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Abstract 

The increased use of renewable energy sources faces a challenge due to their intermittent 

output not aligning with peak energy demands. Storing this energy by producing hydrogen (H2) 

from water through electrolysis is a possible solution. Proton exchange membrane (PEM) 

electrolyzers are currently the most effective for this, partly because they adapt well to 

fluctuating renewable energy output. However, the reliance of PEM electrolyzers on expensive 

metals like platinum and iridium for electrodes necessitates the search for more affordable 

alternatives. Small molecule catalysts inspired by the [FeFe]-hydrogenase active site show 

promise for the hydrogen evolution reaction (HER), but they struggle with oxygen instability, 

degradation, and poor water solubility. 

Previous research in this group led to the discovery of metallopolymer catalysts that 

overcome these limitations by covalently binding a polymer to the small molecule catalyst. 

These metallopolymers demonstrated superior HER catalysis in neutral aqueous solutions, 

greatly outperforming previous small molecule catalysts and even rivaling platinum at extremely 

low catalyst loadings (1-2 ppm) with less than 0.2V overpotential difference. Further research 

has explored how polymer composition and buffer choice influence catalytic output. The 

contributions of this dissertation aim to further our understanding of these metallopolymer 

catalysts by investigating how molecular weight limits catalysis, how the topology of the 

[2Feī2S] catalyst site impacts output, and how azide-containing monomers can enhance 

functionality through click chemistry. 

When studying metallopolymer catalysts of different sizes, it was anticipated that smaller 

metallopolymers would have faster rates due to faster electron and proton transfers to more 
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accessible active sites. However, the experiments show that the rates of catalysis per active site 

are independent of the polymer size, as it was discovered that the high performance is due to 

adsorption of the metallopolymer on the electrode surface, bringing the [2Feī2S] catalytic sites 

into close contact with the electrode surface while maintaining exposure of the sites to protons in 

solution. The assembly is conducive to fast electron transfer, fast proton transfer, and a high rate 

of catalysis regardless of the polymer size.  

By designing a new metalloinitiator small molecule, the topology of metallopolymer 

catalysts was controlled, placing the [2Fe-2S] active site internal (in chain) or terminal 

(endgroup) in the polymer network. By comparing electrochemical performance of 

metallopolymer catalysts with the same composition, but with different topological active site 

placement, it was determined that the metallopolymer catalysts showed comparable current 

densities, Langmuir adsorption, and electronic limits. The adsorption of the metallopolymers to 

the electrode surface creates similar chemical environments for electrolysis, establishing that the 

active site can be placed anywhere that is most convenient in the metallopolymer topology 

without loss of performance. 

Through the incorporation of a methacrylic monomer with an azide pendant chain, a new 

synthetic methodology to functionalize [2Fe-2S] metallopolymers using atom transfer radical 

polymerization (ATRP) and post-polymerization functionalization using azideīalkyne ñclickò 

cycloaddition was developed. [2Fe-2S] metallopolymers were prepared by the ATRP of 3-

azidopropyl methacrylate (AzPMA) with either methyl methacrylate (MMA) or 2-

(dimethylamino)ethyl methacrylate (DMAEMA), followed by copper-catalyzed ñclickò 

cycloaddition. These metallo-copolymers were found to retain FeīCO bonds from the catalyst 
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active site after the click chemistry reactions and, more importantly, retained electrocatalytic 

activity under pH-neutral aqueous conditions. 

Chapter 1: Diiron Disulfide Metallopolymers as Sustainable 

Electrocatalysts for Water-Splitting and Molecular 

Hydrogen Production  

1.1 [2Fe-2S] Metallopolymers for Sustainable Electrocatalytic H2 Generation.   

The development of efficient and sustainable electrocatalysts for the hydrogen evolution 

reaction (HER) remains a critical challenge for renewable energy generation. Platinum (Pt) 

electrode remains the benchmark electrocatalytic material for H2 generation via water splitting. 

However, the requirement for ultra-pure Pt for application coupled with the high cost and low 

Earth abundancy has prompted the development of lower costs, sustainable electrocatalysts for 

Figure 1-1: Overview of the electrochemical production of hydrogen by pairing earth-

abundant glassy carbon (GC) electrodes with a) [2Fe-2S] metallopolymer co-catalysts. The 

overall current output and overpotential are improve by the b) reversible electrostatic 

adsorption of the co-catalyst interfacing with the electrode surface and c) the use of protic 

buffer electrolytes that enhance the activity of catalysis. 
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water-splitting.1ï5 A promising strategy involves the use of glassy carbon (GC) electrodes, which, 

despite their lower cost, suffer from a high overpotential for HER.6ï8 To overcome this 

limitation, a water-soluble [2Fe-2S] metallopolymer has been developed to act as a co-catalyst 

present in very low loadings (ppm levels) in the aqueous phase to serve in tandem with the GC 

electrode (Figure 1-1a).9 Metallopolymers have been widely studied as a novel hybrid polymer 

architecture to direct mechanical properties, antimicrobial activity, ion transport and 

electrochemical properties.10ï17 However, the development of catalytically active 

metallopolymers remains an important area for development. Extensive effort has been done to 

prepare [2Fe-2S] metallopolymers but are often accompanied by deactivation of the catalyst site 

after immobilization.18ï32 

In this electrochemical construct, the homogeneous [2Fe-2S] co-catalyst reversibly 

adsorbs to the biased GC surface (Figure 1-1b) and undergoes electron transfer, along with 

protonation from proton donors in aqueous phase (either water or protic buffers, Figure 1-1c) to 

produce molecular H2. The single-site metallopolymer catalyst utilizes earth-abundant materials 

and is highly modular to tune either [2Fe-2S] catalyst structure (Figure 1-1a) or composition of 

the polymer support, ultimately enabling efficient electrocatalysis in aqueous solution at pH 7. 

The HER performance of this hybrid system is comparable to that of traditional platinum 

electrodes under identical neutral pH conditions offering a viable and sustainable electrocatalyst 

for clean H2 production.
9,33ï39 The catalytic efficiency of this system is largely determined by the 

reversible non-covalent associative dynamics at the electrode/co-catalyst interface (Figure 1-1b). 

The metallopolymer side chain functionality can be readily modified to control transient 

adsorption onto the electrode surface, as manifested in the electrocatalytic current density and 

overpotential requirement for HER.33 The performance of this system is also highly dependent 
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on the protic buffer electrolyte, which serves as the proton donating buffer, and electrolyte source 

for the solution (Figure 1-1c).36  

  The metallopolymer catalysts represent a significant advancement over naturally 

occurring [FeFe] hydrogenase enzymes9,40ï42 (Figure 1-2). While inspired by the [FeFe] 

hydrogenase active site, these ñartificial enzymesò operate under similar conditions but 

demonstrate superior catalytic rates, air-tolerance and longer operational life-times.39ï42  The 

modular nature of the metallopolymer allows for systematic modifications, via a controlled 

radical polymerization methodology, in particular, atom transfer radical polymerization 

(ATRP).9,33ï35,37,38,43 The catalytic activity of these metallopolymer catalysts can be further 

enhanced by pairing with an appropriate specific protic buffer electrolyte, notably amino-alcohol 

based molecules, such as, tris(hydroxymethyl)aminomethane (TRIS).36 Additionally, the 

functionality of these catalysts can be further increased through post-polymerization 

functionalization with click chemistry,38  providing a versatile avenue for optimizing 

performance and creating advanced materials. We previously reviewed in 2018 the full scope of 

Figure 1-2: Comparison of the FeFe-hydrogenase enzyme catalytic capabilities and 

limitations to the [2Fe-2S] metallopolymer co-catalyst inspired by the FeFe-hydrogenase 

enzyme. 
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synthetic strategies for immobilization of [2Fe-2S] catalysts for H2 production.
39 Herein, we 

review the recent literature on [2Fe-2S] metallopolymer electrocatalysts with an emphasis on our 

own efforts on new catalyst synthesis, contributions of protic buffer electrolyte on 

electrocatalysis and mechanistic studies in the electrode/co-catalyst interface as described in 

Figures 1 & 2. 

1.2 [2Fe-2S] Active sites and Small Molecule Electrocatalyst for H2 

production.  

 The development of efficient hydrogen evolution reaction (HER) catalysts from earth-

abundant materials remains a key challenge. Bio-inspired small-molecule catalysts, modeled 

after the active site of the [FeFe] hydrogenase enzyme, represent a promising class of 

Figure 1-3: a) Representative small molecules mimetics of the [FeFe]-hydrogenase active site 

and the basic synthetic schemes used to create b) an aryl bridged 2 and b) an open 7 [2Fe-2S] 

small molecule catalysts. 



22 

 

candidates.44ï48 Significant effort has been directed toward the synthesis and characterization of 

these complexes, with over 1500 distinct [2Fe-2S] core-containing catalytic species reported to 

date.44,49  

These molecular mimics are differentiated primarily by the nature of the dithiolate 

bridging ligand connecting the two iron centers, which modulates the electron density of the 

dimetallic core. Diverse ligand architectures have been explored, including:  dithiolate bridging 

organic ligands (Figure 1-3a, 1), with amine functional groups being the most significant, 

unsaturated linkers (Figure 1-3a, 2), open bis-thiolate ligands, with symmetric or asymmetric R-

groups (Figure 1-3a, 3), and linkers with orthogonal reactive functionalities (Figure 1-3a, 4).44 

The synthetic methodology for [2Fe-2S] symmetric bridged ligand complexes typically involves 

the reaction of a dithiol compound with an iron carbonyl precursor (Figure 1-4b),50 or the 

substitution of ligands onto a pre-existing disulfidobis(tricarbonyliron) core (Figure 1-3c).51 

Some of these small molecule [2Fe2S] complexes have demonstrated promising HER 

activity as electrocatalysts, with certain molecules exhibiting turnover rates exceeding that of the 

native enzyme. 50  Earlier reports have describe methods to incorporate [2Fe-2S] onto 

macromolecular supports, 18ï32 which typically compromised the activity of the [2Fe2S] catalyst 

site. These issues include low turnover numbers, sensitivity to oxygen, and poor aqueous 

solubility.52ï56 Our group has focused on addressing these shortcomings through rational catalyst 

redesign to introduce enhanced functionality and stability.9,33ï38 

As shown previously, the synthesis of Fe2(bdt)(CO)6, complex 2, is successfully 

completed through the reaction of triiron dodecarbonyl, 5, and benzene-1,2-dithiol in THF under 

reflux57 (Figure 1-4a). Conversely, a functional analogue of complex 2 can be made by replacing 

the bridging benzene ring with a naphthoquinone, complex 4, allowing for further 
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functionalization of the small molecule while retaining a high catalytic rate (Figure 1-4c). 

Synthesis of complex 4 is completed by first reacting iron (0) pentacarbonyl, complex 8, with 

sulfur and ammonium chloride in a solution mixture of water and pentane to create complex 6, a 

common precursor for [2Fe-2S] small molecule catalysts.58 Complex 6 is then reduced with 

super hydride, protonated with trifluoroacetic acid, and reacted with naphthoquinone in the 

presence of piperidine, undergoing two consecutive conjugate additions to form complex 4.51  

Small molecule complex 9 was prepared in a single step by reducing the entirety of 

complex 4 with 2-methylpyridine borane and esterifying with Ŭ-bromoisobutyryl bromide.9 The 

Figure 1-4: Schemes showing the synthetic routes used to create a) complex 2 and c) 

complex 9 including a b) a crystal structure confirmation of complex 9. Synthetic scheme 

showing the polymerization reaction to create metallopolymer catalysts from complex 9 and 

methacrylic monomers via ATRP.  
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reaction afforded complex 9 in good yield after purification by column chromatography and 

confirmed by XRD crystallography (Figure 1-4b). Complex 9 was then investigated to determine 

activity as an initiator for ATRP with methacrylic monomers to create a site-isolated [2Fe-2S] 

metallopolymer complex (Figure 1-4d). Analysis of the new metallopolymer was carried out by 

end-group analysis using 1H NMR, size exclusion chromatography coupled with UV-Vis 

detection, and IR spectroscopy, confirming structural integreity of [2Fe-2S] core after 

polymerization and purification.   

1.3 Metallopolymer Composition Effects.   

Access to ATRP synthetic methods from [2Fe-2S] metalloinitiators enabled broad modularity 

in the side chain composition of metallopolymer supports electrocatalytic water splitting (Figure 

1-5a).33  The key criteria and role of the metallopolymer support was to both impart water 

solubility and suppress destructive dimerization of [2Fe-2S] dianion species as observed for 

small molecule [2Fe-2S] electrocatalyst.  Hence, first generation [2Fe-2S] metallopolymer 

catalysts was prepared via the polymerization of 2-(dimethylamino)ethyl methacrylate, 

DMAEMA,9 where over 90% of the DMAEMA tertiary amine group units were known to be 

protonated of at pH 7.59 This design enabled the synthesis of a water soluble polycationic 

metallopolymer, with the potential for either electrostatic associative adsorption to electrode 

surfaces and/or repulsive interactions in solution. Additionally, metallopolymers bearing non-

ionic, neutral water-soluble side chain groups were prepared by the ATRP of oligo(ethylene 

glycol methacrylate) (Mn ~ 500 g/mol), (referred to as OEGMA500) (Figure 1-5b).  Both of the 

water soluble metallopolymers were able to be prepared on multi-gram scale, exhibited excellent 

water solubility and with tunable molecular weight/hydrodynamic radii (Rh), enabling systematic 

electrochemical studies of electrostatic adsorption and surface coverage effects on 
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electrocatalytic water splitting. Furthermore, due to the non-mismatched reactivity ratios, 

metallo-copolymers with controlled feeds of DMAEMA and OEGMA 500 were readily 

synthesized by direct ATRP copolymerization to prepare a series of well-defined water-soluble 

metallo-copolymer electrocatalysts with varying amounts of quaternary ammonium units in the 

polymer backbone. 33 Metallo-(co)polymers samples of varying composition were 

electrochemically analyzed in aqueous solution buffered with 0.75M sodium phosphate corrected 

to pH 7.  Cyclic voltammetry, linear sweep voltammetry, and Tafel analysis were carried out 

comparing four different metallopolymer samples of comparable molecular weights, one of 
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100% DMAEMA, one of 100% OEGMA500, and two copolymers, 70:30 and 50:50 molar 

compositions of DMAEMA to OEGMA 500 (Fig. 5c and 5d). The cyclic voltammogram of HER 

under these conditions showed that the samples with increased molar ratios of poly(DMAEMA)-

g-[2Fe-2S] homopolymer electrocatalyst exhibited the highest catalytic current density and 

reduced overpotential requirement, while the poly(OEGMA)-g-[2Fe-2S] homopolymer co-

catalyst was essentially inactive as noted by marginal current densities under identical 

electrocatalytic conditions.  Conversely, the CV of metallo-(co)polymer co-catalysts with 

varying molar composition of DMAEMA and OEGMA500 exhibited a gradient of catalytic curve 

Figure 1-5: a) Illustration representing metallopolymers made using two different water-

soluble monomers, OEGMA (blue) and DMAEMA (red). b) Chemical structure 

representation of poly(DMAEMA)-g-[2Fe-2S], poly(OEGMA)-g-[2Fe-2S], and 

poly(DMAEMA-r-OEGMA)-g-[2Fe-2S]. Electrochemical comparison of the metallopolymer 

samples by c) cyclic voltammetry and d) linear sweep voltammetry in 0.75M sodium 

phosphate buffer aqueous solution corrected to pH 7. Reproduced with permissions from ref 

33. Copyright American Chemical Society. 
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wave densities increasing with DMAEMA content, along with comparable overpotentials at 

these compositions (Figure 1-5c).  Linear sweep voltammetry (LSV) of this series of metallo-

(co)polymer co-catalysts also afforded similar trends of higher current density and overpotential 

requirement values under identical electrocatalytic conditions in water at pH = 7 with a sodium 

phosphate buffer (Figure 1-5d).  LSV electrocatalytic characterization of these metallo-

(co)polymers also highlighted the air-tolerance of co-catalysts with GC electrodes as the catalytic 

current density and overpotential remained constant in both aerobic (dashed lines) and anaerobic 

(solid lines) conditions (Figure 1-5d). It is important to note that when compared to similar small 

molecules [2Fe-2S] electrocatalyst, all metallopolymer materials exhibit higher current densities, 

lower overpotentials, and aerobic stability. These collective findings demonstrate that for an 

aromatic, bridged dithiolate [2Fe-2S] active site, methacrylate based metallopolymers bearing 

the tertiary amine from DMAEMA monomer (and the accompanying quaternary ammonium 

groups) is distinctive as the most active, robust and air-tolerant electro-co-catalyst when paired 

with a GC electrode in neutral water.    

1.4 Proton Donating Buffer Effects.  

 In our early efforts to extend the catalytic lifetime of metallopolymers in neutral water 

media, we observed the benefits of adding protic buffer electrolytes (PBEs), such as 

tris(hydroxymethyl)aminomethane (TRIS), to serve as a single component proton donor, 

electrolyte, and a buffering media to maintain pH = 7.9,33,34 When dissolved in neutral water, 

protonated TRIS ([TRIS-H]+) is predominately formed, serving as the sole cation source of the 

electrolyte medium. 

 To investigate the key factors affecting electrocatalysis, a poly(OEGMA)-g-[2Fe-2S] 

metallopolymer was studied in the presence of two different PBEs, sodium phosphate PBE and 
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tris(hydroxymethyl)aminomethane (TRIS)36 (Fig. 6a). TRIS has a pKa of 8.1, allowing for TRIS 

to operate as a buffer from pH 7-9. Sodium phosphate has a lower pKa than TRIS, 7.2, operating 

as a buffer from pH 6.2-8.2. Due to the difference in pKa, at pH = 7, 92% of TRIS molecules are 

protonated in solution while only 35% of sodium phosphate is protonated (Figure 1-6a). The 

high concentration of [TRIS-H]+ afforded sufficient ionic conductance in solution without the 

need of a supporting electrolyte. TRIS also has less steric hinderance to proton accessibility for 

catalysis when compared to sodium phosphate, providing a larger area for reaction with a HER 

catalyst. The generality on the benefits of using TRIS as the PBE was also demonstrated in 

enhancing the HER of a polycrystalline Pt electrode in the absence of any metallopolymer co-

catalyst, as discussed below in Figure 1-6c.   

 Due to the electrocatalytic enhancements observed with the TRIS PBE, we proposed to 

improve the catalytic performance of less reactive metallopolymers for water splitting at pH = 7.  

Hence, the PBE effect of TRIS vs sodium phosphate on the electrocatalytic production of 

hydrogen was explored using the non-ionic, water-soluble poly(OEGMA)-g-[2Fe-2S] 

metallopolymers which we previously discussed exhibited low electrocatalytic activity with 

sodium phosphate PBE (Figure 1-5c,d). Solutions of the same catalyst concentration were 

compared and analyzed with either TRIS or sodium phosphate operating as the protic buffer 

electrolyte in solution (Figure 1-6b). Electrocatalytic CV experiments using the poly(OEGMA)-

g-[2Fe2S] metallopolymer (5uM) afforded a 70-fold increase in the presence of TRIS PBE 

(0.75M) in catalytic current density (ï90mA/cm2) when metallopolymer catalyst solutions were 
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prepared using TRIS PBE in comparison to control experimental using sodium phosphate PBE 

(ï1.3mA/cm2) (Figure 1-6b).  

  Comparison of the TRIS and sodium phosphate PBE solutions was continued with linear 

sweep voltammetry was performed using platinum rotating disk electrodes (Figure 1-6c). The 

initial benefit of PBE addition for electrocatalytic hydrogen production with platinum electrodes 

was observed with significantly enhanced hydrogen evolution reaction (HER) compared to a 

buffer-free 0.1 M KCl solution. Specifically, the onset of catalysis was shifted by approximately 

250 mV and the current density increased by an order of magnitude. In the presence of PBEs, 

catalysis began near the thermodynamic potential for proton reduction at pH 7. As the current 

density increases, however, the overpotential requirement becomes dependent on the pKa of the 

Figure 1-6:a) Scheme showing TRIS (left) and Phosphate (right), the two protic buffer 

electrolytes of interest, along with values representing the individual pKa and protonation 

percent at pH =7, and electrostatic potential maps illustrating the area of proton accessibility 

(dark blue) for hydrogen catalysis. b) Cyclic voltammogram comparing the catalytic activity 

of a poly(OEGMA)-g-[2Fe-2S] metallopolymer in 0.75M TRIS (red) and 0.75M sodium 

phosphate (blue) PBS aqueous solutions. b) LSV measurements using a polycrystalline Pt 

rotating disk electrode in optimum 1.0 M TRIS (red), 0.75 M sodium phosphate (blue) PBS 

solutions, and compared to 0.1 M KCl solution (green). c) Illustration representing the 

increased concentration of protonated TRIS in the vicinity of adsorbed poly(OEGMA)-g-

[2Fe-2S] metallopolymer due to the cathodic potential of the glassy carbon electrode and the 

formation of the electrochemical double-layer. Reproduced with permissions from ref 36. 

Copyright Proceedings of the National Academy of Sciences of the United States of America. 
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PBE's proton donor. The difference in pKa between TRIS (8.1) and sodium phosphate (6.5) 

predicts a 94 mV increase in overpotential for TRIS. This was experimentally validated, with an 

observed 92 mV increase at the half-height of the sodium phosphate PBE LSV curve. The higher 

activity of protonated species in the 1 M TRIS PBE solution, along with a higher diffusion 

limitation current density of 145 mA/cm2, resulted in a substantial overpotential benefit. At 100 

mA/cm2, the TRIS PBE solution required a potential 325 mV more positive than the sodium 

phosphate PBE solution to achieve the same current density. This highlights the critical role of 

PBE pKa and concentration in tuning the performance of electrocatalytic systems. 

Further analysis suggested that the lower catalytic activity of the poly(OEGMA)-g-

[2Fe2S] co-catalyst with sodium phosphate PBE was attributed to the sodium counterion 

complexing with the oligo(ethylene glycol) side chain groups of the metallopolymer.  This 

coordination increased the solvation sphere of the metallopolymer and in-turn reduced the 

surface coverage and catalytic current density. This hypothesis was supported by a significantly 

lower diffusion coefficient of the poly(OEGMA)-g-[2Fe2S] measured by DOSY NMR 

experiments in the sodium phosphate solution. These sodium counterion effects were further 

confirmed by addition of free NaCl salt to the TRIS PBE solution, which further decreased the 

catalytic current density (26%) of H2 electrocatalysis with the poly(OEGMA)-g-[2Fe2S] co-

catalyst. Additionally, the introduction of KCl salts to the PBE electrocalyte media also 

significantly decreased the H2 electrocatalytic current density in CV experiments (50% 

reduction), highlighting that the critical role of ionic species in these electrocatalytic 

experiments. 

The cationic protonated [TRIS-H]+ PBE was conversely observed to significantly 

enhance poly(OEGMA)-g-[2Fe2S] electrocatalytic activity, further highlighting cation effects in 



31 

 

PBE enhancement.  The [TRIS-H]+ cationic species was presumed to associate to the negatively 

charged cathode surface, (Figure 1-6d) leading to an increase in PBE concentration within the 

electrical double layer of the metallopolymer-electrode interface. This effect was amplified 

because [TRIS-H]+ also served as the sole electrolyte, a scenario that further concentrated the 

proton donor near the catalyst at the surface of the electrode. In contrast, with sodium phosphate 

PBE, the cationic species forming the electrical double layer is the non-protic sodium ion (Na+), 

while the protic species, [H2PO4]
- is anionic and thus repelled from the cathode surface (Figure 

1-6d). The reversible transient adsorption process between the metallopolymer co-catalyst and 

GC electrode, coupled with PBE electrostatic concentration at the co-catalyst/electrode interface 

both strongly effect the electrochemistry of H2 production with this system (Figure 1-1, 1-6d).   

While the rate-determining step for H2 production from the co-catalyst still involves the 

protonation of the [2Fe-2S] dianion active site, the attractive electrostatic force between the 

cationic [TRIS-H]+ and the dianion intermediate form of the [2Fe2S] catalyst was presumed to 

be favorable for this protonation step, as inferred from the overall electrocatalytic enhancement 

observed with this PBE.  Conversely, the reduced activity of sodium phosphate PBE can be 

attributed to repulsive interactions between the dianions active intermediates of the [2Fe2S] 

catalytic side with the anionic [H2PO4]
- species.  

1.5 Metallopolymer-Electrode Dynamics on Electrocatalysis.  

The metallopolymer side chain composition has anticipated to strongly effect dynamics 

with the GC carbon electrode and the electrocatalytic performance of this system for H2 

production. The synthesis of both polyionic protonated poly(DMAEMA)-g-[2Fe2S] vs neutral 

poly(OEGMA)-g-[2Fe2S] metallopolymers allowed for direct comparison of these effects, where 

the protonated poly(DMAEMA)-g-[2Fe2S] co-catalysts were inferred to more strongly 
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associated with the biased GC electrode interface (Figure 1-7a). To validate this hypothesis, 

molecular dynamics (MD) simulation of metallopolymer-electrode dynamics was conducted 

along with electrochemical studies probing surface coverage effects on electrocatalytic current 

densities.37 

MD modeling of a model oligomeric form of poly(DMAEMA)-g-[2Fe-2S] 

metallopolymer (Mn ~3.5 kDa), corresponding to 9 monomer units on each side of the [2Fe-2S] 

active site, with a graphene sheet, similar to a glassy carbon electrode, biased to a negative 

potential (Figure 1-7b). The simulation revealed a rapid, two-stage adsorption process, where in 

the initial stages the positively charged ammonium groups of the poly(DMAEMA) chains 

associate to the GC interface within picosecond (ps) timescale. Subsequent metallopolymer 

spreading onto the electrode interface is then observed to maximize electrostatic interactions 

within 20 ps, bringing the [2Fe-2S] active site into close proximity to the electrode surface. 

Visualization of this electrostatic adsorption process also revealed in important insight into 

metallopolymer-[2Fe-2S] catalyst site connectivity effect on electrocatalysis.  We previously 

postulated the metallopolymer chain topology favored a site-isolated type conformation by bis-

directional growth of DMAEMA from metalloinitiator 9 afforded a polymer corona that would 

stabilize the dianions forms of [2Fe-2S] catalyst against dimerization via site isolation effects.9 

Hence, we proposed that embedding of the [2Fe-2S] within the metallopolymer was  essential to 

enhance the catalytic lifetime of these co-catalysts from the aqueous electrolyte phase.  However, 

these MD simulations indicate that the metallopolymer association and spreading on the 

electrode into extended chain conformations dominates the electrocatalysis process.  Therefore, 

the primary role of the metallopolymer supported phase was to impart both water-solubility and 

promote reversible electrostatic association to the electrode interface.  Hence, the chain topology 
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placement of the [2Fe-2S] active site within the main chain of the metallopolymer was revealed 

to be non-essential for robust electrocatalytic performance of these aqueous phase co-catalysts.  

Similar interfacial dynamics and mechanistic consequences were inferred for the neutral 

poly(OEGMA) metallopolymer but with a dipolar non-covalent driven associative process.  

To experimentally validate the insights revealed from MD simulations, the effect of 

metallopolymer molecular weight on the electrocatalytic production of hydrogen and 

electrochemical surface coverage was initially conducted.  For these studies the tunability of the 

ATRP process was leveraged to create three distinct poly(DMAEMA) metallopolymer samples 

with varying molecular weights and hydrodynamic radii (Rh = 18 ¡, 42 ¡, and 64 ¡) as 

confirmed by DOSY 1H NMR spectroscopy. The catalytic performance of this poly(DMAEMA)-

g-[2Fe-2S] metallopolymer series was evaluated by cyclic voltammetry (CV), where the smallest 

metallopolymer (Rh = 18 ¡) afforded the highest current density (ī92Ñ10 mA/cm2) and lowest 

overpotential (ī0.563 V vs. RHE) in operando, significantly outperforming the intermediate (ï

84 Ñ 4 mA/cm2 at ī0.577 V vs RHE) and largest Rh metallopolymers (ï62 Ñ 11 mA/cm2 at 

ī0.585 V vs RHE)  (Figure 1-7c). Additionally, a detailed concentration study confirmed that the 

metallopolymer adsorption to the electrode followed a Langmuir isotherm, with catalytic current 

density reaching a plateau around a polymer concentration of 1 ɛM (Figure 1-7d). As seen in the 

CV experiments, the highest catalytic current density (-87mA/cm2) was observed with the 
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smallest metallopolymer co-catalyst, outperforming the intermediate (-72mA/cm2) and largest Rh  

(-52mA/cm2) metallopolymer co-catalysts. Further studies were conducted at increased pH (pH = 

8) to delineate the catalytic wave from the pre-catalytic reduction of the [2Fe-2S] core in the CV 

voltammograms, allowing for the surface concentration of the active sites (G) to be quantitatively 

determined from the current output from the initial reduction.37 The lowest Rh metallopolymer 

Figure 1-7: a) Illustration representing reversible electrostatic association of the 

metallopolymer co-catalyst to a negatively biased glassy carbon electrode. b) Representative 

Molecular Dynamics snapshots of the 35 kDa poly(DMAEMA)-g-[2Feī2S] metallopolymer 

in solution and adsorbed on a graphite surface. c) Cyclic voltammograms of 

poly(DMAEMA)--g-[2Fe-2S] metallopolymers of varying hydrodynamic radius in 1M TRIS 

buffered aqueous solution corrected to pH 7. d) Current density versus concentration 

comparison for poly(DMAEMA)-g-[2Feī2S] metallopolymers of varying hydrodynamic 

radius in 1 M TRIS adjusted to pH 7.00 Ñ 0.01. The dashed lines show fits of the adsorption 

isotherm with a Langmuir model. Reproduced with permissions from ref 37. Copyright 

American Chemical Society. 
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exhibited the highest surface concentration (G = 8.2Ĭ10ī12 mol/cm2), while the largest  Rh 

poly(DMAEMA) metallopolymer had the lowest surface coverage (G = 3.0Ĭ10ī12 mol/cm2), 

directly correlating to the reduced catalytic current density to electrochemical surface coverage 

of adsorbed metallopolymer co-catalysts. Despite these differences in overall performance, a 

kinetic analysis at high scan ratesðwhere proton diffusion limitations were overcomeðrevealed 

a plateau in current density, indicating the turnover frequency limit of the catalysts. From these 

data, the intrinsic catalytic rate of the [2Fe-2S] cores (3.9Ĭ105 sī1, 3.8Ĭ105 sī1, and 4.1Ĭ105 sī1) 

was calculated to be remarkably consistent irrespective of metallopolymer molecular weight. 

This finding demonstrated that the polymer chain length did not alter the inherent activity of the 

catalytic core but rather modulated the overall electrocatalytic activity by controlling the number 

of available catalytic sites on the electrode surface. 

1.6 Metallopolymer [2Fe-2S] Topology Effects on Electrocatalysis.   

To experimentally validate of the [2Fe-2S] metallopolymer chain topology effects, a 

monofunctional [2Fe-2S] small molecule initiator was designed to isolate the catalytic active site 

at the metallopolymer chain-end.35 The synthesis of this new metalloinitiator 11, Õ-(2-(2-bromo-

2-methylpropanoate)-1,3-propane)dithiolato)bistricarbonyliron or (pdt)-bromoester [2Fe-2S], 

was carried out by initially reacting complex 4 lithium triethyl borohydride and 1,3-dibromo-2-

propanol to form complex 10 followed by esterification similarly to afford metalloinitiaor 

complex 11, a [2Fe-2S] small molecule with a single initiation site for ATRP. Structural 

characterization of complex 11 was conducted using solution FTIR spectroscopy in chloroform, 

1H NMR spectroscopy, and single X-ray diffraction (Figure 1-8a).  

With metalloinitiator 11 in hand, the synthesis of [2Fe-2S] chain end immobilized 

metallopolymers was conducted via ATRP with methacrylic monomers (Figure 1-8b). Analysis 
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of these new metallopolymers was carried out by end-group analysis of the metalloinitiator 

fragment (using 1H NMR spectroscopy, IR spectroscopy, UV-vis spectroscopy) coupled with 

SEC, which confirmed structural integrity of [2Fe-2S] active side after polymerization and 

isolation. Synthetic accessibility to [2Fe-2S] chain end immobilized poly(DMAEMA) and 

poly(OEGMA) metallopolymers enabled electrocatalytic studies to ascertain if site-isolation of 

the [2Fe-2S] active sites within the metallopolymer main-chain were necessary for successful H2 

production (Figure 1-8c). 

Figure 1-8: a) Schemes showing the synthetic routes used to create a) complex 11 and b) 

the polymerization reaction to create metallopolymer catalysts from complex 11 and 

methacrylic monomers via ATRP. c) Illustration representing the difference in [2Fe-2S] 

topology when using a dual site initiator (complex 9), resulting in a main-chain single-site 

[2Fe-2S] metallopolymer, and a single site initiator (complex 11), resulting in an end-

functional, single-site [2Fe-2S] metallopolymer. d) Cyclic voltammogram and linear sweep 

voltammetry measurements of poly(DMAMEA)-g-[2Fe-2S] made from complex 9 (~100 

uM of [2Fe-2S] complex per metallopolymer) of varying molecular weights at pH 4.0 Ñ 0.1 

in 0.1 m acetate buffer, 0.1 m KCl aqueous solution. Reproduced with permissions from ref 

35. Copyright John Wiley and Sons. 
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A series of [2Fe-2S]-chain end immobilized poly(DMAEMA) metallopolymers of 

varying Rh/molar mass were synthesized by ATRP and used as aqueous phase co-catalysts with 

w GC electrode.  An electrolyte composed of acetate buffered water at pH = 4 was required as 

observed from electrocatalytic studies using complex 10 as a small molecule co-catalyst and 

related metallopolymers containing similar [2Fe-2S] clusters.60 While the electrocatalytic 

performance of metallopolymers with [2Fe-2S] active sites from metalloinitiator 11 were inferior 

to the metallopolymers synthesized from metalloinitiator 9, these new [2Fe-2S] chain-end 

immobilized metallopolymers were still viable materials to probe chain topology effects on 

electrocatalytic H2 generation. The concentration of the [2Fe-2S] cluster in the metallopolymer 

was determined by using IR and UVïvis calibrations, and å100 ɛm solutions of [2Fe-2S] sites 

per a metallopolymer chain were prepared in the buffer solution for each electrochemical study. 

Electrocatalytic experiments done via CV analyses using [2Fe-2S]-chain end immobilized 

poly(DMAEMA) metallopolymers of varying molecular weights revealed a progressive decrease 

in catalytic current density along with a higher overpotential requirement (Fig. 8d). LSV 

electrocatalytic experiments using a rotating glassy carbon disk electrode confirmed CV trends 

of higher overpotential with the larger Rh metallopolymers across this range of current densities 

(Figure 1-8d) corresponding to reduced surface coverage of adsorbed metallopolymer co-

catalysts as previously discussed.  

1.7 Metallopolymer Post-Functionalization.  

While the broad synthetic modularity of ATRP enabled the facile of homo- and 

copolymerization of functional methacrylate monomers from [2Fe-2S] metalloinitiators, further 

post-polymerization modifications were complicated by the chemical and thermal sensitivity of 

iron-carbonyl groups in the [2Fe-2S] active site. Hence, novel methods to enhance the 
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functionality of [2Fe-2S] metallopolymers required the use of mild, high yielding reactions to 

retain electrocatalytic activity of the [2Fe-2S] catalyst. The application of Click chemistry was 

selected for this objective due to the successful post-polymerization functionalization onto a 

wide range of  macromolecular motifs.61ï63 Prior work by Golas and Matyjaszewski in 2007, 

efficiently combined Click chemistry and controlled radical polymerization techniques, 

particularly ATRP, where an azide functional methacrylate was polymerized by ATRP to prepare 

polymethacrylates bearing azide side chain groups that were retained for post-polymerization 

with small molecule alkynes.64 Similar attempts to combine controlled radical polymerization 

with Click-chemistry functionalization was reported by Berda et al., unfortunately, the catalyst 

activity of the [2Fe-2S] site was compromised post-polymerization functionalization.30
  

Hence, a click chemistry-ATRP synthetic methodology was applied for the preparation of 

functional [2Fe-2S] metallopolymers for the first time (Figure 1-9a). The methacrylic monomer 

Figure 1-9: a) General approach to the functionalization of [2Feï2S] metallopolymer 

electrocatalysts for H2 generation by the ATRP of azide functional metallopolymers and post-

polymerization functionalization using copper catalyzed click cycloaddition with terminal 

alkynes. b) Synthetic scheme showing the azide-alkyne cyclization post-polymerization of the 

poly(MMA-r-AzPMA)-g-[2Fe-2S] metallopolymer. c) IR spectra showing the addition of the 

azide and ester signal from the MMA and AzPMA polymer subunits post-polymerization 

(black) and the disappearance of the azide signal with the preservation of the [2Fe-2S] core 

post-click reaction (green). Reproduced with permissions from ref 38. Copyright American 

Chemical Society. 
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3-azidopropyl methacrylate (AzPMA)65 was copolymerized with MMA or DMAEMA using 

metalloinitiator 9 to prepare a series of organosoluble and water-soluble metallo-copolymers.38 

Metallopolymer samples were successfully polymerized using different molar feed ratios of 

AzPMA to either MMA or DMAEMA (50-mol% AzPMA was the max composition) for post-

polymerization click chemistry. Hence, a series of poly(MMA-r-AzPMA)-g-[2Fe-2S] metallo-

(co)polymers were then successfully reacted in chloroform at lowered temperatures with various 

mono-functional acetylide small molecules (1-phenylacetylene, 1-octyne, and propargyl alcohol, 

(Figure 1-9b). The integrity of the [2Fe-2S] core was confirmed by IR spectroscopy to elucidate 

the retention of the Fe-CO stretching frequency throughout the polymerization and the click 

reaction, and the consumption of the -N3 stretching frequency after the click reaction (Figure 1-

9c).  

The preparation of water-soluble metallopolymers was also pursued by copolymerizing 

DMAEMA with AzPMA, successfully forming poly(DMAEMA-r-PhAMA)-g-[2Fe-2S] metallo-

(co)polymers containing 5 mol% and 10 mol% of AzPMA.  These water-soluble azide functional 

metallo-(co)polymers were isolated and then subjected to click chemistry conditions using 1-

phenylacetylene in chloroform at reduced temperatures (Figure 1-10a). The electrocatalytic 

hydrogen evolution reaction (HER) activity of these water-soluble metallo-copolymers was 

evaluated in a 1 M TRIS buffered aqueous solution (pH = 7) using cyclic voltammetry (CV) and 

linear sweep voltammetry (LSV), with the results compared to the poly(DMAEMA)-g-[2Fe-2S] 

homopolymer (Figure 1-10b and 1-10c). Poly(DMAEMA) metallo-copolymer catalysts with 

varying 1,2,3-triazole side chain content were observed to be electrocatalytically active in neutral 

water with PBE electrolyte for H2 generation at approximately -0.9 V vs SHE, with catalytic 

current densities increasing at more negative potentials. As observed in a previous study with 
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poly(DMAEMA-r-OEGMA)-g-[2Fe-2S] metallo-(co)polymers33, increasing the content of the 

click-triazole grafted phenyl groups within the copolymer backbone led to a decrease in catalytic 

current density and an increased in overpotential voltage requirements. The average peak current 

densities from CV sweeps at 0.1 V/s showed that the 5 mol% poly(DMAEMA-r-PhAMA)-g-  

[2Fe-2S] metallo-(co)polymer exhibited a higher average current density of ī33.5Ñ6.4 mA/cm2 

compared to ī24.4Ñ3.6 mA/cm2 for the 10 mol% composition (Figure 1-10a,b). This trend was 

further corroborated by LSV data, where a progressive shift toward more negative potential was 

observed with higher content of click monomer. The potentials required to achieve a current 

Figure 1-10: a) Synthetic scheme showing the azide-alkyne cyclization post-polymerization 

of the poly(DMAEMA-r-AzPMA)-g-[2Fe-2S] metallopolymer to form poly(DMAEMA-r-

Pham)-g-[2Fe-2S]. Electrochemical comparison of poly(DMAEMA-r-PhAMA)-g-[2Fe-2S] 

metallopolymers of 5% (red) and 10% (blue) azide content to a poly(DMAEMA)-g-[2Fe-2S] 

metallopolymer of comparable size by b) cyclic voltammetry and c) linear sweep 

voltammetry in 1M TRIS buffered aqueous solution corrected to pH = 7. Reproduced with 

permissions from ref 38. Copyright American Chemical Society. 
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density of ī10 mA/cm2 were ī1.068 Ñ 0.007 V and ī1.080 Ñ 0.008 V vs SHE for the 5 mol% 

and 10 mol% compositions, respectively (Figure 10d). 

The progressive decrease in catalytic current density from click chemistry post-

polymerization functionalized metallopolymers was attributed suppression of the electrostatic 

adsorption process onto the glassy carbon electrode surface. At neutral pH, over 90 mol% of the 

tertiary amine groups in the poly(DMAEMA) homopolymer are protonated, facilitating the 

reversible electrostatic adsorption of the charged metallopolymer onto the electrode surface. The 

substitution of these protonated ammonium side chains with sterically bulky, non-ionic phenyl 

rings pendant from the 1,2,3-triazole groups was observed to impede this transient adsorption 

process, thereby diminishing the catalytic current density.  Nevertheless, this click chemistry 

methodology is viable to introduce new functionality onto [2Fe-2S] metallopolymers with 

controllable balancing of electrocatalytic performance.  Future work is anticipated to impart 

novel electrochemical mediators to facilitate electron transfer, or photosensitizers to enable 

photocatalytic hydrogen generation.39  

1.8 Conclusion and Perspective.   

As discussed in this Perspective, the development of [2Fe-2S] metallopolymers as co-

catalyst for sustainable water-splitting and H2 production is a promising new direction in 

polymer chemistry and energy sciences.  We survey herein, our recent work on developing both 

the [2Fe-2S] metallopolymer structure to enhance catalytic performance, along with our 

developments of novel proton donating buffers and mechanistic aspects of this catalytic system.  

We note that our synthetic methodology to prepare functional, well-defined [2Fe-2S] 

organometallic complexes as ATRP initiators is a versatile and effective strategy to design water-

soluble electrocatalysts, where the precision synthesis enabled study of metallopolymer 
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structure-property effects on electrocatalysis.  Future work aimed at reducing the overpotential 

requirement of these metallopolymer co-catalysts, coupled with expanding the scope of polymer-

support functionalization is anticipated to enable a wide range of opportunities for sustainable 

hydrogen production.  These include further developments of heterogeneous, recyclable [2Fe-2S] 

catalyst immobilization (without poisoning the active size) and photoelectrochemical H2 

production.  
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Chapter 2: Natural Assembly of Electroactive Metallopolymers 

on the Electrode Surface: Enhanced Electrocatalytic Production 

of Hydrogen by [2Feï2S] Metallopolymers in Neutral Water 

With contributions from Kayla Clary (electrochemical analysis), Richrd S. Glass (initial 

concept), Jeffrey Pyun (co-author), and Dennis L. Lichtenberger (co-author and PI) 

Reproduced from reference [37] with permission from the American Chemical Society. 

2.1 Introduction 

 Electrocatalysis has a major role in developing efficient energy and chemical conversion 

processes for a sustainable future.66ï69 Perhaps the simplest and most fundamental of these 

electrocatalytic processes is the reduction of protons to molecular hydrogen by water 

electrolysis. Unfortunately, the most energy efficient catalysts for the hydrogen evolution 

reaction (HER) are made from rare and expensive platinum (Pt). Many molecular based 

electrocatalysts composed of Earth-abundant elements are being developed as alternatives to Pt 

Figure 2-1: Composition of the PDMAEMAïgï[2Feï2S] metallopolymers in this study, where 

the polymer length n varies from 9 to 112. When solvated in neutral water, the amine groups on 

the PDMAEMA polymer catalyst are 91% protonated. 
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catalysts.70,71 One example is based on the diiron hydrogenase enzyme [2Feï2S] active site 

comprised of two of the cheapest and most Earth-abundant elements, iron and sulfur. Small 

molecule [2Feï2S] butterfly clusters with structures containing a variety of ɛ2-dithiolato moieties 

and ancillary ligands have shown promise as HER catalysts.72ï75 However, these [2Feï2S] small-

molecule mimetics generally suffer from water insolubility, short catalyst lifetimes, and oxygen 

sensitivity.76,77  

 A major advance in the design of [2Feï2S] catalysts for hydrogen production has been 

the synthesis of novel water soluble metallopolymers that function as highly active and robust 

electrocatalysts in neutral water.78ï80 Like hydrogenase enzymes, these metallopolymers have 

macromolecular structures that help to isolate the [2Feï2S] active site from undesirable side 

Figure 2-2: Representative molecular dynamics snapshots of the 35 kDa PDMAEMA-g-[2Feï2S] 

metallopolymer in solution (upper left) and adsorbed on a graphite surface. The [2Feï2S] active 

sites are shown as space-filling spheres between the polypropylene polymer backbone chains (in 

orange). The DMAEMA units are shown with the protonated amines in blue. 
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reactions and aid catalytic function.81 We previously suggested that a polymer corona may serve 

to isolate the [2Feï2S] active site from associative degradation reactions encountered in small 

molecule [2Feï2S] catalysts.78,80,82 Other studies have embedded [2Feï2S] catalysts either 

covalently or via supramolecular interactions into macromolecular frameworks such as 

dendrimers, proteins, metalorganic frameworks, and more, but few have retained sufficient 

catalytic activity.80,83 This is not surprising considering an active site embedded in a 

macromolecule is likely to have inhibited electron and proton transfer. However, we found that a 

PDMAEMAïgï[2Feï2S] metallopolymer (Figures 2-1 and 2-2, PDMAEMA = poly(2-

dimethylamino)ethyl methacrylate) achieves hydrogen evolution rates of >105 s-1 per active site 

and high catalytic current densities exceeding 100 mA/cm2 in the presence of air with 100Ñ3% 

Faradaic efficiency.84 This performance is greater than for the small molecule [2Feï2S] catalysts 

without the polymer. Furthermore, this system surpasses the rate of diiron hydrogenases85ï87 by 

an order of magnitude and approaches the current densities of platinum electrodes at 0.2 V or 

less higher overpotential.78  

Scheme 2-0:1: Synthetic scheme for PDMAEMAïgï[2Feï2S] metallopolymers of different 

sizes. 
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 A major unresolved question concerns the role of the polymer support in enhancing the 

stability while also allowing fast electron and proton transfers for surprisingly fast proton 

reduction. Previously, we synthesized metallopolymers of various molecular weights from a 

[2Feï2S] metalloinitiator containing a propanedithiolate (pdt) bridgehead and a single atom 

transfer radical polymerization (ATRP) initiation site. The catalytic activity was shown to 

increase with smaller molecular weights.88 Unfortunately, the pdt-bridged [2Feï2S] active site 

had much poorer catalytic activity than the PDMAEMAïgï[2Feï2S] system (Scheme 1) and 

required using pH 4 acidic solution conditions. Additionally, the dependence of electron transfer 

rates and proton rates on metallopolymer size remained unknown.88   

 Herein, we investigate these deeper fundamental questions using a suite of 

electrochemical and computational methods on metallopolymer catalysts of varying size. The 

metallopolymers with smaller hydrodynamic radii (Rh) show increased current densities (current 

per unit electrode area) at lower overpotentials when compared to their larger sized 

metallopolymer analogues. Impedance spectroscopy and various voltammetry techniques have 

been employed for the first time on these electrocatalyst systems to quantify the per-active site 

rates of electron transfer and catalysis for these metallopolymers. The per-active site rates are 

found to be similar regardless of the polymer size.  

This similarity in per-active site rates is explained by the nature of the adsorption of the 

metallopolymers to the electrode surface. Computational simulations are used for the first time to 

reveal the interfacial dynamics between the metallopolymer catalyst and the electrode surface. 

Snapshots from a molecular dynamics simulation of the structure of the 3.5 kDa metallopolymer 

in solution and adsorbed on a carbon electrode are shown in Figure 2-2. The modelling shows 

that the initial attraction of the metallopolymers to the surface is driven by the electrostatic 
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interaction of the positively charged ammonium groups of the polymer to the negative electric 

field of the electrode. The metallopolymers self-assemble on the surface such that, regardless of 

the polymer size, the catalytically active [2Feï2S] sites have similar close orientations to the 

electrode surface for fast electron transfer and similar exposure to solution for fast proton 

transfer and reduction. The Langmuir isotherms indicate the metallopolymers form no more than 

a monolayer on the surface. Experimental measure of the electrochemical surface coverage 

(ECSC) indicates there is one electrochemically active site per every 2000 ¡2 of surface area for 

the 18 ¡ sample, which is close to the footprint area of one metallopolymer molecule based on 

both the hydrodynamic radius and the molecular dynamics simulation. Taken together these 

experiments indicate the metallopolymers are closely packed and every adsorbed [2Feï2S] site is 

catalytically active. The dominant factor in the difference in electrocatalytic current density as a 

function of polymer size is found to be the number of metallopolymers that fit on the surface of 

the electrode per unit area. The features of the polymer and the surface that lead to this assembly 

should apply as well to other molecular catalysts embedded in these polymer chains. Thus, these 

results offer an approach that could improve the performance of other molecular electrocatalysts. 

2.2 Metallopolymer Preparation 

The preparation of an arbitrary size PDMAEMAïgï[2Feï2S] metallopolymer C  

(Scheme 2-1) by ATRP starting from the [2Feï2S] metalloinitiator molecule A, DMAEMA 

molecule B, and the Cu(I)Br/HMTETA catalyst has been described previously.78 In order to 

obtain different molecular weight metallopolymer samples, well-controlled ATRP 

polymerizations were carried out with  different ratios of monomer to initiator, as the amount of 

monomer is influences the maximum molecular weight achievable from full conversion (see 

Appendix A). However, the fundamental synthetic steps required to create a metallopolymer 
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samples remain the same. For each metallopolymer preparation, the cu-catalyst was always first 

formed in solution by mixing Cu(I)Br and HMTETA in THF. Monomer was then added followed 

by the solubilized metalloinitiator, establishing the start time of polymerization. The 

polymerization was then kinetically monitored by 1H NMR to determine the amount of monomer 

converted to polymer, estimating a molecular weight. Kinetic studies of each ratio of monomer 

to initiator were completed before each sample was synthesized to determine the reaction time 

for the approximate desired molecular weight for each metallopolymer sample. The 

polymerization was then halted after the desired conversion had been reached by opening the 

solution to the air and diluting with bulk methylene chloride. This method decreases the rate of 

polymerization through dilution and quenches any active radical species with oxygen. After 

purification was completed, the resulting metallopolymer was furthered characterized by DOSY 

NMR, GPC, and IR spectroscopy to establish the size and molecular weight (See Appendix A). 

The samples were stored under Ar at ï20ÁC. The samples retained their catalytic activity for over 

2 years even after repeated warming to room temperature and exposure to oxygen during 

sampling and experimentation.78,89ï91 The 18 ¡ sample was not stored in this way and it 

degraded before all experiments could be conducted. A fresh 28 ¡ sample was prepared to carry 

on with the experiments.  

2.3 Hydrodynamic radii of the metallopolymers 

The most important feature of the size of the metallopolymers in relation to these 

experiments is the geometric dimension of the metallopolymer rather than the molecular weight. 

Therefore, the metallopolymers discussed in this study will be delineated based on the 

hydrodynamic radii. The hydrodynamic radii of the metallopolymers were estimated 

experimentally from the diffusion coefficients measured by 1H DOSY NMR and the Stokes-
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Einstein equation. The 1H DOSY NMR were performed in 1 M TRIS-DCl in D2O adjusted to a 

pH of 7.00 Ñ 0.01 to have a metric of metallopolymer size in the same solution conditions that 

were employed for the electrocatalytic analysis. The 1H DOSY measurement gives reproducible 

diffusion coefficients with an uncertainty of approximately 1%. The Stokes-Einstein equation 

assumes that the object is spherical, however, PDMAEMAïgï[2Feï2S] metallopolymers are 

likely not spherical as shown by the model in Figure 2-2.89 The ratio of equatorial (a) and axial 

(c) radii is less than three for these metallopolymer systems which corresponds to an over-

approximation of the Stokes radii by ~10%.92 For this study, analyses of PDMAEMAïgï[2Feï

2S] metallopolymers with the approximate hydrodynamic radii of 18 ¡, 28¡, 42 ¡ and 64 ¡ (see 

equation S.1) are discussed. 

2.4 Cyclic Voltammetry Comparison 

The electrocatalytic production of hydrogen by PDMAEMAïgï[2Feï2S] 

metallopolymers with different hydrodynamic radii were investigated by CV in neutral solution 

with 1 M TRIS used as a protic buffer electrolyte84 (Figure 2-3). The H2 generation by the 

PDMAEMAïgï[2Feï2S] metallopolymers showed an increase in catalytic current density with 

decrease in hydrodynamic radii from 64 ¡ to 18 ¡. The peak current density of the small 

metallopolymer was attenuated by rapid H2 bubble formation at the electrode and can be seen in 

the unusual CV profile as the scan proceeds through the peak. The average peak current densities 

of multiple CVs taken at 0.1 V/s for the 18 ¡ metallopolymer was ï92 Ñ 10 mA/cm2, ï84 Ñ 4 

mA/cm2 for the 42 ¡, and ï62 Ñ 11 mA/cm2 for the 64 ¡. The standard deviations are a 

consequence of variations in surface conditions for adsorption and bubble formation from 

experiment to experiment.  
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2.5 Metallopolymer Concentration Dependance 

Figure 2-4 shows the dependence of current density on concentration of the 

metallopolymers based on CVs taken at 0.10 V/s. The concentration dependence follows the 

form of a Langmuir adsorption isotherm. The plateau of the current density beginning around a 

concentration of 1 ÕM is due to the formation of a monolayer of the metallopolymers on the 

surface. The dashed lines in Figure 2-4 show fits of the adsorption isotherms using a standard 

Langmuir model. In the Langmuir adsorption model, the current density j is given by a 

maximum current density jmax times the fraction of adsorption sites occupied (ɗ) by an 

electroactive molecule (A): 

Ὦ Ὦ — Ὦ  
ὑ ὃ

ρ  ὑ ὃ
   %ÑÕÁÔÉÏÎ ς ρ 

where Kads is the equilibrium constant for adsorption characterized by the reaction: 

Figure 2-3: Cyclic voltammetry comparison of PDMAEMAïgï[2Feï2S] metallopolymers with 

hydrodynamic radii of 18 Å (red), 42 Å (green), 64 Å (blue), and glassy carbon (grey) in 1 M 

TRIS adjusted to pH 7.00 ± 0.01 aqueous solution. Experiments were conducted at a scan rate of 

0.10 V/s. The rough decrease in current density as the scan proceeds negative of the maximum 

peak current for the 18 Å (red) sample is due to the large amount of hydrogen bubbles being visibly 

produced on the electrode. 
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In Equation 2-2, S is an empty surface site and AS is a site on the electrode occupied by 

A. The fits are generated by optimizing the two parameters jmax and Kads of Equation 2-1 for a 

range of [A] values. The jmax values increase from 52 mA/cm2 for the 64 ¡ metallopolymer to 

72 mA/cm2 for the 42 ¡ metallopolymer to 87 mA/cm2 for the 18 ¡ metallopolymer, indicative 

of an increasing number of electroactive species in a monolayer on the surface with decreasing 

size of the species. The equilibrium constants for adsorption (Kads) used in the fits shown in 

Figure 2-4 were Kads = 13 for the 18 ¡, Kads = 8 for the 42 ¡, and Kads = 5 for the 64 ¡. The 

observed increase of Kads with the decrease of polymer size is consistent with less steric 

crowding and more available adsorption sites for the smaller polymers per unit area.  

The adsorption on the surface persists after completion of the electrochemical 

experiments and removal of the electrode from the solution. After removing and rinsing the 

Figure 2-4: Current density versus concentration comparison for PDMAEMAïgï[2Feï2S] 

metallopolymers with hydrodynamic radii of 18 Å (red circles), 42 Å (green squares), and 64 Å 

(blue triangles) in 1 M TRIS adjusted to pH 7.00 ± 0.01. The dashed lines show fits of the 

adsorption isotherm with a Langmuir model. Experiments were performed with a glassy carbon 

electrode and a scan rate of 0.10 V/s. 
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electrode and then placing the electrode in a solution with the same electrolyte but not containing 

metallopolymer, the first CV scan shows the same catalytic peak with the current density reduced 

by 15-50%. The catalysis peak disappears on subsequent scans, consistent with the transient 

equilibrium nature of the adsorption indicated by the Langmuir isotherms.84  

2.6 Electrochemically active surface coverage (ECSC) 

The different sizes of the polymers as indicated by the hydrodynamic radii leads to 

different amounts of electroactive [2Feï2S] catalyst adsorbed to the electrode. The 

electrochemically active surface coverage (ECSC, sites per square centimeter) for each 

metallopolymer size was evaluated using the current of the pre-catalytic reduction of the [2Feï

2S] active site (Figure 2-5). To measure this precatalytic reduction, the CVs were performed in 1 

M TRIS adjusted to pH 8.00 Ñ 0.01. By changing to a higher pH solution, the thermodynamic 

potential of catalysis is shifted more negative allowing for the initial reduction of [2Feï2S] to be 

observed before the catalytic peak. With observation of these pre-catalytic currents due to 

reduction of the active site, the ECSC can be estimated using Equation 3.93 The initial reduction 

currents were found to be ï0.22 ÕA for the 28 ¡, ï0.16 ÕA for the 42 ¡, and ï0.08 ÕA for the 64 

¡. The amount of electroactive [2Feï2S] sites absorbed to the cathode was estimated to be 8.2 x 

10 12 mol/cm2 for the 28 ¡ radius sample, 6.0 x 10 12 mol/cm2 for 42 ¡, and 3.0 x 10 12 

mol/cm2 for 64 ¡. The results are summarized in Table S2 in the SI. An overall increase in [2Feï

2S] catalyst ECSC trends with reducing the polymer size.  
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The concentration of metallopolymers in a monolayer on the surface can be estimated 

with a simple physical model based on the area of the surface occupied by the metallopolymer 



53 

 

(similar to that shown in Figure 2-2). The close-packed concentrations are very similar to the 

electrochemically active surface concentrations (see Table A2). This agreement indicates that the 

metallopolymers form reasonably close-packed arrangements on the surface and all of the 

adsorbed [2Feï2S] sites are electrochemically active. This is an important finding in explaining 

the high activity of these metallopolymer electrocatalysts because it demonstrates an efficient 

and effective natural assembly of the metallopolymers and the [2Feï2S] sites on the electrode 

surface.  

2.7 Overpotential Differences Using Linear Sweep Voltammetry 

To illustrate the effect of polymer size on overpotential, linear sweep voltammetry was 

performed with a rotating disk electrode. Shown in Figure 2-6, the onset of catalytic current 

occurs at approximately ï0.45 V for all three metallopolymer sizes. This indicates that the 

electron transfer overpotential for onset of current is independent of polymer size, consistent 

Figure 2-5: CVs in 1.00 M TRIS adjusted to pH 8.00 ± 0.01 of the initial reduction of the [2Feï

2S] active site with a concentration of 10 µM metallopolymer with hydrodynamic radii of 28 Å 

(orange), 42 Å (green), and 64 Å (blue) PDMAEMAïgï[2Feï2S] metallopolymer. The CVs are 

adjusted for a linear baseline. The 28 Å sample has an additional baseline correction due to the 

lower overpotential for catalysis that shifts additional current to the region of the reduction event 

around ï0.2 V as approximated by the grey line interpolation from low to high potential. The peak 

currents of the pre-catalytic reduction were estimated at ï0.21 V as shown by the black vertical 

lines. 
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with the similar proximity of the active sites to the electrode surface. The similarity of onset 

potential for catalysis also indicates that the thermodynamic and reaction overpotentials are 

similar. The overpotentials diverge when scanned to more negative potentials for higher current 

densities. Comparison of overpotentials at a current density of 10 mA/cm2 is common in the 

literature (often referred to as ɖ10).94 The overpotential change between the large and small 

metallopolymers of 22 mV to reach a current density of 10 mA/cm2 is attributed to a difference 

in concentration overpotential for the surface concentration of the catalyst. The larger 

metallopolymer has a larger concentration overpotential because of the smaller concentration of 

active sites on the surface. Consequently, the larger metallopolymer requires a more negative 

potential to reach the same current density as the smaller metallopolymer. The difference in 

concentration overpotential increases as the current density increases. A summary of the polymer 

sizes and electrochemical characteristics is given in Table 2-1.  

Figure 2-6: Linear sweep voltammograms of 10 µM PDMAEMAïgï[2Feï2S] metallopolymers 

with hydrodynamic radii of 18 Å (red), 42 Å (green), and 64 Å (blue) using a rotating disk electrode 

at a rotation of 2000 RPM and scan rate of 5 mV/s. Overpotentials are indicated at current densities 

of 10 mA/cm2 (grey dashed line) with change in overpotential (ȹɖ) indicated. 
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Table 2-1. Summary of metallopolymer size and electrocatalytic characteristics. 

a 1H DOSY NMR was performed in 1 M TRIS-DCl in D2O with a metallopolymer concentration of approximately 100 

µM. 

b Cyclic voltammetry peak current density. The peak current density of the small metallopolymer was attenuated by 

rapid H2 bubble formation at the electrode. 

c Overpotential vs, RHE at current density of 10 mA/cm2 was determined using LSV (scan rate of 5 mV/s) with a 

rotating disk electrode (2000 RPM).  

2.8 Rate of Catalysis 

Due to the fast rate for catalysis observed for the PDMAEMAïgï[2Feï2S] 

metallopolymers, the proton source near the electrode is rapidly depleted during a CV performed 

at a scan rate of 0.1 V/s and bubble formation becomes problematic. Both factors are rate 

Mn,GPC (g/mol) Rhyd
a
 (¡) J@0.10 V/s b (mA/cm

2
)  –  (V) 

3.5k 18 ï92 Ñ 10 ï0.563 

12.2k 42 ï84 Ñ 4 ï0.577 

24.3k 64 ï62 Ñ 11 ï0.585 

Figure 2-7: Dependence of current density on scan rate for PDMAEMAïgï[2Feï2S] 

metallopolymers with hydrodynamic radii of 28 (orange circles), 42 (green triangles), and 64 Å 

(blue squares) in 1 M TRIS adjusted to pH 7.00 ± 0.01. 
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limiting. To diminish the effect of proton source depletion and bubble formation, CVs were taken 

with increasing scan rates to decrease the time scale of the experiment to the point where current 

density is no longer dependent on scan rate.95 As shown in Figure 2-7, the catalytic current 

density becomes independent of the scan rates when the CVs are swept at a rate of 8.1 V/s and 

higher. The average current densities for the three measurements in the plateau region were 

found to be ï621 mA/cm2 for the 28 ¡, ï437 mA/cm2 for the 42 ¡, and ï234 mA/cm2 for the 

64 ¡ metallopolymer (See Table 2-2). 

2.9. Catalytic Rates 

Using these plateau current densities (Jpl), in conjunction with the estimated surface coverage 

determined above, the catalytic rates of hydrogen molecule production per active site per second 

can be approximated. The per-active site rates (~±5%) were found to be 3.9×105 s-1 for the 28 Å, 

3.8×105 s-1 for the 42 Å, and 4.1×105 s-1 for the 64 Å (See Table 2-2). The rates of hydrogen 

production per active site do not trend with polymer size indicating that the polymer corona is 

not inhibiting proton transfer to the [2Feī2S] active site. 

Table 2-2. Experimental polymer and electrocatalytic characteristics for plateau current and rate of 

active site. 

Mn,GPC (g/mol) Rhyd,
a 
(¡) Jpl

b 
(mA/cm

2
) ũechem (mol/cm

2
) kc (s

-1
) 

8.5k 28 ï621 8.2Ĭ10
-12

 3.9Ĭ10
5
 

12.2k 42 ï437  6.0Ĭ10
-12

 3.8Ĭ10
5
 

24.3k 64 ï234  3.0Ĭ10
-12

 4.1Ĭ10
5
 

a 1H DOSY NMR was performed in 1 M TRIS-DCl in D2O with a metallopolymer concentration of approximately 

100 ÕM. 

b Plateau current densities are an average of current densities from scan rates of 8.1, 12.1, and 16.9 V/s at ï0.9 V vs 

RHE (see Figure 2-7). 

c Rate of hydrogen molecules produced per catalytic site per second at the plateau current. 
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2.10 Electrochemical impedance spectroscopy (EIS) to compare resistance to 

electron transfer in catalysis 

Electrochemical impedance spectroscopy also shows that the performance of the catalytic 

site is not strongly dependent on the size of the metallopolymer. Nyquist plots from the EIS of 

three different-sized metallopolymers are shown in Figure 2-8. The holding potential is in the 

region of catalysis slightly above 10 mA/cm2 current density (Figure 2-6). The Nyquist plots 

show that a single overall time-constant feature dominates catalysis. The EIS data does not show 

evidence of a Warburg impedance indicating that a diffusion-controlled process is not a 

significant factor. The simple standard equivalent circuit shown in Figure 2-8d models the EIS 

data well. The circuit has a commonly used resistor/capacitor (RC) combination preceded by the 

uncompensated resistance (Ru) of the system. The capacitor of the RC circuit is a constant phase 

element typically used to account for the imperfect capacitance seen with an electrochemical 

double layer.96 The alpha value for capacitance is close to 0.9 in each case. The fits of the EIS 

Nyquist plots show only minor differences in the resistance to charge transfer with 53 Ý for 18 

¡, 51 Ý for the 42 ¡, and 47 Ý for the 64 ¡ metallopolymer. The differences are due primarily 

to small differences in low frequency impedance on the right of the Nyquist curves related to the 

adsorption of the metallopolymers.97 These differences are most clearly seen in the low-

frequency region of the Bode plots (Figure A15). The smaller metallopolymers show evidence at 

low frequencies of a second high-resistance process that contributes a small amount to catalysis, 

and the largest metallopolymer shows evidence of an inductive component at low frequencies. 

Overall, the EIS data demonstrates that the electroactive [2Feï2S] sites adsorbed to the surface 

have similar charge transfer resistances, meaning they have similar electron transfer rates and 

similar proton reduction rates.98 Increasing polymer size does not inhibit the rate of electron 



58 

 

transfer in catalysis appreciably, indicating the [2Feï2S] active sites are in similar contact with 

the electrode and solution.  

2.10 Molecular dynamics 

To further corroborate and provide additional insight into the metallopolymer-electrode 

surface conformational dynamics, an initial molecular dynamics (MD) modeling of the 

adsorption of the metallopolymer to the electrode surface was carried out. Details are in 

Appendix A. Snapshots of intermediate steps in the adsorption dynamics are illustrated in Figure 

2-9 and a video of the entire adsorption process is included with Appendix A. After dynamics 

sampling of the conformer structures of the 3.5k molecular weight metallopolymer and annealing 

the structure, the metallopolymer was placed ~5¡ above a slightly negatively charged graphite 

surface (~0.0003 eï per carbon atom) as shown in Figure A16. With initiation of the dynamics, 

Figure 2-8: EIS comparison of metallopolymers with hydrodynamic radii of a) 18 Å (red), b) 42 

Å (green), and c) 64 Å (blue). Experimental data are open circles and fits are solid lines. The 

equivalent circuit used for all fits is shown in d). The EIS data was collected using a RDE rotating 

at 2000 RPMs with 10 mV of alternating current at a holding potential of ï0.59 V vs RHE (see 

Appendix A). 
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the protonated amines are drawn directly to the cathode surface by electrostatic forces as shown 

in Figure 2-9a after ~2 picoseconds. After ~10 picoseconds the protonated amines of the polymer 

arms on both sides of the active site are adsorbed to the surface. The polymer continues to spread 

and flatten against the surface and within less than 20 picoseconds this action pulls the active site 

into close contact with the surface as shown in Figure 2-9b. The retention of the active site close 

to the surface is conducive to fast electron transfer.  

Looking down on the fully adsorbed species on the surface in Figure 2-9c shows the 

protonated amines spread out to tether the metallopolymer to the surface. This view also shows 

that the sulfur atoms and one iron atom are exposed to solution. These are the sites proposed for 

protonation in catalytic schemes of proton reduction by hydrogenases and their mimics.99,100 In 

addition to the geometric accessibility of these sites, the two-electron reduced active site101 has a 

strong electrostatic attraction for protons and fast proton transfer. This positioning of the active 

site next to the surface will occur similarly for the longer polymers, so the electron transfer rates 

and proton reduction rates per active site will be similar as observed.  

The molecular dynamics also show that the metallopolymer has little barrier to gliding 

over the surface, and thus the metallopolymers can adjust to a close-packing arrangement. The 

smaller metallopolymer has a greater current per unit area simply because it has more active sites 

per unit area in a close-packed arrangement. Finally, a second layer of metallopolymer does not 

have the benefit of the protonated amines interacting directly with the electrode surface, and in 

contrast has repulsive interactions between with the protonated amines in the first monolayer. 

The Langmuir plots in Figure 2-4 show that a second layer of metallopolymers is not favored at 

these concentrations, so the active sites are not covered and remain exposed to the solution.  
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2.11 Conclusion 

Incorporation of the electrocatalytic active site into the PDMAEMA metallopolymer 

enhances the rate and lowers the overpotential for reduction of protons to hydrogen in water. 

Smaller PDMAEMAïgï[2Feï2S] metallopolymers exhibit larger current densities and lower 

concentration overpotentials when compared to their larger analogues. This is a consequence of 

Figure 2-9: Snapshots of the molecular dynamics simulation of adsorption of the 3.5 kDa 

PDMAEMAïgï[2Feï2S] metallopolymer on a graphite surface. The active site is depicted with 

van der Waals radii and the polymer is depicted as balls and sticks. (a) adsorption begins as 

protonated amines are pulled to the surface (~2 picoseconds), (b) protonated amines complete 

adsorption of the metallopolymer to the surface and position the active site close to the surface for 

electron transfer (<20 picoseconds), (c) view looking down at the surface of the adsorbed 

metallopolymer showing the spread of the protonated amine tethers to the surface and the 

accessibility of the active site to protonation. 
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more electroactive [2Feï2S] active sites adsorbed per unit surface area of the electrode for the 

smaller metallopolymers. This study finds that the per-active site rate of catalysis and electron 

transfer rates are similar across the different sized metallopolymers. Those factors are a 

consequence of the similar positioning of the [2Feï2S] active site with respect to the surface and 

to bulk solution regardless of the polymer size. Molecular dynamics simulations of the 

adsorption process reveal an electrostatic attraction of the protonated amines to the electrode 

surface that spreads the metallopolymer to a mostly two-dimensional structure on the surface that 

pulls one side of the active site to close proximity to the electrode for fast electron transfer and 

leaves the other side of the active site exposed to solution. The high negative charge of the 

reduced active site is conducive to fast proton transfer to the site and reduction. The mobility of 

the metallopolymer to slide across the surface and pack into a tight, self-assembled monolayer 

leads to the high current per geometric surface area of the electrode. Other catalysts for reductive 

reactions, such as catalysts for carbon dioxide or nitrogen reduction, should also benefit from the 

natural assembly of PDMAEMA metallopolymers on the electrode surface to position the 

electrocatalyst for fast electron transfer and open interaction with the bulk solution. 
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Chapter 3: Influence of [2Fe-2S] active site placement within 

polymer frameworks on electrocatalytic production of hydrogen 

With contributions from Metin Karayilan (synthetic support), Richard S. Glass (initial 

concept), Jeffrey Pyun (initial concept), and Dennis L. Lichtenberger (PI).  

3.1 Introduction 

There is a need for a change in energy production and storage. Most energy is produced 

from the consumption of fossil fuels, such as coal and natural gas, even though fossil fuels are 

finite resources and produce greenhouse gases upon consumption. Hydrogen is an excellent 

alternative fuel as it is a high-energy, carbon-free source of energy,102 but almost all hydrogen 

currently produced comes from steam reformation of natural gas or reformation of oil and 

naphtha.103 It is possible to create hydrogen cleanly and sustainably through water electrolysis 

using renewable energy sources like solar and wind, but a catalyst is needed to decrease the 

energy requirement for the hydrogen evolution reaction (HER). Proton exchange membrane 

(PEM) electrolysis cells are optimal for pairing with renewable energy sources due to their 

intermittent nature. However, PEM cells use rare and expensive metals such as platinum are used 

as the electrode/catalyst to create hydrogen through electrolysis, so a cheaper, comparable 

alternative is needed.70,104 

The diiron hydrogenase enzyme active site has been the inspiration for many small 

molecule catalysts capable of the hydrogen evolution reaction, as the active site is composed of 

abundantly available iron and sulfur.50,105 Many of these small molecules are shown to be 

capable as HER catalysts,105 but they suffer from short catalyst lifetimes, oxygen sensitivity, and 

water insolubility.76,106 While there have been successful attempts at incorporating these small 

molecule catalysts into macromolecular frameworks, many of them lose their catalytic activity. 
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Our PDMAEMA-g-[2Fe-2S] metallopolymer catalysts have been shown to maintain and 

improve catalytic activity, and even surpass the catalytic rate of the hydrogenase enzyme by an 

order of magnitude, while remaining active in the presence of oxygen.79,84,107ï109 All previous 

studies conducted in our group to understand the different factors influencing catalysis have had 

a single commonality in the difunctional metalloinitiator capable of initiating atom transfer 

radical polymerization (ATRP). Due to the same metalloinitiator small molecule initiating 

polymerizations for all metallopolymer catalysts, the placement of the [2Fe-2S] active site has 

always remained firmly placed internally in the polymer framework. The following study is to 

determine if the terminal or internal placement of the active site in the polymer framework 

influences the catalytic ability of the [2Fe-2S] active site, as shown schematically in Figure 3-1.  

Figure 3-1: Illustration representing how the use of different metalloinitiators affects the 

placement of the [2Fe-2S] active site as either interior (left) or end-functional  within the 

polymer framework. 
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3.2 Synthesis of New Metalloinitiator 

A new metalloinitiator small molecule was synthesized by adapting the same synthetic 

method used to create the original difunctional metalloinitiator small molecule (Scheme 3-1).108 

The previously reported naphthoquinone catalyst small molecule 4 was first deprotonated using 

triethylamine, then reacted with two different acid halides by simultaneous addition, bromo 

isobutyryl bormide and benzoyl chloride. The synthesis resulted in producing three different 

[2Fe-2S] products in similar yields. Molecule 6 is the originally reported difunctional 

metalloinitiator. Molecule 6 is the desired product with one ATRP initiator functionality and one 

benzoyl group, hereafter referred to as the monofunctional metalloinitiator small molecule. 

Molecule 7 is new small molecule with two benzoyl groups attached and is inactive to ATRP 

initiation. Each molecule was isolated by column chromatography using gradient elution (15-

50% DCM:Hexanes) and identified by 1H NMR, 13C NMR, and IR spectroscopy (See Appendix 

Scheme 3-0:1: Synthetic scheme showing the formation of three different products from the 

addition of a second acid halide during the esterification reaction. 



65 

 

B). The similar yield of each product is due to the similar reaction coefficients of benzoyl 

chloride and bromisobutyryl bromide in the esterification of the naphthoquinone bridge group. 

Overall, similar yields to the previously reported method are reported for the total product 

recovered.  

The reported monofunctional metalloinitiator was used to initiate ATRP with DMAEMA 

to polymerize a PDMAEMA-g-[2Fe-2S] metallopolymer catalyst with a terminally placed active 

site (Scheme 3-2). A second PDMAEMA-g-[2Fe-2S] metallopolymer of similar molecular 

weight was made using the previously reported difunctional metalloinitiator to compare to the 

newly made metallopolymer. In the following discussions in this chapter, the metallopolymer 

created from the monofunctional metalloinitiator will be reported as PDMAEMA-g-[2Fe-2S]-

TERM and the metallopolymer created from the difunctional metalloinitiator will be reported as 

PDMAEMA-g-[2Fe-2S]-INT. The notation refers to the terminal and internal placement of the 

active site within the polymer backbone. 

3.3 Characterization of Metallopolymer Size 

Metallopolymer samples were initially characterized by 1H NMR through the kinetic 

tracking of monomer to polymer conversion, allowing for an estimate of the molecular weight of 

the metallopolymer. A kinetic study was completed prior to the synthesis of each metallopolymer 

Scheme 3-0:2: Synthetic scheme for PDMAEMA-g-[2Fe-2S]-TERM using monofunctional 

metalloinitiator (6). 
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to determine the necessary time needed for each metalloinitiator to create metallopolymer of 

similar molecular weight. The rate of polymerization was also compared between the 

monofunctional and difunctional metalloinitiators, and it was determined by the rate of 

conversion that the monofunctional metalloinitiator was half that of the difunctional 

metalloinitiator. (See Figure 3-2) This is expected as the total number of initiating sites is halved 

from 2 to 1 with the initiating groups for both molecules being the same with the same monomer 

being polymerized. 

Figure 3-2: Graph depicting the percent of monomer converted to polymer over time when using 

the difunctional (blue) and monofunctional (red) metalloinitiators. 
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Further analysis was completed post-polymerization by FTIR and DOSY NMR to 

determine relative size of the samples. Through a calibration cure based on the metalloinitiator, 

the molecular weight of each metallopolymer was calculated through the comparison of exact 

mass of sample relative to the signal output from the Fe-CO vibrational frequencies. The IR 

signal from the Fe-CO also relates to the relative electron density present in the iron core, as the 

signal will shift upfield or downfield with an increase or decrease in electron richness of the 

metal center. As seen in the IR spectra (Figure 3-3), the Fe-CO stretching frequency for 

PDMAEMA-g-[2Fe-2S]-TERM and PDMAEMA-g-[2Fe-2S]-INT overlap, confirming that the 

alteration of functional groups to create the monofunctional metalloinitiator did not affect the 

overall electron density on the metal centers of the catalytic active site. 

DOSY NMR was conducted using a 1M concentrated TRIS buffered solution of D2O 

corrected to pH 7 with DCl to imitate the aqueous solution conditions used in electrochemical 

analysis. The resulting analysis gave hydrodynamic radius values of 40¡ and 42¡ from DOSY 

NMR and 15.0kg/mol and 14.5kg/mol for the PDMAEMA-g-[2Fe-2S]-TERM and PDMAEMA-

g-[2Fe-2S]-INT metallopolymer samples respectively.  

Figure 3-3: IR spectra depicting the overlap of PDMAEMA-g-[2Fe-2S]-INT (green) and 

PDMAEMA-g-[2Fe-2S]-TERM (blue) metallopolymer samples. 
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3.4 Electrochemical Analysis of Metallopolymers with Terminal and Internal 

Active Site Placement 

Initial analysis of the catalytic output of both metallopolymer samples was conducted by 

cyclic voltammetry (CV) in 1M TRIS buffered aqueous solution corrected to pH 7. The resulting 

voltammogram shows extremely similar current output and overpotential (See Figure 3-4), with 

a half-height current value of -33.8 mA/cm2 for PDMAEMA-g-[2Fe-2S]-TERM and -33.4 

mA/cm2 for PDMAEMA-g-[2Fe-2S]-INT, and an overpotential value at 10mA/cm2 of -0.525 V 

vs RHE for PDMAEMA-g-[2Fe-2S]-TERM and -0.539 V vs RHE for PDMAEMA-g-[2Fe-2S]-

INT. 

Further analysis was completed through the comparison of current density with 

increasing metallopolymer concentration and increasing scan rate. Scans were completed 

Figure 3-4: Cyclic voltammogram indicating the similarity between the measured overpotential 

at 10 mA/cm2 and the current density output at E1/2 for PDMAEMA-g-[2Fe-2S]-INT (green) and 

PDMAEMA-g-[2Fe-2S]-TERM (blue) metallopolymer samples in 1 M TRIS adjusted to pH 

7.00 Ñ 0.01. 
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analyzing 1M TRIS buffered aqueous solution corrected to pH 7 of increasing amounts of 

metallopolymer to determine the current density produced at different concentrations of 

catalysts. Both metallopolymer samples exhibited Langmuir adsorption behavior, with a plateau 

of current density beginning around 1-5 uM concentration of metallopolymer (See Figure 3-5). 

The plateauing of current in the concentration study is due to the metallopolymer samples 

adsorbing to the surface of the electrode, as the number of catalysts adsorbing to the electrode is 

limited by surface area. The adsorption of the metallopolymer to the electrode surface results in 

heterogeneous catalysis activation of the surface species rather than homogeneous catalysis of 

the solvated solution species. The samples also showed similar current density outputs, with the 

difunctional metallopolymer producing -74 mA/cm2 and the monofunctional metallopolymer 

producing -69 mA/cm2 at a scan rate of 0.1 V/s.  

The two metallopolymer samples were further compared through a scan rate study, 

increasing the scan rate until the current density began to plateau. (See Figure 3-6) The 

Figure 3-5: Current density versus concentration comparison plot showing a plateau in current 

density with both PDMAEMA-g-[2Fe-2S]-INT (green) and PDMAEMA-g-[2Fe-2S]-TERM 

(blue) metallopolymer samples in 1 M TRIS adjusted to pH 7.00 Ñ 0.01. 
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plateauing current of the scan rate sample is due to the scan rate increasing to a point where the 

rate of electron transfer is outpacing the consumption of protons at the electrode surface, causing 

the entirety of hydrogen production to be limited solely on the rate of the metallopolymer active 

site catalyst. The metallopolymers reached a plateau in current density at -417 mA/cm2 for the 

INT sample and -439 mA/cm2 for the TERM sample.   

3.5 Conclusion 

These studies have shown that there is a negligible difference between the 

metallopolymers with internal or terminal active site placement when producing hydrogen. The 

scan rate study proves that even though minor changes were made to the catalytic active site to 

create an asymmetric metalloinitiator, both the INT and TERM metallopolymers have similar 

electronic properties. The Langmuir plot shows that both the symmetric and asymmetric 

metallopolymers adsorb onto the electrode and that the packing is a representation of the size of 

Figure 3-6: Dependence of current density on scan rate for PDMAEMA-g-[2Fe-2S]-INT (green) 

and PDMAEMA-g-[2Fe-2S]-TERM (blue) metallopolymer samples in 1 M TRIS adjusted to pH 

7.00 Ñ 0.01. 
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the metallopolymers and not affected by the placement of the catalytic active site. Overall, the 

catalytically active [2Fe-2S] sites are in similar chemical environments on the electrode surface, 

regardless of whether they are an interior or terminal site in the polymer chain. (See Figure 3-7) 

This opens the door to other avenues to create metallopolymer materials using synthesis and 

polymerization methods with lower degrees of control. 

 

  

Figure 3-7: Illustration depicting the surface coverage of an electrode surface due to adsorption 

of metallopolymers with internal (green) and terminal (blue) placement of the catalytic active 

site. 
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Chapter 4: Functionalization of Water-Soluble Metallopolymer 

Electrocatalysts for Water-Splitting using Atom Transfer Radical 

Polymerization and Click Chemistry 

With contributions from Richrd S. Glass (initial concept), Jeffrey Pyun (co-author), and 

Dennis L. Lichtenberger (co-author and PI). 

Reproduced from reference [38] with permission from the American Chemical Society 

4.1 Introduction 

The generation of molecular hydrogen (H2) from sustainable and renewable energy 

sources remains a critical target for energy storage to power the ever-growing global energy 

economy. Currently, H2 production is achieved largely through the consumption of fossil fuels 

via methane reformation. Alternatively, cost-effective H2 generation via water-splitting remains 

one of the ñholy grailsò for sustainable energy systems. Unfortunately, electrocatalytic water-

splitting is most efficient using non-Earth abundant noble metal electrocatalysts (e.g., Platinum 

(Pt).110 Due to the high cost of these noble metals, significant efforts have been made towards the 

development of water-splitting electrocatalytic systems for H2 generation using low cost, Earth-

abundant materials.104,111 It has long been known that [FeFe]-hydrogenase enzymes efficiently 

producing H2 at anaerobic, neutral aqueous conditions, inspiring efforts to develop biomimetic 

systems with the ability to electrocatalyze the hydrogen evolution reaction (HER) from water. 

Many synthetically produced small molecule organometallic electrocatalyst have been pursued in 

the hopes of replicating and improving upon the catalytic ability of the enzyme;105,107,112ï115 

however these small molecule catalysts suffer from limited catalyst lifetimes, insolubility in 

water, and oxygen sensitivity.106,116 
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The development of diiron disulfide [2Feï2S] catalysts embedded in synthetic 

macromolecular frameworks have been pursued to overcome these limitations.117ï119 For [2Feï

2S] catalysts capable of HER, the aim of macromolecular framework addition is to isolate the 

catalytic [2Feï2S] core to suppress self-degradation through dimerization (homoassociation of 

two [2Feï2S] complexes upon reduction) during catalysis.83,107 Dimerization has been identified 

as the main degradation pathway in [2Feï2S] small molecule hydrogen catalysts.120ï124 To 

circumvent the degradation pathway via dimerization, recent efforts were made to immobilize, or 

support [2Feï2S] catalysts as reported in polymer,125ï129 protein conjugates,130ï133 which resulted 

in poor or complete loss of catalytic hydrogen production. The macromolecular support around 

the [2Feï2S] catalytic active site can inhibit both proton transfer and electron transfer processes, 

which can profoundly suppress H2 production. While earlier efforts to hybridize [2Feï2S] 

catalysts with synthetic polymers have been explored, all of these synthetic modifications 

resulted in deactivation of electrocatalytic activity.107 Recent exceptions include the work of 

Pyun, Glass, and Lichtenberg et al.108,134 and Zamander et al.135,136 

The major improvement by our group was the development of water-soluble [2Feï2S]-

single site metallopolymers that are highly active towards electrocatalytic generation of 

hydrogen in neutral water. Using this novel methodology, several new organo- and water soluble 

metallopolymers were synthesized by direct atom transfer radical polymerization (ATRP) of 

methacrylate monomers from [2Feï2S] functionalized metalloinitiators. The poly(DMAEMA)-

g-[2Feï2S] metallopolymer exhibited remarkable electrocatalytic activity for hydrogen evolution 

under aqueous solutions buffered to neutral pH with 1 M TRIS. This metallopolymer catalyst 

produced H2 twenty-five times faster than the native [FeFe]-hydrogenase enzyme with extended 
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catalytic lifetime.107,137 Additionally, unlike the enzyme, the metallopolymer is surprisingly 

stable under aerobic conditions.108 

Further investigations were conducted to better understand the surprising efficiency of 

this metallopolymer electrocatalyst. The poly(DMAEMA)-g-[2Feï2S] metallopolymers were 

found to produce higher current density and had lower overpotentials than any metallo-

copolymers with non-ionic water soluble oligoethylene oxide units (e.g., poly(DMAEMA-r-

OEGMA)-g-[2Feï2S]), showing the advantage of the amine groups on the DMAEMA units, 

which were nearly fully-protonated when electrocatalysis was carried out with neutral water (pH 

= 7 buffered with 1 M TRIS).134,137 Numerous control experiments with metal free PDMAEMA 

linear chains made starting from a metal free, naphthalene ATRP initiator analogue confirmed 

that the H2 electrocatalysis was only observed with the inclusion of organometallic [2Feï2S] 

site.108 We have also investigated the effect of [2Feï2S] active site structure, along with 

metallopolymer composition on the electrocatalytic activity for H2 generation.
108,138 More 

recently, we investigated the effect of electrocatalytic activity of poly(DMAEMA)-g-[2Feï2S] 

metallopolymers as a function of their hydrodynamic radius.139 Electrochemical kinetic studies 

showed that the rate of hydrogen production per [2Feï2S] site was the same regardless of 

metallopolymer molecular weight. Molecular dynamics (MD) simulation revealed this effect was 

attributed to transient electrostatic adsorption of the metallopolymer on the electrode surface 

promoting fast electron transfer between the [2Feï2S] active site and electrode surface while 

also promoting fast proton transfer to the buffered solution phase. Longer chain metallopolymers 

exhibited reduced electrocatalytic current densities due to a lower number of [2Feï2S] 

electroactive sides per electrode surface area. 
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4.2 Click Chemistry with Macromolecules 

To increase the adaptability of the metallopolymer catalyst to a variety of applications 

and operating conditions, we explored strategies to enhance the chemical functionality of these 

materials, namely, efficient post-polymerization modification methods to introduce new 

functional groups as side chain moieties on the metallopolymer, without disruption of the [2Feï

2S] catalytic site. The development of new functionalization methods of these [2Feï2S] 

metallopolymer systems was exacerbated by thermal and chemical sensitivity of the iron-

carbonyl (Fe-CO) ligands of the [2Feï2S] catalyst site,140 displacement, or thermolysis of which 

after post-polymerization functionalization would deactivate H2 electrocatalytic performance. 

Hence, the application of versatile reaction methods proceeding under mild conditions was 

sought. Click chemistry was identified as an attractive methodology63 as the ñclickò azide-alkyne 

cycloaddition chemistry proceeds under mild conditions and has successfully been applied to 

functionalization of numerous polymers made via ATRP and from other CRP processes.64 Many 

Figure 4-1: General approach to the functionalization of [2Feï2S] metallopolymer 

electrocatalysts for H2 generation by the ATRP of azide functional metallopolymers and post-

polymerization functionalization using copper catalyzed click cycloaddition with terminal 

alkynes. 
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different polymers have been both synthesized and modified with Click chemistry variations of 

which now include: step-growth polymerization of bis-azides and bis-alkynes,61 coupling 

reactions with pre-formed functional polymer precurors,141 or as side chain groups for post-

polymerization addition. Click chemistry has been widely reported for grafting molecules and 

polymers for electrochemical and catalytically active interfaces, such as, carbon electrode 

surfaces,142 which is very desirable for catalytic systems, as reducing the distance between the 

catalyst and the electrode can enhance the catalytic efficiency of the system. 

Herein, we report on a novel total synthesis approach to functional [2Feï2S] 

metallopolymers using a combination of ATRP and post-polymerization functionalization via 

Click chemistry (Figure 4-1). We find that azide functional [2Feï2S] metallo-copolymers are 

chemically stable to copper-catalyzed ñclickò reactions with small molecule alkynes, allowing 

for facile and versatile post-polymerization modification of these metallo-copolymers. This is the 

first demonstration of multi-step synthesis to functionalize metallopolymers in the presence of a 

highly reactive [2Feï2S] catalytic center for the hydrogen evolution reaction without destroying 

the activity of the hydrogen-evolving catalyst. The features of this methodology allowed for the 

preparation of both organo- and water soluble metallo-copolymers with 1,2,3-triazole derivatized 

side chain groups formed after click chemistry additions to azide functional precursors. 

Electrochemical studies of the poly(DMAEMA-r-AzPMA)-g-[2Feï2S] functionalized metallo-

co- polymer grafted from a series of functional terminal alkynes confirm retention of the [2Feï

2S] catalytic activity toward the hydrogen evolution reaction in non-polar and neutral aqueous 

media. 
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4.3 Metallopolymer Synthesis and Characterization 

The general synthetic strategy employed for this study was the preparation of a Ŭ-

haloester functionalized [2Feï2S] complex (metalloinitiator in Scheme 1), followed by ATRP co-

polymerization of 3-azidopropyl methacrylate (AzPMA) with either methyl methacrylate 

(MMA) or 2-(dimethylamino)ethyl methacrylate (DMAEMA) to prepare both organo- and 

water-soluble metallo-copolymers, respectively. The synthesis of AzPMA, as reported by 

Matyjaszewski et al.,65 was accomplished by the esterification of 3-azidopropanol with 

methacryloyl chloride on a multi-gram scale. Copolymerization with either MMA or DMAEMA 

proceeded from the 2-bromoisobutyrate groups on the [2Feï2S] metalloinitiator as reported by 

Brezinski et al. (Scheme 1a).108 The ATRP of AzPMA with MMA from the metalloinitiator 

afforded a solid material that was readily isolated by precipitation into methanol from 

concentrated metallopolymer solutions.  

Scheme 4-0:1: a) ATRP of metallo-copolymers containing 3-azidopropyl methacrylate and 

methyl methacrylate and b) Click reaction with poly(MMA-r-AzPMA)-g-[2Fe-2S] metallo-

copolymers and various acetylene subgroups. The monomer sequence is undetermined. 
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Initially, the azide functional metallo-copolymer was prepared by the ATRP with MMA 

and AzPMA (10 mol%) using Cu(I)Br/HMTETA as the catalyst system with a feed of 10 mol%. 

Using our previously reported ATRP conditions8,30 with this same catalyst system resulted in 

rapid uncontrolled polymerization. Hence, reduced copper catalyst loadings were required (0.5 

equivalents), which afforded more controlled ATRP co-polymerizations proceeding to high total 

vinyl conversion as monitored by 1H NMR spectroscopy, where SEC in tetrahydrofuran of the 

PMMA metallo-copolymers revealed a progressive increase in molar mass with reasonable 

agreement of experimental vs theoretical molecular weights (Figure 4-2).  

Due to overlapping proton resonances of MMA and AzPMA in 1H NMR spectra, only 

total vinyl group conversion values were obtained from these kinetic measurements. A 

broadening of molecular weight distributions was observed for these ATRP co-polymerizations at 

higher monomer conversion above 50% (Mw/Mn = 1.22 to 1.41), which were in reasonable 

Figure 4-2: Stacked GPC traces showing progressive increase in molar mass in the ATRP of 

MMA and AzPMA (9:1 molar ratio) from [2Fe-2S] metalloinitiators from Scheme 1. 
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agreement with prior reports on ATRP homopolymerization of AzPMA by Sumerlin and 

Matyjazewski et al.65 Water soluble poly(DMAEMA-r-AzPMA)-g-[2Feï2S] metallo-copolymers 

were prepared in a similar fashion with AzPMA comonomer feed ratios of 5 mol% and 10 mol% 

(Scheme 1 and Supporting Information, Figures C20-S23 for details)).  

4.4 Functionalizing Metallopolymer through Click Chemistry 

Click chemistry post-polymerization functionalization was conducted using poly(MMA-

r-AzPMA)-g-[2Feï2S] copolymers as functional precursors to graft various alkynes through 

copper-catalyzed azide-alkyne cycloaddition (CuAAC) creating functionalized 1,2,3-triazoles 

side chain groups on the metallopolymer (Scheme 1b). The ñclickò reaction was completed by 

adding the Cu(I)Br/PMDETA catalyst to poly(MMA-r-AzPMA)-g-[2Feï2S] (Mn = 25,900 

g/mol; Mw/Mn = 1.24, 10 mol% AzPMA) dissolved in chloroform followed by the dropwise 

addition of the functional alkyne while kept at reduced temperature under ice (T ~ 0ÁC) and 

Figure 4-3: 1H NMR spectra showing the proton signals from a) before poly(MMA-r-AzPMA)-

g-[2Feï2S] is reacted with phenylacetylene and b) after grafting phenylacetylene to prepare 

poly(MMA-r-PhAMA)-g-[2Feï2S]. 
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allowed to react for 2 hrs. The copper catalyzed cycloaddition of phenylacetylene to the 

poly(MMA-r-AzPMA)-g-[2Feï2S] metallopolymer was explored first as a model system for 

ñclickò functionalization. The reaction progress was monitored by 1H NMR spectroscopy 

tracking the consumption of the -CH2-N3 methylene protons (HA, 3.6ppm, Figure 4-3a) and the 

formation of the -CH2- methylene protons (HAô, 4.5ppm, Figure 4-3a) and 1,2,3-triazole protons 

(HGô, 8.05ppm, Figure 4-3a) as well as the signals of the phenyl ring protons in the ortho- (HEô, 

7.42ppm), meta- (HFô, 7.87ppm) and para- (HDô, 7.34ppm) positions from the cycloaddition of 

phenyacetylene were observed by solution 1H NMR spectroscopy. The ñclickò functionlization 

of phenylacetylene was found to be successful with poly(MMA-r-AzPMA)-g-[2Feï2S] metallo-

copolymers with higher azide compositions of 10 mol% (Figure 4-3a), 25 mol% (Figure C25), 

and 50 mol% (Figure C26). Poly(MMA-r-AzPMA)-g-[2Feï2S] metallo-copolymers were also 

grafted with 1-octyne and propargyl alcohol, resulting in compositions of 10 mol% (Figure C33), 

25 mol% (Figure C34), and 50 mol% (Figure C35) with 1-cotyne and 10 mol% (Figure C42) and 

Scheme 4-0:2: a) ATRP of metallo-copolymers containing 3-azidopropyl methacrylate and 

2-(dimethylamino)ethyl methacrylate and b) Click reaction with poly(DMAEMA-r-

AzPMA)-g-[2Feï2S] metallo-copolymer and phenylacetylene. 
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25 mol% (Figure C43) with propargyl alcohol of the same metallo-co-polymer. Click reactions 

were conducted in a similar manner for the poly(DMAEMA-r-AzPMA)-g-[2Feï2S] samples 

using phenylacetylene to afford the desired grafted metallo-copolymer, designated as 

poly(DMAEMA-r-PhAMA)-g-[2Feï2S] (Figure C48 and S49).  

Infrared spectral analysis before and after ATRP metallopolymer synthesis and again after 

clickò functionalization was conducted to ensure retention of the [2Feï2S] catalytic active site 

core. The integrated area of the polymer ester C=O vibrations relative to the FeïCO vibrations 

also give an additional measure of the molecular weight of the metallo-copolymers. Analysis of 

the IR spectra of poly(MMA-r-AzPMA)-g-[2Feï2S] metallo-copolymers showed that the iron 

carbonyl stretching frequency at 2080 cm-1, 2040 cm-1, and 2010 cm-1 (Figure 4-3a) was partially 

Figure 4-4: IR spectra showing a) the metalloinitiator before polymerization, b) the addition of 

the azide and ester signal from the MMA and AzPMA polymer sub-units post-polymerization, 

and c) the disappearance of the azide signal with the preservation of the [2Feï2S] core post click 

reaction. 
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masked by the azide stretching frequency of the AzPMA monomer at 2102 cm-1, as seen in 

Figure 4-4b. However, after cycloaddition of phenylacetylene to the poly(MMA-r-AzPMA)-g-

[2Feï2S] metallo-copolymer via CuAAC, complete consumption of azide vibration peaks were 

observed at 2102 cm-1 (Figure 4-4c), and the signature FeïCO vibrational peaks at 2080 cm-1, 

2040 cm-1, and 2010 cm-1 were observed, confirming successful synthesis of the target material. 

4.5 Synthesis and Electroanalysis of Water-Soluble ñClickô Metallopolymers 

Upon validation of the ATRP and click synthetic methodology for the preparation of 

modified [2Fe-2S] metallopolymers, water soluble materials were also prepared using this same 

approach, in this case replacing MMA with DMAEMA, and post-functionalization with 

phenylacetylene to afford poly(DMAEMA-r-PhAMA)-g-[2Feï2S] (Scheme 4-2). PolyMMA 

metallo-copolymers were not water-soluble, and hence could not be characterized under aqueous 

electrocatalytic conditions. The metallo-copolymers poly(DMAEMA95-r-PhAMA5)-g-[2Feï2S] 

and poly(DMAEMA90-r-PhAMA10)-g-[2Feï2S], where the percent composition of PhAMA in 

the polymerizations is 5% and 10%, respectively as indicated by the subscripts, were prepared 

and investigated for electrocatalytic production of hydrogen by cyclic voltammetry (CV), linear 

sweep voltammetry (LSV), and chronopotential coulometry (CPC). Both CV and LSV are 

established electrochemical methods for characterization of H2 generation via electrocatalytic 

water splitting.143ï145 CPC was used to identify and determine the faradaic yield for production of 

hydrogen. The results for these copolymers are compared with previous electrocatalytic 

characterizations of the homopolymer poly(DMAEMA)-g-[2Feï2S]. Very high current densities 

for hydrogen production were obtained with very low concentrations of metallopolymer catalyst 

(10 ÕM) at neutral aqueous conditions using a glassy carbon electrode. The faradaic yields of 

hydrogen gas for the homopolymer catalyst and the 5% and 10% copolymer catalysts are all 
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100% within the ~3% standard deviations of different methods of faradaic measurement. For the 

copolymers the faradaic yield was determined during the first 20 seconds of catalysis as well as 

integrated over 5100 seconds (1.4 hours). Chronoamperometry was conducted for 20 seconds at 

ï0.831 V vs SHE, forming hydrogen gas on the surface of a glassy carbon electrode. A picture 

was take of the electrode surface after experimentation and used to calculate the total amount of 

hydrogen gas formed on the electrode surface and compared to the number of coulombs passed 

to determine faradaic yield. Chronopotentiometry was conducted at 10mA/cm2 for 5100 seconds 

using a glassy carbon disk electrode in a 3-chambered cell, isolating the working, counter, and 

reference electrodes. (See Figure C59) The pH of the solution was measured prior to and after 

chronopotentiometry experimentation to determine the change in pH over 5100 seconds. The 

faradaic yield of the poly(DMAEMA)-g-[2Feï2S] homopolymer was determined previously 

during the first 20 seconds of catalysis, the first 200 seconds of catalysis, and integrated over 

Figure 4-5: a) Cyclic voltammograms and b) linear sweep voltammograms comparing 

poly(DMAEMA)-g-[2FeΈ2S] metallo-homopolymer (green) to poly(DMAEMA-r-PhAMA) 

metallo-co-polymers with 5% (red) and 10% (blue) grafted phenylacetylene in 1M TRIS aqueous 

solution corrected to a pH of 7.00 ± 0.01. A solution CV scan in the absence of metallopolymer 
is shown in black. 
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30,000 seconds (>8 hours).108,137 The measured volume of hydrogen gas that is produced 

matches the amount of protons reduced in solution as measured by the change in solution pH for 

all three catalysts, showing that the reduction of protons in solution to hydrogen gas is 

quantitative. See the Appendix C for details. 

The CVs and LSVs of the homopolymer and two copolymer catalysts are compared in 

Figure 4-5. The CV and LSV voltammetry of poly(OEGMA)-g-[2Feï2S] metallopolymer and of 

a platinum electrode (LSV only) are also included for comparison with these new click-

functionalized metallopolymers (See Supporting Information, Figure C63 and S64). Hydrogen 

gas generation by all three species in Figure 4-5a initiates at about ï0.9 V vs SHE and proceeds 

to high current densities at more negative potentials. As the content of click-triazole grafted 

phenyl groups incorporated into the backbone of metallo-copolymers increases, the catalytic 

current density decreases and the overpotential increases, similar to our previous study of 

poly(DMAEMA-r-OEGMA)-g-[2Feï2S] copolymers with higher compositions of OEGMA.31 

The average peak current densities of multiple CVôs taken at 0.1V/s show that poly(DMAEMA-

r-PhAMA)-g-[2Feï2S] metallo-copolymer with a 5 mol% composition of phenylacetylene has a 

higher average peak current density of ï33.5 Ñ 6.4 mA/cm2 compared to the 10 mol% 

composition, which had an average peak current density of ï24.4 mA Ñ 3.6 mA/cm2 (Figure 4-

5a). Linear sweep voltammograms further supported robust electrocatalyst H2 generation using 

both poly(DMAEMA-r-PhAMA)-g-[2Feï2S] copolymers (5-mol% and 10-mol% triazole side 

chains) with a progressive shift toward more negative potentials with higher copolymer content 

(potentials for 10 mA/cm2 current density are -1.068 Ñ 0.007 V and -1.080 Ñ 0.008 V vs SHE, 

respectively). The Tafel slopes improve with increasing incorporation of PhAMA in the 

metallopolymer, going from 124 mV/decade for the DMAEMA homopolymer to 119 mV/decade 
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for the 5% PhAMA and 110 mV/decade the 10% PhAMA copolymers (See Figure C61 and 

Table S62). 

The molecular causality of this diminishing catalytic current density with higher 

composition of triazole side chain groups can be attributed to the proposed mechanism of 

electrocatalysis of these metallopolymers with glassy carbon electrodes. In the poly(DMAEMA)-

g-[2Feï2S] metallopolymer system at neutral pH, over 90 mol% of tertiary amine groups are 

protonated,108,134,139 which favors a reversible electrostatic adsorption of the charged 

metallopolymer onto the electrode surface. Hence, substitution of these ammonium side chain 

groups with click chemistry triazole groups likely affects the efficacy of this electrostatic 

adsorption on the electrode surface. The trend of decreasing peak current density with the 

increase in grafted phenylacetylene shown in the poly(DMAEMA-r-PhAMA)-g-[2Feï2S] 

metallo-co-polymers indicates that the phenyl rings extending from the 1,2,3-triazole interrupt 

the transient adsorption of the material onto the electrode surface. 

4.6 Conclusion 

In summary, we have developed a new synthetic approach to functionalize organo- and 

water soluble [2Feï2S] metallopolymers using a combination of ATRP and click chemistry with 

a variety of acetylene groups while preserving the [2Feï2S] catalytic activity. Catalytic H2 

generation under neutral aqueous conditions of water-soluble [2Feï2S] metallopolymers after 

ñclickò functionalization was found to be efficient as a function of side chain composition. This 

new method offers significant opportunities in future work to introduce new functionality to 

[2Feï2S] metallopolymer catalysts to improve their performance and expand their utility without 

disruption of the chemically and thermally sensitive FeïCO groups and deactivation of the active 

catalytic site. 
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Chapter 5: Summary and Future Directions 

5.1 Summary 

 The contents of this dissertation have improved the understanding of [2Fe-2S] 

metallopolymer catalytic systems. Chapter 2 provided new understanding of how the polymer 

framework influences the catalytic activity of the [2Fe-2S] active site. It was determined that the 

polymer framework allows for adsorption of the [2Fe-2S] active site to the electrode surface 

without insulating the catalyst. The hydrogen catalyst of a metallopolymer with a large polymer 

backbone has the same rate of catalysis as a metallopolymer with a smaller polymer backbone, 

with total catalytic output being limited by the surface area of the electrode being used. The third 

chapter explored if the placement of the active site within the polymer framework influences 

catalytic output. Through the synthesis of a new small molecule initiator with only a single 

initiation site for polymerization, metallopolymer catalysts with internal and terminal placement 

of the active site within the polymer framework were created and compared. The similarity in 

electrochemical output suggests that the catalytically active [2Fe-2S] sites are operating in 

similar chemical environments on the electrode surface, regardless of whether the active site is 

terminal or interior in the polymer backbone. Chapter 4 shows an increase in functionality of the 

metallopolymer catalysts, while retaining catalytic activity of the metallopolymer active site. By 

incorporating azide functional groups in the polymer backbone, functionalization of the 

metallopolymer post-polymerization is possible through click chemistry. In summary, further 

understanding and development of metallopolymer catalysts for hydrogen production has been 

emphasized and accomplished. 
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5.2 Future Directions for [2Fe-2S] Metallopolymer Catalysts 

 Herein are possible areas that can be studied for the further development of 

metallopolymer catalysts. 

5.3 Using Click Chemistry to Increase Hydrogen Production Through In-Tandem 

Catalyst Operation 

  As seen in Chapter 4, click chemistry is useful for post-polymerization modification, and 

has mild reaction conditions agreeable to the preservation of the [2Fe-2S] core. A benefit of the 

azide-alkyne cycloaddition is that two materials, whether small molecules or polymers, can be 

covalently joined together providing they can be solubilized in the same media. As the 

integration of azide-containing methacrylic monomers with [2Fe-2S] metallopolymers has 

proven successful and controlled, different redox units could be installed into the polymeric 

backbone provided they can be synthesized to contain an alkyne derivative. The [FeFe]-

hydrogenase operates using two separate redox groups, a [2Fe-2S] core responsible for the 

hydrogen production, and a [4Fe-4S] core which facilitates electron transfer and proton coupled 

Figure 5-1: ChemDraw structures representing methyl viologen, ferrocene, and 4Fe-4S clusters 

as possible targets for alkyne functionalization. 
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electron transfer to the [2Fe-2S] core. A similar thought can be applied to the [2Fe-2S] active site 

in the metallopolymer catalysts through the azide-alkyne cycloaddition. 

 Through the modification of different known redox groups, it would be possible to 

introduce a second redox group to work in-tandem with the [2Fe-2S] active site to increase the 

catalytic output of hydrogen. Ferrocene, viologen, and even [4Fe-4S] cluster mimics could be 

functionalized to contain terminal alkynes capable of a click reaction with the azide-containing 

polymer backbone of the metallopolymer catalysts. (See Figure 5-1) The polymerization method 

for backbone construction can also be optimized, creating a block copolymer rather than a 

random copolymer. (See Figure 5-2) By emphasizing the spatial relationship between the [2Fe-

2S] active site and a new redox group, the metallopolymer can be polymerized such that the 

monomer units containing azide pendant chains are formed closest to the [2Fe-2S] core. The 

combination of including a secondary redox group with the control of spatial placement relative 

to the active site could allow for an increase catalysis while maintaining the adsorption benefits 

from the prior metallopolymer catalysts. 

Figure 5-2: Illustration showing the difference in azide-monomer proximity to the [2Fe-2S] 

active site in a) random copolymers and b) block copolymers. 
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5.4 [2Fe-2S] catalyst core as a Cross-linking Agent in Polymer Electrolytes 

 It is possible to create a metalloinitiator small molecule of a different reactivity by 

changing the acid halide used in the esterification reaction. Similarly to how benzoyl chloride 

was used to make a monofunctional metalloinitiator in Chapter 3, it would be possible to create a 

small molecule capable of click chemistry rather than initiate ATRP. By reacting the same 

starting materials with propargyl chloroformate, an acetylene group would be installed on the 

arm of the napthoquinone bridge derivative rather than an alpha halogen. (See Figure 5-3) This 

synthesis results in a [2Fe-2S] small molecule catalysts capable of the azide-alkyne 

cycloaddition. Generally, small molecules that have dual functionality can be introduced into 

polymer materials, altering the bulk properties of the polymer through cross-linking. These 

properties could be introduced into polymer electrolyte materials as a means of altering bulk 

properties while introducing a catalytic small molecule active towards hydrogen production. 

 Polymer electrolytes are used to dissolve and transport ions in a variety of 

electrochemical devices, including proton exchange membrane (PEM) water electrolyzers. Many 

different monomers are used to create polymer electrolytes, as each monomer offers different 

Figure 5-3: Small molecule representation of a [2Fe-2S] small molecule with dual terminal 

alkynes capable of an azide-alkyne cycloaddition reaction. 
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advantages and physical properties. Azide components are also used in polymer electrolytes 

materials, to implement reactivity post-polymerization for specific synthesis, or for cross-linking 

polymers (See Figure 5-4) to increase mechanical strength, dimensional stability, and thermal 

stability. By a controlled introduction of the bis-alkyne [2Fe-2S] small molecule catalyst, it 

would be possible to improve the physical properties of a polymer electrolyte network, while 

introducing a hydrogen catalyst. This could reduce the overall distance between the different 

diffusion layers of the electrolyzer, reducing the overpotential requirement for electrolysis. 

5.5 Broader applications of metallopolymers to other catalytic systems 

 The integration of polymer frameworks with [2Fe-2S] small molecule catalysts for 

hydrogen production is not singular to [2Fe-2S] small molecule catalysts. The variability and 

customization of the polymer can be altered to the advantage for any small molecule catalyst that 

can be functionalized to allow for polymer inclusion. 

Figure 5-4: Illustration showing the structure of a polymer electrolyte materials a) before and b) 

after a cross-linking agent has reacted with the polymer network. 
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5.6 CO2 Reduction Catalysts 

For example, research by the Kubiak group at the University of California San Diego 

investigates the ability of small molecule catalysts to reduce carbon dioxide to carbon monoxide 

and water.146,147 Efforts have been made to develop bipyridyl rhenium and manganese catalytic 

small molecules and adapt these catalysts into supporting materials, such as carbon nanotubes 

and quantum dots. (See Figure 5-7) 

Just as these organometallic catalysts have been adapted for integration in quantum dots 

and carbon nanotubes, it would be possible to similarly adapt these catalysts to be supported by a 

polymer framework, which would optimized the interaction of the catalyst with the electrode. By 

synthetically altering the bipyridine ligand used to chelate the rhenium or manganese core, an 

initiation site for ATRP could be installed. (See Scheme 5-1) It would then be possible to (1) 

form the organometallic complex and then (2) polymerize, or alternatively, (1) polymerize the 

bipyridine initiation site and then (2) chelate to the metal center. As these materials are reduction 

catalysts, polymers beneficial to the [2Fe-2S] metallopolymer catalysts would also improve 

catalysis for the manganese and rhenium organometallic catalysts. 

 

Figure 5-5: Representation of small molecule catalysts capable of CO2 reduction that have been 

functionalized for integration into carbon nanotubes (left) and quantum dots (right) to increase 

catalytic ability. 
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Figure 5-6: One Proposed synthesis to functionalize a bipyridine chelating ligand for initiation 

of ATRP from a rhenium catalyst. 
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Appendix A: Chapter 2 Supplementary Information 

A.1 Synthesis and Characterization 

A.1.1 Materials and Instrumentation 

Unless otherwise noted, solvents were received from Fischer Scientific as ACS grade and used 

without further purification. Fe2S2(CO)6 was prepared according to the literature procedure
1 and 

sublimed before use. Fe(CO)5 (99.5%, Alfa-Aesar), NaOH (EMD, ACS grade), NH4Cl (EMD, 

ACS grade), S8 (Mallinckrodt, sublimed), Na2SO4 (EMD, ACS grade), 2-methylpyridine borane 

(95%, Sigma-Aldrich), Celite 545(VWR), and Silica Gel (40-60ɛm, 60¡) were used as received 

without further purification. 1,4-naphthoquinone (Alfa-Aesar, 97%, up to 5% H2O) was purified 

by a silica gel column with diethyl ether before use. 1,1,4,7,10,10-

hexamethyltriethylenetetramine (HMTETA) (97%, Aldrich),  alumina (Al2O3, activated, neutral, 

50-200 ɛm, 60 ¡, Acros Organics), triethylamine (EMD, 99.5%), Ŭ-Bromoisobutyryl bromide 

(BIBB, Sigma-Aldrich, 98%), tetrahydrofuran (THF) (EMD, GC grade), dichloromethane 

(DCM) (ACS grade), methanol (ACS grade, EMD), hexanes (ACS grade, EMD), and toluene 

(ACS grade, EMD) were used as received. For PDMAEMA-g-[2Fe-2S] metallopolymer 

synthesis, THF (DriSolv, Anhydrous, EMD, GC grade was used. 2-(Dimethylamino)ethyl 

methacrylate (DMAEMA) (Aldrich) was passed through a short column of basic alumina to 

remove inhibitors. Cu(I)Br (Aldrich, 98%) was purified by precipitation from 48% HBr followed 

by washing with deionized water, ethanol, and diethyl ether sequentially then drying under 

vacuum.2 
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1H, 13C, and DOSY nuclear magnetic resonance (NMR) spectra were obtained using a Bruker 

Avance III 400 MHz spectrometer. Chemical shifts were referenced to CDCl3 for 
1H NMR (ŭ 

7.24 ppm) and for 13C NMR (ŭ 77.0 ppm). 1H DOSY NMR was conducted using a 1M TRIS 

D2O solution that had been corrected to pH 7.00 Ñ 0.01 using DCl as to create solution viscosity 

replicating the electrochemical experiments. Diffusion values of the metallopolymer samples 

were obtained and used to calculate the hydrodynamic radius of each sample using the Stokes-

Einstein equation (Equation A.1). MestReNova 14.1.2 software was used for spectral processing. 

IR spectra were obtained on a Nicolet iS20 FT-IR with OMNIC software. Resolution was set to 

0.241 cm-1 for all IR spectra. During quantification of molar absorptivity (Ů) for Fe-CO stretches 

relative to the molar absorptivity of the C=O for the metalloinitiator, 64 scans were taken (Figure 

A8). A Fisher Scientific FT-30 specRFL500700*L IR-SEC cell with 0.5 mm Teflon spacer (total 

path length = 1 mm) and CaF2 window (Alfa-Aesar) was used for IR measurements. 

Determination of Ů for Fe-COôs was performed by preparing 10 mL of ca. 1.0 mM 

metalloinitiator in CHCl3 using volumetric glassware. This stock solution was diluted to ca. 0.5 

mM, 0.1 mM, 0.25 mM, and 0.05 mM in four separate 10 mL volumetric flasks using volumetric 

pipettes to perform a serial dilution, then diluting to volume with CHCl3. The measurement was 

performed in triplicate and R2 values for each linear regression were 0.99 or better.  

Molecular weight (Mn) and molecular weight distribution (Mw/Mn) were determined by gel 

permeation chromatography (GPC). Samples for GPC analysis were prepared by dissolving 1-2 

mg of the purified polymer in 1.0 mL of THF (with 0.1 V% toluene as a reference) and passing 

the resulting solution through 0.2 Õm PTFE filter. Molar masses were calculated using the 

Waters Empower software, calibrated against low polydispersity linear PMMA and polystyrene 

(PS) standards. Molecular weight and molecular weight distribution data for PDMAEMA-g-
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[2Fe-2S] metallopolymer were collected by using a GPC with a Waters 515 HPLC pump, Wyatt 

Optilab refractive index detector, and PSS GRAM columns containing polyester copolymer 

networks with 50 mM LiBr DMF solution as eluent phase at a flow rate of 1mL/min at 50 ÁC. 

A.1.2 Figure A1: IR Spectrum of Metallopolymer Samples 

 

Figure A1. IR spectrum of PDMAEMA-g-[2Fe-2S] in Fe-CO and C=O stretching regions.  
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A.1.3 Figure A2: Linear Regression Plots of Metalloinitiator IR Absorbance vs. 

Concentration 

 

Figure A2. Linear regression plots for each Fe-CO stretching frequency peak for PDMAEMA-g-

[2Fe-2S] performed in chloroform with metallopolymer concentrations of 0.1 mM, 0.2 mM, 0.4 

mM, 0.6 mM, and 1.0 mM in triplicate resulting in a slope of 18.01 with a standard deviation of 

1.39 for the resulting calibration curve. 

A.1.4 Hydrodynamic Radius Calculation 

Example calculation of hydrodynamic radius for the medium metallopolymer.  
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φʌʂ2(
 Equation A.1 

 

Where, 

D = Diffusion coefficient (m2 s-1)  

kb = Boltzmannôs constant = 1.39 Ĭ 10
-23 m2 kg s-2 K-1  

T = temperature = 296.15 K 

ɖ = dynamic viscosity = 0.134 kg mī1 sī1  

RH = 
kBT

6ˊɖD
=

1.39 Ĭ 10-23 m2 kg s
-2
K-1Ĭ(296.15 K)

6ˊ (0.134 kg m-1s-1)(3.87Ĭ 10
-7
 cm2 s-1 Ĭ 10

4
 m2 cm-2) 

 Ĭ10
10¡

m
= 42 ¡  

A.1.5 Preparation of [ɛ-2,3-(naphthalene-1,4-diylbis(2-bromo-2-

methylpropanoate)dithiolato]-bistricarbonyliron (metalloinitiator) 

Preparation of the metalloinitiator is completed as previously reported 3 with the exception of a 

change in reducing agent. 2-methylpyridine borane is used rather than sodium cyanoborohydride 

for the lower safety risks involved in the preparation (see Scheme 1). 

 The starting mixture of Naphthohydroquinone/naphthoquinone Fe2S2(CO)6 mixturewas prepared 

as previously reported.3 The mol ratio of the naphthoquinone to naphthohydroquinone complexes 

in the mixture was determined via 1H NMR spectroscopy by comparing the proton integration 

signals from the aromatic carbons. The starting material (Naphthohydroquinone/naphthoquinone 

Fe2S2(CO)6 mixture) (422.4 mg, 0.843 mmol) was added to a dry, argon-filled Schlenk flask 

along with the reducing agent (2-methylpyridine borane) (180.4 mg, 1.68 mmol). A slight excess 

of the reducing agent was used to create 100% naphthohydroquinone complex in situ. The flask 
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was then pump-purged for 3 cycles of 10-minute vacuum. Anhydrous, deoxygenated THF (40-50 

mL) was added to the flask, and the solution was stirred at room temperature in the dark for 2-3 

hours. Et3N (0.35 mL, 2.52 mmol) was added, and the solution was stirred for 15 minutes. BIBB 

(0.29 mL, 2.52 mmol) was added to the flask, and immediate precipitate formation was 

observed. The solution was stirred at room temperature another 2-3 hours. The solution was 

filtered through a short silica plug in a fritted glass funnel using DCM until the solvent ran clear 

and a red filtrate was collected. The filtrate was then concentrated via rotary evaporator (23 ÁC, 

ca. 200 torr) to a red/orange solid. The solid was then redissolved in minimal amount of DCM 

and purified via column chromatography (SiGel, pack with 15% DCM in hexanes, elute with 

15%, 35%, then 50% DCM in hexanes). The pure compound was obtained as a red band, which 

yielded ca. 334.8 mg (0.41 mmol, 50%) powdery red solid upon removal of solvent. Crystals 

suitable for electrochemical studies and preparation of metallopolymers were obtained by 

dissolving the final product (metalloinitiator) in toluene (100 mg/mL solution) in a long narrow 

glass tube (ca. 15 cm in length and 1-2 cm in diameter). This solution was bubbled with argon to 

degas, then the solution was layered with argon sparged methanol (15-20 mL). The solution sat 

undisturbed for 3-4 days at room temperature, the supernatant liquid was removed via syringe 

and the crystals were transferred to an M porosity fritted glass funnel. Subsequent washing with 

ice-cold methanol and air drying on the funnel gave off dark red needles from the first 

recrystallization. The mother liquor was used to repeat the recrystallization. The crystals were 

stored under argon in the dark in a desiccator at room temperature.  



114 

 

A.1.6 Scheme S1: Synthesis of Metalloinitiator 

 

A.1.7 Molecular weight determinations of metallopolymer samples.  

The molecular weights and sizes of the metallopolymer samples were initially estimated by 

comparing the percent of DMAEMA monomer converted to polymer using NMR. The molecular 

weights and sizes were further examined via traditional DOSY NMR (Figures A9-12) and GPC 

analysis (Figure A4) as well as by IR spectroscopy (Figure A1). IR is a particularly convenient 

method to gauge the molecular weights that is specific to these PDMAEMA polymers with metal 

carbonyl active sites. The absorption intensities of the PDMAEMA ester vibrational modes 

relative to the absorption intensities of the Fe-CO vibrational modes are a direct measure of the 

molecular weight. Calibration of the IR intensities and linear regression analysis gives the 

molecular weights and their confidence limits. The IR of the samples also provides the 

concentration of the polymer-metal carbonyl active sites in solution.   

A.1.8 Preparation of poly(2-(Dimethylamino)ethyl methacrylate) (PDMAEMA) 

metallopolymers, specifically the 42¡ metallopolymer.  

(M)o : (I)o : (Cu
I)o : (L)o = 100 : 1 : 1 : 1.5. 
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A 10 mL Schlenk flask was loaded with Cu(I)Br (5.33 mg, 0.0375 mmol) and pump-purged for 

three cycles (30 minutes, 10 minutes, and 10 minutes). A second 10 mL Schlenk flask was loaded 

with ɛ-2,3-(naphthalene-1,4-diylbis(2-bromo-2-methylpropanoate) [2Fe-2S] metalloinitiator 

(30.02 mg, 0.0375 mmol) and pump-purged for 3 cycles as well. Deoxygenated THF was then 

added to both of the Schlenk flasks. Deoxygenated HMTETA (15.5 ÕL, 0.0563 mmol) was added 

to the Cu(I)Br and stirred for 10 min to allow for the formation of the Cu-ligand complex. 

Purified and deoxygenated DMAEMA (0.63 mL, 3.75 mmol) was then added to the first reaction 

flask containing the formed Cu-ligand complex. Finally, the solution of ɛ-2,3-(naphthalene-1,4-

diylbis(2-bromo-2-methylpropanoate) [2Fe-2S] metalloinitiator was transferred to the other 

Schlenk flask via canulation. The Schlenk flask was then immersed in a 50ęC oil bath 

immediately after the transfer was complete. The reaction was stirred at 50 ÁC for 30 minutes to 

achieve desired conversion. 1H NMR (CDCl3, 400 MHz, 298 K) ŭ (ppm) 4.06 (2H, -

OCH2CH2N(CH3)2), 2.56 (2H, -OCH2CH2N(CH3)2), 2.28 (6H, -OCH2CH2N(CH3)2), 2.04ï

1.72 (2H, broad, aliphatic main chain), 1.10ï0.79 (3H, broad, -CH3, main chain). IR (CHCl3, 

thin film on CaF2): 2950 cmī1 (C-H stretching, s), 2828 cmī1 (C-H stretching of N(CH3)2, s), 

2780 cmī1 (C-H stretching of N(CH3)2, s), 2078 cmī1 (Fe-CO, w), 2038 cmī1 (Fe-CO, w), 

2006 cmī1 (Fe-CO, w), 1997 cmī1 (Fe-CO, w), 1725 cmī1 (C=O stretching, s), 1463 cmī1 (-

CH2- bending, s), 1271 cmī1 (CO, s), and 1151 cmī1 (C-N stretching, s). 
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A.1.9 Scheme S2: Synthesis of Metallopolymer Samples 

 

A.1.10 Polymerization Conditions 

Table A1. Summary of the reaction conditions and characterization of the PDMAEMA-g-[2Fe-

2S] metallopolymers of different sizes.  

RH, 

DOSY 

[M 0]:[MI

]0 

Rxn 

Time (h) 

% 

Conversion 

Mn, THEO 

kg/mol 

Mw, IR 

kg/mol 

Mw, GPC 

kg/mol 

Mn, GPC 

kg/mol 
ņ 

18 Å 50:1 1 35 3.5 6.3 6.3 3.5 1.77 

28 Å 50:1 1 15 2 8.5 16  8.5  1.90 

42 Å 100:1 0.5 29 5.4 14.5 23 12 1.90 

64 Å 200:1 3 74 24 36 38 24 1.55 

 

A.2 Electrochemistry 

A.2.1 General Electrochemical Methods and Materials 

All electrochemistry experiments were conducted with a Gamry Reference 3000 

potentiostat and standard three-electrode systems. A photograph of the electrochemical cell used 

for cyclic voltammetry experiments is shown in Figure A3. Uncompensated resistance (Ru) was 

measured with the potentiostat via electrochemical impedance spectroscopy. The solution 
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resistance was compensated at 90% of the measured Ru using positive-feedback iR 

compensation. Potentials in aqueous solutions were referenced to the reversible hydrogen 

electrode (RHE) using the standard conversion of +0.610 V from the potential of a Ag/AgCl 

(saturated KCl) reference electrode.4 The counter electrode was a glassy carbon rod with a 5 mm 

diameter and 100 mm length (Alfa Aesar). All solutions were sparged with argon for 10 minutes 

prior to performing an electrochemical experiment. For cyclic voltammetry (CV) experiments 

with the metallopolymer electrocatalyst, a glassy carbon disk electrode (BASi) with a 

geometrical surface area (Ageo) of 0.071 cm
2 was used as a working electrode. Polishing of the 

working electrodes with a 2000 RPM USB Mini Pottery Wheel Machine (Hongzer) was 

convenient and fast for obtaining consistent surfaces. For all reported CV experiments, a scan 

rate of 100 mV/s was used, and quiet solution conditions were employed. A MSR Electrode 

Rotator and working electrodes from Pine Research were used in rotating disk electrode (RDE) 

and rotating ring disk electrode (RRDE) experiments. RRDE experiments were conducted with a 

glassy carbon disk (Ageo,disk = 0.1963 cm2) and a polycrystalline Pt ring (Ageo,ring = 0.2847 cm2) 

electrodes with a rotation rate of 2000 RPM. Linear Sweep Votammetry (LSV) were collected at 

a rate of 5mV/s. Electrochemical Impedance Spectroscopy was completed over 534 seconds over 

a frequency of 300,000 Hz to 0.1 Hz with 10mV of alternating current at a potential of 0.59V vs 

RHE. For the scan rate studies with the metallopolymer electrocatalyst, a glassy carbon disk 

electrode (BASi) with a geometrical surface area of 0.0078 cm2 was used as the working 

electrode. 

High catalytic current densities on the order of 100 mA/cm2 as reported in this study 

magnify minor variations between electrodes and solutions from experiment to experiment.5 

Additionally, at current densities in this range rapid hydrogen bubble formation on the electrodes 
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with periodic loss of bubbles to solution reduces the electroactive surface area and contributes to 

variance in the catalytic current. The working electrodes and their preparation were chosen for 

ease of reproducibility in these experiments and in other laboratories. Rather than introduce the 

variability of electrochemical conditioning for the glassy carbon/metallopolymer electrode 

system, reproducibility of the results was most conveniently achieved by reporting the first 

electrochemical scan of freshly prepared solutions with newly polished electrodes. Taking all 

factors of the experiment into account (catalyst and TRIS concentration, pH, electrode 

preparation, etc.), the current densities reported are reproducible to Ñ10%, which is far smaller 

than the 50-100 mA/cm2 differences in current densities highlighted in the main text. 

All pH measurements were made using a Fisher Scientific Accumet AE150 pH meter 

calibrated with pH 4.01, 7.00, and 10.01 standards (Sigma-Aldrich). Solutions were made with 

18.0 MÝ water (Millipore). Stock solutions of 1 M TRIS buffers were prepared using TRIS base 

(99%, Sigma-Aldrich) and adjusted to a pH of 7.00 Ñ 0.01 by adding concentrated HCl (Fisher, 

Trace Metals Grade). A constant temperature bath was employed to keep the TRIS solution at 23 

C (ambient laboratory temperature) while HCl was added. To back titrate an overly acidic 

solution of TRIS, a separate solution of the same concentration of TRIS-base was prepared and 

added until the desired pH of 7.00 Ñ 0.01 was achieved. The solutions for the concentration 

studies were prepared by serial dilution using volumetric glassware. The pH of the TRIS was 

checked prior to preparing any electrochemical solution on the day of the experiment and 

adjusted as needed. Metallopolymer loadings were based on the [2Fe-2S] concentration 

determined by comparing the absorbances of the carbonyl stretching frequencies in the infrared 

spectra to a calibration curve made from the small molecule [2Fe-2S] metalloinitiator (Figure 

A8). IR spectra were obtained on a Nicolet iS20 FT-IR with OMNIC software. 
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A.2.2 Preparation and Maintenance of the Reference Electrode 

The reference electrode was a double junction design consisting of a chloridized silver 

wire in a saturated KCl solution in the inner cell and the outer chamber was filled with a bulk 

solution (i.e., 1.00 M TRIS buffer). Vycor frits separated the chambers. The chloridized silver 

wire (Ag/AgCl) was prepared by soaking a Ag wire in a commercial bleach solution for 16 

hours. The wire was then rinsed thoroughly with 18 Mɋ water and stored in a saturated KCl 

solution for up to 4 days.  

A.2.3 Optimization of Working Electrode Pretreatment 

Due to the Langmuir physical adsorption of PDMAEMA-g-[2Fe-2S] onto the glassy 

carbon working electrode, different procedures of mechanical cleaning and electrochemical 

pretreatment of the working electrode were investigated to aid reproducibility scan to scan. 

Mechanical polishing (see above) of the glassy carbon electrode with 0.05 micron alumina slurry 

was facilitated by fixing a microcloth polishing pad to a stage rotating at 2000 RPM. The 

optimum procedure in terms of reproducibility and time input was found using the mechanical 

polisher for 15-20s followed by rinsing the working electrode with a spray of 18.5 MÝ water 

directed towards the electrode followed by gently wicking the water off the surface with a 

Kimwipe.    

A.2.4 Description of the Counter Electrode 

The counter electrode used in all electrochemical experiments was a 5 mm diameter 

glassy carbon rod that was immersed in the electrochemical solution approximately 3-4 cm. At 

the start of every electrochemical experiment, the glassy carbon rod was polished first using a 1 

micron alumina suspension on a ground glass disk and then with 0.05 micron alumina 
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suspension on a micro-cloth polishing pad. The glassy carbon rod was then rinsed thoroughly 

with 18 Mɋ water.  

A.3 Modeling 

The metallopolymer structures and dynamics were simulated in aqueous solution 

followed by dynamic simulation of adsorption of the metallopolymer onto a glassy carbon 

electrode. Simulations were carried out with various tools in the Amsterdam Modeling Suite 

(AMS 2022.103).7  

Metallopolymer Structure. After building the (naphthalenedithiolato)(Fe2(CO)6) active 

site with the isobutyrate initiator groups for polymerization, the polymer sidechains on each side 

of the active site were ñgrownò by stepwise addition of DMAEMA monomers. The geometry 

was relaxed after each monomer addition with the Universal Force Field (UFF8). Monomers 

were added until the molecular weight of the model metallopolymer was in the range of the 

synthesized metallopolymer with a measured hydrodynamic radius of 18 Angstroms (~3.5 kDa). 

This mass corresponds to nine DMAEMA monomers on each side of the active site. Two 

metallopolymer models were constructed, one in which the PDMAEMA sidechain 

polypropylene backbones were in an isotactic conformation and the other in which the 

polypropylene backbones were in a syndiotactic conformation. The geometries of each 

metallopolymer model were then annealed through various cycles of heating and slow cooling 

using the density functional tight-binding method (DFTB) with the GFN1-xTB Hamiltonian in 

water.9 DFTB was chosen for the computational speed to approximate large systems and the 

GFN1-xTB Hamiltonian was chosen for the ability to approximate the organometallic active site 

as well as account for the charge, dispersion forces, and solvation energies that influence the 
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polymer structures and dynamics. A typical annealing process would heat the metallopolymer to 

temperatures around 1200 K for up to 2 picoseconds in order to sample a large number of 

conformations and then would slowly cool the metallopolymer for 3-10 picoseconds to 300 K or 

lower. The annealed structures were then optimized by the same DFTB method to compare the 

polymer dimensions and relative stabilities. Trials with different starting geometries and random 

initial velocities for the molecular dynamics led to metallopolymers with various conformations 

but with similar overall appearance and dimensions. The long dimensions of the metallopolymer 

ñspheroidsò (measured as the maximum distance between two heavy atoms) corresponded to 

radii of 19Ñ3 Angstroms, in good agreement with the experimental hydrodynamic radius of 18 

Angstroms. 

Metallopolymer Adsorption. The adsorption of the metallopolymer on a glassy carbon 

electrode was then simulated with ReaxFF.10,11 The glassy carbon surface for adsorption of a 

single molecule was modeled as a graphite sheet of 3200 carbon atoms as shown in Figure A15. 

The sheet is given a minimal charge of minus one (one electron, ~0.003 e- per carbon atom on 

average) to represent a small negative potential on the cathode. This represents a small surface 

charge density of 2 mC m-2 (milliCoulombs per meter squared). To put this in perspective, a 

parallel plate capacitor with this charge density on the plates separated by one cm would have a 

voltage of 20 mV (without dielectric between the plates). The simulation starts with the solution 

structure of the metallopolymer ~5 Angstroms from the surface as shown in Figure A15. The 

primary interest is in the adsorption of the organic portions of the metallopolymer with the 

graphite sheet. The CHONSSi.ff force field was selected to simulate this interaction. This force 

field has been used successfully for the interaction of organic molecules with silicon surfaces.12 

So as not to resort to an untested force field for the Fe2(CO)6  portion of the molecule shown in A 
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below, this unit was modeled with a C6(CO)6 cluster construction as shown in B below. This all-

organic cluster approximates the same region of space as the active site and has similar van der 

Waals surface interactions with the environment as the active site. The adsorption occurs over 15 

picoseconds of molecular dynamics at 300K. The final structure is relaxed to 200K for 5 

picoseconds and then to 0 K for 20 picoseconds to settle into a local minimum. It was noted in 

the simulations that the metallopolymer slides over the graphite surface easily, and it was 

necessary to lock the center of mass to keep the metallopolymer from sliding off the graphite 

slab as it was adsorbing. 
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A.4 Figures, Schemes, and Tables 

A.4.1 Figure A3: Electrochemical Cell Set-up 

 

Figure A3: Photograph of the electrochemical cell setup used for cyclic voltammetry 

experiments. Starting from the left and moving right, the aperture ports are occupied by the 

reference electrode, working electrode, counter electrode, and argon inlet needle.  
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A.4.2 Figure A4: GPC Traces 

 

Figure A4. THF GPC trace of PDMAEMA-g-[2Fe-2S] metallopolymer samples of varying size.  
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A.4.3 Figure A5: 1H NMR of Metalloinitiator 

 

Figure A5. 1H NMR spectrum of the metalloinitiator in CDCl3. 
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A.4.4 Figure A6: 13C NMR of Metalloinitiator 

 

Figure A6. 13C NMR spectrum of the metalloinitiator in CDCl3 
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A.4.5 Figure A7: IR Spectroscopy Characterization and Calibration of the 

Metalloinitiator  

 

Figure A7. Full IR spectrum of the metalloinitiator (solution in CHCl3, thin film on CaF2 plates) 

A.4.6 Figure A8: IR Spectrum Overlay of Metalloinitiator 
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Figure A8. Overlay of IR spectra of Fe-CO and C=O stretching region for the metalloinitator in 

chloroform with concentrations of 0.1 mM (purple), 0.2 mM (blue), 0.4 mM (green), 0.6 mM 

(orange), and 1.0 mM (red). Baselines have been normalized to 100% transmittance. 

A.4.7 Figure A9: DOSY NMR, 18¡ 

 

Figure A9. 1H DOSY NMR of 100 ÕM of PDMAEMA-g-[2Fe-2S] with a hydrodynamic radius 

of 18 ¡ in 1.00 M TRIS in D2O adjusted to pH 7.00 Ñ 0.01 with DCl.\ 
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A.4.8 Figure A10 DOSY NMR, 42¡ 

 

Figure A12. 1H DOSY NMR of 100 ÕM of PDMAEMA-g-[2Fe-2S] with a hydrodynamic radius 

of 42 ¡ in 1.00 M TRIS in D2O adjusted to pH 7.00 Ñ 0.01 with DCl. 
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A.4.9 Figure A11 DOSY NMR, 64¡ 

 

Figure A11. 1H DOSY NMR of 100 ÕM of PDMAEMA-g-[2Fe-2S] with a hydrodynamic radius 

of 64 ¡ in 1.00 M TRIS in D2O adjusted to pH 7.00 Ñ 0.01 with DCl. 
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A.4.10 Figure A12 DOSY NMR, 28¡ 

 

Figure A12. 1H DOSY NMR of 100 ÕM of PDMAEMA-g-[2Fe-2S] with a hydrodynamic radius 

of 28 ¡ in 1.00 M TRIS in D2O adjusted to pH 7.00 Ñ 0.01 with DCl. 
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A.4.11 Figure A13: Cyclic Voltammograms 

 

Figure A13. CVs of 0.01 ÕM, 0.05 ÕM, 0.10 ÕM, 0.50 ÕM, 1.00 ÕM, 2.00 ÕM, 5.00 ÕM, 10.0 

ÕM, 25.0 ÕM, 50.0 ÕM, and 100 ÕM of a) 18 ¡, b) 28¡, c) 42 ¡ and d) 64 ¡ PDMAEMA-g-

[2Fe-2S] in 1.00 M TRIS. Scan rate 0.1 V/s. At high current densities, the formation of H2 

bubbles at the electrode surface causes disruptions in the measured currents at the CV peaks. 






















































































































































