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PAHs: Polycyclic Aromatic Hydrocarbons CiE]US

Hydrocarbons composed of multiple aromatic rings, mostly fused benzene rings

Bad reputation:

- Atmospheric pollutants

- Byproducts of fuel burning
- Carcinogenic

1
Benzo[a]pyrene Chimney sweep (PAHSs in soot)
First occupational cancer

- Abundant material in the interstellar medium
- PAH World Hypothesis: pre-RNA model of life’s origin
based on the self-organization of PAHs by n-stacking

PAHs as Advanced Molecular Materials
How does a family of pollutants become a privileged advanced material?

n-electrons on aromatic rings make the difference




Importance of the geometry in PAHSs CimUS
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How does a family of pollutants become a privileged advanced material? C I mu S

The Nobel Prize in Physics 2010 Electric Field Effect in Atomically
Andre Geim, Konstantin Novoselov Thin Carbon Films

K. S. Novoselov," A. K. Geim,"* S. V. Morozov,? D. Jiang,’
Y. Zhang," S. V. Dubonos,? I. V. Grigorieva,’ A. A. Firsov?

GRAPHENE . .
-Unique combination of properties Science 2004, 306, 666
Plenty of room here...
nanographene graphene
‘ra hene molecules o
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Feng, Mullen and co, Angew. Chem. Int. Ed. 2012, 51, 7640



How does a family of pollutants become a privileged advanced material? C I mu S

Organic @00

Synthesis

 —
Bottom-up

Top-down
approach

GRAPHENE nanoGRAPHENE MOLECULES
-Unique combination of properties -Properties depend on size & shape
Plenty of room here...
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Bottom-up approach to three-fold symmetric nanographenes CIEUS

Angew. Chem. Int. Ed. 2014, 53, 9004 = -
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AFM with functionalized tips

cil*lus

The Chemical Structure of a Molecule
Resolved by Atomic Force Microscopy

Leo Gross,'* Fabian Mohn,® Nikolaj Moll? Peter Liljeroth,’* Gerhard Meyer

Pentacene (C,,H;,) on NacCl

28 AUGUST 2009 VOL 325 SCIENCE

Ultra High Vacuum (UHV)
Cryogenic Temperature (5 K)



AFM with functionalized (UHV, 5K)
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Leo Gross and coworkers
_ IBM Research Zurich



Bottom-up approach to three-fold symmetric nanographenes CIE]US

Angew. Chem. Int. Ed. 2014, 53, 9004 = -
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AFM with submolecular resolution

Science 2012, 337, 1326

Molecular Structure
Elucidation with Charge state: +1
Charge Control

Azobenzene

Pentacene

Charge control + atom resolution

* Molecules are charged from the tip by
applying a bias voltage

* Molecules are electrically isolated on a
Nacl film preventing charge leakage

= CO-functionalized tip for atomic
resolution

Credit: IBM Research Science 2019, 365, 142

Porphine




Single molecule reactions by voltage pulse EE—E_;:: iE]US

Aryne generation

e ~CC o ot
| O‘O‘e NaCl/Cu(111) > O‘@‘e lg‘g‘e OOO‘O

B 5A
= diradical alkyne cumulene _—
% " Nature Chem. 2015, 7, 623 AFM (CO, UHV, 10 K)

Glaser coupling
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AFM (CO, UHV, 5 K)

Angew. Chem. Int. Ed. 2020, 59, 22989

Molecular Rearrangements

— oo — oo

V=-19V 1.7V<V<-09V
AFM (CO, UHV, 5 K)




Dendritic Starphene

sz(dba)3
P(o-tol);

[19]Dendriphene

' Manuel Vilas-Varela CrHa,
Chem. Eur. J. 2018, 24, 17697
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Dendritic Starphene

Scanning Tunneling Spectroscopy (STS)

HOMO-LUMO gap = 4.1 eV -8 e

9 Clar sextets Z-4F  Homo B
= | 1=

Clar’s rule: Cal 12

Predicts stability and gaps G sl ©

by grouping n-electrons S S

into sextets within a ring

Sample Voltage (V)

HOMO

[19]Dendriphene

. Manuel Vilas-Varela CrgHay
Chem. Eur. J. 2018, 24, 17697




Revisiting an Iconic Molecule: Kekulene

Clar Model 12 rings Annulene Model
sextet localization [18]annulene pore global delocalization

I. Pozo, Z. Majzik, N. Pavlicek, M. Melle-Franco, E. Guitian, D. Pefia, L. Gross, D. Pérez J. Am. Chem. Soc. 2019, 141, 15488



AFM to characterize insoluble nanographenes and mixtures % = =z C|mus

Molecular Structure of Asphaltenes
“The Choresterol of Oil Refineries”

J. Am. Chem. Soc. 2015, 137, 9870

2022 March

-Oldest material found on Earth
-Seven billion years-old
-Solar system: 4.5 billion years-old

Identification of PAHs in the Murchison Meteorite

Meteoritics & Planetary Science 2022, 57, 644




How to obtain larger/more exotic graphene molecules?



CileJus

1) Characterization of graphene molecules

2) Combining solution and on-surface synthesis

-Last synthetic step on surface
-Annealing under UHV

Q. Fan, J. M. Gaottfried, J. Zhu Acc. Chem. Res. 2015, 48, 2484



Combining In-Solution and On-Surface Synthesis

cil*lus

Table 1. Overview of successfully conducted on-surface reactions carried

out in ultra-high vacuum.

Reaction name Stimulus  Substrate and reference

Ullmann coupling AT C [ W04 g [20-25.40]
Aul’[ﬁl. ¥ e-3440.21] Cﬂfﬂ_:.,[ﬁ'”]
HOPG,™ NaCka fw, ™ h-
BENENI™ graphene@ NP

Ullmann coupling 7% Sapphire,®? HOPGE

Glaser coupling AT Cu,Bhea ] pyg [33.63,685,55,68,59
A EEe
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[24-2] cycloaddition AT Aut™
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Decarboxylative polymer- AT Cu,® agHl
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Exotic molecules: three-pore nanographene

Cio2Has

three [14]annulenes

With Szymon Godlewski & co (JU Krakow) and Aran Garcia-Lekue (DIPC)




! in-solution

O oTf CsF
L e
O Ms  Pd(PPh),

¥ o

Ph

300 °C
q
Au(111)

With Szymon Godlewski & co (JU Krakow) and Aran Garcia-Lekue (DIPC)



300 °C
q
Au(111)

AFM (5K, CO tip)
on Au(111)

With Szymon Godlewski & co (JU Krakow) and Aran Garcia-Lekue (DIPC)



Ullmann Coupling

Ueber symmetrische Biphenylderivate;
von Frdts [Hmann,

unter Mitwirkung von Gustar M. Meyer V). Ozcar Loewenthal 2)
und Emilio Gilli%).

Erhilzt man Jodbepzol mit Eupfer. =0 bheobachtet man.,
dass das Metall nach einiger Zeit seinen Glanz verloren hat
ond dass das Reactionsproduct fast reines Biphenvl darstelll,

2/_'__ _>J+9cn - \—< N ecw

Ullmann, F. Justus Liebigs Ann. Chem. 1904, 332, 38

Thermally induced on-surface Ullmann coupling

180K 295K 660K
Cu
Cu (111)

S. Zintet al. ACS Nano 2017, 11, 4183

AFM (CO tip)




A nanographene with [18]annulene pore Snanosune CIEUS

With Nacho Pascual & co (nanoGUNE), Aran Garcia-Lekue (DIPC)

Ph
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o D C
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Ph Solution O O Ullmann
Chemistry Coupling (UC)
[PRiiNbesceogi= L
O O Au(111)

Ph O o O O w
o G‘
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350 °C
}/Cyclodehydro-

genation (CDH)
27 new C-C bonds

Hieulle, J.; Carbonell-Sanroma, E.; Vilas-Varela, M.; Garcia-Lekue, A.;

. - STM (5K, CO tip)
Guitian, E.; Pefia, D.; Pascual, J. |. Nano Lett. 2018, 18, 418

on Au(111)



cil*lus

1) Characterization of graphene molecules

2) Combining solution and on-surface synthesis

3) Elusive graphene nanostructures

AFM/STM under - T AN
ultra-high vacuum conditions ijoaﬂquw, ! N



Synthesis of Large Acenes CiE]US

-Linear fusion of benzene rings: narrowest zig-zag GNRs
-One Clar sextet: the larger the length, the smaller the HOMO-LUMO gap
-Diradical character: unstable under ambient conditions

RN Pentacene: Paradigmatic
N | _ organic semiconductor
Hexacene:
000 Isolated in the solid state, M. Watanabe et al. Nat. Chem. 2012, 4, 574
Generated on Ni surface, D. F. Perepichka, F. Rosei et al. ACS Nano 2013, 7,1652
| N Heptacene: Isolated in the solid state
~ R. Einholz et al. J. Am. Chem. Soc. 2017, 139, 4435
S 7] . . _
| Octacene Generated in cryogenic noble gas matrices
~ C. Tonshoff, H. F. Bettinger
Angew. Chem. Int. Ed. 2010, 122, 4219
| ~ Nonacene
~ -

LI pecacene?




On-Surface Synthesis of Decacene CiE]US
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Fatima Garcia

| Angew. Chem. Int. Ed. 2017, 56, 11945




On-Surface Synthesis of Decacene CiE]US

(2 @ol“ L1

in-solution
aryne cycloadditions

O@O@O@OO"O With F. Moresco & co (TU Dresden)
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On-Surface Synthesis of Decacene CiE]US

(2 ©3°'~ L1

in-solution
aryne cycloadditions

O@O@O@OO"O With F. Moresco & co (TU Dresden)
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9 Clar sextets 1 Clar sextet EGAP =1.17 eV



Open-shell nanographenes
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Triangulene derivatives

G
o, 40
seclceey

[3]triangulene Clar's goblet

[3]triangulene [4]triangulene [G]triangulene [7]triangulene [7]triangulene ring
2 unpaired 3u 4 ue 6 ue dimer 4 ue 2ue
electrons (2 ue)
[3]triangulene -

®

Triplet ground state

L. Gross and co.
Nature Nanotech. 2016, 12, 308
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Triangulene-based NanoStar Snenosune  Ci m US

With Nacho Pascual and coworkers (nanoGUNE)

On-surface

(0]
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3
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2

330°C
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NanoStar (TNS)

12 unpaired electrons

Angew. Chem. Int. Ed. 2021, 60, 25224
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Triangulene-based NanoStar OfSnoeune Ci[OJUS

With Nacho Pascual and coworkers (nanoGUNE)
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Angew. Chem. Int. Ed. 2021, 60, 25224 spin excitations of six S = 1 units



Aza-[5]-Triangulene Oftncene CifOlUS

a
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A oL D
S S5

[3]-Triangulene  Aza-[3]-Triangulene [4]-Triangulene [5]-Triangulene Aza-[5]-Triangulene (A5T)
S=1 S=1/2 S=3/2 S=2 S=3/2
Pavlicek et al. (2017) Wang et al. (2022) Mishra et al. (2019) Su et al. (2019) This work

b) 1T L C)
In Solution \©/ On Surface
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MeO,C ? “CoMe 5 poe 0 N Z°  2BFsELO
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Angew. Chem. Int. Ed. 2023, ASAP With Nacho Pascual and coworkers (nanoGUNE)



Aza-[5]-Triangulene
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With Nacho Pascual and coworkers (nanoGUNE)



cil*lus

1) Characterization of graphene molecules
2) Combining solution and on-surface synthesis

3) Elusive graphene nanostructures

4) Bottom-up approach to graphene nanoribbons

and nanoporous graphene

2-5 nm Is OK...what about 10-100 nm?



On-Surface Synthesis of GNRs

Atomically Precise Bottom-Up Fabrication of
Graphene Nanoribbons

Miillen, Fasel et al. Nature 2010, 466, 470  Band gap =2.50eV

Br

D e

Ullmann
Coupling

STM, 5K, Au(111) [ )



On-Surface Synthesis of GNRs CiE]US

Substrate-Independent Growth of Atomically Precise Chiral Graphene Nanoribbons
With D. de Oteyza (CFM), J. I. Pascual (nanoGUNE), A. Garcia-Lekue (DIPC) and co.

Br 2
0 Yanec Br 2) 250 °C
— > Br >3
Au(111) Au(111)
Oee 1) Ullmann CC@ 1) Ullmann
Br 2) CDH 2,2’ 2) CDH
10,10 (3,1)-chGNRs

Band gap = 0.67 eV

7-AGNRs
Band gap = 2.50 eV

eo® O. ..Q.;.’. .‘ - .‘..'. .. .~. ..\b“*‘..‘... ,‘ ® .. .® .'. .\‘-. v~ ' ‘.“t *O. .
. LAY AT o

IOPIIP P aoP apPia PP g PlePP o pt e 9P apP

(3,1)-chGNRs STM (5K, CO tip) on Au(111)

ACS Nano 2016, 10, 9000



Stability of GNRs

22 iPC Ci[elus

With Dimas de Oteyza (CFM), Pavel Jelinek (FZU) and co

(3,1)-chGNRs

Air exposure

STM (UHYV, 4 K)

AFM (UHV, 4 K, CO tip)

STM (UHV, 4 K)

ACS Nano, 2021, 15, 5610

AFM (UHV, 4 K, CO tip)




Stability of GNRs - %:E >il>< Ci m US

With Dimas de Oteyza (CFM), Pavel Jelinek (FZU) and co

Protection/deprotection strategy

STM (UHV, 4 K) AFM STM (UHV, 4 K)
(CO tip)

Nature Chem. 2022, 14, 1451



Lateral Fusion of Graphene Nanoribbons




with Aitor Mugarza, Cesar Moreno and co (ICN2-Barcelona)
Science 2018, 360, 199 and Aran Garcia-Leuke (DIPC-San Sebastian)






Nanoporous Graphene % [CN27 PC CimUS

-Semipermeable
-Semiconductor (1.0 eV) selective filtering amd sensing

' : &
-Molecular Filter e R
-Sensor . 22 IE ST 3
-Gas separation oy o :
-Water desalinisation e | N
@) GRAPHENE LEGOCHIP
< FLAGSHIP Nanoporous Graphene Integration

in Operational Nanophotonic Biosensors

Bottom-up synthesis of multifunctional nanoporous graphene

C. Moreno, M. Vilas-Varela, B. Kretz, A. Garcia-Lekue, M. V. Costache, M. Paradinas,
M. Panighel, G. Ceballos, S. O. Valenzuela, D. Pefa, A. Mugarza

Science 2018, 360, 199-203



Nitrogen-doped Nanoporous Graphene

% ICN29 Ci[eJus

On-surface synthesis

Br
2 OO@ N.Cl 100°C
)N\\ | IIP\: —> N
CI” 'N OOO Au(111) cl
Br

Ullmann

Cl-substituted
pyrimidine

Jesus Castro

C-Br

Ullmann
C-Cl +
CDH

STM (UHV, 4 K, CO tip)




Hybrid Nanoporous Graphene o®% [CN27 CiE]US

Combining precursors:

OO o GO0,
Yeo© *

pyrimidine

Hierarchical growth:

UC / CDH / H-Cl zipping Jesus Castro

Atomically Sharp Lateral Superlattice Heterojunctions Build-in Nitrogen-doped Nanoporous Graphene
with A. Mugarza and coworkers Advanced Materials 2022, 34, 2110099



Hybrid Nanoporous Graphene

&, ICN27 Ci[]Jus

- {Jp— | Superlattice heterojunction
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Atomically Sharp Lateral Superlattice Heterojunctions Build-in Nitrogen-doped Nanoporous Graphene

with A. Mugarza and coworkers

Advanced Materials 2022, 34, 2110099
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Hybrid Nanoporous Graphene %% I[(CN2°% CiE]US

T, Ullmann
1 O)%O T, CDH

POLD. o(_:j;r‘ |
€ : : . r(m $EEE D .
;€ S:OSC;? 0000 w:q:{);r o€ T,* Ullmann Hybrid NPG
9. "‘C(‘}J‘ ¢ I : 0 T,* CDH +H-Cl zipping T
Yoy f'ae & & & i) oy

Atomically Sharp Lateral Superlattice Heterojunctions Build-in Nitrogen-doped Nanoporous Graphene
with A. Mugarza and coworkers Advanced Materials 2022, 34, 2110099



Larger Pores in NPG

JiPC & ICN29 Ci[eJus

(a

DBP-DBBA Monomer

B!

Ulimann
Coupling

FH

Polymer

Graphene nanonbbon

ACSPublications wwwacs.org
MostTruste. st Cie,Most Read.

w

Molecular Bridge Engineering
in Nanoporous Graphene
J. Am. Chem. Soc. 2023, 145, 8988
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