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A systematic approach using oligothiophenes on Ag11)
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A series of “end-capped” oligothiophenes ECnT with different chain lengthgy=3-6) were vapor
deposited onto the A@11) 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 A diameter. For the two smaller oligom@EE3T and ECAT, two phases—a commensurételaxed
and an incommensurateompressed—are found, whereas the two longer molecUlEE5T 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 calculatid®€163-182608)02143-2

I. INTRODUCTION cally different molecules on the same surface. For this pur-
pose we have used a particular series of oligothiophenes with
Today the formation of long-range ordered superstrucdifferent chain lengthsn=3-6 (see Fig. 1, which were
tures of atoms or smaller molecules on crystalline metal survapor deposited onto an Abll) surface. These molecules
faces is rather well understood from fundamental structura@re denoted asnd-cappedaligothiophenesECnT), because
and energetic viewpoints? This is, however, much less the their terminal positions are blocked with cyclohexene rings
case for larger organic moleculéypically with masses far (end capgin order to increase their chemical stabiltfyDue
above 100 amuwith sizes that are large with respect to the to the variation of the molecular lengtt19.1-30.6 A and
unit mesh of metal surfaces. It was even anticipated that sucsymmetry[C;, Cs, or C, (Ref. 14], different ordering be-
large organic molecules would not form ordered superstruchaviors and superstructures can be expected. Nevertheless, a
tures due to a likely dissociation, a lack of surface mobility,comparison of these aspects for the different oligomers is
or a high configurational entropy. Of course this is not true reasonable, since all molecules exhibit the same, or at least a
because a number of well-ordered systems with large organic
molecules on different metal surfaces were reported in the :
past®~’ Therefore, two main questions can be put forward: M EC3T
(i) under what conditions do organic molecules form long- s
range ordered structures on metal surfaces, and is there an
upper limit for the molecular size, and) can these struc-
tures be understood or even predicted from energetic and/or Ng®
kinetic viewpoints? g NS ECAT
We emphasize that we consider metal surfaces here be-
cause these may provide considerable covalent interaction
with the molecule, and the lateral ordering at least in the
monolayer will be a consequence of the interplay of both the \ s S ECST
substrate-adsorbasend the adsorbate-adsorbate interactions.
As one of the most obvious consequences, organic monolay-
ers with superstructures that atemmensuratéo the sub-
strate surface can be induced in this ca3dis situation is s " S EC6T
significantly different from the one that is found on inert
substrates, e.g., graphite or metal chalcogenides, on which FiG. 1. Structure of the end-capped oligothiophe(EE€3T—
incommensuratesuperstructures preferentially form due to Ec7T). Note that the end cap&yclohexene ringsare not planar
the only weak-molecule surface bondﬁ”Td.Z due to sp’-hybridized C atoms. Consequently, the molecules
The aim of this investigation was to obtain information on strictly exhibit onlyC,, Cg, andC; symmetry instead o€,, and
the above described aspects by a systematic comparison 0f,,, depending on the relative conformation of the cyclohexene
the geometric ordering of chemically similar, but geometri-rings (see also Ref. 14
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very similar, chemical bonding to the surface via the cally compared, or phase transitions between these are con-
system?15:16 sidered.

In order to obtain more quantitative information about the  This paper is organized as follows. Section Il contains the
relevant interactions, we have also performed moleculagxperimental details. The data evaluation and the computa-
modeling calculations in addition to the experiments. Thesdional techniques used for molecular-modeling simulations
were carried out for monolayers of EC4T, which we conside@re described in Sec. Ill. The experimental results are pre-
as somehow representative. These calculations take into agénted in Sec. IV, and a comparative discussion of the ob-
count the van der Waals and electrostatic interactionsS€rved structures and the involved interactions is given in
Hence, the obtained total packing energies contain neither€C: V- Summarizing conclusions are drawn in Sec. V.
the covalent bonding forces between molecules and the sur-
face nor the surface-mediated intermolecular forces. From a
comparison of experimental and computational results, it is
thus possible to draw indirect conclusions on the relevance The experiments were performed in a multichamber UHV
and size of the covalent forces. system with a base pressure~efl0™ % mbar (for details see

We note that oligothiophenes are of technological interestiRef. 6. The (111) surface of the silver single crystal was
too, because films of this material class are presently invegireépared by subsequent sputtering and annealing cycles at
tigated under the aspect of possible applications, e.g., if00 K until x-ray photoemission spectroscoXPS) re-
field-effect transistor€ or light-emitting deviced®!® Since  vealed a clean surface, and large defect-free terree880
the device characteristics are also strongly determined bf})_ Were observed with low-energy electron diffraction

structural defects in the film and at the contact interfaces, th E_ig) gnnc:hsecs&i‘;m;?%ﬁgnggg}g rrr?(i)?é?:ﬁlcgs@v:/ra'\g). described in
growth of high-quality epitaxial oligothiophene films ON Ref. 13. All materials were purified by several sublimation

crystalline substrates is an attractive aim. For instance, a Sige 4 recrystallization cycles before they were loaded into

nlflgant |mpr0\_/em_ent of Iur_mnescenc;e y|e_Ids could besmall glass crucibles of homemade Knudsen cells for vapor
achieved forepitaxial quaterthiophene films with respect to deposition onto the AG11) surface. In addition, the purity

films deposited on glasS™* It is evident that a detailed ¢ the sublimated material was routinely controlled by taking
understanding and probably a control of the adsorption gem 55 spectra of the molecular beam using a Balzers QMG
ometry of the monolayer is decisive for the optimization of 511 quadrupole mass spectromeé@MS). Typical tempera-
epitaxial growth of organic materials. tures of the crucibles during sublimation of EC3T, ECA4T,
Ordered monolayers of different oligothiophenes were reEC5T, and EC6T were 110, 145, 190, and 255 °C, respec-
ported for various surfaces of noble metedg), Au). The use tively. These allowed growth rates of about 0.5 monolayers/
of these surfaces appears to be a key to achieving high strumin (as calibrated by thermal-desorption spectrosgopyr-
tural order, because on these surfaces no molecular dissociag deposition the Ag sample was held B§=200-230 K
tion occurs and the bonded molecules still exhibit sufficientfor EC3T, ECA4T, and EC5T, and at 300 K for EC6T. In the
lateral mobility for two-dimensional2D) ordering. For the case of EC3T and EC5T systematic variationsTgf(135—
unsubstitutedligothiopheneganT) structures 02T (Ref. 300 K) and deposition rategsonly EC3T) did not lead to
23) and a4T (Ref. 15 on Ag(111) and of 6T on Au110 different film qualities as judged, e.g., from the thermal de-
(Ref. 24 were observed. Results for EC4T and EC5T mono-sorption spectrdsee Sec. IV A In the case of EC4T, how-
layers on Agl1l) were partially described in Refs. 6 and 25. ever, preparation at room temperature yielded thermal-
In all cases the molecules adsorb in a coplatifiat” ) ge-  desorption spectra with less sharp structures, indicating a less
ometry on these surfaces, which is caused by a preferentiatell-defined multilayer growth at elevated temperatures,
bonding to the metal surface via the conjugateslystent!®  probably caused by a nucleation of 3D microcrystallites due
In the case of EC2T® EC4T?’ EC6T?’ and a4T*® this  to higher surface mobilities of the adsorbing molecule=e
adsorption geometry was also clearly identified from the di-also Ref. 6.
chroism in near-edge x-ray absorption spectroscopy The temperature of the crystal was measured by a
(NEXAS). Moreover, from the presence of differential Chromel/Alumel couple that was fixed to the tantalum foil
chemical shifts in valence band ultraviolet photoemissiorholding the crystal, because direct spot welding of the ther-
spectroscopy(UPS and NEXAS spectra it is consistently mocouple onto the Ag crystal was impossible. For the
derived that the bonding of the molecules to the(®f) temperature-scale calibration, see Ref. 6. For temperature
surface exhibits acovalent(chemisorptivé characteP*>?®  programmed desorptiofifPD) measurementfalso known
Hereby we observe the trend of stronger differential shiftsas thermal desorption spectrosco@DS)] typical heating
for the smaller molecules, indicating stronger surface molrates of 0.5 K §* were used. Since experiments showed that
ecule interactions. Further details of the electronic structurethe monolayers of all molecules do not desorb, the substrate
will be reported elsewher®.Because of the covalent char- was sputtered and annealed after each desorption experiment
acter of the substrate-molecule interaction it can be alreadiyn order to obtain a clean surfageee also beloyw LEED
expectedand is confirmed by our resu)tthat the bonding is  investigations were performed with a three-grid LEED optics
site specific, at least to some extent. In other words, oné€Fisons Instruments/ViGwith normal incidence of the elec-
expects energetically preferred adsorption sites on the sutron beam onto the sample. The patterns were recorded with
face. This aspect is, of course, a very crucial point for thea reflex camera using high-speed films. Typical electron-
understanding of the formed structures, especially whemeam energies were between 8 and 25 eV. The STM mea-
commensurate and incommensurate structures are energetisrements were performed using a beetle-type SRdf.

Il. EXPERIMENTAL DETAILS
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29) in constant current mode with mostly positive tip volt- lines of the substrate. Therefore, multiple scattering effects
ages U,), utilizing and Ir/Pt tip. The here-shown STM im- and a small modulation of the adsorbate geometry due to the
ages shown here were recorded usingfahlghpass filter. different adsorption sites could, in principle, lead to a small
intensity contribution at the position of the above-mentioned
spots. The fact that this was not observed indicates that the
specific sites of the molecule on the surface have only a
minor influence on the scattering here. This is probably due
A. Evaluation of LEED and STM data to the large size of the molecules, which somehow “aver-

All geometric structures of the ordered monolayers werd?9€S~ OVer many substrate atomi#n example of a large

determined from the combination of LEED and STM data.Molecule for which théd =2n spots are observed was given

The analysis involved three steps. First, the 2D mesh and tHg Ref. 30.

2D space group of the superstructure was determined from 1 N lateral distances in STM images were calibrated by
LEED and STM data. Second, the orientation of the mol-USing & WSe substrate. The absolute accuracy of the lattice
ecules within the unit cell was derived from STM images. |nconstants of the molecular superstructures determined from

the third step, real-space models of the structures were d& M images is about 1% and, thus, slightly higher than that

veloped, and the orientations of the molecules within the uniP the LEED evaluation. Consequently, the given lattice pa-
cells were refined such that the mutual overlap of the molfameters were predominantly derived from the STM data.

Numerical 2D Fourier transformations of the STM images
were found to be in good agreement with LEED results.

Ill. DATA EVALUATION AND COMPUTATIONAL
METHODS

ecules was minimized. Hereby, we assumed thatsthsys-
tems of the moleculef.e., the conjugated thiophene rings
are fully planar and coplanar to the substrate, which is ex-

perimentally justified by the NEXAS dafd.The nonplanar B. Computational methods

terminal cyclohexene ringéend capj hence were assumed Geometric structures of the molecules that were used for

to be coplanar to the surface. However, a small t”tOOf the endhe ahove structure determinations were obtained from force-
caps with respect to the surface of the order of 30° cannot bﬁ-

eld calculationd! and were additionally verified by semi-
excluded from the NEXAS and the here-reported STM datae]mpirical quantum-mechanical calculations ardodified

The so-obtained geometric models describe the structures %eglect of differential overlagMNDO), Austin Model 1

the monolayers completely, except for the adsorption sit . o
(i.e., the relative position of the molecules with respect to tthMl)] using the parametrization PM&ef. 3. The van

underlying substraje which cannot be derived from such der Waals radii were taken from Ref. 33. The molecular
experi%egts modeling calculations of the superstructures of EC4T were

. . performed with the commercial progragerius (Ref. 34
The LEED patterns were evaluated by syste_matlcally fItwhich was run on a Silicon Graphics workstation. In this

. ' Rase the geometric structure of the single ECAT molecule
the smaller symmetry of the unit cells of the adsorbates with cluding partial charges was also determined by semiempir-

.|
respect to the symmetry of the substrate there generally eX|§2aI quantum-mechanical calculatioddNDO) (Ref. 32, as-

six symmetry-equivalent adsorbate domains on(JAgd). .
This was taken into account by incoherent superposition o umingC; symmetry and a planar geometry of thesystem,
y perp he parameters of the universal force field used in the mo-

the respective reciprocal nets. Special consideration w scular packing calculations were taken from Rapgel-

given to reproduce the azimuthal angles between the LEE 25 .
. . " . . . well, and Casewit> Two types of calculations of the total
spots, since these are insensitive to possible distortions of the

patterns by small misalignments of the samples with respetgalC kllng anerg;(TfPE) }/;/ere_ perzfgrrEeCiTF;rst, the TPE was ¢
to the center of the LEED optics. Due to the large number o alculated for a free-floating ayer consisting o
spots in the diffraction pattern@.g., see Fig. 3, belowthe X3 unit cells with fixed lattice constants taken from the

) g . experiment. In these calculations the azimuthal orientation of
superstructures are unambiguously determined by this PrOHe molecules within the unit cell was varied. Second, the

dure. Hence, the numbers of the superstructure matrices ®XbE was calculated for this ECAT layer with a fixed geom-

hibit a relative accuracy of about1%. The absolute accu- .
. . oo etry put onto the A¢L1l) surface for different lateral and
racy of the lattice constants determined by LEED is slightly__: o )
azimuthal positions, assuming an unreconstructedlAp

+50 iti i -
smaller(+5%) due to the addltlonal uncertalnty_ of th_e abso urface. As mentioned earlier, the TPE only includes Cou-
lute electron energy. Further details are described in Ref. §;

The intensities of the LEED spots were not evaluated omb and van der Waals interactions, but not the covalent

However, the patterns were carefully examined at differenPondmg forces between the molecules and the substrate and

. . po—polarization effects between molecules.
electron energies to detect systematic absences of spots.

These were used to determine the 2D space groups. We note

that for the incommensurate superstructures the here- IV. RESULTS
evaluated space groups refer only to the free-floating mono-
layers of the adsorbate, since there is no defined adsorbate-
substrate registry in this case. For the commensurate and In a first-step, multilayer films were characterized using
incommensurate phase of EC3T and the incommensurafePD. Figure 2 displays a typical series of TPD spectra for
phase of EC5T(see beloy, we observed systematic ab- different initial coverages of all four molecules. Two peaks
sences of LEED spots due to the existencglafe linesin  labeled asx and 8 in Fig. 2 can be distinguished in all four
the adsorbate layer, e.g., the absence of th@) spots for series. In addition, a small and very sharp péakis ob-
H=2n. These glide lines, however, do not constitute glideserved for the two smaller members of the series EC3T and

A. TPD characterization and monolayer preparation
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LU modifies, e.g., polarizes, the valence orbitals, which are also
] responsible for the intermolecular interactions. From Fig. 2
we further derive that the peaks appear for increasing ini-
tial coverage after thg peaks have approximately been satu-
rated. From this and from concomitant LEED measurements
we conclude that the films grow in an approximate layer-by-
layer mode, at last for the first three layers, although conclu-
sions from TPD concerning the film morphology and film
growth have to be considered with caution.

It is interesting to note that in the case of ECAT {Be
peak is well separated from the dominanpeak only for a
certain(optimum range of preparation conditions, especially
substrate temperaturésOtherwise, it is smeared out and is
only discernible as a shoulder of the peak® As noted
above, this could indicate that the second layer is less well
defined in case of not optimal preparation conditions. The
shape of theB peak also varies for the investigated mol-

L 7N fio ] ecules. Whereas in the case of EC3T the peak is rather broad,
K 1 . . .
F_——/M/g——_ 52 | and a small shift of the maximum to lower teperatures with
T T SR increasing initial coverage can be seen, a much narrower

300 350 400 450 500 550 600 peak and a constant maximum temperature are observed for
Temperature [K] ECAT, EC5T, and EC6T. Again, we interpret this as a re-
duced structural order and/or morphological quality of the
FIG. 2. TPD spectra for ECnTn(=3-6) molecules adsorbed gecond layer in the case of EC3T.
on a Ag11J) surface. The various curves for each molecule belong  The peaky is only observed for EC3T and ECAT. Its
to different initial coverages ranging from submonolayer to multi- width is considerably smaller than that of the other peaks.
layers(7—8 ML). Masses of the intact ECnT molecules were moni--l-he peak areas are about 8% of a ML for EC3T and ECAT
tored. The observed peaks are attributed to the multilaydowest and the peak positions are at 407 and 497 K, respectively
temperaturg the second layegs peak, dominant for medium cov- For both molecules the peak stems from the d’esorption of ai
—-90 I I
g;gpée’r:?u(:eé ani grfrgégc%nac:]f dtrgcg%nhﬂagaelji}bﬁ?ez aCtOr\lllggzs;S small fraction of molecules from the first qu_er, which occurs
are given in the figure in terms of monolayers of flat-lying mol- when th_e ML undergoes a phase transition from a com-
ecules. presseo(mcomm_ensurabet(_) a relaxed(commensuradesu-
perstructure, which contains about 8% less molec(des

ECAT, at higher temperatures. From the combination 01Sec. IV Q. These structural phase transitions are also ob-
LEED, STM. XPS. NEXAS. and TPD measurements we ﬁndserved as changes in the LEED patterns. The desorption oc-
that the monolayer, i.e., the layer of flat-lying molecules thatturs In 3 'IlkewE,e autoc%[alyt;)(;, mannefr, since thde detsoiﬁ-
are directly bound to the substrate, cannot be thermally dedlon Is driven by a considerable gain of energy due to the
orbed. Only in the cases of EC3T and ECAT can a Smaﬁele_ta_se of lateral compressive strain and the shift of the re-
fraction of molecules be desorbed from the compressed firdpdining molecules to energetically more favorable adsorp-
layer on the Ag surface leading to the shaympeak. The tion sites(see Sec. IVID We also note that these phase

coverages of molecules that remain on the surface after hedfansitions are reversible, which means that't.he peadn be
ing just above the TPD peaks are referred taae mono- reproduced by a subsequent small deposition of molecules
layer (ML) in the following. The initial coverages given in onto the relax_ed monolayers.
Fig. 2 were determined from the integrated TPD signals and On.the.ba3|s of the TPD results mono_layers for structural
calibrated to the corresponding number of ML by XPS andhvestigations were prepared by adsorbing about 2 ML and
LEED by thermal desorption of the second layer. In order to avoid
Thé « peaks in Fig. 2 appear after higher exposure an&hermal decomposition of the molecules the temperature was
cannot be saturated, and their maxima shift to higher tem'—ncreased only up to the falling high-temperature edg_e of the
peratures with increasing initial coverage. This behavior isB pea(l;. In the case gf FECiST gnd ECI4T’ also two dlfferegtb
typical for the desorption of multilayers, and, therefore, weProce I_ures \t,vz;%usgé3 N axg 5218“;2 Eycef were prspare y
assign thew peaks tomultilayer desorptionin contrast, the anneaiing & K D an ( 0, i.e., above

B peaks can be clearly saturated. Since the monolayers caW-e respective temperatures of the phase transitiresy

not be desorbed, the peaks are thus attributed to desorption peaks_. (_3_ompressed monolayers were prepared by exposure
from the second layer The 8 peaks are shifted to higher of an |n|t|al_ coverage of about 1.2 ML and subseguent care-
temperatures with respect to thepeaks(about 2040 K ful d.esorptlon at temperatures below tlyepeak with con-

We explain this by a slightly larger binding energy of the comitant LEED control.

molecules in the second layer compared to the binding en-
ergy of the higher layers. The likely reason for this is that the
intermolecular forces between the second layer and the
monolayer are indirectly modified due to the covalent bond- After the application of the above preparation routine we
ing of the latter molecules to the Ag surface. The bondingsystematically observed by LEED and STM that long-range

ECnT/Ag(111)
TPD 0.5 K/s o -

| EC6T

Quadrupole signal

B. Long-range order, domain formation,
and submolecular STM contrast
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FIG. 4. Overview of STM images of the different ordered
monolayers of end-capped oligothiophenes on144): (a) EC3T
commensurate(relaxed monolayer, (b) EC3T incommensurate
(compressedmonolayer,(c) ECAT commensurat@elaxed mono-
layer, (d) EC4AT incommensuratécompressed monolayer, (€)

FIG. 3. (a) LEED pattern of a EC6T monolayer on A1) EC5T incommen§urate monolayetf) EC6T ingommensurate
taken at an electron energy of 11 e¥): Simulated LEED pattern Monolayer(scan sizes: 174}( 174 A). Note than in the case of
with reciprocal unit vectorsk(* ,b%) as indicated. One of the six EC4T (¢) and(d), the STM images represent reflectional domains
symmetry-equivalent domains is accentuated by full symbols. Th&f the structures shown in Figs(dj and &d).
12 prominent radial spot rows stem from tt@:H) spots.

jects, and evidently all molecules lie flat on the surface. No-

ordered superstructures had formed. This result applies to &lp|y point defects due to impurities, missing, or misposi-
four oligothiophenes. Sometimes the LEED superstructurgoned molecules or molecules with a different structural
patterns were not optimasharp spots, low backgroundi-  ¢onformation within the domains were found very rarely.

rectly aﬁer the initia! prepqration; bu_t.in this case we Wererom STM images we derived that the domains were limited
able to improve their quality by additional short annea“ngeither by structural imperfections of the substrate, e.g., steps,

cycles. From the STM images we derived that monolayer ) . . )
prepared in this way exhibit ordered domains of a size o?)r by domain boundaries between different symmetry

several hundred A in diametéabout 400—1000 A This is equivalent domains. However, we could never observe phase
consistent with the observation of sharp LEED superstrucpounda”es be“{veeT‘ tr_anslatlonally equivalent dOm@@
ture spots, which were limited only by the instrumental aIso_Ref. 6, which indicates that Fhe molecules are highly
transfer width of about 150 A. An example for such a LEED Mobile on the Agl11) surface during the annealing cycles
pattern is shown in Fig. (@) for EC6T on Ag111). LEED  used for the monolayer preparation. For ECAT a high-surface
patterns of equal qualities were obtained for all six structuraMoPbility can be also deduced for room temperature, because
phasegsee below, which are formed by the four different for this molecule, ordered monolayers were also prepared
molecules.(LEED patterns of ECAT and EC5T were re- without additional annealing. We note that we observed a
ported in Refs. 6 and 2b. high mobility on the Agl11) surface for many other large
The high-quality two-dimensional ordering was also de-organic molecules at room temperatére’’ which reveals
rived by STM. Figure 4 gives an overview of STM scans ofthat the lateral corrugation of the molecule-surface bonding
all structures. The molecules are imaged as elongated olpotential is only small.
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In the STM imagesFig. 4 the molecules are imaged as by 120° with respect to each other, can be recognized in the
either straight EC4T and EC6T or curvéeiC3T and EC5T  upper left corner and on the bottom. Between these domains
elongated objects, as expected from the form of the allthere is a disordered, fluidlike phase that, nevertheless, ex-
transconformations shown in Fig. 1. It is also interesting tohibits some short-range order, since plenty of small ordered
make a few brief comments on the intramolecular STM con<lusters with a size of about 3—10 molecules can be distin-
trasts at this point. Two different types of images of theguished in this phase.
single molecules can be distinguished. In the first case the .
molecules are imaged as rather compact objects without any C. Geometric structures
internal structure. This case is found for both phases of We now turn to the geometric structures of the observed
ECA4T [Figs. 4c) and 4d)] and the commensurate phase of phases. The parameters of all structures are listed in Table I.
EC3T [Fig. 4a@)]. Especially for ECAT the bonelike overall Since EC3T and ECA4T both yield a compressed as well as a
shape of the molecule, which is due to the nonplanar andelaxed phase, there exist all in all six different structures,
slightly more spacy end cajisee also Fig. }l is well repro-  which are summarized in Table I. Figure 4 shows the corre-
duced in the STM images. In the alternative case the molsponding STM images; the corresponding real-space models
ecules show a strong submolecular structure containing disre given in Fig. 6.
tinct maxima. This type of submolecular STM contrast was On our data we make the following observations.
observed for the incommensurate phase of E{(Eg. 4(b)] (1) In all cases the molecules are adsorbed with their mo-
and for the ordered monolayers of EC3Fig. 4€)] and lecular planes parallel to the surface, as derived from
EC6T [Fig. 4(f)]. The number of observed maxima corre- NEXAS (Refs. 15 and 2) in agreement with the STM im-
sponds to the number of the thiophene units plus two. Thusages(Fig. 4). This is understandable from the presence of the
we assign these maxima to the thiophene units and the tweovalent bonding to the surface via thesystem>®° From
cyclohexene end caps of each molecule. This assignment ke STM images and from the space requirements of the
also corroborated by STM images of ordered layers withmolecules in real-space models we conclude further that all
point defects due to mispositioned molecules. four oligomers are in an all-transconformation on the sur-

We can only speculate about the reason for these twéace, as shown in Figs. 1 and 6. The concentration of mol-
types of STM contrasts at present. It is, however, remarkablecules that are not in all-transconformation must be very
that the STM contrast and the geometric structures of themall, since we expect such molecules to distort the geomet-
phases appear to be correlated: in the first case the molecules order at least locally due to their different shape in a
are arranged in drick-wall-like structure, whereas in the similar manner as point defects, e.g., due to impurities. This
second case the molecules form paradiglcks One reason result is not trivial, since we found by semiempirical
may be that the second type of lateral packing leads to a verguantum—mechanical calculatiosM1) for the free oligo-
subtle change of the electronic and/or geometric configuramers that the all-transconformations of the thiophene units
tion of the molecules with respect to those in the formerhave the smallest energies, but that the energy difference to
packing. For example, the thiophene rings and the end cap®n-all-transconfigurations is only small, i.e., that the energy
may be slightly twisted with respect to the surfabg some  of a cisconformation of two thiophene rings is only about 5
degrees Due to the nonlinear character of the tunnel junc-kJ mol ! larger than that of the transconformation.
tion the STM contrast is extremely sensitive to such small (2) From the real-space models of Fig. 6 it is obvious that
modifications of the molecules, which may cause the oba close packing of the molecules is achieved in all incom-
served difference in the STM contrast, possibly in combinaimensurate phases. The close-packed structures maximize the
tion with a specific conformation of the STM tigFor a  energy gain from the attractive molecule-surface bonding,
further discussion, see also Ref. 5. which thus appears to be a general and important principle

Finally, we note that during the STM investigations we for the lateral ordering.
found, of course, also disordered regions between long-range (3) Two different types of structures are observed. In the
ordered domains due to a not optimal layer preparation ocompressed phase of EC3Fig. 6(b)] and in the structures
surface imperfections, e.g., steps. Figuré® and 5b) dis- of EC5T[Fig. 6(e)] and EC6T[Fig. 6(f)], the molecules are
play two examples of wide-area STM images of ECAT andordered in parallel stack&D stackingstructureg whereas
EC6T monolayers. These images are untypical in so far aBrick-wall-like structures are observed for the relaxed phase
they were deliberately taken from surface regions with im-of EC3T[Fig. 6(@)] and both phases of EC4Fig. 6(c) and
perfect lateral order. The area shown in Figa)Ss nearly  6(d)].
covered by a single-ordered domain. In the upper right part (4) For the molecules with asvennumber of thiophene
of the image there is a monoatomic step, and in the vicinityings the unit cell containene molecule. For those with an
of this step one can observe small disordered regions or imedd number of rings, unit cells with 2 or 4 molecules are
dividual molecules that appear to be structurally modifiedfound. The spacegroup 211 for the primitive unit cell$!

e.g., bent. It is further notable that the lateral order is nowhereas it isp2gg or plgl for the unit cells containing
significantly distorted by the step that evolves from the screwnore than one moleculésee Table )l The latter space
dislocation at the left side of Fig.(& or by the “contami- groups contain additional glide planésee Fig. 6, which
nation” in the left bottom region. These observations indi- result in systematic absences of spots in the corresponding
cate that the lateral order of the EC4T molecules must b&EED patterns, as observed. For the molecules investigated
rather robust. Figure(b) is interesting in a different way: it here, there thus exists a correlation of the space group and
shows a region of an EC6T monolayer in which strong disthe symmetry of the molecule. The reason for this behavior
order is to be seen. Two ordered domains, which are rotateid not quite clear. A possible reason was derived from semi-
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empirical quantum-mechanical calculatiot¥INDO and
AM1), which showed that the odd-numbered molecules ex-
hibit a small electric-dipole moment. This would make an
antiferroelectric ordering of the stacks more favorable, as
observed herésee Fig. 6.

(5) All three stacking structurefFigs. 6b), 6(e), and Gf)]
are very similar due to the following facts: First, all these
structures exhibit a nearly rectangular unit cell and the same
vectorb, as the shorter vector of the superstructure unit cell.
Second, the long axes of the molecules are par@Hei3T,
EC5T)—or at least nearly parallefEC6T)—to the longer
unit cell vectorsh,. The constant length df; can be under-
stood because this vector is about perpendicular to the long
axis of the molecules, and its length is thus related to the
constant width of the moleculesee Fig. 8 As a conse-
quence of the identical directions bf with respect to the
substrate, the orientation of the molecular stacks with respect
to the substrate is also the same in all three structures.

(6) It is remarkable for the two shorter molecul@sC3T
and EC47 that commensuratsuperstructures are observed
in addition to theincommensuratécompressedstructures.
(In Table | the commensurate superstructures are identified
from superstructure matrices with integer numbers or half
integer numbers, whereas the incommensurate structures
have noninteger matrix element3he differences in cover-
age (9% and 7%, respectivelybetween the commensurate
and incommensurate structurésalculated from the two
structure mode)scorrespond well to the observed areas of
the above-discussed desorption peaksSec. IV A). The
main difference between the commensurate and incommen-
surate structures is that in the commensurate structures each
unit cell (or at least every second unit cell, as in the case of
EC3T) exhibits the identical position with respect to the sub-
strate surface, whereas the relative position with respect to
the substrate varies from unit cell to unit cell for the incom-
mensurate structures. As a consequence there exists one dis-
tinct and energetically preferred adsorption site in the com-
mensurate structure of ECAT. In the case of EC3T the
situation is slightly more complicated, since the unit cell
contains four molecules and the structure is commensurate
only in higher order(here, “second order). Thus, there are
eight different adsorption sites in this structure. However, the
formation of commensurate structures demonstrates the in-
fluence of the substrate surface on the lateral ordering of both
molecules.

(7) The incommensurate and commensurate phases of
EC3T could be well distinguished in STM images, since the

FIG. 5. (a) Large area STM scan of an ECAT monolayer ontwo structures are significantly differefgee Figs. @) and
Ag(111) (incommensurate phaseThis image was deliberately 4(b)], and a large number of STM images of both structures
taken from an area where the @d1) surface exhibits several de- quld be recorded. Quite differently, we obtained only very
fects in order to illustrate their influence on the order of the organicg,, sTM images in which we could identify the incommen-

monolayer._ A screw dlslocatlon is visible on the left-hand side, a Prate phase of EC4fsee Figs. @) and §a)], albeit we
monoatomic step can be seen in the upper right corner and a smanv tigated man moles that showed the LEED pattern of
protrusion, probably due to surface contaminations, is found in thevestigate any sampies that snowe € pattern o

left bottom corner (scan size: 352 A352A, U,=26V, | € incommensurate ECAT phase prior to the STM investi-
=0.7nA). (b) Large area STM scan of an EC6T monolayer on 9ations. One possible interpretation for this observation
Ag(111). The image was taken from an area, where considerabléould be a tip-induced phase transition of the incommensu-
disorder is observed. Note the two ordered regions, which belong t6ate to the commensurate phase that is initiated by the inter-
two different 120° rotational domains, at the upper left corner and afiction between the STM tip and sample and/or the electric
the bottom(scan size: 425 X480 A, U,=1.6V, |=1.2 nA). field of the tip.
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TABLE |. Comparison of monolayer structures of the investigated end-capped oligothiophenes on

Ag(111) (EC3T—EC67. The top row of the superstructure matrixkig, the bottom rowb,, in units of the
substrate unit cell vectorsa{,a,) (cf. Fig. 6). by, b, denote the unit vectors of the superstructure (ke
Fig. 7, below, y the included anglep the angle included bp, (the shorter unit cell vectprand the[101]
direction of the Ag111) surface &), i.e., the direction of the close-packed Ag rows.

Superstructure  Number of molecules Space  Geometric
Molecule matrixt group parameters Comment
b;=20.0A relaxed layer;
-4 -8 ) b,=24.6 A commensurate in
85 0 P=gg v=90.0° second order
$=-90.0° [Fig. 6(a)]
EC3T
b,=6.6 A compressed layer;
26 1.0 1ol b,=34.8 A incommensurate
1.7 12. P39 v=90.6° stacking structure
b=22.4° [Fig. 6(b)]
b,=12.6 A relaxed layer;
-3 -5 =13.
0211 b,=13.2 E\ commensurate
5 1 y=107.4 [Fig. 6(c)]
$=-83.4°
ECAT
b,=11.9A compressed layer;
-3 —4.7\° =13. jaxial i
0211 b,=13.2 ,‘i\ uniaxial incom
5 1 y=110.1 mensurate
d=-99.1° [Fig. 6(d)]
b, =66 A incommensurate
26 1.0 =51, I _ su
EC5T plgl b, =51 3;& stacking structure
2.6 18. y=90.2 [Fig. 6]
O=224°
b,=6.6 A i .
26 1.0 —og. incommensurate
EC6T EJ p211 b, =28 9°A stacking structure
1.9 10. y=88.2 [Fig. 6(f)]
b=22.4°

&Corresponds to the matrices given in Ref. 6, which were set up for an angle betyaeta, of 60° instead
of 120°.

D. Energetic considerations Although being aware of these problems, we have evalu-

A quantitative evaluation of TPD spectra principally al- 8€d the multilayer desorption peaks) in order to deter-
lows us to determine activation energies for desorption offin€ the activation energies) for multilayer desorption.
molecules from the film. This has successfully been done foFor this purpose we used the leading-edge approximétion.
many small molecule¥® Among the important prerequisites The obtainedEy values are listed in Table Il and may be
are an accurate calibration of the temperature scale, a suffsubject to the above-mentioned systematic errors. However,
ciently well-determined background, and good signal-to-we expect that the determined desorption energies are at least
noise ratio. For the here-used mounting of the thermocouplgood estimates for the correct values and that trends of the
(cf. Sec. 1) and the here-investigated large molecules thes#&alues, e.g., as a function of the molecular size, are correctly
requirements are hardly fulfilled, and there are additionareproduced. We find thefE, increases systematically from
sources for systematic errors. For example, errors may b&40 to 230 kJ mol* from EC3T to EC6T, as it could be
caused by the fact that due to high sticking coefficients on alalready expected from the systematic shift of the peak posi-
surfaces the QMS does not measure the partial pregaare tions towards higher temperatures with increasing chain
usual for small moleculg@sbut the desorbing flux crossing lengths(Fig. 2). Since the values dEj are probably a good
the ionization volume of the QMS. In addition, the moni- measure of the effective binding energies of the ECnT mol-
tored flux may be modified by a varying angular distribution,ecules in the film, they are also related to the intermolecular
and thus may be not proportional to the total desorption rateinteractions.(This correlation is based on reasonable as-
which is required for the evaluatiof. sumptions such as that the desorption kinetics are compa-
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and ECA4T(E,, cannot be measured by TPD, since the mol-
ecules in the monolayer cannot be thermally desorbed from
the surface, but dissociate upon annealinye note that
calculations of this interaction are presently impossible,
since the modeling of the covalent bonding requabsnitio
calculations, which presently cannot handle adsorbate/
substrate clusters of such large molecules.

However, it is at least, in principle, possible to estimate
the size ofEg,, from the intermolecular interactions and the
formation of relaxed and compressed phases by EC3T and
ECAT. The idea is that the energy gain due to adsorption of
additional moleculesHg,) into the relaxedcommensuraje
phases must overcompensate the energy necessary to force
the molecules out of the optimum adsorption sites plus the
additional lateral compressive strain within the more com-
pressed layers. Both energetic contributions are induced at
the same time by the adsorption of additional molecules. We
will at first give a general description of the energy balance
for the example of EC4T and afterwards we will discuss
some values relevant for ECAT in more det@&iowever, an
analogous discussion applies also to EG3T.

When additional molecules are adsorbed into the relaxed
monolayer, the surface energy is lowered by two contribu-
tions. First from themolecule/substrate bondingnd second

FIG. 6. Structure modelgeal spacgof ordered monolayers of

different end-capped oligothiophenes on(Afl): (a) EC3T com- f h ive | i | lar i . h
mensurate(relaxed monolayer,(b) EC3T incommensuraté&om- rom theattractive lateral intermolecular interaction® the

pressetl monolayer (c) ECAT commensurat@elaxed monolayer, additional moIecuIes.A\{Ve denote the average values per mol-
(d) EC4T incommensuratécompressedmonolayer,(e) EC5T in-  €cule asEq, andEqy,.™" Thus, the average energy per mol-
commensurate monolayeff) EC6T incommensurate monolayer. ecule that is gained when additional molecules are adsorbed
The inset shows the substrate unit cell vectors. The van der Waal§t0 the relaxed monolaye®(=0.93 ML) up to a fully com-
spheres of the atoms are partially indicated in order to illustrate th@ressed monolayer &=1ML) is (1—0)(Egyt Eaw)
space requirement of the molecules. =0.07Es,y+ Eany) - This energy gain must be larger than the
additional average compressive strain per molecHlg £,

rplus the average energy to force the molecules of the com-
mensurate phase®=0.93 ML) out of their optimum ad-
sorption sites AEg,). This yields the condition: 0.0H,,

+ ELit) = Esraint 0.93AEg, Which is equivalent to

rable in all systems and that there exist no significant ene
getic barriers in the desorption paths in front of the surface.
In the following we will thus useE, as an estimate for the
intermolecular interactions. We finHy to scale very well
with the mass of the moleculdwithin 5%), but somewhat
less well with the number ofr electrons. This may indicate 0.07E ¢~ 0.9\ E¢ = Egyain— 0.0 7E ager- (1)
that the 7 electrons(which are mainly localized on the
thiophene ringsdo not play a more dominant role than the
cyclohexene end caps for the intermolecular interactions.
We now turn to the monolayers. Here the most importan
interaction is the covalent bonding of thesystem to the Ag ; i .
substrate, i.e., the adsorption ener&y (), which causes the . Itis, of course, d|ff|cglt to e.St'matES“b frlom E_q. @,
flat adsorption geometry of the molecules. At least for theSince the intermolecular mteracpons on the right side are a}lso
two shorter oligomers this bonding potential also has a sig-SUbJeCt to the coyalent boﬂd'”g to the substrate, which
nificant corrugation parallel to the surface, which causes th&auses the respective energies to differ from those expected

site-specific adsorption in the commensurate phases of EC:S\AE'th'n free-f!oatmg layers of the molecules and they are,
thus, essentially unknow(see also beloy Nevertheless, we

) can make some reasonable assumptions, which at least allow
TABLE II. Overview on energy parameters, are the peak to estimate the relative orders of magnitude of the energy
temperatures of_ the multl_layer desorpno_n !oeaks of Flg._z,agd terms. First of all, we assume thatE,, is much smaller
are the desorption energies. The error limits @anservative es- than Eg,, and setAE,,,=0. This assumption is motivated
timates for theabsolutevalues. since we observe a high-surface mobility, which points to an

This equation compares the adsorbate/substrate interactions
t(on the left side with the intermolecular interactior{en the
right side.

1 only small lateral corrugation of the bonding potential and,
Molecule Massamy Ta ) Ep (kJmol) thus, a small value oAEg,. As a consequence we obtain a
EC3T 356 3828 140+ 30 lower estimate forEg,, from Eq. (1). In addition, we also
ECAT 438 4389 175+30 neglectE,,, since we expect this energy to be of the order
EC5T 520 48110 215+30 of the intermolecular interactions, which were estimated by
EC6T 602 53611 235+ 30 Ep (see abovg and thus to be smaller thdgy, by about at

least one order of magnitude.
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Table ). Second, the values of the TPE are large and posi-
tive. This indicates that the experimentally determined inter-
molecular distances are smaller than they would be on the
basis of the pure intermolecular interactions, and that the
intermolecular interactions of the free-floating layer are thus
strongly repulsive at these small intermolecular distances.
The repulsion comes from the overlap of the mutual wave
functions of the terminal atom&auli repulsioh and can
also be envisaged from the small overlap of the van der
Waals spheres in Figs(® and §d).*?
i Third, we find that the absolute minima of the TPE coin-
compressed | cide well with the values o determined from STM images,
L ?g}ﬁ;"e ~iV _relaxed which indicates that the geometric requirements are modeled
S [ stuewre (STM) correctly. The fourth result, which we obtain from Fig. 7, is
90 60  -30 0 30 60 20 that the TPE of the compressedx3 ECAT ensemble
(dashed line in Fig. J7is larger than the TPE of the relaxed
Rotation Angle ¢ ECAT 3%X 3 ensemblgcontinuous ling by a value of 2.500
kJ mol L. Thus, we would estimate the average compressive
strain per moleculeHg,,;) to be at least of the order gfof
this value(i.e., 280 kJ mol'), keeping in mind that we have
used open boundaries that likely underestimates the TPE per
molecule with respect to the TPE per molecule of an infinite
layer. On the basis of this modeling calculation we thus de-
rive that the incommensurate layer is indeed significantly
strained with respect to the commensurate layer, which ex-
plains well why the desorption peak(see Fig. 2, which is
FIG. 7. Calculated total packing energies of free-floating EC4Trelated to the phase transition from the compressed to the
layers containing X 3 unit cells and using the experimentally de- relaxed monolayer, is so sharp. We note that such an overlap
termined parameters of relaxedull curves and compressed of the terminal van der Waals radii in a monolayer of an
(dashed curvgssuperstructures. The angfethat is included by the  organic adsorbate was also identified as the reason for the
long axis of the molecule and unit cell vectby (see insgtwas  significant band dispersion of valence orbitals, e.g., observed
systematically varied. Note that for both structures the absolute erfor benzene on Nil_]_]_),43
ergy_mini_ma coincide with the values @f determined by STM Using this value ofE,,, we estimate thaE, is larger
(vertical lines. than 4000 kJ mol* from Eq. (1) (Esus™ Esyai/0.07). This
value would indicate a very high adsorption energy even for
Thus, the most relevant energy that has to be balanced Isuch a large and chemisorbed molecule as ECRdt. com-
the molecule/substrate interactiofg(,) is the energy due to parison, the bonding energy of one covalent sulfur-carbon
the lateral compressive strain or, in other words, the laterabond is about 220 kJ mot.) A large value ofEg,, is, nev-
repulsion between the moleculeB(;). In order to dem- ertheless, expected, because it expléinehy the molecules
onstrate the influence of the strain on the structures, we haveannot be thermally desorbed from the surface, @ndvhy
performed molecular modeling calculations fofrae float- a flat-lying bonding geometry is so strongly preferred on
ing ECAT layer consisting of 8 3 unit cells. Figure 7 shows Ag(111) even for the longer chain ECnT’s, whereas a ten-
as a result the TPE that were obtained for the compressedency for adsorption of the unsubstituted oligothiophenes
and relaxed phases of ECAT using theerimentallydeter-  (e.g.,a5T, a6T) in an upright geometry, which is driven by
mined (and in the calculation fixeddimensions of the unit the intermolecular interactions, occurs on more inert
cell. The only parameter that was varied in these calculationsubstrate$?
was the anglep, which is defined as the angle included by  The major contribution of the molecule/substrate interac-
the long axis of the molecule and the short dxiof the unit  tion (Eg,p stems from the covalent part of the interaction;
cell (see inset of Fig. )7 only a minor contribution is added by van der Waals and
We will first discuss Fig. 7 and consider its limitations, electrostatic interaction with the substrate. We derived this
and will then turn back to the estimation of the adsorptionfrom the comparison of the TPE calculated for the free-
energy. The following results are derived from Fig. 7. First,floating relaxed EC4AT &3 ensemble and the same en-
for both phases there exist three pronounced minima of theemble brought into contact with an A4 1) surface(with
TPE as a function ofp. The small widths of the minima the intermolecular distances kept fiye@he lateral and azi-
(5°-109 indicate that the molecules are rather close packedhuthal position of the ECAT ensemble with respect to the
to each other and that little space exists for a variation osurface was optimized before the final TPE was determined.
their azimuthal positions in these structures. The position oft is notable that this procedure also yielded the experimen-
the minima of the TPE differs only by a few degrees for thetally observed commensurate structure, which means that the
relaxed and compressed phases, which is understandable lm®rrect azimuthal orientation was determined by the search
cause both structures transform into each other by an onlfor the minimum in the TPE. From comparison we found
small changdé6%) of the length of the unit cell vectdr; (cf.  that the TPE is lowered by the attractive bonding to the
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Ag(111) surface by about 750 kJ mdi (per moleculgwith ~ shown by our semiempirical quantum-mechanical calcula-
respect to the free-floating layer. Since this energy is considions, and molecules of different conformations could thus be
erably smaller than the above estimated valueEgf, and  expected for entropic reasons. Second, the molecules are not
since the TPE calculations contain only thencovalenin-  fully planar in the gas phase as shown from quantum-
teractions, we can conclude that the dominant part of thenechanical calculatioi$and experimental daf4.Third, the
substrate interaction must indeed be due to covalent bondingolecules are presumably in a vibrationally and rotationally
forces. activated state when they are thermally evaporated onto the
However, we believe that the here-estimated valuegf  surface. From the fact that molecules with different confor-
is significantly overestimated because a too large energy ghations arenot observed we may conclude that the adsorp-
the lateral strain Eg,,i) was obtained from our modeling tion process on the surface proceeds via a highly mobile
calculation due to a systematic shortcoming of the hereintermediate state, which allows the molecules to adopt to
performed modeling calculation for ti{ree-floating mono-  their final optimal adsorption geometry and conformation.
layer. The plausible reason is that the lateral intermoleculatHowever, for such large molecules the dynamics of adsorp-
interactions are also significantly modified by the covalenttion processes have not been investigated yet.
bonding of the molecules to the surface and are thus not A high lateral mobility of adsorbed molecules on the sur-
correctly described in the molecular modeling calculation byface is, of course, a prerequisite for the formation of long-
the used force fields. Especially, the intermolecular forcesange ordered domains. Our experiments thus demonstrate
are presumably not that strongly repulsive as it is suggesteithat the lateral corrugation of the bonding potentiathich
by the large value o, derived from the calculations. is responsible for the lateral mobiljtyis small, albeit the
One obvious reason for this is that the geometry of the molmolecules are very strongly bound to the surface. Since com-
ecules is slightly changed by the adsorption on the surfacenensurate structures are observed only for the two smaller
This may include, e.g(j) small distortions of the molecular oligomers, we can further conclude that the lateral corruga-
backbone andii) an upwards bent of the terminal H atoms tion of the bonding potential is smaller for the longer mol-
out of the molecular plane, as e.g., postulated for planar arecules, although these are more strongly bound to the surface
matic molecules on P111).*® We expect these effects to due to their largerr system. The obvious reason for this is
reduce the net lateral extension of the molecules, and thus that the lateral corrugation of the potential—and conse-
reduce the repulsive interactions. In addition, for a chemiquently the site-specific bonding—is smaller, the larger the
sorbed molecule like ECAT there may also exist a substrateumber of thiophene units is. This finding is encouraging
mediatedattractivecomponent of the intermolecular interac- because it suggests that even larger molecules of this or of a
tion, as it was indirectly concluded, e.g., for 3,4,9,10-Similar type will form long-range ordered superstructures on
pesylenetetracarboxylic dianhydrid®TCDA) on Ag(110  Ad(11D, which might appear as contraintuitive at first
which partially compensates the repulsive forces. As a cond'ance.

sequence of such corrections, a lower valuggf,;,and thus We further discuss the 2D geometric ordering that is ob-
a lower value ofE,, would be derived by Eq(l)l served as a function of the chain lengths of the oligomers.
Sul ==/

. . _Obviously, the large exothermic adsorption energy strongly
tiorlg cvc\)/rr]‘?cll;]s:joon h\évte;ggggntth% trThoéegg\lglerp]?%ilr']ré?ncalgutlﬁefavors the lateral order, because this optimizes the density of
’ 9 olecules in the monolayers. In principle the adsorption en-

surface, have to be considered with care for ch_emisorbe rgy causes a compression of the layers, which is compen-
layers of organic molecules. However, two interesting resultgateq at small intermolecular distances by repulsive lateral
are, nevertheless, obtained for the case of ECATLAD: (i)  intermolecular forces. On top of this more subtle effects due
the molecular substrate interaction is large and leads to & the molecular symmetry, the molecular size, and the lat-
lateral compression of the molecules afid the intermo-  eral corrugation of the substrate are relevant for the details of
lecular interactions within the monolayer appear to be modithe geometric structures. From the here-obtained results it is
fied with respect to those of free molecules, since otherwis@empting to postulate more general rules that predict the type
an unphysically high lateral strain would result. of geometric structures that are formed on (Al by
ECnT’s or by other similar molecules as a function of chain
length, or more generally as a function of the molecular sym-
V. DISCUSSION metry. A first rule would state that primitive unit cells will
. . nly be formed for molecules with an even number of
All molecules |nvest|_gated hgre form Iong-_range ordere hiophene units of,, symmetry. Thesecondrule says that
monolayers on AGL1D), irrespective of the chain length. NO 4 cing structures are most likely formed in the compressed
indication for a considerable influence of entropy could bephases. However, ECAT is already an exception to this rule
dgrived for increasing chain length. Ong important reason fo(see Fig. 6. A possible reason is that the compressed struc-
this may be that the molecules are mainly planar and rath&jre of ECA4T is onlyuniaxiallyincommensurate and that it is
rigid on the surface, and thus do not exhibit a significantthus strongly influenced by the substrate corrugation and
configurational entropy even for the longer chain lengthsmuch less by the intermolecular forces. This is also sup-
Moreover, we observed only a very small number of pointsported by the finding that the coverage of a hypothetical
defects within ordered domains, which further implies thatstacking structure of EC4T is about 5% larger than that of
the number of molecules that are not in the full transconforthe observed structure. In this context we also note that
mation is negligibly small. This is remarkable, because on&CA4T forms a stacking structure on the more operilAQ
could have expected a larger concentration of molecules afurface!®4’ which indicates that this structure is generally
alternative conformations for several reasons. First, as merpossible. From the above-postulated rules one could predict
tioned above the energetic barriers for rotations around th&urther structures, e.g., an analogous structure as that of
thiophene-thiophene bonds are smé#5 kJmol'') as ECS5T is also expected for EC7T.
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Finally, we consider the azimuthal orientation of the mo- VI. SUMMARY AND CONCLUSIONS

lecular layers on the substrate, which is described by the . . . )
angle ¢ (cf. Fig. 7). For the two commensurate phases the The adsorption and ordering behavior of four end-capped

: ST . ) oligothiophenes of different chain lengths3—-6) on the
orientation is a dwept consequence of thg _energetlcally preAg(lll) surface was investigated by TPD, LEED, and STM.
ferred adsorption site. The commensurability has the conseg| gjigomers adsorb on the surface with a coplanar orienta-
quence that all lattice points of the adsorbate_ fall onto latticgjon and form long-range ordered structures. In contrast to
points of the substrate surface. For the incommensuraige sjtuation present on inert substrates, e.g., graphite, the
structures the. situation is more complicated and several dlfsurface bonding is covalent and strong, thus preventing
ferent theoretical concepts have been developed to explaifionolayer molecules from thermal desorption. From TPD
the azimuthal orientation. Hoshinet al. could explain the we suppose that a |ayer-by-|ayer growth occurs, at least for
azimuthal orientation of monolayers of larger condensed arothe first three layers, and that the second layer is slightly
mates on the basal plane of graphite by the so-cqitsdt-  stronger bound compared to further layers.

on-line conceptwhich postulates a low interface energy for At saturation coverage of the first layer all oligomers form
the case where all lattice points of the adsorbate fall onto onncommensuratécompressedstructures. In addition, com-
set of lattice lines of the substrat®However, this concept mensurate superstructures are observed for EC3T and ECAT
does not allow the interpretation of the azimuthal orienta-at 7-9% smaller coverages. These commensurate-
tions observed here. Furthermore, Forrest and Zhang havacommensurate phase transitions are fully reversible and
performed intensive computational modeling of the adsorpcan be achieved by thermal desorption or additional deposi-
tion geometry of large condensed aromatic molecules on thdon of molecules. The additional formation of commensu-
basal plane of graphif€ Two main outcomes of their calcu- 'até superstructures by the two shorter molecules is a clear
lations are(i) that a large stiffness within the monolayer indication for a site-specific bonding due to the lateral cor-
(intralayer stiffnessand a small interlayer shear stréasthe rugation of the substrate. For the two longer oligomers of the

substrate/organic interfacare decisive for the long-range :eggi‘?i’cvggﬁgiaorrg %rgzi:)nucsc;mlgsg?glréi\tgnitrcljﬁéutrgih;hfarsItgr_
order in the monolayers, ar(d) that the azimuthal orienta- P 9 y 9

tion of the adsorbate layer is given by the minimum of thenumber of Ag atoms the molecules are bound to. Remark-

. - : ably, all incommensurate structurésith the exception of
interface energy of the rigid adsorbate layer with the SUbEC4‘I‘) exhibit a stacking structure with an identical orienta-

strate. Since in the present case the adsorbate/substrate intgf:, ot the stacks. This specific azimuthal ordering of the

action is considerably stronger than on graphite, we expecigsorbate layer cannot be explained by the point-on-line con-
that the corrugation of the surface potential is also strongegept, which was successfully used for organic monolayers on
and that intralayer stress is thus important, too, in contrast tgraphite, but possibly by an energetically preferred azi-
the situation investigated by Forrest and Zh&hg. muthal orientation of the individual ECnT molecules with
For the case of incommensurate monolayers of physrespect to the A@11) surface.

isorbed inert gas atomvith a small misfit with respect to Our experiments clearly demonstrate that even for larger
the substraieMcTague and Navaco developed a model in(suitable oligomers, highly ordered superstructures can be
this direction?® It predicts the azimuthal orientation from the achieved on the Ag.11) surface. This is meaningful because
minimization of longitudinal stress and shear stress withinof several reasons. First, the preparation and structural inves-
the adsorbate lay&f.We suppose that a model of this kind tigation of organic monolayers on Afl1) may serve as an

will be adequate for the present situation, if in addition theadditional technique to identify or control the geometric
strongly anisotropic molecules and the probably stronglystructures of new synthesized molecules_. Second our_results
structured local bonding potentials of the molecules to the?oint out that the A¢l11) surface, or thin Ag films with
substrate are included. In the present case we have soritl) terraces, are attractiieonducting substrates for the
evidence for the importance of such a local surface/molecul@réparation of organic films by vapor deposition, since at
bonding potential, since we find for all incommensuratel€ast the interface, i.e., the first monolayer on the metal, is

structures a very similar orientation of the long moIecuIar.Str”Ct“ra"y well defined. Possibly the lateral order induced

axis, namely, along th¢l, 7.3 direction (cf. Fig. 6). At n thg monolayer mayhztie preserved also in further layers
present we can only speculate about the reason for this Spgl_eldmg epitaxial growtr.
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