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Abstract: A novel, persistent, electrochemically active perchlorinatedtriphenylmethyl (PTM) radical 
with a diazonium functionality has been covalently attached onto highly ordered pyrolytic graphite 
(HOPG) by electrografting in a single-step process. Electrochemical scanning tunneling microscopy 
(EC-STM) and Raman spectroscopy measurements revealed that PTM molecules have a higher 
tendency to covalently react at the HOPG step edges. The cross-section profiles from EC-STM 
images showed that there is current enhancement at the functionalized areas, which can be 
explained by redox mediated electron tunneling through surface-confined redox-active molecules. 
Cyclic voltammetry clearly demonstrated that the intrinsic properties of the organic radical are 
preserved upon grafting and density functional theory (DFT) calculations also reveal that the 
magnetic character of the PTM radical is preserved. 

 

Introduction 

In the last decades, the robust molecular modification of surfaces of different nature has been 
determinant for the progress of molecular electronic devices. More recently, the covalent and 
non-covalent chemical modification of sp2-carbon substrates and in particular graphene has 
awakened much interest among others, for sensing, biological, optoelectronic and catalytic 
applications.[1] Non-covalent modification of such substrates is usually simpler and the pristine 
structure of the substrate is almost unaltered. On the contrary, the covalent chemical modification 
is more complex but it could pave the way to solve the intrinsic drawbacks of pristine graphene, 
like its zero-bandgap and low solubility[2], and it leads to mechanically more robust molecule-
substrate hybrid systems.   

Several synthetic methodologies have been described for achieving the covalent modification of 
graphite and/or graphene substrates.[3] The use of free radical addition and, in particular, through 
aryl diazonium salts is one of the most investigated routes.[4] The grafting of aryl radicals onto 
surfaces takes place under mild conditions, and it can be electrochemically induced which makes 
the functionalization much faster compared to other synthetic approaches. Electrochemical 
reduction [4a, 4b, 5] of the diazonium salts using cyclic voltammetry (CV) is generally preferred, 
although spontaneous reduction [4f, 6] (if the substrate has reducing capability) and chemical 
reduction[7] have been reported in the literature as well. In some of these works, HOPG has been 
used as a model substrate.   

Open-shell organic molecules grafted onto surfaces are gaining much attention in fields like 
organic radical batteries[8] supercapacitors[9] and molecular spintronics.[10] Covalent 



modification is very important in order to achieve higher stability and robustness of hybrid 
materials that are designed for being implemented in devices. PTM radicals are chemically and 
thermally persistent redox- and magnetically-active species that can be reversibly 
reduced/oxidized between the paramagnetic radical and the diamagnetic anion forms.[11] They 
can be used as switchable multifunctional materials since the magnetic, optical and electronic 
properties can be switched on and off with external electrochemical stimuli.[12]  

In this work, we synthesize a novel PTM radical (Scheme 1), bearing a diazonium functional group 
for its covalent attachment onto HOPG surface through an in situ formed aryl radical. Interestingly, 
this implies the induced formation and temporal co-existence of a π- and σ-radical during surface 
grafting (Figure 1). Previously, Cougnon et al.,[13] followed a two-step strategy in order to 
functionalize glassy carbon with a nitroxyl radical (TEMPO). First, the protected species (non-
radical) of a stable nitroxyl group is electrochemically attached onto the surface. Then, the TEMPO 
radical is formed by potential cycling. TEMPO radical could not be directly grafted due to its ability 
to trap free radical groups. On the contrary, in this work the high stability of the PTM radical due 
to its sterically protected alpha carbon allows for the functionalization of the substrate in one step 
through the induced highly reactive aryl radicals without any evidence of side reactions between 
the aryl-radical and PTM-radical. To the best of our knowledge, this is the first example of an 
organic radical that is covalently linked to a carbon-based substrate through a direct C-C bond 
using diazonium chemistry in a single step surface reaction.[13-14] 

 

Results and Discussion 

Synthesis of the PTM derivative. The synthetic route depicted in Scheme 1 is followed in order to 
obtain the desired PTM derivative. First the triazene molecule (1) was synthesized by the reaction 
of 4-aminobenzaldehyde with sodium nitrite and pyrrolidine. We chose triazene as a precursor to 
the diazonium salt, since triazenes are highly stable to basic conditions, nucleophiles and reducing 
agents. However, when treated with a strong acid they yield the corresponding diazonium salts. As 
a result, this strategy ensures more synthetic possibilities during the synthesis. The second step 
was a Horner-Wadsworth-Emmons reaction performed using PTM phosphonate (2)[15] and 
compound 1 to form compound 3, which is a protected diazonium salt of the non-radical 
precursor, αH-PTM molecule. Next, PTM triazene radical (4) was obtained through the treatment 
of the αH-PTM (3) with tetrabutylammonium hydroxide (TBAOH) to generate the corresponding 
anion, and then oxidation of this anion to the PTM radical by silver nitrate. Then, this triazene PTM 
radical (4) was converted to the diazonium salt by addition of tetrafluoroboric acid (HBF4), 
obtaining the desired PTM radical diazonium salt (5). This compound was stable for a few months 
when kept below 5 °C. Details of this synthetic route and characterization of the molecules can be 
found in the Experimental Section.   



  

Scheme 1. Synthetic route for PTM-N2BF4 (5) 

 

Modification of HOPG surface with PTM radical diazonium salt (5) and its characterization. In 
general, covalent binding of aryl radicals onto carbon-based electrodes via the electrochemical 
reduction of diazonium salts can be achieved through either applying consecutive potential 
sweeping cycles or a potential step.[4e, 16] Binding of the molecules onto the substrate  

 

 

   

Figure 1. Schematic representation of the attachment of PTM diazonium radical on sp2-carbon 
substrates. 

 

is likely a two-step process (Figure 1).[17]  The first step involves the electrochemical reduction of 
the diazonium salt, which results in the elimination of N2 from the molecule, and generation of 
the intermediate aryl radicals. These reactive σ-radicals then covalently attach to the carbon-
based electrode through formation of a C-C bond, yielding surfaces functionalized with aryl 
groups. 
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In this work, a solution 0.5 mM of compound 5 in 0.1 M tetrabutylammonium 
hexafluorophosphate in tetrahydrofuran was prepared for the electrografting experiments. As a 
model carbon-based surface first a glassy carbon electrode with 3 mm diameter was used as the 
working electrode in a standard three-electrode cell (see SI, S1). For the HOPG substrates a home-
made electrochemical cell was utilized. In this set up, two Pt wires were used as pseudo-reference 
and counter electrodes. Electrochemical reduction of the diazonium salt was conducted within a 
potential range of 1.0 V (from 0.2 V to -0.8 V) at a scan rate of 0.2 V/s by carrying out 3 
consecutive scans. The cyclic voltammogram showed a broad irreversible cathodic peak due to the 
reduction of the diazonium salt into open-shell PTM substituted aryl radical at -0.32 V vs Pt(s) 
(Figure 2a).  

 

 

Figure 2. a) Electrografting of PTM diazonium salt 5· on HOPG substrate (3 consecutive scans, 
electrolyte: 0.1M TBAPF6 in tetrahydrofuran), b) Cyclic voltammogram of the electrografted PTM 
radical monolayer at different scan rates. Pt wires were used as pseudo-reference and counter 
electrode, c) Maximum current intensity during 20 cycles of the cathodic and anodic peak 
extracted from the PTM-monolayer CV at SR = 0.1 V/s, d) Scheme of PTM redox cycle. 

 

The cathodic and anodic peaks at more negative potentials are ascribed to the redox process of 
PTM radicals diffusing from the bulk of the solution to the surface. The intensity of the peak due to 
diazonium reduction decreased gradually in the subsequent CV scans, which was attributed to the 
passivation of the reactive regions of the HOPG substrate as the reaction proceeds.[18] We do not 
find the formation of thick polyaryl layers plausible, due to the steric hindrance provided by the 
bulky PTM moieties.[19] To eliminate any unreacted material, the modified surface was vigorously 
rinsed with solvents before any further characterization. The CVs of the modified HOPG after 
electrografting (Figure 2b) displayed one pair of reversible redox peaks (mid-peak potential Emid= 
-0.15 V vs Pt(s)) that corresponded to the redox process between the PTM radical and the PTM 
anion (Figure 2d). The peak intensities increased linearly with increasing scan rate as expected for 
surface-confined electro-active species. Full-width peak, ΔEfwhm, which is a parameter that is 
used to indicate the interaction between the redox centers, was found to be 165 mV at 0.2 V/s 
scan rate. In an ideal situation where there are no interactions between the redox centers on the 



substrate ΔEfwhm would be 90.6 mV.[20] We attribute the deviation from this value to some 
degree of repulsive electrostatic interaction between the PTM moieties. 

The surface coverage (Γ) was calculated to be 4.5 x 10-12 mol/cm2 (details of calculation see SI, 
S1). This value is much lower than what is theoretically estimated for a flat homogeneous surface 
(1.85 x 10-10 mol/cm2, see SI, Figure S2c) but it is in accordance with the EC-STM experiments 
shown below. The coverage was ten times higher when the same experiments were performed 
using glassy carbon electrode. Thus, the low coverage found on HOPG can be attributed to the 
lower reactivity of this substrate due to the lower amount of defect sites on the basal plane. In 
order to check the stability of the formed monolayer and the reversibility of the redox process, 
multiple redox cycles were applied. Upon 20 consecutive scans at 0.1 V/s the intensity of the peaks 
stayed nearly constant (Figure 2c). Remarkably, as it was previously observed for PTM radicals 
grafted on gold[21] and indium-tin oxide[22], PTM-modified HOPG surfaces also have the potential 
to perform as an electrochemical switch showing two distinguishable states, anionPTM-HOPG and 
radicalPTM-HOPG. 

 

 

Figure 3. a) DOS of the PTM molecule (grey shaded area) and DOS projected over the PTM 
trivalent central carbon atom coordinated by the chlorinated phenyl rings (red line). 
Positive/Negative values of the DOS are for up/down spin. The SOMO and SUMO, which are 
located at an energy around the Fermi level, are clearly distinguishable. Note that the SOMO-
SUMO gap may be underestimated by DFT. b) Optimized structure for the PTM on graphite. 

 

Density functional theory (DFT) calculations supports that the PTM moiety preserves its radical 
state upon grafting on the HOPG surface. The well-separated singly occupied and singly 
unoccupied molecular orbitals (SOMO and SUMO) of the PTM radical adsorbed on a terrace of 
HOPG are clearly visible in the density of states (DOS) (Figure 3). Figure 3b shows the optimized 
structure for the PTM on graphite. Here the PTM molecule was assumed to be adsorbed on a 
terrace but it was observed that the SOMO and SUMO DOS depend weakly on whether the PTM 
binds at the terrace or at an edge.  Furthermore, the net charge of central PTM carbon atom 
coordinated to the chlorinated phenyl rings has been computed through the Hirshfeld populations 
and is equal to -0.01 e; a very small value that compares with that for the gas phase bare PTM, -
0.0057 e. Similar results were found also for the molecule bonded to the edges (see SI, Figure S2a).  

Further, modified HOPG surfaces were examined via X-ray photoelectron spectroscopy (XPS), 
Raman spectroscopy and EC-STM. Figure 4 shows the high-resolution XPS spectra for C1s (a), Cl2p 
(b) and N1s (c). The C1s spectrum displayed an intense narrow peak at a binding energy of 284.5 
eV confirming high sp2 carbon content. This peak was accompanied by two smaller peaks at 285.0 



eV (C sp3) and 286.2 eV (C-Cl), and a π-π* shake up satellite peak at 291.0 eV. The C-Cl peak was 
experimentally not observed for the bare HOPG (inset Figure 4a). The origin of the observed 
features can be rationalized by simulations carried out using DFT. Calculations showed that the C1s 
for the HOPG atom covalently bonded to the PTM molecule was shifted toward higher binding 
energies by 0.69 eV with respect to the C1s for the pristine HOPG surface (see SI, Figure S2b). On 
the other hand, a larger shift equal to 1.28 eV was found for the C1s of the PTM C-Cl. These shifted 
states could be therefore identified with the two small peaks observed experimentally. The 
computed core level shifts account significantly well for the XPS spectrum of the modified HOPG 
thus confirming the increased sp3 character of the surface and the presence of the PTM molecule.  

 

 

Figure 4. High resolution C1s (a), Cl2p (b) and N1s (c) regions of the XPS spectrum of the HOPG 
substrate modified with PTM radical. C1s spectrum of bare HOPG is also shown (inset 4a) in 
comparison to modified HOPG.  

  

 

 

 

 

 

 

 

 

 

 



 

 

Figure 5. (a) Voltammogram of the modified HOPG substrate. (b-d) In situ STM images of PTM 
radical functionalized HOPG surfaces and respective cross-sections, in [SEt3]-[Tf2N]+ Et3N (15:1 
v/v) at (b) ES = 0.10 V, ET = 0.40 V, (c) ES = -0.30 V, ET = 0.00 V, and (d) ES = 0.00 V, ET = -0.30 V (vs 
Pt (s)). The bias voltage, Ebias, was (b,c) 0.30 V and (d) -0.30V; ISP = 0.1 nA for all images shown 
here. 

  

This is further demonstrated by the analysis of the Cl2p experimental spectrum. The peak was 
deconvoluted into two peaks at 202.5 eV and 200.9 eV that correspond to Cl2p1/2 and Cl2p3/2 
respectively, at a 1:2 intensity ratio and with an energy difference of 1.6 eV as expected, exhibiting 
the presence of chlorine atoms from the PTM moieties on the surface. Remarkably, the absence of 
peaks in the N1s region of the spectrum, which would correspond to the presence of N-H (400.0 
eV) and diazo bonds (402.0 eV) confirmed that there were no unreacted diazonium molecules on 
the substrate.[4f] 

Scanning Tunneling Microscopy on HOPG Surfaces. For EC-STM experiments the grafting of 5 
was performed directly in STM cell under argon atmosphere (see SI, Figure S3a-b). Then, the 
modified HOPG electrode and the cell were thoroughly rinsed with different solvents, and an 
electrolyte solution was added to perform voltammetric and STM measurements. 
Triethylsulfonium bis(trifluoromethylsulfonyl) imide was dried with molecular sieves, and used as 
electrolyte solution with an additive of triethylamine for EC-STM. The ionic liquid (IL) was used for 
its lower volatility, which was necessary while performing long experiments in the EC-STM cell. 
Et3N molecules were added to protect PTM anionic species from uncontrollable protonation 
during the cyclic voltammetry measurements.  

The cyclic voltammogram of 5/HOPG as recorded in the CV set-up is shown in Figure 5a. 
Reversible peaks at around -0.16 V vs Pt(s) are due to the redox process between the PTM radical 
and anion, with a peak-to-peak separation (ΔE) of 25 mV. Under these conditions surface coverage 
on HOPG was calculated to be ~6 x 10-12 mol/cm2, in accordance with the previous experiments 
described above. Figures 5b-d show in situ STM images of the same area of 5/HOPG substrate 
recorded at different potentials of the substrate ES and a gold tip ET. Cross-section profiles taken 
along black dashed lines are given below the images. The STM images show a clear tendency of 
the radical PTM molecules to react at the step edges of the HOPG compared to the terraces. As an 
example, the cross section profile in Figure 5b reveals increased height at the step edges of the 
graphite confirming the covalent attachment of molecules at these sites. After several STM scans 
the molecules remain unaltered pointing to a strong molecule-HOPG bond. The apparent height 
(z) of step edges increased significantly (from ~0.6 to 1.5 nm) along with brightening of these areas 
(Figures 5b-d) when ES and ET were set before and after the redox peaks. The choice of electrode 
potentials with respect to the redox signal is illustrated in Figure 5a. Moreover, we observed the 
increasing apparent height of step edges at both positive and negative bias voltages (Figures 5c 
and 5d). Since the images were recorded in a constant-current mode, the increasing apparent 
height of the surface features (or their STM contrast) reflects the amplified conductivity (or 



enhanced tunnelling current). Notice that all images were recorded at the same absolute value of 
bias voltage (0.30 V), which means that the enhancement of tunnelling current was not related to 
change of bias voltage. It was also not related to the intercalation of IL ions into the steps, as we 
did not observe any change in STM images upon ES and ET shift, when a reference experiment 
with bare HOPG substrate was performed (see SI, Figure S3c). The observed current enhancement 
at the step edges of 5/HOPG can be explained by redox-mediated electron tunnelling (RMET) 
through surface-confined redox-active molecules.[23] RMET was experimentally observed by STM 
(and/or tunnelling spectroscopy) e.g. for the adlayers on gold terminated by redox-active moieties 
such as viologens, ferrocene-, and transition metal complexes.[23a-c, 24] Thus, the in situ STM 
measurements confirm the strong binding of redox-active PTM radicals to HOPG step edges. 
However, we did not obtain a solid evidence for the attachment of 5 to HOPG terraces. The 
higher reactivity of the edges when compared to the basal plane of the HOPG has been previously 
reported.[19, 25] 

Raman spectroscopy was used in order to assess the surface characteristics of the modified HOPG 
substrates. Different areas of the substrate were investigated: some areas were flat, but some 
contained many steps (step-bunched regions). Figure 6 shows representative Raman spectra from 
these two types of regions on the HOPG substrate.  

 

 

Figure 6. Representative Raman spectra of HOPG-PTM (covalently grafted) and bare HOPG. 
Spectra were obtained for a flat area of HOPG and for a step-bunched area. 

 

The spectrum for the unmodified flat HOPG area displayed a strong and sharp G band at 1580 cm-
1 and a smaller and broader 2D band at 2717 cm-1. D band that is a fingerprint for sp3 defects at a 
sp2-carbon substrate[26] was almost absent for the unmodified HOPG indicating nearly defect-
free surface (intensity ratio ID/IG = 2.5 x 10-3). Similarly, the 2D band at 2714 cm-1 and the sharp 
G band at 1579 cm-1 were observed for the modified substrates. On a flat area, where the density 
of step sites (or other defects) is low, 5/HOPG has a small D band at 1348 cm-1 only slightly 
higher than that for bare HOPG (ID/IG = 5.8 x  10-3). But, for step-bunched regions, the D band is 
much more pronounced, when HOPG surface was modified by 5 (ID/IG is 3.5 x 10-3 and 14.2 x 
10-3 for unmodified and modified HOPG, respectively). These results support our proposal that 5 



modifies preferentially defects of HOPG surface and the sites adjacent to the defects (due to 
formation of adjacent sp3 nodes). 

 

Conclusions 

We have presented the synthesis of a novel PTM organic radical with a diazonium moiety for 
successful covalent functionalization of carbon-based surfaces by electrografting. The aryl radical 
formation through reduction of the diazonium group did not alter the redox properties of the 
functional radical PTM moiety. The study of the electrolyte/radical-HOPG interface by EC-STM 
measurements illustrates the high stability of the grafted functional species. Also, it shows that 
HOPG surfaces were mainly functionalized at the step-edges and that the grafted organic radicals 
could serve as redox-mediators for electron tunnelling and tune tunnelling current upon 
adjustment of the STM tip and substrate potentials. Furthermore, the electrochemical 
experiments demonstrated the potential of this organic hybrid material to behave as molecular 
switches and opening the possibility to be explored as memories. 

 

Experimental Section 

Synthesis 

Synthesis of compound 1. A solution of 4-aminobenzaldehyde (170 mg, 1.4 mmol) in concentrated 
HCl (0.55 ml) was cooled in an ice bath to 0 C. To this solution, a mixture of sodium nitrite (102 
mg, 1.5 mmol) in cold water (5.6 ml) was added dropwise. Resulting diazonium salt was stirred at 0 
C for 30 min and then added at once to a solution of pyrrolidine (0.23 ml, 2.8 mmol) and 
potassium carbonate (970 mg, 7 mmol) in 1:2 acetonitrile:water (2.3 ml: 4.6 ml). The reaction 
mixture was allowed to warm to room temperature and stirred for 1h. Then, the aqueous phase 
was extracted with dichloromethane (3 x 50 ml). Combined organic layers were washed with brine 
twice, dried over magnesium sulfate, filtered and concentrated under reduced pressure. The crude 
product was purified by chromatography (silica gel with ethyl acetate: hexanes, 2:10) to yield the 
desired triazene product (250 mg, 88%). 1H NMR (CDCl3) δ (ppm) 9.92 (s, 1H), 7.82 (d, J = 7.5Hz, 
2H), 7.51 (d, J = 7.5Hz, 2H), 3.95 (br s, 2H), 3.70 (br s, 2H), 2.05 (br s. 4H). 13C NMR (CDCl3) δ (ppm) 
191.5, 156.4, 133.2, 131.0, 120.7, 51.4, 46.7, 29.7, 23.7. IR (ATR): 2957, 2928, 2873, 2714, 1691, 
1591, 1391, 1304, 1205, 1134, 1107, 847, 826 cm-1  

Synthesis of compound 3. Under dry conditions, 96 mg (0.85 mmol) of potassium-tert-butoxide 
was added to a solution of PTM phosphonate salt (460 mg, 0.52 mmol) in 6 ml of dry THF at -78 
C. This mixture was stirred for 30 min, and then 136 mg (0.68 mmol) of aldehyde 1 dissolved in 3 
ml of dry THF was added. The reaction mixture was allowed to warm to room temperature and 
stirred under inert atmosphere around 15h. Then, 1N HCl (4 ml) was added until the color of the 
solution is light brown. Extraction with dichloromethane was done (3 x 30 ml). Combined organic 
layers were washed with brine (2 x 30 ml), dried over magnesium sulfate, filtered and the solvent 
was evaporated under reduced pressure. The crude product was purified by chromatography 
(silica gel with ethyl acetate: hexanes, 1:10) to yield the desired product (430 mg, 89%). LC-MS 
(positive mode) (C31H15Cl14N3, M = 925.81); (m/z) [M] = 925.6, [M-97] = 828.5. 1H NMR (CDCl3) 



δ (ppm) 7.49 (d, J = 8.4Hz, 2H), 7.43 (d, J = 8.4Hz, 2H), 7.07 (d, J = 16.2Hz, 1H), 7.00 (d, 2H), 6.97 (s, 
1H), 3.81 (br s, 4H), 2.02 (s, 4H). 

Synthesis of compound 4·. 180 mg (0.19 mmol) of 3 was dissolved in 6 ml of dry THF. To this 
solution a 140 l of tetrabutylammonium hydroxide solution in H2O (54-56 %) was added. The 
reaction mixture was stirred for 30min and then 70 mg (0.41 mmol) of AgNO3 was added. After 
the formation of the products were confirmed by UV-Vis spectroscopy the reaction mixture was 
poured over a column packed with silica gel and filtered. The residue at the top of the column was 
further washed with DCM, and then combined filtrates were concentrated under reduced 
pressure. The crude product was purified by chromatography (silica gel with ethyl acetate: 
hexanes, 2:10) to yield the desired product (150mg, 85%). LC-MS (positive mode) (C31H14Cl14N3, 
M = 924.81); (m/z) [M] = 924.6; [M-67] = 857.6; [M-97] = 827.5. UV-Vis (THF) λmax (): 236 nm 
(54770), 369 nm (36769), 388 nm (46311), 505 nm (8287), 695 nm (2546). Electrochemistry 
[NaClO4 in CH3CN, Ag/AgCl]: E1/2 (radical/anion) = -0.11 V, E1/2 (radical/cation) = 0.96 V. EPR g = 
2.0032 aH = 1.99 G, a13Cα = 29.9 G, a13Carom = 12.0 G 

Synthesis of compound 5·. 63mg (0.07 mmol) of PTM triazene radical 4 was dissolved in 2 ml of 
dry THF. This solution was cooled with an ice bath to around 0-5 C, and then 1.0 ml of HBF4 
solution in H2O (48 wt %) was added dropwise. The reaction mixture was stirred for about 10 min. 
After confirming the formation of products by UV-Vis spectroscopy the reaction was terminated by 
the addition of diethyl ether (60 ml). The formation of red small crystals was observed within a few 
minutes. These crystals were washed with cold ether multiple times, and then dried under 
reduced pressure to yield the desired compound (23 mg, 34%). IR-ATR υmax (cm-1) 3101, 2259, 
1579, 1336, 1072, 815, 733. EPR g = 2.0024, aH = 2.0 G, a13Cα = 29.7 G, a13Carom = 12.1 G, UV-Vis 
(THF) λmax (): 234 nm (66302), 333 nm (24264), 385 nm (24917). Electrochemistry [NaClO4 in 
CH3CN, Ag/AgCl]: E1/2 (radical/anion) = -0.16 V, Ediazonium reduction = 0.02V 

 

Theoretical calculations 

Density Functional Theory (DFT) calculations were carried out with the all-electron code FHI-
AIMS[27] The Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation[28] to the 
exchange-correlation density functional was used together with numerical atom centered basis, 
where the free-atom-like radial orbitals are improved by adding further radial functions grouped in 
the tier 2 set. This corresponds to the pre-constructed “tight” default setting. A supercell 
containing the molecule and a slab composed of three graphene layers was used to model the 
system. The geometry optimization was performed until the ionic forces were smaller than 0.01 
eV/Ang while fixing the bottom graphene layer of the slab. The inclusion of van der Waals 
corrections[29] is required to describe the HOPG interlayer binding[30], but has a negligible effect 
on the final results for the molecule absorption geometry and electronic structure. A 10x10x1 k-
point grid was chosen. 

The Kohn-Sham states were considered good approximations to the real quasi-particle states of 
the system, although this may result in the underestimation of the gap between the singly 
occupied and singly unoccupied molecular orbitals (SOMO-SUMO). A Gaussian broadening of 0.05 
eV was applied to the density of states (DOS) in order to obtain smooth peaks. The atom-projected 



DOS was based on the Mulliken population analysis. Complementary results for the net charge of 
each atom were obtained by looking the Hirshfeld atomic populations.[31]  
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