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Deformation of a 3.7-nm long molecular wire at a metallic step edge

T. Zambelli} P. Jiang, J. Lagoute, S. E. Grillo, S. Gauthier, A. Gourdon, and C. Joachim
Centre d’Elaboration de Matéaux et d’Etudes Structurales, CNRS 29 rue Jeanne Marvig, F-31055 Toulouse, France
(Received 22 March 2002; published 15 August 2002

The adsorption of a new molecule constituted of a 3.7-nm long conjugated board equipped with eight lateral
legs was studied with scanning tunneling microscopy on th@ @) and nanostructured Cl11) surfaces. The
conformation of the adsorbed molecules was extracted by comparing experimental images with calculated
ones. In particular, we demonstrate that not only are the legs free to rotate, but also that the central board is
distorted at doubles steps. The van der Waals interaction of the conjugated board with the metallic surface is
shown to be responsible for the deformation of the molecules.
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[. INTRODUCTION of the delocalizedr orbitals of the benzene rings. At both
extremities, the wire is terminated by fluoranthene groups

Long and conducting molecular wires are expected to bassuring a more efficient contact point. On the contrary, the
at the basis of the challenging research of monomoleculas,5-ditert-butylphenyl substituents act as insulating legs,
electronics with the full electronic circuit integrated in a very keeping the board away from the metal surface béfovhe
single moleculé:®> To measure the conductance of an indi- conformation of two members of the family, tisLander®
vidual organic molecular wire, and to have access to thendL-Landel’ molecules were studied in detail using UHV-
tunnel transport characteristics along it, the molecule mus8TM images to obtain the geometry of the legs when ad-
be adsorbed in a coplanar configuration between twaorbed on a metal surface. As observed in previous works on
metal electrodes belonging to the external measurememiorphirin molecules equipped with the same type of [€gs,
circuit as shown in Fig. (). Due to the progresses in the it was pointed out that each bond attaching a leg to the
fabrication of planar and coplanar metal-insulating-metalboard is distorted due to the electronic interactions between
nanojunctions;* the conductance of molecular nanomateri-the 7 molecular orbitals of the wire board and the metallic
als such as carbon nanotub&sand of small moleculéS  surface. Consequently, the designed distance between the
has been measured at ambient conditions. In most of thedward and the metal surface was experimentally found to be
experiments, the electronic interactions of the molecule exreduced from the expected 0.67 to 0.38 nm. This distance
tremities with the electrodes are not well defined. In additionyeduction precludes a good electronic contact between the
the atomic organization of the electrodes tips—which mayboard of the Lander and a metal step edge. Heating up the
also be polluted by unknown contamination—as well as thesurface again while the Landers had already been
conformation of the molecular wire in the junction are sublimated* may be the way to find some Landers docked
undeterminated® This precludes the control of the measure-in a good conformation to a step edge for intramolecular
ment conditions and complicates the optimization proceduréransport studies. But many of the Landers may have been
of the internal chemical structure of the molecular wire for adestroyed at this stage, thus hindering any systematic mea-
better conductance. surements.

Vacuum offers the ideal conditions for this type of experi-  In this paper, we show that in the Lander series, not only
ment thanks to the possibility of mastering the cleanness antthe legs, but also the central molecular wire board is flexible
the geometry of the contacts between the electrodes and thgpon adsorbing at a metal step edge. To approach the geom-
molecular wire, which allows the molecular configuration etry shown in Fig. b) of an ultraclean and atomically pre-
shown in Fig. 1a) to be realized. Nevertheless, experimentscise planar electronic contact between a molecular wire and a
in vacuum are still rare because of the difficulties encounimetal electrode, we have fabricated double steps of cobalt on
tered in the fabrication of ultraclean nanometallic Wifds  the Cu111) surface in a controlled way. Upon sublimation,
and in the fabrication of nanojunctions in this environment.molecular Landers are expected to dock perpendicularly to
In a pseudoplanar geometfgee Fig. 1b)], the only mea- the islands. For the purpose of this experiment, we have also
surement of the conductance of a molecular wire attained insed a new member of the Lander family, tBeLander
vacuum was accomplished by Langl@isall* on the first  moleculé® whose structure is presented in Fig. 2. In com-
member, theS-Lander molecule, of the family of Lander parison to the SLander and L-Lander molecules, the
molecules. |-V characteristics were recorded electrically D-Lander molecule is much longé8.7 nm, thus represent-
coupling one extremity of the molecular wire part at to aing a molecular wire with a realistic length for the integra-
double C100 step edge and by using the tip of an ultrahightion of some molecular switches along the wire. In order to
vacuum(UHV) scanning tunneling microscog8TM) as the  relate its morphological change upon adsorption to the ob-
second electrode. servations made on the previous members of the family, the

The Lander family consists of molecules with a centralD-Lander molecule was equipped with eight legs, four of
polyaromatic board, the conducting molecular wire becaus&Lander type and four of-Lander type.
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FIG. 2. Top and sideview molecular models of theLander
molecule after minimization of the energy in vacuum.

tip with the adsorbed molecule is required to avoid the ma-
nipulation of the molecule during the imaging stage. Tips
were obtained by electrochemical etching of a tungsten wire
FIG. 1. Two different diagrams for the measurement of the elec-(0.25 mm,22 heated to eliminate the oxide and sharpened
trical properties of a molecular wiréa) Ideal case of a molecular \yith Ne+ autosputteriné?'z“ Since the conductance of the
wire between two monocrystalline electrodés) The molecular ¢ hstrated-Lander molecule-tip tunnel junction is very low,
wire is equipped with eight leg®-Lander moleculf; the two elec- g tunneling currents below 10 pA and high bias voltages
trodes are the Q@00 surface and a STM tip. from 2 to 3 V were necessary to keep the tip far away from
the surface and avoid such manipulation. Even in these con-
Il. EXPERIMENTAL ditions, molecules could be displaced or picked up by the tip

The UHV-STM system used for this study has been o1-2PEX during a scan. ThB-Lander molecules and cobalt

ready described elsewheéf®The Cu100 and Cy111) sur- ?(Yr?r?géa;:) pogr?ldterrgosetr;ttjrtge STM experiments were per-
faces(Surface Preparation Laboratory, Zaandam,) Miere P '
cleaned by the usual cycling procedure oftAion sputtering

(600 eV, 3.5uA) followed by annealing at 500 °C. Cobalt . RESULTS
was evaporated onto the d1) by resistive heating a Co A Ad ion of the D-Land lecul
wire (Goodfellow, 0.25-mm thick, purity 99.99%). Subli- - Adsorption of the D-Lander molecules

mation of theD-Lander molecules from a solid powder in a on the Cu(100 surface
tungsten crucible which was slowly heated was not success- Figure 3a) presents an STM image of adsorti2d.ander
ful because most of the molecules decomposed during thmolecules at low coverage. Because of their high mobility at
sublimation procedure. To overcome this problem, anotheroom temperature, isolated molecules cannot be imaged on
evaporation method was developed. First, the moleculethe terraces but only when they are immobilized by defects.
were deposited in the form of a solid powder onto a tungsterin this case, they are trapped at the lower step edge perturb-
wire 0.25-mm thick. Secondly, the filament was positioned ining the diffusion processes of Cu atoms on the steps at room
close proximity to the sample whereas the STM tip was keptemperature and causing their faceting with an angle t6°
withdrawn to avoid contamination. Thirdly, a current pulsefrom the (110 directions. TheD-Lander molecules are im-
of ~5 A and of a duration ol s was applied to the tungsten aged as two rows of four lobes in a nearly rectangular con-
filament. Thanks to such a procedure, a major fraction of thdiguration. Each lobe corresponds to the position of one leg
D-Landers molecules were found to adsorb intact on thef a D-Lander molecule. In the inset of Fig(e3, the STM
Cu(100) and Ci111) surfaces. This method is based on theimage of aD-Lander molecule obtained by a more precise
observation that rapid, high-temperature heating can favoscan is presented. In the upper legs row, the third lobe start-
evaporation relative to decompositi®hlt can be rational- ing from the left is higher than the second one. On the con-
ized by considering that the competitive decomposition andrary, on the lower row the second is higher than the third
evaporation processes are thermally activated processes witausing an alternation of the imaged height of the four cen-
different activation energies. If the activation energy for de-tral legs[see Fig. &)]. This effect has already been ob-
sorption is higher that the activation energy for decomposiserved for theS-Lander molecule&? which actually consti-
tion, the production of intact molecules will be favored attute the central part of thB-Lander molecules.
high temperaturesassuming that the frequency factor for ~ No intramolecular contrast can be associated with the cen-
intact desorption is higher than that for decomposjtigin-  tral board, as in the case of many molecules of the Lander
other advantage of this method is the possibility to monitorseries>41®1The central board is maintained by the legs
the deposited amount by STM nearly in real time. too far away from the surface preventing its molecular orbit-
D-Lander molecules are only physisorbed on metal surals from being electronically coupled with the surface. In
faces, therefore, a good control of the interaction of the STMFig. 3, theD-Lander molecules are arranged with their axe
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served whatever the deposition or annealing temperature. In
Fig. 4, some molecules are imaged with less than eight lobes,
probably fragments of th®-Lander molecules. As stressed
in Sec. Il evaporation is in competition with decomposition,
hence a few molecules are found dissociated, it is difficult to
quantify the yield because some fragments may be very mo-
bile, then the surface should be cooled down to very low
temperatures in order to count them.

B. Fabrication of double atomic steps: cobalt islands
on Cu(111) surface

As imposed by the design of ti&Lander molecules, the
electronic interconnection of the extremity of the conjugated

@ l.: 5;.5 k 009..-.'5-. 0:' . board requires a double step edge. But double steps are not
2 e ° ol ] thermodynamically stable on many homometallic surfaces
20 ;’1 e ° such as the QW00 surface. After annealing, double steps
£ o can only be stabilized by the presence of impurities and are
15P ] therefore found with a very low density. A method to create

double steps on a metal surface consists in gently crashing
the STM tip into the surface. As a consequence of the strong
1.0 5 60 local deformation, double steps are indeed generated, but
again with too low a density. Following the work of de la
Figuera et al. on the cobalt deposition onto a (11
surface?®>?®we have elaborated a simple method to fabricate
double steps in a controlled way. At room temperature and
during the initial growth of cobalt layers on Cii11), cobalt
creates triangular islands which are bilayer in structure.
Hence, every Co island offers step edges of 3.8 A corre-
sponding approximately to the required height, where the
-Lander molecules may dock and eventually interconnect
electronically. After cleaning the Cill) surface, a sub-
onolayer of cobalt was evaporated on g1d) surface to

Distance (nm)

FIG. 3. (a) STM image (=10 pA\V.s=2.7 V) of D-Lander
molecules adsorbed at QD0 steps. The scale bar corresponds to
5 nm. (b) STM profiles of the two legs rows for thB-Lander
molecule in the inset.

parallel to the step edge. They were also found in other im
ages lying perpendicular to the step edge, although muc
more seldom.

D-Lander molecules could be observed on the terrace X ) .
only at higher coverages and lower temperature, whereb§Irm such triangular double step islands. An image of such
their hopping rate slows down, as shown in Fig. 4, Which.SIandS. IS ShOW” in Fig. S. The average side length of the
was recorded at 150 K by cooling the sample with liquid island is 5 nm in the middle of the_Cu terraces, whereas they
nitrogen. Even at this temperature, it is generally difficult toform a continuous .1'”F” Iargg strip at bOt.h S|des. of the Cu
detect the C(LOO) surface corrugation between the imagedStePS: With the objective of interconnecting a single mol-
molecules. The tunneling current is rather noisy in these argcule, such formation of |_slands _W'th a metal different from
eas due to molecules diffusing either spontaneously or unddf€ one of the substrate is the first step towards a coplanar

the influence of the STM tip. No long-range order was Ob_tephnology to interconnect si.ngle molecgles at predeter-
mined, atomically clean, metallic pads, fabricated in UHV on

an insulating surface.

C. Adsorption of the D-Lander molecules on CéCu(111)
step edges

An image of aD-Lander molecule adsorbed on the Co/
Cu(111) surface is presented in Fig. 6. Again recognizable
through their eight lobe)-Lander molecules can be found
both on top of the Co islands and at the double steps. No
molecules were found on the remaining (Cld) terraces.
When adsorbed entirely on a Co island, isolaizd ander
molecules are still mobile, but their hopping rate is much
lower than on C(L11) terraces indicating a higher diffusion
barrier.

When adsorbed at the Co/Qd1) double step edge, the
FIG. 4. STM image (=10 pAVpi,<=3.1V) of D-Lander mol-  isolatedD-Lander molecules show a multiplicity of configu-
ecules adsorbed on a Q00 terrace. The image was recorded at rations. They may lay either parallel or perpendicular to the
150 K. The scale bar corresponds to 5 nm. step edge. If parallel, they are found either at the upper or at
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FIG. 5. STM image (=100 pAVi,s=0.7 V) of Co islands on
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IV. DISCUSSION

In a previous work/ we have deduced the conformation
of a four leg Lander molecule adsorbed on g100) surface
by comparing the experimental and calculated STM images.
Molecular mechanicébased on standard MM2 parame)é?s
was used to optimize the geometry of the adsorbed mol-
ecules and the electron scattering quantum chemistry
(ESQQ technique to calculate the corresponding STM im-
ages in the constant-current mcda\Ve showed that the four
legs are rotated around theirbond and that thisr bond is
also twisted in the frontal plane because of the interaction
between the molecular wire board and the metallic surface.
We applied the same calculation procedure to obtain the con-
formation of the D-Lander molecules adsorbed on the
Cu(100 surface and docked perpendicularly to the Co/
Cu(11)) step edges.

For theD-Lander molecules on GL00), 646 atoms were
taken into account to describe the atomic structure of the
STM junction, including 278 Cu atoms for the surface and
the tip apex, modeled as a pyramidal fcc cluster of five layers
and 368 atoms for the molecule. A total of 1180 molecular
orbitals were used to describe the electronic properties of the
junction, considering all its valence molecular orbitals. The
conformation was optimized by making the position of the
maxima of the lobes in the longitudinal and lateral directions
coincide the same in the experimental and the calculated
STM profiles as shown in Figs.(&, and 7c). The agree-

a Cu11)) surface. The scale bar corresponds to 10 nm. The profilenent in the height of the lobes is not completely satisfying
emphasizes that all the islands are bilayer both on the terraces aptobably because the tip adopted in the calculation has a

at the steps.

much sharper shape than the experimental tip. Calculations
without relaxation of the distortion of the spacers were not

the lower side of the step. If perpendicular, they are found irsuccessful. Only by allowing the bond to tilt in the frontal
five configurations which are practically equiprobable: all thend lateral planes, were we able to reproduce the alternation

eight legs at the lower side of the step edge, six legs on
the Cu terracédown) and two on the Co onéup) (B), four
down and four up(C), two legs down and six ugD), and
finally all the eight legs ugE). All these configurations are
very stable.

FIG. 6. STM image (=10 pA,V,.= 3.0 V) of D-Lander mol-

of the lobes in the central part of the image and the experi-
mental distancé =0.76:0.09 nm between the maxima of
the lobes in the lateral direction. The resulting conformation
of the molecule with the rotated legs is presented in Figs.
7(b) and 1d), with the corresponding calculated STM image
in Fig. 7(e). The necessity of the relaxation of the legs to
match the experimental STM data corroborates our previous
results’ confirming that even for a long molecule of a
Lander series such as the-Lander molecule, the central
board remains flat and parallel to the (COO terraces. Its
height above the surface amounts to 3.6 A, a distance at
which its electronic coupling with the metallic substrate is
very weak(van der Waals interactionThe adsorption en-
ergy was calculated with the standard MM2 molecular me-
chanics routin¥ and amounts te-119 kcal/mol. The defor-
mation energy of th®-Lander molecule associated with the
rotation and the twist of the legs of the adsorbed molecule
was estimated by comparing the energy of this conformation
rigidly displaced from the surface with the minimized energy
of the free molecule in vacuum. The resulting value is 44
kcal/mol. The energy of the van der Waals interaction of the
bare conjugated board without the legs adsorbed dii @
was evaluated te-125 kcal/mol. It follows that the adsorp-
tion energy stems from the van der Waals interaction of the

ecules adsorbed on Co/Cd1). The scale bar corresponds to 5 nm. polyaromatic board with the copper surface and that the legs
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ecule adsorbed at a Co/(111) and corresponding comparison be-
tween the experimental profilésolid and the calculated one
(crossepalong the longitudinal direction. The experimental profile
is extracted from the molecule in the inset of Fig. 7.

FIG. 7. (a) Comparison between the experimental prafdelid) . . .
and the calculated orferossesalong the longitudinal directiorib) of the D-Lander molecule is 15% bigger than the experimen-

Sideview of the optimized conformation of tiizLander molecule tal one; (ii) the lobes asspciated with the. spa(_:ers are ml‘!Ch
adsorbed on Qa00). (c) Comparison between the experimental MOr€ pronounced and this cannot be rationalized only with

profile (solid) and the calculated onérossep along the lateral the Sharpne§s of the tip. _ '
direction. (d) Top view of the optimized conformation of the Here again, the interaction between the central conjugated

D-Lander molecule adsorbed on @00). (e) CalculatedSTM im- board and the surface is responsible for the deformation of
age of theD-Lander molecule adsorbed on @00). Note the alter-  the central board. The energies of deformation of the
nation of the height of the four central legs as in the experimentaP-Lander molecule and of the van der Waals interaction be-
images. tween the surface and tiieLander molecule calculated with
the MM2 routine are listed in Fig. 9. For the three different

are too flexible to keep this board away from the surface.

To obtain the conformation of thB-Lander molecule on
Co/Cu11l1) double step edge, 767 atoms were taken into
account in the STM junction: 243 Cu atoms for the surface
and the tip apex, 156 Co atoms for the bilayer island, and
368 atoms for the molecule. A total of 1301 molecular orbit-
als were used to describe the electronic properties of the
junction, including full valence structure of the molecule
with 902 molecular orbitals. In Fig.(8) the experimental
profile (solid line) along the maxima of the lobes in the lon-
gitudinal direction is plotted for the case of a molecule with
two legs on the Co island and six on the Cu terrace. To
obtain good agreement with the calculated profiesses
not only the legs but also the central board were allowed to
deform. The polyaromatic wire therefore undergoes a large
intramolecular conformation change to adapt itself to the
shape of the step edge.

In order to confirm the deformation of the central wire,
we have also calculated the same STM images and scargg
without a deformation of this central part. In Fig(b8 the : SELL
D-Lander molecule is supposed to be adsorbed only on the
Co island, whereas in Fig(@ it rests only on two points of FIG. 9. Sideview of the molecular model of tBeLander mol-
the wire, one on the Cu terrace and the other on the stegcule adsorbed at a Co/@1) and corresponding calculated en-
edge. The corresponding calculated profiles do not fit thergy for the van der Waals interactio () and for the deforma-
experimental data for two reason($} the calculated length tion (Eyey).

Ejef = 46 kcal/mol

E,qw = -135 keal/mol

Eger = 56 kcal/mol

E,qw = -128 keal/mol

Egef = 47 kcal/mol

E,qw = -137 kcal/mol
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cases of aD-Lander molecule docked on the ColCil)
step edge, both the van der Walls and the deformation energ
are nearly independent on the adsorption geometry. The val~,
der Waals energy is two to three times higher than the defor-<
mation energy. In this case, the deformation energy is due—
not only to the deformation of the spacers but also to the &
deformation of the wire: hence we tried to separate the twog
contributions. The deformation energy of the wire was esti- .3
mated by comparing the energy of a free bare conjugatecu_
board with the energy of a board having the curvature of a
molecule adsorbed at the double step rigidly removed from ;
the surface. The resulting value is 12 kcal/mol for cése 2 — '
s -0.6 -04 0.2 0 0.2
whereas it is lower for casdsa) and (c), only about 1 kcal/ Bias (V)
mol. It is much easier to bend the conjugated board between
the first and second pairs of legsr the third and fourth paijr FIG. 10. Calculated(V) curves for the rigid conjugated board
than in the middle. This large energy difference can be astsolid) and for the deformed ongrossesin the geometry defined
cribed to the presence of two five member carbon rings inin Fig. 1(a).
troducing a natural curvature on either side on the central
part, whereas a flat configuration is favored for the anthration overshadows the study of the tunnel transport properties
cene group in the middle of th@-Lander molecule. As with  of this central molecular wire in the designed full planar
the spacers, the conjugated board is too soft in comparisotonformation.
with its van der Waals interaction with the metallic surface.
For the two extreme configurations of FiggbBand §c)
involving no deformation of the wire, we obtained the values
of 25 and—25 kcal/mol for the adsorption energy. They are  On a surface, a perfect electronic interconnection between
much higher than the adsorption energy of the deformeé molecular wire and two atomically well defined electrodes
molecule substantiating the statement derived from the comrequires either two electrodes embedded in an insulating sur-
parison of the profiles that they are very unlikely. Structur-face or that the molecule carrying the molecular wire adapts
ally distorted molecules have attracted the attention of chemitself to the corrugation created by the two interconnecting
ists for many years, and in particular nonplanar stericallyelectrodes. The Co/C11)) islands can be considered as an
overcrowded polycyclic aromatic hydrocarbdis®’ Due to  intermediate model between the pure double step edge on a
the high energy of these target compounds, their synthesémmo-metallic surfac@ and the experiment aimed at where
often require drastic conditions such as prolonged heating ithe two pads will be fabricated on an atomically clean sur-
high boiling point solvents or flash vapor pyrolysis, and mostface. A Co island is similar to a metallic nanopad ready on
frequently proceed in low yields. However, the total energythe Cy111) surface for the interconnection with the molecu-
owing to steric constraints never exceeds a few tenths of kcdar wire to occur. The molecular wire board carried by the
per mole compared with the Van der Waals absorption enb-Lander molecular can interconnect only by its ends. Un-
ergy of more than one hundred kcal per m@dee above fortunately, this molecule prefers an intermediate adsorption
Concerning the tunnel transport properties of the adsorbedonfiguration with a few legs up the Co/Clll) step edge
D-Lander molecules, it turns out that this deformation of thecausing a large deformation of the molecular wire. As a con-
central board positively affects its conductance. Th¢  sequence, the conductance of this wire is different from the
curves displayed in Fig. 10 were calculated for the centrabne of planar configuration. This points out for the future
wire without spacers in the configuration of Figall lying  that the delicate chemical structure will need to be optimized
flat (solid) or deformed as in Fig. (®) (dotted. The elec- in order to successfully maintain such a molecular wire at the
trodes were modelled with 240 Cu atoms, whereas 534 maedge between the metallic pads and an insulating surface.
lecular orbitals were taken into account. The conductance at
low voltages is bigger for the deformed central molecular ACKNOWLEDGMENTS
wire than for the rigid one, in agreement with the fact that
the HOMO-LUMO gap of the wire decreases by 0.25 eV  This work was supported by the European Community
when the board is deformed. This is a nonstandard way ofvithin the context of the “Information Society Technolo-
increasing the conductance of a molecular wire which mayies” programs NANOMOL IST-1999-12603 and BUN IST-
be useful for molecular device applicatioh$his deforma-  1999-11565.
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