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1. Carbon Nanostructures
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How to fabricate graphene ?
a) Exfoliation of graphite b) Chemical Vapor Deposition 

Nat. Rev. Chem. 2017, 2

d) Precision Synthesis c) Pyrolysis 
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b. CVD Growth of Graphene
Chemical vapor deposition (CVD) 

to grow high-quality graphene

Raman spectrum
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- extremely efficient 
due to 

- thermodynamic
response  of
background  
electronic population

- extremely high 
nonlinear coefficients 

(x 10 18 !) with D. Turchinovich

Nature 2018, available online

T = 300 K
ETHz = 85 kV/cm

THz High Harmonics  Generation 
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http://www.metalprices.com/
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Conductive formulations and inks
n Printable electronics, E-textiles, coatings
Composite materials
n Antistatics, mechanical reinforcement

------------------------------------------
Energy storage materials
n Batteries, capacitors

Catalysis
n Support materials, photocatalysis

-------------------------------------------

Carbon semiconductors
nTransistors, spintronics

Transparent electrodes
n Photovoltaics, displays 

!
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2. Nanographenes

(PAHs found in interstellar 
space, comets and meteorites) 

Image Spitzer Space Telescope

“PAHs may have been vital in the 
formation of early life on earth” 

(A. Witt) 

Source:www.wikipedia.org

Angew. Chem. Int. Ed. 
1995, 34, 1609

“Superbenzene”
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Molecular lego with benzene

99%71%

Nature Materials 2009, 8, 421

Adv. Polym. Sci. 2013, 262, 61

Co2(CO)8 FeCl33

b. Chirality:
the case of double[7]carbohelicene

Crystal structures

Angew. Chem. Int. Ed. 2017, 56, 3374

Chiroptical Properties 

(P,P) (M,M)
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Biradical character

EPR

Nature Reviews Materials 2016, 
doi:10.1038/natrevmats.2015.13 14

d. Surface chemistry -
under in-situ STM control

Nature Chemistry
2011, 3, 61
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Will Si-based CMOS-technology end ? 

3. Graphene nanoribbons – a new         
generation of semiconductors 



• GNRs with necklace periphery 
• optical bandgap ~ 1.4 eV

Chem. Asian J. 2015, 10, 2134 17

Ultralong,structurally perfect 
and soluble graphene nanoribbons
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Molecular model of 
partially stacked GNR

Diels-
Alder

length:  ~ 600 nm

0.69 nm
1.13 nm

Nature Chemistry 2014, 6, 126

AB-monomer

18

15 % of fuel are lost to friction 
within the engine and gearbox 

Carbon nanoparticles improve lubrication with oil, but
their aggregation increases friction and wear
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„Superlubricity“ 

Z = lifting height of the tip

… allows to manipulate GNRs 
up to 55 nm long

Science 2016, 351, 957Distance vs. Δf shift, before, during 
and after displacement 20



Straight graphene 
nanoribbons with atomic precision:7-AGNR  

Nature  2010, 466, 470 ACS Nano 2017, 11, 1380

• Band gap = 1.4 eV (STS)

9-Atom wide armchair-GNR (9-AGNR)

Length >70 nm (X = I)

a b

c d

e

a. constant current STM              
topography image (1-PP1)

b,c.  STM images (9-AGNR)
d,e.  Nc-AFM images (9-AGNR) 

4. Synthetic Opportunities
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Rainbow of rylene colorants

n = 4
3
2
1
0

Nature 2010, 446, 905 (v. Hulst)     Nature Photonics 2009,3, 654 (Moerner)
Nature Nanotechnology 2014, 9, 131 (Hofkens);        ibid. 9, 183 (Basche)

Angew. Chem. Int. Ed. 2015, 54, 2285; 

a. From colorants to GNRs



b. Porphyrin-Nanographene
Conjugates

MALDI-
TOF MS

3 41 2

UV-Vis-NIR

Angew. Chem
Int. Ed.

2018, 57, 11233
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c. OBO-Doped Periacenes

J. Am. Chem. Soc. 2016, 138, 9021; ibid. 2017, 139, 4671.

OBO-Doped
Peritetracene

STM and nc-AFM of 
OBO-Doped Perihexacene

Designing the monomers 27

snake-like polymer 
after annealing 

at 600 K

425 K

nc-AFM image taken with a CO-functionalized  tip

Perfect GNRs with 
zigzag edges 

Nature  2016,
531, 489

28



5. Future ???

artificial neural networksquantum computing

DNA computing single-molecule electronics

spintronics

Electronics in the 
21st century

fastersmaller denser

30

Four 
interconnected 

problems

Quantum 
computing

Molecular 
spintronics

Single-spin 
sensing

Spin control

Zigzag-Extended 7-AGNRs with
Low Bandgap: toward topological insulators

Nature 2018, 560, 209.
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Current image (2 mV)

Top of valence band (TB)

2 nm

(1,3)zz-7AGNR 



6. Carbon Nanomaterials in 3D
Dendritic structures 

34
Why so perfect ?

F -

… and on to
higher

generations
Chem. Soc. Rev. 2015, 44, 4072 

core

branching 
reagent

35

Blood brain barrier

Passing the blood brain barrier

cell integrity

ChemBioChem 2017, 18, 960
36



Enhancing 
adenovirus-
mediated 

gene delivery

Chem. Soc. Rev. 2015, 44, 4072 37


