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Known redox reactions producing reactive oxygen species in presence 

of copper ions 

a





b


Fig. S1 (a) Fenton-type reaction. The reduction of hydrogen peroxide into highly reactive hydroxyl 

radical and hydroxide anion induces the oxidation of metal cations (mainly Cu+ or Fe2+) into corre-

sponding metal cations bearing an additional positive charge. (b) Haber-Weiss type reaction. The 

hydrogen peroxide is also reduced into highly reactive hydroxyl radical and hydroxide anion with 

oxidation of metal cations bearing an additional positive charge and production of O2.







Fig. S2 Hypothetic mechanism of oxidative DNA damage induced by catechol and Cu2+.




The Fenton or Haber-Weiss reactions consist of redox processes involving metal cations, as illus-

trated in Fig. S1 in the case of hydrogen peroxide and Cu cations.


The mechanism of oxidative DNA damage induced by catechols has been investigated in the lite-

rature (see, e.g. Ref. 1). In this mechanism, a catechol is oxidised into a semiquinone and a qui-

none with the generation of H2O2. In this chemical pathway, Cu2+ are reduced into Cu+, the latter 

contributing to the oxidative damage of DNA (Fig. S2). This mechanism is very different from Ha-

ber-Weiss or Fenton reactions, because it requires the reduction of Cu2+ into Cu+ while Haber-

Weiss or Fenton are based on the oxidation of Cu+ into Cu2+. This mechanism is a priori impos-

sible in the case of Cu nanoparticles because copper atoms are in the Cu(0) form, which cannot 

be reduced.!



Monoradical form of the semiquinone 

Fig. S3 Alternative path to the oxidation of the HHTP molecule into a semiquinone. For simplicity, 

we do not show the other possible forms like we did in Fig. 1 of the main text.!



Contrary to the case sketched in Fig. 1 of the main text, the dehydrogenation of the HHTP mole-

cule may occur in a way that breaks the three fold symmetry of the molecule, but still altering all 

three starting catechol groups. Such a situation is depicted in Fig. S3. In such a case, the charge 

reorganisation within the semiquinone gives it a monoradical character, and not a triradical cha-

racter as in the case of Fig. 1 of the main text.


One may wish to seek for STM evidences of one form or the other (Fig. 1 of the main text versus 

Fig. S3), however, our STM image simulations of the semiquinone molecules (see next section) 

reveal that the ketone and alcohol groups should be indiscernible. We hence cannot tell which 

form (monoradical or triradical) is actually formed on Cu(111) based on the experimental tech-

niques that we used.!



DFT calculations of the semiquinone and quinone forms of HHTP on 

Cu(111) and STM image simulation 

Fig. S4 Top-view structure of half-dehydrogenated (semiquinone) HHTP on Cu(111), in a (5×5) unit 

cell, attached to the surface at different binding site, with the central C ring lying on (a) bridge, (b) 

hollow fcc, (c) hollow hcp and (d) top sites, as optimised with DFT calculations. Total energy dif-

ferences with respect to the most stable configuration (d) and charge transferred from the Cu(111) 

surface to the molecules are indicated respectively on top and under each panel.!



Fig. S5 Top-view structure of half-dehydrogenated (semiquinone) HHTP on Cu(111), in a (5×5) (a) 

and in a (5×10) (c) unit cell, as optimised with DFT calculations. In the latter case, every second 

molecule is a different enantiomer, with a different set of triplet of O-H bonds. (b,c) Corresponding 

simulated STM images (0.1 nA, -1 V). !



Fig. S6 STM Image simulation based on the DFT-optimised structure of the semiquinone (a,b) and 

quinone (c-f) forms of HHTP on Cu(111) (c,d: (5×9), e,f: (5×10)), for a tunnel bias of -1 V (a,c,e) and 

+1 V (b,d,f).




Fig. S7 Top- and side- views of the three-dimensional isosurfaces for the semiquinone (a) and 

quinone (b) forms of HHTP optimised by the DFT calculations, corresponding to the charge densi-

ty difference, , in both interfaces (blue, +0.005 

electrons/Å3: charge accumulation; red, -0.005 electrons/Å3: charge depletion).!

Δρ( ⃗r ) = ρtotal( ⃗r ) − [ρmolecule( ⃗r ) + ρsurface( ⃗r )]



We first tested several possible binding sites for the semiquinone form of HHTP on Cu(111) in a 

(5×5) Cu(111) unit cell. In these different phases, the center of the central C ring of the molecule 

lies:


a. on bridge sites of Cu(111) (Fig. S4a),


b. on hollow fcc sites of Cu(111) (Fig. S4b),


c. on hollow hcp sites of Cu(111) (Fig. S4c),


d. directly atop a Cu atom (Fig. S4d).


The difference in total energy of these configurations with respect to the most stable configuration 

(Fig. S4d) is +0.16 eV/molecule (Fig. S4a), +0.04 eV/molecule (Fig. S4b) and +0.22/molecule 

(Fig. S4c), respectively.


Symmetric half dehydrogenation of HHTP can produce two enantiomers of the semiquinone on 

Cu(111), that differ only by the location of O-H bonds. We optimised the structure of two 

supramolecular networks, one with a single kind of enantiomer (Fig. S5a, (5×5) Cu(111) unit cells), 

and one with a racemic (5×10) phase (Fig. S5b), in both cases corresponding to the networks ob-

served in STM (main text Fig. 2). The latter supramolecular network has higher energy, by about 

110 meV/molecule.


With the outcome of the DFT simulation as an input, we computed constant-tunneling-current (0.1 

nA) STM images with bias voltage of -1.00 V, 0.05 V, and +1.00 V. For that purpose, we used a 

Keldysh-Green function formalism with the first-principles tight-binding Hamiltonian obtained from 

the FIREBALL code.2-4 We took into account the electronic properties of both the tip and the 

sample. To simulate the STM tungsten tip, we considered five protruding atoms (one at the apex) 

attached to an extended W(100) crystal. We used this procedure to simulate STM images of the 

semiquinone form in the (5×5) superstructure on Cu(111) (Fig. S6a) and of the quinone form in the 

(5×9) superstructure (Fig. S6c) and (5×10) superstructure (Fig. S6e) on Cu(111). We observe no 

atomic detail but rather molecular orbitals, as expected. Strikingly, the appearance of the mole-

cules in STM images is similar for the semiquinone and the quinone, the structure of which are 

however different with one being bowl-shaped (semiquinone) and the other dome-shaped 

(quinone). We also do not observe a clear difference in the appearance of alcohol and ketone 

groups. Besides, we observe no clear difference between the two different kinds of quinone mol-



ecules within the (5×9) or (5×10) unit cells, consistent with the STM observations and with the fact 

that they both bind on the same kind of site on Cu(111). STM image simulations with different 

binding configurations reveal, in contrast, distinct aspects. This altogether indicates that no strik-

ing difference should be seen between the molecules in the two forms in the experimental STM 

images.


 

We also performed simulations of the STM images for the two enantiomers of the semiquinone 

forms, and find no obvious difference (Fig. S5).


Finally, the DFT calculations provide us with the charge distribution in the molecules. In the case 

of the semiquinone form of HHTP, most of the charge accumulates in the basal planes of the cen-

tral C-ring, which is closer to the surface (Fig. S7a). For the quinone form, the depletion of charge 

in the topmost Cu layer is more pronounced, consistent with a stronger charge transfer from the 

substrate, and it distributes mainly in the unsaturated molecular O atoms contacting with the me-

tal surface and in the outmost C—C bonds linked to the oxygen atoms in the external C-rings 

(Fig. S7b).!



Second supramolecular phase observed after room temperature depo-

sition on Cu(111)


Fig. S8 (a) STM Image of the -type supramolecular (5×5) phase of half-dehydrogenated HHTP 

molecules (semiquinone form) on Cu(111), observed after room temperature deposition on 

Cu(111). (b) Corresponding top view of the structure optimised with DFT calculations. (c) Simula-

ted STM image based on the DFT-optimized structure of (b) in constant-tunnel-current regime (0.1 

nA), for a -1 V tunnel bias. !

β



Figure S8 shows a STM image of the minority supramolecular phase coexisting with the one dis-

cussed in the main text, after room temperature deposition of the HHTP molecules and without 

further annealing. The  direction of Cu(111) almost matches the orientation of one median of 

the triangular molecular units. 

[112]



Electron diffraction data for the fully dehydrogenated molecules 

Fig. S9 RHEED pattern acquired along the azimuth after the deposition of a sub-mono-

layer coverage of HHTP molecules on Cu(111) at room temperature and a subsequent annealing 

at 530 K. 

⟨112̄⟩



Figure S9 shows a RHEED pattern acquired for fully-dehydrogenated HHTP molecules on 

Cu(111). In addition to the Cu-related streaks, which were present before molecule deposition, a 

pattern of streaks with a ×1/5 spacing compared to the spacing between Cu streaks is observed. 

The streaks are labeled according to their diffraction order with respect to the molecular lattice 

(gray numbers in parenthesis) or with respect to the copper lattice (orange numbers in parenthe-

sis).!



Procedure for the analysis of the XPS data 

Table S1 Refined fit parameters used to produce the best fit to the C 1s and O 1s core level spec-

tra measured after room temperature deposition of the molecules. The area under the different 

components is also given.!

C 1s (four-component fit)

Component positions (eV) 285.8 285.6 284.6 284.2

Gaussian FWHM (eV) 0.44 0.44 0.40 0.54

Area under component 0.3 0.3 0.9 1.0

C 1s (three-component fit)

Component postions (eV) 285.7 284.7 284.2

Gaussian FWHM (eV) 0.65 0.47 0.6

Area under component 0.9 1.1 1.0

O 1s

Component postions (eV) 532.8 530.8

Gaussian FWHM (eV) 1.2 1.4

Area under component 1.0 1.0



Table S2 Refined fit parameters used to produce the best fit to the C 1s and O 1s core level spec-

tra measured after room temperature deposition of the molecules and subsequent 530 K annea-

ling. The area under the different components is also given. !

C 1s

Component postions (eV) 285.7 284.4 284.0

Gaussian FWHM (eV) 0.5 0.4 0.5

Area under component 0.8 1.4 1.0

O 1s

Component postions (eV) 530.4

Gaussian FWHM (eV) 1.0

Area under component 1.8



Fig. S10 C 1s core level spectra acquired for a sub-monolayer deposit of HHTP molecules on 

Cu(111) at room temperature. The experimental (black curves) data are fit (red curves) with three 

(top, same as in Fig. 2 of the main text) and four (bottom) components. !



The spectra presented in Fig. 2 of the main text have been subtracted with a Shirley-type back-

ground. Multi-component fits of the experimental data were obtained by Voigt functions, assum-

ing a fixed full width at half maximum (FWHM) of the Lorentzian part of 0.2 eV and 0.3 eV for the C 

1s and O 1s core levels respectively. The refined values of the FWHM of the Gaussian part of the 

Voigt functions were found in the range of 0.5-1.2 eV. These values and the peak centre positions 

are summarised in the two Tables S1 and S2 in the case of the molecules deposited at room tem-

perature before and after annealing at 530 K.


The relative areas under the different components of the peaks are consistent with the relative 

number of C or O atoms associated to each component.


For the C 1s core level spectra corresponding to the room-temperature deposit (before 

annealing), we performed two kinds of fits (Fig. S10), with one or two components accounting for 

the peak observed at higher binding energy. By considering two components (altogether four-

component fit), we assume that two chemically-inequivalent C atoms are bound to O atoms, 

those involved in C-O-H and in C=O bonds. The fit yields equal weight for the two components, 

which is consistent with a half-dehydrogenation of the molecules (Table S1). The binding energy 

of the other components, corresponding to C atoms not bound with O atoms, are hardly affected 

by the kind of fit (with altogether three or four components), see Table S1.


XPS data were fit with a code written for Igor (developed by Francesco Bruno, ALOISA beamline, 

Laboratorio TASC, CNR-IOM).




Additional O 1s core level spectra 

Fig. S11 Series of O 1s core level spectra measured as a function of the temperature, after a mul-

tilayer deposit of HHTP molecules has been performed at room temperature. 



Fig. S12 O 1s core level spectra acquired for a multilayer (top) and a sub-monolayer (bottom) de-

posit of HHTP molecules at room temperature (bottom, same data as in Fig. 2 of the main text). 

The experimental data (black curves) are fit (red curve) with several components, each correspon-

ding to chemically inequivalent O atoms.  



After having deposited a multilayer of HHTP molecules onto Cu(111) at room temperature, we in-

creased the sample temperature step-by-step, and acquired O 1s core level spectra at each step 

(Fig. S11). Please note that the spectrum measured here at 373 K has a very intense high binding 

energy component, much stronger than the one observed in Fig. 2 of the main text for a room 

temperature deposit. This is not a contradiction, since the spectrum measured here (Fig. S11) 

concerns a multilayer deposit of HHTP molecules, where most molecules are fully hydrogenated 

(see analysis of Fig. S12 below), while Fig. 2 concerns a sub-monolayer deposit of HHTP mole-

cules, where all molecules are already half-dehydrogenated at room temperature.


In Fig. S11, we observe a progressive decrease of the intensity of the high binding energy com-

ponent, starting from 450 K, until it vanishes (530 K). At least a significant fraction of the decrease 

of the intensity versus temperature in this binding energy range arrises from the desorption of mo-

lecules not directly in contact with the substrate. More directly informative concerning the chemi-

cal modification of the molecules in contact with Cu(111), the lower binding energy peak in-

creases in intensity with temperature (starting from 450 K) and shifts to lower binding energy. 

Eventually, at the highest temperatures, the absence of signal points towards a desorption or de-

composition of the molecules that were in contact with Cu(111).


In Fig. S12, we compare the O 1s core level spectra for HHTP molecules deposited on Cu(111) at 

room temperature, either in the form of a multilayer or in the form of a sub-monolayer. The multi-

layer consists of one monolayer in direct contact with Cu(111), and of several layers with no 

contact to it. For the former, we assume the same components (C-O-H, C=O) as those found in 

the sub-monolayer deposit. The C-O-H function for the non-dehydrogenated molecules (within 

the multilayer) has a contribution centred at slightly higher binding energy (533.4 vs 532.8 eV in 

the monolayer).!



NEXAFS spectra after room temperature deposition of HHTP molecules 

Fig. S13 (a) C 1s K-edge NEXAFS spectra acquired with a p polarisation (electric field perpendi-

cular to the surface) and s polarisation (electric field parallel to the surface), after the room tempe-

rature deposition of HHTP molecules. (b) Schematic diagram of the electronic states of the semi-

quinone form of the HHTP molecule (the form of the molecule after room temperature deposition 

on Cu(111)), compared to the case of pure carbon, adapted from Ref. 2.!



Transitions between occupied and unoccupied molecular orbitals have characteristic signatures in 

NEXAFS. Figure S13a shows two spectra measured at the K edge of C, with the polarisation of 

the electric field parallel (s polarisation) and perpendicular (p polarisation) to the surface. Several 

peaks/features are observed.


A first comparison to previously published measurements on simpler related compounds (ben-

zene, phenols and quinones5-7) allows assigning part of these peaks/features. The shoulder at 

284.9 eV and the peak at 288.9 eV observed with the p polarisation are also found in benzene, 

where they have been ascribed to transitions from the C 1s core level to the first, second and third 

excited π* states (Fig. S13b). For this polarisation, five other peaks, at 283.7 eV, 285.4 eV, 286.7 

eV, 289.8 eV and 291.3 eV, are observed that are not found for benzene.


We suggest that the four latter correspond to chemically inequivalent C atoms (Fig. S13b): while in 

benzene all C atoms are equivalent, for the semiquinone form of HHTP (and the HHTP molecule 

itself, actually) there are different C environments depending on the bonding atoms (-C, -OH, =O 

or H). In addition, as discussed in the main text, the interaction with the Cu(111) substrate does 

not involve all C atoms in the same way.


The former peak (283.7 eV) presumably relates to the molecular charge distribution, being remi-

niscent of observations in p-benzoquinone, which were interpreted as a signature of a transition 

to a low-energy molecular C=C-C-O hybrid π* orbital.5


Measurements with s polarisation reveal broad features, centred at 292 eV, 296 eV and 303 eV,  

that are characteristic of electronic transitions to  states,8 which are located in the plane of the 

rings and are usually used to determine the orientation of the molecules. The high intensity of 

these features, together with the non-vanishing π transitions, are consistent with the bowl-shape 

molecular geometry, with the center of the molecules being parallel to the surface.


In any case, it is noteworthy that we observe a strong anisotropy in the spectra when changing 

light polarisation, a clear signature of an almost“planar” bonding on the surface.8,9


σ *





Structure of the starting HHTP molecule in the gas phase 

Fig. S14 DFT-optimised structure of the HHTP molecule in the gas phase, together with the C-C 

and C-O bond lengths. !



Figure S14 shows the DFT-optimised structure of the HHTP molecule in the absence of a sub-

strate (gas phase). The C-C and C-O bond lengths are indicated on the figure. In the central ring, 

the bond lengths are similar and globally close to the 140 pm value of benzene, pointing towards 

an aromatic character of the central ring. This also seems to be the case in the peripheral rings, 

although the bond length dispersion is slightly larger there.!
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