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��������� The adsorption of 5,14(dihydro(5,7,12,14(tetraazapentacene (DHTAP) on 

Cu(110) has been investigated at different temperatures and coverages by means of scanning 

tunneling microscopy (STM) and low(energy diffraction (LEED). Our results show that the 

interaction of DHTAP with the Cu(110) surface differs considerably from that of pentacene on 

the same surface. The DHTAP molecules are chemisorbed on the surface via strong Cu(N 

bonds with an adsorption energy of roughly 3eV per molecule twice as high as the value for 

pentacene. We could identify three different ordered superstructures, which are commensurate 

with the substrate and characterized by the matrices (6 (1 | 1 2), (7 0 | 1 2) and (6 0 | 1 2), 

respectively.

�	
��
��
��	��

Organic semiconductors can today be found in a wide range of applications in 

microelectronics and most notably as organic light emitting diodes (OLED)1–3 in the displays 

of smartphones and TV screens. In this context pentacene (� in Scheme 1) films have often 

been used as a benchmark material because of a charge carrier mobility, which is comparable 

to that of amorphous silicon4. Already in 2007 Koch pointed out that the hybrid organic(metal 

interface is a determining factor for the performance of devices because of its influence on the 

growth of extended multilayers or thin films and the electronic properties of the interface, 

which influence charge carrier injection5. We here address this question for a derivative of 

pentacene: 5,14(dihydro(5,7,12,14(tetraazapentacene (DHTAP, � in scheme 1). For pentacene 

the properties of the hybrid metal(organic interface in the monolayer and the multilayer 

regime have been investigated for a wide range of metal substrates. It has been found that 

pentacene prefers to adsorb in a flat(lying geometry on metal surfaces in the monolayer 

regime and in either a physisorbed or weakly chemisorbed state. For pentacene on Au(111) 

the structure formation is dominated by long(range van der Waals interactions6. On Cu(111) 

on the other hand pentacene has shown to be chemisorbed6,7 but compact well(ordered layers 

have only occasionally been reported7.  
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Scheme 1: Schematic representation of pentacene � and dihydrotetraazapentacene (DHTAP) 

�.   

The situation is quite different for pentacene adsorption on the fcc(110) surfaces of 

coinage metals because of their anisotropic, rectangular unit cells that tend to impose a 

preferred orientation on elongated molecules and prevent the formation of rotational domains. 

For pentacene on Ag(110)8 and Au(110)9 the long molecular axis is oriented perpendicular to 

the densely packed �1�10� direction. On Cu(110), however, the pentacene molecules are 

oriented parallel to the �1�10�	direction10,11. This important difference between adsorption on 

Ag(110) and  Au(110) on the one hand and Cu(110) on the other can be attributed the 

different unit cell parameters of these three surfaces. Indeed, the nearest neighbor distance 

along the �1�10�	direction is 2.55 Å for Cu(110), which is similar to the distance between 

phenyl rings (2.5 Å) of pentacene, but equals 2.88 Å for Ag(110) and Au(110). The close 

match of the size of the phenyl rings and the Cu(Cu distances facilitates the formation of 

chemisorption bonds which result in a strong bending of the molecular backbone that has 

been observed experimentally12 and recently confirmed by DFT calculations13. A variety of 

different substructures has been observed for pentacene on Cu(110). At 430K sample 

temperature during deposition the coexistence of a p(6.5x2) structure with a c(13x2) structure 

has been reported14. A p(7x2) structure and a two domain (6 1 | (1 4) structure were observed 

when the sample was held at room temperature during the deposition11,15.  

The quest for alternatives to pentacene was triggered by its poor long(term stability 

under ambient conditions16. In this context particular interest has recently been devoted to 

nitrogen(containing oligoacene derivatives such as DHTAP because of the high stability of 

these compounds under ambient conditions17,18. A previous investigation showed that the 

presence of the H(donor (N−H) and H(acceptor (N=C) sites in DHTAP can lead to molecule(

molecule interactions via H(bonding thus promoting the formation of highly ordered 

molecular films on Au(111)19. In this case the DHTAP is physisorbed and the structure of the 

adsorbed layers is entirely determined by molecule(molecule interactions. We expect the 

behavior of DHTAP layers on Cu(110) to be very different from that on Au(111) because of 

presence of the imine groups, which should lead to a strong chemisorption through Cu(N 

bonds. This would in turn lead to a bonding mechanism which is also very different from that 
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of pentacene on Cu(110). Here we present a combined experimental and theoretical approach 

based on scanning tunneling microscopy (STM), low energy electron diffraction (LEED), and 

density functional theory (DFT) calculations in order to elucidate adsorption geometries, the 

nature of the molecule surface bond, and the superstructures for DHTAP on Cu(110). 

��������	
����	
�
�����
�������
��
���

The experiments were carried out in an ultra(high vacuum (UHV) system with a base 

pressure in the 10(11 mbar range. The Cu(110) single crystal was cleaned by several cycles of 

Ar+ sputtering and thermal annealing at about 750 K. DHTAP was thermo(evaporated from a 

quartz crucible heated to 500 K and deposited on the surface held at different temperatures in 

the range between 240 and 430 K. We define 1 ML (monolayer) in this article as the 

molecular density of the most compact structure which corresponds to the (6 0 | 1 2) structure 

(see below for details). The packing density for this structure is 0.904 molecules/nm2. The 

STM experiments were performed under ultra(high vacuum (low 10(11 mbar) conditions using 

a commercial low(temperature STM (Omicron). The LT(STM was operated at liquid nitrogen 

temperature (78 K for both sample and tip) and using constant current mode for all 

experiments presented below. Low energy electron diffraction (LEED) measurements have 

been performed to determine the ordered molecular superstructures.  

We have used density functional theory (DFT) to study the geometric and electronic 

properties of DHTAP on Cu(110). All calculations were performed in VASP version 5.4120(23, 

which uses the projector augmented wave (PAW) method24,25. The substrate was modeled by 

5 layer thick slabs with at least 19 Å of vacuum. On top of these the molecular superstructures 

were constructed for the (6 0 | 1 2), (7 0 | 1 2), and (6 (1 | 1 2) unit cells as found for different 

experimental conditions in this work. The molecular configuration and the substrate atoms 

were relaxed separately. For the lattice constant of the Cu bulk we used the calculated value 

of 3.626 Å26.  Moreover, the bottom two layers of the slab were held fixed at their relaxed 

positions of the clean substrate before we placed the molecule on the substrate in one of four 

adsorption sites (see supporting information). We used a 6x6x1 KPOINT grid to sample the 

Brillouin zone, a 400 eV plane wave energy cut(off, and a 0.02 eV/Å force cut(off. Structural 

relaxation was achieved using the conjugate gradient method27,28. For the exchange(

correlation function we chose the van der Waals inclusive optB88(vdW29 functional.  This 

choice was motivated by previous studies favoring this particular van der Waals inclusive 

functional26,30–32. After structural relaxation, we recorded the adsorption energy (the energy of 

the isolated substrate and molecules minus the energy of the molecule(substrate system), the 

adsorption height (the average z(coordinate of the atoms within the molecule minus the 

average z(coordinate of the atoms in the first layer of the substrate), the buckling of the first 

layer of the substrate (the maximum minus the minimum of the z(coordinates of the atoms in 

the first layer of the substrate), and the buckling of the molecule (the maximum minus the 

minimum of the z(coordinates of all atoms of the molecule). We also recorded the charge 

transfer to the substrate from the molecule (calculated using Bader’s charge analysis33(35). 

�����
���	
�
��������	��
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Figure 1a shows an STM image (at 78 K) of samples covered with 0.1 ML of DHTAP 

deposited on the Cu(110) surface at room temperature. Individual molecular adsorbates can be 

resolved and it appears that these molecules are exclusively aligned with their long molecular 

axis parallel to the �1�10�	 direction. It turns out that the DHTAP molecules adsorb on the 

surface with their molecular planes parallel to the surface plane. Indeed, the apparent height in 

STM is 110 pm, which is roughly the same height found for DHTAP on Au(111) where the 

molecules are considered to lie flat on the surface19. At this low coverage we observe either 

isolated DHTAP molecules or small aggregates, in which the molecules arrange along the 

[001] direction with an intermolecular spacing of 0.722 nm that corresponds to twice the 

lattice spacing of the Cu(110) surface in this direction. However, neighboring molecules are 

shifted laterally (i.e., along the �1�10�	 direction) by exactly one Cu(lattice spacing of 0.255 

nm, leading to a stacking direction that is inclined by an angle of ±19.5° with respect to the 

[001] direction of the substrate. The discrete lateral shift is directly observed in the high(

resolution STM images in Fig. 1b where the Cu atomic lattice is imaged concurrently with the 

molecules. Moreover, it is obvious that the molecules are centered between the Cu rows along 

the [001] direction, and thus adsorbed within the trenches rather than on top of the Cu rows. 

These results are similar to pentacene on Cu(110) which is isostructural to DHTAP12, but for 

pentacene a parallel arrangement without a shift along the �1�10�	 axis has also been observed 

for low coverage36.  

Figure 1: STM images of the Cu(110) surface covered with 0.1 ML of DHTAP adsorbed at 
room temperature. Individual DHTAP molecules appear as bright (yellow) rods. All 
molecules are aligned along the ����	��direction of the substrate. Part b) shows the atomically 
resolved substrate lattice with a molecular trimer, overlaid with a ball(and(stick model of the 
DHTAP molecules. Tunneling parameters: a) It = 50 pA, Vsample = +0.5 V and b) It = 6 nA, 
Vsample = (0.10 mV. 
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Figure 2 shows STM images of 0.35 ML and 0.5 ML of DHTAP deposited at room 

temperature. At the lower coverage mostly 1D stacks of molecules meandering along the 

[001] direction are observed with no apparent tendency for aggregation along the 

�1�10�	direction. At a coverage of 0.5 ML one starts to observe the formation of 2D islands

suggesting that attractive interactions along the	�1�10� direction should be weak or negligible. 

If we zoom into these 2D islands, two distinct arrangements, as illustrated in Fig. 2c and 2d, 

are observed that can be assigned to commensurate superstructures with epitaxial matrices (7 

0 | 1 2) and (6 (1 | 1 2), respectively. It should be noted that in both structures the molecules 

are stacked along the [001] direction with a shift of one Cu lattice along the �1�10�	 direction 

between neighboring molecules. Consequently, mirror domains for both structures exist 

which can be denoted as (7 0 | (1 2) and (6 1 | (1 2), respectively. For 0.35 ML (shown in Fig. 

2a), the molecular stacks are short and a considerable number of isolated molecules are found. 

The average length of the molecular row is 2.30 nm. The length of molecular rows increases 

when the coverage increases. For 0.5 ML, the average length of the molecular rows is 4.60 

nm. The effect of temperature deposition was studied for molecule coverage of 0.35 ML at 

240 K, 300 K and 430 K. The rows become longer with increasing deposition temperature and 

do not condense into larger 2D islands (see supporting information). 

Figure 2: a) and b) STM images of the Cu(110) surface covered by 0.35 and 0.5 ML of 
DHTAP, respectively. The images in c) and d) show high(resolution zooms of the image 
shown in (b) revealing two different structures, which can be described by epitaxial matrices 
(7 0 ��1 2) and (6 (1 ��1 2), respectively. Tunneling parameters: It = 100 pA, Vsample = +0.5 V. 
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Figure 3 shows STM images for a DHTAP coverage of 0.8 ML, where the molecules 

were deposited at different substrate temperatures. For low deposition temperature (240 K), 

depicted in Fig. 3a, despite the uniaxial orientation of the DHTAP molecules, no long(range 

order can be observed. After deposition at 300 K (Fig. 3b) ( as for the smaller coverages in 

Fig. 2 above – we observe small 2D islands with the same two types of superstructures: the 

red circles in Fig. 3b indicate areas in which the (7 0 |�1 2) structure is observed and the green 

circles correspond to areas with a local (6 (1 |�1 2) structure.  

Figure 3: STM images of the Cu(110) surface covered with 0.8 ML of DHTAP deposited at a 
substrate temperature of 240 K (a), 300 K (b) and 430 K (c). Tunneling parameters: It = 100 
pA, Vsample = +0.5 V. 

Finally, for a deposition temperature of 430 K the STM image shown in Fig. 3c clearly 

shows the emergence of long(range order. At this temperature, the molecules form a highly 

ordered structure corresponding to a (7 0 | 1 2) superstructure. The theoretical packing density 

for this structure is 0.775 molecules/nm2. This result is confirmed by the LEED pattern shown 

in Fig. 4. Along the [001] direction, bright spots at ½ of the substrate reciprocal lattice vector 

can be seen, which corresponds to the twofold commensurability of the real space lattice in 

this direction. We can also discriminate rows of spots, which are inclined by ±19.5° against 

the �1�10�	direction. In order to attribute these spots, the software package LEEDpat was used 

to simulate the diffraction pattern based on the superstructure matrices determined by STM. 

The simulated LEED pattern is shown as a semitransparent overlay in the righthand part of 

Fig. 4.  The coincidence of the simulated and the measured LEED pattern corroborates the (7 

0 | 1 2) superstructure found in STM. The blue and red spots correspond to the two mirror 

domains, respectively. 
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Figure 4: LEED pattern of the surface shown in Fig. 3c), acquired with an electron beam 
energy of 17.6 eV. In the righthand part of the image we have overlaid the spots and unit cells 
of simulated LEED pattern of a (7 0 | 1 2) superstructure, which fit well with the experimental 
data. The blue and red colors correspond to the two mirror domains, respectively. 

Even though the DHTAP layer shown in Fig. 3c seems to be rather compact, it is 

possible to reach even higher molecular packing by further exposing the surface to DHTAP. 

Figure 5 shows STM images of samples covered with 1 ML of DHTAP deposited at different 

temperatures. Again, an inclination of ±19.5° of the short superstructure axis with respect to 

the [001] direction can be observed. This is markedly different from pentacene on Cu(110), 

which shows rows of molecules inclined by only ±9° that corresponds to a lateral shift of 

neighboring molecules by only half of single Cu lattice spacing along the �1�10�	 direction. 

After deposition at 240K (Fig. 5a), the STM data suggest that the DHTAP molecules mostly 

condense into a (6 (1�| 1 2) phase with a packing density of 0.835 molecules/nm2. Yet, at this 

deposition temperature, the layer shows a lot of stacking defects and there is no long(range 

order over scales larger than a few nm. After deposition at 430 K, in Fig. 5c, neighboring 

rows of molecules are mostly aligned, and the molecules appear regularly connected along the 

�1�10�	 direction. The STM images can be interpreted in terms of a (6 0�| 1 2) structure with a

packing density of 0.904 molecules/nm2, which is the most compact structure that we could 

observe for DHTAP on Cu(110). The monolayer calibration thus refers to this molecular 

density. Moreover, for this structure we can see a slight undulation along the �1�10�	 direction. 

The presence of both superstructures (6 (1�| 1 2) and (6 0�| 1 2), respectively, is confirmed by 

the LEED patterns shown in Figs. 5d and 5f, respectively. The simulated LEED patterns, 

corresponding to these epitaxial matrices are overlaid in the righthand part of Fig. 5d and 5f 

and confirm our assignments based on the STM data. The green ellipsoids in Fig. 5 indicate 

areas of the (6 (1 | 1 2) structure and the corresponding LEED spots whereas the red ellipsoids 

mark areas with a (6 0�| 1 2) structure and the corresponding LEED spots. At an intermediate 

deposition temperature (330 K) both superstructures are found to coexist in the same STM 

image (see Fig. 5b) with about 80% of the surface covered with the (6 0�| 1 2) structure.  
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Figure 5: STM images of the Cu(110) surface covered with 1 ML of DHTAP on Cu(110) 
deposited at a substrate temperature of 240 K (a), 330 K (b) and 430 K (c), respectively. 
Tunneling parameters: It = 100 pA, Vsample = +0.5 V. d), e) and f) LEED patterns of the 
surfaces shown in a), b) and c), respectively, acquired with an electron beam energy of 17.6 
eV. The simulated LEED patterns for the (6 (1 | 1 2) and the (6 0 | 1 2) structures are overlaid 
in the righthand part of d) and f), respectively. The blue and red arrows indicate the unit cell 
vectors for the two mirror domains. The slightly blurred spots and the rather bright 
background intensity indicate limited domain sizes and the presence of some disorder, 
respectively. 

DFT calculations were performed for the three superstructures of DHTAP on Cu(110) 

that we observed in the STM and LEED experiments in order to determine the precise 

adsorption geometry of the DHTAP molecules on Cu(110). Furthermore, the calculations 

permit to determine the nature of the bonding between the molecules and the substrate.  As 

expected from the STM results, the most stable configurations found with DFT correspond to 

DHTAP molecules that are adsorbed between the Cu rows and aligned along the �1�10�	 

direction for all three superstructures (see Fig. 6). The configuration where the DHTAP was 

placed on top of the densely packed Cu rows also yielded stable adsorption geometries, which 

were, however, systematically less stable than those in the trenches. This result is clearly 

confirmed by the STM image shown in Fig. 1b where the atomic resolution of the Cu lattice 

can be seen. Moreover, different initial positions of the DHTAP along the trenches were 

investigated by DFT (see supporting information). All these configurations evolved during 
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relaxation to sites in which the N atoms of the molecules are located close to a single Cu 

atom. This optimum configuration is also shown in the STM image in Fig. 1b where a ball(

and(stick model of two DHTAP molecules on Cu(110) are overlaid on the STM image. We 

also note that in the calculations all molecules in adjacent rows are oriented with their long 

molecular axis parallel to the �1�10�	 direction and not in a head(to(tail fashion as for DHTAP 

on Au(111)19.  This is corroborated by the STM images in Fig. 7 where the asymmetry of the 

molecules is clearly visible and an identical orientation of all molecules can be seen. The 

particular orientation found for DHTAP on Au(111) was attributed to the presence of 

hydrogen bonding between adjacent rows19, which does not seem to play a role for the 

DHTAP molecules on the Cu(110) surface. Here the preferred position of the N atoms of the 

DHTAP molecules with respect to the Cu atoms along the �1�10�	 direction and, hence, the N(

Cu interactions, seem to be the driving force for the observed adsorption geometry.

For all three superstructures shown in Fig. 6 we find relatively short N(Cu distances of 

roughly 2 Å (see Tab. 1). This is considerably shorter than the C(Cu distance found for 

pentacene on Cu(110) of 2.29 Å which has been attributed to a chemisorbed state13. 

Moreover, comparing our value with the N(Cu bond length on the Cu(100)((2x2)N 

reconstructed surface, which was determined by photoelectron diffraction to be 1.99 Å37, we 

can conclude that DHTAP is chemisorbed on the Cu(110) surface via the N atoms. This is 

corroborated by the fact that the calculated adsorption energies for DHTAP on Cu(110) are in 

the range of 2.93 to 3.08 eV (see Tab. 1). This is considerably higher than for the (6.5 x 2) 

structure of pentacene on Cu(110), which was calculated to be 1.59 eV for an isolated 

molecule11. We also note that the adsorption energy for the monolayer of pentacene, 

determined experimentally by thermal desorption, is 2.1 eV14. Moreover, an important charge 

transfer from the DHTAP molecule to the Cu(110) surface of (0.6e to (0.8e was found in the 

DFT calculations for the (6 (1�| 1 2) and the (7 0 | 1 2) structure, respectively. 

The DFT calculations also suggest an important buckling of the adsorbed DHTAP 

molecules. A similar observation has been reported for pentacene molecules on Cu(110)12,13, 

Cu(111)38 and Al(001)39. In these cases, the molecules appear as dumbbell(shaped 

protrusions, which were assigned to a bending of the adsorbed molecule where the center of 

the molecule is closest to the substrate metal. The DFT calculation for the (7 0 | 1 2) structure 

of DHTAP on Cu(110) (see Fig. 6e) also show a bending of the molecule, which, however, is 

asymmetric since the N(Cu bond is not located at the center of the molecule. This result is 

consistent with the contrast in the STM images shown in Fig. 7b, where we have overlaid the 

calculated configuration of the DHTAP molecule on Cu(110) for the (7 0 | 1 2) structure. 

Indeed, the lowest apparent height exactly coincides with the position of the N atoms. A 

similar result was found for the other two structures. No asymmetry in the molecule can be 

seen for the (6 (1� | 1 2) structure shown in figure 7(a) but the extremities of the molecule 

appear brighter than the center as predicted by the DFT calculation (see Fig. 6d)).  In contrast, 

the DFT calculations of the (6 0�| 1 2) structure reveal an s(shaped molecule (Fig. 6f)), where 

one end of the molecule is pointing away from the surface and the other end is rather pointing 

towards the surface. This is corroborated by the STM image show in Fig. 7c, which shows 

bright protrusions at the border between two molecules. We attribute this to the steric 

hindrance between the molecules, which has to be avoided in order to achieve the densest 
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packing along the �1�10�	 direction. This also induces a slight rotation of the molecules out of 

the �1�10�	direction, which is found in the DFT calculations and can also be recognized in the 

STM images in Figs. 5c and 7c.  

Figure 6: Calculated DHTAP adsorption configurations on Cu(110) for the (6 (1 | 1 2), (7 0 | 1 
2) and (6 0 | 1 2) structure. Red: C atoms, orange: N atoms, white: H atoms, blue: Cu atoms of
the first layer and gray: Cu atoms of the bulk. a), b) and c): top views of the (6 (1 | 1 2), (7 0 | 
1 2) and (6 0 | 1 2) structures, respectively. The N atoms of the molecules are located on top 
of the Cu atoms of the first layer; d), e) and f): side views illustrating the bending of the 
molecules.  

���������Adsorption parameters determined from the DFT calculations for each of the three 
superstructures of DHTAP on Cu(110): adsorption energies, adsorption height, shortest N(Cu 
distance, buckling of the first layer of the substrate and of the molecule, charge transfer to the 
substrate.  
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(7 0 | 1 2)� 3.08 2.39 2.46 2.04 0.1 0.92 (0.8 
(6 (1 | 1 2)� 2.93 2.45 2.58 2.05 0.15 0.98 (0.6 
(6 0 | 1 2)� 3.04 2.75 2.59 2.02 0.2 1.5 (0.7 

The buckling of the first layer of the substrate and the buckling of the molecules are 

smallest for the (7 0 | 1 2) structure, which, however, is the structure with the highest 

adsorption energy per molecule. The lower buckling can be explained by the fact that the (7 0 

| 1 2) structure is the least compact adsorption configuration especially in the �1�10� direction, 

yielding only weak steric hindrance between neighboring molecules. If we turn our attention 

to the surface adsorption energies, which are calculated from the adsorption energies per 

molecule and the area of the corresponding superstructure unit cell, we can see that the (7 0 | 1 
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2) and the (6 (1 | 1 2) structure are energetically almost equivalent with values of 2.39 eV/nm2

and 2.45 eV/nm2, respectively. This rather nicely explains the coexistence of these two 

structures at a deposition temperature of 300 K and a coverage of 0.8 ML of DHTAP. We can 

also conclude that the (6 0 | 1 2), which is found in the monolayer is by far the structure with 

the lowest surface energy. The fact that this most densely packed structure is not observed for 

low deposition temperatures points to the existence of an activation barrier for the formation 

of this structure. This could be due to the important steric hindrance between molecules, 

which has to be overcome upon compression along in the �1�10�	 direction. 

Figure 7: High(resolution STM images of the a) (6 (1 | 1 2), b) (7 0 | 1 2) and c) (6 0 | 1 2) 
structure of DHTAP on Cu(110). Tunneling parameters: It = 100 pA, Vsample = +0.5 V, scale: 
(2.2 x 4.2) nm2. Overlaid are the adsorption configurations obtained from the DFT calculation 
for each of the three structures. 

��	������	�

We have investigated the adsorption of DHTAP on Cu(110) in the monolayer regime 

and for different deposition temperatures. The molecules adopt a flat(lying adsorption 

geometry with their long molecular axes oriented parallel to the �1�10�	 direction. The DHTAP 

molecules are centered in the trenches between the close(packed Cu rows with the N atoms of 

the molecule located on top of the Cu atoms of the first layer. The Cu(N bond length is 

comparable to that found for the Cu(100)((2x2)N surface indicating strong chemisorption. 

Unlike for pentacene, for which the bonding is delocalized, the dominant contribution to 

bonding comes from the Cu(N bond. We could identify three different commensurate 

adsorption structures of DHTAP on Cu(110), which can be described by the epitaxial matrices 

(7 0 | 1 2), (6 (1 | 1 2), and (6 0 | 1 2), respectively. 

������
�	���	$����
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Initial geometries for DFT calculations. STM images of 0.35ML DHTAP layers at 

various temperatures. 
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