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ABSTRACT 
Supramolecular self-assembly of the organic semiconductor perylene-3,4,9,10-tetracarboxylic diimide (PTCDI) 
together with Ni atoms on the inert Au(111) surface has been investigated using high-resolution scanning tunneling 
microscopy under ultrahigh vacuum conditions. We demonstrate that it is possible by tuning the co-adsorption 
conditions to synthesize three distinct self-assembled Ni–PTCDI nanostructures from zero-dimensional (0-D) 
nanodots over one-dimensional (1-D) chains to a two-dimensional (2-D) porous network. The subtle interplay 
among non-covalent interactions responsible for the formation of the observed structures has been revealed 
from force-field structural modeling and calculations of partial charges, bond orders and binding energies in 
the structures. A unifying motif for the 1-D chains and the 2-D network is found to be double N–HO 
hydrogen bonds between PTCDI molecules, similar to the situation found in surface structures formed from 
pure PTCDI. Most interestingly, we find that the role of the Ni atoms in forming the observed structures is not 
to participate in metal–organic coordination bonding. Rather, the Ni adatoms acquire a negative partial charge 
through interaction with the substrate and the Ni–PTCDI interaction is entirely electrostatic. 
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1. Introduction 

Controlled self-assembly of complex supramolecular 
surface architectures has considerable potential for 

application in many fields within the quickly-emerging 
area of nanoscience and technology, including 
heterogeneous catalysis, gas storage, chemical 
sensing, surface-templating, molecular recognition, 
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opto-electronics, and host–guest chemistry [1–4]. By 
adopting different building blocks, a wide range of 
supramolecular structures have been investigated 
under ultrahigh vacuum (UHV) conditions and char- 
acterized using scanning tunneling microscopy (STM). 
Versatile strategies have been employed to fabricate 
well-ordered and highly hierarchical molecular nano- 
structures on suitable substrates using non-covalent 
interaction, allowing for massively parallel bottom-up 
synthesis [5–39]. In particular, stimulated by the 
ubiquity in biological systems, hydrogen bonding 
(H-bonding) and van der Waals (vdW) interactions 
have been exploited widely [5–11]. Another important 
approach for supramolecular engineering is to grow 
surface-confined metalloorganic structures by code- 
position of organic molecules and metal adatoms 
[12–39]. This approach has been explored systematically 
over the last decade, most notably resulting in 
hierarchically assembled structures [12–39] and highly 
ordered metal–organic surface networks with pore sizes 
and symmetries that are tunable through appropriate 
choice of substrate, organic ligands and transition 
metal centers [13, 15–17, 28, 35]. Such structures have 
in many cases been rationalized from qualitative 
two-dimensional adsorption models [13, 16, 17, 35–37], 
while selected studies addressing the detailed nature 
of the metal–organic interaction have been performed 
based on photo–electron [15] or scanning tunneling 
spectroscopy [32]. Complementary theoretical modeling 
has often focused on free-standing metal–organic 
structures [12, 38] to reduce the computational load but 
in certain cases the adsorbate–substrate interaction has 
been taken into account by modeling the surface as 
clusters [28] or slabs [21] of atoms. In general, these 
studies have confirmed the picture of coordination 
bonding between metal centers and ligands, e.g., for 
Fe–carboxylate [15], Cu–1,3,8,10-tetraazaperopyrene 
(TAPP) [30], Cu–thiolate [31], Co-dicyanoazobenzene 
[32] and Cu–9,10-anthracenedicarbonitrile (DCA) [39]. 
The charge state of the adsorbed coordinating metal 
centers are generally found to be positive [15, 30] or 
close to neutral [32] while one case of a negatively 
charged center has been observed for Cu/Cu(111) co-  
ordinating to anthracenedicarbonitrile molecules [39]. 

In this study, we investigate metal–organic self- 
assembly of perylene-3,4,9,10-tetracarboxylic diimide 

(PTCDI, see Fig. 1(a)) and Ni on the Au(111) surface 
using high-resolution STM under ultrahigh vacuum 
(UHV) conditions. The molecule PTCDI and its 
derivatives are technologically relevant owing to their 
interesting opto-electronic properties [40, 41], and 
their adsorption properties have been investigated  
on a wide range of substrates [42–48] as fundamental 
model systems for understanding the interaction of 
large aromatic molecules with inorganic surfaces. 
Studies of binary or ternary molecular assemblies 
formed from PTCDI and other molecules through 
complementary H-bonding have also been performed 
[7, 26, 49–51]. Co-adsorption of PTCDI with metal 
atoms (Ni) was studied recently and a number of 

 
Figure 1 (a) Chemical structure of perylene-3,4,9,10-tetracarboxylic 
diimide (PTCDI). (b) STM image of an extended PTCDI island 
formed on a Au(111) terrace (It = 0.41 nA, Vt = 1.25 V). (c) High- 
resolution STM image of the PTCDI structure (It = 0.41 nA, Vt = 
1.25 V). (d) Optimized model of close-packed PTCDI arrangement 
on Au(111) after full relaxation with the MM4 force-field method, 
revealing that PTCDI are aligned into rows in a head-to-tail  
style by intermolecular double hydrogen bonding (Au atoms are 
represented by yellow balls). (e) STM image of monolayer-height Ni 
clusters at a coverage of ~0.05 ML nucleated at the elbow sites of 
the Au(111) herringbone reconstruction (It = 0.38 nA, Vt = 1.25 V) 
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structures attributed to metal–organic coordination  
were observed at limited resolution by STM [36].  

Our study shows that it is possible by delicately 
tuning the co-adsorption conditions to synthesize 
three distinct self-assembled Ni–PTCDI nanostructures 
from zero-dimensional (0-D) nanodots to one- 
dimensional (1-D) chains to a two-dimensional (2-D) 
porous network. In general, the ability to generate   
a diverse range of nanostructures of different 
dimensionality from the same elementary building 
blocks is important since it may help to simplify 
synthesis of nanostructures for practical applications. 
To achieve a full picture of the interactions driving the 
formation of the observed Ni–PTCDI structures, we 
have performed molecular mechanics and quantum 
chemical calculations, as well as STM image 
calculations. A unifying motif for the 1-D Ni–PTCDI 
chains and the 2-D Ni–PTCDI network is found to be 
double N–HO hydrogen bonds between PTCDI 
molecules arranged in staggered rows, similar to the 
situation found in surface structures formed from 
pure PTCDI. Most interestingly, we find that while 
Ni co-deposition with PTCDI is essential to form the 
observed structures, the role of the Ni adatoms is not 
to participate in metal–organic coordination bonding 
as cationic centers. Rather, the Ni adatoms acquire a 
negative partial charge through interaction with the 
substrate and the Ni–PTCDI interaction is entirely  
electrostatic. 

2. Experimental 

STM measurements were performed using a variable- 
temperature Aarhus STM [52], mounted in a UHV 
chamber with a typical base pressure of 1  10–10 Torr. 
The Au(111) single-crystal sample was cleaned by 
repeated cycles of 1.5 keV Ar+ ion bombardment and 
annealing to 850 K for 15 min. PTCDI molecules were 
deposited from a glass crucible wound with a Ta wire 
for resistive heating and with a thermocouple pair 
fused into the glass for temperature monitoring. The 
evaporator was held at 600 K during sublimation. Ni 
was evaporated from a 99.99% pure resistively heated 
Ni wire. Molecular and atomic coverages were 
estimated from STM images as fractions of a saturated 
first layer (ML) for the respective species on the Au(111) 

surface. All STM images presented here were collected 
in the constant current mode and acquired at a 
sample temperature of approximately 110 K using an  
electrochemically etched polycrystalline W tip. 

For the computational part we adopted the following 
strategy. First, we calculated the conformation of a 
single molecule adsorbed above a single layer Au(111) 
surface and surrounded by four nickel atoms by ab 
initio calculations at the SCF-MP2(TZVP) level with the 
GAMESS code [53]. We established with this simple 
system that neither covalent nor coordination bonding 
is responsible for the adsorption due to a too large 
interatomic distance between the Ni atoms and the 
molecule. This means that ab initio calculations would 
become prohibitively expensive as we have to deal 
with large supramolecular structures adsorbed on a 
metallic surface. For the supramolecular optimization 
we have therefore used force-field calculations such 
as MM4 [54, 55] with a substrate containing four gold 
layers (we have checked that a larger slab does not 
provide noticeable differences). At this stage, STM 
images of the obtained geometries have been system- 
atically calculated and compared to experimental 
images: Molecular structures are validated once the 
agreement between calculated and experimental 
images is found qualitatively correct. If needed    
for the detailed understanding, ab initio calculations 
(without geometrical optimization) were performed 
starting from the force-field calculated conformations 
to determine for instance the partial charges on the 
atomic sites and the bond orders between the molecule 
and the substrate, or the H-bonding interaction in com- 
parison with MM4 calculations. Molecular adsorption 
energies were calculated with the MOPAC-2009 code 
[56] at the PM6 level adapted for transition metal  
and H-bonding and the MM4 force field [54] without 
and with nickel adatoms on the surface. As results 
obtained with the two methods compared well, the 
MM4 method was used for intensive calculations. 
Additionally, the intermolecular contribution to the 
total interaction energy is calculated with the help  
of the MM4 force field that includes directional 
H-bonding. Mulliken partial charges and bond orders 
were evaluated using SCF-PM6 approximation. 
Calculation of STM images was performed using the 
ESQC-STM code [57, 58]. This method has already 
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demonstrated its efficiency and reliability to deal with 
STM image calculations not only with small systems  
[59] but also with large adsorbed molecules [60]. 

3. Results and discussion 

We first describe results for PTCDI alone on the Au(111) 
surface, an adsorption system which has been inves- 
tigated before in several instances [7, 36, 45, 48, 61]. In 
the present case, the molecules were deposited onto a 
Au(111) surface kept at room temperature, followed 
by a post-annealing at 400 K for 10 min and cooling to 
110 K. This resulted in well-ordered, mono-molecular 
high islands as depicted by the STM images in 
Figs. 1(b) and 1(c). Each elongated feature within  
this structure is attributed to an individual PTCDI 
molecule adsorbed with its plane parallel to the 
surface. The PTCDI molecules adopt a head-to-tail 
arrangement into rows which again pack sideways to 
form the observed extended domains. The spacing 
between centers of neighbouring molecules is 1.4  
0.1 nm along the row direction and 1.1  0.1 nm 
between two neighbouring rows. The long axis of the 
molecules is rotated slightly (~12°) with respect to the 
direction of the molecular rows. The herringbone 
reconstruction of the Au(111) substrate is not signifi- 
cantly perturbed by the adsorption of the PTCDI 
molecules, as judged from a characteristic modulation 
of the molecular corrugation clearly observed in large  
scale images, e.g., in Fig. 1(b).  

Calculations were performed to establish the inter- 
molecular and molecule–surface interactions responsible 
for the formation of the described PTCDI structure, 
and also to act as a starting point for further 
modeling of Ni–PTCDI structures. The optimum 
adsorption site for a single PTCDI molecule is found 
from MM4 force-field calculations [54, 55] to be an 
atop site on the Au(111) surface, i.e., with its central 
aromatic ring located above a gold atom. In this 
position, the minimal adsorption energy is –2.56 eV 
and the molecule–substrate distance is 3.80 Å (the 
adsorption height is defined as the distance between 
the outermost lattice plane of the substrate and the 
plane formed by the central benzene ring). These 
results are consistent with previous calculations for  
perylenetetracarboxylic dianhydride (PTCDA), a close 

analog of PTCDI [62]. A model for the extended PTCDI 
structure on the Au(111) surface was obtained from 
MM4 calculations and is shown in Fig. 1(d): Starting 
with a molecular arrangement involving molecules  
in the optimum atop positions, one finds after full 
relaxation an alignment into rows, allowing for double 
N–HO H-bonding interaction between the imide and 
carboxyl groups of neighbouring PTCDI molecules 
along the rows. The calculated structure has a unit 
cell size of 1.15  0.02 nm (inter-row) by 1.40  0.01 nm 
(intra-row), and the angle between the molecular axis 
and the row axis is 12.2°  0.5°, and approximately 12° 
between the row axis and the [110]  direction of the sur- 
face, all consistent with the experimental observations. 
In order to validate the MM4 H-bonding parameteriza- 
tion, we have checked the double N–HO H-bonding 
in the head-to-tail configuration of two PTCDI molecules, 
as shown in Fig. 1(d), which can be accurately described 
from ab initio calculations at the SCF-MP2 (TZVP) 
level with the GAMESS code [53]. The bond length 
between two molecules, that is to say the N–HO 
distance, is 2.64 Å in agreement with the full structural 
model. The stabilization energy is –0.41 eV for two 
molecules joined by double N–HO hydrogen bonds, 
consistent with recent density functional theory (DFT) 
calculations (which is at a comparable accuracy level 
as the MP2 description) for a gas phase dimer of 
cyanuric acid [63] and of PTCDI [45], respectively. 
Notice that similar results were already obtained 
with the MM4 force field following parameterization 
in Ref. [64]. As it is difficult to take into account  
vdW interactions by ab initio methods, we have also 
evaluated the inter-row interaction from force-field 
calculations with MM4 [54]. This shows that the 
interaction energy at a row-to-row distance of 11.5 Å 
is dominated by vdW forces and is –0.120 eV per pair 
of molecules. Comparing to previous studies of PTCDI 
on Au(111) [7, 45, 48], there is generally an agreement 
on the arrangement with H-bonded rows formed 
from molecules slightly rotated compared to the row 
direction. However, significant variations have been 
observed in the inter-row arrangements, in particular 
opposite sense of rotation for molecules in adjacent 
rows and/or larger lateral shift of adjacent rows along 
the row direction, leading to brick-wall structures. The 
structures most resembling the one reported here were 
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found on narrow terraces of vicinal Au(11,11,12) [7]. 
Together, these experimental observations support a 
comparatively weak inter-row coupling, such that 
subtle differences in the experimental preparation 
conditions (substrate temperature, deposition rate, 
local coverage) can lead to the observed variation in 
inter-row stacking, while the intra-row interactions are 
stronger and create a robust intra-row stacking motif, 
in agreement with the interaction energies presented  
above.  

Deposition of Ni atoms alone leads to isolated Ni 
clusters, as shown in the STM image of Fig. 1(e). The 
Ni atoms were deposited at a coverage of ~0.05 ML 
(ML = monolayer) on an Au(111) substrate kept at 
room temperature, followed directly by cooling to 
110 K without post-deposition annealing. The Ni 
clusters have an average size of 3.0 nm and are found 
exclusively at the bulged elbow sites of the Au(111) 
herringbone reconstruction. Selective nucleation of 
transition metal islands at the elbow sites of the 
Au(111) herringbone reconstruction is well known, 
and such arrays of dispersed clusters have been used 
before as nanostructuring templates for supramolecular 
fabrication and a source of metal atoms for metal–  
organic molecular architectures [13, 15–17, 35]. 

Next, we discuss the situation for low-coverage 
co-deposition of PTCDI (~0.03 ML) and Ni (~0.01 ML) 
on the Au(111) surface. In the experiments, the two 
species were deposited simultaneously onto an Au(111) 
substrate kept at room temperature followed directly 
by cooling to 110 K without post-deposition annealing. 
As shown in the STM image of Fig. 2(a), this leads to 
quasi-0-D triangular nanoclusters on the surface, 
predominantly aligned at or nearby the bulged elbow 
sites of the Au(111) substrate. The clusters disappear if 
a post-deposition annealing is applied, indicating that 
they are kinetically trapped. Small islands of PTCDI 
molecules (with/without Ni) as well as additional Ni 
clusters can also be observed, in particular if the ratio 
of the two components is varied and the coverage is  
slightly increased. 

The high-resolution STM image in Fig. 2(b) shows 
that each cluster consists of three ellipsoidal features 
arranged to form the sides of a triangle surrounding 
a central protrusion. Since these clusters are distinctly 
different from those formed from Ni and such clusters 

are never observed when PTCDI is deposited alone, 
we conclude that they involve both Ni and PTCDI 
species. To obtain quantitative information about the 
PTCDI–Ni cluster configurations, MM4 molecular 
mechanics calculations were performed. Figure 2(c) 
shows an optimized cluster motif on the Au(111) 
surface involving three PTCDI molecules surrounding 
a central Ni atom. A calculated STM image of this con- 
figuration is shown in Fig. 2(d), and is in qualitative 
and quantitative agreement with the STM data for the 
clusters as shown in Fig. 2(b). At this point, one may 
infer that force-field calculations with the present  
parameterization give realistic molecular arrangements. 

In the calculated configuration, the Ni atom is kept 
fixed in a three-fold hollow site of the Au(111) substrate 
at an adsorption height of 1.8 Å [65, 66], corresponding 
to a Ni–Au center to center distance of 2.5 Å. (Given 
the interatomic Ni–Au distance in a bulk Ni–Au alloy 

 

Figure 2 (a) STM image of PTCDI/Ni clusters decorating the 
bulged elbows of the Au(111) herringbone reconstruction (It = 
0.83 nA, Vt = 1.49 V). (b) High-resolution STM image of the 
triangular cluster, consisting of three ellipse-like features corres- 
ponding to PTCDI molecules and a circular central core attributed 
to a single Ni atom (It = 0.55 nA, Vt = 1.05 V). (c) Optimized model 
of this nanocluster on Au(111) after full relaxation with the MM4 
force-field, PTCDI molecules surround a single Ni atom (brown 
ball). (d) Calculated STM image of a relaxed PTCDI/Ni cluster 
obtained by the EHMO-ESQC method and at the same imaging 
parameters as used in panel b. (e) Partial charges distribution  
for the cluster shown in panel c. Only three gold atoms below the 
central Ni atom are shown while the other surface atoms with a 
partial charge close to zero are omitted for clarity. The color scale 
from dark blue to red corresponds to +0.63|e| to –0.61|e| and gray 
color indicates neutral atoms 
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of 2.6–2.7 Å [67], we have considered a reasonable 
and realistic relaxation of the Ni atom on the surface, 
leading to a Ni–Au distance of 2.5 Å.) The Ni adatom 
is surrounded by three PTCDI molecules calculated 
to be somewhat further away from the surface at a 
height of 3.80 Å. In this configuration, each PTCDI 
molecule has the two oxygen atoms on one side of 
the molecular axis pointing towards the central Ni 
atom. However, the NiO distances, which fall in 
two classes as seen in Fig. 2(c) d1 = 6.75 ± 0.08 Å and 
d2 = 8.56 ± 0.03 Å, are much too large to allow for 
significant electron cloud overlapping between the Ni 
and O atoms. To assess a possible contribution from 
electrostatic interactions, accurate PM6 calculations 
were performed to obtain the Mulliken partial charges 
on every atomic site of the MM4 optimized structure. 
The Ni atom in the hollow surface site is at the apex 
of a tetrahedral NiAu3 cluster involving the three 
underlying Au surface atoms. The central Ni atom 
exhibits a net negative charge of –0.61|e| that is almost 
compensated for by the positive charges of the three 
underlying Au atoms which is +0.16|e| per atom on 
average while the other surface atoms are found to 
have a very low negative charge (Fig. 2(e)). (See below 
for discussion of the negative charge state for the Ni 
atoms). The 1(NiAu3)3(PTCDI) electrostatic inter- 
action between the charges on the atoms of the three 
molecules and the atoms of the whole surface including 
the NiAu3 cluster is attractive with an interaction 
energy of –0.8 eV, corresponding to –270 meV for a 
NiPTCDI pair. For this reason, and because of the 
lack of coordination interaction, the NiO interaction 
is exclusively electrostatic. This is consistent with the 
crystal field interaction model [68, 69]. Finally, the 
intermolecular interaction within the cluster has to  
be considered. The optimized model exhibits three 
C–HO hydrogen bonds with a bond length of 3.3 Å 
and an attractive energy of –0.1 eV each. Additionally, 
vdW interaction provides –0.5 eV for the 3 PTCDI 
molecular cluster (obtained by summing up all the 
atom–atom interactions in the system with MM4 
parameters). Thus, the total intermolecular contribution 
to the cohesion energy of the cluster is approximately 
–0.8 eV. In contrast to the situation of pure PTCDI 
structures, N–HO hydrogen bonds do not lead to 
the cohesion in the clusters since these moieties are 

separated too far and are in an unfavourable geometry; 
the average N–O separation is 5.37 ± 0.10 Å with an 
angle of 124 ± 1°. In summary, the analysis of binding 
energy shows that the internal cluster structure is 
governed by vdW intermolecular interaction with a 
minor contribution from C–HO H-bonding while 
the stability of the cluster on the surface owes to 
electrostatic interactions. We speculate that the role 
of the Ni atoms is most likely to provide nucleation 
sites, i.e., diffusing Ni atoms adsorbed at the bulged 
elbows sites on the herringbone reconstructed Au(111) 
terraces allow trapping of molecules and growth of the  
organic nanodots. 

Co-deposition at intermediate coverage of PTCDI 
(~0.1–0.3 ML) and Ni atoms (~0.03–0.05 ML) either 
simultaneously or sequentially (Ni followed by PTCDI), 
leads to 1-D chains on the Au(111) surface as shown 
in the STM image of Fig. 3(a). The deposition was 
carried out on a substrate kept at room temperature 
and the 1-D chains were observed after post-deposition 
annealing at 400 K for 10 min followed by cooling to 
110 K where the STM images were acquired. The 
chains extend over ~50 nm and are aligned essentially 
along the < 112 > type directions, either parallel to the 
ridges or across the elbows of the herringbone recon- 
struction, without disturbing the underlying substrate. 
The typical separation of neighbouring chains is 
~3–4 nm. These isolated chains are distinctly different 
from the compact and ordered 2-D islands formed  
from PTCDI alone.  

A high-resolution STM image of a 1-D chain is 
displayed in Fig. 3(b), showing large elongated pro- 
trusions aligned with their long axis approximately 
along the chain direction and decorated by smaller 
protrusions to the sides of the chain at the positions 
where the larger protrusions join. We attribute the 
large protrusions to PTCDI molecules and the smaller 
protrusions to individual Ni adatoms. The PTCDI 
molecules in the chains have the same periodicity of 
1.4 ± 0.1 nm as observed in the pure PTCDI structure. 
A line connecting two Ni protrusions on opposite 
sides of the chain cuts the main axis of the chain at  
an angle slightly off orthogonal (~103°) and four Ni 
protrusions define a parallelogram of (1.0 ± 0.1) nm  
(1.4 ± 0.1) nm dimensions, surrounding a PTCDI  
molecule. 
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Figure 3 (a) STM image of PTCDI/Ni chains extended over 50 
nm, along the ridges or across the elbows of Au(111) herringbone 
reconstruction (It = 0.70 nA, Vt = 1.24 V). (b) High-resolution image 
of the filament, consisting of ellipse-like features attributed to 
PTCDI molecules with Ni atoms located on both sides at the 
junction between neighbouring PTCDI molecules (It = 0.53 nA, 
Vt = 1.20 V). (c) Optimized model for the Ni–PTCDI chain 
calculated by the MM4 force field after full relaxation: The Ni 
atoms occupy hollow sites at a fixed distance of the gold surface 
(1.8 Å) and the center of PTCDI is at atop sites. (d) Calculated 
STM image of the shown Ni–PTCDI chain consistent with the 
experimental results. (e) Partial charges distribution of the central 
molecule in panel c surrounded by four Ni adatoms. Only twelve 
gold atoms are shown and the other surface atoms with a partial 
charge close to zero are not shown for clarity. The colors scale from 
dark blue to red corresponding to +0.62|e| to –0.65|e|, respectively, 
and gray color stands for neutral atoms. (f) STM image of  “T-shape” 
Ni–PTCDI junction (It = 0.44 nA, Vt = 0.71 V) 

The Ni–PTCDI chains are observed to co-exist with 
PTCDI islands and Ni clusters on the surface. The 
relative yield of these phases depends on the coverage 
and the annealing process. Higher coverage and less 
annealing treatment (shorter duration and lower 
temperature of annealing) results in a higher degree 
of phase separation. The chains form after annealing 
both for sequential and simultaneous deposition, 
suggesting that the pure PTCDI and Ni structures 
partially decompose during annealing and the chains  
grow from the species liberated. 

Theoretical modeling of the chain structure started 
from identifying a possible Ni mesh on the Au(111) 
surface based on the periodicity and orientation of the 

Ni mesh obtained experimentally (the reconstruction 
of the Au(111) substrate was not taken into account). 
Ni atoms are found to be at hollow sites of the Au(111) 
substrate forming a mesh with dimensions of 1.04 nm × 
1.50 nm and an included angle of 104°, consistent with 
the experimental data. Then three PTCDI molecules 
were placed inside the mesh formed from eight Ni 
adatoms and the PTCDI positions were relaxed with 
the MM4 method, including molecule–molecule, 
molecule–Au substrate and molecule–Ni interactions, 
as one can see above that the parameterization is 
precise enough for this system. Figure 3(c) shows  
the optimum geometry obtained after full relaxation 
of the molecular system. The PTCDI molecules are 
aligned with their main axis 12° away from the axis 
of the molecular row and the molecular centres are 
adsorbed near atop sites of the Au(111) substrate. A 
calculated STM image based on this optimized model 
is presented in Fig. 3(d), showing good agreement with 
the experimental image of Fig. 3(b). The interaction 
between two adjacent PTCDI molecules in the chain is 
provided by intermolecular double N–HO H-bonding, 
identical to the case of pure PTCDI rows, as shown by 
MM4 calculations. Based on both STM data and our 
calculation results, the distances between the oxygen 
atoms of the PTCDI molecules and the Ni adatoms 
appear too large to invoke Ni–O electron transfer: If 
only considering the NiO distance in a plane parallel 
to the surface, as one might do from STM images and 
qualitative 2D adsorption models, the NiO distance 
could be 3.3 Å. However, considering the length of 
the Ni–O vector in 3D, the different adsorption heights 
of PTCDI and Ni make the calculated shortest Ni–O 
distance 3.9 Å, which rules out the possibility of  
coordination bonding. 

Similar to the case of the cluster, the distribution  
of Mulliken partial charges (see Fig. 3(e)), as well as 
different bond orders, were evaluated from PM6 
calculations [70] for one PTCDI molecule surrounded 
by four Ni adatoms in the geometry of Fig. 3(c). The 
average net charges are –0.58|e| for the oxygen atoms 
closest to Ni and –0.62|e| to –0.65|e| for the Ni atoms 
themselves. The net charges on the carbon and the 
hydrogen atoms depend on their respective positions 
in the molecular system. The net charge of the Au 
surface atoms is nearly equal to zero, except for the 
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three Au atoms surrounding every Ni atom which are 
found to carry a positive charge of +0.20|e| each. Notice 
that the overall Au charges compensate for the negative 
charge on Ni preserving the NiAu3 cluster neutrality, 
and the negative charge on the O atoms is similarly 
compensated for by positive charge on the molecular 
system, in particular the carbon atoms next to the 
oxygen atoms (Fig. 3(e)). The total electrostatic inter- 
action (i.e., without the vdW contribution) between a 
single molecule, four Ni adatoms of the mesh and the 
gold surface [4(NiAu3)1(PTCDI) system] leads to  
an overall attractive energy of –30 meV. This binding 
energy is considerably lower than for the previously 
described 1(NiAu3)3(PTCDI) case in the 0-D clusters, 
owing to reduced distances between O and Ni atoms. 
As this distance changes from 6.75 Å (clusters) to 
3.93 Å (chains), the NiO repulsive electrostatic energy 
increases approximately 300%. Moreover, the NiO 
atomic charge overlap (bond order) is 100 times smaller 
than in the case of the N–HO bonding. In addition, 
if organometallic coordination bonding was assumed 
to dominate the interactions in the system, one would 
also expect a more symmetric arrangement with a 
rectangular Ni mesh [36] in contrast to what is ob- 
served experimentally. Therefore, we conclude that the 
cohesion in the isolated Ni–PTCDI chains is dominated 
by intermolecular H-bonding and they are further stabi- 
lised by attractive molecule–Au interactions (primarily 
by vdW forces). We speculate that the formation    
of isolated Ni–PTCDI rows arises from repulsive 
electrostatic forces between the NiAu3 dipoles at the 
perimeter of the rows, although possible effects from 
electronic screening or other electrostatic contributions  
were not quantified from our calculations. 

Figure 3(f) shows a “T-shaped” junction observed 
where two PTCDI/Ni chains meet on the terraces. The 
formation of such “T-junctions” suggests that it is 
possible for the PTCDI/Ni structure to develop from  
the observed 1-D chains into 2-D networks.  

When the coverage is further increased, islands  
of an extended porous network can be formed as 
depicted in Fig. 4(a). These data were obtained after 
simultaneous co-deposition of PTCDI (~0.3–0.4 ML) 
and Ni (~0.04 ML) onto a Au(111) substrate kept at 
room temperature, followed by post-deposition 
annealing at 400 K for 10 min and cooling to 110 K. 

Extended and well-ordered 2-D networks can only be 
obtained by simultaneous deposition. With sequential 
deposition, pure PTCDI islands and Ni clusters tend to 
form. This observation is ascribed to kinetic difficulties 
with dissolving the phase-separated structures during  
annealing in the high-coverage situation  

Figure 4(b) shows an STM image of the interior of 
an island, revealing its 2-D matrix structure at higher 
resolution. The STM image shows a number of identical, 
elongated entities which, from their dimensions and 
appearance, are attributed to PTCDI molecules, in 
accordance with the structures discussed above. 
These PTCDI molecules participate in the 2-D matrix 
structure in two different organisational motifs: Some 
(marked “A” in Fig. 4(b)) form rails by head-to-tail 
stacking with a periodicity of 1.4  0.1 nm (identical 
to that observed in the 1-D chains) while others  
form crossties connecting to the rails similarly to the 
“T-junction” shown in Fig. 3(e). The crosstie PTCDI 
molecules can assume two different orientations  
(marked “B” and “C” in Fig. 4(b)). 

Carefully scaled models of PTCDI molecules have 
been superimposed on the STM image in Fig. 4(b), 
suggesting that the “A” type molecules align head-to- 
tail with the same relative orientation and periodicity 
as in the rows formed within the PTCDI islands and 
the 1-D Ni–PTCDI chains, allowing for intermolecular 
double N–HO H-bonding. The crude structural 
model furthermore suggests that if PTCDI molecules 
were the only entities forming the observed 2-D matrix 
structure, the crosstie molecules marked “B” and “C” 
would be in rather different chemical environments: 
From the zoom-in of the structure depicted in Fig. 4(c), 
it is clear that while “C-type” molecules may plausibly 
couple to nearest neighbouring “A-type” molecules 
by single N–HO hydrogen bonds (although the 
bonding angle is not optimal), there is no possibility 
for “B-type” molecules to form strong hydrogen bonds 
with “A”. However, based on statistical analysis of 
STM images we find that of 300 crosstie molecules, 
the proportion of molecules in configuration “B” and 
“C” is essentially equal (148 for “B” versus 152 for 
“C”), showing that they must be bound within    
the structure with similar energies. This similarity 
indicates that even if hydrogen bonds between “A” 
and “C” could exist, it is not the primary energetic 
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contribution to the formation of the 2-D matrix 
structure. Moreover, since the 2-D matrix structure 
was only observed when PTCDI and Ni were co- 
deposited, we must consider the role of Ni atoms in 
forming the structure. We therefore propose that the 
rail-crosstie junctions involve a Ni–PTCDI interaction 
motif, as would also be anticipated if the matrix 
structure is attributed to a 2-D extension of the 1-D 
Ni–PTCDI chains as suggested by the observation of  
T-junctions described above. 

 
Figure 4 (a) STM image showing domains of the 2-D PTCDI/Ni 
matrix structure Au(111) (It = 0.50 nA, Vt = 1.92 V). (b) High- 
resolution STM image of the matrix superimposed by carefully 
scaled models of PTCDI molecules. Three types of molecular 
motifs are indicated: "A" type molecule form the rails of the 
structure while "B" and "C" type molecules act as crossties in 
different orientations (It = 0.50 nA, Vt = 1.75 V). (c) A zoom-in of 
panel b, showing that it is possible to form hydrogen bond 
between "A" and "C", not between "A" and "B". (d) STM image 
showing Ni atoms at the edge of the matrix structure as indicated 
by white arrows (It = 0.35 nA, Vt = 1.54 V). (e) and (f) Optimized 
model of the junctions in the 2D Ni–PTCDI matrix calculated by 
the MM4 force field after full relaxation. (g) and (h) Calculated 
STM images for the shown 2-D junctions of PTCDI without and 
with Ni atoms, respectively 

In the STM images of the Ni–PTCDI 2-D matrix, 
there is however no visible contrast in the internal 
rail-crosstie junctions which can be attributed to the Ni 
atoms. To establish whether an STM signature of Ni 
atoms in the junctions of the matrix is to be expected, 
we modelled the two situations illustrated in Figs. 4(e) 
and 4(f) with and without Ni atoms in the junction, 
respectively. The corresponding calculated STM images 
for these structures (Figs. 4(g) and 4(h)) reveal that 
even when Ni atoms are present in the matrix, the 
STM images do not show contrast from Ni atoms, 
consistent with the experimental results. The missing 
contrast results because repulsive electrostatic NiO 
interaction destabilizes the Ni valence atomic orbitals 
to shift their corresponding energy levels higher than 
the energy range probed at the bias voltage applied 
during the STM imaging. The magnitude of the 
energy-shift is inversely proportional to the square  
of NiO interatomic separation and a larger NiO 
distance, and therefore a weaker Ni–O coupling, 
leads to better visible Ni atoms. Consistently, features 
corresponding to Ni atoms are clearly observed at the 
edges of the matrix structure, where the structure is 
expected to be comparable to that of the 1-D Ni– 
PTCDI chains (see Fig. 4(d), indicated by white arrows) 
while an STM signature of the Ni atoms in the internal 
part of the structure, where the Ni atom is surrounded 
by three close-lying O atoms, is not observed. This 
explanation is also consistent with the observation of 
a Ni atom signature in the experimental and calculated 
STM images of the 1-D clusters (Fig. 2) since here the 
NiO distance is considerably larger than in the nodes 
of the 2-D matrix. Several previous studies have also 
been reported where metal atoms in a network formed 
by metal–organic interaction did not show any contrast  
in STM images [12, 13, 28, 35, 37, 38]. 

In summary the 2-D Ni–PTCDI matrix structure 
involves a scaffold of aligned Ni atoms and PTCDI 
molecules, similarly to the 1-D structure, where the 
distance between rows is large enough to be occupied 
by PTCDI molecules with two orientations. The 
structure in the rails is similar to that observed in  
the islands of pure PTCDI and in the 1-D chains,  
and is ascribed to H-bonding. The detailed binding 
mechanism for the crosstie molecules in the junctions 
has not been established due to a prohibitively large 
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size of the system required for quantitative calculations. 
However, the MM4 relaxed structure in Fig. 4(f) 
indicates that the shortest NiO interatomic separation 
in the matrix structure is 3.2 Å which is too large to 
induce a strong coordination bonding (recall that  
the molecules adsorb in plane positioned ~3.8 Å from 
the gold surface plane, whereas the Ni atoms are 
adsorbed at a height of 1.8 Å, causing the Ni–O vector 
to be longer than the in-plane projection visible in the  
2D model of Fig. 4(f) and in the STM images).  

The Ni adatoms in the clusters and chains were 
found from the PM6 calculations to carry a partial 
negative charge. That the Ni adatom is negatively 
charged on the Au surface might be considered coun- 
terintuitive in terms of the Pauling electronegativity 
scale (where the most electronegative atom carries 
the negative partial charge) since the isotropic Ni 
electronegativity is 1.91 compared to 2.53 for Au. 
However, a naive electronegativity argument does not 
apply generally for metallic adsorbates because the 
anisotropy experienced by surface atoms induces a 
modification in the relative scale of electronegativity 
factors [71]. This is a consequence of the environ- 
mental change in the atomic coordination number 
and the hybridization state of the surface atoms and  
is also true for a single adatom as considered here. 

Control calculations were performed by the PM6 
method to compare to the calculations for PTCDI 
surrounded by four Ni adatoms, i.e., for a system of 
similar geometry but now with the PTCDI molecule 
removed. In this case one finds a partial charge 
distribution for the tetrahedral (NiAu3) structures 
where the Ni atom has a mean charge of –0.82|e| and 
the nearest Au neighbours +0.26|e|. This may be com- 
pared to the value of –0.62|e| to –0.65|e| for the charge 
on the Ni adatoms when the PTCDI molecule is 
present, showing that the interaction with the PTCDI 
molecules induces only a minor change in the charge 
state of the Ni adatoms. By taking into account the 
stoichiometry of the (NiAu3), one can notice that the 
negative charge on Ni is approximately three times 
the positive charge excess on each Au atom of the 
(NiAu3) tetrahedral structure. Interestingly, the charge 
difference between the Ni and Au atoms is almost 
equal to 1 [i.e., –0.82 – (+0.26)]. This is physically 
reasonable, since it is consistent with the 18-electron 

rule (s2d10p6) for transition metal complexes [72, 73]. 
To see this, consider the NiAu3 structure as a “complex” 
according to this rule and note that in an equivalent 
AuAu3 complex (where the Ni adatom is replaced by 
Au) the Au adatom would be uncharged (our control 
calculation finds a small charge of +0.06|e|) and the 
rule must be assumed to be fulfilled. Given the Ni 
(d8s2) ground state and the Au(d10s1) valence electronic 
configuration, the eighteen electron rule is satisfied if 
the Ni and Au atoms remedy deficiencies of 8 and 7 
electrons in their coordination spheres, respectively. 
Thus, an extra valence electron charge should ideally 
be on the Ni atom in the NiAu3 cluster to make it 
equivalent to the AuAu3 case, in qualitative agreement  
with our calculations.  

The identification of a metalloorganic surface 
structure based on electrostatic interaction to metal 
adatoms carrying a partial negative charge is different 
from the situation with cationic metal centers generally 
assumed or found in the case of metal–organic 
coordination complexes on surfaces [12–38]. A surface 
coordination network involving negatively charged 
metal centers was reported [39] for the case of 
Cu/Cu(111) where it was shown by HF/3-21G* 
calculations that a Cu adatom surrounded by three 
9,10-anthracenedicarbonitrile molecules exhibits an 
excess of negative partial charge to remedy electron 
donation from the substrate to the ligands. In this case, 
the short adatom–molecule distance (1.99 Å) results 
in a coordination bond. The charge transfer implies 
that the valence of the complexated Cu adatom is less 
by one electron than the Cu surface atoms. Notice that 
this situation is isoelectronic to the present system in 
which the valence of Ni (d8s2) uncomplexed adatom 
is also less by one electron than the surface Au(d10s1) 
but in our case there is no coordination interaction to  
surrounding ligands. 

The results reported here for PTCDI and Ni on 
Au(111) should be compared to those of a recent STM 
study by Jensen and Baddeley for the same system [36]. 
There, short (< 10 nm) chain-like segments attributed 
to PTCDI/Ni were found to link large Ni islands 
formed at the elbow sites of Au substrate. Ni atoms 
attached to these 1-D chains were, however, not sys- 
tematically resolved, possibly due to limited resolution 
of the room temperature STM images. Small islands  
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with a structure consistent with the 2-D PTCDI/Ni 
matrix structure discussed here were also observed. 
In contrast to the present work, both structures were 
ascribed to metal–organic coordination bonding, and 
it was speculated that dehydrogenation of the N–H 
moieties during PTCDI evaporation allows NNiN 
interaction. However, this proposed bonding scheme 
results in a different structure from our 1-D experi- 
mental and theoretical results. In particular, PTCDI 
molecules would assume a periodicity larger than 
that for the rows of the pure PTCDI structure and the 
Ni atoms should be positioned symmetrically around 
the chain, in contrast to what is observed here. The 
model proposed for the 2-D structure also has cross-tie 
molecules only in a single orientation, orthogonally 
to the rails, in contrast to what is observed here. We 
finally note that a 2-D extended structure with some 
similarities to the one discussed here was observed  
for the related system PTCDA–Fe [12]. 

4. Conclusions 

In summary, we have investigated the self-assembly 
of PTCDI molecules and Ni adatoms on the herring- 
bone reconstructed Au(111) surface using a combination 
of STM measurements and theoretical calculations. We 
demonstrate that it is possible to obtain three distinct 
types of nanostructures with increasing Ni–PTCDI 
coverage: (i) 0-D clusters involving three PTCDI mole- 
cules surrounding a central Ni atom, (ii) 1-D chains 
formed from rows of PTCDI molecules surrounded by 
peripheral Ni atoms, and (iii) a 2-D matrix structure 
attributed to a joining of the 1-D Ni–PTCDI rows   
by interlinking PTCDI molecules. The Ni atoms are 
directly observed by high resolution STM in the 0-D 
and 1-D structures, consistent with STM image cal- 
culations for optimized structural models. Ni atoms 
are believed to be present in the nodes of the 2-D 
matrix structure, but do not provide contrast in the 
STM images due electronic coupling between Ni and 
the carboxyl moieties of the PTCDI molecules, as 
confirmed by STM image calculations. The subtle 
interplay among non-covalent interactions responsible 
for formation of the observed structures has been 
revealed by calculations of partial charges, bond 

orders and binding energies in the structures. The 0-D 
clusters are joined primarily by vdW forces and weak 
H-bonds, while the Ni atoms provide nucleation sites 
on the surface. In the 1-D chains the PTCDI molecules 
are joined by double N–HO hydrogen bonds, 
similarly to the situation in islands formed from PTCDI 
alone, and this motif is also found in the rails of the 
2-D matrix structure. For the two situations where 
the role of the Ni was analysed in detail (0-D clusters 
and 1-D chains), the Ni adatoms were found to have 
a partial negative charge and they contributed to the 
cohesion in the metal–organic structures solely through 
electrostatic interactions while the bond order for Ni–O 
orbital overlap was found to be very low owing to a 
large molecule–adatom separation. The Ni–PTCDI 
system thus behaves in contrast to the typical situation 
for metal–organic supramolecular surface structures 
where cohesion arises from metal–molecule coor-  
dination or covalent bonding [13, 15–21]. 
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