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Nanoscale surface physics
with local probes

PartI: Two-dimensional self-assembly
of supermolecules

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

Part III: Insulators at the limit
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Supramolecular Self-Assembly
in Two Dimensions:

A Local View
Experiment: <:> Theory:

M. Bohringer (Bosch, Stuttgart) A. De Vita (Trieste, London)

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

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

M. Wihn (Bochum) M. Vladimirova (Toulouse)
C. Woll (Bochum) M. Stengel (EPFL, IRRMA)
WDS A. Baldereschi (EPFL, IRRMA)
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Definition

Self-assembly is the autonomous organisation
of
components
into
patterns or structures
without
human intervention

G. M. Whitesides, B. Grzybowski, Science 295, 2418 (2002)
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Fig. 1. Examples of static
self-assembby. [A] Crystal
structure of a ribosome. (B)
S5elf-azmembled  peptide-
amphiphile nancfibers. (]
An o array  of millimeter-
sied polymeric plates a=-
sembled at a waten'parflu-
ocrodecalin interface by
capillary  imteractions. [CY)
Thin film of a nematic lig-
uid crystal on an Isotropic
substrate. (E] Micrometer-
siped metallic  pobrhedra
folded from planar sub-
strates, [F] A thres-dirmen-
sional aggregate of micro-
meter plates assembled by
capillary forces. [Image

from (25); (Q) from (26);
(0] from [(27]; (E] from
(2); (F) from {29)]

Tabil= 1. Examples of self-assembly (5, static, D, dynamic, T, templated, B, biolosgical).
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Fig. 2. Examples of dynamic
self-assambly. [A)] An optical
rmicrograph of a cell with fluo-
rescernthy labeled oytoskeleton
ard nudeus  microtubules
[—24 nm in diarmeter) are col-
ored red. (B) Reaction-diffu-
sion waves in a Belbusov-ZLab-
atinski reaction in a 3.5-inch
Petri dish. (C) A simple aggre-
gate of thres mili meter-sizad,
rctating, magnetized deks in-
teracting with one another via
viortex-vortex interactiors. ([1)
A school of fish. (E) Concentric
rings formed by charged me-
tallic beads 1 mm in diameter
rclling in circular paths on a
dielectric support. (F) Comvec-
tion celks formed abowe a mi-
cropatterned metallic support.
The distance beteesn the cen-
ters of the cels is —2 mm.
[Image credits: (&) from

(B) from [26); (C) from (371] : c
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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
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A typical « local » experiment

Atom

Cluster Surface

J. L1, PhD Thesis, Lausanne (1997)
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Low-temperature STM
(50 K, 4.8 K, 3.9 K)

STM head

</
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Scanning probe methods: STM, STS
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Anthracene on Ag(110)

LUMO at 0.3nm above
molecular plane

M. Bohringer, WDS, R. Berndt, Surf. Sci. 408, 72 (1998)
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Reconstructed Au(111)

J. V. Barth et al., Phys. Rev. B 42, 9307 (1990)
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o;lf, 1-Nitronaphthalene:

N ° )
2D Chiral
“ “ 06 M. Bohringer, K. Morgenstern, WDS,

0053 0088
M. Wihn, Ch. Woll, R. Berndt,
Bohringer et al. Surf. Sci. 444, 199 (2000)
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One- and
two-dimensional
self-assembly

of

1-Nitronaphthalene
towards

supramolecular
chains & clusters
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1-NN:
Coverage-
dependent
patterns

M. Bohringer et al.,
Surf. Sci. 444, 199 (2000)
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Molecules are positioned
with their
7 - system parallel
to the surface

1-NN
Ep——

RTINS

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

J Assumptions:

molecules are planar rigid units
physisorbed at 0.35 nm parallel to surface
steric repulsion

electrostatic interaction

screened by metallic substrate

v neglect atomistic detail of the substrate

AN NI NN

] ab-initio electrostatic potential from
Density Functional Calculation
v" atomic point charges which best fit potential

1-NitroNaphthalene outside exclusion area
(1-NN)
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Two-dimensional self-assembly of

supramolecular clusters
(1-Nitronaphthalene)

M. Bohringer, K. Morgenstern, WDS, R. Berndt,
F. Mauri, A. De Vita, R. Car, PRL 83, 324 (1999)
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A supramolecular cluster at submolecular resolution

Comparison with theory

M. Bohringer, K. Morgenstern, WDS, R. Berndt,
F. Mauri, A. De Vita, R. Car, PRL 83, 324 (1999)
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Two-dimensional self-assembly of

supramolecular chains & clusters
(1-Nitronaphthalene)

%
o
Z
o=
-

M. Bohringer, K. Morgenstern, WDS, R. Berndt,
F. Mauri, A. De Vita, R. Car, PRL 83, 324 (1999)
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Submolecular resolution of supramolecular chains:
Comparison with theory

(b) (¢) (d)

B« &3
Sy
1 nm
—
M. Bohringer, K. Morgenstern, WDS, R. Berndt,
F. Mauri, A. De Vita, R. Car, PRL 83, 324 (1999)
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Selective step decoration on Au(111)

M. Vladimirova, M. Stengel, A. De Vita, A Baldereshi M. Bohringer,
K. Morgenstern, R. Berndt, WDS, Europhys Lett. 56, 254 (2001)
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a) b) WWO 1-NN

M. Vladimirova, M. Stengel, A. De Vita, A. Baldereschi, M. Bohringer,
K. Morgenstern, R. Berndt, WDS, Europhys. Lett. 56, 254 (2001)
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Electrostatic potential of the step at Au(111)

. Step edge

= 3.0 ; p. 2 :

o 25- %f — {111} : g:i Molecular
= : {100} ! chain
e i % linked
g 1.5 % by H-bonds
o 104 upper terrace —

E O O O O O © 0

o 0.51

3 N AVARVARVAR VARV B

w10 -5 0 5 10

Distance, A

M. Vladimirova, M. Stengel, A. De Vita, A. Baldereschi, M. Bohringer,
K. Morgenstern, R. Berndt, WDS, Europhys. Lett. 56, 254 (2001)
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(111) microfacet
step
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M. Vladimirova, M. Stengel, A. De Vita, A. Baldereschi, M. Bohringer,
K. Morgenstern, R. Berndt, WDS, Europhys. Lett. 56, 254 (2001)
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Selectiv step deoration on Au(111)

Adsorption is predicted
cp
=Pl to be more stable at fcc steps:

Consistent with
experimental findings!

M. Vladimirova, M. Stengel, A. De Vita, A. Baldereschi, M. Bohringer,
K. Morgenstern, R. Berndt, WDS, Europhys Lett. 56, 254 (2001)
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Manipulation
of
individual
supermolecules
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Two-dimensional chiral 1-NN decamers
(@) -

Angew. Chem. Int. Ed. 38, 821 (1999)

< = 3 NANO [

INSTITUT
DES NANOSTRUCTURES

_ (Gl




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

M. Bohringer, K. Morgenstern, WDS, R. Berndt,
Angew. Chem. Int. Ed. 38, 821 (1999)
) -
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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.
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Real space observation
of a
chiral phase transition
in a
two-dimensional organic layer
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M. Bohringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)
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Segment of a 1-NN double chain

M. Bohringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)
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Double chain with chiral defects

& S
L@&j (R

TgﬁbLR&SH
LR LS =R

oL RS T
2 L x P
= 7

M. Bohringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)
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Z1g-zag structure within fcc domains
(0.4 ML coverage)

M. Bohringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)
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Quasi-1D racemate 1n fcc domains

—

il

Bohringer et al.  Angew. Chem. Int. Ed. 39, 792 (2000)

Monolayer Coverage
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2D-racemate at monolayer coverage

M. Bohringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)
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2D periodic racemic structure
at monolayer coverage

e e (2,59 Sach
SEUNSHTNES St O e

M. Bohringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)
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M. Bohringer, WDS, R. Berndt, Angew. Chem. Int. Ed. 39, 792 (2000)
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Chiral discrimination and phase
transitions in Langmuir monolayers

WATER (ah (k) fe)

Tripod amphiphiles Pair interactions

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

Zpp = £ =

Soct + fap® + fea® + ecfas T 2befea T Haafac (1)

Zppo ZpL

A A
where fi; = exp(—¥;/kaT), and ¥, is the interaction between the
. c 5 c two groups i, j (i, j = A, B, or C) of the two molecules; 7 is the
. ! : ; temperature and kg the Boltzmann constant. Similarly, for a pair
1 I Bvc
A A

cl B of different enantiomers, D and L
Ion = Z1p =

faafep + fonfee T fecSaa + 2fanfac + 2facfea + 2fcafan (2)

Figure 7. One of the nine arientations used to calculate Zpg and Zp. The chiral discrimination parameter is conveniently defined as
A=Zpyy— Zpr. From (1) and (2)
/ A = fac? + fan® + fca® — faafee ~ Sfonfec = fecSan
A>0 HOC 2fccfar T 2ferfca T 2fanfBe ~ 2fanfee — 2fecfca — Lcafas

(3)
A <0 HEC

Depending on the sign of A, two cases are distinguished: if A
> 0, the homochiral interactions, D-D and L.-L, are larger than
the heterochiral one, D-L, and there is a tendenc¢y for chiral
segregation. This is the homochiral case (HOC). On the other
hand, & < 0 is the heterochiral case (HEC), where chiral seg-
regation is disfavored. We discuss now some specific examples

D. Andelman, P.-G. de Gennes, C. R. Acad. Sci.(Paris) 307(II), 233 (1988)
D. Andelman, J. Am. Chem. Soc. 111, 6536 (1989)
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Chiral discrimination and phase
transitions 1in Langmuir monolayers

Chiral Discriminarion in Langmuir Monolayers

SNENY e dea

Figure 8, HOC ground-siate arrangement for case & ot section ¥,

B
Heterochiral A'g A'g Intermolecular interactions
G AJARNA 7 B between the same group
L L

Figure 9. HEC ground-state arrangement for cose 5 ar section V.
M earest-neighbar groups are always the same.

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

Homochiral
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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
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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
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Chirality upon A
confinement 3 Sregli D
to two dimensions: ) . I'Y
° ]:: ﬁz‘}]‘ -
Two possible o=y i)
"’J':IH‘I \\QJ] '. =
supramolecular v O
[ J [ ] [ J e:i Ui .
chiral twin chains o= 7 M
from self-assembly el |
of PVBA on Ag(111) <Py
s gl
3, of, M
i:d'ﬂ T

J. Weckesser, A. DeVita, J. V. Barth, C. Cai, K. Kern, PRL 87, 096101 (2001)
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Selective assembly on a surface of
supramolecular aggregates with
controlled size and shape

Takashi Yokoyama*, Shiyoshi Yokoyama+, Toshiya Kamikado,
Yoshishige Okuno+ & Shinro Mashiko+

* National Institute for Materials Science, 2268-1 Shimo-shidami, Moriyama-ku,
Nagoya 463-0003, Japan

T Communications Research Laboratory, 588-2 Iwaoka, Nishi-ku, Kobe 651-2401,
Japan

Figure 2 Structural formula of the porphyrins. a, H,-TBPP, which is composed of a free-
base porphyrin and four tBP substituents. In the ideal conformation, the phenyl rings are
rotated by about 90° with respect to the porphyrin blane. b, CTBPP, where a tBP

substituent of Ho-TBPP is replaced with a cyanophenyl substituent. ¢, ¢is-BCTBPP, where
Figure 1 Calculated molecular aggregations. a, Cyanobenzene dimer; b, trimer. Colours two cyanophenyl groups were substituted at the cis position. d, frans-BCTBPP, where two
correspond fo the elements: H, light blue; C, black; N, dark blue. cyanopheny! groups were substituted at the frans position.

T. Yokoyama et al., Nature 413, 619 (2001)
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Selective assembly on a surface of
supramolecular aggregates with
controlled size and shape

Figure 4 STM image at 63 K of trans-BCTBPP wires formed on the Au(111) surface
Figure 3 Scanning tunnelling microscope images at 63K of supramoleclar aggregations (imaged area, 70 x 70nm). The supramolecular wires extended across the elbows of the
induced by the cyano groups. At small coverage, individual molecules or clusters are ! '

preferentially positioned at the elbows of the herringbone patterns of the Au(111) surface herringbo ne patterns, and the observed maximum Ieﬂgth is above 100 nm, which
(imaged area, 20 < 20 nm): a, Hy-TBPP; b, CTBPP; ¢, ¢is-BCTBPP; d, trans-BCTBPP. :

High-resolution STM image (imaged area, 5.3 < 5.3 nm) and the molecular model: depeﬂds on the terrace width.
e, i, Ho-TBPP island; f, j, CTBPP trimer; g, k, ¢is-BCTBPP tetramer; h, 1, frans-BCTBPP

wire. As indicated by black dots in e, the STM image of the single Ho-TBPP molecule is T, YOkoyama et al, ’

composed of four paired lobes surrounding two oblong protrusions, corresponding to the

tertiarybutyl substituents and the central porphyrin. Nature 413, 6 1 9 (200 1 )
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Photonemission induced by an STM-tip
J. K. Gimzewski et al., Z. Phys. B 72, 497 (1988)

xfhv

;_) elastic

Y. - .| inelastic B
- |

e P = 10 photons/electron

e Inelastic process

hv

Sample
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Photon emission from
Cqo on Au(110)

| i 1 | i | |
1.5-A _
o<
- 01 -
5
E 0.5 -
0.0 -
— B
= i -
=1
S 400+ -
> L _
‘@
E 200+ -
g |} ..
l | | 1 ] i |
_ 070 10 20 30
o T o Position (A)

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

nple
E. Cavar et al.
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MgO(100)/Ag(100) @ 50 K

S. Schintke et al., PRL 87, 276801 (2001)
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Journal of Physics D
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Now it’s really enough!
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Thank you
for your attention!
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