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Abstract 

 Efficient O2 reduction reaction (ORR) for selective H2O generation enables 

advanced fuel cell technology. Non-precious metal (NPM) catalysts are viable and 

attractive alternatives to state-of-the-art Pt-based materials that are expensive. Cu 

complexes inspired by Cu-containing O2 reduction enzymes in nature have yet to 

reach their desired ORR catalytic performance. Here, the concept of mechanical 

interlocking is introduced to the ligand architecture to enforce dynamic spatial 

restriction on the Cu coordination site unachievable using other structural means. The 

utility of the kinetic effects from mechanical bond in transition metal catalysis is just 

about to emerge, and here the catenane ligands govern the O2 adduct binding mode, 

thereby steering the selectivity to generate H2O as the major product via the 4e– 

pathway, rivaling the selectivity of Pt. The kinetic effects from the interlocked 

catenane ligand also promotes product elimination and boosts the onset potential by 

130 mV, the mass activity by 1.8 times, and the turnover frequency (TOF) by 1.5 folds 

as compared to the non-interlocked counterpart. Our Cu catenane complex represents 

one of the first examples to take advantage of mechanical interlocking to afford 

electrocatalysts with enhanced activity and selectivity. The mechanistic insights 

gained through this integrated experimental and theoretical study are envisioned to be 

of practical value not just to the area of ORR energy catalysis, but also with broad 

implications on interlocked metal complexes that are of critical importance to the 

general fields in redox reactions involving proton-coupled electron transfer (PCET) 

steps. 

 

Introduction 

Catalysts for efficient energy conversion are of fundamental importance for 

sustainable development due to the pressing need for clean energy source and new 

green technologies.1-5 In particular, fuel cell represents an alternative technology to 

directly utilize chemically stored energy in fuels with theoretical efficiency about 

thrice higher than conventional combustion engines.6-7 Performance of 

low-temperature polymer electrolyte membrane (PEM) fuel cells has yet to reach 



practical levels and the major challenge underlying the development of an efficient 

PEM fuel cells lies in the oxygen reduction reaction (ORR) occurring at the 

cathode.8-10 Due to the high ORR activation barrier, state-of-the-art platinum-based 

electrocatalysts still exhibit high overpotentials (ca. 300 mV) and slow reaction 

kinetics.11-13 A greater amount of the platinum catalyst is used at the cathode relative 

to that at the anode, thereby significantly increasing the cost due to the scarcity of the 

noble metal.14-18 Development of low-cost electrocatalysts derived from 

earth-abundant metals for efficient ORR is therefore of crucial importance in 

providing a sustainable solution to clean and efficient energy conversion.8, 19-24  

ORR is a complex inner-sphere process involving four electrons and four protons, 

and the intricate proton-coupled electron transfer (PCET) mechanism renders catalyst 

materials derived from base metals a low selectivity with the concomitant generation 

of deleterious H2O2 side-product.25-29 On the other hand, oxygenases that employ iron 

or copper in their active sites for highly efficient and selective O2 reduction and 

activation can serve as a valuable inspiration for designing molecular complexes that 

can overcome this activity-selectivity challenge.30-34 While efforts have been devoted 

over the years to mimic the immediate coordination environment around the metal 

active site in metallo-oxygenases for efficient ORR, only limited success has been 

achieved even with sophisticated structural models.35-37 In particular, capturing the 

kinetic and dynamic features beyond the immediate coordination sphere provided by 

the polypeptide backbone that folds into a highly elaborated 3D structure has been 

challenging through the use of structurally simple synthetic ligands.38 The large size 

of the polypeptide backbones not only provide a dynamic framework with fast 

reorganization kinetics that enhances reactivity and stability, but the intricate 

polypeptide matrix also sterically controls the entry and orientation of substrate for 

tuning the selectivity and specificity of the metalloenzymes.39  

Catenane is a class of mechanically interlocked molecules (MIMs) that consist of 

interlocked macrocycles.40-41 Mechanical interlocking holds the catenane in place as a 

single molecule, and yet endows the interlocked macrocycles a high degree of 

motional freedom, and such unique features could be an effective mimic of the kinetic 



features of metallo-oxygenases for developing molecular ORR catalysts (Fig. 1a). In 

this work, we report molecular copper catalysts featuring catenanes as the supporting 

ligands for efficient dioxygen reduction with tunable activity and selectivity (Fig. 1b). 

As the interlocked ligands in the catenane-supported catalysts are confined by the 

mechanical bond that limits the accessible ligand conformations around the metal 

when compared to that of non-interlocked counterparts, the required ligand 

rearrangement from ground state to transition state would be entropically more 

favorable and result in a higher catalyst activity. Substrate orientation could also be 

restricted by the mechanical bond with an enhanced product selectivity. Since 

complete ligand dissociation is prohibited by the mechanical bond, the active metal 

center is also protected from the attack of solvents and other competitive ligands with 

a stable resting state and long catalyst lifetime.42 Yet, dynamic co-conformational 

change of the catenane could transiently open the metal coordination sphere for 

catalysis when being approached by the substrate, and that the intramolecular ligand 

re-coordination/rearrangement after substrate transformation could also facilitate 

product dissociation to result in a faster turnover. These favorable features concerning 

the kinetic aspect of catalysis thus pave the way to the development of mechanical 

interlocking as a new paradigm in designing transition metal catalysts. In fact, 

catenanes are promising scaffolds for catalyst developments,42-44 and other aspects of 

MIMs such as large-amplitude co-conformational change and 

mechanostereochemistry have been exploited in switchable and stereoselective 

catalysis as well.45-48 

 



 

 

Results and Discussion 

Development of Mechanically Interlocked Catalysts. Catenane complexes of 

Cu(I) with a bis(phenanthroline) coordination (i.e. [Cu(C7)]+, [Cu(C8)]+, [Cu(C9)]+, 

[Cu(C10)]+, and [Cu(C11)]+) were selected as an entry point in this work to mimic the 

Figure 1. Mechanical interlocking as a new design principle for functional mimics 

of enzymes. (a) Concept of mimicking metalloenzyme backbone dynamics using 

mechanically interlocked molecular inorganic compounds (MIMICs). (b) 

Structures of Cu catenanes and non-interlocked control compounds used in this 

study. 

(a) 

(b) 
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kinetic features of peptide backbones in enzymes (see SI Section 1). These catenane 

ligands can be efficiently prepared in gram-scale from the well-studied Cu(I) 

templated synthesis,42, 49 and they contain aliphatic linkers of different lengths for 

controlling the tightness of the mechanical bond. The bis(phenanthroline) Cu(I) is 

coordinatively saturated that gives a stable resting state, and the coordination sphere 

will need to open in order to accept the incoming O2. These catenanes with varying 

degrees of mechanical bond tightness will therefore enable a systematic investigation 

on the effects of ligand reorganization kinetics on the ORR activity. Although similar 

copper(I) catenanes have first been synthesized,50-51 and that the effects of the 

mechanical bond on their kinetic stability against oxidation and ligand substitution 

has been identified about 30 years ago,52-54 it is not until recently that these unique 

kinetic features of catenanes have been applied in developing copper-catalyzed 

organic reactions.42  

One challenge in the rational design of molecular ORR catalysts is that ligand 

exchange during physisorption may lead to an active catalyst on the electrode 

different from that prepared and characterized in solutions. The exceptional stability 

of catenane complexes would therefore result in a high structural fidelity of the 

catalysts in different conditions and physical states. The X-ray crystal structure of 

[Cu(C8)]+ shows a 4-coordinate Cu(I) center supported by four nitrogen donors from 

the two phenanthrolines with Cu–N bond lengths of 2.016(5) Å – 2.032(5) Å in a 

tetrahedral coordination geometry, where a dihedral angle of 87.3° is found between 

the two phenanthroline planes (Fig. 2a and Tables S1). The structure of [Cu(C10)]+ 

shown in Fig. S1 is similar to that of [Cu(C8)]+ except the longer alkyl linkers in the 

former are more disordered and conformationally flexible. The Cu–N bond lengths 

are found to be 2.008(5) Å – 2.043(6) Å and a dihedral angle of 88.1° is observed 

between the two phenanthrolines, suggesting that the different alkyl linkers have 

minimal effects on the equilibrium structure around the coordination sphere. The Cu(I) 

catenane complexes are physisorbed onto porous carbon supports (see SI Section 2) to 

enable interfacial electrocatalysis. X-ray absorption near edge structure (XANES) 

spectrum of Vulcan-supported [Cu(C10)]+ shows that Cu(I) is the dominant form 



when the complex is physisorbed on heterogeneous carbon surfaces (Fig. 2b), while 

the extended X-ray absorption fine structure (EXAFS) spectrum shows that the Cu-N 

atomic interactions (2.00 Å) in the complex dispersed on porous carbon matrices 

match the Cu-N bond lengths in the corresponding crystal structure (Fig. 2c, Fig. S2, 

and Tables S2-S3). XANES and EXAFS results further demonstrate that the Cu 

oxidation state and core coordination geometry of [Cu(C10)]+ are similar to those of 

the non-interlocked control compound [Cu(L5)2]
+ at equilibrium (Fig. 2b, 2c), likely 

hinting that differences observed in their catalytic performances (vide infra) are of 

kinetic, not thermodynamic, in nature. [Cu(C10)]+ displays a Cu(I/II) redox wave at 

0.79 mV vs NHE (Fig. S3-S4), suggesting that the complex could reduce O2 at 

favourable onset potentials by accessing Cu(I) readily. Taken together, Cu catenane 

complexes on heterogenous surfaces are electrochemically active and structurally 

similar to their pristine molecular forms.  

 



 

 

ORR Investigation 

Effect of Mechanical Interlocking on ORR Performance. Rotating ring-disk 

electrode (RRDE) experiments were carried out to investigate how mechanical 

interlocking improves the electrocatalytic performance of the Cu complexes. Fig. 3a 

shows the linear sweep voltammograms (LSVs) of [Cu(C7)]+, [Cu(C8)]+, [Cu(C9)]+, 

[Cu(C10)]+, and [Cu(C11)]+ supported on Vulcan carbon in O2-saturated pH 7 buffer. 

Intriguingly, [Cu(C10)]+ displays the largest ORR disk current density (Fig. 3a), the 

Figure 2. X-ray crystal structure and absorption spectroscopy of Cu(I) catenane 

and non-interlocked complexes. (a) Molecular structure of [Cu(C8)]PF6 with 

anisotropic displacement ellipsoids set at 50% probability level. Solvent molecules 

and hydrogen atoms are omitted for clarity. (Brown: Cu; Blue: N; Red: O; Grey: 

C; Orange: P; Lime: F) (b) Cu K-edge XANES spectra and (c) Fourier transformed 

EXAFS (k3-weighted) spectra (line) and fitting results (dot) of [Cu(C10)]+ (blue) 

and [Cu(L5)2]
+ (orange) supported on carbon.  

(c) 

(a) 

(b) 

0 1 2 3 4

 

 

 R (Å)

F
T

 M
a
g

n
it

u
d

e
 (

a
.u

.)

 [Cu(C10)]
+
 Experimental

 [Cu(L5)
2
]
+
 Experimental

 [Cu(C10)]
+
 Calculation

 [Cu(L5)
2
]
+
 Calculation

8960 8980 9000 9020 9040

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

 

 

N
o

rm
a
li
z
e
d

 I
n

te
n

s
it

y
 (

a
.u

.)

Energy (eV)

 [Cu(C10)]
+

 [Cu(L5)
2
]
+



most positive ORR onset potential (Fig. 3b), and the highest selectivity for H2O (Fig. 

3c) among the five Cu catenanes with varying linker lengths in both neutral and 

alkaline media (Fig. S5), suggesting that the tightness and co-conformational 

dynamics of the catenanes can alter electrocatalytic attributes of molecular complexes. 

Upon lengthening the linker from C7 to C10, the ORR onset potential increases while 

the selectivity for H2O enhances. Upon extending the linker length from C10 to C11, 

ORR proceeds via a substantial overpotential to produce deleterious H2O2 byproduct. 

The ORR attributes of our best-performing [Cu(C10)]+ are more favorable than those 

of Cu complexes with 2,2'-dipicolylamine (DPA) and 1,10-phenanthroline (phen) as 

well as can rival those of state-of-the-art artificial molecular Cu complexes featuring 

2,9-Et2-phen and tris(2-pyridylmethyl)amine ligands (Table S4).32, 55-58  

The observed trend in the ORR activity and selectivity could be explained by the 

size of the accessible conformational space of the ligands upon mechanical 

interlocking. From [Cu(C11)]+ to [Cu(C10)]+, a smaller size of the interlocked rings 

will reduce the number of accessible ligand conformations around the Cu ion, and 

therefore result in a lower entropic cost in ligand re-organization for O2 binding and 

orientation of subsequent intermediates, and thus enhancing overall ORR activity and 

selectivity. Upon further constricting the catenane size from [Cu(C10)]+ to [Cu(C7)]+, 

ligand re-organization in a smaller accessible conformational space would however 

limit the Cu centre to be fully approachable by the substrate in the orientation for 

optimal ORR activity and selectivity. These behaviours of catenane ligands are 

reminiscent to natural systems where protein dynamic motions and transient 

conformations are necessary for enzyme activity.30-31, 35-37, 39, 59-61 



 

 

Effect of Mechanical Interlocking on ORR Onset Potential. The ORR 

performance of [Cu(C10)]+ is further explored by comparing the electrocatalytic 

metrics of [Cu(C10)]+ with redox-inactive control compounds including 

phenanthroline ligand L5, catenane ligand C10, and Zn(II) catenane complex 

[Zn(C10)]2+. Fig. 4a and S6a show LSVs of the disk and ring currents of ORR 

catalyzed by our catalysts in neutral and basic conditions. The first metric to consider 

is the ORR onset potential and overpotential. Fig. 4b and Fig. S6b summarize the 

ORR onset potentials of our catalysts in pH 7 and 13. Under both pH conditions 

considered, [Cu(C10)]+ displays the most positive onset potential among the catalysts 

Figure 3. Impact of mechanical bond tightness on the electrocatalytic performance 

of Cu catenanes. (a) ORR linear sweep voltammograms (LSVs) with disk and ring 

currents, (b) ORR onset potentials, and (c) ORR product selectivity at 0.15 V vs. 

RHE in pH 7 catalyzed by Vulcan carbon (gray), [Cu(C7)]+ (yellow), [Cu(C8)]+ 

(red), [Cu(C9)]+ (lilac), [Cu(C10)]+ (blue), and [Cu(C11)]+ (green).  
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tested. [Cu(C10)]+ show significantly more favourable onset potential when compared 

to the L5, C10, and [Zn(C10)]2+, supporting that the Cu ion coordinated to the 

catenane is the origin of the ORR activity of [Cu(C10)]+.  

Effects of the catenane structure on ORR are further investigated by comparing 

with [Cu(L5)2]
+ and [Cu(M10)(Lb5)]+, which are the closest non-interlocked and 

(pseudo)rotaxane analogues of [Cu(C10)2]
+ respectively containing pentyl side chains 

and a decamethylene linker in the linear and macrocyclic phenanthroline ligands. 

Intriguingly, [Cu(C10)]+ exhibits an onset potential 130 mV more positive than that of 

the non-interlocked [Cu(L5)2]
+, indicating that mechanical interlocking can lower the 

activation barrier for ORR. The onset potential displayed by the rotaxane complex 

[Cu(M10)(Lb5)]+ is in between those of [Cu(C10)]+ and the non-interlocked 

[Cu(L5)2]
+, which is in line with the less tight mechanical bond of rotaxane than 

catenane with comparable interlocked components. Shrinking the electrochemical 

activation barrier of ORR is one of the holy grails in the field of low-temperature 

PEM fuel cells, and here we demonstrate that upon mechanical interlocking the 

coordinating ligands as catenanes, the driving force needed to jump start ORR can be 

minimized.  

 



 

 

Effect of Mechanical Interlocking on ORR Product Selectivity. ORR product 

selectivity, another key electrocatalytic performance indicator, of our catalysts is next 

explored in pH 7 and 13 (Fig. 4c and S6c). At both the kinetically controlled and 

diffusion limited regions, the mechanically interlocked [Cu(C10)]+ displays the 

highest selectivity (ca. 90%) for the 4e– pathway to generate H2O as the product. By 

contrast, the rotaxane complex [Cu(M10)(Lb5)]+ and non-interlocked [Cu(L5)2]
+ 

generate significant amounts of H2O2 through the 2e– pathway (H2O2 selectivity > 

50%). Taken together, these results corroborate that interlocking the ligands as a 

Figure 4. Performance metrics of mechanically interlocked molecular inorganic 

catalysts and control compounds. (a) ORR LSVs with disk and ring currents, (b) 

ORR onset potentials, and (c) ORR product selectivity at 0.15 V vs RHE in pH 7 

catalyzed by of L5 (gray), C10 (black), [Zn(C10)]+ (green), [Cu(L5)2]
+ (orange), 

[Cu(M10)(Lb5)]+ (lilac), and [Cu(C10)]+ (blue). 
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catenane could direct the orientation of the O2 adduct that promotes O–O bond 

cleavage, leading to the production of environmentally benign H2O via a 4e– pathway, 

whereas the less restricted (pseudo)rotaxane and non-interlocked ligand framework 

could retain the O–O bond and releases H2O2 as deleterious by-product via a 2e– 

pathway. 

 

Effects of Mechanical Interlocking on ORR Mass Activity and Turnover 

Frequency (TOF). We next investigate how mechanical interlocking can benefit 

ORR electrocatalysis in terms of mass activity. ICP-MS was conducted to quantify the 

metal content in the Cu complexes (Fig. S7 and Table S5). Fig. 5a and S8a display the 

mass activities of [Cu(C10)]+ and [Cu(L5)2]
+ with their ORR current densities 

normalized by their Cu quantity. Across all the pH values studied, [Cu(C10)]+ 

displays higher ORR activity on a per mass basis relative to the non-interlocked 

[Cu(L5)2]
+ by 1.8 times, suggesting that the catenane ligand promotes faster ORR 

rates per single Cu site. This result can likely be rationalized by the faster ligand 

reorganization kinetics due to mechanical interlocking as a means to lower the ORR 

activation barrier as well as remove H2O from the Cu center and to expose open 

coordination site for fresh O2, thereby facilitating both product release and reactant 

engagement. 

 Another electrocatalytic performance metric of importance is turnover frequency 

(TOF). Fig. 5b and S8b show the TOF of [Cu(C10)]+ and [Cu(L5)2]
+ in pH 7 and 13 

utilizing information collected from previous sections. In both neutral and basic 

environments examined, the catenane-supported [Cu(C10)]+ exhibits TOF values 

higher than the non-interlocked [Cu(L5)2]
+ by 1.5 folds, suggesting that the Cu 

complex with a mechanically interlocked ligand set facilitates the rate-determining 

step (RDS) of ORR at a higher efficiency as compared with the Cu complex with 

higher flexibility in coordination geometry. This observation can be rationalized by 

the differences in selectivity and mass activity between [Cu(C10)]+ and [Cu(L5)2]
+. 

Our result demonstrates that the mechanically interlocked [Cu(C10)]+ has a higher 

tendency to promote the 4e– pathway while exhibiting higher ORR rate per Cu active 



site.  

 

Effect of Mechanical Interlocking on ORR Pathway and Catalytic Rate. 

After establishing the relationship between mechanical interlocking and enhanced 

catalytic activity as well as optimized product selectivity, more mechanistic detail at 

the molecular level is further explored. First, the number of electrons transferred 

during the RDS was deduced using Tafel analysis. The Tafel slopes of [Cu(C10)]+ and 

[Cu(L5)2]
+ were found to be 119 and 247 mV/dec, respectively (Fig. S9). Kinetic 

isotope effect (KIE) studies were subsequently conducted to gain insight into the role 

of protons in the ORR pathway. In all cases, upon deuteration, the ORR onset 

potential is shifted in the negative direction, the ORR current density decreases, the 

peroxide yield increases, and the Tafel slope increases (Fig. S10). These results 

together indicate that protons are involved at or before the rate-determining step (RDS) 

of ORR on [Cu(C10)]+ and [Cu(L5)2]
+. 

 

DFT Calculations for Further Understanding of Mechanical Bond Effects on 

O2 Binding, H2O Product Release, and ORR Pathway Selectivity. Further insights 

into the functional roles of the catenane ligand on O2 binding was investigated by 

DFT calculations using a 6-31+G**/LANL2DZ(Cu) mixed basis set and B3LYP 

Figure 5. Kinetic enhancement imbued by mechanical interlocking. (a) Mass 

activity and (b) turnover frequency (TOF) of [Cu(C10)]+ (blue) and [Cu(L5)2]
+ 

(orange) with their ORR current densities in pH 7 normalized by their Cu quantity. 
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exchange-correlation functional. Upon O2 binding, the Cu-bound O2 adducts and 

intermediates derived from the addition of an O2 molecule was computed (Fig. S11). 

ORR catalytic cycles of [Cu(C10)]+ and [Cu(L5)2]
+ were constructed based on 

optimized structures and calculated energies (Fig. S12-S13). The simulated resting 

state structure of [Cu(C10)]+ matches its X-ray crystal structure in Fig. 2a. As shown 

in Fig. 6, O2 coordination to Cu(I), the first step of ORR, is thermodynamically 

unfavorable with a positive ∆G for both [Cu(C10)]+ and [Cu(L5)2]
+. Comparing the 

initial O2 coordination step, the catenane complex [Cu(C10)]+ was found to have a 

significantly less positive ΔG of 29.7 kcal mol-1 (ΔH: 28.3 kcal mol-1; TΔS: -1.5 kcal 

mol-1) in contrast to the 44.1 kcal mol-1 for [Cu(L5)2]
+ (ΔH: 38.1 kcal mol-1; TΔS: 

-6.0 kcal mol-1), which is consistent with the higher catalytic activity observed for the 

catenane complex. The lower entropic penalty upon O2 binding suggests that the 

catenane complex requires less ligand reorganization during ORR. Fig. S12-S13 

further show that the last step of H2O product release from the catenane complex is 

more favourable than that from the non-interlocked complex by 0.08 V, further 

supporting the higher ORR activity observed for the catenane complex. 

A closer analysis of the structure of the first Cu-bound O2 intermediate showed 

that the C10-supported complex has a side-on coordinated O2 with a O–O bond length 

of 1.31 Å, whereas the coordinated O2 in the non-interlocked complex supported by 

L5 has an end-on coordination geometry with an O–O bond length of 1.27 Å (Fig. 

S11). The slightly longer O–O bond length in [Cu(C10)(O2)]
+ may suggest a higher 

degree of O2 activation as a result of the better orbital overlap between the copper and 

the η2-coordinated O2, which could also explain the more favorable ΔH for the 

catenane-supported complex.  

On the other hand, the different coordination geometries for the bound O2 in the 

interlocked and non-interlocked catalysts are also likely a result of the different extent 

of reorganization of the copper coordination sphere during the course of O2 binding 

(Fig. 6). Since the two phenanthrolines in [Cu(C10)]+ are mechanically interlocked 

and their conformations are more restricted, there is a lower entropic cost in 

reorganizing the coordination sphere to accept the incoming O2. Furthermore, it has 



been reported that a side-on coordination mode promotes O–O bond cleavage to give 

H2O as the product, whereas an end-on O2 binding mode likely generates H2O2 

without a complete O–O bond cleavage. Taking together these mechanistic insights, 

the O–O bond cleavage step is likely the selectivity-governing step (SGS). All in all, 

our comparative experimental and computational results show that mechanical 

interlocking can steer ORR down a 4e– pathway to generate H2O exclusively as the 

desired product with high efficiency. 

 

 

 

Conclusions 

Mechanical interlocking provides a new direction to restrict molecular motion, 

thereby enabling excellent catalytic turnovers and product selectivity in transition 

metal catalysis. Here, the as-synthesized catenane-supported [Cu(C10)]+ and 

non-interlocked [Cu(L5)2]
+ were characterized using single crystal X-ray diffraction 

as well as X-ray absorption spectroscopy techniques and subsequently tested for their 

ORR performance. Intriguingly, upon mechanical interlocking the ligands as a 

catenane, the ORR onset potential, mass activity, H2O selectivity, and electrocatalytic 

Fig. 6 | Free energy calculations of O2 activation by mechanically interlocked 

and non-interlocked complexes. Change in O2 binding mode of [Cu(C10)]+ and 

[Cu(L5)2]
+ at 6-31+G**/LANL2DZ(Cu) level. (Orange: Cu, Red: O, Blue: N, 

Grey: C, White: H) 



TOF all improved significantly under neutral and basic conditions. Through combined 

experimental techniques and theoretical calculations, O2 adduct binding mode was 

found to hasten the rate-determining step and steer the selectivity-governing step to 

produce H2O efficiently as the major product. The mechanistic insights gained from 

this ORR study and the concept of precise regulation of the size of the accessible 

ligand conformational space upon mechanical interlocking are readily applicable to 

other redox processes involving multiple PCET steps that are central to the 

development of advanced energy catalysis schemes.  

 

Methods 

General Methods. Chemicals for synthesis were obtained from commercial sources 

and used as received unless otherwise stated. Electrochemical studies at pH 7 were 

performed in Britton-Robinson buffer (BR) containing H3BO3 (0.04 M, 99.999%, 

Fisher Scientific), CH3COOH (0.04 M, 100%, VWR), H3PO4 (0.04 M, 85 wt% in 

H2O, J&K Scientific), and NaClO4 (0.1 M, 99.9%, Sigma-Aldrich). The solution pH 

was adjusted to 7 using NaOH (10 M, analytical grade, Merck Millipore). 

Experiments at pH 13 were performed in 100 mM NaOH (analytical grade, Merck 

Millipore) diluted with Milli-Q ultrapure water (> 18.2 MΩcm).62 Solutions were 

sparged with O2 (99.995% high purity grade, Linde HKO) for 30 min before each 

experiment following published methods.63-66 

 

Electrochemical Activity Measurements. The ORR activity of the prepared samples 

was measured using a rotating ring-disk electrode (RRDE) in a three-compartment 

electrochemical cell with an aqueous “no-leak” Ag/AgCl (3 M KCl, EDAQ Inc). A 

graphite rod served as a counter electrode separated from the working electrode by a 

glass frit. RRDE electrochemical experiments were conducted using a CH 

Instruments 760E bipotentiostat and a Pine Instruments WaveVortex Electrode Rotator. 

The working electrode was a glassy carbon disk (A = 0.196 cm2) with a Pt ring (A = 

0.093 cm2, Pine Instruments, cleaned using an electrochemical method by cycling 

from -0.4 V to 1.7 V vs. Ag/AgCl in 100 mM HClO4 solution). Electrochemical 



potentials were reported relative to the reversible hydrogen electrode (RHE) using 

published protocols.57 The ring potential was held at 1.23 V vs. RHE during RRDE 

experiments to oxidize peroxide into oxygen efficiently. Ring electrode collection 

efficiency was calculated from the current response of Fe3+/Fe2+ redox couple of 5 

mM K3Fe(CN)6 in 100 M KCl. The RRDE collection efficiency (Nc) was determined 

to be 22.96% using Eq 1,67  

𝑁𝑐 = |(
𝑖𝑟,𝐹𝑒2+/3+  

𝑖𝑑,𝐹𝑒2+/3+
) (

𝑛𝑑

𝑛𝑟
)|                                   (1) 

where ir,Fe2+/3+ and id,Fe2+/3+ are defined as the ring and disk limiting currents in the 

presence of K3Fe(CN)6, respectively. nd and nr are the number of electrons exchanged 

at the disk and ring, respectively.  

Subsequently, the number of electrons transferred per O2 during ORR (nRRDE) can 

be calculated from id,ORR, ir,ORR, and Nc using Eq 2,68 

𝑛𝑅𝑅𝐷𝐸 = 4×
𝑖𝑑,𝑂𝑅𝑅

𝑖𝑑,𝑂𝑅𝑅 +
𝑖𝑟,𝑂𝑅𝑅

𝑁𝑐

                        (2) 

where ir,ORR and id,ORR refer to the ring and disk currents during ORR assessment, 

respectively. 

 

Molecular Characterization. X-ray absorption spectroscopy (XAS) measurements 

were conducted in transmission mode using the TLS beam line 17C at the National 

Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. All spectra were 

normalized and analyzed with the Athena and Artemis software.69 Extended X-ray 

absorption fine structure (EXAFS) data were weighted by k3 to compensate for 

damping at the high k region. Fourier transformed (FT) EXAFS data were presented 

with photoelectron phase correction. Local structure parameters (i.e. bond length and 

Debye-Waller factor) were obtained through nonlinear least square curve fitting of the 

EXAFS spectra. Nonlinear EXAFS curve fitting was performed in the range of 1~4 Å 

in r-space. 

 

Computational Methods. Density functional theory (DFT) calculations were carried 



out with Gaussian 09 (revision D.01)70 after building the molecules using the 

Avogadro software.71 Geometry optimizations and single-point energy calculations of 

all structures were done using the spin-unrestricted hybrid density functional 

B3LYP.72-74 Similar to previous studies on copper complexes,75-77 a mixed basis set 

with LANL2DZ on Cu and 6-31G (d,p) on all remaining atoms.78-79 Solvation by 

water (ε = 78.3553) was accounted for using the polarizable continuum model 

(PCM).80 In the structural optimization step, a 10-8 convergence criterion in the 

density matrix was applied and vibrational analyses have also been carried out for 

validation. To construct the intrinsic reaction coordinates (IRC) and the catalytic cycle 

of the oxygen reduction with [Cu(C10)]+ and [Cu(L5)2]
+, the changes in free energy 

(∆G), enthalpy (∆H), and entropy (∆S) in all intermediate steps were calculated using 

the difference in total free energy (G), enthalpy (H), and entropy (S) between products 

and reactants respectively:  

For all processes that only involve electron transfer, the reduction potential E° 

was calculated using the Nernst Equation (Eq 3): 

𝐸𝑜 =
−∆𝐺𝑜

𝑛𝐹
− 𝐸𝑆𝐻𝐸                               (3) 

where ∆𝐺𝑜 is the free energy of the reaction calculated previously. 𝑛 represents the 

number of electrons transferred during the reaction of interest, 𝐹 is the Faraday 

constant, 𝐸𝑆𝐻𝐸  is the absolute potential of the aqueous standard hydrogen electrode 

(SHE), with the value of 4.24 V. 

For processes involving single proton and electron transfer, the reduction 

potential E° (at pH = 7) was calculated using Eq 4: 

𝐸𝑜 =
−[∆𝐺𝑜 −

1
2 𝐺𝑓

𝑜(𝐻2) − 𝑛𝑅𝑇𝑙𝑛(10−7)]

𝑛𝐹
− 𝐸𝑆𝐻𝐸                               (4) 

where 𝐺𝑓
𝑜(𝐻2) is the formation energy of H2 at standard conditions. 𝑅 is the ideal 

gas constant (8.3145 Jmol-1K-1) and T is room temperature (298 K). 

Analyses and visualization of optimized structures were performed using 

Chimera (version 1.12).81 

Data availability 



The experimental data, as well as the characterization data for all of the 

compounds prepared in the course of these studies, are provided in the Supplementary 

Information. The crystallographic data for the structures reported in this article have 

been deposited at the Cambridge Crystallographic Data Centre, under accession 

numbers: 2035988 for [Cu(C8)]PF6 and 2050046 for [Cu(C10)]PF6 (see the X-ray 

crystallographic data in the Supplementary Information). Copies of the data can be 

obtained free of charge via https://www.ccdc.cam. ac.uk/structures/. 
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