chemical dynamics

INTRODUCTION

The control and understanding of interfacial reactivity at the atomic
and molecular levels would profoundly affect many areas of sci-
entific, technological and economic importance. Attainment of this
goal is largely dependent on our ability to establish correlations
between interfacial structure and reactivity.

The recent advent of Scanning Tunneling Microscopy (STM),
Atomic Force Microscopy (AFM), and related scanned-probe
techniques and the ability to visualize molecular structures with
atomic resolution has captured the imagination of the scientific
community and, at the same time, has revolutionized the field of
surface science and provided an extraordinary new impetus to
microscopy. Most STM work to date has been focused primarily
on topographical studies of metal and semiconductor surfaces. Since
the STM tip follows the contours of constant electron density at
a particular energy (which is largely determined by the difference
in Fermi energies between the tip and the substrate surface), var-
iation of the bias voltage allows tunneling through different mo-
lecular energy states.

There are a number of areas in interfacial science that stand to
benefit greatly from the application of STM and related techniques.
Of these, electrochemistry appears to be uniquely positioned due
to the fact that the electrode potential can be employed as a means
to control and/or alter the distribution of charge of atomic or
molecular species as well as to induce changes in the surface mor-
phology of a material. In addition, it has been shown that the STM
can operate in the presence of an electrolyte solution.! A number
of in-situ and ex-situ STM studies of electrochemical systems have
recently appeared. These include studies of electrode topography,
oxide and metal film growth and the deposition of adatoms on
single crystal surfaces.

In this brief account we will present a general overview of STM
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and how it can be employed in the study of systems of interest to
the inorganic chemistry community. A number of representative
examples will be used to demonstrate the broad range of materials
that can be characterized by this new technique.

SCANNING TUNNELING MICROSCOPY AND
TUNNELING SPECTROSCOPY

The heart of the STM is the tip, a metal wire that ideally terminates
in a single atom (Fig. 1). Using a sensitive stepping motor and
piezoelectric transducers, the STM tip can be positioned within a
nanometer of the sample surface. At this distance, the electron
orbitals of the sample and tip overlap slightly and a tunneling
current, of the order of nanoamperes (10~° amp), flows when a
small voltage bias is applied between the tip and the sample. The
tunneling current has an approximately exponential dependence
on the distance between the tip and the sample; variations of the
tunneling gap by ~1 A result in an order of magnitude change in
the tunneling current. This sensitive dependence of the current on
the tip-sample separation provides STM with its high resolving -
power; particularly in the direction normal to the surface.

To obtain an image of the sample, the tip is rastered across the

Translators
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z A~ o
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U Controller ]
Sample

FIGURE 1 Schematic representation of the scanning tunneling microscope.
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sample surface using a piezoelectric crystal, a material that expands
with applied voltage. As the tip moves across the sample surface,
topographical features on the surface cause fluctuations in the
tunneling current. These fluctuations can be used to construct STM
images in one of two ways. In the first mode, referred to as con-
stant-height imaging, the STM tip is kept at a constant height above
the sample and the tunneling current is plotted as a function of
position. However, due to the fact that the tip—sample separation
remains constant (once it is established at the beginning of a scan),.
this mode of operation is impractical for highly stepped surfaces,
since it frequently-results in the tip impacting the sample. In the
second mode, referred to as constant-current imaging, the tun-
neling current is held constant as the tip is rastered across the
surface. Thus, the tip follows contours of constant tunneling cur-
rent. Constant-current imaging is accomplished through the use of
an electronic feedback loop that senses changes in the tunneling
current and moves the tip closer to or further away from the surface
in order to maintain a constant tunneling current. An image can
then be generated by plotting the tip deflection as a function of
position.

Since STM is sensitive to the electron density contours of the
surface, images are strongly dependent on the structural arrange-
ment of atoms and molecules, as well as on several experimental
parameters, e.g., voltage bias and tip—sample distance, that can
be externally controlled. Unfortunately, theories describing their
effects on experimental observation are still very rudimentary.?
Because of similarities at the microscopic level, electron tunneling
processes that occur during STM imaging of electroactive mole-
cules have a conceptually similar basis as electron-transfer reactions
that take place in conventional electrochemical reactions.>* In the
electrochemical experiment, electron-transfer occurs between an
electrode surface and an electroactive molecule (within a layer of
solvent molecules and ions which create the electrical double layer
at the electrode—solution interface). In the STM experiment, elec-
tron-transfer takes place between a metal tip and the substrate
coated with a molecular adsorbate. In either experiment, the tun-
neling current, /, can be expressed as:

1= [ odEWAE. eVIT(E, ev)aE (1)
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where p,(E) is the combined density of states of the substrate plus
adsorbate, p(E, eV) is the density of states of the tip in the case
of a vacuum junction or the solution density of molecular states
next to the electrode in the case of an electrochemical interface,
and T(E, eV) is the transmission probability for electrons crossing
the tunneling barrier.’ Equation (1) was applied as early as 1931
by Gurney® in establishing a quantum-mechanical basis for the
observed non-linear electrochemical /-V characteristics. For the
case of tunneling across a vacuum junction, the density of states
of a metallic tip, p(E, eV), is usually taken to be nearly constant
over the full range of bias voltages used.”

The combined density of electronic states, p,(E), associated with
a molecular film plus substrate can be experimentally evaluated
by measuring the dependence of the tunneling current / on the
applied voltage, V, while the tip is stationary. Such an experiment
is referred to as tunneling spectroscopy (TS). As shown by Feenstra
and co-workers, p,(E) can be obtained by differentiation of Eq.
(1) to yield

p(E) ~ (dlidvy(I1v)~! )

where (di/dV)(I/V)~! represents the differential conductance (dl/
dV) of the tunnel junction normalized to the total or integral
conductance (//V). The right-hand side of Eq. (2) can be numer-
ically evaluated from experimental /-V data to the yield the p(E)
associated with the adsorbate-covered substrate. This method of
analyzing for p,( E') vields tunneling spectra (i.e., plots of (dl/dV)({/
V)~! vs. V) that are approximately independent of the tip-to-
substrate separation.

ELECTROACTIVE MOLECULAR FILMS

The structure and properties of electroactive molecular films is
often controlied by the chemical and physical properties of the
metal on which the film is deposited. In addition, metal surfaces
can be quite heterogeneous with features in the STM response that
can easily, and incorrectly, be assigned to adsorbed molecules.
Thus, interpretation of STM images of molecular adsorbates is
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generally accompanied by detailed studies of the substrate prior
to deposition of the molecule. The entire STM experiment usually
involves three experimental stages: (i) STM characterization of the
uncoated surface, prior to and after its immersion in the pure
solvent to be used for adsorption of the molecular species; (ii)
adsorption or electrodeposition of the molecular species; (iii) STM
characterization of the adsorbed film, either dried (in air or vac-
uum) or in-situ (with the sample immersed in the solvent). The
following example illustrates the importance of careful character-
ization of the uncoated substrate.

Substrate Induced Ordering of Molecular Adsorbates

A particularly interesting feature of the Au(111) surface is that it
has two stable structures at room temperature. The first is the 1
% 1 unreconstructed Au(111) surface, representing an almost ideal
termination of the bulk lattice. This surface is readily imaged by
STM in air or vacuum. Images of such a surface display the char-
acteristic hexagonal atomic arrangement {Au has an fcc structure)
of Au atoms expected for an ideal (111) surface. The second struc-
ture is the so-called \/3 x 22 reconstructed surface, which results
from the rearrangement of the Au atoms in the topmost atomic
layer. Generally, surface reconstructions occur to relieve stresses
in the surface layer. For Au(111), the surface stress is partly ai-
leviated by the insertion of one extra atom every 22 atoms in the
(110) direction.® The increased atom density of the surface layer
results in a slight “buckling” of the surface. Thus, STM images of
the reconstructed Au surface exhibit parallel pairs of corrugation

lines with a horizontal pair-to-pair separation of ~65 A and a

vertical corrugation amplitude of ~0.2 A (Figs. 2a and 2b).
Topographical features, such as the parallel pairs of corrugation
lines, are thought to be accompanied by changes in the surface
electron density profile.” Therefore, molecular adsorbates may be
expected to decorate the surface in a way which reflects these local
variations in the surface electron density. This is indeed observed
in the STM images shown in Figs. 2c and 2d. Upon exposure of
areconstructed (1/3 x 22) Au(111) surface to a millimolar solution

- of [{Ru(bpy),(bpy-(CH,),-bpy)** (x = 4,5) in dimethylformam-

ide, the adsorbed molecules assemble on the surface with a long
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FIGURE 2 (a} STM image of an anncaled Au(111) surface showing parallel line
pairs of the \/3 X 22 recoastruction. (b) STM image (~3 X 3 nm) showing the
atomic arrangement within the reconstructed phase. STM images (150 x 150 nm)
of adsorbed films of {(Ru(bpy),(bpy-(CH.,),-bpy)]*>* on the (c) V3 x 22 recon-
structed and (d) unreconstructed Au surfaces. The adsorbed films on the recon-
structed surface display highly ordered patterns that are commensurate with the
measured corrugation pattern of the substrate.

range order, reflecting the underlying reconstructed surface. Con-
versely, adsorption of [(Ru(bpy),(bpy-(CH,),-bpy)]** on the un-
reconstructed (1 x 1) surface results in a completely random ad-
sorption pattern.?

Transitions between the unreconstructed and reconstructed sur-
face phases can occur but require the input of an activation energy
by thermal or electronic means. Reversible surface phase transi-
tions between the reconstructed and the unreconstructed phases
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can be observed upon changing the sign of the excess surface charge
in the electrochemical experiment.!! It is interesting to note that
the magnitude of the electric field at a conventional electrochem-

- ical interface (10°-107 V/cm) is similar to that between the tip and

sample in an STM. In the latter experiment, the tip-to-sample
distance is of the order of 5 A and the tip-to-sample potential
difference is 0.05 to 0.5 V. Consequently, it is possible to facilitate
reversible phase transitions of the bare Au(111) surface by con-
trolled variations of the tip—sample voltage bias. This is indeed
observed in STM experiments.!? Scanning with negative sample
biases (V, < —0.5 V) induces the (1 X 1) > (V3 X 22) recon-
struction, whereas the reverse transition (V3 X 22) > (1 x 1) is
observed at positive bias voltages (V,, > +1 V). Interestingly, this
mechanism can be used to study order—disorder transitions in ad-
sorbate layers of [(Ru(bpy),(bpy-(CH,),-bpy)* on Au(111). Upon
scanning at a sample bias of —1.5 V, the initially disordered ad-
sorbate layer of [(Ru(bpy),(bpy-(CH,),-bpy)}** on the initially
unreconstructed surface is transformed into the more ordered ad-
sorbate layer. This result is easily understood. Scanning with a
high negative sample bias reconstructs the initially unreconstructed
substrate surface, which in turn forces the molecular adsorbate
layer to reassemble in a long-range ordered pattern.

Polymerization Mechanisms

Electroreduction of {Re(CQO);(4-vinyl,4'-methyl-2,2’-bipyridine)-
Cl] (abbreviated hereinafter as [Re(CO);(vbpy)Cl]) at highly or-
dered pyrolytic graphite (HOPG) electrodes in acetonitrile yields
a stable, electrochemically active polymer film that is capable of
electrocatalytic and photoelectrocatalytic reduction of CO, to CO
on metallic and semiconductor electrodes. The structure and chem-
ical composition of thin films resulting from reductive polymeri-
zation of [Re(CO);(vbpy)Cl] at metal electrodes depends on the
experimental conditions at which reduction is performed. We have
used STM to directly observe the polymer and potential-dependent
variations in structure and morphology.’?

Voltammetric studies indicate that the initial 1 — e~ reduction
of [Re(CO)5(vbpy)Cl] at —1.45 V vs. SSCE (sodium saturated
calomel reference electrode) yields the corresponding radical anion
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(largely ligand localized) that polymerizes by chain propagation
via linear vinyl-vinyl coupling of the vbpy ligand, i.e., [Re-
(CO);(vbpy)Cl] + e~ — [Re(CO);(vbpy)Cl] ~. Repeated cycling
of the electrode potential to —1.45 V results in deposition of an
electroactive film. In addition to polymerization, slow loss of Cl~
from the electrogenerated radical anion accompanied by Re—Re
bond formation has been demonstrated, i.e., 2 [Re(CO),(vbpy)Cl]~
— [(CO);(vbpy)Re—Re(CO)s(vbpy)] + 2 Cl~. It should also be
mentioned that at potentials negative of —1.9 V the di-anion is
generated. This species will rapidly lose chloride and dimerize.
Depending on the potential range scanned and the scan rate em-
ployed in the electrodeposition, polymer films can be formed that
are either predominantly polymerized monomer (bright yellow films)
or mixtures of the monomer and dimer (greenish-yellow films).

Figure 3b shows an STM image of an HOPG electrode cycled
between 0.05 V and —2.0 V in a solution containing [Re(CO);-
(vbpy)Cl]. The image exhibits molecules uniformly distributed over
large regions of the surface. The discrete species were comprised
of spheres ~16 A in diameter; the predominant molecular form
was a pair of spheres, separated by a distance of 6-7 A, in a
dumbbell shape. Based on geometric considerations, this entity
was assigned as a tetrameric species, i.e., each lobe of the dumbbell
was composed of two Re(CQO);(vbpy) units joined through a Re—
Re metal bond and the two lobes were joined via vinyl-vinyl
coupling.

Polymerization from vinyl-vinyl coupling of the radical anion
results when the electrode potential is cycled between 0 and —1.45
V. Figure 3c shows spherical-shaped (200-300 A diameter) pol-
ymeric deposits along several step sites on the surface. No deposits
were observed on the substrate in regions removed from the steps,
indicating that steps on the HOPG surface provide a significantly
larger number of sites conducive to polymer nucleation. STM im-
ages of the spheres taken at higher magnification show they appear
to be composed of fibrils ~8-10 A in diameter.

Based on the above STM images and voltammetric results, a
mechanism for polymerization vs. dimerization may be rational-
ized. Cycling the electrode potential between 0.0 and —1.45 V
generates only the anion radical which will slowly lose chloride
and dimerize. However, since the electron resides primarily in a
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1.3 nm

(b)

—
500 nm

FIGURE 3 (a) STM image of a bare HOPG electrode. (b) STM image of a HOPG
electrode after potential cycling between 0.0 and —2.0 V vs, SSCE in acetonitrile
containing 2 mM [Re(CO),(vbpy)Cl] and 0.1 M TBAP. The 1900 x 1900 A image
shows uniform deposition of adsorbed molecules. () 17000 x 17000 A STM image
of polymer spheres nucleated along step sitcs on the HOPG surface.
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ligand based orbital which is responsible for polymerization, and
since chloride loss is slow, we are, in effect, favoring the rate of
polymerization vs. that of dimerization. On the other hand, when
the potential is scanned out to —2.0 V, the generated di-anion can
rapidly lose chloride and dimerize. Such dimeric species, however,
are expected to have more severe steric constraints for polymer-
ization compared to the monomeric species. Thus, in this potential
regime we, in effect, accelerate the dimerization pathway over
polymer formation.

Adsorption of [(Ru(terpy)),(TPPZ)]*?

Because of its two terdentate binding sites, the ligand tetrapyridyl
pyrazine (TPPZ) represents an excellent candidate for the prep-
aration of homo and hetero multimetallic transition metal com-
plexes with the potential for metal—metal interactions, and we have
recently reported on the synthesis and characterization of a number
of Ru and Os complexes of this ligand.'* The large aromatic frame-
work of TPPZ would be expected to enhance adsorption onto
graphite as well as other surfaces, thus minimizing surface mobility.
In addition, and as we have previously shown, complexes of TPPZ
can undergo electroprecipitation as well as electropolymerization
via the use of appropriately substituted ancillary ligands such as
vinyl-terpyridine. In addition, the symmetry of the metal com-
plexes could also favor dense packing, giving rise to ordered struc-
tures which provide for stability in STM imaging.

We have carried out a preliminary STM study of [(terpy)-
Ru(TPPZ)Ru(terpy)](PF,), (see Fig. 4 for structure) adsorbed onto
HOPG. STM images of films of the complex in the sub-monolayer
range show a high degree of organization (see Fig. 4). Molecular
films are comprised of oblong-shaped structures whose dimensions
were consistent with the anticipated geometric dimensions of the
molecule (~26 A x 13 A). The molecules appear to be in a pseudo-
rectangular packing arrangement with an inter-molecular spacing
of 15 A, consistent with the model of a closed-packed molecular
film.

A more detailed investigation of these films, however, was ham-
pered by degradation of the molecular packing order with scanning
possibly due to the electric field surrounding the STM tip. Such
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FIGURE 4 Top: Structure of [(Ru(terpy),TPPZ)](PF,),. Bottom: STM image of
the basal plane of a HOPG electrode after cycling the potential between 0.0 and
— 1.8 V vs. SCE in acetonitrile containing ~1 mM [(Ru(terpy)).(TPPZ)}(PF,), and
0.1 M TBAP. 70 x 70 A image showing oblong-shaped molecules in a pseudo-
rectangular packing arrangement.
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degradation of structure with scanning is not unexpected since in
this case the molecules are bound to the graphite surface only via
van der Waals interactions. However, as mentioned above, we
have also prepared the vinyl-terpyridine derivative which is elec-
tropolymerizable so that such degradation of structure with scan-
ning could, in principle, be minimized or eliminated. We are cur-
rently characterizing these electropolymerized films by STM, AFM
and TS.

Electrochemical Polymerization of [Ru(bpy),(vpy),] 2

The complex [Ru(bpy).(vpy).J(PF,),, which contains two vpy (vi-
nyl pyridine) ligands can be electropolymerized'* to give both straight
chain and branched polymers.'® Figure 5 shows an STM image of
the surface of an HOPG electrode after electropolymerization of
[Ru(bpy).(vpy).J(PF,), to a surface coverage of several equivalent
monolayers. From the image, it can be seen that the electrode
surface is covered with small spherical structures of the order of
~10 A in diameter. Figure 5 also shows regions of the clectrode
surface where polymeric strands have deposited. The chain lengths
vary from ~22 A to ~55 A. The dimensions of the strands suggest
that they are a polymeric form of the complex, i.e., the polymer
is one monomer unit in width and up to 5 monomer units in length.
In addition to straight polymer chains, branching polymer chains
are also evident. Analysis of the STM image shows that ~20% of

. the complexes imaged are in the polymerized form so that they

appear as two or more spheres joined together. This small per-
centage of polymerized molecules may be due to the steric con-
straints imposed on the molecule by the presence of the two bi-
pyridine ligands in addition to the two vinyl pyridine ligands.

As was the case for [(Ru(terpy)),TPPZ](PF,),. repeated STM
imaging over regions where the complex had deposited resulted
in their being swept to the sides (fringes) of the image. Even in
the case where a polymer chain had deposited, it appears that the
interaction of the chain with the basal plane of graphite is weak,
giving rise to a high surface mobility. In addition, fields from the
tip may also be responsible, at least in part, for the relatively high
surface mobility of the polymer chain on the HOPG surface. The
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5 nm

FIGURE 5 STM images of the basal plane of a HOPG electrode after cycling the
potential between 0.0 and —1.75 V vs. SCE in acetonitrile containing ~1 mM
[Ru(bpy)s(vpy).](PF,). and 0.1 M TBAP. (a) 420 x 420 A image showing the
deposited complexes are composed of monomers and straight chain and branched
chain polymers. (b) Tilted view showing the apparent film topography.
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effects of forces between the tip and substrate are discussed in the
final section of this article.

Electron-Transfer Studies of PP(IX)Fe(III)Cl Using STM

The adsorption and subsequent electrochemical behavior of PP(1X)-
Fe(IIT)Cl on HOPG and glassy carbon electrodes has been inves-
tigated extensively. In aqueous solutions, PP(IX)Fe(III)Cl is known
to form aggregates!'”-!® as large as ~4,000,000 MW,' although
typical values are in the range of ~30,000 MW.? The aggregates
are thought to involve both p-oxo bridged dimers®! as well as larger
oligomers where the complexes are associated through the vinyl
groups,? and/or hydrogen bonded.

The 0.25 um? STM image in Fig. 6 shows an adsorbed PP(IX)Fe-
(IINCI film over large areas of the electrode surface. Two mor-
phologically distinct regions of the film are apparent in Fig. 6. In
the top half of the image, ~50 A diameter, irregularly shaped
aggregates of PP(IX)Fe(III)Cl are observed to be randomly dis-
tributed across the surface. In the lower half of the image, the film
is comprised of molecular aggregates of similar size but which
appear to be interconnected to form linear strands approximately

FIGURE 6 STM image (500 x 500 nm) of a PP(IX)Fe(III)Cl film on an HOPG
electrode.
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50 A wide and of various lengths. In addition, the linear strands
in the lower region are preferentially oriented (~45° with respect
to the scan direction) suggesting either long range interaggregate
ordering or a tip-induced ordering of aggregates. The lower region
of the image is also displaced vertically by 20-30 A relative to the
upper region of the film, a finding that we attribute to the growth
of a second layer of PP(IX)Fe(III)Cl aggregates over an underlying
film or to an undetected crystallographic step on the underlying
HOPG substrate.

Figure 7a shows a tunneling spectroscopy curve that was ob-
tained on the adsorbed PP(IX)Fe(III)Cl film over the area where
the smaller aggregates had deposited (top of Fig. 6). It is evident
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FIGURE 7 (a) I-V curve for a HOPG/PP(IX)Fe(III)Cl clectrode. (b) p,( £) plot
(dl/dV') vs. (V) of the HOPG/PP(IX)Fe(II)CI electrode from the data in (a) are
shown as circles (0). The theoretical curve for p,(E) (solid line) is calculated from
Eq. (5) in the text.
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that the I-V curve is symmetric about 0.0 V. In addition, the
tunneling current reaches a quasi-limiting value at biases larger
than + 1.0 V. The density of states, p,(F), calculated from these
data are shown as open dots in Fig. 7b. Two quasi-bell-shaped
peaks centered at *(.5 eV are apparent in the TS data, repre-
senting the density of electronic states associated with electron
tunneling processes of the HOPG/PP(IX)Fe(III)Cl structure at
positive and negative biases. In contrast to the results obtained on-
the PP(IX)Fe(II)Cl film, p,(E) for the bare HOPG shows the
density of states is described by an essentially broad continuum,
in agreement with previous literature reports.

We propose that the general shape of the p(E) plot measured
for adsorbed PP(IX)Fe(III)Cl adsorbed on HOPG can be ac-
counted for by assuming that the overall electron transfer mech-
anism between the STM tip and the underlying HOPG substrate
occurs via a charge transfer mechanism mediated by adsorbed
PP(IX)Fe(III)Cl. Our analysis explicitly assumes that redox re-
actions of the PP(IX)Fe(III)Cl film mediate the flux of electrons
between the STM tip and substrate.

PP(IX)Fe(II))CI + ej, = PP(IX)Fe(I1)Cl 3)

PP(IX)Fe(I1)Cl = PP(IX)Fe(III)Cl + e50pG 4)

The subscripts “tip” and “HOPG" indicate the location of the
transferring electron. Equations 3 and 4 are assumed to be re-
versible, allowing tunneling currents of equal magnitude to be
observed at both positive and negative biases as is experimentally
observed. The underlying assumption in proposing a redox mech-
anism (Egs. (3) and (4)) is that the adsorbed PP(IX)Fe(IIT)Cl
introduces a localized electronic state that is weakly coupled to
the substrate and tip.

Assuming that electron-tunneling in the STM experiment occurs
as a result of the two tunneling processes indicated in Egs. (3) and
(4), the experimentally obtained surface density of states, p,(eV)
(see Egs. (1) and (2)) can be compared with theoretical predictions
of the classical Marcus model which describes the polarization-

dependent density of states associated with a redox couple in terms
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of the reorganizational energy, A, and the standard potential of
the redox couple, V. In the simplest form of this theory, the
density of states is given by

p(E) = Oexp[— (A = e(V — V°)))/(AKT)] (5)

where © is a constant proportional to the number of electroactive
species within electron-transfer distance of the electrode. The dis-
tribution function given by Eq. (5) predicts that the densities of
electronic states associated with the reduced and oxidized halves
of an electrochemically active molecule are described by symmetric
gaussians displaced from V° by =M\/e. The magnitude of X reflects
the energy associated with reorganization of the solvent upon change
of the oxidation state of the molecule and with molecular structural
changes accompanying electron transfer, and has been the focus
of numerous recent studies concerned with the dynamics of ho-
mogeneous and heterogeneous electron-transfer reactions. Mori-
saki and co-workers have directly evaluated p(eV) for several
inorganic and organic molecules through tunneling spectroscopic
measurements using macroscopic electrodes and have found their
results to be in good agreement with Eq. (5).%

Theoretical values of p,(E) calculated from Eq. (5) using A =
0.5 eV and V° = 0.0 eV are shown as the solid line in Fig. 7b.
Comparison of the experimental and theoretical values shows that
the data are in reasonable agreement with theory although a true
gaussian distribution is not observed. The widths of the py(eV)
curves are ~2\ in agreement with theoretical expectations.

The shape of the SDOS plots suggests that the PP(IX)Fe(IIT)ClI
molecules that comprise the electroactive film are solvated to the
extent that the molecules can be reduced or oxidized. The absence
of a bulk solvent in the experiment, however, prevents any further
analysis of the significance of A. The value of A = +0.5 eV, which
fits the experimental data in Fig. 7b, is well within the range of
values (0.3 to 1.5 eV) measured for both inorganic and organic
redox systems. Although it is unlikely that a continuous film of
H,O is present on the surface after air-drying the electrodes, we
speculate that the individual molecules and residual electrolyte ions
(Na* and B,07 ) that comprise the film may retain their solvation
shells in the absence of rigorous drying.
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It is possible to convert the tunneling current measured in the
STM or TS experiments to an absolute electron-transfer rate con-
stant, assuming that the dimensions and shape of the tunnel junc-
tion are known. Calculated values of k,, (10°-5 x 10' s~} ob-
tained in the tunneling measurements for PP(IX)Fe(II)CI films
are of the same order of magnitude as recently reported values of
the . first-order rate constants for exothermic electron-transfer re-
actions between dissimilar electroactive molecules separated by a
saturated hydrocarbon spacer.?2¢ Although obvious physical and
chemical differences exist between the mechanisms of electron
transfer involved in the STM experiment and in the purely chemical
systems, the conceptual similarity between these reactions and the
order-of-magnitude agreement in the observed rates suggests that
STM can be employed to investigate the dynamics of extremely
fast electron transfer reactions.

CRYSTALLINE FILMS

Halogen Adlayer Structure on Ag Surfaces

The structure of halogen adlayers on Ag surfaces is of fundamental
interest in electrochemistry and photography. We have recently
developed a method of preparing atomically smooth adlayers of
F, Cl, Br, and I (and mixtures of different halogen atoms) on
Ag(111) surfaces, allowing real-space atomically resolved struc-
tures of these adsorbed layers to be obtained using STM.?” The
structures we have obtained are consistent with previous LEED
and SEXAFS data; however, new atomic level features in the
adlayer structure are readily discernible in the real-space STM
images.

STM images of the halogen-coated Ag surfaces show atomically
flat terraces of widths up to 100 mm and separated from neigh-
boring terraces by monoatomic steps of 3.0 A average height.
Figure 8 shows high-resolution STM images of all of the halogen
adlayers. In each case, the coverage of halogen atoms corre-
sponded to ~1 monolayer, as detérmined by Auger spectroscopy.

An interesting and systematic progression is observed in the
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—
0.65 nm

FIGURE 8 Atomically resolved images of halogen adlayers on Ag(111).

adlayer structure of the halogen adlayers (Fig. 8). The F adlayer
is characterized by a complex double-row structure, which is read-
ily apparent in the STM image. The interatomic dimensions are
2.8, 3.0, and 4.2 = 0.2 A. The Cl adlayer is qualitatively similar
to F, with interatomic dimensions of 4.1, 3.3, and 3.8 = 0.2 A.
For Br adlayers, the double row structure is noticeably less pro-
nounced (interatomic spacings of 5.3, 5.1, and 4.4 = (.2 A). For
I, the double row structure is entirely absent, and the monolayer
closely resembles the well-known /3 x \/3/R30 adlayer structure
(interatomic spacings of 4.9 and 4.6 = 0.2 A).

The above images suggest that the relative degree of symmetry
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within the halogen adlayer increases with decreasing adatom elec-
tronegativity and increasing atom size. The atomic row arrange-
ments of the F and Cl atoms likely reflect asymmetric lateral cou-
lombic forces between localized charges. For 1, the relative degree
of charge delocalization is lower, and, hence, the degree of po-
larization is lower.

Because of the coupling between topographical and electronic
effects, it is often difficult to correlate the grey-scale contrast ob-
served in STM images with the absolute size of molecules and
atoms. However, the STM images of the series of halogen atoms
show that the trend in atomic dimensions is consistent with that
expected based on tabulated crystallographic data for alkali hal-
ides, i.e., the apparent size of I adatoms is roughly twice that of
F adatoms, with Cl and Br having intermediate values. The ap-
parent sizes of the adatoms vary significantly from experiment to
experiment, most likely due to differences in the shape of the STM
tip. Nonetheless, the trend is encouraging and suggests that quan-
titative analyses of molecular structures are possible by STM. A
detailed study of the interatomic distances, measured by STM,
demonstrates that the halogen adatoms are ionic.?®

It is also possible to image adlayers comprised of mixtures of
two different types of halogen atoms.2® For instance, Fig. 9 shows
a mixed layer of I and F atoms on the Ag(111) surface. The struc-
ture of the mixed layer is significantly different from that of films
comprised of only F or 1. In addition to the normal periodicity at
the atomic level, the mixed layers show a longer range periodicity.
Figure 9a shows a quasi-hexagonal long range order in the F/I
atom layer that we have interpreted to arise from a lattice mismatch
between the Ag and halogen layer. It is interesting to note that
the mixed layers also display a larger number of point defects (Fig.
9b) that represent missing atoms in the film. We speculate that
this defect results from stresses in the film that occur either as the

- result of the lattice mismatch or frprn coulombic forces between

ionic adatoms.

Results from tunneling spectroscopic experiments of the halo-
gen-coated Ag surfaces are also particularly interesting.?® Sharp
maxima are observed in the I-V spectra that have been assigned
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FIGURE ¢ (Top) Images of mixed monolayer of I and F on Ag(111); (botrom)
atomic vacancies in the mixed monolayer.

to resonance tunneling through the occupied p- and virtual bound
states of individual halogen atoms. Diode-like clectrical behavior
is observed for these single atom tunnel junctions, illustrating the
use of STM to study the electrical properties of interfaces at the
atomic level.
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INTERACTIONS OF THE STM TIP WITH THE SAMPLE

In STM experiments, the tip must interact with the sample in order
to generate an image. If the interaction is large, it is possible that
the sample surface will be altered. As noted in some of the previous
examples, we frequently observe in studies of molecular films that
the STM tip will sweep molecules out of the region being inves-
tigated. The final example, although not concerned with molecular
films, is included to illustrate tip—sample interactions.

Highly oriented pyrolytic graphite (HOPG) has been used ex-
tensively as a substrate in STM investigations because it is readily
cleaved to yield atomically flat stable surfaces. HOPG samples are
comprised mainly of sheets of hexagonal graphite. However, based
on transmission electron microscopy, Lipson and Stokes* reported
in 1942 that natural graphite samples are comprised of 5-15%
rhombohedral graphite, intermixed with the more abundant hex-
agonal graphite. The percentage of rhombohedral graphite in syn-
thetic HOPG, commonly used in STM studies, depends on the
annealing and quenching procedures used in the specimen prep-
aration, and is typically of the order of a few percent.3'*2 Rhom-
bohedral graphite differs from hexagonal graphite in the stacking
of atomic planes parallel to the c-axis. Rhombohedral graphite has
an abcabc stacking sequence while hexagonal graphite has an abab
stacking sequence. The rhombohedral phase is contained within
stacking faults in pyrolytic graphite. The stacking faults are gen-
erally observed in TEM as networks of partial dislocations that
separate regions of faulted (rhombohedral) and unfaulted (hex-
agonal) graphite. By displacement of one or more atomic plane(s)
normal to the c-axis, the transition between the rhombohedral and
hexagonal phases within the network may be represented as ababa
22 abcabc. An in-plane transition between the two phases requires
distortion of the atomic arrangement rather than actual bond
breakage. ‘

Figure 10a shows an STM image of a triangular-shaped network
of partial dislocations on an HOPG surface.** Based on the struc-
tural assignments from previous TEM and electron diffraction
analyses,** and the geometrical similarity of the network array
in both STM and TEM images, the lighter triangles in the STM
images are assigned the rhombohedral crystal structure and the
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FIGURE 10 STM image of a 400 nm x 400 nm area of (fop) triangular and (bottom)
star-shaped arrays on the (0001) plane of HOPG. The array consists of alternating
faulted (rhombohedral graphite, light triangular regions), and unfaulted (hexag-
onal, dark triangles).

darker triangles the hexagonal crystal structure. On average, the
bases and heights of the triangles were 75 and 110 nm, respectively.
The triangular network for this HOPG sample encompassed a total
area estimated to be in excess of 4 pm?.

A reversible transformation of the triangular-shaped network to
a star-shaped network was observed while varying the STM bias
voltage between 0.24 and 0.1 V, with the tunneling current main-
tained at 2.4 nA. Figure 10b shows a 500 mm x 500 nm stable
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image of the dislocation network several minutes after the bias
had been decreased from 0.24 V to 0.1 V. The network now ap-
pears to consist of alternating small and large triangles oriented at
180° from one another in the form of a distorted star. The sum of
the lengths of the bases of small and large triangles (31 and 45 nm,
respectively) is equivalent to the léngth of the base of an individual
triangle (75 nm) in the network in Fig. 10a. A similar equivalence
exists between the heights of the triangles.

The mechanism for the transition between network geometries
undoubtedly involves the movement of dislocations within the net-
work. The transition can be viewed as resulting from the concerted
motion of parallel dislocations along one of the three equivalent
(1010) directions. Indeed, STM images verified that motion of only
one set of parallel partial dislocations occurred during the transi-
tion.>® Not coincidentally, motion occurred only for dislocations,
oriented nearly at right angles to the direction in which the tip was
scanning (consistent with the notion that motion results from tip-
induced shear stress). The reversibility of the transition also sug-
gests that one of the two metastable states (triangles vs. stars)
results from a cancellation of shear forces and restoring forces that
result from a local distortion of the network.

The shear force necessary to induce the reversible transition
between the star and triangular-shaped dislocation arrays results
from the STM tip scanning over the HOPG surface. The magnitude
of this force can be determined from a detailed analysis of the
relative energies of the dislocation arrays and is estimated to be 5
MPa.* Forces of this magnitude are expected to easily disrupt the
structure of molecular films, and therefore must be considered in
the analysis of STM images.
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