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The carbene tautomers of pyridine, first postulated in 1937,
have recently begun to be systematically investigated both in
the gas phase” and in the form of transition-metal-stabilized
ligands.”! Computational studies on the relative energies of
the different tautomeric forms have revealed that the 2-
carbene isomer (azacyclohexatriene-2-ylidene) in particular is
more than 40 kcalmol™' less stable than pyridine itself.*l
According to a DFT study (B3PW91/6-311G(d,p)), the
potential Wanzlick-type dimerization®' of two such carbenes
would be —62.6 kcalmol™' more stable than the two mono-
mers but significantly disfavored (+24.4 kcalmol™') with
respect to the dissociation into two pyridine molecules
(Scheme 1). A similar trend is found for the carbene
tautomers of pyrimidine, except that the dimerization appears
to be less disfavored for both orientations (+ 12 kcalmol ™).

Whereas the linkage of carbene tautomers of simple six-
membered aromatic N-heterocycles thus appears unlikely,
their integration into a polycyclic aromatic ring system
changes this trend. We recently reported the synthesis of
1,3,8,10-tetraazaperopyrene (TAPP), which may be viewed as
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Scheme 1. Tautomerization of pyridine and pyrimidine to azacyclohexa-
triene-2-ylidene, diazacyclohexatriene-2-ylidene, and diazacyclohexa-
triene-4-ylidene, and the dimerization of the carbene species through
di- and tetraaminoethylene linkages.

a perylene condensed with a pyrimidine ring at each end.””) A
DFT computational study on both the tautomerization and
carbene dimerization of TAPP indicated that the formation of
the tetraaminoethylene linkage would be significantly more
favorable than for the monocyclic N-heterocycles and that the
overall process might therefore be thermoneutral (Scheme 2).
More significantly, this trend is enhanced in the formation of
oligomers, which becomes an exothermic process for the
generation of the trimer (—18.6 kcalmol™' with respect to
three molecules of TAPP) and even more so for higher
oligomers.”! This stabilization is thought to be due to
conjugation of the tetraaminoethylene unit with the extended
aromatic ring systems.

The low solubility of the parent compound TAPP in all
common solvents precluded the investigation of such pro-
cesses in solution. Moreover, their expected high activation
barriers would have provided a potential practical obstacle.
We therefore decided to study the reactivity of TAPP on
metal surfaces, which allows the analysis of reaction products
by surface-science techniques. Furthermore, the reduction of
the organic molecules’ degrees of freedom by adsorbing them
on a (conducting) surface is thought to reduce the activation
barrier involved in the concatenation of the poly-N-hetero-
cyclic aromatic compounds®™ and thus to enhance their
reactivity.”

Deposition of TAPP on a Cu(111) surface at submono-
layer coverage at a sample temperature of 150°C leads to the
formation of a porous molecular network. The same network
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Scheme 2. Single and double tautomerization of TAPP and the formation of a TAPP dimer.

is obtained if the substrate is annealed at 150°C after
deposition of TAPP at ambient temperature (Figure 1a).
Low-energy electron diffraction (LEED) measurements
established the dimensions of the approximately rectangular
unit cell of TAPP, which is commensurate with the Cu
substrate (17.9 Ax16.8 A, angle =89.4°).'"Y The network
itself is assigned as a coordination polymer in which the
organic dye molecules coordinate to Cu atoms through the
lone pairs of their nitrogen atoms (Figure 1b). Similar
coordination networks of potential “ligands” have been
reported previously."! The observed overall N-Cu-N separa-

Figure 1. STM images of a submonolayer of TAPP deposited on
Cu(111): a) TAPP assembles in a porous network after annealing at
150°C (70x 70 nm?, 1.4 V/20 pA). b) Proposed structure of the surface
coordination network (5.3x5.3 nm?, 0.4 V/20 pA). c) After annealing at
approximately 250°C, the polymeric chains appear (80x80 nm?, 1V/
90 pA). The areas highlighted by the ellipses show that the molecules
do not only arrange along the principal directions of the Cu surface,
which is a first indication for a dominating intermolecular interaction.
The junctions between the chains have variable angles and can be
explained by copper atoms bound to the side of a chain in a bipyridyl-
type coordination on the one hand and to an N-heterocyclic end of a
second oligo(TAPP) chain on the other.
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tion of 4 A for the metal-coordinating
linkage is as expected from Cu coordina-
tion chemistry.'*1

The coordination network is stable up
to about 190°C. Above this temperature,
the long-range order of the surface struc-
ture is lost, and, after annealing the sample
at a temperature of about 250°C, the
formation of oligo- and polymeric chains
is observed. The length of the chains varies
but not their width, which corresponds to
the width of a single molecule (Figure 1c).
Furthermore, the orientation of the chains,
some of which display marked curvature,
appears not to be determined by the
substrate lattice structure. This finding gave a first indication
that the interaction between the monomers in the chains
dominates over the bonding to the metal surface.

The chain structure is particularly apparent after the
annealing of surfaces with very low initial coverage of TAPP
(Figure 2a). A representative high-resolution STM image
(STM =scanning tunneling microscopy) of a TAPP chain
recorded at 4 K is displayed in Figure 2b. Altogether, 16
images were used to determine the distance between the
centroids of adjacent monomer units in the chain. This
distance, which was found to be 1.23+0.12 nm, is in good
agreement with the value calculated by DFT methods for the
TAPP oligomers in the gas phase (1.27 nm) and provided a
first indication of the type of polymer formation predicted
above and displayed in Figure 2c. Another indication is
provided by X-ray photoelectron spectroscopy (XPS) meas-
urements. They revealed that the coordination network
exhibits one N 1s peak, whereas the chains show an additional
peak at a slightly lower energy.!"”!

An important consequence of the covalent linkage of the
N-heterocyclic aromatic molecules on the metal surface and

(1.23+0.12) nm

1.27 nm

Figure 2. a) STM image of the TAPP chains obtained from low
monomer surface coverage (50x50 nm?, 0.1 V/20 pA). The chain for-
mation seems to depend on molecular clusters or surface defects that
nucleate the growth (white arrow). Owing to the low tunneling voltage
used to acquire this STM image, standing wave patterns in the
Shockley surface state of Cu(111) as they arise from scattering at
chains as well as defects can be observed.''™ b) High-resolution STM
image of a TAPP chain (2.4x5nm? 0.1V/20 pA). The distance
between the monomers was determined by STM to be

(1.23£0.12) nm. c) Schematic model for the TAPP chains. For calcu-
lations in the gas phase, the distance indicated by the arrow amounts
to 1.27 nm.
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thus the strong bonding interactions between the monomeric
units is the possibility to mechanically manipulate whole
chain sections with the aid of the STM tip.!'"! To this end, the
following manipulation sequence was applied, the tunneling
parameters being set to 1.2 V/20 pA during this sequence:
First, the STM tip was placed next to the chain, the feedback
loop subsequently switched off, and the tip slowly moved
towards the surface by approximately 0.7 nm and then
retracted to its initial position. The success of this procedure
was checked by imaging the same region again. The manip-
ulation was repeated consecutively 19 times, and the move-
ment of the tip had a repulsive effect upon the chain. The
recorded images have been combined in a movie, which is
provided in the Supporting Information. In Figure 3, four of
these 19 images are displayed which clearly show that the
manipulation has left the chain intact, thereby illustrating its
flexibility as a whole. This finding provides additional support
for the assumption of strong bonding between the tautomer-
ized TAPP molecules, irrespective of the interaction with the
substrate.

An interesting combination of covalent and coordination
polymeric structures is observed when two chains are aligned
next to each other in a parallel arrangement, as exemplified in
Figure 4. The protrusions (black arrow) that can be observed
between the two parallel chains may be interpreted as
Cu atoms interconnecting the chains by the formation of
square-planar metal complexes between the Cu atoms and
the nitrogen donor functions of the TAPP units.

The apparent metal coordination is observed in equiv-
alent positions on the outside of such double-stranded
coordination bands (as indicated by the white arrows in
Figure 4). This arrangement is thought to be favored by a
dehydrogenation of the NH groups after formation of the
chains, similar to the thermal dehydrogenation previously
established by wus for 4,9-diaminoperylene-3,10-diimine
(DPDI) molecules on Cu surfaces.™”! The polymeric N-
heterocycles are thus rendered ligands with multiple chelating
metal-binding sites.

Herein, we have demonstrated that thermally induced C—
C coupling reactions of polycyclic heteroaromatic compounds
may be used to generate electronically highly delocalized
polyaromatic chains. The reaction is thought to occur through
the tautomerization of the N-heterocyclic end units to
carbene intermediates, which couple according to a Wanz-
lick-type dimerization. While the tautomerization itself is
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Figure 3. Consecutive STM images of the same area (16x16 nm?,
1.2 V/20 pA). The STM tip was used in proximity to the sample to
induce lateral motion of the chain between each of the micrographs
displayed. These four images (taken from a sequence of nineteen
images, see movie in the Supporting Information) demonstrate the
successful and reversible bending of a chain that stays intact during

the process. The degree of bending and the elasticity of the system are
remarkable.
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Figure 4. STM image of a double-stranded band of TAPP chains

(8x8 nm?, 0.1 V/20 pA) held together by Cu coordination. The protru-
sions (black arrow) are interpreted as Cu atoms connecting two
parallel TAPP chains by coordination of their nitrogen atoms. Likewise,
the protrusions highlighted by white arrows indicate metal coordina-
tion at the border of this double-stranded band.

precedented in the coordination sphere of transition metals,”’
this is the first time that such chemistry has been employed for
the construction of covalent surface structures. It provides an
additional tool in the current quest for new methods for
controlled covalent linkage and polymerization of organic
monomers on crystal surfaces.!"”

Experimental Section

The experiments were performed in an ultrahigh vacuum (UHV)
system, consisting of different chambers for sample preparation and
characterization, at a base pressure of 10'° mbar. The Cu(111) single
crystal was prepared by subsequent cycles of sputtering with Ar* ions
and annealing at 500°C. The molecules were deposited onto the Cu
surface from a glass crucible that was heated inside a commercial
evaporator (Kentax UHV equipment) while the rate was controlled
by a quartz crystal microbalance. The sample was analyzed with
LEED at room temperature and with a commercial LT-STM instru-
ment (Omicron NanoTechnology GmbH) at 77 K and 4 K using the
Nanonis SPM control system (Nanonis GmbH). The bias voltage was
applied to the tip. The free software WSxM!"®! was used for data
processing of the STM images.

Received: September 4, 2007
Revised: November 14, 2007
Published online: February 11, 2008

Keywords: N-heterocyclic carbenes - polycyclic aromatic
hydrocarbons - scanning probe microscopy - surface chemistry

[1] Azacyclohexatriene-2-ylidene was first postulated to explain the
accelerated decarboxylation rate of 2-picolinic acid: a) P. Dyson,
D. L. Hamminck, J. Chem. Soc. 1937, 1724; b) M. R. F. Ash-
worth, R. P. Daffern, D. L. Hamminck, J. Chem. Soc. 1937, 809.

[2] a) D. Lavorato, J. K. Terlouw, T. K. Dargel, E. Koch, G. A.
McGibbon, H. Schwarz, J. Am. Chem. Soc. 1996, 118, 11898;
b) D. Lavorato, J. K. Terlouw, G. A. McGibbon, T. K. Dargel, E.
Koch, H. Schwarz, Int. J. Mass Spectrom. 1998, 179/180, 7.

Angew. Chem. Int. Ed. 2008, 47, 2414—-2417


http://dx.doi.org/10.1039/jr9370001724
http://dx.doi.org/10.1021/ja961954l
http://dx.doi.org/10.1016/S1387-3806(98)14053-8
http://www.angewandte.org

[3] a) E. Alvarez, S. Conejero, M. Paneque, A. Petronilho, M. L.
Poveda, O. Serrano, E. Carmona, J. Am. Chem. Soc. 2006, 128,
13060; an analogous reaction has been reported for a quinoline
derivative: b) M. Esteruelas, F. J. Fernandez-Alvarez, E. Oniate,

J. Am. Chem. Soc. 2006, 128, 13044; review: c) D. Kunz, Angew.

Chem. 2007, 119, 3473; Angew. Chem. Int. Ed. 2007, 46, 3405.

Calculations in reference [2a]: Energy difference between pyr-

idine and azacyclohexatriene-2-ylidene: MP2/6-31G** 50 kcal

mol ™!, CASSCF-MP2/6-31G** 49 kcalmol™!, B3LYP/6-31G**

47 kcalmol'. These data are in good agreement with our own

results referred to herein. To allow the consistent comparison of

computed data, we base our discussion on the data we obtained.

a) H.-W. Wanzlick, Angew. Chem. 1962, 74, 129; Angew. Chem.

Int. Ed. Engl. 1962, 1, 75; b) see also: A.J. Arduengo III, J. R.

Goerlich, R. Krafczyk, W. J. Marshall, Angew. Chem. 1998, 110,

2062; Angew. Chem. Int. Ed. 1998, 37, 1963.

[6] T. Riehm, G. DePaoli, A. Konradsson, L. de Cola, H. Wadepohl,
L. H. Gade, Chem. Eur. J. 2007, 13, 7317.

[7] All calculations were performed using the Gaussian 03 program
package.”! The structures were optimized without symmetry
constraints with the DFT/B3PWO91 functional using the 6-
311g(d,p), 6-31g(d,p), and sto-3g basis sets. While the dimeriza-
tion reaction of two TAPP carbene isomers is approximately
thermoneutral, the trimerization of three TAPP molecules is
exothermic (18.6 kcalmol ™, 6-31g(d,p)). A tetramer could not
be calculated with the 6-31g(d,p) basis set. However, a compar-
ison of the whole series up to the tetramer with the B3PW91/sto-
3g tool confirmed the trend of increasing stability on going to
higher oligomers. A detailed description of the methods is
provided in the Supporting Information. a) Gaussian 03, Revi-
sion B.03, M. J. Frisch, et al., see the Supporting Information.

[8] This expectation was also borne out from the investigation by
Schwarz and co-workers (reference [2a]) on the generation of
isopyridine. It was found that the energy difference between the
tautomers was much reduced for the radical cations: 6-
7 kcalmol ' and ca. 1 kcalmol ' for B3LYP. Since the adsorption
of the aromatic compounds on the Cu surface is thought to
involve a transfer of charge between adsorbate and substrate, a
similar decrease of the energy difference between the monomer
and the “activated” isomeric form might be expected. Unfortu-
nately, the currently available computational methods do not
allow the reliable modeling of this aspect.

[9] Examples: acetylene polymers by photopolymerization: a) H.
Ozaki, T. Funaki, Y. Mazaki, S. Masuda, Y. Harada, J. Am.
Chem. Soc. 1995, 117, 5596; b) H. Ozaki, J. Electron Spectrosc.
Relat. Phenom. 1995, 76, 377; by STM-tip-induced polymeri-
zation: ¢) Y. Okawa, M. Aono, Nature 2001, 409, 683; d) Y.
Okawa, M. Aono, J. Chem. Phys. 2001, 115, 2317; ¢) Y. Okawa,
M. Aono, Surf Sci. 2002, 514, 41; f) A. Miura, S. De Feyter,
M. M. S. Abdel-Mottaleb, A. Gesquiere, P.C. M. Grim, G.
Moessner, M. Sieffert, M. Klapper, K. Miilen, F. C.
De Schryver, Langmuir 2003, 19, 6474; oxidative polymerization
of aniline to polyaniline (PAN) in sulfuric acid: g) L. Y. O. Yang,
C. Chang, S. Liu, C. Wu, S. L. Yau, J. Am. Chem. Soc. 2007, 129,
8076; for the generation of polythiophene on surfaces, see: h) H.
Sakaguchi, H. Matsumura, H. Gong, Nat. Mater. 2004, 3, 551;
i) H. Sakaguchi, H. Matsumura, H. Gong, A. M. Abouelwafa,
Science 2005, 310, 1002.

[10] See the Supporting Information.

[11] a) N. Lin, A. Dmitriev, J. Weckesser, J. V. Barth, K. Kern,
Angew. Chem. 2002, 114, 4973; Angew. Chem. Int. Ed. 2002, 41,
4779;b) M. M. S. Abdel-Mottaleb, N. Schuurmans, S. De Feyter,
J. Van Esch, B. L. Feringa, F. C. De Schryver, Chem. Commun.
2002, 1894; c) A. Dmitriev, H. Spillmann, N. Lin, J. V. Barth, K.
Kern, Angew. Chem. 2003, 115, 2774; Angew. Chem. Int. Ed.
2003, 42,2670; d) T. Classen, G. Fratesi, G. Costantini, S. Fabris,

[4

[}

[5

—_

[14

—_—

[15]

[16]

(17]

(18]

Angewandte

F. L. Stadler, C. Kim, S. de Gironcoli, S. Baroni, K. Kern, Angew.
Chem. 2005, 117, 6298; Angew. Chem. Int. Ed. 2005, 44, 6142;
e) S. Stepanow, M. Lingenfelder, A. Dmitriev, H. Spillmann, E.
Delvigne, N. Lin, X. Deng, C. Cai, J. V. Barth, K. Kern, Nat.
Mater. 2004, 3, 229; f) M. Ruben, D. Payer, A. Landa, A.
Comisso, C. Gattinoni, N. Lin, J.-P. Collin, J.-P. Sauvage, A.
De Vita, K. Kern, J. Am. Chem. Soc. 2006, 128, 15644; g) S.
Stepanow, N. Lin, D. Payer, U. Schlickum, F. Klappenberger, G.
Zoppellaro, M. Ruben, H. Brune, J. V. Barth, K. Kern, Angew.
Chem. 2007, 119, 724; Angew. Chem. Int. Ed. 2007, 46, 710.

L. H. Gade, Koordinationschemie, Wiley-VCH, Weinheim, 1998.
The N1s XPS spectrum for the coordination polymer exhibits
one peak at 398.74 eV. The spectrum for the chains features a
broadened peak to which two peaks at 398.74 and 398.10 eV are
fitted under the assumption that the peak found for the
coordination polymer also appears for the chains. The first
peak can be attributed to the N atoms of TAPP, which all have
the same chemical environment. The second peak at 398.10 eV
must result from a changed chemical environment arising from
the polymerization and thus can be attributed to the N atoms to
which a H atom is now attached. In contrast, the position of the
C1s peak remained unaltered in the annealing process (see the
Supporting Information): M. Matena, T. Riehm, K. Miiller, J.
Lobo Checa, M. Stohr, T. A. Jung, L. H. Gade, unpublished
results.

Selected key references concerning the mechanical manipula-
tion of molecules on surfaces with the aid of an STM tip: a) J. A.
Stroscio, D. M. Eigler, Science 1991, 254, 1319; b) S. Gauthier,
Appl. Surf. Sci. 2000, 164, 84; c) F. Moresco, Phys. Rep. 2004, 399,
175; d) R. Otero, F. Rosei, F. Besenbacher, Annu. Rev. Phys.
Chem. 20006, 57, 497; ¢) F. Moresco, G. Meyer, K.-H. Rieder, H.
Tang, A. Gourdon, C. Joachim, Appl. Phys. Lett. 2001, 78, 306;
f) D. M. Eigler, E. K. Schweizer, Nature 1990, 344, 524. More
recently, extensive investigations into the controlled lateral
manipulation of large molecules possessing multiple and even
partially addressable degrees of freedom have been reported:
¢) P H. Beton, A. W. Dunn, P. Moriarty, Appl. Phys. Lett. 1995,
67, 1075; h) T. A. Jung, R. R. Schlittler, J. K. Gimzewski, H.
Tang, C. Joachim, Science 1996, 271, 181; i) F. Moresco, G.
Meyer, K.-H. Rieder, H. Tang, A. Gourdon, C. Joachim, Phys.
Rev. Lett. 2001, 86, 672; j) C. Loppacher, M. Guggisberg, O.
Pfeiffer, E. Meyer, M. Bammerlin, R. Liithi, R. R. Schlittler,
J. K. Gimzewski, H. Tang, C. Joachim, Phys. Rev. Lett. 2003, 90,
066107; k) C. Joachim, J. K. Gimzewski, H. Tang, Phys. Rev. B
1998, 58, 16407; 1) F. Rosei, M. Schunack, P. Jiang, A. Gourdon,
E. Legsgaard, I. Stensgaard, C. Joachim, F. Besenbacher, Science
2002, 296, 328. The STM tip was even used to induce chemical
reactions: m) H. J. Lee, W. Ho, Science 1999, 286, 1719; n) W.
Ho, J. Chem. Phys. 2002, 117,11033; o) S.-W. Hla, L. Bartels, G.
Meyer, K.-H. Rieder, Phys. Rev. Lett. 2000, 85, 2777.

Thermal dehydrogenation of DPDI on Cu surfaces: M. Stohr, M.
Wahl, C. H. Galka, T. Riehm, T. A. Jung, L. H. Gade, Angew.
Chem. 2005, 117, 7560; Angew. Chem. Int. Ed. 2005, 44, 7394.
a) Y. Hasegawa, Ph. Avouris, Phys. Rev. Lett. 1993, 71, 1071,
b) M. F. Crommie, C.P. Lutz, D. M. Eigler, Nature 1993, 363,
524.

For very recent contributions to this field, see: a) S. Weigelt, C.
Busse, C. Bombis, M. M. Knudsen, K. V. Gothelf, T. Strunskus,
C. Woll, M. Dahlboom, B. Hammer, E. Laegsgaard, F. Besen-
bacher, T. R. Linderoth, Angew. Chem. 2007, 119, 9387; Angew.
Chem. Int. Ed. 2007, 46,9227;b) L. Grill, M. Dyer, L. Lafferentz,
M. Persson, M. V. Peters, S. Hecht, Nat. Nanotechnol. 2007, 2,
687.

I. Horcas, R. Fernandez, J. M. Gomez-Rodriguez, J. Colchero, J.
Gomez-Herrero, A. M. Baro, Rev. Sci. Instrum. 2007, 78, 013705.

Angew. Chem. Int. Ed. 2008, 47, 24142417 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

Chemie

2417


http://dx.doi.org/10.1021/ja0646592
http://dx.doi.org/10.1021/ja0646592
http://dx.doi.org/10.1021/ja064979l
http://dx.doi.org/10.1002/ange.200700192
http://dx.doi.org/10.1002/ange.200700192
http://dx.doi.org/10.1002/anie.200700192
http://dx.doi.org/10.1002/ange.19620740402
http://dx.doi.org/10.1002/anie.196200751
http://dx.doi.org/10.1002/anie.196200751
http://dx.doi.org/10.1002/chem.200700383
http://dx.doi.org/10.1021/ja00125a026
http://dx.doi.org/10.1021/ja00125a026
http://dx.doi.org/10.1016/0368-2048(95)02435-2
http://dx.doi.org/10.1016/0368-2048(95)02435-2
http://dx.doi.org/10.1038/35055625
http://dx.doi.org/10.1063/1.1384554
http://dx.doi.org/10.1016/S0039-6028(02)01605-9
http://dx.doi.org/10.1021/la027051p
http://dx.doi.org/10.1021/ja072201+
http://dx.doi.org/10.1021/ja072201+
http://dx.doi.org/10.1038/nmat1176
http://dx.doi.org/10.1126/science.1117990
http://dx.doi.org/10.1002/ange.200290045
http://dx.doi.org/10.1002/anie.200290046
http://dx.doi.org/10.1002/anie.200290046
http://dx.doi.org/10.1039/b205240g
http://dx.doi.org/10.1039/b205240g
http://dx.doi.org/10.1002/ange.200250610
http://dx.doi.org/10.1002/anie.200250610
http://dx.doi.org/10.1002/anie.200250610
http://dx.doi.org/10.1002/ange.200502007
http://dx.doi.org/10.1002/ange.200502007
http://dx.doi.org/10.1002/anie.200502007
http://dx.doi.org/10.1038/nmat1088
http://dx.doi.org/10.1038/nmat1088
http://dx.doi.org/10.1021/ja063601k
http://dx.doi.org/10.1002/ange.200603644
http://dx.doi.org/10.1002/ange.200603644
http://dx.doi.org/10.1002/anie.200603644
http://dx.doi.org/10.1126/science.254.5036.1319
http://dx.doi.org/10.1016/S0169-4332(00)00331-7
http://dx.doi.org/10.1016/j.physrep.2004.08.001
http://dx.doi.org/10.1016/j.physrep.2004.08.001
http://dx.doi.org/10.1146/annurev.physchem.57.032905.104634
http://dx.doi.org/10.1146/annurev.physchem.57.032905.104634
http://dx.doi.org/10.1063/1.1339251
http://dx.doi.org/10.1038/344524a0
http://dx.doi.org/10.1063/1.114469
http://dx.doi.org/10.1063/1.114469
http://dx.doi.org/10.1126/science.271.5246.181
http://dx.doi.org/10.1103/PhysRevLett.86.672
http://dx.doi.org/10.1103/PhysRevLett.86.672
http://dx.doi.org/10.1103/PhysRevLett.90.066107
http://dx.doi.org/10.1103/PhysRevLett.90.066107
http://dx.doi.org/10.1103/PhysRevB.58.16407
http://dx.doi.org/10.1103/PhysRevB.58.16407
http://dx.doi.org/10.1126/science.1069157
http://dx.doi.org/10.1126/science.1069157
http://dx.doi.org/10.1126/science.286.5445.1719
http://dx.doi.org/10.1063/1.1521153
http://dx.doi.org/10.1103/PhysRevLett.85.2777
http://dx.doi.org/10.1002/ange.200502316
http://dx.doi.org/10.1002/ange.200502316
http://dx.doi.org/10.1002/anie.200502316
http://dx.doi.org/10.1103/PhysRevLett.71.1071
http://dx.doi.org/10.1038/363524a0
http://dx.doi.org/10.1038/363524a0
http://dx.doi.org/10.1002/ange.200702859
http://dx.doi.org/10.1002/anie.200702859
http://dx.doi.org/10.1002/anie.200702859
http://dx.doi.org/10.1038/nnano.2007.346
http://dx.doi.org/10.1038/nnano.2007.346
http://dx.doi.org/10.1063/1.2432410
http://www.angewandte.org

