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ABSTRACT: The non-trivial effect of molecular dipoles on the surface work function of metals 

is explored for the unidirectional ordered arrays forming the first and second layers of 

chloroaluminum phthalocyanine (ClAlPc) on Au(111). This phthalocyanine is a non-planar 

molecule with permanent electric dipole perpendicular to its molecular π-plane that can adopt 

two distinct configurations (Cl-up and Cl-down) when adsorbed on surfaces. The ordered array 

forming the first layer is known to consist of all Cl-up molecules, while the less studied second 

layer is formed by molecules in the Cl-down configuration. The inverted orientation of the 

molecules in these two layers constitutes our benchmark system to investigate the influence of 

the dipole array orientation on the surface work function. The present study includes an 
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experimental and theoretical approach that combines diverse imaging and spectroscopic scanning 

probe microscopies, in ultra-high vacuum, with first-principles DFT-based atomistic simulations. 

Experiment and theory show a chiral organization transferred from the first layer to the growing 

film that is reflected in the electronic structure. We demonstrate that the obtained surface work 

function changes are smaller in magnitude than expected from a dipolar approximation due to 

charge rearrangement at and beyond the monolayer. We provide understanding of the crucial 

interplay between the inter-layer and organic-metal interactions and quantify their effect on the 

electron density distribution and on the work function changes. 

 

INTRODUCTION 

An important issue concerning the energy level alignment of organic/metal interfaces is the 

role of surface dipoles. Due to the complexity of organic/metal systems and the mixed origins of 

interface dipoles (charge transfer, electron rearrangement, etc.) the surface work function can be 

influenced in a non-trivial way by the intrinsic electrical dipole of the molecules. In particular, 

unidirectional alignment of molecular dipoles can effectively modify the substrate work function 

and facilitate the charge injection or collection at the molecule-electrode interface in photovoltaic 

devices.1,2 Therefore, molecular ordered single layers with unique dipole orientation are well 

suited systems to explore dipole surfaces effects in relation to work function changes. Within this 

scenario, non-planar phthalocyanines with the central group outside the molecular -plane and, 

consequently, a permanent electrical dipole with well-defined orientation, are promising 

materials for organic devices with high stability in air.3–5 Some examples of interest are 

chlorogallium phthalocyanine (ClGaPc),6,7 vanadyl phthalocyanine (VOPc),8–11 titanyl 

phthalocyanine (TiOPc),4,12–16 tin phthalocyanine (SnPc)17–22 and chloroaluminum 
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phthalocyanine (ClAlPc).9,23–30 When adsorbed on surfaces, depending on coverage and 

interaction with the substrate, these non-planar molecules can adopt configurations either with 

the dipole pointing up or down. 

As a model system we have chosen ClAlPc, with molecular formula ClAlC32H16N8 (Figure 

1a), that has particular interest because its application as donor material in organic solar cells in 

combination with C60 molecules.31 Cl-up and Cl-down configurations, and the corresponding 

dipole orientations, are represented in Figure 1b. The reported value of the dipole moment of the 

free ClAlPc molecule obtained from density functional theory (DFT) calculations varies between 

1.87 D30 and 5.28 D9 (3.47 D within our present approach). From the practical point of view, 

complete films are used in applications and, therefore, it is the molecular dipole within packed 

layers what is of major interest. In this sense, the electric dipole per molecule within a monolayer 

of ClAlPc on HOPG was experimentally estimated to be 3.7 D from the variation of the surface 

work function () with molecular coverage (with a Δ  0.5 eV for the monolayer).9 Though on 

HOPG, ClAlPc molecules adopt the Cl-up configuration forming a molecular film with 

unidirectional dipole orientation driven by interfacial - interactions between the molecular 

plane and the substrate,27 on coinage metals the situation is more complex due to competing 

interactions, charge transfer and adsorption symmetry. In fact, the ClAlPc monolayer grown at 

room temperature (RT) can be formed by molecules in the two orientations on Cu(111),24 

Au(111)23 or Ag(111).29 It is therefore of crucial importance to accurately describe the structural 

details of the specific ClAlPc/Au(111) layers studied here. 

The ClAlPc/Au(111) system has been previously studied by ultraviolet photoemission 

spectroscopy (UPS) and low temperature scanning tunneling microscopy (STM) in UHV 

conditions.23,28,29 It was found that the molecules, deposited with the substrate kept at room 
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temperature, ordered in a square structure with  99% or only  60% in the Cl-up configuration 

depending on the strain degree of the reconstructed topmost surface of the Au(111) substrate. 

Differences in the intermolecular distances and their relation with substrate directions were also 

correlated to different adsorption sites for Cl-up and Cl-down molecules. However, a post-

growth moderate annealing guided unidirectional alignment of the molecules with Cl-up 

configuration. This downwards dipole conformation was attributed to be favored due to a 

dominant molecule-substrate -dz2 coupling.23 In addition, UPS showed that the adsorption of 

the first layer of Cl-up oriented ClAlPc on Au(111) led to a shift of the work function which is 

inconsistent, in sign and magnitude, with that expected from the molecular dipole effect.28 In this 

sense, studies on other dipolar phthalocyanines confirm that the vacuum level or work function 

shift upon growth of the first monolayer on a metal surface can be dominated by contributions 

such as push-back or charge reorganization.32,33 

Notwithstanding the important role of the electric dipole for any application in organic devices, 

very few investigations have focused on the correlation between structure and electronic 

properties of molecular arrays beyond the first layer, the main foundations remaining still 

blurred. We overcome this deficiency in the case of ClAlPc on Au(111) by a comprehensive 

analysis of the supramolecular structure and electrostatic response of the first and second 

molecular layers of this system combining STM and atomic force microscopy (AFM) with 

theoretical calculations. We quantify how the configurations of the molecules in the first and 

second layer affect the work function by performing comparative local contact potential 

difference (CPD) measurements. The experimental results are rationalized by carrying out 

theoretical first-principles DFT-based atomistic calculations, as well as STM-imaging 

simulations using an accurate Keldish-Green approach. This comprehensive strategy provides 
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understanding of the crucial interplay between the inter-layer and organic-metal interactions, 

where structural details play an important role, and its effect on the electron density distribution 

and the work function changes. 

 

EXPERIMENTAL SECTION 

The combined STM/AFM measurements were carried out at RT in an ultra-high vacuum 

(UHV) chamber with a base pressure of 1 x 10-10 mbar using a commercial Aarhus SPM 150 

equipped with a KolibriSensor and Nanonis Control System (SPECS Zurich GmbH). AFM was 

conducted in the frequency modulation mode (FM-AFM), where the oscillation amplitude is 

maintained constant (A = 200 pm) and the tip-sample interaction is measured via the frequency 

shift (Δf) from the resonant frequency (f0 = 1 MHz).34 An attractive (repulsive) interaction 

between tip and sample produces a decrease (increase) of Δf. The sharp metallic tip was in situ 

cleaned via Ar+ sputtering. Topographic STM was conducted in the constant current mode and 

the simultaneous Δf was recorded. In the employed set-up, the bias voltage is applied to the 

sample. The CPD was determined from the parabolic dependence of the Δf versus bias voltage 

such that higher CPD corresponds to higher local work function. Images were analyzed by using 

the WSxM freeware.35 

The Au(111) single crystal (Mateck GmbH, Germany) was prepared by repeated cycles of Ar+ 

sputtering (0.6 keV) plus annealing at 600°C. The substrate in-plane lattice constant, in high 

resolution images, and step heights, in large scanned images, were employed for in situ 

calibration of the STM piezo scanner. Both, the LEED pattern and the observation by STM of 

the Au(111) herringbone reconstruction confirmed a well-ordered clean surface and were used to 

establish the crystal azimuth orientation for the structural analysis. ClAlPc molecules (Sigma 
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Aldrich) were purified twice by gradient thermal annealing before being introduced in the UHV 

chamber where they were degassed and sublimated employing a Knudsen cell at 345°C. 

Deposition was performed at a 0.10 ML/min rate onto the clean substrate kept at RT. Well-

ordered layers were obtained in samples annealed for 10 min at 150°C immediately after 

deposition. 

 

RESULTS AND DISCUSSION 

For low ClAlPc coverages on Au(111), no ordered structures were formed neither at RT nor 

after post-deposition annealing. In principle, at high coverage, the dipole-dipole interaction 

between neighboring molecules would facilitate 2D assemblies with anti-parallel dipole order, 

i.e., a structure where Cl-up and Cl-down configurations coexist. This is the case for ClAlPc 

adsorption on Ag(111), where both configurations are similarly favored (50%); probably because 

an additional charge transfer between substrate and the central group in the Cl-down form 

counterbalances the van der Waals interaction with the -plane in the Cl-up case.29 Conversely, 

the ClAlPc monolayer deposition at RT on Au(111) does not result in any well-ordered structure, 

unless a post- annealing at moderate temperature is performed. The balance between direct and 

substrate mediated molecule-molecule interactions seems to be at the basis of this observation. In 

actual fact, it results that upon appropriate annealing all molecules on Au(111) are found to adopt 

the Cl-up conformation, which is suggested to be more stable thermodynamically. The energetic 

balance leans towards the molecule-substrate interaction favoring this configuration, in which the 

coupling of the molecular π-orbitals of the ClAlPc molecule with the metal electronic d-states is 

maximized. 
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Figure 1. (a) Chemical structure of the ClAlPc molecule (lateral dimensions: 1.235 nm × 1.235 

nm). (b) Schematic side view representation of the Cl-up and Cl-down configurations on a 

surface with the corresponding dipole orientations. (c) Topographic STM image of 1 ML of 

ClAlPc on Au(111). The molecular lattice vectors and Au(111) 110  and 112  directions are 

indicated. The inset in (c) shows the corresponding Fast Fourier Transform (FFT). (d) Line 

profile along the blue segment in (c). (e) Top and side view representations of the ClAlPc lattice. 

As corresponds to the experiment, molecules are represented in the Cl-up configuration. (f)-(g) 

Topographic STM images of two different mirror domains (counter-clockwise and clockwise, 

respectively) coexisting in a monolayer of ClAlPc on Au(111). The substrate orientation is 

therefore the same in both images. (h) Δf image acquired simultaneously with (g). (i) 

Representation of the two domains. STM parameters: (c) I = 130 pA, bias = +1.25 V, (f), (g) and 

(h) I = 140 pA and bias = +2.13 V. 
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As a direct consequence of energetic readjustment, after post-deposition annealing of 1 ML, 

the ClAlPc molecules self-assemble in the square arrangement seen in Figure 1c. Remarkably, 

the herringbone pattern of the reconstructed and, therefore, relaxed Au(111) is still visible 

underneath the molecular layer (see large scale image in Figure S1 of the Supporting 

Information). This observation would agree with the described energetics landscape pointing to a 

molecular physisorption rather than chemisorption. Each molecule is imaged as a four-leaf 

feature with a central protrusion (bright) that has been interpreted in the literature as 

corresponding to Cl-up molecules.25,27,29 In the f channel, the Cl-up orientation of ClAlPc on 

the surface can also be identified by a central protrusion in the molecule (see below). All 

molecules show the same intramolecular characteristics as expected for a unidirectional 

alignment. As corresponds to the symmetry relation between the square molecular adlayer and 

the hexagonal substrate, three equivalent rotated domains are encountered on different surface 

regions. 

The line profile along the molecular rows (Figure 1d) shows a peak to peak corrugation of  60 

pm, compatible with that observed in similar systems.27,28 The superimposed long range 

modulation arises from the added corrugation of the underlying herringbone Au(111) 

reconstruction. The lattice parameters of the square phase are a = b = 1.38 ± 0.02 nm, with a 

oriented along the 112  and b along the 110  Au(111) directions (Figure 1c). The measured 

unit cell size is considerable smaller than that reported by Huang et al. (a = 1.63 ± 0.03 nm and b 

= 1.59 ± 0.03 nm).28 In the frame of a substrate strain related dipole alignment interpretation, 

differences between lattice parameters measured in STM for the same molecule-substrate system 

were attributed to diverse degrees of surface strain, which can be dependent on sample 

preparation conditions.23 
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As depicted in the pictorial cartoon of Figure 1e, the ClAlPc molecules are slightly rotated 

within the unit cell by ≈ 10° and, outstandingly, show a pinwheel rather than symmetric 

intramolecular shape. This local-point chirality is similar to that found in other achiral 

phtalocyanines, as CuPc on Ag(100),36 and interpreted as due to asymmetric charge transfer 

between molecules and substrate leading to orbital specific chirality.37 The chiral motif resulting 

from the combination of the achiral ClAlPc with the achiral Au(111) breaks all mirror-symmetry 

elements and leads to chiral 2D organized domains.38–40 This fact is illustrated by the STM 

images of two different domains, counter-clockwise and clockwise, shown in Figures 1f and 1g, 

respectively. The adopted arrangement lies either left or right to the 110  direction. A total of 

six orientational domains are expected: three equivalent rotated domains and the respective two 

mirror domains for each one (Figure 1i). The Cl-up orientation of ClAlPc on the surface can be 

unambiguously identified by a lower f (lighter color) at the center of the molecules (Figure 

1h). This frequency shift signal helps in determining the ClAlPc orientation even in those cases 

of doubtful STM topographic images due to tip conditions. 
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Figure 2. (a), (b), (c) Topographic STM images for ≈ 1.8 ML of ClAlPc on Au(111). The dashed 

arrows indicate the direction of the b lattice vector in each case. (d) Top and side view 

representations of the first (blue) and second (green) layers of molecules, the unit cell and 

Au(111) directions are indicated. (e) Line profile indicated in blue in (c). (f) Δf image 

simultaneously acquired to (c). The black dotted line in (c) and (f) indicates a substrate step edge. 

Parameters: (a) I = 70 pA, bias = +2.00 V, (b) I = 80 pA, bias = +2.00 V and (c) I = 100 pA, bias 

= +1.50 V. 

 

Though coupling of the molecular π-orbitals with the metal electronic states is maximized for 

Cl-up molecules directly on the Au(111) surface, the energy context and, therefore, the 

assembling characteristics change for subsequent growth. RT deposition plus annealing of 

ClAlPc above the monolayer results in the coexistence of single and double layered regions. 
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Molecules in the second layer are imaged as four lobes with homogeneous contrast (Figures 2a 

and 2c) or with a weak central depression (Figure 2b) depending on tip conditions. By 

comparison with the STM study of the ClAlPc on HOPG system,27 we interpret our observation 

as corresponding to molecules adopting a Cl-down configuration. Indeed, the corrugation is 

considerably reduced respect to that of the first layer (see profile in Figure 2e) providing 

quantitative evidence of the upwards/downwards conformation in the first/second layer. This 

bilayer structure of the ClAlPc film is coherent with the maximization of the  3D molecular 

packing suggested to optimize the electrostatic interaction between dipolar molecules with 

opposite dipole orientation.30 The measured height difference between first and second levels of 

molecules is about 250 pm, i.e., lower than expected from purely topographic effects, even 

considering a “gear assembly” as illustrated in Figure 2d. The different tip-surface interaction 

over each molecular region when scanning in STM is reflected in the f maps (see Figure S2 in 

the Supporting Information). This observation is particularly helpful to discern between first and 

second levels in the case of ClAlPc films covering different substrate terraces (Figure 2f).  

Careful analysis of surface regions, where single layer and two-layer levels coexist, permits 

determining that the square lattice of the second layer has exactly the same dimensions as that of 

the first one but is shifted a half unit cell in each direction, so each Cl-down molecule  resides in 

the center of four Cl-up molecules. Top and side views of this packing are represented 

schematically in Figure 2d. The molecules assembled in the second layer are turned by ≈ 7° with 

respect to the already 10° rotated first layer while maintaining the handedness. This azimuthal 

misorientation between the first and the second layer differs from the 45º expected for steric 

hindrance and observed in other Pc on surface systems.41 We argue that the observed packing 

suggests the transference of supramolecular order chirality from the 2D to the 3D level.42 The 
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observation of three equivalent rotated domains, each in one of the images of Figure 2, accounts 

for full symmetry transfer from the first to the second layer. In contrast, isolated molecules, or 

molecules with only two neighbors, adopt predominantly a non-rotated orientation (see Figure 2c 

and Figure S3 in the Supporting Information). Despite the excellent order observed, molecules in 

the second layer were found to be weakly bounded and movable between equivalent positions by 

consecutive tip scanning, as sliding puzzle tiles arranged in a grid with empty sites (see Figure 

S3 in the Supporting Information).   

With the aim of obtaining the structural model reproducing the experimental observations, 

different ClAlPc/Au(111) trial system geometries were used to perform first-principles DFT-

based atomistic simulations (further details in Supporting Information). After a full lattice 

optimization we obtained a unit cell of size 1.49 nm × 1.45 nm, corresponding to a 5×33 lattice 

commensurate with the underlying Au(111) and containing one and two ClAlPc molecules for 

the cases of one (Figure 3a) and two molecular layers (Figure 3b), respectively. The theoretical 

lattice parameters are slightly larger than the experimental ones, mainly due to the unavoidable 

irreproducibility of the experimental herringbone reconstruction of Au(111) within our 

theoretical periodic framework. All benzenic rings in the molecule have the same registry with 

the substrate, while the two pairs of N atoms surrounding the central Al, which in the free 

molecule are equivalent, present either three-fold or bridge adsorption sites. As it will be seen, 

this mirror-like symmetry will be reflected in the molecule/substrate electronic charge density. In 

excellent agreement with the experimental evidence, for the first single layer, all the Cl-up 

molecules result rotated  13° respect to the 110  direction of the substrate. For the two layers 

system, the Cl-up molecules of the bottom layer alternate with Cl-down molecules on the 

topmost layer that appear rotated by another 7° with respect to them, also in full agreement with 
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the STM measurements. It is important to remark that the different computational tests 

performed lead to these configurations as the most stable energetically for the cases of one and 

two molecular layers. Outstandingly, in the optimized structure upon incorporation of the second 

layer, the Cl-up molecules at the metal interface change their vertical distance from z = 0.324 nm 

to z = 0.338 nm. As it will be stated below, this non-expected result has important implications 

in the electronic decoupling of the organic layer from the surface. 

 

Figure 3. Interfacial optimized geometries of ClAlPc on Au(111) for (a) one molecular layer and 

(b) two molecular layers. The unit cell is marked by the black (first layer) and red (second layer) 

square as well as the angles formed by the molecules in each layer w.r.t. the main 

crystallographic surface direction	 110 . Theoretical Keldish-Green STM images obtained for 
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the one (c) and two (d) molecular layers ClAlPc/Au(111) interfaces. The employed bias and 

constant-current scanning conditions are given for each case. 

 

In order to reinforce the theoretically obtained interfacial configurations and directly compare 

with the experimental STM images, a battery of Keldish-Green STM-imaging simulations has 

been carried out (further details are given in the Supporting Information). Figures 3c and 3d 

show the constant current images resulting from such simulations using the molecular 

configurations described above and bias voltages close to those used in our experiments ( +0.75 

V to +2.00 V). Simulated images for other voltages can be found in Figure S4 of the Supporting 

Information. It is interesting to notice how our theoretical STM approach is able to capture the 

differences observed experimentally between the molecules belonging to the first and the second 

layers. As a matter of fact, the theoretical STM images obtained for the single layer show one 

cross corresponding to each molecular entity with a protruding bump in its center, as in the 

experimental image. For the molecules in the second layer, the global morphology associated to 

each molecule adopts still a cross-like shape, but with four distinct lobes associated to each four 

internal molecular triazine-derivative Al(NCNCN) rings, just like in the experimental case. On 

the basis of this accordance between experiment and simulations, the optimized geometries for 

the interfaces are considered of high confidence and reliability to trust the ulterior electronic and 

energetic conclusions derived from them and presented later in this work. 

Once the structure of the investigated ClAlPc layers on Au(111) has been thoroughly analyzed, 

we confront the questions relative to the influence of the respective dipole arrangements on the 

electronic properties. As mentioned above, the adsorption of molecules onto a solid surface 

modifies its work function () via diverse processes. At the metal/organic interface strong wave 
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function overlap, molecule-substrate charge redistribution and important push back effect 

contributions may dominate over that of the permanent molecular dipole moment. Here, in order 

to have a description on the influence of the ClAlPc permanent dipole moment on the 

modification of  upon adsorption, local CPD measurements (see the experiments description in 

the Supporting Information) were performed on areas with coexisting single-layer and two-layer 

levels. Contrary to the spatially averaged data obtained by UPS, CPD values obtained by local 

probes allow obtaining spatially resolved measurements on the above described two 

differentiated regions. Far from being a disadvantage, the absence of bare gold on the sample 

surface is quite convenient for neat comparative measurements because the quality and packing 

homogeneity of the ClAlPc layer in direct contact with the substrate is guaranteed all over the 

organic/metal interface. 

In principle, for molecules behaving as point dipoles, their influence on the surface work 

function can be derived from a relatively simple electrostatic scenario, which quantifies the 

potential energy change introduced by a dense 2D array of dipoles via the Helmholtz equation.43–

49 We note here that when dipolar molecules are self-assembled on a solid substrate, their 

effective dipole moment is smaller than that of the isolated molecules and varies with 

coverage.50–52 The effect is mostly due to the mutual dipole-dipole interaction, an additive term 

causing a reduction of the effective electric field at each dipole position. This issue is often 

considered by introducing the depolarization model proposed by Topping53 that accounts for 

molecular polarizability and assembling geometry. In a rough estimation, the contribution of the 

layer of oriented dipoles to  is reduced by the depolarization effect in the layer. If this 

approximation applies, the downwards permanent dipoles of the ClAlPc forming the monolayer 

would increase  in a magnitude diminished by such effect. For the bilayer, the contribution of 
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the opposite dipolar moment of the Cl-down molecules in the second layer, which is expected to 

reduce , should be also included. In this case, estimations accounting for the effective electric 

field at each molecular position of the whole film must involve the molecular 3D packing. Since 

dipoles in each level have opposite direction (antiparallel) and are laterally shifted, the 

electrostatic coupling is anticipated to cause a polarizing effect, increasing the magnitude of the 

dipole in both, up and down dipoles.54,55 However, the context completely changes for the 

ClAlPc layers, where the closest parallel dipoles are as far as 1.38 nm apart within the plane and 

the antiparallel closest dipoles are at a still large distance (1 nm) slightly displaced vertically. In 

the following, we will demonstrate that the point dipole approximation is not valid and that 

significant changes occur at the organic/metal interface upon the incorporation of the second 

molecular layer. 

 

Figure 4. Frequency shift (Δf) versus bias curves obtained over the first and second layers at the 

corresponding blue and green dots indicated in the STM image (inset). To perform these 

spectroscopic measurements at each location the tip was lifted 120 pm away from the STM set 

point (see Supporting Information). STM parameters: I = 90 pA, bias = + 2.00 V. 
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A typical example of electrostatic spectroscopy data taken in specific surface regions of one 

and two molecular layers thick, are shown in Figure 4. The Cl-up and Cl-down configurations on 

each layer can be directly identified from the topographic STM image (inset Figure 4). We note 

that though contrary to the first layer, the upper one is discontinuous; it consists of regions 

having considerably large lateral dimensions with respect to the STM/AFM probe size. CPD 

values were obtained from the position of the maxima in the f versus bias curves measured on 

top of the first and second layers of ClAlPc, respectively. From measurements made at least over 

twenty different points at each region, we evaluated a maximum CPD2-1 =  0.12 V. The 

negative sign means a decrease of the work function in the bilayer case, as otherwise expected, 

but the change is considerably smaller than the experimentally derived for one layer of ClAlPc 

permanent dipoles,9 a difference that cannot be justified only by depolarization effects. As a 

general fact, when a molecule adsorbs onto the metal, the Pauli repulsion between the metal’s 

electron cloud and the molecule’s electrons pushes the cloud back into the metal (push-back 

effect), thereby compressing and reducing the surface dipole. This causes a downward shift in 

the system’s vacuum level, or, equivalently, a reduction of the work function. For example, the 

non-polar and planar CuPc monolayer on Au(111), where the push-back effect is considered the 

main origin of surface potential changes, was reported to induce a shift of  0.69 eV.28 For polar 

molecules, a second contribution to the work function may come from (partial) charge transfer 

between metal and molecule as well as from the intrinsic permanent dipole of the molecule, 

depending on its orientation. In order to obtain further insight on these issues, we present next 

theoretical calculations providing an understanding of the role of interfacial interactions upon the 

adsorption of the organic molecules on the first and second layers. 
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Figure 5. Top: Side views of the optimized structural model of Figures 3a and 3b for the single 

(left) and double (right) layers of ClAlPc/Au(111). Bottom:  Charge difference maps (in atomic 

units, a.u.) for the two systems and along the different planes labeled in the top panel: (1) XY-

plane at z =  0.1 nm below the average z-position of the first layer Cl-up molecules (note the 

different distance to the substrate for each case), (2) ZY-plane containing the Cl-up atom. (3) 

XY-plane at z = + 0.1 nm above the average z-position of the second layer Cl-down molecules. 

(4) ZY-plane containing the Cl-down atom. 

 

For the optimized structures shown in Figure 3a and 3b, the Brillouin zone (BZ) was sampled 

by means of a [2x2x1] Monkhorst-Pack grid, guaranteeing full convergence in energy and 

electronic density. The pictorial top and side views of the charge difference maps for the 
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geometries of the single and double layers of ClAlPc on Au(111) for different cross-sections are 

presented in Figure 5. For the Cl-up monolayer, maps in left side (1) and (2) evidence a 

pronounced charge redistribution within the molecule tending to accommodate most of the 

electronic charge coming from the surface at the four N atoms surrounding the central Al atom, 

as well as in the protruding Cl atom. The differences in the adsorption sites of these two pairs of 

N atoms are reflected in (1). The adsorption energy of the molecules on the surface (see 

additional details in the Supporting Information) is found to be 4.36 eV per molecule, 

comparable to the values reported for other similar interfacial systems.32 The integration of the 

charge density difference for one molecular layer (top panel of Figure 6) reveals a subtle, but still 

non-negligible, underlying chemistry manifested by a charge transfer of about 0.32 e from the 

Au(111) surface to the molecule. By computing the difference between the electrostatic potential 

and the Fermi energy in the vacuum region for the clean Au(111) slab and the case of one 

molecular layer, the calculated total work function variation is Δ =  0.14 eV. Given the 

complexity of the electronic charge transfer distribution within the molecule, the three 

contributions (push-back, metal-to-molecule charge transfer and permanent dipole moment) are 

difficult to quantify separately. However, taken altogether, these effects cancel out each other 

and, remarkably, despite the permanent dipolar moment of the molecules, the total change in 

work function for one molecular layer is not very significant, as otherwise seen in the 

experiments. 
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Figure 6. Computed plane-averaged charge density difference (in atomic units, a.u.) for: One 

layer of ClAlPc on Au(111) with all molecules in the Cl-up configuration (top), and two 

molecular layers of ClAlPc with the molecules in the Cl-up and Cl-down configurations for the 

first and second layers, respectively. Dashed lines indicate the average z-positions for the Au 

surface (red), Cl atom for the monolayer (green), and the first and second molecular layers 

(blue). Inset: magnification of the indicated region highlighting the different z position of the 

first layer for the single and double layer systems. 

 

Incorporation of the second molecular layer introduces insightful results perceptive in the 

corresponding panels of Figure 5, as well as in the computed adsorption energy for the molecules 

of the first layer, which decreases from 4.36 up to 3.68 eV; the later for a simulation cell 

containing two molecules (see more details in the Supporting Information). The nature of this 

interaction at the interface can be characterized now as nearly purely electrostatic, with an 

extremely low charge transfer of  0.06 e per molecule (bottom panel of Figure 6). 

Interestingly, there is still non-marginal charge reorganization at these first layer molecules with 
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origin at their interaction with molecules in the second layer, which are stacked alternated and 

vertically displaced by an average distance of only 0.289 nm. As seen in the right panel (1) of 

Figure 5, electronic charge depletion emerges at the aromatic rings, as well as at two of the N 

atoms bound to the central Al atom, and some charge transfer towards the topmost layer. The 

computed interaction energy between both molecular layers (see Supporting Information) is 5.28 

eV (for a simulation cell containing two molecules). It is interesting to note that the theory 

predicts an interlayer interaction stronger than that between one molecular adlayer and the 

substrate (4.36 eV). Such interlayer interaction induces a noticeable decoupling of the interfacial 

molecules from the metal substrate, as revealed by the decrease in the adsorption energy and an 

increased perpendicular average separation to the metal surface, from 0.324 nm for the case of 

one layer to 0.339 nm for the case of two (see Figure 5 and inset in Figure 6). As seen in panels 

(3) and (4) of Figure 5, the topmost molecules accommodate, nearly homogeneously distributed, 

some electronic charge coming from the layer underneath. At this level, there is no longer 

difference between central N atoms and only faint unbalanced difference at the laterals of the 

benzenic rings confers certain electronic chirality to the system.  

Importantly, no point dipole can be ascribed to the molecules of any of the two layers. 

Moreover, by considering the charge heavily distributed within the whole bilayer system (Figure 

6), the effective dipole of the bilayer configuration seems to be globally low and the work 

function change, calculated as aforementioned, is Δ2-1 = + 0.05 eV, this time for the case of the 

two molecular layers w.r.t. the case of one monolayer. In full agreement with the CPD 

measurements, the global variation of the work function for both single layer and two layer 

systems is very low though arising from a different origin than for the single layer. Although one 

may rationalize these findings on a qualitative basis (decreased contribution to the work function 
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change arising from reduced metal-to molecule charge transfer and push-back effect upon the 

second layer adsorption), the theoretical calculations clearly manifest that a classic electrostatic 

dipole approximation cannot adequately describe the charge distribution observed. The changes 

in total electron density distribution at the organic–metal interface can be rather complex and 

extends beyond the first layer. 

 

CONCLUSIONS 

The non-evident influence of dipolar molecules adlayers on the surface work function is 

quantified here by investigating the supramolecular arrangement and surface electronic 

properties of single and double layers formed by ClAlPc on Au(111). The configuration adopted 

by the molecules is found to be Cl-up and Cl-down for the first and second layer, respectively. 

We observe local point chirality non-anticipated from the symmetry relation between molecular 

arrangement and substrate that is transferred from the first ClAlPc layer to the second one 

through supramolecular organization. This experimental finding is supported by full structural 

optimizations, using first principle atomistic and molecular dynamics simulations, employed to 

determine the structure of both the single and the double layer systems. The simulated images 

reproduce all details of the measured STM images, envisaging important consequences for 

obtaining spatially uniform chiral thin films with atomic-scale control of their handedness. 

Though a significant change in surface potential would be expected for arrays of oriented 

molecules with sizable dipole as those investigated here, local CPD measurements reveal a lower 

decrease in work function than expected from the classical electrostatic dipole model. This 

tentative hypothesis is fully supported by the presented theoretical calculations for each 

molecular ensemble showing that in a realistic context, the effect of dipolar conjugated 
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molecules on a metallic surface cannot be treated as a simple addition of oriented point dipoles 

onto an inert surface. The computed work function changes match the experimental values, 

revealing the crucial interplay between ClAlPc inter-layer interaction and the interaction of the 

first layer with the Au(111) surface. The deposition of the second layer induces an important 

electronic and mechanical decoupling of the first layer from the surface, increasing its average 

distance. As a consequence of that, there is a lower charge transfer from the Au(111) surface to 

the molecules and a different distribution of the interfacial charges at the organic-metal interface 

respect to the single layer case. In summary, we have shown that our combined theoretical and 

experimental workbench arises as a promising route for achieving a realistic microscopic 

characterization at the molecular level for complex systems where the simplistic electrostatic 

model fails. 

 

ASSOCIATED CONTENT  

Supporting Information. Additional topographic and frequency shift images are provided to 

illustrate molecular movement in the second ClAlPc layer and describe how to elucidate between 

single and two layers areas in stepped surface regions. The induced motion of molecules at the 

second layer as well as their orientation relative to the first layer is also illustrated by STM 

images. Details about the employed computational approach, image simulation and CPD 

measurement mode are also included. 
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Au(111) herringbone reconstruction persistence 

The herringbone reconstruction of the Au(111) surface is visible upon deposition of a 

monolayer of ClAlPc molecules. This persistence can be observed in the large scale constant 

current STM image shown in Figure S1. This observation is in general interpreted as an 

indication of weak interaction between adsorbed molecules and the underlying Au(111) surface.1  

 
 

Figure S1. Constant current STM image of 1 ML of ClAlPc on Au(111). STM parameters: I = 
130 pA and V = 1.04V. 

 

Frequency shift imaging as a tool to differentiate between ClAlPc layers 

The Cl-up orientation of ClAlPc on the first layer can be identified in the frequency shift 

images (Δf) by a smaller frequency shift (see manuscript text), that is brighter in the color scale, 

at the center of the molecules while a nearly homogeneous contrast is observed for the Cl-down 

molecules forming the second layer. This fact helps determining the ClAlPc orientation, and 

therefore the corresponding layer, for surface regions where the existence of steps induces 

uncertainty in height measurements or in those cases of doubtful STM topographic images due to 

tip conditions as, for instance, in Figure S2a. 
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Figure S2. Simultaneously acquired images of the STM topographic (z) and frequency shift (Δf) 
channels for: (a) First monolayer of ClAlPc on Au(111). (b) A partial second layer on top of the 
first monolayer of ClAlPc on Au(111). STM parameters: (a) I = 140 pA, bias = + 2.13 V and 
(b) I = 160 pA, bias = + 1.70 V. 

 

 

Motion of ClAlPc in the incomplete second layer 

Repeatedly scanning the same surface area leads to tip-induced movement of some molecules 

in the second layer. This fact is illustrated by the four STM images presented in Figure S3 taken 

one just after the other. The same two specific locations are highlighted with yellow (unchanged) 

and blue boxes in all images. Note that in the area enclosed by the blue square, one molecule at 

the top layer is initially located in a bridge position respect to molecules in the first layer (a). In 

(b) this molecule is slightly rotated and detached from its coplanar neighbors. In (c) the same 

molecule is in a fourfold hollow position respect to the first layer. Finally, in (d) the molecule 

appears incorporated to a pre-existing kink of the second layer situated at the upper right corner 
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of the box. The movement is more pronounced for molecules that are initially isolated from other 

molecules. The time elapsed between images is  8 min. As illustrated in the right panels of the 

figure, i.e., (e) and (f) , isolated molecules in the second layer appear aligned to the molecular 2D 

lattice in the first layer, i.e., their diagonal forming 45º with the 121 . 

 

               

Figure S3. (a)-(d) Consecutive topographic STM images of the same area with a coverage of  
1.7 ML of ClAlPc on Au(111). Same surface locations of the images are indicated by yellow and 
blue boxes. STM parameters: (a)-(d) I = 105 pA and bias = +2.00 V. (e)-(f) The same magnified 
image (in two color scales) is used to illustrate the relative orientation of isolated molecules 
respect to the 121  substrate direction.  
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Contact potential difference measurements 

The contact potential difference, CPD or VCPD, can be measured from the parabolic 

dependence of the electrostatic force with the applied bias via the frequency shift: 

∆
4

, 

where f0, k, z, C(z) and VCPD  are, respectively, the resonance frequency, spring constant, 

distance, capacitance and contact potential difference  of the tip-sample system. 

 

The contact potential difference value depends on the work function of the tip and sample as: 

. 

In principle, knowing tip, sample can be calculated, but if the sample surface has regions with 

different electronic properties, as the case presented here, the contact potential difference 

between them will provide the difference in the local work function between regions 

independently of the material the tip is made of: 

Δ . 

To obtain Δ  we perform spectroscopic curves: direct measurement of ∆  by obtaining the 

frequency shift versus applied bias over specific surface locations (A or B). This is the method 

employed in the present work, where A and B are the first and second layers of ClAlPc, 

respectively. To perform these spectroscopic measurements, at each location the tip was lifted 

away from the STM set point position. 
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Computational details 

First-principles atomistic and molecular dynamics simulations of the ClAlPc/Au(111) 

interfacial models analyzed in the present study have been performed within the Density 

Functional Theory (DFT) framework. We have effectively combined the plane-wave and the 

localized-basis set schemes as implemented in the QUANTUM ESPRESSO2 (for structural, 

energetic and electronic structure properties) and FIREBALL3 (for the theoretical STM-imaging) 

simulation packages, respectively, accounting for a perturbative van der Waals (vdW) correction 

to check the reliability of the different adsorbed molecules and adlayer configurations. On this 

basis, we have employed an empirical efficient vdW R−6 correction to add dispersive forces to 

conventional density functionals (DFT+D).4,5 The exchange-correlation (XC) effects have been 

accounted by using the generalized-gradient approximation (GGA) within the PBE 

parametrization,6 and norm-conserving scalar-relativistic pseudopotentials7 have been adopted to 

model the ion-electron interaction. In particular, for the plane-wave code QUANTUM 

ESPRESSO, a plane-wave basis set with a kinetic energy cut-off of 500 eV was used to expand 

the wavefunctions. For all the calculations the Brillouin zone (BZ) was sampled by means of 

optimal Monkhorst-Pack grids,8 guaranteeing full convergence in total energy and electronic 

density. The atomic and lattice relaxations were carried out with a conjugate gradient 

minimization scheme, until the maximum force acting on any atom was below 0.01 eVÅ1, and 

with a lattice stress below 0.1 GPa. The Fermi level was smeared with the Methfessel-Paxton 

approach9 with a Gaussian width of 0.01 eV, and all energies were extrapolated to T = 0 K. All 

these parameters yield total energies with an accuracy of ΔE ≈ ± 0.01 eV. On the other hand, for 

the localized-basis set code FIREBALL an sp3d5d*5 basis set of single and double numerical 
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atomic orbitals was employed for Au, a double numerical sp3s*p*3 basis set for H, and optimal 

polarized sp3d5 basis sets for C, N, Al and Cl. 

 

Theoretical STM-imaging 

In our STM approach, tunneling currents for the STM images have been calculated using a 

Keldysh–Green function formalism, together with the first-principles tight-binding Hamiltonian 

obtained from the local-orbital DFT-FIREBALL method (as explained in detail elsewhere3,10,11). 

In order to obtain accurate STM images and tunneling currents, to be compared with our 

experimental UHV-STM images, we used an efficient STM theoretical simulation technique that 

includes, by construction, a detailed description of the electronic properties of both the tip (T) 

and the sample (S), coupled by a weak tip-sample interaction (TTS/ST). Using this technique we 

split the system into sample and tip, where the samples here are the different proposed 

ClAlPc/Au(111) interfacial models. These subsystems (tip and sample) are treated separately and 

are finally joined in the equation of the electronic current for a given applied voltage V at 0 K 

temperatures (see Refs. [10,11] and references therein). In these calculations we have assumed to 

simulate the scanning with a metallic W-tip: a four-layer W(100) slab with 5×5 periodicity, 

coupled to a 5-atoms pyramid cluster terminated by a single apex. The tip is fully relaxed with 

FIREBALL by using a 32 k-points grid in the first Brillouin zone within the same force tolerance 

criteria set for the different interfacial systems. The overlapping Hamiltonian is obtained by 

using a dimer approximation: a dimer formed by one W atom (corresponding to the tip) and 

another one (H, C, N, Al, Cl and Au coming from the sample) is calculated for different atom–

atom distances (this value is interpolated during the STM calculations) and for all the non-zero 

interactions, using the Keldish-Green formalism to propagate the tunneling current between both 
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subsystems.3,10,11 All the theoretical STM images have been obtained at constant-current 

scanning conditions, moving the W-tip perpendicularly to the sample in each scanning stage to 

search a pre-selected fix value of the tunneling current in order to mimic the experimental 

procedure. Keldish-Green STM-imaging simulations have been carried out for one and two 

ClAlPc layers on Au(111) and for different bias voltages. As we can observe in Figure S4, the 

matching between the experimental and theoretical images is excellent for the experimental bias 

voltages +1 V and +2 V for one and two molecular layers, respectively. Interestingly, for lower 

biases, the STM images for the case of one molecular layer do not exhibit a pronounced 

intramolecular STM resolution; on the contrary, an evident intramolecular indeed resolution is 

resolved for low biases in the case of molecules belonging to the second molecular layer, which 

may have its origin in an interesting electronic, more than topographic, effect. 

 

 

Figure S4. Theoretical Keldish-Green STM images obtained for the one (top) and two (bottom) 
molecular layer ClAlPc/Au(111) interfaces at different bias potentials and at constant tunneling 
current (I = 100 pA). 
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Geometrical models 

To construct all the ClAlPc/Au(111) trial system geometries used in the calculations (more 

than 20 have been checked) we have considered: i) a slab of 4 physical Au(111) layers with a 

minimum distance of ~ 25 Å of vacuum between neighboring cells along the axis perpendicular 

to the surface, and ii) full periodic boundary conditions representing an infinite Au(111) surface. 

We have reproduced the unit cells experimentally obtained by keeping the evidenced molecular 

registry with the surface; with each substrate metal layer containing 30 Au atoms. After a full 

lattice optimization we obtained a unit cell of size (14.9×14.5) Å2, each containing one and two 

ClAlPc molecules for the cases of one and two molecular layers, respectively. The theoretically 

obtained lattice parameters are slightly higher than the experimental values, mainly due to the 

unavoidable irreproducibility of the experimental Au(111) herringbone surface reconstruction 

within a theoretical periodic framework. For the structural optimization calculations only the two 

bottom Au(111) physical layers were kept fixed and one additional Au(111) layer was accounted 

for the calculations of the energetics and electronic structure. The Brillouin zone was sampled 

for all the cases by means of a [2×2×1] Monkhorst-Pack grid, guaranteeing a full convergence in 

energy and electronic density. 

 

Computation of the different adsorption energies 

First, the value for the adsorption energy per molecule for the first adsorbed molecular adlayer 

has been obtained as the energy difference between the total energy of the optimized total 

interface and the total energies obtained for the substrate and the molecule subsystems with the 

geometries they adopt in the relaxed interface. This value results in 4.36 eV (for a simulation cell 

containing one adsorbed molecule), which is comparable with other similar systems: for 
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instance, with the around 5 eV per molecule for the vanadyl naphthalocyanine on Au(111) 

interface,12 or even with the adsorption energy values ranging between 2 and 3.5 eV per 

molecule as well for other tetraphenylporphyrins on TiO2(110) surfaces by some of the 

authors.13,14 

Second, in the two layers case, the value for the adsorption energy per molecule for the first 

and the second adlayers results in 3.68 eV (for a simulation cell containing two molecules; one in 

the bottom and other in the top layer). This value has been computed by considering the first and 

second molecular layers as a whole subsystem as compared with the gold substrate and the 

whole interface once formed. The adsorption energy value decreases w.r.t. the case with one 

molecular layer due to the fact that the structural and electronic decoupling experienced by the 

two adsorbed molecular adlayers as a “block”, which arises from the strong interaction between 

them. Interestingly, this produces a structural decoupling of around 0.2 Å, and seems to hinder 

the interaction with the substrate by spatially reducing the pz orbital lobes at the bottom 

molecular basal plane significantly blocking the remaining poor chemical interaction with the dz
2 

orbitals of the gold atoms. This value has been double-checked by following these two strategies: 

i) incorporating the second layer of molecules to the calculation once the first layer was on-

surface relaxed, and ii) relaxing “artificially” the isolated two-layer subsystem, adsorbing 

afterwards the relaxed structure on gold. This would permit to observe possible differences 

between both calculations. Interestingly, the result obtained was practically the same in both 

cases. 

Finally, the value of the computed interaction energy between top and bottom molecular layers 

results in 5.28 eV. This calculation has been carried out by computing the interaction energy (in 

a simulation cell containing two molecules) by considering: first, the whole interface with the 
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two molecular adlayers and, second, the surface with one molecular adlayer on one side and the 

isolated second adlayer on the other side as subsystems with the geometries they adopt in the 

whole relaxed interface. The nature of this interaction still possesses a high vdW component; 

slightly reduced due to the shortening of the distance between layers and enhanced due to the 

existence of some non-negligible “subtle” chemistry underlying between a sort of π-π stacking 

between interacting “wings” belonging to neighboring bottom (1L) and top (2L) molecules, 

which even orientates the rings after relaxation to maximize the interaction. 

In order to check the influence in the aforementioned computed adsorption energy values by 

the choice of the exchange-correlation (XC) functional, in Table SI1 we provide the three 

adsorption energy values obtained for two Generalized-gradient (GGA/PBE+D and 

GGA/PW91+D)15, and for one Local-density (GGA/PZ+D)16 functionals. As can be observed in 

Table I, both sets of GGA values are very similar, contrasting with the significantly higher 

values obtained within the LDA, which is well-known to overestimate the adsorption energy 

values.  

 Eads(1L / Au) Eads(2L-1L / Au) Eint(2L / 1L) 

GGA/PBE+D 4.36 eV 3.64 eV 5.28 eV 

GGA/PW91+D 4.45 eV 3.84 eV 5.34 eV 

GGA/PZ+D 4.86 eV 4.36 eV 5.47 eV 

 

Table SI1. Adsorption energy values for one molecular adlayer on Au(111), Eads(1L / Au), for 
two molecular adlayers on Au(111), Eads(2L-1L / Au), and interaction energy between the bottom 
and top molecular adlayers on Au(111), Eint(2L / 1L), computed for two Generalized-gradient 
(GGA/PBE+D and GGA/PW91+D), and for one Local-density (GGA/PZ+D) functionals. 
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