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Thomas S. Kuhn
(1922-1996)

Paradigmawechsel— das Wort wird Thomas 
S. Kuhn einfach nicht mehr los. Es machte ihn 
zum bekanntesten Wissenschaftshistoriker 
unserer Zeit und sickerte selbst in die 
unwissenschaftlichste Plauderei ein. An 
Lavoisiers Sauerstofftheorie etwa oder 
Röntgens Entdeckung demonstrierte Kuhn, 
der in Harvard, Berkeley, Princeton lehrte und 
seine Karriere am MIT krönte, in seinem 
Buch "Die Struktur wissenschaftlicher 
Revolutionen", wie wissenschaftliche 
Wahrheit entsteht. 

Die Zeit, 1995

Paradigma— nach Thomas S. Kuhn ist es 
die „Gesamtheit aller eine Disziplin in einem 
Zeitabschnitt beherrschenden 
Grundauffassungen hinsichtlich  
Gegenstandsbereich und Methode.“ 
(Der Große Brockhaus, 20. Auflage)

Paradigmen— nach Platon „die Urbilder der 
sinnlich wahrnehmbaren Dinge.“ 
(Der Große Brockhaus, 20. Auflage)
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Hexagonaler Graphit: sp2 Hybridisierung

A

A
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Bandstruktur der p-Elektronen in der Graphitschicht

Κ

Κ

Graphit ist ein „zero-gap“
Halbleiter = Halbmetall

π∗

π
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Diamant: sp3 Hybridisierung
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C15O2

C15O

C15

Kumulene …C=C=C=C=C….: 
sp Hybridisierung
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Eine neue Kohlenstoffstruktur: C60

Kroto et al., Nature 318, 1985, 162
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Das Ikosaedermodell des C60
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Der Lohn:
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The new world of fullerenes

Haddon 1986: Transfer of up to 12 electrons
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Armchair nT
(n=m) metal

Zig-zag nT
(n-m) = 3i metal
(n-m) ≠ 3i semicond.

Chiral nT
(n-m) = 3i metal
(n-m) ≠ 3i semicond.

Zig-zag

A
rm

ch
ai

r

a1

a2

Chiral vector:Ch = na1 + ma2
a1 , a2 …. Unit vectors of 2D-hexagonal lattice

SWCNT from graphene
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Density of states (DOS) in SWCNT
→→→→Van Hove singularities
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Electrochemistry of “empty” fullerenes

+n e–
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process

Cyclic voltammetry of C60
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In situ ESR/UV-ViS-NIR Spectroelectrochemistry
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Vis-NIR spectroelectrochemistry: C60
−

C60
−

C60
2−

P. Rapta, A. Bartl, A. Gromov,
A. Stasko, L. Dunsch. 

ChemPhysChem2002, 4, 351-356

C60
-C60

Two-fold degenerate transition. Should 
be split in anions of derivatives.
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ESR spectra of electrochemically 
reduced C60

SW = 50 mT

Two paramagnetic C60 species
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Endohedral Fullerenes



Leibniz-
Institute for 
Solid State 
and Materials
Research

Prof. Dr. Dr. h.c.
Lothar Dunsch
Department
Electrochemistry 
and conducting 
polymers

http://www.ifw-
dresden.de/iff/14

Center for Spectro-
electrochemistry 
at IFW Dresden

Clusterfullerenes

M3N@C2n nitride Sc4O2,3@C80 oxide M2S@C2n sulfide

Sc2C2@C82, Sc3,4C2@C80 carbide
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Sc3N@C68 (D3): A Non-IPR Fullerene

(S. Stevenson, et al., Nature2000, 408, 427.)

Yang, S., Kalbac, M., Popov, A., Dunsch, L.  Chem. 
Eur. J. 2006 , 12, 7856.
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Two reduction steps: 
electrochemically 
irreversible but chemically 
reversible

Cyclovoltammetry of Sc3N@C68

(Yang, S., Rapta, P., Dunsch, L.  Chem. Commun. 2007)

Two oxidation steps: 
electrochemical 
reversible!
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Sc3N@C68
Spectroelectrochemistry: The stable radical cation

•Yang, S., Rapta, P., Dunsch, L. Chem. Commun.
2007, 189.
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Spin density at Sc3N@C68
+·, PBE0/6-311G*Ber: 

aSc=-1.469 G
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Spin density distribution in 
Sc3N@C68

+ (left) and Sc3N@C68
– (right)

� spin density distribution on the carbon cage is 
substantially different in the cation and the anion, which 
explains the differences in a(Sc)
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Trifluoromethylation of Sc3N@C80

+ 2n •CF3

Sc3N@C80-Ih(7)

Sc3N@C80(CF3)2n, 2n = 2–16

Group of S. Strauss and O. Boltalina
Colorado State University, Fort Collins, USA

Sc3N@C80(CF3)2

Sc3N@C80(CF3)14,16

Shustova, Popov,  Mackey, Coumbe, 
Phillips, Stevenson, Strauss, Boltalina. 

JACS 2007, 129, 11676

Shustova, Chen, Mackey, Coumbe, 
Phillips, Stevenson, Popov, Boltalina, 

Strauss. JACS 2009, 131, 17630Stevenson et al., Nature 

1999, 401, 55.

Krause, Dunsch, ChemPhysChem

2005, 5, 1445
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-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
E (V), vs E1/2 of Sc 3N@C80

0/- pair

Sc3N@C80(CF3)2: cyclic voltammetry

+1
-1

-3

20 mV/s, o-DCB, TBABF4

A. A. Popov, N. B. Shustova, A. Svitova, M. A. Mackey, C. E. Coumbe, J. P. Philips, S. Stevenson, 
S. H. Strauss, O.V. Boltalina, L. Dunsch, Chem. Eur. J.16:16 (2010) 4721-4724
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g = 2.0006

a(Sc) = 2 x 9.34 G, 10.7 G

g = 1.9958

no 45Sc or 19F splitting

g = 2.0018

[Sc3N@C80(CF3)2]
3-

[Sc3N@C80(CF3)2]
_

5 G

100 G

200 G

[Sc3N@C80(CF3)2]
+

Summary of the ESR Spectra
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a(Sc) 10.7 G and 2 x 9.4 G

g-factor 2.0006;
a(Sc) 49.2 G and 2 x 

10.8 G

g-factor 1.9992;
a(Sc) 3 x 55.4 G

Spin density on the Sc3N cluster

Sc3N@C80
–• Sc3N@C80(CF3)2

–• Sc3N@C80(CF3)2
3–•
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Mixed Metal Nitridecluster Fullerenes
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CeM2N@C80: the endohedral CeIII /CeIV redox pair

Zhang, Popov, Yang, Klod, Rapta, Dunsch, Phys. Chem. Chem. Phys. 2010, 12, 7840.

CeIII M2N@C80 CeIVM2N@C80

CeIII /CeIV
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Redox-active Ti in TiM2N and TiM2C clusters

0–1–2–3

+1

Ti II

←Ti III→Ti IV

Ti II ←Ti III
Popov, Yang, Dunsch, et al. ACS Nano 2010, 4, 4857

Yang et al, Inorg. Chem.2012, 3039

Svitova, Popov, Dunsch, in press

TiSc2N@C80

TiY2N@C80

TiLu 2C@C80
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Popov, Chen, Pinzon, Stevenson, Echegoyen, Dunsch. J. Am. Chem. Soc. 2012

Sc4O2@C80: redox-active cluster
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cation

anion

Sc4O2@C80: ESR spectra of 
cation and anion radicals

Popov, Chen, Pinzon, Stevenson, Echegoyen, Dunsch. J. Am. Chem. Soc. 2012
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Sc4O2@C80: charged radicals

500 G

 

2 x a(45Sc|1O) = 2.6 G, 
2 x a(45Sc|2O) = 27.4 G

[Sc4O2@C80]+ [Sc4O2@C80]–

spin densityspin density

2 x a(45Sc|1O) = 150.4 G, 
2 x a(45Sc|2O) = 18.0 G

cation

anion

Popov, Chen, Pinzon, Stevenson, Echegoyen, Dunsch. J. Am. Chem. Soc. 2012
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A New Highlight in 
Endohedral Electrochemistry

Sc4O2@C80 with mixed-valence 
state of Sc atoms and metal-based 
frontier orbitals exhibits unique 
electrochemical behavior: both 
reduction and oxidation are 
localized on the Sc4O2 cluster. The 
endohedral nature of redox 
reactions is proved by hyperfine 
structure with large 45Sc coupling 
constants observed in ESR spectra 
of the anion and cation radicals. 
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Mögliche Anwendungen
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Bulk heterojunction 
solar cell

Drees et al. Nat. Mater.2009, 8, 208.
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Armchair nT
(n=m) metal

Zig-zag nT
(n-m) = 3i metal
(n-m) ≠ 3i semicond.

Chiral nT
(n-m) = 3i metal
(n-m) ≠ 3i semicond.

Zig-zag

A
rm

ch
ai

r

a1

a2

Chiral vector:Ch = na1 + ma2
a1 , a2 …. Unit vectors of 2D-hexagonal lattice

SWCNT from graphene
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Electrode

Fermi level

Fermi level

Fermi level

OCPAn1An2OCPCat1Cat2

Fermi level

In-situ electrochemical doping of SWCNT
anodic/cathodic= extraction/insertion of e-

Fermi level

Fermi level
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Potential, V vs. Fc/Fc+

SWCNT (solid)...…..CH3CN + electrolyte solution

0 -11

Electrochemistry of C60 and SWCNT

C60 (solution)……..CH3CN/toluene + electrolyte solution (at-10oC)

-2 -3-1

Potential, V vs. Fc/Fc+
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Vis-NIR spectra on ITO electrode of SWCNT
(0.2 M LiClO4 + acetonitrile)
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Raman spectra of SWCNT, hvexc= 2.54 eV
(0.2 M LiClO4 + acetonitrile)
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Raman spectra of SWCNT, hvexc= 2.54 eV
(0.2 M LiClO4 + acetonitrile)
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A Faradaic process at the cathodic and anodic scale
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C60 (g) Nanotube, optimum ∅ ≈1.36 nm

Formation of fullerene peapod C60@SWCNT
An endohedral nanotube

FULLERENE PEAPOD

∆E = 49 kJ/mol
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Raman spectra of C60 (single crystal) and SWCNT
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C60 (Ih symmetry): 46 vibrations  → 4 IR +10 Raman 
Γmol = 2Ag+ 3F1g+ 4F2g+ 6Gg+ 8Hg+ Au+ 4F1u+ 5F2u+ 6Gu+ 

7Hu
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Raman spectroelectrochemistry C60@SWCNT (hvexc= 2.54 eV)
(0.2 M LiClO4 + acetonitrile)
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Raman spectroelectrochemistry C70@SWCNT (hvexc= 2.41 eV)
(0.2 M LiClO4 + acetonitrile)
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Mögliche Anwendungen

Batterien

Transistoren

Feldemitter

Displays

Supercaps

Datenspeicher

Aktoren
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Fullerene: Shangfeng Yang, Lin Zhang Yang Zhang, Alexey 
Popov (IFW Dresden) Olga Boltalina (UC Ft. Collins), Luis 
Echegoyen (U El Paso), S. Stevenson (U Ft. Wayne)

Technische Mitarbeit: S. Schiemenz, M. Rosenkranz, 
A. Beger, F. Ziegs and H. Zöller (IFW Dresden)

NMR-Spektroskopie und Berechnungen: Michal Zalibera 
(STU Bratislava/IFW Dresden) Steven Strauss (UC, Ft. 
Collins), Alexey Popov (IFW Dresden)

Schwingungsspektroskopie: Ladislav Kavan, Martin Kalbac 
(JHI Prag, IFW Dresden); Matthias Krause (IFW Dresden)

ESR-Spektroelektrochemie: Jan Tarabek (IFW Dresden, 
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