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Monolayer and submonolayer coverages of naphthalene, azulene and methylazulene adsorbed onto Pt(111) have been imaged
with molecular resolution. Comparisons of the adsorbate images of azulene with those obtained from its isomer, naphthalene,
reveal that binding for the two closely related species is quite different. Naphthalene occupies an adsorption site on the Pt(111)
surface with three equivalent orientational minima, while azulene exhibits no clear orientation with the metal substrate lattice. At
less than saturation coverage, naphthalene undergoes discrete rotation among the three allowed orientations and translation
between adjacent binding sites on a time scale of minutes, but azulene diffusion rates at room temperature are approximately two
orders of magnitude faster. Substitution of a single methyl group onto azulene slows the molecular diffusion to an intermediate rate
and enables imaging of the distinct adsorbate asymmetry for two methylazulene isomers. Coadsorbing naphthalene with azulene or
methylazulene allows direct comparison of localization characteristics as well as internal structure and orientation.

1. Introduction

Scanning tunneling microscopy (STM) is
emerging as an invaluable tool for obtaining real
space images of metal and semiconductor sur-
faces and adsorbate systems. Although many STM
investigations of molecular adsorbates in air have
been reported, STM imaging in air severely re-
stricts the choice of substrate and does not pro-
vide the standards of characterization and control
typical of ultrahigh vacuum (UHV) surface sci-
ence preparation and analysis techniques. STM
studies of molecular systems in UHV to date
have been limited to only a few systems, including
benzene and carbon monoxide coadsorbed on
Rh(111) [1-3], copper phthalocyanine adsorbed
onto Cu(111) [4], and naphthalene on Pt(111)
[5-7]. These systems produced ultrahigh resolu-
tion images of molecular adsorbates as well as
varying degrees of detail about adsorption sites,
orientation and packing.

These studies demonstrate the power of STM
for exploring molecular adsorbate systems, and
illustrate the new level of understanding of
molecular adsorption to be gained with real space

imaging. But much of the ultimate utility of STM
for observing molecular adsorbates lies in its po-
tential to analyze structure in complex, unknown
systems or to monitor surface reactions on a
molecular scale. For these applications, real-space
imaging with submolecular resolution will be re-
quired not only to recognize individual molecules
of a single species, but to discern subtle differ-
ences in adsorbate structure, binding and orienta-
tion. To this end, the work presented herein
describes an initial study of the capabilities of the
STM to distinguish among a series of closely
related molecular adsorbates. The selected
molecular series includes the previously studied
adsorbate naphthalene [5-7] along with its isomer
azulene and several novel substituted azulenes,
with the various molecules imaged both as pure
and coadsorbed overlayers on Pt(111).

2. Experimental
All measurements were performed in a multi-

chamber, ultrahigh vacuum system with base
pressure < 1070 Torr. The Pt(111) sample was
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cleaned by pretreatment in 10~ Torr oxygen at
650°C to remove bulk carbon. Routine cleaning
entailed repeated cycles of 500 V Ar™* sputtering
and annealing between 800 and 900°C. Residual
carbon contamination was typically below Auger
electron spectroscopy detection levels, although
surface carbon concentrations as measured by
STM were quite variable and locally could ap-
proach 4%. Azulene and naphthalene from
Aldrich and methylazulene (60% 1-methyl-
azulene and 30% 2-methylazulene) from Sigma
were used as received, after degassing by alter-
nately freezing and melting under vacuum. Expo-
sures of the Pt(111) surface to the molecules were
made by backfilling the preparation chamber to
5% 10~? Torr from a gas manifold maintained at
75°C for naphthalene and azulene, and at 50°C
for methylazulene. Ordered monolayers were
prepared by exposure with the Pt(111) sample at
elevated temperature (100 to 200°C). This tem-
perature measurement was of limited accuracy
because the sample is movable throughout the
vacuum system. However, the known decomposi-
tion of both azulene and naphthalene near 200°C
provided an upper bound for the substrate tem-
perature, while the temperature minimum was
judged by the successful acquisition of the or-
dered (6 X 3) LEED pattern for naphthalene on
Pt(111). Mixed monolayers were prepared by ei-
ther sequential dosing or by dosing from a mix-
ture of the bulk materials.

The UHV STM used in these studies has been
described previously [8]. The archetypical tripod
scanner design limits the imaging speed; the scan
rates used during collection of the images pre-
sented here were typically 0.4 lines per second.
Image processing has been limited to low pass
filtering in cases where noise was not attributed
to molecular motion, and in a few cases thermal
drift corrections have been made.

3. Results and discussion

Azulene and its isomer naphthalene represent
an ideal case study to assess the ability of the
STM to differentiate between structurally similar
molecules. Naphthalene and azulene are both

Naphthalene Azulene

1-Methylazulene 2-Methylazulene

Fig. 1. Space-filling models of the four molecules studied in
this work.

planar, double aromatic ring systems with the
chemical formula C,,H, (see fig. 1 for structures).
Naphthalene, with two fused six-carbon rings, is
approximately 30 kcal /mol more stable than the
strained five-carbon and seven-carbon ring struc-
ture of azulene. Molecular desorption of either
azulene or naphthalene from the Pt(111) surface
is precluded by molecular decomposition near
200°C, as marked by hydrogen evolution and
residual surface carbon [9]. Both molecules form
ordered monolayer structures on Pt(111) which
have been previously studied in detail, particu-
larly by LEED [9-12], affording the opportunity
to compare STM images with proposed organiza-
tional models. Although azulene possesses a sig-
nificant dipole moment for a pure hydrocarbon
molecule, ~ 0.8 D [13], adsorption with the ring
system parallel to the surface plane leads to large
intermolecular spacings c(three times the platinum
lattice spacing of 2.77 A), so that dipole-dipole
interactions are expected to play little role in its
two-dimensional organization. No reports of
spectroscopic studies or work function change
measurements to assess the effects of adsorption
on azulene have been reported in the literature.
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Fig. 2. (a) Typical image of ordered naphthalene on Pt(111).

Image size ~90 Ax230 /D\; tip bias —0.16 V; tunneling

current 0.3 nA. (b) A small excerpt from a high resolution
image of naphthalene. ~ 12 Ax25 A; —0.04 V; 1 nA.

Although adsorption of substituted azulenes on
Pt(111), to our knowledge, has not been previ-
ously studied, several methyl-substituted species
have been included in these STM investigations.
Comparison of naphthalene and azulene STM
images with those of two monomethylazulene iso-
mers yields significant insight into the effects of
substitutients on the STM images as well as ori-
entation and surface mobility.

3.1. Pure naphthalene adsorption

Extensive results for real space imaging of
naphthalene on Pt(111) have appeared elsewhere
[5~7]. Although some review is necessary to facili-
tate comparisons with the new azulene and meth-
ylazulene data, these results will be only briefly
summarized here, in order to present new discus-
sions of naphthalene packing and high resolution
imaging.

Typically, naphthalene molecules appear as
elongated bi-lobed features, such as those shown
in fig. 2a, with three easily identified equivalent
orientations separated by rotations through 120°.
The observed molecular spacing is consistent with
(3 x 3) spacing of the molecular centers, and de-
tailed mappings onto such a lattice allow assign-

ment of the absolute molecular orientation with
the long axis paraliel to the close-packed direc-
tions of the (111) surface. The dual requirements
of long axis alignment with the [110] directions
and three-fold symmetry of the adsorption site
determine the lowest possible symmetry adsorp-
tion site to be the on-top position.

The image of fig. 2a is typical of the ordered
preparation of naphthalene on Pt(111) exhibiting
a distinct (6 X 3) LEED pattern, made in this
study by exposure of a warm (between 100 and
200°C) substrate to naphthalene vapor. Previous
LEED investigations [10-13] of this system have
proposed that this adsorbate organization arises
from a “herringbone” unit cell, where alternating
rows of molecules have different orientation. The
STM images clearly reveal the absence of any
such herringbone organization, although a signifi-
cant degree of order is discernable. A herring-
bone array would necessarily restrict the compo-
nent molecules to only two of the three observed
orientations, with three equivalent domains
needed to account for all three allowed orienta-
tions. This type of structure is entropically unfa-
vorable, and its absence in the STM images indi-
cates that orientational entropy is larger than the
enthalpy to be gained by organizing the molecules
in such a fashion.

An alternative structure known as a pinwheel
has been suggested for other adsorption systems
with (6 X 3) symmetry [14]. The pinwheel struc-
ture, where a central molecule is surrounded by
six molecules with orientations systematically ro-
tating by 120° in the same direction around the
wheel, obviates the need for equivalent domains.
Although partial pinwheels can be observed in
the STM images (see the areca marked in fig. 2a),
close inspection shows that such rings of
molecules never possess true pinwheel structure.
Uniform rotation of molecules about the ring is
never observed because of interactions between
the central molecule and the ring molecules. Since
the central molecule also possesses one of the
three possible orientations, formation of a true
pinwheel would require that two of the ring
molecules have long axes collinear with that of
the central molecule. Statistical analysis of naph-
thalene organization has shown that this end-on
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configuration is not allowed for close-packed
molecules on a (3 X 3) superlattice. Pinwheels
have been suggested when molecular interac-
tions, such as quadrupole-quadrupole interac-
tions, are strong enough to preferentially arrange
the molecules such that a central molecule has
different orientation, e.g. with the molecular long
axis oriented normal to the surface [14]. Although
naphthalene molecules are sometimes observed
by STM with the plane of the rings not parallel to
the metal surface, such tilted molecules are never
present within close-packed domains, but only at
domain boundaries or in disordered regions. Sta-
tistical analysis of the significant degree of order
exhibited in the STM images discloses that sym-
metries such as glide planes required for (6 X 3)
symmetry [15] are present at ~ 40% levels.
The naphthalene /Pt(111) system thus exhibits
“pseudo”-(6 X 3) symmetry consistent with the
observed diffraction pattern.

While the typical appearance of naphthalene
molecules is the elongated, bi-lobed structure
shown in fig. 2a, higher resolution images may be
acquired on rare occasions when specific, but
undetermined, tip characteristics are obtained.
Often, the detailed internal structure varies
among the three equivalent orientations, indicat-
ing that asymmetry of the tunneling tip affects
the images. fig. 2b shows an excerpt from an
image where all three orientations exhibit identi-
cal internal structure, although only two orienta-
tions are shown in the magnified view. The dou-
ble ring structure of naphthalene appears conclu-
sively in images with such ultrahigh resolution,
but no segmentation of the rings is noted, in
contrast with previous images of benzene [1-3].

Although naphthalene is irreversibly chemi-
sorbed onto Pt(111), the barriers to rotation and
translation are surmountable at room tempera-
ture. Low coverage adsorption results in
molecules uniformly distributed over the plat-
inum surface. Aggregation does not occur at room
ternperature even after several days, nor can ag-
gregation be induced by annealing at tempera-
tures between 100° and 200°C. This lack of aggre-
gation indicates that attractive interactions be-
tween naphthalene molecules are not responsible
for the formation of ordered structures, in agree-

ment with the earlier free energy discussion. In
areas where nearby neighbors do not hinder mo-
tion, individual molecules frequently undergo ro-
tation about the molecular adsorption center by
+120°. A less commonly observed motion is the
translation of an individual molecule by one sub-
strate lattice vector. The low barriers to lateral
motion for naphthalene on Pt(111) are interesting
since thermal decomposition precludes desorp-
tion, indicating the presence of a high barrier for
motion normal to the metal surface.

3.2. Pure qzulene adsorption

Azulene on Pt(111) is a much more compli-
cated adsorption system than naphthalene on
Pt(111). A variety of ordered structures [9,16]
have been produced as a function of coverage
and temperature, ranging from a simple (3 X 3)
structure at near monolayer coverage to a com-
pressed (10 X 10) structure at higher coverage,
where the molecular rings must tilt out of the
surface plane. Selective orientation of azulene
domains depending upon substrate defects has
also been reported [17]. Azulene does not form a
(6 X 3) overlayer as does its isomer naphthalene.
This dissimilar behavior indicates that the inter-
actions between azulene and the Pt(111) surface
are distinctly different from those for naphtha-
Iene and Pt(111).

Exposure of the clean Pt(111) surface to azu-
lene under conditions identical to those which
produce saturated, ordered naphthalene mono-
layers produces an adsorbed layer of considerably
less than monolayer coverage. By comparing doses
required for full monolayer coverage of naphtha-
lene and azulene, the sticking coefficient of azu-
lene has been estimated from these STM studies
to be approximately one quarter that of naphtha-
lene. While naphthalene molecules undergo rota-
tion and translation at submonolayer coverage,
this motion is slow compared to the image acqui-
sition time of five to ten minutes. For azulene,
the situation is significantly different. The image
shown in fig. 3a is typical for incomplete mono-
layers of azulene on Pt(111). The molecular cov-
erage in this experiment is approximately 0.2
monolayers, much higher than indicated by the
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(C) s i ]
Fig. 3. (a) Low coverage azulene on Pt(111). The hexagonal
feature located at the step in the center of the image is a
carbon island. The resemblance of the few fixed features to
naphthalene suggests they may be due to impurities from the
gas handling line. ~ 300 Ax300 A; —0.18 V; 0.3 nA. (b)
Inset marked in (a), showing one fixed molecule and single-line
“dashes”. (c) Line scans for (b), revealing that the dashes have
the height and width expected for azulene molecules.

few fixed features. Indeed, individual STM scan
traces corroborate a higher concentration. As the
line scan presentation (fig. 3¢) of the small marked
area shows, on a given scan line more molecular

features are present than would be deduced from
the top view image alone. These other molecular
features do not correlate from line to line, but
appear in the top view as a substantial noise
component. These molecules seem to be moving
at a rate comparable to the line scan speed. Tip
interactions as a source of the molecular motion
cannot be eliminated, but no correlations of
molecular motion direction with scan direction
were observed. The similar appearance of the
localized features to naphthalene molecules may
in fact be duc to a small amount of residual
naphthalene in the gas line coupled with its higher
sticking coefficient.

Increasing the coverage to a full monolayer
effectively hinders molecular motion and allows
resolution of individual molecules (fig. 4). The
molecular organization observed in such images
consists of domains of close-packed molecules.
The intermolecular spacings are consistent with
three times the Pt lattice spacing, and no higher
coverage (10 X 10) domains appear in any of these
images at this coverage. The edges of the carbon
islands {7] in the midst of the azulene overlayer
provide an inherent marker of the close-packed
directions on the platinum surface, since it was
not possible to directly image platinum atoms
simultaneously. The observed alignment of the
close-packed molecular directions with the plat-
inum lattice and the measured molecular spacing
are in complete accord with the (3 X 3) LEED
pattern obtained from this sample.

Unlike naphthalene, the two rings are not even
partially resolved; azulene does not appear to
have any appreciable asymmetry in these room
temperature images. Because such a high degree
of mobility for azulene on the platinum surface
has been observed, it is plausible to propose that
the lack of asymmetry in the images arises from
rapid rotation of azulene molecules within indi-
vidual adsorption sites. Such rotational diffusion
would also explain the lack of a higher level
organization of azulene, such as the (6 X 3) struc-
ture, which would require distinct orientation of
the molecules with respect to the substrate lat-
tice. The ability of azulene to accommodate higher
surface coverages via tilting of the ring system out
of the plane of the surface and the low sticking
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coefficient is also consistent with such a weak
azulene—platinum interaction. These observa-
tions are in agreement with packing calculations
for azulene monolayers [18], based on van der
Waals interactions, which have predicted that
rotation, translation and tilting of azulene
molecules should be facile. Of course, both rota-
tional and translational motion should be elimi-
nated by imaging at low temperature, and mea-
surements over a range of temperatures would
permit evaluation of rotational and translational
diffusion constants.

Azulene coverages intermediate between 0.2
and one monolayer have also been investigated.
Intermediate coverages also result in a large de-
gree of motion, with some limited organization of
azulene molecules in constricted areas, such as
on narrow terraces or between carbon islands and
nearby platinum steps. In this case, the azulene
molecules again are circular and exhibit no asym-
metry. As in the case of naphthalene, no molecu-
lar aggregation is observed, supporting the suppo-
sition made earlier that dipole—dipole interac-
tions for adsorbed azulene are too weak to influ-
ence molecular organization.

3.3. Coadsorbed naphthalene and azulene
The characteristics of the tunneling tip in the

imaging process dominate the effective resolution
to such an extent that some method of eliminat-

ing this variation when imaging different species
is desirable. Consequently, imaging two molecules
in mixed monolayers serves to abolish a large
number of potential effects from this source. The
ability to recognize different molecules in the
same image is also a general requirement for
future uses of the STM to analyze surface reac-
tions. Indeed, coadsorbed layers of naphthalene
and azulene give a valuable view of the relative
interactions of the two molecules with the Pt(111)
surface.

Fig. 5 constitutes a pair of sequential images
from a coadsorbed layer of naphthalene and azu-
lene at a low total coverage of approximately 0.2
monolayers. This sample was prepared by dosing
naphthalene and azulene simultaneously from a
bulk mixture, whereby the relative concentrations
of naphthalene and azulene on the surface can be
estimated from vapor partial pressures at gas line
temperature [19,20], P, natene/ Pazutene = 3.4, and
relative sticking coefficients, oy, nhatene/ Fuzulene =
4, so that azulene constitutes no more than 10%
of the total adsorbate coverage. In both images, a
ring of six naphthalene molecules is marked by
small ellipses. Note that one of the six marked
naphthalene molecules (and others in both im-
ages) appears as a tri-lobed feature in fig. Sb.
Image processing of these images has been lim-
ited to low pass filtering and the superposition of
elliptical markers. The markers in fig. 5b were
transferred with relative positions unchanged

Fig. 4. (a) Saturated coverage azulene on Pt(lll) showing close-packed domains with (3 X 3) symmetry. The smooth island in the
center of the image is localized carbon. ~ 300 A x 300 A —1.18 V; 0.2 nA. (b) Higher resolution area from (a), confirming that the
individual molecules are circular.
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Fig. 5. Sequential images from a coadsorbed monolayer of

naphthalene and azulene, with an interval of ~ 10 min. ~ 90

Ax150 A; —0.05 V; 0.3 nA. (a) The noisy patch within the

marked ring of naphthalene molecules is an azulene molecule

diffusing during the scan. (b) The azulene molecule has es-
caped from the confining naphthalene ring.

from fig. Sa, with the exception of that for the
tri-lobed naphthalene, which was rotated by 120°
about the lower right lobe of the molecule. The
tri-lobed features represent molecules which have
rotated about one lobe of the molecule during
the image scan. Occasional single-lobe features
are also observed, where this type of rotation
moves the molecule opposite to the scan direc-
tion. Such rotations about one lobe of the
molecule are distinct from the more commonly
observed rotations about the molecular center.
Sequential rotations about one lobe of the
molecule constitute one mechanism whereby the
naphthalene molecules translate across the plat-
inum surface. The noisy feature confined within
the ring of marked naphthalene molecules in fig.
5a is identifiable as an azulene molecule by in-
spection of individual non-correlated scan lines,
which are quite similar to those shown in fig. 3b.
The different surface diffusion rates for naphtha-
lene and azulene permit a graphic display of the
two-dimensional cage effect [21], whereby the ring
of naphthalene molecules confines the lateral
motion of the azulene molecule. In Fig. 5b, the

azulene molecule has escaped from the naphtha-
lene cage, moving to the upper left.

Near saturation coverage for these coadsorbed
layers restricts mobility of the azulene molecules
to a level comparable to that of complete azulene
(3 X 3) monolayers (fig. 6). Again the azulene
molecules appear circular, with no notable asym-
metry. In fig. 6a, the tunneling tip provides
molecular resolution but no degree of internal
structure for either naphthalene or azulene.
However, the naphthalene molecules are still
markedly elongated, as the oval outlines show,
while azulene appears more symmetric and circu-
lar. With this degree of resolution, differentiating
between naphthalene and azulene is quite subtle.
Higher resolution makes the distinction more
pronounced. In fig. 6b, the tunneling tip can just
resolve the double ring structure of naphthalene,
and the presence of all three orientations indi-
cates that molecular asymmetry is not an anomaly
of the imaging process. The azulene molecules in
this image are again obviously circular and are
conspicuous by virtue of the presence of only a
single ring.

3.4. Methylazulene on Pr{111}

Substitution at periphery positions of the azu-
lene ring structure is expected to affect adsorp-
tion behavior. In agreement with this hypothesis,
methylazulene, a mixture of 2-methylazulene and
1-methylazulene, is observed by STM to interact
more strongly with the platinum surface than

Fig. 6. Coadsorbed naphthalene and azulene with all three

orientations of the elongated naphthalene molecules marked

with ovals and symmetric azulene molecules marked by cir-

cles. ~90 Ax90 A: —0.05 V: 1 nA. {a) Low resolution. (b)

Higher resolution, with double rings apparent for naphtha-
lene and single rings observed for azulenc.
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Fig. 7. (a) Low coverage methylazulene on Pt(111). The circles
mark pear-shaped features associated with the 2-methyl-
azulene isomer. The long axis is seen to be oriented in a
variety of directions, and for a given orientation the asymme-
try may point in either direction. ~ 150 Ax150 /&; -05V;2
nA. (b) Near full-monolayer coverage. The squares mark
different orientations of kidney-bean structures assigned to
the 1-methylazulene isomer. ~ 120 AX90 10%; —0.5 V: 2 nA.

does unsubstituted azulene. Images of low cover-
age overlayers of methylazulene on Pt(111) (see
fig. 7a) exhibit a higher degree of molecular local-
ization, but again reveal that a substantial pro-
portion of the molecules are in motion during the

scan. The circles in fig. 7a mark a few of the fixed
molecules that appear to have a distinct pear-
shaped asymmetry consistent with the physical
structure of the 2-methylazulene isomer (see fig.
1). A number of orientations of these methylazu-
lene molecules are observed in the low coverage
images. Indeed, these 2-methylazulene molecules
are similar to naphthalene in that three orienta-
tions of the long axis of the molecule are ob-
served. These three equivalent orientations are
separated by rotations through 120° and, for each
orientation of the long molecular axis, molecules
with the pear-shape asymmetry pointed in both
directions are observed. Assignment of the abso-
lute orientation requires further analysis since it
has not been possible to image platinum atoms
and molecules simultaneously, but the molecules
clearly occupy adsorption sites with three-fold or
higher symmetry.

Molecular features with an alternative asym-
metry consistent with the 1-methylazulene isomer
are not conspicuous in these low coverage im-
ages. There are some fixed molecules that do not
exhibit the pear-shape, such as that marked by
the square in fig. 7a, but the concentration of
these structures is much less than that of the
pear-shaped features. Since these samples were
prepared by dosing from mixtures of both iso-
mers, the lack of conspicuous 1-methylazulene
isomers requires some explanation. Absence of a
definitive alternative structure that can be associ-
ated with the 1-methyl isomer may be attributed
to one of several possible factors. First, although
the physical structures for the two isomers are
quite distinct, the STM is sensitive to electronic
rather than physical structure, so that similar
electronic structures could appear equivalent in
the STM images. Extended Hiickel molecular or-
bital calculations, incorporating platinum atom
clusters, indicate that the electronic structure for
these two systems should be separable by the
STM. Second, while the two molecular species
were dosed simultancously in these experiments,
a large disparity in the sticking coefficients for
the two isomers could reduce the relative surface
concentration of 1-methylazulene compared to its
isomer 2-methylazulene. Inability to assign a dis-
tinct structure to the l-methylazulene isomer
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would thus be due primarily to its scarcity in the
images. Finally, different lateral mobilities on the
Pt(111) surface due to substitution position could
also account for the low apparent concentration
of the 1-methylazulene isomer. For example, the
2-methylazulene might be localized during the
image scan, as represented by the pear-shaped
structures, while the 1-methylazulene is less local-
ized due to diffusion, appearing in the mobile
molecule “noise” in the low coverage images.
Saturation of the methylazulene surface cover-
age provides some insight to distinguish among
these alternative explanations. In fig. 7b, molecu-
lar motion has been restricted to a low level by
the high adsorbate coverage, although molecules
can still be seen to move in areas of lower local
coverage, such as the upper right portion of this
image. Two distinct molecular structures are
clearly present in such images. The notable pear-
shape is again marked in fig. 7b by circles, and
several kidney-bean shaped features consistent
with the physical structure of 1-methylazulene
molecules are marked by squares. The presence
of several different orientations of the kidney-
bean structure again eliminates tip anomalies as
the origin of this asymmetry. As mentioned above,
features without the pear-shaped structure were
observed in the low coverage images (fig. 7a), and
comparison of the two images discloses that sev-
eral kidney-bean shaped molecules also appear in
the low coverage image. The lower relative con-
centration of the 1-methylazulene is comparable
in both the low and high coverage images, and
can be estimated from the STM results to be
about 20% of the total coverage. Assuming that
the vapor pressures of the two isomers are com-
parable, the reduced apparent coverage of the
1-methyl isomer must be due to a significant
dependence of the sticking coefficient on the
substitution position of the methyl group. Quanti-
tatively, for similar vapor pressures, the observed
surface coverages imply a relative sticking coeffi-
cient of o_ e/ Ta.memyt = 0-2. This effect can be
rationalized by considering the different asymme-
try of the two isomers. The observation of tilted
naphthalene molecules suggests that the initial
stages of adsorption of these molecules need not
require incoming molecules to have the ring sys-

tem parallel to the metal surface. However, the
range of acceptable angles may be more re-
stricted for azulene and the methylazulenes, ac-
counting for the reduced sticking coefficients ob-
served for these molecules. And, in the case of
the two methylazulene isomers, substitution at
the 1-position breaks the molecular symmetry and
would reasonably narrow the range of acceptable
initial adsorption geometries.

3.5. Coadsorbed methylazulene and naphthalene

Coadsorbed overlayers of methylazulene with
naphthalene are quite useful in that such mix-
tures allow direct comparison of the adsorption
of these molecules. The known orientations of
the naphthalene molecules serve as intrinsic
markers of the close-packed directions on the
platinum surface, since concurrent imaging of the
platinum atoms and adsorbed molecules has not
proven possible. These mixed overlayers were
imaged first after exposing the Pt(111) substrate
to a low coverage dose of methylazulene only.
Subsequent long naphthalene exposures were in-
tended to saturate the Pt(111) surface, but since
the samples were dosed at room temperature,
incomplete monolayers without good adsorbate
order resulted. No attempt was made to dose
methylazulene and naphthalene simultaneously
with the sample at room temperature, since the
sticking coefficients for both methylazulene iso-
mers are at least one order of magnitude less
than that for naphthalene.

Sequential images of naphthalene /methyl-
azulene coadsorbed overlayers consequently dis-
play some degree of molecular motion, as shown
in fig. 8. Particularly notable is the motion of a
2-methylazulene molecule in the lower right por-
tion of fig. 8, which is excessively elongated. The
brighter, noisy feature in the lower central por-
tion of fig. 8 appears to be approximately 2 A in
height, twice the typical height measured by the
STM for all the molecules studied here. This
height is consistent with that measured in previ-
ous naphthalene on Pt(111) experiments for
molecules assigned as tilted with respect to the
surface [5]. Naphthalene molecules with all three
possible orientations are easily identified in such
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Fig. 8. Coadsorbed naphthalene and methylazulene. The ar-
row points to a 2-methylazulene molecule which is elongated
due to movement during the image scan. The dark single lines
mark examples of all three orientations of naphthalene
molecules. The overall orientations for three of the six possi-
ble combinations of long axis and asymmetry orientation for
2-methylazulene are marked by dark crosses. Comparison of
the molecules in the marked area easitly reveals that the long
axes of 2-methylazulenes are rotated by 30° with respect to
those of the naphthalene molecules and therefore also to the
close-packed direction of the underlying platinum lattice. ~ 90
Ax180 A; —0.3 V; 2 nA.

images by their symmetric, bi-lobed structure. At
several positions within this image, naphthalene
molecules are located adjacent to 2-methyl-
azulene molecules, making it trivial to assign the
orientation of the long axis of the 2-methyl-
azulene molecule as rotated by 30° with respect
to that of naphthalene, and thereby with respect
to the platinum close-packed directions as well.

4, Conclusions

Beyond inspection of the appearance of these
molecules in the STM images, it has been possi-
ble to analyze molecular organization in some
detail. Repetition of perfect unit cell structures
has proven unnecessary for production of mono-
layers that yield ordered LEED patterns, as illus-
trated by the observation of pseudo-(6 X 3) adsor-
bate organization for naphthalene on Pt(111).
Attractive interactions between all four molecules
studied here play no discernable role at room
temperature in preferential orientation and over-
all adsorbate organization, aithough molecule-
surface interactions are clearly important and very
variable. While naphthalene exhibits three-fold
orientation of the long molecular axis along the
close-packed directions of the Pt(111) surface at
room temperature, azulene appears to freely ro-
tate even when adsorbed in a fully saturated
surface layer, and 2-methylazulene orients with
the long molecular axis rotated by 30° with re-
spect to naphthalene and the platinum lattice.

Translational diffusion for these molecules on
Pt(111) is a complex issue. Naphthalene exhibits
the least translational motion at room tempera-
ture and azulene is at least two orders of magni-
tude more mobile, while methylazulene has an
intermediate diffusion rate. The difference in dif-
fusion rate between naphthalene and azulene is
unexpected. Both molecules undergo decomposi-
tion before molecular desorption occurs [10], so
that it is impossible to measure binding energies.
However, simple Hiickel calculations for naph-
thalene or azulene and a platinum cluster as a
function of separation indicate that the binding
energies should be comparable [22]. Of course,
lateral motion depends on barriers along the sur-
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face plane, which are not necessarily correlated
with binding energy. The difference between vari-
ous adsorption sites and orientations on the plat-
inum surface has also been predicted by the
Hiickel calculations [22]. The binding energies for
both naphthalene and azulene in on-top sites,
whether rotated 0° or 30° with respect to the
platinum near-neighbor directions, are almost
identical, as are the energies for the bridge site
with the axis oriented at 0°. But naphthalene has
slightly higher calculated energies for bridge sites
at 30° or 90° orientation or for a three-fold hollow
site at 0° orientation compared with azulene. This
may be indicative of lower barriers to diffusion
for azulene, but more detailed energy surfaces
are needed. The Hiickel calculations also as-
sumed that both molecules were adsorbed with
the plane of the ring system parallel to the sur-
face. Since packing calculations [18] indicate that
barriers to tilting of the azulene ring out of the
plane are small, lower diffusion barriers for the
tilted molecule might alternatively account for
the increased lateral diffusion. Tilting might be
expected to increase the apparent height of the
azulene molecules in the STM images, similar to
the effect seen for tilted naphthalene molecules,
but azulene and untilted naphthalene have essen-
tially identical height, typically 1 A.

The ability to distinguish among the four
molecules investigated in this series — naphtha-
lene, azulene, l-methylazulene and 2-methyl-
azulene — demonstrates the sensitivity of the STM
to adsorbate structure. Not only can individual
molecules be identified, but internal structure of
adsorbates may be probed when appropriate tip
conditions are accessible. Unfortunately, routine
production of tips for ultrahigh resolution of in-
ternal molecular structure is not yet available. In
particular, the capability of identifying the two
methylazulene isomers, where the structural dif-
ference is simply a shift of one carbon atom for
the methyl substituent position, manifests the po-
tential utility of the STM to distinguish among
similar adsorbates such as reactants and products
in surface chemical reactions.
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