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Adsorption site determination of a large m-conjugated molecule by normal incidence x-ray
standing waves: End-capped quaterthiophene on Ad11)
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Using normal incidence x-ray standing waves, we determined the geometric structure of the adsorption site
of a largem-conjugated molecule with six rings, end-capmraterthiophen€EC4T), on the Ad111) surface
in the commensurate monolayer. The Sdbsorption profiles were measured for ti¢1) and (Tll) Bragg
reflections. The vertical coherent positibi:!?, i.e., the average distance between molecules and Ag surface,
was determined to 3.150.05 A. This is less than expected for van der Waals bonding and more than known
for a local S-Ag bond, thus revealing that the surface bonding involves the entire conjugatedem, in
agreement with earlier photoemission results. The lateral position of the EC4T molecule was obtained from a
simulation of the experimental coherent position[ﬁll] direction (1.02:0.1 A). This results in the first
complete determination of the adsorption geometry of a ldi@telying organic molecule on an inorganic
surface.
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[. INTRODUCTION ture (SEXAFS or photoelectron diffraction suffer from the
same problems and require distinct models of the adsorption
Over the last years a strong interest has evolved in theite, between which they probably cannot decide
bonding of large, polycyclier-conjugated molecules tn-  unambiguously.As a consequence, only very few large mol-
organig surfaces and interfaces. This information is impor-ecules have been investigated concerning their adsorption
tant, for instance, for the understanding and optimization oflte. o
organic film growtht? electrical contacts to organic filnis, [N this paper we report a complete determination of the
and interfacial electronic barriers in organic semiconductingidsorption site of a large chainlike organic molecule in a
devices* Most relevant is of course the precise knowledge ofPlanar adsorption geometry. This geometry causes that sev-
the geometric structure, which includes the internal geometrg’lral molecular units and many substrqte atoms are involved
of the adsorbed molecule and its adsorption site on the sul’ the surface bonding. Therefore the situation is rather com-

face. On the basis of such data, theoretical calculations coul'%Iex a.‘”d significantly different compared. to that c.)f a 'afge
organic molecule bonded to the surface in an upright orien-

be performed in order to provide more insight into the nature\tation via one specific functional group, as for instance, in

of _the_chemical bqnding of large molecules to Surfacesself—assembled monolayetsWe used a combination of
which is of general interest. o SXRD and normal incidence standing watE5NIXSW) to
However, the experimental determination of the geometygiormine the site of a so-called “end-capped” quater-
ric structure parameters of large organic molecules on suisiophene (EC4T) on Ag(111). The structure formula of
faces is rather difficult. The determination of the internalEcaT js shown in Fig. 1. EC4T438 amu consists of four
geometry, e.g., by surface x-ray diffractid®XRD),>® is  conjugated thiophene rings and two terminal “end-caps.”
possible but difficult because there are many atoms per unit From LEED, STM(scanning tunneling microscopéRef.
cell and because these scatter only weakly. The determing?), SXRD (Ref. 6, and NEXAFS (near-edge x-ray-
tion of the adsorption site is also difficult, because standarébsorption fine structuye(Ref. 13 investigations, it is
techniques, e.g., LEEDlow-energy electron diffractionlV known that ECAT adsorbs in a flat geometry with all-trans-
analysis, have to cope with unit cells that are considerablgonformation of the thiophene rings on the(Afjl) surface.
larger than those of standard adsorption systems. Other techy the monolayer a highly ordered commensurate superstruc-
niques based on surface extended x-ray absorption fine struttire with one molecule per unit cell is forme@see Fig. 5,
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techniques used for molecular modeling simulations are de-
scribed in Sec. Ill. The experimental results are presented in
Sec. IV, and a discussion of the observed structure is given in
Sec. V. Summarizing conclusions are drawn in Sec. VI.

ECAT

Il. EXPERIMENT

FIG. 1. Structure formula of the end-capped quaterthiophene
molecule(EC4T). The labeling of the C atoms is shown for one half

of the molecule. The experiments were carried out at beam line ID 32 at

1204 o - the European Synchrotron Radiation Facili(SRF in
below). This implies that all ECAT molecules eXh'b'.t Fhe Grenoble, France. The beam line is equipped with an UHV

same adsorption site a_nd that there exists a dls_tmct MINIMUM, tace science end-station consisting of a hemispherical
in the lateral corrugation of the surface bonding potential.

This is very remarkable for an extended large molecul electron analyzefCHA) (r=150 mm), LEED optics, and

: . -CUl&cilities for sample preparation. The angle between the
as ECA4T. (For comparison with other end-capped oligo- beam line and the CHA axis was 45°.

thiophenes of chain length 3—-6, see Ref).14

From differential chemical peak shifts in NEXAF&Ref.
13) and ultraviolet photoemission spectroscogyPS B. Sample preparation
spectrd® it was concluded that the bonding of the molecule

to the surface ighemisorptiveUpon annealing of the com-

mensurate ECAT monolayer, no desorption, but dissociatiof'eNt and subsequent annealing at 400-500°C. The sgrface
of the ECAT occurd? The comparison of x-ray photoemis- purity was controlled by XPS. Only a very small contamina-

sion spectroscopgXPS) data(C 1s and S D) of the ECAT f[ion of carbon was obsgrvgd, which is at_tribuf[ed to residual
monolayer and multilayer shows only very small overaIIInCIUSIons from the polishing process with d"’%”.‘ond paste.
shifts of 0.3 eV, as found for physisorbed monothiopH&ne The LEED pattern of the Ag11) surface was brilliant with

and bithiophene on A@11).1” This reveals thano local low background and very sharp spots. EC4T monolayers

bonding of the S atoms to the surface via the lone pair ocY/ere prepared by evaporating ECAT onto the surfdte (

— A 12
curs, as for instance, found for monothiophene on more re= 300 K) from a Knudsen ce{0.2-0.5 ML/min.™ The cov-

active substrate¥ Instead, the entirer system must be in- €rage and the long-range order of the ECAT superstructure

volved in the surface bonding. Thus the interesting questionV€"® controlled by LEED. Generally we deposited slightly
ore ECAT than required as ideal coverage for the commen-

which is the subject of the reported investigation here, arises!

What is the specific adsorption geometry and energeticallyurate monolayer, and then removed the excess coverage by

favored adsorption site of this molecule? Especially, Weannealing. This leads to brilliant LEED patterns of the com-

wanted to find out, whether the S atoms in the thiophenénensurate ECAT monolayer, as described in detall in Ref. 12.
rings play a specific role for the surface bonding.

From SXRD(Ref. 6 it was found that the lateral internal
molecular bonding distanceg.e., the G=C, C—C, and ) o )
C—S bonds in the thiophene ringand the bonding angles  Detailed descriptions of the NIXSW technique can be
of EC4T adsorbed on Ag11) are significantly modified, i.e., foynd in Refs_,.. 9 and 10. Very brlefly it allows us to deter-
the bonding lengths differ up to aboutl0% with respect to Mine the position qf an adatom relative to a substrate Bragg
those of ECAT molecules in a bulk crystal. In a chemicalPlane from its relatlye absorptllon as a fl_Jnct|on _of the p.hoton
sense, the bonds in the thiophene rif@gich are about €Nergy of the stanldlng wave f|e4dbsorpt|o.n profilg In this .
parallel to the surfagemay be weakened by donation of work the_absorppon profiles were obtained by measuring
electrons from the substrate into the molecutasystem. three regions of interest, namely, the Ag MVV Auger line,

The SXRD analysis further reveals that the interatomicthe S 1 XPS line, and the S KLL Auger linésee Fig. 2as
vectors between the four S atoms within the molecule aré function of photon energy around the (Ag1) Bragg en-
identical for ECAT in a bulk crystal and ECAT adsorbed on€rgdy (2627 keVj for normal incidence. The spectra were re-
Ag(111).% This information is most reliable, since the S at- corded for the(111) and (111) Bragg reflections, using a
oms with a high atomic number lead to the strongest contritotal photon energy range of 6—12 &Wass energy of the
butions in the Patterson functi6riThe NIXSW experiment CHA: 93 eV). Typical scan times for one sample preparation
reported here measures a signal related to the coherent sumere 30—60 min. A typical spectrum for each region of in-
mation of the positions of these four S atoms relative to thderest is shown in Fig. 2. The Ag MVV and S KLL Auger
substrate. As we will describe in detail below, the analysis oppeaks are composed of several Auger transitions as visible
the NIXSW data requires the knowledge of the interatomicfrom their fine structure and indicated by the fits. We note
vectors between the four S atoms. Therefore this informatioithat the broad shoulder on the high-binding-energy sade
from SXRD is an important prerequisite for the adsorption2480 eVj of the S Is photoemission pealFig. 2(b)] is due
site determination by NIXSW, described in this work. to the S LMM Auger line(see belowand not due to chemi-

This paper is organized as follows. Section Il contains thecal decomposition or a different adsorption state of the mol-
experimental details. The data evaluation and computationacule.

A. General

The Ag111) sample was prepared by Ar-ion bombard-

C. Data acquisition
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FIG. 2. Typical spectra of the Ag MVV Auger peaks), the S s XPS and S LMM Auger peakb), and the S KLL Auger peak&).
These spectra were used to monitor the NIXSW absorption profiles of the substrate and adsorbate, respectively. For all scans, the photon
energy was 2.625 eV, i.e., close to f1d1) Bragg energy of A¢L11) for normal scattering geometry. The squares mark experimental data,
the lines are fitted curves consisting of several peaks, as indicated. Note that$tpe8kidotted and S LMM peakdashed overlap near
the Bragg condition. The bottom panels show the residuum, l.&ut lhed /! expt-

D. Beam damage 1s peak during the scan of the photon enetgge Fig. 4.

Because of the high photon flux we carefully checked for1 his ovgrlap of twp peaks was taken_into account in the data
beam-induced damages of the molecular overlayer by med&Valuation. For this purpose the positions and shapeg of the
suring the C % and the S & XPS spectra prior to and after AUger S LMM and the S 4 XPS peaks were determined
the NIXSW runs. No change®.g., chemical shifts, shoul- Tom a set of overview spectra firssee Fig. 4, and then
ders, etd. could be detected, in agreement with previous ex-USed to fit the short-range energy spedfa. 2) that were
periments. In addition, sequentially performed NIXSW runsmeasured for the determination of the absorption profiles. If
with reduced resolution and a scan time of 30 min did not"® S LMM Auger peaks were not properly subtracted, e.g.,
show significant changes in the absorption profilese be- _by using too small a klnetl_c energy Wmdo_vv, artifacts were
low). We thus conclude that beam-induced changes do ndptroduced into _the absorption profiles leading to a change in
play a significant role in this NIXSW experiment. This is the coherent distancB, by 0.1 A, whereas the coherent
also supported by the high values of the measured cohereffction f¢, was almost uneffectetfor D, and f¢, see be-
fractions, which would be much smaller for damaged andow)- ) o , )
structurally disordered layers. Additional checks with LEED . " Fig- 3 tghe solid lines are fits of the theoretical absorp-
after the NIXSW run also proved the stability of the super-t'on_ profileg® to the experimental da_lt_a. Each fl_t yn_elds two
structure order, which is sensitive to radiation damage. Anain parameters: the coherent positid{), which is the
slight increase of the diffuse background was likely due to fveraged distance of the atoms of interest with respect to the

small decrease of the lateral order or to the adsorption ofubstrate Bragg plane, and the coherent fractiog)
H,O from the residual gas. which, in brief, is a parameter that describes the displace-

ment of the atoms arourd,. These values are summarized
in Table I. BesideD, and f,, the fit determined also the
Il. DATA EVALUATION mosaic spread of the sample and the width and center of a

In a first step, the XPS and Auger spectra were quantita®aussian energy profile describing the primary photon beam.
tively evaluated by fitting the spectra by a sum of pseudo-
\Voigt and Gaussian functions with fixed relative intensities 3 ' '
as indicated in Fig. 2. The background was fitted by a poly-
nomial function. The second step consisted of the computing
of the absorption profiles, i.e., the relative integrated peak
intensities as a function of photon energy. The peak intensi-
ties were scaled to the intensity of the incoming photon
beam, measured with dg mesh. These absorption profiles
(solid symbol$ are shown in Fig. 3. Intensity variations due
to small movements of the beam position on the sample rela-
tive to the electron analyzer have been taken into account by . AgMVV
proper correction. s+ Si1s
We note that in the energy range around the(144) 0 - 0 5 > 0 5
Bragg energy the kinetic energy of the S électrons is very Photon Energy rel. to Bragg Energy (V)
close to the kinetic energy of the S LMM Auger peaks. The
Auger structure is the reason for the broad shoulder on the FIG. 3. NIXSW absorption profiles vs. photon energy derived
higher-binding-energy side of the $ peak in Fig. 2b). As  from S 1s photoelectrons and Ag MVV Auger electrons in {1d.1]
a consequence, the Auger structure shifts across the XPSa8d[111] directions and best-fitted theoretical curves.
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FIG. 4. Overview spectra of the Ssland S LMM region for
photon energies around the Bragg energy of 2626 eV. The &d
S LMM peaks overlap for the photon energies used here. These
overview spectra were employed to determine the fitting parameter:

for line shapes, line positions, and the background. WW Wﬁw

The x-ray scattering factors were taken from Ref. 20 and

. 1 n 21
calculatgd using the programsHADow. FIG. 5. Comparison of the four symmetry-allowed molecular
For high photon energies=1.5 keV) (Refs. 22 and 2B a4sorption sites4—D) of ECAT on Ag111) and simulation of the

the role of the nond!p0|ar terms in the_ phOtoeleCtron rT"atr')&)osition vectors ilﬁTll] direction. Only ondout of three possible
element has been discussed. We explicitly checked this by &tational domains is displayed, leading to the notatign, Bq:,
comparison of absorption profiles based on thesXBS and  C,., andD,.. In the upper part of each panel a top view of the unit
the S KLL Auger lines, respectively, in a separate expericell of ECAT on the A¢l11) substrate lattice is shown. The sub-
ment. If nondipolar effects play a role they are expected tatrate Ag atoms are at the intersections of the thin lines. The unit
cause a difference between the two profﬂ%However, we cell contains one EC4T molecule that is presented by two half mol-
found no significant differences, and within a few percentecules for symmetry reasons. Carbon atoms are in black; sulfur
identical values oD, andf, were obtained. This finding is &toms in gray are marked by, b, ¢, andd. The atomic lateral
consistent with recent relativistic calculations of nondipolaréecrdinates of the ECAT molecules are taken from Ref. 6. The
angular paramete?§.We thus conclude that nondipolar ef- lower parts of the figures shgwaade wevy, i.e., the prOJectlon of the
fects do not play a role for Sslphotoelectrons in contrast to, S oM positions onto the (OLplane that is perpendicular to both
e.g., Ref. 23, where the Ostand O KLL peaks measured for the (111) and the (]11_) planes. The top view and the side view f|t_
the Ag(111) Bragg plane lead to different absorption proﬁles_t(lgether a_lgng the thicker substrat_e lattice Ilne_s. The corr.espondl.ng
The likely reason is that the spatial extension of thesS 1 (111) position vectors of the considered rotational domains are il-

LD lustrated in the Argand diagrams in the top left corners of each
electron wave function is significantly smaller compared to ”
panel. The four position vectors for the four S atoms are labeled
that of the O & electron.

according to the atoms with—d, the arrow represents the resulting
sum vector. The radius of the Argand diagrams is always 0.4 as
indicated.

TABLE I. Summary of the coherent positions and coherent frac-
tions (D, and f ). IV. RESULTS AND ANALYSIS

Figure 5 schematically shows four possible adsorption
sites, with top and side view in each case. Each top view
D, (A) feo D, (A) feo picture displays the adsorbate unit cell of one rotational do-
[111] 3.15+0.05 0.70:0.05 2.36 0.85+0.05 main with two halves of the EC4T molecule on the triangular
[111] 1.02+0.08 0.48-0.05 2.36 0.78+0.05 mesh of the A¢l11) surface(a complete molecule is shown
in the upper left frame The various aspects of the evalua-
#These values were fixed to the Ag bulk value during the fit. tion are discussed in the following.

Direction Sk Ag MVV
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A. Coherent summation 1. Symmetry considerations

In the following we denote the complex vector represen- Among all possible adsorption sites of the molecule we
tation of the coherent position and coherent fractionconsideronly those which exhibit a twofold symmetry axis
(Deo:fco) @s theposition vector This vector is illustrated perpendicular to the surface, i.e., those which ha2esym-
by an Argand diagram in the complex plane asmetry. There are several arguments, why we can neglect
feoexp(2mD,,/d), whered is the lattice spacing, i.ed;;7)  other sites. First, the unit cell of the pure adsorbate layer
or di111) (See insets in Fig. )5 Because there are four S containing one moleculgwith a conjugatedr system with
atoms, labeled as a, b, ¢, and d in Fig. 5, per unit cell, th&,,, (p2mm) symmetry hasp2 symmetry*>?’ Since therw
experimentally determined position vectors are vector sumsystem is responsible for the chemical bonding to the sub-
of the position vectors of four individual S atorfisin the  strate, it is expected that an adsorption sitedfsymmetry
[111] direction the three rotational domains of the ECAT su-is strongly favored. Thip2 symmetry of the adsorbed EC4T
perstructurgfor details see Ref. 1%ield inequivalent posi- monolayer is also observed in the molecular STM
tion vectors, albeit the adsorption sites being identical. Thugontrast?>'* Second, in the SXRD experiment identical in-
we have to sum over the three rotational domains, too. Howtensity variations along the superstructure rods related by a
ever, the position vectors of the two pairwise correspondingwofold symmetry axis[i.e., (hkl) and (ﬁd)] were mea-
reflectional domains are equivalent. sured® This also indicates a twofold symmetry of the super-
structure unit cell and the adsorption site.

A consequence of a twofold symmetry of the adsorption
site is that only the topmost Ag layéwith p6mm symme-

From the experimentally determined position vector in thetry) can be relevant for the symmetry, since the semi-infinite
[111] direction we conclude that the average heigﬁtﬂ) of  Ag(11]) surface exhibits no twofold symmetry axXsymme-
the four S atoms is 3.150.05 A with respect to the ex- try group p3ml). Therefore, concerning the adsorption of
tended bulk position of th€111) plane of the Ag substrate. ECAT, the Ag111) surface exhibits a quasi-sixfold rotational
Hereby we note that for the clean fd.1) an IV analysi&®  symmetry. On the A1) surface there exist four such pos-
revealed that the position of the topmost layer coincides wittsible adsorption sites of the EC4T molecule with twofold
the ideal bulk position, i.e., there is no relaxation of thesymmetry. These “molecular” adsorption sites are illustrated
topmost layer on clean A@11). Thus we may expect a neg- in Fig. 5. Three of thentA, B, andC) could be callecbridge
ligible relaxation for the ECAT covered ALl too. Further-  sites since the center of the molecule is located above the
more, from the relatively large value of the coherent fractionmiddle between two Ag atoms of the top layer. The §ites
in the[111] direction(0.70, we deduce that all four S atoms then ana-top site Due to symmetry reasons, the adsorption
in the unit cell are of the same height, with a deviation of atsite must coincide with the symmetry center of the EC4T
most =0.2 A with respect to the extendgd1l) Ag bulk  molecule.
planes. The deviation of0.2 A is the upper limit that is The lateral coordinates of the EC4T molecule in Fig. 5 are
consistent with the reduction of the coherent fraction fromtaken from our earlier SXRD measuremérin Fig. 5 we
0.85(measured for the substrate the value of the coherent also show the vertical cross sectiofssde view along the
fraction of 0.70(measured for the adsorbatender the as- (011) plane, which is perpendicular to ti@11) and (111)
sumption of zero static or thermal disorder in the vertical siteplanes and thus allows us to illustrate the projected distances
distribution of S atoms and the occupation of two distinctof the S atoms to both of these planes. The height of the S
vertical positions of the S atoms within the unit cell. atoms in thg111] direction is taken from thé111) NIXSW

data, described above. In the simulations we assumed the
_ same height for all four S atoms which is consistent with the
C. [111] direction high coherent fraction value, as discussed above.
From the experimentally obtained position vector in the ~For each of the four possible adsorption sités-D)

[Tll] direction(Table ) we determine the lateral position of there exist three symmetry equivalent rotational doméins

the molecule on the surface by comparison with those po:sit-atecj by 120° against each other and denoted by the indices

tion vectors that we compute for distinct hypothetical ad-0 @ +20° and 240_0Wh'Ch yieldinequivaleniposition vectors
sorption sites of the molecule. The computation of the lattefor the S atoms with respect to theT) plane. For example,
vectors(named “simulated” position vectors in the follow- for the adsorption sité\ these three rotational domains are
ing) takes into account the internal geometry of the moleculdllustrated in Fig. 6. The other three symmetry equivalent
from the SXRD,d},,) from above, and the existence of six domains, obtained by a reflection of the three _domains
symmetry equivalent domairisee beloy. This complicates shown in Fig. 6 lead to the same position vectors i1}

the analysis and we thus make a few remarks about the sim@eometry, and thus need not be considered separately, be-
lations before we turn to the final result. In the simulationscause the corresponding mirror plane is perpendicular to the
only perfect structural order is considered. Generally the ex¢111) plane. Thus for obtaining the resulting position vector
perimentally determined,, is reduced due to disorder, and of one adsorption site A, B, C, or D, one has to sum up 12
hence the measured, must be smaller than the simulated individual position vectorgfour S atoms per unit cell times
feo- three rotational domains

B. [111] direction
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C/D, respectively, lead to identical position vectors for the
gh h‘h rotational domain denoted by 0° in Fig. 5. The reason is that
ab\\q %».5% the adsorption sité\y- can be transformed into tH&,. (Cgy-
’,!h X & %'Ij.::}‘ into Dgy-, accordingly by a shiftparallel to the (111) plane.
g& gea Furthermore, we observe that the position vector8pfand
XX ’;:.esq By- are rotated by 180Fi.e., half a (111) lattice spacinp
sa Qgé‘ with respect to those @€,- andDg-, since the projections of

< these sites onto the (Ol plane can be transformed into each

other by a shift of half a lattice constafsee Fig. 5. Similar

/77 77 7‘7 7 77 / / // // // // symmetries also exist between the position vectors of the

other rotational domaingnot illustrated. In summary, the
result of all these is that for all 12 different rotational do-
mains, only two different coherent positions are found,
which—in addition—differ by half a (11) lattice spacing
(represented by two opposite directions in the Argand dia-
gram). This is a consequence of the twofold overall symme-
try of the adsorption site that is only compatible with either a
zero lateral displacement of the adsorbate relative to the unit
cell of the Ag111) surface(site D) or a displacement by half

a lattice constant with respect to sike(A-C).

The coherent fractiondengths of the arrowsvary sig-
CD B nificantly within the three rotational domains of one adsorp-
tion site (see Fig. 6 However, they depend only on the
lateral coordinates of the molecule and the considered rota-
tional domain, and not on the specific adsorption site. As a
consequence, the coherent fractions are identical for the
structuresg-, By, andCye, andA; 0, Bisge, andCippe,

FIG. 6. Comparison of the three rotational domains of the mo-and so on(see Fig. 5.
lecular adsorption sit& of EC4T on Ag111) and simulation of the It is evident that the resulting simulated position vectors
(T]_]_) position vectorgfor details see also ﬂgure Captior). Jhe depend on the lateral coordinates of the S atoms in the unit
radius of the Argand diagrams is always 0.8 as indicated. Lowergell, which were taken from the SXRD data. In order to
right panel: Argand diagram of the resulting position vectors inestimate the uncertainty in the position vectors due to the
[111] direction of the adsorption sites§ B, C, andD after summa-  uncertainty in the lateral coordinates, we have deliberately
tion of the resulting sum vectors of the three rotational domainsvaried the relative lateral coordinates within the unit cell by
The radius of the Argand diagram is 0.7. The value of the experi+1% (i.e., the error bar of the SXRD analy%isThe varia-
mentally determined position vector is indicated by an open circletions of the resulting position vectors are illustrated in Fig. 7.
It is only compatible with siteA. Figure 7a) shows the result with a fixed vertical height of
3.15 A of the S atoms, whereas in Figby an additional
deviation from this height by+0.2 A for atomsa andd and
—0.2 A for atomsb andc was included. As explained in Sec.

In Figs. 5 and 6, the inset Argand diagrams illustrate thdV.B the maximal deviation of£0.2 A can be estimated by
position vectors of the four S atonitabeleda—d) of the  the measured value éf,. This type of “buckling” leads to
depicted structures and the sum vect@rsow) of these. The two different distinct position vectors in tHd11] direction
finally resulting position vectors from the superposition ofand consequently to a lower coherent fraction in [th#l]
the three rotational domains are labekedo D for the four  direction. In both cases the twofold symmetry of the struc-
possible adsorption sites and compared with the experimerure was preserved.
tally determined position vector in the large Argand diagram In the first casdFig. 7(a)] we find no dependence of the
of Fig. 6 (lower right frame. From this comparison we see coherent position on the lateral coordinates., an error for
that only the position vector of sit& coincides within ex- the direction of the position vectprwhich is expected and
perimental error with the experimental position vector. Inwhich is due to the twofold symmetry, as noted above in the
addition, we can exclude that a relevant fraction of mol-discussion of the rotational domain$trictly speaking, the
ecules occupies an adsorption site different frrsince any  position vector is of course only fixed modulo half a sub-
admixture of position vectorB, C, or D would yield coher- strate lattice spacinp.In contrast, the coherent fractions
ent fractions that are smaller than the experimentally meatlengths of the position vectorsire strongly dependent on
sured, which is not meaningful. the lateral coordinates. Nevertheless, the variations of the

There are several remarkable details in the simulationtesulting position vectors for the considered error bar are
First, we note that the pairs of adsorption si®8 and much too small to allow any other adsorption site ti#ato
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SXRD with high precision, and were found to agree with
those of the molecule in the bulk.

V. DISCUSSION

ARYEDN
NIPANV
SN

From the experimental results we derived that in the com-
mensurate monolayer structure of ECAT on(&d) the ad-
sorption site labeled\ in Fig. 5 is occupied with very high
preference. The two S atoms of the two inner thiophene rings
(a and d) are located nearly exactly amtop sites(within
error of the analysjsand those of the two outer thiophene
rings (b andc) are also very close ta-top sites. The distance
to the nearest-neighbor Ag atomds(,,) is calculated from
D as 3.16 A for the S atoms andd and as 3.26 A for
the S atomsb and c, respectively. Such largds.»4 values
and an adsorption close to thgop site are in gross contrast
o to the general trend for chemisorbatbmic S to adsorb in
high-symmetry sites on close-packed metal surfatahis
site would be a threefold S sitécc or hcp here, which
would lead tods a4 values around 2.3 A The sites of the S
atoms observed here are also remarkably different from the
site of S observed for alkylthiols adsorbed on(Alfl), which
o~ was identified as a threefold hollow site from SEXAFS
measurement§ An a-top site of the S was observed for
monothiophene adsorbed on @W1) in a flat-lying
geometry?® however, the value als.c,=2.60 A was consid-

FIG. 7. Analysis of the influence of small variations of the in- erably smaller there. The here observed S-Ag bond distances
tramolecular lateral coordinates on the simulated1(1position ~ are also remarkably larger than those on bulk compounds
vectors with constant height of the S atofasand including small  such as AgS,*’i.e., 2.49-2.69 A or those values observed
height deviations of+0.2 A (b). The open circles resemble the for thiophene-Ag complexes in solution which are around
simulated position vectors of the four considered adsorption siteg.9 A 3!

A-D using the best value of the lateral coordinates determined by Therefore we can exclude strongly localized bonds be-
SXRD (Ref. 6. The lines(a) and black areagh) consist of indi-  tween the S atoms and the Ag surface. Moreover, we must
vidual points which represent position vectors for lateral coordi-conclude that the distinct adsorption geometry with its rela-
nates that deviate by 1% from the best value determined by SXRRvely large vertical distance and the chemisorptive, covalent
(Ref. 6. The two-fold symmetry was preserved. Only the coherentygiyre of the EC4T/AG.11) surface bonding is not related to
fractioqs corresponding to the lengths of the po_sition vectors shov‘sé covalent bonding of the S atoms to the surface. Instead it
a con5|derab!e dependence on the lateral coordlnatgs. The radiusfs 1o pe explained by a surface bonding involving the entire
the Argand diagrams is always 0.7. For further details see text. o system of the moleculénvolving S and C atomic orbitals

as also deduced from electron spectroscopic data and the
fit the experimental datfsee Fig. 7a)]. distortion of the internal bonds observed in SXRBee

The situation is slightly different in the second c4Bé. above. This finding is corrobora_lted_by the above-mentioned
7(b)]. Here variations oiD(Tﬂ) result from the additional absence of XPS core level shift differences between the C
" co

; . . . o and S atoms when ECAT multilayer and monolayer mol-

vertical displacement. The maximal possible variation of 4§16
i) _ s ecules are compar - _

D¢’ can be estimated as (0.2 A)[cos(70.5°) The Ag-S bond distance is, however, smaller than the sum
=+0.067 A= +3%d(111). However, the actual variation of the Ag and S van der Waals radii, which is 3.5[A7
depends on the specific lateral coordinates of the S atoms: 1.8 A (Ref. 32] and is also still slightly smallefat least
Again we find for this deviation from our start values that thefor the atomsa andd) than the sum of the atomic radius of
conclusion of adsorption sit& is not effected. Nevertheless, Ag metal(1.45 A) plus the S van der Waals radius, i.e., 3.25
the observed strong dependence of the coherent fraction oh*? This finding indicates that the EC4T molecules aat
the lateral internal molecular coordinates indicates that g@hysisorbed on the Ad@1l) surface, but that at least weak
meaningful analysis requires the knowledge of these wittchemisorption occurs, in agreement with the above-
high precision with respect to the length scale of the considmentioned results from various electron spectroscopies.
erably smallesubstrateunit cell. To fulfill this criterion may We further consider the C atoms in the thiophene rings
be increasingly difficult with increasing size of the organic which we cannot directly observe by our experiment. In the
molecules under investigation. In the present work we are isimplest adsorption geometry, all four thiophene rings would
a safe situation, since the interatomic vectors between the I8 fully planar to the surface. This geometry is supported by
atoms (and thus the lateral coordinateare known from the strict dichroism observed in NEXAFS experimelitst

NN

NN
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would imply that all four thiophene rings, i.e., the entire
aromatic part of the molecule, are 3.15 A above th¢lAg)
plane with a maximal deviation of 0.2 A (see abovg It is
interesting to compare this bond distance with values found
for other aromatic adsorbates. For instance, for benzene on

00000 ¢
Y YV YV e Va Vo X
QO E NN 0.
v\v. v'v\v‘v"v
AN \V‘AJA“ 78 A_A
close-packed metal surfaces a much smaller bond distance of V‘Y’Y.Y.Y‘Y.Y
about 2.5-2.6 Ae.g., on R(O00]) (Ref. 33] is observed,

whereas for the large aromatic and planar molecule PTCDA giG. 8. Hardsphere model of ECAT on the (A1) surface il-
(perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydriden  |ustrating the finally determined adsorption skeFor further de-
Ag(111) an only slightly smaller vertical bond distance of 2.9 tails see text.

A'is found3* This difference to PTCDA can be understood

by the differentr systems of ECAT and PTCDA and may be derived from adequate cluster or slab calculations.

partially related to the role of the emptyorbitals of the S Since the endcaps hardly belong to the aromatic system of
atoms in the covalent bonding of ECAT to A41) (whereas  the molecule, we assume that their position is less relevant; it
O atoms are involved in PTCDAThere are indications that possibly supports the site selectivity by additional weak phy-
the bonding of ECAT to Ag.1]) is significantly weaker com-  sisorptive bonds of the endcaps to the surface. As discussed
pared to PTCDA/A@L1]), because chemical shifts in UPS gpove, due to the large bond distance of the S atoms and due
spectra of ECAT/A@L11) are smaller compared to those ob- to the XPS data a site-selective local bond of the S atoms can
served for PTCDA/A@L11) and because at higher coverage pe ruled out. Therefore, we arrive at the conclusion that the
an incommensurate monolayer structure with non-siteinteraction of thewr system of the thiophene rings with the
specific adsorption exists for ECAT, but not for PTCBR.  gypstrate determines the lateral position. The bonding thus
Thus a very interesting aspect of our experimental results igyyolves the four C atoms and one S atom per thiophene ring
that for the commensurate phase of ECAT/Hg) we find a  and probably the three Ag atoms close to each thiophene
bond distance for a site-specific adsorption which is rathefing, as illustrated in Fig. 8. Thus we conclude a bonding
large. ) _ mechanism of the molecule to the surface, which is spatially
~ However, since our experiment measures solely the posiather extended, but—possibly through a cooperative effect
tions of the S atoms, we can of course not exclude the facgf the bonding forces on the four rings—causes a distinct
that the thiophene rings are not fully planar to the surfaceminimum of the resulting lateral corrugation of the
but are slightly inclined by a few degrees such that the Gyolecule-to-surface bonding potential leading to the prefer-
atoms opposite to the S atoms are closer to the surface th@ce of a specific adsorption site. A hint for the relevance of
the S atoms. Because of the trans configuration of the mokch a cooperative effect may be that the identified adsorp-
ecule this would cause an alternating inclination of the ringsjon site A exhibits the highest coherent fractidin the

along the Irg‘)tleClJtl.‘l”I‘r axis. ?blsma!lﬂmﬁlmg_tlcr)]n pf a f(ta)w de- Tll] direction of the four considered sites. A high coherent
grees would be still compatible wi € dichroism ObSeIVeG o +tion indicates that the lateral distances of all S at¢ansl

in NEXAFS, and is also fully compatible with the SXRD ; ; L
results, since the SXRD measurements did not provide a[c]?lgzlrlf;ilxgngllslol)ol;:tf;ceeﬂ:%pZﬁgi(lea:lr)gmth respect to the

out-of-plane resolution high enough to yield information on
subtle “vertical disorder.” Small ring tilts of 5° to 10° would
yield bonding distances of the C atorti®., atoms 2, 3, 7, VI. SUMMARY AND CONCLUSIONS

and 8, see Fig.)lto the top Ad11]) plane of 2.7-2.9 A. Using the NIXSW technique we have determined the ex-

Such a ring inclination is especially possible for the two : ; . ;
inner thiophene rings, whereas it may be more hindered fo'?1Ct aglsorptlon site of a large aror_nat|c oligom@&CA4T)
the outer rings due to the endcafsee Fig. % Such tilts chemisorbed on the AgLl) surface in a planar geometry.

should be especially relevant for the interpretation of theour analysis is based on the NIXSW absorption profiles in

STM tunneling contrast observed for EC4Ref. 12 and [111] and [111] direction of the four S atoms in the four

would be also an interesting aspect of theoretical calculationdiophene rings of the molecule and involves the internal
of this site geometry. bond distances known from SXRD. We can clearly discrimi-

Finally, we discuss the lateral position of the molecule onnate the correct adsor_ption '_site from other adsorption sites,
the surface. In the final structure model in Fig. 8 there aréVhich are also compatible with the symmetry of the adsorp-
three interesting features that may be relevant for the findfon system. One prerequisite for this analysis is the high
lateral position of the molecule: First, as already noted, the $oherent fraction of the correct site in11] direction. This
atoms are close ta-top sites. Second, the four C-C bonds of high coherent fraction is remarkable, since due to incoherent
the atoms 2—3, and 7—8ee Fig. 1 for notationin the four ~ superposition of the four S atoms per molecule and three
thiophene rings are about parallel to the direction of closefotational domains, one may have expected a very small co-
packed Ag atomg001] direction. And third, the centers of herent fraction. We speculate that a high coherent fraction is
the two terminal endcaps appear to be exacthpdop sites.  a characteristic feature for the situation where extended pe-
At this point we can, of course, only speculate about whichriodic molecules exhibit a well-defined adsorption site.
of these features is relevant for the lateral position or whether The four S atoms per EC4T molecule are located (3.15
even a combination of them is important. This can only be+0.2) A above the topmost A§i11) plane and come close

Y Y YV Y YV Y Y Y
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to a-top positions. The rather long S-Ag bond distance indi-plausible because of the strong internal distortions observed
cates a delocalized bonding of the molecule and excludes i SXRD.
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