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I
n recent years much interest in the field
of low-dimensional molecular nano
structures was focused on self-assembly

protocols for surface-supported systems.1

Thereby, organic molecules, programmed
to engage in specific bonds with coadsor-
bates, represent a versatile library of func-
tional tectons. The most common approach
to engineer highly regular structures, also

offering a perspective for possible large-
scale production, relies on attractive non-
covalent intermolecular interactions, including
van der Waals forces, hydrogen bonding,
or metal coordination. A second strategy is
to make use of competing repulsive and
attractive forces to generate specific pat-
terns deliberately.2�4 Only lately have the
first reports on the formation of long-range
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ABSTRACT

We investigated the surface bonding and ordering of free-base porphine (2H-P), the parent compound of all porphyrins, on a smooth noble metal support. Our

multitechnique investigation reveals a surprisingly rich and complex behavior, including intramolecular proton switching, repulsive intermolecular interactions, and

density-driven phase transformations. For small concentrations, molecular-level observations using low-temperature scanning tunneling microscopy clearly show

the operation of repulsive interactions between 2H-P molecules in direct contact with the employed Ag(111) surface, preventing the formation of islands. An

increase of the molecular coverage results in a continuous decrease of the average intermolecular distance, correlated with multiple phase transformations: the

system evolves from an isotropic, gas-like configuration via a fluid-like phase to a crystalline structure, which finally gives way to a disordered layer. Herein,

considerable site-specific molecule�substrate interactions, favoring an exclusive adsorption on bridge positions of the Ag(111) lattice, play an important role.

Accordingly, the 2D assembly of 2H-P/Ag(111) layers is dictated by the balance between adsorption energy maximization while retaining a single adsorption site

counteracted by the repulsive molecule�molecule interactions. The long-range repulsion is associated with a charge redistribution at the 2H-P/Ag(111) interface

comprising a partial filling of the lowest unoccupied molecular orbital, resulting in long-range electrostatic interactions between the adsorbates. Indeed, 2H-P

molecules in the second layer that are electronically only weakly coupled to the Ag substrate show no repulsive behavior, but form dense-packed islands.

KEYWORDS: porphyrin . porphine . repulsion . self-assembly . scanning tunneling microscopy .
near-edge X-ray absorption fine structure . interface . photoelectron spectroscopy . charge transfer

A
RTIC

LE



BISCHOFF ET AL . VOL. 7 ’ NO. 4 ’ 3139–3149 ’ 2013

www.acsnano.org

3140

ordered structures via repulsive intermolecular forces
emerged.5�9 On the other hand, disordered systems
based on dominating electrostatic or other repulsive
interactions are well documented.10�14

A key feature of ordered assemblies stabilized by
attractive interactions is the formation of regular ar-
rangements at sub-monolayer coverage, due to the
short-range character of the intermolecular forces.
Consequently, a homogeneous structuring of a sub-
strate, a frequent criterion for potential applications, is
only achieved at saturation coverage and is in addition
frequently hampered by the formation of multiple
coexisting domains.15 In contrast, with the exclusive
presence of long-range repulsive interactions, mol-
ecules spread out over the entire available surface area
in analogy to a two-dimensional lattice gas and the
average intermolecular distance decreases continu-
ously with increasing density. Thus, well-ordered
high-coverage phases facilitate a homogeneous filling
of the available surface without domain boundaries.5

An additional advantage of repulsive systems that are
often based on electrostatic forces induced by the
charge redistribution at the sites of the molecules
might be an electronic templating of the substrate.
Generally, structure formation and molecule�

molecule interactions cannot be addressed without
consideringmolecule�substrate interactions. The sup-
porting surface not only offers a lattice of well-defined
adsorption sites for the molecular tectons but might
directly modify their conformational and electronic
properties. This in turn affects the molecule�molecule
interactions. For example, charge transfer or charge
redistribution at the molecule/substrate interface can
sensitively affect the self-assembly.2,16�20

Among molecules suitable for nanoarchitectures,
porphyrins are considered as highly relevant tectons,
given their manifold functions in biological systems
and first successful implementations in artificial
devices.21 Consequently, it is currently of great interest
to design novel porphyrin modules and to explore
their potential for nanostructuring. This effort goes
hand in hand with a fundamental characterization of
porphyrins on surfaces, where the functional proper-
ties influenced by (i) the possible presence of a central
metal ion, (ii) the substituents, and (iii) the conforma-
tion can be drastically modified upon adsorption.22�28

To establish fundamental features of surface-anchored
porphyrins and to clarify the influence of meso-
substituents, it is mandatory to focus on the simplest
possible system, which is the porphyrin macrocycle
represented by the so-called free-base porphine (2H-P,
Figure 1c).29,30 Yet, not only is a detailed analysis of
porphine adsorption on surfaces a prerequisite for the
deeper understanding of more complex porphyrin
systems, but 2H-P by itself is a very interesting module
in the molecular construction kit for two- and
three-dimensional nanoarchitectures.31 Nonetheless,

to date, knowledge on adsorbed 2H-P is essentially
missing.30,31

This work presents a comprehensive characteriza-
tion of free-base porphine, representing a prototype
macrocyclic compound, on Ag(111) and reveals a
surprisingly complex behavior of this model system,
including phase transformations induced by repulsive
interactions. The study focuses on the coverage-
dependent ordering from sub-monolayer coverages
up to the initial phase of second layer formation. It
highlights the importance of site-specific interactions
of the porphyrin macrocycle with the metal substrate
and elucidates the crucial role of substitutional groups
for low-dimensional self-assembly.

RESULTS AND DISCUSSION

Determination of Bonding Configuration and Site. Typical
scanning tunneling microscopy (STM) data of indivi-
dual free-base porphines on Ag(111) are shown in
Figure 1a,b. Themolecules adsorb with themacrocycle
plane aligned parallel to the surface and appear nearly
square-like with a depression in the center. Since two
corners are imaged brighter than the other two, the

Figure 1. (a) Individual free-base porphines (2H-P) on
Ag(111) exhibit three adsorption orientations rotated by (60�
with respect to each other. The dotted colored lines mark
the corresponding three directions of the molecular main
axis (green, yellow, blue). The secondary molecular axes,
which are aligned with the dense-packed r110æ substrate
directions (white star) are indicated by the solid lines (111�
111 Å2 It = 0.20 nA, UB = �0.80 V). (b) Zoom-in: the orienta-
tions can be distinguished by a molecular main axis given
by two protrusions above two corners of the square-like
envelope (19 � 19 Å2). (c) Model of 2H-P reflecting the
orientation of the molecule in (b) (blue: nitrogen, cyan:
carbon, white: hydrogen). (d) A controlled single-deproto-
nation procedure results in a 1H-P species. The remaining
proton can be switched between the four nitrogen posi-
tions (d�g). The corresponding hydrogen configurations
are represented in the models (h�k).
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molecules exhibit a 2-fold symmetry. These two bright-
er lobes in two opposing corners of the square define
the molecular main axis (Figure 1a, dotted lines).
A secondary axis is given by connecting the two
dimmer corners (Figure 1a, solid lines). The images
shown in Figure 1 were recorded at Ub = �0.8 V, but
porphines do not show significant voltage-dependent
contrast, in accordance with featureless scanning
tunneling spectra (cf. Figure S1 in the Supporting
Information). At higher negative voltages (Ub < �2 V)
the two lobes become slightlymore prominent and the
molecules have a rather rhombus-like outline. At high
positive bias (Ub > 1 V) fewer details are resolved and
the molecules appear as extended round protrusions.
The two lobes of free-base porphine that define the
main axis arise from an electronic effect induced by the
position of the hydrogenpair bound to two of the inner
nitrogens, as inferred from deprotonation and tauto-
merization experiments in analogy with 2H-TPP on
Ag(111)32 and 2H-Pc on Ag(111).33 A voltage pulse of
2 V results in a controlled single deprotonation of the
macrocycle and yields a 1H-P species (Figure 1d�g).
Applying a procedure described in ref 32, the remain-
ing single proton can be transferred between the
four nitrogen sites, as visualized by the STM images
in Figure 1d�g and the corresponding models
(Figure 1h�k). Thereby, the position of the hydrogen
defines the local conductance through the molecule,
which thus represents a switch. This 1H-P four-position
switch has a considerably smaller geometric foot-
print (∼1 nm2) than the previously reported 2H-TPP
module.32

The main axes of the molecules indicate different
adsorption orientations on the Ag(111) lattice. For
2H-P, three adsorption orientations can be discriminated.
Molecules are rotated by ((60 ( 5)� with respect to
each other. We thus conclude that porphines adsorb
with only one azimuthal orientationwith respect to the
dense-packed directions of the underlying surface,
similar to tetrapyridylporphyrin (TPyP) on Cu(111)34

and tetraphenylporphyrin (TPP) on Ag(111).35

To extract the exact adsorption site of 2H-P on
Ag(111), we rely on a highly ordered 2H-P structure
emerging at a coverage of 0.88 monolayer (ML)
(Figure 2a). Here, one ML is defined as the highest
experimentally observed molecular density on the
surface before second layer growth starts (vide infra).
This structure consists of parallel rows (along the
arrow in Figure 2a), where the molecules in each row
have the same adsorption orientation with a þ30�
rotation against the row direction in one row and
�30� in the adjacent row, resulting in a 60� rotation
between molecules in neighboring rows. The mol-
ecules within each row are equally separated by
14.4 ( 0.5 Å, thus revealing a clearly discernible
intermolecular gap, and exhibit a center-to-center
distance of 12.3 ( 0.5 Å to nearest neighbor mol-
ecules in the adjacent rows. These distances con-
siderably exceed the smallest separation extracted
from molecular mechanics simulations (MMþ)36 of
11.1 Å for two 2H-Ps aligned in parallel and the
nearest neighbor distance in the second layer (11.1 Å,
vide infra). The structure therefore is not densely
packed; that is, we observe intermolecular distances
beyond van der Waals radii. The unit cell is centered
rectangular and contains two molecules, as indi-
cated in Figure 2a. A model overlay based on the
experimental unit cell dimensions and the assump-
tion of a single adsorption site reveals that 2H-P is
centered on bridge sites with the secondary axis
aligned parallel to the substrate's dense-packed r110æ
directions (Figure 2a). The model overlay is based
on the experimental finding that extended domains
without moiré patterns or other indications of an
incommensurate registry are formed. Therefore
the overlayer structure is considered commensu-
rate, and every molecule with the same orientation
should exhibit the same adsorption site, a condition
only fulfilled for the bridge positions, and not for on-
top or hollow sites. This configuration places the
nitrogen and meso-carbon atoms above Ag atoms of
the supporting surface (Figure 2b).

Figure 2. (a) Zoom-in STM image of the regular 2D lattice obtained at a coverage of 0.88ML on the left (111� 88 Å2 It = 0.17 nA,
UB =�0.35 V) and amodel of the underlying Ag(111) surface on the right, bothwith amodel overlay. The unit cell is indicated
by awhite rectangle; thewhite arrowpoints along the rowdirection characterized bymolecules aligned in parallel. Centers of
molecules with the same orientation are marked with yellow and blue ellipses. The ellipses' semimajor axes indicate the
molecular main axis, and the semiminor axes indicate the secondary axis that is parallel to the high-symmetry axis of the
substrate. The ellipses suggest bridge sites as the preferred adsorption sites. The panel on the right represents an enlarged
model. (b) Structural model representing the adsorption of 2H-P on a bridge site of the Ag(111) lattice. This configuration is
highly symmetric, as the nitrogen atoms and the meso-carbons are placed above Ag atoms.
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In addition to the assembly shown in Figure 2a, we
observed two rotational domains with a (60� rotated
unit cell, as expected from the substrate symmetry.
Consequently, the alignment and packing of the mol-
ecules is guided by the symmetry of the underlying
Ag(111) surface.

The precise adsorption geometry of 2H-P/Ag(111),
inaccessible to STM imaging, was determined by near-
edge X-ray absorption fine structure (NEXAFS) spec-
troscopy recorded at three different angles of photon
incidence. The intensity for a given transition depends
on the angle between the linear polarization of the
light and the direction of the final orbital.37 By rotating
the sample with respect to the beam, the incidence
angle θ between the E-vector of the X-ray beam and
the surface normal can be varied. For an aromatic
system like the free-base porphine, the intensity of
the π*-region is maximal for θ = 0� andminimal for θ =
90� if the molecule is adsorbed parallel to the
surface.37,38 Figure 3 shows the NEXAFS curves of a
submonolayer of 2H-P taken at three different angles.
The intensity of the peaks in the π*-region (283�286 eV)
vanishes for θ = 90� (dotted line), indicating planar
molecules that adsorb parallel to the Ag(111) surface
within the error bar of the setup (5�). The flat adsorp-
tion configuration is also consistent with the statement
that the brighter protrusions of the main axis result
from an electronic rather than a topographic effect.
This corroborates the STM observations and discrimi-
nates 2H-P from its meso-substituted derivatives, like
for example tetraphenylporphyrins, which experience
major distortions upon adsorption on noble metal
(111) surfaces.26,28,32

Coverage-Dependent Assembly. To getmore insight into
the assembly mechanism of 2H-P on Ag(111), different
coverages ranging from 0.08 ML to a full ML were
studied (Figure 4). Besides topographic STM images
representing real space (Figure 4, a1�e1) a represen-
tative Fourier transformation (FT) plot is shown for
each coverage (Figure 4, a2�e2). These FTs were
generated using the fast FT function in the WSxM

software.39 In addition, the intermolecular separations
were extracted from the STM images for all coverages.
The histograms representing the distances from every
molecule to its three closest neighbors (Figure 4,
a3�e3) were obtained by binning hundreds of inter-
molecular distances with a bin width of 1 Å (0.25 Å in
Figure 4d3 and 4e3).

At coverages below 0.88 ML porphines are distrib-
uted over the entire surface and appear as a dispersed
system of particles with a broad distribution of inter-
molecular distances (Figure 4a�c). Despite a prepara-
tion temperature of 340 K, guaranteeing a considerable
molecular mobility, and the subsequent slow cooling
to cryogenic temperatures, no agglomerates, dimers, or
ordered structures are present. Porphines apparently

Figure 3. Angle-dependent C K-edge NEXAFS spectra of a
sub-monolayer of 2H-P on Ag(111). The vanishing intensity
of the 1sfπ* transition resonances in the 90� curve (dotted
line) points to flat molecules that are adsorbed parallel to
the Ag(111) surface.

Figure 4. STMdata of differentmolecular coverages of 2H-P
on Ag(111) (column 1, (a1) 0.08ML, (b1) 0.20ML, (c1) 0.51ML,
(d1) 0.88 ML, (e1) 1 ML); FT images (column 2) and histo-
grams of the intermolecular separations (column 3) corre-
sponding to the coverages depicted in column 1. The
porphine assemblies undergo three phase transformations
froma lattice gas to a liquid-like phase (bf c), froma liquid-
like phase to a regular 2D lattice (c f d), and finally from a
regular lattice to a disordered layer (d f e). The red line in
the histograms represents the ideal intermolecular distance
of 11.1 Å extracted from molecular mechanics calculations
(MMþ). All STM image sizes are 221 � 221 Å2; scanning
conditions: (a1) It = 0.20 nA, UB = �0.80 V, (b1) It = 0.20 nA,
UB =�0.80 V, (c1) It = 0.17 nA,UB =�0.80 V, (d1) It = 0.10 nA,
UB = �1.00 V, (e1) It = 0.06 nA, UB = �0.30 V.
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interact repulsively and exhibit a barrier for dimer
formation, which prevents self-assembly.

With increasing coverage and less free area on the
surface the porphines are forced to approach each
other, and spatial restrictions allow less variation in the
intermolecular separations. The distance distribu-
tion shifts to smaller distances and gets narrower
(Figure 4a3, b3, c3).

The coverage-dependent ordering is also reflected
in the evolution of the FT of STM images representing
increasing density. At first an isotropic, diffuse disk is
visible (Figure 4a2) that changes to a blurry ring
(Figure 4b2), which sharpens with increasing coverage
and comprises six spots forming a hexagon (Figure 4c2).
It then transforms to a defined face-centered rectan-
gular pattern (Figure 4d2), which finally evolves into a
pattern with hexagonal symmetry (Figure 4e2). Through-
out the full coverage range, the distances within the FT
plots increase; that is, the intermolecular distances con-
tinuously decrease.

The different FT patterns can be explained by simply
considering repulsive effects in combination with the
influence of the substrate. A dispersed system would
give just a smooth, featureless background in the FT
(Figure 4a2). In general, a ring arises from lower and
upper restrictions to the distribution. Here, the lower
limit for the porphine separations is provided by
short-range repulsive molecule�molecule interac-
tions, while the coverage gives an upper limit. At all
coverages each porphine tries to maximize its distance
to all neighbors in order to minimize its potential
energy in the repulsive interaction. Consequently, the
multiple interactions lead to a preferred intermolecular
distance (Figure 4b2). The resulting distribution is
isotropic and resembles a snapshot of a molecular
gas phase. At higher coverage, the bright spots in a
hexagonal arrangement superimposed on the ring
(Figure 4c2) indicate of a short-range order between
molecules. We associate this change from a dispersed
system (essentially isotropic distribution) to a system
with defined relations betweenneighboringmolecules
(anisotropic distribution) with a transformation from a
gas to liquid-like state. The origin of the anisotropy
and therefore the aforedescribed phase transforma-
tion is most likely substrate induced, since the or-
ientation of the hexagonal spots is linked to the
substrate geometry, irrespective of coverage or sam-
ple preparation.

The reduced disorder evidenced by the sharp FT
patterns at higher coverages (Figure 4d2, e2) is also
reflected in the distance distribution, which evolves
via an intermediate step exhibiting two pronounced
peaks representing the highly ordered structure
(Figure 4d3) into a narrow peak representing a mean
separation of 12.1 Å (Figure 4e3). The distributions
for these two highest coverages are extremely nar-
row, which is characteristic for a crystalline structure.

Indeed porphines form a highly ordered 2D lattice
at 0.88 ML, as discussed in the previous section, but
the final 1 ML structure cannot be considered as a
crystal with translational symmetry. It does not fea-
ture strict positional order, and it lacks orientational
order.

This reduced regularity is evidenced by the STM
image represented in Figure 5a. The corresponding
autocorrelation plot (Figure 5b) reveals a hexagonal
symmetry with a periodicity of 12.1 ( 0.5 Å. But a
superposition of this hexagonal lattice with the STM
data (Figure 5a) clearly shows that the full monolayer is
not highly ordered. The molecules show no fixed
orientation relative to their nearest neighbors, and
the centers of the molecules deviate slightly from a
perfect hexagonal arrangement. The structure has only
an average positional but no orientational order and is
therefore considered a disordered layer.40 To rational-
ize this observation, we extracted the molecular posi-
tions from a high-resolution STM image (Figure 5c) and
superimposed them on a structural model of the
Ag(111) surface together with a perfect hexagonal grid
with a periodicity of 12.35 Å, symbolized by the white
circles (Figure 5d). Thereto, the Ag(111) substrate was
aligned with the molecular secondary axis. The 2H-P
molecules arranged in such a hexagonal lattice cannot
occupy solely bridge sites, but one out of four positions
coincides with an “on top” site (red dots), which is an
unfavored adsorption geometry. Consequently, mol-
ecules avoid “on top” sites and evade to one of the six
adjacent bridge positions. Therefore, the molecular

Figure 5. Quasi-hexagonal 1 ML structure. (a) Typical STM
image (221 � 221 Å2 It = 0.06 nA, UB = �0.30 V) and (b) the
corresponding autocorrelation plot with a hexagonal grid
that fits the detected periodicity well. (c) Zoom-in image
highlighting the positional and rotational disorder in the
structure. (d) Model representing the assembly in (c). White
circles mark the nodes of the regular hexagonal grid, which
include unfavorable “on top” adsorption sites (red dots).
Their avoidance induces a disordered character to the layer
(compare Figure 2).
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arrangement deviates from a perfect hexagonal lattice
and does not show orientational order. In addition, the
average defect density observed in the experiments
exceeds the 25% suggested by the local model overlay
of the lattice. Accordingly we are not dealing with a
well-ordered lattice, but rather with a disordered
layer in the sense that the position of a considerable
fraction of the molecules is randomly assigned to
one out of the six possibilities, resulting in three
possible orientations (marked in green, yellow, and
blue in Figure 5d).

The idealized hexagonal grid (Figure 5d) is rotated
by 6� with respect to the dense-packed directions of
the Ag(111) substrate and presents a periodicity of
12.35 Å. These values are in perfect agreementwith the
lattice derived from LEED and STM observations of a
MLNiP onAg(111)41 and on Ag/Si(111)-(

√
3�√

3)R30�.42

In both cases NiP is reported to form hexagonal
densely packed islands with positional and orienta-
tional order. However the pertaining STM data lack
intramolecular resolution and the experiments were
carried out at room temperature, where NiP molecules
are quite mobile; that is, it is possible that the seem-
ingly orientational order is a dynamic feature reflecting
continuous molecular motion.

In the following, we will apply energetic considera-
tions combined with the observation of a single ad-
sorption site of 2H-P on Ag(111) to rationalize the
intermolecular distance decrease, the formation of
the crystalline structure, and the transformation to
the disordered layer. Our findings evidence that the
increase in total adsorption energy at higher cov-
erages, given simply by the larger number ofmolecules
per surface area, outweighs the stronger repulsion
induced by smaller separations between the mol-
ecules, which results in a decrease of the observed
intermolecular distances. During this compression
molecules rearrange laterally and rotationally. How-
ever, this adaptation is limited by molecule�sub-
strate interactions that steer the porphines into one
of the three equivalent adsorption orientations, irre-
spective of coverage. At 0.88 ML the maximum num-
ber of preferred adsorption sites coincides with a
regular lattice, whereby this structure is highly or-
dered, but obviously not densely packed. At cov-
erages exceeding 0.88 ML, molecules can occupy
only the preferred adsorption sites by abandoning
the order of the structure and consequently form a
disordered layer, as defined above. However, even the
resulting layer is not densely packed. The variations in
the adsorption configurations within the hexagonal
structure show that some molecules had enough
clearance for rotation and/or translation. Neverthe-
less the structure is not compressed upon deposition
of additional molecules, but second layer growth
begins (vide infra). Apparently, the energy penalty
given by the repulsive interactions at very small

intermolecular distances cannot be compensated by
the gain in adsorption energy or attractive short-
range forces. Therefore, molecule�substrate interac-
tions that induce specific adsorption sites appear
to be decisive for the 2H-P arrangement on Ag(111).
The ordering is coverage dependent, i.e., density-
driven, and reflects the symmetry of the underlying
substrate.

It is instructive to compare our FT with low-energy
electron diffraction (LEED) patterns reported in the
literature for related systems dominated by repulsive
molecule�molecule interactions.5,6,8,9,43 Both observa-
tions map reciprocal space and evidence structural
transformations with increasing molecular coverage.
The evolution of the LEED diffraction patterns shows a
strikingly similar behavior as the FT plots for 2H-P/
Ag(111): The LEED experiments for the series of sys-
tems evidence phase transformations from a disor-
dered gas-like phase (diffuse disk) to a liquid-like phase
with noticeable short-range order (ring with spots) to
a relaxed solid structure (first sharp pattern, analo-
gous to the presented regular lattice at 0.88 ML) to a
final dense-packed solid structure (second sharp
pattern, analogous to the quasi-hexagonal disor-
dered layer at 1 ML).8 Thus, the described cover-
age-dependent transformations seem to represent a
quite general characteristic featuring free energy
minimization regardless of the specific applied tec-
ton or substrate. Even surface-supported alkali metal
layers evidence analogous phases and transforma-
tions.44�46 However, one fundamental issue discri-
minates the 2H-P/Ag(111) system from the previous
reports. Even at the highest density, we do not
observe an orientationally and positionally ordered
structure formed at the expense of incommensurate
adsorption sites or a tilting of the molecules. Thus,
site-specific molecule�substrate interactions are
clearly more important for 2H-P/Ag(111) than for
the previously described systems, where the max-
imization of the total adsorption energy can even
outweigh the energy penalty caused by deviations
from ideal adsorption sites.

Second Layer Assembly. Additional molecule deposi-
tion onto the disordered quasi-hexagonal 1 ML struc-
ture does not result in a further compression of the
intermolecular distances, but induces second layer
formation. Figure 6 shows an STM image of a coverage
exceeding 1 ML exhibiting ordered two-dimensional
islands with an apparent height clearly exceeding
the first layer molecules. Molecules within the islands
appear as cloverleaf-shaped protrusions presenting a
single orientation (Figure 6). This modified appearance
compared to the surrounding porphines in direct
contact with the Ag(111) surface points to a reduced
electronic coupling in line with previous reports on
second layer molecules.47�49 The resulting assembly is
characterized by a rhombic unit cell with side lengths
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of 12.3( 0.7 Å and 11.1( 0.7 Å and an opening angle
of 57 ( 5� (Figure 6a). This packing leads to incom-
mensurability with respect to the quasi-hexagonal first
layer (Figure 6b), as also directly inferred from the joint
imaging of first and second layer molecules at the
border of the islands outlined in Figure 6a. This ob-
servation also proves that the bright molecules are
indeed second layer molecules placed on first layer
molecules and not tilted species still in direct con-
tact with the Ag(111) substrate. Consequently, the
molecular arrangement in the second layer is not
dominated by preferred adsorption sites on the
disordered first layer, but rather by lateral intermo-
lecular interactions (Figure 6b). Here, it is important
to note that the 2H-P molecules in the second layer
readily self-assemble into dense-packed islands,
which can extend to a full layer, in striking contrast
to the 2H-P in direct contact with the Ag(111) surface,
which interact repulsively. Consequently, molecule�
substrate interactions seem to induce the repulsive
behavior.

Discussion. We now discuss possible origins of the
repulsive behavior observed for the (sub-)ML coverage
regime. Repulsive interactions resulting in individual
adsorbates on surfaces are reported for a variety of
systems. The drivingmechanisms inducing the separa-
tion of adatoms or molecules are diverse and in-
clude surface state mediated effects,50�53 entropy,54

strain,55�57 and dipole interactions due to charge
transfer58 or the push-back effect.8 Most of these
effects can be ruled out as the dominant contribution
to the apparent repulsion in the 2H-P/Ag(111) case: (i)
Friedel oscillations in the surface state electron density
are reported to induce a barrier for dimer formation for
atomic adsorbates50�52 and yield maxima in the in-
teratomic distance distribution spaced by half the
Fermi wavelength (λF/2) of the surface state electrons.
An inspection of the intermolecular separations of
2H-P (Figures 4a3�e3) however suggests otherwise.

First of all, the pair distributions do not show maxima
separated by multiples of λF/2, where λF/2 equals
3.8 nm for Ag(111),51,59 and second, the preferred
distance is coverage dependent. (ii) Recent reports sug-
gest that entropy might counteract the self-assembly
of well-ordered molecular structures and thus favor a
random distribution of adsorbates, mimicking a repul-
sive interaction.54 Yet, in such a situation one expects
to find some molecules in close contact, even at low
and intermediate coverages.11 As this is not the case
for 2H-P/Ag(111), we exclude a “maximization of dis-
order” as the driving force for the dispersed distribu-
tion of individual molecules on the surface. However, it
should be pointed out that the identification of “max-
imal entropy” with “lowest order” in a system is not
generally valid.11,60 (iii) Another potential source for
individual adsorbates is elastic deformations of the
substrate causing strain fields and strain relief pat-
terns that might induce analogous consequences as
electrostatic interactions61 and lead to repulsive forces
between adsorbates. If heteroepitaxial films are used,
strain effects can indeed be important.56,57 This is not
the case for unreconstructed single crystal surfaces
such as Ag(111). Here, strain can be induced by ad-
sorbed atoms or molecules,55,62,63 and such elastic
deformations might contribute tomolecule�molecule
interactions, but are not reported to play an important
role for large organic molecules. (iv) Repulsive dipole�
dipole interactions leading to a disordered phase are
known for polar molecules that adsorb in the same
orientation onto the surface,10 but are also reported for
intrinsically nonpolar molecules.58 For the latter, a
dipole moment perpendicular to the surface plane
can be induced upon adsorption, caused by charge
transfer between adsorbate and surface and/or by
the push-back effect. Indeed charge transfer is re-
ported for many organic molecules on metal sur-
faces, including porphines.30,38,64 The charge redis-
tribution at the porphine/metal interface due to
hybridization results for example in a partial filling
of the lowest unoccupied orbital (LUMO) of 2H-P
chemisorbed on Cu(110).30

In fact, for the 2H-P/Ag(111) system, ultraviolet
photoelectron spectroscopy (UPS) measurements
summarized in Figure 7 evidence a charge transfer to
the porphine. The spectral feature right below the
Fermi level represents the occupied tail of the LUMO
orbital, indicating a downshift and partial filling of this
orbital.65,66 By subtracting the Ag(111) from the 2H-P/
Ag(111) spectrum (black curve in Figure 7a), we esti-
mate the occupation of the LUMO to be about 10% of
the HOMO-related feature. This is consistent with our
complementary NEXAFS measurements, which rule
out a massive charge transfer and a complete filling
of the LUMO (see Supporting Information, Figure S2).
Moreover, the contrast revealed by STM images repre-
senting occupied electronic states recorded with a tip

Figure 6. Initial phase of second layer growth of 2H-P on
Ag(111). The second layer porphines appear as cloverleaf-
shaped protrusions exhibiting an identical orientationwith-
in each island. (a) At the island border, subjacent first layer
molecules are partially discernible (outlined by white
squares). The rhombic unit cell is marked by the black
diamond (It = 20 pA, UB = 2 V). (b) The lattice formed by
the second layer molecules (white grid) is not in registry
with the surrounding quasi-hexagonal pattern of the first
layer molecules (blue dots).
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yielding high spatial resolution (Figure 7b right) closely
resembles the nodal structure of the LUMO (see
Figure 7b left), thus corroborating a charge transfer
into this orbital.

Based on these arguments, a charge redistribution
at the 2H-P/Ag(111) interface comprising a partial filling
of the LUMO orbital is the most likely origin of the
repulsive interaction, which exceeds attractive forces.

CONCLUSIONS

In summary, we applied STM, UPS, and NEXAFS
spectroscopy to characterize the adsorption of 2H-P
on Ag(111) from 0.08 ML up to the initial stage of
second layer growth. 2H-Ps occupy exclusively bridge
positions on the Ag(111) lattice. This indicates that con-
siderable site-specific molecule�substrate interactions

are operative. In addition, the analysis of intermolecular
distances reveals a repulsive interaction between the
2H-P molecules inducing an energy barrier for aggre-
gation that prevents supramolecular self-assembly.
These two characteristics, i.e., the preferred adsorption
sites and the repulsive interaction, dictate the 2H-P
morphology on Ag(111) throughout the coverage
range up to 1 ML. During the continuous decrease of
the average intermolecular distance, multiple phase
transformations take place. At very low coverage,
individual 2H-Ps representing an isotropic lattice gas
are resolved. Around 0.5 ML a transformation to an
anisotropic fluid-like phase is observed. At 0.88 ML a
special condition is fulfilled: The intermolecular dis-
tances fit to a lattice only comprising the preferred
bridge adsorption sites with well-defined azimuthal
orientations between neighboring molecules. As a
result, a highly ordered, crystal-like structure is ob-
served. Importantly, this assembly is not dense-
packed, and attractive intermolecular interactions
do not seem to play a relevant role. At higher
coverages, porphines can adsorb on the surface only
by disrupting the order of the structure. Thus, we
observe the transformation to a disordered layer,
exhibiting an average hexagonal but no strict orien-
tational order. This final structure, defined as 1 ML
even if not dense-packed, represents the highest
packing density of 2H-P observed on Ag(111). Further
porphine deposition induces the assembly of com-
pact second layer islands.
Our experimental observations suggest that the

assembly of 2H-P/Ag(111) is driven by the maximiza-
tion of the adsorption energy considering the bound-
ary conditions given by the repulsive molecule�
molecule interactions and the single adsorption sites.
The repulsion is assigned to a charge redistribution at
the 2H-P/Ag(111) interface comprising a partial filling
of the LUMO, resulting in adsorption-induced dipole
moments perpendicular to the surface plane. Indeed,
the second layer 2H-P molecules that are electronically
only weakly coupled to the metallic substrate show
no repulsive behavior, but rather form dense-packed
islands.
Compared to other adsorbate structures driven by

nonattractive and repulsive forces, 2H-P on Ag(111) is
special in the sense that the balance of molecule�
molecule and molecule�substrate interactions pre-
vents the formation of incommensurate layers at high
coverage. Even more importantly, 2H-P, representing
the macrocyclic parent compound of all porphyrins,
behaves completely different from its free-base tet-
raphenylporphyrin counterpart (2H-TPP) or related
metalloporphyrins (M-TPP), which all form highly
ordered dense-packed arrays on Ag(111) even at sub-
monolayer coverage.28,32,35,67 This evidences the im-
portance of the terminal substituents for a successful
self-assembly via decoupling from the substrate or

Figure 7. Charge transfer to the LUMO. (a) Photoemission
spectra comparing the valence band region of 2H-P/
Ag(111) (in green) at a coverage close to the monolayer to the
bare Ag(111) (in red). The data clearly show the signature of
the highest occupiedmolecular orbital (HOMO) of porphine
at a binding energy of about 2.2 eV. More importantly, the
intensity increase right below the Fermi level represents a
partial filling of the LUMO upon adsorption on Ag(111).
From the difference spectrum (in black, vertically offset for
clarity)we estimate the occupation of the LUMO tobe about
10% of the HOMO; that is, the LUMO remains mainly
unoccupied, in agreement with the NEXAFS data (see
Supporting Information, Figure S2) (Photon energy: 30 eV,
emission: 60� off-normal). (b) The symmetry and nodal
structure of a calculated constant charge density contour
representing the LUMO of an isolated 2H-P (left panel,
extended Hückel theory (EHT)) shows a close resemblance
to high-resolution STM images representing occupied
states (right panel, It = 0.2 nA, UB = �0.15 V).
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attractive interactions. In striking contrast to its
meso-substituted derivatives, the 2H-P/Ag(111) sys-

tem reveals a wide variety of surface structures and
phases.

METHODS
All STM experiments were performed in a custom-designed

ultrahigh-vacuum chamber housing a CreaTec STM operated
at 6 K (www.lt-stm.com). The base pressure during the experi-
ments was around 2 � 10�10 mbar. Repeated cycles of Arþ

sputtering and annealing to 725 K were used to prepare the
Ag(111) single crystal. Subsequently 2H-P molecules (Frontier
Scientific, purity >95%)were dosed froma thoroughly degassed
quartz crucible held at 470 K. During deposition the sample was
kept at 340 K. All STM images were recorded in constant current
mode using an electrochemically etched tungsten tip prepared
by sputtering and controlled dipping into the Ag(111) substrate.
In the figure captions UB refers to the bias voltage applied to the
sample. The WSxM program (www.nanotec.es) was used to
display the STM images.39

The NEXAFS data were taken at the HE-SGM beamline at
BESSY II in Berlin using the partial electron yield mode with a
retarding voltage of 150 V. The sample preparation followed the
recipe introduced in the paper. The spectra were recorded at a
sample temperature of 125 K. Data collection and analysis
followed the procedure described in ref 38. The UPS measure-
ments were conducted at theMaterials Science beamline of the
ELETTRA synchrotron facility in Trieste, Italy. The end station
consists of a typical UHV surface science chamber, equipped
with facilities for sample manipulation and characterization,
and operated at a base pressure of 2 � 10�10 mbar. All
measurements were performed with the sample kept at room
temperature, using a SPECS PHOIBOS 150 electron energy
analyzer of 150 mm mean radius with a nine-channel detector.
Linearly polarized radiation with photon energies in the range
22�120 eV was used, and the electron collection geometry was
varied between normal and grazing emission (60� off-normal,
corresponding to normal incidence of the photon beam) with
an acceptance angle of (7�. The energy resolution, mainly
determined by the chosen pass energy of the analyzer, was
approximately 0.13 eV. The UPS measurements were comple-
mented by X-ray photoelectron spectroscopy (XPS) andNEXAFS
data, in order to verify the cleanliness, chemical state, coverage,
and molecular orientation in the as-prepared layers.
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