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T
he functionalization of surfaces via

molecular assembly is a highly pro-
mising avenue toward the design of

nanoscale properties,1�3 such as nanopores
in molecular networks,4�7 nanowires,8,9 or
nanoribbons.10,11 For each functionaliza-
tion, the atomic-scale understanding and
control of all processes involved is essential.
To date, almost every type of intermolecular
interaction has been used as a driving force
to create ordered adsorbate structures. Re-
ports in the literature range from utilizing
very weak van der Waals forces between
adsorbed molecules12�14 and slightly more
stablehydrogenbonds2,15�18 to fully covalent
bonds for on-surface self-assembly.1,10,11,19�22

A rapidly growing class of systems is based
on metal-coordination bonds,3 where sub-
strate atoms form covalent bonds with the
adsorbates. Several distinct approaches
to create metal-coordination based nano-
structures have been pursued, which are
generally based onmolecular modules con-
taining cyano, pyridyl, or other electron
donating functional groups.23�29 The re-
sulting couplings almost exclusively involve
N�Cu bonds. However, the dehalogenation
of C�Br functionalized molecules on Cu-
(111) has also been shown to yield covalent
C�Cu�C bonds as well.30

All of these systems require the presence
of specific and often interlocking functional
groups to achieve the assembly of a desired
structure. Could the restrictions imposed by
such functionalizations be overcome by using
the underlying surface structure instead?
Haq et al.31 recently demonstrated how

this could be achieved with completely un-
functionalized porphyrin cores adsorbed on
Cu(110), whichwere subsequently heated to
several hundred Celsius. In a heat-to-connect

assembly strategy, the surface was used as
the only means to activate, connect, and
direct the self-assembly into one-5dimen-
sional chains that are coupled by organo-
metallic C�Cu�C bonds. For unsubstituted
Cu�porphyrin molecules, extended two-
dimensional assembly was never observed,
but parallel chains could sometimes bond
together, which suggests the existence of a
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ABSTRACT

Recent experiments demonstrated the assembly of unfunctionalized porphyrin molecules into organo-

metallic wires on the Cu(110) surface through the formation of stable C�Cu�C bonds involving Cu

adatoms. The remarkable property of the observed structures is that they adopt a clear direction, despite

the lack of functional ligands to direct the assembly. Here we use density functional theory calculations

and scanning tunneling microscopy to clarify the mechanism for the highly one-dimensional assembly of

the observed nanostructures. An energetic preference for the formation of C�Cu�C bonds is found in

several lattice directions, but self-assembly critically relies on the commensurability of appropriate

adsorption sites for the Cu atoms involved in the coupling. The experimentally observed structures arise

from a geometric self-limitation of the assembly process, which proceeds in the energetically and

geometrically most preferred direction. A further extension of the structure in the orthogonal dimension to

form 2D assemblies is prevented by the lattice mismatch between the repeat lengths in the Æ001æ and
Æ110æ directions of the underlying (110) lattice and the apparent rigidity of the molecules involved.
However, the fusing of two parallel chains is geometrically allowed and leads to some of the energetically

most favorable configurations. Finally, the role of van der Waals forces is investigated for the covalent

couplings and chemisorbed interactions found in this system.

KEYWORDS: covalent self-assembly . porphyrins . substrate commensurability . van
der Waals forces . density functional theory (DFT) . scanning tunneling microscopy
(STM)

A
RTIC

LE



HANKE ET AL. VOL. 5 ’ NO. 11 ’ 9093–9103 ’ 2011

www.acsnano.org

9094

chemical and energetic driving force toward a fully
two-dimensional self-assembly. However, this process
appears to be self-limiting, as never more than two
to three parallel coupled chains have been observed.
This system, therefore, poses the intriguing question:
how is such a well-defined one-dimensional assembly
achieved in a system that does not have an obvious
growth direction?
This is particularly important as subtle and nonob-

vious changes in the physical conditions can lead to
changes even in the dimensionality of the adsorbate
structures.18 The potential applications for a success-
fully controlled surface/adsorbate structure are many
and include for example molecular32 and spin storage
arrays33 for two-dimensional systems to connecting
molecular wires8,9 for 1D-self-assembly. An outstand-
ing problem for the control and prediction of adsor-
bate nanostructures is to work out the physical
principles governing the dimensional and directional
control for adsorbate molecules. This task is relatively
easy in cases where there are obvious symmetry con-
straints, or where the molecule has been specifically
functionalized. However, for a symmetric molecule
lacking well-defined coupling points, achieving direc-
tional control is much more challenging.1 In particular
for engineering heterogeneous nanostructures con-
sisting of multiple adsorbates and different function-
alities, it is vital to understand all relevant mechanisms
that affect the adsorbate structure.
Here we clarify the mechanisms responsible for the

self-assembly and apparent self-limitation of the two-
dimensional self-assembly for the Cu�porphyrin
chains described by Haq et al.31 To this end, scanning
tunneling microscopy (STM) was combined with large-
scale density functional calculations and STM simula-
tions, carried out for a catalogue of adsorption and
coupling geometries that span the full range of con-
ceivable directions and orientations for the coupled
porphyrin geometries. It is shown in detail how the
Cu(110) substrate provides the templating that facil-
itates the self-assembly in one dimension despite the
complete lack of specific functionalization in the por-
phyrin core. For the creation of strongly coupled
nanostructures, Cu surfaces stand out as they are very
likely to form metal-coordination bonds with a variety
of molecular systems and apparently also form cova-
lent bonds with organic adsorbates. In contrast with
other coinage metals, the copper surfaces have a
higher reactivity. Along with the availability of free
adatoms well below the desorption and sublimation
temperatures of large molecular adsorbates, they
provide the optimal combination for the formation
of structured networks. This combination is due
to the comparatively high-lying d-states in the Cu band
structure, coupled to its relatively low cohesive
energy.34

RESULTS AND DISCUSSION

Porphyrin Self-Assembly on Cu(110). In this work, we
focus on the unfunctionalized Cu�porphyrin mole-
cule, whose structure is given in the inset of Figure
1a. The adsorption of porphyrins on Cu(110) has
been studied in detail,31,35,36 and the nature of the
interaction between porphyrins and the Cu surface
has been well established. The π-orbitals of the por-
phyrin macrocycle hybridize with the sp-band and the
d-states of the Cu(110) surface in a covalent molecule-
surface bond, with the metalated center of the mole-
cule being located on a short-bridge site on top of the
Cu rows. Upon heating, the macrocycle is able to
capture Cu adatoms that originate from step edges.36

These captures eventually lead to the activation of the
C�H bonds and the subsequent formation of the
porphyrin chains. Furthermore, the chemical nature
of the coupling between adjacent macrocycles is con-
sistent with an organometallic bond involving C�Cu�C
linkages.

The effect of thermal annealing is illustrated in
Figure 1. After adsorption at room temperature, the
porphyrin macrocycles form islands that are stabilized
byadatomscapturedbetweenthemolecules, Figure1a.36

Upon heating to 300�330 �C, the molecules couple
covalently to form distinct motifs with different cou-
pling configurations, Figure 1b.31 Note the three dif-
ferent directions in which the coupling can proceed
initially. The main self-assembly direction is perpendi-
cular to the Æ100æ-rows of the Cu surface, but partially
annealed systems have also been observed which
couple by 13� and 25� off this direction, corresponding
to a porphyrin molecule that is offset by one or two
lattice spacings along the Cu rows, respectively. The
next stage of the annealing process produces ex-
tended linear ribbons, where the individual porphyrins
are connected in the Æ100æ direction, for example,
perpendicular to the Cu rows, with either two or three
adatoms, Figure 1 (c). Further heating can lead to the
fusion of two parallel coupled Cu-porphyrin chains as
the last stage before dissociation of the molecules,
Figure 1d.

In the light of these observations, it is particularly
important to investigate how the assembly is con-
trolled in this self-assembly phenomenon. From the
images presented in Figure 1, three possibilities for the
growth mode come to mind. First, the assembly could
be completely randomly directed. Some evidence for
this arbitrary coupling is seen in Figure 1b, where
multiple different couplings are observed for a partially
annealed system. However, by the end of the self-
assembly process, the chains are perfectly straight over
several tens of nanometers. The second possibility,
then, is that of a preferred one-dimensional self-as-
sembly which is supported by our experimental ob-
servations. Third, the nature of the fused porphyrin
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chains and its growth mode requires investigation.
This chain coalescence provides evidence of a
driving force toward full 2D assembly, but the nature
of this driving force and particularly the origin of any
restrictions placed on the structures remain to be
clarified.

Energetics of the C�Cu�C Couplings. Periodic density
functional theory (DFT) in the generalized gradient
approximation (GGA)37�39 has been used to explore
the organization of the observed chains. The binding
energy of a porphyrinmacrocycle is calculated for each
of the possible couplings configurations that could
potentially be consistent with the observations
discussed above. Scheme 1 labels the main couplings
considered in this study in terms of the number and

location of the connecting Cu adatoms, which could in
principle occur in any surface direction, and in a variety
of combinations for a two-dimensional overlayer.
The label for each configuration denotes the number
of connecting Cu adatoms (0 to 3) and the type of
coupling in a single lattice direction, indicated by the
letters s (symmetric), as (asymmetric), and off (offset).
The overall binding energies for all computed config-
urations are presented in Figure 2. These results are
displayed in three groups, corresponding to self-as-
sembly perpendicular to the Cu rows (a), parallel to the
Cu rows (b), and for full 2D assembly (c). Figure 2a
contains the results obtained in ref 31 along with a
number of additional structures that are observed for
partially annealed systems.

Figure 1. Formation of covalently bonded porphyrin chains on Cu(110): (a) Cu�porphyrins adsorbed on the Cu(110) surface
at low coverage and room temperature form islands and capture Cu adatoms. The inset shows themolecular structure of the
metalated porphyrin core. (b) C�Cu�C coupling is initiated when the surface is heated to a temperature of 300�330 �C,
where different intermediate states involving one or two connecting Cu atoms is observed. Note in particular how
neighboring macrocycles can be offset in different lattice directions. (c) The formation of porphyrin chains, one macrocycle
wide, is observed upon annealing at∼375 �C, (d) The fully annealed (at 400 �C) surface sometimes forms oriented porphyrin
chains, where no more than two chains connect in parallel. The porphyrin centers in the parallel chains are offset by a single
lattice spacing in the Æ001æ direction. (e) Model representation for the central chain in panel d, showing the orientation on the
Cu(110) surface rows and the growth direction with a green arrow. The red arrow denotes the direction in which no further
growth is seen.
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Coupling Perpendicular to the Cu Rows: The Æ001æ
Surface Direction. A clear trend is visible for the self-
assembly perpendicular to the Cu rows, whereby the
binding energy increases with each additional Cu
coupling, and where the lowest-energy structure is
either in configuration 2s or 3. As demonstrated in
Figure 1, the self-assembly in the Æ001æ-direction be-
gins with single C�Cu�C linkages and follows the
energy hierarchy calculated in Figure 2a. In the initial
stages, two adjacent porphyrinmolecules can be offset
by one or two lattice spacings along the Æ110æ-rows
and still be linked with one intermediate Cu atom.
These correspond to mixtures of symmetric and asym-
metric configurations 1s and 1as. Interestingly, the
binding energy for these mixed offset couplings can
be well described with an average binding energy for
the two couplings that form the offset. The equivalent
offset configuration for two coupling Cu adatoms, 2off,

was observed exceptionally rarely in STM images on
partially annealed systems. This observation agrees
with the computed result that the 2off configuration
is energetically less favorable than either of the straight
couplings 2s or 2as which are seen frequently.

Coupling Parallel to the Cu Rows: The Æ110æ Surface
Direction. The picture changes significantly when con-
sidering self-assembly in the Æ110æ direction, parallel to
the Cu rows and perpendicular to the observed chains,
as presented in Figure 2b. It is still energetically favor-
able to couple porphyrins into chains via C�Cu�C
bonds, but the hierarchy that more Cu coupling atoms
correspond to a higher stability is broken. In fact, there
are only two stable configurations compared to the
uncoupled porphyrin rings, these are of type 2off
and 3. However, the lowest binding energy found for
these chains is �2.09 eV, which is far from being com-
petitive with any of the coupling configurations paral-
lel to the Cu rows discussed above.

The Two-Dimensional Adlayer. The trend observed
for the Æ110æ couplings persists when analyzing fully
two-dimensional self-assembly, shown in Figure 2c.
The couplings considered all have the triply connected
type 3 connection perpendicular to the Cu rows as
observed experimentally, but include all possible cou-
plings in the orthogonal direction. Again, the only
configuration that is more stable than the uncoupled
parallel chains involves one type 3 and one type 2off
coupling permacrocycle, whichwe label as (3/3)2D and
(3/2off)2D respectively. The “2D” denotes the full 2D
overlayer. Interestingly, only these two couplings are
observedwhen the fused porphyrin chains are created.

According to the results presented in this section,
self-assembly is highly preferred perpendicular to the
Cu rows. The highest possible binding energy per
macrocycle occurs in the final assembly step as shown
in Figure 2a. This discussion also provides detailed
computational evidence based on energetics that
two-dimensional self-assembly is strongly hindered,
as a direct consequence that one-dimensional assem-
bly is much more favorable. We now turn to some of

Figure 2. Binding energies per porphyrin core for different
self-assembled periodic structures: (a) perpendicular to the
Cu rows (Æ001æ surface direction), (b) parallel to the Cu rows
(Æ110æ surface directions) and (c) for a full 2D overlayer. See
text for a detailed discussion.

Scheme 1. Periodic configurations for the C�Cu�C couplings of porphyrin molecules in one dimension. Each square
represents one porphyrin molecule. In principle, each of these connections could be possible in two lattice directions along
and perpendicular to the Cu rows although not all of the possible structures shown have been observed experimentally. The
label in the top left corner of each image denotes the number of coupling Cu adatoms and their position, e.g., symmetric (s),
asymmetric (as), or offset (off). These labels are used throughout this work
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the geometric properties of the structures so as to
explain the obtained energetic hierarchies.

Role of the Surface Geometry. Perpendicular to the Cu

Rows: The Æ001æ Surface Direction. The relaxed molec-
ular structures for a number of representative coupling
configurations from Figure 2 are presented in Figure 3.
The configurations chosen are the most stable cou-
plings in each of the different lattice directions. To
illustrate the role of the surface geometry, we show a
schematic top view of the structure and views along
the two main lattice directions of the Cu(110) surface.
The top row in Figure 3 contains the structure of an
adsorbed Cu�P molecule without coordination bonds
and is used as a reference. To facilitate the comparison
across different surfaces, white circles have been used
to label the position of the atoms in the reference
structure and are plotted in identical positions on each
image of the left column of Figure 3.

Figure 3b denotes themost stable structure for self-
assembly perpendicular to the Cu rows.31 From the

white circles on that structure (representing the un-
coupled configuration 0 in an equivalent position), and
by comparing the two side views to the reference
porphyrin, one can see that the porphyrin core has
virtually no distortion in this configuration. This lack of
distortion is a primary driver for porphyrins to cova-
lently couple in the Æ001æ direction: each C�Cu�C
bond provides additional chemical stability, while the
surface geometry (and hence the nature of the chemi-
sorption bond) remain unchanged.

Parallel to the Cu Rows: The Æ110æ Surface Direction.
The situation changes considerably when we look at
the two most stable configurations for self-assembly
parallel to the Cu rows. For type 3 coupling in this
direction, thecomparisonbetweenactual atomicpositions
and those of the free adsorbed macrocycle in the top
view in Figure 3c,d already hints at a very strong dis-
tortion of the porphyrin molecule. The two side views
also show a strong vertical buckling, which amounts to
1.41 Å, as measured by the height difference between
the highest and lowest C or N atoms. This buckling is
much larger than the 0.49 Å found for the type 3
coupling in the Æ001æ-direction or the corresponding
height difference of 0.34 Å for a single adsorbed Cu�P
molecule. Interestingly, the vertical height difference
of the 2off configuration (0.39 Å) in the Æ110æ direction
is almost the same as in the original type-3 coupling.
The 2off coupling is offset by one lattice spacing per-
pendicular to the Cu rows (see Figure 3d) and allows
extra space for the porphyrin to relax by rotating in the
surface plane through 6.3� from its original orientation
and is actually the most stable of the configurations in
the Æ110æ direction. Type 2off coupling is also observed
experimentally as the primary linkage between two
parallel coalesced porphyrin chains.

2D Assembly. We now turn to the hypothetical full
2D overlayer, for which two configurations are pre-
sented in the bottom rows of Figure 3. In these cases,
the perpendicular distortion of themacrocycle is not as
evident, but there is a distinct compression parallel to
the Cu rows when compared to the porphyrin ad-
sorbed without C�Cu�C bonds. Moreover, the macro-
cycle in the type (3/2off)2D coupling also rotates by
2.5� and is the most stable predicted structure for the
self-assembly of the full 2D overlayer, according to our
GGA calculations.

We can now understand why the observed por-
phyrin structures are all one-dimensional: whereas the
binding energies in Figure 2 show that there is a small
chemical driving force toward self-assembly in both
directions, the energy cost of distorting the porphyrin
core and of moving adatoms prevents the porphyrins
from coupling in all available directions. This distortion
also affects the bonding between macrocycle and
surface, which loses some of the hybridization be-
tween the π-system of the macrocycle and the sp
and d-bands of the substrate. The directionality of the

Figure 3. Optimized molecular structures for different di-
rections of self-assembly on the Cu(110) surface in one and
two dimensions. For each structure, the top view (left)
schematically shows the position of each atom in the
porphyrin core. The white circles correspond to the por-
phyrin core of the unperturbed (top row) structure, and
demonstrate the degree of horizontal distortion. The mid-
dle and right views are taken parallel and perpendicular to
the Cu rows respectively and demonstrate the vertical
buckling of the structures.
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coupled porphyrin chains is, therefore, governed by
mechanical stress in the macrocycles. Note that the
mismatch between the repeat lengths in the Æ110æ and
Æ001æ surface directions (three and four lattice spa-
cings, respectively) is relatively small and only amounts
to 6%. Given that the porphyrin core is quite flexible in
the gas phase, it is surprising that this relatively small
mismatch has such a large effect on the self-assembly
process. We would like to stress that the geometrical
analysis discussed in this section is critical for the
understanding of our experimental observations.

Fused Porphyrin Chains. Given the apparent lack of
self-assembly along the Cu(110) rows due to the lattice
mismatch in that direction, the only remaining step-
ping stone toward two-dimensional self-assembly might
be provided by coalescence of porphyrin chains that are
already located close together. In fact, as shown inFigure 1
we do see such chains occasionally when annealing the
systems at temperatures around 400 �C. These fused-
chain structures are illustrated in Figure 4.

The porphyrin cores are very well resolved in the
STM images of Figure 4a,b, along with bright protru-
sions along their outer perimeter which correspond to
the coupling Cu atoms. By measuring the distances d1
to d7 indicated in Figure 4c from calibrated STM data
and comparing them with the periodic repeat lengths
in the two lattice directions, it is possible to distinguish
three different types of couplings in these coalesced
annealed chains: (i) triple C�Cu�C couplings in the
Æ001æ-direction, corresponding to the energetically
most favorable configuration parallel to the Cu rows,
Figure 4a,b. (ii) The macrocycles in Figure 4a are
coupled with two protrusions in the Æ110æ direction.
The triangle formed by the distances d3, d4, and d5
suggests that the two parallel chains are offset by one
single row but also that they are otherwise commen-
surate with the surface. (iii) A third type of coupling is
observed in Figure 4b, where the two parallel chains
are coupled with three protrusions in the Æ110æ direc-
tion, which is consistent with one additional adatom
per Cu row covered by the macrocycle. In repeated
experiments involving fused chain structures, case ii is
observed almost exclusively (at least 98% of parallel
couplings), while there are only very few instances of
case iii.

We performed large-scale DFT calculations on the
two different parallel porphyrin chains that were ob-
served when annealing at up to 400 �C. We model
these two double-row structures with a 9 � 3 surface
cell containing two adsorbed porphyrin molecules per
supercell. The resulting structures along with simu-
lated STM images are shown in Figure 5. As with the full
2D overlayer, we restricted the analysis to the type 3
coupling in the Æ001æ-direction, but considered the two
experimentally observed couplings of types 2off and 3
in the perpendicular direction, which we label (3/2off) )

and (3/3) ). To differentiate our notation from the full

two-dimensional overlayer, “ )” is used as a subscript to
denote the two parallel coupled chains. The binding
energies per porphyrin ring for these structures are
obtained as 2.82 and 2.96 eV for the type (3/2off) ) and
(3/3) ) couplings, respectively.

Comparing the calculated binding energies with
those in Figure 2 shows that either structure is sig-
nificantly more stable than the single-row assemblies,
but it also predicts the double-row coupling of type
(3/3) ) in bothdirections tobe themore stable structureby
more than 0.1 eV. This prediction is not consistent with
our extensive experimental data, which almost exclu-
sively shows inter-row connections of type (3/2off) )

with only the rare exceptions being of type (3/3) ). From
the fully two-dimensional assembly one might also
expect that the (3/2off) ) coupling provides the most
stable intrachain linkage by about 0.5 eV per porphyrin
molecule. While detailed analysis in the past has
suggested that 0.1 eV is a reasonable lower estimate
of the systematic (e.g., functional-dependent) uncer-
tainty in large-scale DFT calculations,40,41 this particular
aspect still leaves an open question about the exact
nature of theminimumenergy structure.Wewill return
to this problem when discussing the influence of van
der Waals interactions.

Figure 5 panels c and d show the STM simulations
corresponding to the double row structures discussed
in the last paragraph. These images were computed
using the same voltage as the experimental images,
Figure 5 panels e and f. The very good correspondence
between panels (c)T(e) and (d)T(f) in Figure 5a,b
along with the energetic arguments presented above
suggests that the structures shown in Figure 5 repre-
sent the experimental observations. In particular, the
protrusions corresponding to the coupling perpendi-
cular to the Cu rows are much brighter than those in
theparallel direction, in both simulated andexperimental

Figure 4. STM images of double-row structures observed
when annealing at 400 �C. (a) The most common coupling
type between the rows appears to involve two C�Cu�C
bonds between each set of adjacent porphyrin rings, which
are offset in the Æ100æ surface direction. (b) A rare observa-
tion is that the porphyrin rings are not offset in the main
growth direction, but are coupled with three Cu-atoms
between each of the two chains. (c) Schematic representa-
tion of the double-row chains. The labeled distances are
measured from the spacings between the Cu adatoms
connecting the porphyrin rings. The measured values for
the labeled distances are d1 = 5.7 Å, d2 = 3.4�3.5 Å, d3 =
7.8�8.0 Å, d4 = 3.6�3.7 Å, d5 = 8.51 Å, d6 = 2.6 Å, and d7 =
10.81 Å.
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STM images. This is a result of the slightly higher
adsorption site taken up for the coupling Cu atoms,
which now sit in the much less favorable bridge site
rather than in the 4-fold hollow site taken up in the
purely one-dimensional Cu�P chain. Our simulations
support the idea that the fully annealed structure
indeed contains two coalesced porphyrin chains where
each macrocycle is held by eight or nine separate,
covalent organometallic bonds.

In fact, thedifferent sites occupiedby theCu adatoms
involved in the organometallic couplings presented in
Figure 5 warrant further discussion, as they provide
additional evidence for the role of stress in themolecular
arrangement. A number of representative Cu�C dis-
tances for the parallel-row structures are labeled in the
left panels of Figure 5 and are listed in Table 1. The
distances R and β show that the favored Cu�C distance
is just below2Å,which is almost exactly equal to the sum
of the covalent radii of 2.05 Å.42 However, the distance γ
to thenext site that should contain anadatom in the case
of a fully two-dimensional porphyrin assembly is found
to be 28% shorter than the sumof the C and Cu covalent
radii. We performed a significant number of different
experiments to synthesize an extended 2D layer, but
they all stopped with two or three coupled rows, similar
to those shown in Figure 5 or with the thermal decom-
position of the adsorbate layers.

Influence of van der Waals Interactions. The remaining
questions at this point relate to the apparently incor-
rect energetic ordering predicted for the double-row
adsorbate structures presented in Figure 5 and the
influence of van der Waals interactions between the
surface and adsorbate molecules. At present, the treat-
ment of these interactions is a controversial and
debated issue and there is no current consensus on an
appropriate method applicable to density functional
theory;particularly for the treatment of partially

covalent adsorbate/metal substrate interactions. A
back-of-the-envelope estimate for the van der Waals
contribution to the physisorption energy of a molecule
is at least 80meV per carbon atom43,44 and could be as
high as 120meVper carbon atom.11 For the 20 C-atoms
in a porphyrin core, this suggests a dispersive contri-
bution to the surface binding energy of at least 1.6 eV,
which is comparable to the covalent bonding energy.
One can therefore expect that dispersion interactions
do play a significant role in the adsorption process as
already discussed by Dyer et al.,36 but it remains to be
investigated how influential they are for the energetic
hierarchy of different adsorbate structures.

We probe the effect of dispersion forces on the
covalent couplings with a variant of the van der Waals
density functional developed by Klime�s et al.,45 which
uses the nonlocal correlation of the original van der
Waals density functional,46 but with an optimized ex-
change term. This functional (optB86b-vdwDF) isfitted to
a dispersion-dominated reference set ofmolecular dimers,
but it also provides a very good description of measur-
able parameters for metals. For example, the lattice
constant for Cu is equal to 3.60 Å, which is very close to
the experimental value of 3.61 Å,42 and therefore can
be expected to provide a very reasonable description

Figure 5. Atomic structure of the double-row porphyrin chains described in the text: (a) for connection type (3/2c) ) with an
adsorption energy of Eads = 2.818 eV per macrocycle and (b) for connection type (3/2c) ) with Eads = 2.959 eV per macrocycle.
The distances labeled R, β, and γ in these two figures are given in Table 1 and are discussed in the text. (c,d) STM simulations
for the two structures in the left panel, using Vtip = 0.67 V, which corresponds to the experimental tip voltage. (e,f) Details of
the experimental STM images corresponding to the middle panels, taken from Figure 1.

TABLE 1. C�Cu Distances As Labeled in Figure 5 Panels a

and ca

coupling type distance (Å)

Æ001æ Æ110æ R β γ

3 2off 1.98 1.96 1.47
3 3 1.98 1.96 1.52

a Note that the distance type γ labels the horizontal spacing between the C-atom
and the next available short-bridge site on top of the Cu rows. For reference, the C
and Cu covalent radii are 0.77 Å and 1.28 Å, respectively,42which sum to 2.05 Å and
give a rough upper estimate of the expected bonding distances.
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of geometric stress effects that are the core subject of this
paper. This particular functional has already been applied
successfully to rare-gas adsorption on lead surfaces,
where it gives good agreement with available experi-
mental data.47 A closely related variant of the vdwDF also
provided clear evidence that van der Waals effects on a
Cu adsorbate can affect the surface/adsorbate interac-
tions, as they are required, for example, to properly
describe thewetting of Cu(110).48 An alternate possibility
to introduce dispersive forces into a GGA potential
energy landscape would be to include C6/R

6-style poten-
tials on topof ageneralizedgradient approximation.49�51

However, due to the high sensitivity of the computed
interaction energies on a necessary ad hoc damping
function,52 particularly in the case of metallic substrates,
an appropriately chosen van derWaals density functional
is themost useful choice at present. In a recent DFT study
of singleunsubstitutedporphyrinmolecules adsorbedon
a Cu(110) using a vdw-DF,36 it was found that dispersion
forces gave an overall increase of the binding energy by
about 40% but did not change the trend of the adsorp-
tion energies across different sites. Furthermore, the
adsorption geometries changed only slightly.

To assess the effect of van der Waals forces for the
Cu-coupled porphyrin chains, we have reoptimized the
geometries for most of the coupling configurations
presented in Table 2 using the optB86b-vdw density
functional discussed above. Self-assembly in the Æ110æ
surface direction was not considered, as it was defi-
nitely ruled out already by our GGA calculations. The
binding energies of all structures that were calculated
with both PW91 (GGA) and optB86b-vdw density
functionals are presented in Table 2. Compared to
GGA, the vdwDF gives an additional binding energy of
around 3 eV per porphyrin core for self-assembly in the
Æ001æ-direction, 2.2�2.6 eV for the hypothetical two-
dimensional adlayer, and around 2.7�2.8 eV for the
double row chains, which is within the range predicted
by our initial back-of-the envelope argument. These
results are in agreement with the intuitive idea that
more closely bound and less buckled molecules should
have a higher dispersion binding energy than the
strongly distorted porphyrin cores which are further
away from the surface. This is reflected in the adsorption
heights and the buckling presented in Table 2. Finally,
note that there are only very minor changes of the
geometry when including van der Waals interactions.

However, it is worthwhile to compare the details of
the energy ordering predicted by the two functionals.
We therefore explicitly discuss thehierarchies in Table 2
for the different functionals. Considering the 1D chains
perpendicular to the Cu rows, both functionals predict
the same energy hierarchy.

1D chains perpendicular to the Cu rows (Æ001æ
direction):

0 > 1s > 1as > 2off > 2as > 2s > 3 (1)

For example, 3 is the lowest energy structure (see
Scheme 1 and Figure 2). This order is in agreement with
the detailed experimental observations of Haq et al.31

Equation 1 verifies that the main energetic ordering
leading to the covalent C�Cu�C bonds in the Æ001æ
direction is completely unaffected by dispersion inter-
actions, which lends additional credibility to this result.

In the case of the 2D adlayer, the results from the
vdW-DF changes the energy hierarchy obtained from
Table 2 using the GGA as

2D adlayer (GGA) : (3=2s)2D > (3=1as)2D >

(3=3)2D > (3=2as)2D > (3=1s)2D > (3=2off)2D

2D adlayer (vdwDF) : (3=2s)2D > (3=3)2D >

(3=2as)2D > (3=1as)2D > (3=1s)2D > (3=2off)2D
(2)

Given that such an extended layer has not been
observed experimentally due to its much higher en-
ergy cost than the other structures, it is difficult to
assess the ordering in eq 2. The qualitative arguments
provided with Figure 3 suggest that the structure
(3/2off)2D should be themost favorable structure, given
that its porphyrin cores are the least distorted due to
their ability to rotate on the Cu(110) surface. The remain-
der of the hierarchy in eq 2 is due to a mixture of
gaining energy by forming additional C�Cu�C orga-
nometallic bonds, and losing energy through distortion

TABLE 2. Binding Energies and Adsorption Heights, for

Different Self-Assembly (SA) Directionsa

coupling binding energy (eV) adsorption height/buckling (Å)

Æ001æ Æ110æ PW91 (GGA) optB86b-vdwDF PW91 (GGA) optB86b-vdwDF

1D SA in the Æ001æ Direction
0 �1.960 �5.072 2.07/0.34 2.02/0.33
1s �2.077 �5.106 2.07/0.40 2.04/0.38
1as �2.258 �5.275 2.07/0.34 2.03/0.37
2s �2.543 �5.454 2.07/0.49 2.04/0.38
2as �2.447 �5.400 2.08/0.48 2.05/0.51
2off �2.400 �5.385 2.09/0.43 2.04/0.43
3 �2.775 �5.631 2.09/0.49 2.06/0.52

2D SA in Æ001æ and Æ110æ Directions
3 1s �1.800 �4.369 2.07/0.58 2.07/0.58
3 1as �1.605 �4.228 2.08/0.84 2.07/0.84
3 2s �1.193 �3.453 2.08/0.52 2.06/0.58
3 2as �1.677 �4.060 2.06/0.70 2.05/0.70
3 2off �2.319 �4.948 2.04/0.44 2.02/0.45
3 3 �1.621 �3.846 2.06/0.70 2.06/0.70

1D SA in Æ001æ Direction with Double Porphyrin Rows
3 2off �2.818 �5.625 2.05/0.52 2.02/0.55
3 3 �2.959 �5.683 2.05/0.43 2.02/0.44

a The binding energies per macrocycle are given for PW91 and optB86b-vdw density
functionals. The adsorption height is the average height of the C and N atoms above
the surface, while the buckling refers to the maximal height difference between any
two C and N atoms in each porpyrin core.
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of the molecular core which necessarily reduces the
overlap between porphyrin and surface electronic states.

The situation is slightly different for the double row
chains, where we again have detailed experimental in-
formation: At high temperatures, single chains fuse into
double rows, which almost exclusively form in the struc-
ture (3/2off) ) with only the rare exception in structure
(3/3) ). An overall comparison of the four lowest energy
configurationsacross Table2gives the followingordering:

most stable (GGA) : 2s > 3 > (3=2off) ) > (3=3) )

most stable (vdwDF) : 2s > (3=2off) ) > 3 > (3=3) )

(3)

The (3/3) ) structure is always found to be most stable in
our calculations, but the experimentally observed (3/
2off) ) porphyrin assembly is calculated to be slightly less
favored. In the case of the optB86b-vdwDF, it is only less
stable than the lower temperature single row assembly of
type 3 by a mere 6 meV. In this context it is again
important to note that we are very confident about the
structural identification of (3/2off) ) using the comparison
between the calculated and measured STM images pre-
sented in Figure 5.

At present, the physical origins of this discrepancy
remain unclear. Several reasons could be responsible for
the apparent difference between the experimental and
theoretical results, particularly those for the vdwDF. First,
our density functional calculations are currently restricted
to a few hundred atoms and, therefore, would not take
into account any long-range substrate-mediated interac-
tions betweenneighboring porphyrinmolecules, or even
neighboring chains. These interactions can easily exceed
the small energetic differences found here. Second, the
self-assembly of the Cu�porphyrin chains occurs at
400 �C, where vibrational free energies and assembly
kinetics could play a significant role. Fully accounting for
thoseeffects fromfirst principles iswell beyond the reachof
computational resources available at present. Finally, we
would like topointout that theenergyhierarchyof themost
stableconfigurations isbasedonenergydifferences thatare
as small as 6 meV (or about 0.1 meV per adsorbate atom).
This is just within the very limit of the currently achievable
numerical precision of most density functional calculations
for the system size considered here, independent of the
systematic accuracy of our density functional methods.

CONCLUSION

This work presents a detailed theoretical and experi-
mental analysis of the covalent self-assembly process
recently observed for porphyrinmolecules on Cu(110).31

The main point of interest is that the final annealed
structures were not only highly ordered, but they form

one-dimensional chains on the surface only in the
direction perpendicular to the Cu rows . By considering
the energetics of different assembly types and by
analyzing the geometries of the computed molecular
structures, we find that the commensurability of the
adsorbate with the surface plays the main role in
determining the structure of the porphyrin chains.
During the annealing process, several different por-
phyrin�porphyrin couplings occurwith increasing num-
bers of connecting Cu adatoms. The result of annealing
at 375 �C is an assembly of highly ordered, one-dimen-
sional Cu�porphyrin chains. In a second annealing step,
at slightly higher temperatures up to 400 �C, up to two
porphyrin chains can fuse together to formadouble row.
Using density functional theory, we confirm the

mechanism and structure of the observed nanostruc-
tures. The generalized-gradient approximation pre-
dicts that the fused double-rows are actually the
most stable adsorbate structure. This phenomenon is
explained using the concept of stress induced in the
adsorbate by the self-assembly: while strong chemical
driving forces exist to form organometallic C�Cu�C
couplings in almost any direction, only the Æ001æ
direction actually provides the proper lattice spacings
that enable the molecule to fit without significant
distortion. This result highlights the critical role of the
Cu(110) surface structure in directing assembly and
provides an avenue to surface engineering.
Finally, the effect of van der Waals interactions was

considered for the Cu�porphyrin assemblies. It was
found that the overall prediction of the C�Cu�C
coupling and the trend toward multiple organometal-
lic bonds is the same with or without van der Waals
interactions. However, the energetic difference of the
two candidate structures for the double rows is im-
proved slightly toward the experimentally observed
form. Our results suggest that dispersion forces can
play an important role even in the assembly of chemi-
sorbed systems where they were not previously re-
garded to be very significant.
Covalent C�Cu�C couplings of the type described

here have been observed in a fewdistinct systems.31,30,53

However, this work shows that carbon�copper organo-
metallic bonds on a Cu substrate can be formed as long
as the Cu adatoms can sit in energetically favorable
surface sites. Moreover, the synthesis recipe can be as
simple as heat-to-connect, without specific functionaliza-
tion of any of the adsorbate molecules involved. Due to
this apparent simplicity, theC�Cu�Ccouplingsmaywell
rise to one of the standard tools for engineering the self-
assembly of nanostructures on surfaces.

METHODS
Periodic density functional calculations were carried out using

the VASP computational package37 with a projector augmented

plane-wave basis set.38 The generalized gradient approxima-

tion (GGA)with the PW91 functionalwas used,39 aswas a variant

of the van der Waals density functional46 where the exchange
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term has been replaced by an optimized form of the Becke 86
exchange functional.45 Throughout this study we used a plane
wave energy cutoff of 400 eV, which is sufficient to converge the
total energies to within a few meV for this system. This was
tested explicitly with a 600 eV cutoff for the adsorbed un-
coupled porphyrin molecule. All geometries are relaxed until
the maximal force on each atom was less than 0.01 eV/Å.
The Cu(110) surface was described with different supercell

sizes according to the direction of self-assembly (SA). All cells
contain four Cu layers, with the bottom two layers fixed. The cell
sizes used were 6 � 3 (72 slab atoms, for SA in Æ001æ direction),
4 � 5 (80 slab atoms, for SA in Æ110æ direction), 4 � 3 (48 slab
atoms, for SA in Æ001æ and Æ110æ directions), and 9� 3 (108 slab
atoms, for the double-row SA). The Brillouin zone sampling was
performed using Monkhorst-Pack54 grids, chosen such that
the length of the lattice vector multiplied with the number of
k-points in that direction always exceeds 40 Å. Scanning
tunneling images were calculated using the Tersoff�Hamann
approximation55 as implemented by Lorente and Persson.56

The binding energy for each configuration was calculated using
single adsorbed H-atoms and single adsorbed Cu atoms as a
reference, alongwith the slab and the Cu�Porphyrin in vacuum:

Ebind ¼ Econfiguration � Esubstrate � ECu � P, vacuum

� nCuECu, ads þ 2nCuEH, ads (4)

where nCu is the total number of Cu adatoms, and the total
energies of the adsorbed H and Cu atoms are EH,ads = EsubstrateþH

� Esubstrate and ECu,ads = EsubstrateþCu� Esubstrate, respectively. The
Cu adatom reference energy was obtained from the 4-fold
hollow site, while the adsorption energy of a single H-atom is
obtained from the short-bridge site. These lowest-energy sites
were found by comparing the total energy of adsorbed Cu and
H atoms on all high-symmetry sites of Cu(110).
STM experiments were performed under 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. STM images were enhanced for brightness and
contrast using the Image SxMprogram. The Cu(110) surfacewas
prepared using argon ion sputtering and annealing cycles, and
atomic flatness and cleanliness were checked by STM and LEED
prior to dosing the molecule. H2-porphine (Frontier Scientific)
was used as purchased and sublimed at∼430 K onto the surface,
which was held at room temperature during deposition.
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