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Nanoscale surface physics 
with local probes

Part I:   Two-dimensional self-assembly 
of supermolecules

Part II:   Two-dimensional self-assembly 
of atomic superlattices

Part III: Insulators at the limit



Supramolecular Self-Assembly
in Two Dimensions:

A Local View

Experiment: Theory:
M. Böhringer (Bosch, Stuttgart) A. De Vita  (Trieste, London)

R. Berndt (Kiel) F. Mauri   (Paris)

K. Morgenstern (Berlin) R. Car (Princeton)

M. Wühn (Bochum) M. Vladimirova (Toulouse)

C. Wöll (Bochum) M. Stengel (EPFL, IRRMA)

WDS A. Baldereschi (EPFL, IRRMA)



Definition

G. M. Whitesides, B. Grzybowski, Science 295, 2418 (2002)

Self-assembly is the autonomous organisation
of 

components 
into 

patterns or structures
without

human intervention







Motivation for a local
investigation in 2D:

Driving Force for Self-Assembly of
Supramolecular Structures

Chirality of Single Molecules and of
Supermolecules

Enantiomeric Separation on the Nanoscale

Chiral Phase Transition in 2D



J. Li, PhD Thesis, Lausanne (1997)

A typical « local » experiment 

Molecule
Cluster Surface



STM chamber

Preparation chamber

STM head

Low-temperature STM
(50 K, 4.8 K, 3.9 K)



Scanning probe methods: STM, STS

our LT STM

Tip Sample
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M. Böhringer, WDS, R. Berndt, Surf. Sci. 408, 72 (1998)

Anthracene on Ag(110)

LUMO at 0.3nm above
molecular plane 



Reconstructed Au(111)
J. V. Barth et al., Phys. Rev. B 42, 9307 (1990)

M. Böhringer, K. Morgenstern, WDS, 
M. Wühn, Ch. Wöll, R. Berndt, 
Surf. Sci. 444, 199 (2000)

1-Nitronaphthalene: 
2D Chiral



M. Böhringer et al., Surf. Sci. 444, 199 (2000)

One- and
two-dimensional
self-assembly
of
1-Nitronaphthalene

towards

supramolecular
chains & clusters



M. Böhringer et al.,
Surf. Sci. 444, 199 (2000)

1-NN:
Coverage-
dependent
patterns

a) b)

c) d)



Polarisation dependence:

Molecules are positioned
with their 

 - system parallel
to the surface

M. Böhringer et al., 
Surf. Sci. 444, 199 (2000)

Au(111)

1-NN

surface



Theory
 Assumptions:
    molecules are planar rigid units
    physisorbed at 0.35 nm parallel to surface
    steric repulsion
    electrostatic interaction

       screened by metallic substrate
    neglect atomistic detail of the substrate

 ab-initio electrostatic potential from
         Density Functional Calculation

  atomic point charges which best fit potential
     outside exclusion area

  Molecular Dynamics  

1-NitroNaphthalene
(1-NN)



M. Böhringer, K. Morgenstern, WDS, R. Berndt, 
F. Mauri, A. De Vita, R. Car, PRL 83, 324 (1999)

Two-dimensional self-assembly of
supramolecular clusters

(1-Nitronaphthalene)



A supramolecular cluster at submolecular resolution

Comparison with theory

M. Böhringer, K. Morgenstern, WDS, R. Berndt, 
F. Mauri, A. De Vita, R. Car, PRL 83, 324 (1999)



M. Böhringer, K. Morgenstern, WDS, R. Berndt, 
F. Mauri, A. De Vita, R. Car, PRL 83, 324 (1999)

Two-dimensional self-assembly of 
supramolecular chains & clusters

(1-Nitronaphthalene)



M. Böhringer, K. Morgenstern, WDS, R. Berndt, 
F. Mauri, A. De Vita, R. Car, PRL 83, 324 (1999)

Submolecular resolution of supramolecular chains:
Comparison with theory



M. Vladimirova, M. Stengel, A. De Vita, A. Baldereschi, M. Böhringer, 
K. Morgenstern, R. Berndt, WDS, Europhys. Lett. 56, 254 (2001)

Selective step decoration on Au(111)



M. Vladimirova, M. Stengel, A. De Vita, A. Baldereschi, M. Böhringer, 
K. Morgenstern, R. Berndt, WDS, Europhys. Lett. 56, 254 (2001)

Top view of Au(111)

1-NN

Au(111)



M. Vladimirova, M. Stengel, A. De Vita, A. Baldereschi, M. Böhringer, 
K. Morgenstern, R. Berndt, WDS, Europhys. Lett. 56, 254 (2001)

Electrostatic potential of the step at Au(111)

Molecular 
chain

linked 
by H-bonds

Step edge



M. Vladimirova, M. Stengel, A. De Vita, A. Baldereschi, M. Böhringer, 
K. Morgenstern, R. Berndt, WDS, Europhys. Lett. 56, 254 (2001)

(111) microfacet 
step

(100) microfacet
step



M. Vladimirova, M. Stengel, A. De Vita, A. Baldereschi, M. Böhringer, 
K. Morgenstern, R. Berndt, WDS, Europhys. Lett. 56, 254 (2001)

Selective step decoration on Au(111)

Adsorption is predicted 
to be more stable at fcc steps:

Consistent with 
experimental findings!



Manipulation
of

individual
supermolecules



M. Böhringer, K. Morgenstern, WDS, R. Berndt,
Angew. Chem. Int. Ed. 38, 821 (1999)

Two-dimensional chiral 1-NN decamers



M. Böhringer, K. Morgenstern, WDS, R. Berndt,
Angew. Chem. Int. Ed. 38, 821 (1999)

Separation of a racemic mixture:
Pasteur’s experiment on the nanoscale



STM  tweezes chiral clusters apart

Just as Louis Pasteur used a light microscope to guide his tweezers
to separate sodium ammonium tartrate crystals in 1848, an STM is
used both to image and separate chiral decameric clusters of 1-
nitronaphthalene.

This achievement adds separation of enantiomers to the previously
developed SPM techniques of atomic-scale manipulation, selective
dissociation, conformal analysis, and chiral recognition, as part of
the practice of nanochemistry.



Real space observation 
of a 

chiral phase transition
 in a 

two-dimensional organic layer



1-NN at 0.3, 0.4 and 1ML

 M. Böhringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)
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M. Böhringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)

Segment of a 1-NN double chain



  Double chain with chiral defects

M. Böhringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)



Zig-zag structure within fcc domains
(0.4 ML coverage)

M. Böhringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)



Quasi-1D racemate in fcc domains

Monolayer Coverage

Angew. Chem. Int. Ed. 39, 792 (2000)



2D-racemate at monolayer coverage

Monolayer Coverage

M. Böhringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)



2D periodic racemic structure
at monolayer coverage

M. Böhringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)



1-NN at 0.3, 0.4 and 1ML

 M. Böhringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)



Chiral discrimination and phase 
transitions in Langmuir monolayers

D. Andelman, P.-G. de Gennes, C. R. Acad. Sci.(Paris) 307(II), 233 (1988)
D. Andelman, J. Am. Chem. Soc. 111, 6536 (1989)

Pair interactionsTripod amphiphiles



Partition function:

D. Andelman, P.-G. de Gennes, C. R. Acad. Sci.(Paris) 307(II), 233 (1988)
D. Andelman, J. Am. Chem. Soc. 111, 6536 (1989)

 > 0  HOC
 < 0  HEC



Chiral discrimination and phase 
transitions in Langmuir monolayers

D. Andelman, P.-G. de Gennes, C. R. Acad. Sci. (Paris) 307(II), 233 (1988)
D. Andelman, J. Am. Chem. Soc. 111, 6536 (1989)

Pure electrostatic
interactions

Intermolecular interactions
between the same group

Homochiral

Heterochiral



Chiral Phase Transition in 2D
From conglomerate (pure enantiomer) at low coverage:

    (homochiral chains        zig-zag segments of opposite chirality in fcc

                                           homochiral in hcp domains)

towards a racemate (1:1 (L, R)) at high coverage:

            (at 1 ML a 2D periodic racemic structure unstable with respect

           to decay into a 2D racemate in fcc

                      and a 1D conglomerate in hcp)

Driving force :  electrostatic

                          adsorption strength

Andelman & De Gennes:
For tripod amphiphiles: purely electrostatic interaction

                            favours pure enantiomers



Conclusions

STM observations and modeling

Stability, chirality, and arrangement of

2D self-assembled supramolecular structures

Chirality of single molecules and decamers

Chiral phase transition in 2D



J. Weckesser, A. DeVita, J. V. Barth, C. Cai, K. Kern, PRL 87, 096101 (2001)

Chirality upon
confinement

to two dimensions:
Two possible 

supramolecular 
chiral twin chains 
from self-assembly

of PVBA on Ag(111)



T. Yokoyama et al., Nature 413, 619 (2001)



T. Yokoyama et al., 
Nature 413, 619 (2001)



Photonemission induced by an STM-tip
J. K. Gimzewski et al., Z. Phys. B 72, 497 (1988)

• Inelastic process

• P  10-4 photons/electron
Sample

TIP
hv

e-

EF -eVt

EF

elastic

inelastic

hv



Photon emission from
C60  on Au(110)

R. Berndt, R. Gaisch, J. K. Gimzewski, B. Reihl, 
R. R. Schlittler, WDS, M. Tschudy, Science 262, 1425 (1993)



E. Cavar et al.



MgO(100)/Ag(100) @ 50 K

S. Schintke et al., PRL 87, 276801 (2001)





Now it’s really enough!



Thank you 
for your attention!


