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1.  Methods

1.1 Sample Preparation

The Ag(100) substrate was prepared in ultra-high vacuum (UHV) by repeated cycles of Ar 

sputtering at 5.0 × 10─6 Torr and annealing at 700 K until an atomically flat surface with large 

terraces was observed via STM. TiOPc (99% purity) and VOPc (90% purity) were purchased 

from Sigma-Aldrich and used without further purification. Before deposition, the molecules 

were thermally degassed at 620 K for several hours in the UHV chamber. VOPc was 

sublimated at the crucible temperature of 593 K, and TiOPc was sublimated at 609 K using a 

homebuilt Knudsen cell evaporator. The silver substrate was kept at room temperature during 

the molecular deposition. To calculate the coverage of bilayer system, the 2nd layer coverage 

was calculated by dividing the number of 2nd layer molecules with the number of 1st layer 

molecules in the same area, estimated from the density of 1st layer molecules on Ag(100). To 

obtain the highly ordered structure of VOPc, post-annealing was performed at TAg = 540 K. 

The substrate temperature while annealing was measured using pyrometers for the STM and 

X-ray experiments. The temperature required to observe the long-range order differs 

between the two systems by ~9.1%. In the main text, we indicate the temperature calibrated 

according to the STM system.

1.2 Scanning Tunneling Microscopy

STM experiments were performed by using a pan-type scan head (RHK PanScan Freedom) 

at 10 K with a base pressure of 5.0 × 10─11 mbar. All STM measurements were carried out with 

a Pt-Ir tip (Pt 80 %, Ir 20 %). Topography and dI/dV maps were recorded in constant current 

mode and the dI/dV curves were measured in constant height mode, by using a digital lock-

in amplifier with a modulation bias voltage of 15 mV and a frequency of 908 Hz.

1.3 X-ray Absorption Spectroscopy

XAS, XMCD, and XLD measurements of VOPc/TiOPc molecular layers on Ag(100) were 

performed at the EPFL-PSI X-treme beamline.1 The samples were prepared in situ with the 

method explained above and characterized prior to the X-ray experiments using a Omicron 

VT-STM available at the beamline. The sample was transferred from the preparation chamber 

to the XAS measurement stage without breaking the vacuum. The measurements were 
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performed at 300 K and 2.5 K and at magnetic fields of up to 6.8 T. Circularly and linearly 

polarized light from the synchrotron source was directed on the sample with the photon 

beam parallel to the magnetic field either at normal or at grazing (60°) incidence. The circular 

right (C+) and left (C─) photon polarizations are defined with respect to the photon beam 

direction while the linear horizontal (LH) and vertical (LV) photon polarizations are defined 

with respect to the sample surface, as sketched in the inset of Fig. 2a and 2c. All signals have 

been acquired in total electron yield and normalized at the related pre-edge intensity. 

Background spectra over the energy range of the V L2,3, Ti L2,3, C K, and N K edges were 

acquired on a clean Ag(100), normalized to the absorption at the related pre-edge energy, 

and subtracted from the spectra of samples covered with the molecular films (see section 3.1 

for more details on the background subtraction procedure). In all plots, the XAS units indicate 

the relative edge jump with respect to the pre-edge absorption. 

1.4 Multiplet Calculations

X-ray spectra of V L2,3 edges were simulated using the Quanty multiplet code2 including 

electron-electron interaction, spin-orbit coupling, crystal field splitting of the 3d orbitals, and 

Zeeman interaction. Values of the Slater integrals and spin-orbit coupling were obtained using 

atomic calculations with the Cowan code.3 Rescaling factors for the 3d-3d and 2p-3d Slater 

integrals, as well as the relative on-site energy of the 3d orbitals were used as free parameters 

to fit the experiments. The fit was performed using a Bayesian optimization algorithm over a 

set of angular dependent circular and linear absorption spectra and minimizing the sum of 

the individual mean square error of each spectrum (Fig. S3). To compensate for the different 

intensities of the spectra in the error calculation, we assign a weight of ten to one to the error 

values of the XMCD and XLD compared to those of the XAS spectra. We used 2 independent 

parameters for the electron-electron interaction and 3 independent parameters for the on-

site orbital energy, plus an additional overall amplitude scaling factor to match the calculation 

and experimental intensities. The spectra were calculated taking the imaginary part of the 

Green functions of the electric dipole transition operator applied to the vanadium electron 

wavefunctions4 with a Lorentzian broadening of 70 meV to match the linewidth of the lowest 

energy X-ray transitions. To reproduce the energy dependent life-time of the X-ray absorption 

excitation,5 we further applied a linear photon energy-dependent gaussian broadening 
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ranging from 0.01 eV to 1.1 eV over the V L2,3 spectra energy range. The best value obtained 

from the fit are shown in Table S1. 

1.5 Density Functional Theory Calculations

We performed DFT calculations using plane-wave basis and pseudopotentials as 

implemented in Quantum Espresso (V6.8 and V7.0).6, 7 We used projector augmented-wave 

(PAW) pseudopotentials from the PSLibrary.8 The exchange-correlation was approximated 

using the PBE functional,9 and dispersive forces were treated using the revised VV10 method 

(rvv10).10 We note that the choice of the van der Waals correction mostly affects the 

interaction between molecules and the metal surface, whilst having relatively little impact on 

the molecules themselves.

All cells were built by creating suitable lateral supercells of the relaxed simple unit cells and 

padded in z-direction with ~1.5 nm of vacuum as well as decoupled from the periodic images 

in z-direction by using dipole correction. Cutoffs for the energy and charge density were 

chosen at 80 Ry and 640 Ry, respectively, and integration of the Brillouin zone was performed 

using only the Gamma point. In all calculations we applied a Hubbard U correction on the 

transition metal core of the molecules to improve the description of the localized 3d states 

and restores the correct orbital order in the case of VOPc. A value of U = 3.6 eV on Ti 3d results 

in a HOMO-LUMO gap of ~1.5 eV between C π and π* states, which is in excellent agreement 

with a previous report.11 For VOPc, we find a similar HOMO-LUMO gap of ~1.6 eV for any 

value of U > 2.1 eV on the V 3d states, and we therefore used the value of U = 2.1 eV for the 

shown calculations. All simulated STM images and dI/dV curves were obtained using STMpw12 

in its most recent version.13
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2. Adsorption Geometry

2.1 Geometric Structure of TiOPc Monolayer

Figure S1. (a) STM image of the TiOPc monolayer on Ag(100) (scan parameters: VDC = 100 mV, 

Iset = 50 pA) with overlay of molecular unit cell vector (blue lines) and Ag(100) substrate main 

directions (yellow arrows). (b) LEED pattern collected at room temperature (electron beam 

energy of 35 eV) and overlaid LEED pattern simulation. Reciprocal space unit vectors for the 

two subsets of symmetry equivalent TiOPc domains (red and blue) and the Ag(100) substrate 

(yellow).

In order to characterize TiOPc lattice periodicity and to obtain its unit cell parameters, we 

performed a combined STM and LEED investigation on a closely packed 0.85 ML TiOPc as-

deposited on Ag(100). Via STM we observe that the TiOPc molecules form differently oriented 

molecular domains on the surface. By selecting one of them (Fig. S1a) we obtain molecular 

lattice vectors a = 1.2±0.1 nm and b = 1.2±0.1 nm, with an angle of 89±1 degrees between 

them. The STM measurements reveal that the molecules arrange in a nearly square unit cell 

rotated by 37±1 degrees with respect to the main directions of the underlying Ag(100) 

substrate. It is worth to point out that STM measurements can be easily affected by 

temperature fluctuations during the measurements and further systematic error intrinsic to 

the measurement. 

The diffraction patterns obtained by LEED measurements (Fig. S1b, left), on the same 

sample, reveal clear spots due to an ordered molecular superstructure and its complexity 

supports the STM observation that the self-assembled molecular layers arrange with multiple 

sets of symmetry equivalent domains. We simulated the LEED pattern (Fig. S1b, right) with a 
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superlattice characterized by the epitaxial matrix (4, ─3 | 3,4) associated with 2 subsets of 4 

symmetry equivalent domains individually rotated by ±37 degrees (see blue and red unit 

vectors in Fig. S1c) with respect to the underlying substrate. Each domain is characterized by 

a square unit cell with lattice vectors a1 = 1.44 nm, in good agreement with our STM 

measurements.
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2.2 Geometric Structure of VOPc on TiOPc Monolayer

Figure S2. Azimuthal angle of VOPcA and VOPcB. (a) STM image of the VOPcA on TiOPc 

monolayer (scan size: 12 × 12 nm2, VDC = 100 mV, Iset = 50 pA). The white, blue, and red lines 

represent the molecular unit cell vector direction, the TiOPc lobe direction in the 1st layer, 

and the VOPc lobe direction in the 2nd layer, respectively. (b) STM images showing the 

azimuthal angle of VOPcA and (c) VOPcB with respect to the molecular unit cell vector 

direction. In (c), the white line is overlapped with the red line. (d,e) Line profiles over the 

dashed red line indicated in (b) and (c), respectively [(b): scan size: 3.4 × 3.4 nm2, VDC = 400 

mV, Iset = 50 pA, (c): scan size: 3.4 × 3.4 nm2, VDC = 50 mV, Iset = 30 pA].

Here, we characterize the relative azimuthal angles between VOPcA, VOPcB, TiOPc, and the 

molecular unit cell vector using STM topographic images. The molecular directions, defined 

as the direction of one of the four lobes from in-gap topography, are marked as dotted lines 

(blue: TiOPc, red: VOPcA,B). The relative angle between the molecular unit cell vector and the 

lobe direction of TiOPc molecule is measured as 26 ± 2 degrees, and the angle between VOPcA 

(red line in Fig. S2(b)) and the molecular unit cell vector (white line in Fig. S2(b)) is measured 

as 46 ± 3 degrees. In the meanwhile, the molecular direction of VOPcB is identical to the 

molecular unit cell vector (Fig. S2c), 46 degrees rotated with respect to the one of VOPcA.
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Figure S3. Post annealing temperature dependance of molecular array formation and  the 1st 

layer molecule’s adsorption configuration. STM images of low-coverage VOPc on TiOPc layer 

which is (a) as-deposited, or post annealed at (b) 540 K, (c) 570 K, and (d) 650 K. Scan 

parameters: (a) upper: VDC = 1 V, Iset = 100 pA; lower: VDC = 500 mV, Iset = 100 pA, (b) upper: 

VDC = 50 mV, Iset = 50 pA; lower: VDC = 100 mV, Iset = 100 pA, (c) upper: VDC = 1 V, Iset = 100 pA; 

lower: VDC = 100 mV, Iset = 100 pA, (d) upper: VDC = 100 mV, Iset = 70 pA; lower: VDC = 100 mV, 

Iset = 100 pA.

In Fig. S3, we show the evolution of VOPc/TiOPc system in various post-annealing 

temperatures. For the as-deposited sample (Fig. S3a), the 2nd layer molecules are only 

composed with VOPcA, and in the 1st layer, TiOPc molecules have 1:1 ratio of O-up and O-

down configuration. After annealing at 540 K (Fig. S3b), we observe well organized arrays of 

VOPcB, as well as VOPcA randomly distributed in between VOPcB arrays. The 1st layer 

molecules still has 1:1 ratio of O-up and O-down. After post-annealing at even higher 

temperature (570 K, Fig. S3c), VOPcB is vanished, and only VOPcA is observed. The molecule’s 

population remains the same, suggesting that VOPcB molecules are turned back into VOPcA 

type rather than that the B-type molecules are desorbed. The lower panel of (c) shows that 

O-up configuration is dominating in the 1st layer after annealing at 570 K. Finally, after 

annealing at 650 K (Fig. S3d), the second layer molecules are desorbed.



10

Figure S4. High-resolution STM images showing the 1st layer TiOPc molecules under the 2nd 

layer VOPc molecules. (a) The 1st layer TiOPc molecules around the 2nd layer VOPcA molecule 

(scan parameters: VDC = 400 mV, Iset = 50 pA, T = 10 K, scan size: 7 × 7 nm2) (b) The 1st layer 

TiOPc molecules around the 2nd layer VOPcB molecule (scan parameters: VDC = 50 mV, Iset = 30 

pA, T = 10 K, scan size: 7 × 7 nm2) 

Figure S4 compares the geometry of the 1st layer TiOPc molecules around VOPcA (Fig. S4a) 

and VOPcB (Fig. S4b). Before annealing, TiOPc molecules in the 1st layer are 4-fold 

symmetrical, but after annealing and creation of VOPcB, some of the TiOPc molecules around 

VOPcB are elongated along the lobe direction, showing the 2-fold symmetry. 
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2.3 Geometric Structure of TiOPc on TiOPc Monolayer

Figure S5. STM topography of sub-ML TiOPc on TiOPc ML after post annealing at 540 K. (a) 

Large scale STM topography of well-organized TiOPcB-like molecules measured at room 

temperature (scan parameters: VDC = 100 mV, Iset = 100 pA, image size: 100 × 100 nm2). (b) 

Close-up image of the same sample with (a) measured at 10 K (scan parameters: VDC = 0.5 V, 

Iset = 100 pA, image size: 20 × 20 nm2)

We prepared a sub-ML TiOPc on 1 ML TiOPc in the same condition with the sample in Fig. 

1(d) of the main text. Figures S5a and S5b show STM images of TiOPc molecules on 1 ML 

TiOPc/Ag(100) after post-annealing at 540 K as measured at 300 K and 10 K, respectively. 

Similarly to the VOPc/TiOPc/Ag(100) system shown in Fig. 1 of the main text, we observe a 

well-organized arrangement of the 2nd molecular layer after annealing. When the sample is 

measured at 300 K (Fig. S5a), only B-type molecule with long range ordering is observed, and 

A-type molecules are invisible, suggesting that A-type molecules have higher mobility, while 

B-type molecules are strongly anchored to the surface even at room temperature.
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3. Additional X-ray Absorption Data and Multiplet Calculations

3.1 Background Subtraction Procedure

Fig. S6. Comparison of X-ray circular absorption spectra of as-deposited and annealed 0.25 

ML VOPc/1.15 ML TiOPc/Ag(100). Summed XAS (C+ + C─) at the V L2,3 edges (a) before and 

(b) after subtracting the Ag background signal (green solid line). The Ag background was 

acquired prior to the deposition of the molecular layer and identically subtracted from the 

XAS spectra acquired on the sample covered with the molecular film (T = 2.5 K, B = 6.8 T, 

normal incidence). All XAS data are reported as relative intensities over the background at the 

pre-edge value.

Figure S6 illustrates the background subtraction procedures that have been followed to 

present all XAS data in this work. Figure S6a shows the original XAS signal at the V edge for 

the two spectra presented in Fig. 2a, together with the background signal acquired prior to 

the molecule deposition on the bare Ag(100) substrate. The intense oscillating background 

originates from the extended X-ray absorption fine structure (EXAFS) of the Ag M45 edges 

(green line), on top of which the less intense signal of the V absorption is visible for both as-

deposited (blue line) and annealed sample (red line). On the original data, the intensity of the 

signal from the samples covered with molecular films is extremely similar. However, a more 

precise comparison can be made after the background subtraction, which renders the V signal 

more clearly visible, see Fig. S6b. The background, being identically subtracted from the two 

signals, preserves the relative intensities of the peaks. After the subtraction, the two spectra 

show identical peaks at the L3 edge (513–518 eV), while a slight difference is visible in the 

intensity between the two edges, which also extends over the L2 edge (520–525 eV). The 
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broad range where the difference is visible suggests that its origin might be due to a change 

of the EXAFS signal of the Ag substrate, possibly related to minute amount of adsorbates 

accumulated on the surface after the extended measurement and preparation procedure. 

These data confirm the absence of V demetallation from the molecular film after the thermal 

annealing.

To finally produce the comparison of the XAS signals with simulated spectra from multiplet 

calculations such as those shown in Fig. 2a and in Fig. S7 (see further in the text), we subtract 

a second-degree function to the spectra, together with a double step baseline (with the steps 

positioned at the maxima of the L2,3 edges, respectively) to remove the contribution of the 

XAS transitions to the continuum of the free-electron states. This additional subtraction 

procedure is required as this absorption process is not included in the multiplet calculations.
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3.2 Details of Multiplet Calculations

Figure S7. Fit of the V L2,3 X-ray absorption spectra using multiplet calculations. (a) 

Background-subtracted circular XAS and (b) XMCD acquired in normal incidence (T = 2.5 K, B 

= 6.8 T). (c) Background-subtracted circular XAS and (d) XMCD at the V L2,3 edge acquired in 

grazing incidence, i.e. with the incident beam and applied field at 60 degrees off from the 

surface normal (T = 2.5 K, B = 6.8 T). As described in the main text, the circular XAS is the sum 

of the two circular right (C+) and left (C─) photon polarizations, while the XMCD is the 

difference of the two (C+ ─ C─). (e) Background-subtracted linear XAS and (f) linear dichroism 

(XLD) obtained in grazing incidence (T = 2.5 K, B = 6.8 T). The linear XAS is the sum of the two 

linear horizontal (LH) and vertical (LV) polarizations defined with respect to the sample surface 

(see inset of Fig. 2c). The XLD is the difference between LH and LV (T = 2.5 K, B = 0.05 T). All 

XAS data are reported as variation of the intensity over the background at the pre-edge value, 

while XMCD and XLD are shown as percent over the total XAS signal. In all panels, experiments 

(red solid lines) are shown together with the best fit from multiplet calculations (blue lines). 

The parameters of the fit obtained from the Bayesian optimization are indicated in Table S1 

(In all spectra, coverage of VOPc = 0.25 ML)
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Res. 2p-3d Res. 3d-3d 𝑑
𝑥2 ‒ 𝑦2

𝑑
𝑧2

𝑑𝑥𝑧,𝑦𝑧 Amplitude

0.55 0.6 2.40 eV 2.95 eV 2.22 eV 0.00458

Table S1. Best fit parameters for multiplet calculations from Bayesian optimization. The 

rescaling factor of the 2p-3d and 3d-3d Slater integrals are applied to the atomic values 

obtained from the Cowan code.3 The on-site energies for the 3d orbitals are reported relative 

to the lowest  orbital. An overall amplitude coefficient is applied to all simulated spectra 𝑑𝑥𝑦

to match the experiment.

Figure S7 shows the comparison between experiments and spectra from multiplet 

calculations obtained using the parameters shown in Table S1. From the result of the fit, we 

infer a crystal field acting on the V electrons that split the 3d orbitals by 2.4 to 3 eV from the 

lowest  orbital. These values are in line with our DFT calculation. The obtained reduction 𝑑𝑥𝑦

factors of the atomic values of the Slater integrals are rather strong with respect to typical 

values used for transition metals.14 These values could suggest a possible shortcoming of the 

crystal field model, that require unusual rescaling of the atomic values of the Slater integrals 

to match the experiment line shape. The use of a more detailed description of the orbital 

structure, i.e., using configuration interaction approach, might improve the accuracy of the 

fit and possibly give a more accurate rescaling value for the adopted Slater Integrals.



16

3.3 Additional X-ray Data

Figure S8. XMCD at the V L2,3 edge acquired on 0.7 ML VOPc/Ag(100) and on 0.25 ML VOPc/ 

1.1 ML TiOPc/Ag(100) systems. To compare the spectral features of these samples with 

different VOPc coverage, the spectra have been normalized to match the amplitude of the 

XAS at the L2 edge and expressed as percent over the total XAS signal. The spectral feature at 

516.2 eV indicated by the arrow distinguishes the VOPc molecules in direct contact with the 

metal from those decoupled through the TiOPc layer (B = 6.8 T, T = 2.5 K). The XMCD spectra 

of VOPc/TiOPc/Ag(100) are the same as those shown in Fig. 2b of the main text.

To rule out possible intermixing between VOPc and TiOPc layers after annealing, we 

compare the XMCD at normal incidence for a sub-ML VOPc directly deposited on Ag(100) with 

the data of the VOPc/TiOPc/Ag(100) shown in the main text before and after the annealing at 

540 K (Fig. S8). Despite the similarities between the XMCD spectra of the three systems, the 

intensity of the spectral feature at 516.2 eV is quite different between the pristine 

VOPc/Ag(100) and VOPc/TiOPc/Ag(100). This feature provides a clear way to identify whether 

the VOPc molecules are in contact with Ag or decoupled from it through the TiOPc layer. As 

we observe no changes in the intensity of this feature after annealing the 

VOPc/TiOPc/Ag(100) system, we can rule out any significant migration of VOPc molecules to 

the bottom layer. This evidence, combined with the absence of variation of the amount of 
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top layer molecules before and after annealing, allows us to also exclude migration of the 

TiOPc to the top layer.

Figure S9. Comparison of linear XAS of as-deposited and annealed 0.25 ML VOPc/1.15 ML 

TiOPc/Ag(100). The near-edge linear XAS at the N K edge shows individual vertical (Lv) and 

horizontal (Lh) polarization signals (T = 300 K, B = 0.05 T, 60 degrees grazing incidence). All XAS 

data are reported as variation of the intensity over the background at the pre-edge value.

The linear XAS data on N K edge shown in Fig. S9 follow the same behavior observed for the 

C K edge (Fig. 2c of the main text). Upon annealing at 540 K, the signal at the π* orbitals 

detected in the Lv polarization decreases and part of the K edge intensity is redistributed in 

the spectral region characteristic of the σ* bonds, further supporting the interpretation of a 

reduced molecular planarity of the TiOPc molecular layer. The absence of changes in the XAS 

of Ti L2,3 (Fig. S10a and S10b) and in the XAS of V L2,3 and  O K edges (Fig. S10d and S10e) upon 

annealing allows us to exclude chemical modifications such as demetallation and detachment 

of the apical oxygen from the molecules. No variations have been observed on the XLD of V 

and O (Fig. S10f), while slight reduction of the XLD in several spectra regions (see Fig. S10c) 

may be due to the reduced planarity of the TiOPc induced by the stress in the molecular layer 

after the formation of VOPcB molecules, as discussed in the main text.    
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Fig. S10. Comparison of linear XAS of as-deposited and annealed 0.25 ML VOPc/1.15 ML 

TiOPc/Ag(100). Summed XAS (Lh + Lv) at the Ti L2,3 edges (a) before and (b) after subtracting 

the Ag background signal (green solid line). The Ag background was acquired prior to the 

deposition of the molecular layer and identically subtracted from the XAS spectra acquired 

on the sample covered with the molecular film. (c) XLD (Lh – Lv) at the Ti L2,3 edges. Summed 

XAS at the V L2,3 and O K edges (d) before and (e) after subtracting the Ag background signal. 

(f) XLD at the V L2,3 and O K edges (T = 300 K, B = 0.05 T, 60 degrees grazing incidence). All XAS 

data are reported as relative intensities over the background at the pre-edge value, while XLD 

data are shown as percent over the background subtracted XAS signal.
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Figure S11. Carbon K edge for larger coverage of VOPc. (a) STM topography of 60% coverage 

of VOPc on 1 ML TiOPc on Ag(100), which was post-annealed at 540 K (scan parameters: VDC 

= 1.0 V, Iset = 100 pA, T = 10 K, scan size: 60 × 60 nm2; inset: VDC = 0.5 V, Iset = 100 pA, T = 10 K, 

scan size: 10 × 10 nm2) (b) Linear XAS at the C K edge for 0.6 ML of VOPc on 1.1 ML TiOPc layer 

(T = 300 K, B = 0.05 T, grazing incidence). All XAS data are reported as variation of the intensity 

over the background at the pre-edge value.

Figure S11a shows an STM image of 0.6 ML of VOPc deposited on top of TiOPc/Ag(100) after 

annealing at 540 K. Differently from what observed for samples with lower VOPc coverage, 

the annealing has no effect on the molecular types, i.e. we do not observe any VOPcB 

molecules on the top layer. Conversely, the VOPcA types arrange in a more closely packed 

array, where squared/rectangular blocks of 4 or more molecules repeat periodically, together 

with individual molecules connecting the corners of blocks (inset in Fig. S11a). In contrast to 

what we observed for samples with a lower coverage of VOPc (Fig. 2 of the main text), the C 

K edge XAS of a sample with 0.6 ML VOPc on TiOPc/Ag(100) reveals no difference between 

as-deposited and annealed molecular films, see Fig. S11b. This evidence supports the 

conclusion that the changes in the C K edge shown in Fig. 2c of the main text are related to 

the formation of VOPcB molecules.   
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4. Additional dI/dV Spectra and DFT Calculations

Figure S12. Electronic properties of a single TiOPc and VOPc molecule directly on Ag(100) 

surface. (a) dI/dV curve of the single TiOPc molecule on Ag(100) (VDC = 0.7 V, Iset = 100 pA, 

Vmod = 10 mV). (b) dI/dV curve of the single VOPc molecule on Ag(100) (VDC = 0.5 V, Iset = 50 

pA, Vmod = 15 mV).

To reveal the electronic property of the TiOPc and VOPc molecules directly sitting on the 

metal substrate, we measured dI/dV spectra of TiOPc and VOPc molecules on Ag(100). The 

curve measured on TiOPc (Fig. S12a) shows a relatively flat density of states (DOS) at ─2 V to 

1.5 V with a large slope over 1.5 V. A small peak at ─0.3 V originates from the tip, as it is 

appearing in spectra taken on the bare Ag surface. Similarly, the curve measured on VOPc 

(Fig. S12b) shows flat DOS below 1.5 V without any distinct molecular features, suggesting the 

molecular orbital peaks are largely broadened by the strong coupling between VOPc 

molecules and electrons from Ag.
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Figure S13. Top, and lateral view of the unit cell corresponding at (a,b) VOPcA and (c,d)  VOPcB 

 respectively. The first ML of TiOPc is presented in blue while the VOPc molecule is in red. To 

improve the visualization of the molecular orientation, O atoms are colored in orange. (e, f) 

and (g, h) are simulated and experimental topographic images of VOPcA and VOPcB, 

respectively. To highlight the difference between the electronic properties of the two 

configurations, we show both systems at a sample bias located in the VOPcA energy gap, 

which instead corresponds to a molecular state in the VOPcB (scan parameters: (e) and (g) VDC 

= ─0.1 V, scan size: 1.44 × 1.44 nm2, (f) and (h) VDC = 0.5 V, Iset = 100 pA, scan size: 2 × 2 nm2).
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Figure S14. Simulated dI/dV images of highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) of a free-standing VOPc molecule in vacuum, VOPc 

molecule on TiOPc layer, and VOPc molecule on TiOPc/Ag(100).

From the comparison between the simulated dI/dV images of HOMO and LUMO for the 

different geometries (Fig. S14), we see that there are no major changes. On the other hand if 

we compare the composition of LUMO and HOMO as shown in Table S2 we see that the 

difference between the values of the different systems is less than 1%. Both results are in 

agreement with the idea that 1 ML TiOPc decouples the VOPc molecule from the metal 

substrate. 

Energy (eV) VOPc Composition (%)

System (HOMO – LUMO) C
HOMO/LUMO

N
HOMO/LUMO

VOPc Vacuum ─1.36 99/68 -/28

VOPcA/TiOPc ─1.38 96/66 -/28

VOPcA/TiOPc/Ag(100) ─1.27 95/42 -/20

VOPcB/TiOPc ─1.4 95/66 -/25

VOPcB/TiOPc/Ag(100) ─1.35 93/55 -/20

Table S2. Calculated HOMO and LUMO energy levels and its carbon and nitrogen 

compositions for VOPc in different environments. The energy levels are relative to the LUMO.
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All the simulations for VOPcB are done with 35-degree rotation with respect to the molecular 

unit cell vector, which is 11 degrees more rotated from the experimentally determined value 

from STM images. 35-degree rotated geometry has the lowest energy from the DFT after 

relaxation, but the difference between two systems is 0.06 eV. To rule out changes in the 

electronic structure induced by azimuthal rotations of the molecule, we compare the DOS of 

two configurations (Fig. S15), and pDOS of two systems shows no difference in the range of 

─2 V to 2 V, which corresponds to the bias voltage used in the experiment.

Figure S15. Comparison of pDOS of VOPcB/TiOPc at different azimuthal angles. (a) 

VOPcB/TiOPc and (b) VOPcB molecule rotated by 11 degrees clockwise with respect to one in 

(a). The Fermi level is set at zero energy. (c) Schematic representations of the adsorption 

configurations for each calculation. 
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