
Nano Res (2010) 3: 459–471 

 

459

 
 
 

Interplay of Adsorbate–Adsorbate and Adsorbate–Substrate  
Interactions in Self-Assembled Molecular Surface Nanostructures 

 
 

Joachim Schnadt1,2 ( ), Wei Xu1,3, Ronnie T. Vang1, Jan Knudsen1, Zheshen Li4, Erik Lægsgaard1, and  

Flemming Besenbacher1 
 
1 Interdisciplinary Nanoscience Center, iNANO, and Department of Physics and Astronomy, Aarhus University, Building 1521, Ny 

Munkegade, 8000 Aarhus C, Denmark 
2 Division of Synchrotron Radiation Research, Department of Physics, Lund University, Box 118, 221 00 Lund, Sweden 
3 Shanghai Key Laboratory for Metallic Functional Materials, Key Laboratory for Advanced Civil Engineering Materials (Ministry of

Education), College of Materials Science and Engineering, Tongji University, 1239 Si Ping Road, Shanghai 200092, China 
4 Institute for Storage Ring Facilities, Aarhus University, Building 1525, Ny Munkegade, 8000 Aarhus C, Denmark 
 
Received: 8 February 2010 / Revised: 29 April 2010 / Accepted: 29 April 2010 
© The Author(s) 2010. This article is published with open access at Springerlink.com 
 

 
ABSTRACT 
The adsorption of 2,6-naphthalenedicarboxylic acid (NDCA) molecules on the Ag(110), Cu(110), and Ag(111) 
surfaces at room temperature has been studied by means of scanning tunnelling microscopy (STM). Further 
supporting results were obtained using X-ray photoelectron spectroscopy (XPS) and soft X-ray absorption 
spectroscopy (XAS). On the Ag(110) support, which had an average terrace width of only 15 nm, the NDCA 
molecules form extended one-dimensional (1-D) assemblies, which are oriented perpendicular to the step 
edges and have lengths of several hundred nanometres. This shows that the assemblies have a large tolerance 
to monatomic surface steps on the Ag(110) surface. The observed behaviour is explained in terms of strong 
intermolecular hydrogen bonding and a strong surface-mediated directionality, assisted by a sufficient degree 
of molecular backbone flexibility. In contrast, the same kind of step-edge crossing is not observed when the 
molecules are adsorbed on the isotropic Ag(111) or more reactive Cu(110) surfaces. On Ag(111), similar 1-D 
assemblies are formed to those on Ag(110), but they are oriented along the step edges. On Cu(110), the 
carboxylic groups of NDCA are deprotonated and form covalent bonds to the surface, a situation which is also 
achieved on Ag(110) by annealing to 200 °C. These results show that the formation of particular self-assembled 
molecular nanostructures depends significantly on a subtle balance between the adsorbate–adsorbate and 
adsorbate–substrate interactions and that kinetic factors play an important role. 
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1. Introduction 

The ultimate goal of supramolecular chemistry— 
whether applied to bulk materials or to structures at 

surfaces—is, in a bottom-up approach, to deliberately 
and reproducibly grow extended molecular assemblies 
with specific and desired structural, chemical, physical, 
and functional properties [1]. It is of the utmost 
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importance to understand the underlying factors 
which lead to the formation of certain molecular 
nanostructures in order to reach the goal of achieving 
the synthesis and growth of tailored molecular self- 
assembled nanostructures. During the past decades 
supramolecular chemistry has been developed extensi- 
vely and is approaching a stage at which it is possible 
to control the growth of 3-D nanostructures [2]. 
However, due to the physical and chemical complexity 
of 2-D surfaces, the structure of surface-confined 2-D 
molecular assemblies is much more difficult to steer 
and control. While tremendous advances have been 
made in the field of surface supramolecular chemistry 
[3–12], investigations have often been performed for 
highly idealised systems of flat metal surfaces under 
clean and well controlled ultrahigh vacuum (UHV) 
conditions. Such extreme conditions offer the possibility 
to improve our basic understanding of the very details 
of molecular assembly formation and properties, but, 
of course, these conditions are far from those in many 
nanotechnological applications (such as in the area of 
biosensing), not least in terms of the pressure and the 
structural complexity of the substrates. In the field of 
catalysis, the “gaps” between the conditions of the 
UHV model system and realistic industrial conditions 
have been termed the pressure and materials gaps, 
respectively, and these terms also provide a valid 
description within the area of surface supramolecular 
chemistry. Ways to circumvent the gaps, while main- 
taining control of the experimental parameters, include 
raising the pressure in a very controlled way [13] 
and/or introducing surfaces of increased complexity 
such as stepped surfaces [14] or metal clusters deposited 
on flat surfaces [15]. In a previous publication [16] we 
have used the latter approach and studied the forma- 
tion of 1-D supramolecular assemblies on a stepped 
Ag(110) surface. These assemblies, which are formed 
from 2,6-naphthalenedicarboxylic acid (NDCA, Fig. 1) 
and which are intermolecularly linked by cyclic 
hydrogen bonds between the carboxylic functional 
groups, were shown to be able to cross single-atomic 
step edges, as illustrated in Fig. 2. This behaviour 
enables the 1-D structures to extend to mesoscopic 
length scales, in spite of the stepped character of the 
surface. We found that the prime factors leading to 
the step-crossing ability of the assemblies are a strong  

 
Figure 1 Molecular structure of 2,6-naphthalenedicarboxylic 
acid. Grey spheres are carbon atoms, red spheres oxygen, and white 
spheres hydrogen 

 

Figure 2 STM images illustrating the step-edge crossing of  
the NDCA 1-D chains: (a) Submonolayer (0.1 ML) of NDCA on 
Ag(110), 620 nm × 700 nm, –0.39 nA, –221 mV; (b) ~0.37 ML, 
32.5 nm × 32.5 nm, –0.1 nA, –442 mV 

intermolecular hydrogen bond motif in conjunction 
with a distinct surface-mediated directionality and a 
sufficient flexibility of the molecular backbone [16]. 
In this paper we provide further experimental details 
of our studies of NDCA on Ag(110) and present 
comparative investigations of the adsorption of NDCA  
on Ag(111) and Cu(110) surfaces.  

2. Experimental 

The scanning tunnelling microscope (STM) experiments 
were performed using the home-built Aarhus STM [17] 
mounted on two different UHV chambers with base 
pressures of 1 × 10–10 Torr. The X-ray photoelectron 
spectroscopy (XPS) and X-ray absorption spectroscopy 
experiments were carried out at the SX700 beam line 
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of the Danish synchrotron radiation facility ASTRID 
[18]. The end station of this beam line consists of a 
UHV chamber (base pressure 1 × 10–10 Torr) fitted with 
a VG-CLAM2 electron energy analyzer. The X-ray 
absorption spectra were recorded in Auger yield mode 
at a photon energy resolution of approximately 0.2 eV. 
In order to account for the variation of the photon 
flux with photon energy, the spectra were divided by  
spectra measured on the clean sample surface. 

The surfaces of the Ag and Cu samples were cleaned 
by repeated cycles of Ar+ or Ne+ sputtering and 
annealing: the silver surfaces were sputtered for 10 min 
using 0.6 keV ions and the Cu(110) surface for 20 min 
using 1.0 keV ions, and the annealing temperatures 
were 480 °C applied for 5 to 10 min, 300 °C for 10 min, 
and 520 to 540 °C for 20 to 25 min in the case of the 
Ag(110), Ag(111), and Cu(110) surfaces, respectively. 
After the cycles, STM or XPS measurements were 
performed to ensure that the samples were clean. 2,6- 
NDCA was sublimated onto the clean samples at room 

temperature (RT) from a home-built sublimation doser 
with the molecular powder held at temperatures 
between 260 and 420 °C. Cooling the scanning 
tunnelling microscope to liquid nitrogen temperatures 
facilitated obtaining high-quality STM images and, 
thus, most of the STM images were recorded at low 
temperature. Test experiments carried out at RT gave  
identical results. 

3. Results 

3.1 STM results 

STM images of the most commonly observed 
submonolayer adsorption structures of NDCA on the 
Ag(110), Ag(111), and Cu(110) surfaces are presented 
in Figs. 2–5. The STM results for Ag(110) in Figs. 2, 
3(a) and 3(b) were obtained using NDCA sublimated 
onto a Ag(110) surface at room temperature. The 
large-scale STM image in Fig. 2(a) shows that 

 

Figure 3 STM images of adsorption of NDCA on Ag(110). Room temperature adsorption on Ag(110), cf. also Fig. 1: (a) 16 nm × 16 nm,
0.2 nA, 186 mV; (b) 3.4 nm × 3.4 nm, –0.26 nA, –186 mV. The arabic numbers in (b) indicate primary (1 and 2) and secondary (3 to 5)
hydrogen bonds, respectively, while the capital letters indicate the two experimentally observed terrace species. Submonolayer NDCA/Ag(110)
annealed to 200 °C for 10 min after deposition: (c) 8.4 nm × 8.4 nm, –0.17 nA, –1051 mV; (d) 11.2 nm × 11.2 nm, –0.16 nA, –1051 mV.
(e) Monolayer NDCA/Ag(110) formed by deposition of multilayer NDCA on Ag(110) followed by annealing to 200 °C, 11.2 nm ×
11.2 nm, –0.54 nA, –39.1 mV; (f) Submonolayer NDCA on Ag(110) heated to approximately 50 °C during deposition, 11.2 nm ×
11.2 nm, –0.5 nA, –1051 mV 
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Figure 5 STM images of adsorption of NDCA/Cu(110) at  
room temperature: (a) 32.5 nm × 32.5 nm, –0.43 nA, –625 mV; 
(b) 11.2 nm × 11.2 nm, –0.33 nA, –625 mV 

the molecules self-assemble in quasi-one-dimensional 
chains (1-D chains) over large distances on the 
nanometre scale. The lengths of the 1-D chains of 
molecules extend up to the micrometre range. Since 
the surface is quite stepped, the long lengths of the 
1-D chains imply that most of them must cross the 
monatomic steps of the surface. For example, more 
than 90% of all 1-D chains in Fig. 2(a) cross one or 
more step edges. A zoom-in STM image of 1-D chains 
crossing a step edge is found in Fig. 2(b). Now 
considering the molecular-scale details of the 1-D 
chains on terraces of the Ag(110) surface, it is seen 
from Fig. 3(a) that the NDCA molecules are aligned 
with their molecular axes approximately along the 
[110] direction, i.e., along the close-packed rows of 
Ag(110). The individual adsorbate orientations are very 
similar for all NDCA molecules; however, Fig. 3(a) 
also shows that there exists some variation in the 
exact adsorbate geometry, which may be due to the  
fact that the carboxylic groups can be rotated around 

the σ bond between the functional group and the 
naphthalene core. This slight variation in molecular 
adsorption geometry results in a manifold of different 
chemical environments for the carboxylic oxygen 
atoms and intermolecular hydrogen bonds, as will be 
discussed further below. It can be seen from Fig. 3(b) 
that one can distinguish between two primary molecule 
orientations, A and B. An analysis of approximately 
100 STM images shows that these two orientations 
occur in a ratio of 1 : 2. Our previously published 
calculations showed that species A is adsorbed on top 
of the close-packed rows of silver atoms of the Ag(110) 
substrate [16]. 1-D chains of this species alone are 
strictly oriented along the [110] direction, and the 
distance between the adsorbates along this direction 
is 11.56 Å, which corresponds to four substrate Ag 
atoms [16]. In the vertical direction, i.e., along the [001] 
direction, the distance between neighbouring NDCA 
adsorbates is two rows of close-packed silver atoms, 
or 8.18 Å. Figure 3(b) shows that the carboxylic groups 
of adsorbate species B rest on adjacent close-packed 
silver atom rows and that the napthalene core is thus  
positioned over a surface trough.  

Upon annealing a submonolayer-covered surface, 
such as shown in Fig. 3(a), to 200 °C, the 1-D chains are 
destabilised and the molecules reorganise into small 
patches of NDCA adsorbates with their molecular 
axes rotated by 90° and now approximately aligned 
along the [001] surface direction (Figs. 3(c) and 3(d)). 
Step-edge crossing is not observed anymore. In 
Fig. 3(c), two distances between NDCA adsorbates,  
a and b, are indicated: a is along the [001] substrate 
direction and 16.9 Å ± 0.5 Å long, while b is along [110] 

 
Figure 4 STM images of NDCA adsorption on Ag(111): (a) 11.2 nm × 11.2 nm (inset 2.6 nm × 2.6 nm), –0.09 nA, –1051 mV; (b) 32.5 nm ×
32.5 nm, –0.11 nA, –1250 mV; (c) NDCA/Ag(111) after annealing the room temperature structure to 100 °C for 10 min: 11.2 nm × 11.2 nm,
–0.13 nA, –1051 mV 
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and 5.9 Å ± 0.5 Å long. In terms of distances between 
neighbouring Ag atoms of the substrate, a is 4.1 ± 0.15 
times the distance between adjacent close-packed rows 
of the substrate, whilst b is 2.0 ± 0.2 times the distance  
between the Ag atoms in the close-packed rows. 

Futhermore, low-temperature annealing of the 
NDCA/Ag(110) submonolayer preparations was found 
to result in a modification of the adsorbate structure. 
Figure 3(f) shows an STM image of an NDCA sub- 
monolayer deposited onto a sample kept at approxi- 
mately 50 °C. We observe a co-existence of the 1-D chain 
structure in the upper right corner and an additional 
“ladder” molecular nanostructure in the remaining 
part of the image. In this ladder structure, one third 
of the molecules are aligned with their molecular axes 
along the [001] direction and two thirds with their 
axes along [110]. The same ladder structure was also 
observed after annealing surfaces characterised by 1-D  
chains to temperatures between 50 and 100 °C.  

For comparison, it should be noted that the molecular 
geometries found in full monolayers (MLs) deviate 
from the molecular geometries observed for both the 
as-grown and the annealed submonolayers. Monolayers 
were obtained in two ways: (1) by gradual deposition 
and, in some cases, subsequent annealing to 200 °C and 
(2) by annealing a molecular multilayer structure to 
200 °C. Figure 3(e) shows an STM image obtained by 
using the second method. Clearly, both the molecular 
orientation, distance between NDCA adsorbates, and 
overall arrangement differ from those observed for  
the submonolayers.  

We now turn to the adsorption of NDCA on Ag(111). 
The molecular details of the adsorbate geometry after 
sublimation of the NDCA molecules onto the Ag(111) 
surface at room-temperature are very similar to those 
formed by the NDCA molecules on Ag(110) at RT. 
Again, quasi 1-D chains are observed, as shown    
in Figs. 4(a) and 4(b). However, the widths of the 
molecular chains are typically considerably broader 
on Ag(111) as compared with those of the 1-D chains 
on the Ag(110) surface. In addition, the chains are 
aligned along the substrate step edges rather than 
perpendicular to them as in the Ag(110) case, that is, 
step-edge crossing is not observed. Upon annealing 
to 100 °C, most of the NDCA adsorbates are desorbed, 
with only a single molecule-wide brim left at the lower 

step edges (Fig. 4(c)). The relatively low desorption 
temperature for NDCA molecules on the terraces of 
the Ag(111) surface implies that the molecule–substrate 
interaction is weaker for the Ag(111) than for the  
Ag(110) surface.  

Finally, the STM image in Fig. 5(a) shows that the 
RT adsorption structure of NDCA on Cu(110) is quite 
different from those on the Ag(110) and Ag(111) 
surfaces. It strongly resembles the structure observed 
after annealing the low-coverage NDCA/Ag(110) system, 
with the NDCA molecules forming adsorbate patches, 
in which the molecules are aligned with the molecular 
axes along the [001] direction. Along this direction 
the distance between neighbouring adsorbates, i.e., 
distance a' in Fig. 5(b), is 16.2 Å ± 0.5 Å, equivalent to 
4.5 ± 0.15 times the distance between neighbouring 
close-packed rows of Cu atoms. The perpendicular 
distance along the [110] direction (distance b' ) is  
5.8 Å ± 0.5 Å, which corresponds to 2.2 ± 0.2 times the 
distance between adjacent Cu atoms in the close-packed 
rows. The degree of order within the patches is con- 
siderably higher on the Cu(110) surface than on the 
Ag(110) surface, and the NDCA molecules tend to 
decorate the step edges in a well-ordered fashion  
(Fig. 5(b)). 

3.2 XPS results 

In Fig. 6, O 1s X-ray photoelectron spectra are shown 
for NDCA molecules adsorbed on the Ag(110) and 
Cu(110) surfaces, and the deduced binding energies 
are listed in Table 1. For the multilayer structure, a 
symmetric peak is observed (Fig. 6(a)), which is com- 
posed of two components of equal weight. The higher 
binding energy peak corresponds to photoemission 
from the hydroxyl oxygen of the carboxylic group and 
the lower binding energy component corresponds to 
photoemission from the carbonyl oxygen [19]. For a 
NDCA submonolayer structure on Ag(110) (Fig. 6(b)), 
the peak initially is also composed of two components. 
Annealing to 200 °C first for 10 min (Fig. 6(c)) and 
subsequently for another 10 min (Fig. 6(d)), leads first 
to the reduction, followed by the disappearance of 
the higher binding energy component. This kind of 
modification of the O 1s line shape is typical for     
a deprotonation reaction of carboxylic groups  
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Figure 6 O 1s X-ray photoelectron spectra. (a) obtained for a 
multilayer of NDCA deposited onto Ag(110) at RT, and (b) for 
approximately 0.3 ML of NDCA deposited onto Ag(110) at RT. 
This sample was subsequently annealed to 200 °C for 10 min, which 
resulted in (c). A second 10 min anneal at 200 °C yielded (d).   
(e) XPS spectra for 1 ML of NDCA on Cu(110) 

concomitant with the formation of a covalent bond 
between the substrate and the carboxylate [16, 20]. It 
can be explained by the presence of two inequivalent 
oxygen species in the protonated molecule, which  
are rendered equivalent by deprotonation and bond 
formation. A priori, one would have expected to 
observe two components of similar widths for the 
intact molecule, while the O 1s spectrum of the RT 
preparation in Fig. 6(b) is characterised by two com- 
ponents with equal weights, but different widths. 
This introduces an asymmetry into the overall shape 
of the line profiles of the XPS peaks. We will argue 
below that the adsorbate assembly is characterised by 
cyclic intramolecular hydrogen bonds between the 
carboxylic groups of adjacent NDCA molecules. The 

variation in the adsorbate geometry discussed above 
will also lead to a variation of the exact hydrogen bond 
geometry. Since the cyclic hydrogen bonding motif is 
expected to affect the XPS binding energy of the O 1s 
hydroxyl peak much more strongly than that of the 
carbonyl peak [21], the hydroxyl O 1s binding energies 
will also vary more strongly with the atomic positions 
and the chemical environment of the oxygen atoms 
than the carbonyl O 1s binding energies. Hence, the 
variation in adsorbate geometry is expected to lead to 
a broadening of the hydroxyl O 1s line, as is observed 
in the XPS spectrum in Fig. 6(b). Indeed, similar asym- 
metries of the O 1s line have been observed previously 
for multilayers of fully protonated carboxylic acids [22]. 
For these systems it is not the slightly different surface 
adsorption sites which give rise to the broadening of 
the hydroxyl O 1s line, but small differences in the 
chemical environments of the hydroxyl oxygen atoms 
in the molecular multilayers. Apart from this difference, 
the cases here and in Ref. [22] exhibit clear parallels. 
It is also interesting to note that related XPS studies 
of systems with hydrogen bonds between a donor 
carboxylic group and a pyridine acceptor have found 
a much stronger influence of the hydrogen bond on 
the binding energy of the acceptor N 1s line than on 
the donor O 1s line [23, 24]. This contrasts with the 
observation made here and the observations and 
calculations in Refs. [21, 25, 26] for hydrogen-bonded 
carboxylic acid dimers, where it was found that the O 1s 
binding energy of the donor oxygen is considerably  
more strongly influenced by the hydrogen bond than 
that of the acceptor oxygen. Since the behaviour 
observed here closely matches that found in the 
previous studies on carboxylic acid dimers, the shape 
of the O 1s spectrum is taken as proof of the intactness 
of the NDCA molecules on Ag(110) with no depro-  
tonation of the carboxylic groups occurring at RT.  

The O 1s spectrum for the annealed NDCA/Ag(110) 
system, with covalent bonds between the carboxylic 
groups and the substrate (Fig. 6(d)) is very similar to the 
corresponding spectrum for NDCA/Cu(110) (Fig. 6(e)). 
Thus, the NDCA adsorbates are completely depro- 
tonated upon RT adsorption on the Cu(110) surface, 
and covalent bonds are formed between the carboxylate  
and the copper substrate. 
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Table 1 O 1s XPS binding energies deduced from the spectra in 
Fig. 6. Due to the lack of an observable Fermi energy only relative 
values are provided for the multilayer data, while the reference 
for the other energies is the substrate Fermi level. The component 
binding energies are derived from fitting the signals by two 
Gaussians. For the monolayer and non-annealed NDCA/Ag(110) 
the two Gaussians representing the hydroxyl and carbonyl O 1s 
signals were constrained to have the same area 

O 1s 
 

Hydroxyl Carbonyl 

(a) Multilayer Δ = 1.48 eV ± 0.05 eV 

532.91 eV ± 0.05 eV 531.51 eV ± 0.05 eV(b) RT sub-ML on 
Ag(110) Δ = 1.40 eV ± 0.07 eV 

532.56 eV ± 0.05 eV 531.16 eV ± 0.05 eV(c) Sub-ML on 
Ag(110) annealed to 
200 °C for 10 min Δ = 1.40 eV ± 0.07 eV 

(d) Sub-ML on 
Ag(110) annealed to 
200 °C for 20 min 

530.93 eV ± 0.05 eV 

(e) RT sub-ML on 
Cu(110) 530.96 eV ± 0.05 eV 

 

3.3 XAS results 

For the NDCA/Ag(110) system prepared at RT C 1s 
X-ray absorption spectra were acquired at normal and 
55° grazing X-ray incidence. The spectra, divided by 
a virgin spectrum recorded on the clean substrate, 
are displayed in Fig. 7. Since XAS is an integrating 
method, the spectra represent an average over the 
geometries of all probed NDCA adsorbates. From the 
step density we estimate that approximately 5% of all 
molecules are adsorbed adjacent to the step edges, i.e., 
2.5% at the upper and 2.5% at the lower step edges. Due 
to this low number, XAS is not particularly sensitive 
to changes in the adsorption geometry between the 
terrace adsorbates and adsorbates at the step edges. 
In particular, moderate changes of the orientation such 
as an upwards or downwards bend of the adsorbates 
by a few degrees are not discernible in the spectra. 
The XAS results should therefore be considered to be  
representative for the terrace NDCA adsorbates only. 

The asymmetric low-energy peak in the X-ray 
absorption spectrum in Fig. 7 at around 285 eV is 
attributed to excitations from the naphthalene C 1s 
levels to the LUMO [27], while the higher energy peak 
at around 288 eV stems primarily from excitations   

 
Figure 7 C 1s X-ray absorption spectra for the same non-annealed 
submonolayer NDCA/Ag(110) preparation as in Fig. 6(b). An 
intensity offset was applied to the spectra for reasons of presen- 
tation. The incidence angle was measured from the surface normal 

of electrons from the carboxylic C 1s level into the 
LUMO [28] plus a possible admixture of further 
excitations on the naphthalene part of the molecule 
[27]. The main part of the intensity at higher energies  
is attributed to the excitation of a σ* resonance.  

The low-energy π* resonances observed at 55° 
incidence are completely absent for normal incidence. 
This finding indicates a perfectly flat adsorbate geo- 
metry of the NDCA molecules on the Ag(110) terraces, 
which is in good agreement with the appearance of 
the NDCA molecules in the STM image in Fig. 3(a). 
Since the STM appearance of the molecules is the 
same for all preparations, it is concluded that the 
molecules lie flat on the terraces in all investigated  
systems. 

4. Discussion 

4.1 Non-covalent adsorption of NDCA on substrate 
terraces: Ag(110) 

The XPS and XAS results presented above show that 
on the Ag(110) surface the NDCA molecules remain 
intact after the RT deposition and that they lie flat on 
the surface. From this we infer that the NDCA– 
substrate bond is non-covalent. Furthermore, the STM 
images suggest that head-to-head hydrogen bonding 
is responsible for the intermolecular bonding within 
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the 1-D-chains along the [110] direction. If we first 
concentrate on the NDCA adsorbates on the terraces, 
the notion of a hydrogen-bonded assembly is consistent 
with previously published DFT calculations [16]. The 
calculations were performed for a number of different 
NDCA geometries with different rotation angles to 
the [110] axis of the substrate. It was found that the 
most stable NDCA assembly on the Ag(110) terraces 
is characterised by NDCA adsorbates which are aligned 
with their molecular axes along the [110] direction 
and with cyclic hydrogen bonds between the carboxylic 
groups of the NDCA molecules. This adsorption 
geometry agrees very well with the experimentally 
observed adsorption geometry of species A depicted 
in the STM images in Fig. 3(b). The distance along the 
[110] direction between two adsorbates of species A is 
11.56 Å measured between the centres of the molecules, 
which is in very good agreement with the length of 
the NDCA molecule (11.64 Å) determined from powder 
diffraction measurements [29] (note that the formation 
of a cyclic hydrogen bond motif between the carboxylic 
groups of neighbouring NDCA adsorbates implies 
that the centre-to-centre distance between the two 
molecules should be essentially equal to the length of 
a single molecule). The DFT binding energy for the 
hydrogen-bonded geometry of species A was found to 
be 1.20 eV/molecule, of which 0.9 eV can be attributed 
to the effect of hydrogen bonding. Less than 0.1 eV is 
due to intermolecular interactions along [001] and thus 
only around 0.2 eV is associated with the substrate– 
adsorbate bond. Since DFT calculations do not give a 
proper account of dispersion interactions, the latter 
value may be put into perspective by making a com- 
parison with a recent DFT calculation of the parallel 
adsorption of pyridine on Ag(110) [30]. In this 
calculation the van der Waals interactions were taken 
into account in a semiempirical way and it was found 
that the dispersion forces stabilise the adsorption by 
approximately 0.3 eV. Since naphthalene is around 
twice as large as pyridine, one may thus tentatively 
expect the stabilisation energy to be around 0.5 to 
0.6 eV per molecule in the present case. Together with 
the 0.2 eV from our previous DFT calculations, this 
indicates that the substrate–adsorbate interaction is 
comparable in size (ca. 0.8 eV) to the hydrogen bond  
interaction of 0.9 eV. 

The experimental observation of the other terrace 
species B, (Fig. 3(b)), could not be further confirmed 
by the DFT calculations. In terms of calculational 
modelling, species B is different from species A, in 
that an overlayer structure of species B alone is 
incommensurate with the Ag(110) substrate, which 
renders a periodic supercell calculation containing both 
the overlayer and substrate impossible. Nevertheless, 
it is clear that the adsorption energy of species B must 
be very similar to that of species A, since both species 
are observed together with an approximate abundance 
ratio of 2: 1 (A: B). Using a Boltzmann distribution 
argument, the difference in adsorption energies is 
found to be only ~0.02 eV, which is less than, but close  
to, kT at room temperature. 

It is instructive to try to determine the experimentally 
observed intermolecular atomic distances in Fig. 3(b). 
The bond lengths in Table 2 were derived from the 
model in Fig. 3(b) and thus rely on the independent 
length calibration of the STM image. Applying a 
simple length criterion for the classification of hydrogen 
bonds [31], the intermolecular bonds labelled 1 and 2 
in Fig. 3(b) fall into the range of moderately strong to 
strong hydrogen bonds. Using the same criterion, it 
also appears that there exist weak hydrogen bonds in 
the lateral direction, namely along lines 3, 4, and 5 in 
Fig. 3(b). These weak hydrogen bonds will contribute 
to the stability of the molecular assembly. Furthermore, 
their existence provides a reasonable explanation  
for the fact that the experimentally observed 1-D 
chains almost always consist of several head-to-head 
hydrogen-bonded rows of NDCA adsorbates. Only 
very rarely were short pieces of single rows of NDCA 
molecules observed in the STM images: an analysis of 
around 100 STM images showed that approximately 
5% of the 1-D chains contained short sections of chains 
with a single-molecule breadth only. Figure 2(b) shows 

Table 2 Lengths of the indicated distances in Fig. 3(b) 

Bond Experimental bond length (±10%) 

1 1.5 Å 

2 1.6 Å 

3 2.8 Å 

4 2.9 Å 

5 2.9 Å 
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one of the few STM images where such a single- 
molecule chain was observed. The single-molecule 
chains were typically found at the end of broader 1-D 
chains, and they were never longer than a couple of 
molecules; the total length of these sections was less 
than 1% of the total length of the 1-D chains. Completely 
free-standing single-molecule 1-D chains were observed 
in not more than three cases (out of several hundred  
STM images).  

4.2 Room temperature adsorption of NDCA on 
Ag(110): Adsorbates at the step edges 

The most prominent characteristic of the NDCA/ 
Ag(110) system is the formation of 1-D chains with 
lengths up to the micrometre regime, which even 
extend over the monatomic steps of the substrate 
(Fig. 2(a)). In our previous publication [16], we pre- 
sented DFT calculations of a number of different NDCA 
arrangements at the step edges, aimed at under- 
standing the details of the molecular arrangement. In 
these calculations, the energy of the cyclic hydrogen 
bond motif was found to be 0.92 eV for the most stable 
geometry of a non-covalently bonded NDCA dimer 
at a monatomic step edge. This energy is significantly 
smaller than the energy of the same adsorption motif 
for a terrace assembly, which is 1.20 eV. The reduction 
in energy probably stems primarily from a disturbance 
of the optimum hydrogen bond geometry. At the step 
edge the planarity of the carboxylic groups cannot be 
fully maintained, which implies an energetically less 
favourable adsorption configuration in terms of both 
the hydrogen bond energy and the energy of the 
covalent bonds of the carboxylic groups. In addition, 
the dispersion energy contribution from the NDCA 
adsorbate–substrate interaction is lower for NDCA 
adsorption at the lower step edge due to the larger 
distance of the NDCA body from the substrate as 
compared to the distance of the NDCA molecule 
from the substrate in the ideal terrace geometry. The 
calculations also showed a slight 12° upward bend of 
the NDCA molecules on the lower terraces. This bend 
does not significantly alter any of the bond geometries 
and thus does not contribute to the lowering of the  
adsorption energy. 

A breaking of the double hydrogen bond between 
the lower and upper terrace NDCA adsorbates was 

found to imply an additional considerable reduction 
of the NDCA adsorption energy (ΔE ~0.3 eV) [16]. 
Thus, the picture which emerges is that the monatomic 
step edges partially prohibit the formation of an optimal 
NDCA–NDCA bond. Nevertheless, it is energetically 
far more favourable for the NDCA adsorbates to 
continue the terrace 1-D chains over the step edges 
rather than leaving the ends of the 1-D chain open. It 
should be noted, however, that the difference in 
energy of the terrace and step edge NDCA adsorption 
geometries as well the anisotropy of the substrate 
directions lead to a window of kinetically preferred 
values of substrate temperature and adsorbate flux for 
the formation of macroscopic 1-D NDCA assemblies,  
which indeed do cross the step edges [32].  

4.3 Non-covalent adsorption of NDCA on substrate 
terraces: Ag(111) 

As already pointed out above in the Results section, the 
STM appearance of the NDCA assembly on Ag(111) 
is very similar to that on Ag(110), cf. Figs. 4(a) and 4(b), 
and the primary geometrical motif of head-to-head 
bonded NDCA adsorbates is also found in the case of 
Ag(111). This is qualitatively confirmed by superposing 
an overlayer composed of NDCA species A as found 
for the Ag(110) surface onto the STM image, as shown 
in the inset of Fig. 4(a). The adsorbate–substrate 
interaction on Ag(110) is due to pure van der Waals 
interactions. In view of the reduced chemical reactivity 
of the close-packed Ag(111) surface in comparison to 
the more open Ag(110) surface, this must be true also 
for the NDCA–Ag(111) interaction. The annealing 
experiment, the result of which is shown in Fig. 4(c), 
confirms this picture—all terrace NDCA adsorbates 
desorb before any decomposition reaction and covalent 
bond formation to the substrate can occur. As will be 
discussed below, this is in contrast to the finding for 
the more reactive Ag(110) surface. Hence, as expected, 
the NDCA–substrate bond is even weaker on Ag(111) 
than on Ag(110), but, both cases are representatives  
of a weak dispersion force type of interaction.  

A comparison of the NDCA adsorption structures 
on the Ag(111) and Ag(110) surfaces clarifies the  
role of the substrate anisotropy for the formation of 
mesoscale 1-D self-assemblies, which are able to cross 
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step edges. In both cases the cost of step-edge crossing 
should be approximately the same. In the Ag(110) 
case, the cost is compensated for by the gain which 
originates from the fact that the 1-D chains orient 
themselves along the [110] direction. This effect is 
absent on the Ag(111) surface and, thus, step crossing  
does not occur in this case. 

4.4 Covalent bonding 

The XPS data in Fig. 6 show that the carboxylic groups 
of the NDCA molecules are deprotonated upon RT 
deposition on Cu(110) and upon annealing of the RT 
adsorption structure on Ag(110). The STM results 
also show that the covalently bonded adsorbates lie 
flat on the surface, and that their molecular axes are 
aligned along the [001] direction. The alignment is 
excellent for Cu(110), while it is less perfect for the 
Ag(110) surface. The difference can probably be 
attributed to a better match between the periodicity 
of the overlayer structure and that of the substrate in 
the case of the Cu(110) surface. For both surfaces  
the distance along the [110] direction between the 
molecular rows is around twice the distance between 
the atoms of the close-packed rows. This distance is 
relatively small, but does not imply any steric problems 
due to the staggered arrangement of the molecules. 
We speculate that it arises from the formation of inter- 
molecular hydrogen bonds. The distance between 
neighbouring NDCA adsorbates in the [001] direction, 
around four times the lattice constant for Ag(110) and 
4.5 times the lattice constant for Cu(110), is too large for 
any sizeable direct interaction between the molecules 
to occur. It is well known that mobile substrate 
adatoms may play an important role in the structure 
of molecular overlayers, and such mobile adatoms 
are readily available on both the Ag(110) and Cu(110) 
surfaces at RT [33, 34]. In particular, the incorporation 
of Cu adatoms into supramolecular networks has been 
reported many times [35–40]. We therefore speculate 
that adatoms are responsible for the intermolecular 
interaction along the [001] direction, at least in the case 
of the Cu(110) surface. The lower degree of molecular 
ordering in the case of the annealed Ag(110) surface 
suggests that the mechanism of network formation 
might be different in this case. Without providing 

any detailed atomic model of the adsorption geometry 
in these two cases, we can state that the overall 
adsorption behaviour is very similar to that of trimesic 
acid (benzene-1,3,5-tricarboxylic acid) on Cu(110) [40], 
but contrasts with the upright geometry of formic [41] 
and benzoic acid [42] on the Cu(110) surface. The 
reason is, of course, that the gain of forming a second 
covalent bond to the substrate more than outweighs 
the loss inflicted by the less favourable geometry of  
the substrate bond. 

Considering now the adsorption energies of NDCA 
on the Cu(110) and annealed Ag(110) surfaces, we 
note that it may be expected that the covalent bonds 
between the NDCA adsorbates and the surfaces are 
similar to those found for formic and benzoic acid  
[41, 42]. The energy of a single carboxylate–substrate 
bond can be expected to be several eVs. For example, 
the adsorption energies of formate and benzoate on 
Cu surfaces in the presence or absence of Cu adatoms 
have been calculated by DFT to lie within the range of 
approximately 3 to 4 eV [43–45]. Somewhat lower, but 
still comparable, adsorption energies of around 2.5 to 
3.5 eV have been found for the adsorption of formate 
on Ag surfaces [44, 46]. For NDCA adsorbates with 
the possibility of forming two covalent carboxylate– 
substrate bonds, one thus would expect adsorption 
energies of around 6 to 8 eV for the Cu(110) and 5 to 
7 eV for the Ag(110) surface. Even though these 
values are probably reduced by the less favourable 
carboxylate geometry of a lying-down adsorbate as 
compared to that of a standing-up formate or benzoate, 
the adsorption energy of a covalently bonded NDCA 
adsorbate on the Ag(110) surface is still expected   
to be much higher than that of the non-covalent 
arrangement observed at room temperature. Hence, 
the observation of fully intact NDCA molecules on 
Ag(110) at RT is the result of a kinetic hindrance  
towards deprotonation.  

The ladder structure formed from NDCA–Ag(110) 
shown in Fig. 3(f) appears at substrate temperatures 
during sublimation which are only slightly higher 
than RT. It is not evident whether in this structure a 
fraction of the NDCA adsorbates or, alternatively, a 
fraction of the carboxylic groups of the adsorbates  
is deprotonated, and whether mobile adatoms play 
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any role. Irrespective of these open questions, the 
appearance of the ladder structure indicates that the 
kinetic hindrance, which keeps the 1-D chains in shape,  
is small.  

5. Conclusions 

We have studied the adsorption of NDCA molecules 
on three different substrates, Ag(110), Ag(111), and 
Cu(110), and the influence of the annealing tem- 
perature on the adsorption structure. The kind of 
selfassembled nanostructure that is formed is found 
to result from a complex interplay between the 
adsorbate–substrate and adsorbate–adsorbate inter- 
actions. Hydrogen bonding and also van der Waals 
interactions play important roles in determining   
the exact arrangement of the adsorbate molecules in 
submonolayer and monolayer structures. The 
adsorbate–substrate interaction, which is different  
for the different surfaces, is decisive in determining 
which arrangement is favoured. The (110) surfaces—in 
contrast to the (111) surfaces—are characterised by a 
strong anisotropic corrugation of the surface potential. 
In the limit of a purely dispersion-type adsorbate– 
substrate interaction, the anisotropy leads to a strongly 
directional templating effect. This effect is modified 
for covalently bonded adsorbates, which can be 
produced on both the Ag(110) and Cu(110) surfaces 
by a deprotonation reaction of the carboxylic groups. 
For the Cu(110) surface this reaction occurs at RT, 
which is the sample temperature during NDCA 
sublimation, while it is kinetically hindered for the 
Ag(110) surface. In the latter case slight annealing to 
temperatures between 50 and 200 °C is required to 
achieve a partial or full deprotonation of the NDCA  
molecules. 
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