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Superstructure formation of large organic adsorbates on a metal surface:
A systematic approach using oligothiophenes on Ag„111…
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E. Hädicke
BASF Aktiengesellschaft, Kunstofflaboratorium, D-67056 Ludwigshafen, Germany

~Received 5 December 1997!

A series of ‘‘end-capped’’ oligothiophenes ECnT with different chain lengthsn (n53 – 6) were vapor
deposited onto the Ag~111! surface. The adsorption and structural ordering was investigated by thermal de-
sorption spectroscopy, low-energy electron diffraction, and scanning tunneling microscopy. For all molecules
we observe highly ordered monolayers with flat-lying molecules and long-range ordered domains of several
hundred Å diameter. For the two smaller oligomers~EC3T and EC4T!, two phases—a commensurate~relaxed!
and an incommensurate~compressed!—are found, whereas the two longer molecules~EC5T and EC6T! form
only incommensurate phases. The six unit cells exhibit significantly different symmetries, containing 1, 2, or 4
molecules. The formation of the geometric structures is discussed under the aspect of molecular size, molecular
symmetry, and interplay of the molecule-substrate and molecule-molecule interactions. The last aspect was
also investigated by concomitant force-field calculations.@S0163-1829~98!02143-2#
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I. INTRODUCTION

Today the formation of long-range ordered superstr
tures of atoms or smaller molecules on crystalline metal s
faces is rather well understood from fundamental structu
and energetic viewpoints.1,2 This is, however, much less th
case for larger organic molecules~typically with masses far
above 100 amu! with sizes that are large with respect to t
unit mesh of metal surfaces. It was even anticipated that s
large organic molecules would not form ordered superstr
tures due to a likely dissociation, a lack of surface mobili
or a high configurational entropy. Of course this is not tr
because a number of well-ordered systems with large org
molecules on different metal surfaces were reported in
past.3–7 Therefore, two main questions can be put forwa
~i! under what conditions do organic molecules form lon
range ordered structures on metal surfaces, and is ther
upper limit for the molecular size, and~ii ! can these struc
tures be understood or even predicted from energetic an
kinetic viewpoints?

We emphasize that we consider metal surfaces here
cause these may provide considerable covalent interac
with the molecule, and the lateral ordering at least in
monolayer will be a consequence of the interplay of both
substrate-adsorbateand the adsorbate-adsorbate interactio
As one of the most obvious consequences, organic mono
ers with superstructures that arecommensurateto the sub-
strate surface can be induced in this case.5 This situation is
significantly different from the one that is found on ine
substrates, e.g., graphite or metal chalcogenides, on w
incommensuratesuperstructures preferentially form due
the only weak-molecule surface bonding.8–12

The aim of this investigation was to obtain information
the above described aspects by a systematic compariso
the geometric ordering of chemically similar, but geome
PRB 580163-1829/98/58~20!/13882~13!/$15.00
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cally different molecules on the same surface. For this p
pose we have used a particular series of oligothiophenes
different chain lengths,n53 – 6 ~see Fig. 1!, which were
vapor deposited onto an Ag~111! surface. These molecule
are denoted asend-cappedoligothiophenes~ECnT!, because
their terminal positions are blocked with cyclohexene rin
~end caps! in order to increase their chemical stability.13 Due
to the variation of the molecular length~19.1–30.6 Å! and
symmetry@Ci , CS , or C2 ~Ref. 14!#, different ordering be-
haviors and superstructures can be expected. Neverthele
comparison of these aspects for the different oligomers
reasonable, since all molecules exhibit the same, or at lea

FIG. 1. Structure of the end-capped oligothiophenes~EC3T–
EC7T!. Note that the end caps~cyclohexene rings! are not planar
due to sp3-hybridized C atoms. Consequently, the molecu
strictly exhibit onlyC2 , CS , andCi symmetry instead ofC2v and
C2h , depending on the relative conformation of the cyclohexe
rings ~see also Ref. 14!.
13 882 ©1998 The American Physical Society
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very similar, chemical bonding to the surface via thep
system.6,15,16

In order to obtain more quantitative information about t
relevant interactions, we have also performed molecu
modeling calculations in addition to the experiments. Th
were carried out for monolayers of EC4T, which we consid
as somehow representative. These calculations take into
count the van der Waals and electrostatic interactio
Hence, the obtained total packing energies contain nei
the covalent bonding forces between molecules and the
face nor the surface-mediated intermolecular forces. Fro
comparison of experimental and computational results,
thus possible to draw indirect conclusions on the releva
and size of the covalent forces.

We note that oligothiophenes are of technological inter
too, because films of this material class are presently inv
tigated under the aspect of possible applications, e.g.
field-effect transistors17 or light-emitting devices.18,19 Since
the device characteristics are also strongly determined
structural defects in the film and at the contact interfaces,
growth of high-quality epitaxial oligothiophene films o
crystalline substrates is an attractive aim. For instance, a
nificant improvement of luminescence yields could
achieved forepitaxial quaterthiophene films with respect
films deposited on glass.20–22 It is evident that a detailed
understanding and probably a control of the adsorption
ometry of the monolayer is decisive for the optimization
epitaxial growth of organic materials.

Ordered monolayers of different oligothiophenes were
ported for various surfaces of noble metals~Ag, Au!. The use
of these surfaces appears to be a key to achieving high s
tural order, because on these surfaces no molecular diss
tion occurs and the bonded molecules still exhibit suffici
lateral mobility for two-dimensional~2D! ordering. For the
unsubstitutedoligothiophenes~anT! structures ofa2T ~Ref.
23! anda4T ~Ref. 15! on Ag~111! and ofa6T on Au~110!
~Ref. 24! were observed. Results for EC4T and EC5T mon
layers on Ag~111! were partially described in Refs. 6 and 2
In all cases the molecules adsorb in a coplanar~‘‘flat’’ ! ge-
ometry on these surfaces, which is caused by a prefere
bonding to the metal surface via the conjugatedp system.5,15

In the case of EC2T,26 EC4T,27 EC6T,27 and a4T,15 this
adsorption geometry was also clearly identified from the
chroism in near-edge x-ray absorption spectrosc
~NEXAS!. Moreover, from the presence of differenti
chemical shifts in valence band ultraviolet photoemiss
spectroscopy~UPS! and NEXAS spectra it is consistentl
derived that the bonding of the molecules to the Ag~111!
surface exhibits acovalent ~chemisorptive! character.5,15,28

Hereby we observe the trend of stronger differential sh
for the smaller molecules, indicating stronger surface m
ecule interactions. Further details of the electronic structu
will be reported elsewhere.28 Because of the covalent cha
acter of the substrate-molecule interaction it can be alre
expected~and is confirmed by our results! that the bonding is
site specific, at least to some extent. In other words,
expects energetically preferred adsorption sites on the
face. This aspect is, of course, a very crucial point for
understanding of the formed structures, especially w
commensurate and incommensurate structures are ene
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cally compared, or phase transitions between these are
sidered.

This paper is organized as follows. Section II contains
experimental details. The data evaluation and the comp
tional techniques used for molecular-modeling simulatio
are described in Sec. III. The experimental results are p
sented in Sec. IV, and a comparative discussion of the
served structures and the involved interactions is given
Sec. V. Summarizing conclusions are drawn in Sec. VI.

II. EXPERIMENTAL DETAILS

The experiments were performed in a multichamber UH
system with a base pressure of'10210 mbar~for details see
Ref. 6!. The ~111! surface of the silver single crystal wa
prepared by subsequent sputtering and annealing cycle
700 K until x-ray photoemission spectroscopy~XPS! re-
vealed a clean surface, and large defect-free terraces~>300
Å! were observed with low-energy electron diffractio
~LEED! and scanning-tunneling microscopy~STM!.

The synthesis of the ECnT molecules was described
Ref. 13. All materials were purified by several sublimati
and recrystallization cycles before they were loaded i
small glass crucibles of homemade Knudsen cells for va
deposition onto the Ag~111! surface. In addition, the purity
of the sublimated material was routinely controlled by taki
mass spectra of the molecular beam using a Balzers Q
511 quadrupole mass spectrometer~QMS!. Typical tempera-
tures of the crucibles during sublimation of EC3T, EC4
EC5T, and EC6T were 110, 145, 190, and 255 °C, resp
tively. These allowed growth rates of about 0.5 monolaye
min ~as calibrated by thermal-desorption spectroscopy!. Dur-
ing deposition the Ag sample was held atTS5200–230 K
for EC3T, EC4T, and EC5T, and at 300 K for EC6T. In th
case of EC3T and EC5T systematic variations ofTS ~135–
300 K! and deposition rates~only EC3T! did not lead to
different film qualities as judged, e.g., from the thermal d
sorption spectra~see Sec. IV A!. In the case of EC4T, how
ever, preparation at room temperature yielded therm
desorption spectra with less sharp structures, indicating a
well-defined multilayer growth at elevated temperatur
probably caused by a nucleation of 3D microcrystallites d
to higher surface mobilities of the adsorbing molecules~see
also Ref. 6!.

The temperature of the crystal was measured by
Chromel/Alumel couple that was fixed to the tantalum f
holding the crystal, because direct spot welding of the th
mocouple onto the Ag crystal was impossible. For t
temperature-scale calibration, see Ref. 6. For tempera
programmed desorption~TPD! measurements@also known
as thermal desorption spectroscopy~TDS!# typical heating
rates of 0.5 K s21 were used. Since experiments showed t
the monolayers of all molecules do not desorb, the subst
was sputtered and annealed after each desorption experi
in order to obtain a clean surface~see also below!. LEED
investigations were performed with a three-grid LEED opt
~Fisons Instruments/VG! with normal incidence of the elec
tron beam onto the sample. The patterns were recorded
a reflex camera using high-speed films. Typical electr
beam energies were between 8 and 25 eV. The STM m
surements were performed using a beetle-type STM~Ref.
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29! in constant current mode with mostly positive tip vo
ages (Ut), utilizing and Ir/Pt tip. The here-shown STM im
ages shown here were recorded using a 1/f highpass filter.

III. DATA EVALUATION AND COMPUTATIONAL
METHODS

A. Evaluation of LEED and STM data

All geometric structures of the ordered monolayers w
determined from the combination of LEED and STM da
The analysis involved three steps. First, the 2D mesh and
2D space group of the superstructure was determined f
LEED and STM data. Second, the orientation of the m
ecules within the unit cell was derived from STM images.
the third step, real-space models of the structures were
veloped, and the orientations of the molecules within the u
cells were refined such that the mutual overlap of the m
ecules was minimized. Hereby, we assumed that thep sys-
tems of the molecules~i.e., the conjugated thiophene ring!
are fully planar and coplanar to the substrate, which is
perimentally justified by the NEXAS data.27 The nonplanar
terminal cyclohexene rings~end caps! hence were assume
to be coplanar to the surface. However, a small tilt of the e
caps with respect to the surface of the order of 30° canno
excluded from the NEXAS and the here-reported STM da
The so-obtained geometric models describe the structure
the monolayers completely, except for the adsorption
~i.e., the relative position of the molecules with respect to
underlying substrate!, which cannot be derived from suc
experiments.

The LEED patterns were evaluated by systematically
ting 2D reciprocal nets to the observed spot positions. Du
the smaller symmetry of the unit cells of the adsorbates w
respect to the symmetry of the substrate there generally e
six symmetry-equivalent adsorbate domains on Ag~111!.
This was taken into account by incoherent superposition
the respective reciprocal nets. Special consideration
given to reproduce the azimuthal angles between the LE
spots, since these are insensitive to possible distortions o
patterns by small misalignments of the samples with resp
to the center of the LEED optics. Due to the large numbe
spots in the diffraction patterns~e.g., see Fig. 3, below! the
superstructures are unambiguously determined by this pr
dure. Hence, the numbers of the superstructure matrices
hibit a relative accuracy of about61%. The absolute accu
racy of the lattice constants determined by LEED is sligh
smaller~65%! due to the additional uncertainty of the abs
lute electron energy. Further details are described in Re

The intensities of the LEED spots were not evaluat
However, the patterns were carefully examined at differ
electron energies to detect systematic absences of s
These were used to determine the 2D space groups. We
that for the incommensurate superstructures the h
evaluated space groups refer only to the free-floating mo
layers of the adsorbate, since there is no defined adsorb
substrate registry in this case. For the commensurate
incommensurate phase of EC3T and the incommensu
phase of EC5T~see below!, we observed systematic ab
sences of LEED spots due to the existence ofglide lines in
the adsorbate layer, e.g., the absence of the (H,0) spots for
H52n. These glide lines, however, do not constitute gli
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lines of the substrate. Therefore, multiple scattering effe
and a small modulation of the adsorbate geometry due to
different adsorption sites could, in principle, lead to a sm
intensity contribution at the position of the above-mention
spots. The fact that this was not observed indicates that
specific sites of the molecule on the surface have onl
minor influence on the scattering here. This is probably d
to the large size of the molecules, which somehow ‘‘av
ages’’ over many substrate atoms.~An example of a large
molecule for which theH52n spots are observed was give
in Ref. 30!.

The lateral distances in STM images were calibrated
using a WSe2 substrate. The absolute accuracy of the latt
constants of the molecular superstructures determined f
STM images is about 1% and, thus, slightly higher than t
of the LEED evaluation. Consequently, the given lattice p
rameters were predominantly derived from the STM da
Numerical 2D Fourier transformations of the STM imag
were found to be in good agreement with LEED results.

B. Computational methods

Geometric structures of the molecules that were used
the above structure determinations were obtained from fo
field calculations31 and were additionally verified by sem
empirical quantum-mechanical calculations and@modified
neglect of differential overlap~MNDO!, Austin Model 1
~AM1!# using the parametrization PM3~Ref. 32!. The van
der Waals radii were taken from Ref. 33. The molecu
modeling calculations of the superstructures of EC4T w
performed with the commercial programCERIUS2 ~Ref. 34!
which was run on a Silicon Graphics workstation. In th
case the geometric structure of the single EC4T molec
including partial charges was also determined by semiem
ical quantum-mechanical calculations~MNDO! ~Ref. 32!, as-
sumingCi symmetry and a planar geometry of thep system.
The parameters of the universal force field used in the m
lecular packing calculations were taken from Rappe´, Col-
well, and Casewit.35 Two types of calculations of the tota
packing energy~TPE! were performed. First, the TPE wa
calculated for a free-floating 2D EC4T layer consisting
333 unit cells with fixed lattice constants taken from th
experiment. In these calculations the azimuthal orientation
the molecules within the unit cell was varied. Second,
TPE was calculated for this EC4T layer with a fixed geo
etry put onto the Ag~111! surface for different lateral and
azimuthal positions, assuming an unreconstructed Ag~111!
surface. As mentioned earlier, the TPE only includes C
lomb and van der Waals interactions, but not the coval
bonding forces between the molecules and the substrate
no-polarization effects between molecules.

IV. RESULTS

A. TPD characterization and monolayer preparation

In a first-step, multilayer films were characterized usi
TPD. Figure 2 displays a typical series of TPD spectra
different initial coverages of all four molecules. Two pea
labeled asa andb in Fig. 2 can be distinguished in all fou
series. In addition, a small and very sharp peak~g! is ob-
served for the two smaller members of the series EC3T
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EC4T, at higher temperatures. From the combination
LEED, STM, XPS, NEXAS, and TPD measurements we fi
that the monolayer, i.e., the layer of flat-lying molecules t
are directly bound to the substrate, cannot be thermally d
orbed. Only in the cases of EC3T and EC4T can a sm
fraction of molecules be desorbed from the compressed
layer on the Ag surface leading to the sharpg peak. The
coverages of molecules that remain on the surface after h
ing just above the TPD peaks are referred to asone mono-
layer ~ML ! in the following. The initial coverages given i
Fig. 2 were determined from the integrated TPD signals
calibrated to the corresponding number of ML by XPS a
LEED.

The a peaks in Fig. 2 appear after higher exposure a
cannot be saturated, and their maxima shift to higher te
peratures with increasing initial coverage. This behavio
typical for the desorption of multilayers, and, therefore,
assign thea peaks tomultilayer desorption. In contrast, the
b peaks can be clearly saturated. Since the monolayers
not be desorbed, theb peaks are thus attributed to desorpti
from the second layer. The b peaks are shifted to highe
temperatures with respect to thea peaks~about 20–40 K!.
We explain this by a slightly larger binding energy of th
molecules in the second layer compared to the binding
ergy of the higher layers. The likely reason for this is that
intermolecular forces between the second layer and
monolayer are indirectly modified due to the covalent bo
ing of the latter molecules to the Ag surface. The bond

FIG. 2. TPD spectra for ECnT (n53 – 6) molecules adsorbe
on a Ag~111! surface. The various curves for each molecule belo
to different initial coverages ranging from submonolayer to mu
layers~7–8 ML!. Masses of the intact ECnT molecules were mo
tored. The observed peaks are attributed to the multilayer~a, lowest
temperature!, the second layer~b peak, dominant for medium cov
erage!, and a 7–9 % fraction of the monolayer~g peak at highest
temperature, only for EC3T and EC4T!. The calibrated coverage
are given in the figure in terms of monolayers of flat-lying mo
ecules.
f
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modifies, e.g., polarizes, the valence orbitals, which are a
responsible for the intermolecular interactions. From Fig
we further derive that thea peaks appear for increasing in
tial coverage after theb peaks have approximately been sa
rated. From this and from concomitant LEED measureme
we conclude that the films grow in an approximate layer-b
layer mode, at last for the first three layers, although conc
sions from TPD concerning the film morphology and fil
growth have to be considered with caution.

It is interesting to note that in the case of EC4T theb
peak is well separated from the dominanta peak only for a
certain~optimum! range of preparation conditions, especia
substrate temperatures.36 Otherwise, it is smeared out and
only discernible as a shoulder of thea peak.6 As noted
above, this could indicate that the second layer is less w
defined in case of not optimal preparation conditions. T
shape of theb peak also varies for the investigated mo
ecules. Whereas in the case of EC3T the peak is rather br
and a small shift of the maximum to lower teperatures w
increasing initial coverage can be seen, a much narro
peak and a constant maximum temperature are observe
EC4T, EC5T, and EC6T. Again, we interpret this as a
duced structural order and/or morphological quality of t
second layer in the case of EC3T.

The peakg is only observed for EC3T and EC4T. It
width is considerably smaller than that of the other pea
The peak areas are about 8% of a ML for EC3T and EC
and the peak positions are at 407 and 497 K, respectiv
For both molecules the peak stems from the desorption
small fraction of molecules from the first layer, which occu
when the ML undergoes a phase transition from a co
pressed~incommensurate! to a relaxed~commensurate! su-
perstructure, which contains about 8% less molecules~see
Sec. IV C!. These structural phase transitions are also
served as changes in the LEED patterns. The desorption
curs in a likewise ‘‘autocatalytic’’ manner, since the desor
tion is driven by a considerable gain of energy due to
release of lateral compressive strain and the shift of the
maining molecules to energetically more favorable adso
tion sites ~see Sec. IV D!. We also note that these phas
transitions are reversible, which means that the peakg can be
reproduced by a subsequent small deposition of molec
onto the relaxed monolayers.

On the basis of the TPD results monolayers for structu
investigations were prepared by adsorbing about 2 ML a
by thermal desorption of the second layer. In order to av
thermal decomposition of the molecules the temperature
increased only up to the falling high-temperature edge of
b peak. In the case of EC3T and EC4T, also two differe
procedures were used: Relaxed monolayers were prepare
annealing at 420 K~EC3T! and 520 K~EC4T!, i.e., above
the respective temperatures of the phase transitions~the g
peaks!. Compressed monolayers were prepared by expo
of an initial coverage of about 1.2 ML and subsequent ca
ful desorption at temperatures below theg peak with con-
comitant LEED control.

B. Long-range order, domain formation,
and submolecular STM contrast

After the application of the above preparation routine
systematically observed by LEED and STM that long-ran

g
-
-
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ordered superstructures had formed. This result applies t
four oligothiophenes. Sometimes the LEED superstruct
patterns were not optimal~sharp spots, low background! di-
rectly after the initial preparation; but in this case we we
able to improve their quality by additional short anneali
cycles. From the STM images we derived that monolay
prepared in this way exhibit ordered domains of a size
several hundred Å in diameter~about 400–1000 Å!. This is
consistent with the observation of sharp LEED superstr
ture spots, which were limited only by the instrumen
transfer width of about 150 Å. An example for such a LEE
pattern is shown in Fig. 3~a! for EC6T on Ag~111!. LEED
patterns of equal qualities were obtained for all six structu
phases~see below!, which are formed by the four differen
molecules.~LEED patterns of EC4T and EC5T were r
ported in Refs. 6 and 25.!

The high-quality two-dimensional ordering was also d
rived by STM. Figure 4 gives an overview of STM scans
all structures. The molecules are imaged as elongated

FIG. 3. ~a! LEED pattern of a EC6T monolayer on Ag~111!
taken at an electron energy of 11 eV.~b!: Simulated LEED pattern
with reciprocal unit vectors (b1* ,b2* ) as indicated. One of the six
symmetry-equivalent domains is accentuated by full symbols.
12 prominent radial spot rows stem from the~0,H! spots.
all
re
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f
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jects, and evidently all molecules lie flat on the surface. N
tably point defects due to impurities, missing, or mispo
tioned molecules or molecules with a different structu
conformation within the domains were found very rare
From STM images we derived that the domains were limi
either by structural imperfections of the substrate, e.g., st
or by domain boundaries between different symmet
equivalent domains. However, we could never observe ph
boundaries between translationally equivalent domains~see
also Ref. 6!, which indicates that the molecules are high
mobile on the Ag~111! surface during the annealing cycle
used for the monolayer preparation. For EC4T a high-surf
mobility can be also deduced for room temperature, beca
for this molecule, ordered monolayers were also prepa
without additional annealing. We note that we observed
high mobility on the Ag~111! surface for many other large
organic molecules at room temperature,5,7,30 which reveals
that the lateral corrugation of the molecule-surface bond
potential is only small.

e

FIG. 4. Overview of STM images of the different ordere
monolayers of end-capped oligothiophenes on Ag~111!: ~a! EC3T
commensurate~relaxed! monolayer, ~b! EC3T incommensurate
~compressed! monolayer,~c! EC4T commensurate~relaxed! mono-
layer, ~d! EC4T incommensurate~compressed! monolayer, ~e!
EC5T incommensurate monolayer,~f! EC6T incommensurate
monolayer~scan sizes: 174 Å3174 Å!. Note than in the case o
EC4T ~c! and ~d!, the STM images represent reflectional doma
of the structures shown in Figs. 6~c! and 6~d!.
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In the STM images~Fig. 4! the molecules are imaged a
either straight EC4T and EC6T or curved~EC3T and EC5T!
elongated objects, as expected from the form of the
transconformations shown in Fig. 1. It is also interesting
make a few brief comments on the intramolecular STM c
trasts at this point. Two different types of images of t
single molecules can be distinguished. In the first case
molecules are imaged as rather compact objects without
internal structure. This case is found for both phases
EC4T @Figs. 4~c! and 4~d!# and the commensurate phase
EC3T @Fig. 4~a!#. Especially for EC4T the bonelike overa
shape of the molecule, which is due to the nonplanar
slightly more spacy end caps~see also Fig. 1!, is well repro-
duced in the STM images. In the alternative case the m
ecules show a strong submolecular structure containing
tinct maxima. This type of submolecular STM contrast w
observed for the incommensurate phase of EC3T@Fig. 4~b!#
and for the ordered monolayers of EC5T@Fig. 4~e!# and
EC6T @Fig. 4~f!#. The number of observed maxima corr
sponds to the number of the thiophene units plus two. Th
we assign these maxima to the thiophene units and the
cyclohexene end caps of each molecule. This assignme
also corroborated by STM images of ordered layers w
point defects due to mispositioned molecules.

We can only speculate about the reason for these
types of STM contrasts at present. It is, however, remarka
that the STM contrast and the geometric structures of
phases appear to be correlated: in the first case the mole
are arranged in abrick-wall-like structure, whereas in th
second case the molecules form parallelstacks. One reason
may be that the second type of lateral packing leads to a
subtle change of the electronic and/or geometric configu
tion of the molecules with respect to those in the form
packing. For example, the thiophene rings and the end c
may be slightly twisted with respect to the surface~by some
degrees!. Due to the nonlinear character of the tunnel jun
tion the STM contrast is extremely sensitive to such sm
modifications of the molecules, which may cause the
served difference in the STM contrast, possibly in combi
tion with a specific conformation of the STM tip.~For a
further discussion, see also Ref. 25.!

Finally, we note that during the STM investigations w
found, of course, also disordered regions between long-ra
ordered domains due to a not optimal layer preparation
surface imperfections, e.g., steps. Figures 5~a! and 5~b! dis-
play two examples of wide-area STM images of EC4T a
EC6T monolayers. These images are untypical in so fa
they were deliberately taken from surface regions with i
perfect lateral order. The area shown in Fig. 5~a! is nearly
covered by a single-ordered domain. In the upper right p
of the image there is a monoatomic step, and in the vicin
of this step one can observe small disordered regions o
dividual molecules that appear to be structurally modifi
e.g., bent. It is further notable that the lateral order is
significantly distorted by the step that evolves from the scr
dislocation at the left side of Fig. 5~a! or by the ‘‘contami-
nation’’ in the left bottom region. These observations in
cate that the lateral order of the EC4T molecules must
rather robust. Figure 5~b! is interesting in a different way: i
shows a region of an EC6T monolayer in which strong d
order is to be seen. Two ordered domains, which are rot
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by 120° with respect to each other, can be recognized in
upper left corner and on the bottom. Between these dom
there is a disordered, fluidlike phase that, nevertheless,
hibits some short-range order, since plenty of small orde
clusters with a size of about 3–10 molecules can be dis
guished in this phase.

C. Geometric structures

We now turn to the geometric structures of the observ
phases. The parameters of all structures are listed in Tab
Since EC3T and EC4T both yield a compressed as well a
relaxed phase, there exist all in all six different structur
which are summarized in Table I. Figure 4 shows the cor
sponding STM images; the corresponding real-space mo
are given in Fig. 6.

On our data we make the following observations.
~1! In all cases the molecules are adsorbed with their m

lecular planes parallel to the surface, as derived fr
NEXAS ~Refs. 15 and 27!, in agreement with the STM im-
ages~Fig. 4!. This is understandable from the presence of
covalent bonding to the surface via thep system.15,5 From
the STM images and from the space requirements of
molecules in real-space models we conclude further tha
four oligomers are in an all-transconformation on the s
face, as shown in Figs. 1 and 6. The concentration of m
ecules that are not in all-transconformation must be v
small, since we expect such molecules to distort the geom
ric order at least locally due to their different shape in
similar manner as point defects, e.g., due to impurities. T
result is not trivial, since we found by semiempiric
quantum–mechanical calculations~AM1! for the free oligo-
mers that the all-transconformations of the thiophene u
have the smallest energies, but that the energy differenc
non-all-transconfigurations is only small, i.e., that the ene
of a cisconformation of two thiophene rings is only abou
kJ mol21 larger than that of the transconformation.

~2! From the real-space models of Fig. 6 it is obvious th
a close packing of the molecules is achieved in all inco
mensurate phases. The close-packed structures maximiz
energy gain from the attractive molecule-surface bondi
which thus appears to be a general and important princ
for the lateral ordering.

~3! Two different types of structures are observed. In t
compressed phase of EC3T@Fig. 6~b!# and in the structures
of EC5T @Fig. 6~e!# and EC6T@Fig. 6~f!#, the molecules are
ordered in parallel stacks~2D stackingstructures!, whereas
brick-wall-like structures are observed for the relaxed ph
of EC3T @Fig. 6~a!# and both phases of EC4T@Fig. 6~c! and
6~d!#.

~4! For the molecules with anevennumber of thiophene
rings the unit cell containsonemolecule. For those with an
odd number of rings, unit cells with 2 or 4 molecules a
found. The spacegroup isp211 for the primitive unit cells,37

whereas it isp2gg or p1g1 for the unit cells containing
more than one molecule~see Table I!. The latter space
groups contain additional glide planes~see Fig. 6!, which
result in systematic absences of spots in the correspon
LEED patterns, as observed. For the molecules investig
here, there thus exists a correlation of the space group
the symmetry of the molecule. The reason for this behav
is not quite clear. A possible reason was derived from se
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13 888 PRB 58A. SOUKOPPet al.
FIG. 5. ~a! Large area STM scan of an EC4T monolayer
Ag~111! ~incommensurate phase!. This image was deliberately
taken from an area where the Ag~111! surface exhibits several de
fects in order to illustrate their influence on the order of the orga
monolayer. A screw dislocation is visible on the left-hand side
monoatomic step can be seen in the upper right corner and a s
protrusion, probably due to surface contaminations, is found in
left bottom corner ~scan size: 352 Å3352 Å, Ut52.6 V, I
50.7 nA!. ~b! Large area STM scan of an EC6T monolayer
Ag~111!. The image was taken from an area, where consider
disorder is observed. Note the two ordered regions, which belon
two different 120° rotational domains, at the upper left corner an
the bottom~scan size: 425 Å3480 Å, Ut51.6 V, I 51.2 nA!.
empirical quantum-mechanical calculations~MNDO and
AM1!, which showed that the odd-numbered molecules
hibit a small electric-dipole moment.38 This would make an
antiferroelectric ordering of the stacks more favorable,
observed here~see Fig. 6!.

~5! All threestacking structures@Figs. 6~b!, 6~e!, and 6~f!#
are very similar due to the following facts: First, all the
structures exhibit a nearly rectangular unit cell and the sa
vectorb1 as the shorter vector of the superstructure unit c
Second, the long axes of the molecules are parallel~EC3T,
EC5T!—or at least nearly parallel~EC6T!—to the longer
unit cell vectorsb2 . The constant length ofb1 can be under-
stood because this vector is about perpendicular to the
axis of the molecules, and its length is thus related to
constant width of the molecules~see Fig. 6!. As a conse-
quence of the identical directions ofb1 with respect to the
substrate, the orientation of the molecular stacks with resp
to the substrate is also the same in all three structures.

~6! It is remarkable for the two shorter molecules~EC3T
and EC4T! that commensuratesuperstructures are observe
in addition to theincommensurate~compressed! structures.
~In Table I the commensurate superstructures are ident
from superstructure matrices with integer numbers or h
integer numbers, whereas the incommensurate struct
have noninteger matrix elements.! The differences in cover-
age ~9% and 7%, respectively! between the commensura
and incommensurate structures~calculated from the two
structure models! correspond well to the observed areas
the above-discussed desorption peaksg ~Sec. IV A!. The
main difference between the commensurate and incomm
surate structures is that in the commensurate structures
unit cell ~or at least every second unit cell, as in the case
EC3T! exhibits the identical position with respect to the su
strate surface, whereas the relative position with respec
the substrate varies from unit cell to unit cell for the incom
mensurate structures. As a consequence there exists on
tinct and energetically preferred adsorption site in the co
mensurate structure of EC4T. In the case of EC3T
situation is slightly more complicated, since the unit c
contains four molecules and the structure is commensu
only in higher order~here, ‘‘second order’’!. Thus, there are
eight different adsorption sites in this structure. However,
formation of commensurate structures demonstrates the
fluence of the substrate surface on the lateral ordering of b
molecules.

~7! The incommensurate and commensurate phase
EC3T could be well distinguished in STM images, since t
two structures are significantly different@see Figs. 4~a! and
4~b!#, and a large number of STM images of both structu
could be recorded. Quite differently, we obtained only ve
few STM images in which we could identify the incomme
surate phase of EC4T@see Figs. 4~d! and 5~a!#, albeit we
investigated many samples that showed the LEED patter
the incommensurate EC4T phase prior to the STM inve
gations. One possible interpretation for this observat
would be a tip-induced phase transition of the incommen
rate to the commensurate phase that is initiated by the in
action between the STM tip and sample and/or the elec
field of the tip.
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TABLE I. Comparison of monolayer structures of the investigated end-capped oligothiophen
Ag~111! ~EC3T–EC6T!. The top row of the superstructure matrix isb1 , the bottom rowb2 , in units of the
substrate unit cell vectors (a1 ,a2) ~cf. Fig. 6!. b1 , b2 denote the unit vectors of the superstructure cell~see
Fig. 7, below!, g the included angle,F the angle included byb1 ~the shorter unit cell vector! and the@1̄01#
direction of the Ag~111! surface (a1), i.e., the direction of the close-packed Ag rows.

Molecule
Superstructure

matrix1
Number of molecules

per unit cell
Space
group

Geometric
parameters Comment

EC3T

S24 28

8.5 0 D 4 p2gg

b1520.0 Å relaxed layer;
b2524.6 Å commensurate in
g590.0° second order

F5290.0° @Fig. 6~a!#

S2.6 1.0

1.7 12.8D 2 p1g1

b156.6 Å compressed layer;
b2534.8 Å incommensurate
g590.6° stacking structure
F522.4° @Fig. 6~b!#

EC4T

S23 25

5 1 D 1 p211

b1512.6 Å relaxed layer;
b2513.2 Å commensurate
g5107.4° @Fig. 6~c!#

F5283.4°

S23 24.7

5 1 D a

1 p211

b1511.9 Å compressed layer;
b2513.2 Å uniaxial incom
g5110.1° mensurate

F5299.1° @Fig. 6~d!#

EC5T S2.6 1.0

2.6 18.8D 2 p1g1

b156.6 Å
incommensurate

stacking structure
@Fig. 6~e!#

b2551.3 Å
g590.2°
F522.4°

EC6T S2.6 1.0

1.9 10.8D 1 p211

b156.6 Å
incommensurate

stacking structure
@Fig. 6~f!#

b2528.9 Å
g588.2°
F522.4°

aCorresponds to the matrices given in Ref. 6, which were set up for an angle betweena1 anda2 of 60° instead
of 120°.
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D. Energetic considerations

A quantitative evaluation of TPD spectra principally a
lows us to determine activation energies for desorption
molecules from the film. This has successfully been done
many small molecules.39 Among the important prerequisite
are an accurate calibration of the temperature scale, a s
ciently well-determined background, and good signal-
noise ratio. For the here-used mounting of the thermocou
~cf. Sec. II! and the here-investigated large molecules th
requirements are hardly fulfilled, and there are additio
sources for systematic errors. For example, errors may
caused by the fact that due to high sticking coefficients on
surfaces the QMS does not measure the partial pressur~as
usual for small molecules!, but the desorbing flux crossin
the ionization volume of the QMS. In addition, the mon
tored flux may be modified by a varying angular distributio
and thus may be not proportional to the total desorption r
which is required for the evaluation.39
f
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Although being aware of these problems, we have eva
ated the multilayer desorption peaks~a! in order to deter-
mine the activation energies (ED) for multilayer desorption.
For this purpose we used the leading-edge approximatio40

The obtainedED values are listed in Table II and may b
subject to the above-mentioned systematic errors. Howe
we expect that the determined desorption energies are at
good estimates for the correct values and that trends of
values, e.g., as a function of the molecular size, are corre
reproduced. We find thatED increases systematically from
140 to 230 kJ mol21 from EC3T to EC6T, as it could be
already expected from the systematic shift of the peak p
tions towards higher temperatures with increasing ch
lengths~Fig. 2!. Since the values ofED are probably a good
measure of the effective binding energies of the ECnT m
ecules in the film, they are also related to the intermolecu
interactions.~This correlation is based on reasonable
sumptions such as that the desorption kinetics are com
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13 890 PRB 58A. SOUKOPPet al.
rable in all systems and that there exist no significant en
getic barriers in the desorption paths in front of the surfac!
In the following we will thus useED as an estimate for the
intermolecular interactions. We findED to scale very well
with the mass of the molecules~within 5%!, but somewhat
less well with the number ofp electrons. This may indicate
that the p electrons ~which are mainly localized on the
thiophene rings! do not play a more dominant role than th
cyclohexene end caps for the intermolecular interactions

We now turn to the monolayers. Here the most import
interaction is the covalent bonding of thep system to the Ag
substrate, i.e., the adsorption energy (Esub), which causes the
flat adsorption geometry of the molecules. At least for
two shorter oligomers this bonding potential also has a
nificant corrugation parallel to the surface, which causes
site-specific adsorption in the commensurate phases of E

FIG. 6. Structure models~real space! of ordered monolayers o
different end-capped oligothiophenes on Ag~111!: ~a! EC3T com-
mensurate~relaxed! monolayer,~b! EC3T incommensurate~com-
pressed! monolayer,~c! EC4T commensurate~relaxed! monolayer,
~d! EC4T incommensurate~compressed! monolayer,~e! EC5T in-
commensurate monolayer,~f! EC6T incommensurate monolaye
The inset shows the substrate unit cell vectors. The van der W
spheres of the atoms are partially indicated in order to illustrate
space requirement of the molecules.

TABLE II. Overview on energy parameters.Ta are the peak
temperatures of the multilayer desorption peaks of Fig. 2, andED

are the desorption energies. The error limits are~conservative! es-
timates for theabsolutevalues.

Molecule Mass~amu! Ta ~K! ED ~kJ mol21!

EC3T 356 38268 140630
EC4T 438 43869 175630
EC5T 520 481610 215630
EC6T 602 536611 235630
r-
.

t

e
-
e

3T

and EC4T~Esub cannot be measured by TPD, since the m
ecules in the monolayer cannot be thermally desorbed f
the surface, but dissociate upon annealing.! We note that
calculations of this interaction are presently impossib
since the modeling of the covalent bonding requiresab initio
calculations, which presently cannot handle adsorb
substrate clusters of such large molecules.

However, it is at least, in principle, possible to estima
the size ofEsub from the intermolecular interactions and th
formation of relaxed and compressed phases by EC3T
EC4T. The idea is that the energy gain due to adsorption
additional molecules (Esub) into the relaxed~commensurate!
phases must overcompensate the energy necessary to
the molecules out of the optimum adsorption sites plus
additional lateral compressive strain within the more co
pressed layers. Both energetic contributions are induce
the same time by the adsorption of additional molecules.
will at first give a general description of the energy balan
for the example of EC4T and afterwards we will discu
some values relevant for EC4T in more detail.~However, an
analogous discussion applies also to EC3T.!

When additional molecules are adsorbed into the rela
monolayer, the surface energy is lowered by two contrib
tions. First from themolecule/substrate bonding, and second
from theattractive lateral intermolecular interactionsto the
additional molecules. We denote the average values per m
ecule asEsub andEattr.

41 Thus, the average energy per mo
ecule that is gained when additional molecules are adso
into the relaxed monolayer (Q50.93 ML) up to a fully com-
pressed monolayer (Q51 ML) is (12Q)(Esub1Eattr)
50.07(Esub1Eattr). This energy gain must be larger than th
additional average compressive strain per molecule (Estrain)
plus the average energy to force the molecules of the c
mensurate phase (Q50.93 ML) out of their optimum ad-
sorption sites (DEsub). This yields the condition: 0.07(Esub
1Eattr)>Estrain10.93DEsub which is equivalent to

0.07Esub20.93DEsub>Estrain20.07Eattr. ~1!

This equation compares the adsorbate/substrate interac
~on the left side! with the intermolecular interactions~on the
right side!.

It is, of course, difficult to estimateEsub from Eq. ~1!,
since the intermolecular interactions on the right side are a
subject to the covalent bonding to the substrate, wh
causes the respective energies to differ from those expe
within free-floating layers of the molecules and they a
thus, essentially unknown~see also below!. Nevertheless, we
can make some reasonable assumptions, which at least a
to estimate the relative orders of magnitude of the ene
terms. First of all, we assume thatDEsub is much smaller
than Esub and setDEsub50. This assumption is motivate
since we observe a high-surface mobility, which points to
only small lateral corrugation of the bonding potential an
thus, a small value ofDEsub. As a consequence we obtain
lower estimate forEsub from Eq. ~1!. In addition, we also
neglectEattr, since we expect this energy to be of the ord
of the intermolecular interactions, which were estimated
ED ~see above!, and thus to be smaller thanEsub by about at
least one order of magnitude.
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Thus, the most relevant energy that has to be balanced
the molecule/substrate interaction (Esub) is the energy due to
the lateral compressive strain or, in other words, the late
repulsion between the molecules (Estrain). In order to dem-
onstrate the influence of the strain on the structures, we h
performed molecular modeling calculations for afree float-
ing EC4T layer consisting of 333 unit cells. Figure 7 shows
as a result the TPE that were obtained for the compres
and relaxed phases of EC4T using theexperimentallydeter-
mined ~and in the calculation fixed! dimensions of the unit
cell. The only parameter that was varied in these calculatio
was the anglef, which is defined as the angle included b
the long axis of the molecule and the short axisb1 of the unit
cell ~see inset of Fig. 7!.

We will first discuss Fig. 7 and consider its limitations
and will then turn back to the estimation of the adsorptio
energy. The following results are derived from Fig. 7. Firs
for both phases there exist three pronounced minima of
TPE as a function off. The small widths of the minima
~5°–10°! indicate that the molecules are rather close pack
to each other and that little space exists for a variation
their azimuthal positions in these structures. The position
the minima of the TPE differs only by a few degrees for th
relaxed and compressed phases, which is understandable
cause both structures transform into each other by an o
small change~6%! of the length of the unit cell vectorb1 ~cf.

FIG. 7. Calculated total packing energies of free-floating EC4
layers containing 333 unit cells and using the experimentally de
termined parameters of relaxed~full curves! and compressed
~dashed curves! superstructures. The anglef that is included by the
long axis of the molecule and unit cell vectorb1 ~see inset! was
systematically varied. Note that for both structures the absolute
ergy minima coincide with the values off determined by STM
~vertical lines!.
by
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Table I!. Second, the values of the TPE are large and p
tive. This indicates that the experimentally determined int
molecular distances are smaller than they would be on
basis of the pure intermolecular interactions, and that
intermolecular interactions of the free-floating layer are th
strongly repulsive at these small intermolecular distanc
The repulsion comes from the overlap of the mutual wa
functions of the terminal atoms~Pauli repulsion! and can
also be envisaged from the small overlap of the van
Waals spheres in Figs. 6~c! and 6~d!.42

Third, we find that the absolute minima of the TPE coi
cide well with the values off determined from STM images
which indicates that the geometric requirements are mod
correctly. The fourth result, which we obtain from Fig. 7,
that the TPE of the compressed 333 EC4T ensemble
~dashed line in Fig. 7! is larger than the TPE of the relaxe
EC4T 333 ensemble~continuous line! by a value of 2.500
kJ mol21. Thus, we would estimate the average compress
strain per molecule (Estrain) to be at least of the order of1

9 of
this value~i.e., 280 kJ mol21!, keeping in mind that we have
used open boundaries that likely underestimates the TPE
molecule with respect to the TPE per molecule of an infin
layer. On the basis of this modeling calculation we thus
rive that the incommensurate layer is indeed significan
strained with respect to the commensurate layer, which
plains well why the desorption peakg ~see Fig. 2!, which is
related to the phase transition from the compressed to
relaxed monolayer, is so sharp. We note that such an ove
of the terminal van der Waals radii in a monolayer of
organic adsorbate was also identified as the reason for
significant band dispersion of valence orbitals, e.g., obser
for benzene on Ni~111!.43

Using this value ofEstrain we estimate thatEsub is larger
than 4000 kJ mol21 from Eq. ~1! (Esub>Estrain/0.07). This
value would indicate a very high adsorption energy even
such a large and chemisorbed molecule as EC4T.~For com-
parison, the bonding energy of one covalent sulfur-carb
bond is about 220 kJ mol21.! A large value ofEsub is, nev-
ertheless, expected, because it explains~i! why the molecules
cannot be thermally desorbed from the surface, and~ii ! why
a flat-lying bonding geometry is so strongly preferred
Ag~111! even for the longer chain ECnT’s, whereas a te
dency for adsorption of the unsubstituted oligothiophen
~e.g.,a5T, a6T! in an upright geometry, which is driven b
the intermolecular interactions, occurs on more in
substrates.44

The major contribution of the molecule/substrate inter
tion (Esub) stems from the covalent part of the interactio
only a minor contribution is added by van der Waals a
electrostatic interaction with the substrate. We derived t
from the comparison of the TPE calculated for the fre
floating relaxed EC4T 333 ensemble and the same e
semble brought into contact with an Ag~111! surface~with
the intermolecular distances kept fixed!. The lateral and azi-
muthal position of the EC4T ensemble with respect to
surface was optimized before the final TPE was determin
It is notable that this procedure also yielded the experim
tally observed commensurate structure, which means tha
correct azimuthal orientation was determined by the sea
for the minimum in the TPE. From comparison we foun
that the TPE is lowered by the attractive bonding to t
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Ag~111! surface by about 750 kJ mol21 ~per molecule! with
respect to the free-floating layer. Since this energy is con
erably smaller than the above estimated value ofEsub and
since the TPE calculations contain only thenoncovalentin-
teractions, we can conclude that the dominant part of
substrate interaction must indeed be due to covalent bon
forces.

However, we believe that the here-estimated value ofEsub
is significantly overestimated because a too large energ
the lateral strain (Estrain) was obtained from our modelin
calculation due to a systematic shortcoming of the he
performed modeling calculation for the~free-floating! mono-
layer. The plausible reason is that the lateral intermolec
interactions are also significantly modified by the coval
bonding of the molecules to the surface and are thus
correctly described in the molecular modeling calculation
the used force fields. Especially, the intermolecular for
are presumably not that strongly repulsive as it is sugge
by the large value ofEstrain derived from the calculations
One obvious reason for this is that the geometry of the m
ecules is slightly changed by the adsorption on the surfa
This may include, e.g.,~i! small distortions of the molecula
backbone and~ii ! an upwards bent of the terminal H atom
out of the molecular plane, as e.g., postulated for planar
matic molecules on Pt~111!.45 We expect these effects t
reduce the net lateral extension of the molecules, and thu
reduce the repulsive interactions. In addition, for a che
sorbed molecule like EC4T there may also exist a subst
mediatedattractivecomponent of the intermolecular intera
tion, as it was indirectly concluded, e.g., for 3,4,9,1
pesylenetetracarboxylic dianhydride~PTCDA! on Ag~110!
which partially compensates the repulsive forces. As a c
sequence of such corrections, a lower value ofEstrainand thus
a lower value ofEsub would be derived by Eq.~1!.

In conclusion, we found that molecular modeling calcu
tions, which do not account for the covalent bonding to
surface, have to be considered with care for chemisor
layers of organic molecules. However, two interesting res
are, nevertheless, obtained for the case of EC4T Ag~111!: ~i!
the molecular substrate interaction is large and leads
lateral compression of the molecules and~ii ! the intermo-
lecular interactions within the monolayer appear to be mo
fied with respect to those of free molecules, since otherw
an unphysically high lateral strain would result.

V. DISCUSSION

All molecules investigated here form long-range orde
monolayers on Ag~111!, irrespective of the chain length. N
indication for a considerable influence of entropy could
derived for increasing chain length. One important reason
this may be that the molecules are mainly planar and ra
rigid on the surface, and thus do not exhibit a significa
configurational entropy even for the longer chain lengt
Moreover, we observed only a very small number of poi
defects within ordered domains, which further implies th
the number of molecules that are not in the full transconf
mation is negligibly small. This is remarkable, because o
could have expected a larger concentration of molecule
alternative conformations for several reasons. First, as m
tioned above the energetic barriers for rotations around
thiophene-thiophene bonds are small~'5 kJ mol21! as
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shown by our semiempirical quantum-mechanical calcu
tions, and molecules of different conformations could thus
expected for entropic reasons. Second, the molecules are
fully planar in the gas phase as shown from quantu
mechanical calculations38 and experimental data.46 Third, the
molecules are presumably in a vibrationally and rotationa
activated state when they are thermally evaporated onto
surface. From the fact that molecules with different conf
mations arenot observed we may conclude that the adso
tion process on the surface proceeds via a highly mo
intermediate state, which allows the molecules to adop
their final optimal adsorption geometry and conformatio
However, for such large molecules the dynamics of adso
tion processes have not been investigated yet.

A high lateral mobility of adsorbed molecules on the su
face is, of course, a prerequisite for the formation of lon
range ordered domains. Our experiments thus demons
that the lateral corrugation of the bonding potential,~which
is responsible for the lateral mobility! is small, albeit the
molecules are very strongly bound to the surface. Since c
mensurate structures are observed only for the two sma
oligomers, we can further conclude that the lateral corru
tion of the bonding potential is smaller for the longer mo
ecules, although these are more strongly bound to the sur
due to their largerp system. The obvious reason for this
that the lateral corrugation of the potential—and con
quently the site-specific bonding—is smaller, the larger
number of thiophene units is. This finding is encouragi
because it suggests that even larger molecules of this or
similar type will form long-range ordered superstructures
Ag~111!, which might appear as contraintuitive at fir
glance.

We further discuss the 2D geometric ordering that is o
served as a function of the chain lengths of the oligome
Obviously, the large exothermic adsorption energy stron
favors the lateral order, because this optimizes the densit
molecules in the monolayers. In principle the adsorption
ergy causes a compression of the layers, which is comp
sated at small intermolecular distances by repulsive lat
intermolecular forces. On top of this more subtle effects d
to the molecular symmetry, the molecular size, and the
eral corrugation of the substrate are relevant for the detail
the geometric structures. From the here-obtained results
tempting to postulate more general rules that predict the t
of geometric structures that are formed on Ag~111! by
ECnT’s or by other similar molecules as a function of cha
length, or more generally as a function of the molecular sy
metry. A first rule would state that primitive unit cells wil
only be formed for molecules with an even number
thiophene units orC2h symmetry. Thesecondrule says that
stacking structures are most likely formed in the compres
phases. However, EC4T is already an exception to this
~see Fig. 6!. A possible reason is that the compressed str
ture of EC4T is onlyuniaxially incommensurate and that it i
thus strongly influenced by the substrate corrugation
much less by the intermolecular forces. This is also s
ported by the finding that the coverage of a hypotheti
stacking structure of EC4T is about 5% larger than that
the observed structure. In this context we also note t
EC4T forms a stacking structure on the more open Ag~110!
surface,16,47 which indicates that this structure is genera
possible. From the above-postulated rules one could pre
further structures, e.g., an analogous structure as tha
EC5T is also expected for EC7T.
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Finally, we consider the azimuthal orientation of the m
lecular layers on the substrate, which is described by
anglef ~cf. Fig. 7!. For the two commensurate phases t
orientation is a direct consequence of the energetically
ferred adsorption site. The commensurability has the con
quence that all lattice points of the adsorbate fall onto lat
points of the substrate surface. For the incommensu
structures the situation is more complicated and several
ferent theoretical concepts have been developed to exp
the azimuthal orientation. Hoshinoet al. could explain the
azimuthal orientation of monolayers of larger condensed a
mates on the basal plane of graphite by the so-calledpoint-
on-line concept, which postulates a low interface energy f
the case where all lattice points of the adsorbate fall onto
set of lattice lines of the substrate.10 However, this concep
does not allow the interpretation of the azimuthal orien
tions observed here. Furthermore, Forrest and Zhang h
performed intensive computational modeling of the adso
tion geometry of large condensed aromatic molecules on
basal plane of graphite.48 Two main outcomes of their calcu
lations are~i! that a large stiffness within the monolay
~intralayer stiffness! and a small interlayer shear stress~at the
substrate/organic interface! are decisive for the long-rang
order in the monolayers, and~ii ! that the azimuthal orienta
tion of the adsorbate layer is given by the minimum of t
interface energy of the rigid adsorbate layer with the s
strate. Since in the present case the adsorbate/substrate
action is considerably stronger than on graphite, we exp
that the corrugation of the surface potential is also stron
and that intralayer stress is thus important, too, in contras
the situation investigated by Forrest and Zhang.48

For the case of incommensurate monolayers of ph
isorbed inert gas atoms~with a small misfit with respect to
the substrate! McTague and Navaco developed a model
this direction.49 It predicts the azimuthal orientation from th
minimization of longitudinal stress and shear stress wit
the adsorbate layer.49 We suppose that a model of this kin
will be adequate for the present situation, if in addition t
strongly anisotropic molecules and the probably stron
structured local bonding potentials of the molecules to
substrate are included. In the present case we have s
evidence for the importance of such a local surface/molec
bonding potential, since we find for all incommensura
structures a very similar orientation of the long molecu
axis, namely, along the~1, 7.3! direction ~cf. Fig. 6!. At
present we can only speculate about the reason for this
cific orientation of the molecules. Possibly this orientation
energetically favored, because it yields a local commens
bility of the periodicinternal structure of the molecule that i
related to the thiophene rings and the substrate. There
we have to conclude that a theoretical understanding of
here-found adsorption geometries requires models that
more complicated than those presently used, which is
some extent due to the considerable corrugation of the
strate because of the covalent bonding.
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VI. SUMMARY AND CONCLUSIONS

The adsorption and ordering behavior of four end-capp
oligothiophenes of different chain lengths (n53 – 6) on the
Ag~111! surface was investigated by TPD, LEED, and STM
All oligomers adsorb on the surface with a coplanar orien
tion and form long-range ordered structures. In contrast
the situation present on inert substrates, e.g., graphite,
surface bonding is covalent and strong, thus prevent
monolayer molecules from thermal desorption. From TP
we suppose that a layer-by-layer growth occurs, at least
the first three layers, and that the second layer is sligh
stronger bound compared to further layers.

At saturation coverage of the first layer all oligomers for
incommensurate~compressed! structures. In addition, com-
mensurate superstructures are observed for EC3T and E
at 7–9 % smaller coverages. These commensur
incommensurate phase transitions are fully reversible
can be achieved by thermal desorption or additional dep
tion of molecules. The additional formation of commens
rate superstructures by the two shorter molecules is a c
indication for a site-specific bonding due to the lateral co
rugation of the substrate. For the two longer oligomers of
series, which form only incommensurate structures, the s
specific bonding is obviously less relevant due to the lar
number of Ag atoms the molecules are bound to. Rema
ably, all incommensurate structures~with the exception of
EC4T! exhibit a stacking structure with an identical orient
tion of the stacks. This specific azimuthal ordering of t
adsorbate layer cannot be explained by the point-on-line c
cept, which was successfully used for organic monolayers
graphite, but possibly by an energetically preferred a
muthal orientation of the individual ECnT molecules wit
respect to the Ag~111! surface.

Our experiments clearly demonstrate that even for lar
~suitable! oligomers, highly ordered superstructures can
achieved on the Ag~111! surface. This is meaningful becaus
of several reasons. First, the preparation and structural in
tigation of organic monolayers on Ag~111! may serve as an
additional technique to identify or control the geometr
structures of new synthesized molecules. Second our res
point out that the Ag~111! surface, or thin Ag films with
~111! terraces, are attractive~conducting! substrates for the
preparation of organic films by vapor deposition, since
least the interface, i.e., the first monolayer on the metal
structurally well defined. Possibly the lateral order induc
in the monolayer may be preserved also in further lay
yielding epitaxial growth.21
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