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Graphene nanoribbon

In 1993
OR
0 _ Yamamoto polymerization,
Br O g O - followed by carbonyl olefination
DMF, 60°C
0
n
- 4000 Da (PDI=1.37) They hadn’t realized

this was a graphene nanoribbon
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- R R _In n R R _In R
1 B,S; was form In situ 2
R= OC10H21 from the mixture of BCl; with tricyclohexyltin sulfide

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



Graphene Nanoribbons (Solution Synthesis)

AABB-type Diels-Alder Polymerization in 2000 “Graphite ribbon”
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M_=6200 (PDI=1.9) — M _=30100 (PDI=4.0)

Table 1. Reaction Conditions and Characterization of the Polymers (3a) Prepared by the Diels—Alder Polycondensation
between 1.4-Bis(2.4.5-triphenylcyclopentadienone-3yl)benzene (1a) and 1,4-Diethynylbenzene (2a)

concn of 1a and time of M, x 1073a M, x 10732 MALDI-TOF
runs 2a [mol/L] reaction [h] yield [%] [g mol™!] (SEC) [g mol~!] (SEC) M/ M, (detected species)
a 0.3 18 92 12.3 6.2 1.9 16mer ngher monomer concentration
b 0.3 30 94 17.4 8.6 2.0 18mer . .
c 05 18 91 32.2 14.1 2.3 18mer Longer reaction time
d 0.5 30 92 40.6 16.8 2.5 b .
e 0.5 18 94 51.5 19.7 2.7 b => Higher MW
f 0.7 48 93 101.4 26.6 3.9 b
g 0.7 72 94 121.6 30.1 4.0 b
@ Determined with polystyrene as standard. ® Measurements were not performed. Macromolecules 2000, 33, 3525

Macromolecules 2003, 36, 7082



How to characterize the polymers after Scholl oxidation

(a) Phy0, reflux; (b) FeCls, CH2Cl,, CH3NO., 20 h.
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Figure 1. MALDI MS spectrum for Cjj4Has: calculated,
1403.54; found, 1403.30 (100%). Isotope distribution is in good
agreement with the simulated results (black bar). In addition,
some chloronation took place during the cyclodehydrogenation
with Lewis acid iron(I1I) chloride.
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Figure 2. Solid-state UV—vis spectrum of graphite ribbon 7,
C114H34, and C222.

Macromolecules 2003, 36, 7082



How to characterize the polymers after Scholl oxidation
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Figure 3. Infrared spectra of branched polyphenylene precur-

sor 6 (solid line) and graphite ribbon 7 (dot line).

Disappearance of
monosubstituted benzene peaks
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Raman
] —C.. H

14" 34

20004 | Graphite ribbons 7

1500

S 1000

500 -

T T T T T T v 1
1000 1200 1400 1600 1800
Wavenumber cm’'

Figure 4. Raman spectra of graphite ribbon 7, C114H34, and
C222.

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

+ Microscopic analyses

Macromolecules 2003, 36, 7082



Graphene Nanoribbons (Solution Synthesis)

AABB-type Suzuki Polymerization in 2008 “Graphene Nanoribbon”

O @
Suzuki
BPin<’_Y—\ )—\ )-BPin + | | —— -
O O
M =14000 (PDI=1.2) after soxhlet extraction
R= /\)\/\/k
FeC|3
—’..

N=9 GNR
Only up to 12 nm GNR

JACS 2008, 130, 4216



Absorption (a. u.)

Graphene Nanoribbons (Solution Synthesis)

AABB-type Suzuki Polymerization in 2008

oo =485 1M

A.....=~550 nm

onset™

2.3eV
- = - Too large bandgap
Wavelength (nm) (if infinite length, 1 eV)

Tip : 1240/ A__...= Bandgap (eV)

onset™

The low efficiency of polymerization was presumably

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

N=9 GNR
Only up to 12 nm GNR

JACS 2008, 130, 4216



Graphene Nanoribbons (Solution Synthesis)

AABB-type Suzuki Polymerization in 2011

Less steric hindrance,

R R BPin  suzuki
=T v Better solubility (Flexible polymer)
MaR=H 15 - 40 mg/mL in DCM, THF, Toluene
T e 16a: R=H
16 R = Cpyy,  Mp=9900 (PDI=1.4)

No bandgap information

25 nm for GNR
(no evidence)

17a:R=H
17b:R=Cy,H,s M =20000

Q3

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

ACIE. 2011, 50, 2540



Graphene Nanoribbons (Solution Synthesis)

AA-type Yamamoto Polymerization in 2012

18a: X =H, Y =Cl
18b: X = C12H25, Y=H
R =Ci2Hps

FBCI3

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

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

High MW part, M_=44000 (PDI=1.2)
Low MW part, M_=6700 (PDI=1.1)
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20-30 nm length based on M, & Bandgap
(No microscopic data)

JACS. 2012, 134, 18169



Graphene Nanoribbons (Solution Synthesis)

AA-type Yamamoto Polymerization in 2014

R R

O @ Q Yamamoto
(O O
X X

21a: X =Cl
21b: X = CyoHps
R = C12H25

CH,(CH,)4CHg

OFET device (with P3HT) /F/gﬂ\

P3HT

Optical bandgap=~1.6 eV =>Q1

Nanoscale. 2014, 6, 6301



Graphene Nanoribbons (Solution Synthesis)

AA-type Yamamoto Polymerization in 2014
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Chemical Formula: Cgg4Hgrs
Exact Mass: 8167.27
6131 Molecular Weight: 8174.03
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L
Chemical Formula: C7gHs4
Exact Mass: 990.42
Molecular Weight: 991.26
Very broad mass spec
2000 4000 6000 8000 10000 12000 14000
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Nanoscale. 2014, 6, 6301



Graphene Nanoribbons (Solution Synthesis)

AB-type Diels-Alder Polymerization in 2014

C1oHos CioHos  CioHos  CioHos  CioHos
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Nat. Chem. 2014, 6, 126



Graphene Nanoribbons (Solution Synthesis)

AB-type Diels-Alder Polymerization in 2014

Entry Solvent C (mM) T (h) M ppp—Mips (kgmolfl) M, ppp—M,, ps (kgmol’l) PDIppp—PDlIpg
1 Ph,O 36.6 25 14-24 6.1-7.9 2.3-3.0
2 Ph,O 228 28 73-150 19-27 3.8-5.6
2 — — — 100-220 65-120 1.5-1.8
3 Ph,O 1410 20 220-530 29-41 7.6—13
3 — — — 270-640 160-340 1.7-1.9
4 melt — 1.5 150-350 29-41 5.2-8.5
& — — — 150-380 69-120 2.2-3.1
5 melt — 5.0 250-620 32-45 7.8-14

After fractionation by prep GPC

Although purified, M, is very high

Nat. Chem. 2014, 6, 126



Graphene Nanoribbons (Solution Synthesis)

Chlorination of GNR reported in NChem2014

Solubility increases
0.05 mg/mL
in NMR or trichlorobenzene

GNRs Chlorinated GNFs

Chlorinated GNR
. GNR
o 1.0
A | ]

| & 8 Red-shifted

i' C-Cl fibration
- 400 600 800 1,000 1,200

C=Cvibration
in Chlorinated arene Wavelength (nm)

¥ 1 L] L] 1 Ll 1 ¥ 1
3,200 2,800 1,600 1,200 800 400

Wavenumber (cm™) Nat. Commun. 2013, 4, 2646



Graphene Nanoribbons (Solution Synthesis)

Conductivity from GNR of NChem2014

Mobility itself is good

1.1nm Quantum Yield is low

Ci2Hazs CizHas CioHos CioHas CioHzs

Figure 1. Chemical structure of the GNRs investigated. Quantum
confinement in the lateral dimension induces a bandgap of 1.88 eV.

Table 1. Fit Parameters from the Probe Frequency-
Dependent GNR Data and CNT Conductivity Fitted to the
Drude—Smith Model, eq 1“

c T (fs Y (% . -
_ : (&) Q (%) Our findings of longer scattering times
GNR dispersion —0.92 £ 001 30 +3 3x1 and higher free carrier generation quantum efficiency in CNTs
GNR film -0.79 + 0.07 35 + 20 4+3 as compared to GNRs suggest that CNT-based (opto)-
CNTs in gel —0.90 + 0.02 170 + 50 15 + 10 ;lect‘gonjc devices will likely be more efficient than GNR-
CNT film ~0.72 + 005 150 + 15 27 + 10 ased ones.

Nano Lett. 2013, 13, 5925



Graphene Nanoribbons (Solution Synthesis)

Single-GNR-based device : NO, sensing
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JACS 2014, 136, 7555






Graphene Nanoribbons (Surface Synthesis)

Surface-assisted synthesis in 1999.

DP HPB

ACIE. 1999,38, 3748



Graphene Nanoribbons (Surface Synthesis)

Surface-assisted synthesis in 2010 with Fasel group.

ca. 230 °C
—

on Cu(111)

e Oy o ) —
gt
Foo &&o

5' 6

@

Surface-assisted cyclodehydrogenation

Based on STM imaging & Ab initio simulation

Nat. Chem. 2011, 3, 61



Graphene Nanoribbons (Surface Synthesis)

Surface-assisted synthesis in 2009 with Fasel group.

On Ag(111) surface at 200 °C

2 Orere—e O 1o

A On-surface coupling of aryl halide

Radical formation on surface, and then radical polymerization

Chem. Commun. 2009, 6919



Graphene Nanoribbons (Surface Synthesis)

Surface-assisted synthesis in 2010 with Fasel group.

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

JACS. 2010, 132, 16669



Graphene Nanoribbons (Surface Synthesis)

. .0.‘.0“
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e

Surface-assisted synthesis in 2010 with Fasel group.
a)
Br

N-doped version

Chem. Commun. 2011, 47, 6919



Graphene Nanoribbons (Surface Synthesis)

Surface-assisted synthesis of graphene nanoribbon in 2010.

Precursor monomer ‘Biradical’ intermediate 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

Nature 2010, 466, 470



Graphene Nanoribbons (Surface Synthesis)

Surface-assisted synthesis of graphene nanoribbon in 2010.
Au(111)

v Atomically precious
and very long GNR

Experiment 953 ™\

Calculation
Ll I T T Ll I LI | l Ll T T 'I T LI I L T I LI B I T Ll
400 600 800 1,000 1,200 1,400 1,600
Wavenumber (cm)

Nature 2010, 466, 470



Graphene Nanoribbons (Surface Synthesis)

Surface-assisted synthesis of graphene nanoribbon in 2010.

250 cx

Au(111)

hv = 1486.7 eV
|
"‘" —— = Au 4d
288 286 284 282
Au 4s Au 4p
C1s

Au 4f

Au 5s

u 5p
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T T T

500
Binding energy (eV)

T
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Trrrrrrryrrrrrrr
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Chevron-type GNR

Chemically pure

Nature 2010, 466, 470



Graphene Nanoribbons (Surface Synthesis)

Surface-assisted synthesis of graphene nanoribbon in 2012.

d=0.426 nm
oxe DY On Au(788) surface,
(4 Br s AL | w= 0741 nm
= data Spatially aligned GNRs
— I'- distribution
7-aGNR
mean length: 23 nm

E,=2.8 eV on Au(788),
2.3eVonAu(111)

10 20 30 40 50 60 70 80 90
length /nm

d =1.704 nm
GO b G
SN g ¢

OO D A (w=1.729 nm

e A G

63.2 x 69.8 nm?

n iy

I data
—— TI'-distribution

chevron-type GNR
mean length: 28 nm

E,=3.1eV

0 10 20 30 40 50 60 70 80 90

length /nm
Phys. Rev. Lett. 2012, 108, 216801



Graphene Nanoribbons (Surface Synthesis)

Termination factor of Surface-assisted GNR synthesis in 2013.

Scheme 1. On-Surface Synthesis of 7-AGNRs with Plausible
Terminations I-1V

JACS. 2013, 132, 16669



Graphene Nanoribbons (Surface Synthesis)

Termination factor of Surface-assisted GNR synthesis in 2013.

EXPERIMENT SIMULATION EXPERIMENT SIMULATION
b 1nm

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

JACS. 2013, 132, 16669



Graphene Nanoribbons (Surface Synthesis)

Intraribbon heterojunction formation in 2012.

A
TR
Sageladetiades
2e2eltedeliefes

Partial oxidized region

ACS Nano 2012, 6, 2020



Graphene Nanoribbons (Surface Synthesis)

Intraribbon heterojunction formation in 2012.

STM tip here, and apply the larger voltage
C

-
-
LA

STM Tip-induced dehydrogenation
(electron-stimulated cyclodehydrogenation)

4
sl el g aand

-2 -1
Sample bias (V)

Contrast disappears

ACS Nano 2012, 6, 2020



Graphene Nanoribbons (Surface Synthesis)

Graphene nanoribbon heterojunction in 2014.

(‘N"e) 32URJINPUOI [BIUBIBHPI]

=
5

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



Graphene Nanoribbons (Surface Synthesis)

Cove edge GNR in 2015.

Scheme 1. Edge Structure of Graphene

Z1gzag Q
Armchair
Polyphenylen
Cove Au (11 |)¢ 360 °C

Rihbons

No empirical data about optical/electrochemical properties

JACS. 2015, 137, 6097



Graphene Nanoribbons (Surface Synthesis)

N=3p+2 GNR in 2015.

o O & 400K
Three subfamilies of GNR &< b-& ‘a1

N=3p 7
s SRR
N=3p+2 -> rare |, a0

AW A

Bias voltage(V)

N=5 GNR

Not direct radical coupling,

Au directly involved C-C coupling.

b) /4 Gold Atom

4 I -’
> JJ 00 JJ
. v 99 ¢ o ¢ 9 =
o 9 > 9 > 9 9
- L B B ¢ @ > -2 @ >
C 9 2 9 E R
é 2 & 2 4 2 + 2

1.13nm "

JACS. 2015, 137, 4022



Thank you



1. UV/vis absorption spectroscopy is one of the nice methods to calculate bandgap between valence band (or
HOMO) and conduction band (or LUMO). If we obtain a UV/vis spectrum, we can easily calculate the bandgap of
material by using the simple equation, bandgap (eV) =1240/Aonset (nM).

When the optical bandgap is known as 1.6 eV, what is the expected UV/vis spectrum?



1. UV/vis absorption spectroscopy is one of the nice methods to calculate bandgap between valence band (or
HOMO) and conduction band (or LUMO). If we obtain a UV/vis spectrum, we can easily calculate the bandgap of
material by using the simple equation, bandgap (eV) =1240/Aonset (nM).

When the optical bandgap is known as 1.6 eV, what is the expected UV/vis spectrum?
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When we make graphene nanoribbons in a bottom-up approach, IR
absorption spectroscopy is one of the good tools to determine
whether cyclodehydrogenation is successful or not. Which one is the
spectrum of polymers before cyclodehydrogenation, and which one
is the spectrum of polymers after cyclodehydrogenation? Why?



When we make graphene nanoribbons in a bottom-up approach, IR
absorption spectroscopy is one of the good tools to determine

— \/\/ PR whether cyclodehydrogenation is successful or not. Which one is the
280 1% 718 . i
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Upper : after cyclodehydrogenation
Lower : before cyclodehydrogenation



3. GPC gives us a relative average molecular weight of the polymer compared to
the standard polymer (usually polystryrene). Different size of polymer has different
retention time on GPC trace, so we can calculate MW using the calibration curve of
polystryrene. However, retention time actually depends on not the real size of
polymers but the hydrodynamic size of polymers (size of solvated polymer
including solvent). Usually more flexible polymers tend to have smaller 16a:R=H
hydrodynamic volume because they are likely to be a random-coil state (like
noodles). With these in mind, explain the huge difference of GPC MWs (9900 Da vs.
20000 Da ) from the polymers 16b and 17b

R R R R R R
17a:R=H
17b: R = C12H25



3. GPC gives us a relative average molecular weight of the polymer compared to
the standard polymer (usually polystryrene). Different size of polymer has different
retention time on GPC trace, so we can calculate MW using the calibration curve of
polystryrene. However, retention time actually depends on not the real size of
polymers but the hydrodynamic size of polymers (size of solvated polymer
including solvent). Usually more flexible polymers tend to have smaller
hydrodynamic volume because they are likely to be a random-coil state (like
noodles). With these in mind, explain the huge difference of GPC MWs (9900 Da vs.
20000 Da ) from the polymers 16b and 17b

16a:R=H

R R R R R R
17a:R=H
17b: R = C12H25

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
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