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SUPPORTING ONLINE MATERIAL 

 

1. - Materials and methods 

The organic molecular network has been prepared by thermal deposition of DPDI (4,9-

diaminoperylene-quinone-3,10-diimine) onto a clean Cu(111) single crystal surface held at 

RT. Afterwards, the sample was annealed at 500 K to create the hexagonal network which 

shows a commensurate p(10x10) structure in low energy electron diffraction (LEED), 

observed for all the coverages presented here. This self-assembled network completely 

covers the surface at a molecular coverage of ~0.7 ML (21, 22). Once formed, it is stable up 

to 600K due to its registry with the underlying substrate (21). 

The STS spectra, topographic images, and dI/dV maps have been acquired using a 

commercial Omicron low temperature scanning tunneling microscope (LT-STM) (Omicron 

NanoTechnology GmbH) at 5 K equipped with either wire cut PtIr tips or etched tungsten 

tips. The STM was operated by the Nanonis SPM control system (Nanonis GmbH) which 

also provides an internal lock-in amplifier. For the acquisition of STS spectra, STM tips 

were initially “calibrated” by reproduction of the well-known spectrum of the surface state. 

In all experiments the bias voltage was applied to the tip. However, the bias voltages given 
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in the manuscript refer to a grounded tip to allow a direct comparison with the ARPES 

results. The free software WSxM (33) was used for data processing of the STM data. 

ARPES spectra have been acquired at RT (unless otherwise stated) at the COPHEE end-

station located at the Swiss Light Source (SLS) using a commercial monochromatized He-

lamp source (34). The energy and angular resolution was 90 meV / 0.5º at hν = 21.22 eV 

and RT and the spot size was ~6 mm, so that the sample was completely illuminated during 

data acquisition. No radiation damage on the molecular overlayer was observed, as no 

appreciable changes of the normal emission spectra were recorded during the duration of 

the data acquisition. 
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2.- Supporting text 

A summary of our main results is shown in Fig. S1. Periodic 0D confinement of the 

surface state of Cu(111) is imposed by means of an adsorbed molecular network. Each of 

the pores in the molecular network exhibits a confined electronic state, as displayed in Figs. 

S1A and S1B. However this confinement is shown to be imperfect so that the confined 

states ‘leak’ into neighboring pores. This induces cooperative electronic coupling between 

the quantum dots which results in the development of an electronic band, as shown in Fig. 

S1C. Our findings are in analogy to the band structure of a solid created by the periodic 

potential of its atoms. This is an experimental evidence of an artificial electronic band 

structure created by the periodic influence of the molecular network on the free-electron-

like surface state. 

In this supporting discussion we include i) additional characterization of the 

molecular porous network, ii) scanning tunneling spectroscopy (STS) and angle-resolved 

photoemission spectroscopy (ARPES) data of the molecules forming the network, iii) 

information on the use of the 2nd derivative of the photoemission intensity for the ARPES 

data, and finally, iv) the proof that the reported electronic band only exists when the 

molecular network is present on the surface. 

 

i) Additional characterization of the molecular network  

The molecular network fully covers the surface when ~0.70 ML of DPDI are 

deposited on the surface, prior to the annealing process (21). Fig. S2 shows several STM 

images for different DPDI coverages.  
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The average domain size can be moderately controlled through the sample 

preparation process, i.e. larger islands develop when the cooling procedure is performed 

slower (Fig S2C). During the ARPES experiments this second case was routinely used.  

From Fig. S2 it is evident that a single rotational domain is present on the surface. 

This is due to the coincidence between the unit cell directions of the porous network and 

the principal directions of the Cu(111) substrate.  

In Fig. S3 we demonstrate that the confined state is the same for all the pores of the 

hexagonal porous network. For the STS spectra measured inside a pore either at the island 

edge or at the island centre no significant differences for the peak positions are identified.  

 

ii) STS and ARPES of dehydrogenated DPDI molecules 

Fig. S4 shows STS spectra obtained either on top of a dehydro-DPDI molecule of the 

porous network (black spectrum) or on the clean surface (red spectrum). The molecular 

spectrum exhibits two peaks at approximately -0.22 V and 0.07 V. Noticeably, the onset of 

the surface state is not present in the spectra taken on top of the dehydro-DPDI. STS has 

proven to be able to detect shifts of the surface state induced by molecules: In the case of 

PTCDA (3,4,9,10-perylene tetracarboxylic dianhydride), another perylene derivative, 

Nicoara et al. (35) could determine a small shift induced by the weakly bound molecules 

(physisorbed, according to Ref. (36)) when deposited on Au(111). The same molecules 

become strongly bound (chemisorbed, according to Ref. (37)) when deposited on Ag(111) 

and in the corresponding STS spectra a characteristic feature is observed which resembles 

the surface state. This feature was initially interpreted as a dispersing state deriving from 



5 

the LUMO + 1 of the free PTCDA (38) and later as the upshifted Shockley state of Ag(111) 

(39). 

In our case neither ARPES (Fig. S4) nor STS showed any evidence of the surface 

state directly below the molecules, in contrast to other previously reported systems (35, 40, 

41). This is interpreted as a strong influence of the dehydro-DPDI molecules on the 

Cu(111) surface state. In this context the porous network is thought to act as a strong 

perturbation (and not as a weak modulation of the surface state) resulting in a shallow 

dispersing electronic band. 

 

iii) Energy dispersion measured with ARPES 

Fig. S4 demonstrates the use of the 2nd derivative of the photoemission intensity since 

it provides better contrast of small DOS features within the photoemission data, as 

previously shown (15, 16). In this figure, the photoemission energy distribution curves for 

the clean surface and for four different amounts of the dehydro-DPDI network is duplicated 

in two columns. The left column represents the photoemission intensity after removal of the 

Fermi step. In these plots the pristine state signal dominates, except for the highest 

coverage, and the contribution from the confined state is masked by it. The confined state 

band can be observed only very weakly in this data, especially outside from the 1st Brillouin 

zone. On the other hand, the 2nd derivative from the raw data reproduces the binding energy 

positions obtained from normal emission and helps visualizing both band dispersions by 

enhancing the existing features. It is very instructive to see how the confined state band 

increases its intensity with respect to the pristine state originating from the clean network 

areas. 
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iii) Emergence of the confined state band with the presence of the molecular network  

In Fig. S5 we demonstrate that the confined bands are only present after network 

formation. For samples covered with 0.49 ML of DPDI the electronic state is shifted by 85 

meV towards the Fermi energy when compared to the clean surface state. On the other 

hand, when the same sample is annealed to 500 K and the porous dehydro-DPDI network is 

present on the surface, the Shockley state from the pristine areas is recovered and the band 

related to the molecular network emerges. 
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3.- Supporting figures 

 

 

Fig. S1. Surface state confinement resulting from a porous supramolecular network studied 

with complementary local and non-local techniques. (A) STM image of the porous network 

(13.6 nm by 13.6 nm, -0.20 V, 70 pA) and (B) simultaneously recorded dI/dV map 

(LockIn: Vrms = 8 mV, f = 513 Hz). A confined electronic state is observed inside the 

molecular pores. The hexagons highlight the molecular positions. (C) Band dispersion 

resulting from the periodic influence of the porous network on the surface state studied with 

ARPES at different molecular coverages. The EDCs are measured along the ΓΜ  high 

symmetry direction. The color scale represents the 2nd derivative of the photoemission 

intensity. 
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Fig. S2. Characterization of the growth of the molecular network as a function of coverage 

and annealing procedure. STM images (A) and (B) have been acquired at RT for coverages 

of 0.28 ML and 0.54 ML, respectively. Image (C) has been measured at 77 K for a 

coverage of 0.50 ML, after a slower cooling down procedure. The cooling procedure allows 

some control over the resulting domain size. The scale bars correspond to a length of 25 

nm. A single rotational domain exists for the molecular network. Image parameters: 100 

nm by 100 nm (A) -1.5 V, 25 pA; (B) -2.1 V, 12 pA); (C) -2 V, 15 pA. 
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Fig. S3. The peak position of the confined state is independent on the recoding position, i.e.  

inside a pore located at the edge of an island or at its centre. (A) STM image of the porous 

network at 5 K. The numbers indicate the positions at which the STS spectra in (B) have 

been measured. Parameters: (A) 18.2 nm by 18.2 nm, -0.2 V, 80 pA; (B) Spectra 1 and 3: 

LockIn: Vrms = 4 mV, f = 513 Hz, initial tip parameters: -0.6 V/100 pA; spectra 2 and 4: 

LockIn: Vrms = 6 mV, f = 513 Hz, initial tip parameters: -0.8 V/80 pA. 
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Fig. S4. Low temperature (5K) STS spectra obtained on the pristine Cu surface (red) and 

on top of a dehydrogenated DPDI molecule of the molecular network (black) (LockIn: Vrms 

= 7 mV, f = 313 Hz, initial tip parameters: -0.8 V, 90 pA). 
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Fig. S5: Investigation of the changes in the electronic structure when the molecular network 

(0.73 ML) is substituted by a close-packed assembly of dehydro-DPDI (1ML). (A) Normal 

emission spectra of the full valence band comprising the d-bands (below 2 eV) and the 

surface related states (close to the Fermi energy). A close-up of the spectra near the Fermi 

energy is shown in the inset. For the porous network the surface state (red dotted line) is 

replaced with the confined state (blue spectrum). At a coverage of 1ML a close-packed 

assembly is formed (21, 22) which does not reveal any occupied surface related electronic 

state (black spectrum). (B) STM image for 1ML of dehydro-DPDI on Cu(111) annealed at 

500 K (9 nm by 9 nm; -0.9 V, 84 pA).  

 



12 

 

Fig. S6: EDC curves measured along the ΓΜ  high symmetry direction for the clean Cu 

surface (top) and the Cu surface covered with four different amounts of the dehydro-DPDI 

network. The effect of applying the 2nd derivative on the raw data (right column) can be 

directly compared to the smoothed data after removal of the Fermi step (left column). The 

bands related to the molecular network are clearly observed in all cases except for the clean 
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Cu(111) at the top. All the presented EDCs have been measured at RT, except for the case 

of 0.55 ML which has been acquired at 60 K. 

 

 

 

Fig. S7: 2nd derivative of EDC curves measured along the ΓΜ  high symmetry direction for 

0.49 ML before (top) and after (bottom) network formation. The confined state exists only 

when the network is present on the surface. 
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