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Prof. Klaus Mϋllen

at Max Planck Institute 

for Polymer Research, Germany

- Born in 1947 

- Ph.D. in 1971 at Univeristy of Basel

- Post Doc. at ETH Zurich

- Independent career (1979-Present)

- Director at MPIP (1989-Present)

- JACS associate editor (2006-Present)

>1700 papers, H index=117



Research Interests

Mullen’s webpage
http://www.mpip-mainz.mpg.de/17142/Research



Graphene nanoribbon 

C2H2Cl4, r.t.

Macromol. Rapid. Commmun. 1993, 14, 217.

Yamamoto polymerization,
followed by carbonyl olefination

4000 Da (PDI=1.37) They hadn’t realized 
this was a graphene nanoribbon

In 1993

B2S3 was form In situ 
from the mixture of BCl3 with tricyclohexyltin sulfide



Graphene Nanoribbons (Solution Synthesis)

Macromolecules 2000, 33, 3525

AABB-type Diels-Alder Polymerization in 2000

Mn=6200 (PDI=1.9) – Mn=30100 (PDI=4.0)

Higher monomer concentration
Longer reaction time
=> Higher MW

AABB-type Diels-Alder Polymerization in 2003

Macromolecules 2003, 36, 7082

“Graphite ribbon”

1a 2a



How to characterize the polymers after Scholl oxidation

MALDI UV

Macromolecules 2003, 36, 7082



How to characterize the polymers after Scholl oxidation

Disappearance of
monosubstituted benzene peaks
& “free” rotated benzene peak

Existence of
G band (~1600 cm-1) & D band (~1300 cm-1)

+ Microscopic analyses

IR
Raman

Macromolecules 2003, 36, 7082



AABB-type Suzuki Polymerization in 2008 “Graphene Nanoribbon”

Mn=14000 (PDI=1.2) after soxhlet extraction

Only up to 12 nm GNR
N=9 GNR

JACS 2008, 130, 4216

Graphene Nanoribbons (Solution Synthesis)



Graphene Nanoribbons

AABB-type Suzuki Polymerization in 2008

Only up to 12 nm GNR
N=9 GNR

λonset=~550 nm

2.3 eV
Too large bandgap

(if infinite length, 1 eV)

The low efficiency of polymerization was presumably 

i) High steric hindrance
ii) Limited solubility due to rigid PPP backbone

λonset

Tip : 1240/ λonset= Bandgap (eV)

JACS 2008, 130, 4216

Graphene Nanoribbons (Solution Synthesis)



Graphene Nanoribbons

AABB-type Suzuki Polymerization in 2011

Less steric hindrance,
Better solubility (Flexible polymer)
- 40 mg/mL in DCM, THF, Toluene

Mn=9900 (PDI=1.4)

Mn=20000 

No bandgap information

A paper that the main script doesn’t match with SI.

25 nm for GNR
(no evidence)

ACIE. 2011, 50, 2540

Graphene Nanoribbons (Solution Synthesis)

Q3



Graphene Nanoribbons

AA-type Yamamoto Polymerization in 2012

JACS. 2012, 134, 18169

No problem of stoichiometric inbalance
, which AABB-type polymerization always has.

From polymer with Mn=13000 (PDI=2.2),
(by prep GPC)

High MW part, Mn=44000 (PDI=1.2)
Low MW part, Mn=6700 (PDI=1.1)

20-30 nm length based on Mn & Bandgap
(No microscopic data)

Graphene Nanoribbons (Solution Synthesis)



Graphene Nanoribbons

AA-type Yamamoto Polymerization in 2014

Nanoscale. 2014, 6, 6301

OFET device (with P3HT)

Mn=7200 (PDI=1.4)

Optical bandgap=~1.6 eV => Q1

Graphene Nanoribbons (Solution Synthesis)



Graphene Nanoribbons

AA-type Yamamoto Polymerization in 2014

Nanoscale. 2014, 6, 6301

Graphene Nanoribbons (Solution Synthesis)

Very broad mass spec



Graphene Nanoribbons

AB-type Diels-Alder Polymerization in 2014

Nat. Chem. 2014, 6, 126

260 oC

Mn=340,000 (PDI=1.9) after fractionation.

Bandgap
=1.88 eV

GPC trace

UV/vis

Graphene Nanoribbons (Solution Synthesis)



Graphene Nanoribbons

AB-type Diels-Alder Polymerization in 2014

Nat. Chem. 2014, 6, 126
After fractionation by prep GPC

Graphene Nanoribbons (Solution Synthesis)

Although purified, Mn is very high



Graphene Nanoribbons

Chlorination of GNR reported in NChem2014 

Nat. Commun. 2013, 4, 2646

t-Bu

C=C vibration
in Chlorinated arene

C-Cl vibration

Chlorinated GNR
GNR

Red-shifted

Solubility increases
0.05 mg/mL 
in NMR or trichlorobenzene

Graphene Nanoribbons (Solution Synthesis)

AlCl3
ICl
CCl4



Graphene Nanoribbons

Conductivity from GNR of NChem2014 

Nano Lett. 2013, 13, 5925

Mobility itself is good
Quantum Yield is low

Graphene Nanoribbons (Solution Synthesis)



Graphene Nanoribbons

Single-GNR-based device : NO2 sensing

JACS 2014, 136, 7555

500 nm length Conductance (G) 
increases by electron extraction from NO2

Graphene Nanoribbons (Solution Synthesis)





Graphene Nanoribbons (Surface Synthesis)

Surface-assisted synthesis in 1999.

ACIE. 1999,38, 3748

on Cu(111)



Graphene Nanoribbons

Surface-assisted synthesis in 2010 with Fasel group.

Nat. Chem. 2011, 3, 61

Based on STM imaging & Ab initio simulation

Surface-assisted cyclodehydrogenation

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

Surface-assisted synthesis in 2009 with Fasel group.

Chem. Commun. 2009, 6919

On Ag(111) surface at 200 oC

Radical formation on surface, and then radical polymerization

On-surface coupling of aryl halide

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

Surface-assisted synthesis in 2010 with Fasel group.

JACS. 2010, 132, 16669

The choice of surface plays a crucial role,
Mainly because of the balance between diffusion and intermolecular coupling

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

Surface-assisted synthesis in 2010 with Fasel group.

Chem. Commun. 2011, 47, 6919

N-doped version

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

Surface-assisted synthesis of graphene nanoribbon in 2010.

Nature 2010, 466, 470

Typical procedure

i) Vacuum sublimation 
of dihalogenated monomers onto a metal surface

ii) Biradical monomer formation 
by thermal cleavage on surface

iii) Radical polymerization 
of the surface-stabilized biradical intermediates

iv) Surface-assisted cyclodehydrogenation
by annealing at a higher temperature.

Advantage
- no worries about solubility
- in situ STM monitoring

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

Surface-assisted synthesis of graphene nanoribbon in 2010.

Nature 2010, 466, 470

Raman

Atomically precious
and very long GNR

Au(111)

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

Surface-assisted synthesis of graphene nanoribbon in 2010.

Nature 2010, 466, 470

Au(111)

Chevron-type GNR

Graphene Nanoribbons (Surface Synthesis)

Chemically pure



Graphene Nanoribbons

Surface-assisted synthesis of graphene nanoribbon in 2012.

Phys. Rev. Lett. 2012, 108, 216801

On Au(788) surface,

Spatially aligned GNRs

Eg=2.8 eV on Au(788), 
2.3 eV on Au(111)

Eg=3.1 eV

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

Termination factor of Surface-assisted GNR synthesis in 2013.

JACS. 2013, 132, 16669

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

Termination factor of Surface-assisted GNR synthesis in 2013.

JACS. 2013, 132, 16669

Polymer growth is terminated by the passivation of the radicals with hydrogen

=> Suppressing the spontaneous generation of hydrogen during the radical polymerization step is crucial

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

Intraribbon heterojunction formation in 2012.

ACS Nano 2012, 6, 2020

prepolymer GNR

Partial oxidized region

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

Intraribbon heterojunction formation in 2012.

ACS Nano 2012, 6, 2020

STM Tip-induced dehydrogenation
(electron-stimulated cyclodehydrogenation)

STM tip here, and apply the larger voltage

Contrast disappears

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

Graphene nanoribbon heterojunction in 2014.

Nat. Nanotech. 2014, 9, 896
Appl. Phys. Lett. 2014, 105, 023101

p-GNR n-GNR

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

Cove edge GNR in 2015.

No empirical data about optical/electrochemical properties

JACS. 2015, 137, 6097

Graphene Nanoribbons (Surface Synthesis)



Graphene Nanoribbons

N=3p+2 GNR in 2015.

JACS. 2015, 137, 4022

Three subfamilies of GNR
N=3p

N=3p+1
N=3p+2 -> rare

N=5 GNR

Gold Atom

Not direct radical coupling,

Au directly involved C-C coupling.

Graphene Nanoribbons (Surface Synthesis)



Thank you









Upper : after cyclodehydrogenation
Lower : before cyclodehydrogenation





17b is much more rigid than 16b
 Hydrodynamic volumn of 17b is much larger than that of 16b
 Retention time of 17b is much shorter than that of 16b
 GPC shows much higher MW for 17b than 16b




