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Here, is reported a novel strategy of non-covalent functionalization of graphene to avoid the electronic coupling between this semi-metal and directly adsorbed optically active molecules.

Graphene-confined supramolecular host-guest recognition is used to elaborate an emitting hybrid platform. It is shown that the cavities of an on-monolayer graphene nanoporous selfassembled network are able to trap zinc phthalocyanine molecules coordinated to an emitting axial ligand. As a result, the emission of the hybrid system exhibits the same features as the isolated molecular emitter, demonstrating that the fluorescence is not quenched by graphene and that the well-controlled inter-chromophore distance prevents any interaction between the dyes. Furthermore, an in-depth modelling study confirms the weak interaction between the out of plane emitting moieties and the monolayer graphene. This work opens a new avenue for the realization of innovative light-responsive graphene-based devices in nanophotonics and optoelectronics.

New Concepts

Electronic decoupling of molecular chromophores from graphene to preserve their optical properties with the objective to elaborate light-responsive hybrid system for new electronic and optoelectronic nanodevices remains largely unexplored. Here, we demonstrate for the first time an easy-to-implement strategy that successfully tackles the electronic decoupling issue. This noncovalent functionalization approach, based on two-dimensional (2D) host-guest supramolecular chemistry, enables immobilization of emitting 3D guest molecules into a 2D self-assembled porous template. The well-controlled graphene-chromophore and interchromophore distances combined with the mastered chromophore orientation allow the elaboration of an emitting graphene-based system with the same features as the single molecular emitter, demonstrating the preservation of its intrinsic electronic properties.

Therefore, contrary to current photo-active graphene systems that take advantage of the direct electronic interaction (quenching) between the photo-responsive moieties and the graphene, our decoupling strategy that retains the molecular electronic properties is promising to create on demand novel light-responsive 2D materials platforms. This approach should allow the functionalization of graphene with optically active molecules like emitting chromophores but also photoswitchable molecules, the well-controlled distance between photo-active moieties giving sufficient free volume to perform motions. Besides, our decoupling method opens perspectives in the field of single-molecule electroluminescence through scanning tunneling microscope (STM)-induced fluorescence.

Introduction

Over the past few decades, supramolecular self-assembly at surfaces has attracted tremendous attention in nanoscience since allowing not only to create well-defined surfaceconfined two-dimensional (2D) networks, but also to perform on-surface chemistry and to elaborate functional systems. [1][2][3] Recently, the advent of 2D layered materials as substrates for the self-assembly has opened perspectives for their non-covalent functionalization and the development of hybrid architectures. [4][5][6][7] Most studies have focused on self-assembly of planar organic molecules (tectons) lying flat on the surface, leading to hybrid structures where the arising strong in-plane interactions between the adsorbed molecules and the 2D substrates confer new electrical or optical properties. [8][9][10][11][12] However, in the case of the adsorption of photo-responsive molecules on pristine graphene the interaction is detrimental due to the electronic coupling with this transparent semi-metal, responsible e.g. for the fluorescence quenching of directly adsorbed molecular emitters. Thus, preserving the intrinsic optical properties of optically active molecules by the electronic decoupling from graphene substrate is a key issue to develop new light-responsive graphene-based systems.

More generally, the electronic decoupling from a metal substrate is usually achieved by self-assembling three-dimensional (3D) functional tectons, [13,14] in order to elevate the molecular functionality from the surface, along its normal direction. On the other hand, controlling the orientation of the photosensitive moieties along a preferential direction, for example to align transition or permanent dipole moments, is another issue. However, only a few number of 3D tecton structures have been designed to achieve the decoupling from graphene, suh as a tripodal graphene binder bearing a redox-active functionality, [15] or twofaces 3D building blocks equipped with functional groups. [16] Despite the realization of an emitting graphene-based system, [17] the synthesis of such tectons in large amount for high surface coverage in view of applications in photonics appears tricky on the one hand, and the orientation of the emitting moiety was not controlled on the other one. Moreover, the emission originated from neighboring dyes groups forming few-dyes clusters. Recently, we showed that metal-ligand coordination and host-guest chemistry on highly oriented pyrolytic graphite (HOPG), a graphene model material, allowed for trapping a 3D zinc phthalocyanine complex into a 2D porous supramolecular network, the ligand projected away from the substrate. [18] Therefore, we expect to tackle the electronic decoupling issue in an easy way, by extending this strategy to graphene as a transparent substrate on the one hand, and to an photoactive axial ligand designed to stay perpendicularly on the other hand. Moreover, thanks to the well-controlled inter-pores distance into the host porous network, any interactions between the molecular emitters should be avoided.

Here, we report the first emitting hybrid platform obtained by combining grapheneconfined host-guest recognition and metal-ligand coordination approach. This is achieved by filling the cavities of a host porous network self-assembled on monolayer graphene with emitting guest complex from ZnPc coordinated to an appropriately designed pyridinefunctionalyzed perylene tetracarboxydiimide (PTCDI) derivative (ZnPc:Py-PTCDI, Scheme 1). We demonstrate (i) the realization of a 2D array of ~ 2 nm in height of molecular emitters standing-up on the substrate i.e. aligned along the perpendicular direction, and (ii) the emission of the on-graphene platform at the PTCDI core emission wavelength without any aggregation effect. Last but not least, the fact that the graphene substrate does not affect the spectroscopic properties of the PTCDI moity is supported by TD-DFT calculations. All these results validate our strategy effectiveness to tackle the decoupling issue on graphene, opening new perspectives for the realization of new light-responsive graphene-based hybrid systems for nanophotonics and optoelectronics.

Results and Discussion

Synthesis and supramolecular self-assembly

We designed and synthesized in a one-step process an unsymmetrical axial ligand Py-PTCDI (Scheme 1) with a perylene tetracarboxydiimide core as an emitting moiety, an alkyl group at one imide position for the solubility, and a pyridyl group on the other nitrogen atom for later binding to Zn-phthalocyanine (ZnPc). Adapting an one-step protocol developed for the synthesis of unsymmetrical alkyl-PTCDI-aryl derivatives, [19] the reaction of perylene dianhydride with a stoichiometric mixture of 1-hexylheptylamine and 4-aminopyridine afforded the target ligand Py-PTCDI in 23% yield (See Supporting Information for experimental details).

The coordination of ZnPc to the ligand Py-PTCDI was confirmed by UV-Vis spectroscopy, that showed absorption changes of ZnPc in a non-coordinating solvent (toluene) during increasing addition of Py-PTCDI (Figure S1). The observed slight red-shift of the ZnPc Q-band (670 nm) was in good agreement with literature on the one hand, [20] and confirmed by TD-DFT calculations (computed transition at 624 nm before complexation and at 625 nm after complexation) on the other hand. The saturation was reached at about 100 equivalents of Py-PTCDI.

The surface-confined supramolecular host-guest recognition was performed on HOPG and graphene grown by chemical vapor deposition (CVD) and transferred to quartz as substrates. This noncovalent functionalization was carried out in a two-step process (See Experimental Section). The first stage of the deposition protocol consisted in the realization of the 2D porous template. This structure was obtained by the well-mastered self-assembly of an alkoxy-substituted conjugated tristilbene core, TSB12 (Scheme S1), a building block known for forming porous honeycomb networks on HOPG and graphene. [21] In a second step, a solution in toluene of the 3D guest tecton (ZnPc:Py-PTCDI complex) was subsequently dropcasted to immobilize it into the templated 2D network whose pores could accommodate selectively the ZnPc molecular unit. [22] The excess of molecules was removed by generous rinsing with toluene.

Characterizations of the surface-confined host-guest system

The challenges are to demonstrate that (i) the complex fills the cavities, (ii) the ~2nm in height ligand stands-up, and (iii) the hybrid systems emits.

Scanning tunneling microscopy (STM).

With this aim, molecular organization of the final adlayer was first investigated by STM, at the solid/1-phenyloctane interface. The liquid acts like an infinite reservoir of molecules while providing conditions for observing the interface in a protected environment. Before studying the self-assembly of the host-guest system (TSB12+ZnPc:Py-PTCDI) on graphene, the STM study was carried out on HOPG as a model surface to validate the feasibility and measure some parameters (See Supporting Information for experimental details, Figure S2, S3, and S4). STM reveals that a supramolecular honeycomb network is formed whose cavities are filled with entities forming protrusions with an apparent height distribution ~1.5 ± 0.2 nm. Then, we moved to monolayer graphene as substrate to characterize the targeted functional system. Figure 1a shows a largescale (300×300 nm 2 ) STM image, typical of STM characterization at different spots, recorded after drop-casting the ZnPc:Py-PTCDI solution three times. Despite the roughness of the transferred graphene and a possible blurring effect, it was possible to observe an array of white spots as with HOPG (see ESI) and to deduce similar lattice parameters (a = b = 4.2 nm and α = 60°). These results confirm that a host-guest recognition process also occurs on graphene. The adsorption of the ligand in the pores appears unlikely since the conjugated skeleton size (~1.9 nm) without the alkyl chains is roughly equal to the templated network cavity diameter (~1.89 nm). [23] The most important result is the average apparent height, 1.5 ± 0.1 nm (Figure 1b), provided by a deep statistical analysis showing that the Gaussian fitting profile of the apparent height distribution for the bright spots over the whole STM image (Figure 1a). A statistical analysis over the whole STM image also shows a inter-spots distance a = 4.2± 0.2 nm in accordance with the values measured on HOPG (Figure S3b andS3c).

Thus, thanks to the observation of these protrusions we can deduce from large scale STM imaging that the cavities are likely filled with entities projecting from the surface.

UV-Vis and Raman spectroscopy.

To go a step forward, Raman spectroscopy was used not only to probe the chemical nature of the protrusions but also to get information about any fluorescence quenching due to coupling with the substrate or transfer to the metallo-phthalocyanine. Preliminarly, the absorption and emission spectra of Py-PTCDI solution in toluene were recorded (Figure S5a) to choose the laser excitation wavelength. Py-PTCDI absorption spectrum exhibits the perylene derivatives typical vibronic feature assigned to 0-0', 0-1', and 0-2' transition energy with absorption bands at 527, 491, and 460 nm, respectively. The fluorescence spectrum of Py-PTCDI excited at 527 nm shows the same behavior (mirror image) with emission peaks at 540, 577, and 627 nm. Regarding the vibronic progression of both absorption and emission spectra, the main distance between component peaks of each spectrum is on average ~0.17 eV (~1370 cm -1 ). The vibronic nature of the spectra is further confirmed by the simulated vibronically resolved absorption and emission spectra using TD-DFT adiabatic energy transitions. These simulations give a vibronic progression around ~0.18-0.19 eV, thus very close to the exprimental value. The analysis of the computations reveals that the progression comes from two vibrational modes associated to an inplane vibration of H atomes of PTCDI core (computed at 1338 cm -1 ) and a C=C streching mode of the PTCDI moity (computed at 1677 cm -1 ) at the electronic excited state.

Based on the above optical properties, the Raman spectra were collected using a 532 nm laser excitation wavelength, which is in resonance with Py-PTCDI molecules.

Then, the Raman spectra (Figure S6) of on glass slides drop-casted films of TSB12, ZnPc, and Py-PTCDI were recorded to assign the characteristic vibrational Raman bands. Thus, for Py-PTCDI and in spite of a strong fluorescence, we can clearly see the presence of 3 bands: around 1300 and 1380 cm -1 (stretching of the chromophore ring) and around 1580 cm -1 (C=C stretching). [24] In a first stage, we used HOPG as a model substrate for Raman experiments (Figure S7a). Despite a low intensity of the Raman signals and large HOPG bands hiding some Py-PTCDI Raman bands, the results (See Supporting Information and Figure S8) showed that the ZnPc:Py-PTCDI could be trapped into the pores of the host TSB12 network on HOPG.

Then, the Raman study of the host-guest system self-assembly was extended to graphene. The Raman spectrum of the graphene used (Figure S7b) exhibits two typical Raman mode, [25] the G-mode band (1585 cm -1 ) and the 2D-mode band (2677 cm -1 ). The latter one, symmetric, is characteristic of a monolayer graphene. Figure 2 shows the evolution of the Raman spectra at each step of the self-assembly of the host-guest platform was investigated in the 1000-1700 cm -1 range, where lie the characteristic vibrational Raman bands of TSB12, ZnPc, and Py-PTCDI. First, deposition on graphene of TSB12 molecules (Figure 2b) induces a slighly up-shifted of the G-mode band compared to pristine graphene, from 1585 to 1588 cm -1 (Figure 2a). This could be attributed to an interaction between graphene and the organic adlayer. However, no peak from the TSB12-based self-assembled monolayer is detected because we are far from its absorption wavelength (λmax = 314 nm and λtail-end = 354 nm).

Second, after drop-casting of the ZnPc:Py-PTCDI (1:100) solution and rinsing, a fluorescence background is observed, demonstrating that the PTCDI core emission is not quenched by the substrate (Figure 2c and2e). Third, the two characteristic PTCDI core Raman modes (~1300 and ~1380 cm -1 ) were clearly detected (Figure 2c to 2f). They are matched to the vibronic coupling (~0.17 eV; ~1370 cm -1 ) observed on UV-Vis spectra (Figure S5a). Furthermore, the typical Raman mode of PTCDI (~1574 cm -1 ) assigned to C=C stretching is also now evidenced, unlike on HOPG substrate (Figure S8). Finally, beside the improvement of the Py-PTCDI Raman signals, the intensity of the Raman peaks is also sensitive to the degree of pores filling. Comparison of PTCDI (1300 and 1380 cm -1 )/graphene (1588 cm -1 ) Raman peak intensity ratio shows a ~40 increase after three drop-castings (Figure 2d and2f). On the other hand, the role of the ZnPc for immobilizing the complex is clearly evidenced in Figure S9 recorded following the drop-casting, on the TSB12 modified substrate, of a Py-PTCDI solution, before and after rinsing. The Py-PTCDI Raman modes, visible just after deposition, completely disappeared after rinsing. All these results confirm that the TSB12-based 2D porous network hosts the ZnPc:Py-PTCDI guest molecules without any coupling between graphene and the molecular emitters.

Confocal fluorescence microscopy

Finally, the confocal fluorescence microscopy was used to probe the optical features of the self-assembled on-monolayer graphene platform, in terms of orientation as well as excitation and emission spectra of the fluorescent PTCDI core. On the molecular scale, the Py-PTCDI molecule can be described as an oscillating dipole parallel to the long axis. [26] Thus, the spatial distribution of the emission intensity is anisotropic, molecules emitting most light in the direction perpendicular to this dipole. Therefore, depending on the orientation of the targeted on-monolayer graphene platform with respect to the incident laser beam, confocal fluorescence microscopy should help to gain a deeper insight into the molecular emitters orientation. The control of the sample orientation is achieved by rotating the sample (θ = 0 or 45°), as shown on Figure 3a. The excitation laser beam wavelength was chosen equal to 490 nm, a value corresponding to the absorption wavelength of the PTCDI 0-1' energy transition (Table 1 and Figure S5a) and far from the TSB12 and ZnPc absorption wavelengths (314 and 672 nm, respectively). Confocal microscopy images of pristine monolayer graphene on quartz, covered with the TSB12-based self-assembled network, and subsequent addition of ZnPc are reported on Figure S10. As expected, as long as the sample is perpendicular to the incident laser beam (θ = 0°) or tilted (θ = 45°), there is no emission (black images). In contrast, after deposition of the ZnPc:Py-PTCDI complex, if no emission (black image) is observed when the sample is perpendicular to the incident beam (Figure 3b), emission is observed when the sample is tilted at 45°, the focused area appearing as bright fluorescent spots in the fluorescence confocal microscopy image (Figure 3c). Thus, excitation and emission spectra were recorded for this sample orientation (Figure 3d). Interestingly, both fluorescence excitation and emission spectra exhibited a vibronic profile as in solution on the one hand, and the wavelength values (Table 1) were only slightly blue-shifted on the other hand, mainly because of solvent free measurements. This is different from Py-PTCDI film where the fluorophores aggregation leads to a red-shifted and broad structure-less emission spectrum (Figure S5b). Despite it is not possible to determine any relative or absolute fluorescence quantum yield of the molecular emitters-based monolayer, Figure 3c and3d provide qualitative information about the fluorescence efficiency of the emitting hybrid platform. First, the emitting monolayer exhibits a clearly detectable emission; second, the intensity at the maximum of the emission spectrum on Figure 3d is well above (~ 4 orders of magnitude) the threshold of the detector (~ 25 a.u. vs ~0.001 a.u.). All the above results confirm that (i) the PTCDI core is perpendicular to the substrate, (ii) the fluorescence is not quenched by graphene, and (iii) the well-controlled inter-chromophore distance (4.2 nm) prevents any interaction between the dyes.

Theoretical approach.

The weak interaction between the ZnPc:Py-PTCDI dye and the substrate is further confirmed by DFT and TD-DFT calculations. The ZnPc:Py-PTCDI adsorbed on a graphene surface covered by the TSB12 molecule was simulated using a monolayer of graphene within a unit cell made of a 16×16 graphene supercell covered by a monolayer of TSB12 molecules. Two TSB12 molecules were used per unit cell, in agreement with a previous STM investigation. [23] The relaxation of atomic positions was done first at the tight-binding DFT level and then at the PBE level. The final structure is presented in Figure 4 and given in Supporting Information. The simulation of STM images of the TSB12 molecule adsorbed on graphene is presented in Figure S11. The agreement between simulated and experimental images supports the quality of our model. In terms of geometry, the distance between pores generated by TSB12 molecules is 4.1 nm, in agreement with the experiment. Geometrical parameters associated to this system are given on Figure 4b. The absorption spectra of the ZnPc:Py-PTCDI has been computed for three different situations: (a) in gas phase on a geoemtry optimized in gas phase using the same computational details as for periodic calculation, (b) in gas phase for the ZnPc:Py-PTCDI geometry optimized in the graphene-TSB12 pores and (c) on the ZnPc:Py-PTCDI geometry optimized in the graphene-TSB12 pores surrounded by point charges associated to the TSB12 molecules and graphene layer (see Experimental Section for more details about this calculation). The computed transition energies of the ZnPc and the Py-PTCDI moities are presented in Table 2. We can see that neither the change in geometry induced by the adsorption nor the influence of the electrostatic embedding affect the electronic transitions confirming that the host used to accomodate the molecule ZnPc:Py-PTCDI does not alter its electronic structure.

Conclusion

To summarize, we have developed a new strategy to successfully electronically decouple molecular emitters from graphene. This is achieved by using the 2D host-guest supramolecular chemistry for the fabrication by a soft process of an emitting on-monolayer graphene functional platform. This noncovalent graphene functionalization approach allows the immobilization, in a well-defined 2D nanoporous network, of an emitting 3D ZnPc complex that projects a dye-based ligand away from the surface and aligned along the normal direction. Thanks to the resulting electronic decoupling from the graphene, as well as the transition dipole orientation and intermolecular distance control, the hybrid system emits light with the same features as the isolated molecular emitter. The flexibility for the choice of the ligand functionality combined with the modular ZnPc complexation, and the possibility to extend this noncovalent functionalization strategy to other 2D materials open new perspectives for 2D materials-based nanophotonics applications. This approach should allow the functionalization of graphene with optically active molecules like emitting chromophores but also photoswitchable molecules, the well-controlled distance between photo-active moieties giving sufficient free volume to perform motions. On the other hand, our decoupling method opens perspective in the field of electrically induced luminescence at the singlemolecule level through STM tip-induced electrical field.'

Experimental section

Materials: All chemicals were purchased from Sigma-Aldrich and used without purification.

TSB12 was synthesized according literature procedure. [21] Highly oriented pyrolytic graphite (HOPG, ZYB, 15 mm × 15 mm × 2 mm) was purchased from MaTecK, GmbH. Monolayer graphene grown by CVD processing onto copper foil then transferred onto quartz (1"x1") was purchased from Graphene Supermarket. A 250 µm Pt/Ir (80/20) wire purchased from Goodfellow was mechanically cut to fabricate a tip prior to use for STM measurement.

Characterizations: UV-vis-NIR spectra of Py-PTCDI toluene solution (1.4 µM) and Py-PTCDI film (thickness=~200 nm) on quartz were recorded with a Lambda 750, UV/Vis/NIR Spectrophotometer (PerkinElmer). 1 cm-pathlength quartz cuvette was used for solution measurement. Fluorescence spectra of Py-PTCDI toluene solution (1.4 µM) and Py-PTCDI film (thickness ~200 nm) on quartz were obtained using a luminescence spectrometer (Perkin Elmer, Model LS55). The 1 H-NMR spectrum was obtained using a BRUKER ARX-400 spectrometer (400 MHz) with CDCl3 and tetramethylsilane as solvent and internal reference, respectively. STM measurement were performed using Keysight STM scanner working with 5100 AFM/SPM microscope system at room temperature. All experiments were repeated several times with different STM tips at different positions on the sample. Raman spectroscopy was carried out on a LabRam Aramis spectrometer (Horiba Jovin Yvon) equipped with 532 nm diodes laser, and an 1800 grooves/mm grating that gives a spectral resolution of about 0.65 cm -1 . The laser power was set at 0.5 mW at the sample using a 50x objective. Due to the small quantities of molecules deposited on the HOPG surfaces, the acquisition time has been increased to 10 min for the self-assembled monolayers molecules.

The integration time was 3 min for the molecules deposited on graphene. Raman spectroscopy for the powders and films was obtained with a LabRam Infinity Spectrometer (Horiba Jovin Yvon) equipped with 532 nm diodes laser, and a 1800 groove/mm grating that gives a spectral resolution of about 1.3 cm -1 . The laser power was set at 0.3 mW on the sample using a 50x objective and the integration time was 1 min. The confocal fluorescence microscopy was performed with a Leica TCS SP8 inverted microscope at the Korea Basic Science Institute (KBSI, Western Seoul Center). The photoluminescent (PL) spectra were recorded using a Ocean Optics HR4000CG Composite-grating spectrophotometer with excitation wavelength at 490 nm and a HyD hybrid detector (410-785 nm). The Lambda scans (excitation spectra) and emission spectra were recorded for the sample orientation of 0 and 45° degrees. The spectra from the sample oriented at 45° were compensated according to the depth of field (DoF) equation because of the small focused area at 45 degrees (For more details, see Supporting Information).

STM sample preparation:

Atomically clean surface of HOPG was obtained by cleaving the upper graphite layers using the Scotch Tape Method (exfoliation method). After the atomically clean surface were checked by STM under air atmosphere, the molecular monolayers were self-assembled on top of the substrate. TSB12 solution (5 µl, 34 µM, toluene) was drop-casted (~7 × 7 mm 2 ) onto clean HOPG substrates (1.5 × 1.5 cm 2 ) and dried for 5 min in the air. The sample was rinsed 3 times with toluene (0.1 mL × 3). ZnPc:Py-PTCDI (1:100) complex solution (2 µl, 1.4 µM of ZnPc and 140 µM of Py-PTCDI, , toluene) was drop-casted (~7 × 7 mm 2 ) onto a TSB12/HOPG and dried for 5 min in the air. The sample was rinsed 3 times with toluene (0.1 mL × 3). 1-Phenyl octane (10 µl) was dropped on the sample area for HOPG-phenyl octane (solid-liquid) interface to reduce the noise. The sample was placed on the sample holder for the STM measurements in the air.

Raman sample preparation:

a) HOPG substrate: TSB12 solution (5 µl, 34 µM, toluene) was drop-casted (~7 × 7 mm 2 ) onto clean HOPG substrates (1.5 × 1.5 cm 2 ) and dried for 5 min in the air and the sample was rinsed 3 times with toluene (0.1 mL × 3). ZnPc (2 µL, 1.4 µM, toluene) or ZnPc:Py-PTCDI (1:100) complex solution (2 µL, 1.4 µM of ZnPc and 140 µM of Py-PTCDI, toluene) was drop-casted (~7 × 7 mm 2 ) onto a TSB12/HOPG and dried for 5 min in the air. After complete drying, the sample was placed on the slide glass for the Raman measurements. Then, the ZnPc:Py-PTCDI (1:100)/TSB12/HOPG sample was rinsed 3 times with toluene (0.1 mL × 3) and measured Raman spectrum again. As a reference sample, Py-PTCDI (2 µL, 1.4 µM, 1 equiv., toluene) was drop-casted (~7 × 7 mm 2 ) onto a TSB12/HOPG and dried for 5 min in the air. After complete drying, the sample was placed on the slide glass for the Raman measurements. After Raman measurement, the Py-PTCDI /TSB12/HOPG sample was rinsed 3 times with toluene (0.1 mL × 3) and measured again. b) Graphene/quartz substrate: The molecules were deposited on graphene/quartz substrates as the same procedure as HOPG above. c) Film on slide glass: TSB12 (100 µL, 1 mM, toluene), ZnPc (1 mL, ~50 µM, toluene), and Py-PTCDI (100 µL, 1 mM, toluene) solutions were drop-casted onto clean slide glass (1.2 × 5 cm 2 ) and slowly dried for 5 min in the air. The thickness of films was ~200 nm.

Computational details: For simulations dedicated to investigate the adsorbed molecule, all geometries were obtained by optimizing the structures at the periodic density functional theory (DFT) level using plane wave combined gaussian approach as implemented in CP2K/Quickstep code. [25][26][27][28][29][30] A first pre-optimization was always performed at the DFT-B level including a dispersion correction as implemented in CP2K. The final optimization was carried using the GGA functional PBE along with the Grimme D3 correction to take into account dispersion interaction. [31] The atomic wave functions were expended on double zeta basis set and the auxiliary plane wave basis set for the electron density was truncated at 400 Ry. Due to the large size of the unit cell, all periodic calculations were performed using one kpoint (i.e. the Gamma point). STM simulated images were obtained according to the procedure described in Supporting Information.

For calculations performed in solvent, geometries were optimized with the Gaussian16 code, [32] along with the global hybrid functional PBE0. [33] Structural optimizations and subsequent frequency calculations for the ground state were performed using an all electron Pople double zeta basis set with one polarization function on heavier atoms (6-31G(d)). Bulk solvent effects were included using the Polarizable Continuum Model (PCM) of Tomasi and co-workers. [34] All TD-DFT calculations were carried out with the Gaussian 16 code along with the global hybrid functional PBE0. This functional was chosen because of its frequently reported accuracy for modelling the localized electronic transitions in organic molecules. TD-DFT calculation were performed with the all electron Pople triple zeta basis set with one polarization function on all atoms on heavier atoms, known as 6-311+G(d,p), for H, C, N, O atoms. For the Zn atom, the LANL2DZ pseudopotential and the associated basis set were used. [35] Transitions in absorption were simulated by computing the first 10 transitions in TD-DFT at the same level of theory.

The point charges for the embedded system were obtained by cutting a cluster from the periodic system and pending bonds were saturated by hydrogen atoms. Then, Mulliken charges were computed at AM1 level, [36] and the absorption spectrum of the ZnPc:Py-PTCDI molecule was simulated by embedding the molecule with these point charge. This approach of embedding has proven its accuracy to simulate localized transition in periodic systems. [37] The cluster used for this simulation is presented in Supporting Information (Figure S11). Grey, white, blue, red, and green atoms are C, H, N, O and Zn atoms, respectively.

Scheme 1 .Table 2 .Figure 1 .

 121 Scheme 1. Molecular structures and synthesis of Py-PTCDI ligand and ZnPc:Py-PTCDI complex.
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 2 Figure 2. Raman spectra of pristine and functionalized graphene surfaces. (a) Graphene. Graphene with deposits of (b) TSB12, (c-f) subsequent addition of ZnPc:Py-PTCDI (1:100): drop-casted once and rinsed (c) before and (d) after subtracting fluorescence background, drop-casted three times and rinsed (e) before and (f) after subtracting fluorescence background. Asterisks shows the characteristic Raman modes of Py-PTCDI and 'G' stands for the G-mode band of graphene. Laser line iss et at 532 nm. One way arrows indicate the line with zero intensity values for each spectrum.
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 3 Figure 3. Confocal microscopy. (a) Scheme of principle for the definition of the tilt angle θ.
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 4 Figure 4. (a) Top and (b) side views of the modelled system made of a graphene layer,
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