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Abstract. Hydrogen evolution is an important fuel-generating reaction that has been 

subject to mechanistic debate about the roles of monometallic and bimetallic pathways. In this 

study, molecular iridium catalysts that undergo photoelectrochemical dihydrogen evolution afford 

a rare opportunity to systematically understand the factors that promote bimetallic H–H coupling. 

Covalently tethered diiridium catalysts evolve H2 from neutral water faster than monometallic 

catalysts, even at lower overpotential. The origin of this improvement is noncovalent 

supramolecular self-assembly into “all-catalyst” nanoscale aggregates that efficiently harvest light 

and form H–H bonds. New monometallic catalysts containing long-chain alkane substituents 

leverage the self-assemly to evolve H2 from neutral water close to the expected maximum rate for 

a light-driven water splitting reaction and with activity even below 100 mV overpotential. Design 

parameters for holding multiple catalytic sites in close proximity and tuning catalyst 

microenvironment emerge from this work.  
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Introduction 

The light-driven transformation of water into dihydrogen and dioxygen holds promise as a 

sustainable route to synthetic fuel.1–4 Molecular catalysts for H2 evolution have been synthetically 

tuned to achieve exceptional activity and/or low overpotentials, or even to perform both light 

harvesting and H–H bond formation in a single component to achieve integrated 

photoelectrocatalysis.5–10 Molecular catalysts are prime subjects for mechanistic interrogation, 

which can guide ligand design choices and bring fundamental insight into bond-forming pathways. 

An enduring mechanistic question encountered in all types of H2 evolution catalysis pertains to the 

mode of H–H bond formation. A metal hydride is usually invoked as a pivotal intermediate, which 

can follow either of two limiting reaction pathways shown in Figure 1: bimetallic coupling of two 

M–H units (often called the “homolytic” pathway), or monometallic protonolysis of M–H by H+ 

(“heterolytic” pathway).11 Bimetallic pathways promise lower overpotentials and/or high activity 

under less acidic conditions.  Yet, bimetallic examples remain rare. The heavily studied 

cobaloxime-type H2 evolution catalysts has been subject of spirited mechanistic debate,12 but 

usually favors monometallic pathways (even in covalently linked dicobaloximes).13 Nickel 

tetraphenylporphyrin complexes with minimal steric bulk are a rare example in which homolytic 

H–H coupling dominates.14,15  

 

  

Figure 1. Mechanisms of H2 evolution. (A) Overview of bimetallic (homolytic) and 

monometallic (heterolytic) pathways for H2 evolution. (B) Proposed mechanism of H2 evolution 

photoelectrocatalysis by the single-component catalyst [Cp*Ir(bpy)Cl]+. 
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We recently reported that [Cp*Ir(bpy)Cl]+ and its analogues are single-component 

catalysts for light-driven electrochemical H2 evolution from water at near-neutral pH.9,16 

Integrating light-harvesting and H–H bond formation in a single molecular system can lead to 

efficient solar-to-fuel reactions, without relying on semiconductors, secondary chromophores, or 

sacrificial chemical reductants.9,17–20 Mechanistic studies indicate that an electrochemically 

generated iridium hydride is photoexcited to a triplet state that undergoes “self-quenching” with a 

second ground-state iridium hydride, followed by bimetallic H–H coupling (Figure 1B).21 The 

iridium photoelectrocatalyst is a rare example of an H2 evolution catalyst that operates exclusively 

by a bimetallic mechanism,15 an thus an ideal platform for understanding how to enhance 

bimetallic catalysis. 

The evolution of molecular designs aimed at promoting bimetallic H–H coupling are 

described here. The bimetallic H–H coupling mechanism inspired a series of covalently linked 

bimetallic complexes, hypothesized to efficiently release H2 photochemically even at low 

concentrations. The new catalysts are faster and also require less overpotential to reach half of the 

maximum rate (TOF/2),22 yet mechanistic studies reveal an unexpected reason for the 

enhancements: noncovalent self-assembly generates catalyst-rich aggregates with enhanced 

performance. New monometallic catalysts were then designed specifically to promote self-

assembly in water, enabling aqueous H2 evolution even further with enhanced activity at lower 

overpotential. We conclude that noncovalent catalyst self-assembly deserves consideration as a 

general strategy for enhancing bimetallic reactivity.   

 

Results and Discussion 

Synthesis of diiridium complexes  

Diiridium complexes that covalently tether the two transition metal centers together were 

prepared according to Figure 2.23 Flexible alkyl linkers were chosen to ensure that the complexes 

were able to reach an ideal conformation for H–H bond formation; a range of linker lengths was 

chosen because shorter linkers might face strain in reaching the ideal geometry, while longer 

linkers would likely face entropic penalties in organizing the transition state. The three new 

diiridium complexes Ir2-C12, Ir2-C8, and Ir2-C5 feature asymmetrically substituted bipyridine 

ligands that results in a statistical mixture of stereoisomers (Figure S2). The complexes were 
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soluble in aqueous solutions, and retain the bound chloride ligand in solution according to MS and 

NMR analysis.  

 

Figure 2. Synthesis of diiridium complexes.  

 

Photoelectrocatalysis of diiridium complexes: aggregation-induced rate enhancements 

 The catalytic activity of the new bimetallic diiridium complexes was compared to a 

monometallic model complex, [Cp*Ir(dmbpy)Cl]+  (Ir-Me2) .24 Prior studies established conditions 

for photoelectrocatalytic H2 evolution from water.16 Catalyst performance can be assessed using 

cyclic voltammetry (CV) and chronoamperometery (CA) to establish the activity (turnover 

frequency, TOF, or kobs for limiting chemical step) and overpotential (the potential in excess of the 

thermodynamic requirement needed to reach a specific activity, ).22 The observed rate constants 

vary with light intensity, cell geometry, etc., so the apparatus was kept constant across experiments 

to enable accurate comparisons (see methods section).  

CV studies in pH 7 water (0.1 M phosphate buffer) provide initial evidence of 

photoelectrocatalysis mediated by the diiridium complexes. A single irreversible reduction feature 

is observed in the dark, exemplified by Ir2-C12 in Figure 3A, assigned as the two-electron 

reduction and protonation to form an iridium hydride complex (also evident by an irreversible 

oxidation at ca. 0.9 V vs RHE, the reversible hydrogen electrode).16,21,24 Under 460 nm 

illumination, the current increased as expected for photoelectrocatalysis (Figure 3A).  
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Figure 3. Electrochemical studies and photoelectrocatalytic analysis of diiridium complexes. 

(A) Cyclic voltammograms of 1 mM normalized iridium concentration Ir2-C12 in 0.1 M pH 7.0 

sodium phosphate buffer protected from light (blue dashed) and under 460 nm illumination (blue 

solid) at 5 mV/s. (B) Chronoamperogram of Ir2-C12 in the dark (dotted line) and under 460 nm 

illumination (solid line) in 0.1 M pH 7.0 sodium phosphate buffer. (C) Chronoamperometry-

derived maximum kobs (kmax) vs concentration of iridium in 0.1 M pH 7.0 sodium phosphate buffer. 

Error bars represent standard deviation of four trials. Dashed lines are the linear fit to first 3 or 4 

data points, highlighting distinct y-intercept values for each catalyst. (D) Observed catalytic rate 

constant from chronoamperometry of 1.0 mM Ir (kobs) vs applied potential (vs RHE). For details 

of electrodes and cell configuration see the SI. Data points representing kmax are outlined in red. 

 

Controlled potential electrolysis (CPE) of Ir2-C12 (at –0.28 V vs RHE) under 460 nm 

illumination resulted in sustained photocurrent and formation of H2 with ca. 100% Faradaic 

efficiency (FE), Table S1. CPE under the same conditions but in the dark results in lower current 

and efficiency (FE = 21±4%). This is consistent with prior work where the charge in the dark goes 



 6 

primarily towards formation of iridium hydride species that do not produce H2 in the absence of 

light.16  

With Equation S1, CA can quantify rate constants in the range relevant for 

photoelectrocatalysis, where rate constants below 1 s–1 are typical because of inherent limitations 

of photon flux.8,9,25,26 Figure 3C shows the maximum catalytic rate constant (kmax, i.e. TOF value) 

as a function of normalized iridium concentration (concentration of Ir atoms, which is twice the 

molar concentration of diiridum complexes). The monometallic complex Ir-Me2 exhibits an 

increase in kmax with increasing concentration, before leveling off above 1 mM, just as seen in prior 

studies of monometallic complexes that react in a bimetallic mechanism.16,17  

The diiridium complexes are significantly faster catalysts than monometallic Ir-Me2, with 

the rate enhancement most striking at low concentrations. Extrapolation to infinite dilution via a 

linear fit of the first three data points reveals a non-zero y-intercept for the bimetallic catalysts 

(circled points in Figure 3C), which we attribute to catalysis featuring intramolecular H–H bond 

formation that does not require bimolecular reactions of the catalyst. The complex with the shortest 

linker, Ir2-C5, has the smallest y-intercept value, suggesting that the relatively short chain in Ir2-

C5 is not sufficiently flexible for facile access to the preferred H–H bond-forming geometry. The 

observed concentration-dependent kmax for diiridium complexes was surprising, and is inconsistent 

with our original hypothesis of rapid unimolecular H2 release from bimetallic catalysts.  

Another surprise, revealed in Figure 3D, is that the new bimetallic catalysts are both faster 

and also operate at lower overpotential than monometallic Ir-Me2. At a representative normalized 

Ir concentration of 1 mM, rate–potential relationships reveal the expected increase in rate with 

increasingly negative applied potentials. The onset of catalysis for the bimetallic complexes occurs 

at lower overpotential. The bimetallic Ir2-C12 matches the maximum rate of Ir-Me2 at a 300 mV 

milder overpotential.  

We turned next to understanding the origin of the improved performance using 

electrochemical and spectroscopic analysis. Voltammetric comparisons of bimetallic and 

monometallic complexes in pH 7 phosphate buffered water revealed two important features 

relevant to the reaction mechanism. First, because the wave shape is almost the same for each 

complex, we can conclude that there is negligible electronic communication between the metal 

centers (SI Section II). Second, a 170 mV anodic shift of the cathodic peak potential (Ep,c) in Ir2-

C12 relative to Ir-Me2 (Figure 3A), indicated an unexpected difference in electronic structure of 
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local environment between the complexes. A second reduction is also apparent in Ir2-C12, which 

is attributed to reduction of the electrogenerated Ir–H at unusually mild potentials; the 

photoelectrocatalysis shuts down once this reduction is reached, explaining the reduced activity 

around –0.50 V vs. RHE for this catalyst (Figure 3D). These differences are only observed in water 

(in acetonitrile, all complexes have almost identical reduction potentials, Figure S39), so the 

change in reduction potential must be related to the aqueous medium.  

In fact, the new iridium complexes form catalytically active aggregates in water. Marked 

changes in the 1H NMR spectra of Ir2-C8 and Ir2-C12 indicated a dramatic change in chemical 

environment with increasing concentration. NOE studies revealed extensive intermolecular 

through-space coupling between almost all protons, as expected for a “catalyst-only” aggregate 

that brings the metal complexes into close proximity (Figures S83-S85). Only modest changes in 

chemical shift were observed for Ir-Me2 and Ir2-C5, and minimal NOE interactions consistent 

with intramolecular through-space coupling. Absorption spectra of the complexes were almost 

identical at low concentration, providing further support for negligible electronic communication 

in the bimetallic complexes. At increasing concentration, evidence of light scattering gave further 

evidence for bimetallic catalyst self-assembly, induced by the ambiphilic combination of a 

hydrophobic linker and two hydrophilic iridium cations. 

Dynamic Light Scattering (DLS) can provide quantitative insight into the nature of 

molecular aggregates, which are modeled here as spherical micelles that place the hydrophilic 

positively charged iridium centers on the outside and the hydrophobic linkers on the inside (Figure 

4A). The increase in scattering counts with concentration is fully consistent with aggregation of 

the Ir2-C8 and Ir2-C12 bimetallic complexes (Figure 4; Ir2-C5 precipitates above 2.5 mM Ir, but 

there is little evidence for soluble aggregates with this complex). As shown in Figure 4C, a rapid 

increase in particle size (assuming a spherical micelle) is observed for Ir2-C8 and Ir2-C12 as the 

concentration increases to about 4 mM, followed by additional increases after that as particles 

reach 3-5 nm diameter, with diffusion coefficients on the order of 1 x 10-6 cm2·s–1. The particle 

size for Ir2-C5 and Ir-Me2 remains < 1 nm throughout and the diffusion coefficient is much larger 

(ca. 6 x 10-6 cm2·s–1) than for Ir2-C8 and Ir2-C12. These differences can be attributed to the 

catalysts with longer linkers being more hydrophobic and presenting more hydrocarbon units 

capable of noncovalent interactions leading to aggregation into molecularly defined nanoscale 

particles. 
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Figure 4. Self-assembly into catalytic aggregates. (A) Structure drawings highlighting how NOE 

interactions (blue and red double-headed arrows) can differentiate non-aggregating complexes 

(e.g. Ir-Me2) and aggregating complexes (e.g. Ir2-C12), modeled as spherical micelles. (B) DLS-

derived plot of normalized intensity vs normalized iridium concentration. (C) DLS-derived plot of 

particle diameter vs normalized iridium concentration. (D) Overlay of particle diameter (blue 

diamonds) and kobs at –0.589 V vs RHE (kmax, gray squares) as a function of normalized iridium 

concentration. Ir-Me2 (black circles), Ir2-C5 (pink squares), Ir2-C8 (teal triangles), and Ir2-C12 

(blue diamonds). Conditions: 0.1 M pH 7 sodium phosphate.  

 

The formation of nanoscale aggregates can explain all of the spectroscopic and catalytic 

data outlined above. The self-assembly would bring many positively charged Ir centers into close 

proximity, which could lead to an anodic shift in reduction potentials due to local electric field 

effects. The microenvironment around each Ir complex is thus dramatically different in dilute 

solution and in the aggregates, which affects the redox behavior. Similar shifts have been observed 

by covalently attaching charged groups to transition metal complexes.27 This spatial proximity 

could also manifest as changes in local environment for different stereoisomers of the complexes, 

leading to changes in the number of observed signals, and the more hydrophobic environment can 
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explain the marked upfield shift in the resonances of the protons on the aliphatic linkers. The self-

aggregation of hydrophobic small molecules in water has been studied extensively, usually in 

different context.28 One example of a cationic organic molecule with long aliphatic substituents 

that shows similar NMR spectroscopic behavior are imidazolium derivatives.29 It is rare for a 

catalyst to self-assemble into well-defined “catalyst only” aggregates; a more common approach 

has been to micelles of self-assembled catalytically inactive organic groups to provide a platform 

upon which to bind catalysts through non-covalent interactions.30,31 In this case, the “catalyst only” 

aggregates have a unique advantage of intrinsically requiring close proximity between catalytic 

sites, leading to accelerated catalysis via a bimetallic mechanism. 

The formation of micelles also helps explain the enhanced catalytic activity. The trends in 

extent of aggregation indicated by DLS correspond strikingly well with the trends in catalytic 

activity. An overlay is shown in Figure 4D. The complex Ir2-C12 forms the largest aggregates at 

the lowest concentration and has the fastest catalysis at lower potentials, followed by Ir2-C8. The 

less active catalysts Ir2-C5 and Ir-Me2 both have limited aggregation. We hypothesize that 

micelles support faster catalysis by dramatically increasing the local Ir concentration. The 

numerous proximal metal centers could enable rapid sampling of a large number of geometric 

orientations, facilitating H–H coupling. The data suggests that bimetallic H–H coupling to release 

H2 is more facile at the Ir-rich surface of the micelle than in dilute solution via intramolecular 

reactivity of a single diiridium complex. This in turn implies that the long alkyl linkers are too 

flexible for efficient intramolecular reactivity, perhaps due to a high entropic penalty to bringing 

the two Ir–H units close together and reach the proper orientation for H–H coupling.  

  

Self-assembly of catalytic micelles from monometallic complexes with hydrophobic groups 

 If noncovalent interactions can drive self-assembly into highly active micelles composed 

of well-defined molecular catalysts, monometallic catalysts with hydrophobic functional groups 

should generate similar self-assembled aggregates capable of efficient light-driven H2 evolution. 

Following Figure 2 above, [Cp*Ir(mhbpy)Cl][Cl] (Ir-MeHx), with a methyl group on one pyridine 

and a hexyl tail on the other, and [Cp*Ir(dhbpy)Cl][Cl] (Ir-Hx2), with hexyl tails on both pyridines, 

were prepared for study.  

 Comparative electrochemical and spectroscopic studies were undertaken to assess the 

aggregation propensities of the two new monometallic complexes. As shown in Figure 5A, the Ep,c 
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of Ir-Hx2 is anodically shifted by 180 mV compared to Ir-Me2 in buffer solution. The shift, 

coupled with the almost exact match in Ep,c for these two complexes in MeCN, provides strong 

initial evidence for micelle formation. A much smaller anodic shift is apparent for Ir-MeHx, 

suggesting less aggregation in the complex with only one hydrophobic tail. DLS are consistent 

with substantial aggregation with the Ir2-C8, Ir2-C12, and Ir-Hx2 complexes. The two-tailed 

complex forms micelles of similar diameter at similar concentrations as the bimetallic complex 

with the longest tether, Ir2-C12 (Figure 5C/D). The one-tailed complex Ir-MeHx showed 

evidence of aggregation by DLS, but the data had higher scatter than for other samples. Therefore, 

we also obtained diffusion coefficients using CA, and find good agreement between methods and 

more reliable data for Ir-MeHx (Table S2). The electrochemically determined diffusion 

coefficients also indicate that the whole micelle is diffusing as a unit up to the electrode surface, 

rather than dynamically breaking up into unimolecular units that mediate electrochemistry.  

 

Figure 5.  Electrochemistry, photoelectrocatalysis, and aggregation characterization of 

monometallic self-aggregating catalysts as compared to other catalysts in this study. (A) Cyclic 

voltammograms of Ir-Me2 (black solid line), Ir-Hx2 (green solid line) and Ir-MeHx (yellow solid 
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line) in 0.1 M pH 7.0 sodium phosphate buffer and Ir-Me2 (black dotted line), Ir-Hx2 (green dotted 

line), and Ir-MeHx (orange dotted line) in MeCN. The vertical black lines represent Ep,c of each 

complex  in the respective solvent. (B) Cyclic voltammograms of Ir-Me2 (black line), Ir-Hx2 

(green line), and Ir-MeHx (yellow line) in the dark (solid lines) and under 460 nm illumination 

(dotted lines) in 0.1 M pH 7.0 sodium phosphate buffer at 25 mV/s. (C) DLS-derived normalized 

intensity vs normalized iridium concentration plot. (D) DLS-derived particle diameter vs 

normalized iridium concentration plot. Ir-Me2 (black circles) Ir2-C12 (blue diamonds), Ir-Hx2 

(green squares) and Ir-MeHx (yellow triangles). Conditions: 0.1 M pH 7 sodium phosphate buffer, 

for details see methods section.   

 

Figure 6 summarizes the CA data. One-tailed Ir-MeHx has almost identical behavior to 

the original complex Ir-Me2, as expected considering that neither complex aggregates. Two-tailed 

Ir-Hx2, conversely, aggregates extensively and also exhibits dramatically improved activity. 

Extrapolating the kmax vs concentration plots to infinite dilution shows that the two monometallic 

“tailed” complexes have a y-intercept at zero. This is expected for a monometallic catalyst, as at 

the lowest concentrations the degree of aggregation will be low, and there is no intramolecular 

coupling mechanism available as in the bimetallic catalysts. The self-assembly of Ir-Hx2 leads to 

rapid rate increases that correlate with the concentration dependence of the aggregation. CPE at –

0.28 V vs RHE under 460 nm illumination produced H2 in quantitative Faradaic efficiency (Table 

S1). Thus, Ir-Hx2 has the highest activity of all of the complexes studied, with kmax up to 5 times 

higher than the monometallic complexes that do not form micelles. Figure 6C illustrates the highly 

unusual behavior of increasing activity at lower overpotential, breaking the usual scaling 

relationship of higher activity at higher overpotential.22,32–34 The self-assembling catalyst Ir-Hx2 

reaches the same activity as Ir-Me2 (ca. 0.05 s–1) at more than 400 mV lower overpotential.  
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Figure 6. Activity overpotential relationships. (A) Chronoamperometry-derived observed 

catalytic rate at potential with maximum kobs (kmax) vs normalize iridium concentration in 0.1 M 

pH 7.0 sodium phosphate buffer. Dashed lines are the linear fit to first 3 or 4 data points, 

highlighting distinct y-intercept values for each catalyst. (B) Chronoamperometry-derived 

observed catalytic rate of 1.0 mM Ir (kobs) vs applied potential vs RHE in 0.1 M pH 7.0 sodium 

phosphate buffer. (C) Activity vs overpotential plot showing no linear relationship. Ir-Me2 (open 

black circles), Ir2-C12 (filled blue diamonds), Ir-Hx2 (open green triangles) and Ir-MeHx (open 

yellow squares). Error bars represent standard deviation of four trials. 

 

 

Conclusion 

 Bimetallic iridium catalysts that act as both the light absorber and the fuel-forming catalyst 

produce H2 approximately five times faster than monometallic analogues while also operating at 

lower overpotentials. The origin of the improvement is not rapid intramolecular H–H coupling as 

originally predicted, but rather self-assembly into micelles comprised entirely of the catalyst. The 

aggregates place many cationic iridium centers in close proximity at the periphery, leading to 
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milder reduction potentials due to nearby positive charges (lowering overpotential) and facilitating 

neighboring Ir–H species to reach the appropriate geometry for H–H coupling and H2 release 

(accelerating rate). The same design principles are equally applicable to monometallic iridium 

complexes with hydrophobic groups. The monometallic catalyst with two hydrophobic 

substituents was the top performer of all the catalysts, reaching ca. 10-fold higher rates of H2 

evolution while operating at as much as ca. 400 mV lower overpotential than the control catalyst. 

This catalyst system operates in neutral water at overpotentials approaching the thermodynamic 

potential for H2 evolution and with rates approaching the limiting values expected for typical solar 

photon flux conditions.  

There is a rich history of utilizing noncovalent interactions in catalysis.30,35–38 One 

approach has utilized organic micelles or lipid bilayers as scaffolds to compartmentalize or 

immobilize catalytic species.30,31,39 The aggregation described here is distinct, instead relying on 

self-assembly of the catalyst itself. This leads to aggregates with maximal local concentrations of 

catalyst, ideal for bimetallic reactions. The high local concentration also leads to 

microenvironment effects, reflected in the modulated reduction potentials. The self-assembly of 

catalysts themselves into larger aggregates is less explored than the using inert assemblies as 

supporting scaffolds for catalysts. One recent example of catalyst self-assembly of water oxidation 

via bimetallic O–O coupling explored similar strategies,40 although in that case the activity was 

actually lower in the aggregates than in the original monometallic catalyst. We hypothesize that 

similar noncovalent catalyst self-assembly tactics could be utilized for other catalysts that feature 

a bimetallic mechanism, which is commonly encountered in various fields of catalysis. 
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