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Abstract 

 

Linear coordination oligomers with controlled chain lengths based on a Ru water oxidation catalyst 

and a bidentate linear bridging ligand have been prepared and characterized for the first time. These 

new oligomers have an extraordinary capacity to adsorb on graphitic surfaces thanks to a multiple 

perpendicular CH- type of bonding between the auxiliary ligands bonded to Ru metal center and 

the hexagonal rings of the graphitic surfaces. The strength of this interaction increases as the 

number of units increases due to a larger enthalpy associated with the increasing number of CH- 

interactions, as opposed to a nearly constant unfavorable entropic factor. The CH- interactions also 

provide for an additional stabilization factor due to their reversible formation and breaking. Further 

these new hybrid materials behave as molecular electroanodes that catalyze the water oxidation to 

dioxygen reaction at pH 7, reaching unprecedented performance in terms of current densities. 
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Introduction 

Molecular water oxidation catalysts (WOCs) have experienced a large development over the last 

decades1,2,3,4 reaching turnover frequencies (TOF) in the range of 50.000 s-1, which is about two 

orders of magnitude higher than nature’s light induced oxygen evolving complex in photosystem II 

(OEC-PSII) that turns in the millisecond time scale.5,6 This has been achieved thanks to the synthetic 

versatility of molecular transition metal complexes where the first and second coordination sphere 

of the metal center can be tuned so that it can exert supramolecular interactions, hydrogen bonding 

effects, local acid-based enhancements, etc.7 Further, redox active ligands can also share the storing 

of oxidative equivalents together with the metal center and the oxo group.8 On the other hand, 

metal oxide-based catalysts have also experienced a large improvement over the past years thanks 

to the fine tuning of particle size and morphology that strongly influence their 

performance.9,10,11,12,13 

Despite their versatile and modular properties, the generation of electroanodes and cathodes for 

water splitting devices based on molecular complexes anchored onto solid surfaces has received far 

less attention than conventional non-molecular materials. Nevertheless, a few examples exist in the 

literature where molecular water oxidation catalysts have been adequately modified with an 

anchoring functionality and anchored them onto conductive or semiconductive solid surfaces with 

varying degrees of performance and stabilities.14,15,16,17,18,19,20,21,22,23 Promising strategies halfway 

between the anchoring of a molecular catalyst at a surface and metal oxides, include the partial use 

of surface atoms as ligands for the first coordination sphere of the metal center and single atom site 

isolation, that have been reported recently for the water oxidation reaction and others.24,25 

The key critical parameters for predicting and understanding the performance of molecular water 

oxidation catalysts anchored onto a conductive surface are the mechanism of O-O bond formation26 

and the functionality that links the catalyst to the surface.27 One of the most successful examples in 

terms of turnover numbers (TONs) and robustness is [Ru(O)(tda)(pyp)2], 1-O-pyp, (tda = [2,2':6',2''-

terpyridine]-6,6''-dicarboxylato; pyp is 4-(pyren-1-yl)pyridine)) that is capable of achieving more 

than a million TONs without apparent associated deactivation reactions.28 Modest current densities 

have however been achieved with molecular anodes in the range of 10 mA/cm2 at pH 7 with an 

overpotential of about 400 mV at the foot of the catalytic wave.28 The limiting factor to improve the 

absolute current densities here is due to the relatively small amount of catalyst that can be 

deposited at the surface of the electrode. On the other hand, water oxidation electroanodes based 
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on oxides can achieve current densities in the range of 0.2-1 A/cm2,29,30,31,32,33,34 that is the typical 

range of current densities operating in commercial electrolyzers.35,36 The current density obtained 

in commercial electrolyzers is achieved by depositing a large amount of the catalyst oxide on top of 

the electrode surface thus generating a 3D electrode. However only around 0.1-1 % of the oxide 

deposited typically ends up being active, depending on the deposition methodology.37,38 

Furthermore, only a limited number of oxides are capable of acting as water oxidation catalysts 

under neutral conditions and their TOF values are generally much lower than those obtained with 

molecular catalysts.39,40 Taking into account the benefits of molecular catalysts in terms of synthetic 

versatility and performance in comparisons to oxides, we aimed for the discovery of molecular 

catalysts that could potentially deliver large current density and be vastly and easily attached to 

electrode surfaces in a robust manner. 

Here on we report new functional molecular coordination oligomers that can be strongly and 

massively adsorbed onto graphitic surfaces such as multiwalled carbon nanotubes (MWCNT), via 

aromatic catalyst-surface CH- interactions. To the best of our knowledge, this anchoring strategy 

has never been described for molecular catalysts up to now. The resulting hybrid molecular material 

behaves as a rugged and powerful electroanode for the water oxidation reaction achieving 

unprecedented current densities for molecular catalysts in the range of 0.3 A/cm2. 
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Results and Discussion 

Synthesis of new coordination oligomers 

Reaction of 1 eq. of [Ru(tda)(dmso)(H2O)], with 1.5 eq. of the bridging ligand 4,4’-bypridine (4,4’-

bpy) in MeOH:H2O (1:1) generates a range of neutral oligomers of general formula {[Ru(tda)(4,4’-

bpy)]n(4,4’-bpy)} ranging from n = 1-4, as indicated in Scheme 1. From now on we will use the n 

value as the label for the corresponding oligomer or monomer. The oligomer with n = 4, 4, is partially 

soluble within this reaction conditions and precipitates out of the solution. The oligomers 1-3 are 

on the other hand soluble and can be separated via column chromatography, allowing to obtain 

pure samples of 1 and 2. However, we could not obtain pure samples of complex 3 possibly due to 

the low amount of this complex generated under the present reaction conditions. The 1:1.5 reaction 

ratio of [Ru(tda)(dmso)(H2O)] and 4,4’-bpy in 2,2,2-trifluoroethanol (TFE) refluxed for 3 days 

generates oligomer 5. On the other hand, the 1:1 reaction of [Ru(tda)(dmso)(H2O)] and 4,4’-bpy in 

TFE generates a 1D linear oligomer 15, with an average of 15 units together with the dimer 

{[Ru(tda)(dmso)]2(-4,4’-bpy)}, 2’, in a 2.6:1 ratio.  

 

Scheme 1. Synthetic strategy for the preparation of {[Ru(tda)(4,4’-bpy)]n(4,4’-bpy)} oligomers. 

 

The characterization of these 1D oligomers and the monomer have been carried out by elemental 

analysis, mass spectrometry (Supplementary Figs. 14 and 15), UV-vis (Supplementary Fig. 16), X-ray 

absorption spectroscopy (Supplementary Fig. 32), powder and single crystal XRD (see 

Supplementary Figs. 17-19), Nuclear Magnetic Resonance (NMR) (Supplementary Figs. 4-8) and 

Diffusion-Ordered Spectroscopy (DOSY) (Supplementary Fig. 10). 1H-NMR spectroscopy is especially 

useful since it not only allows us to assign all resonances that appear in the spectra but moreover 
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permits to calculate the average number of repetitive units of the synthesized oligomer. This is 

achieved by simple integration of key resonances as can be observed in Fig 1. Furthermore, DOSY 

experiments reflect the increasing volume of the polymer as the number of units grows (see 

Supplementary Fig. 10), but does not display a linear relationship due to the non-spherical shape of 

these molecules.41,42 There is a number of coordination polymers that have been reported up to 

now using bridging ligands and transition metal complexes that resemble the oligomers just 

described here.43 The main difference is that here we can not only control the number of units of 

the oligomer but we can also achieve a complete characterization of all of them both in solution and 

anchored in solid surfaces as will be described below. 

 

Fig. 1. Left, 1H NMR spectra (500 MHz, 298 K, [d2]-DCM/[d3]-TFE (4:1)) for {[Ru(tda)(4,4’-bpy)]n(4,4’-

bpy)} oligomers. Right, drawing of the oligomers. The color shades relate to the assignment of key 

protons and their resonances. * indicates resonances for free 4,4’-bpy and  for 2’. 

 

Anchoring on graphitic surfaces via aromatic CH- interaction 

One of the most striking properties of this new family of coordination complexes is their capacity to 

strongly attach to graphitic surfaces in sharp contrast with their monomeric counterpart, 1, which 

lacks any anchoring capability. The addition of a solution of coordination oligomers, 5 (See 

Supplementary Fig. 3) or 15 dissolved in TFE (1 mg of oligomer in 1 mL of solvent) to a solution of 

THF containing dispersed MWCNT, results in the immediate discoloration of the solution, indicating 
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the adsorption of 5 or 15 onto the MWCNT, which are labeled here as 5@CNT and 15@CNT 

respectively.  

It is important to realize here that the typical catalyst anchoring based on oxides and/or 

coordination polymers consists on growing layers by electrodeposition or just by dropping a solution 

or a suspension of the material on the electrode. Oftentimes, an additional polymeric material as 

binder to further prevent mechanical deattaching is also added.44 Thus, the process we describe 

here is radically different and is based on the strong affinity of oligomer 5 and 15 towards graphitic 

surfaces via multiple CH- interactions. 

Kinetics of the polymer desorption (see Supplementary Fig. 23) from glassy carbon electrodes 

(described below) monitored by Cyclic Voltammetry (CV), show that the rate of desorption 

decreases with increasing number of repetitive units. This together with the absence of affinity of 

the monomer [Ru(tda)(py)2], 1-py,45 (py represents the monodentate pyridine ligand) suggests a 

synergic effect that correlates the strength of the interaction of the oligomers and MWCNT with the 

number of repeating units. This effect can be rationalized based on thermodynamic grounds as will 

be explained below. 

 

 

Fig. 2. Left, scanning tunneling microscopic (STM) image of 15 at the interface of highly oriented 

pyrolytic graphite (HOPG) and trifluoroethanol/dichloromethane/1-phenyloctane (50:50:1, v/v/v). 

Right, zoom in. The distances between two Ru-tda units in the polymer (11.1 Å), the distances 
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between two polymer chains (12 Å) and the size of a bright signature which corresponds to a Ru-tda 

unit (6.5 Å) are indicated. Tunneling parameters: Vbias = ‒248 mV, Iset = 170 pA. 

 

A number of techniques including Scanning Tunneling Microscopy (STM), Scanning Electron 

Microscopy (SEM), Transmission Electron Microscopy (TEM) and Scanning Transmission Electron 

Microscopy (STEM) (Supplementary Figs. 36-40), 1H-NMR (Supplementary Figs. 11-13), X-ray 

Absorption Spectroscopy (XAS) (Supplementary Fig. 32), X-ray Scattering (XS) (Supplementary Figs. 

33-35), Resonance Raman spectroscopy (Supplementary Figs. 21 and 22), Thermogravimetric 

analysis (Supplementary Figs. 20) and electrochemistry in combination with DFT calculations were 

used to explore the nature of the interaction between the oligomers and the graphitic surfaces and 

only the most revealing experiments are described below while the rest of them are presented as 

Supplementary Information. 

The interaction of the oligomers at the interface of highly oriented pyrolytic graphite (HOPG) and a 

droplet of a solution of the oligomers (0.5 mg/mL) in trifluoroethanol/dichloromethane/1-

phenyloctane (50:50:1, v/v/v) were studied by STM. Figure 2, shows an STM image of immobilized 

oligomer chains. The bright signatures, which are associated with the Ru-tda fragments of the 

polymer, are separated by approx. 11.1 Å, which is close to the 11.4 Å calculated distance between 

to Ru centers linked by the 4,4’-bpy bridging ligands (see DFT analysis below) and that obtained from 

the single crystal X-ray structure of the dimer, 2 (see Supplementary Fig. 18). The 4,4’-bpy bridging 

ligands are not observed in the microscopy image, either due to the relatively small electron density 

associated with them or to their weak electronic coupling with the underlying surface. It is also 

interesting to see that the oligomers are aligned parallel to one another with an average oligomer-

oligomer distance of about 12 Å, see Fig. 2. In aqueous media these neighboring oligomers will most 

likely interact to one another via hydrogen bonding between their carboxylate groups and water 

and thus influence the equilibrium between the catalytically active species and its precursors as will 

be further discussed in the next section. All these data point out to an interaction of the oligomers 

with the surface through the tda ligand that is situated perpendicular to the graphitic surface. Thus, 

the bonding occurs with the H atoms of the aromatic pyridyl rings of tda that interact with the -

system of the MWCNT generating multiple CH- bonds.46,47 The interaction of the CH groups of the 

tda ligand and the  system of the graphitic surface is simulated using the 1-py monomer and a 4-

(pyren-1-yl)butan-1-ol (Pyn-OH)  molecule that can be considered a low molecular weight model of 
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graphite. Upon mixing both of them in d6-DMSO the resulting 1H-NMR spectra clearly shows a 

significant shift of some CH groups of the tda ligand and thus put forward the existence of these CH-

 interactions (see Supplementary Figs 11-12). This is further supported by DFT calculations that 

visualize the same effect between 1-py and pyrene. (see Supplementary Fig 13). Additional 

experiments to characterize the interaction of oligomer 5 and 15 were carried out using Grazing 

Incident Wide Angle X-ray Scattering (GIWAXS) techniques. Figure 3 shows the 2D GIWAXS patterns 

obtained for glassy carbon plate electrodes (GCp) and for the oligomers 5 and 15 anchored on GCp. 

As can be observed in the Figure, the GCp presents an isotropic scattering ring whereas 5@GCp and 

15@GCp display and anisotropic broad band. The latter, is associated with a preferential face on 

orientation of 5 and 15 on the GCp,48 which is in very good agreement with the results found not 

only for STM and NMR but also with the model proposed by DFT in Figure 4a discussed below. The 

1D cuts displayed in Figure 3d, reveals a distance between the substrate and the 15 oligomer in the 

range of 3-6 Å (range 12-18 reciprocal space nm-1), that perfectly agrees with the DFT model. 

In order to further characterize these hybrid materials, DFT/MM calculations at the ONIOM 

(B97D:MM3:UFF) level,49 were carried out to analyze the interaction of the oligomer with the 

graphitic surface. A data set collection of computational results is available in the ioChem-BD 

repository,50 see Supplementary Information for QM/MM partition and further details. A 10-unit 

oligomer, {[Ru(tda)(4,4’-bpy)]10(4,4’-bpy)}, 10, was placed on a monolayer of graphene sheet 

composed of 2166 carbon atoms, and the structure was optimized in vacuum. The validity of the 

QM/MM partition was confirmed through calculations with an extended QM region, and the validity 

of the chemical model by introduction of a second layer of graphene, both reported in the 

Supporting Information. 
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Fig. 3. Recorded 2D GIWAXS patterns of: (a) GCp, (b) 5@GCp, (c) 15@GCp and (d) the 

corresponding qz 1D cuts profiles near the specular direction. Black trace, GCp; Blue trace 

5@GCp; Red trace, 15@GCp. 

 

The DFT obtained structure for 10 anchored on graphene is shown in Fig. 4a and is in very good 

agreement with the microscopy image. The Ru centers are situated in a mostly linear arrangement 

separated by 11.4 Å and interconnected with the 4,4’-bpy ligands that act as an axle while the tda 

ligands are threaded within this axle and situated perpendicular to it. The binding between the 

oligomer and surface consists of aromatic CH- interactions. Four CH groups in each Ru monomer 

interact with the surface as shown in Fig. 4b, where the shorter H...C distances are between 2.74 

a b 

c d 
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and 3.03 Å, well within the expected range for C-H  interactions.51 Out of these four CH groups, 

two come from the central ring of the tda ligand whereas the other two arise from one of the 

external pyridyl tda rings. Therefore, each tda ligand can bind in two isoenergetic symmetric ways 

as can be graphically observed in Fig. 4a, a fact that is further facilitated by the low energy rotation 

barrier of the Ru-Npyridyl bond. Figure 4c shows how the four CH groups of each tda ligand point out 

towards the center of a graphene six-member aromatic ring thus maximizing the strength of the CH-

 bond. The computed energetics are especially interesting and informative as the Gibbs energy of 

binding between oligomer and surface is 133 kcal/mol, which can be decomposed into a binding 

enthalpy of 150 kcal/mol and an entropic penalty of 17 kcal/mol. Assuming that the binding enthalpy 

is additive, we can assign a value of ca 15 kcal/mol per Ru-tda unit (or an average of 3.75 kcal/mol 

per CH- bond). The entropic penalty is mostly associated with bringing two fragments (surface plus 

oligomer) together, and has only a minor dependence on the size of the oligomer. Most of the 

entropic change corresponds to the conversion of translational and rotational degrees of freedom 

in the separate fragments to vibrational degrees of freedom in the adsorbed species, and this has 

little dependence on the size of the system. It follows that the interaction free energy of a 

monomeric complex with the surface would be approximately +2 kcal/mol (-15 plus 17 kcal/mol), 

therefore non-binding. Thus, the large number of small binding interactions generates a very strong 

attachment of the polymer to the surface with the binding energy increasing as the length of the 

polymer chain increases as well. Our calculations are carried out in vacuum and thus offer an 

approximate value for the binding energy, since solvent effects with explicit molecules have not 

been taken into consideration. However, these calculations provide a good model for the 

experimental effects observed in this particular system 
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a                                                               11.4 Å 
                                                              /----------/ 

 
 
 
b C 

 

  
 
 

Fig. 4. a, Space fill representation of the DFT calculated structure of 10 anchored on a graphene 

surface. b, ball and stick representation of the interaction of one of the Ru fragments of 10, with the 

graphene surface showing the CH- bonding distances. c, Detail of the capped sticks representation 

of the structure shown in B, viewed from the back side. The interacting Ru-tda H-atoms with the 

graphene surface are depicted as white balls. Color code: Ru, green; O, red; N, blue; C, gray; H, white. 

 

It is worth mentioning here that the high affinity of 15 for graphitic surfaces also enable a larger 

surface coverage in comparison to other anchoring strategies for related complexes described in 

the literature. For instance, the surface coverage of a GC disk by 15 is approximately 75%, thus below 

a monolayer, as deduced from electrochemical experiments (see Supplementary Fig 2), that will be 

further discussed in the next section. In the case of the CNT, the surface coverage in 15@CNT in 

terms of Ru centers per surface area is about 2-5 times larger than in the cases of mononuclear Ru-

tda complexes while using pyrene as an anchoring functionality as is the case for [Ru(O)(tda)(pyp)2], 
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1-O-pyp, or [Ru(O)(tda)(pypA)2], 1-O-pypA, (pypA is 4-(pyren-1-yl)-N-(pyridin-4-

ylmethyl)butanamide) (see Supplementary Fig 26).28 

In comparison to other mononuclear complexes with a phosphonate functionality bonded to an 

oxide containing surface, the new Ru oligomers generate surface coverages that are about 10-100 

times higher52 depending on the oxide surfaces, thus clearly manifesting the convenience and 

effectiveness of the CH-strategy described here (see Supplementary Table S2). 

With the aim to further spectroscopically characterizing these hybrid materials, X-ray absorption 

near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectra were 

performed for 15 as a powder and attached to the surface of MWCNT deposited onto a glassy 

carbon plate (GCp), 15@CNT@GCp and are reported in Fig. 5. The inset of Fig. 5a shows the half-

edge energies obtained from XANES and reveals that while 15 remains at oxidation state +II as a 

powder, it is oxidized all the way to 96% Ru(III) with only 4% remaining as Ru(II) upon anchorage 

onto the surface of a MWCNT and exposure to atmospheric oxygen. We label this new material as 

15@CNT@GCp’. This phenomenon was also observed for a related mononuclear Ru-tda complex, 1-

pypA@CNT,28 and manifests the facility of oxidation of highly dispersed complexes adsorbed at the 

surface of graphite by dioxygen in the air. The experimental and simulated EXAFS spectra carried 

out for 15 and the partially oxidized 15@CNT@GCp
’ material, are shown in Fig. 5a and the SI (see 

Supplementary Fig. 32 and Supplementary Tables 3-5) and agree with a typical octahedral 

coordination for Ru(II) in 15 as well as for the Ru center in 15@CNT@GCp’. An additional contact 

distance at ~2.35 Å (Supplementary Tables 4 and 5) is moreover observed for the 15@CNT@GCp’ 

complex associated with the dangling carboxylate group, in a similar manner as was previously 

observed for the reference mononuclear [RuIII(tda)(py)2]+ complex.28 
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Fig. 5. a, Normalized Ru K-edge XANES for 15 (black), 15@CNT@GCp
’ (red), [RuIII(tda)(py)2]+ (green), 

15-O@CNT@GCp (blue) and RuO2 (magenta). Inset, plot of half peak k-edge energy vs. oxidation 

state including Ru0 (brown) collected from a Ru metal calibration foil. b, Fourier transforms of k2-

weighted Ru EXAFS. Inset, back Fourier transformed experimental (solid lines) and fitted (dashed 

lines) k2χ(k) for Ru complexes together with RuO2. Experimental spectra were calculated for k values 

of 1.941-11 Å-1. Same color code as in left. 

 

Water oxidation electrocatalytic performance. 

The [Ru(O)(tda)(py)2], 1-O-py, complex represents the best water oxidation catalyst reported so far 

in terms of TOF45 in homogeneous phase. The catalytic pathway undergone by 1-O-py follows a 

water nucleophilic attack (WNA) O-O bond formation mechanism. For these two facts, it constitutes 

one of the best candidates for surface anchorage for the generation of highly efficient electro- and 

photo-anodes. Indeed, the anchoring of 1-O-pypA on MWCNT generate highly efficient 

electroanodes after drop casting on glassy carbon electrodes (GC), 1-O-pypA@CNT@GC, for the 

water oxidation reaction as has been recently described.28 The anchoring was hereby achieved via 

pyrene functionalization and even though it resulted in a very stable WO electroanode, the current 

densities obtained were in the 5-10 mA/cm2 range that are still far from the ones operating in 

commercial electrolyzers typically ranging from 0.2-1.0 A/cm2.35,36 

Thanks to its high affinity for graphitic surfaces, the present oligomers n@CNT are expected to 

generate unique electroanodes due to both the enhancement of surface coverages and the 

enormously improved stability thanks to the nature of the novel anchoring interactions that 
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provides a reversible CH- bond breaking and forming scenario. The electrochemical properties of 

the n@CNT materials were evaluated based on CV and bulk electrolysis techniques. Figure 6 shows 

the CV of the 15@CNT deposited onto the surface of glassy carbon electrode via drop casting, 

labeled here as 15@CNT@GC (see Supplementary Information for the protocols used here for 

related electrochemical properties displayed by 5@CNT@GC; Supplementary Fig. 24). As shown in 

Fig. 6 two one-electron redox process are observed at E1/2= 1.06 V (ΔE = 45 mV) and E1/2= 1.51 V (ΔE 

= 70 mV) due to the Ru(III/II) and Ru(IV/III) couples, respectively (all redox potentials are reported 

vs. RHE). The redox potentials obtained here are very similar to those obtained for the monomer 1 

in homogenous solution at the same pH, and thus suggests that each individual Ru center of the 

polymer acts in a similar manner as in the discrete mononuclear complex. This is a consequence of 

the anchoring nature of the polymer at MWCNT, whereby each metal center has the same access 

to the surface thus facilitating a synchronized electron transfer process to the electrode. These 

n@CNT hybrid materials are used as precursors to generate the corresponding Ru-OH2 complexes, 

denoted here as n-H2O@CNT, and are actually the species providing access to the water oxidation 

catalytic cycle. 

To generate 15-H2O@CNT@GC, the precursor complex 15@CNT@GC is exposed to an applied 

potential Eapp = 1.96 V for 16 minutes in a pH 12 phosphate buffer (phbf) solution followed by a Eapp 

= 0.71 V for 30 seconds. The hybrid electrode is afterwards rinsed with water and placed again in a 

pH 7 solution (see additional details of this protocol in Supplementary Information). Figure 6 shows 

the CV of 15-H2O@CNT@GC, where two new waves due the Ru(III/II) and Ru(IV/III) electron 

transfers at 0.60 and 0.90 V are observed. The initial waves due to the precursor complex have 

disappeared thus indicating a complete conversion from the precursor complex to the 

corresponding Ru-OH2 species. Related experiments can be carried out using 15 anchored on GC 

disk, 15@GC. It is striking to see that the performance of the activated new hybrid material 15-

H2O@GC is practically identical to that of 15-H2O@CNT@GC when normalized by the number of 

active Ru centers and thus points out that the main role of the CNT is to increase the overall mass 

of catalyst on the electrode surface (See Supplementary Fig. 29).  

The total transformation of the precursor complex 15, into the catalytically active species in the CNT 

is in sharp contrast to the behavior of the 1-O-pypA@CNT homologue where the ratio of precursor 

vs. activated complex is at approximately 2:1.28 The ratio of activated vs. precursor reflects the 

capacity of the dangling carboxylate to coordinate back to the metal center and eject the 
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coordinated aquo group from the first coordination sphere of the metal center. This equilibrium is 

clearly affected by the packing organization of the anchored oligomers and the proximity of the Ru-

aqua active site to the surface of the electrode. 

The supramolecular interaction among neighboring polymer units through hydrogen bonding with 

water molecules can also influence the relative strength of interactions between the intramolecular 

carboxylate coordination and the Ru-aqua formation (Supplementary Fig. 41), and is thus 

responsible for the activity of 15-H2O@CNT@GC over the whole 0-14 pH range (Supplementary Fig. 

27). In sharp contrast its monomeric counterpart in homogeneous phase is only active above pH 

5.5.45 

 

 

Fig. 6. CV of 15@CNT@GC (black line) and 15-H2O@CNT@GC (red line) with a surface coverage of 

17.7 nmol·cm-2 in 1.0 M phosphate buffer (pH 7) at scan rate of 100 mV/s. Inset, enlargement of 

the non-catalytic redox waves. 
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At higher anodic potentials, a large current is observed due to the electrocatalytic oxidation of water 

to dioxygen whose onset is at 1.61 V and that reaches unprecedented current densities for 

molecular based hybrid electrodes up to 240 mA/cm2 at 1.86 V (Fig. 6).The current density obtained 

here is about 20 times larger than the highest current densities reported for 1-O-pyp@CNT and is 

about two orders of magnitude larger than that of any other molecular catalyst anchored on an 

electrode surface (see Supplementary Table 2a). 

FOWA analysis yield TOFmax in the range of 8.000 s-1 (see Supplementary Fig. 31) which are very 

similar to those obtained in homogeneous phase for 1-py45 as are their respective Tafel plots (see 

Supplementary Fig. 28) and that further corroborates the molecular nature of the active species. 

 Bulk electrolysis experiments were carried out at 1.86 V for 15-H2O@CNT@GC. Impressively, the 

complex sustained current densities of 32 mA/cm2 for 12 hours with practically no decay and 

generated overall TONs of ~2x105, (see Supplementary Fig. 25) yielding Faradaic efficiencies above 

99% (Supplementary Fig. 30), thus highlighting the remarkable performance of these new hybrid 

molecular electroanodes (see Supplementary Fig. 25). Similar experiments carried out with 5@CNT 

drop casted to a glassy carbon disks, 5-H2O@CNT@GC, showed comparable electrochemical 

behavior and stability as evidenced by CVs (see Supplementary Fig. 24). 

Finally, XAS spectroscopy further provides here an excellent platform to evaluate the fate of the 

catalysts after turnover in the solid state. For this purpose, bulk electrolysis experiments were 

carried out using 15@CNT@GCp under similar conditions as the ones described previously but 

without the reduction process thus generating 15-O@CNT@GCp. Half-edge energies obtained from 

XANES for 15-O@CNT@GCp, reveal the presence of 59% Ru(IV) and 41% Ru(III) that is associated 

with the catalytic species containing the Ru(IV)=O and Ru(III)-OH groups respectively. Furthermore 

the EXAFS shown in Figure 5b display an increase in amplitude of the first coordination sphere that 

is associated with an increase in the Ru coordination number, from 6 to 7 together with the presence 

of a shortened Ru=O distance at ~1.64 Å, as expected for these types of complexes at oxidation state 

IV (see Fig. 5b and Supplementary Tables 3 and 4).28,7 Significantly and importantly, XAS 

spectroscopy unambiguously showed the absence of any traces of RuO2 after catalysis. This can be 

perceived from the absence of RuO2 features in the EXAFS spectra shown in Figure 5b and 

Supplementary Fig. 32, clearly demonstrating the molecular nature of the whole catalytic process. 
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Conclusion 

The judicious choice of solvent and relative ratios of starting Ru complex and bridging ligand 

together with column chromatography enables the isolation of pure samples of coordination 

oligomers with the desired number of repetitive units, up to 15. A new unique and convenient 

anchoring strategy using simultaneous and concurrent dynamic aromatic-CH- interactions 

provides an extremely robust and easy heterogenization strategy for these coordination oligomers 

onto graphitic surfaces. This allows large surfaces coverages that are between one and two orders 

of magnitude larger than conventional pyrene or phosphonates functionalities for graphitic and 

oxide surfaces respectively. These new hybrid materials behave as extremely active electroanodes 

for the water oxidation reaction, delivering very high current densities that are unprecedented for 

this class of materials at neutral pH.  

The present work provides the basis and principles for the design of extremely robust and efficient 

hybrid molecular electroanode materials for the oxidation of water to dioxygen based on Ru 

complexes, that can be potentially extended to other transition metals and other catalytic reactions. 
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