
Molecular On-Surface Synthesis: Metal
Complexes, Organic Molecules,
and Organometallic Compounds

J. Michael Gottfried

Abstract This article covers aspects of the on-surface synthesis of large molecular
systems, in particular metal complexes, organometallic compounds, and organic
molecules. It is shown that this approach is especially useful if the desired
molecular species are too large or thermally unstable for vapor deposition, or when
their synthesis in solution is not possible. Another advantage is the possible for-
mation of well-ordered two-dimensional network structures with a hybrid
covalent/van der Waals bonding scheme. The first part of the article focuses on the
on-surface synthesis of metalloporphyrins, metallocorroles, and metallophthalo-
cyanines by direct metalation of the respective ligand molecules with coadsorbed
metal atoms. The underlying metalation reaction proceeds with high yields and
without by-products except hydrogen, which readily desorbs. The second part is
devoted to the on-surface synthesis of hydrocarbon macrocycles by means of the
surface Ullmann reaction and also discusses the organometallic reaction interme-
diates with C–Cu–C bonds.

List of abbreviations

(a) General

CV Cyclic voltammetry
DFT Density functional theory
EC-STM Electrochemical scanning tunneling microscopy
LDOS Local density of states
LT-STM Low-temperature scanning tunneling microscopy
MOCN Metal-organic coordination network
NEXAFS Near-edge X-ray absorption fine structure
RT Room temperature
SERRS Surface-enhanced resonance Raman scattering
STM Scanning tunneling microscopy
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STS Scanning tunneling spectroscopy
TPD Temperature programmed desorption
TPR Temperature programmed reaction
UHV Ultra-high vacuum
UPS Ultraviolet photoelectron spectroscopy
XPS X-ray photoelectron spectroscopy

(b) Chemical compounds

DABCO 1,4-diazabicyclo[2.2.2]octane
DMTP 4,4″-dibromo-m-terphenyl
DPP 5,15-diphenylporphyrin
MTP meta-terphenyl biradical
OEP 2,3,7,8,12,13,17,18-octaethylporphyrin
P Porphin
Pc Phthalocyanine
PPIX Protoporphyrin IX (3,7,12,17-tetramethyl-8,13-divinyl-2,18-porphindi-

propionic acid)
TBPP 5,10,15,20-tetrakis-(3,5-di-tert-butyl)-phenylporphyrin
TBrPP 5,10,15,20-tetrakis(4-bromophenyl)porphyrin
TCNB 1,2,4,5-tetracyanobenzene
TMP Meso-tetramesitylporphyrin (5,10,15,20-tetrakis(2,4,6-trimethyl)

phenylporphyrin)
TMPA 5,10,15,20-tetrakis[4-(trimethylammonio)phenyl]-porphyrin
TMPyP4+ 5,10,15,20-tetra(N-methyl-4-pyridinium)porphyrin
TPCN 5,10,15,20-tetra[(4-cyanophenyl)phen-4-yl]porphyrin
TPP 5,10,15,20-tetraphenylporphyrin
TPyP 5,10,15,20-tetra(4-pyridyl)porphyrin

Prefixes for porphyrin and phthalocyanine ligands: 2H or 2D = freebase, M = metal
complex

1 Introduction

The synthesis of metal complexes, organic molecules, and organometallic com-
pounds at the solid/vacuum interface is a promising approach for surface modifi-
cation and functionalization. It is an important alternative to the direct vapor
deposition of the required molecules or metal complexes and has substantial
advantages especially in the following cases:

1. The substance cannot be synthesized as a bulk material and then (vapor)
deposited onto a surface, either because no bulk synthesis is available or because
the substance is too labile for vapor deposition. The former issue typically arises
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in the case of large conjugated hydrocarbons, where a solution-based synthesis
often requires that long alkyl chains are attached to the parent structure in order
to achieve sufficient solubility [1–3]. The corresponding naked parent structures
have only been accessible by on-surface synthesis [4]. In addition, catalytic and
template effects exerted by the surface can help driving the reaction in the
desired direction, especially in the case of planar molecular structures.

2. The on-surface synthesis of covalently bonded two-dimensional networks is
often hampered by large defect concentrations. This issue results from the
irreversible character of the bond formation, which prevents the healing of
initially formed structural defects. An alternative strategy uses the on-surface
synthesis of large molecular moieties, which are still sufficiently mobile to
self-assemble and to segregated defect structures. The resulting van der Waals
network can then be fused by covalent bonds in a subsequent step.

In this contribution, both cases will be addressed and illustrated by examples
from the recent literature. The first part focuses on the surface-confined synthesis of
large metal complexes based on porphyrins, corroles, and phthalocyanines.
Monolayers and multilayers of these complexes can be synthesized by the reaction
of the metal-free macrocycle ligands with coadsorbed metal atoms (or metal atoms
from the substrate), sometimes followed by the attachment of another ligand on the
metal center. Mechanistic details of this in situ redox reaction and properties of the
resulting complexes will be discussed. The second part deals with reactions of
bromoarenes on Cu surfaces. Temperature-dependent studies show that the C–Br
bonds dissociate already at low temperatures and are replaced by C–Cu–C bonds,
which lead to the formation of linear, cyclic, or two-dimensional organometallic
oligomers and polymers. A prominent example for a molecule for which no
solution-based synthesis is available, but which can be made by on-surface syn-
thesis, is hyperbenzene, a hexagonal octadecaphenylen, which is formed by an
Ullmann-type reaction from six dibromo-m-terphenyl molecules. As a room tem-
perature stable intermediate, the corresponding organometallic macrocycle with 6
C–Cu–C bridges was found, accompanied by other cyclic and chain-like
organometallic oligomers.

2 On-Surface Synthesis of Porphyrin, Phthalocyanine,
and Corrole Complexes

Formation of coordinative bonds between adsorbed ligandmolecules and coadsorbed
(or substrate) metal atoms has frequently been used to synthesize two-dimensional
metal-organic coordination networks [5–8]. With a similar approach, molecular
complexes can be synthesized on surfaces, as has been shown for various porphyrins
and phthalocyanines. Their parent structures are displayed in Fig. 1.

Porphyrins and their metal complexes are widespread in nature as the active
centers of many enzymes and other functional biomolecules, such as hemoproteins
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[9, 10] or chlorophylls [11]. Porphyrin derivatives also find widespread application
in science and technology, such as heterogeneous catalysis [12, 13], electrocatalysis
[14], photocatalysis [15], sensor systems [16–18], organic electronics [19, 20], and
various types of light-harvesting systems [21, 22]. Porphyrins have also been
employed in the medical context as sensitizers in photodynamic therapy for cancer
treatment [23–26].

Phthalocyanines are not found in nature, but can efficiently be synthesized from
phthalonitriles in the presence of metals [27]. They are produced on an industrial
scale and find their main applications as pigments in printing inks, paints, plastics,
and other mass products, including color filters for LCD and TFT displays [27].
They are also used as oxidation catalysts [28], in organic semiconductors in
thin-film transistors [29], organic light-emitting diodes [30], and molecular organic
photovoltaics [31–33], in liquid crystalline materials [34, 35], as photoactive ele-
ment in photocopies and laser printers [32, 36], and as photosensitizers in dye solar
cells [37] and for photodynamic cancer therapy [38, 39].

Porphyrins and phthalocyanines possess a rich and diverse coordination chem-
istry, which arises from the large variety of complexes which they form with most
stable elements in the periodic table, except nitrogen, the halogens, and the rare
gases (Figs. 2 and 3) [40]. A similar rich coordination chemistry was observed at
solid/vacuum interfaces [41], although there are characteristic mechanistic differ-
ences, which partly result from the presence or absence of a solvent: In solution,
stabilization by solvatation favors ionic reactants, products, and intermediates,
especially in polar solvents, while in the absence of solvatation, reactions prefer-
entially proceed via neutral species. This is well known for gas-phase reactions,
where atoms and radicals dominate the reaction mechanism, but also holds true for
many surface reactions. It also applies to the formation of metalloporphyrins and
metallophthalocyanines by direct metalation of the ligand. In solution, the meta-
lation reaction proceeds as a replacement of two protons by a metal ion, i.e., as an
ion exchange [42]. In contrast, the corresponding surface reaction follows a redox
mechanism, resulting in the oxidation of a metal atom to its dication and the related

Porphin (2HP) Corrole (3HC) Phthalocyanine (2HPc)

Fig. 1 Porphin, corrole, and phthalocyanine, the parent structures of the respective classes of
molecules. Corrole differs from porphin only by the absence of one meso-carbon atom in the
macrocycle (position marked in red); the hydrogen atom from this meso-position (formally) goes
to one of the N atoms, resulting in three pyrrolic nitrogens (–NH–) in the corrole
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reduction of the protons to H2 (Fig. 2) [43–45]. Besides the coordination reactions
at the center of the macrocycle and the coordination of axial ligands to the metal
center, porphyrins with suitable substituents can also form coordinative bonds at the
molecule’s periphery [7].

2.1 Synthesis of Complexes Using Pre-deposited Ligand
Molecules

Adsorbed metalloporphyrins and phthalocyanines at the solid/vacuum interface can
be synthesized by reaction between the pre-adsorbed ligand molecules and
post-deposited metal atoms. This type of reaction was first reported for Co and
meso-tetraphenylporphyrin (2HTPP) [43, 46], Zn and 2HTPP [43, 47], Fe and
meso-tetrapyridylporphyrin (2HTPyP) [48], as well as Fe and 2HTPP [49]. In all
these experiments, the metals were vapor deposited onto monolayers of the ligands
on an inert metal surface. The metal atoms reacted with the porphyrin molecules
as is shown in Fig. 2.

The reaction proceeds at room temperature for V [50], Cr [51], Mn [52], Fe, Co
[43], and Ni [53], but requires elevated temperatures for Ti [54], Zn [43], and Rh
[52], as will be discussed in Sect. 2.3. A periodic table with all elements that form
metal complexes with porphyrins and those for which on-surface metalation was
achieved (gray-shaded boxes) is shown in Fig. 3. As can be seen, there are plenty of
opportunities for the further exploration of on-surface metalation.

The reaction progress was monitored mainly with XPS, STM, and NEXAFS.
Representative N 1s XPS spectra for the metalation of a 2HTPP monolayer on Ag
(111) with post-deposited Fe atoms are displayed in Fig. 4 [55]. The XP spectrum
of a 2HTPP monolayer shows two components: one for the iminic nitrogen (–N=)
at lower binding energy (398.2 eV) and another for pyrrolic nitrogen (–NH–) at
higher binding energy (400.1 eV) [56]. Upon deposition of Fe atoms, the two
2HTPP related peaks are increasingly replaced by a single peak at 398.7 eV, which
indicates the formation of iron(II) meso-tetraphenylporphyrin (FeTPP), because the
four nitrogen atoms are chemically equivalent in the complex.

The reaction progress can also be monitored by STM, if there is sufficient
contrast between the unmetalated and the metalated species. Figure 4b shows STM

Fig. 2 Metalation of a porphyrin (here: porphin, 2HP) in the adsorbed state
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images of a 2HTPP monolayer on Ag(111) during metalation with Fe [49]. The first
image was taken after the deposition of 0.012 ML Fe, which led to the metalation of
29 % of the molecules in the monolayer. The FeTPP complexes appeared bright
because of the large contribution of iron d-orbitals near EF [57]. The subsequent
images show the monolayer after additional Fe deposition steps, resulting in the
metalation of 60, 73, and 89 % of the molecules. Typical yields were 70–90 %
relative to the deposited amount of metal atoms. Excessive metal deposition onto

Fig. 3 All elements shown in this periodic system form porphyrin and phthalocyanine complexes.
To date, on-surface metalation in UHV was achieved only with the elements in the gray-shaded
boxes

Fig. 4 On-surface synthesis of iron(II) meso-tetraphenylporphyrin (FeTPP) by metalation of
meso-tetraphenylporphyrin (2HTPP) with vapor-deposited Fe. Left, N 1s XP spectra for increasing
dosages of Fe (from top to bottom). The STM images (right) show the 2HTPP monolayer after
deposition of 0.012, 0.024, 0.036, and 0.048 ML Fe, resulting in metalation degrees of 29, 60, 73,
and 89 %, respectively. The indicated Fe coverages are relative to the number of surface Ag atoms.
The stoichiometric Fe coverage would be 0.037 ML (one Fe atom per one 2HTPP molecule).
Adapted with permission from Ref. [55], © (2008) American Chemical Society (left). Adapted
with permission from Ref. [49] (right), © (2007) John Wiley and Sons (right)
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the porphyrin monolayer led to the formation of metal clusters, which preferentially
formed at substrate step edges. For deposition of Fe onto 2HTPP/Ag(111), the Fe
clusters were reported to sit between the Ag surface and the FeTPP layer formed by
metalation [58]. Similar observations were made for the metalation of 2HTPP with
Ni on Au(111) [53].

Up to now, there is no evidence for a significant influence of the peripheral
substituents at the porphyrin core on the metalation reaction with post-deposited
metal atoms (but see Sect. 2.2 for substitutent effects on the metalation with
pre-deposited or substrate metal atoms). Metalation of 2HTPP [49, 55], 2HTPyP
[48], and 2HOEP [59] with Fe on Ag(111) led to very similar results; all these
reactions were found to take place at room temperature, if the metal was deposited
onto the porphyrin layer.

Metalation with post-deposited metal atoms was also used as part of a two-step
on-surface synthesis of porphyrin complexes with an additional axial ligand: (NH3)
ZnTPP was made on Ag(111) by metalation of 2HTPP with Zn followed by
coordination of NH3 at the Zn ion [47]. With a similar approach, the complex (NO)
FeTPP was synthesized by successive reaction of Fe and nitric oxide (NO) with a
2HTPP monolayer on Ag(111) [60, 61].

Metalation of porphyrin monolayers is not limited to metallic substrates, but can
also be performed on oxides. On a TiO2(110)-(1×1) surface, 2HTPP (sub)mono-
layers were metalated with post-deposited Ni atoms to from NiTPP. The yield was
found to be lower than in the case of metalation on metal surfaces, reaching only
60 % even with a threefold Ni excess [62].

Phthalocyanines undergo similar metalation reactions as porphyrins. 2HPc
monolayers have been metalated with Fe [58, 63] and V [50] on Ag(111). The
yields were similar to those found for porphyrin metalation. Another example is the
metalation of 2HPc with Fe on thin Pb films on Si(111), which was dependent on
the thickness of the Pb film (cf. Sect. 2.3) [64].

Corroles, which differ from porphyrins by the lack of one of the four meso-
carbon atoms, have also been shown to undergo metalation. Since the corrole
macrocycle contains three pyrrolic nitrogen atoms (–NH–), the metal atom can be
oxidized to its +III state, as was shown for the metalation of 2,3,8,12,17,
18-hexaethyl-7,13-dimethyl-corrole with Co on Ag(111) [65].

Instead of vapor-deposited metal atoms, metal carbonyls can be used for met-
alation. Ru3(CO)12 was reported to metalate a 2HTPP derivative on Ag(111). (The
2HTPP derivative was formed by surface-assisted partial dehydrogenation.) After
adsorption of the carbonyl at room temperature, the reaction was induced by
heating to 550 K [66].

Double-decker complexes containing a metal ion in a formal +IV oxidation state
sandwiched between two porphyrins or phthalocyanine ligands are formed by metals
with large atomic radii and preference for higher oxidation states, such as rare earth
metals. Complexes of this structure were produced by exposing 2HTPP multilayers
on Ag(111) to a beam of Ce atoms. After heating to 500 K, which induces the
metalation reaction and ensures desorption of excessive 2HTPP, Ce(TPP)2
double-decker complexes were observed by LT-STM. Additional bright features in
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the STM images were interpreted as Ce2(TPP)3 triple-decker complexes [67]. If only
(sub)monolayers of 2HTPP are available, Ce deposition leads to the formation of
CeTPP complexes. Due to its size, the Ce ion sits outside the porphyrin plane, but it
is not clear whether it points toward or away from the surface [68].

If the metalation reaction does not proceed spontaneously, it can be induced by
manipulation with an STM tip, as was demonstrated by Sperl et al. with the met-
alation of a single phthalocyanine (2HPc) molecule on a Ag(111) surface at 7 K,
resulting in the formation of AgPc [69]. The first step of the forced metalation
consisted in the dehydrogenation of the pyrrolic nitrogen atoms (–NH–) by
applying voltage pulses with the STM tip (Fig. 5). In the second step, the Ag-coated
W tip was approached to the molecular center at low bias voltage. At a certain
distance, a sudden change of the tunneling current indicated the transfer of an Ag
atom from the tip to the ligand. The identity of the synthesized AgPc was estab-
lished by comparison with the tunneling spectra with those of directly deposited
AgPc. Note that spontaneous formation of silver(II) phthalocyanine (AgPc) (or any
Ag porphyrin) on Ag(111) by reaction with substrate atoms has not been observed
as yet. Due to its large ion radius, the Ag center is located outside the molecular
plane of the Pc ligand. After the STM-induced synthesis, the Ag ion points to the
vacuum side (Ag-up position). By applying a voltage pulse, the ion can be pushed
downward to a position between the substrate surface and molecular plane of the Pc
ligand (Ag-down position). A similar conversion was reported for SnPc on Ag
(111). SnPc molecules in direct contact to the Ag surface can only be switched from
a Sn-up to a Sn-down position. If the molecules sit on a decoupling layer of other
SnPc molecules, reversible switching in both directions was possible [70].

2.2 Synthesis of Complexes Using Post-deposited Ligand
Molecules

Synthesis of porphyrin and phthalocyanine complexes is also possible by applying
the reverse order of deposition, as was first demonstrated for a Zn/Ag(111) sub-
strate, onto which 2HTPP was deposited. Subsequent heating to 550 K induced
reaction to ZnTPP, as was shown by XPS [71]. A similar reaction was observed
between 2HTPP and Fe/Ag(111): Initial vapor deposition of small amounts of Fe
onto Ag(111) led to the formation cluster at monatomic step edges (Fig. 6a). In the
next step, 2HTPP was deposited, which formed an ordered monolayer on the
terraces (Fig. 6b). At room temperature, the Fe and 2HTPP coexisted without
reaction. Upon heating to 550 K, however, the clusters dissolved and the Fe atoms
reacted with the 2HTPP molecules on the terraces to form FeTPP. The fact the
bright protrusions of FeTPP are randomly distributed over the terraces (and not
clustered around the original positions of the Fe clusters at the step edges) indicates
that the reactants are sufficiently mobile at this temperature to allow multiple dif-
fusion events before the actual metalation reaction occurs [55]. Similar results were
obtained for the metalation of 2HTPP on Ni/Au(111) [53].
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At higher coverages of pre-deposited Fe, metalation at room temperature is
possible. This has been shown for thin films of γ-Fe(110) (15 ML) on Cu(110).
Vapor deposition of 1 ML 2HTPP onto this Fe layer led to immediate formation of
FeTPP. A similar reactivity was found for 2HTPP on Ni(111): Deposition of 1 ML
2HTPP onto this substrate held at room temperature resulted in complete metalation

Fig. 5 Synthesis of silver(II) phthalocyanine (AgPc) by forced metalation of phthalocyanine
(2HPc) on Ag(111) with a Ag atom from the STM tip. a, b Gas-phase structures of 2HPc and
AgPc. c–j Constant-current STM images of 2HPc and derived molecules, along with molecular
models (Insets). c–e Tautomerization of 2HPc induced by voltage pulses of 1.6 V. f, g STM
images of HPc obtained after removal of one pyrrolic H atom from 2HPc by a pulse of 3.0 V.
Hopping of the remaining pyrrolic H atom was induced by pulses of 2.5 V. h Pc molecule
fabricated by pulsing the voltage to 3.5 V. i After approach of the Ag tip to the center of the Pc,
MPc-up (MPc↑) is formed. j A voltage pulse of 3.0 V leads to an interconversion of MPc into
MPc-down (MPc↓). By comparison with the image of AgPc on Ag(111) prepared by sublimation
from a heated crucible (k), the molecule in (j) was identified as AgPc, with the Ag atom between
the surface and the molecular plane (AgPc↓). Adapted with permission from Ref. [69], © (2011)
John Wiley and Sons
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to NiTPP [52]. 2HOEP deposited onto Ni islands on Cu(111) gave also rise to
metalation, whereas no metalation was observed for 2HTPP on the same substrate
[72].

The finding of room temperature metalation on Fe or Ni films and single-crystal
surfaces also explains why elevated temperatures are necessary for the metalation
with submonolayers of Fe or Ni on inert surfaces such as Ag(111) or Au(111):
Apparently, not the metalation reaction itself is rate-limiting, but rather the supply
of metal atoms by 2D evaporation of the metal clusters. At room temperature, the
2D vapor pressure of the clusters is too low for efficient metalation.

Metalation by substrate metal atoms, sometimes termed “self-metalation,” has
also been studied on Cu surfaces [73–80]. The reaction of 2HP and 2HTPP with a
Cu(111) surface was studied in great detail by Diller et al. [73, 74] using LT-STM,
XPS, and NEXAFS. A 2HP submonolayer was found to undergo complete meta-
lation upon heating to 423 K, as was deduced by STM. Detailed XPS studies of a
2HP bilayer revealed that complete reaction of both layers to CuP occured already
between 373 and 393 K [73]. A 2HTPP monolayer on Cu(111) was shown to react
to CuTPP starting at 420 K [74]. Ditze et al. used the slow reaction of 2HTPP with
Cu on Cu(111) at 400 K to determine the reaction activation energy (cf. Sect. 2.3
below) [78]. For 2HTBPP on Cu(111), it was found that 57 % of a monolayer was
metalated after heating to 350 K for 3.5 h. In contrast, substantial metalation of a
2HPc monolayer on Cu(111) occurred already below room temperature [81].

Fig. 6 Synthesis of FeTPP from 2HTPP on Fe/Ag(111). a STM image taken after deposition of
0.025 ML Fe onto Ag(111) at room temperature, showing Fe clusters at the step edges of a
Ag(111) surface. b Coexistence of Fe clusters and a 2HTPP monolayer at the terraces after
subsequent deposition of a 2HTPP monolayer. c After heating to 550 K, terraces individually
color-coded. The bright spots in (c) indicate FeTPP formed by metalation of 2HTPP. Adapted with
permission from Ref. [55], © (2008) American Chemical Society
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Reaction of 2HTPP with substrate Cu atoms was reported to be facilitated by the
presence of chemisorbed oxygen atoms. On an oxygen-(

ffiffiffi

2
p � ffiffiffi

2
p

)R45° recon-
structed Cu(001) surface, metalation of 2HTPP was found to be complete already at
285 K, whereas 450 K was required on the bare Cu(001) surface [75]. Interestingly,
the oxygen-containing porphyrin 2HPPIX was reported to undergo metalation on
Cu(100) and Cu(110) surfaces at room temperature. It is not clear whether the
oxygen of the molecule plays a role in this reaction as well or whether the high
adatom density on the Cu(100) and Cu(110) surfaces was decisive, as was sus-
pected by the authors [76].

The metalation of 2HTPP on Cu(111) was found to be strongly dependent on the
2HTPP coverage [82]. While disordered 2HTPP submonolayers on Cu(111) reacted
only slowly to CuTPP, an increased reaction rate was observed for an ordered
supramolecules “checkerboard” structure, which was formed at higher coverages
[83].

2.3 Mechanism, Energetics, and Kinetics of Direct
Metalation

In contrast to metalation in solution, where a metal ion replaces two protons at the
pyrrolic N atoms of the porphyrin core, direct metalation with metal atoms is a
redox reaction. In the course of this reaction, the metal atom is oxidized to its
dication and hydrogen is released as H2. Thus, this reaction formally resembles the
dissolution of a metal in a Brønsted acid [43].

Gas-phase DFT calculations of the reaction between a porphin molecule (2HP)
and various metal atoms (Fe, Co, Ni, Zn, Cu) were reported by Shubina et al.
[43, 44]. Figure 7 shows the computed lowest energy profile of the reaction between
2HP and Zn, together with selected minimum and transition state structures.

As can be seen in the diagram, the metalation reaction starts with the coordi-
nation of the neutral metal atom by the intact porphin molecule. This initial step is
exothermic and leads to a deformation of the ligand, such that the pyrrolic hydrogen
atoms are bent out of the molecular plane. The resulting complex closely resembles
the sitting-atop (SAT) complex postulated for metalation in solution [84, 85]. In the
following two elementary steps, which have substantial activation barriers in the
case of Zn, the pyrrolic hydrogen atoms are transferred to the coordinated Zn atom,
from which they desorb as H2. As a result, the Zn atom is formally oxidized to its
dication, while the porphin ligand acquires two negative charges. In this example
(Zn + 2HP), the rate-limiting step is the first H transfer, which has a computed
barrier of ΔE≠ = 136 kJ/mol or ΔG≠ = 137 kJ/mol [43]. The fact that ΔE≠ and ΔG≠

are almost identical indicates that the activation entropy ΔS≠ is very small. This is
consistent with an intramolecular H transfer step in a porphyrin molecule [86].

The release of H2 provides a convenient method for the experimental determi-
nation of the overall reaction barrier. For this purpose, N-deuterated 2DTPP was
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reacted with Zn, while the evolution of D2 was monitored with mass spectrometry.
The resulting experimental ΔG≠ value of 134 kJ/mol was found to agree well with
theory [43, 44].

The height of the rate-limiting barrier depends strongly on the type of the metal
center. While no barrier was computed for Fe, the activation energy was predicted
to increase in the order Fe < Co < Ni < Cu < Zn, as shown in Fig. 7b. According to
these barriers, one should expect metalation with Fe, Co, and Ni to occur below
room temperature, whereas elevated temperatures should be required for Cu and
Zn. This was confirmed by various experimental studies, including Refs. [43, 46,
52, 53, 55].

Experimental observations of the initial (SAT-like) complex provide further
evidence for the proposed reaction mechanism as shown in Fig. 7. SAT complexes
were first observed at room temperature by XPS for Zn-2HTPP on Ag(111) [43]
and Cu-2HTBrPP on Cu(111) [87]. A Cu-2HTPyP SAT complex and its transition
to CuTPyP were observed by STM after the deposition of Cu onto a 2HTPyP
submonolayer on Au(111) [88].

A separate determination of the activation energy and the pre-exponential factor
of porphyrin metalation with substrate atoms was achieved with isothermal rate
measurements using STM [78]. 2HTPP and CuTPP were discriminated and
quantified by their different mobilities, due to which only 2HTPP molecules
appeared as individual moieties in the STM images, whereas the more mobile
CuTPP gave rise to blurry areas. This approach yielded an activation energy of
143 ± 12 kJ/mol and a pre-exponential factor of 10(15±1.6) s−1. At higher coverages,
a reduced barrier for the metalation was observed [82]. For comparison, DFT values
for the activation energy, computed for the corresponding gas-phase reaction of

Fig. 7 a Schematic energy diagram of the metalation of porphin (2HP) with Zn, according to
gas-phase DFT calculations. Energies are given in kJ/mol, bond lengths in Å. The pyrrolic
hydrogen atoms are marked in red. b Calculated activation energies for the gas-phase metalation of
2HP with as a function of the atomic number. Values were taken from Ref. [43]. Adapted with
permission from Ref. [43], © (2007) American Chemical Society
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2HP with Cu, range from 100 to 155 kJ/mol, depending on the level of theory and
the applied basis sets [43, 88]. The measured frequency factor is remarkably high,
indicating a large positive activation entropy. This result points toward a dissoci-
ation reaction such as the final release of H2, rather than an intramolecular H
transfer, as the rate-limiting step. This could indicate an active participation of the
substrate surface in the metalation mechanism, as was also suggested on the basis of
metalation experiments with N-deuterated tetraphenylporphyrin (2DTPP) on
Cu(111) [89]. In addition, the metalation of adsorbed corroles may also be
surface-mediated, because the third pyrrolic H atom cannot easily desorb as
molecular hydrogen by the mechanism in Fig. 7a, and desorption of atomic H is
energetically unfavorable. Therefore, it is likely that at least the third H atom
migrates to the substrate surface and recombines there with another H atom before
desorption as H2 [65]. Furthermore, for the metalation of monolayers, substantial
influences of the substrate’s electronic structure have been observed. Song et al.
studied the metalation of a 2HPc monolayer on Pb islands deposited on Si(111)
[64]. The Pb islands had different thicknesses ranging from 9 to 19 monolayers.
Due to the electron confinement between the semiconductor bandgap and the
vacuum barrier, the electronic structure of the Pb film was found to be thickness
dependent with an odd–even transition at 17 ML (Fig. 8) [90–96]. After deposition
of substoichiometric amounts of Fe onto the 2HPc monolayer, the amounts of FePc
on the islands of different heights were determined by STM. The yield of FePc was
found to have a one-to-one correspondence to the local density of states at the Fermi
level (LDOS(EF)), as shown in Fig. 8 [64]. Considering these findings of substantial
surface influences, one may question the relevance of the (gas-phase) mechanism
shown in Fig. 7a [43, 44]. However, it was shown that the metalation reaction also
proceeds when metal atoms are deposited onto thick porphyrin multilayers, i.e., in
the absence of a surface that could participate in the reaction [55] (cf. Sect. 2.5).
This reaction most likely follows the mechanism shown in Fig. 7a.

Coadsorption of other species can also influence the rate of the metalation
reaction. This has been shown for metalation of 2HTPP on oxygen-covered
Cu(001) [75]. As already briefly mentioned in Sect. 2.2, the reaction rate is dra-
matically enhanced by the presence of chemisorbed atomic oxygen, such that the
reaction proceeds already at 285 K, compared to a minimum of 450 K on the bare
Cu(001) surface. This was attributed to the fact that not H2, but H2O is formed as
the second reaction product besides CuTPP. This reduces the energy of the final
state by *73 kJ/mol and likely also reduces the corresponding activation barrier.
This hypothesis is supported by the loss of surface oxygen observed with XPS. As a
possible mechanism, the initial incorporation of a Cu–O species into the porphyrin
ring was proposed, which then reacts to H2O and the Cu porphyrin [75].

DFT calculations of the reaction between 2HTPP and Ni(111) were reported by
Goldoni et al. [52]. In particular, an initial state configuration where a Ni adatom
remains on a Ni(111) surface far from the adsorbed molecule was compared with a
final state, in which the Ni atom has reacted with 2HTPP to form NiTPP and H2.
This process was found to be exothermic by 86 kJ/mol. In contrast, when the
reacting Ni atom was not an adatom, but was removed from a terrace site creating a
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vacancy, the process was endothermic by 67 kJ/mol. The importance of adatom
availability was also thoroughly discussed by Diller et al. for metalation with
substrate atoms on Cu surfaces [74].

2.4 Metalation and Synthesis of Two-Dimensional Networks

The metalation reaction can be accompanied by the formation of two-dimensional
networks with covalent, organometallic, or coordination bonds, if the periphery of
the ligand molecules possesses suitable functionalities for reaction with metal atoms
and neighboring molecules. A prototypical example is the reaction of 2HTPyP with
Cu atoms. In the absence of Cu, submonolayers of 2HTPyP on Au(111) were found
to form densely packed, ordered islands. Deposition of Cu led to the formation of a
two-dimensional metal-organic coordination network (2D-MOCN) with a square
unit cell. In this structure, Cu atoms occupied the bridging positions between two

Fig. 8 Metalation of a 2HPc monolayer with Fe on Pb islands of different thickness on Si(111).
a STM image showing different areal densities of the FePc product on 11 ML and 12 ML Pb films.
The white dotted line indicates the boundary between the 11 and 12 ML Pb islands. b and
c Magnified STM images from the marked regions in (a) depicting the thickness-dependent
metalation. d Thickness-dependent FePc density at different Fe coverage. Each data point was
obtained by averaging over ∼1300 molecules. e Experimental LDOS(EF) as a function of Pb film
thickness. There is an obvious one-to-one correspondence between the FePc areal density and
LDOS (EF). Adapted with permission from Ref. [64], © (2010) American Chemical Society
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pyridyl groups of neighboring molecules, forming linear N–Cu–N links. Additional
Cu atoms coordinated to the centers of the porphyrin molecules. At room tem-
perature, the reaction between Cu and the porphyrin core reached only the stage of
the initial SAT complex, which means that only Cu(0) is present in the structure.
Heating to 450 K induced completion of the metalation reaction, by which the Cu in
the porphyrin centers was oxidized to Cu(II), according to XPS. The bridging Cu
atom between the pyridyl groups maintained their position and zero oxidation state.
As a result, a mixed-valence network with a regular arrangement of Cu(0) and
Cu(II) centers was obtained [88]. Deposition of Fe instead of Cu onto a 2HTPyP
submonolayer on Au(111) and annealing resulted in the formation a coordination
network, in which each four pyridyl groups of neighboring molecules were con-
nected by a vertically oriented pair of Fe atoms, besides metalation of some of the
porphyrin centers [97]. It is also possible to have different metal species in the
center and in the bridging position, either by linking adsorbed metalloporphyrins
with another metal species or by sequential deposition of metal atoms onto the
adsorbed freebase porphyrin. The latter has been demonstrated for 5,10,15,20-tetra
[(4-cyanophenyl)phen-4-yl]porphyrin (2HTPCN), which forms a close-packed
assembly on Ag(111). Vapor deposition of Gd onto this assembly results in the
formation of a metal–organic coordination network with a square unit cell. In this
network, each Gd atom links four cyano groups, whereas no Gd is found in the
centers of the porphyrin molecules. Subsequent deposition of Co results in the
metalation of the porphyrin centers [98].

On more reactive surfaces, the dehydrogenation of the porphyrin is not limited to
the pyrrolic N–H bonds, as in the case of the metalation reaction; instead, also C–H
bonds at the periphery can be dissociated. This can eventually lead to the formation
of metal-organic frameworks with C–M–C bonds and covalent frameworks with
C–C bonds. This type of reaction has been observed for 2HTMP of Cu(110) upon
annealing to 423–473 K. Besides the metalation of the porphyrin core, the mole-
cules formed oligomers by C–C bond formation between the peripheral mesityl
groups [99]. Not only the peripheral substituent, but also the porphyrin core itself
can undergo dehydrogenation, as was reported for 2HP and 2HDPP on Cu(110).
Annealing submonolayers to temperatures up to 670 K led to metalation of the
porphyrin core and to the formation of 2D organometallic networks, in which the
dehydrogenation porphyrin cores were linked by C–Cu–C bonds [100, 101].

A related approach is the on-surface synthesis on phthalocyanine derivatives by
tetramerization of phthalonitriles, as was first proposed by Abel et al. [102].
Coadsorption of 1,2,4,5-tetracyanobenzene (TCNB) with Fe atoms on Au(111) at
room temperature resulted in structures that were attributed to individual Fe(II)-
octacyanophthalocyanine (FePc(CN)8) molecules and covalently linked
FePc-polymers, depending on the ratio between Fe and TCNB. However, later
work suggested that these structures did not represent phthalocyanines, but rather
2D metal-organic coordination networks (2D-MOCNs), in which the intact TCNB
molecules coordinated to Fe with their CN groups [103–105]. Koudia and Abel
[106] later modified this approach and succeeded in the on-surface synthesis of Mn
(II)-octacyanophthalocyanine (MnPc(CN)8) by codeposition of TCNB and Mn
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atoms on Ag(111). At room temperature, similar 2D-MOCNs as in the case of the
Fe-TCNB system were obtained. Post-annealing at 415 K induced the cyclote-
tramerization reaction resulting in the formation of MnPc(CN)8. Polymerization of
the MnPc(CN)8 molecules by reaction of the peripheral cyano group and formation
of a 2D covalent MnPc network was achieved by annealing to 615 K [106]. Similar
codeposition experiments with Mn and TCNB on Ag(111) were reported by
Piantek et al. [104], who obtained MnPc(CN)8 molecules after annealing to 423 K.
The on-surface synthesis of FePc(CN)8 was eventually achieved by annealing
coadsorbed Fe and TCNB on Au(111) to 550 K [105].

2.5 Synthesis of Complexes with Ligand Multilayers
and at Bulk Interfaces

Metal complexes of porphyrins and phthalocyanines can also be obtained by vapor
deposition of metal atoms onto multilayers of the organic ligands or by reaction of
the multilayers with the underlying metal substrate. A related approach is the
codeposition of metal and porphyrin, which also leads to the respective metal
complexes.

Multilayer metalation was first reported by Buchner et al., who vapor deposited
Fe onto a 2HTPP multilayer on Ag(111) (Fig. 9). The reaction was not complete,
i.e., not all deposited Fe atoms reacted, despite an excess of unreacted 2HTPP [55].
Similar experiments were reported by Di Santo et al. for the metalation of thin
multilayers (*4 layers) of 2HTPP on Ag(111). This thin multilayer was almost
completely metalated, as was shown by XPS. In addition, the thereby produced
FeTPP multilayer was removed by thermal desorption, leaving a FeTPP monolayer
on the surface [107]. 2HOEP multilayers (*4 layers) on Ag(111) were successfully
metalated by the same approach [59]. Metalation of 2HTPP multilayers with
vapor-deposited Ce atoms and subsequent desorption of excessive 2HTPP was used
by Ecija et al. for the on-surface synthesis of Ce(TPP)2 double-decker and
Ce2(TPP)3 triple-decker complexes [67]. The codeposition of Er and 2HTPP was
used for the synthesis of clean ErTPP multilayers of up to 60 nm thickness.
Composition and electronic structure of the ErTPP film were studied by XPS and
UPS [108].

Metalation of multilayers by reaction with a single-crystalline metal substrate
has been observed for 2HTPP, 2HP, and 2HPc on Cu(111). Diller et al. reported
XPS data which show that a thin 2HTPP multilayer reacts completely with Cu
atoms from the substrate, forming CuTPP, upon annealing at 420 K [74]. Similar
results were reported for a 2HP bilayer [73].

Reaction of a multilayer with substrate atoms raises the question how the
reactants come into contact. There are two principal possibilities: diffusion of the
metal into the organic phase or exchange within the organic phase, such that all
molecules in the multilayer get into contact with the metal surface. This question
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was addressed by Chen et al., who investigated the metalation of 2HPc multilayers
on Cu(111) with XPS (Fig. 9b) and TPD/TPR [81]. TPD/TPR performed after
deposition of a 2HPc bilayer on Cu(111) led to desorption of CuPc around 550 K,
while XPS showed that a CuPc monolayer remained on the surface. Likewise, it
was found that a NiPc monolayer did not desorb at temperatures up to 650 K
(instead, decomposition occurs above that temperature, according to XPS). In
contrast, when a bilayer of 2HPc was deposited onto 0.8 monolayers of NiPc on Cu
(111), NiPc was found to desorb along with CuPc and residual 2HPc. A similar
experiment with a NiPc bilayer yielded a similar result. This experiment was
explained with an exchange of molecules between the first layer and the higher
layers, bringing 2HPc into contact with the Cu surface and NiPc into higher layers,
from which it can desorb. Therefore, a possible mechanism for multilayer meta-
lation was shown to be the exchange of molecules between the first layer and the
higher layers [81]. However, the findings by Chen et al. could also be explained by
an exchange of metal centers between the NiPc and Cu(111) surface, as was shown
for another system by Doyle et al. [109].

Fig. 9 Multilayer metalation. a Vapor deposition of the metal onto the organic layer: N 1s XP
spectra of the metalation of 2HTPP multilayers (ca. 20 layers) with vapor-deposited Fe atoms at
room temperature. (A) 2HTPP multilayer. (B)–(D) After vapor deposition of Fe as indicated. The
central peak in the spectra (B)–(D) represents the newly formed FeTPP, while the two outer peaks
stem from residual 2HTPP. b Vapor deposition of the organic multilayer onto the metal: N 1s XP
spectra taken after deposition of 2HPc onto Cu(111) at 300 K with an initial coverage of 4
monolayers and after heating to the indicated temperatures. Adapted with permission from Refs.
[55, 81], © (2008) and (2014) American Chemical Society
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2.6 Synthesis of Porphyrin Complexes by Metalation
at Solid–Liquid Interfaces

Porphyrins adsorbed at solid–liquid interfaces can also undergo metalation. Hai
et al. studied this process at an electrochemical interface using the cationic por-
phyrin 2HTMPyP4+ on Cu(100) in a solution containing HCl and 2HTMPyP4+

tosylate. Cu2+ ions formed during anodic oxidation of the Cu electrode were
incorporated into the adsorbed porphyrin molecules, resulting in the formation of
Cu(II)TMPyP4+. This was concluded from cyclic voltammetry (CV) in combination
with electrochemical STM (EC-STM) and UV–vis measurements. The mechanism
of the metalations is apparently based on an ion exchange process: Similar to the
homogeneous reaction in solution, but unlike the metalation reaction at the solid–
vacuum interface, the two pyrrolic protons are replaced by one Cu(II) ion [110].

Metalation of porphyrins adsorbed at the metal/liquid interface has also been
observed by surface-enhanced resonance Raman scattering (SERRS). For
2HTMPyP4+ adsorbed on Ag colloids, it was found that 2HTMPyP4+ exists only
under acidic conditions, while metalation to Ag(II)TMPyP4+ occurred in neutral and
alkaline environments. Onmixed Ag–Cu colloids with up to 5 at.%Cu, all adsorbates
were converted to Cu(II)TMPyP4+ [111]. The metalation kinetics of 2HTMPyP4+ on
Ag colloids was investigated by time-dependent SERRS and was found to be highly
dependent on the presence of anions in the system [112, 113]. In another study, Zn(II)
ions adsorbed on silica gel reacted rapidly with solutions of 2HTPP to ZnTPP [114].

2.7 Synthesis of Complexes with Axial Ligands

The on-surface metalation of porphyrins and phthalocyanines described in the
previous sections results in adsorbed complexes with a vacant axial coordination
site, to which a ligand can be attached in a subsequent step. Such two-step syntheses
have rarely been performed; notable examples are the synthesis of (NH3)ZnTPP
from 2HTPP, Zn, and NH3 successively adsorbed on a Ag(111) surface [47]. The
same approach was used for the synthesis of (NO)FeTPP on the same substrate [61].
In both cases, it would not have been possible to vapor deposit the intact complexes
because of their insufficient thermal stability. In other work, small molecules were
coordinated to directly deposited metalloporphyrins and metallophthalocyanines,
again to produce complexes which would have been thermally too labile for direct
vapor deposition. Examples include (CO)MTPP and cis-(CO)2MTPP with M=Co,
Fe [115, 116], (CO)FePc [117, 118], (CO)MnPc [119], (DABCO)ZnTBPP [120],
(H)MPc with M=Fe, Mn [121, 122], (NH3)FePc [117, 123, 124], (NH3)MnPc [125],
(NH3)NiTPP [126], (NO)CoOEP [127], (NO)CoTPP [60, 61, 115, 125, 128–134],
(NO)FeOEP [135], (NO)FePc [117, 118, 124, 136], (NO)FeTPP [61, 115, 125],
(NO)MnTPP [125], (pyridine)FePc [117], and (O)TiTPP [54]. In the case of
(N)MnPc, thermal activation of N2 was necessary [137].
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The attachment of the axial ligand can influence the bond between the coordi-
nated metal center and the substrate (surface trans effect [61]), and the magnetic
properties of the complex (surface spin trans effect [138]). As an illustrative
example, the coordination of NO and CO to CoTPP and FeTPP on an Ag(111)
surface will be compared in the following. NO formed exclusively the mononitrosyl
species (NO)MTPP (M=Fe, Co) and had a large impact on the geometric and
electronic structure of the porphyrins. In particular, the M–Ag(111) interaction
(M=Fe, Co) was suppressed by the NO ligand, resulting in changes of the electronic
structure in the valence region [60, 61]. In contrast, CO was found to form both
monocarbonyl and cis-dicarbonyl species, while leaving the properties of the
metalloporphyrin almost unaffected [115]. The carbonyl species were generated by
dosing CO at very low temperatures of 6–20 K. Transfer of the CO molecules
between neighboring CoTPP molecules by LT-STM manipulation was demon-
strated [115, 116]. In contrast to NO, CO did not suppress the valence states

Fig. 10 Synthesis of (CO)xCoTPP on Ag(111), STM images. a Conformational adaptation with
saddle-shape distortion of CoTPP adsorbed on Ag(111). b CoTPP monolayer array on Ag(111)
after exposure to CO, comprising CoTPP, (CO)CoTPP (dashed circle), and (CO)2CoTPP (solid
circle). c Top-view model of CoTPP overlaid on an STM image. d, e Top-view topography of
undecorated CoTPP (d) and dicarbonyl (e) species. The corresponding difference image
(f) emphasizes the relatively large distance of *5.3 Å between the CO-related maxima.
Adapted with permission from Ref. [116], © (2011) Nature Publishing Group
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induced by the interaction of the Fe and Co centers with the Ag surface, as was
shown by STS [115]. STM images of the cis-dicarbonyl species (CO)2FeTPP and
(CO)2CoTPP revealed a relatively large distance between the two CO molecules,
compared to dicarbonyls formed with metal adatoms. This was explained with a
bonding geometry in which the CO ligands occupy bridge positions between the
metal center and a porphyrin N atom (Fig. 10) [116]. Overall, CO appears to have a
weaker influence on the metal centers than NO.

3 On-Surface Synthesis of Organometallic and Covalent
Nanostructures

3.1 The Surface Ullmann Reaction

In contrast to the wide range of C–C bond formation reactions available in
solution-based organic chemistry, only few reactions suitable for C–C bond for-
mation at solid surfaces have been identified so far. The most prominent example is
the Ullmann reaction between bromo- and iodoarenes on metal surfaces. Originally
performed in solution with solid Cu metal as a reactant [139] and widely used in
organic synthesis [140, 141], this heterogeneous reaction can also be used for C–C
bond formation on well-defined metal surfaces in ultra-high vacuum (UHV) [142].
To date, detailed insight into the mechanism of this surface Ullmann reaction has
been obtained by a combination with spectroscopic and microscopic techniques
[143–147], complemented by theoretical investigations [148, 149].

3.2 Hierarchical Molecular Approach Toward
a Hydrocarbon-Based Two-Dimensional Network

The surface Ullmann reaction has been used for the on-surface synthesis of large
π-conjugated hydrocarbon macrocycles consisting of phenyl rings, i.e.,
cyclo-oliphenylenes. This type of model systems will be discussed here in more
detail for two reasons: First, the naked parent structures of these macrocycles are
only available by on-surface synthesis. Previous solution-based syntheses required
the presence of large solubility enhancing alkyl substituents. As an example, Hensel
and Schlüter reported a hexagonal cyclotetraicosa-phenylene macrocycle contain-
ing 24 phenyl rings and, for enhanced solubility, 12 hexyl side chains [3]. Similar
compromises were necessary for the synthesis of other large, shape-persistent
macrocycles [1]. In addition, even if it was possible to make the parent structures of
these macrocycles in solution, they would be too large for undecomposed vapor
deposition in UHV.

Second, the macrocycles made by on-surface synthesis are suitable for the
fabrication of porous networks with a combined covalent and van der Waals
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linkage. Compared to the conventional all-covalent linkage, this approach has
distinct advantages: As illustrated in Fig. 11, the on-surface synthesis of porous
graphene-like structures requires careful kinetic control of the reaction conditions,
which include the usage of appropriate precursors. In most cases, the reaction still
results in structures with very high defect concentrations. This is rather unfortunate,
because the reactions need to be performed under conditions at which the C–C bond
formation is not reversible (e.g., at moderate temperatures). Otherwise, the ther-
modynamic equilibrium structure will be formed, which is regular graphene.
Considering this fundamental issue, it appears questionable whether the direct
synthesis of two-dimensional hydrocarbon nanostructures is possible at all with this
approach. Therefore, alternative approaches should be developed.

The problem of defect formation and a possible solution are illustrated in
Fig. 12: Molecular precursors that undergo C–C bond formation in two dimensions
form covalent networks, which are usually defect-rich (left). The irreversible nature
of the C–C bond (under the required experimental conditions) makes these defects
permanent. Another hierarchical strategy is shown in the right column of Fig. 12.
The precursors used in this approach can only link in one dimension and form large

Fig. 11 Kinetic versus thermodynamic control on the example of the on-surface synthesis of
(porous) graphene structures. The global minimum of the potential energy surface is usually
graphene, which is formed under conditions where the C–C bond formation is reversible. In
contrast, the porous graphene derivatives represent only local minima of the potential energy
surface. Their synthesis therefore requires kinetic reaction control and suitable precursors. Initially
formed defects cannot be healed by annealing, because this would lead to the formation of
(unwanted) regular graphene
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molecular network subunits (with the formation of oligomer or polymer chains as a
possible side reaction). If these subunits are still sufficiently mobile on the surface,
they can self-assemble to form ordered arrays. Since this process is reversible,
defects can heal and unwanted structural elements (shown in red) are able to
segregate. If necessary, additional covalent linkage of the now well-ordered sub-
units can be achieved in an additional reaction step.

3.3 Formation of Hyperbenzene and Organometallic
Intermediates

An example for the strategy outlined in Sect. 3.2 is the on-surface synthesis of
hyperbenzene C108H72, a hexagonal hydrocarbon macrocycle consisting of 18
phenyl rings, using the surface Ullmann reaction [4]. The reaction proceeds most
likely via an intermediate state with C–Cu–C bonds [145, 150], which are stable at
and well above room temperature.

Fig. 12 Network formation exclusively based on covalent linkage results in defect-rich structures
which cannot be improved by annealing (left). In contrast, the hybrid approach shown in the right
column starts with the on-surface synthesis of mobile molecular subunits, which are mobile and
can form ordered supramolecular structures by reversible self-assembly. “Wrong” structural
elements (red) are expelled from the lattice
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3.3.1 Organometallic Intermediates with C–Cu–C Bonds

Deposition of the bromoarene precursor molecule, 4,4″-dibromo-m-terphenyl
(DMTP), onto Cu(111) at room temperature resulted in the dissociation of the C–Br
bonds (which occurs already below 240 K on this surface [146]) and the subsequent
formation of C–Cu–C bonds between neighboring molecular m-terphenyl
(MTP) fragments [150]. This process led to the formation of organometallic
(MTP-Cu)n zigzag chains (as shown schematically in Fig. 13a) and cyclic
(MTP-Cu)n (n = 6, 8, 14, 16, 18, 22) structures [150]. STM images of these chains
are shown in Fig. 14. Deposition at elevated temperatures (440 K) yielded large
islands consisting of the (MTP-Cu)n zigzgag chains (Fig. 14d) [150]. The chains
have preferential orientations relative to the high-symmetry directions of the
Cu(111) substrate (see Fig. 14a). The lattice constant along the chains is 26.5 Å,
which is larger than the value expected for direct C–C linkage (21.8 Å) and con-
firms that the MTP fragment is linked by Cu atoms (in line with related work, in
which dibromo-p-terphenyl was used [145]). The apparent height in STM varies
along the chains, and the terphenyl units (located at the bends, large maxima in
Fig. 14g) can be distinguished from the C–Cu–C bridges (at the straight parts of the
chain, small maxima in Fig. 14g). Residual Br atoms sit between the chains or form

Fig. 13 Surface-assisted Ullmann coupling reaction of 4,4″-dibromo-m-terphenyl (DMTP) on Cu
(111), resulting in the formation of a organometallic polymers at 300 K and b hyperbenzene
molecules at 550 K. Adapted with permission from Ref. [4], © (2013) John Wiley & Sons

Molecular On-Surface Synthesis: Metal Complexes … 153



Fig. 14 STM study of the reaction of dibromo-m-terphenyl (DMTP) on Cu(111) at 300 K and
formation of organometallic oligomers and polymers with C–Cu–C bonds: a Constant-current
STM image after deposition of DMTP onto Cu(111) at 300 K at low coverage. The islands consist
of chains of the organometallic polymer (MTP-Cu)n, which are oriented at angles of ±5° relative to
the [−110] (and equivalent) directions, as marked with green arrows. b Higher resolution image of
the shaded area in (a) with overlaid molecular model and unit cell. c (MTP-Cu)n polymers at
higher precursor coverage. Inset Magnified view of a cyclic hexamer (MTP-Cu)6 superimposed
with molecular model. d After deposition of DMTP onto Cu(111) held at 440 K, which leads to
larger (MTP-Cu)n islands. e Side view of a structure from periodic DFT calculations, illustrating
the non-planar geometry of the (MTP-Cu)n chains. f DFT-calculated STM image for the tunneling
parameters in (b). g Apparent height profile along the blue zigzag line in (b) from left to right.
Adapted with permission from Ref. [4], © (2013) John Wiley & Sons
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separate islands with a (√3 × √3)R30° structure and a hexagonal unit cell [151]. The
C–Cu bond was found to be remarkably stable, requiring temperatures above 440 K
for the release of the Cu atom and formation of the C–C bond [4, 147, 150, 151].

Fig. 15 Hyperbenzene: a Overview constant-current STM image obtained at 300 K after
deposition of 4,4″-dibromo-m-terphenyl (DMTP) onto Cu(111) held at 550 K. The resulting
hexagonal rings (hyperbenzene) show a preferential orientation relative to the high-symmetry
directions of the substrate. b Magnified view of a small section with oligophenylene chains.
c Magnified view of a hyperbenzene island with several defects and inclusions in the central
cavities. Molecular models and a unit cell are overlaid. d DFT-calculated STM images with
overlaid model of the relaxed computed structure. e Apparent height profile along the perimeter of
a hyperbenzene molecule, as marked by the blue hexagon in the inset. Note that the height axis is
identical to that in Fig. 14g for direct comparison. Adapted with permission from Ref. [4], ©
(2013) John Wiley & Sons
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3.3.2 On-Surface Synthesis of Hyperbenzene Molecules

Hyperbenzene was synthesized according to the scheme in Fig. 13b by deposition
of DMTP onto a hot Cu(111) surface at 550 K [4]. Besides hyperbenzene, which
was found to account for *70 % of the reaction products, oligophenylene chains
(13 %) and other oligophenylene structures (17 %) were observed as side products
(Fig. 15) [4]. Synthesis by heating the organometallic precursor phase from 300 K
to temperatures above 500 K also induced the formation of C–C bonds, but the
yield of well-defined products (and especially hyperbenzene) was considerably
lower, most likely because the islands of the organometallic (MTP-Cu)n chains (as
can be seen in Fig. 14d) are too dense for the formation of hyperbenzene.

In line with the scheme in Fig. 12 (right column), the hyperbenzene molecules
self-assemble to form a hexagonal lattice with the unit cell dimensions displayed in
Fig. 15c. Products with other structures (such as chain fragments) are not embedded
in the hyperbenzene islands, but segregate to the periphery (Fig. 15a).

The distance between the edges of two adjacent hyperbenzene molecules of
9.3 Å is almost identical to the distance between the coordination polymer chains in
Fig. 14, indicating that the assembly is mainly driven by van der Waals interactions
and that there are no C–C bonds between the rings. The variation of the apparent
height along the ring is small compared to the case of the coordination oligomers
(compare the height profile in Fig. 15e with Fig. 14g).

4 Summary

In this chapter, it has been shown that structurally complex molecular coordination
compounds, organometallic compounds, and conjugated hydrocarbons can be
synthesized on metal surfaces from suitable molecular precursors. Some of the
reactions proceed with high yields and lead to by-products that desorb under the
reaction conditions, while in other cases the synthesis is hamped by formation of
multiple products, which remain adsorbed. Two examples have been discussed in
more detail.

Adsorbed porphyrins, corroles, and phthalocyanines react with coadsorbed metal
atoms such as Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ru, and Ce, resulting in the
formation of the respective metal complexes. In the course of this reaction, por-
phyrins and phthalocyanines oxidize metal atoms to their +II ions, while corroles
cause oxidation to the +III ions. The metal atoms can be provided by the substrate,
vapor deposited before or after the deposition of the molecules, or delivered as
carbonyls. The reaction follows a two-step mechanism, which starts with the initial
coordination of the neutral metal atom by the intact freebase macrocyle, and
includes two hydrogen transfer steps and is completed by with the release of H2

from the oxidized metal center. The activation barriers vary strongly with the type
of the metal center. Participation of the surface in the reaction has been observed in
some cases. In the resulting metal complexes, one of the two axial coordination
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sites at the metal center points away from the surface and can bind one or more
additional ligands, which can affect the electronic and magnetic properties of the
metal center. Multilayers can be metalated in the same way by the deposition of
metals onto the organic phase.

The surface Ullmann reaction can be employed for the on-surface synthesis of
large organic molecules, as has been shown on the example of hyperbenzene, a
hexagonal macrocycle consisting of 18 phenyl rings, formed at a Cu(111) surface
by covalent linking of six meta-terphenyl fragments. The macrocycles undergo
self-assembly to form a honeycomb network. Extension to other and larger
macrocycles as well as functionalized species appears feasible. Subsequent covalent
linking of the honeycomb network could provide a possible way to well-ordered
covalent networks with large pores.
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