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ABSTRACT  

   We report an unusual self-assembled layer structure of chloroaluminium phthalocyanine (ClAlPc) 

molecules on highly ordered pyrolytic graphite (HOPG), in which a close-packed well-ordered 

monolayer is separated from the substrate by a relatively disordered buffer layer, as revealed using 

scanning tunneling microscopy (STM). Our close-packed monolayer has a nearly rectangular lattice, 

instead of the distinctly different square lattice for the more commonly observed well-ordered bilayer 

structure. This may be due to the dominance of intermolecular interactions within the monolayer when 

the influence from the substrate is shielded by the buffer layer. Density Functional Theory (DFT) 

calculations and Reduced Density Gradient (RDG) analysis indicate that the dominant intermolecular 

interaction within the unusual layer is likely the London dispersion force. 

KEYWORDS: Weak interactions, dispersion forces, 2D self-assembly 
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1. Introduction 

Two-dimensional (2D) molecular self-assembled layers have been widely studied in recent years 

due to their potential applications in molecular electronics[1–4] and surface science[5,6]. Different 

molecules have been studied on various substrates such as metals (Au, Ag, Cu)[7–10] and 

semiconductors (graphite, Si, BN)[11–13] with various methods[14–16]. Chemical bonding and 

physical adsorption are intrinsic driving forces for the formation of structures exhibiting long-range 

order[8,17,18], influenced by temperature[14], light[19], electric fields[4], etc. One may carefully 

select both the substrate and the molecule to achieve particular results, such as two-dimensional quasi-

crystal structures[20–22] or Sierpiński triangle fractals[23]. The substrate, which is essential to support 

the molecules and control the morphology of the surface layer, may also strongly alter their physical 

and chemical properties[8,18]. One alternative way to reduce the impact of the substrate on the 

molecules is to introduce an “inert buffer layer”. Graphene[24] or intercalated layers[25] often play 

this role: on these supports nearly freestanding molecular layers are possible, but sometimes the 

binding within the molecular layer is too strong for the molecular layer to be stable[26].  

The chloroaluminium phthalocyanine molecule belongs to the phthalocyanine family[27] with the 

central metal ion being aluminum (Al) connected to a chlorine (Cl) atom pointing out from the 

dominant plane of the molecule. It is a polar molecule with permanent dipole moment perpendicular 

to the π-conjugation plane; charge transfer occurs between the molecule and some substrates after 

deposition[15,16,28]. Depending on the environment, the orientation of surface-adsorbed ClAlPc can 

be either Cl-up (Cl pointing to the vacuum) or reversed to Cl-down (Cl pointing to the substrate) [4,14]. 

This property may be applied to single-molecule-based storage[29]. ClAlPc may also be co-deposited 
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with other molecules and interesting self-assembled structures can be obtained by controlling the 

relative amounts of different molecules[30,31]. 

In this work, we investigate the self-assembly of ClAlPc molecules on HOPG with a preformed 

buffer layer, by means of scanning tunneling microscopy (STM) and density functional theory (DFT) 

calculations. Previous experimental work has extensively studied both weak and strong interactions 

(from hydrogen bonds to coordination bonds)[18] in all sorts of molecular self-assemblies. However, 

to our knowledge, very little attention has been paid to even weaker interactions, such as the dispersion 

force. This may be due to two factors: (1) it is difficult to achieve an almost freestanding or isolated 

environment; and (2) weaker interactions may have little effect on the final structures. In our 

experiments, we find that ClAlPc molecules on a buffer layer fulfill the two conditions: we observe 

large deformations caused by the dominant weak molecular interactions. We propose one possible 

model for the newly found self-assembly. Our theoretical and experimental results are highly consistent. 

Further theoretical analyses by the Reduced Density Gradient (RDG) method suggest that the dominant 

contributions to the interactions are the dispersion forces. It is remarkable that although the 

intermolecular attractions are weak (< 100 meV), they should have such significant effects on the self-

assemblies. 

2. Experimental and theoretical methods 

STM experiments were performed with an Omicron low temperature (liquid nitrogen, 78 K), 

combined with a molecular beam epitaxy (MBE) system in a base pressure of about 5 × 10-10 mbar. 

Freshly cleaved HOPG was inserted to the vacuum chamber immediately, followed by degassing at 

~703 K overnight. Commercially available chloroaluminium phthalocyanine (Sigma Adrich) was then 
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thermally evaporated for 60 seconds at ~693 K onto the clean HOPG, which is kept at room 

temperature. Before deposition, the molecular source was degassed at an elevated temperature for ~3 

hours, followed by pre-heating at growth temperature until the pressure approached ~2 × 10-9 mbar. 

This purifying procedure was similar to those described in previous reports and a purity higher than 

99% was achieved by statistically analyzing many STM images[4,29,30]. Several samples have been 

prepared. All the STM topographs were recorded in constant-current mode. A mechanically sheared 

Pt-Ir tip was used. 

Calculations were carried out utilizing the atomic orbital-based DFT method implemented in the 

SIESTA code[32]. To study the weak intermolecular interactions, we adopted the Van der Waals (VdW) 

functional[33,34], a universal nonlocal energy functional of the electron density, with a double zeta 

plus polarization orbital basis set. Other parameters selected in the calculations include an energy 

cutoff of 300 Ry, a maximal force threshold of 0.02 eV/Å, a projected atomic orbital energy shift of 10 

meV, and a maximal displacement tolerance of 1.0 × 10-4 Å. Note that SIESTA has been successfully 

applied in many simulations of 2D surfaces[35–40]. For the RDG[41] analysis the electron density 

was obtained from DFT calculations which were carried out at the level of ωB97XD/6-31+G* 

implemented in the Gaussian 09 package[42]. The spatial distribution of RDG was visualized by using 

a multifunctional wave-function analyzer[43]. 

3. Observations 

An HOPG surface is relatively inactive compared with more widely used noble metal substrates like 

gold, silver and copper[44]. The relatively weak influence of HOPG on the molecules make this 

substrate an ideal candidate, allowing for molecular self-assembly via strong or weak intermolecular 
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interactions[45]. When we deposit less than 0.1 monolayer of ClAlPc on the substrate (here one 

monolayer refers to one close-packed ClAlPc layer with π-plane parallel to the HOPG surface[29]), 

the molecules tend to form bilayer islands[28], as is also the case on graphene[14]. For these commonly 

observed bilayer islands, the molecules in the first layer, counting the layers from the bare HOPG, lie 

flat on HOPG with close-packed structures, forming nearly square lattices, see refs. [4,29,31,46] and 

Fig. 1a. We observe regions with less ordering, both within the layer and around the edges, than 

reported in earlier work. These regions have monolayer thickness, cf. Fig. S1. In some regions, this 

relatively disordered layer is “covered” by a more orderly outer layer. STM cannot directly probe the 

disordered layer underlying, but one can indirectly determine its existence though the uncovered region, 

such as the top area of Fig. 2(d). The more orderly outer layer exhibits a different periodic structure 

than the usual bilayer mentioned above, cf. Fig. 2(c) vs. 2(f). We shall call this relatively disordered 

layer a “buffer layer” between the HOPG and the ordered outer layer an “unusual layer” in these 

“unusual islands”. The unusual layer can no longer be found after annealing the sample at ~423 K, 

while other layers are still there. Molecule-resolved STM topographs of monolayer ClAlPc on bare 

HOPG and the unusual layer on buffer layer are shown in Fig. 1.  

  With STM we can easily distinguish the unusual islands from the common bilayer islands. In Fig. 

2(c), the square motif is characteristic of the surface morphologies of the bilayer islands[14,46], while 

in Fig. 2(f), a motif of “six-membered rings” is observed in the unusual islands. The differences are 

also clear in the Fourier Transform (FT) images of the molecule-resolved STM topographs as shown 

in insets of Fig. 2(c), (f). Furthermore, from the line profiles Fig. 2(b) and (e) we know that the 

thicknesses of the common bilayer and unusual islands are ~550 and ~700 pm respectively. A height 

difference of ~150 pm between the bilayer and unusual islands is obtained, while the monolayer and 
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buffer layer have the same thickness of ~250 pm, cf. Fig. S1(c). The 2D lattice parameters are measured 

to be |a1| = 1.46 ± 0.02 nm and |a2| = 1.69 ± 0.02 nm with an angle γ = 92 ± 1° for the unusual islands, 

while for the bilayer islands, |a1| = |a2| = 1.50 ± 0.02 nm with γ = 90 ± 1°, which is consistent with 

other reports[29,46]. 

 

Fig. 1. Structures of a molecular monolayer of ClAlPc self-assembled on bare HOPG, (a) and (b), and 

on a buffer layer, (c) and (d). (a) Molecule-resolved STM topograph. Vsample = 2.0 V, Iset = 150 pA. The 

appearance of the dumbbells in only one direction may due to bias dependence[46] or tip effects. (b) 

Top view and side view of a model based on DFT optimizations. (c) and (d) As (a) and (b), but for the 

unusual layer on a buffer layer. The molecular models and dashed rhomboid in (c) indicate the unit 

cell. Scanning parameters for (c) are Vsample = 2.2 V, Iset = 33 pA. The optimized lattice parameters are 

square with |a1| = |a2| = 1.50 nm for model in (b) and |a1| = 1.40 nm, |a2| = 1.60 nm, the angle γ between 
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a1 and a2 is 93° for model in (d). Image size for (a) and (c): 7.8 × 8.2 nm2. 

 

Fig. 2. STM topographs of the two types of ClAlPc islands. (a), (b) and (c) show usual (“common”) 

bilayer islands. (d), (e) and (f) show unusual islands. (a) A bilayer island on HOPG, where the second 

layer, first layer and bare HOPG are seen from left to right. Image size: 78.1 × 81.7 nm2. Vsample = 3.0 

V, Iset = 33 pA. (d) Unusual island on a buffer layer surrounded by bilayer islands. A rougher buffer 
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layer is also visible at the top. Image size: 78.1 × 81.7 nm2. Vsample = 2.2 V, Iset = 33 pA. (b) and (e) 

Corresponding line profiles along the solid lines in (a) and (d). (c) Molecule-resolved topograph of the 

bilayer islands on bare HOPG. The nearly square lattice is clear from the inset FT image. The bright 

spots are impurities while dark holes are vacancies. Image size: 31.2 × 32.7 nm2. Vsample = 1.8 V, Iset = 

33 pA. (f) High-resolution topograph of an unusual island when a buffer layer is present. Blue 

hexagons specify the “six-membered ring” structures. In the inset FT images, missing spots which may 

due to glide symmetry are marked by orange dotted circles. The lattice vectors are labeled as a1 and 

a2. Image size: 23.4 × 24.5 nm2. Vsample = 2.2 V, Iset = 33 pA. Some vertical stripes can be observed in 

(d) and (f)which may be instrumental (as they are systematically parallel to one image side and have 

equal width in pixels regardless of image size, i.e. instrumental magnification). 

 

Different contrasts are also observed when the unusual self-assembled islands are bounded by 

different surroundings, while the surface morphologies of the bilayer islands are quite uniform (Fig. 2 

and S2).For all the adjacent areas, we observe that the lattices of the two types of islands (Fig. S3(a)) 

are nearly aligned to each other (within about 5°), while the orientations (in-plane) of the molecules 

seen in Fig. S3 differ by 36 ± 1.2°. On the islands bounded by the bilayer islands, one may see density 

contrasts (Fig. 2(d) and 2(f)). When the islands are isolated, the contrasts become less pronounced and 

less sharp (Fig. S2(d)); they tend to be invisible for small bounded islands (Fig. S3(a)). 

4. Models 

The above observations contain much information. First, in Fig. 1(c), we outline the unit cell of the 

unusual self-assembled islands by a yellow rhomboid. This can be done by identifying the molecules 
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along the boundaries of the two kinds of islands like in Fig. S3(a). Each corner of the rhomboid is 

surrounded by four bright spots which can be interpreted as the four phenyl groups of one ClAlPc 

molecule. We note that the center of the molecule at the rhomboid corner appears in STM to be identical 

to the “hole” between four molecules at the rhomboid center, suggesting that the center of the molecule 

is not visibly imaged; this strongly suggests that the Cl atoms point down toward the substrate. Thus, 

the orientation of molecules on the buffer layer is most likely Cl-down (as we will also confirm later 

by comparing observations and calculations). By contrast, the bright spots in the center of the 

molecules in Fig. 1(a) suggest that monolayer ClAlPc molecules on bare HOPG are in Cl-up 

configuration.  

Second, in Fig. 2(f) we can interpret the “six-membered rings” to be rows of parallel arranged 

ClAlPc molecules: four of the six corners of the ring form a square, corresponding to one molecule. 

We circle some missing or very weak spots in the inset FT image with orange dotted circles which may 

be attributed to the apparent glide-plane symmetry of the STM image. Compared with the bilayer 

structure, the lattice of the unusual layer is compressed by ~3% in the a1 direction while it is stretched 

by ~13% in the a2 direction. The ClAlPc molecules appear to be intact, based on their size and 

appearance in STM. These considerable lattice deformations together with the changed orientations of 

the molecules indicate that HOPG and buffer layers have quite different effects on ClAlPc molecular 

self-assembly. Third, we note that the molecules on a buffer layer get closer together along one 

direction, which suggests that the influence of the buffer layer is weaker than that of HOPG. The tight 

molecular packing may bring about tilting of the molecules and may be the cause of the contrasts in 

STM topographs noted above. Meanwhile, the ClAlPc molecules can easily leave or move along the 

HOPG as well as the buffer layers, since no isolated molecule has been observed on the surface; this 
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implies that the binding of the molecules to the buffer layer is at least as weak as to HOPG. Additionally, 

due to the more random orientations of the molecules on the rougher buffer layer and the disorder 

within the buffer layer, we expect that on average the in-plane interactions would be stronger than the 

out-of-plane interactions.  

Building on the above observations and interpretations, we can propose a likely model in which the 

buffer layer provides a relatively freestanding environment for molecules on top of them, see Fig. 3(c), 

for our newly found unusual self-assembly of ClAlPc on HOPG.  

Before providing additional support for our model, we analyze the possible driving forces that lead 

to the structures and describe the self-assembly processes with the above model in mind. Since no 

external effects and external chemical bonds are included here, we will only consider the 

intermolecular VdW forces. We discuss the three kinds of VdW forces:  

(1) Dipole-dipole. The hydrogen bonds should be excluded first since the intermolecular N-H atom 

pairs are too far apart (~3.5 Å). Furthermore, although this molecule has an intrinsic dipole 

moment perpendicular to the plane of the molecule, the molecules remain close to parallel to 

the layer surface. The parallel arrangements of the dipole moments in fact produce repulsive 

forces between the molecules, which reduces the tendency to form close-packed islands, 

contrary to our observations.  

(2) Dipole-induced dipole. The symmetry of this molecule implies no in-plane polarization, so that 

no dipole-induced dipole is expected.  

(3) Instantaneous dipoles. London dispersion forces are the attractive part of VdW forces[47,48]. 

These attractive forces can arise from structural deformations of molecules since unbalanced 

instantaneous dipoles may arise along some directions where symmetries were perturbed, which 
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is in line with the tilts we have proposed above. Therefore, we conclude that London dispersion 

forces are the dominant interactions.  

 

Fig. 3. Schematics of two types of self-assembly. (a) Bottom view and side view of a ClAlPc molecule. 

(b) The bilayer islands on HOPG with staggered stacking. (c) Unusual self-assembly of ClAlPc on a 

buffer layer over HOPG; the molecules may tilt due to the relatively strengthened intermolecular 

interactions and the corrugation of the buffer layer. 

5. Calculations and discussions 

We perform theoretical calculations based on the previous assumption of a freestanding monolayer 

minimally affected by the buffer layer, i.e. no substrate or buffer layer is included. A 20 Å vacuum 

layer is added along the c (out-of-plane) direction in a 3D periodic scheme. At first, we calculate the 
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partial density of states (PDOS) of each element using standard DFT methods, from which we can see 

that the PDOS of carbon atoms dominates around the Fermi level (cf. Fig. S4 in Supplementary 

material). This indicates that the bright spots in Fig. 1(c) represent the phenyl rings (C atoms) since 

the bias voltages applied are within the corresponding energy range. Combining with the STM 

observation of holes in the center of the molecules, we model the molecules with Cl-down 

configuration. It is clear in Fig. 2(c) that the molecules within the bilayer are also in Cl-down; however, 

the reasons for this common orientation are different. For the unusual layers, the cause is the relatively 

larger corrugation (Fig. S1(c)) of the buffer layers. Ordered structures with ClAlPc molecules lying 

flat and in Cl-up are difficult to form if the substrate is not flat enough at the same time [49]. However, 

unevenness and disorder of the layers below does not guarantee the disappearance of ordered structures 

on top of them[50], ClAlPc molecules can adopt the Cl-down configuration to accommodate the 

corrugations. But for the bilayers, to balance the dipole moments, the second layer will stack itself 

onto the underlying layer with reversed dipole directions[14,15,46]. This staggered packing may be 

the reason why the heights of the bilayer islands are lower than the unusual ones. 

Next, we perform total energy calculations to determine the most reasonable lattice size and shape; 

the details are listed in table S1. At the same time, we also calculate the adsorption energy of a single 

molecule on graphene with the Cl-up configuration to give quantitative evaluations of the molecule-

substrate interactions, cf. below. GGA/PBE calculations are also performed to show the existence of 

dispersion interaction in close-packed molecular models. First, among all the cases we have considered, 

VdW calculations show that a slightly tilted structure (< 5°) with lattice size 14 × 16 Å2 and γ = 93° is 

the most stable. The optimized lattice size and the ratio |a1|/|a2| = 1.14 matches the experimental 

observations well, with only slight deviations < 5.4％ for all the parameters. The calculated molecular 
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tilts confirm our previous suggestions. Second, in comparison with fixed out-of-plane displacements 

within the molecule, the total energy lowering by the tilting is estimated to be ~90 meV per molecule. 

To evaluate the effects from HOPG, we also calculate the total energies using parameters from 

experiments, i.e. a square lattice with size 15 × 15 Å2 (while still excluding the substrate; the local 

density approximation （LDA）functionals may underestimate the intermolecular distances, which 

are here ignored). The energy increases almost by the same amount as it is reduced by the tilt and both 

changes are much smaller than the binding energy of π-π interactions (~4 eV, as estimated by our 

VDW/DRSLL calculations) between the ClAlPc molecule and graphene, which shows that the 

intermolecular interactions are rather weak. Additionally, the relative rotation angle (about the surface 

normal) of the two self-assemblies in Fig. 1(b) and (d) is evaluated as 37.4°, which matches the 

experimental result well. These systematic theoretical results which are highly consistent with 

experiments show that HOPG does impose relatively strong constraints on the ClAlPc molecules and 

that these molecules will reassembly into a more stable pattern when the almost freestanding 

environment is provided by the buffer layers. Our model can completely describe the experimental 

observations. 

  To further verify that the dispersion forces dominate the intermolecular interactions, we analyze the 

electron structure with the Reduced Density Gradient (RDG) method, where RDG is defined as 

RDG = 1/(2(3π2)1/3)|∇𝜌|/𝜌4/3: this is a very powerful method to both identify and visualize weak 

interactions between molecules[41]. In Fig. 4(a) and (b) we plot RDG as a function of the electron 

density multiplied by the sign of the second Hessian eigenvalue (λ2) obtained for the optimized 

structures from our DFT calculations; by multiplying with sign (λ2) we can distinguish the bonded (λ2 

< 0) from unbonded interactions (λ2 > 0). A density cutoff ρ < 0.05 au was chosen to depict the 
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noncovalent region of interest. The two images are quite similar in the range 0.005 < ρ < 0.05 au, 

 

Fig. 4. Reduced density gradient (RDG) analyses of ClAlPc molecular interactions using the structures 

obtained from our DFT calculations. (a) and (b) Graphs of RDG versus the electron density ρ 

multiplied by the sign of the second Hessian eigenvalue, sign(λ2), for usual lattice without tilt and the 

unusual tilted one. The pairs of numbers at the top right give the size of the unit cell in Å. Red 

rectangles highlight the areas of attractive VdW interaction. (c) and (d) Corresponding isovalue 

surfaces in real space taken at RDG = 0.8 au. The range of the signed electron density is designated by 

the colored scale bar. The distribution of the intermolecular dispersion forces (light green) is pointed 

out by red circles; no hydrogen bonding (dark green) is observed around the N atoms.  
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which maps to relatively stronger noncovalent interactions including hydrogen bonding (λ2 < 0) or 

steric clashes (λ2 > 0). However, in the regions that cover the attractive and weak London dispersion 

forces (ρ < 0.005 au and λ2 < 0)[51], more points appear for the tilted structures than the usual one, 

especially for the area closest to zero, as highlighted by the red rectangles. These changes can be 

visualized directly from Fig. 4(c) and (d), showing the isovalue surfaces of the RDG distribution in 

real space. A clear increase of dispersion forces is seen in the intermolecular areas along the 

compressed direction, or a1 direction, and around the nearby intermolecular C and H atoms. Besides, 

no sign of hydrogen bonding (which would show up as dark green) is found around the N atoms, in 

agreement with the analysis in the last section. 

6. Conclusions 

Based on molecule-resolved STM topographs and DFT calculations, we have investigated the weak 

intermolecular interactions, possibly due to dispersion forces, which are induced in unusual self-

assemblies of ClAlPc on HOPG. A buffer layer between the HOPG and the self-assembled unusual 

layer appears to nearly remove the periodic influence from the graphite and provide an almost 

freestanding environment for the self-assembled layers. Future experiments can aim to build well-

designed buffer layers to free the molecules, thereby enabling the fragile intermolecular interactions 

to manifest their roles while finding additional interesting self-assembled structures and applications. 

Our ideas can also be extended to other fields where weak interactions must be taken into consideration. 
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