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T
he formation of a broad mix of multi-
componentmacromolecules, compris-
ing combinations of simple molecular

building blocks, is a key step in generating
complexity, diversity and advanced func-
tionality in synthetic materials. In the fields
of systems biology and systems chemistry,
attaining compositional and topological di-
versity of macromolecules is fundamental
for realizing complex functions.1 Similarly,
introducing macromolecular complexity
and diversity directly at a surface is a major
research challenge in molecular electronics,
biomedical devices, sensors, energy harnes-
sing and catalysis.2�4 An important route
to achieve this is via covalent heterocou-
pling of organic building blocks directly on
a surface to give multicomponent macro-
molecules. Recently, “on-surface” synthesis
with prefunctionalized molecules has led to
specific one- and two-component products

with remarkable efficiency.5�19 While certain
specific reactions are known to proceed
smoothly on surfaces,20,21 the discovery of
universal connection strategies that are
applicable to a wide range of molecules is
appealing. Furthermore, a fundamental bar-
rier to bottom-up “on-surface” synthesis
of molecular devices is that the macromo-
lecular architectures required to deliver ad-
vanced functions are largely unknown. It
may, therefore, be timely to switch to sce-
narios reminiscent of synthetic biology
and systems chemistry1 whereby versatile
and highly parallel on-surface coupling of
many differentmolecules yields diverse and
complex macromolecules. Each discrete oli-
gomolecular species synthesized at the sur-
face would be defined by its components,
the nature of the bonds that link them and
their resulting spatial arrangements. Each
would represent a different functionality,
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ABSTRACT The heterocoupling of organic building blocks to give complex

multicomponent macromolecules directly at a surface holds the key to creating

advanced molecular devices. While “on-surface” synthesis with prefunctionalized

molecules has recently led to specific one- and two- component products, a central

challenge is to discover universal connection strategies that are applicable to a

wide range of molecules. Here, we show that direct activation of C�H bonds

intrinsic to π-functional molecules is a highly generic route for connecting

different building blocks on a copper surface. Scanning tunneling microscopy (STM) reveals that covalent π-functional macromolecular heterostructures,

displaying diverse compositions, structures and topologies, are created with ease from seven distinct building blocks (including porphyrins, pentacene and

perylene). By exploiting differences in C�H bond reactivity in the deposition and heating protocols we also demonstrate controlled synthesis of specific

products, such as block copolymers. Further, the symmetry and geometry of the molecules and the surface also play a critical role in determining the

outcome of the covalent bond forming reactions. Our “pick-mix-and-link” strategy opens up the capability to generate libraries of multivariate

macromolecules directly at a surface, which in conjunction with nanoscale probing techniques could accelerate the discovery of functional interfaces.

KEYWORDS: covalent assembly . on-surface synthesis . porphyrins . pentacene . perylene . surface chemistry . C�H bond activation
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which can eventually be assayed for function by sur-
face nanoscale probing techniques and, thus, could
accelerate the discovery of functional interfaces and
molecular materials, in an analogous way to combina-
torial strategies for drug and materials discovery.22�24

Multivariate heterostructures could, in principle, be
generated at surfaces using specifically prefunctiona-
lized molecules; however, this can require significant
synthetic effort to create the requisitemolecular building
blocks. We, therefore, have pursued an alternative route
by exploiting surface reactivity to directly activate C�H
bonds that are ubiquitous in organic building blocks.
Thus, we have previously linked porphyrins together at
the Cu(110) surface via C�H scission followed by either
direct C�C25 or C�metal�C bond26,27 formation. During
these processes, metalation of the porphyrin can also
occur, in itself an interesting process.25�29 Here, we
establish the wider generality of using the C�H group
as an effective synthon and show that the direct activa-
tion of C�H bonds intrinsic to organic molecules is a
highly generic route for connecting many organic com-
ponents on a copper surface (Figure 1). Implementation
of this general approach to multicomponent systems is
nontrivial because the relative rates of reactions and
bond formation of the different components may not
enable cross-coupling to take place. The development
of this new surface chemistry has direct parallels in
the related contemporary challenges of C�H bond
activation30 and carbon metathesis31 for chemical syn-
thesis and heterogeneous catalysis.
The functional units used here, namely, pentacene,

perylene, and different porphyrins (Figure 1), are suc-
cessfully employed in molecular electronics and

organic semiconductors.32 Further, oligomers of
porphyrins, perylenes and pentacene are attracting inter-
est for their potential in molecular wires, organic semi-
conductors, light harvesting and catalytic applications.32

The components we have chosen have different sizes,
symmetries and geometries, allowing easy identification
by scanning tunneling microscopy (STM) so that the
molecular constitution of each covalently linked hetero-
structure can be mapped together with the regioselec-
tivity of the reaction that produces it. These molecular
building blocks also possess different types of C�H
bonds: pentacene and perylene possess sp2 hybridized
carbon atoms only, while porphyrins can have porphy-
rinyl, phenyl or methyl moieties, with sp2 and sp3 hybri-
dized carbon atoms. We show that each component can
react in a number of different ways, and combinations of
components lead to the highly varied topologies and
π-functionalmacromolecularheterostructures shownsche-
matically in Figure 1. Someof these structures are familiar
from polymer syntheses, such as the branched ladder,
or the rod�coil, but other combinations such as the
“capped ladder” and the “key” are quite unique outputs
of selective surface chemistry and represent new classes
of macromolecular entities that have no counterpart in
homogeneous organic synthesis. By exploiting differ-
ences in C�H bond reactivity in the deposition and
heating protocols we also demonstrate controlled syn-
thesis of specific products such as block polymers,
visually similar to a “guitar fret”, Figure 1.

RESULTS AND DISCUSSION

1D Oriented Random and Block Copolymers of Porphyrins.
Porphyrins are a functional unit that can be used for

Figure 1. General overview of individual molecular building blocks and some of the hetero-organic macromolecules created
using generic C�H bond activation at a Cu(110) surface. (A) Schematic showing general covalent coupling of organic
components at a metal surface via C�H activation and formation of C�C and C�Metal�C organometallic bonds. (B)
Molecules used in this study: H2-porphyrin (1), Zn(II)diphenylporphyrin (2), pentacene (3), tetramesitylporphyrin (4), and
perylene (5), with their associated chemical structures and the simplified schematic representations, which are used to
illustrate the range of complex macromolecules formed. Lower part shows examples of individual covalent heterostructures
formed on the Cu(110) surface that are observed in this study: capped ladder, key, guitar fret, branched ladder and rod�coil.
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applications ranging from catalysis, oxygen-transport,
charge transport to data storage. Oligomers of porphy-
rins are attracting interest asmolecular wires and for light
harvesting applications32 and there is considerable inter-
est in coupling different types of porphyrins together in
order to increase both tuneability and range of function.
As a first step toward creating such systems at a surface,
we investigated the creation of porphyrin copolymers on
Cu(110) using monomers of 2H-porphyrin (1) and Zn(II)-
diphenylporphyrin (2), Figure 2.

In order to understand this copolymer system, it is
useful to first draw comparison with the homopolymer
systems. We have established previously, via detailed
STM and periodic DFT calculations, that that each
component alone can homocouple to generate 1D
organocopper homopolymers26 via edge-to-edge
porphyrin�Cu�porphyrin connections where cleav-
age of the sp2 C�H bond occurs at the 3, 5, and 7
positions and leads to formation of one, two or three
C�Cu�C bonds, Figure 3. During the heating process,
metalation of the 2H-porphyrin (1) also takes place,26

in which N�H bonds are broken and Cu inserted into
the center of the porphyrin ring. Further, we have
previously shown that both homopolymers of 1 and
2 grow preferentially along the [001] surface direction,
as a result of the geometry-match of the macromole-
cule with the underlying surface,27 as depicted in

Figure 3A. Figure 3A(i) summarizes the calculated
structure of the oriented homopolymer of 1, its registry
and preferential orientation with the underlying surface,
and the C�Cu�C organometallic connections that drive
this assembly, as deduced from our previous experi-
mental STM, periodic DFT and simulated STM data.26,27

Calculated structures for both the two Cu- and three Cu-
connected homopolymers are shown, Figure 3A and B,
along with simulated STM data and experimental data
obtained on this system. There is excellent agreement
between the simulated and experimental STMdata, with
both demonstrating that individual porphyrin 1 units
can be identified by STM, along with the connecting Cu
atoms, which give rise to signature bright spots - each
spot corresponds to one inserted Cu atom, Figure 3A,B.
Specifically, the 10.8Ådistancebetweenporphyrin cores
is consistent with the calculated distance between
porphyrin 1 components connected via organometallic
C�Cu�C bonds. In this structure, the C�Cu�C bonds
are stabilized by the close commensurability with the
underlying surface that provides a goodmatch between
the monomer�monomer distance and the organome-
tallic linkage, while also accommodating the connecting
Cu atom at energetically favored 4-fold hollow sites
between the close-packed rows.26,27

Here, we create a co-oligomer by coadsorbing
porphyrins 1 and 2 on the Cu(110) surface at room

Figure 2. The creation of diverse covalently bonded linear oligomers via reaction of H2-porphyrin (1) with Zn(II)-
diphenylporphyrin (2) on Cu(110). (A) STM images obtained after both 1 and 2 are coadsorbed at 300 K and heated to
650 K. (i) Large area image showing a range of products: 335 � 270 Å2, It = 0.15 nA, Vt = �1.27 V; (ii) detail of a random
copolymer: 100� 190Å2, It=0.13 nA,Vt=�1.68 V; (iii) high resolution STM image of a copolymer chain showing the Cu atoms
forming organometallic linkages: 35 � 70 Å2, It = 0.17 nA, Vt = �0.83 V. (B) STM images obtained following a sequential
reaction protocol, in which (1) was dosed first, reacted at 650 K to form chains, followed by adsorption of (2) and heating
to 560 K. (i) Large area image, 300� 300 Å2, It = 0.07 nA, Vt =�1.1 V; (ii) “guitar-fret” block copolymer structure, 65� 170 Å2,
It= 0.14 nA,Vt =�0.57 V; (iii) multiply cappedblock polymer structure 90� 265Å2, It= 0.15 nA,Vt =�0.45 V; (iv) singly capped
polymer structure, 40 � 85 Å2, It = 0.06 nA, Vt = �1.10 V.
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temperature and then heating to 650 K. STM images
(Figure 2A) show that the two components indeed link
together to form unidirectional linear co-oligomers.
Individual monomers within each surface-synthesized
oligomer can be resolved by STM, with 1 producing
square images with straight edges, while 2 displays the
phenyl groups, giving a serrated appearance along the
polymer length. Figure 2A(i,ii) show that for the code-
posited system, the monomer components 1 and 2
appear to be incorporated into the macromolecules in
a randomway, characteristic of the result expected in a
bulk polymerization. Thus, awide variety of random co-
oligomers (Figure 2A(i,ii)) are produced. High resolu-
tion STM images, Figure 2A(iii), confirm that the organo-
metallic linkage is also employed in the copolymer,
with the connecting metal atoms clearly imaged as
bright spots, and the individual units separated by the
expected distance26 of 10.8 Å (Figures 2, 3), as dis-
cussed above. The defined orientation of the copoly-
mers shown in Figure 2 is in keeping with the behavior
previously observed for the homopolymer of 1,26,27,33

and arises because the identical molecular cores of the
copolymer and the resulting C�Cu�C linkages are

subject to the same commensurability with the under-
lying surface, and drive copolymer synthesis along the
[001] direction. This specific coupling direction means
that lateral positions of the macrocycle aligned along
the [110] directions remain available to locate other
functional groups, thus allowing compositional varia-
tion to be introduced.

The “mix-and-heat” experiment above generates an
enormous diversity of random copolymers. However,
the reaction output can be controlled by exploiting
differences in the C�H group reactivity of the two
components. Specifically, Zn(II)-diphenylporphyrin 2
reacts at amuch lower temperature of 560 K compared
to 650 K for porphyrin 1. Thus, the sequence of connec-
tivity can be tailored to predispose the system toward
block copolymer creation, in which a section derived
from one porphyrin is followed by a section composed
of the other. Hence, porphyrin 1 was first adsorbed
at the surface and heated to 650 K to link the like
components together. This was followed by adsorp-
tion of 2 and heating to the lower temperature of
560 K, where only 2�2 or 2�1 porphyrin connections
can be made, while 1�1 are inaccessible. This altered

Figure 3. The nature of the Cu�porphyrin chain formed at the surface with 2 and 3 Cu adatom connection. (A) (i) Computed
geometric structure of the Cu�porphyrin chain with a 2 Cu atom connection presenting top- and side-views showing the
length scale and the bending of the porphyrin macrocycle toward the two connecting Cu atoms; (ii) simulated STM images
(4.36 nm � 1.54 nm, Vtip = �0.1 V) and (iii) experimental STM image 4.45 nm � 1.4 nm (Vt = þ0.4 V, It = 0.42 nA) showing
submolecular detail of a 2 Cu atom coupled Cu�porphyrin nanowire. (B) (i) Simulated STM images (4.36 nm � 1.54 nm,
Vtip = �0.1 V) of a Cu�porphyrin nanowire with a 3 Cu atom connection. (ii) Experimental STM image 4.60 nm � 1.4 nm
(Vt = �0.76 V, It = 0.19 nA) showing submolecular detail of a Cu�porphyrin nanowire with predominantly 3 Cu atom
connections and one 2 Cu atom connection. (iii) Schematic representation identifying each connection. Two images to the
right of the STM data are calculated electron density differences for the 2 and 3 Cu atom connections, respectively, indicating
the bonding mechanisms for the C�Cu�C connection and the Cu�porphyrin�substrate interaction. The electron density
difference is taken between the adsorbed system and the bare surface. Red and blue correspond to electron accumulation
and depletion, respectively. Note that the connecting Cu atoms are partially transparent for clarity.
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synthesis protocol produces a different distribution of
heterostructures in which “guitar fret” block copoly-
mers and capped structures are favored, Figure 2B(ii)
and Figure 2B(iii,iv), respectively. In the former, blocks
containing a series of porphyrin 1 monomers coupled
together are followed by a discrete section of porphy-
rin 2monomers. For the capped structures, rods com-
posed only of porphyrin 1 are capped at the end by a
single monomer of porphyrin 2, with capping ob-
served either at one end (single-capped structures)
or at both ends (double-capped structures). Again,
the STM images allow the spatial distributions of the
two components to be mapped within each block
copolymer, with the organometallic linkage evidenced
by the signature intercomponent distance of 10.8 Å,
Figure 2B. Thus, the inherent difference in C�H bond
reactivity for the two different molecules opens up a
route to selective block copolymer growth without
recourse to synthesizing specifically functionalized
precursors. In 3D, block copolymers are known to
possess different properties compared to random
copolymers; thus, the ability to construct block co-
polymer sequences at surfaces is of potential value.
Here, we have shown that depending on the order of
deposition and heating, either random or block co-
polymers incorporating both 1 and 2 monomers are
producedwith a highly defined orientationwith respect
to the surface. Such linear co-oligomers of porphyrins
are unique.

Connecting Arenes. Next, we investigated the behav-
ior of pentacene (3) to establish whether C�H acti-
vated coupling could be extended to π-functional
hydrocarbons. Pentacene based dimers and oligomers
are recently attracting interest for organic semiconductor

and photoconductive applications,34 and it is of inter-
est to explore whether this molecule can be directly
coupled together at a surface. The pentacenemolecule
was first deposited at submonolayer coverage onto
Cu(110) at 300 K and then heated to 600 K. Prior to the
heating treatment, pentacene diffuses rapidly on the
surface and is difficult to image at 300 K (Supporting
Information, Figure S1), as has also been reported
previously.35 DFT calculations show that pentacene
on Cu(110) has a strong preference for adsorbing with
its molecular long axis aligned along the [110] surface
direction, and centered over the hollow trough be-
tween the close-packed rows.36

Following heating to 600 K, our STM images show
the formation of discrete dimer sandwich structures,
which are now immobile and can be imaged clearly,
showing two pentacene molecules joined side-by-side
lengthwise and parallel with each other, Figure 4.
Notably, discrete bright spots are imaged in between
the molecules, Figure 4A(i). This behavior is very dif-
ferent to anything observed at lower temperatures. For
example, even when a densely packed periodic penta-
cene overlayer is created on Cu(110) at 300 K,35 the
pentacenes are only imaged as individual molecules;
neither the bright features between adjacent mol-
ecules nor the formation of discrete dimer structures
is observed. The bright spots imaged in between the
molecules are a strong indicator of C�Cu�C connec-
tions, with up to five Cu atoms incorporated to create
the dimer sandwich, Figure 4A. To assess the creation
of organometallic dimer sandwiches, density functional
calculations were undertaken for gas phase copper-
bridged pentacene dimers, which show that the addi-
tion of each Cu atom to create the organometallic C�Cu

Figure 4. The creation of pentacene sandwich structures on Cu(110). (A) STM images showing dimer formation, obtained
after pentacene (3) adsorbed at 300 K and heated to 600 K. (i,ii) images showing dimers with different number of reacted
Cu atoms: (i) 50 � 40 Å2, It = 0.21 nA, Vt = �0.04 V; (ii) selected pentacene dimer showing 4-Cu atom sandwich structure,
It = 0.21 nA, Vt = �0.04 V. (B) Theoretical calculations (i) showing optimized geometry of 5-Cu atom pentance sandwich
structure on Cu(110). (ii) Theoretically calculated STM image of 5-Cu atom pentacene sandwich structure, Vt = �1.1 V; (iii)
experimental STM of 5-Cu atom pentacene sandwich, It = 0.19 nA, Vt = �0.034 V. (C) Experimental STM images of multiple
pentacenemolecules connected by Cu atoms. (i) 40� 60 Å2, It = 0.21 nA, Vt =�0.04 V; (ii) 40� 20 Å2, It = 0.21 nA, Vt =�0.04 V.
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bond corresponds to a gain of approximately 0.5 eV
(Supporting Information, Figure S2). The 5-Cu bonded
dimer sandwich yields an energy gain of over 3 eV
associated with the breaking of all five C�H bonds
along the length of the pentacene molecule and
formation of five C�Cu�C linkages (Supporting Infor-
mation, Figure S2(ii)). The five connecting Cu atoms in
the gas phase dimer are held 2.44 Å apart, which
closely matches the Cu�Cu distance (2.5 Å) in the
[110] surface direction; this would enable their easy
accommodation on the surface as a local “added row”
structure.26,27 This situation would orientate the pen-
tacene long-axis parallel to the Cu(110) rows, which
agrees with our STM observation, Figure 4A.

To investigate this further, the adsorption of the
five Cu-connected pentacene dimer adsorbed on the
Cu(110) surface was studied using plane-wave DFT
calculations. DFT calculations confirm that the two
coupled pentacene molecules each adsorb at their
preferred site positioned between the surface rows36

with their molecular long axes aligned with the [110]
surface direction. Further, the dimensions of the con-
necting C�Cu�C organometallic bonds matches the
monomer�monomer distance very well, and also
positions the connecting Cu atoms at their preferred
4-fold hollow sites, which begin to form an additional
close packed row, as shown in Figure 4B(i). Our calcula-
tions show that the distance between the adjacent
connecting Cu atoms increases upon adsorption, from
a value of 2.44 Å in gas-phase to 2.54 Å, which is very
similar to the distance between bulk close packed Cu
atoms, 2.55 Å. The nearest neighbor distance between
the connecting Cu atoms and the underlying substrate
Cu is slightly greater than that of bulk Cu, 2.74 Å, due to
interaction between the adsorbed pentacenes and the
connecting Cu atoms.

The electronic structure from the plane-wave DFT
calculations was used to generate STM simulations
under the Tersoff�Hamann approximation, and the
result is shown in Figure 4B(ii). There is excellent agree-
mentwith theexperimentalSTMfingerprint, Figure4B(iii),
with all the main features reproduced; namely: the
connecting Cu atoms are imaged as 5 bright spots, the
five lobes corresponding to each pentacene molecule
are imaged, and the ends of the pentacene struc-
ture appear brighter than the center. This close agree-
ment between theoretical and experimental results
indicates that the pentacene molecules can be coupled
at the surface via organometallic C�Cu�C bonding.
Experimental STM data show that dimer coupling can
also occur by incorporation of fewer than five Cu atoms,
with examples of two, three and four Cu atom dimers
imaged in Figure 4A(i,ii).

Multiple sandwich structures can also be created
where three or more pentacene molecules are linked
together. Figure 4C shows STM images of such struc-
tures, where a number of pentacenes are linked

together with a variable number of C�Cu�C linkages,
with each incorporated Cu atom producing a discrete
bright protrusion. The calculated gas phase 3-pentacene
sandwich (Supporting Information, Figure S2), shows that
there is an energy gain of�5.94 eV for a 3 pentacene-10
Cu trimer.

Connecting Dissimilar Molecules: Arenes Plus Porphyrins.
Connecting different π-functional molecules to form
macromolecules with areas of relative electron accept-
ing and electron donating character is an important
goal in molecular electronics and light harvesting
technology. Recently, covalently coupled porphyrin�
pentacene systems have been synthesized in solution
phase for photovoltaic applications.34 We, therefore,
investigated whether two very different molecules
such as porphyrin 1 and pentacene could be coupled
directly at a surface. 2H-porphyrin 1 and pentacene
were coadsorbed on the Cu(110) surface and reacted
together by heating to 650 K under low coverage
(<0.25 monolayer) conditions. Figure 5A shows that a
diversity of macromolecules is formed, with both like�
like coupling and like�unlike coupling taking place.
Thus, independent pentacene dimers are observed to
coexist alongside pentacene-porphyrin 1 entities on
the surface. This observation suggests that, in this kind
of complexmulticomponent system, the local stoichio-
metry of the combining molecules will influence the
outcome of the coupling on the surface. Thus, differing
local concentrations will lead to different macromolec-
ular compositions, as has also been noted for other
surface coupling systems.37,38 In addition to the homo-
coupling products such as homopolymers of 1 and
dimer pentacene sandwiches, heterocoupling also oc-
curs whereby pentacene monomers and dimers are
connected to porphyrin 1. The organometallic bond-
ing between pentacene and porphyrins is again char-
acterized by the interconnecting Cu atoms imaging
bright. This is exemplified in Figure 5B(i) where half-
capped porphyrins show an unconnected porphyrin
end (with no bright Cu atoms) and the pentacene
capped end with bright Cu atoms imaged in between.
In Figure 5A, the area marked X shows a homocoupled
pentacene dimer alongside a heterocoupled penta-
cene capped porphyrin chain; the similarity in connec-
tion between the two types of species is evident.
Figure 5B(ii) shows higher resolution STM data of
half-capped and doubly capped porphyrins, which
reveal each individual building block and the con-
necting Cu atoms. Schematics of the heterostructures
formed are shown underneath. STM imaging of high-
er protrusion features between connected molecules
is a signature feature of metal coordination, and
has been reported extensively in the literature of
metal-coordination systems formed at surfaces39�41

and on-surface synthesized Cu�C�Cu organometal-
lic systems.26,27,42 This observation is supported by
our DFT modeling and STM simulations, as described
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for the porphyrin and pentacene systems in the pre-
ceding sections.

Themixed porphyrin 1�pentacene systemdisplays
modular construction behavior in which dimer and
monomer pentacene modules bind to the 1D por-
phyrin organometallic chains, Figure 5A. Intermodule
connections were observed at three positions. First,
pentacene monomer and dimer attachment at the
porphyrin chain ends occurs to give capped ladder
topologies, Figure 5A,B. Second, pentacene can be
incorporated in the middle of an oligoporphyrin chain
to produce random copolymers, which can have linear
or kinked topologies depending on the juxtaposition
of the porphyrin chains connected either side of a
pentacene connector, Figure 5A,C. For both the
capped and inserted configurations, there is a good
geometrical fit between porphyrin 1 and pentacene at
the surface, with up to three linker Cu atoms able to be
accommodated in their preferred “added row” posi-
tions. This geometrical aspect could foreseeably be
used to couple other aromatic structures to the por-
phyrin and pentacene units in this setting. The unique
structures formed here also demonstrate how other
related systems incorporating analogous π-functional
units might be accessible. Third, the pentacene ends
can also attach at the side of the oligoporphyrin long
edge to produce key topologies, Figure 5A (marked y),

forged by organometallic connections. This coupling
arrangement is similar to that formed when oligomers
of porphyrin 1 attach side-on to give nanoribbons,26,27

as exemplified in Figure 5A (marked z) where an
individual porphyrin is coupled side-on to a porphyrin
1 oligomer. It would appear that pentacene can also
access a similar bonding configuration, with gas phase
DFT calculations showing that C�Hbond breaking and
copper insertion at the ends of the pentacene mole-
cule is also energetically favorable, (Supporting Infor-
mation, Figure S2). However, as Hanke et al.27 have
demonstrated, the porphyrin side-to-side attachment
is stressed due to the poorer geometric fit of the
molecular components and the linking Cu atoms with
the underlying surface; this leads to preferential co-
valent coupling at chain ends to propagate 1D rods as
opposed to sideways coupling to produce nano-
ribbons. Similarly, the fit for the pentacene�Cu�
porphyrin coupled nanostructure with respect to the
underlying surface is poorer in the side-on arrange-
ments, and is observed less often than the capped and
inserted configurations. Finally, at high coverages,
complex networks form in which pentacene trimers,
dimers andmonomers are coupledwithporphyrinmono-
mers and oligomers via Cu atoms, enabling connectivity
along many different directions (Supporting Information,
Figure S3).

Figure 5. The creation of macromolecules by reaction of porphyrin and pentacene on Cu(110). STM images and selected
schematics of macromolecular structures. (A) STM image showing macromolecule formation after porphyrin (1) and
pentacene (3) are coadsorbed at 300 K and heated to 650 K: 150 � 150 Å, It = 1.35 nA, Vt = 0.478 V. (B) Selection of re-
acted porphyrin�Cu�pentacene structures showing pentacene capping at one or both ends of porphyrin. (i) Left to right:
It = 0.62 nA, Vt = �0.028 V; It = 0.62 nA, Vt = �0.028; It = 1.35 nA, Vt = 0.478 V. (ii) High resolution images showing details
of porphyrin�Cu�pentacene bonding, all three images measured at It = 0.19 nA, Vt = �0.01 V. (C) STM images showing
pentacene sandwiched between porphyrin chains, (i) 90� 35 Å, It = 0.62 nA, Vt = 0.028 V. (ii) High resolution image showing
three Cu atoms on each side of pentacene; It = 0.21 nA, Vt =�0.01 V. (iii) Image showing two pentacenes sandwiched between
porphyrins; 55 x20 Å, It = 0.52 nA, Vt = 0.078 V.
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Three Component Heterostructures. The C�H syn-
thon is ubiquitous and its surface activation to promote
C�H bond breaking and, subsequently, drive intermo-
lecular couplings provides the opportunity to connect
many different molecular building blocks together.
We demonstrate this capability by generating three-
component heterostructures that exploit the different
connectivity preferences of themolecular components
used up to this point. The reaction of porphyrins 1 and
2 was first coupled sequentially to give 1-D block
copolymer chains, and subsequent reaction of penta-
cene 3 leads to its attachment at the end or the side of
the chain, to give capped and key structures, andmore
complex interchain connections, Figure 6. The detail of
a three-component key is shown in Figure 6B, with
pentacene attached to the side of porphyrin 1 compo-
nents in the mixed chain and capping porphyrin 2 at
the chain end. As for the pentacene þ porphyrin 1
systems, the intermolecular connections are organo-
metallic, with the connecting Cu atoms imaging bright,
Figure 6. Importantly, our 3-component system gen-
erates a diversity of three component macromolecular
structures that are at present inaccessible by any other
solution-based protocol. Furthermore, this provides
proof-of-principle that, theoretically, there is no upper

limit to how many different components can be
coupled at a surface using our generic method.

Creating Further Complex Bicomponent Topologies.

We further extended our repertoire of connections
by connecting different topologies (rods, branched
networks, coils) together. Porphyrin 1 is an excellent
rod-former, Figure 2, and our aim was to link these
C�Cu�C coupled rods to branches and coils created
by other molecular building blocks.

Branched connectivity is provided by tetramesityl-
porphyrin (4) where we have previously shown25 that
surface activation of the methyl group at the para

position of the benzene with respect to the porphyrin
generates a CH2

• radical group that homocouples the
porphyrins via C�C covalent links. Since the mole-
cule adopts a specific adsorption geometry at the
surface, the 4-methyl groups and, thus, the C�C links
are directed along specific diagonal directions. A
monomer of porphyrin 4 can couple to another mono-
mer at any of its four corners, naturally leading to
branched topologies. The average core-to-core dis-
tance between homocoupled tetramesitylporphyrin
(4) molecules is about 18.8 Å, and agrees with the
19 Å distance calculated if an ethylene (CH2�CH2)
linkage is made.25 Thus, four C�C connections can

Figure 6. Three-component heterostructures formedby sequential reactions of H2-porphyrin (1), Zn(II)diphenylporphyrin (2)
and pentacene (3). (A) Large area STM image (150� 160Å2, It=0.57 nA,Vt=þ0.34V) obtained following a sequential reaction
protocol, inwhich (1) was dosed first and reacted at 650 K to form chains, followedby adsorption of (2) and heating to 650 K to
make copolymers, followed by adsorption of (3) and heating to 650 K. Complex three-componentmacromolecular structures
are observed, with bright protrusions between components revealing organometallic linkages via coupling Cu atoms.
(B) Schematic and STM image of a 3-component key structure: 53 � 90 Å2, It = 0.38 nA, Vt = þ0.35 V.
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potentially be forgedby4, at eachmesityl group, leading
to branched covalent nanostructures, Figure 7A. In this
geometry, the distance between the monomers is short
enough to enable a C�C bond at the diagonal position
to be formed with both porphyrin 4 entities continuing
to occupy their preferred adsorption sites. The organo-
metallic link is not formed in this case, presumably,
because the positioning of the monomers is not con-
ducive for stabilizing the C�Cu�C bond, either in terms
of the bridging distance or the positioning of the con-
necting Cu atom at a suitable surface site.

In order to create combined rod-branch topologies,
porphyrins 1 and 4 are reacted by codeposition at
room temperature and heating to 605 K. Figure 7B
shows that a range of complex bicomponent struc-
tures are generated in which 1 is connected to the
corners of 4. For example, when a building block of 4
reacts with two units of 1, a two-leaf clover structure is
generated, as seen in Figure 7B(ii). Similarly, three-leaf
and four-leaf clover structures can also be created.
Modular connectivity is also observed when rod and
branched topologies further link together to give
windmills (W), trees (T) and branched ladders (BL), as
seen in Figure 7B(i,iii). The creation of branched-ladder
(BL) macromolecules, where chains of 1 grow away
from different methyl groups of 4, indicate that 4 is a

suitable linker for the rod structures. In contrast to the
examples described previously, it is difficult to identify
the exact nature of the bond between these two
molecular components from STM data. However, the
geometry and dimensions of the resulting structures
indicate a covalent C�C linkage resulting from the
reaction of the mesityl methylene group of 4 and a
pyrrole ring of 1. This would position 1 at the corners of
4, as seen in Figure 7B. Further, the center-to-center
distance measured between connected porphyrin
cores of 1 and 4 ranges from 13.0 to 14.9 Å (with an
average of 14.0 Å). When the uncoupled molecules
are positioned in their preferred adsorption sites in a
geometry closest to the observed one, the core-to-core
distance of 15.8 Å is considerably longer than the
measured distances. Any organometallic link would
result in a longer porphyrin center-to-center distance
of the order of 17 Å and, therefore, can be ruled out.

The rod-branched topology formed by the reaction
of porphyrin 1 and porphyrin 4 was not observed in
any of the other coupling reactions observed in this
paper, and shows how specific chemical reactivity can
lead to novel structures that are comparable to
branched polymers formed in solution. The difference
with solution chemistry is the novel coupling route and
the fact that both the branching points and the linear

Figure 7. The creation of diverse C�C covalently bonded oligomers via reaction of porphyrins on Cu(110) via homo-
and hetrocoupling. (A) (i) STM image after tetramesitylporphyrin (TMP) heated to 575 K on Cu(110): 275� 150 Å2, It = 0.18 nA,
Vt = �0.32 V. Measured in our previous work, ref 25. (ii) Chemical structure showing covalent bonding between TMP
molecules. (B) Creation of rod�branch macromolecules by initially reacting H2-porphyrin (1) to 615 K to form chains and
subsequently dosing TMP (4) and heating to 595 K. (i) Large area STM image 300 � 324 Å2, It = 0.18 nA, Vt = �1.28 V. (ii)
Selectedmacromolecule showing single TMP (4) covalently bonded to twoH2-porphyrin (1)molecules: It=0.24nA,Vt=�0.78V.
(iii) Small area STM showing a windmill structure: 42 � 76 Å2, It = 0.18 nA, Vt = �1.28 V.
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sections of the copolymer are oriented along specific
substrate symmetry axes. This feature is once again
the result of the geometric match between the surface
and the chemical structure of the product. In addition,
the resulting surface-based rod-branched macromole-
cules contain both organometallic bonds (between
homocoupled units of 1) and covalent carbon�carbon
bonds (between homocoupled units of 4 and between
heterocoupled units of 4 and 1) in the same structure,
highlighting the specificity of the linking reactions.

We also investigated coupling between porphy-
rin 1 and perylene in order to investigate whether
other types of topologies can be coupled at a surface.
Porphyrin�perylene dimers and oligomers are also of
interest for dye-sensitized solar cells, where the addi-
tion of the perylene increases efficiency of light har-
vesting in spectral regions that are inaccessible by the
porphyrin.43 In contrast to all the systems described
above, a very different topology is created when
perylene (5) is homocoupled on the surface by deposi-
tion of a submonolayer on the Cu(110) surface at room
temperature and subsequent heating. Perylene ad-
sorption on Cu(110) at 300 K and gently annealing to
370 K leads to organized overlayer phases, with the

molecules imaging as discrete entities in the STM data,
Figure 8A(i), in accordance with previously published
STM data of this system.44 Distinctive submolecular
features are associated with each individual molecule,
giving a flower-like STM image. The shortest core-to-
core distance between neighboring molecules in this
self-assembled phase is 12.5 Å. After heating to 595 K,
discrete perylene molecules can be seen to coexist
with oligomeric structures, Figure 8A(ii). The oligo-
meric phase is more cleanly captured when a low
coverage of perylene is deposited on the surface and
then heated to 610 K, forming a random coil structure,
Figure 8A(iii). Random coil oligomer formation has
been similarly imaged for a number of systems, includ-
ing polyimide formation,7 and oligomerization via

dehydrogenation of heteroaromatics.45 We find this
topology is also displayedwhen rubrene and coronene
are homocoupled at this surface, where multiple
connections lead to distinctive branched and coiled
structure (Supporting Information, Figure S4). Higher
resolution STM data of the perylene oligomer phase,
Figure 8A(iv), show that though the submolecular
features of perylene are still discernible, it is difficult
to clearly identify each repeating residue on the coiled

Figure 8. The creation of covalently bonded oligomers via reaction of perylene (5) and porphyrins (1) on Cu(110). (A) STM
images of perylene adsorption and reactiononCu(110). (i) Orderedperyleneat 300K: 85� 110Å2, It=0.10nA,Vt=�0.63V. (ii)
After partial reaction by heating to 595 K: 140� 140 Å2, It = 0.13 nA, Vt =�0.27 V. (iii) Completely reacted perylene after heating to
620 K forming random chains: 300� 300 Å2, It = 0.08 nA, Vt =�0.63 V. (iv) High resolution image showing submolecular structure
within a chain: 75� 50Å2, It=0.19A,Vt=�0.12V. (B) STM images showing reactionofporphyrin andperylene (i) after coadsorption
at 300 K: 120� 90 Å2, It = 0.39 nA, Vt = 0.15 V; (ii) after reaction by heating to 620 K: 150� 150 Å2, It = 0.20 nA, Vt = �0.11 V. (iii)
Selectedarea showingperylenecovalentlybonded to sideofporphyrin chain: 53� 30Å2, It=0.20nA,Vt=�0.03V. (iv) Selectedarea
showing coiled perylene chain bonded to end of porphyrin chain: 45 � 45 Å2, It = 0.21 nA, Vt = �0.03 V.
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oligomer because the variable orientations and the
close proximity of the perylene units cause the features
from individual molecules to conjoin. However, where
two and three connected units are captured in flat
orientations w.r.t. the surface, wemeasure core-to-core
distances that range from 7.6 to 8.3 Å, which are
consistent with C�C linkages. The random coil topol-
ogy for the oligomers suggests the C�C linkages are
randomly positioned with respect to the molecular
framework and the underlying surface; that is, C�H
activation and bond-breaking is possible at a number
of positions on the molecular periphery, which is
consistent with the fact that flat-lying perylene on
Cu(110) is able to adopt different alignments of
the molecular skeleton with respect to the underlying
surface.44 Thus, a range of monomer-to-monomer
approaches suitable for C�C coupling are possible,
which leads to diverse macromolecular architectures,
whose geometry on the underlying surface is not pre-
scribed, in contrast to all theother examples shownabove.

When 2H-porphyrin (1) and perylene (5) are coad-
sorbed on the surface at 300 K, the individual mol-
ecules can be identified, with (1) imaging as hollow
squares and (5) imaging as a flower-like structure,
Figure 8B(i). At 300 K, the two molecular components
stay apart suggesting repulsive intermolecular interac-
tions. However, heating to 620 K results in the creation
of apparent block copolymers with a rigid rod�coil
appearance, where the vast majority of the random
coils, created by homocoupling of (5) are attached by
at least one point to porphyrin 1 rods, Figure 8B(ii). The
one-dimensional order in the porphyrin segment is
maintained, with random chains of the perylene oligo-
mer attached either at the sides or at the ends of rods,
apparently growing away in all directions of the sur-
face. Figure 8B(iii,iv) shows higher resolution STM data
clearly indicating that the perylene units are in close
contact at the end and side of a porphyrin1 rod. For the
individual perylene units attached to the side of a
porphyrin 1 rod as shown in Figure 8B(iii), core-to-core
molecular dimensions of 7.9 to 8.0 Å are observed,
which are in agreement with the core-to-core dis-
tances of 8.1 and 8.5 Å calculated for porphyrin 1
connected by C�C bonds to the perylene long edge
and the short edge, respectively.We also observe longer
core-to-core distances of 10.5 Å in certain surface
products such as that marked * in Figure 8B(i). In such
instances bright protrusions between the connecting
units are observed, suggesting that organometallic link-
ages may also occur between the two species.

CONCLUSION

The coupling of different organic building blocks by
a general surface-mediated intramolecular C�H bond-
breaking and intermolecular bond-makingmechanism
has been demonstrated on a copper surface. Coupling
via the C�H synthon provides a general approach to

covalently link togethermany different organic entities
at surfaces. Thus, a range of macromolecules is formed
in parallel and selective ways, creating complexity
and diversity from simple components. The individual
chemistries used to prepare single component systems
have been translated to multicomponent systems,
a nontrivial result because different reactivities and
relative rates of reactions has the potential to prevent
bond formation between nonlike components. Fur-
ther, we show that differences in C�Hbond reactivity of
individual components can be exploited in the deposi-
tion and heating protocols to tailor the outputs, e.g.,
creating block polymers instead of random copolymers.
Overall, we demonstrate a simple “pick-mix-and-link”

approach that enables the following aspects to be
combined:
(i) We use the C�Hbond as a generic synthon, which

is ubiquitous in all organics and enables a wide range
of cheap and accessible building blocks to be picked
for on-surface synthesis.We have successfully used this
approach for seven different organic components that
are employed inmolecular electronics, light harvesting
and catalytic applications, and anticipate it can be
translated to encompass a wide range of molecular
building blocks.
(ii) We harness surface reactivity to activate many

types of C�Hbonds (porphyrinyl, arene, alkyl), demon-
strating that readily available molecules are amenable
for covalent linking at a surface. Our method generates
complex organic heterostructures with ease, providing
proof-of-principle thatmany different components can
be coupled together at a surface.
(iii) We utilize the bond-making capability of a sur-

face to create both C�C and C�metal�C covalent
linkages, leading to facile generation of diverse macro-
molecules directly on the surface. The range of struc-
tures created are summarized in Figure 9, and link
different functionalities and topologies together (rods,
bricks, branches, coils); some of these structures are
familiar from polymer syntheses, e.g., branched ladder,
the block polymer (guitar fret) or the rod�coil, but
other combinations such as the “capped ladder”, and
the “key” are unique outputs of surface chemistry, and
represent new classes of macromolecular entities that
have no counterpart in organic synthesis.
(iv) In our systems, cleavage of the C�H bond only

generates H2 via recombinative desorption; i.e., we
achieve the linkage of organic components without
depositing contamination on the surface; this is a
significant achievement for device construction.
Finally, our approach demonstrates that on-surface

synthesis using the C�H group as a synthon has the
potential to emulate rapid discovery methods used in
materials science46�48 in which diverse and multivari-
ate libraries of functional materials, possessing new
combinations and arrangements of functional groups
are generated, leading to improved or unexpected
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properties. Since the organic macromolecules and
architectures required for viable surface-based molec-
ular devices are largely unknown, we anticipate that
our “pick-and-mix-and-link” approach at a surface will
pave the way for generating large number of macro-
molecular products at a surface. Subsequent in situ

screening of individual covalent structures for specific
functions, such as nanomagnetism, conductance, sen-
sing, reactivity, energy-transfer, and other molecular
device attributes, can then be carried out using local
probe techniques.22,49 Once desired macromolecular
structures are identified, the next step for the field is to
direct the on-surface synthesis toward specific pro-
ducts while still retaining the C�H group as a synthon.
This is a demanding future challenge for the field and
will require consideration of a number of factors, some
of which are highlighted below:
(i) As a first step, we have shown that it is possible to

achieve control of on-surface macromolecular synthe-
sis when required by exploiting the specific C�H
reactivity encoded in each monomer. For example,
the C�H bond reactivity of porphyrin 2 is greater than
that of porphyrin 1; by tailoring the deposition and
heating conditions, we have demonstrated that the
system can be driven either toward random copoly-
mers or toward block copolymers. The concept of using
the same synthon for different functional building blocks

but utilizing designed protocols to achieve control of
synthesis is novel in on-surface synthesis.
(ii) Second, activation of C�Hbonds by the surface is

dictated by a number of factors such as the adsorption
geometry of the molecules, the spatial arrangements of
molecular bonds with respect to the surface and the
electronic/chemical effect of the surface on themolecule.
Thus, tailoring of molecular structure alongside surface
composition and geometry would enable specific C�H
bond activation to be targeted. This, in fact, remains an
outstanding challenge in heterogeneous catalysis.
(iii) Third, the surface-reactant and surface-product

geometries also play a crucial role in determining
which molecular building blocks may be reacted to-
gether, the nature of the intermolecular bonds that
may be formed and the topology of the product on the
surface. As an example, we show that the combination
of surface and molecular symmetry and geometry
determines the outcome of porphyrin coupling on
the Cu(110) surface.26,27 Homopolymers of porphyrin
1 and porphyrin 2 produce rod topologies that are
perfectly aligned along the [001] direction of the sur-
face, determined by the geometric match of the
products with the surface. Thus, the porphyrin cores
occupy specific adsorption positions, and the close
commensurability of the C�Cu�C organometallic
bonds with the underlying surface enables the

Figure 9. Summary of molecules covalently linked on a Cu(110) surface in this study: 2H-porphyrin (1), Zn(II)-
diphenylporphyrin (2), pentacene (3), tetramesitylporphyrin (4), perylene (5), rubrene (6) and coronene (7) with their
associated chemical structures and the simplified schematic representations, which are used to illustrate the range of
complex macromolecules formed.
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monomer�monomer distance to be bridged via

accommodation of the connecting Cu atom near its
favored 4-fold hollow sites. The geometric compatibil-
ity between porphyrin 1 and porphyrin 2 monomer
units is also important in enabling a copolymer to be
created. Similarly, pentacene also prefers to be ad-
sorbed in a specific orientation with respect to the
surface, in this case, with its long axis aligned along the
[110] direction. Pentacene dimers preserve this adsorp-
tion site preference, which is favorable for organo-
metallic bonding, with the longer dimensions of the
connecting C�Cu�C organometallic bonds able to
bridge the distance between the two monomers and
also position the connecting Cu atoms at their pre-
ferred 4-fold hollow sites. In contrast to the examples
given above, tetramesitylporphyrin (4) connects via

C�C linkages to give branched structures. We attribute
this behavior to the fact that the molecule adopts a
specific adsorption geometry at the surface in which
the reactive 4-methyl groups are directed along spe-
cific diagonal directions. In this geometry, two adjacent
porphyrin 4 entities can approach close enough to
enable linking via the shorter C�C bond at the
diagonal position, while still occupying their preferred
adsorption sites.25 The organometallic link is presum-
ably not favored because suitable approach geome-
tries which allow the monomers to occupy suitable

adsorption sites, while maintaining an appropriate
C�Cu�C distance in which connecting Cu atoms are
positioned near their preferred 4-fold hollow sites, are
not possible. Similarly, the nature of reactant-surface
and product-surface geometry preferences and sym-
metry matching will also be expected to play an
important role in determining that perylene onCu(110)
homocouples via C�C linkages and porphyrins on
the 3-fold symmetric Ag(111) surface50 react to form
covalent carbon�carbon links between the meso and
β positions at the edges of the porphyrin ring. There-
fore, it would appear that macromolecular product
formation can be tuned as a function of both molecule
and surface. However, a priori prediction of outcomes
will require considerable theoretical development of
complex molecule surface reaction mechanisms, a
future need outlined recently by Bjork and Hanke.51

In conclusion, we have demonstrated that direct
activation of C�H bonds intrinsic to π-functional mol-
ecules is a highly generic route for connecting different
building blocks in different ways on a copper surface,
enabling diverse macromolecules to be synthesized at
a surface. Future advances in this field will require
assaying individual heterostructures for function and,
having identified successful architectures, to control
C�H bond activation and intermolecular bond forma-
tion to create the desired products.

METHODS
Experimental Details. STM experiments were performed at

300 K under ultrahigh vacuum (UHV) conditions using a Specs
STM 150 Aarhus instrument. The STM was calibrated to better
than 5% accuracy by measuring the atomic distances of the
clean Cu(110) surface. All measurements were taken in constant
current mode, using a tungsten tip and at a base pressure
of 1.5 � 10�10 mbar. Bias voltages are measured at the sample
(V = Vsample). STM images were enhanced for brightness and
contrast using the Image SxM program.52 The Cu(110) surface
was prepared in a UHV chamber using Argon ion sputtering and
annealing cycles, and atomic flatness and cleanliness were
checked by STM prior to dosing the molecule. H2-porphyrin
(1), and tetra(mesityl)porphyrin (4) (Frontier Scientific) and
pentacene (3), perylene (5) (Sigma-Aldrich, all >98% purity)
were used as purchased and sublimed onto the Cu(110) surface,
which was held at room temperature during deposition. 5,15-
Diphenylporphyrin was purchased from Frontier Scientific, and
the zinc(II) complex was synthesized as described below.

Synthesis. The zinc(II) complex was synthesized by reaction
with zinc(II)acetate in dimethylformamide at 120 �C for 3 h. The
mixture was cooled and water was added. The precipitate was
filtered, washed with water and diethyl ether and air-dried. The
resulting material was chromatographed by flash column chro-
matography on silica using dichloromethane�hexane 4�6 as
eluent. The product was further purified by crystallization from
toluene. The product gave the characteristic spectroscopic data
for this Zn(II)porphyrin53 with no indication of the free base
porphyrin in the UV�visible spectrum, laser desorption-ioniza-
tion mass spectrum or in the 1H NMR spectrum.

Computational Details. All DFT calculations on pentacene-
pentacene coupling in the gas phase were performed using
the PBE density functional as implemented in the all electron
numeric atomic orbital computational package FHI-aims.54 All
structures have been optimized using the FHI-aims tight basis

set (atomic basis functions H:minimal basisþ spspds, C: minimal
basisþ spdspdfg, Cu: minimal basisþ spdfg), and until the max-
imal force on each atom was less than 0.01 eV/Å.

The DFT calculations of the Cu-connected pentacene on the
Cu(110) surface were carried using version 5.2.12 of the VASP
code.55,56 A plane-wave basis set was used, with a cutoff energy
of 400 eV. The optB86b van der Waals density functional was
used,57,58 with valence-core interactions included through the
projector augmented wave method.59 A 6 � 10 surface unit
cell with 4 layers of Cu atoms and 3 nm of vacuum was used
in the calculations of the adsorbed molecule. Of these, the
bottom twowere held fixed during the geometric relaxation of
the system until forces on all the other atoms became less than
0.01 eV Å�1. Gas phase calculations were carried out in a unit
cell of dimensions 3 nm � 3 nm � 2 nm, in order to minimize
interaction between periodic images. For all calculations the
surface Brillouin zone was sampled only at the Γ-point. STM
simulations were carried out using the Tersoff�Hammann
approximation,60,61 where the images were obtained from the
local density of states integrated from the bias voltage to the
Fermi level.
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