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representative of the 7m-conjugated carbon-based materials, 128r ot
consists entirely of sp>-hybridized carbon atoms and exhibits a %

CONSPECTUS: Carbon-based nanostructures have attracted ¢ | j\@
N N S
I {
Br

zero band gap. Recently, countless efforts were made to open
and tune the band gap of graphene for its applications in
semiconductor devices. One promising method is periodic
perforation, resulting in a graphene nanomesh (GNM), which
opens the band gap while maintaining the exceptional transport properties. However, the typically employed lithographic
approach for graphene perforation is difficult to control at the atomic level. The complementary bottom-up method using
surface-assisted carbon—carbon (C—C) covalent coupling between organic molecules has opened up new possibilities for
atomically precise fabrication of conjugated nanostructures like GNM and graphene nanoribbons (GNR), although with limited
maturity. A general drawback of the bottom-up approach is that the desired structure usually does not represent the global
thermodynamic minimum. It is therefore impossible to improve the long-range order by postannealing, because once the C—C
bond formation becomes reversible, graphene as the thermodynamically most stable structure will be formed. This means that
only carefully chosen precursors and reaction conditions can lead to the desired (non-graphene) material.

One of the most popular and frequently used organic reactions for on-surface C—C coupling is the Ullmann reaction of aromatic
halides. While experimentally simple to perform, the irreversibility of the C—C bond formation makes it a challenge to obtain
long-range ordered nanostructures. With no postreaction structural improvement possible, the assembly process must be
optimized to result in defect-free nanostructures during the initial reaction, requiring complete reaction of the precursors in the
right positions. Incomplete connections typically result when mobile precursor monomers are blocked from reaching unsaturated
reaction sites of the preformed nanostructures. For example, monomers may not be able to reach a randomly formed internal
cavity of a two-dimensional (2D) nanostructure island due to steric hindrance in 2D confinement, leaving reaction sites in the
internal cavity unsaturated. Wrong connections between precursor monomers, here defined as intermolecular C—C bonds
forcing the monomer into a nonideal position within the structure, are usually irreversible and can induce further structural
defects. The relative conformational flexibility of the monomer backbones permits connections between deformed monomers
when they encounter strong steric hindrance. This, however, usually leads to heterogeneous structural motifs in the formed
nanostructures.

This Account reviews some of the latest developments regarding on-surface C—C coupling strategies toward the synthesis of
carbon-based nanostructures by addressing the above-mentioned issues. The strategies include Ullmann coupling and other,
“cleaner” alternative C—C coupling reactions like Glaser coupling, cyclo-dehydrogenation, and dehydrogenative coupling. The
choice of substrate materials and precursor designs is crucial for optimizing substrate reactivity and precursor diffusion rates, and
to reduce events of wrong linkage. Hierarchical polymerization is employed to steer the coupling route, which effectively
improves the completeness of the reaction. Effects of byproducts on nanostructure formation is comprehended with both
experimental and theoretical studies.

B INTRODUCTION

Low-dimensional nanostructured materials exhibit unprece-

dented dimension-related properties compared with their bulk Received: March 30, 2015
counterparts. Especially carbon-based materials have received Published: July 21, 2015
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Figure 1. Two reaction mechanisms of the surface-assisted Ullmann reaction. Gray, white, red, and cyan spheres represent carbon, hydrogen,

halogen, and metal atoms, respectively.
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Figure 2. (a) Formation of graphene nanoribbons (GNR) on Au(111) by Ullmann coupling of monomer 1 followed by cyclo-dehydrogenation. The
experimental STM images of polyanthrylene (with varied contrast) evolve into GNRs (with uniform contrast) after annealing at 400 K. (b) p-N-
GNR heterostructures obtained from 2 and 3. The varied contrast in the experimental STM image of p-N-GNR and the corresponding differential
dI/dV map indicate the existence of heterojunctions in p-N-GNRs. Reproduced with permission from refs 9 and 28. Copyright 2010 and 2014

Nature Publishing Group.

tremendous attention due to their lightness, versatility, and low
costs. Graphene, as a rapidly rising star among low-dimensional
carbon-based materials, features long-range 7-conjugation and
zero band gap, which result in remarkable in-plane carrier
transport properties’ and make graphene a promising candidate
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for usage in electronic devices. However, the zero band gap
property of graphene also limits its application in some
semiconductor devices like field-effect transistors. Theory
predicts that a band gap can be induced by forming an antidot
lattice on graphene by periodic perforation.” Furthermore, the
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band gap can be tuned via the antidot lattice parameters.’
Experimentally, 20—400 nm holes were obtained by lithog-
raphy.*”” Nevertheless, atomic-level control of the hole
structure cannot be achieved using these top-down lithographic
methods.

Alternatively, covalently bonded organic frameworks
(COFs), including graphene derivatives, are available by on-
surface bottom-up synthetic approaches, which promise more
control over the local structure. So far, graphene-related
nanostructures like porous graphene,® graphene nanoribbons
(GNR),”™"" and nanographenes'> have been synthesized by
surface-assisted C—C coupling of molecular aromatic pre-
cursors. Their electronic properties are typically characterized
by a small bandgap: An example is the reported 1.6 eV bandgap
for arm-chaired GNR; this bandgap is reduced with increasing
width of the GNR.” In principle, structures and properties of
the networks can be steered by careful design and
functionalization of the precursor structures. Nevertheless,
controlling the C—C coupling process such that structurally
homogeneous, long-range ordered networks are obtained
remains a challenge. Uniformity of product structures and the
absence of secondary reactions have made the Ullmann
reaction of aromatic halides popular for on-surface C—C
coupling in ultrahigh vacuum (UHV). High-quality 1D-GNR’
and poly(para-phenylene)'® were obtained by Ullmann
coupling of 2-fold halogenated monomers. However, 2D
networks obtained from monomers with three or more halogen
substituents were typically characterized by small branched
domains and structural heterogeneity. The main problem is that
initially formed defects cannot heal, because the reaction is
performed under conditions where the C—C bond formation is
nonreversible. (Otherwise graphene as the thermodynamically
favored product would be obtained.) Efforts were made to
address this problem by careful selection of reaction conditions,
monomer structure, and substrate. Combined scanning
tunneling microscopy (STM) experiments and Monte Carlo
simulations demonstrated that the compactness of the formed
networks could be ?timized by steering monomer diffusion
and coupling rates."*'> Long-range order and compactness of
the networks can also be improved by hierarchical coupling
strategies: In the first step, the monomers form larger
molecules, which are coupled to form a network in a second
step. The two-step approach, which requires monomers with
sites of different reactivity, was shown to reduce the amount of
internal cavities in network domains.'**¢

The halogen atoms released during the Ullmann coupling
represent another factor that undermines the long-range order
of the network.'” They aggregate into islands, which compete
with the already formed network domains and inhibit their
further growth. To avoid these adverse effects, “clean” C—C
coupling reactions such as Glaser coupling,'® Bergman
cyclization," cyclo-dehydrogenation,'* and dehydrogenative
coupling”** have been proposed. However, these reactions
have their own disadvantages such as multiple reaction
pathways during Glaser coupling, simultaneous isomerization
of monomers during Bergman cyclization and strong substrate-
dependence for C—H dehydrogenative coupling. This Account
outlines the recently developed surface-assisted C—C coupling
strategies for the fabrication of low-dimensional carbon-based
nanostructures. By comparing their characteristics, possible
optimizations of the experimental conditions are proposed,
aiming at the synthesis of nanostructures with larger domains
and improved long-range order.

(8]
14,
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B SURFACE-ASSISTED ULLMANN COUPLING

The Ullmann reaction was originally developed as a C—C
coupling between aromatic halides induced by copper (which

Cu(111)
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Figure 3. (a) Surface-assisted Ullmann reaction of 4,4”-dibromo-m-
terphenyl (DMTP, 4) forming organometallic chains at 300 K and
hyperbenzene molecules at 550 K on Cu(111). STM images of (b)
organometallic chain and hexamer obtained by deposition of DMTP
onto Cu(111) at 300 K, (c) organometallic chains superimposed with
molecular model, (d, e) oligophenylene chains and hyperbenzene
arrays obtained after deposition of DMTP onto Cu(111) held at 550
K and (f) defect-free organometallic chain domain prepared by
deposition of DMTP onto Cu(111) at 440 K. Reproduced with
permission from refs 31 and 32. Copyright 2013 Wiley-VCH and
Copyright 2014 American Chemical Society.

reacts to the corresponding Cu halide).”® It has recently been
transferred to solid surfaces (mostly coinage metals) in UHV
for on-surface synthesis of 1D and 2D polymers. The reaction
mechanism may be substrate- and molecule-dependent, also
because the necessary reaction conditions vary with the
substrate.”* Figure 1 shows two typical mechanisms, which
differ in the presence’ or absence’® of organometallic
intermediates as proposed by previous works. One of the first
applications was the coupling of tetraphenylporphyrins (TPP)
with different numbers and positions of peripheral Br atoms
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Figure 4. (a, d) Chemical structure of 1,3,5-tris(4-bromophenyl)benzene (TBPB, §), hexaiodo-substituted cyclohexa-m-phenylene (CHP, 6), and
the 2D polyphenylene networks based on TBPB and CHP. STM images of (b) extended nanoporous covalent network composed predominantly of
(c) polygons with four, five, six, seven, and eight edges and (e) 2D polyphenylene superhoneycomb network on Ag(111) formed after
polymerization of CHP at 805 K. (f) Chemical structure of a proposed octagon consisting of four CHPs. Scale bars in panels b and c are 150 and 14
A, respectively. Reproduced with permission from refs 15 and 35. Copyright 2010 American Chemical Society and Copyright 2010 the Royal Society

of Chemistry.

resulting in the formation of dimers, chains, and 2D arrays on
Au(111).*” Since no organometallic intermediates were
observed, the reaction possibly followed mechanism 1.

More recently, straight and chevron-type GNRs were
obtained on Au(111) from precursors like 10,10’-dibromo-
9,9’-bianthryl (1, DBPM), §,5-(6,11-dibromo-1,4-diphenyltri-
phenylene-2,3-diyl)dipyrimidine (2), and 6,11-dibromo-1,2,3,4-
tetraphenyl-triphenylene (3) by Ullmann coupling at 473 K
and subsequent cyclo-dehydrogenation at 673 K.>*® While
monomer 1 resulted in straight GNRs (Figure 2a),” chevron-
type GNR heterostructures with segments of pristine graphene
nanoribbons (p-GNRs) and nitrogen-doped graphene nano-
ribbons (N-GNRs) were obtained from monomers 2 and 3
(Figure 2b).*® The different sections were distinguished in
STM by variation of contrast and differential conductance (dI/
dV) maps. These heterostructures behaved similarly to
traditional p—n junctions and thus may find applications in
photovoltaics and electronics. Various other 1D polymers were
obtained by Ullmann coupling on copper and silver
surfaces.>**%° Unlike on Auy, organometallic intermediates
were commonly observed, in line with mechanism 2 in Figure
1.
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The Ullmann coupling is also useful for the on-surface
synthesis of large molecules, which are not available by
solution-based synthesis or are too large for vapor deposition.
Using 4,4"-dibromo-meta-terphenyl (DMTP, 4), a cyclic
hexagonal oligophenylene consisting of 18 phenyl rings
(hyperbenzene) was synthesized on Cu(111) (Figure 3).*'
Deposition of 4 at 550 K resulted in the direct formation of the
hydrocarbon macrocycle (Figure 3a,e) with some oligopheny-
lene chains as side products (Figure 3d). In contrast,
organometallic intermediates with C—Cu—C bonds occurred
after deposition at 300 K. Besides the organometallic
macrocycles in Figure 3b, which represent direct intermediates
to the hyperbenzene macrocycles, chains were observed, which
formed large islands held together by Br adatoms (Figure
3¢,f).>> Related observations were made for (anthryl-Ag),
Ag(111)-supported organometallic chains, which were stabi-
lized by Br atoms through Br-H hydrogen bonds.>® C—C
coupling was typically monitored by local probe measurements,
observing the shrinking compared with organometallic
intermediates, but also with chemically sensitive techniques
like fast X-ray photoelectron spectroscopy (fast-XPS) and near-
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Figure 5. STM images of (a) organometallic nanopores enclosing one,
two, three, and four Br atoms with molecular model underneath, based
on 3,5,3",5"-tetrabromo-para-terphenyl (TBrTP) on Cu(111), (b)
covalent networks (overlaid with molecular model) formed by C—C
coupling of TBrTP on Cu(111) held at 570 K, (c) organometallic
networks obtained after deposition of TriBB onto Cu(111) held at 420
K, (d) covalent networks obtained by annealing the sample in panel c
to 520 K, and (e) covalent networks formed by C—C coupling of
TBPB on Cu(111) surface at 473 K. Reproduced with permission
from refs 17, 37, and 38. Copyright 2014 American Chemical Society,
Copyright 2015 American Institute of Physics, and Copyright 2014
American Chemical Society.

edge X-ray absorption fine structure spectroscopy (NEX-
AFS)3*

Compared with 1D polymers, 2D polymers are much more
difficult to synthesize with satisfactory long-range order. The
Ullmann reaction requires monomers with three or more
halogen substituents such as 1,3,5-tris(4-bromophenyl)benzene
(TBPB, §), which was used with the aim to prepare a 2D
polymer with hexagonal pores on Au(111) (Figure 4a).*®
However, the resulting network was composed of various
different polygons with four, five, six, seven, or eight edges
(Figure 4c) because of the conformational flexibility of the
TBPB skeleton, which allows the deformation of precursor
monomers with limited tension.*® Possibly, using a precursor
monomer with enhanced structural rigidity would result in a
more uniform network.
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Hexaiodo-substituted cyclohexa-m-phenylene (CHP, 6;
Figure 4d) was used to fabricate 2D polyphenylene networks
on Cu(111), Ag(111), and Au(111)."® This macrocycle is stiffer
than TBPB since the six phenyl units are interlinked. Therefore,
unwanted polygons such as the octagons (Figure 4f) have
scarcely been observed in network domains. Even though the
compactness of the acquired 2D polyphenylene networks
varied with the coupling probability influenced by different
substrates, the defects in the network were only regular cavities,
as shown by the star-shaped holes in the network (Figure 4e).
Internal cavities and wrong polygons in the network can be
considered as incompleteness of the coupling reactions and the
formation of wrong connections, respectively. The complete-
ness can be improved via sequential precursor monomer dosing
and coupling reaction. For example, the star-shaped cavity
defects can be repaired by coupling with one additional
precursor molecule in a second deposition process. However,
the wrong connections cannot be remedied due to the
irreversibility of the C—C bond formation.

For fabricating long-range ordered 2D polymers, it is
important to avoid deformation of monomers during the C—
C coupling process. Such deformation can be induced by
neighboring molecules or atoms on the surface. For the
Ullmann reaction, it has been shown that the Br adatoms can
pose significant steric hindrance to the formation of both
organometallic and C—C covalent bonded networks. The
deposition of 3,5,3",5"-tetrabromo-para-terphenyl (TBrTP)
onto Cu(111) at 300 K led to organometallic networks with
nanopores of different sizes.'” Depending on the pore sizes,
between one and four Br atoms were enclosed (Figure Sa).
Statistical analysis showed that the number of enclosed Br
atoms was directly correlated to the pore size, suggesting that
the steric hindrance exerted by Br defined the pore size.

Higher substrate temperatures of 570 K during TBrTP
deposition resulted in C—C bonded networks, as shown in
Figure 5b. The Br adatoms were found in close-packed islands
(blue arrow) with a (\/ 3 X \/ 3)R30° structure (marked with
white hexagonal unit cell). These Br islands surrounded the
network domain, inhibiting the further coupling of TBrTP
monomers to this domain. As expected, this problem was
aggravated with increasing number of Br atoms per precursor
molecule: Organometallic networks obtained from 1,3,5-
tribromo-benzene (TriBB) on Cu(111) surface (Figure Sc)
can only cover ~60% of the surface, because the rest is
occupied by Br atoms in network nanopores and Br islands.*”
Annealing this sample to 520 K gave rise to the formation of
covalent networks (red framed in Figure Sd), which occupied
an even smaller proportion (~30%) of the surface area. The
remaining ~70% of the surface was covered by Br islands.
Figure Se shows a section of a 2D polymer network with larger
pore size obtained by C—C coupling of TBPB on Cu(111).%*
The incomplete edge marked by the whited arrow may stem
from the steric hindrance exerted by Br atoms inside the
hexagon. This analysis sheds light on design criteria for
monomers yielding large-area 2D polymers: For halogen-
substituted aromatics, the dimensions of the carbon skeleton
should be large enough to form pores that can enclose at least
the stoichiometric number of the halogen atoms that occur as
byproduct. Only then the growth of a porous 2D polymer can
possibly extend over the whole surface area.
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B SURFACE-ASSISTED HALOGEN-FREE COUPLING a
STRATEGIES

The halogen atoms released during the Ullmann reaction
represent a major problem, because they can interfere with the
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Figure 7. (a) Chemical structures of 4,4’-diethynyl-1,1'-biphenyl (9,
DEBP), 4,4"-diethynyl-1,1:4',1"-terphenyl (DETP, 10), and 1,3,5-
) ) ) tris(4-ethynylphenyl)benzene (TEB, 11). STM images of (b)
Figure 6. (a) Surface-assisted homocoupling reaction of alkynes. (b) networks obtained by DEBP polymerization on Au(111) at 373 K
Chemical structure of two alkynes, 7 and 8. STM images of (¢, ¢) and two types of molecular interconnections with molecular orbitals
oligomers formed from alkyne 7 on Au(111) and Ag(111) after given alongside, (c) a regular domain of 2D polymer network
annealing at 396—413 K (40 X 40 nm”) and (d, f) 1D polymer chains (molecular model in inset) obtained by cyclotrimerization of TEB on
formed from alkyne 8 ;)n Au(111) and Ag(111) after annealing (25 X Au(111) at 433 K, (d) covalent network patches formed through
25 and 40 X 40 nm®). Reproduced with permission from ref 18. annealing TEB on Ag(111) to 400 K (calculated model in inset), and
Copyright 2013 Wiley-VCH. (e) extended-graphdiyne wires (with magnified view and molecular
model) formed by annealing DETP on Ag(877) at 450 K. Reproduced

formation of long-range ordered structure and often cannot be with permission from refs 39—42. Copyright 2014 American Chemical
desorbed after the reaction without destroying the organic Society, Copyright 2014 the Royal Society of Chemistry, Copyright
polymer. To overcome this problem, surface-assisted clean 2012 Nature Publishing Group, and Copyright 2014 American
coupling strategies have been proposed, in which byproducts Chemical Society.

desorbed from the surface during the reaction. One example for

a “clean” on-surface coupling is the “Glaser coupling” of alkynes positioned alkyl substituents were found to largely suppress
with desorption of the byproduct H, (Figure 6a). Gao et al. side reactions and favor homocoupling for steric reasons. As
studied this reaction using two arylalkynes (7 and 8) with alkyl shown in Figure 6d,f, linear polymer chains obtained from 8
side groups and different dimensions (Figure 6b).'® It has been maintained higher degrees of order compared with oligomers
shown that 7 and 8 undergo oligomerization through obtained from 7 on both Au(111) and Ag(111) surfaces
homocoupling, trimerization, or other reactions on Au(111) (Figure 6¢c,e).

after annealing at 396—413 K. However, homocoupling Au(111) was shown to favor the cyclotrimerization of

between terminal alkynes, yielding linear oligomers, was more alkynes, such as 4,4’-diethynyl-1,1’-biphenyl (DEBP, 9) and
efficient and selective on Ag(111) than Au(111) as shown by 1,3,5-tris(4-ethynylphenyl)benzene (TEB, 11) (Figure 7a).

the longer linear oligomers with increased yield in Figure 6e,f Cyclotrimerization of 9 on Au(111) at 373 K gave rise to
compared with Figure 6¢,d, respectively. Besides the substrate, structures with branched and hexagonal motifs with two types
the precursor structure can affect the reaction pathway. Alkyne of molecular interconnections, I1 and 12 (Figure 7b).** The
8 had a shorter reacting alkyne moiety, thus the ortho- more uniform polyphenylene structure in Figure 7c (molecular
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Figure 8. Reaction schemes for (a) polymerization of DBPM 1 into (3,1)-GNR and (d) cross-dehydrogenation coupling of quaterphenyl (4Ph)
molecules into polyphenylene chains. STM images of (b) (3,1)-GNR obtained by annealing DBPM on Cu(111) at 773 K, (c) 2D polymer structure
formed by annealing the CoPc covered Ag(110) at ~680 K, (e) polyphenylene chains obtained after annealing 4Ph on Cu(110) at 500 K and
oligophenylene chain with molecular model (right), (f) single 2H-porphin (2HP) molecule, and (g) 2HP dimer obtained by C—C coupling of 2HP
on Ag(111) at 573 K with molecular model. Reproduced with permission from refs 20, 22, 44, and 45. Copyright 2014 American Chemical Society,
Copyright 2014 Royal Society of Chemistry, Copyright 2015 Royal Society of Chemistry, and Copyright 2014 American Chemical Society.

model in inset) can be obtained by cyclotrimerization of 11 on
Au(111), which is proven by its pore-to-pore distance of 1.7 +
0.1 nm.*® On Ag(111), 11 favored the homocoupling reaction
pathway in line with related observation described above (see
ref 18).*' As shown in Figure 7d, irregular open-porous
networks were obtained after annealing 11 on Ag(111). The
fact that not only pores with the ideal hexagonal shape were
formed can again be attributed to the flexibility of the monomer
backbones and the resulting distortion. The coupling of the
linear 4,4”-diethynyl-1,1':4’,1” terphenyl (DETP, 10) on
Ag(111) led to irregularly branched networks due to thermally
activated side reactions.”* In contrast, alignment of 10 at the
step edges of a Ag(877) surface resulted in linear homocou-
pling, permitting the controlled synthesis of extended graph-
ydyne wires (Figure 7e). In summary, synthesis of large-scale
high-quality 2D conjugated polymers with alkyne monomers
still requires an elaborate selection of substrate and precursor
monomers to avoid side reactions and distortion of molecular
backbones.

Another promising clean coupling strategy is the arene—
arene coupling via the oxidative reaction of sp* C—H/sp* C—H
bonds. The crucial issue of this reaction type, to ensure
sufficient selectivity, can be overcome, as was demonstrated by
the selective C—H activation and dehydrogenative C—C
coupling of linear alkanes on Au(110)."* Another example is
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the intramolecular cyclo-dehydrogenation between aryl
groups.”''? Recently, it has been shown that the intermo-
lecular aryl—aryl coupling via C—H activation has a huge
potential for the fabrication of clean 1D and 2D polymers from
aromatic precursors. Han et al. reported surprising results for
the polymerization of 10,10’-dibromo-9,9’-bianthryl (1,
DBPM) on Cu(111).*° Unlike the straight GNRs formed on
Au(111), the Ullmann C—C coupling at the brominated sites of
DBPM failed to happen on the Cu(111) surface. Instead, cyclo-
dehydrogenation between neighboring DBPM molecules
(marked by blue dashed oval in Figure 8a) occurred, resulting
in a zigzagged (3,1)-GNR (Figure 8b). It was postulated that
intact DBPM assembles into chains through 7—z stacking,
prepositioning DBPM into configurations favoring polymer-
ization through cyclo-dehydrogenation rather than Ullmann
coupling.

Sun et al. reported selective aryl—aryl coupling between
tetraphenyl (4Ph) molecules on Cu(110).”* It was proposed
that the four equivalent C—H bonds (red ovals in Figure 8d)
can be activated selectively by annealing at 500 K, resulting in
the formation of tortuous polyphenylene chains (Figure 8e).
Two-dimensional polymers based on cobalt—phthalocyanine
(CoPc) were obtained on Ag(110) by aryl—aryl coupling at the
eight equivalent C, sites (Figure 8c).** Activation of peripheral
C—H bonds was also observed for 2H-porphin (2HP) on

DOI: 10.1021/acs.accounts.5b00168
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Figure 9. (a) Scheme of a hierarchical coupling strategy. Chemical structures of (b) S,15-bis(4’-bromophenyl)-10,20-bis(4’-iodophenyl)porphyrin
(trans-Br,l, TPP) and (e) 1,3-bis(para-bromophenyl)-S-(para-iodophenyl)benzene (BIB). STM images of (c, d) trans-Br,, TPP molecules on
Au(111) after deposition at 80 K followed by heating to 393 K (step 1) and 523 K (step 2), and (f, g) BIB on Au(111) after deposition at room
temperature (step 1) and annealing to 523 K (step 2). Reproduced with permission from refs 14 and 16. Copyright 2014 American Chemical Society

and Copyright 2012 Nature Publishing Group.

Ag(111): Figure 8f shows the STM image of an intact single
2HP molecule. Annealing at 573 K led to dehydrogenative
coupling into a porphin dimer (Figure 8g) and other
oligomers.45 However, different binding motifs between
porphins were observed due to the simultaneous activation of
different C—H bonds.

B OPTIMIZATION OF C—C COUPLING STRATEGIES

After reviewing various C—C coupling strategies, we will now
discuss optimized experimental conditions for the synthesis of
well-ordered nanostructures. As two major issues causing
vacancies and heterogeneous structural motifs in 2D nano-
structures, we identified incompleteness of reactions and wrong
C—C connections between building blocks. The reaction
completeness depends on the coupling probability p = v,/
(Veoupt + Vaiie) With veoyp and vy denoting coupling and diffusion
rates. Low p values correspond to high surface mobility of
building blocks and their enhanced incorporation probability
into more compacted networks.'> However, even at low p
values, vacancy defects persist in the network because precursor
molecules are hindered from diffusing across domain
boundaries. This can be compensated by sequential precursor
deposition, because the subsequently dosed precursors can fill
the vacancies.

Another effective method to improve the quality and
compactness of 2D networks is hierarchical coupling. Grill et
al. proposed a hierarchical reaction route for the C—C coupling
by selective and sequential activation of C—X sites with
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different halogen substituents X, as shown in Figure 9a.'° The
precursor 5,15-bis(4’-bromophenyl)-10,20-bis(4'-iodophenyl)-
porphyrin (trans-Br,[, TPP) (Figure 9b), equipped with two
bromine and two iodine substituents at orthogonal terminal
sites, was first coupled into linear chains by thermal activation
of the C—I bonds at 393 K on Au(111) (Figure 9c).
Subsequently, thermal activation of the C—Br bonds at 523 K
resulted in the formation of 2D conjugated networks (Figure
9d). Once the first interchain C—C bond was formed, the
activated sites automatically arranged themselves for further C—
C bond formation. This “molecular zipper” template effect is
possible because all activated sites are equally spaced along each
TPP polymer chain. It is therefore reasonable to expect that the
2D networks formed by this hierarchical strategy contain fewer
defects than those obtained via one-step growth procedures. A
similar approach was also been used by Lin et al.,** where linear
templates based on pyridyl—-Cu—pyridyl coordination effec-
tively triggered Ullmann coupling of the substituted porphyrin
monomers on Au(111) into structures with enhanced long-
range order. Hierarchical coupling was also performed with 1,3-
bis(para-bromophenyl)-S-(para-iodophenyl)benzene (BIB)
(Figure 9e), a molecule with the same carbon skeleton as
TBPB in Figure 4a."* As shown in Figure 9f, room-temperature
deposition of BIB on Au(l11l) resulted in C—I bond
dissociation and formation of 3,3",5,5” -tetra(para-bromophen-
yl)-1,1":4’,1":4",1"-quaterphenyl (TBQ, see Figure 9f inset)
through direct covalent coupling of BIB monoradicals. By
thermal C—Br bond activation at 523 K, the bigger TBQ
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Figure 10. Chemical structures of (a) 1,3,5-tris(4-halophenyl)benzene
(12, THPB; X represents halogen atoms) and (b) three-fold halogen
substituted 1H,12dH-dibenzo[cd,mn]pyrene (13, THDP). (c, e, f)
Structural motifs via C—C coupling of six, five, and seven monomer
13, respectively. (d) Porous hydrogenated graphene units formed by
cyclo-dehydrogenation of structure in panel c.

molecules then coupled into porous covalent networks (Figure
9g) with improved structure quality compared with that
obtained through one-step coupling of TBPB (Figure 4a).
The hierarchical strategy can be extended by using a broader
range of reactive substituents, including different halogens,
alkynl, or special C—H bonds, such as in 4Ph obtained through
Ullmann coupling of 4-bromobiphenyl (BBP) followed by
cross-dehydrogenative coupling into zigzag-shaped polypheny-
lene chains.*’

Further challenges arise from C—C linkage in unwanted
positions or orientations. As mentioned above, such “wrong”
connections stem from the deformation of carbon skeletons of
precursor monomers due to thermal agitation under 2D
confinement. For example, the frequently used haloarene
monomer with 3-fold symmetry in Figure 10a is expected to
undergo in-plane deformation on a substrate, with an amplitude
depending on temperature. The three equivalent terminal
phenyl units (marked in red in Figure 10a) can deviate from
their ideal positions (black) through bending of C—C & bonds
between two neighboring phenyl units, reducing the 3-fold
molecular symmetry. As a result, various polygons like
pentagons and heptagons were observed after C—C coupling,
besides hexagons as the ideal structural motif.*®

To avoid such deformation, precursors should be designed
with an enhanced structural rigidity, such as the precursor 13
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(THDP, Figure 10b) with a tight triangular pyrene core, which
guarantees the 3-fold symmetry of the C—X bonds. The formed
C—C o bonds play another role in the emergence of wrong
connections. The ideal structural motif in Figure 10c can be
acquired by C—C coupling of six THDP molecules. Further
cyclo-dehydrogenation of this structure would lead to porous
hydrogenated graphene units as shown in Figure 10d. The
structural motifs in Figure 10e,f can be obtained by coupling of
five and seven THDPs if the formed C—C o bonds bend during
the coupling. However, the steric repulsion between the C—H
bonds (marked in green in Figure 10ef) of two neighboring
THDP units would obviously be increased, compared with the
six-membered ring in Figure 10c. It is therefore expected that
six-membered rings are favored over the unwanted five- and
seven-membered rings. Apparently, with the introduction of
steric hindrance between building blocks in the coupling
process by employing precursor monomers with high rigidity
and appropriately placed halogen substituents, 2D networks
with enhanced domain size and structural uniformity may be
obtained.

Another potentially adverse steric influence results from
halogen byproducts, which usually cannot be removed by
thermal desorption. However, dosing H, or atomic H to Br/
Au(111) surface caused desorption of HBr under mild
conditions.** Alternatively, it was shown that halogen atoms
can be prevented from reaching the substrate by preactivation
of the C—X bonds in the evaporator, such as method II for
activation of brominated TPP reported previously,”” where
only TPP radicals were evaporated. However, this process may
be difficult to control in general.

B CONCLUSIONS AND OUTLOOK

Various surface-assisted C—C coupling strategies for the
fabrication of low-dimensional conjugated nanostructures
have been reviewed, including Ullmann coupling or the
relatively clean Glaser and dehydrogenative coupling between
aromatic building blocks. Advantages and disadvantages of
these coupling strategies have been discussed, considering the
aim of obtaining large-scale high-quality nanostructures. For
Ullmann coupling, steric effects of the chemisorbed halogen
byproducts undermine the quality of the networks compared
with the “cleaner” coupling strategies. The latter, especially the
Glaser and dehydrogenative coupling, however, are plagued by
multiple side reaction pathways and low selectivity, respectively.
The general challenges for these strategies, including lack of
network compactness and structural uniformity, have been
emphasized. So far, these issues have not been thoroughly
resolved; nevertheless, they can be addressed within certain
limits. The network compactness can be improved by adjusting
a small relative coupling probability, p = veou/ (vcoupl + V)
factor of the specific precursor/substrate system or by
controlling the growth dynamics via a hierarchical coupling
strategy. The structural uniformity of the obtained networks
can be improved by elimination of precursor monomer
deformation and orientational deviations of the formed C—C
o bonds, which requires the design of precursor with more rigid
carbon skeleton and placing the reactive groups at suitable
positions in the molecule.

Other solutions to these challenges may be developed on the
basis of the following considerations. A lower p value requires a
larger precursor diffusion rate, vy which can be achieved by
employing substrates that interact more weakly with organic
molecules than the currently used metal surfaces, for example,
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nonmetal substrates like HOPG, boron nitride, and silicon.
However, these substrates often have low potential for
precursor activation. In addition, the intermediate radicals
may form covalent bonds to these substrates. A method of
preactivating precursors into free radicals before they reach the
substrate can be developed to induce the reaction on inert
substrates, for example, by passing the evaporated precursors
through heated tubes. This method may also provide a feasible
route to fabrication of carbon-based nanostructures on arbitrary
substrates, which is required for their application in electronic
devices.
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