
Synthesis of Electrocatalytic [2Fe-2S]-
Metallopolymers and Organic/Inorganic Hybrid Materials

Item Type text; Electronic Dissertation

Authors Karayilan, Metin

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction, presentation (such as public
display or performance) of protected items is prohibited except
with permission of the author.

Download date 24/05/2023 20:58:46

Link to Item http://hdl.handle.net/10150/636681

http://hdl.handle.net/10150/636681


 

 

SYNTHESIS OF ELECTROCATALYTIC [2Fe-2S]-METALLOPOLYMERS  

 

AND ORGANIC/INORGANIC HYBRID MATERIALS 
 
 

by 
 

 

Metin Karayilan 
 

 

__________________________ 
Copyright © Metin Karayilan 2019 

 

 

A Dissertation Submitted to the Faculty of the 

 
 

DEPARTMENT OF CHEMISTRY AND BIOCHEMISTRY 

 
 

In Partial Fulfillment of the Requirements 

 

For the Degree of 

 
 

DOCTOR OF PHILOSOPHY 

 

WITH A MAJOR IN CHEMISTRY 
 

 

In the Graduate College 

 

 

THE UNIVERSITY OF ARIZONA 
 

 

 

 

2019 

 

 

 

 

 

 



2 

 

 

 



3 

 

ACKNOWLEDGEMENTS 

The time when I decided to pursue a Ph.D. degree, I would not have guessed that the 

process of earning this Ph.D. would be this challenging but at the same time nourishing to my 

personality and mind. I have had to get used to being far away from home, sometimes for more 

than a year, working harder than I could imagine, and knowing the fact that I was the one who 

had to solve the problems I encountered during my Ph.D.  

 

I could not make it this far if I did not have certain individuals in my life along the way. I 

write these acknowledgements knowing that I cannot hope to properly thank everyone involved 

in my development as a scientist and as a person. I would first like to thank my advisor, Prof. 

Jeffrey Pyun, for his endless support and mentorship. He helped me improve my skills to deal 

with any issues by myself. If I am any better scientist, mentor, author, and presenter now, it is 

mostly thanks to Jeff. He has been a true advocate in all my scholarly pursuits and spent so much 

energy on improving me as a scientist.  

 

I would like to thank the members of my dissertation committee, Professor Richard 

Glass, Professor Dennis Lichtenberger, Professor Neal Armstrong, Professor Douglas Loy, and 

Professor Oliver Monti, for serving on my committee and taking the time to review this over a 

three-hundred-page long document. Their scientific knowledge and professional expertise have 

inspired me over the last five years. I had a chance to collaborate and publish with almost all of 

them, which allowed me to observe the professors who have different flavors of experience in 

science and learn from them. 

  

I am grateful to Professors Metin Balci (organic), Ayhan Sitki Demir (organic), Levent 

Toppare (physical), Saim Ozkar (inorganic), and Yavuz Ataman (analytical), at Middle East 

Technical University and Professors Levent Demirel (materials) and Iskender Yilgor (polymer) 

at Koç University for teaching with enthusiasm, being role models and great scientists. I decided 

to continue my education in grad school while I was sitting in their classes and working in their 

labs as an undergraduate researcher. I would also like to thank my MSc thesis advisor, Professor 

Can Erkey, at Koç University, for helping me take my first steps into the research world.  

 

During my time at the University of Arizona, I have been surrounded by talented and 

motivated researchers. I greatly benefitted from discussions and working with Dr. William 

Brezinski (Glass group), Dr. Tristan Kleine, Dr. Philip Dirlam (Pyun Group), and Dr. Edon 

Vitaku (Njardarson group). They have been great colleagues and friends. I survived during my 

Ph.D. at the UofA thanks to their support and friendship. I would also like to thank people at the 

UofA, Dr. Lawrence Hill, Dr. Adam Simmonds, Dr. Jared Griebel, Dr. Nick Pavlopoulos, Dr. 

Iñaki Gomez, Dr. Taeheon Lee, Dr. Kyungseok Kang, Dr. Venkat Tallapally, Dr. Frida Zhang, 

Laura Anderson, Michael Manchester, Kyle Carothers, Katrina Konopka, Lindsey Holmen, 

Tobias Kochenderfer, Anthony Phan, Jeff DuBose, Clay Arrington (Pyun group), Dr. Matthew 



4 

 

Humphries, Kayla Clary, Meghan Hamilton, Arthur Gibson, Addison Coen (Lichtenberger 

group), Dr. Robb Bagge, Kevin Frederick (Loy Group), Dr. Andrew Dixon (Sanov group), Dr. 

BereketAb Mehari (Jewett group), Dr. Clayton Shallcross (Armstrong group), Dr. Drew Farrell, 

James Siegenthaler (Heien Group), Tarek El-Assaad (McGrath group), Yegor Timofeyenko 

(Mash group), Kevin Scott (Njardarson group), and my Tucson friends, Onur Oncer, Buket Onel, 

Berk Akgun, Irmak Aykin, Erman Koc, Yucel Ozsoy, and Ture Peken, for being awesome 

human beings. 

 

I have had the distinct pleasure of working with and mentoring undergraduate researchers 

Austin Scriver, Keelee McCleary-Petersen, Jordan Meise, Brenden Wimbish, Jessica Vickery, 

and Mireya Quintanar. Interacting with these eager individuals motivated me to be a better 

scientist and pay more attention to details and safety. The assistance of Keelee was invaluable for 

getting stuff done faster and better together. I look forward to seeing more great things from my 

undergrads in the future. I would love to work with you guys in my future career as well. 

 

I would like to especially thank Lori Boyd for helping and supporting me during my 

Ph.D. endeavor. She is an awesome person! I would also like to thank the workers in the front 

office throughout the years. They have always been super nice and understanding.  

 

To Carmen, thank you for bearing with me during and after the Ph.D. process. Thank you 

for your patience, understanding, love, and cuteness which made me a stronger person while 

dealing with all of these. Te quiero mucho! 

 

To my family members in Istanbul and Izmir, Turkey, thank you for supporting and 

loving me even if I cannot even visit and see you all properly and for making me prouder of what 

I am doing here.  

 

I am sending my love and regards to my Dad, Mahmut Karayılan, for spending very 

dense and funny times together. 

 

To my Mom, Kamer Karayılan, thank you for being with me from primary school to here 

and always believing in me. I have endless gratitude to you for your great love, understanding, 

concern, friendship, encouragement, and support throughout my life although I was almost 7,000 

miles away across the Atlantic Ocean. Without you, I could not be where I am now. 

 

 

 

 

 



5 

 

DEDICATION 

 

 

 

 

 

 

 

 

To my lovely Mother and Father, Kamer and Mahmut Karayılan… 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



6 

 

Table of Contents 

List of Figures ................................................................................................................................ 8 

List of Schemes ............................................................................................................................ 11 

List of Tables ............................................................................................................................... 12 

List of Abbreviations .................................................................................................................. 13 

Symbols ........................................................................................................................................ 17 

ABSTRACT ................................................................................................................................. 18 

CHAPTER 1: Catalytic Metallopolymers from [2Fe-2S] Clusters: Artificial 

Metalloenzymes for Hydrogen Generation .............................................................................. 22 

1.1. Introduction .................................................................................................................. 23 

1.1.1. The Motivation Behind Developing Catalysts for Hydrogen Production .............. 23 

1.1.2. Hydrogenase Enzymes, Enzyme Active-Site Mimetics, and Their Limitations .... 24 

1.1.3. The Benefits of Supported [2Fe-2S] Catalysts ....................................................... 27 

1.2. Polymer-Supported [2Fe-2S] Catalysts ...................................................................... 29 

1.2.1. Supramolecular Assemblies / Physical Entrapment ............................................... 29 

1.2.2. Covalent Attachment .............................................................................................. 34 

1.3. Other Supported [2Fe-2S] Systems ............................................................................ 50 

1.4. Summary and Outlook ................................................................................................ 57 

CHAPTER 2: Synthesis and Electrochemical Analysis of Metallopolymers from a [2Fe-2S] 

Atom Transfer Radical Polymerization (ATRP) Metalloinitiator with an Aromatic 

Bridgehead Moiety ...................................................................................................................... 58 

2.1. Synthesis and Characterization of the [2Fe-2S] Clusters with an Aromatic 

Bridgehead Moiety .................................................................................................................. 61 

2.2. Synthesis and Characterization of the PMMA-g-[2Fe-2S] and PDMAEMA-g-[2Fe-

2S] Metallopolymers ............................................................................................................... 63 

2.3. Electrochemical Analysis of the [2Fe-2S]-Metallopolymers..................................... 64 



7 

 

2.4. Conclusions and Future Outlook ................................................................................ 68 

CHAPTER 3: Macromolecular Engineering of the Outer Coordination Sphere of [2Fe-2S]-

Metallopolymers: Effect of Polymer Composition on Catalytic Activity .............................. 69 

3.1.  Synthesis and Characterization of Water-Soluble [2Fe-2S]-Metallopolymers with 

Different Pendant Functional Groups: PDMAEMA, POEGMA and their Random 

Metallo(co)polymers ................................................................................................................ 71 

3.2.   Electrochemical Analysis of the [2Fe-2S]-Metallo(co)polymers ................................ 76 

3.3.   Conclusions and Future Outlook .................................................................................. 80 

CHAPTER 4: Synthesis and Electrochemical Analysis of Metallopolymers from a [2Fe-2S] 

ATRP Metalloinitiator with an Aliphatic Bridgehead Moiety: Effect of Polymer Chain 

Length on Catalytic Activity ...................................................................................................... 81 

4.1. Synthesis and Characterization of the [2Fe-2S] Clusters with an Aliphatic 

Bridgehead Moiety .................................................................................................................. 84 

4.2. Synthesis and Characterization of the PDMAEMA-g-[2Fe-2S] and POEGMA-g-

[2Fe-2S] Metallopolymers ....................................................................................................... 86 

4.3. Electrochemical Analysis of the [2Fe-2S]-Metallopolymers ......................................... 89 

4.4. Conclusions and Future Outlook .................................................................................... 92 

CHAPTER 5: Synthesis and Electrochemical Analysis of Metallopolymers from a [2Fe-2S] 

Reversible Addition-Fragmentation Chain Transfer (RAFT) Metallo-Agent (Metallo-Chain 

Transfer Agent, mCTA) ............................................................................................................. 93 

5.1. Synthesis and Characterization of the [2Fe-2S] metallo-Chain Transfer Agent 

(mCTA) .................................................................................................................................. 105 

5.2. Synthesis and Characterization of the [2Fe-2S]-Metallopolymers ............................ 109 

5.3. Electrochemical Analysis of the [2Fe-2S]-Metallopolymers ....................................... 111 

5.4. Conclusions and Future Outlook .................................................................................. 113 

APPENDIX A: Supplementary Data for Chapter 2 .............................................................. 114 

APPENDIX B: Supplementary Data for Chapter 3 .............................................................. 170 



8 

 

APPENDIX C: Supplementary Data for Chapter 4 .............................................................. 193 

APPENDIX D: Supplementary Data for Chapter 5 .............................................................. 238 

APPENDIX E: Supplementary Data for Amine Functional Sulfur Prepolymer Project .. 258 

APPENDIX F: Supplementary Data for Synthesis of Heterostructured Nanocrystals ..... 289 

APPENDIX G: Permission to Reuse Copyrighted Material................................................. 311 

REFERENCES .......................................................................................................................... 317 

List of Figures 

Figure 1. 1. The structure of a [FeFe]-hydrogenase enzyme containing an active-site [2Fe-2S] H-

cluster and [4Fe-4S]-cubane clusters. Adapted with permission from Ref.73 ............................... 25 

Figure 1. 2. Representative small-molecule mimetics of the active site of [FeFe]-hydrogenase. 26 

Figure 1. 3. a) CyD host-guest inclusion complex functionalized with a thiol group (top left). 

Hydrogen generation activity of the confined system (red) compared to free-QDs in the presence 

of CyD (blue) and the absence of CyD (purple) reference systems (top-right). b) Chitosan 

confinement (bottom left). Hydrogen generation activity in the presence (red) and absence 

(black) of chitosan (bottom right). Adapted with permission from Refs.167,168 ............................ 30 

Figure 1. 4. The structure of P-NB and PDT, and the PDT@P-NB self-assembly system in 

water. Adapted with permission from Ref.176 ............................................................................... 32 

Figure 1. 5. a) Apo-cytochrome c containing a [2Fe-2S] cluster. b) Artificial hydrogenase 

containing a diiron complex within a rigid β-barrel structure of nitrobindin. Adapted with 

permission from Ref.189 ................................................................................................................ 36 

Figure 1. 6. CV for polymer 2 (R = H) with increasing acid concentration. Acid amount given in 

equivalents relative to the polymer concentration. Adapted with permission from Ref.192 ......... 38 

Figure 1. 7. Syntheses and structures of [2Fe-2S] grafted PAA and PEI systems for H2 evolution 

reaction in water. Adapted with permission from Ref.198,199 ........................................................ 41 

Figure 1. 8. a) Styrenic [2Fe-2S] comonomers for RAFT polymerization. b) Allylic [2Fe-2S] 

monomer for thiol-ene click chemistry. Adapted with permission from Refs.202,203 .................... 42 

Figure 1. 9. Structure of a dendritic hydrogenase mimetic, [G-2]-[2Fe-2S] (top) and comparison 

of TONs for photocatalytic H2 generation by the dendritic mimetics of different generations. 

Adapted with permission from Ref.205 .......................................................................................... 44 



9 

 

Figure 1. 10. a) PDMAEMA-g-[2Fe-2S] metallopolymer in comparison with the enzyme. b) 

Tafel plots of a Pt disk electrode and PDMAEMA-g-[2Fe-2S] metallopolymer using a glassy 

carbon disk electrode in water at pH 7.0 for overpotential requirement comparison. c) Linear-

sweep voltammetry of PDMAEMA-g-[2Fe-2S] metallopolymer using a glassy carbon disk 

electrode at pH 7.0 under anaerobic (solid line) and aerobic (dashed line) conditions. Adapted 

with permission from Ref.206 ........................................................................................................ 46 

Figure 1. 11. a) Representation of PDMAEMA and POEGMA metallo(co)polymers. b) CV 

comparisons in an aqueous solution. Adapted with permission from Ref.210 ............................... 48 

Figure 1. 12. Examples of photosensitizer-[2Fe-2S] dyads in the literature. Adapted with 

permission from Ref.212 ................................................................................................................ 51 

Figure 1. 13. The interface-directed assembly of CdSe-[2Fe-2S] complex (A), integrating CdSe 

QDs with a [2Fe-2S] complex into a photocathode (B), and photocatalytic hydrogen generation. 

Adapted with permission from Ref.213,214 ..................................................................................... 52 

Figure 1. 14. The graphene-mediated [2Fe-2S] cluster catalytic system for visible-light-induced 

hydrogen production in aqueous solution. Adapted with permission from Ref.158 ...................... 54 

Figure 1. 15. (a) Structural building units of Zr6O8(CO2)8(H2O)8, and (b) structural building units 

of ZnTCPP. (c) Model structure of ZrPF. (d) [2Fe-2S] complex. (e) Model structure of [2Fe-

2S]@ZrPF. Color codes for the elements: Zr (green), Zn (olive green), C (light gray), O (red), N 

(blue), Fe (light green), S (yellow). Adapted with permission from Ref.217 ................................. 55 

Figure 1. 16. Functionalization of gold or glassy carbon surface with [2Fe-2S] complex. 

Adapted with permission from Ref.163 .......................................................................................... 56 

Figure 2. 1. Synthetic scheme for metalloinitiator 2 and metallopolymers PMMA-g-[2Fe-2S] 3 

and PDMAEMA-g-[2Fe-2S] 4 via ATRP to enable facile modulation of catalyst solubility. ..... 62 

Figure 2. 2. HER current density in the CV of (blue) a Pt disk electrode (d = 1.6 mm) and (red) a 

glassy carbon disk electrode (d = 3 mm) with 100 μM metallopolymer 4 (pH 7.0; 0.1 M sodium 

phosphate buffer; 0.1 M KCl electrolyte). The black trace is the background current density for 

the glassy carbon disk electrode in absence of an electrocatalyst. Scan rate was 100 mV/s for all 

experiments (quiet solution condition). ........................................................................................ 65 

Figure 2. 3. Tafel comparison of a Pt disk electrode (blue trace, d = 1.6 mm, cathodically 

conditioned) in 1.0 M tris buffer solution at pH 7.0 and a glassy carbon disk electrode (d = 3 

mm) in the same solution with added 4 (red trace, 75 μM [2Fe-2S] by IR, 1.9 mg/mL mass 



10 

 

loading). Scan rate 5 mV/s, solution magnetically stirred at 1600 rpm. The overpotential 

requirement (η) is determined at a current density of 0.1 mA/cm2, and Δη is the difference in 

overpotential required to reach 1.0 mA/cm2 current density. ....................................................... 67 

Figure 2. 4. Linear sweep voltammetry of 10 μM PDMAEMA-g-[2Fe-2S] 4 (0.2 mg/mL) using 

a glassy carbon electrode (d = 3 mm) in 1.0 M pH 7.0 tris buffer under anaerobic (blue solid line) 

and aerobic (red dashed line) conditions. *Excessive hydrogen bubble formation at potentials 

negative of -0.9 V. ........................................................................................................................ 68 

Figure 3. 1. a) IR spectra of the Fe-CO region for metalloinitiator 1, metallopolymers 2 and 3 

and random metallocopolymers 4 and 5. b) SEC traces for 2-5 (x-axis is retention time in 

minutes)......................................................................................................................................... 75 

Figure 3. 2. Comparison of cyclic voltammograms of 2-5 (100 μM based on [2Fe-2S] 

concentration) in an aqueous solution (pH 7.0 ± 0.1) buffered with sodium phosphate (0.75 M). 

Scans were performed at a sweep rate of 50 mV/s using a gold amalgam working electrode. .... 77 

Figure 3. 3. Tafel comparison between 2-5 and a Pt disk electrode from linear sweep 

voltammetry of a rapidly stirred solution. Solution and catalyst conditions are the same as Figure 

3. 2. The Δη is the difference in overpotential between Pt and 2. ................................................ 78 

Figure 3. 4. Linear sweep voltammetry of the four metallo(co)polymer systems 2-5 under 

aerobic (dashed lines) and anaerobic (solid lines) conditions in pH 7.0 ± 0.1 sodium phosphate 

buffer (0.75 M) with rapid stirring and a sweep rate of 5 mV/s. The inset shows a zoomed-in 

region to show the current response of POEGMA-g-[2Fe-2S] 3. ................................................ 79 

Figure 4. 1. FTIR spectra of (pdt)-OH [2Fe-2S] complex (top, blue), (pdt)-bromoester [2Fe-2S] 

metalloinitiator (center, red), and PDMAEMA-g-[2Fe-2S] metallopolymer (Mn = 15.8 kg/mol) 

(bottom, black) .............................................................................................................................. 87 

Figure 4. 2. Gel-permeation chromatography (GPC) traces of PDMAEMA-g-[2Fe-2S] in 

solution polymerization via ATRP. (A) Monomer ([M]o)-to-metalloinitiator ([MI]o) ratio = 

100:1; [MI]o = [CuIBr]o = [HMTETA]o = 0.02 M, [DMAEMA]o = 2.0 M and (B) [M]o:[MI]o = 

300:1; [MI]o = [CuIBr]o = [HMTETA]o = 0.01 M, [DMAEMA]o = 3.0 M at T = 50 °C ............. 88 

Figure 4. 3. (A) CV of a glassy carbon disk electrode (A = 0.071 cm2) with PDMAEMA-g-[2Fe-

2S] metallopolymers with variable molecular weights at pH 4.0 ± 0.1 (ca. 100 µM of [2Fe-2S] 

complex per metallopolymer, 0.1 M acetate buffer, 0.1 M KCl electrolyte, ν = 100 mV/s, quiet 

solution condition), and (B) LSV of a glassy carbon disk electrode (A = 0.196 cm2) with 



11 

 

PDMAEMA-g-[2Fe-2S] metallopolymers with variable molecular weights at pH 4.0 ± 0.1 (ca. 

25 µM of [2Fe-2S] complex per metallopolymer, 0.1 M acetate buffer, 0.1 M KCl electrolyte, ν 

= 5 mV/s, disk rotation at 1000 RPM) .......................................................................................... 91 

Figure 5. 1. Schematic representation of elementary reactions of free-radical polymerization (A) 

and the consequence of slow decomposition of the free-radical polymerization initiators and high 

molecular weight distribution (t : time) (B)…………………………………………………….. 98 

Figure 5. 2. Polymer molecular weight evolution as a function of monomer conversion for free 

radical versus controlled radical polymerization .......................................................................... 99 

Figure 5. 3. 1H NMR Spectroscopy of RAFT metallo-agent in CD2Cl2 .................................... 108 

Figure 5. 4. IR Spectrum of RAFT metallo-agent indicating Fe-CO and C=O stretching 

frequencies .................................................................................................................................. 109 

Figure 5. 5. Gel-permeation chromatography (GPC) (Mn, GPC = 16,030 g/mol, Mw, GPC = 18,100 

g/mol, PDI = 1.13) (A) and IR spectroscopy of PMMA-g-[2Fe-2S] metallopolymer made using a 

RAFT metallo-agent ................................................................................................................... 111 

Figure 5. 6. HER current density in the CV of a glassy carbon disk electrode (ϕ = 0.3 cm, 

electrode surface area = 0.071 cm2) with 100 μM POEGMA-g-[2Fe-2S] metallopolymer in 1.0 

M tris buffer solution in water at pH 7.0. Scan rate was 100 mV/s and quiet solution condition.

..................................................................................................................................................... 112 

 

List of Schemes 

Scheme 2. 1. Comparison of a new class of [2Fe-2S]-metallopolymer HER catalysts vs. [FeFe]-

hydrogenase catalysts at the same scale, where the metallopolymer HER catalyst was remarkably 

faster than the enzyme and was air stable at neutral pH. In addition, current densities greater than 

300 mA/cm2 are achieved with 75 μM catalyst loading. η† is the overpotential requirement208 to 

achieve an operating cell current density of 0.1 mA/cm2. ............................................................ 60 

Scheme 3. 1. Representation of PDMAEMA-g-[2Fe-2S] and POEGMA-g-[2Fe-2S] 

Metallopolymers and P(DMAEMA-r-OEGMA)-g-[2Fe-2S] Metallocopolymer ........................ 73 

Scheme 3. 2. Synthesis of [2Fe-2S]-grafted metallo(co)polymers via ATRP of methacrylic 

monomers initiated with [2Fe-2S]-metalloinitiator 1 ................................................................... 74 



12 

 

Scheme 4. 1. (A) Synthetic scheme for (pdt)-bromoester [2Fe-2S] ATRP metalloinitiator (1), (B) 

ORTEP diagram of 1 with hydrogen atoms omitted and thermal ellipsoids shown at 50% 

probability level (CCDC 1945962), and (C) ATRP of methacrylic monomers using 1 .............. 85 

Scheme 5. 1. Elementary reactions of free-radical polymerization .............................................. 95 

Scheme 5. 2. Reaction mechanisms and elementary reactions of free-radical polymerization ... 96 

Scheme 5. 3. Description of reaction rates of initiation (Ri), propagation (Rp), and termination 

(Rt) in free-radical polymerization ................................................................................................ 97 

Scheme 5. 4. Mechanism of atom transfer radical polymerization (ATRP) .............................. 100 

Scheme 5. 5. General structure of a RAFT agent and functions of the components .................. 101 

Scheme 5. 6. Mechanism of reversible-addition-fragmentation chain transfer (RAFT) 

polymerization. Adapted with permission from Ref.305 .............................................................. 103 

Scheme 5. 7. Position of the typical ATRP initiator on the polymer chain (A), synthetic scheme 

for the ATRP metallo-initiator (B), and position of the metal complex on the polymer chain 

synthesized via ATRP (C) .......................................................................................................... 104 

Scheme 5. 8. Position of the typical RAFT agent on the polymer chain (A), synthetic scheme for 

the RAFT metallo-agent (metallo-chain transfer agent) (B), and position of the metal complex on 

the polymer chain made via RAFT polymerization (C) ............................................................. 105 

Scheme 5. 9. Synthetic scheme for the carboxylic acid functionalized RAFT agent ................ 107 

Scheme 5. 10. Synthetic scheme for the RAFT metallo-agent from naphthohydroquinone-[2Fe-

2S] complex and the carboxylic acid-terminated RAFT agent via DCC coupling..................... 108 

Scheme 5. 11. RAFT polymerization of different monomers such as MMA, OEGMA, GMA, and 

CEA using a RAFT metallo-agent .............................................................................................. 110 

 

List of Tables 

Table 1. 1. Catalytic figures of merit for selected polymer-supported [2Fe-2S] hydrogen 

evolution reaction catalysts1 ......................................................................................................... 49 

Table 4. 1. ATRP of DMAEMA using [2Fe-2S] metalloinitiator 1 at 50 °C .............................. 89 

 

 

 



13 

 

List of Abbreviations 

AAm    Acrylamide 

AcOH    Acetic acid 

ACVA    4,4'-Azobis(4-cyanovaleric acid) 

adt    Azapropanedithiolate 

AIBN    2,2'-Azobis(2-methylpropionitrile) 

ATRP    Atom transfer radical polymerization 

bdt    benzenedithiolate 

BET    Brunauer-Emmett-Teller 

BGE    Benzyl glycidyl ether 

BHT    Butylated hydroxytoluene 

BIBB    α-Bromo isobutyrylbromide 

CA    Cellulose acetate 

CCDC    The Cambridge Crystallographic Data Center 

CE    Counter Electrode 

CEA    2-Carboxyethyl acrylate 

CHIPs    Chalcogenide hybrid inorganic/organic materials 

CO    Carbonyl 

CPE    Controlled-potential electrolysis 

CRP    Controlled-radical polymerization 

CTA    Chain transfer agent 

CTAB    Cetyltrimethylammonium bromide 

CV    Cyclic Voltammetry 

CyD    Cyclodextrin 

Cys    Cysteine 

Cyt c    Cytochrome c 

D    Diffusion coefficient 

DCC    N, N′-Dicyclohexylcarbodiimide 

DCM    Dichloromethane 

DCP    Dynamic covalent polymerization 

DEPT    Distortionless Enhancement by Polarization Transfer 



14 

 

DMAEMA   2-(Dimethylamino)ethyl methacrylate 

DMF    N,N-Dimethylformamide 

DMSO    Dimethyl sulfoxide 

dNbpy    4,4'-Dinonyl-2,2'-dipyridyl 

DOSY    Diffusion ordered spectroscopy 

DSC    Differential scanning calorimetry 

DTAB    Dodecyltrimethylammonium bromide 

EBIB    Ethyl α-bromoisobutyrate 

EDC    1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EDX    Energy-dispersive X-ray 

EFM    Electrospun fibrous membrane 

EPG    Edge plane graphite 

F    Faraday constant 

FIB    Focused Ion Beam 

FRP    Free-radical polymerization 

Fmoc    9-Fluorenylmethoxycarbonyl 

FTIR    Fourier Transform Infrared 

FTO    Fluorine-doped tin oxide 

G-1    First Generation 

GC    Glassy carbon or gas chromatography 

GMA    Glycerol methacrylate 

GO    Graphene oxide 

GPC    Gel-permeation chromatography 

H2A    Ascorbic acid 

HER    Hydrogen evolution reaction 

HMTETA   1,1,4,7,10,10-Hexamethyltriethylenetetramine 

HPLC    High performance liquid chromatography 

Hz    Hertz 

I    Initiator 

ip    Peak current 

IR    Infrared 



15 

 

Jmax    Maximum current density 

K    Kelvin 

kobs    Observed overall rate constant 

LED    Light emitting diode    

Leu    Leucine 

LSV    Linear sweep voltammetry 

M    Monomer 

MAA    Methacrylic acid 

MeCN    Acetonitrile 

MHz    Megahertz 

MMA    Methyl methacrylate 

Mn    Number-average molecular weight 

MOF    Metal-organic framework 

MS    Mass spectroscopy 

MW    Molecular weight 

MWCNT   Multiwall carbon nanotube 

N3    Azide 

NB    Nitrobindin 

NhQ    Naphthohydroquinone 

NHS    N-hydroxysuccinimide 

NMR    Nuclear magnetic resonance 

NQ    Naphthoquinone 

ORTEP   Oak Ridge thermal ellipsoid plot 

PCET    Proton-coupled electron transfer 

PDA    1,3-phenylene diamine 

PDI    Polydispersity index 

pdt    Propanedithiolate 

PEG    Poly(ethylene glycol) 

PEI    Poly(ethylene imine) 

PEMFC   proton exchange membrane fuel cell    

pKa    Acidity constant 



16 

 

PMDETA   N,N,N',N'',N''-Pentamethyldiethylenetriamine 

P-NB    Polynorbornene 

POEGMA   Poly(oligoethylene glycol methacrylate) 

POSS    Polyhedral oligomeric silsesquioxane 

PPM    Post-polymerization modification 

ppm    Parts per million 

PS    Polystyrene or Photosensitizer 

PTFE    Poly(tetrafluoroethylene) 

PVC    Poly(vinyl chloride) 

PVP    Poly(vinylpyrrolidine) 

QDs    Quantum dots 

RAFT    Reversible Addition-Fragmentation Chain Transfer 

RDE    Rotating disk electrode 

RE    Reference electrode 

RGO    Reduced graphene oxide 

rGO    Reduced graphene oxide 

RH    Hydrodynamic radius 

ROS    Reactive oxygen species 

RPM    Revolution per minute 

SDS    Sodium dodecyl sulfate 

SEAr    Electrophilic aromatic substitution 

SEC    Size-exclusion chromatography 

SEM    Scanning electron microscopy 

SHE    Standard hydrogen electrode 

STAB    Sodium triacetoxyborohyride 

Sty    Styrene 

TBAPF6   Tetrabutylammonium hexafluorophosphate 

TEA    Triethylamine 

TEGMA   Triethyleneglycol methacrylate 

TEM    Transmission electron microscopy 

Tg    Glass transition temperature 



17 

 

TGA    Thermal gravimetric analysis 

THF    Tetrahydrofuran 

TLC    Thin layer chromatography 

TOF    Turnover frequency 

TON    Turnover number 

TPP    tetraphenylporphyrin 

Tris    Tris(hydroxymethyl)aminomethane 

UV    Ultraviolet 

WE    Working electrode 

XRD    X-ray diffraction 

ZrPF    Zirconium-porphyrin 

Symbols 

η    Overpotential or viscosity 

Γo    Catalyst surface coverage 

ε    Molar absorptivity 

Φ    Electrode diameter 
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ABSTRACT 

This dissertation is composed of five chapters, detailing advances within the area of 

synthesis, characterization, and electrochemical analysis of polymer-supported [FeFe]-

hydrogenase enzyme’s active site mimics, highlights the relevance of the work to the fields of 

polymer science, electrochemistry, and energy storage that are enabled through the development 

of novel [2Fe-2S] complexes and metallopolymers as discussed in the following chapters.  

The first chapter is a review summarizing the development of novel polymer-supported 

[2Fe-2S] catalyst systems and briefly highlighting non-polymeric supports for electrocatalytic 

and photocatalytic hydrogen evolution reactions. [FeFe]-hydrogenases are the best known 

naturally occurring metalloenzymes for hydrogen generation, and small molecule [2Fe-2S]-

containing mimetics of the active site (H-cluster) of these metalloenzymes have been synthesized 

for years. These small [2Fe-2S] complexes have not reached the same capacity of the enzymes 

for hydrogen production thus far. Recently, modern polymer chemistry has been utilized to 

construct an outer coordination sphere around the [2Fe-2S] clusters to provide site isolation, 

water solubility, and improved catalytic activity. In this chapter, we survey the various 

macromolecular motifs and the catalytic properties of these supported [2Fe-2S] materials. The 

most recent catalysts that incorporate a single [2Fe-2S] complex, termed single-site [2Fe-2S] 

metallopolymers, exhibit superior activity for H2 production. 

The second chapter focuses on the incorporation of a [2Fe-2S] catalytic site into 

metallopolymers using atom transfer radical polymerization (ATRP). Electrocatalytic [FeFe]-

hydrogenase mimics for the hydrogen evolution reaction (HER) generally suffer from low 

activity, high overpotential, aggregation, oxygen sensitivity, and low solubility in water. Using 

ATRP, we have prepared a new class of [FeFe]-metallopolymers with precise molar mass, 



19 

 

composition, and low polydispersity. The synthetic methodology introduced here allows for 

facile variation of polymer composition to optimize the [FeFe] solubility, activity, and long-term 

chemical and aerobic stability. We find that water-soluble functional metallopolymers perform 

electrocatalytic hydrogen production in neutral water with loadings as low as 2 ppm and operate 

at rates one order of magnitude faster than hydrogenases (ca. 250,000 s-1) and with low 

overpotential requirement. Furthermore, unlike the hydrogenases, these systems are insensitive 

to oxygen during catalysis with turnover numbers on the order of 40,000 under both anaerobic 

and aerobic conditions.   

The third chapter expands upon the methodology for the tunability of [2Fe-2S] 

metallopolymers by changing the monomer type and their compositions. Small-molecule 

catalysts inspired by the active sites of [FeFe]-hydrogenase enzymes have long struggled to 

achieve fast rates of hydrogen evolution, long-term stability, water solubility, and oxygen 

compatibility. We profoundly improved on these deficiencies by grafting polymers from a 

metalloinitiator containing a [2Fe-2S] moiety to form water-soluble poly(2-dimethylamino)ethyl 

methacrylate) metallopolymers (PDMAEMA-g-[2Fe-2S]) using ATRP. This study illustrates the 

critical role of the polymer composition on enhancing hydrogen evolution and aerobic stability 

by comparing the catalytic activity of PDMAEMA-g-[2Fe-2S] with a non-ionic water-soluble 

metallopolymer based on poly(oligo(ethylene glycol) methacrylate) prepared via ATRP 

(POEGMA-g-[2Fe-2S]) with the same [2Fe-2S] metalloinitiator. Additionally, the tunability of 

catalyst activity is demonstrated by the synthesis of metallocopolymers incorporating the 2-

(dimethylamino)ethyl methacrylate (DMAEMA) and oligo(ethylene glycol) methacrylate 

(OEGMA) monomers. Electrochemical investigations into these metallo(co)polymers show that 

PDMAEMA-g-[2Fe-2S] retains complete aerobic stability with catalytic current densities in 
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excess of 20 mA/cm2, while POEGMA-g-[2Fe-2S] fails to reach 1.0 mA/cm2 current density 

even with the application of high overpotentials (η > 0.8 V) and loses all activity in the presence 

of oxygen. Random copolymers of the two monomers polymerized with the same [2Fe-2S] 

initiator showed intermediate activity in terms of current density, overpotential, and aerobic 

stability. 

The fourth chapter focuses on another [2Fe-2S] metalloinitiator with an aliphatic 

bridgehead and a single initiator site for polymerization. Small molecule biomimetics inspired by 

the active site of the [FeFe]-hydrogenase enzymes have shown promising electrocatalytic 

activity for hydrogen (H2) generation. However, most of the active site mimics based on [2Fe-

2S] clusters are not water-soluble which hence limits the use of these electrocatalysts to organic 

media. Polymer-supported [2Fe-2S] systems, in particular, single-site metallopolymer catalysts, 

have shown drastic improvements for electrocatalytic H2 generation in aqueous milieu. [2Fe-2S] 

complexes functionalized within well-defined macromolecular supports via covalent bonding 

have demonstrated water solubility, enhanced site-isolation, and improved chemical stability 

during catalysis. In this chapter, we demonstrate the synthesis of a new propanedithiolate (pdt)-

[2Fe-2S] complex bearing a single α-bromoester moiety for the use in ATRP as a novel 

metalloinitiator to prepare water-soluble poly(2-(dimethylamino)ethyl methacrylate) grafted 

(PDMAEMA-g-[2Fe-2S]) metallopolymers. Using this approach, metallopolymers with 

controllable molecular weights (Mn = 5-40 kg/mol) and low polydispersity (Mw/Mn = 1.09-1.36) 

were prepared, which allowed for the first-time observation of the effect of the metallopolymers' 

chain length on the electrocatalytic activity. The ability to control the composition and molecular 

weight of these metallopolymers enabled macromolecular engineering via ATRP of these 

materials to determine optimal structural features of metallopolymer catalysts for H2 production.  
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The fifth chapter starts with the comparison between free-radical and controlled radical 

polymerizations and then details the synthesis and characterization of a new [2Fe-2S] complex 

for polymer-growth via reversible addition-fragmentation chain-transfer (RAFT) polymerization. 

Although ATRP allows polymerization of many commercially available monomers, RAFT 

polymerization can give easy access to direct polymerization of different monomers such as 

(meth)acrylic acid, 2-carboxyethyl acrylate, acrylamides, 1-glycerol methacrylate and eliminate 

any metal contamination in contrast to Cu-catalyzed polymerization. A new [2Fe-2S]-based 

RAFT metallo-agent was synthesized for the first time to design metallopolymers for 

electrocatalytic hydrogen evolution reaction (HER). In this chapter, [2Fe-2S]-metallopolymers 

synthesized via RAFT polymerization and studied for electrochemical H2 evolution are 

discussed.  
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CHAPTER 1: Catalytic Metallopolymers from [2Fe-2S] Clusters: Artificial 

Metalloenzymes for Hydrogen Generation 

 

With contribution from William P. Brezinski, Kayla E. Clary, Richard S. Glass, Dennis L. 

Lichtenberger, and Jeffrey Pyun 

Reproduced in part from Angew. Chem. Int. Ed. 2019, 58 (23), 7537-7550 (Ref.1). Copyright 

2019, John Wiley & Sons, Inc. 
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1.1. Introduction 

1.1.1. The Motivation Behind Developing Catalysts for Hydrogen Production 

Electrical power generated by renewable sources, such as wind and solar radiation, is 

intermittent and requires sustainable storage methods2–11 to convert and store the excess energy 

as some form of potential energy. One solution for the next generation of energy storage methods 

is based on a hydrogen economy12–14 in which electricity that is generated in excess of grid 

demand is used to split water into hydrogen and oxygen, 2H2O → 2H2 + O2.
4,15 Molecular 

hydrogen (H2)
16–19 is a promising clean energy carrier and offers a high gravimetric energy 

density of 142 MJ/kg, almost three times higher than gasoline.19–26 The energy stored in the 

chemical bonds in hydrogen molecules can be released by merely burning with oxygen, or 

preferably, the reaction can be run in reverse in a proton exchange membrane fuel cell (PEMFC) 

to generate electricity from H2 more efficiently.28 These factors combine to make hydrogen an 

attractive option for fuel cell vehicles as it is energy-dense, portable,29–32 and does not generate 

carbonaceous by-products.33–35 Furthermore, hydrogen gas is a crucial chemical for many 

industrial processes (e.g., Haber-Bosch process for ammonia production), but nowadays H2 is 

mainly produced from fossil fuels via steam reforming36 or by electrolysis of water using 

expensive catalysts.37–40  

 The current state-of-the-art electrocatalyst for the hydrogen evolution reaction (HER) is 

platinum (Pt), which is both rare and expensive, limiting its usefulness in large-scale energy 

storage.38 A complementary option for the production of hydrogen is focused on using a 

photocatalytic system which directly converts sunlight into molecular hydrogen.41–45 Both 

electrocatalytic46–53 and photocatalytic54–63 systems require cheap and robust catalysts with high 

catalytic activity and long catalyst lifetime for sustainable hydrogen production.64–66 A wide 
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variety of inorganic catalyst systems have been investigated, with some of the most notable 

based on nickel (Ni), cobalt (Co), and molybdenum (Mo) complexes.51,67–72 Much has been 

learned about the factors that lead to fast and robust catalysts. In this chapter, we discuss and 

provide context for the incorporation of [2Fe-2S] clusters into polymeric and other supports as a 

means to improve H2 evolution catalytic activity. 

1.1.2. Hydrogenase Enzymes, Enzyme Active-Site Mimetics, and Their Limitations 

 Nature has provided a template for HER catalysis using earth-abundant metals in the 

[FeFe]-hydrogenase metalloenzymes produced by anaerobic bacteria (Figure 1. 1),73–82 and they 

function at rates up to 104
 s

-1 in aqueous media, with a low overpotential requirement, similar to 

that of platinum. The reactivity of these enzymes is centered around a butterfly [2Fe-2S] cluster 

moiety in the active site (H-cluster), which is both synthetically accessible and easily modified 

either by changing the ligands on the metals or by changing the identity of the organic moiety 

attached to the bridging μ-dithiolate ligands.83–85 Studies on the structure and mechanism of the 

[FeFe]-hydrogenases have shown that the polypeptide structure in which the organometallic 

active site resides is crucial to the activity of the enzyme for 1) stabilizing a mixed-valence, 

rotated open [2Fe-2S] cluster, 2) shuttling electrons to the active site through [4Fe-4S]-cubane 

moieties, and 3) shuttling protons to the active site through amino acids and the amine 

bridgehead of the active site (Figure 1. 1).85–95 However, the technological applications of 

natural hydrogenase metalloenzymes are very limited because of their severe sensitivity to 

oxygen97,98 and complex biosynthesis, which prohibit access to these materials in appreciable 

quantities. 
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Figure 1. 1. The structure of a [FeFe]-hydrogenase enzyme containing an active-site [2Fe-2S] H-

cluster and [4Fe-4S]-cubane clusters. Adapted with permission from Ref.73  

 Over 1500 small-molecule [2Fe-2S] active-site mimetics have been synthesized and 

structurally characterized,99 and some have demonstrated high turnover frequencies in organic 

media with added acid. Representative examples are shown in Figure 1. 2. These complexes 

encompass a variety of linkers between the sulfur atoms (1), including the important amine 

functional group identified in the enzyme100–103 (2), “open” dithiolate systems (3), conjugated 

linkers like benzenedithiolate (4), and functional complexes (such as 5 and 6, see Figure 1. 

2).83,104–107 The carbonyl groups may also be substituted with other ligands.  
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Figure 1. 2. Representative small-molecule mimetics of the active site of [FeFe]-hydrogenase. 

 Despite the wide tunability of these small-molecule mimics, these complexes generally 

exhibit low turnover numbers for hydrogen production and undergo irreversible deactivation by 

oxygen. These complexes, when used as HER catalysts, are also deactivated by rapid pairing 

with another small-molecule mimetic in solution upon reduction (termed homoassociation), and 

are typically insoluble in aqueous media.108,109 Operation of [FeFe]-hydrogenase active-site 

mimetics in aqueous media is deemed critical since water is ultimately desired to be the 

feedstock and proton source for H2 production. 

 Many attempts on constructing enzyme active-site mimetics have shown that the active 

sites perform better when they are encapsulated within a macromolecular peptide environment. 

Taken together, these findings suggest that mimicking only the active site is not sufficient to 

achieve the desired HER catalytic activity, stability, and solvent compatibility. Therefore, 

mimicking the macromolecular construct via tuning the outer coordination sphere around the 

active site is a new direction for developing highly active and robust synthetic HER catalysts.110–

114 When designing a macromolecular support for [2Fe-2S] systems, the insights gained from 
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mechanistic studies involving small-molecule mimetics and hydrogenase enzymes should be 

integrated. These structural and electronic features include 1) [2Fe-2S] site isolation to inhibit 

deactivation through association,109 2) inducing water solubility while still maintaining rapid 

electron transfer rates, 3) proton shuttling ability in the outer coordination sphere,94,115–118 and 4) 

increasing oxygen stability by facile protonation and electron-transfer steps in the reduction of 

oxygen to water.115,119–127 

1.1.3. The Benefits of Supported [2Fe-2S] Catalysts 

 Polymer-supported [2Fe-2S] systems are defined here as the incorporation of one or 

multiple [2Fe-2S] complexes into a macromolecular architecture128–130 by either covalent 

bonding or non-covalent intermolecular interactions. Historically, attempts were made to 

immobilize [2Fe-2S] catalysts onto both heterogeneous and homogeneous supports.131 However, 

in the vast majority of cases, deactivation of catalytic activity was observed. Of these supported 

[2Fe-2S] systems, polymer-supported catalysts132,133 have been shown to exhibit promising 

activity, particularly homogeneous systems. Modern polymer chemistry offers new 

functionalization methods to prepare these novel classes of catalytic metallopolymers134 for H2 

production. Appropriate polymer chemistry for the macromolecular environment around the 

[2Fe-2S] complex is anticipated to provide site isolation to suppress the dimerization of the 

complexes upon reduction, while also enabling solubility and catalysis in the aqueous milieu, 

ideally at neutral pH. Additionally, macromolecular engineering of the metallopolymer135–144 

composition enables tuning of the outer coordination sphere around the [2Fe-2S] complex as a 

route to enhance charge and ion transport for catalysis. Hence, the preparation of [2Fe-2S]-

containing metallopolymers may provide a new way to address the systematic problems of 

small-molecule [2Fe-2S] systems and help improve the catalytic figures of merit.  
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 The catalytic figures of merit145 include the lifetime of a catalyst, defined by a turnover 

number (TON), which may be increased by sterically inhibiting associative mechanisms with a 

bulky macromolecular support. The rate of catalysis, defined as a turnover frequency (TOF), 

may be improved by the inclusion of functional groups to either transport protons from the bulk 

solution to the active site or by providing a high local concentration of protons for reduction. 

Finally, a smaller overpotential requirement (η)146,147 may be obtained in electrocatalytic systems 

if the macromolecular architecture enables a proton-coupled electron transfer (PCET)148–152 

mechanism, which has been shown to decrease the potential requirement for the reduction step 

by coupling a protonation event with an electron transfer.150,153 

 In this chapter, we discuss the variety of approaches that have been reported to create 

macromolecular supports to stabilize the [FeFe]-hydrogenase active site mimetics, provide water 

solubility to these inherently hydrophobic diiron complexes, and improve the activity of small-

molecule [2Fe-2S] systems. Design of polymer-supported [2Fe-2S] systems involves selection of 

the appropriate [2Fe-2S] active-site mimetic, the nature of the conjugation between the [2Fe-2S] 

complex and the polymer support (i.e., supramolecular or covalent), the type of polymer (i.e., 

naturally occurring or synthetic), the solvent conditions (i.e., in water, organic solvents, pH, etc.), 

and whether the aim is electrocatalysis or photocatalysis. The catalytic performance to date of 

these various polymer-supported [2Fe-2S] materials is summarized. The immobilization of [2Fe-

2S] onto non-polymeric systems such as small molecule photosensitizers,154 semiconductor 

nanocrystals,155 nanocarbons,156–158 MOFs,159–161 and electrode surfaces162,163 are also briefly 

discussed. 
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1.2. Polymer-Supported [2Fe-2S] Catalysts 

1.2.1. Supramolecular Assemblies / Physical Entrapment 

i. Oligo- and Polysaccharides 

 Cyclodextrins (CyDs) are cyclic oligosaccharides containing a rigid conical molecular 

structure with a highly hydrophobic internal cavity. The first study on the inclusion of a [FeFe]-

hydrogenase active-site mimetic within a β-CyD host was reported by Darensbourg et al. in 2010 

using a [2Fe-2S] complex with an aryl sulfonate group attached to the bridgehead.164 1H NMR 

spectroscopy studies in D2O found that in solution, a 1:1 CyD/[2Fe-2S] adduct forms. 

Electrocatalysis in aqueous solution showed less activity toward proton reduction in the presence 

of β-CyD compared to the free [2Fe-2S] complex. A follow-up study from the same group 

investigated this electrocatalytic deactivation effect of the CyD with four new diiron systems, 

with one or two of the carbonyl ligands substituted by phosphine-based ligands.165 All complexes 

showed a decrease in electrocatalytic current in aqueous solution upon addition of β-CyD, 

indicating hindered proton and electron delivery processes because of the insulating layer of the 

CyD. 

 Sun and co-workers incorporated the same sulfonate-functionalized diiron complex into 

β- and γ-CyD cavities along with halogenated organic dyes as a photosensitizer (PS).166 The CyD 

host-guest inclusion was investigated for photocatalytic H2 generation in aqueous solution at pH 

10. In photocatalytic systems, it was envisioned that PS species could also be entangled in the 

host-guest complex, keeping the PS and catalyst close together to increase the chances of 

interaction between the two species. Recently, the same group reported a thiol-functionalized β-

CyD (β-CyD-SH) host-guest system using the same sulfonate-functionalized mimetic and 

quantum dots (QDs) as a PS (Figure 1. 3a).167 β-CyD-SH served as a host compound for the 
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diiron complex as in the previous studies and provided closer assembly for the catalyst and the 

QDs by binding the QD surface through thiol functional groups. The total TON for 

photocatalytic H2 evolution in water at pH 4.5 was reported as 2370 (Figure 1. 3a), and TOF was 

0.042 s-1 in the initial 10 hours of illumination. 

 

Figure 1. 3. a) CyD host-guest inclusion complex functionalized with a thiol group (top left). 

Hydrogen generation activity of the confined system (red) compared to free-QDs in the presence 

of CyD (blue) and the absence of CyD (purple) reference systems (top-right). b) Chitosan 

confinement (bottom left). Hydrogen generation activity in the presence (red) and absence 

(black) of chitosan (bottom right). Adapted with permission from Refs.167,168 
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 A chitosan-confined self-assembling system containing a diiron complex, QDs as a PS, 

and ascorbic acid (H2A) as a sacrificial electron donor was used for photocatalytic H2 evolution 

in a methanol/water solution (25% MeOH) at pH 4.5 (Figure 1. 3b).168 Chitosan served to wrap 

around the negatively charged QD surface to prevent the QDs from aggregating (Figure 1. 3b) 

and attract a high local concentration of the active electron donor (HA⁻) to fill the holes formed 

in the QDs, while also suppressing photo-corrosion. This self-assembled system showed a TON 

of up to 52,800 moles H2 evolved per mole of active site under optimized conditions with initial 

TOF of 1.40 s-1 and an increased photocatalytic lifetime from 8 to 60 hours (Figure 1. 3b). 

However, this impressive activity was confined to a narrow pH window between pH 4-5, and 

controlling the pH was demonstrated to be the most important factor governing photocatalytic 

performance. 

ii. Micelles and Amphiphilic Polymers 

 Aqueous micellar solutions prepared from surfactants, which help disperse hydrophobic 

[2Fe-2S] clusters in water, have been studied by different research groups during the past decade. 

The surfactants used in these systems to encapsulate [FeFe]-hydrogenase active-site mimetics 

were sodium dodecyl sulfate (SDS),169–172 cetyltrimethylammonium bromide (CTAB),172 and 

dodecyltrimethylammonium bromide (DTAB).173 In addition to the micellar systems, other 

biomimetic self-assembling supporting systems such as phospholipid vesicle membranes were 

used for embedding the components, for H2 evolution catalysis, into the membranes or adsorbing 

the cluster to the membrane interface.174,175 

 An amphiphilic polynorbornene random copolymer bearing a hydrophobic alkyl moiety 

and three hydrophilic oligo(ethyleneglycol) chains (P-NB) was used to generate a polymeric 

micelle as a microreactor to encapsulate a hydrophobic diiron complex in its core (Figure 1. 
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4).176 This amphiphilic polymeric micelle successfully encapsulated the small-molecule HER 

catalysts, enabling phase transfer of the [2Fe-2S] into the aqueous milieu and improved catalytic 

activity for H2 generation. A TON of 133 for 2 hours of irradiation was reported in the presence 

of the polymeric micelle for a photocatalytic H2 evolution in acidic aqueous solution (pH 4). 

These micellar self-assembly systems showed that water-insoluble active-site mimetics could 

perform H2 evolution catalysis in water with the help of the “microreactor cage”. However, the 

maximum catalyst loading was limited by the micellar system. Furthermore, the hydrophobic 

interior of a micelle possibly affected the interactions between polar substrates, including water, 

and the diiron cluster that was buried in the core of the micelle.  

 

Figure 1. 4. The structure of P-NB and PDT, and the PDT@P-NB self-assembly system in 

water. Adapted with permission from Ref.176 

 



33 

 

iii. Hydrogels 

 Polymer gels have been used to support [2Fe-2S] cluster in a macromolecular 

environment via non-covalent interactions. Pickett et al. reported immobilization of a [2Fe-2S] 

dianion in a polycationic polypyrrole film to stabilize protonation products.177 In a different 

study by the same group, a simple example of a dipeptide-based hydrogelator (Fmoc-Leu-Leu), 

which can form a supramolecular self-supporting gel in water by π-stacking interactions from 

Fmoc units (9-fluorenylmethoxycarbonyl) and hydrogen bonding between peptides (Leu = 

Leucine), was used to encapsulate a diiron complex.178 A polyvinylpyrrolidone (PVP) hydrogel, 

a crosslinked polymer with a chemically inert hydrophobic interior, was used to disperse a 

hydrophobic diiron complex in water.179 Due to swelling of the polymers with a large amount of 

water, the water-catalyst interactions increased, and the transparent nature of the hydrogel 

avoided the energy loss during light irradiation. A TON of 780 moles H2 per mol catalyst and a 

TOF of 0.060 s-1 after 1 hour of irradiation were reported for photocatalytic H2 evolution. The 

highest catalytic activity was achieved at the optimal pH value of 4.0.  

iv. Electrospun-Fibers 

 A diiron complex was blended with cellulose acetate (CA) functionalized with multiwall 

carbon nanotubes (MWCNTs; added to improve conductivity) and PVP in a solution to prepare 

electrospun fibrous membrane (EFM) electrodes, as reported by Liu et al.180 A similar 

electrospun fiber system utilized in a follow-up paper by the same laboratory used four different 

[2Fe-2S] complexes with various numbers of hydroxy groups to improve their interactions with 

the CA matrix, using graphene oxide as a dopant to improve conductivity and additionally, basic 

poly(ethyleneimine) (PEI) to enhance proton transfer.181 The membrane electrode system with 

the hydrophobic diiron mimetic (no hydroxy group attached) showed the lowest electrochemical 
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activity. Membranes assembled with the diiron complex containing one hydroxy group attached 

to the aliphatic bridgehead demonstrated the highest resistance to bleaching in aqueous media 

and were doped with PEI with the goal of increasing proton transport via the inclusion of basic 

amine groups. Inclusion of PEI was found to increase the catalytic current of the electrode 

drastically. All electrodes still suffered from some amount of bleaching upon cycling, 

presumably due to leaching of [2Fe-2S] complexes. 

1.2.2. Covalent Attachment 

 In this section, we introduce [2Fe-2S] clusters covalently attached to either peptides or 

proteins, and [2Fe-2S]-based metallopolymers with the diiron complex either in the main chain, 

on the side chain as a pendant group, or in different polymer architectures as a single catalytic 

site. 

i. Peptides and Proteins 

 In 2007, the first model system for the synthesis of the [2Fe-2S] complex using two 

cysteine units on a designed peptide chain with a CXXC motif (C = cysteine and X = any amino 

acid) was reported by Jones et al.182 Two cysteine side chains on an α-helical peptide with a 

molecular weight (MW) of ca. 3200 g/mol were used to coordinate a Fe2(CO)6 cluster. In 2011, 

Hayashi and co-workers adapted the same CXXC motif in cytochrome c (cyt c) for the formation 

of (μ-S-Cys)2Fe2(CO)6 by covalent attachment in a protein matrix (Figure 1. 5a).183 Cyt c is a 

water-soluble protein with a MW of ca. 12 kg/mol, containing the characteristic CXXCH motif 

(C = cysteine, X = any amino acid, and H = histidine). This approach afforded a single diiron 

complex per apo-cyt c, similar to the hydrogenase enzyme. A TON of ca. 80 was reported after 2 

hours of irradiation, and a maximum TOF of 0.035 s⁻1 was calculated from the initial rate of H2 
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generation. The same group later reported a similar system using the CXXCH peptide sequence 

on cytochrome c556.
184 

 In 2011, Jones and co-workers reported a new approach for immobilization of a diiron 

complex on a peptide chain. An amino acid with a primary amine functional group in a small 

artificial peptide chain was modified with a 1,3-dithiol moiety to covalently anchor a diiron 

complex.185 The major difficulty in such systems was the selective functionalization of the 

desired amino acid in a peptide chain during multi-step reactions. A similar approach was 

reported by Ghirlanda et al. to covalently attach a [2Fe-2S] cluster onto relatively larger 

peptides, and they demonstrated the catalytic activity with this [2Fe-2S]-peptide system with a 

TON of 84 over 2 hours in aqueous solution.186 In a follow-up paper, phosphine functional 

groups were employed in the short peptides instead of 1,3-dithiol groups as in the previous 

paper, to replace one of the carbonyl ligands on the [2Fe-2S] cluster and to form a [2Fe-2S]-

peptide system.187   

The development of catalysts using a protein-supported framework was reported by 

Hayashi et al.188 A diiron complex with a maleimide functional group attached to the dithiol 

bridgehead was covalently embedded within the cavity of a β-barrel nitrobindin (NB) protein 

(MW of ca. 20 kg/mol) (Figure 1. 5b). The maleimide moiety on the [2Fe-2S] cluster was 

reacted with a cysteine residue on the protein. The catalytic activity for H2 evolution using NB-

[2Fe-2S] systems gave a TON of 130 for 6 hours and a maximum TOF of ca. 0.038 s-1 in water 

at pH 4. The rigid structural nature of the NB provided site isolation and improved the stability 

of the cluster. However, the TOF was likely compromised given the concurrent electronic 

inaccessibility to the cluster. Such access is critical for the catalytic H2 generation.  
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Figure 1. 5. a) Apo-cytochrome c containing a [2Fe-2S] cluster. b) Artificial hydrogenase 

containing a diiron complex within a rigid β-barrel structure of nitrobindin. Adapted with 

permission from Ref.189 

ii. Metallopolymers with [2Fe-2S] Clusters in the Main Chain 

A dialkyne-functionalized open-bridge [2Fe-2S] complex was polymerized by transition 

metal-catalyzed step-growth polymerization to prepare polyene-type polymers, illustrated as 

poly-{Fe2}, as reported by Liu and co-workers.190 Poly-{Fe2} was “clicked” on the gold 

electrodes, modified with a self-assembled monolayer of thiol-tethered azides, through the 

terminal alkyne on the polymer. Cyclic voltammetry (CV) of the polymer film on the gold 

electrode showed a broad reduction shifted to about 400 mV positive of the reduction of the 

small-molecule mimetic. However, repetitive CV scanning was found to deplete the 

electrochemical response of the system. The same [2Fe-2S] complex having two alkynyl groups 

was reacted with either a benzene- or pyridine-based diazide compound by click chemistry, as 

reported by the same research group.191 The resulting metallopolymers with diiron complexes in 



37 

 

the main chain were electrochemically investigated in N,N-dimethylformamide (DMF) with 

acetic acid because of its low solubility in other solvents. 

The most recent example of a main-chain metallopolymer system was reported by the 

same group in 2016.192 A diiron complex with dialkynyl groups on the 1,2-benzenedithiolate 

bridgehead and three different diazide compounds bearing different functional groups were 

synthesized (e.g., pyridine for polymer 1, diethylamine for polymer 2, or carboxylate for polymer 

3) to prepare [2Fe-2S]-based main-chain metallopolymers by click chemistry as shown in Figure 

1. 6. Solution electrochemistry in DMSO (see Figure 1. 6 for the CV of polymer 2 with added 

trifluoroacetic acid) revealed that all metallopolymers were electrocatalytically active, but the 

carboxylate-containing polymer was found to be unstable, decomposing rapidly in DMSO 

solution. However, once assembled into membrane electrodes using polyethyleneimine-reduced 

graphene oxide (PEI-RGO) and Nafion, the carboxylate-containing polymer was stable and 

achieved catalytic current densities as high as -2.08 mA/cm2 in dilute aqueous acetic acid. This 

work demonstrated that it was possible to improve catalysis by modifying the outer coordination 

sphere of the [2Fe-2S] system through the incorporation of functional groups, capable of proton 

transport, in the macromolecular support. Unfortunately, like most membrane electrodes, the 

system suffered from a significant loss of activity after successive cycling of the electrode. 
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Figure 1. 6. CV for polymer 2 (R = H) with increasing acid concentration. Acid amount given in 

equivalents relative to the polymer concentration. Adapted with permission from Ref.192 

iii. Metallopolymers with [2Fe-2S] Clusters in the Side Chain 

 Pickett et al. reported one of the first metallopolymer systems covalently incorporating 

diiron complexes by post-polymerization modification (PPM) methods.193 A pyrrole monomer 

containing a pentafluorophenol-activated ester group was electropolymerized onto a Pt or glassy 

carbon (GC) electrode surface. A [2Fe-3S] complex bearing a hydroxy group was covalently 

attached to the polypyrrole to generate electrode-bound conducting metallopolymer films. The 

electropolymerized films containing diiron complexes on inexpensive carbon electrodes were 

demonstrated to be electrocatalytically active for hydrogen production. The same laboratory also 

demonstrated the synthesis and characterization of an elaborate polypyrrole system which 

incorporated both the [2Fe-3S] cluster and also linked it to a [4Fe-4S]2+-cubane assembly in a 

film on an electrode surface,194 but catalysis was not demonstrated.  

 In 2009, Darensbourg et al.195 used commercially available crosslinked polystyrene beads 

with polyethylene glycol (PEG) side chains containing amine and hydroxy functional groups 

(Tentagel) to prepare artificial [FeFe]-hydrogenase metalloenzymes. A carboxylic acid 
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containing [2Fe-2S] was used to couple with the amine groups on the beads. Alternatively, 

dithiol derivatized amine groups on the beads were reacted with Fe3(CO)12 to produce polymer-

bound [2Fe-2S] clusters. Unfortunately, the PEG environment was found to facilitate 

photochemical loss of a CO ligand and subsequent catalyst degradation.  

 Commercially available polyvinyl chloride (PVC, Mw = 48 kg/mol) was utilized to 

prepare PVC-g-[2Fe-2S] metallopolymers for assembly of film electrodes for the HER as 

reported by Liu et al.196 PVC-g-[2Fe-2S] polymers were synthesized either by directly reacting 

the reduced form of [Fe2(μ-S)2(CO)6] with C-Cl bonds on PVC or by reacting a mono- or 

dialkynyl functionalized diiron complex with azide-functionalized PVC (PVC-N3, by 

substituting Cl with azide) using click chemistry. The reaction from the monoalkynyl-

functionalized diiron complex with PVC-N3 resulted in a polymer with better solubility due to 

the elimination of the interchain crosslinking. Despite high current densities (ca. 3 mA/cm2) 

obtained from film electrodes prepared using the PVC-g-[2Fe-2S] polymers in acetonitrile, the 

activity was almost fully lost after the first scan and was further supported by IR characterization 

where a significant reduction of Fe-CO vibrational stretches was observed after 30 scans. 

 The use of commercially available branched polyethyleneimine (PEI, Mw of 1800 or 600 

g/mol) as a polymeric support was reported by the same research group.197 These amine 

functional polymers were functionalized with diphenylphosphine groups to anchor [2Fe-2S] 

complexes to an oligomeric structure rich in primary and secondary amine groups. Amine groups 

on PEI were used for multiple purposes to modify the polymer chain with phosphine and 

carboxylic acid groups and to improve proton transfer in catalysis. The catalytic performance 

was improved by increasing the length and flexibility of the alkyl linker between the diiron 

complex and the polymer chain, and by the inclusion of carboxylate functionalities on the PEI 
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chain in addition to amine groups. This work demonstrated a major improvement in catalytic 

activity from the same [2Fe-2S] cluster by modulating functional groups on the macromolecular 

support. 

 Wu and co-workers functionalized a diiron complex with a primary amine group by 

ligand substitution to anchor the active-site mimetic on the side chain of commercial polyacrylic 

acid (PAA, Mw = 1800 g/mol; Figure 1. 7).198 The resulting PAA-g-[2Fe-2S] system achieved a 

reported TON of 27,135 from an aqueous solution at pH 4 for 8 hours of irradiation. Besides 

bringing the diiron complex into water, PAA reduced the formation of the CdSe QD aggregates 

by interacting with the surface of the dots and holding the iron system near the photosensitizer to 

enhance electron transfer. The best H2 production efficiency was obtained from the polymer with 

the lowest grafting density of [2Fe-2S] systems and pointed to deactivation by either clustering 

or homoassociation of reduced [2Fe-2S] active sites at higher catalyst loadings. 

 In the follow-up paper, Wu et al. examined the activity of a diiron system grafted to a 

commercial branched PEI (Mw= 25 kg/mol).199 Using a carboxylic acid functionalized diiron 

complex, that is, by replacing the ligand on the metal shown in Figure 1. 7, PEI-g-[2Fe-2S] was 

synthesized through the amide-bond formation. This approach gave a metallopolymer with [2Fe-

2S] moieties grafted to side chains along the PEI backbone. The resulting photocatalytic system 

reached a TON of 10,600 after 44 hours at pH 6.5, although the system showed the highest rate 

at pH 4. Overall, the self-buffering capacity of the PEI enabled the catalyst system to function 

across a wide range of pH values. The high degree of protonation of the amine groups in PEI 

increased the buffering capacity of the PEI, improved the stability of the negatively charged 

photosensitizer (QDs), and enhanced the catalytic activity.  
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Figure 1. 7. Syntheses and structures of [2Fe-2S] grafted PAA and PEI systems for H2 evolution 

reaction in water. Adapted with permission from Ref.198,199  

 Wu and colleagues later combined their PAA-g-[2Fe-2S] catalyst with PEI supports that 

leveraged the benefits of both the PEI and PAA polymers.200 The PEI support (which was 

protonated at lower pH) presumably associated with negatively charged QDs (changing the zeta 

potential of the surface of the QDs from -8.7 mV to +25.7 mV), and further promoted negatively 

charged HA- (ascorbate; the sacrificial electron donor) and PAA-g-[2Fe-2S] to concentrate closer 

to the PEI-modified QDs. Consequently, a 30-fold rate enhancement of hole trapping was 

observed, but presumably, it did not affect the rates of electron transfer. This PEI-modified PAA-

g-[2Fe-2S] system achieved a TON of 83,600 over 28 hours at pH 4.1 for photocatalytic H2 

generation.  

 An open [2Fe-2S] system bearing one alkynyl group was used as a monomer and 

polymerized by transition metal-mediated polymerization to generate a polyacetylene backbone 

with pendant Fe2S2(CO)6 groups.201 The resulting metallopolymer showed better solubility 

compared to the earlier systems reported from the same group, was blended with multiwall 

carbon nanotubes (MWCNTs) and was spin-coated on vitreous carbon to assemble film 
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electrodes. However, like most functional electrodes, these film electrodes were significantly 

degraded by cycling to catalytically active potentials, with 50% of activity lost after the first 

scan. 

 Weigand and Schubert et al. demonstrated a controlled radical copolymerization (CRP) 

of styrenic [2Fe-2S] monomers with styrene to incorporate the cluster into the copolymers for the 

first time.202 Reversible addition-fragmentation chain-transfer (RAFT) polymerization was used 

to copolymerize styrene with three styrenic [2Fe-2S] comonomers (1,3-propanedithiolato- or 2-

azapropanedithiolato-bridged and bifunctional open system; Figure 1. 8a) with a maximum 

incorporation of 11% [2Fe-2S] monomer. Copolymerization of the nitrogen-containing diiron 

monomer failed under all polymerization conditions attempted. These random metallo-

copolymers demonstrated electrocatalytic behavior in dichloromethane (DCM) and DMF upon 

the addition of strong proton donors, such as acetic acid. This important work demonstrated the 

ability to use CRP methods with a [FeFe]-hydrogenase mimetic without decomposing the [2Fe-

2S] complex under free-radical conditions. 

 

Figure 1. 8. a) Styrenic [2Fe-2S] comonomers for RAFT polymerization. b) Allylic [2Fe-2S] 

monomer for thiol-ene click chemistry. Adapted with permission from Refs.202,203 
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iv. Metallopolymers with a Single [2Fe-2S] Site per Chain 

 More recently, the preparation of [2Fe-2S] metallopolymer systems, incorporating a 

single diiron moiety to a polymer chain by chain-end functionalization, has been explored. Berda 

and co-workers prepared two novel [2Fe-2S] complexes with either an allyl or a propargyl group 

on the bridgehead to enable chain-end functionalization of a linear thiol-terminated polymer via 

thiol-ene/thiol-yne click chemistry under UV light irradiation (254 nm; Figure 1. 8b).203 

Subsequent intramolecular crosslinking was conducted to form single-chain nanoparticles as a 

route to achieve site-isolation of the catalytic complex. Unfortunately, the use of UV light likely 

decomposed the [2Fe-2S] sites via decarbonylation. Wu and co-workers anchored an oligomeric 

support of three PEG chains to a diiron complex using the same method mentioned in the PAA- 

and PEI-grafted systems that gave a single active-site mimetic per supported system through the 

ligand attached to the metal.204 This earlier work from Wu’s group showed a photocatalytic 

hydrogen generation in water at pH 4.0 with a TON of 505 in 10 hours and a TOF of 0.014 s-1. 

 Benzyl-ether-based Fréchet-type dendrimers (generations from one to four, [G-1]-[G-4]) 

around the Fe2S2(CO)6 core were constructed to create a macromolecular supported [2Fe-2S] 

system with a single site metallopolymer architecture (Figure 1. 9).205 The dendritic support was 

designed with steric bulk around the catalyst to suppress deactivating associative mechanisms via 

site isolation. These dendrimer catalysts were used in a photocatalytic system in an acetone/water 

mixture (9:1, v/v). Water was the only proton source, and extremely low catalyst loadings (0.5-1 

µM) showed catalytic activity. An increase in TON from 18,100 for [G-1] to 22,200 for [G-4] 

was reported (Figure 1. 9) together with maximum a TOF of 2.0 s-1 during the initial one hour of 

irradiation. This elegant strategy demonstrated for the first time the ability of the dendrimer 
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construct to site isolate the [2Fe-2S] complex. Future enhancements of this system could 

possibly include functionalization of the dendron/dendrimer periphery to enable water solubility. 

 

Figure 1. 9. Structure of a dendritic hydrogenase mimetic, [G-2]-[2Fe-2S] (top) and comparison 

of TONs for photocatalytic H2 generation by the dendritic mimetics of different generations. 

Adapted with permission from Ref.205 

 Recent work in our group has embraced the single-site catalyst architecture of 

hydrogenase metalloenzymes, where metallopolymers with a single [2Fe-2S] catalyst site were 

prepared via controlled radical polymerization (CRP). This approach enabled the preparation of 

metallopolymer catalysts with tunable water solubility, aerobic stability, high TOFs and TONs 

with an overpotential requirement that is only slightly higher than observed for the hydrogenase 

enzyme (Figure 1. 10a).206 This approach utilized atom-transfer radical polymerization 

(ATRP)207 where an -haloester functional [2Fe-2S] complex was synthesized and used as a 

metalloinitiator for ATRP. This method provided a variety of advantages, including 1) inclusion 

of only one active site per chain – mimicking the enzyme structure and providing site isolation, 

2) the [2Fe-2S] initiator being nearly quantitatively incorporated into the final polymer, and 3) 
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modularity – many metallopolymer systems can be synthesized simply by changing the 

monomer used in ATRP. 

 Previous studies of polymer-supported [2Fe-2S] HER catalysts reported low TOFs, 

which were likely a consequence of inhibited electron transfer/proton migration to encapsulated 

[2Fe-2S] sites. In a major leap forward, we found the amine-containing metallopolymers derived 

from 2-(dimethylamino)ethyl methacrylate (DMAEMA) afforded PDMAEMA-g-[2Fe-2S], 

which was a highly active electrocatalyst in neutral aqueous media. Operating in pH 7.0 buffer, 

we found current densities similar to those obtained from a planar Pt electrode, with an increased 

overpotential requirement208 of only 0.23 V (Figure 1. 10b). The system retained full activity 

under aerobic conditions (Figure 1. 10c).206 Tafel analysis209 (Figure 1. 10b) revealed a plateau 

current density greater than 100 mA/cm2 (corresponding to a TOF of 250,000 s-1), which is many 

times greater than that of any other supported [2Fe-2S] catalysts to date. Furthermore, a TON of 

2-6 x 104 mol H2 per mol catalyst, an operational lifetime of six days, and an overpotential 

requirement only 0.1 V larger than that of an [FeFe]-hydrogenase enzyme on a TiO2 electrode 

were reported.  
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Figure 1. 10. a) PDMAEMA-g-[2Fe-2S] metallopolymer in comparison with the enzyme. b) 

Tafel plots of a Pt disk electrode and PDMAEMA-g-[2Fe-2S] metallopolymer using a glassy 

carbon disk electrode in water at pH 7.0 for overpotential requirement comparison. c) Linear-

sweep voltammetry of PDMAEMA-g-[2Fe-2S] metallopolymer using a glassy carbon disk 

electrode at pH 7.0 under anaerobic (solid line) and aerobic (dashed line) conditions. Adapted 

with permission from Ref.206  

This catalytic performance indicated significantly different behavior from the systems 

previously discussed. Control experiments, including catalyst concentration and competition 

studies, indicated that the solution-phase metallopolymer underwent a transient reversible 

adsorption process to the electrode, which is commonly favored by electrostatic and/or other 

non-covalent interactions. We anticipate that for charged polyelectrolyte metallopolymers (e.g., 
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PDMAEMA-g-[2Fe-2S]), the tethered polyelectrolyte chains prefer a more extended 

conformation to maximize interactions to the surface and minimize the intrachain electrostatic 

repulsion. Hence, while there may be an insulating polymer around the [2Fe-2S] site in solution, 

the extended surface-adsorbed polymer chains leave the [2Fe-2S] site more exposed and more 

favorable for fast electron transfer and electrocatalysis, as evidenced by the excellent TOF and 

TON. 

 We further posit that a contribution to this remarkable activity is the high degree of 

protonation of amine-side-chain groups in the metallopolymer, and that it facilitates proton 

transport to the [2Fe-2S] core. To date, this single-site system is one of the most highly active 

HER electrocatalysts of any kind (even approaching that of platinum) and demonstrates the 

advantages of incorporation of [2Fe-2S] into a macromolecular construct. 

 In follow-up work, we investigated the impact of the polymer composition on the activity 

of this metallopolymer HER catalyst by using another water-soluble but non-ionic polymer, 

poly(oligo(ethylene glycol)) methacrylate (POEGMA).210 POEGMA-g-[2Fe-2S] was found to be 

an active electrocatalyst for HER, but operated with much lower current densities and higher 

overpotential in pH 7.0 sodium phosphate buffer. Random metallo(co)polymers showed 

intermediate activities with enhanced current densities observed with higher PDMAEMA content 

(Figure 1. 11). These results unambiguously demonstrated that amine/ammonium-side-chain 

groups were directly causal to the enhanced catalytic activity of the metallopolymer and 

demonstrated macromolecular engineering of the catalyst outer coordination sphere to affect 

HER activity. 
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Figure 1. 11. a) Representation of PDMAEMA and POEGMA metallo(co)polymers. b) CV 

comparisons in an aqueous solution. Adapted with permission from Ref.210 

 Finally, to provide a perspective on the comparative HER activity of metallopolymer 

catalysts in this chapter, we tabulate the key catalytic figures of merit (where available) for 

polymer-supported systems for both electrocatalytic and photocatalytic H2 production (see Table 

1. 1). A major challenge in making such comparisons is the wide variation and discrepancies in 

the measurement methods for reporting H2 evolution catalysis as noted elsewhere. Nevertheless, 

these reports clearly illustrate the benefits of [2Fe-2S] immobilization onto synthetic polymers to 

enhance the catalytic activity, particularly in the case of single-site metallopolymer systems. 
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Table 1. 1. Catalytic figures of merit for selected polymer-supported [2Fe-2S] hydrogen 

evolution reaction catalysts1 

[2Fe-2S] 

Type [a] 
Support [b] 

[Catalyst] 
[c] 

TON 

(Run time, h) 

TOF  

(s-1) 

J max [d] 

(mA/cm2) 

Electron 

Source [e] 
Conditions [f] Ref 

Electrocatalysis 

6 PDMAEMAC 0.1-100 μM 40000 250000 -100 
GC 

electrode 

1 M Tris buffer,  

pH 7 (aq) 
206 

6 POEGMAC 100 μM -- -- -2.5 
GC 

electrode 

0.75 M  

phosphate buffer,  

pH 7 (aq) 

210 

1 PEIC 2.4 mg/mL -- -- -9.5 [g] 
GC 

electrode 
50 μL AcOH in DMF 197 

3 PVCC, ‡ [h] -- -- -4.6 
GC 

electrode 

MWCNTs, Nafion,  

4 μL AcOH in MeCN 
196 

3 PolyeneC, ‡ 2.3 mg/mL -- -- -7.7 
GC 

electrode 

MWCNTs,  

5 μL AcOH  

in 3 mL MeCN 

201 

4 SDSN 8-60 μM 52 2600  -0.5 
Hg 

electrode 

10-100 mM phosphate 

buffer, AcOH,  

pH 3-6.9 (aq) 

170 

Photocatalysis 

1 PAA/PEIC 0.7 μM 83600 (28) -- -- 
CdSe QDs  

(5.8 μM) 

PEI (0.46 g/L),  

0.1 M H2A,  

pH 4.1 (aq) 

200 

1 PAAC 1.0 μM 27135 (8) 3.6 -- 

CdSe QDs  

(0.08 

mg/mL) 

0.1 M H2A,  

pH 4 (aq) 
198 

1 PEIC 1.46 μM 10600 (44) -- -- 

CdSe QDs 

(0.08 

mg/mL) 

0.125 M H2A,  

pH 6.5 (aq) 
199 

3 
DendrimerC  

[G-4] 
1.0 μM 22200 (8) 2.0 -- 

Ir(III) 

complex 

(0.5 mM) 

0.6 M TEA,  

acetone/water 9:1 (v/v) 
205 

1 
Ethylene 

glycol chainsC 
156 μM 505 (10) 0.014 -- 

CdTe 

QDs 

(1.0 mM) 

85 mM H2A,  

pH 4 (aq) 
204 

1 
Apo-

NitrobindinC 
7.8 μM 130 (6) 0.038 -- 

Ru(II) 

complex 

(140 μM) 

100 mM ascorbate,  

50 mM Tris/HCl,  

pH 4 (aq) 

188 

2 ChitosanN 1.0 μM 52800 (60) 1.40 -- 

CdTe 

QDs  

(1.71 μM) 

0.2 M H2A, pH 4.5 

MeOH/water 1:3 (v/v)  
168 

2 β-CyD-SHN 1.0 μM 2370 (25)  0.042 -- 
CdSe QDs 

(0.1 mM) 

0.28 M H2A,  

pH 4.5 (aq) 
211 

2 
PVP 

hydrogelN 
1.0 μM 780 (12) 0.06 - 

Ru(II) 

complex 

(0.5 mM) 

0.2 M H2A,  

pH 4 (aq) 
179 

1 
Polymeric 

micelleN 
30 μM 133 (2) -- - 

Ru(II) 

complex 

(30 μM) 

45 mM H2A,  

pH 4 (aq) 
176 
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[a] [2Fe-2S]-cluster-type is numbered as described in Figure 1. 2. [b] Mode of bonding between the [2Fe-2S] cluster 

and the polymeric support; C for covalent attachment, N for non-covalent interaction, ‡ for film electrodes. [c] The 

reported concentrations of the [2Fe-2S] active site mimetics. [d] J max: maximum current density. [e] GC: glassy 

carbon electrode. [f] AcOH: acetic acid, H2A: ascorbic acid, TEA: triethylamine. [g] For PEI-(CH2)11-O-P-Fe2 in the 

original paper. [h] 4 mg of PVC-g-[2Fe-2S] and 1 mg of MWCNTs suspension in the solution of Nafion (0.4 mL). 

 

1.3. Other Supported [2Fe-2S] Systems 

i. Small-Molecule Photosensitizers 

 The synthesis of many covalently connected photosensitizer (PS)-[2Fe-2S] systems 

(dyads) has been studied in the literature.154,212 Optimal photosensitizers need to be selected to 

enable the reduction of the [2Fe-2S] cluster. Also, the PS needs to be capable of selective 

excitation to minimize photodegradation of the [2Fe-2S] complex. In the first approach, the 

dithiolate that bridges diiron complex is employed to link the PS and [2Fe-2S] complex. 1,3-

Propanedithiolate (pdt)-[2Fe-2S] complex was attached to a Ru(II) PS to afford complex 1. 

Azadithiolate (adt)-[2Fe-2S] complex was similarly connected to an acetylenic [Ru(terpy)2]
2+ (2) 

through Pd-mediated cross-coupling chemistry. A terminal pyridine on a (adt)-[2Fe-2S] unit was 

utilized to attach to a zinc porphyrin via a supramolecular interaction (3 and 5). In the second 

approach, a peripheral donor atom on the PS was used to afford a PS-[2Fe-2S] dyad by direct 

coordination to one of the iron centers. Phosphine ligands were utilized to prepare complexes 4 

and 6 by a ligand substitution reaction on the [2Fe-2S] complex. A free base porphyrin as PS was 

also used to connect to an (adt)-[2Fe-2S] through a phenyl spacer (7) (see Figure 1. 12).  
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Figure 1. 12. Examples of photosensitizer-[2Fe-2S] dyads in the literature. Adapted with 

permission from Ref.212  

ii. Semiconductor Nanocrystals 

 Colloidal quantum dots (QDs) of II-VI semiconductors can be a suitable material to build 

efficient artificial photosynthetic systems for H2 photogeneration. QDs can be modified by size 

optimization, structural modification, and surface design to improve the H2 evolution reaction 

(HER) performance of QD-based artificial photosystems.155 Wu and co-workers prepared a 
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water-soluble photocatalyst for H2 evolution by assembling a simple [2Fe-2S] complex, 

Fe2S2(CO)6, on the surface of CdSe QDs using an interface-directed approach in aqueous/organic 

solution mixture. The reported TON and TOF for H2 evolution were 8781 (for 82 hours) vs. 

Fe2S2(CO)6 and 596 h-1 (in the first 4 hours) under visible light irradiation (410 nm) in water (see 

Figure 1. 13-A).213 Same group integrated the same complex with CdSe QDs with a diameter of 

ca. 2.0 nm to make a photoelectrode on p-NiO film on FTO (Fluorine doped Tin Oxide) (see 

Figure 1. 13-B).214 Two water-soluble [2Fe-2S] complexes, open-bridge Fe2S2-2(SO3Na), and 

Fe2S2-SO3Na with an aliphatic bridgehead, were designed by the same group for photocatalytic 

H2 evolution systems using CdSe QDs. TONs of 1.5-3.0 x 104 were reported in water.215 Chen 

and co-workers constructed two photocatalytic H2 evolution systems by assembling azadithiolate 

(adt)-[2Fe-2S] complexes (one with or without carboxyl groups on the bridgehead) on to the 

surface of ZnS nanoparticles. Upon irradiation for 30 hours, TONs of 3400-5000 were reported 

for the hybrid systems in DMF-water (9:1, v/v) in the presence of triethanolamine as an electron 

donor.216 

 

Figure 1. 13. The interface-directed assembly of CdSe-[2Fe-2S] complex (A), integrating CdSe 

QDs with a [2Fe-2S] complex into a photocathode (B), and photocatalytic hydrogen generation. 

Adapted with permission from Ref.213,214 
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iii. Nanocarbons 

 Nanocarbons such as graphene or graphite can be used as a support material to improve 

the stability and increase the conductivity of a [2Fe-2S]-based photochemical or electrochemical 

systems. A [2Fe-2S] complex containing a terminal alkyne group on the bridgehead was 

covalently attached to the edge plane graphite (EPG) and reduced graphene oxide (rGO) using a 

terminal azide bearing organic linker via Cu(I) catalyzed 1,3-cycloaddition (“click” reaction). 

The EPG-[2Fe-2S] showed 90% selectivity for electrocatalytic H2 generation in acidic water 

(0.20 N H2SO4). Also, these systems retained its stability over several hours of electrocatalysis 

without any leaching of the catalyst.156 Yan and co-workers used a tetraphenylporphyrin (TPP) 

covalently anchored to graphene oxide (GO) nanocomposite (TPP-GO) as a photosensitizer 

along with cystine as an electron donor. Monophosphine-substituted [2Fe-2S] complex with 

benzene bridgehead was adsorbed on the surface of the GO by non-covalent interactions. 

Photocatalytic H2 evolution in aqueous ethanol solution (EtOH:H2O = 1:24) at pH 1.5. The 

highest TON of 2.82 and TOF of 0.56 h-1 were reported after 5 hours of irradiation.157 Same 

group covalently attached a ferrocene group-containing [2Fe-2S] complex to TPP modified GO 

(TPP-GO) (see  Figure 1. 14). The maximum amount of photocatalytic H2 evolution was 

achieved at pH 1.0 in the presence of cystine.158   
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Figure 1. 14. The graphene-mediated [2Fe-2S] cluster catalytic system for visible-light-induced 

hydrogen production in aqueous solution. Adapted with permission from Ref.158 

iv. Metal-Organic Frameworks (MOFs) 

 Metal-organic frameworks (MOFs), also referred to as porous coordination polymers, 

have repeating arrangements of building blocks containing metal cations connected by organic 

linkers. MOFs can be suitable support materials due to well-ordered permanent porosities in 

conjunction with high surface area and high stability (thermal and chemical). Enzyme active-site 

mimics can easily be covalently anchored or physically entrapped (due to a hydrophobic 

confined environment) into the cavities or channels of MOFs.160,161 Ott and Cohen et al. 

incorporated a [2Fe-2S] complex with 1,4-dicarboxylbenzene bridgehead moiety into a Zr(IV)-

based MOF (UiO-66, University of Oslo materials) by a post-synthetic exchange. The resulting 

[2Fe-2S]-(UiO-66) system showed efficient photocatalytic (blue LED at 470 nm) H2 evolution in 

the presence of [Ru(bpy)3]
2+ as a photosensitizer and ascorbate as an electron donor in water at 
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pH 5.0 (acetate buffer).159 One year later, Feng’s group demonstrated a heterogeneous 

photocatalyst of a [2Fe-2S] immobilized zirconium-porphyrin (ZrPF)-based MOF system which 

performed better H2 evolution compared to the reference homogeneous [2Fe-2S] complex (see 

Figure 1. 15). [2Fe-2S]@(ZrPF) (ca. 2 μM) showed ca. 3.5 μL H2 generation after 120 min 

under visible-light irradiation (> 420 nm) in the presence of ascorbic acid as a sacrificial electron 

donor in water at pH 5.0 (1.0 M acetate buffer solution).217 

 

Figure 1. 15. (a) Structural building units of Zr6O8(CO2)8(H2O)8, and (b) structural building units 

of ZnTCPP. (c) Model structure of ZrPF. (d) [2Fe-2S] complex. (e) Model structure of [2Fe-

2S]@ZrPF. Color codes for the elements: Zr (green), Zn (olive green), C (light gray), O (red), N 

(blue), Fe (light green), S (yellow). Adapted with permission from Ref.217  

v. Electrode Surface 

 Electrocatalytic cathode materials for H2 generation can be designed by placing [2Fe-2S] 

clusters on the surface of the electrodes through covalent bonding or physical adsorption. In 

2007, Darensbourg and co-workers demonstrated the synthesis of [2Fe-2S] complexes bearing 

carboxylic acid functionalities on the bridgehead (open-bridged dicarboxylic acid or aliphatic 

bridgehead with one carboxylic acid attached). They coupled the carboxylic acid moieties on the 
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complex with aniline in solution to form an amide linkage as a model reaction. Then, they 

attempted to immobilize the complex on an amine-functionalized graphite electrode surface. 

Preliminary results showed that the electrochemical scans for reduction of the complex were not 

reproducible, and electrocatalytic proton reduction behavior was not observed.162 In 2010, Artero 

and co-workers showed the synthesis of N-hydroxysuccinimide (NHS)-functionalized [2Fe-2S] 

complexes which were then covalently attached to carbon or gold electrode first decorated with 

amino functions (see Figure 1. 16). They demonstrated electrocatalytic H2 evolution under 

strong acid conditions, but the complex was rapidly deactivated. They also found evidence for 

the activity loss was due to the elimination of the carbonyl ligands on the [2Fe-2S] complex 

rather than the leaching of the catalyst due to bond cleavage.163   

 

Figure 1. 16. Functionalization of gold or glassy carbon surface with [2Fe-2S] complex. 

Adapted with permission from Ref.163  
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1.4. Summary and Outlook 

Despite being a relatively new field of active research, supported [2Fe-2S] systems have 

already surpassed the stability and catalytic activity of small-molecule [2Fe-2S] systems in both 

photo- and electrocatalytic hydrogen evolution. It is clear that a macromolecular support can 

provide a myriad of benefits beyond simple site isolation, water compatibility, or intramolecular 

stabilization of catalytic intermediates. While the activity achieved so far is impressive, the 

highest TONs achieved in both photo- and electrocatalytic systems are on the order of 104 with 

lifetimes on the order of several days. These numbers will need significant improvement before 

such catalysts can find large-scale applications in water-splitting devices. In conclusion, it has 

been demonstrated that, in the case of [FeFe]-hydrogenase mimetics, small-molecule 

organometallic chemistry is severely limited despite a long history of excellent research and 

hundreds of structural analogues. Furthermore, by harnessing inspiration from nature and making 

more complete artificial enzymes, we posit that the synergistic hybridization of catalysts and 

polymer supports will be an essential new research avenue for developing enhanced catalytic 

systems for H2 production. 
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CHAPTER 2: Synthesis and Electrochemical Analysis of Metallopolymers from a [2Fe-2S] 

Atom Transfer Radical Polymerization (ATRP) Metalloinitiator with an Aromatic 

Bridgehead Moiety 

 

With contributions from William P. Brezinski (initial work on metalloinitiator synthesis and 

characterization, lead author), Kayla E. Clary (electrochemical analysis), Sipei Li (GPC  

characterization), Liye Fu (GPC  characterization), Krzysztof Matyjaszewski (support of Sipei Li 

and Liye Fu, and coauthor), Dennis H. Evans (electrochemical data analysis), Richard S. Glass 

(synthetic support and coauthor), Dennis L. Lichtenberger (electrochemical data analysis, 

computational support and coauthor), and Jeffrey Pyun (coauthor and PI). 

Reproduced in part from Angew. Chem. Int. Ed. 2018, 57 (37), 11898-11902 (Ref.206). Copyright 

2019, John Wiley & Sons, Inc. 

 

 
 

An organometallic [2Fe-2S] mimic of the active site of an [FeFe]-hydrogenase enzyme 

was incorporated into a metallopolymer. The electrocatalytic performance for hydrogen 

production in water at pH 7.0 by the [2Fe-2S]-metallopolymer was found to greatly exceed the 

performance of the enzyme and approaches the performance of platinum. Unlike the enzyme, the 

[2Fe-2S]-metallopolymer catalyst operates in air. 

2H+ H2

2e-

Water Soluble Metallopolymers for HER
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 The development of clean, non-polluting, and sustainable chemical fuels remains an 

important societal challenge, in particular, by the storage of intermittent energy in the form of 

chemical bonds.4,15 The strong chemical bond in molecular hydrogen (H2) offers an energy-

dense, renewable, carbon-free fuel.73 Electrochemical water splitting to generate H2 and O2 

typically uses expensive and rare platinum metal, which has the benefit of one of the highest 

exchange current densities at zero overpotential for the proton/hydrogen reaction. Inspiration for 

promising alternative catalysts has been provided by nature: hydrogenase enzymes,73 produced 

by anaerobic bacteria, catalyze the reduction of protons to H2 with high rates (up to ca. 104 

molecules of H2 per second per active site81), low overpotential, and with earth-abundant and 

inexpensive metals such as iron and nickel, in their active sites. Consequently, [FeFe]-

hydrogenases and [NiFe]-hydrogenases have inspired the study of small-molecule mimics of 

these active sites as electrocatalysts for H2 production.104 Despite impressive advances,223–239 

several important challenges remain in this area: 1) increase the activity and chemical stability of 

the catalysts, 2) lower their overpotential, 3) use water as the solvent, 4) inhibit aggregation 

while maintaining rapid electron transfer to the active site, and 5) increase aerobic stability. We 

discuss in this chapter the incorporation of a [2Fe-2S] hydrogenase biomimetic into a polymer 

that affords advances on all of the outlined challenges and provides a high-performance catalyst 

for the hydrogen evolution reaction (HER) in neutral water (Scheme 2. 1). 
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Scheme 2. 1. Comparison of a new class of [2Fe-2S]-metallopolymer HER catalysts vs. [FeFe]-

hydrogenase catalysts at the same scale, where the metallopolymer HER catalyst was remarkably 

faster than the enzyme and was air stable at neutral pH. In addition, current densities greater than 

300 mA/cm2 are achieved with 75 μM catalyst loading. η† is the overpotential requirement208 to 

achieve an operating cell current density of 0.1 mA/cm2. 
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2.1.  Synthesis and Characterization of the [2Fe-2S] Clusters with an Aromatic 

Bridgehead Moiety 

Our approach is the first use of atom transfer radical polymerization (ATRP)207 methods 

to prepare a new class of metallopolymers237 which incorporates electrocatalytically active [2Fe-

2S] sites into polymers with controllable molecular weights and low polydispersity. Our 

synthetic strategy begins with the preparation of a [2Fe-2S] complex bearing two ATRP initiator 

moieties so that polymer growth from both sides of the complex affording steric isolation of the 

central active site. Studies of small-molecule [FeFe]-hydrogenase active-site mimetics have 

found that upon reduction, these complexes tend to homodimerize and become deactivated for 

reduction of protons to hydrogen.109 Of course, the supramolecular protein structures of [FeFe]-

hydrogenases isolate the buried active site from dimerization, and other approaches to site 

isolation have been investigated.73 Furthermore, we introduce here the ability of ATRP to 

provide water-soluble polymers and the outer coordination sphere around the [2Fe-2S] catalytic 

complex by simple variation of commercially available vinyl monomers. In this study, we 

include flexible alkyl amine (R-NMe2) groups as side chains along the polymer backbone to 

impart water solubility to the metallopolymer. An amine in the dithiolate bridge of [FeFe]-

hydrogenases has been found to be crucial for the catalytic activity of the enzyme,238 and Bullock 

et al. have demonstrated flexible amines are crucial to the activity of the fastest reported 

molecular electrocatalysts.95 Furthermore, most [FeFe]-hydrogenases and [2Fe-2S] biomimetics 

are deactivated by oxygen, but Darensbourg et al. suggested that neighboring amino groups 

mitigate this deactivation.236 
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Figure 2. 1. Synthetic scheme for metalloinitiator 2 and metallopolymers PMMA-g-[2Fe-2S] 3 

and PDMAEMA-g-[2Fe-2S] 4 via ATRP to enable facile modulation of catalyst solubility. 

 The metalloinitiator 2 (Figure 2. 1) for ATRP was prepared in one step starting from 

complex 1, reported in previous studies.239 Esterification of 1 with α-bromoisobutyryl bromide 

(BIBB) afforded metalloinitiator 2 in good yield (>85%) after purification by column 

chromatography. The structure of metalloinitiator 2 was unequivocally confirmed by single-

crystal X-ray crystallography (see APPENDIX A: Supplementary Data for Chapter 2). The use 

of a functionalized [2Fe-2S] complex as a metalloinitiator for a controlled/living radical 

polymerization process has not been previously reported and gives a distinctly different 

metallopolymer construct when compared with previous [2Fe-2S]-metallopolymers which 

incorporated the [2Fe-2S] moiety as either a part of the main chain,190–192 on side chains193,194 or 

as a chain-end functional group.203 Furthermore, it improves the scalability of the process as only 

a small amount of initiator is needed for each batch of polymer, while ensuring covalent 

inclusion of [2Fe-2S] moieties into the resulting metallopolymers.  
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2.2.    Synthesis and Characterization of the PMMA-g-[2Fe-2S] and PDMAEMA-g-[2Fe-

2S] Metallopolymers 

The ATRP of methyl methacrylate (MMA) was investigated first as a model system to 

confirm the chemical tolerance of the [2Fe-2S] complex to polymerization conditions and to 

validate the use of conventional polymer solution characterization methods. Molar masses of ca. 

10,000 g/mol (i.e., 5,000 g/mol per each initiator site) were targeted to enable sufficient site 

isolation of the iron complex while still being amenable to size exclusion chromatography (SEC) 

and end-group analysis by NMR spectroscopy for molecular weight characterization (see 

APPENDIX A: Supplementary Data for Chapter 2 for polymer characterization).  

 The successful formation of the well-defined PMMA-g-[2Fe-2S] 3 metallopolymers (Mn, 

SEC = 11,980 g/mol; Mw/Mn = 1.10) was confirmed using a combination of IR spectroscopy, 

revealing the characteristic Fe-CO stretching frequencies,240,241 along with size exclusion 

chromatography (SEC) in tetrahydrofuran (THF) coupled with UV-vis detection (at 400 nm) and 

end-group analysis using 1H NMR spectroscopy. 

 Upon confirmation that well-defined [2Fe-2S] metallopolymers could be prepared by 

ATRP with full retention of the catalytic [2Fe-2S] core, the preparation of water-soluble 

materials was then pursued. These metallopolymers were prepared by ATRP of 2-

(dimethylamino)ethyl methacrylate (DMAEMA) from metalloinitiator 2 to afford the 

PDMAEMA-g-[2Fe-2S] 4 metallopolymer (Figure 2. 1), as confirmed by IR spectroscopy and 

SEC in LiBr-DMF mobile phase (Mn, SEC = 12,700; Mw/Mn = 1.27). PDMAEMA 

metallopolymers with molar mass in the range of 10,000-15,000 g/mol and with low 

polydispersity were prepared and found to be soluble in water, acetonitrile (MeCN), and N,N-

dimethylformamide (DMF). Both PMMA-g-[2Fe-2S] 3 and PDMAEMA-g-[2Fe-2S] 4 
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metallopolymers were found to be electrocatalytically active for HER in acetonitrile in the 

presence of acetic acid, with 4 producing greater catalytic current at lower overpotential 

compared to 3 (see APPENDIX A: Supplementary Data for Chapter 2). 

2.3.    Electrochemical Analysis of the [2Fe-2S]-Metallopolymers 

The electrocatalytic efficiency of water-soluble metallopolymers was probed first by 

cyclic voltammetry (CV). Figure 2. 2 revealed that the PDMAEMA-g-[2Fe-2S] 4 produces 

hydrogen electrocatalytically at a very high rate in neutral water (the solution is buffered to pH 

7.0 to adjust for the basicity of the PDMAEMA and to minimize the rise in pH during 

electrolysis). A 100 μM concentration of the catalyst gives a current density with a glassy carbon 

electrode essentially matching that of a planar platinum electrode and with equivalently 

quantitative Faradaic yield (see APPENDIX A: Supplementary Data for Chapter 2). Also 

striking, the catalyst operates in neutral water, and operates the same with different electrode 

materials. Therefore, it is not dependent on specific electrode surface interactions and operates in 

the presence of oxygen (vide infra).  Surface analysis by scanning electron microscopy (SEM) 

and energy-dispersive X-ray spectroscopy (EDX) of the carbon electrodes after catalysis 

confirmed that iron species were not deposited as a consequence of either metallopolymer 

immobilization or decomposition (see APPENDIX A: Supplementary Data for Chapter 2). A 

study of the dependence on catalyst concentration yielded the striking result that loadings as low 

as 2 ppm (200 nM by IR) were effective at catalyzing the HER reaction with reproducibly high 

current densities (J = 22 mA/cm²) under our reaction conditions. At higher catalyst 

concentrations, the current profile showed evidence of a Langmuir adsorption isotherm with a 

sharp decrease in the slope above about a 10 μM metallopolymer concentration indicating near-



65 

 

monolayer coverage in dynamic equilibrium with the solution at this concentration (see 

APPENDIX A: Supplementary Data for Chapter 2). 

 

Figure 2. 2. HER current density in the CV of (blue) with a Pt disk electrode (d = 1.6 mm) and 

(red) using a glassy carbon disk electrode (d = 3 mm) with 100 μM metallopolymer 4 (pH 7.0; 

0.1 M sodium phosphate buffer; 0.1 M KCl electrolyte). The black trace is the background 

current density for the glassy carbon disk electrode in absence of an electrocatalyst. Scan rate 

was 100 mV/s for all experiments (quiet solution condition).  

Digital simulation of the CV curves shows that the current is dependent on the 

equilibrium concentration of the conjugate acid form of the buffer species242–244 (i.e., NaH2PO4 in 

sodium phosphate buffer, ca. 40% in the protonated state at pH 7.0). This dependence was 

confirmed with a switch to tris buffer (2-amino-2-(hydroxymethyl)propane-1,3-diol), which is 

about 92% protonated at pH 7.0 and significantly increases the catalytic current and performance 

(see APPENDIX A: Supplementary Data for Chapter 2). This enhancement of the catalytic 

performance by a protonated buffer is likely to be general for HER catalysts operating in water. 
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Furthermore, the amine groups on the PDMAEMA metallopolymer catalyst are 95% protonated 

at pH 7.0,245 meaning that this catalyst also benefits inherently from an environment that is rich 

in protonated amines at pH 7.0. 

 To provide a more direct and practical indication of catalyst performance than surmised 

from cyclic voltammetry, we report the catalytic HER performance in terms of a Tafel plot246,247 

(log of the current density versus overpotential) relative to a standard HER catalyst operating 

under the same conditions. The standard of choice for a comparison of HER activity is planar 

platinum. The Tafel plot for 75 µM PDMAEMA-g-[2Fe-2S] 4 at a glassy carbon electrode, 

compared to the Tafel plot for a platinum electrode conditioned at the cathodic potentials for 

electrolysis, is shown in Figure 2. 3. The PDMAEMA-g-[2Fe-2S] 4 system shows a similar 

Tafel slope to that of platinum, and the current density matches that of platinum in the range 

from about 1 to 200 mA/cm2, with less than a 0.2 V greater overpotential requirement with 

platinum. The rate of hydrogen production per molecule of metallopolymer catalyst (i.e., 

turnover frequency, TOF) at a 10 μM concentration is 250,000 s-1
 assuming complete monolayer 

coverage of closest-packed polymers on the entire electrode surface and a lower bound for the 

plateau current density (see APPENDIX A: Supplementary Data for Chapter 2). The Tafel plot 

results with the glassy carbon electrode are shown here (see Figure 2. 3) to emphasize the 

performance with an inexpensive and easily fabricated electrode. 
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Figure 2. 3. Tafel comparison of a Pt disk electrode (blue trace, d = 1.6 mm, cathodically 

conditioned) in 1.0 M tris buffer solution at pH 7.0 and a glassy carbon disk electrode (d = 3 

mm) in the same solution with added 4 (red trace, 75 μM [2Fe-2S] by IR, 1.9 mg/mL mass 

loading). Scan rate 5 mV/s, solution magnetically stirred at 1600 rpm. The overpotential 

requirement (η) is determined at a current density of 0.1 mA/cm2, and Δη is the difference in 

overpotential required to reach 1.0 mA/cm2 current density. 

One of the major challenges in developing robust [2Fe-2S] biomimetic catalysts is the 

poor oxygen stability of these complexes; a problem which also plagues the [FeFe]-hydrogenase 

enzymes. The stability of PDMAEMA-g-[2Fe-2S] 4 in the presence of oxygen, during the course 

of catalysis, was explored by reproducing the electrochemical experiments above under aerobic 

rather than anaerobic conditions. The maximum currents in the CVs, the linear sweep 

voltammetry (see Figure 2. 4), and the Faradaic yield of hydrogen (99 ± 3 %) are virtually the 

same in air and argon. Multiple measures of the turnover number (TON) by CPE in both air and 

argon for periods up to six days yielded 4 ± 2 x 104 molecules of hydrogen per catalytic site in 

solution (APPENDIX A: Supplementary Data for Chapter 2).  
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Figure 2. 4. Linear sweep voltammetry of 10 μM PDMAEMA-g-[2Fe-2S] 4 (0.2 mg/mL) using 

a glassy carbon electrode (d = 3 mm) in 1.0 M pH 7.0 tris buffer under anaerobic (blue solid line) 

and aerobic (red dashed line) conditions. *Excessive hydrogen bubble formation at potentials 

negative of -0.9 V. 

2.4.   Conclusions and Future Outlook 

In summary, we have developed a highly scalable new synthetic method to provide a 

metallopolymer HER catalyst system which exhibits profoundly enhanced electrocatalytic 

activity, low overpotential requirement for high current density,48,49 and air stability, while 

capable of operating at very low catalyst loading (2 ppm). The catalytic performance of this new 

system substantially exceeds that of any other reported hydrogenase mimetic catalyst for 

electrocatalytic HER of which we are aware, and approaches that of platinum. 
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CHAPTER 3: Macromolecular Engineering of the Outer Coordination Sphere of [2Fe-2S]-

Metallopolymers: Effect of Polymer Composition on Catalytic Activity 

With contributions from William P. Brezinski (synthetic support, electrochemical analysis and 

coauthor), Kayla E. Clary (electrochemical analysis), Keelee C. McCleary-Petersen (synthetic 

support), Liye Fu (GPC  characterization), Krzysztof Matyjaszewski (support of Liye Fu), 

Richard S. Glass (synthetic support and coauthor), Dennis L. Lichtenberger (electrochemical 

data analysis, computational support and coauthor), and Jeffrey Pyun (coauthor and PI). 

Reproduced in part from ACS Macro Lett. 2018, 7 (11), 1383-1387 (Ref.210). Copyright 2018, 

American Chemical Society. 

The increase in renewable generation of electricity, via wind and solar radiation, demands 

efficient methods for storing excess energy to mediate the intermittent nature of these generation 

methods. The electrochemical generation of molecular hydrogen (H2) offers a chemical storage 

method that produces an energy-dense fuel with carbon-free emissions.248 Current aqueous 

electrolysis cells generally use platinum (Pt) as a catalyst for the hydrogen evolution reaction 

(HER). However, due to the high cost and low earth abundance of noble metals, there have been 

extensive efforts on the development of HER electrocatalyst systems composed of inexpensive, 

heterogeneous carbon electrodes in conjunction with high activity catalysts of various types.69,72  

[FeFe]-hydrogenase (H2ase) enzymes have long been known to efficiently catalyze the 

conversion of protons and electrons to H2 in Nature and to be highly active HER 

electrocatalysts.250,259,260 The preparation of synthetic organometallic HER catalysts mimicking 

the [FeFe]-hydrogenase active site based on [2Fe-2S] complexes has been widely explored as a 

route to developing improved HER electrocatalysts.104 Despite extensive work on small-

molecule HER electrocatalysts, there remain several important challenges to address namely: 1) 
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modular modification of the outer coordination sphere to tune activity in water, 2) improving 

catalyst stability and increasing turnover number, 3) catalyst site isolation against associative 

deactivation, 4) increasing turnover frequency, 5) decreasing overpotential and 6) improving air 

stability. 

The synthesis of functional ligands and [2Fe-2S] complexes has been explored to modify 

the outer coordination sphere of these homogeneous HER catalysts and impart water solubility. 

Structural analysis of the enzyme and seminal small-molecule catalyst systems by Dubois and 

Bullock has demonstrated the crucial role of flexible amines as proton relays in the outer 

coordination sphere for [FeFe]-hydrogenase enzymes and the fast small-molecule HER catalysts 

they have inspired.94 Polymer-supported [2Fe-2S] systems have been particularly effective in 

photocatalytic systems where Fréchet-type dendrimers, poly(acrylic acid) and polyethylenimine 

(PEI) grafted [2Fe-2S] systems have demonstrated improved turnover numbers (TON, on the 

order of 104)252,253 and a significant improvement over an analogous water-soluble small 

molecule which was observed to exhibit much lower TON (5 × 102).204 Metallopolymers, which 

were synthesized by incorporating [2Fe-2S] complexes along the main chain,190–192 side 

chain254,255 or as single-chain nanoparticles as demonstrated by Berda et al.203 in the polymer 

support have shown better site isolation and improved stability.  

The effect of macromolecular scaffolds on electrocatalytic systems is less well studied, 

but membrane electrodes fabricated with [2Fe-2S]-metallopolymers have demonstrated 

reasonable catalytic currents in aqueous media.181 Notably, a pendant carboxylate group was 

demonstrated to improve the current density of membrane electrodes in water with added acetic 

acid,192 but so far, all functionalized electrode systems suffered from the decomposition of the 

[2Fe-2S] system upon extended electrocatalysis. Schubert and Weigand et al. also elegantly 
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demonstrated the use of the reversible addition-fragmentation chain-transfer (RAFT) 

polymerization to incorporate [2Fe-2S] units as side chains into metallopolymers.256 While all of 

these systems point to the benefits of the conjugation of [2Fe-2S] HER catalysts into 

metallopolymer systems, there remain important challenges to develop versatile and facile 

synthetic methods to create HER metallopolymers with improved activity, aerobic stability, and 

extended catalytic lifetime in neutral aqueous media.  

3.1.  Synthesis and Characterization of Water-Soluble [2Fe-2S]-Metallopolymers with 

Different Pendant Functional Groups: PDMAEMA, POEGMA and their Random 

Metallo(co)polymers 

We recently demonstrated using atom transfer radical polymerization (ATRP)257,258 for 

the synthesis of well-defined, water-soluble poly(2-dimethylamino)ethyl methacrylate functional 

[2Fe-2S]-metallopolymers (PDMAEMA-g-[2Fe-2S]) with profoundly improved HER 

electrocatalytic activity in neutral water.206 This solution-phase metallopolymer electrocatalyst 

was found to exhibit greatly enhanced aerobic stability in neutral water and extremely fast rates 

for HER at low overpotentials (an order of magnitude faster than [FeFe]-hydrogenases and 

current densities comparable to platinum) while operating at 1-2 ppm catalyst loadings. This 

remarkable improvement of HER catalytic activity in water was attributed to both enhanced 

chemical stability of the [2Fe-2S] due to site isolation in the metallopolymer and the presence of 

protonated ammonium groups (PDMAEMA ~ 90% protonated in pH 7.0 ± 0.1 aqueous and 

buffered medium). While this initial demonstration pointed to the benefits of this metallopolymer 

approach to improve catalytic performance, there remain numerous questions on whether the 

presence of amine groups is critical to improved H2 generation. Hence, the preparation of new 

functional metallopolymers affords the possibility of further improving HER electrocatalytic 
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activity. In particular, the versatility of ATRP allows for a wide range of functional monomers to 

be incorporated into metallopolymers.  

In this chapter, we discuss the first comparative HER catalytic study on the effects of 

homo- and copolymer compositions in well-defined [2Fe-2S]-metallopolymers derived from 

ATRP (Scheme 3. 1). In this study, a new, non-ionic, water-soluble metallopolymer based on 

poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) was synthesized via ATRP 

from a [2Fe-2S] metalloinitiator and directly compared with the activity of charged PDMAEMA-

g-[2Fe-2S] metallopolymers to interrogate if ammonium, proton donating side-chain groups on 

the metallopolymer are essential for enhanced HER activity. Furthermore, we prepare for the 

first time random metallocopolymers of poly(DMAEMA-r-OEGMA) to demonstrate tuning of 

the outer coordination sphere as means to modulate HER catalytic activity. With access to a 

range of these model metallopolymers with systematic variation of composition in the outer 

coordination sphere, we are able to create structure-activity correlations for these systems for 

HER overpotential, turnover frequency (rate), and aerobic stability. 
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Scheme 3. 1. Representation of PDMAEMA-g-[2Fe-2S] and POEGMA-g-[2Fe-2S] 

Metallopolymers and P(DMAEMA-r-OEGMA)-g-[2Fe-2S] Metallocopolymer 

The general synthetic approach to prepare these HER electrocatalysts started with the 

synthesis of a difunctional [2Fe-2S] metalloinitiator complex bearing two -haloesters31 for 

polymer conjugation via ATRP of various commercially available methacrylate monomers. The 

key advantage of this approach is the ability to ensure covalent tethering of polymers to a single 

[2Fe-2S] site per metallopolymer in a single step while also enabling facile modification of 

metallopolymer composition using controlled radical polymerization methods. For the synthesis 

of metallo(co)polymers for this study, difunctional metalloinitiator 1 was prepared as previously 

described for the ATRP of DMAEMA to prepare PDMAEMA-g-[2Fe-2S] metallopolymer 2 

(Scheme 3. 2).31 The ATRP of an OEGMA macromonomer (Mn = 475 g/mol) from 

metalloinitiator 1 was performed to prepare the desired, non-ionic POEGMA-g-[2Fe-2S] 
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metallopolymer 3 (Scheme 3. 2). Similar ATRP conditions were employed to prepare 

poly(DMAEMA-r-OEGMA)]-g-[2Fe-2S] metallocopolymers (4 and 5) of varying copolymer 

composition (Scheme 3. 2). 

 

Scheme 3. 2. Synthesis of [2Fe-2S]-grafted metallo(co)polymers via ATRP of methacrylic 

monomers initiated with [2Fe-2S]-metalloinitiator 1 



75 

 

Metallo(co)polymers 2-5 (Scheme 3. 2) were prepared possessing molar masses in the 

range of 10,000-15,000 g/mol, where the structural characterization of the targeted materials was 

confirmed using a combination of SEC, NMR, and IR spectroscopies (see APPENDIX B: 

Supplementary Data for Chapter 3). The covalent incorporation of the [2Fe-2S] system was 

confirmed by SEC of PDMAEMA-g-[2Fe-2S] 2 and POEGMA-g-[2Fe-2S] 3 with UV-vis 

detection at a wavelength characteristic of the [2Fe-2S] system. Both metallopolymers 2 and 3 

were found to have Mn of approximately 10-15 kg/mol (Figure 3. 1b). Further, IR spectroscopy 

confirmed the structural retention of Fe-CO stretching frequencies characteristic of the [2Fe-2S] 

catalytic core (Figure 3. 1a). Similar findings were confirmed in the synthesis of 

metallocopolymers 4 and 5 (see APPENDIX B: Supplementary Data for Chapter 3). Copolymer 

compositions of metallocopolymers were determined via 1H NMR spectroscopy of these 

materials; the DMAEMA/OEGMA ratios were found to be 56-mol% / 44-mol% for 4 (50/50 

feed) and 72-mol% / 28-mol% for 5 (70/30 feed), respectively (see APPENDIX B: 

Supplementary Data for Chapter 3). 

 

Figure 3. 1. a) IR spectra of the Fe-CO region for metalloinitiator 1, metallopolymers 2 and 3 

and random metallocopolymers 4 and 5. b) SEC traces for 2-5 (x-axis is retention time in 

minutes). 
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3.2.   Electrochemical Analysis of the [2Fe-2S]-Metallo(co)polymers 

Metallo(co)polymers 2-5 were investigated electrochemically to observe the effect of 

polymer composition on HER catalysis. Electrochemical experiments were conducted in pH 7.0 

± 0.1 water using 0.75 M sodium phosphate as the buffering agent with polymer loadings of 100 

μM based on [2Fe-2S] concentration by IR. Although sodium phosphate is not the optimal 

buffering agent for metallopolymer 2 due to the lower concentration of proton substrate species 

relative to the tris(hydroxymethyl)aminomethane (TRIS) buffer used previously,206 it was chosen 

for this study to eliminate the contribution of protonated amines from the buffering medium. 

Additionally, a gold amalgam working electrode was used to mitigate complex adsorption effects 

seen on glassy carbon electrode surfaces and to reduce the current of direct reduction compared 

to a glassy carbon electrode.206  

The initial comparative investigation between the electrocatalytic behaviors of 

metallo(co)polymers 2-5 was done using cyclic voltammetry (CV). The CV data in Figure 3. 2 

show that PDMAEMA-g-[2Fe-2S] 2 homopolymer and the two random metallocopolymers 4 

and 5 exhibit electrocatalytic hydrogen evolution in neutral water. PDMAEMA-g-[2Fe-2S] 2 

achieves the highest current density and lowest overpotential, while POEGMA-g-[2Fe-2S] 3 

only exhibits weak electrocatalysis that is negligible on the scale of Figure 3. 2. The random 

copolymers 4 and 5 have intermediate current densities directly as a consequence of reduced 

DMAEMA content in the metallocopolymers. Further, we would like to emphasize that the 

substantial difference in activity seen in the voltammograms between 2 and 3 occurs under these 

conditions with no structural change to the [2Fe-2S] catalytic core. 
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Figure 3. 2. Comparison of cyclic voltammograms of 2-5 (100 μM based on [2Fe-2S] 

concentration) in an aqueous solution (pH 7.0 ± 0.1) buffered with sodium phosphate (0.75 M). 

Scans were performed at a sweep rate of 50 mV/s using a gold amalgam working electrode. 

In Figure 3. 3, we report the performance of metallo(co)polymer systems 2-5 versus a Pt 

disk electrode as a standard for HER activity using Tafel analysis. Compared to CV analysis, 

Tafel analysis offers a more direct measure of catalytic current density as a function of 

overpotential requirement in practical electrolysis conditions. As shown in Figure 3. 3, the 

difference of overpotentials between PDMAEMA-g-[2Fe-2S] 2 and Pt surface is approximately 

360 mV at a current density of 1.0 mA/cm2. Accentuated by plotting the current density on a log 

scale, the catalytic current onset of PDMAEMA-g-[2Fe-2S] 2, metallocopolymers 4 (50/50 

feed), and 5 (70/30 feed), occur at a similar overpotential requirement of approximately 360 mV. 
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Figure 3. 3. Tafel comparison between 2-5 and a Pt disk electrode from linear sweep 

voltammetry of a rapidly stirred solution. Solution and catalyst conditions are the same as Figure 

3. 2. The Δη is the difference in overpotential between Pt and 2. 

Additionally, at current densities below 0.3 mA/cm2, 2, 4 and 5 show comparable Tafel 

slopes of 55mV/dec, 69 mV/dec, and 58 mV/dec, respectively. As the current density increases 

above 0.3 mA/cm2, the Tafel slope of the random copolymers decreases with the copolymer 4 

diminishing more rapidly than the copolymer 5. The POEGMA-g-[2Fe-2S] 3 has a significant 

overpotential of 722 mV at 0.1 mA/cm2 and a Tafel slope of 155 mV/dec, which dramatically 

manifested the reduced activity of this non-ionic metallopolymer catalyst.  

The hydrogenase enzyme and small-molecule mimics of the [2Fe-2S] active site suffer 

from lack of oxygen stability; however, in our previous study, we demonstrated that 

PDMAEMA-g-[2Fe-2S] 2 is oxygen stable under catalytic operating conditions.206 To determine 

if the polymer composition directly affected oxygen stability, linear sweep voltammetry (LSV) 

experiments were performed to examine the catalytic current response in the absence and 
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presence of oxygen for metallo(co)polymer systems 2-5 (Figure 3. 4). The LSV data mirror the 

activity trend of the cyclic voltammograms. POEGMA-g-[2Fe-2S] 3 in an anaerobic 

environment shows the weakest response and is barely catalytic in the potential window. Under 

aerobic conditions, POEGMA-g-[2Fe-2S] 3 does not achieve a catalytic current that is above the 

increased background current of the aerated solution (see inset in Figure 3. 4). In contrast, the 

copolymer 4 retained approximately 60% of its peak catalytic current under aerobic conditions, 

and the copolymer 5 improves to 82% retention of catalytic current under aerobic conditions. 

PDMAEMA-g-[2Fe-2S] 2 was again found to retain essentially all of its catalytic activity under 

aerobic conditions, consistent with our previous report.206  

 

Figure 3. 4. Linear sweep voltammetry of the four metallo(co)polymer systems 2-5 under 

aerobic (dashed lines) and anaerobic (solid lines) conditions in pH 7.0 ± 0.1 sodium phosphate 

buffer (0.75 M) with rapid stirring and a sweep rate of 5 mV/s. The inset shows a zoomed-in 

region to show the current response of POEGMA-g-[2Fe-2S] 3. 
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3.3.   Conclusions and Future Outlook 

 

The electrochemical results of metallo(co)polymers 2-5 show that increasing the 

DMAEMA/OEGMA molar ratios in the metallocopolymers has three beneficial effects on 

catalysis; 1) achieving higher current densities, which is correlated to faster rates of hydrogen 

generation, 2) lower overpotentials, increasing the efficiency of the catalytic reaction by 

reducing the energy required to run the reaction, and 3) providing aerobic stability to a class of 

catalysts which are typically irreversibly deactivated by the presence of even small amounts of 

oxygen. The most significant chemical difference between the polymers is the presence of the 

protonated amines in the DMAEMA monomers, but the different three-dimensional structures, 

charges, and dynamics of the polymers may also play a role. Further studies are underway on the 

role of the protonated amines. In any event, this work demonstrates an exciting new application 

for atom transfer radical polymerization techniques in which the polymer functions not only as a 

support to modulate the physical properties of the catalyst (i.e., solubility, processability, etc.), 

but also provides a modular synthetic handle which allows for tuning of catalyst activity by 

simply varying the choice of monomer, including many commercially available options. We have 

shown that by varying the identity and modulating the polymer composition, we can drastically 

improve the activity and stability of a small-molecule organometallic catalyst. 

 

 

 

 



81 

 

CHAPTER 4: Synthesis and Electrochemical Analysis of Metallopolymers from a [2Fe-2S] 

ATRP Metalloinitiator with an Aliphatic Bridgehead Moiety: Effect of Polymer Chain 

Length on Catalytic Activity 

With contributions from Keelee C. McCleary-Petersen (synthetic support), Meghan O. Hamilton 

(electrochemical analysis support), Liye Fu (GPC  characterization), Krzysztof Matyjaszewski 

(support of Liye Fu), Richard S. Glass (synthetic support and coauthor), Dennis L. 

Lichtenberger (electrochemical data analysis, computational support and coauthor), and Jeffrey 

Pyun (coauthor and PI). 

Reproduced in part from Macromolecular Rapid Commun. 2019, 

doi.org/10.1002/marc.201900424 (Ref.259). Copyright 2019, John Wiley and Sons, Inc. 

 

Molecular hydrogen (H2) is an important renewable solar fuel for storing electricity in H-

H chemical bonds that are environmentally benign, clean, and intrinsically energy-dense in 

nature. However, one of the most significant hurdles in the application of hydrogen-based energy 

technologies is the lack of an efficient and sustainable system for H2 generation. H2 is primarily 

produced from fossil fuels via steam reforming but can also be generated from water splitting via 

electrolysis in a more sustainable manner. Electrolysis of water for H2 production, however, is 

currently limited due to the use of expensive and rare metals-based catalysts/electrodes, such as 

platinum (Pt), which is preferred for its low energy requirement (i.e., low overpotential) and 

durability for H2 generation. The development of an efficient, inexpensive, heterogeneous 

electrode system (e.g., glassy carbon) in conjunction with a trace amount of a highly active, 

homogeneous H2 evolution electrocatalyst comprised of earth-abundant materials is a promising 

alternative to noble metal catalysts.51  

https://doi.org/10.1002/marc.201900424
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[FeFe]-hydrogenase enzymes have long been known to carry out the reduction of protons 

to H2 and have been extensively studied as a biomimetic inspiration for synthetic catalyst design. 

The active site of these enzymes contains a [2Fe-2S] cluster, connected to CO and CN¯ ligands 

and enveloped in a polypeptide outer coordination sphere, which produces H2 from water 

uninterruptedly in an anaerobic environment with almost zero overpotential. Numerous 

biomimetics of the active site have been made to replicate the function of the hydrogenase 

enzymes. A variety of small molecule organometallic [2Fe-2S] complexes bearing different 

bridgehead moieties such as aliphatic groups (e.g., propanedithiolate), aliphatic amine functional 

groups (e.g., 2-azapropanedithiolate), open dithiolate systems, conjugated linkers (e.g., 1,2-

benzenedithiolate) as well as different ligands (e.g., cyano, carbonyl, phosphine) have been 

studied. There have been many outstanding examples; however, a highly efficient, functional 

system for hydrogen generation with the desired features of high catalytic rate (turnover 

frequency, TOF), long lifetime (turnover number, TON), low energy requirement (overpotential, 

), water solubility, and operating under atmospheric conditions (O2 stability) has not been 

accomplished yet.  

A problem for the small-molecule active-site mimics is their tendency to dimerize and 

become deactivated in the course of the reduction process. A polymeric environment or 

macromolecular outer coordination sphere bound to the [2Fe-2S] complex covalently or via 

supramolecular interactions that inhibits this dimerization has shown a considerable impact on 

the overall photo-, or electrocatalytic production of H2.
1,283 Wu et al. reported 1,3-

propanedithiolato-bridgehead (pdt) [2Fe-2S] complexes anchored to polyacrylic acid (PAA)198 or 

polyethyleneimine (PEI)199 for photocatalytic production of H2 in an aqueous solution. Li et al. 

used an open-dithiolate Fe2(-S2)(CO)6 core to build Fréchet-type dendrimers as a 
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macromolecular support.205 Berda and co-workers demonstrated the conjugation of a diiron 2-

azapropanedithiolate (adt) complex to well-defined polymers and single-chain polymeric 

nanoparticles by a combination of reversible addition-fragmentation chain-transfer (RAFT) 

polymerization and click chemistry.203 Weigand and Schubert et al. showed the 

copolymerization of open or bridged, styrenic [2Fe-2S] monomers via RAFT polymerization to 

incorporate the cluster into polymeric systems.202 These seminal systems demonstrated the 

synthetic viability of [2Fe-2S] conjugation chemistry to well-defined polymers. Unfortunately, 

catalytic activity in some of these systems was either compromised or deactivated after 

attachment to the polymeric scaffold. 

 Our group has recently developed the preparation of highly active, single site-

metallopolymer electrocatalysts for H2 production via ATRP from a [2Fe-2S] complex 

containing a bridged aromatic dithiolate ligand carrying two -haloesters, which enable 

subsequent redox activation for ATRP.206 This ATRP metalloinitiator has then been used to 

make water-soluble metallopolymers237,262 with a single [2Fe-2S] catalyst site (Mn = 10-15k 

g/mol, Mw/Mn = 1.05-1.30) via ATRP using (2-dimethylaminoethyl) methacrylate (DMAEMA) 

monomers. These [2Fe-2S]-metallopolymers with tertiary amine side-chain groups 

((PDMAEMA)-g-[2Fe-2S]) possess high catalytic activity with high turnover frequency and 

extended catalyst lifetime in water at pH 7.0. We have also demonstrated the composition effect 

of the metallopolymers on the catalytic activity by comparing homopolymers of DMAEMA and 

oligo(ethylene glycol) methacrylate (OEGMA), and random copolymers of the two monomers 

with different feed ratios grafted from the ATRP metalloinitiator.210 While this [2Fe-2S]-

metallopolymer based on the bridged aromatic dithiolate coordination motif afforded water-
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soluble electrocatalysts, it was challenging to systematically afford higher molar mass 

metallopolymers, which complicated studies on molecular weight effects on H2 production. 

4.1. Synthesis and Characterization of the [2Fe-2S] Clusters with an Aliphatic Bridgehead 

Moiety 

Although polymeric supports can provide [2Fe-2S] complexes access to many features, 

the correlation between the size of the macromolecular supports and the catalytic activity of the 

resultant materials remains to be investigated. In this chapter, we discuss the synthesis of new 

metallopolymers with different molecular weights via ATRP and their hydrogen evolution 

reaction (HER) activity in water. A new ATRP metalloinitiator, propanedithiolate (pdt)-

bromoester [2Fe-2S] complex (1) (Scheme 4. 1), was designed to make these new 

metallopolymers. This metalloinitiator contains an aliphatic bridgehead similar to the active site 

of the [FeFe]-hydrogenase enzymes and a single initiator site for polymerization. This is the first 

example of an ATRP metallopolymer prepared from a different [2Fe-2S] structural motif, which 

for small-molecule complexes has been shown to profoundly affect electrochemical and catalytic 

properties. To our knowledge, we demonstrate, for the first time, the effect of metallopolymer 

molar mass on the electrocatalytic activity for HER, which arises from the attributes of this new 

metalloinitiator.  This extension of new [2Fe-2S] complexes into the design of metallopolymer 

catalysts further points to the viability of single-site polymer immobilization as a means to 

enhance the catalytic performance of [2Fe-2S]-based small-molecule catalysts. 

 Complex (1) was synthesized by the esterification of a known 2-hydroxypropane 

functionalized [2Fe-2S] complex (A) (Scheme 4. 1), to afford a new [2Fe-2S] metalloinitiator for 

ATRP.263,264 Fe2(μ-S2)(CO)6 was prepared according to the literature procedure and reduced 

using a super hydride (Li(C2H5)3BH) to yield an open-bridge Li2Fe2((μ-S2)(CO)6 dianion 
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complex which was then reacted with 1,3-dibromo-2-propanol in situ. To make the (pdt)-

bromoester ATRP metalloinitiator, complex A was acetylated by reacting with α-

bromoisobutyryl bromide (BIBB) in the presence of triethylamine (TEA), followed by 

purification via column chromatography and recrystallization.  

 

Scheme 4. 1. (A) Synthetic scheme for (pdt)-bromoester [2Fe-2S] ATRP metalloinitiator (1), (B) 

ORTEP diagram of 1 with hydrogen atoms omitted and thermal ellipsoids shown at 50% 

probability level (CCDC 1945962), and (C) ATRP of methacrylic monomers using 1 

 Structural characterization of these complexes was conducted using solution FTIR 

spectroscopy in CHCl3. Four major absorptions in Fe-CO stretching region (ν = 2078, 2039, 

2007, and 1998 cm-1) with a slight shift (Δν ~ 2-3 cm-1) to higher wavenumber were observed for 

metalloinitiator 1 compared to that of complex A, and formation of a new peak at ca. 1725 cm-1 



86 

 

indicating C=O stretching from the ester peak on the bridgehead (Figure 4. 1). 1H NMR 

spectroscopy of these compounds also confirmed the attachment of the -haloester as noted by 

the disappearance of hydroxy proton resonances at 1.79 ppm and emergence of a new peak from 

two methyl protons at 1.86 ppm, which was also accompanied by a downfield shift of the 

methine proton on the bridgehead (see APPENDIX C: Supplementary Data for Chapter 4). The 

chemical structures of complex A and metalloinitiator 1 were also unambiguously confirmed by 

single-crystal XRD (Scheme 4. 1B).  

4.2. Synthesis and Characterization of the PDMAEMA-g-[2Fe-2S] and POEGMA-g-[2Fe-

2S] Metallopolymers 

Metallopolymers with low dispersity were synthesized using the new ATRP 

metalloinitiator (1). ATRP technique207 enables the preparation of metallopolymers with tunable 

molecular weights, composition, and low dispersity. ATRP of DMAEMA265,266 was successfully 

employed for the synthesis of PDMAEMA-g-[2Fe-2S] metallopolymers using two different 

monomer-to-metalloinitiator ratios ([M]o:[I]o = 300:1 and 100:1) to modulate molecular weights 

of the final material. ATRP reactions were conducted at relatively low temperature (50 °C) to 

prevent thermal decomposition of the Fe-CO bonds on the metal complex, which profoundly 

affects catalytic performance. FTIR spectroscopy confirmed structural retention of [2Fe-2S] 

active site as noted by the characteristic peaks from Fe-CO stretching (Figure 4. 1) as discussed 

previously. Additionally, the intensity of the peak around 1725 cm-1 was observed to grow due to 

additional ester functional groups on each pendant group in the metallopolymer.  
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 Figure 4. 1. FTIR spectra of (pdt)-OH [2Fe-2S] complex (top, blue), (pdt)-bromoester [2Fe-2S] 

metalloinitiator (center, red), and PDMAEMA-g-[2Fe-2S] metallopolymer (Mn = 15.8 kg/mol) 

(bottom, black) 

 Kinetic studies of the ATRP of DMAEMA using the metalloinitiator 1 and subsequent 

gel-permeation chromatography (GPC) analyses of well-defined PDMAEMA-g-[2Fe-2S] 

metallopolymers demonstrated the successful polymer growth with increasing conversion and 

mostly monomodal and symmetric peaks (Figure 4. 2). These results indicated that 

metallopolymers with Mn = 5,000-40,000 g/mol and low dispersity (Mw/Mn = 1.09-1.36) were 

readily accessible via ATRP using metalloinitiator 1 and a copper(I) bromide 

(CuIBr)/1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) catalyst in a well-controlled 
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manner (Table 4. 1). To prevent or minimize the contribution of chain-chain coupling or side 

reactions, ATRP reactions were conducted in solution with 50-70 vol% THF and stopped at 

maximum of 60% conversion.  

 To investigate the catalytic activity of another water-soluble metallopolymer, OEGMA 

(Mn = 500 g/mol) containing a non-ionizable oligo(ethylene glycol) pendant group was 

polymerized using the same metalloinitiator via ATRP. FTIR spectroscopy of the resulting 

POEGMA-g-[2Fe-2S] metallopolymers showed retention of Fe-CO stretching, and GPC analysis 

confirmed formation of metallopolymers with Mn of ca. 10,000 g/mol and low dispersity (Mw/Mn 

= 1.07). UV-vis spectroscopy demonstrated strong absorption corresponding to the [2Fe-2S] 

complex between 300-500 nm while POEGMA chains without a [2Fe-2S] cluster do not show 

any electronic transitions in the visible region as expected. GPC analysis utilizing UV-vis 

detection demonstrated a monomodal GPC trace at 400 nm which is compelling evidence for the 

covalent incorporation of the [2Fe-2S] complex in the metallopolymer.  

 

Figure 4. 2. Gel-permeation chromatography (GPC) traces of PDMAEMA-g-[2Fe-2S] in 

solution polymerization via ATRP. (A) Monomer ([M]o)-to-metalloinitiator ([MI]o) ratio = 

100:1; [MI]o = [CuIBr]o = [HMTETA]o = 0.02 M, [DMAEMA]o = 2.0 M and (B) [M]o:[MI]o = 

300:1; [MI]o = [CuIBr]o = [HMTETA]o = 0.01 M, [DMAEMA]o = 3.0 M at T = 50 °C 
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Table 4. 1. ATRP of DMAEMA using [2Fe-2S] metalloinitiator 1 at 50 °C 

[M]o:[MI]o * 
Rxn 

time (h) 
% Conversion 

Mn, theo 

(g/mol) 

Mn, GPC 

(g/mol) 

PDI 

(Mw/Mn) 

Initiation 

Efficiency 

100:1 (1a) 0.5 14 2.7k 5.6k 1.12 0.48 

100:1 (1b) 1 26 4.6k 8.0k 1.15 0.58 

100:1 (1c) 2 48 8.0k 13.9k 1.12 0.58 

300:1 (2a) 1 22 10.9k 15.8k 1.15 0.69 

300:1 (2b) 2 28 13.7k 24.4k 1.23 0.56 

300:1 (2c) 5 42 20k 32.4k 1.09 0.62 

300:1 (2d) 6 48 23k 35.6k 1.15 0.65 

300:1 (2e) 7 54 26k 37.2k 1.29 0.70 

*1a-2e labels in [M]o:[MI]o columns refer to GPC chromatograms from Figure 4. 2 

 

4.3. Electrochemical Analysis of the [2Fe-2S]-Metallopolymers 

 

Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were utilized to 

investigate the effect of the molecular weight of the metallopolymers on the HER activity in 

water. Electrochemical analysis of the metallopolymers was initially conducted in different 

buffered aqueous solutions. The CV analyses on PDMAEMA-g-[2Fe-2S] metallopolymers were 

initially studied at two different pH’s, one in acetate buffer at pH = 4.0 and another in phosphate 

buffer at pH = 7.0, to determine optimal conditions for this study. The catalytic current of these 

PDMAEMA metallopolymers was better at pH 4.0 compared to pH 7.0, which is consistent with 

the reported activity of complex A and related metallopolymers containing similar [2Fe-2S] 

clusters. A titration curve of the acetate buffer solution for the electrochemical studies (0.1 M 

acetate buffer with 0.1 M KCl supporting electrolyte) showed a pKa of ca. 4.6, and over 75% of 

the buffer is in its protonated form at pH 4.0. Also, PDMAEMA (pKa ca. 8.0)206 

metallopolymers are nearly fully protonated on the tertiary amines at the same pH. Overpotential 
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requirement of the non-ionic POEGMA metallopolymer was more negative (> –1.8 V) than that 

of a PDMAEMA metallopolymer with similar Mn, which was also observed in our earlier 

work.210 At such a negative potential, the background CV without the metallopolymer 

electrocatalyst exhibited a non-negligible current density. Hence, only PDMAEMA 

metallopolymers were used for further electrocatalytic comparisons.  

The concentration of the [2Fe-2S] cluster in the metallopolymer was determined by using 

IR and UV-vis calibrations (see APPENDIX C: Supplementary Data for Chapter 4), and ca. 100 

μM solutions of [2Fe-2S] sites per a metallopolymer chain were prepared in the buffer solution 

for each electrochemical analysis. A three-electrode setup with custom-made cells was used for 

CV and LSV studies. A glassy carbon disk working electrode with a surface area of 0.071 cm2, 

glassy carbon rod counter electrode, and Ag/AgCl reference electrode were used for all CV 

analyses of the metallopolymers in water. CV analyses on the metallopolymers with different 

molecular weights displayed that the current density significantly decreases with increasing Mn 

with a clear shift of the peak to the more negative potential indicating higher overpotential 

requirement. LSV scans using a rotating glassy carbon disk electrode (surface area = 0.196 cm2) 

(Figure 4. 3-B) and Tafel analysis confirmed the increase in overpotential with the larger 

molecular weight metallopolymers across this range of current densities.  

The increase in overpotential with an increase in the metallopolymer molar mass is an 

example of a concentration overpotential, although perhaps not quite in the traditional sense. A 

traditional concentration overpotential increase is observed with decreasing concentration of a 

given species for the 37.2 kg/mol metallopolymer at different concentrations. In contrast, in 

Figure 4. 3, the concentrations of the metallopolymers are held the same, but the molar masses 

are increasing. The decreasing concentration of electroactive species at the electrode with 
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increasing molar mass is partly due to the lower diffusion coefficients (slower mass transport) of 

the larger metallopolymers, but simulation shows that diffusion is a minor contribution to the 

overpotential shift. Instead, the effective concentration of electroactive species at the electrode 

decreases with the increasing number of PDMAEMA units due to slower electron and proton 

transfer to the catalytic [2Fe-2S] sites.  

 

Figure 4. 3. (A) CV of a glassy carbon disk electrode (A = 0.071 cm2) with PDMAEMA-g-[2Fe-

2S] metallopolymers with variable molecular weights at pH 4.0 ± 0.1 (ca. 100 µM of [2Fe-2S] 

complex per metallopolymer, 0.1 M acetate buffer, 0.1 M KCl electrolyte, ν = 100 mV/s, quiet 

solution condition), and (B) LSV of a glassy carbon disk electrode (A = 0.196 cm2) with 

PDMAEMA-g-[2Fe-2S] metallopolymers with variable molecular weights at pH 4.0 ± 0.1 (ca. 

25 µM of [2Fe-2S] complex per metallopolymer, 0.1 M acetate buffer, 0.1 M KCl electrolyte, ν 

= 5 mV/s, disk rotation at 1000 RPM) 

We attribute these slower transfers and catalysis to increasing steric isolation of the [2Fe-

2S] sites in the larger polymers. As the metallopolymers become smaller, this concentration 

overpotential contribution to the total overpotential becomes smaller, with little change between 

the metallopolymers with molar masses of 24.4 and 15.8 kg/mol. Consequently, little is to be 
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gained in catalytic performance with molar masses below this range, so the optimum 

metallopolymer below this range can be chosen for its other desired chemical and physical 

characteristics. 

With these results in hand, comparisons of PDMAEMA metallopolymers with different 

[2Fe-2S] catalytic sites also revealed striking differences in overpotential. In comparison to our 

earlier work with PDMAEMA metallopolymers containing bifunctional, naphthalene bridged 

[2Fe-2S] active sites, PDMAEMA metallopolymers with the monofunctional propanedithiolate 

bridged [2Fe-2S] sites exhibited significantly higher overpotential, and negligible HER activity 

at neutral pH. A more detailed study on the deeper chemical origins of these catalytic differences 

is currently underway and will be the subject of future reports. 

4.4. Conclusions and Future Outlook 

A new [2Fe-2S] ATRP metalloinitiator containing a propanedithiolate bridgehead and a 

single ATRP initiator site was synthesized to make new metallopolymers for electrochemical H2 

generation. We demonstrate for the first time with this new [2Fe-2S] metalloinitiator the ability 

to grow electrocatalytically active metallopolymers via ATRP with controlled molar mass and 

low polydispersity. PDMAEMA metallopolymers with various molecular weights exhibited 

appreciable electrocatalytic activity in aqueous solution at pH 4.0. We observe for the first time 

the influence of metallopolymer molar mass on the electrocatalytic performance for H2 

generation. This new metallopolymer system further demonstrates the viability of single-site 

immobilization of [2Fe-2S] active sites into metallopolymer constructs to enhance HER activity 

and points to the possibility of more general application of this approach to enhance the 

performance of any small molecule electrocatalyst for H2 production. 
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CHAPTER 5: Synthesis and Electrochemical Analysis of Metallopolymers from a [2Fe-2S] 

Reversible Addition-Fragmentation Chain Transfer (RAFT) Metallo-Agent (Metallo-Chain 

Transfer Agent, mCTA) 

 Energy is being generated and used every second in different forms. Primary energy 

sources, such as fossil fuels, nuclear power, and renewable energy (e.g., solar radiation and wind 

power) are used to generate electricity.12 In pursuit of using the energy sources more efficiently, 

especially the transient renewable sources, the electricity in excess of grid demand needs to be 

stored in such a way that it can be scalable and easily reproducible worldwide. More importantly, 

the stored energy needs to be clean (free of carbon emissions) when the time comes to convert it 

back to electricity. Hydrogen gas (H2) is a great candidate for storing electricity in the form of a 

chemical bond since H2 is clean and has a high energy density per unit mass.16,18 Moreover, H2 

can be converted into electricity using fuel cell technology to generate electricity in a very 

efficient way; however, one of the most significant hurdles in the application of hydrogen 

technologies is lacking a sustainable way of generating molecular hydrogen.1  

H2 is mostly produced from fossil fuels via steam reforming, but it can also be generated 

from water splitting via electrolysis in a more sustainable manner. Unfortunately, electrolysis of 

water requires expensive metals such as Pt due to their low energy requirement (i.e., 

overpotential) for H2 generation, and using precious metals limits the scalability of this process. 

As an alternative, [FeFe]-hydrogenase enzymes in nature containing [2Fe-2S] clusters in the 

active site reduce protons to H2 in aqueous media very efficiently.75 In addition to mimicking the 

active site, polymer-supported active site mimetics have shown very promising results as a 

complete prototype of the hydrogenase enzymes.1 Growing the polymer support directly from an 

active-site mimic has become an attractive alternative to generate polymer-supported [2Fe-2S] 
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systems ([2Fe-2S]-metallopolymers) for catalytic H2 evolution. In this way, the final properties 

such as functional groups on the polymer and water solubility can be tuned by changing the 

monomer, and molecular weight of the polymer support can be controlled.206,210 

Recently, atom transfer radical polymerization (ATRP) was utilized to make [2Fe-2S]-

metallopolymers by initially designing the [2Fe-2S]-metalloinitiator followed by grafting the 

desired polymers from the [2Fe-2S] cluster.206,210 Although ATRP allows polymerization of 

many commercially available monomers,207 RAFT polymerization267 can give an easy access to 

direct polymerization of different monomers such as (meth)acrylic acid (MAA), 2-carboxyethyl 

acrylate (CEA), acrylamides (AAm), 1-glycerol methacrylate (GMA), and eliminate any metal 

contamination a possible consequence of Cu-catalyzed polymerization. Previously, Weigand and 

Schubert et al. used another controlled/living radical polymerization technique, reversible 

addition-fragmentation chain-transfer (RAFT) polymerization, to incorporate the [2Fe-2S] 

cluster into polymeric systems by copolymerizing open or bridged, styrenic [2Fe-2S] 

monomers.202 However, originating from what has been learned in the previous [2Fe-2S]-

metallopolymers with regards to site isolation being a critical factor for catalytic activity, 

synthesis of metallo-chain transfer agents would allow to obtain catalytically active 

metallopolymers via RAFT polymerization. To our knowledge, [2Fe-2S]-based RAFT metallo-

agent has not been synthesized to design metallopolymers for the electrocatalytic hydrogen 

evolution reaction (HER). In this chapter, [2Fe-2S]-metallopolymers synthesized via RAFT 

polymerization and studied for electrochemical H2 evolution are discussed and a mechanistic 

comparison of free-radical polymerization (FRP) and controlled radical polymerization is 

described.  
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Free-Radical versus Controlled Radical Polymerization 

 Free-radical polymerization (FRP) is a type of chain-growth polymerization by which a 

polymer forms by series of successive addition reactions of free-radical intermediates to 

monomers. The mechanism of FRP has three primary elementary reactions, namely initiation, 

propagation, and termination steps, where side reactions, such as chain transfer reactions, are 

also present. Primary radicals (R•) in FRP are generated by decomposition of the initiator (I-I) 

followed by homolytic cleavage of a covalent bond via thermal (thermal homolysis) or 

electromagnetic radiation (photolysis) processes (Scheme 5. 1).268,269 

 

Scheme 5. 1. Elementary reactions of free-radical polymerization 

Conventional radical initiators, for example, such as azo compounds (e.g. 2,2’-

azobisisobutyronitrile, AIBN) used in FRP generate two primary 2-cyanopropyl radicals via 

thermal homolysis driven by the generation of gaseous N2 byproducts (Scheme 5. 2). Each 

initiator has an initiator efficiency, f, which depends on the conditions of the polymerization and 

lies in the range of 0.3-0.8 and has a different rate of free-radical formation depending upon the 

bond dissociation energy and the reaction temperature. These primary radicals can then undergo 

an addition reaction to the vinylic monomers (M) such as methyl methacrylate (MMA) and 

styrene to generate propagating polymer radicals (Pₙ•). Termination occurs by combination 
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(coupling) of two propagating radicals to form a dead polymer or by abstraction of a β-hydrogen 

(disproportionation) to form two dead polymer chains (one with a double bond at the chain end 

and one saturated) (see Scheme 5. 1 and Scheme 5. 2).268,269 

 

Scheme 5. 2. Reaction mechanisms and elementary reactions of free-radical polymerization 

For a successful free-radical polymerization, the rate of polymerization (Rp = kp[M][M•]) 

must proceed faster than the rate of termination (Rt = kt[M•]2). Typical values of kt (ca. 107 L 

mol-1 s-1 at 60 °C) are about four orders of magnitude larger than kp (ca. 103 L mol-1 s-1 at 60 °C) 

for vinylic monomers. Scheme 5. 3 shows that the rate of propagation (Rp) is proportional to the 

concentration of the monomer ([M]) and the radical ([M•]), and the rate of termination (Rt) is 

proportional to square of the concentration of the radical (bimolecular). Hence, the concentration 
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of monomer (ca. 0.1-10 M) needs to be substantially larger than the concertation of radicals (10-

8-10-7 M) in order to secure larger Rp. In addition, slow decomposition of the initiator (kd ~ 10-5 s-

1 at 70 °C in nonpolar organic solvents) and low initiator concentration will keep the radical 

concentration tolerably small and achieve a condition at which Rp >> Rt (Scheme 5. 3). To 

suppress excess termination reactions via bimolecular recombination of radicals, initiation 

processes in free radical polymerization, (e.g., as for thermally degraded azo, or peroxide 

initiators) slow decomposition of the initiator is required to progressively generate primary 

radicals to reach low steady-state radical concentrations, as mentioned, previously. The 

consequences of this initiation decomposition are most directly manifested in broad molecular 

weight distributions, since new polymer chains are continuously growing throughout the course 

of polymerization (i.e., slow initiation).268,269  

 

 

Scheme 5. 3. Description of reaction rates of initiation (Ri), propagation (Rp), and termination 

(Rt) in free-radical polymerization 



98 

 

 

Figure 5. 1. Schematic representation of elementary reactions of free-radical polymerization (A) 

and the consequence of slow decomposition of the free-radical polymerization initiators and high 

molecular weight distribution (t : time) (B) 

FRP is one of the most widely used industrial processes for the preparation of 

commercial synthetic polymeric materials which employs a wide range of vinylic monomers can 

be polymerized via conventional FRP. However, the synthesis of the well-defined polymers with 

controlled molecular weight, polydispersity, composition, and architecture is typically not 

accessible using FRP techniques. For example, in addition to slow initiation problems as 

discussed earlier, termination reactions will be more significant as the polymerization proceeds 

to higher monomer conversion since the overall rate of polymerization, Rp, will get lower due to 

a decrease in the concentration of monomer as time progresses. High molecular weight polymers 

are also obtained at the early stage of the polymerization due to slow initiation processes, as 
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previously discussed as opposed to controlled radical polymerization which has a linear relation 

between monomer conversion and polymer molecular weight (Figure 5. 2).  

Conversely, controlled/living polymerization methods have been developed that allow 

fast initiation and well-defined polymerization of low molar mass and polydispersity. In these 

systems, the degree of polymerization (DP) and average molecular weight (Mn) can be directly 

controlled by the ratio of monomer to initiator concentration and a linear relation of monomer 

conversion. These methods allow for the synthesis of block copolymers by direct chain extension 

of the polymers or macroinitiators prepared by these methods. Important advances in the field of 

polymer science has been the implementation of these concepts into free radical methods using 

controlled radical polymerization techniques (e.g., ATRP and RAFT polymerization),207,270 

which ensure low radical concentration and extended lifetime of the propagating radicals.  

 

Figure 5. 2. Polymer molecular weight evolution as a function of monomer conversion for free 

radical versus controlled radical polymerization 

In atom transfer radical polymerization (ATRP), a fast (faster than propagation) 

quantitative initiation, and a rapid dynamic equilibrium ensure a low radical concentration, 
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minimize the contribution of termination, and provide uniform growth of the polymer chains. 

The rapid dynamic equilibrium (Keq = kact/kdeact) between growing active (R· or Pn·) and dormant 

(alkyl halides in ATRP as in the form of R-X or Pn-X) species favors the reverse deactivation 

reaction (kdeact > kact). ATRP is a type of a reversible-deactivation radical polymerization and a 

multicomponent process composed of a monomer, an initiator with a transferable halogen, a 

catalyst (e.g., a transition metal with coordinating ligands), and sometimes a solvent or other 

additive.207,271–279 The active species (radicals) are generated through a transition metal-catalyzed 

reversible redox process.280,281 The transition metal complex (Mtn-Y/Ligand, Y is another ligand 

or a counter ion) undergoes one-electron oxidation that results in homolytic cleavage of a 

carbon-halogen bond on the dormant species and abstraction of the halogen atom, X (X-Mtn+1-

Y/Ligand). Polymer chains grow by the addition of the active species to monomers, and the 

oxidized metal complexes, as persistent radicals reduce the stationary concentration of growing 

radicals and hence minimize the contribution of termination reaction.275  

 

Scheme 5. 4. Mechanism of atom transfer radical polymerization (ATRP) 

Reversible addition-fragmentation chain transfer (RAFT) polymerization is also a type of 

controlled radical polymerization through an addition-fragmentation process that achieves rapid 

reversible chain transfer after addition of a free radical source, such as 2,2’-azobisisobutyronitrile 

(AIBN). AIBN in this process is needed to generate primary free radicals to activate the addition-
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fragmentation process from the chain transfer agent.  In these systems,  chain transfer agent in 

the form of a thiocarbonylthio compound (S=C-S) are widely used, since these molecules 

possess high chain transfer constants, Ctr (=ktr/kp typically > 100; ktr = rate constant for chain 

transfer and kp = rate constant for propagation), to afford control over the molecular weight and 

polydispersity.267,282–289 

The structure and the functional groups on the RAFT agent are critically important 

(Scheme 5. 5). The R group should be a good leaving group and generate primary radicals 

exhibiting high reactivity toward the monomer. The R group should also stabilize the radical 

formed from the cleavage. The Z group affects the stability of the C=S bond and the stability of 

the radical adduct (Pn-S-C·(Z)-S-Pm), so it modifies both the rate of addition of propagating 

radicals to the RAFT agent and the rate of fragmentation of the intermediate radicals. 

 

Scheme 5. 5. General structure of a RAFT agent and functions of the components 

 There are several steps in a RAFT process: initiation, pre-equilibrium, re-initiation, main 

equilibrium, propagation, and termination. In the initiation step, a radical initiator such as AIBN 

thermally decomposes to two radical fragments which can react with a monomer to yield a 

propagating radical species. Since Ctr (=ktr/kp typically > 100) is quite large, the radical fragments 

from AIBN are not the primary initiating species in RAFT polymerization. Propagating radical 
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chains (Pn·) can continue adding to monomer (M) to form growing polymer radicals in the 

propagation step.  

In the RAFT pre-equilibrium step, a polymeric radical (Pn·) with n repeating units reacts 

with the RAFT agent (Scheme 5. 6, 1) to form an adduct radical (Pn-S-C·(Z)-S-R). Then, this 

adduct radical can undergo a fragmentation reaction in direction to yield a primary radical (R·) 

species which is predominantly responsible for initiation and a polymer RAFT agent (Pn-S-

C(Z)=S, 3) also called a dormant species. The leaving group radical (R·) then reacts with 

monomer species yielding another active polymer chain (a polymer radical). This growing 

polymer radical reacts with the polymer RAFT agent to yield RAFT adduct radical intermediate 

(4). By a process of rapid interchange, the RAFT adduct 4 can undergo a fragmentation reaction 

in either direction to yield the polymer radical Pn· or Pm·, causing chains to grow uniformly 

which results in a narrow polydispersity. 

The position of the RAFT main equilibrium (addition-fragmentation equilibrium) is 

dictated by the relative stabilities of the RAFT adduct radical (2 or 4) and its fragmentation 

products. The RAFT main equilibrium is also affected by both temperature and monomer type. A 

high temperature favors the formation of the fragmentation products rather than the RAFT 

adduct radical (4).  
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Scheme 5. 6. Mechanism of reversible-addition-fragmentation chain transfer (RAFT) 

polymerization. Adapted with permission from Ref.290 

The structural versatility of the substituents of RAFT chain transfer agents creates 

numerous opportunities for precision polymer synthesis by the functionalization of the Z and R 

groups of targeted groups or catalytic sites. This is of particular interest in creating polymer-

supported catalysts since well-defined organometallic complexes can be controllably placed 

within the constructs of the macromolecule. Hence, novel RAFT agents can be synthesized as 

discrete functional [2Fe-2S] complexes. This concept can also be applied to other CRP methods, 

such as ATRP, where we demonstrated for the first time the ability to prepare [2Fe-2S] 

metalloiniaitors and grow polymer chains via ATRP to create single-site [2Fe-2S] 

metallopolymer catalysts as shown in Scheme 5. 7-A to C. In the previous studies, α-haloester 
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ATRP initiating sites are attached to the naphthyl-[2Fe-2S] complex through esterification 

reaction by utilizing the hydroxyl groups on the complex (Scheme 5. 7-B). In this work, 

carboxylic acid-terminated RAFT agents are anchored to the hydroxyl groups on the naphthyl-

[2Fe-2S] complex through EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) or DCC 

(N,N'-dicyclohexylcarbodiimide) coupling reaction yielding a single-site metallo-chain transfer 

agent (mCTA) with the [2Fe-2S] cluster at the center of the mCTA and the resulting 

metallopolymer (Scheme 5. 8-B and C). 

 

Scheme 5. 7. Position of the typical ATRP initiator on the polymer chain (A), synthetic scheme 

for the ATRP metallo-initiator (B), and position of the metal complex on the polymer chain 

synthesized via ATRP (C) 



105 

 

 

Scheme 5. 8. Position of the typical RAFT agent on the polymer chain (A), synthetic scheme for 

the RAFT metallo-agent (metallo-chain transfer agent) (B), and position of the metal complex on 

the polymer chain made via RAFT polymerization (C) 

5.1. Synthesis and Characterization of the [2Fe-2S] metallo-Chain Transfer Agent (mCTA) 

A RAFT metallo-agent with two chain transfer agents per complex was synthesized from 

a [2Fe-2S] cluster containing a naphthyl bridgehead to make new water-soluble metallopolymers 

for electrochemical hydrogen (H2) evolution. Trithiocarbonate-based RAFT agents selected here 

have a high transfer coefficient (Ctr) and are capable of polymerizing a wide variety of vinylic 
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monomers; hence, various metallopolymers can be synthesized and tested for electrochemical 

analysis. The cyano (CN) group on the R group of the RAFT agent helps stabilize the radical 

through electron delocalization and the hydrocarbon tail (propyl or dodecyl) on the Z group 

provides better solubility in nonpolar organic solvents.  

The RAFT agents can be synthesized in gram scale starting from alkylthiol 

compounds.283,285,287,288,291 Synthesis of the carboxylic terminated-RAFT agent containing a 

propyl group is summarized in Scheme 5. 9. Initially, 1-propanethiol (4.10 g, 54 mmol) was 

added to a stirred suspension of sodium hydride (NaH) in diethyl ether at 5 °C. The thick slurry 

reaction mixture was further cooled to 0 °C prior to the addition of carbon disulfide (CS2). A 

thick yellow precipitate of trithiocarbonate salt (A) was filtered and used in the next step without 

any further purification. Solid iodine (I2) was added portion-wise to a suspension of A in diethyl 

ether at room temperature. The precipitated solid sodium iodide (NaI) was removed by filtration 

and the yellow-off-white filtrate was washed with an aqueous solution of sodium thiosulfate 

(Na2S2O3) to remove excess iodine. After purification, this disulfide compound (B) (ca. 6.0 g, 

74% yield) was refluxed with 4,4'-azobis(4-cyanopentanoic acid) (ACVA) in ethyl acetate 

(EtOAc) for 18 hours under argon to yield a yellow-orange color carboxylic acid-terminated 

RAFT agent (CTA or C) (ca. 3.30 g, 60% yield) (see Scheme 5. 9). 
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Scheme 5. 9. Synthetic scheme for the carboxylic acid functionalized RAFT agent 

 After the synthesis of naphthohydroquinone [2Fe-2S] complex (NhQ-[2Fe-2S]) from 

naphthoquinone and Fe2S2(CO)6 cluster by [2+2]-addition under UV-irradiation (see Appendix 

D: Supplementary Data for Chapter 5), mixture of diketone and di-hydroxy [2Fe-2S] adducts 

was formed (ca. 1:1 mol equivalent). The diketone adduct (NQ-[2Fe-2S]) shown in Scheme 5. 10 

needs to be reduced under a mild condition without affecting the integrity of [2Fe-2S] complex. 

Sodium cyanoborohydride has been used for this purpose in the literature. However, this 

reducing agent is a potential source of cyanide and care must be taken when handling the reagent 

and disposing of the resulting waste. In this chapter, a more environmentally benign and mild 

reducing agent, 2-picoline borane complex (2-methylpyridine borane, pic-BH3), was studied for 

the first time. The preliminary studies have shown that NQ-[2Fe-2S] complex can be reduced to 

NhQ-[2Fe-2S] complex without sacrificing the final yield, and the reducing agent with acute 

toxicity can be eliminated. 
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Scheme 5. 10. Synthetic scheme for the RAFT metallo-agent from naphthohydroquinone-[2Fe-

2S] complex and the carboxylic acid-terminated RAFT agent via DCC coupling 

The RAFT metallo-agent (1) was afforded with over 80% yield by reacting NhQ-[2Fe-

2S] with the compound C in the DCC (N,N'-dicyclohexyl carbodiimide) coupling conditions 

(Scheme 5. 10). Subsequently, the mCTA was characterized by 1H NMR and FTIR 

spectroscopies. 1H NMR spectroscopy of the mCTA was in good agreement with that of the 

carboxylic acid-terminated RAFT agent (C) in addition to the evolution of a new peak from 

aromatic protons on the bridgehead between 7.3-7.6 ppm (Figure 5. 3). The FTIR spectrum in 

CHCl3 showed three major absorptions in Fe-CO stretching region (ν = 2078, 2039, and 2007 

cm-1), and formation of a new peak at ca. 1725 cm-1 indicating C=O stretching from the ester 

peak on the bridgehead (Figure 5. 4). 

 

Figure 5. 3. 1H NMR Spectroscopy of RAFT metallo-agent in CD2Cl2 
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Figure 5. 4. IR Spectrum of RAFT metallo-agent indicating Fe-CO and C=O stretching 

frequencies 

5.2. Synthesis and Characterization of the [2Fe-2S]-Metallopolymers 

Metallopolymers with low polydispersity were synthesized using the new RAFT metallo-

agent (mCTA) (1). Different monomers such as MMA, OEGMA, GMA, and CEA were 

successfully polymerized via RAFT polymerization using the mCTA (see Appendix D: 

Supplementary Data for Chapter 5 for more details). The selected monomer was polymerized in 

the solution of the mCTA, AIBN, and THF at a temperature between 50-70 °C under inert 

reaction conditions as shown in Scheme 5. 11. RAFT polymerization of MMA, for instance, was 

performed as in the following. The concentration of monomer was ca. 3.0-4.0 M in 50% THF 

solution. The target degree of polymerization (DP = [M]/[mCTA]) was selected in the range of 

100-200 to get relatively low MWs (e.g., 10-15 kg/mol) for electrochemical analysis. The 

concentration of AIBN was kept lower than the concentration of mCTA to prevent or limit the 

formation of [2Fe-2S] complex-free polymer chains initiated directly by the decomposition 
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fragments of AIBN. The polymerization was performed at 70 °C, which is 15-20 °C higher than 

the temperature of ATRP to increase the rate of polymerization. Figure 5. 5-A demonstrates a 

gel-permeation chromatography (GPC) trace of [2Fe-2S]-metallopolymers with a narrow 

molecular weight distribution (MWD or PDI = 1.13). The FTIR spectroscopy in Figure 5. 5-B 

shows the retention of the peaks from Fe-CO stretching indicating that [2Fe-2S] complex was 

still intact after the polymerization. Additionally, the intensity of the peak around 1725 cm-1 was 

observed to increase due to the existence of ester functional groups on each pendant group in the 

polymer chain. These results demonstrate, for the first time, the successful polymer growth and 

the conservation of Fe-CO bonds in the RAFT polymerization conditions.  

 

 

Scheme 5. 11. RAFT polymerization of different monomers such as MMA, OEGMA, GMA, and 

CEA using a RAFT metallo-agent 
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Figure 5. 5. Gel-permeation chromatography (GPC) (Mn, GPC = 16,030 g/mol, Mw, GPC = 18,100 

g/mol, PDI = 1.13) (A) and IR spectroscopy of PMMA-g-[2Fe-2S] metallopolymer made using a 

RAFT metallo-agent 

5.3. Electrochemical Analysis of the [2Fe-2S]-Metallopolymers 

 Hydrogen evolution reaction (HER) performance of the metallopolymers was 

investigated using cyclic voltammetry (CV) in aqueous conditions. Electrochemical analysis of 

the metallopolymers synthesized using RAFT metallo-agent was performed in 1.0 M tris solution 

in water at pH 7.0. The concentration of [2Fe-2S] cluster in the metallopolymer chain was 

determined by using IR and UV-vis calibrations (see Appendix D: Supplementary Data for 

Chapter 5), and ca. 100 μM solution of [2Fe-2S] sites per a metallopolymer chain was prepared 

in a tris buffer solution at pH 7.0 for electrochemical analyses. For CV analysis, a three-electrode 

setup was used to measure the initial catalytic activity of the metallopolymers. A glassy carbon 

disk with a surface area of 0.071 cm2 working electrode, glassy carbon rod counter electrode, and 

Ag/AgCl reference electrode were used for all CV studies of metallopolymers in water. As seen 

in Figure 5. 6, the catalysis peak of POEGMA-g-[2Fe-2S] metallopolymer with Mn of 10-15 

kg/mol starts at the potential of ca. -0.90 V vs. standard hydrogen electrode (SHE). The 
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maximum current density in the CV was obtained ~ -17 mA/cm2 which is very promising for 

catalytic hydrogen generation. The CV scan of POEGMA-g-[2Fe-2S] metallopolymer shows that 

the current density and overpotential requirement are comparable to the same metallopolymer 

previously made using the ATRP metalloinitiator. 

 

Figure 5. 6. HER current density in the CV of a glassy carbon disk electrode (ϕ = 0.3 cm, 

electrode surface area = 0.071 cm2) with 100 μM POEGMA-g-[2Fe-2S] metallopolymer in 1.0 

M tris buffer solution in water at pH 7.0. Scan rate was 100 mV/s and quiet solution condition.  
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5.4. Conclusions and Future Outlook 

A new [2Fe-2S] RAFT metallo-agent (mCTA) was synthesized to make new 

metallopolymers with different functional groups which have not been analyzed before for 

electrochemical H2 generation. We demonstrated for the first time with this new [2Fe-2S] 

metallo-agent the ability to grow electrocatalytically active metallopolymers via RAFT 

polymerization with controlled molar mass and low polydispersity. POEGMA metallopolymers 

exhibited appreciable electrocatalytic activity in 1.0 M tris aqueous solution at pH 7.0. This 

system can be expanded to demonstrate the catalytic activity of other water-soluble 

metallopolymers with different functional groups such as di-hydroxy (GMA) and carboxylic acid 

(CEA) and to investigate HER activity, and points to the possibility of more general application 

of this approach to enhance the performance of any small molecule electrocatalyst for H2 

production. 
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APPENDIX A: Supplementary Data for Chapter 2 

All figures and schemes are displayed in Part III of this appendix. 

I. Materials, Instrumentation and Software 

 

a. Synthesis and Characterization  

 

Materials. Unless otherwise noted, solvents were received from Fischer Scientific as ACS grade 

and used without further purification. Fe2S2(CO)6 was prepared according to literature 

procedures206 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), 

NaCNBH3 (Sigma-Aldrich, 95%), Me3NO•2H2O (Sigma-Aldrich), PPh3 (Sigma-Aldrich, 99%), 

Tris-base (99%, Sigma-Aldrich), NaH2PO4•H2O (VWR analytical grade), Na2HPO4 (VWR 

analytical grade), Celite 545 (VWR), and Silica Gel (SiliaFlash F60, 230-400 mesh, Silicycle) 

were used as received without further purification. 1,4-Naphthoquinone (Alfa-Aesar, 97%, up to 

5% H2O) was passed through a silica gel column with diethyl ether before use. Triethylamine 

(EMD, 99.5%) was distilled from KOH then stored on activated 3Å Linde-type molecular sieves 

under argon. α-Bromoisobutyryl bromide (BIBB, Sigma-Aldrich, 98%) was initially used as 

received but found to decompose over time, requiring vacuum distillation (10 torr, 55 °C) once it 

had taken on a yellow color. KCl (EMD, ACS grade) was recrystallized twice from hot 0.1 M 

HCl before use. Methyl methacrylate (MMA) (Aldrich, 99%), and 2-(dimethylamino)ethyl 

methacrylate (DMAEMA) (Aldrich, 98%) were purified by passing through a short column of 

neutral alumina to remove inhibitors. Copper(I) bromide (Cu(I)Br) (Aldrich, 98%) was purified 

by stirring overnight in glacial acetic acid, filtering, washing with ethanol and diethyl ether, and 

drying under vacuum before use. Alternatively, Cu(I)Br was purified by precipitation from 48% 

HBr followed by washing with deionized water, ethanol, and diethyl ether sequentially then 
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drying under vacuum, as described in e-Eros Reagents for Organic Chemistry. 1,4-

naphthohydroquinone was prepared according to literature methods. 4,4'-Di-n-nonyl-2,2'-

bipyridine (dNbpy) (Alfa Aesar, 97%), N,N,N',N'',N''-pentamethyldiethylenetriamine 

(PMDETA) (Aldrich, 99%), 1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA) (Aldrich, 

97%), Dowex 50WX8-200 ion exchange resin (Aldrich), alumina (Al2O3, activated, neutral, 50-

200 µm, 60 Å, Acros Organics), 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 the synthesis of metalloinitiator, triethylamine 

(NEt3) (EMD, ACS reagent grade) was distilled at atmospheric pressure under argon. For the 

synthesis of metallopolymers, THF (DriSolv, Anhydrous, EMD, GC grade) and toluene 

(DriSolv, Anhydrous, EMD, GC grade) stored over 3Å molecular sieves were used. 3Å 

Molecular sieves (Sigma Aldrich) were activated by drying in an oven at 300 °C for a minimum 

of 16 hours. 

Instrumentation. 1H and 13C nuclear magnetic resonance (NMR) spectra were obtained using a 

Bruker DRX 500 MHz or a Bruker Avance III 400 MHz spectrometer. Chemical shifts were 

referenced to Si(Me)4 (δ 0.00 ppm) for 1H NMR and the CDCl3 solvent peak (δ 77.0 ppm) for 

13C NMR. MestReNova 10.0 software was used for spectral processing. IR spectra were obtained 

on a Nicolet Avatar 360 FT-IR with EZ-OMNIC software for H2O and CO2 correction. 

Resolution set to 0.964 cm-1 for all IR spectra. During quantification of molar absorptivity (ε) for 

Fe-CO stretches in the metalloinitiator and resulting metallopolymers 128 scans were used. A 

Fisher Scientific FT-30 30specRFL500700*L IRSEC cell with 0.5 mm Teflon spacer (total path 

length = 1 mm) and CaF2 window (Alfa-Aesar) was used for quantitative IR measurements. 

Determination of ε for Fe-CO’s was performed by preparing 10 mL of ca. 1.0 mM 
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metalloinitiator in CHCl3 using volumetric glassware. This stock was diluted to ca. 0.1 mM, 0.2 

mM, 0.4 mM, and 0.6 mM in four separate 5 mL volumetric flasks using a 1 mL syringe to 

transfer the stock solution, then diluting to volume. The measurement was performed in triplicate 

and R2 values for each linear regression were 0.98 or better. Qualitative IR was performed using 

solutions in CHCl3 in thin films between NaCl plates (Fisher Scientific). Spectral processing and 

graphing were performed using Microsoft Excel, Origin Pro 8.0, and Prism Graph Pad 5.0. 

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) were 

conducted using a FEI Helios 660 NanoLab Dual Beam SEM/FIB for imaging of carbon 

electrodes before and after electrolysis experiments. 

MW Determinations. 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 µm PTFE filter. The GPC analysis for 

PMMA-g-[2Fe-2S] was performed in a THF mobile phase with a Waters 1515 isocratic pump 

running three 5-µm PLgel columns (Polymer Labs, pore size 104, 103 and 102 Å) at a flow rate of 

1.0 mL/min at 35 °C with a Waters 2414 differential refractometer and a Waters 2487 dual-

wavelength UV-vis spectrometer. Molar masses were calculated using the Waters Empower 

software, calibrated against low polydispersity linear PMMA and polystyrene (PS) standards. pH 

measurements made using a VWR symphony SB70P pH meter or a Fischer Scientific Accumet 

AE150 pH meter calibrated with pH 4.01, 7.0, and 10.01 standards (Sigma-Aldrich). Molecular 

weight and molecular weight distribution data for PDMAEMA-g-[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 
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in DMF as eluent phase at a flow rate of 1mL/min at 50 °C and a GPC system with a Waters 

1515 isocratic pump running one PSS GRAM column containing polyester copolymer networks 

with 50 mM LiBr in DMF as eluent phase at a flow rate of 0.8 mL/min at 50 °C with a Waters 

2414 differential refractometer and a Waters 2487 dual-wavelength UV-vis spectrometer at 254 

nm or 400 nm. 

X-ray Diffraction Analysis. Data was collected at the University of Arizona X-ray Diffraction 

Facility. Crystals were mounted onto a MiTeGen micromount under a protective film of 

Paratone® oil and diffraction data for all crystals were measured using a Bruker Kappa APEX II 

DUO diffractometer, with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) generated 

by a sealed tube, and an APEX II CCD area detector. The diffractometer was fitted with an 

Oxford Cryostream low-temperature device and data sets were collected using the APEX2 

software package (Bruker AXS Inc., Madison, WI, 2007). The data were corrected for absorption 

effects using a multi-scan method in SADABS (Sheldrick, G. M. University of Göttingen, 

Germany 1997). CCDC 1577155 contains the supplementary crystallographic data for the 

metalloinitiator. These data are provided free of charge by The Cambridge Crystallographic Data 

Centre. All structures were solved by direct methods (SHELXS-97), and developed by full least-

squares refinement based upon F2 (SHELXL) interfaced via X-Seed and OLEX2 Crystallographic 

figures were prepared using Mercury (Version 3.9). 

b. Electrochemistry 

General Instrumentation. A Gamry Interface 1000 and a Gamry Reference 3000 were used for 

all data collections with Gamry Framework 6 software. The glassy carbon (GC) working 

electrode with a diameter of 0.3 cm (calculated area = 0.071 cm2), platinum-disk (Pt) working 

electrode (diameter 0.2 cm, calculated area = 0.031 cm2), and gold (for the gold amalgam) 
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electrode (diameter 0.3 cm, calculated area = 0.071 cm2) were obtained from BASi. The Pt wire 

counter electrode was from Sigma-Aldrich (99.9%). The edge plane graphite rod (diameter 3 

mm, 10 cm length) was from BASi. Acid experiments were performed with acetic acid (Alfa-

Aesar, 99.998%) degassed via three cycles of freeze-pump-thaw using 10 μL or 100 μL 

Eppendorf auto pipettes.  

Materials for Experiments in Acetonitrile. Acetonitrile (anhydrous, 99.8%, Sigma-Aldrich) 

and tetra-n-butylammonium hexafluorophosphate (n-Bu4NPF6, Fluka, puriss electrochemical 

grade) were used to prepare acetonitrile solutions. Silver wire (99.999% Alfa Aesar), AgNO3 

(99.9%, Sigma-Aldrich, ACS reagent) and Vycor frits were used to fabricate reference electrodes 

to fit the cell. The reference electrodes used were a double junction with the inner compartment 

containing 1 mM AgNO3 and 0.1 M n-Bu4NPF6 solution and the outer compartment filled with 

0.1 M n-Bu4NPF6 solution each separated by a Vycor frit. Once fabricated, a reference electrode 

was stored for up to seven days before being remade. Acetonitrile was degassed by sparging with 

argon for 30 minutes prior to the preparation of solutions. The cell was assembled and flushed 

with argon. The deoxygenated solution was added through a 14/20 rubber septum via 

deoxygenated syringe. An initial scan is taken to ensure no oxygen (Eo ≈ -1.0 V vs. ref.) is 

present. If O2 is detected, the solution is bubbled with argon in five-minute increments until O2 

reduction is no longer detected. 

Materials for Experiments in Water. Aqueous solutions were prepared using 18 MΩ water 

purified using a Millipure water filtration system. 0.1 M KCl (99%, Alfa-Aesar, recrystallized 

twice from 0.1 M HCl) was used as a supporting electrolyte in the 0.1 M sodium phosphate 

buffer. Phosphate buffers were made with NaH2PO4/Na2HPO4 (VWR, ACS grade) according to 

literature preparations found in Ruzin, 1999 Plant Microtechnique and Microscopy accessed at 
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(http://microscopy.berkeley.edu/-Resources/instruction/buffers.html) and adjusted to exact pH 

using 1.0 M HCl or NaOH. 1.0 M phosphate buffers were used without added KCl. Tris buffers 

were prepared by dissolving tris-base (12.114 g, 0.1 mol) in 18 MΩ water (ca. 60 mL) and 36% 

HCl was added to adjust the pH to 7.00 then the solution was diluted with 18 MΩ water to a final 

volume of 100 mL in a volumetric flask. The reference electrode was a double junction design 

consisting of a chloridized silver wire in a solution of 3M KCl in the inner cell and the bulk 

solution (i.e., 1 M Tris, 1 M sodium phosphate buffer or 0.1 M sodium phosphate buffer with 0.1 

M KCl) in the outer chamber. Vycor frits separated the chambers. The Ag/AgCl wire was 

fabricated by soaking Ag wire (99.999% Alfa Aesar) in a commercial bleach solution (Clorox) 

for 16 hours. The wire was then rinsed thoroughly with 18 MΩ water and stored in 3 M KCl for 

up to one week. Aqueous solutions were prepared in air and deoxygenated in the cell by 

bubbling the stirred solution with argon for 30 minutes.  

Gas Chromatography for Faradaic Yield. For determination of the Faradaic yield, the 

headspace of the electrochemical cell was sampled using a Hamilton gas-tight syringe (250 μL) 

fitted with a stopcock to inject 250 μL of headspace into a Shimadzu GC-8A equipped with a 

thermal conductivity detector operating at 70 mA, using argon as a carrier gas at a flow rate of 

25 mL/min. 

Materials for Controlled Potential Electrolysis. For controlled potential electrolysis (CPE), the 

long-running time of these experiments required the gold amalgam electrode and the frit-

separated carbon electrode. The electrolysis cell included a mercury-gold amalgam foil electrode 

prepared with gold foil (99.99%, Sigma-Aldrich, 0.1 mm thick, 7 mm wide) with a NiChrome 

wire spot welded to one end for attachment of leads. The foil was cleaned with hexanes, acetone, 

and methanol followed by soaking in 15% H2SO4 for 2 minutes and rinsing with deionized 
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water. The foil was then dried and soaked in distilled mercury (Mallinckrodt) for 5 minutes, 

polishing on filter paper for 30 seconds per side, then dipping again in mercury for 2-3 minutes 

and mechanically removing excess mercury. The foil was immersed approximately 8-10 mm into 

the electrolysis solution to give an area of ca.1.5 cm2. The 3 mm in diameter gold amalgam disk 

electrode was integrated into the cell to allow for CV and LSV interrogation of the solution 

before, after, and at intermediate times in the electrolysis experiment.  

II. Methods 

All syntheses and anaerobic electrochemical experiments were carried out under argon using 

standard Schlenk and inert atmosphere techniques.  

a. Syntheses and Characterizations 

Synthesis and Characterization of Metalloinitiator [μ-2,3-(naphthalene-1,4-diylbis(2-

bromo-2-methylpropanoate)-dithiolato]bistricarbonyliron 

Naphthohydroquinone [2Fe-2S] complex (1) is known to oxidize in air to the 

corresponding quinone complex so before starting the reaction, it was analyzed via 1H NMR to 

determine what mol % had been oxidized to the quinone product and one molar equivalent of 

sodium cyanoborohydride is used to convert the quinone complex into the desired 

naphthohydroquinone [2Fe-2S] in situ. NaCNBH3 (2.26 mg, 0.036 mmol) and 1 (45 mg, 0.090 

mmol) were added to a flask with THF (2 mL) and the solution was stirred at room temperature 

in the dark for 2 hours. Triethylamine (TEA) (75 µL, 0.54 mmol) was then added and the 

solution was stirred for 20 minutes. Finally, α-bromoisobutyryl bromide (BIBB) (30 μL, 0.22 

mmol) was added and the solution was stirred at room temperature for 2.25 hours. The reaction 

was filtered to remove precipitate and solvent removed by rotary evaporation (23 °C, ca. 200 

torr) to yield a red/orange solid. Purification via column chromatography (SiGel, 30% 
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dichloromethane in hexanes) gave 63 mg (0.079 mmol, 87%) of the ATRP metalloinitiator (2) as 

a powdery orange solid upon removal of solvent. This solid was recrystallized via layering 

toluene mixture with MeOH to obtain crystals for electrochemical experiments and polymer 

synthesis. The structure was confirmed by X-ray crystallography (Figure A. 1). The 

crystallographic information is provided free of charge by The Cambridge Crystallographic Data 

Centre under refcode 1577155. 1H NMR: (CDCl3, 500 MHz, 298 K) δ (ppm) 7.81 (2H, dd J = 

6.5, 3.4 Hz) 7.49 (2H, dd J = 6.5, 3.4 Hz), 2.19 (12H, s) 13C: (CDCl3, 125 MHz, 298 K) δ (ppm) 

206.8 (OC-Fe), 168.3 (C=O), 143.0 (C1,4-O), 134.8 (C2,3-S), 129.1 (C6,7-H), 128.1 (C9,10), 

121.9 (C5,8-H), 54.8 (CH-Br), 31.0 (CH3) IR (CHCl3, thin film on NaCl): 3688 cm-1 (w), 3619 

cm-1 (w, Csp2-H), 3154 cm-1 (w, Csp2-H), 3019 cm-1 (vs, Csp2-H), 2976 cm-1 (w, Csp3-H), 2082 

cm-1 (Fe-CO, s), 2050 cm-1 (Fe-CO, s), 2012 cm-1 (Fe-CO, s) 1760 cm-1 (C=O ester, w), 1522 

cm-1 (C=C, w), 1423 cm-1 (C-H, w), 1210 cm-1 (C-O, vs). 

Synthesis and Characterization of PMMA-g-[2Fe-2S] (3)  

(M)o : (I)o : (CuI)o : (L)o = 200 : 1 : 1 : 2  

Atom transfer radical polymerization (ATRP) of MMA was adapted from the literature 

and modified for the synthesis of PMMA metallopolymers. A typical ATRP was conducted as 

follows: A 10 mL Schlenk flask was loaded with Cu(I)Br (3.35 mg, 0.0234 mmol) and dNbpy 

(19.1 mg, 0.0467 mmol). Deoxygenated toluene (0.25 mL) was added and the resulting mixture 

was stirred at room temperature for 10 minutes to allow for the formation of the Cu-ligand 

complex, yielding a dark red solution. To a separate 10 mL Schlenk flask, metalloinitiator 2 

(18.7 mg, 0.0234 mmol) was added followed by MMA (0.468 g, 4.67 mmol) and the resulting 

mixture was stirred at room temperature until 2 was completely dissolved. Then, 2/MMA 

solution was transferred to the initial reaction flask using an air-free syringe. The flask was then 
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heated in an oil bath thermostated at 55 °C until the desired conversion was achieved (100 min, 

53% monomer conversion by 1H NMR of the crude reaction mixture). The reaction was 

quenched by exposure to air and the addition of 2.0 mL of dichloromethane. The copper catalyst 

was removed by passing the reaction mixture through a short column of neutral alumina. The 

polymer solution was concentrated via rotary evaporator and the polymer was isolated via 

precipitation from 200 mL of rapidly stirred methanol, followed by filtration to yield a 

yellow/orange powder (135 mg isolated yield).  

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 µm PTFE filter. Molar masses were calibrated against 

low polydispersity linear PMMA and polystyrene (PS) standards. 1H NMR (CD2Cl2, 400 MHz, 

298 K) δ (ppm) 7.55-7.38 (broad, aromatic, end group), 3.70-3.40 (3H, broad, -COOCH3), 1.98-

1.66 (2H, broad, aliphatic main chain), 1.54-1.31 (broad, methyl, end group), 0.96-0.65 (3H, 

broad, -CH3, main chain). IR (CHCl3, thin film on NaCl): 3020 cm-1 (-CH2-, strong, sharp), 2951 

cm-1 (-CH3, medium), 2081 cm-1 (Fe-CO, sharp), 2049 cm-1 (Fe-CO, strong, sharp), 2011 cm-1 

(Fe-CO, sharp), 1728 cm-1 (C=O, strong, sharp), 1449 cm-1 (-OCH3. strong, sharp), 1243 cm-1 (-

CH2-, sharp), 1215 cm-1 (C-O, strong, sharp), 1153 cm-1 (C-O, strong, sharp). THF GPC: Mn, SEC 

= 11,982 g/mol, Mw, SEC = 13,229 g/mol, Mw/Mn = 1.10. 

Synthesis and Characterization of PDMAEMA-g-[2Fe-2S] (4)  

(M)o : (I)o : (CuI)o : (L)o = 100 : 1 : 1 : 1.5 

ATRP of DMAEMA was adapted from the literature and modified for the synthesis of 

PDMAEMA metallopolymers. A 10 mL Schlenk flask was loaded with Cu(I)Br (2.55 mg, 
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0.0178 mmol) and 0.20 mL of deoxygenated, anhydrous THF was added to the flask followed by 

the addition of deoxygenated HMTETA (7.3 µL, 0.0267 mmol). The resulting mixture was 

stirred for 10 minutes to allow for the formation of the Cu-ligand complex. To a second 10 mL 

Schlenk flask, 2 (14.24 mg, 0.0178 mmol) was added, followed by the addition of 0.30 mL of 

deoxygenated, anhydrous THF. The solution was stirred until homogeneous, then the resulting 

mixture was transferred to the reaction flask. Finally, purified and deoxygenated DMAEMA 

(0.30 mL, 1.78 mmol) was added to the reaction flask and the flask was submerged in an oil bath 

preheated to 50 °C and the reaction was stirred at 50 °C. After 90 minutes, the reaction flask was 

placed in an ice bath and 2.0 mL of deoxygenated THF was added and the solution was stirred 

for 10 minutes in the cold bath to quench the polymerization. The reaction mixture was then 

transferred to the deoxygenated solution of Dowex resin in MeOH (700 mg in 20 mL MeOH) 

and stirred for 1.5 hours to remove the copper catalyst. The red-orange solution was then filtered 

to remove Dowex resin, and the methanol was removed on a rotary evaporator (200 torr, 23 °C). 

The crude, sticky solid was redissolved in a minimum amount of dichloromethane and 

precipitated in a rapidly stirred solution of hexanes (200 mL). The hexanes was decanted and 

precipitated reddish-brown polymer was rinsed with hexanes. The precipitation was repeated, 

and the final solid was transferred to a vial as a solution in DCM, then solvent was removed on a 

rotary evaporator and dried overnight under vacuum (ca. 0.5 torr at room temperature). (66% 

conversion; 171 mg isolated yield). 1H NMR (CD2Cl2, 400 MHz, 298 K) δ (ppm) 7.63-7.43 

(broad, aromatic, end group), 3.94 (2H, t, J = 6.1 Hz, -OCH2CH2N(CH3)2), 2.45 (2H, t, J = 5.9 

Hz, -OCH2CH2N(CH3)2), 2.17 (6H, s, -OCH2CH2N(CH3)2), 2.05-1.60 (2H, broad, aliphatic main 

chain), 1.44-1.28 (broad, methyl, end group) 1.07-0.68 (3H, broad, -CH3, main chain). IR 

(CHCl3, thin film on NaCl): 2950 cm-1 (C-H stretching, strong), 2827 cm-1 (C-H stretching of 
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N(CH3)2, sharp), 2779 cm-1 (C-H stretching of N(CH3)2, sharp), 2080 cm-1 (Fe-CO, sharp), 2048 

cm1 (Fe-CO, sharp), 2011 cm-1 (Fe-CO, sharp), 1725 (C=O stretching, strong, sharp), 1459 cm1 

(-CH2- bending, sharp), 1271 cm1 (C-O, sharp), and 1153 cm-1 (C-N stretching, strong, sharp). 

DMF GPC: Mn, SEC = 12,700 g/mol, Mw/Mn = 1.27.  

Synthesis of PDMAEMA-g-[2Fe-2S] (4) with Low Copper Catalyst Concentration 

 

[M]o : [I]o : [CuI]o : [L]o = 100 : 1 : 0.2 : 0.2 

Synthesis via ATRP was conducted with a low copper catalyst concentration as well. A 

10 mL Schlenk flask was loaded with 2 (11.84 mg, 0.0148 mmol) followed by DMAEMA (0.25 

mL, 1.48 mmol) and 0.25 mL of 12 mM Cu(I)Br/PMDETA solution in THF. The flask was 

heated in an oil bath at 50 °C for 3 hours. The reaction was then quenched by removing the heat 

and addition of 5 mL of THF and was rapidly passed through a short alumina column to remove 

the copper catalyst. The solvent was removed on a rotary evaporator and the polymer was 

purified by precipitation in 200 mL of hexanes. (67% conversion; 85 mg isolated yield). 1H 

NMR (CD2Cl2, 400 MHz, 298 K) δ (ppm) 7.63-7.43 (broad, aromatic, end group), 3.94 (2H, t, -

OCH2CH2N(CH3)2), 2.45 (2H, t, -OCH2CH2N(CH3)2), 2.17 (6H, s, -OCH2CH2N(CH3)2), 2.05-

1.60 (2H, broad, aliphatic main chain), 1.44-1.28 (broad, methyl, end group) 1.07-0.68 (3H, 

broad, -CH3, main chain). IR (CHCl3, thin film on NaCl): 2950 cm-1 (C-H stretching, strong), 

2827 cm-1 (C-H stretching of N(CH3)2, sharp), 2779 cm-1 (C-H stretching of N(CH3)2, sharp), 

2080 cm-1 (Fe-CO, sharp), 2048 cm1 (Fe-CO, sharp), 2011 cm-1 (Fe-CO, sharp), 1725 (C=O 

stretching, strong, sharp), 1459 cm1 (-CH2- bending, sharp), 1271 cm1 (C-O, sharp), and 1153 

cm-1 (C-N stretching, strong, sharp). DMF GPC: Mn, SEC = 9,500 g/mol, Mw/Mn = 1.33 

In all syntheses of PDMAEMA-g-[2Fe-2S] 4, it was imperative to remove Cu species 

from the crude polymer as it was found to facilitate oxidative decomposition of the [2Fe-2S] 



125 

 

core. Copper species are competently removed from PMMA-g-[2Fe-2S] 3 via alumina column, 

however, PDMAEMA is known to complex Cu, so additional care had to be taken to ensure 

removal of all Cu species from crude PDMAEMA-g-[2Fe-2S] 4. After the reaction, stirring the 

crude polymer solution without exposing to air in degassed MeOH with Dowex-50 resin was 

found to be the preferred method of copper removal. Also, replacing PMDETA with HMTETA 

ligand and decreasing the amount of copper catalyst in ATRP reaction helped remove residual 

copper from the final polymer. 

Synthesis and Characterization of ATRP Initiator Naphthalene-1,4-diyl bis(2-bromo-2-

methylpropanoate) 

1,4-Naphthalenediol 5 (160 mg, 1.0 mmol) was dissolved in anhydrous THF (10 mL). 

Triethylamine (TEA) (0.84 mL, 6.0 mmol) was added and the solution was stirred for 1.5 hours. 

BIBB (0.33 mL, 2.7 mmol) was added and the solution was stirred at room temperature for 4 

hours. The reaction was filtered through a 5 cm silica gel plug (eluted with DCM) to remove an 

off-white precipitate that had formed, and the solvent removed by rotary evaporation (35 °C, ca. 

200 torr) to yield an off-white solid. Purification via column chromatography (SiGel, 30% 

dichloromethane in hexane) gave 384 mg (0.84 mmol, 84%) of 6 as a powdery white solid upon 

removal of solvent. This solid was recrystallized from diethyl ether to obtain chunky transparent 

crystals for polymer synthesis. 1H NMR: (CDCl3, 500 MHz, 298 K) δ (ppm) 8.07 (2H, dd J = 

6.5, 3.3 Hz) 7.60 (2H, dd J = 6.5, 3.3 Hz), 7.30 (2H, s) 2.19 (12H, s) 13C NMR (125 MHz, 

CDCl3) δ 170.06 (C=O), 144.37 (Cq-O, C1.4), 127.7 (Cq, C4a,8a), 127.3 (CH, C6,7) 121.5 (CH, 

C5,8), 117.07 (CH, C2,3), 55.24 (Cq, C-(Me2)Br, 30.83 (CH3). 

 



126 

 

Synthesis and Characterization of [2Fe-2S]-Free PDMAEMA Homopolymer  

 

(M)o : (I)o : (CuI)o : (L)o = 100 : 1 : 1 : 1.5 

A 10 mL Schlenk flask was loaded with Cu(I)Br (6.26 mg, 0.0437 mmol) and vacuumed 

and backfilled with argon three times. Then, 0.20 mL of deoxygenated, anhydrous THF was 

added to the flask, followed by the addition of deoxygenated HMTETA (17.83 µL, 0.066 mmol). 

The resulting mixture was stirred for 10 minutes to allow for the formation of the Cu-ligand 

complex. Then, purified and deoxygenated DMAEMA (0.735 mL, 4.37 mmol) was added to the 

reaction flask. To a second 10 mL Schlenk flask, difunctional naphthyl ATRP initiator 6 (20 mg, 

0.0437 mmol) was added and the flask was vacuumed and backfilled with argon three times. 

Then, 0.30 mL of deoxygenated, anhydrous THF was added to the flask and the solution was 

stirred until homogeneous then the resulting mixture was transferred to the reaction flask. 

Finally, the flask was submerged in an oil bath preheated to 50 °C and the reaction was stirred at 

50 °C for 2 hours. After 2 hours, the solution was opened to air and 2.0 mL of THF was added to 

quench the polymerization. The crude mixture was passed through a short neutral alumina 

column to remove the Cu catalyst and then all solvent was removed. The sticky solid polymer 

was dissolved in a minimum amount of dichloromethane and precipitated in a rapidly stirred 

solution of hexanes (200 mL). The hexanes was decanted and the precipitated white polymer was 

rinsed with hexanes. The final solid was transferred to a vial as a solution in DCM then the 

solvent was removed on a rotary evaporator and dried overnight under vacuum at room 

temperature. (80% conversion; 470 mg of isolated yield). 1H NMR (CD2Cl2, 400 MHz, 298 K) δ 

(ppm) 7.86-7.78 (2H, broad, aromatic, end group), 7.53-7.46 (2H, broad, aromatic, end group), 

7.16-7.11 (2H, broad, aromatic, end group), 3.95 (2H, t, -OCH2CH2N(CH3)2), 2.46 (2H, t, -

OCH2CH2N(CH3)2), 2.17 (6H, s, -OCH2CH2N(CH3)2), 1.97-1.63 (2H, broad, aliphatic main 



127 

 

chain), 1.03-0.70 (3H, broad, -CH3, main chain). Mn, theo = 13,100 g/mol and Mn, NMR = 15,500 

g/mol, DMF GPC: Mn, SEC = 15,300 g/mol, PDI: 1.29. 

Titration Curve for PDMAEMA-g-[2Fe-2S] 

 

The titration curve for PDMAEMA-g-[2Fe-2S] 4 in 0.2 M KCl is shown in Figure A. 5g 

This titration agrees well with a published titration in 0.15 M NaCl. The same paper gives a 

titration curve for PDMAEMA in 1.0 M NaCl, which is almost identical to the monomer, 

DMAEMA (pKa 8.4). This far away from the pH of the solution, there is only about a 1% 

difference in protonated species between pKa 8.3 and 8.4. Based on this curve, ~ 95% of the 

amines in PDMAEMA-g-[2Fe-2S] 4 are protonated at pH 7. 

b. Electrochemical Analyses  

 

General Electrochemical Procedures and Materials 

 

All electrochemical experiments utilized a standard three-electrode system with a 

working electrode, a counter electrode, and a reference electrode. Solution resistance was 

compensated at 90% of measured cell resistance. To determine that catalysis did not rely on 

electrode materials, two different working electrodes were employed: a glassy carbon disk 

electrode and a gold amalgam disk electrode. A platinum (Pt) disk electrode was used as a 

standard for comparison of electrocatalysis in the electrolyte/buffer solution in the absence of 

metallopolymer. The physically measured areas of the electrode surfaces were confirmed 

electrochemically by means of the current of the oxidation peak of ferrocene in acetonitrile. To 

reduce the effect of minor surface variations, the GC and Pt working electrodes were polished 

between scans in a figure-eight pattern on a Buehler microcloth polishing cloth with 1.0 then 

0.05 micron alumina micropolish (one minute per grade) suspended in deionized water. Two 

different counter electrodes were also employed. In controlled potential electrolysis experiments, 
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the counter electrode was an edge plane graphite rod (diameter 3 mm, 10 cm length) placed in a 

glass chamber separated from the rest of the cell by a 4 Å molecular sieve frit. Control 

experiments with this graphite rod counter electrode confirmed that a Pt wire counter electrode 

was suitable for cyclic voltammetry and linear sweep voltammetry but not for long-term 

electrolysis due to eventual crossover of Pt from the Pt wire counter electrode to the cathode, as 

also shown in the literature.[16] Potentials in water are referenced to SHE using the standard 

conversion of +0.210 V from the potential of the Ag/AgCl/3M KCl reference electrode.[17] For 

the CV experiments, a scan rate of 100 mV/s was used unless otherwise noted. 

In order to estimate the concentration of [2Fe-2S] sites per mass unit of polymer, a 

calibration curve was constructed for the characteristic Fe-CO stretching frequencies. The 

calibration was performed in triplicate and R2 values for each linear regression were 0.98 or 

better. Each batch of polymer was inspected via IR and a mmol/mg value for the concentration 

of [2Fe-2S] was established using this calibration curve. 

Effects of Buffer on Catalysis 

 

Electrochemical simulations indicated a relationship between the catalytic current density 

and the concentration of the conjugate acid of the buffer (i.e., NaH2PO4 in sodium phosphate 

buffer, ~ 40% in the protonated state at pH 7.0). This was subsequently confirmed by the 

observation of increased current density at increased buffer concentration (Figure A. 9). To 

further increase the concentration of the conjugate acid species, 2-amino-2-

(hydroxymethyl)propane-1,3-diol buffer (tris) was used as it has a higher solubility and higher 

proportion of conjugate acid species at pH 7.0 (~ 92% protonated at pH 7.0). This simple change 

in buffer significantly increased current density without changing the reduction potential 

required to initiate catalysis. It should be noted that in principle, the buffer is not consumed in 
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the overall water-splitting reaction because protons consumed in the hydrogen reduction half-

reaction are generated at the water oxidation half-reaction. In this sense, the buffer is a co-

catalyst that has no activity on its own but increases the rate of the water-splitting reaction 

without being consumed. The pH 7.0 tris at 1.0 M concentration serves the triple purpose of (1) 

the electrolyte for the electrochemistry, (2) the buffer for the pH, and (3) a co-catalyst for the 

hydrogen production.  

This effect of the tris buffer is also interesting in relation to the critical role of the 

covalently bound amine in the active site of [FeFe]-hydrogenases. While the amine of the tris 

buffer is not covalently bound to the [2Fe-2S] active site of the metallopolymer, at this pH 7 the 

tris buffer provides a protonated-amine rich environment for the catalyst and significantly 

increases the rate of hydrogen production. Regardless of the precise mechanism, this shows that 

the nature of the buffer can be tuned to optimize hydrogen-evolving reactions. 

Determination of Faradaic Yield 

 

Faradaic yield was established by preparing a 25 μM solution (10 mL) of PDMAEMA-g-

[2Fe-2S] 4 in 1.0 M pH 7.0 tris buffer in an airtight electrochemical cell. Controlled potential 

electrolysis was performed by holding the glassy carbon working electrode at -1.39 V vs. SHE 

until 2.025 C had been passed, which corresponds to 250 μL H2 assuming 100% Faradaic yield. 

Note that this potential is over 440 mV negative of the holding potential used for later bulk 

electrolysis experiments which assessed to TON of the catalyst. This was done to increase the 

rate of hydrogen production at the relatively small area disk electrode and demonstrates that a 

high Faradaic yield is achieved even at very high overpotentials where side reactions would be 

more likely. At the end of this period, the headspace was sampled using a Hamilton gas-tight 

syringe to inject 250 μL of headspace into a Shimadzu GC-8A equipped with a thermal 
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conductivity detector operating at 70 mA, using argon as a carrier gas at a flow rate of 25 

mL/min. The signal was calibrated against the signal from a 250 μL aliquot of H2 that was 

manually added to the headspace of the argon-purged cell and allowed to sit for 8 minutes to 

replicate the time required to generate the same volume of H2 in the controlled-potential 

experiment. This process was repeated three times to obtain an average value and standard 

deviation for the Faradaic yield. A Faradaic yield of 93±2% was determined by comparison of 

the average peak area of the standard injections relative to the H2 area from the headspace after 

electrolysis (Figure A. 14). The same procedure was repeated with a platinum electrode to test 

the accuracy of the procedure. This also provides some cancelation of errors introduced by the 

gas transfer processes, gas dissolution, micro-bubbles adhering to the surfaces, leakage from the 

cell, and the GC analysis. The platinum electrode gave a Faradaic yield of 96±2%. Thus, the 

Faradaic yield of the PDMAEMA-g-[2Fe-2S] 4 is 97±3% of the Faradaic yield of platinum for 

hydrogen production. 

In addition, the Faradaic yield was determined by the shift to higher pH caused by the 

reduction of protons in solution in the controlled potential electrolysis experiments. The pH after 

controlled potential electrolysis was compared to the initial pH of 7.00 using the Henderson-

Hasselbach equation and the number of protons consumed was calculated and compared with the 

number of electrons passed over the course of electrolysis. This method gave a Faradaic yield of 

103±3%. In conclusion, the Faradaic yield is quantitative within the certainty of these 

measurements. 

Tafel Analysis 

Tafel analysis is a preferred measure of catalytic performance over cyclic voltammetry 

because it gives a direct measure of the catalytic current density response as a function of the 
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overpotential in steady-state flow conditions. The current density as a function of voltage was 

measured for several concentrations of PDMAEMA-g-[2Fe-2S] 4 catalyst and different 

arrangements of electrodes (a glassy carbon working electrode with a platinum wire counter 

electrode and a gold amalgam electrode with a frit-separated carbon counter electrode) with 

similar results. These plots were compared with similar measurements for a planar platinum disk 

electrode that was cathodically conditioned for several minutes at -1.0 V vs. the reference 

electrode until the electrode current stabilized for reproducible HER. In each case, the current 

was measured by linear sweep voltammetry at a rate of 5 mV/s and with 1600 rpm magnetic 

stirring, and the solution contained 1.0 M tris buffer adjusted to pH 7.0.  

Controlled Potential Electrolysis and Turnover Number (TON) 

Controlled potential electrolysis (CPE) was used to determine the turnover number 

(TON) and lifetime of the catalyst under catalytic conditions, as well as the total Faradaic yield 

over the many hours run time of electrolysis. Because of the long-running time of these 

experiments they were limited to the gold amalgam electrode and the frit-separated carbon 

electrode in order to (1) avoid unacceptable background current from direct reduction with the 

glassy carbon electrode, (2) avoid possible crossover of platinum from a platinum counter 

electrode to the working electrode, and (3) avoid decomposition of the catalyst by oxidation at 

the counter electrode. The electrolysis cell included a gold amalgam foil electrode immersed 

approximately 8-10 mm into the electrolysis solution to give an area of ca. 1.5 cm2. The potential 

for electrolysis was chosen as -0.95 V vs. SHE (overpotential η of ca. 0.54 V) where the Tafel 

plot indicates reasonable current density without excessive voltage. The background current in 

these conditions in the absence of catalyst yielded only 0.4 coulombs anaerobically and 26 

coulombs aerobically over 18 hours. The 3 mm diameter gold amalgam disk electrode was 
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integrated into the cell to allow for CV and LSV interrogation of the solution before, after, and at 

intermediate times in the electrolysis experiment. The high current density and excessive 

formation of bubbles at the working and counter electrodes, as well as the sensitivity to 

placement and collection of bubbles at the reference electrode which occurred throughout the 

electrolysis, created challenges for obtaining a steady current response in electrolysis 

experiments that ran for periods up to six days in our apparatus. Determination of the amount of 

hydrogen evolved by headspace analysis posed serious experimental difficulties due to 

significant effusion of hydrogen past the seals of the cell over these long periods of these 

electrolyses. Instead, we have measured the pH of the solutions after electrolysis and calculated 

the Faradaic yield based on proton consumption. As mentioned in the section on Faradaic yield 

determination, the pH measurement indicated a yield of 103±3%. Consequently, the measured 

coulombs are a good indication of the hydrogen produced.  

Figure A. 15 shows representative examples of the measured coulombs vs. time and 

current vs. time for the CPE experiments and the corresponding turnover numbers. We have used 

an exponential decay function to model catalyst decay using the method of Costentin, Passard, 

and Savéant. This decay function has been overlaid with our data in Figure A. 15a to show that 

the catalysis is operating as a solution-phase catalyst (albeit in equilibrium with surface 

adsorption as discussed below) in a steady-state condition from the beginning of operation and 

throughout the catalysis. The current vs. time plot shown in Figure A. 15a displays some 

fluctuations in the current which were due to restarting the potentiostat and from oxygen 

evolution at the counter electrode. The counter electrode used in bulk electrolysis was separated 

with a frit from the working CPE solution and suspended in a glass tube filled with a buffered 

solution containing no catalyst. During electrolysis, the evolution of oxygen at the counter 
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electrode caused build-ups of O2 in the glass tube such that a counter electrode was cut-off from 

the frit connecting the counter electrode to the working solution causing the current to decrease. 

When the oxygen bubbles were dislodged, the amount of current being passed increased back to 

approximately the same level before the bubble formed. Figure A. 15b and Figure A. 15c give a 

closer look at the early stage of electrolysis. Figure A. 15a indicates a “stability factor of merit” 

as defined by Costentin, Passard and Savéant of 6.5×104. In comparison, Figure A. 16 shows 

metalloinitiator 2 and PMMA-g-[2Fe-2S] 3 (anaerobic) lose all of their catalytic activity in about 

30 minutes and have stability factors of merit of less than 10 that are profoundly inferior to the 

6.5×104 factor of 4. The electrochemistry of 1 was studied previously. The CPE of 1 was not 

reported but the CPE and stability factor of merit of the closely related complex (1,2-

benzenedithiolato)Fe2(CO)6 is similar to that of 2 and 3. Figure A. 15b and Figure A. 15c appear 

to indicate that aerobic stability is greater than anaerobic stability but we do not feel this 

difference is significant due to variability in the cathode area and hydrogen bubble behavior in 

different cell assemblies. The measured coulombs in all experiments, both anaerobic and aerobic, 

gave turnover numbers in the range of 2-6 × 104 molecules of hydrogen per catalyst site.  

With regard to the O2 tolerance, we have performed the electrolysis of pH 7.0 tris buffer 

solution (pH 7.0) operating in air without a catalyst. The total charge passed was 26 C which is 

ca. 5% of the nearly 500 C passed with catalyst present. However, this represents the worst-case 

scenario in which ambient oxygen is able to continuously re-dissolve in the solution to maintain 

a high steady-state concentration. In contrast, during the bulk electrolysis experiments with 

catalyst present, continuous hydrogen formation is expected to sparge the solution, displacing 

some oxygen and lowering the steady-state O2 concentration. Thus, we believe the charge 

contribution from oxygen reduction is less than the uncertainty we report for the Faradaic yield 
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from headspace GC measurements (± 3%). This also falls well within the uncertainty of the 

turnover number, which we report as 4±2×104. 

SEM/EDX Imaging of Carbon Electrodes After Electrolysis 

To confirm the absence of irreversibly adsorbed or deposited metal particulate or 

decomposed species from PDMAEMA-g-[2Fe-2S] 4 metallopolymers, a series of SEM/EDX 

measurements were conducted on planar carbon electrodes subjected to CPE HER experiments. 

SEM of bare carbon electrodes before use revealed that surfaces were featureless and free of any 

adsorbed contaminants that would complicate morphological and spectroscopic interpretation 

(Figure A. 18). SEM secondary electron imaging (Figure A. 18-B) revealed a featureless, planar 

surface for the bare carbon electrode, along with featureless images for EDX elemental mapping 

of C Kα (Figure A. 18-C), Cl Kα (Figure A. 18-D) and Fe Kα (Figure A. 18-E). CPE using 

PDMAEMA-g-[2Fe-2S] 4 (10 μM [2Fe-2S] by IR, 0.2 mg/mL in 1.0 M tris buffer at pH 7.0) of 

this same planar carbon electrode was then conducted using conditions previously described 

above for a reaction time of one-hour to ensure sufficient exposure of the electrode to the 

solution-phase metallopolymer during electrolysis (Figure A. 19). SEM/EDX imaging of this 

same planar carbon electrode was conducted where the electrode remained unrinsed from the 

electrolyte salts from the electrolysis medium. SEM secondary electron imaging of this sample 

revealed the presence of large-micron sized deposits, of irregular morphology, in addition to 

barely exposed regions of the electrode surface. These larger deposits were attributed to 

electrolyte/buffer salts from the reaction medium, which was confirmed by identical spatial 

positioning of EDX C Kα (Figure A. 20-C), Cl Kα (Figure A. 20-D) elemental mapping. 

However, EDX elemental mapping of Fe Kα (Figure A. 20-E) was completely featureless, which 

confirmed that adsorbed, or deposited species from the metallopolymer catalyst were absent 
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from the electrode surface after electrolysis. Finally, SEM/EDX analysis of this same electrode 

after rinsing revealed a featureless electrode surface, further confirming the absence of any 

irreversibly deposited species from the metallopolymer catalyst (Figure A. 21). Quantitative 

analysis of the EDX spectra taken from this series of experiments (Figure A. 18A, Figure A. 20A 

and Figure A. 21-A) are summarized in Table A. 1, also confirming the absence of 

adsorbed/deposited Fe-containing species during electrolysis. 

Transient Adsorption of PDMAEMA-g-[2Fe-2S] (4) 

A key question that needed to be resolved to enable meaningful mechanistic and kinetic 

insights into the rates of H2 generation was the homogeneous vs. heterogeneous nature of the 

metallopolymer during electrocatalysis. The imaging experiments of both unrinsed and rinsed 

electrodes via SEM/EDX confirmed that irreversibly deposited species were not formed during 

electrocatalysis. So the resulting mechanistic possibilities were whether the metallopolymer 

catalyst 4 remained homogeneous during electrocatalysis, or was adsorbed in a reversible, 

transient fashion to the electrode due to electrostatic interactions (i.e., electrosorption) between 

the positively charged protonated ammonium side chain groups from the metallopolymer and the 

negatively polarized charged surface of the electrode under bias. Literature studies of other 

charged polymers (i.e., polyelectrolytes) indicate that adsorption is likely. In the next sections, 

we provide evidence of adsorption from experiments in which we investigate the dependence of 

CV peak currents on catalyst 4 concentration, the dependence of CV peak currents on doping the 

catalyst 4 solution with Fe-free PDMAEMA polymer, and the dependence of LSV plateau 

currents on catalyst 4 concentration. The currents are modeled accurately by a Langmuir 

adsorption-based model.  
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The first evidence for reversible adsorption of the metallopolymer on the surface was 

provided by a simple rinse test. After establishing catalysis at the GC electrode with the catalyst 

in solution, the electrode was removed, rinsed, and placed in a cell with buffer solution without a 

catalyst. Cyclic voltammetry scans through the potential of catalysis showed a weak current on 

the first scan that disappeared on subsequent scans. A report has noted that the rinse test should 

be carefully interpreted regarding adsorption at the electrode surface in case the species might re-

dissolve.[20] In this case, the cyclic voltammetry indicates that the intact metallopolymer has a 

weak attractive interaction with the GC electrode, but the metallopolymer leaves the surface 

under the reducing conditions of catalysis, indicating a dynamic equilibrium for adsorption 

dependent on the solution concentration. 

Catalyst Concentration Dependence and Langmuir Adsorption Analysis 

With such high peak current densities in the CV (> 70 mA/cm2 at 10 µM catalyst 

concentration and 100 mV/s scan rate), we were inspired to attempt lower catalyst concentrations 

and found that loadings of 100 nM metallopolymer (2 μg/mL, 2 ppm) still gave appreciable 

catalytic peak current density in cyclic voltammetry (18 mA/cm2, see Figure A. 8f). The CV peak 

current densities from 0.1 μM PDMAEMA-g-[2Fe-2S] 4 catalyst concentration to 100 μM 

catalyst concentration are shown in Figure A. 8f. The current density vs. concentration profile is 

characteristic of an adsorption isotherm, as shown by the fit of the blue line based on a 

Langmuir-type adsorption model. 

To be specific, in the Langmuir adsorption model the fraction of adsorption sites to which 

a solute molecule has become attached, is given by:  

𝜃 =
𝐾ads[A]

1 + 𝐾ads[A]
                                                         Equation 1 
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where Kads is the equilibrium constant for the reaction: 

                                                                                                       Equation 2 

S is an empty surface site and AS is a surface site occupied by A. The equilibrium constant 

expression is then: 

𝐾ads =
[AS]

[A][S]
                                                              Equation 3 

The units for Kads are not critical as long as they are consistent. For example, the units for [AS] 

and [S] represent the concentration of surface sites per unit surface area and might be mol/cm2, 

but this unit cancels in the equilibrium constant. The units for [A] are concentration per unit 

volume and to be consistent with most electrochemical equations can be mol/cm3, giving a unit 

for Kads of cm3/mol. However, this unit cancels in the calculation of the fraction of occupied 

surface sites θ to give a unitless fraction. 

The peak current due to adsorbed catalyst in the CV of the PDMAEMA-g-[2Fe-2S] 4 

solution in equilibrium with the electrode surface is the fraction of surface sites that are occupied 

times the maximum current when all sites are occupied, 𝑖ads
max: 

𝑖p = 𝜃 × 𝑖ads
max =  

𝐾ads[A]

1 + 𝐾ads[A]
× 𝑖ads

max                                        Equation 4 

When 𝐾ads[A] << 1 the current increases nearly linearly with the concentration [A], as in the 

region below 1.0 μM catalyst concentration in Figure A. 8f. When 𝐾ads[A] >> 1 the current 

becomes nearly constant at 𝑖ads
max from the full monolayer of adsorbed catalyst. The transition 

from the high slope of the current vs. concentration profile at low concentration to the low slope 

at higher concentration is the region of monolayer formation, shown from 1.0 μM to 10 μM 

catalyst concentration in Figure A. 8f. 
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The gradually increasing current as the catalyst concentration increases above 10 μM is 

generally indicative of growth of a second layer which contributes to the current. This builds on 

the first monolayer and is proportional to the catalyst solution concentration, and in the early 

stages of growth can be modeled by the following equation: 

𝑖 = 𝜃 ∗ 𝑖ads
max × (1 + [A]x)                                                  Equation 5 

where x is the proportionality of the current increase with the increase in the solution catalyst 

concentration and has units of current/M. The blue line in Figure A. 8f is obtained with Equation 

5 and 𝐾ads = 5×109 cm3/M, 𝑖ads
max corresponding to a current density of 45 mA/cm2 for monolayer 

adsorption, and x = 9×10-3 mA/μM. 

Addition of Analogous but Catalytically Inactive Polymer 

Additional insight into the dynamic nature of the solution catalyst in equilibrium with 

surface adsorbed species is gained from a competition experiment in which a polymer similar to 

PDMAEMA-g-[2Fe-2S] 4 but without the catalytically active [2Fe-2S] site (referred to as “Fe-

free PDMAEMAˮ) is added to the solution. For these experiments, Fe-free PDMAEMA 7 with 

similar molecular weight was prepared through ATRP of DMAEMA from a difunctional -

haloester naphthyl initiator (see Figure A. 6). 7 is a polymer identical to PDMAEMA-g-[2Fe-2S] 

4 but the naphthalene-based initiator lacks the Fe2S2(CO)6 functional group. Addition of Fe-free 

PDMAEMA 7 will compete equally with PDMAEMA-g-[2Fe-2S] 4 for the surface sites, and in 

the region of monolayer adsorption, the current due to adsorbed species will fall proportional to 

the decrease in the mole fraction of the catalyst polymer to total polymer on the surface (see 

Figure A. 22). 
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The results of these experiments are collected in Figure A. 12. The experiments start with 

a 10 μM (0.2 mg/mL) loading of PDMAEMA-g-[2Fe-2S] 4, where the Langmuir models 

described above indicate the formation of the monolayer is 98% complete. A 0.2 mg/mL loading 

of Fe-free PDMAEMA 7 gives a comparable concentration. The small contribution to the current 

from 7 is due to direct reduction of the ammonium groups on the polymer chains at the electrode. 

The CV of 7 with the gold amalgam electrode shows that this reduction shifts to more negative 

potential as expected with this electrode while the PDMAEMA-g-[2Fe-2S] 4 catalysis peak does 

not shift appreciably, and thus the PDMAEMA-g-[2Fe-2S] 4 peak current on the gold amalgam 

electrode does not have appreciable contribution from direct reduction of the ammonium groups. 

The addition of increasing equivalents of Fe-free PDMAEMA 7 to the 10 μM 

PDMAEMA-g-[2Fe-2S] 4 solution results in decreasing catalytic peak currents, showing that 

competition is taking place for surface sites (Figure A. 12a). The addition of one equivalent of 

Fe-free PDMAEMA 7 decreases the peak current by 25%. However, this 1:1 ratio is a 50% 

reduction in the mole fraction of active polymer and, given equal competition for a similar 

number of surface sites, should reduce the peak current by 50% if the surface is completely 

covered by adsorbed molecules. The reduction in peak current by 25% means that ca. 50% of the 

current is due to adsorbed molecules and the other 50% of the peak current does not depend on 

the mole fraction of polymer but instead depends on the solution concentration of the catalyst in 

the electroactive region.  

These observations suggest a Langmuir-based adsorption model adapted for the mole 

fraction of catalytically active polymer molecules on the surface plus a contribution to the 

current dependent on the solution concentration of the catalyst. Figure A. 12b shows an excellent 
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correlation between the model described below and the experimental reduction in peak current 

with added equivalents of free-PDMAEMA. 

When m equivalents of Fe-free PDMAEMA 7 are added to the 10 μM solution of 

PDMAEMA-g-[2Fe-2S] 4 the total polymer concentration increases by a factor of (1 + m) and 

the fractional surface coverage with m equivalents increases to: 

𝜃𝑚 =
𝐾ads[A](1 + 𝑚)

1 + 𝐾ads[A](1 + 𝑚)
                                                   Equation 6 

In addition, the fraction of these sites occupied by catalytically active molecules is reduced to 

1 (1 + 𝑚)⁄ . The current due to adsorbed species for addition of m equivalents of 7 is then the 

first term in the following equation: 

𝑖p
𝑚 =

1

(1 + 𝑚)
× 𝜃𝑚 × 𝑖ads

max + (1 − 𝜃𝑚) × 𝑖C
max                             Equation 7 

The second term accounts for the catalytic current that is proportional to the 

concentration of catalyst in solution (not the mole fraction) given by the limiting current 𝑖C
max for 

the 10 μM catalyst concentration. This term is weighted by the fraction of the surface that is not 

blocked by adsorbed polymer, although this fraction should not be viewed as a static model due 

to the dynamics of the on/off adsorption equilibrium. This is the equation that fit the data in 

Figure A. 12b with variables Kads 61 cm3/μM, 𝑖ads
max corresponds to a current density of 83 

mA/cm2, and 𝑖C
max corresponds to a current density of 70 mA/cm2. The R2 goodness of fit value 

is 0.999. The proportion of the limiting contributions to the peak current from 𝑖ads
max and 𝑖C

max is 

not accurately known from the fit, but the similarity of their values indicates similar kinetics for 

catalysis by these processes even though the statistics for competition with the catalytically 

inactive polymer 7 differ. 
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While this analysis shows the dynamic equilibria taking place at the electrode surface 

during catalysis, these CV peak currents could not be used to estimate the observed rate of 

hydrogen production per catalyst molecule because plateau currents could not be obtained even 

at very low catalyst loadings (0.1 μM) and high scan rates. Instead, we report the estimated 

observed rate based on steady-state electrochemical experiments as follows. 

Linear Sweep Voltammetry and Langmuir Adsorption Analysis 

Figure A. 13a shows the collective Tafel plots for PDMAEMA-g-[2Fe-2S] 4 at 

concentrations from 0.2 μM (2 μg/mL) to 150 μM (1.5 mg/mL) using a glassy carbon electrode. 

Higher concentrations showed little further change. The currents stabilized near their maximum 

at -1.6 V overpotential. The plateau currents (taken at -1.45 V as the average current from -1.35 

V to the limit of the scan at -1.55 V to reduce the noise from bubble formation) as a function of 

concentration are shown in Figure A. 13b, along with the simulation based on the Brunauer-

Emmett-Teller (BET) adsorption isotherm model, which applies to systems of multilayer 

adsorption. The blue dotted line is the fit to the data. After the nearly complete monolayer 

coverage is reached the current increases in a straight line with concentrations from 20 μM to 80 

μM, indicating the early stages of formation of a second monolayer. The low and constant slope 

indicates the second layer of adsorption is weak. According to the BET model, the fit value of 

the C parameter of 600 indicates that the difference in enthalpy between formation of the first 

layer and formation of the second layer is about 4 kcal/mol, meaning that there is little formation 

of the second layer, although it does contribute to the catalytic current. This high value of C also 

indicates that the assumptions in the Langmuir adsorption model are reasonably valid for this 

system. 
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Figure A. 13c shows the modeling of the current vs. concentration curve according to the 

Langmuir-type model for the adsorption isotherm. With inclusion of current from the second 

monolayer as in Equation 5 and allowing for a solution concentration-dependent current as 

indicated from the competition experiment (as in Equation 7), the observed current vs. 

concentration can be modeled as in the following equation.  

𝑖 = 𝜃 × 𝑖ads
max × (1 + [A]x) + (1 − 𝜃)[A]𝑅                                   Equation 8 

The parameter R is the rate of change of the catalytic current that is concentration-

dependent and has units of current divided by concentration (amps/μM). This concentration-

dependent term is included primarily because it is indicated by the competition experiment 

presented above, but the confidence level of its relative contribution is low. In Figure A. 13c, the 

blue dashed line is the contribution from the first term (adsorbed catalyst) and the red dashed line 

is the contribution to catalysis from the second term (concentration-dependent). The purple line 

is the fit sum. The parameters are 𝐾ads = 2×109 cm3/M, 𝑖het
max corresponds to a current density of 

144 mA/cm2, x = 8×10-3 amp/μM, and R = 1×10-2 amp/μM. 

A similar analysis was carried out with the gold amalgam electrode with the same 

conclusions. The analysis differed in analyzing the currents at lower overpotential (0.6 V) and 

lower currents due to more complex current behavior at higher potentials. The equilibrium 

constant for adsorption was about one-third of that on the glassy carbon electrode and 

consequently, the monolayer coverage occurred at a higher concentration of about 10 μM. 

Turnover Frequency (TOF) per Catalyst Molecule 

The operational measure of catalyst speed is the amount of hydrogen produced per 

second per quantity of catalyst as a function of potential. These are all easily measured 
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macroscopic values. It is common to report a value derived from these measures for the rate of 

hydrogen produced per catalyst molecule in the electroactive region. The rate of hydrogen 

produced is easily determined from the plateau current density = 𝑖plateau 𝐴⁄  where A is the 

electrode area. For the 10 μM PDMAEMA-g-[2Fe-2S] 4 concentration (95% monolayer 

coverage by the fit of Equation 8), 𝑖plateau = 15.7 mA and the current density J is 222 mA/cm2. 

The rate of hydrogen production per second per cm2 electrode surface area is (given 100% 

Faradaic efficiency): 

𝐽

nF
=

0.222 coulombs s−1 cm−2

2 × 96485 coulombs mol−1
= 1.2 × 10−6 molesH2 s−1 cm−2              Equation 9 

Dividing this number by the number of catalyst molecules in the electroactive region 

yields the turnover frequency for hydrogen production per catalyst molecule. Unfortunately, 

determination of the number of catalyst molecules in the electroactive region generally requires 

assumptions and approximations of the catalyst behavior in this region. We will use assumptions 

that lead to a lower bound for kobs, the turnover frequency.  

For surface adsorbed catalysts, the current is proportional to the surface coverage Γo and 

the rate kobs, (TOF).  

𝑖plateau = nF𝐴𝑘obsΓo                                                        Equation 10 

Where 

iplateau is the plateau current in coulombs/s 

n = 2 for two electrons per hydrogen molecule to relate the current to the rate of production of 

H2. 

F = 96485 coulombs/mol Faraday constant 

A is the area of the electrode = 0.071 cm2 in these experiments 
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Γo is the catalyst surface coverage in mol/cm2 

𝑘obs is the observed overall rate constant in s-1. 

Complete surface coverage by the monolayer of the catalyst is assumed. The number of 

molecules in this maximum surface coverage is estimated by the closest-packed approach 

verified by Long and Chang for their system. It is assumed that each metallopolymer molecule 

sits on a tile on the surface that is ca. 60 Angstroms square. This dimension is based on the 

hydrodynamic radius of 28 Å obtained from a diffusion ordered spectroscopy (DOSY) NMR 

experiment run for PDMAEMA-g-[2Fe-2S] 4 under the conditions of these electrolysis 

experiments (100 μM, 0.8 mg/mL 4 in D2O with 1 molar tris buffer adjusted to pH 7.0 using 

DCl). Using the self-diffusion of water in D2O as internal reference yielded a value for the 

diffusion coefficient of 5.05±0.07×10-7 cm2/s. A 28 Å hydrodynamic radius was determined 

using the Stokes-Einstein equation taking into consideration the change in viscosity by 

performing control DOSY experiments with 1.0 M tris adjusted to pH 7. This dimension is also 

consistent with the radius of the molecular model of the roughly spherical coiled polymer shown 

in Scheme 2. 1 in Chapter 2. This gives a tile surface area of 3600 A2 per molecule. This area per 

molecule is then converted to moles/cm2 for Γo. 

3600 A2 molecule-1 = 3.6×10-13 cm2 molecule-1 

Inverting gives 2.8×1012 molecules/cm2 on the surface for a closest-packed monolayer.  

2.8×1012 molecules/cm2 = 4.6×10-12 mol/cm2 = Γmonolayer 

From the fit of Figure A. 13c, monolayer coverage is 95% achieved at a catalyst concentration 

of 10 μM, where the current is near plateau at 15.7 mA. Using this current gives: 

𝑘ads =  
𝑖plateau

monolayer

nF𝐴Γmonolayer
= 2.5 × 105 s−1                                      Equation 11 
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This rate is likely a lower bound for several reasons: 

• Full closest-packed coverage is assumed. If the catalyst molecules are competing with other 

species in solution for surface sites (e.g., electrolyte, buffer, and solvent) then the number of 

catalyst molecules on the surface will be smaller and kobs per molecule will be larger.  

• The catalyst hydrodynamic radius is assumed to correspond to a near spherical polymer as 

shown in the molecular model, but if the polymer flattens and spreads on the surface (as 

expected) the concentration of polymer per surface area in a closest packed array decreases. 

• Electroactivity is assumed for all surface sites for the full area of the electrode. 

• All catalyst molecules on the surface are assumed to be oriented correctly for both electron 

transfer from the electrode and for reduction of protons from the solution. 

• The true plateau current has not been reached. The dependence on the nature and 

concentration of the buffer shows that the rate is somewhat limited by the buffer substrate. 

Increasing the tris buffer concentration from 1.0 M to 3.0 M increases the CV peak current 

by only about 30%, so the true plateau current is expected to increase kobs but not by an order 

of magnitude.  

Consequently, the inherent catalyst rate is likely faster than shown by Equation 11. 
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III. Figures 

 

Scheme A. 1. Comparison of a new class of HER [2Fe-2S]-metallopolymer catalyst vs. [FeFe]-

hydrogenase at the same scale, where the metallopolymer HER catalyst is remarkably faster than 

the enzyme and is air stable at neutral pH. In addition, current densities greater than 300 mA/cm2 

are achieved with 75 μM catalyst loading. η† is the overpotential requirement to achieve an 

operating cell current density of 0.1 mA/cm2. 

The [FeFe]-hydrogenase structure is taken from the deposit PDB ID 5LA3 in the Protein Data 

Bank (http://www.rcsb.org/). 

The molecular images were created with the Virtual Molecular Dynamics program 

(http://www.ks.uiuc.edu/Research/vmd/) version 1.9.3. 

http://www.rcsb.org/
http://www.ks.uiuc.edu/Research/vmd/
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 The kobs for [FeFe]-hydrogenase in the scheme is a representative value for the high range 

of hydrogenases (including [NiFe]-hydrogenases) adsorbed on pyrolytic graphite edge (PGE) 

rotating disk working electrodes from the review by Vincent, Parkin and Armstrong. These 

conditions are similar to the steady-state conditions of the present study. This review talks about 

distinguishing “between the inherent activity of the active site and the overall activity of the 

enzyme-modified electrode” along with issues of mass transport of the substrate and electrode 

coverage for determining the rate. Taking these issues into account indicates the kobs of 250,000 

s-1 is a lower bound for the inherent rate of the active site. Moore et al. have extrapolated a TOF 

of ca. 21,000 s-1 with relatively high uncertainty of ± 12,000 s-1 for single [FeFe]-hydrogenases 

in direct contact with bare gold. This is still an order of magnitude slower than the lower bound 

for the [2Fe-2S] metallopolymer.  

 For comparison of the operating cell potential for catalysis, we use the characteristic of 

“overpotential requirement” presented by Armstrong and Hirst. The overpotential requirement 

for the [FeFe]-hydrogenase is taken from Figure 2. 2 of Chapter 2 that reported the direct 

electrochemistry of an [FeFe]-hydrogenase on a TiO2 electrode.[31] The current density measured 

at a slow sweep rate in water at pH 7 compares with the experiments in this work, and a common 

current density of 0.1 mA/cm2 is selected for comparison of the overpotentials, even though 

much higher current densities are achieved for the polymer catalyst at slightly higher 

overpotential requirements.  
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Figure A. 1. Oak Ridge thermal ellipsoid plot (ORTEP) diagram of 2 with hydrogen atoms 

omitted and thermal ellipsoids shown at 50% probability level. CCDC 1577155 contains the 

supplementary crystallographic data for this paper. These data are provided free of charge by 

The Cambridge Crystallographic Data Centre. 
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Figure A. 2. Confirmation of covalent incorporation of small molecule metalloinitiator 2 in 

metallopolymers. a) IR overlay 2 (black), 3 (blue), and 4 (red) showing retention of 

characteristic Fe-CO stretching frequencies. b) GPC data for 3 (PMMA-g-[2Fe-2S], Mn, SEC = 

11,982 g/mol; Mw/Mn = 1.10) and 4 (PDMAEMA-g-[2Fe-2S], Mn = 9,500 g/mol, Mw/Mn = 1.33) 

with a UV-vis detector operating at 400 nm which is characteristic of 2, but not for PMMA or 

PDMAEMA homopolymers. 
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Figure A. 3. Spectroscopic characterization of metalloinitiator [μ-2,3-(naphthalene-1,4-

diylbis(2-bromo-2-methylpropanoate)-dithiolato]bistricarbonyliron 2. (a) 1H NMR spectrum of 

2, (b) 13C NMR spectrum of 2, (c) full IR spectrum of 2 (solution in CHCl3, thin film on NaCl 

plates), (d) Overlay of IR spectra of Fe-CO stretching region for 2 for concentrations 0.1 mM to 

1.0 mM. Baselines have been normalized to 100% transmittance Calculated ε values are 173.62 

± 1.92 M-1 mm-1 (2082 cm-1) ; 280.75 ± 1.11M-1 mm-1 (2050 cm-1); 186.4 ± 9.9 M-1 mm-1 (2012 

cm-1). 
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Figure A. 4. Spectroscopic characterization of PMMA-g-[2Fe-2S] 3. (a) 1H NMR of 3 in 

CD2Cl2 ([MMA]o/[2]o/[CuIBr]o/[dNbpy]o: 200:1:1:2, Mn, SEC = 11,980 g/mol, Mw, SEC = 13,230 

g/mol, Mw/Mn = 1.10, Mn,theo = [M]o/[I]o*(% monomer conversion)*(MW of the monomer) + 

(MW of the initiator) = 11,410 g/mol, Mn, NMR = 9,670 g/mol via end-group analysis), (b) THF 

GPC of 3 with different detection methods (UV vs. refractive index) and (c) with UV detector at 

different wavelengths, (d) UV-vis spectra of metalloinitiator 2 (11.2 µM, black trace) and 

PMMA-g-[2Fe-2S] 3 (120 μg/mL) in toluene were found to be identical (PMMA does not absorb 

at 400 nm, which confirms the selectivity of the SEC UV-vis detection to detect the covalent 

incorporation of the [2Fe-2S] moiety into metallopolymers), (e) Overlay of Fe-CO region of IR 

spectrum for metalloinitiator 2 (black) and PMMA-g-[2Fe-2S] 3 (blue) in CHCl3 (The 
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characteristic Fe-CO vibrational stretching modes in metalloinitiator 2 were observed at 2082 

cm-1, 2050 cm-1, and 2012 cm-1 and were similarly retained for the PMMA-g-[2Fe-2S] 3 

metallopolymer with a very slight shift in these peaks to 2080 cm-1, 2050 cm-1 and 2011 cm-1, 

along with a slight broadening of the third peak that allowed for resolution of new peaks at 2007 

cm-1). 

 

 

Figure A. 5. Characterization of PDMAEMA-g-[2Fe-2S] 4. Appearance of (a) metalloinitiator 

2, (b) PMMA-g-[2Fe-2S] 3, (c) PDMAEMA-g-[2Fe-2S] 4. (d) 1H NMR of 4 in CD2Cl2 

([DMAEMA]o/[2]o/[CuIBr]o/[HMTETA]o: 100:1:1:1.5, Mn, SEC = 12,700, Mw/Mn = 1.27, Mn,theo = 

[M]o/[I]o*(% monomer conversion)*(MW of the monomer) + (MW of the initiator) = 11,097 

g/mol, Mn, NMR = 10,053 g/mol via end-group analysis), (e) DMF GPC of 4 

([DMAEMA]o/[2]o/[CuBr]o/[PMDETA]o: 100:1:1:1, Mn, SEC = 9,500 g/mol, Mw/Mn = 1.34, Mn,theo 

= 11,300 g/mol), (f) overlay of IR spectra of Fe-CO stretching region for 2 vs. PDMAEMA-g-

[2Fe-2S] 4, (g) titration curve for PDMAEMA-g-[2Fe-2S] 4 in 0.2 M KCl. 
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Figure A. 6. Synthesis and characterization of Fe-free PDMAEMA 7. Synthetic scheme and 1H 

NMR spectrum for Fe-free PDMAEMA 7 in CD2Cl2. Mn,theo = 13,100 g/mol (Mn, theo= 

%conversion*(M/I)*(MW of DMAEMA) + MW of initiator), Mn, NMR = 15,500 g/mol (via end 

group analysis). Mn, SEC (DMF) = 15,300 g/mol, PDI = 1.29. 
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Figure A. 7. a) Cyclic voltammetry of PMMA-g-[2Fe-2S] 3 (blue, 2 mg/mL, 100 µM by IR) and 

PDMAEMA-g-[2Fe-2S] 4 (red, 2.5 mg/mL, 100 µM [2Fe-2S] by IR) in 0.1 M n-Bu4NPF6 

acetonitrile solution. b) Cyclic voltammetry of PMMA-g-[2Fe-2S] 3 (blue, 2 mg/mL, 100 µM by 

IR), PDMAEMA-g-[2Fe-2S] 4 (red, 2.5 mg/mL, 100 µM [2Fe-2S] by IR), and direct reduction 

on glassy carbon electrode (A = 0.071 cm2, black dotted line) in 0.1 M n-Bu4NPF6 acetonitrile 

solution with 50 mM acetic acid. Quiet solution conditions were employed in all experiments. 

Scan rate 100mV/s, glassy carbon working electrode, platinum wire counter electrode, 

Ag/AgNO3 reference electrode as described in electrochemical methods. Potentials referenced to 

an internal Fc/Fc+ standard. 
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Figure A. 8. Representative cyclic voltammetry data in buffered water. a) Cyclic voltammetry of 

PDMAEMA-g-[2Fe-2S] 4 in 0.1 M pH 7.0 sodium phosphate buffer with added 0.1 M KCl 

compared at various scan rates. b) Maximum cathodic current (Ipc) obtained in data shown in (a) 

plotted vs. square root of scan rate showing the linear dependence of the relationship. Ipc was 

reached at -1.33 V vs SHE for 0.01 and 0.1 V/s, -1.44 V vs. SHE for 0.5 V/s, and -1.51 V vs. 

SHE for 1.0 and 2.5 V/s. c) Cyclic voltammetry of 1 μM (0.02 mg/mL) PDMAEMA-g-[2Fe-2S] 
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4 in 1.0 M pH 7.0 tris buffer compared at various scan rates compared with background current 

(black) for a glassy carbon electrode (ϕ = 3 mm) at 0.1 V/s. d) Maximum cathodic current (Ipc) 

obtained in data shown in (c) plotted vs. square root of scan rate showing the linear dependence 

of the relationship. Ipc was reached at -1.24 V vs SHE for 0.1 V/s, -1.37 V vs. SHE for 1.0 V/s, -

1.42 V vs. SHE for 2.5 V/s, -1.45 V vs. SHE for 4.0 V/s, and -1.52 V vs. SHE for 7.5 V/s. e) 

Cyclic voltammetry of a Pt disk electrode (ϕ = 1.6 mm, blue line) and a glassy carbon disk 

electrode (ϕ = 3 mm) in 0.1 M sodium phosphate buffer (pH 7.0) with 0.1 M KCl added. The 

black trace is the glassy carbon electrode in the absence of catalyst, the red trace is 100 μM (2.0 

mg/mL) PDMAEMA-g-[2Fe-2S] 4 in the same solution. f) Peak current density values obtained 

from cyclic voltammetry of various concentrations of PDMAEMA-g-[2Fe-2S] 4 in 1.0 M tris 

buffer (pH 7.0) using a glassy carbon electrode (ϕ = 3 mm) at a scan rate of 100 mV/s. The blue 

dotted line is the fit with a Langmuir-type adsorption isotherm (see text). A platinum wire 

counter electrode, Ag/AgCl/3M KCl reference electrode we used in all experiments as described 

in electrochemical methods. 
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Figure A. 9. Cyclic voltammetry comparing HER of 10 μM PDMAEMA-g-[2Fe-2S] 4 in 

different buffer systems at pH 7.0. Cyclic voltammogram comparing HER current density at a 

glassy carbon (GC) electrode in pH 7.0 aqueous tris buffer (1.0 M) and a scan rate of 0.1 V/s 

without catalyst (dashed grey line), in the presence of 10 μM PDMAEMA-g-[2Fe-2S] 4 (red 

line) in the same solution and using 4 in 1.0 M sodium phosphate buffer (blue line) and 0.1 M 

sodium phosphate buffer (black line). Metallopolymer mass loading was 0.2 mg/mL when 

present. Quiet solution conditions were employed. A platinum wire counter electrode, 

Ag/AgCl/3M KCl reference electrode was used in all experiments as described in 

electrochemical methods. 
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Figure A. 10. Comparison of PDMAEMA-g-[2Fe-2S] 4 in 1.0 M tris buffer under aerobic and 

anaerobic conditions. Cyclic voltammetry of 10 μM (0.2 mg/mL) PDMAEMA-g-[2Fe-2S] 4 in 

1.0 M tris buffer (pH 7.0) using a mercury-gold amalgam working electrode (ϕ = 3 mm). The red 

trace shows the current-potential response for the solution saturated with air (21% O2) and the 

blue trace was obtained for the oxygen-free solution under argon atmosphere. The difference in 

peak shape shows the effect of the difference in atmosphere, but the same peak current maximum 

is obtained in both cases. Quiet solution conditions were employed. A glassy carbon counter 

electrode, Ag/AgCl/3M KCl reference electrode were used. 
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Figure A. 11. PDMAEMA-g-[2Fe-2S] 4 rinse test. Cyclic voltammetry of 10 μM (0.2 mg/mL) 

PDMAEMA-g-[2Fe-2S] 4 in 1.0 M tris buffer (pH 7.0, black). The glassy carbon working 

electrode (ϕ = 3 mm) was removed from the cell, rinsed with deionized water and placed in a 

solution of 1.0 M tris (pH 7.0) without catalyst. The first scan (red) shows approximately 10% of 

the peak current seen in the catalyst solution. A second scan retains only 20% of the current seen 

in the first scan, and by the third scan all catalytic activity has been bleached out of the electrode. 

Quiet solution conditions were employed in all experiments. A glassy carbon counter electrode 

and Ag/AgCl/3M KCl reference electrode we used. 
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Figure A. 12. PDMAEMA-g-[2Fe-2S] 4 / Fe-free PDMAEMA 7 competition experiment. a) 

Cyclic voltammetry scans of PDMAEMA-g-[2Fe-2S] 4 (10 μM, 0.2 mg/mL) in pH 7.0 tris 

buffer (1.0 M) using a stationary glassy carbon working electrode (ϕ = 3 mm) in an unstirred 

(quiet) solution under anaerobic conditions (argon atmosphere). The red trace is the catalyst 

solution (10 mL) without any additional Fe-free PDMAEMA 7. The blue trace has one 

equivalent (by mass, 2 mg) of Fe-free PDMAEMA 7 added. The green trace has five equivalents 

(10 mg total) of Fe-free PDMAEMA added and the purple trace has ten equivalents (20 mg total) 

of Fe-free PDMAEMA added. The dotted grey line is background current in pH 7.0 tris buffer 

(1.0 M) in the potential window of interest in the absence of a catalyst. A glassy carbon counter 

electrode and Ag/AgCl/3M KCl reference electrode were used. b) Catalytic currents obtained in 

(a) (taken at the potential -1.3 V corresponding to the peak maximum of the 10 μM solution of 4) 

(red squares) and fit with the Langmuir-based model (blue circles, R2 = 0.999, see text). 
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Figure A. 13. LSV current density and adsorption isotherms. a) Tafel analysis of linear sweep 

voltammetry scans of PDMAEMA-g-[2Fe-2S] 4 at various concentrations from 0.2 μM (2 

μg/mL mass loading) to 150 μM (1.5 mg/mL mass loading) in pH 7.0 tris buffer (1.0 M) using a 

stationary glassy carbon working electrode (ϕ = 3 mm) in a magnetically stirred (1600 rpm) 

solution under anaerobic conditions (argon atmosphere). A glassy carbon counter electrode and 

Ag/AgCl/3M KCl reference electrode were used. b) Plateau catalytic currents from Tafel plots 

presented in (a) (red squares, taken at -1.45 V as the average current from -1.35 V to the limit of 

the scan at -1.55 V to reduce the noise from bubble formation). The blue dotted line is the 

Brunauer-Emmett-Teller (BET) adsorption isotherm model fit to the data. c) Plateau catalytic 

currents (red squares, taken as in (b). The blue dashed line is the contribution from the first term 

(adsorbed catalyst) in the Langmuir adsorption isotherm modeled with Equation 8. The red 

dashed line is the contribution to catalysis from the second term (concentration-dependent). The 

purple line is the fit sum. The parameters are 𝐾𝑎𝑑𝑠 = 2×109 cm3 M-1, 𝑖ℎ𝑒𝑡
𝑚𝑎𝑥 corresponds to a 

current density of 144 mA cm-2, x = 8×10-3 amp μM-1, and R = 1×10-2 amp μM-1.  
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Figure A. 14. Faradaic yield comparison. GC chromatogram of median trace for three 250 µL 

measures of hydrogen manually introduced to the headspace of the cell (black), sample from 

headspace after electrolysis of PDMAEMA-g-[2Fe-2S] 4 (100 μM, 2 mg/mL) in pH 7.0 tris 

buffer (1.0 M) reached a number of coulombs (2.025 C) to produce 250 µL of hydrogen 

assuming 100% yield (red) using a glassy carbon disk electrode (ϕ = 3 mm), and the same 

experiment except with electrolysis by a Pt disk electrode (ϕ = 1.6 mm) in pH 7.0 tris buffer (1.0 

M) (ϕ = 1.6 mm, blue).  
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Figure A. 15. Controlled potential electrolysis experiments for PDMAEMA-g-[2Fe-2S] 4 in 

aqueous media. Charge vs. time (a)-(c) and current vs. time (a’)-(c’) data obtained from 

controlled potential electrolysis of 10 μM PDMAEMA-g-[2Fe-2S] 4 in 1.0 M tris buffer (pH 7.0) 

under anaerobic conditions (a) and (b) and aerobic conditions (c). The right y-axis on the charge 

vs. time plots display the charge collected converted to TON based on two electrons used per 

molecule of hydrogen produced, and 100% Faradaic yield. The glitches in the current response 

shown in the current vs. time graph for (a’) was due to the rapid formation of bubbles on the 

counter electrode and from restarting the experiment. At times, the formation of oxygen at the 

counter electrode caused a visible bubble that acted as a barrier between the counter electrode 

and working CPE solution causing dips in the current. See controlled potential electrolysis 

section above for details of CPE experiments. 
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Figure A. 16. Controlled potential electrolysis experiments for metalloinitiator 2 and PMMA-g-

[2Fe-2S] in acetonitrile. Controlled potential electrolysis of metalloinitiator 2 (1.0 mM) and 

PMMA-g-[2Fe-2S] 3 (100 μM, 0.2 mg/mL), a) Charge vs. time and current vs. time plots for 

controlled potential electrolysis of 2 in acetonitrile with 50 mM acetic acid and 0.1 M TBAPF6. 

The holding potential was -1.72 V vs. Fc/Fc+. b) Charge vs. time and current vs. time plots for 

controlled potential electrolysis of 3, in acetonitrile with 50 mM acetic acid and 0.1 M TBAPF6. 

An initial step of -1.3 V vs. Fc/Fc+ was held for 60 seconds before stepping to the final holding 

voltage of -1.72 V vs. Fc/Fc+. In both experiments, a three-chamber cell was employed with 

medium porosity glass frits separating the three chambers. A 20 ppi vitreous carbon foam 

working electrode was used in the central chamber. A 100 ppi vitreous carbon foam working 

electrode was used as the counter electrode in one outer chamber, and a Ag/AgNO3 reference 
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electrode (described on page 9 in our general electrochemical methods section) was in the third 

chamber. The solution was magnetically stirred at approximately 1600 rpm, and all solutions 

were degassed via argon sparge (15 minutes) and handled using Schlenk techniques.  

 

 

Figure A. 17. Possible mechanism for O2 protection in PDMAEMA-g-[2Fe-2S] 4 System. 

Reduction of oxygen generates reactive oxygen species (ROS) (which may or may not be 

protonated before further reduction). These species may decompose the active site. However, 

this system uniquely favors rapid and complete reduction of O2 to H2O because all four electrons 

can be rapidly supplied by the electrode directly or via the [2Fe-2S] site and protons are available 

intramolecularly from the manifold protonated amine groups on the PDMAEMA chain thus 

complete reduction of O2 occurs before the intermediary ROS can decompose the catalytic site. 

Adapted for our system from a mechanism proposed in work by Darensbourg and Dey.[32] 
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Figure A. 18. A) EDX spectrum of pristine glassy carbon electrode. B) SEM image of glassy 

carbon electrode. C) EDX mapping of the C Kα line over the imaged region. D) EDX mapping of 

the Cl Kα line over the imaged region. E) EDX mapping of the Fe Kα line over the imaged 

region. All scale bars are 10 microns. 

 

 

Figure A. 19. a) Current vs. time plot and b) charge vs. time plot for 1 hour controlled potential 

electrolysis (holding potential -0.95 V vs. SHE) 1.0 M tris buffer (pH 7.0) using a glassy carbon 

plate electrode under anaerobic conditions before surface analysis of the plate via SEM and 

EDX. The fluctuating current response in (a) is due to bubble formation on the surface of the 

electrode.  
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Figure A. 20. A) EDX spectrum of glassy carbon electrode post CPE treatment, and prior to 

rinsing. B) SEM image of the electrode. C) EDX mapping of the C Kα line over the imaged 

region. D) EDX mapping of the Cl Kα line over the imaged region. E) EDX mapping of the Fe 

Kα line over the imaged region. All scale bars are 10 microns. 

 

 

Figure A. 21. A) EDX spectrum of glassy carbon electrode post CPE treatment, and post rinsing 

with DI water. B) SEM image of the electrode. C) EDX mapping of the carbon Kα line over the 

imaged region. D) EDX mapping of the Cl Kα line over the imaged region. E) EDX mapping of 

the Fe Kα line over the imaged region. All scale bars are 10 microns.  
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Table A. 1. Summarized EDAX eZAF Smart Quant data for elements highlighted in Figure A. 

18, Figure A. 19, Figure A. 20, and Figure A. 21. Weight % and Atomic % determined from a 

100 micron x 100 micron section of the electrode surface at an accelerating voltage of 15.0 kV 

and beam current 13.0 nA. 

 

 

Figure A. 22. Conceptual scheme of transient electrostatically adsorbed monolayer species. A 

spherical globule conformation of PDMAEMA-g-[2Fe-2S] 4 is used to minimize polymer size 

and maximize polymer concentration on the surface in order to estimate a lower bound of kobs. 

As shown in the literature, the background electrolyte screens the charges on the polymer chain 

and decreases the inter- and intrachain repulsion, such that a more compact conformation and 

Element Pristine Electrode Post CPE Electrode (No Rinse) Post CPE Electrode (Rinsed) 

 Weight % Atomic % Weight % Atomic % Weight % Atomic % 

C Kα 52.08 57.09 40.94 45.96 41.03 46.04 

Cl Kα 0.03 0.01 1.68 1.17 0.03 0.01 

Fe Kα 0.04 0.01 0.01 0.00 0.03 0.01 
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adsorbed layer can be formed on the oppositely charged surface in high salt concentration.[23,33] 

Panel (a) shows the electrostatic adsorption effect with only PDMAEMA-g-[2Fe-2S] 4 in tris 

solution (1.0 M, pH 7.0) and panel (b) shows the competition experiment where Fe-free 

PDMAEMA 7 is added to the same concentration of PDMAEMA-g-[2Fe-2S] 4 as in (a) to 

compete for active sites on the electrode surface.  
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APPENDIX B: Supplementary Data for Chapter 3 

I. Experimental Methods 

a. Synthesis and Characterization 

Materials. Unless otherwise noted, solvents were received from Fisher Scientific as ACS grade 

and used without further purification. Fe2S2(CO)6 was prepared according to literature 

procedures292 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), 

NaCNBH3 (Sigma-Aldrich, 95%), Me3NO•2H2O (Sigma-Aldrich), Celite 545 (VWR), and Silica 

Gel (SiliaFlash F60, 230-400 mesh, Silicycle) were used as received without further purification. 

1,4-Naphthoquinone (Alfa-Aesar, 97%, up to 5% H2O) was passed through a silica gel column 

with diethyl ether before use. Triethylamine (Et3N, EMD, 99.5%) was distilled from KOH then 

stored on activated 3Å Linde-type molecular sieves under argon. α-Bromoisobutyryl bromide 

(BIBB, Sigma-Aldrich, 98%) was initially used as received but found to decompose over time, 

requiring vacuum distillation (10 torr, 55 oC) once it had taken on a yellow color. KCl (EMD, 

ACS grade) was recrystallized twice from hot 0.1 M HCl before use. Oligo(ethyleneglycol) 

methyl ether methacrylate (OEGMA, Mn = 475 g/mol) (Aldrich) and 2-(dimethylamino)ethyl 

methacrylate (DMAEMA, Aldrich, 98%) were purified by passing through a short column of 

basic alumina to remove inhibitors. Copper(I) bromide (CuIBr, Aldrich, 98%) was purified by 

stirring overnight in glacial acetic acid, filtering, washing with ethanol and ethyl ether, and 

drying under vacuum before use. Alternatively, CuIBr was purified by precipitation from 48% 

HBr followed by washing with de-ionized water, ethanol, and diethyl ether sequentially then 

drying under vacuum, as described in e-Eros Reagents for Organic Chemistry.293 N,N,N',N'',N''-

Pentamethyldiethylenetriamine (PMDETA, Aldrich, 99%), 1,1,4,7,10,10-
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Hexamethyltriethylenetetramine (HMTETA, Aldrich, 97%), Dowex 50WX8-200 ion exchange 

resin (Aldrich), neutral alumina (Al2O3, activated, neutral, 50-200 µm, 60 Å, Acros Organics), 

basic alumina (Al2O3, powder, Baker Analyzed) 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 the synthesis of 

metalloinitiator (1), BIBB was distilled under reduced pressure, and Et3N was distilled at 

atmospheric pressure under argon. 1H and 13C nuclear magnetic resonance (NMR) spectra were 

obtained using a Bruker DRX 500 MHz or a Bruker Avance III 400 MHz spectrometer. 

Chemical shifts were referenced to Si(Me)4 (δ 0.00 ppm) for 1H NMR and the CDCl3 solvent 

peak (δ 77.0 ppm) for 13C NMR. MestReNova 10.0 software was used for spectral processing. IR 

spectra were obtained on a Nicolet Avatar 360 FT-IR with EZ-OMNIC software for H2O and 

CO2 correction. Resolution set to 0.964 cm-1 for all IR spectra. During quantification of molar 

absorptivity (ε) for Fe-CO stretches in 1 and resulting metallopolymers 128 scans were used. A 

Fisher Scientific FT-30 30specRFL500700*L IRSEC cell with 0.5 mm Teflon spacer (total path 

length = 1 mm) and CaF2 window (Alfa-Aesar) was used for quantitative IR measurements. 

Determination of ε for Fe-CO’s was performed by preparing 10 mL of ca. 1.0 mM 1 in CHCl3 

using volumetric glassware. This stock was diluted to ca. 0.1 mM, 0.2 mM, 0.4 mM, and 0.6 mM 

in four separate 5 mL volumetric flasks using a 1 mL syringe to transfer the stock solution, then 

diluting to volume. The measurement was performed in triplicate and R2 values for each linear 

regression were 0.98 or better. Qualitative IR was performed using solutions in CHCl3 in thin 

films between NaCl plates (Fisher Scientific). Spectral processing and graphing were performed 

using Microsoft Excel, Origin Pro 8.0, and Prism Graph Pad 5.0. Molecular weight (Mn) and 

molecular weight distribution (Mw/Mn) of metallopolymers were determined by gel permeation 
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chromatography (GPC). Molecular weight and molecular weight distribution data for 

PDMAEMA metallopolymers and PDMAEMA-random-POEGMA metallocopolymers were 

collected by using 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 °C. The GPC analyses for POEGMA 

metallopolymers were performed in a THF mobile phase with a Waters 1515 isocratic pump 

running three 5-µm PLgel columns (Polymer Labs, pore size 104, 103 and 102 Å) at a flow rate of 

1.0 mL/min at 35 °C with a Waters 2414 differential refractometer and a Waters 2487 dual-

wavelength UV-vis spectrometer. Molar masses were calculated using the Waters Empower 

software, calibrated against low polydispersity linear poly(methyl methacrylate) PMMA and 

polystyrene (PS) standards. pH measurements made using Fisher Scientific Accumet AE150 pH 

meter calibrated with pH 4.01, 7.00, and 10.01 standards (Sigma-Aldrich).  

Synthesis and Characterization of [2Fe-2S]-Initiator [μ-2,3-(naphthalene-1,4-diylbis(2-

bromo-2-methylpropanoate)dithiolato]bistricarbonyliron (1) 

 The starting material was synthesized as previously reported239 and analyzed via 1H NMR 

to determine what mol% had been oxidized to the quinone product by comparing the integral 

values for the protons at the C5 and C6 positions in both compounds. The sample was found to 

contain ca. 30-40% quinone catalyst, so ca. 0.4 equivalents of the reducing agent were used. 

NaCNBH3 (2.26 mg, 0.036 mmol) was weighed on a microbalance and added to a dry, argon-

filled Schlenk flask. The starting material ((μ-1,4-naphthoquinone-2,3-dithiolato)Fe2S2(CO)6, 30-

40% oxidized to naphthoquinone adduct) (45 mg, 0.090 mmol) was added to the flask. The flask 

was then evacuated and filled with argon twice. Anhydrous, deoxygenated THF (2 mL) was 

added to the flask. The solution was stirred at room temperature in the dark for 2 hours. Et3N (75 
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µL, 0.54 mmol) was then added via microsyringe and the solution was stirred for 20 minutes. 

BIBB (30 µL, 0.22 mmol) was added via microsyringe and the solution was stirred at room 

temperature. TLC indicated complete consumption of the starting material 2.25 hours after the 

addition of BIBB. The solution was filtered through a short silica plug in a Pasteur pipette to 

remove the precipitate. DCM was used to rinse the column until no red color was visible in the 

eluent. The combined organics were concentrated on a rotary evaporator (23 °C, ca. 200 torr) to a 

red/orange solid. The solid was redissolved in minimal DCM and purified via column 

chromatography (SiGel, pack with 15% DCM in hexanes, eluting with 30-35% DCM in 

hexanes). The pure compound was obtained as a red band which yielded 63 mg (0.079 mmol, 

87%) powdery orange solid upon removal of solvent. Subsequent syntheses produced isolated 

yields between 85-90% providing the BIBB reagent had not decomposed. Crystals suitable for 

electrochemical studies and synthesis of metallopolymers were obtained by dissolving 1 in 

toluene (100 mg/mL solution, 157 mg in 1.57 mL) in a narrow Schlenk tube. This solution was 

freeze-pump-thawed three times to degas, then the cold solution was layered with argon sparged 

methanol (12 mL). The solution was allowed to sit undisturbed for 72 hours, 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 (3 x 0.5 mL) and drying on the funnel gave 

dark red needles (67 mg, 43%). 1H NMR: CDCl3, 500 MHz, 298 K δ (ppm) 7.81 (2H, dd J = 6.5, 

3.4 Hz) 7.49 (2H, dd J = 6.5, 3.4 Hz), 2.19 (12H, s). 13C NMR:  CDCl3, 125 MHz, 298 K δ 

(ppm) 206.8 (OC-Fe), 168.3 (C=O), 143.0 (C1,4-O), 134.8 (C,2,3-S), 129.1 (C6,7-H), 128.1 

(C9,10), 121.9 (C5,8-H), 54.8 (CH-Br), 31.0 (CH3). IR (CHCl3, thin film on NaCl): 3688 cm-1 

(w), 3619 cm-1 (w, Csp2-H), 3154 cm-1 (w, Csp2-H), 3019 cm-1 (vs, Csp2-H), 2976 cm-1 (w, Csp3-
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H), 2082 cm-1 (Fe-CO, s), 2050 cm-1 (Fe-CO, s), 2012 cm-1 (Fe-CO, s) 1760 cm-1 (C=O ester, w), 

1522 cm-1 (C=C, w), 1423 cm-1 (C-H, w), 1210 cm-1 (C-O, vs) 

 
 

Figure B. 1. 1H NMR spectrum of 1 
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Figure B. 2. 13C NMR spectrum of 1 

 

Figure B. 3. Full IR spectrum of 1 (solution in CHCl3, thin film on NaCl plates) 
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Figure B. 4. a) Overlay of IR spectra of Fe-CO stretching region for 1 for concentrations 0.1 to 

1.0 mM. Baselines have been normalized to 100% transmittance. b) Linear regression plots for 
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each Fe-CO peak in 1 generated from above spectra. Calculated ε values are 173.62 ± 1.92 M-1 

mm-1 (2082 cm-1); 280.75 ± 1.11M-1 mm-1 (2050 cm-1); 186.4 ± 9.9 M-1 mm-1 (2012 cm-1) 

X-ray Crystallography of 1 

 

X-ray Diffraction Analysis: Data was collected at the University of Arizona X-ray Diffraction 

Facility. Crystals were mounted onto a MiTeGen micromount under a protective film of 

Paratone® oil and diffraction data for all crystals were measured using a Bruker Kappa APEX II 

DUO diffractometer, with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) generated 

by a sealed tube, and an APEX II CCD area detector. The diffractometer was fitted with an 

Oxford Cryostream low-temperature device and data sets were collected using the APEX2 

software package (Bruker AXS Inc., Madison, WI, 2007). The data were corrected for absorption 

effects using a multi-scan method in SADABS (Sheldrick, G. M. University of Göttingen, 

Germany 1997). CCDC 1577155 contains the supplementary crystallographic data for this paper. 

These data are provided free of charge by The Cambridge Crystallographic Data Centre. All 

structures were solved by direct methods (SHELXS-97), and developed by full least-squares 

refinement based upon F2 (SHELXL)294 interfaced via X-Seed295 and OLEX2296 Crystallographic 

figures were prepared using Mercury (Version 3.9). 
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Figure B. 5. Oak Ridge thermal ellipsoid plot (ORTEP) diagram of 1 with hydrogen atoms 

omitted and thermal ellipsoids shown at 50% probability level. CCDC 1577155 contains the 

supplementary crystallographic data for this paper. These data are provided free of charge by 

The Cambridge Crystallographic Data Centre. 

Discussion of Spectroscopic Characterization of Metallopolymers 

 

 To confirm structural integrity of the [2Fe-2S] core after polymerization, IR spectroscopy 

of metalloinitiator 1 and metallopolymers 2-5 were conducted. The characteristic Fe-CO 

vibrational stretching modes in metalloinitiator 1 were observed at 2082, 2050, and 2012 cm-1 

and were similarly retained for the metallopolymers 2-5 with a very slight shift in of these peaks 

to 2080, 2050 and 2011 cm-1, along with a slight broadening of the third peak that allowed for 

resolution of new peaks at 2007 cm-1. These peaks, along with GPC using a UV-vis detector 
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confirmed that the [2Fe-2S] core survived atom transfer radical polymerization (ATRP) 

conditions. In order to estimate the concentration of [2Fe-2S] sites per mass unit of polymer, a 

calibration curve was constructed for the characteristic Fe-CO stretching frequencies (see Figure 

B. 4). Each batch of polymer was inspected via IR and a mmol.mg-1 value was established using 

this calibration curve. This value was used to normalize metallopolymer concentrations for 

comparison where appropriate. 

Synthesis and Characterization of PDMAEMA-g-[2Fe-2S] (2) 

(M)o : (I)o : (CuI)o : (L)o = 100 : 1 : 1 : 1 

 ATRP of DMAEMA was adapted from the literature and modified for the synthesis of 

PDMAEMA metallopolymers.265,297,298 A 10 mL Schlenk flask was loaded with CuIBr (2.55 mg, 

0.0178 mmol) and 0.20 mL of deoxygenated, anhydrous THF (DriSolv, uninhibited) was added 

to the flask followed by the addition of deoxygenated HMTETA (7.3 µL, 0.0267 mmol). The 

resulting mixture was stirred for 10 minutes to allow for the formation of the Cu-ligand complex. 

Then purified and deoxygenated DMAEMA (0.30 mL, 1.78 mmol) was added to the reaction 

flask. To a second 10 mL Schlenk flask metalloinitiator (1) (14.24 mg, 0.0178 mmol) was added 

and the flask was vacuumed and backfilled with argon three times. Then 0.30 mL of 

deoxygenated, anhydrous THF (DriSolv, uninhibited) was added in the second flask. The 

solution was stirred until homogeneous, then the resulting metalloinitiator/THF mixture was 

transferred to the reaction flask and the flask was submerged in an oil bath preheated to 50 oC 

and the reaction was stirred at 50 °C. After 90 minutes, the reaction flask was placed in an ice 

bath and 2.0 mL of deoxygenated THF was added to quench the polymerization. The reaction 

mixture was then transferred to the deoxygenated solution of Dowex resin in MeOH (700 mg in 

20 mL MeOH) and stirred for 1.5 hours to remove the copper catalyst. The red-orange solution 
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was then filtered to remove Dowex resin and the methanol was removed on a rotary evaporator 

(200 torr, 23 °C). The crude, sticky solid was redissolved in a minimum amount of 

dichloromethane and precipitated in a rapidly stirred solution of hexanes (200 mL). The hexanes 

was decanted and precipitated reddish-brown polymer was rinsed with hexanes. The final solid 

was transferred to a vial as a solution in DCM, then the solvent was removed on a rotary 

evaporator and dried overnight under vacuum (ca. 0.5 torr at room temperature). (66% 

conversion; 171 mg isolated yield). 1H NMR (CD2Cl2, 400 MHz, 298 K) δ (ppm) 7.63-7.43 

(broad, aromatic, end group), 3.94 (2H, t, J = 6.1 Hz, -OCH2CH2N(CH3)2), 2.45 (2H, t, J = 5.9 

Hz, -OCH2CH2N(CH3)2), 2.17 (6H, -OCH2CH2N(CH3)2), 2.05-1.60 (2H, broad, aliphatic main 

chain), 1.44-1.28 (broad, methyl, end group) 1.07-0.68 (3H, broad, -CH3, main chain). IR 

(CHCl3, thin film on NaCl): 2950 cm-1 (C-H stretching, strong), 2827 cm-1 (C-H stretching of 

N(CH3)2, sharp), 2779 cm-1 (C-H stretching of N(CH3)2, sharp), 2080 cm-1 (Fe-CO, sharp), 2048 

cm-1 (Fe-CO, sharp), 2011 cm-1 (Fe-CO, sharp), 1725 (C=O stretching, strong, sharp), 1459 cm-1 

(-CH2- bending, sharp), 1271 cm-1 (C-O, sharp), and 1153 cm-1 (C-N stretching, strong, sharp). 

Mn, SEC = 12,700 g/mol, Mw/Mn = 1.27.   

 In all syntheses of PDMAEMA-g-[2Fe-2S] it was imperative to remove Cu species from 

the crude polymer as it was found to facilitate oxidative decomposition of the [2Fe-2S] core. 

Copper species are competently removed from POEGMA-g-[2Fe-2S] via neutral alumina 

column. However, PDMAEMA is known299 to complex Cu, so additional care had to be taken to 

ensure removal of all Cu species. After the reaction, stirring the crude polymer solution without 

exposing to air in degassed MeOH with Dowex-50 resin was found to be the preferred method of 

copper removal.  
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Figure B. 6. 1H NMR of 2 in CD2Cl2 

 

Figure B. 7. a)  DMF GPC of 2 ([DMAEMA]o/[1]o/[CuIBr]o/[HMTETA]o: 100:1:1:1, Mn, theo= 

11,180 g/mol, Mn, NMR = 10,050 g/mol, Mn, SEC = 12,700 g/mol, Mw/Mn = 1.27), b) overlay of IR 

spectra of Fe-CO stretching region for 1 vs. PDMAEMA-g-[2Fe-2S] (2)  
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Synthesis and Characterization of POEGMA-g-[2Fe-2S] (3) 

(M)o : (I)o : (CuI)o : (L)o = 25 : 1 : 1 : 1 

 ATRP of oligo(ethylene glycol) methyl ether methacrylate (OEGMA, Mn = 475 g/mol) 

was adapted from the literature and modified for the synthesis of POEGMA metallopolymers.300–

303  A 10 mL Schlenk flask equipped with a magnetic stir bar was loaded with CuIBr (2.65 mg, 

0.0182 mmol), sealed with a rubber septum, evacuated and backfilled with argon three times. 0.1 

mL of deoxygenated THF (DriSolv, uninhibited) via argon purged syringe was added to the flask 

followed by the addition of deoxygenated PMDETA (3.8 µL, 0.0182 mmol). The resulting 

mixture was stirred for 10 minutes to allow for the formation of the light green Cu-ligand 

complex. Then, purified deoxygenated oligo(ethylene glycol) methyl ether methacrylate (Mn = 

475 g/mol, 0.2 mL, 0.455 mmol) was added to the flask via argon purged syringe. To a second 

10 mL Schlenk flask equipped with a magnetic stir bar, 1 (14.6 mg, 0.0182 mmol) was loaded 

and the flask was sealed with a rubber septum. The flask was evacuated and backfilled with 

argon three times, then 0.3 mL of deoxygenated and anhydrous THF (DriSolv, uninhibited) was 

added via purged syringe. The solution was stirred until homogeneous, then the resulting mixture 

was sparged with argon for 1 min. The 1/THF mixture was transferred to the reaction flask via 

purged syringe and the flask was submerged in an oil bath preheated to 50 °C. The reaction was 

stirred for 2 hours under argon. After 2 hours, the resulting polymer mixture was diluted with 2.0 

mL of DCM and passed through a short column of neutral alumina twice to remove the copper 

catalyst. The solvent was removed on a rotary evaporator and a red, viscous liquid polymer was 

obtained. The polymer was washed with 20 mL of hexanes twice and the hexanes was decanted. 

The polymer was dried overnight under vacuum at room temperature. (>90% conversion; 120 

mg isolated yield). 1H NMR (CD2Cl2, 400 MHz, 298 K) δ (ppm) 7.58-7.36 (4H, broad, aromatic, 
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end group), 4.09 (2H, -CO2CH2CH2O-), 3.80-3.40 (broad, -O(CH2CH2O)-), 3.34 (3H, -OCH3), 

2.12-1.37 (2H, broad, aliphatic main chain), 1.33-1.20 (6H, broad, methyl, end group), 1.17-0.72 

(3H, broad, methyl, main chain). IR (CHCl3, thin film on CaF2): 2878 cm-1 (C-H stretching, 

strong), 2080 cm-1 (Fe-CO, sharp), 2048 cm-1 (Fe-CO, sharp), 2011 cm-1 (Fe-CO, sharp), 1727 

(C=O stretching, strong, sharp), 1457 cm-1 (-CH2- bending, sharp), 1350 cm-1 (-CH3 bending, 

sharp), and 1100 cm-1 (C-O-C stretching, strong, sharp). Mn, SEC = 14,100 g/mol, Mw/Mn = 1.27 

 

Figure B. 8. 1H NMR Spectrum of 3 in CD2Cl2 
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Figure B. 9. a) THF GPC of 3 ([OEGMA]o/[1]o/[CuBr]o/[PMDETA]o: 25:1:2:2, Mn, theo = 12,680 

g/mol, Mn, NMR = 16,950 g/mol, Mn, SEC = 14,100 g/mol, Mw/Mn = 1.27), b) overlay of IR spectra 

of Fe-CO stretching region for 1 vs. PEGMA-g-[2Fe-2S] (3)  

Synthesis and Characterization of P(DMAEMA-r-OEGMA)-g-[2Fe-2S] (4 & 5) 

(DMAEMA)o : (OEGMA)o : (I)o : (CuI)o : (L)o = 15 : 15 : 1 : 1 : 1.5 - 50:50 Feed Ratio (4) 

 A 25 mL Schlenk flask equipped with a magnetic stir bar was loaded with CuIBr (2.92 

mg, 0.0198 mmol), sealed with a rubber septum and evacuated and backfilled with argon three 

times. 0.2 mL of deoxygenated THF (DriSolv, uninhibited) and HMTETA (8.07 µL, 0.0297 

mmol) were added to the flask, respectively. The resulting mixture was stirred for 5-10 min to let 

the catalyst complex form. Monomers were purified by passing through a short column of basic 

alumina. Then, OEGMA (Mn = 475 g/mol, 0.130 mL, 0.297 mmol) and DMAEMA (0.05 mL, 

0.297 mmol) were added to the flask using purged syringes, respectively. To a separate 10 mL 

Schlenk flask equipped with a magnetic stir bar, 1 (15.82 mg, 0.0198 mmol) was added. The 

flask was then sealed with a rubber septum and vacuumed/backfilled with argon three times. 1 

was completely dissolved in 0.2 mL of deoxygenated THF (DriSolv, uninhibited) and the 
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resulting mixture was sparged with argon for a minute. Finally, 1/THF mixture was added to the 

flask via purged syringe. The resulting solution was stirred in an oil bath at 50 °C for 2 hours. 

After the reaction, the polymer mixture was diluted with 2.0 mL of DCM. Then, the resulting 

solution was passed through a short column of neutral alumina. The solvent was removed in a 

rotary evaporator and the resulting red viscous liquid polymer was washed with 20 mL of 

hexanes twice. The hexanes was decanted and the polymer solution was dried under vacuum 

overnight at room temperature prior to use. (>90% conversion; ca. 180 mg isolated yield). 1H 

NMR (CD2Cl2, 400 MHz, 298 K) δ (ppm) 7.63-7.43 (broad, aromatic, end group), 4.06 (4H, -

CO2CH2CH2N(CH3)2  and -CO2CH2CH2O-), 3.85-3.43 (broad, -O(CH2CH2O)-), 3.37 (3H, -

OCH3), 2.56 (2H, -OCH2CH2N(CH3)2), 2.28 (6H, -OCH2CH2N(CH3)2), 2.08-1.33 (2H, broad, 

aliphatic main chain), 1.33-1.18 (broad, methyl, end group) 1.16-0.70 (3H, broad, -CH3, main 

chain). Mn, SEC = 13.8 kg/mol, Mw/Mn = 1.61 

(DMAEMA)o : (OEGMA)o : (I)o : (CuI)o : (L)o = 35 : 15 : 1 : 1 : 1.5 - 70:30 Feed Ratio (5) 

 A 25 mL Schlenk flask equipped with a magnetic stir bar was loaded with CuIBr (2.43 

mg, 0.017 mmol), sealed with a rubber septum and evacuated and backfilled with argon three 

times. Monomers were purified by passing through a short column of basic alumina. 0.2 mL of 

deoxygenated THF (DriSolv, uninhibited) and HMTETA (6.92 µL, 0.025 mmol) were added to 

the flask, respectively. The resulting mixture was stirred for 5-10 min to let the catalyst complex 

form. Then, the monomers were added to the flask using purged syringes. To a separate 10 mL 

Schlenk flask equipped with a magnetic stir bar, 1 (13.57 mg, 0.017 mmol) was added. The flask 

was then sealed with a rubber septum and vacuumed/backfilled with argon three times. 1 was 

completely dissolved in 0.3 mL of deoxygenated THF (DriSolv, uninhibited) and the resulting 

mixture was sparged with argon for a minute. Finally, 1/THF mixture was added to the flask via 
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purged syringe. The resulting solution was stirred in an oil bath at 50 °C for 2 hours. After the 

reaction, the polymer mixture was diluted with 2.0 mL of DCM. Then, the resulting solution was 

passed through a short column of neutral alumina. The solvent was removed in a rotary 

evaporator and the resulting red viscous liquid polymer was washed with 20 mL of hexanes 

twice. The hexanes was decanted and the polymer solution was dried under vacuum overnight at 

room temperature prior to use. (>90% conversion; 120 mg isolated yield). Mn, SEC = 13.3 kg/mol, 

Mw/Mn = 1.53 

 

Figure B. 10. 1H NMR Spectrum of 4 in CD2Cl2 (mol % OEGMA = 44, mol % DMAEMA = 

56)304 
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Figure B. 11. 1H NMR spectrum of 5 in CD2Cl2 (mol % OEGMA = 28, mol % DMAEMA = 72) 

 

Figure B. 12. a) DMF GPC of 4 (on the left, purple line) 

([DMAEMA]o/[OEGMA]o/[1]o/[CuBr]o/[HMTETA]o=15:15:1:1:1.5, Mn, theo = 10,280 g/mol, Mn, 

SEC = 13.8 kg/mol, Mw/Mn = 1.61), b) overlay of IR spectra of Fe-CO stretching region for 1 vs. 

P(DMAEMA-r-OEGMA)-g-[2Fe-2S] (4 and 5), c) DMF GPC of 5 (on the right, pink line) 

([DMAEMA]o/[OEGMA]o/[1]o/[CuBr]o/[HMTETA]o= 35:15:1:1:1.5, Mn, theo = 13,430 g/mol, Mn, 

SEC = 13,300 g/mol, Mw/Mn = 1.53) 
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b. Electrochemical Analysis 

Procedures and Materials 

 A Gamry Interface 1000 and a Gamry Reference 3000 were used for all data collection 

with Gamry Framework 6 software. A custom airtight cell was designed and fabricated in house 

and is pictured below (Figure B. 13). Potentials in water were referenced to SHE using the 

standard conversion of +0.210 V vs. Ag/AgCl/3M KCl reference electrode. Silver wire (99.999% 

Alfa Aesar), KCl (99%, Alfa-Aesar, recrystallized twice from 0.1 M HCl), and Vycor frits were 

used to fabricate a double junction reference electrode to fit the cell. A Ag/AgCl/3M KCl 

pseudo-reference electrode was fabricated by soaking silver wire in a commercial bleach solution 

(Clorox) for 16 hours. The wire was then rinsed thoroughly with 18 MΩ water and stored in 3M 

KCl. The reference electrode was refabricated frequently (daily up to weekly depending on use) 

to ensure a constant potential. A scan rate of 100 mV/s was used unless otherwise noted. 

Solution resistance was measured and compensated at 90% of measured cell resistance. A gold 

working electrode with a diameter of 0.3 cm (A = 0.071 cm2) and an edge plane graphite rod 

counter electrode (diameter 5 mm) were obtained from BASi. A gold amalgam electrode was 

prepared by immersing the tip of a 3 mm diameter gold electrode into liquid mercury for 

approximately one minute and carefully removing the excess mercury using filter paper. The 

mercury surface was refreshed between each scan.  Aqueous solutions were prepared using 18 

MΩ water purified using a Millipure water filtration system. Buffered solutions were made with 

NaH2PO4/Na2HPO4 (VWR, ACS grade) according to literature preparations found in Ruzin, 1999 

Plant Microtechnique and Microscopy accessed at 

(http://microscopy.berkeley.edu/Resources/instruction/buffers.html) and adjusted to exact pH 

using 1.0 M HCl or 4.0 M NaOH. A 1.6 mm diameter Pt disk electrode was used to provide a 
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comparison of HER activity at a Pt surface with HER activity of the catalysts. Aqueous solutions 

were prepared in air and deoxygenated in the cell by bubbling the stirred solution with argon for 

30 minutes. Aerobic experiment conditions were achieved by not bubbling the solution with 

argon.  

 

Figure B. 13. Cyclic voltammetry cell used for data collection. Working electrode (W.E.), 

reference electrode (R.E.), and counter electrode (C.E.) are all labeled, as well as the argon line 

into the cell. 
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Cyclic Voltammetry of 2-5 Comparing Aerobic and Anaerobic Conditions 

 

Figure B. 14. Cyclic voltammetry of [2Fe-2S]-metallopolymers in pH 7.0 sodium phosphate 

buffer (0.75 M) in both anaerobic (blue) and aerobic (red) conditions for (a) POEGMA-g-[2Fe-

2S] 3, (b) 50/50-r-copolymer-g-[2Fe-2S] 4, (c) 70/30-r-copolymer-g-[2Fe-2S] 5, (d) 

PDMAEMA-g-[2Fe-2S] 2. The scans were taken using a gold amalgam electrode and a scan rate 

of 50 mV/s. 
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Tafel Plots of 2-5 Comparing Aerobic and Anaerobic Conditions 

 

Figure B. 15. a) LSV comparison of PDMAEMA-g-[2Fe-2S] 2 (red), POEGMA-g-[2Fe-2S] 3 

(blue), and random copolymers (DMAEMA/OEGMA 50/50 4, purple, and 70/30 5,  pink) in pH 

7.0 sodium phosphate buffer (0.75 M) and polymer concentration of 0.2-0.3 wt% (0.1 mM [2Fe-

2S] by IR. Data collected at a scan rate of 5 mV/s and stir rate of 1600 rpm. b) Tafel analysis of 

LSV data. c) LSV comparison of PDMAEMA (red), POEGMA (blue), and random copolymers 

(DMAEMA/OEGMA 70/30 = pink, 50/50 = purple) under aerobic conditions in pH 7.0 sodium 

phosphate buffer (0.75 M) and polymer concentration of 0.2-0.3 wt% (0.1 mM [2Fe-2S] by IR. 

Data collected at a scan rate of 5 mV/s and stir rate of 1600 rpm. d) Tafel analysis of LSV data. 
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Linear Sweep Voltammetry of 2-5 Comparing Aerobic and Anaerobic Conditions 

 

 

Figure B. 16. Linear sweep voltammetry of the four metallopolymer systems under aerobic 

(blue) and anaerobic (red) conditions in pH 7.0 sodium phosphate buffer (0.75 M) (a) 

POEGMA-g-[2Fe-2s] 3, (b) 50/50 r-copolymer 4, (c) 70/30 r-copolymer 5, (d) PDMAEMA-g-

[2Fe-2S] 2  
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APPENDIX C: Supplementary Data for Chapter 4 

I. Materials and Instrumentation 

a. Synthesis and Characterization 

Materials. Unless otherwise noted, solvents were received from Fisher Scientific as ACS grade 

and used without further purification. Fe2(µ-S2)(CO)6 was prepared according to literature 

procedures and sublimed before use. Fe(CO)5 (99.5 %, Alfa-Aesar), NaOH (EMD, ACS grade), 

NH4Cl (EMD, ACS grade), elemental sulfur (S8, precipitated, 99.5%-100.5%, Sigma-Aldrich), 

Na2SO4 (EMD, ACS grade), NaCNBH3 (95%, Sigma-Aldrich), LiBH(C2H5)3 (1.0 M super-

hydride solution in THF, Sigma-Aldrich), 1,3-dibromo-2-propanol (95%, Sigma-Aldrich), 

triethylamine (Et3N, 99.5%, EMD), α-bromoisobutyryl bromide (BIBB, 98%, Sigma-Aldrich), 

ethyl α-bromoisobutyrate (EBIB, 98%, Sigma-Aldrich), isobutyryl chloride (98%, Sigma-

Aldrich), N,N,N',N'',N''-pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich), 

1,1,4,7,10,10-hexamethyltriethylenetetramine (HMTETA, 97%, Aldrich), neutral alumina 

(Al2O3, Activated, 50-200 µm, 60 Å, Acros Organics), basic alumina (Al2O3, Powder, Baker 

Analyzed), chloroform-d (CDCl3, 0.01 % v/v TMS, 99.8 atom %D, Cambridge Isotope 

Laboratories), methylene chloride-d2 (CD2Cl2, 99.8 atom %D, Cambridge Isotope Laboratories), 

D2O (99.9 atom %D, Cambridge Isotope Laboratories), deuterium chloride solution (DCl, 35 

wt% in D2O, > 99 atom %D, Sigma-Aldrich), Celite 545 (VWR),  and Silica Gel (SiliaFlash F60, 

230-400 mesh, Silicycle) were used as received. 1,4-Naphthoquinone (97%, up to 5% H2O, Alfa 

Aesar) was passed through a silica gel column with diethyl ether before use. KCl (EMD, ACS 

grade) was recrystallized twice from hot 0.1 M HCl before use. Oligo(ethyleneglycol) methyl 

ether methacrylate (OEGMA, Mn = 500 g/mol) (Aldrich) and 2-(dimethylamino)ethyl 

methacrylate (DMAEMA, 98%, Aldrich) were purified by passing through a short column of 
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basic alumina to remove inhibitors. Copper(I) bromide (CuIBr) (98%, Aldrich) was purified by 

stirring overnight in glacial acetic acid, filtering, washing with ethanol and diethyl ether, and 

drying under vacuum before use. Alternatively, CuIBr was purified by precipitation from 48% 

HBr followed by washing with de-ionized water, ethanol, and diethyl ether sequentially then 

drying under vacuum.  

General Instrumentation. 1H, 13C, and DOSY nuclear magnetic resonance (NMR) spectra were 

obtained using a Bruker DRX 500 MHz or a Bruker Avance III 400 MHz spectrometer. 

Chemical shifts were referenced to Si(Me)4 (δ 0.00 ppm) in CDCl3 or residual CH2Cl2 (δ 5.32 

ppm) in CD2Cl2 for 1H NMR and to CDCl3 (δ 77.0 ppm) or CD2Cl2 (δ 54.0 ppm) for 13C NMR 

spectroscopy. MestReNova 10.0 software was used for spectral processing. IR spectra were 

obtained on a Nicolet Avatar 360 FT-IR with EZ-OMNIC software for H2O and CO2 correction. 

A Fisher Scientific FT-30 30specRFL500700*L IRSEC cell with 0.5 mm Teflon spacer (total 

path length = 1 mm) and CaF2 window (Alfa-Aesar) was used for quantitative IR measurements. 

During quantification of molar absorptivity (ε) for Fe-CO stretches in [2Fe-2S] complexes and 

resulting metallopolymers 128 or higher scans were used. Determination of ε for Fe-CO’s was 

performed using the protocol developed previously in our group.206 UV-vis measurements were 

obtained using an Agilent 8453 spectrophotometer. Determination of ε of the [2Fe-2S] 

metalloinitiator via UV-vis spectrophotometer was performed by preparing solutions of the 

metalloinitiator in CHCl3 with variable concentrations (ca. 0.01 mM to 1.0 mM) and measuring 

the absorbance. By using Beer's law, ε was determined using the calibration plot. The 

concentration of [2Fe-2S] sites per mass unit of a metallopolymer chain was estimated by using 

the IR (previous work) and UV-vis (this work) calibration plots for the electrochemical analysis. 

Spectral processing and graphing were performed using Microsoft Excel and Origin Pro 8.0. 
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Molecular weight (Mn) and molecular weight distribution (Mw/Mn) of metallopolymers were 

determined by gel permeation chromatography (GPC). Molecular weight and molecular weight 

distribution data for PDMAEMA metallopolymers were collected by using 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 °C. The GPC analyses for POEGMA (metallo)polymers were performed in a 

THF mobile phase with a Waters 1515 isocratic pump running three 5-µm PLgel columns 

(Polymer Labs, pore size 104 , 103 and 102 Å) at a flow rate of 1.0 mL/min at 35 °C with a 

Waters 2414 differential refractometer and a Waters 2487 dual-wavelength UV-Vis 

spectrometer. Molar masses were calculated using the Waters Empower software, calibrated 

against low dispersity (Mw/Mn) linear poly(methyl methacrylate) PMMA and polystyrene (PS) 

standards. pH measurements made using Fisher Scientific Accumet AE150 pH meter calibrated 

with pH 4.01, 7.00, and 10.01 standards (Sigma-Aldrich). 

X-ray Diffraction Analysis. Data were collected at the University of Arizona X-ray Diffraction 

Facility. Crystals were mounted onto a MiTeGen micromount under a protective film of 

Paratone® oil and diffraction data for all crystals were measured using a Bruker Kappa APEX II 

DUO diffractometer, with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) generated 

by a sealed tube, and an APEX II CCD area detector. The diffractometer was fitted with an 

Oxford Cryostream low-temperature device and data sets were collected using the APEX2 

software package (Bruker AXS Inc., Madison, WI, 2007). The data were corrected for absorption 

effects using a multi-scan method in SADABS (Sheldrick, G. M. University of Göttingen, 

Germany 1997). CCDC 1945962 and 1949521 contain the supplementary crystallographic data 

for this paper. These data are provided free of charge by The Cambridge Crystallographic Data 
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Centre. All structures were solved by direct methods (SHELXS-97) and developed by full least-

squares refinement based upon F2 (SHELXL) interfaced via X-Seed and OLEX2 Crystallographic 

figures were prepared using Mercury (Version 3.7). 

b. Electrochemistry 

Instrumentation. A Gamry Reference 3000 was used for all data collections with Gamry 

Framework 6 software. All electrochemical measurements were performed using a custom-made 

five-neck cell (25 mL) at room temperature (ca. 23 C). For the cyclic voltammetry (CV) 

analyses, the glassy carbon (GC) disk working electrode (WE) with a diameter of 0.3 cm 

(calculated area = 0.071 cm2) and platinum-disk (Pt) working electrode with a diameter of 0.16 

cm (calculated area = 0.020 cm2) were obtained from BASi. For the linear sweep voltammetry 

(LSV) analyses, the glassy carbon disk working electrode with a diameter of 0.5 cm (calculated 

area = 0.196 cm2) was obtained from Pine Research Instrumentation. Glassy carbon E5PK fixed-

disk rotating disk electrode tips with a PEEK shroud, Precision RDE shaft (1.5 cm), and 

modulated speed rotator (MSR) from Pine Research Instrumentation were used for the LSV 

experiments. The glassy carbon rod counter electrode (CE) was purchased from Fisher with a 

diameter of 0.2 cm (L = 5 cm).  

Materials for Experiments in Water. Aqueous solutions were prepared using 18 MΩ water 

purified using a Millipore water filtration system. 0.1 M KCl (99%, Alfa-Aesar, recrystallized 

twice from 0.1 M HCl) was used as a supporting electrolyte in the 0.1 M sodium phosphate 

buffer and 0.1 M sodium acetate buffer. Phosphate buffer was made with sodium phosphate 

monobasic monohydrate (NaH2PO4·H2O) (VWR, ACS grade) and sodium phosphate dibasic 

(Na2HPO4, anhydrous) (VWR, ACS grade), and acetate buffer was made with sodium acetate 

(CH3CO2Na, anhydrous) (Fisher) and acetic acid (glacial, EMD, ACS grade) according to AAT 
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Bioquest preparations (https://www.aatbio.com/resources/buffer-preparations-and-recipes) and 

adjusted to exact pH using 1.0 M HCl or NaOH solutions. The reference electrode was a double 

junction design consisting of a chloridized silver wire in a solution of 3.0 M KCl in the inner cell 

and the bulk solution (i.e., 0.1 M sodium phosphate or acetate buffer with 0.1 M KCl) in the 

outer chamber. Vycor frits were used to separate the chambers. The Ag/AgCl reference electrode 

was fabricated by soaking Ag wire (99.999%, Alfa Aesar) in a commercial bleach solution 

(Clorox) for 16 hours. The wire was then rinsed thoroughly with 18 MΩ water and stored in 3M 

KCl for up to one week. Aqueous solutions were prepared in air and deoxygenated in the cell by 

bubbling the stirred solution with argon for 30 minutes. The working electrode was polished 

between scans in a figure-eight pattern on a Buehler microcloth polishing cloth with 1.0 micron 

alumina then using 0.05 micron alumina mircopolish followed by sonication in DI water. 

II. Synthesis and Characterization 

Synthesis and Characterization of μ-(2-(2-bromo-2-methylpropanoate)-1,3-

propane)dithiolato)bistricarbonyliron ((pdt)-bromoester [2Fe-2S]) 

 

Scheme C. 1. Synthetic scheme for (pdt)-bromoester [2Fe-2S] metalloinitiator 

  

https://www.aatbio.com/resources/buffer-preparations-and-recipes
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 The procedure for the synthesis of (pdt)-OH [2Fe-2S] is adapted from the literature and 

modified to synthesize (pdt)-bromoester [2Fe-2S] metalloinitiator.264 To a flame-dried round 

bottom flask was added Fe2(µ-S2)(CO)6 (337 mg, 0.98 mmol) and equipped with a 1/2'' stirbar. 

The flask was vacuumed and backfilled with argon three times. Then, argon sparged Drisolv 

THF (15 mL) was transferred to the flask to give a clear, red solution. The reaction mixture was 

cooled down to -78 °C using a dry ice/acetone bath, and LiBHEt3 (2.1 mL, 1.96 mmol, 1 M in 

THF) was added dropwise to the flask using Schlenk technique while stirring. The reaction was 

run for 15 minutes after all the super hydride was added. The solution color changed red to 

green. Then, 1,3-dibromo-2-propanol (0.1 mL, 0.98 mmol) was added to the reaction flask at -78 

°C. While the reaction was allowed to warm up to room temperature, the solution color gradually 

turned red again and was left to run for an additional two hours. After two hours, the mixture was 

purified by passing through a short silica plug using DCM and then a silica column 

chromatography was performed using petroleum ether / DCM as an eluent (3:1 v/v) (146 mg, 

37% yield). This solid was recrystallized via layering of the crude mixture in DCM (50 mg/mL) 

with pentane to obtain crystals at ca. -10 °C for single-crystal X-ray diffraction (see Figure C. 5). 

1H NMR (CDCl3, 500 MHz, 298 K) δ (ppm) 3.11 (1H, m), 2.79 (2Heq, dd, J(HeqHax) = 13.1 Hz, 

J(HeqHa) = 4.2 Hz), 1.79 (1H, s, OH), 1.50 (2Hax, t, J(HaxHeq) = J(HaxHa) = 12.1 Hz); 13C NMR 

(CDCl3, 100 MHz, 298 K): δ (ppm) 207.4 (Fe-CO), 72.9 (O-CH), 29.6 (S-CH2); IR (CHCl3, thin 

film on CaF2): 2076 cm-1 (Fe-CO, s), 2037 cm-1 (Fe-CO, s), 2004 cm-1 (Fe-CO, s, br), 1995 cm-1 

(Fe-CO, s, br). 
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Figure C. 1. 1H NMR spectrum of (pdt)-OH [2Fe-2S] in CDCl3. * Solvent impurities 

 

Figure C. 2. 13C NMR, DEPT-135, and DEPT-90 spectra of (pdt)-OH [2Fe-2S] in CDCl3 
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 For the synthesis of (pdt)-bromoester [2Fe-2S], (pdt)-OH [2Fe-2S] (120 mg, 0.298 mmol) 

was added to a flask with THF (10 mL) followed by addition of triethylamine (Et3N) (83.2 µL, 

0.597 mmol). The solution was stirred at room temperature in the dark for 15-20 minutes. Then, 

BIBB (73.6 µL, 0.597 mmol) was added and the solution was stirred at room temperature in the 

dark for 12-16 hours. The reaction was filtered to remove the precipitate and all volatiles were 

removed by rotary evaporation (25 °C, ca. 200 torr). The crude mixture was purified via silica 

column chromatography (starting with 15% dichloromethane in hexanes and gradually 

increasing the polarity of the eluent to 1:1 DCM/hexanes) yielded a red solid ((pdt)-bromoester 

[2Fe-2S], 76 mg, 46% yield). This solid was recrystallized via slow evaporation of a solution in 

DCM at ca. 0 °C. The structure was unambiguously confirmed by X-ray crystallography (see 

Figure C. 5). 1H NMR (CDCl3, 400 MHz, 298 K): δ (ppm) 4.26 (1H, m), 2.81 (2Heq, dd, 

J(HeqHax) = 13.1 Hz, J(HeqHa) = 4.2 Hz), 1.86 (6H, s), 1.62 (2Hax, t, J(HaxHeq) = J(HaxHa) = 12.2 

Hz); 13C NMR (CDCl3, 100 MHz, 298 K): δ (ppm) 207.1 (Fe-CO), 169.9 (C=O), 75.4 (O-CH), 

55.0 (C-Br), 30.4 (CH3), 26.5 (S-CH2); IR (CHCl3, thin film on CaF2): 2078 cm-1 (Fe-CO, s), 

2039 cm-1 (Fe-CO, s), 2007 cm-1 (Fe-CO, s, br), 1998 cm-1 (Fe-CO, s, br), 1735 cm-1 (C=O, w). 
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Figure C. 3. 1H NMR spectrum of (pdt)-bromoester [2Fe-2S] in CDCl3. * Solvent impurities 
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Figure C. 4. 13C NMR, DEPT-135, and DEPT-90 spectra of (pdt)-bromoester [2Fe-2S] in CDCl3 

 

Figure C. 5. ORTEP diagrams of (pdt)-OH [2Fe-2S] (A) and (pdt)-bromoester [2Fe-2S] (CCDC 

1945962) (B) with hydrogen atoms omitted and thermal ellipsoids shown at 50% probability 

level. 
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Synthesis and Characterization of μ-(2-(2-methylpropanoate)-1,3-

propane)dithiolato)bistricarbonyliron ((pdt)-ester [2Fe-2S]) 

 For the synthesis of (pdt)-ester [2Fe-2S], (pdt)-OH [2Fe-2S] (503.7 mg, 1.25 mmol) was 

added to a flask with THF (10 mL) followed by addition of triethylamine (Et3N) (0.52 mL, 3.75 

mmol). The solution was stirred at room temperature in the dark for 15-20 minutes. Then, 

isobutyryl chloride (0.39 mL, 3.75 mmol) was added and the solution was stirred at room 

temperature in the dark for 12-16 hours. The reaction was filtered to remove the precipitate and 

all volatiles were removed by rotary evaporation (25 °C, ca. 200 torr). The crude mixture was 

purified via silica gel column chromatography (starting with 15% dichloromethane in hexanes 

and gradually increasing the polarity of the eluent to 1:1 DCM/hexanes) yielded a red solid 

((pdt)-ester [2Fe-2S], ca. 200 mg, 34% yield). 1H NMR (CDCl3, 400 MHz, 298 K): δ (ppm) 4.29 

(1H, m), 2.78 (2Heq, dd, J(HeqHax) = 12.7 Hz, J(HeqHa) = 4.2 Hz), 1.62 (2Hax, t, J(HaxHeq) = 

J(HaxHa) = 12.1 Hz), 1.14 (6H, d, J(HbHc) = 7.0 Hz); 13C NMR (CDCl3, 100 MHz, 298 K): δ 

(ppm) 207.1 (Fe-CO), 175.3 (C=O), 73.3 (O-CH), 33.8 (C=O(CH)), 26.9 (S-CH2), 18.8 (CH3). 

 

Scheme C. 2. Synthetic scheme for (pdt)-ester [2Fe-2S] 
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Figure C. 6. 1H NMR spectrum of (pdt)-ester [2Fe-2S] in CDCl3. * Solvent impurities 

 

Figure C. 7. 13C NMR, DEPT-90, and DEPT-135 spectra of (pdt)-ester [2Fe-2S] in CDCl3 
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Synthesis and Characterization of PDMAEMA Metallopolymers (PDMAEMA-g-(pdt)-

[2Fe-2S]) with Different Molecular Weights (MW) Using (pdt)-bromoester [2Fe-2S] 

Metalloinitiator (MI)  

[M]o : [MI]o : [CuI]o : [L]o = 300 : 1 : 1 : 1  

 ATRP of DMAEMA was adapted from the literature and modified for the synthesis of 

PDMAEMA metallopolymers.265,297,298 A 10 mL Schlenk flask was loaded with Cu(I)Br (2.0 mg, 

0.014 mmol) and 0.40 mL of deoxygenated, anhydrous THF (DriSolv, uninhibited) was added to 

the flask followed by the addition of deoxygenated HMTETA (3.8 µL, 0.014 mmol). The 

resulting mixture was stirred for 10 minutes to allow for the formation of the Cu-ligand complex. 

Then purified and deoxygenated DMAEMA (0.70 mL, 4.2 mmol) was added to the reaction 

flask. To a second 10 mL Schlenk flask, (pdt)-bromoester [2Fe-2S] metalloinitiator (MI) (6.8 

mg, 0.014 mmol) was added and the flask was evacuated and backfilled with argon three times. 

Then 0.30 mL of deoxygenated, anhydrous THF (DriSolv, uninhibited) was added in the second 

flask. The solution was stirred until homogeneous, and then the resulting metalloinitiator/THF 

mixture was transferred to the reaction flask via Schlenk techniques. The reaction flask was 

placed in an oil bath preheated to 50 °C and the reaction was stirred at 50 °C between 2 to 8 

hours depending on the desired conversion. After the reaction, the reaction flask was cooled 

down to room temperature, opened to air and diluted with DCM to quench the polymerization. 

The crude mixture was passed through neutral alumina to remove the copper catalyst. Then, the 

mixture was washed with hexanes twice in 20 mL scintillation vial by vortex mixing. The 

hexanes were decanted and the slurry polymer solution was dissolved in DCM. Then, all the 

volatiles were removed by rotary evaporation (25 °C, 200 torr). The final solid was dried 2-3 

hours under vacuum (ca. 5-10 torr at room temperature) (For 1 hour reaction time, 22% 
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conversion, 220 mg isolated yield; 2 hours reaction time, 28% conversion, 190 mg isolated yield; 

5 hours reaction time, 44% conversion, 280 mg isolated yield; 7 hours reaction time, 54% 

conversion, 350 mg isolated yield; 8 hours reaction time, 63% conversion, 400 mg isolated 

yield). 1H NMR (CDCl3, 400 MHz, 298 K) δ (ppm) 4.06 (2H, -OCH2CH2N(CH3)2), 2.56 (2H, -

OCH2CH2N(CH3)2), 2.28 (6H, - OCH2CH2N(CH3)2), 2.04-1.72 (2H, broad, aliphatic main 

chain), 1.10-0.79 (3H, broad, -CH3, main chain). IR (CHCl3, thin film on CaF2): 2950 cm-1 (C-H 

stretching, s), 2828 cm-1 (C-H stretching of N(CH3)2, s), 2780 cm-1 (C-H stretching of N(CH3)2, 

s), 2078 cm-1 (Fe-CO, w), 2038 cm-1 (Fe-CO, w), 2006 cm-1 (Fe-CO, w), 1997 cm-1 (Fe-CO, w), 

1725 cm-1 (C=O stretching, s), 1463 cm-1 (-CH2- bending, s), 1271 cm-1 (CO, s), and 1151 cm-1 

(C-N stretching, s). 

[M]o : [MI]o : [CuI]o : [L]o = 100 : 1 : 1 : 1  

 The same ATRP procedure was applied as described above. A 10 mL Schlenk flask was 

loaded with Cu(I)Br (3.6 mg, 0.025 mmol) and 0.50 mL of deoxygenated, anhydrous THF 

(DriSolv, uninhibited) was added to the flask followed by the addition of deoxygenated 

HMTETA (10.2 µL, 0.0375 mmol). The resulting mixture was stirred for 10 minutes to allow for 

the formation of the Cu-ligand complex. Then purified and deoxygenated DMAEMA (0.42 mL, 

2.5 mmol) was added to the reaction flask. To a second 10 mL Schlenk flask, (pdt)-bromoester 

[2Fe-2S] metalloinitiator (MI) (20.0 mg, 0.025 mmol) was added and the flask was vacuumed 

and backfilled with argon three times. Then 0.50 mL of deoxygenated, anhydrous THF (DriSolv, 

uninhibited) was added in the second flask. The resulting metalloinitiator/THF mixture was 

transferred to the reaction flask via Schlenk techniques. The reaction flask was placed in an oil 

bath preheated to 50 °C (For 1-hour reaction time, 22% conversion, 52 mg isolated yield and for 

2 hours, 48% conversion, 130 mg isolated yield). 
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Table C. 1. ATRP of DMAEMA using (pdt)-bromoester [2Fe-2S] metalloinitiator at 50 °C 

[M]o : [MI]o 

ratio 

Rxn time 

(h) 
% Conversion 

Mn, theo 

(g/mol) 

Mn, GPC 

(g/mol) 
Đ 

Initiation 

Efficiency 

100:1 0.5 14 2.7k 5.6k 1.12 0.48 

100:1 1 26 4.6k 8.0k 1.15 0.58 

100:1 2 48 8.0k 13.9k 1.12 0.58 

300:1 1 22 10.9k 15.8k 1.15 0.69 

300:1 2 28 13.7k 24.4k 1.23 0.56 

300:1 5 42 20k 32.4k 1.09 0.62 

300:1 5 44 21.0k 33.1k 1.36 0.63 

300:1 6 48 23k 35.6k 1.15 0.65 

300:1 7 54 26k 37.2k 1.29 0.70 

300:1 8 63 30.2k 42.9k 1.98 0.70 

 

Figure C. 8. 1H NMR spectrum of PDMAEMA-g-(pdt)-[2Fe-2S] in CDCl3 
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Figure C. 9. FTIR spectra comparison of (pdt)-OH [2Fe-2S] complex (top, blue), (pdt)-

bromoester [2Fe-2S] metalloinitiator (center, red), and PDMAEMA-g-(pdt)-[2Fe-2S] 

metallopolymer (bottom, black) in Fe-CO stretching region in CHCl3 

Synthesis and Characterization POEGMA-g-(pdt)-[2Fe-2S] Using (pdt)-bromoester [2Fe-

2S] Metalloinitiator (MI) 

[M]o : [MI]o : [CuI]o : [L]o = 25 : 1 : 1 : 1   

 ATRP of oligo(ethylene glycol) methyl ether methacrylate (OEGMA, Mn = 500 g/mol) 

was adapted from the literature and modified for the synthesis of POEGMA 



209 

 

metallopolymers.300,301,303 A 10 mL Schlenk flask equipped with a magnetic stir bar was loaded 

with CuIBr (1.5 mg, 0.0103 mmol), sealed with a rubber septum, evacuated and backfilled with 

argon three times. 0.1 mL of deoxygenated THF (DriSolv, uninhibited) via argon purged syringe 

was added to the flask, followed by addition of deoxygenated PMDETA (2.15 µL, 0.0103 

mmol). The resulting mixture was stirred for 10 minutes to allow for the formation of the light 

green Cu-ligand complex. Then, purified deoxygenated OEGMA (Mn = 500 g/mol, 0.12 mL, 

0.258 mmol) was added to the flask via argon purged syringe. (Pdt)-bromoester [2Fe-2S] MI (5.0 

mg, 0.0103 mmol) was weighed in a tared 3-dram vial and the vial was sealed with a rubber 

septum. The vial was evacuated and backfilled with argon three times, then 0.3 mL of 

deoxygenated and anhydrous THF (DriSolv, uninhibited) was added via argon purged syringe. 

The solution was stirred until homogeneous then the resulting mixture was sparged with argon 

for a minute. The metalloinitiator/THF mixture was transferred to the reaction flask via argon 

purged syringe and the flask was submerged in an oil bath preheated to 50 °C. The reaction was 

stirred for one hour under argon. After one hour, the resulting polymer mixture was opened to air 

and diluted with 2.0 mL of DCM to quench the reaction and then passed through a short column 

of neutral alumina to remove the copper catalyst. The solvent was removed on a rotary 

evaporator and a red, viscous liquid polymer was obtained. The polymer was washed with 20 mL 

of hexanes twice and the hexanes was decanted. The polymer was dried overnight under vacuum 

at room temperature (63% conversion; ca. 80 mg isolated yield). 1H NMR (CDCl3, 400 MHz, 

298 K) δ (ppm) 4.07 (2H, -CO2CH2CH2O-), 3.86-3.42 (broad, -O(CH2CH2O)-), 3.38 (3H, -

OCH3), 2.01-1.49 (2H, broad, aliphatic main chain), 1.10-0.76 (3H, broad, methyl, main chain). 

IR (CHCl3, thin film on CaF2): 2879 cm-1 (C-H stretching, s), 2078 cm-1 (Fe-CO, s), 2038 cm-1 

(Fe-CO, s), 2006 cm-1 (Fe-CO, s), 1998 cm-1 (FeCO, s), 1727 (C=O stretching, s), 1457 cm-1 (-



210 

 

CH2- bending, s), 1350 cm-1 (-CH3 bending, s), and 1100 cm-1 (C-O-C stretching, s). Mn, GPC = 

9,950 g/mol, Mw/Mn = 1.07. 

 

Figure C. 10. 1H NMR spectrum of POEGMA-g-(pdt)-[2Fe-2S] in CDCl3. * Solvent impurities 

 

Figure C. 11. (A) FTIR spectrum of POEGMA-g-(pdt)-[2Fe-2S] metallopolymer, (B) GPC trace 

of POEGMA-g-(pdt)-[2Fe-2S] using the RI detector, and (C) GPC of POEGMA-g-(pdt)-[2Fe-

2S] using the UV-Vis detector at different wavelengths 
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Synthesis and Characterization POEGMA Using Ethyl α-bromoisobutyrate (EBIB) for 

Initiation Efficiency Comparison 

[M]o : [MI]o : [CuI]o : [L]o = 100 : 1 : 1 : 1   

 A 10 mL Schlenk flask equipped with a magnetic stir bar was loaded with Cu(I)Br (2.8 

mg, 0.0195 mmol), sealed with a rubber septum, evacuated and backfilled with argon three 

times. 1.9 mL of deoxygenated THF (DriSolv, uninhibited) via argon purged syringe was added 

to the flask followed by addition of deoxygenated HMTETA (5.3 µL, 0.0195 mmol). The 

resulting mixture was stirred for 10 minutes to allow for the formation of the light green Cu-

ligand complex. Then, purified deoxygenated OEGMA (Mn = 500 g/mol, 0.90 mL, 1.95 mmol) 

was added to the flask via argon purged syringe. Deoxygenated EBIB (2.9 µL, 0.0195 mmol) 

was transferred to the reaction flask via Schlenk technique. The flask was submerged in an oil 

bath preheated to 50 °C and the reaction was stirred for one hour under argon. After one hour, 

the resulting polymer mixture was immediately opened to air and cooled down to room 

temperature to quench the polymerization. The crude mixture was analyzed via 1H NMR 

spectroscopy (12% conversion) and the purified polymer was analyzed via GPC. 1H NMR 

(CDCl3, 400 MHz, 298 K) δ (ppm) 4.07 (2H, -CO2CH2CH2O-), 3.86-3.42 (broad, -

O(CH2CH2O)-), 3.38 (3H, -OCH3), 2.01-1.49 (2H, broad, aliphatic main chain), 1.10-0.76 (3H, 

broad, methyl, main chain). Mn, theo = 6,200 g/mol, Mn, GPC = 10,700 g/mol, Mw/Mn = 1.06, 

Initiation Efficiency = 0.60. 
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UV-Visible Spectra of (pdt)-bromoester [2Fe-2S] for Molar Absorptivity (ε) Calculation 

 

Figure C. 12. UV-vis absorbance spectra of (pdt)-bromoester [2Fe-2S] at different solution 

concentrations in CHCl3 

 

Figure C. 13. UV-vis calibration plot for (pdt)-bromoester [2Fe-2S] at 330 nm. Concentrations 

are from 9 µM to 120 µM. Baselines are normalized to zero absorbance. Calculated ε value at 

330 nm is 0.001072 µM-1cm-1 (R2 = 99.8) 
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Diffusion-Ordered NMR Spectroscopy (DOSY) of PDMAEMA-g-(pdt)-[2Fe-2S] 

Metallopolymers  

 To determine and compare the diffusion coefficients and calculate hydrodynamic radii of 

the metallopolymers, 1H DOSY of the metallopolymers in D2O was analyzed. Diffusion 

coefficients (D) of the metallopolymers were determined via DOSY using Bayesian DOSY 

Transform on MestReNova in buffered D2O at pH 4.0 ± 0.1 (0.1 M acetate buffer and 0.1 M 

KCl; as in the electrochemical analysis of the metallopolymers. pH was adjusted using 20 wt% 

DCl in D2O). From the diffusion coefficient (D), the hydrodynamic radius (RH) of the 

metallopolymers was calculated using the Stokes-Einstein equation as suggested in Ref 305. 

DOSY NMR in D2O demonstrated that the diffusion rate increases with decreasing Mn of the 

metallopolymers. In addition, the size of the metallopolymers is in an acceptable range and there 

should not be any aggregation of the metallopolymers in buffered water solution at pH 4.  

Table C. 2. Diffusion coefficient (D) and hydrodynamic radius (RH) results of the PDMAEMA-

g-(pdt)-[2Fe-2S] metallopolymers with different molecular weights (Mn, GPC) 

Mn, GPC (kg/mol) D (10-7, cm2/s) RH (nm) 

15.8 4.74 3.71 

33.1 2.79 6.30 

42.9 2.25 8.18 
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𝑅𝐻 =
𝑅𝑇

6𝜋𝜂𝐷𝑁𝐴
   Stokes-Einstein Equation 

RH: Hydrodynamic radius (m)  R: Gas constant (8.314 Pa.m3/K.mol) 

T: Temperature (300 K)   η: Viscosity (1.25x10-3 Pa.s for D2O)  

D: Diffusion coefficient (m2/s)  NA: Avogadro Number (mol-1) 

 

Figure C. 14. DOSY spectrum of PDMAEMA-g-(pdt)-[2Fe-2S] metallopolymer (Mn, GPC = 15.8 

kg/mol) in buffered D2O at pH 4.0. X-axis above the spectrum demonstrates all the 1H 

resonances of the components in solution. Y-axis is the diffusion dimension (cm2/s). 
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Figure C. 15. DOSY spectrum of PDMAEMA-g-(pdt)-[2Fe-2S] metallopolymer (Mn, GPC = 33.1 

kg/mol) in buffered D2O at pH 4.0. X-axis above the spectrum demonstrates all the 1H 

resonances of the components in solution. Y-axis is the diffusion dimension (cm2/s). 
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Figure C. 16. DOSY spectrum of PDMAEMA-g-(pdt)-[2Fe-2S] metallopolymer (Mn, GPC = 42.9 

kg/mol) in buffered D2O at pH 4.0. X-axis above the spectrum demonstrates all the 1H 

resonances of the components in solution. Y-axis is the diffusion dimension (cm2/s). 

c. Electrochemical Analysis 

General Electrochemical Procedures  

 All electrochemical experiments utilized a standard three-electrode system with a 

working electrode, a counter electrode, and a reference electrode. Solution resistance was 

compensated at 90% and 85% of measured CV and LSV cell resistance, respectively. A platinum 

(Pt) disk electrode (d = 0.16 cm) was used as a standard for comparison of electrocatalysis in the 

electrolyte/buffer solution in the absence of metallopolymer. A glassy carbon (GC) disk 

electrode (d = 0.3 cm for CV and d = 0.5 cm for LSV) was used as a background in the 



217 

 

electrolyte/buffer solution in the absence of metallopolymer. The physically measured areas of 

the electrode surfaces were confirmed electrochemically by means of the current of the oxidation 

peak of ferrocene in acetonitrile. To reduce the effect of minor surface variations, the GC and Pt 

working electrodes were polished between scans. The reference electrode was refabricated 

frequently (daily) to ensure a constant potential. Potentials in water are referenced to SHE using 

the standard conversion of +0.210 V from the potential of the Ag/AgCl/3M KCl reference 

electrode. A scan rate of 100 mV/s for the CV and 5mV/s for the LSV experiments was used 

unless otherwise noted. All CV analyses were conducted at a quiet solution condition, and 1000 

RPM disk rotation was used for all LSV analyses. The LSV plots were compared with similar 

measurements for a planar platinum disk electrode (A = 0.196 cm2) that was cathodically 

conditioned via chronopotentiometry at 5 mA for 30 minutes where the voltage was observed to 

stabilize and give reproducible HER. The concentration of [2Fe-2S] sites per a metallopolymer 

chain was estimated by using the IR and UV-Vis calibration plots for the electrochemical 

analysis. All electrochemical analyses were conducted after purging with argon and then 

maintained under a blanket of argon. 

Titration Curve for Acetate Buffer 

 pH measurements made using Fisher Scientific Accumet AE150 pH meter. The pH of the 

acetate buffer as in the electrochemical studies (0.1 M acetate buffer at pH 4.0 ± 0.1 with 0.1 M 

KCl as the supporting electrolyte) was adjusted to pH 2.0 with addition of 1.0 M HCl. Then, the 

solution was titrated with 1.0 M NaOH at 22.3-22.5 °C by using a micropipette (10-100 µL). The 

pH of the solution was recorded after each addition of 1.0 M NaOH (10-20 µL). 
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Figure C. 17. Titration curve of 0.1 M acetate buffer with 0.1 M KCl in 18 MΩ water 

Cyclic Voltammetry (CV) Analysis in Water 

 

Figure C. 18. CV cell set-up. A glassy carbon disk working electrode (W.E., A = 0.071 cm2), 

glassy carbon rod counter electrode (C.E.), and Ag/AgCl reference electrode (R.E.) were used 

for all the CV analyses under argon unless otherwise noted. 
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CV Analysis of PDMAEMA-g-(pdt)-[2Fe-2S] in Water at pH 4.0 ± 0.1 (0.1 M acetate buffer 

and 0.1 M KCl) vs. pH 7.0 ± 0.1 (0.1 M phosphate buffer and 0.1 M KCl) 

 CV analyses of PDMAEMA-g-(pdt)-[2Fe-2S] (ca. 100 μM [2Fe-2S] by UV-Vis, 1.0-2.5 

mg/mL of metallopolymer depending on the Mn) were conducted in a buffer solution (0.1 M 

acetate buffer at pH 4.0±0.1 or 0.1 M phosphate buffer at pH 7.0±0.1) with 0.1 M KCl as the 

supporting electrolyte (V = 10 mL).  

 

Figure C. 19. HER current density in the CV (quiet solution condition) of a GC disk electrode (d 

= 0.3 cm) with PDMAEMA-g-(pdt)-[2Fe-2S] metallopolymer (ca. 100 μM [2Fe-2S], Mn = 24.4 

kg/mol) in pH 4.0 ± 0.1 buffer solution (0.1 M acetate buffer and 0.1 M KCl electrolyte) (black 

trace) vs. in pH 7.0 ± 0.1 buffer solution (0.1 M phosphate buffer and 0.1 M KCl electrolyte) 

(red trace). Scan rate was 100 mV/s for all experiments. 
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Figure C. 20. HER current density in the CV (quiet solution condition) of a Pt disk electrode (d 

= 0.16 cm) (black line) and a glassy carbon disk electrode (d = 0.3 cm) with PDMAEMA-g-

[2Fe-2S] metallopolymer (ca. 100 μM [2Fe-2S], Mn = 24.4 kg/mol) in pH 4.0 ± 0.1 buffer 

solution (0.1 M acetate buffer and 0.1 M KCl electrolyte) (red line). The blue trace is the 

background current density for the glassy carbon disk electrode (d = 0.3 cm) in the absence of 

the metallopolymer electrocatalyst. Scan rate was 100 mV/s for all experiments. 

Scan Rate Study of PDMAEMA-g-(pdt)-[2Fe-2S] in Water at pH 4.0 (0.1 M Acetate Buffer 

and 0.1 M KCl) 

 CV scan rate analyses of PDMAEMA-g-(pdt)-[2Fe-2S] (ca. 100 μM [2Fe-2S] by UV-

Vis, Mn = 33.1 kg/mol) were conducted in a buffer solution (0.1 M acetate buffer at pH 4.0±0.1) 

with 0.1 M KCl as the supporting electrolyte (V = 10 mL).  
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Figure C. 21. Cyclic voltammetry of PDMAEMA-g-(pdt)-[2Fe-2S] (ca. 100 μM [2Fe-2S] by 

UV-Vis, Mn = 33.1 kg/mol) in pH 4.0 water with 0.1M acetate buffer and 0.1 M KCl compared 

at various scan rates 

POEGMA-g-(pdt)-[2Fe-2S] in water at pH 4.0± 0.1 (0.1 M acetate buffer and 0.1 M KCl) 

 CV analyses of POEGMA-g-(pdt)-[2Fe-2S] (ca. 100 μM [2Fe-2S] by UV-vis) were 

conducted in a buffer solution (0.1 M acetate buffer at pH 4.0±0.1) with 0.1 M KCl as the 

supporting electrolyte (V = 10 mL).  



222 

 

 

Figure C. 22. HER current density in the CV (quiet solution condition) of a GC disk electrode (d 

= 0.3 cm) with POEGMA-g-(pdt)-[2Fe-2S] metallopolymer (ca. 100 μM [2Fe-2S], Mn = 9.95 

kg/mol) in pH 4.0 ± 0.1 buffer solution (0.1 M acetate buffer and 0.1 M KCl electrolyte) (ν = 100 

mV/s)  

Cyclic Voltammetry (CV) in Acetonitrile 

CV of Small Molecule (pdt)-ester [2Fe-2S] Complex in Acetonitrile (MeCN) with 0.1 M 

Tetrabutylammonium hexafluorophosphate (n-Bu4NPF6, TBAPF6) Electrolyte 

 CV analyses of (pdt)-ester [2Fe-2S] (1-2 mM, 5-10 mg per 10 mL solution) were 

conducted in MeCN with added TBAPF6 supporting electrolyte (0.1 M) (V = 10 mL).  

 



223 

 

 

Figure C. 23. CV of (pdt)-ester [2Fe-2S] in MeCN (1-2 mM, 5-10 mg per 10 mL solution) with 

0.1 M TBAPF6 without acid (ν = 100 mV/s) 

 

Figure C. 24. CV of (pdt)-ester [2Fe-2S] in MeCN (1-2 mM, 5-10 mg per 10 mL solution) with 

0.1 M TBAPF6 compared at various scan rates without acid 
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Figure C. 25. CV of (pdt)-ester [2Fe-2S] in MeCN (1-2 mM, 5-10 mg per 10 mL solution) with 

0.1 M TBAPF6 compared at various acetic acid concentrations 

CV of PDMAEMA-g-(pdt)-[2Fe-2S] in Acetonitrile with 0.1 M TBAPF6 Electrolyte 

 

Figure C. 26. CV of PDMAEMA-g-(pdt)-[2Fe-2S] in MeCN (ca. 100 μM) with 0.1 M TBAPF6 

compared at various acetic acid concentrations 
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Figure C. 27. CV of PDMAEMA-g-(pdt)-[2Fe-2S] in MeCN (ca. 100 μM) with 0.1 M TBAPF6 

compared at various scan rates at 100 mM acetic acid concentration 

CV Comparison of Small Molecule (pdt)-ester [2Fe-2S] Complex and PDMAEMA-g-(pdt)-

[2Fe-2S] in Acetonitrile with 0.1 M TBAPF6 Electrolyte 

 

Figure C. 28. CV comparison of small molecule (pdt)-ester [2Fe-2S] (1-2 mM) and 

PDMAEMA-g-(pdt)-[2Fe-2S] (ca. 100 μM) in MeCN with 0.1 M TBAPF6 at low (10 mM) and 

high (100 mM) acid concentrations  
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IR Spectroscopy of Metallopolymer Solution in Acetonitrile Before and After Cyclic 

Voltammetry Analysis 

 To test the stability of the PDMAEMA-g-(pdt)-[2Fe-2S] metallopolymer, 

electrochemical analysis was performed in acetonitrile (MeCN) and the solution was analyzed 

using IR spectroscopy before and after electrochemistry since possible decomposition of the 

[2Fe-2S] complex can easily be seen in Fe-CO stretching region in IR spectroscopy. For the 

electrochemistry analysis, a solution with relatively higher [2Fe-2S] concentration (ca. 200-300 

μM via UV-Vis calibration; ca. 2-3 mg/mL of metallopolymer with Mn of 15.8 kg/mol) was 

prepared. The IR spectra of the CV solution before and after (20-30 scans) analyses in the 

presence of 10 mM acetic acid show no difference in Fe-CO stretching region which indicates 

that [2Fe-2S] complex is still intact.  

 

Figure C. 29. Fe-CO stretching of PDMAEMA-g-(pdt)-[2Fe-2S] in MeCN with 0.1 M TBAPF6 

supporting electrolyte before and after electrochemical analysis in the presence of ca. 10 mM 

acetic acid 
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Linear Sweep Voltammetry (LSV) in Water 

 LSV analyses of PDMAEMA-g-(pdt)-[2Fe-2S] were conducted (ca. 25 μM [2Fe-2S] by 

UV-vis, 0.14-1.00 mg/mL of metallopolymer depending on the Mn) for molecular weight 

comparisons in the buffer solution (0.1 M acetate buffer) at pH 4.0±0.1 with 0.1 M KCl as the 

supporting electrolyte (V = 20 mL). Also, the current density as a function of voltage was 

measured for several concentrations of PDMAEMA-g-(pdt)-[2Fe-2S] electrocatalyst (10, 25 and 

50 μM [2Fe-2S]).  

 

Figure C. 30. LSV cell set-up. A glassy carbon disk working electrode (W.E., A = 0.196 cm2), 

glassy carbon rod counter electrode (C.E.), and Ag/AgCl reference electrode (R.E.) were used 

for all the LSV analyses under constant argon flow unless otherwise noted 
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Figure C. 31. LSV comparison of a cathodically conditioned Pt electrode (A = 0.196 cm2) and a 

glassy carbon disk electrode (A = 0.196 cm2) with four PDMAEMA-g-(pdt)-[2Fe-2S] 

metallopolymers with variable molecular weights at pH 4.0 ± 0.1 (ca. 25 µM of [2Fe-2S] 

complex per metallopolymer, 0.1 M acetate buffer, 0.1 M KCl electrolyte, ν = 5 mV/s, disk 

rotation at 1000 RPM) 

 

Figure C. 32. LSV comparison of a glassy carbon disk electrode (A = 0.196 cm2) with different 

concentrations of a PDMAEMA-g-(pdt)-[2Fe-2S] metallopolymer (10, 25 and 50 μM of [2Fe-
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2S] complex per metallopolymer, Mn = 37.2 kg/mol, 0.1 M acetate buffer, 0.1 M KCl electrolyte, 

ν = 5 mV/s, disk rotation at 1000 RPM) 

Tafel Analysis 

 Tafel analysis is a preferred measure of catalytic performance over cyclic voltammetry 

because it gives a direct measure of the catalytic current density response as a function of the 

overpotential. The current density as a function of voltage was measured for several 

concentrations of PDMAEMA-g-[2Fe-2S] electrocatalyst (10, 25 and 50 μM). In each case the 

current was measured by linear sweep voltammetry using rotating disk electrode at a scan rate of 

5 mV/s and with 1000 RPM rotating rate, and the solution contained 0.1 M acetate buffer with 

0.1 M KCl electrolyte at pH 4.0 ± 0.1.  

 

Figure C. 33. Tafel plots of LSV data in Figure C. 31 
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XRD Facility 

Department of Chemistry and Biochemistry 

The University of Arizona 

 

Sample:   pdt-OH [2Fe-2S] (CCDC 1949521) 

Sample origin:  Metin Karayilan/ Jeffrey Pyun / CBC, University of Arizona  

 

Crystal data and structure refinement for pdt-OH [2Fe-2S]  

Identification code  mo_MK9_0m  

Empirical formula  C9.5H7ClFe2O7S2  

Formula weight  444.42  

Temperature/K  100.0  

Crystal system  monoclinic  

Space group  P21/n  

a/Å  14.923(15)  

b/Å  6.776(7)  

c/Å  32.14(3)  

α/°  90  

β/°  101.575(14)  

γ/°  90  

Volume/Å3  3184(6)  

Z  8  

ρcalcg/cm3  1.854  

μ/mm-1  2.277  

F(000)  1768.0  

Crystal size/mm3  0.2 × 0.08 × 0.03  

Radiation  MoKα (λ = 0.71073)  
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2Θ range for data collection/°  2.586 to 51.148  

Index ranges  -18 ≤ h ≤ 18, -8 ≤ k ≤ 8, -30 ≤ l ≤ 39  

Reflections collected  26538  

Independent reflections  5947 [Rint = 0.0605, Rsigma = 0.0529]  

Data/restraints/parameters  5947/0/390  

Goodness-of-fit on F2  1.051  

Final R indexes [I>=2σ (I)]  R1 = 0.0369, wR2 = 0.0667  

Final R indexes [all data]  R1 = 0.0613, wR2 = 0.0726  

Largest diff. peak/hole / e Å-3  0.69/-0.54  

 

Molecular structure. There are 8 solute molecules per unit cell and 2 solute molecules per 

asymmtetric unit. In addition, there is a cocrystallized solvent (CH2Cl2) molecule. The 

displacement ellipsoids are at 50% probability level; the hydrogen atoms at carbons are at 

predicted positions. The hydrogen atoms of the OH groups were also taken as riding. Attempts to 

refine them separately didn’t result in a stable refinement without introducing multiple 

stabilizing distance restraints. 
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Hydrogen bonding: The solute molecules are interconnected by the H-bonds between the OH 

groups: 
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Unit cell and packing. View almost along the b-axis. 
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Sample:   pdt-bromoester [2Fe-2S] (CCDC 1945962) 

Sample origin:  Metin Karayilan/ Jeffrey Pyun / CBC, University of Arizona  

 

Crystal data and structure refinement for pdt-bromoester [2Fe-2S]  

Identification code  mo_MK715_0m  

Empirical formula  C13H11BrFe2O8S2  

Formula weight  550.95  

Temperature/K  100  

Crystal system  monoclinic  

Space group  P21/c  

a/Å  17.322(3)  

b/Å  12.457(2)  

c/Å  19.170(3)  

α/°  90  

β/°  113.884(7)  

γ/°  90  

Volume/Å3  3782.4(11)  

Z  8  

ρcalcg/cm3  1.935  

μ/mm-1  3.904  

F(000)  2176.0  

Crystal size/mm3  0.2 × 0.1 × 0.1  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  2.572 to 52.916  

Index ranges  -20 ≤ h ≤ 21, -15 ≤ k ≤ 15, -23 ≤ l ≤ 24  

Reflections collected  36489  

Independent reflections  7791 [Rint = 0.0736, Rsigma = 0.0596]  
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Data/restraints/parameters  7791/0/473  

Goodness-of-fit on F2  0.936  

Final R indexes [I>=2σ (I)]  R1 = 0.0342, wR2 = 0.0670  

Final R indexes [all data]  R1 = 0.0609, wR2 = 0.0765  

Largest diff. peak/hole / e Å-3  0.50/-0.60  

Molecular structure. There are 8 solute molecules per unit cell and 2 molecules per asymmetric 

unit. The displacement ellipsoids are at 50% probability level; the hydrogen atoms at carbons are 

at predicted positions. 
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Unit cell and packing. View almost along the b-axis. 
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APPENDIX D: Supplementary Data for Chapter 5 

I. Materials and Instrumentation 

a. Synthesis and Characterization 

Materials. Unless otherwise noted, solvents were received from Fisher Scientific as ACS grade 

and used without further purification. Fe2(µ-S2)(CO)6 was prepared according to literature 

procedures and sublimed before use. Fe(CO)5 (99.5 %, Alfa-Aesar), NaOH (EMD, ACS grade), 

NH4Cl (EMD, ACS grade), elemental sulfur (S8, precipitated, 99.5%-100.5%, Sigma-Aldrich), 

Na2SO4 (EMD, ACS grade), Tris-base (99%, Sigma-Aldrich), 2-picoline borane complex (or 2-

methylpyridine borane complex, 95%, Sigma-Aldrich), sodium triacetoxyborohydride (STAB, 

97%, Sigma-Aldrich), 1-propanethiol (99%, Sigma-Aldrich), carbon disulfide (CS2, EMD, ACS 

grade), iodine (I2, 99.8%, Mallinckrodt Chemicals), 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide (EDC, >98%, TCI America), sodium hydride (60% dispersion in mineral oil, 

Sigma-Aldrich), sodium thiosulfate (anhydrous, >99%, Sigma-Aldrich), sodium sulfate 

(anhydrous, >99%, Sigma-Aldrich), chloroform-d (CDCl3, 0.01 % v/v TMS, 99.8 atom %D, 

Cambridge Isotope Laboratories), methylene chloride-d2 (CD2Cl2, 99.8 atom %D, Cambridge 

Isotope Laboratories), D2O (99.9 atom %D, Cambridge Isotope Laboratories), Celite 545 

(VWR),  and Silica Gel (SiliaFlash F60, 230-400 mesh, Silicycle) were used as received. 1,4-

naphthoquinone (97%, up to 5% H2O, Alfa Aesar) was passed through a silica gel column with 

diethyl ether before use. 2,2'-azobis(2-methylpropionitrile) (AIBN, 98%, Sigma-Aldrich) was 

recrystallized in MeOH before use. KCl (EMD, ACS grade) was recrystallized twice from hot 

0.1 M HCl before use. Methyl methacrylate (MMA, 99%, Sigma-Aldrich), tri(ethylene glycol) 

methyl ether methacrylate (TEGMA, Mn = 200 g/mol, 93%, Sigma-Aldrich), 

oligo(ethyleneglycol) methyl ether methacrylate (OEGMA, Mn = 500 g/mol, Aldrich) and 2-
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carboxyethyl acrylate (CEA, Sigma-Aldrich) were purified by passing through a short column of 

alumina to remove inhibitors. Copper(I) bromide (CuIBr) (98%, Aldrich) was purified by stirring 

overnight in glacial acetic acid, filtering, washing with ethanol and diethyl ether, and drying 

under vacuum before use. Alternatively, CuIBr was purified by precipitation from 48% HBr 

followed by washing with de-ionized water, ethanol, and diethyl ether sequentially then drying 

under vacuum.  

General Instrumentation. 1H and 13C nuclear magnetic resonance (NMR) spectra were 

obtained using a Bruker DRX 500 MHz or a Bruker Avance III 400 MHz spectrometer. 

Chemical shifts were referenced to Si(Me)4 (δ 0.00 ppm) in CDCl3 or residual CH2Cl2 (δ 5.32 

ppm) in CD2Cl2 for 1H NMR and to CDCl3 (δ 77.0 ppm) or CD2Cl2 (δ 54.0 ppm) for 13C NMR 

spectroscopy. MestReNova 10.0 software was used for spectral processing. IR spectra were 

obtained on a Nicolet Avatar 360 FT-IR with EZ-OMNIC software for H2O and CO2 correction. 

A Fisher Scientific FT-30 30specRFL500700*L IRSEC cell with 0.5 mm Teflon spacer (total 

path length = 1 mm) and CaF2 window (Alfa-Aesar) was used for quantitative IR measurements. 

During quantification of molar absorptivity (ε) for Fe-CO stretches in [2Fe-2S] complexes and 

resulting metallopolymers 128 or higher scans were used. Determination of ε for Fe-CO’s was 

performed using the protocol developed previously in our group. UV-vis measurements were 

obtained using an Agilent 8453 spectrophotometer. Determination of ε of the [2Fe-2S] 

metalloinitiator via UV-vis spectrophotometer was performed by preparing solutions of the 

metalloinitiator in CHCl3 with variable concentrations (ca. 0.01 mM to 1.0 mM) and measuring 

the absorbance. By using Beer's law, ε was determined using the calibration plot. The 

concentration of [2Fe-2S] sites per mass unit of a metallopolymer chain was estimated by using 

the IR and UV-vis calibration plots for the electrochemical analysis. Spectral processing and 
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graphing were performed using Microsoft Excel and Origin Pro 8.0. Molecular weight (Mn) and 

molecular weight distribution (Mw/Mn) of metallopolymers were determined by gel permeation 

chromatography (GPC). The GPC analyses for (metallo)polymers were performed in a THF 

mobile phase with a Waters 1515 isocratic pump running three 5-µm PLgel columns (Polymer 

Labs, pore size 104 , 103 and 102 Å) at a flow rate of 1.0 mL/min at 35 °C with a Waters 2414 

differential refractometer and a Waters 2487 dual-wavelength UV-Vis spectrometer. Molar 

masses were calculated using the Waters Empower software, calibrated against low dispersity 

(Mw/Mn) linear poly(methyl methacrylate) PMMA and polystyrene (PS) standards. pH 

measurements made using Fisher Scientific Accumet AE150 pH meter calibrated with pH 4.01, 

7.00, and 10.01 standards (Sigma-Aldrich). 

b. Electrochemistry 

Instrumentation. A Gamry Reference 3000 was used for all data collections with Gamry 

Framework 6 software. All electrochemical measurements were performed using a custom-made 

five-neck cell (25 mL) at room temperature (ca. 23 C). For the cyclic voltammetry (CV) 

analyses, the glassy carbon (GC) disk working electrode (WE) with a diameter of 0.3 cm 

(calculated area = 0.071 cm2) and platinum-disk (Pt) working electrode with a diameter of 0.16 

cm (calculated area = 0.020 cm2) were obtained from BASi. For the linear sweep voltammetry 

(LSV) analyses, the glassy carbon disk working electrode with a diameter of 0.5 cm (calculated 

area = 0.196 cm2) was obtained from Pine Research Instrumentation. Glassy carbon E5PK fixed-

disk rotating disk electrode tips with a PEEK shroud, Precision RDE shaft (1.5 cm), and 

modulated speed rotator (MSR) from Pine Research Instrumentation were used for the LSV 

experiments. The glassy carbon rod counter electrode (CE) was purchased from Fisher with a 

diameter of 0.2 cm (L = 5 cm).  
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Materials for Experiments in Water. Aqueous solutions were prepared using 18 MΩ water 

purified using a Millipore water filtration system. Tris buffer at pH 7.0 was prepared by 

dissolving tris-base (12.114 g, 0.129 mol) in 18 MΩ water (ca. 60-70 mL) and 36% HCl was 

added to adjust the pH to 7.0 then the solution was diluted with 18 MΩ water to a final volume 

of 100 mL in a volumetric flask. The reference electrode was a double junction design consisting 

of a chloridized silver wire in a solution of 3.0 M KCl in the inner cell and the bulk solution (i.e., 

1.0 M Tris) in the outer chamber. Vycor frits separated the chambers. The Ag/AgCl wire was 

fabricated by soaking Ag wire (99.999% Alfa Aesar) in a commercial bleach solution (Clorox) 

for 16 hours. The wire was then rinsed thoroughly with 18 MΩ water and stored in 3.0 M KCl 

for up to one week. Aqueous solutions were prepared in air and deoxygenated in the cell by 

bubbling the stirred solution with argon for 30 minutes. 

 II. Synthesis and Characterization 

Synthesis and Characterization of [2Fe-2S] RAFT Metallo-Agent (Metallo-Chain Transfer 

Agent, mCTA) 

 n-Dodecylthiol (18.22 mL, 15.4 g, 76 mmol) was added over 10 min to a stirred 

suspension of sodium hydride (60% in oil) (3.15 g, 79 mmol) in diethyl ether (180 mL) at a 

temperature around 5 °C. The greyish sodium hydride was transformed to a thick white slurry of 

sodium thiododecylate. The reaction mixture was cooled to 0 °C and carbon disulfide (4.74 mL, 

6.0 g, 79 mmol) added to provide a thick yellow precipitate of sodium S-dodecyl trithiocarbonate 

which was collected by filtration and used in the next step without purification. A suspension of 

sodium S-dodecyl trithiocarbonate (14.6 g, 0.049 mol) in diethyl ether (150 mL) was treated by 

portion-wise addition of solid iodine (6.3 g, 0.025 mol). The reaction mixture was then stirred at 

room temperature for 1.0 h when the white sodium iodide which settled was removed by 
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filtration. The yellow–brown filtrate was washed with an aqueous solution of sodium thiosulfate 

to remove excess iodine and water and dried over sodium sulfate and evaporated to leave a 

residue of bis-(dodecylsulfanylthiocarbonyl) disulfide (13.6 g, quantitative). A solution of 4,4'-

azobis(4-cyanopentanoic acid) (2.10 g, 0.0075 mol) and the above disulfide (2.77 g, 0.005 mol) 

in ethyl acetate (120 mL) was heated at reflux (70-75 °C) for 18 h. After removal of the volatiles 

in vacuo, the crude product was extracted with water (5x100 mL) to afford 4-cyano-4-

(dodecylsulfanylthiocarbonyl) sulfanyl pentanoic acid as a pale yellow solid (2.80 g, 67% yield) 

after purification via silica column chromatography using EtOAc/hexanes (gradient elution 10% 

EtOAc in hexanes to 1:1 mixture) 

 

Scheme D. 1. Synthetic scheme for COOH-terminated dodecyl RAFT agent 
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Figure D. 1. Physical appearance of COOH-terminated dodecyl RAFT agent after purification 

 

Figure D. 2. 1H NMR spectroscopy of COOH-terminated dodecyl RAFT agent 
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Scheme D. 2. Synthetic scheme for [2Fe-2S] RAFT metallo-agent from COOH-terminated 

dodecyl RAFT agent 

 

Figure D. 3. 1H NMR spectroscopy of [2Fe-2S] RAFT metallo-agent from COOH-terminated 

dodecyl RAFT agent 
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Figure D. 4. 13C NMR spectroscopy of [2Fe-2S] RAFT metallo-agent from COOH-terminated 

dodecyl RAFT agent 
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Figure D. 5. 13C, DEPT-90, and DEPT-135 NMR spectroscopies of [2Fe-2S] RAFT metallo-

agent from COOH-terminated dodecyl RAFT agent 
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Figure D. 6. FTIR spectroscopy of [2Fe-2S] RAFT metallo-agent from COOH-terminated 

dodecyl RAFT agent in Fe-CO stretching region 
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Figure D. 7. Reaction scheme for RAFT polymerization of styrene using the [2Fe-2S] mCTA 

and physical appearance of polystyrene-g-[2Fe-2S] metallopolymer (Mn, GPC ca. 20,000 g/mol, > 

90% monomer conversion) 

Table D. 1. RAFT polymerization conditions of styrene using the [2Fe-2S] mCTA 

   Amt   mmol  Conc. (M)  Eq.  

Sty  0.36 mL  3.14  6.15  200  

mCTA  20 mg  0.0157  0.031  1  

AIBN  1.50 mg  0.008  0.015  0.5  

Toluene  0.15 mL  -  -  ~50 V%  
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Figure D. 8. 1H NMR spectroscopies of COOH-terminated propyl RAFT agent (top) and [2Fe-

2S] RAFT metallo-agent from COOH-terminated propyl RAFT agent (bottom) 
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Figure D. 9. 13C NMR spectroscopies of COOH-terminated propyl RAFT agent (top) and [2Fe-

2S] RAFT metallo-agent from COOH-terminated propyl RAFT agent (bottom) 
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Figure D. 10. 13C, DEPT-90, and DEPT-135 NMR spectroscopies of [2Fe-2S] RAFT metallo-

agent from COOH-terminated propyl RAFT agent 

 

Scheme D. 3. Reaction scheme for RAFT polymerization of MMA using the [2Fe-2S] mCTA 
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Table D. 2. RAFT polymerization conditions of MMA using the [2Fe-2S] mCTA 

   Amt  mmol  Eq.  

MMA  0.25 mL  2.4  100  

mCTA  24 mg  0.024  1  

AIBN  2 mg  0.012  0.5  

THF  0.25 mL  -  -  

 

 

Figure D. 11. GPC trace (left) and FTIR spectroscopy in Fe-CO stretching region (right) of 

PMMA-g-[2Fe-2S] metallopolymer (35% monomer conversion) 
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Figure D. 12. Reaction scheme for RAFT polymerization of MMA using the [2Fe-2S] mCTA 

for higher monomer conversion 

Table D. 3. RAFT polymerization conditions of MMA using the [2Fe-2S] mCTA for higher 

monomer conversion 

   Amt  mmol  Eq.  

MMA  0.133 mL  1.25  100  

mCTA  12.8 mg  0.0125  1  

AIBN  2 mg  0.0125  1  

THF  0.20 mL  -  -  
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Figure D. 13. GPC trace (left) and FTIR spectroscopy in Fe-CO stretching region (right) of 

PMMA-g-[2Fe-2S] metallopolymer (75% monomer conversion. vitrified after 7 hours, 60 mg 

isolated yield) 

 

Figure D. 14. Reaction scheme for RAFT polymerization of OEGMA using the [2Fe-2S] mCTA  

Table D. 4. RAFT polymerization conditions of OEGMA using the [2Fe-2S] mCTA 

   Amt  mmol  Eq.  

OEGMA  0.178 mL  0.625  50  

mCTA  12.8 mg  0.0125  1  

AIBN  2 mg  0.0125  1  

THF  0.20 mL  -  -  
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Figure D. 15. GPC trace (left) and FTIR spectroscopy in Fe-CO stretching region (right) of 

POEGMA-g-[2Fe-2S] metallopolymer (after 4 hours, 46% monomer conversion) 

 

Figure D. 16. GPC trace (left) and FTIR spectroscopy in Fe-CO stretching region (right) of 

POEGMA-g-[2Fe-2S] metallopolymer (after overnight reaction, 68% monomer conversion) 
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Figure D. 17. Reaction scheme for RAFT polymerization of CEA using the [2Fe-2S] mCTA 

Table D. 5. RAFT polymerization conditions of CEA using the [2Fe-2S] mCTA 

   Amt  mmol  Eq.  

CEA  0.148 mL  1.25  100  

mCTA  12.8 mg  0.0125  1  

AIBN  2 mg  0.0125  1  

THF  0.20 mL  -  -  

 

 

Figure D. 18. FTIR spectroscopy in Fe-CO stretching region of PCEA-g-[2Fe-2S] 

metallopolymer  
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c. Electrochemical Analysis 

Cyclic Voltammetry (CV) Analysis in Water 

 

Figure D. 19. CV cell set-up. A glassy carbon disk working electrode (W.E., A = 0.071 cm2), 

glassy carbon rod counter electrode (C.E.), and Ag/AgCl reference electrode (R.E.) were used 

for all the CV analyses under argon unless otherwise noted. 

CV Analysis of PDMAEMA-g-(pdt)-[2Fe-2S] in Water at pH 4.0 ± 0.1 (0.1 M acetate buffer 

and 0.1 M KCl) vs. pH 7.0 ± 0.1 (0.1 M phosphate buffer and 0.1 M KCl) 

 CV analyses of PDMAEMA-g-(pdt)-[2Fe-2S] (ca. 100 μM [2Fe-2S] by UV-Vis, 1.0-2.5 

mg/mL of metallopolymer depending on the Mn) were conducted in a buffer solution (0.1 M 

acetate buffer at pH 4.0±0.1 or 0.1 M phosphate buffer at pH 7.0±0.1) with 0.1 M KCl as the 

supporting electrolyte (V = 10 mL).  
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APPENDIX E: Supplementary Data for Amine Functional Sulfur Prepolymer Project 

 

With contributions from Tristan S. Kleine (synthetic support and coauthor), Kyle J. Carothers 

(synthetic support), Jared J. Griebel (synthetic support), Kevin M. Frederick (thermal analysis) 

Douglas A. Loy (support of Kevin M. Frederick), Richard S. Glass (synthetic support), Michael 

E. Mackay (thermal data analysis), Kookheon Char (coauthor), and Jeffrey Pyun (coauthor and 

PI). 

Reproduced in part from Journal of Polymer Science Part A: Polymer Chemistry 2019, 

doi.org/10.1002/pola.29480 (Ref.306). Copyright 2019, John Wiley and Sons, Inc. 

Introduction. The concept of utilizing elemental sulfur (S8) as an alternative feedstock for the 

synthesis of polymeric composite materials has been widely explored in the past decade. 

Polymeric materials derived from polymerization of elemental sulfur constitute an intriguing 

new class of sulfur-containing polymers and polysulfides, which have been referred to as 

chalcogenide hybrid inorganic/organic polymers (CHIPs). One of the most widely used methods 

for preparing CHIPs has been the use of the inverse vulcanization process, where liquid sulfur is 

employed as the solvent and monomer in a homolytic ring-opening copolymerization with 

organic comonomers. As the original report on the inverse vulcanization process used styrenic 

comonomers, this methodology has been expanded to a wide number of other organic 

comonomers, which include naturally occurring unsaturated compounds, benzoxazines, 

norbornenes, and a wide host of vinylic comonomers. More recently, variations on the inverse 

vulcanization process have been developed to enable a wider range of comonomers to be utilized 

at lower reaction temperatures. Examples of these processes include dynamic covalent 

polymerizations and accelerated, or “catalytic” inverse vulcanization processes.  

https://doi.org/10.1002/pola.29480
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 Despite these numerous advances, a major challenge in this growing field is the 

introduction of useful and reactive functional groups into these materials to enable post-

polymerization modifications, transformations to step-growth polymers and crosslinking to form 

thermosets. The introduction of orthogonal reactive moieties as side-chain groups into CHIPs has 

been reported, as demonstrated by the inclusion of electropolymerizable thiophenes, or alcohol 

groups for post-polymerization modification. We recently demonstrated that amine functional 

CHIPs could be prepared by the inverse vulcanization of sulfur with 4-vinylaniline, where the 

aniline moieties could be directly carried into the polymer without the need for protecting group 

chemistry. These amine functional CHIPs were then capable of post-polymerization 

modifications through reactions with acid chlorides and isocyanates. This report demonstrated 

the viability of using aniline-based units to prepare functional CHIPs; however, the high cost of 

the 4-vinylaniline comonomer limited the utility of this approach. 

 Herein, we report on a new chemical reaction to prepare reactive CHIPs resins via the 

unexpected reaction of liquid sulfur, or low glass-transition temperature (Tg) CHIPs (e.g., 

poly(sulfur-random-styrene), poly(S-r-Sty)) with 1,3-meta-phenylenediamine (PDA) to form 

amine functional prepolymers via a proposed electrophilic aromatic substitution mechanism. 

These oligomeric products carry the free aryl amine groups into the material and enable post-

polymerization modifications with other reactive comonomers. In the current report, we report 

on the reaction of sulfur with PDA as well as demonstrate dynamic covalent polymerization 

(DCP) between poly(S-r-Sty) and PDA to afford an oligomeric product with improved 

solubility/miscibility with a wider range of organic solvents and comonomers. Using this 

approach, we report for the first time on using CHIP resins to prepare epoxide networks via the 
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reaction of amine functional prepolymers with polyhedral silsesquioxanes (POSS) functional 

epoxide comonomers. 

Results & Discussion 

 The central rationale for this report was the surprising reactivity of S8 with this 1,3-

phenylenediamine (PDA) in a single step to afford amine functional oligomeric product (S-PDA, 

Figure E. 1). PDA was found to be miscible in liquid sulfur and rapidly reacted with liquid sulfur 

to afford an orange, glassy product that was soluble in organic solvents, such as tetrahydrofuran 

(THF), and acetone. THF-Size Exclusion Chromatography (SEC) of this material confirmed the 

formation of oligomeric sulfur products (Mn = 688 g/mol; Mw/Mn = 1.48), while, 1H NMR 

spectroscopy confirmed the incorporation of aromatic units to the amine functional sulfur 

oligomer.  

 The amine groups on PDA both nucleophilically activate S8 to form reactive sulfobetaine 

intermediates and electronically activate the aromatic ring for electrophilic aromatic substitution 

(SEAr). This reaction proceeds under optimal conditions without the need for protecting groups 

on the free amines as indicated by 1H NMR spectroscopy. The substitution reaction of sulfur on 

the aromatic rings of 1,3-phenylenediamine (see Figure E. 1) is a remarkable and unexpected 

finding in the organosulfur literature and has not been explored (to our knowledge) as a new 

polymer-forming reaction. 
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Figure E. 1. Synthetic scheme for the reaction of liquid sulfur with 1,3-phenylenediamine to 

form amine functional oligomers (S-r-PDA). The three bonding motifs shown for the product 

oligomers are the three most likely species observed via size exclusion chromatography, with 

further additions of sulfur chains at the highlighted positions leading to broader molecular weight 

distributions and contribute to the structural heterogeneity of the mixture which complicated the 

NMR analysis 

 While the exact mechanism for this polymerization is still being investigated, we propose 

a partial mechanism for the creation of C-S bonds via base-induced electrophilic aromatic 

substitution processes. The activated sulfur species formed in this reaction (Figure E. 2-B) is 

especially interesting because the sulfur directly bonded to the positively charged nitrogen may 

be electrophilic and capable of affecting electrophilic aromatic substitution on highly activated 

aromatic rings such as PDA. Such enhancements of electrophilic character by Lewis bases in 
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organic synthesis have been reviewed.18 Activation of elemental sulfur for aromatic substitutions 

and polymerizations is unprecedented and provides a new opportunity for inverse vulcanization. 

While this would represent a new reaction for elemental sulfur, previous, similar mechanisms 

have been proposed in the literature for formation of electropositive sulfur bound to nitrogen, 

which subsequently activates the sulfur toward alkylation followed by cleavage of the S-N bond 

affording new RS+ species (Figure E. 2-A).  

 

Figure E. 2. (A) Mechanism for precedence of electrophilic activation of sulfur via sulfilimine 

and (B) proposed mechanism for amine activation of elemental sulfur and the subsequent 

electrophilic aromatic substitution reaction that produces Sn - 1,3-PDA oligomers 
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 In this work, we propose that a similar activation mechanism makes sulfur sufficiently 

electropositive to undergo nucleophilic attack by the highly activated PDA 

comonomer/nucleophile either via an intramolecular (shown) or intermolecular (not shown) 

reaction pathway; re-aromatization is proposed to proceed via deprotonation from the ring-

opened thiolate species (Figure E. 2-B). A second equivalent of PDA could then attack the linear 

polysulfane liberating -SH (a known leaving group), which would also act as the base required to 

re-aromatize the second PDA ring, affording the proposed oligomer shown in Figure E. 2-B, as 

well as explain the evolution of H2S observed during the course of this reaction. Products from 

this reaction were only low-molecular-weight species as noted by SEC but despite this, definitive 

interpretation of the NMR spectra could not be made due to the complexity of the spectra. This 

was directly attributed to the vast number of possible products with similar molecular weights 

(Figure E. 1) that can be formed from this reaction, which include mixtures of varying molar 

mass, sulfur rank and dangling thiol functionality. The chemistry of this process is akin to the 

condensation of phenolic and formaldehyde to form Bakelite, or Novolac resins,19 where the 

polymer-forming reaction is also an electrophilic aromatic substitution process that affords a 

wide distribution of possible products. The fact that high-molecular-weight species were not 

observed indicated that the reactivity of the aryl ring decreases upon the first addition of sulfur 

comonomer and that this new reaction would be dependent on electronic and resonance effects 

with regard to forming C-S bonds. It is important to note that model reactions of liquid sulfur and 

aniline did not proceed under these conditions, which supported an intramolecular group-assisted 

electrophilic aromatic substitution mechanism as proposed in Figure E. 2-A. To investigate this 

effect further and attempt to elucidate the connectivity of the oligomeric products, model 

compound studies with small molecules were developed and characterized.    
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 Towards this end, diphenyl disulfide replaced elemental sulfur as the electrophilic species 

with the idea that discrete adducts could be isolated and characterized. Furthermore, a 1:1 mole 

ratio of PDA to diphenyl disulfide was chosen in order to elucidate any differences in reactivity 

that might arise as a consequence of steric or electronic effect on the ring at any one of the three 

activated positions (Figure E. 3), as well as if reactivity of the nucleophilic ring was affected by 

the addition of the first electrophile. This reaction was conducted by heating PDA and diphenyl 

disulfide in a vial with stirring at 150 °C for 3 days; products from the reaction were purified and 

isolated by SiO2–gel column chromatography. The major product from this reaction was the 4-

mono-sulfide adduct along with trace amounts of the 2-mono-substituted and 2,4-di-substituted 

addition product, which were confirmed by 1H NMR,  Mass Spectrometry (MS) and X-ray 

crystallography after isolation by column chromatography. These model reactions revealed that 

the first addition of S units to the PDA efficiently proceeded and essentially stopped at the mono-

adduct as noted by the very low yields of the di-substituted product. In the absence of steric or 

electronic considerations, one would expect a statistical distribution of products for the various 

mono-, di-, and tri-substituted isomers; however, the sterically congested 2-position on the ring 

might explain that only trace amounts of product with the thiophenol moiety at that position was 

observed. Most importantly, it would appear that the addition of one thiophenol moiety 

dramatically reduces the activity of the ring toward further additions as only trace amounts of the 

di-substituted product were observed from this model reaction. This study provided chemical 

insights into the formation of the low-molecular-weight oligomers observed in the direct 

copolymerization of S8 and PDA, because the polymerization processes were essentially 

terminated after the first addition of S-units to the PDA comonomer.  
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Figure E. 3. Model compound study used to investigate micro-structure and reactivity of the 

electrophilic aromatic substitution reaction between elemental sulfur and PDA 

 Both the SEAr of S8 and diphenyl disulfide reactions demonstrated an unexpected and 

potentially useful reaction for polymer synthesis. This SEAr chemistry of PDA was also found to 

be applicable to pre-made CHIPs such as poly(sulfur-random-styrene) (poly(S-r-Sty)).  Poly(S-r-

Sty) (found 63 wt% S, 37 wt% Sty) was a low Tg copolymer (Tg = 0-2 °C) we previously made 

via inverse vulcanization that exhibited improved miscibility with organic reagents and 

comonomers. Furthermore, the dynamic covalent S-S bonds in poly(S-r-Sty) could be thermally 

activated to form reactive sulfur radicals for post-polymerization modifications via a process 

termed dynamic covalent polymerization. We found that PDA (30 wt% initial loading) could also 

be directly added and reacted with molten poly(S-r-Sty) at T = 130-150 °C to form amine 

functional sulfur oligomers. 1H NMR spectroscopy of this product most readily confirmed the 

incorporation of PDA units as noted by the appearance of a well-resolved broad singlet at δ = 
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5.9-6.1 ppm, which corresponded to the protons d’, d” at 2 and 4 positions from the PDA units, 

while the proton d at the 5 position on PDA groups were overlapped with the aromatic protons 

from the styrenic units in the poly(S-r-Sty) resin (Figure E. 4). SEC (Figure E. 9) and elemental 

analysis (Table E. 2) confirmed that oligomeric products were formed (Mn = 768 g/mol; Mw/Mn = 

1.46). These PDA-terminated poly(S-r-Sty) oligomeric prepolymers exhibited excellent 

solubility in organic solvents such as THF, dichloromethane, acetone and were found to be 

miscible with a wide range of organic comonomers. Elemental analysis revealed that the total 

content of amines in the prepolymer calculated from % N was 4.7 mmol -NH2/g with 30 wt% 

initial PDA loading. We propose that the primary microstructure from this reaction afforded 

PDA fragments at the chain end(s) of the prepolymer via preferred mono-substitution of the PDA 

unit. This would afford primarily linear prepolymers with predominantly mono, or telechelic 

prepolymers bearing PDA end groups.  These proposed microstructures are further supported by 

the model study findings of reaction of sulfur with diphenyldisulfide, which indicated that mono-

substitution products are almost exclusively formed with negligible yields of di-substituted units. 

This microstructure is further supported by the elemental analysis of the PDA-terminated poly(S-

r-Sty) prepolymers with increasing PDA feed ratios. 
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Figure E. 4. (A) Synthesis scheme of PDA-terminated poly(S-r-Sty) terpolymer and (B) 1H 

NMR spectra of PDA, poly(S-r-Sty), and PDA-terminated poly(S-r-Sty) in CDCl3. * Solvent 

impurities
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 Finally, with synthetic access to free amine functional PDA-terminated poly(S-r-Sty) 

resins, we demonstrated the ability to use these as reactive prepolymers for post-polymerization 

modifications with epoxides. Initial model reactions were conducted with PDA-terminated 

poly(S-r-Sty) resins (0.10 g, 0.47 mmol -NH2) with benzyl glycidyl ether (15 μL, 0.2 mmol 

epoxides) in the melt at elevated temperature (T = 150 °C) for an hour and the reaction between 

amine functional groups with epoxides was confirmed by 1H NMR and IR spectroscopies of the 

soluble products (see Figure E. 14 and Figure E. 15). To demonstrate this concept of using 

amine functional sulfur prepolymers, PDA-terminated poly(S-r-Sty) (ca. 37 wt% S, 38 wt% Sty, 

25% PDA) was reacted with a multi-functional epoxy comonomers as a route to form 

thermosetting networks. In this, a polyhedral oligomeric silsesquioxane compound containing 

eight glycidyl (epoxy) groups on each corner (POSS-E8) was chosen as a crosslinking agent, 

because this compound was multi-functional and miscible with the amine functional sulfur 

prepolymer. POSS-based polymers have historically been utilized to enhance the thermal 

properties of certain polymeric materials. POSS-based monomers were recently applied to 

inverse vulcanization processes in copolymerization with elemental sulfur to form novel 

organic/inorganic hybrid polymers.20 In this post-polymerization reaction, PDA-terminated 

poly(S-r-Sty) prepolymer (ca. 37 wt% S) was first homogeneously mixed in the melt with 

POSS-E8 (0.10 g, 0.075 mmol) at 100 °C which, after 30-60 min, yielded a homogeneous, red, 

viscous mixture. The temperature was then increased to 150 °C and the reaction was continued 

for additional 2 hours in order to fully cure the epoxy network (ca. 15-20 wt% S in the final 

crosslinked sulfur polymers) (Figure E. 5).   
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Figure E. 5. Reaction of PDA-terminated poly(S-r-Sty) prepolymer with glycidyl-POSS (ca. 15-

20 wt% S in the final material) 

 DSC analyses of the prepolymer resins and the final epoxy network were conducted to 

confirm efficiently crosslinking between amine functional sulfur prepolymers and epoxides that 

occurred (Figure E. 6-A).  The initial poly(S-r-Sty) resin before reaction with PDA was observed 

to possess a low glass transition (Tg = 1 °C), which was observed to increase over 30 °C after 

reaction with PDA to form the prepolymer (Tg = 35 °C) as determined by differential scanning 

calorimetry (DSC).  Finally, after curing with POSS-E8, a new broad glass transition was 

observed (Tg ~ 43 °C), which was consistent with network formation. Furthermore, the red 

glassy materials were observed to be completely insoluble in organic solvents, such as THF, 

acetone or CH2Cl2, which were observed to be good solvents for the precursor materials. 

Thermogravimetric analysis (TGA) of these materials also confirmed changes in thermal 

stability after each reaction, as noted by the dramatic differences in weight loss thermograms of 

poly(S-r-Sty) vs. PDA-terminated poly(S-r-Sty) (95% total mass loss for poly(S-r-Sty) at 267 °C 

vs. 57% mass loss for prepolymer).  These were directly attributed to the presence of longer 
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chain S-S bonds in the poly(S-r-Sty) resin, which leads to lower onsets of decomposition 

temperatures. The final crosslinked material from terpolymer and POSS-E8 did not undergo any 

thermal degradation up to 240 °C with a final mass loss of less than 50 % (Figure E. 6-B), which 

was attributed to the incorporation of the oligosiloxane-POSS moieties. 

 

Figure E. 6. DSC thermograms (A) and TGA curves (B) of poly(S-r-Sty) (I), PDA-terminated 

poly(S-r-Sty) (II), and PDA-terminated poly(S-r-Sty) cured with POSS-E8 (III) 

 In conclusion, we report on a new chemical reaction with 1,3-phenylenediamine (PDA) 

with either elemental sulfur, or poly(S-r-Sty) to form amine functional sulfur prepolymers for 

post-polymerization processing with epoxides.  To the best of our knowledge, this is the first 

example of using sulfur as the electrophilic substrate for electrophilic aromatic substitution 

reactions with an electron-rich arene to form these types of reactive oligomers.  Due to the low 

cost of PDA and this process, this new approach provides an attractive alternative route to 

prepare aniline and aromatic amine functional sulfur polymers. We demonstrate for the first time 

the ability to use these materials as prepolymer resins for crosslinking of epoxides, with 
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appreciable sulfur utilization content (15-20 wt% S in final material). These materials constitute 

a new class of reactive CHIP prepolymers resins, which we demonstrate are viable for use in 

step-growth polymerizations. 

Experimental 

a. Materials and Instrumentation 

 Sulfur (precipitated, 99.5%-100.5%, Sigma-Aldrich), chloroform-d (CDCl3, 0.01 % v/v 

TMS, Cambridge Isotope Laboratories, 99.8 atom %D), methylene chloride-d2 (CD2Cl2, 

Cambridge Isotope Laboratories, 99.8 atom %D), glycidyl-POSS (POSS-E8, average 8 epoxide 

groups per molecule, Hybrid Plastics), and benzyl glycidyl ether (>97%, TCI) were 

commercially available and used as received without further purification. Styrene (99.5%, 

stabilized, Acros Organics) was purified by passing through a short column of neutral alumina 

before use. 1, 3-Phenylenediamine (PDA) was sublimed (ca. 10 torr, 100 °C) prior to use and the 

purified white-solid PDA was stored under argon in the dark at -15 °C. 1H and 13C nuclear 

magnetic resonance (NMR) spectra were obtained using a Bruker DRX 500 MHz or a Bruker 

Avance III 400 MHz spectrometer. Chemical shifts were referenced to residual CHCl3 (δ 7.260 

ppm) or Me4Si (δ 0.00 ppm) in CDCl3 and residual CH2Cl2 (δ 5.32 ppm) for 1H NMR, and 

residual CHCl3 (δ 77.0 ppm) for 13C NMR spectroscopy. Size exclusion chromatography (SEC) 

was performed in a tetrahydrofuran (THF) mobile phase with a Waters 1515 isocratic pump 

running three 5-µm PLgel columns (Polymer Labs, pore size 104, 103 and 102 Å) at a flow rate of 

1 mL/min with a Waters 2414 differential refractometer and a Waters 2487 dual-wavelength 

UV-vis spectrometer. Molar masses were calculated using the Empower software (Waters), 

calibrated against low polydispersity linear polystyrene standards. Differential scanning 

calorimetry (DSC) characterization was carried out using TA Instruments Discovery DSC 25. 
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The measurements were made in the temperature range of ‐50 to 200 °C under a nitrogen 

atmosphere with a heating and cooling rate of 10 °C/min for two cycles, the second heating cycle 

values were reported. DSC was performed on poly(S-r-Sty) and poly(S-r-Sty-r-PDA) (30 wt% 

PDA) in hermetic aluminum pans with approximately 5 mg of material. poly(S-r-Sty-r-PDA)-

(POSS-E8) was ground into a coarse powder and analyzed in a standard aluminum DSC pan. 

Thermogravimetric analysis (TGA) was performed using TA Instruments Discovery TGA 55. 

TGA was performed under a nitrogen atmosphere with 10 °C/min heating rate from 25 °C to 500 

°C. FTIR spectra were recorded on a Thermo Nicolet Avatar 360 FT-IR ESP. Low resolution 

mass spectrometry was performed on a Bruker Amazon Ion Trap; samples were dissolved in 

either 0.1% formic acid in methanol or an acetonitrile/water mixture and introduced into the 

spectrometer via infusion/flow injection. Samples were ionized via positive electrospray 

ionization. Single crystals of C12H12N2S were selected and mounted on a 'Bruker Kappa APEX-

II CCD' diffractometer. The crystal was kept at 100 K during data collection. Using Olex2, the 

structure was solved with the ShelXT structure solution program using Intrinsic Phasing and 

refined with the ShelXL refinement package using Least Squares minimization. Elemental 

analysis was performed using Perkin Elmer PE2400-Series II, CHNS/O Analyzer at NuMega 

Resonance Labs. 

b. Experimental Procedures 

 
Model Compound Study 

 

Scheme E. 1. Reaction scheme of 1,3-phenylenediamine (PDA) with diphenyl disulfide 
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 A 20 mL scintillation vial was equipped with a magnetic stirbar and charged with 1,3-

phenylenediamine (PDA) (3.24 g, 30 mmol) and diphenyl disulfide (6.54 g, 30 mmol). The vial 

was sealed and allowed to stir in a 150 °C oil bath for three days. The resulting mixture was a 

dark pink/red viscous oil with some phase separation occurring after cooling to room 

temperature. The entire mixture was diluted in a minimal amount of methylene chloride and 

purified by elution through a SiO2 gel column chromatography using initially 50:50 mixture of 

ethyl acetate/hexanes that was ramped to 100% ethyl acetate. The first product(s) to elute was a 

mixture of unreacted diphenyl disulfide and thiophenol generated by the re-aromatization of the 

phenylenediamine moiety via liberated thiolate anions from diphenyl disulfide (4.2 g of this 

mixture was recovered). The second product to elute was the 2-position substituted PDA adduct 

(trace) which was confirmed by 1H NMR spectroscopy and mass spectrometry (m/z expected: 

217.0721, found: 216.98). The next product to elute was only isolated in trace quantities and was 

determined to be the 4,6-di-substituted PDA adduct, primarily confirmed by mass spectrometry 

(325.0755, found: 325.17) and distinguished in the 1H NMR spectra by the presence of two 

singlets, attributed to the PDA core as opposed to the thiophenol residue, at 6.19 and 7.62 ppm, 

and both integrating to 1H. The fourth product to be eluted was a regioisomer of the 

monosubstituted product, and determined to be the 4-position substituted product (1.4 g). This 

regioisomer was unambiguously determined by single-crystal X-ray diffraction as mass 

spectrometry alone could not distinguish this product from the 2-position substituted PDA 

product as expected (m/z expected: 217.0721, found: 217.09). Crystals for X-ray analysis were 

grown by the slow evaporation of a methylene chloride solution of the product. The 1H NMR 

spectra also presented a distinct splitting pattern, different from that of the 2-position substituted 

product, that also supported the 4-position substituted isomer.  
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2-position substituted product: 

 

 
 

1H NMR (400 MHz, CDCl3): δ 7.21 ppm (m, 2H), 7.09 ppm (m, 3H), 7.02 ppm (t, J = 8.0 Hz, 

1H), 6.20 ppm (d, J = 8.0 Hz, 2 H), 4.34 ppm (broad, 4H). MS (m/z expected: 217.0721, found: 

216.98) 

4,6-di-substituted product: 

 

1H NMR (400 MHz, CDCl3): δ 7.62 ppm (s, 1H), 7.21 ppm (m, 4H), 7.08 ppm (m, 6H), 6.19 

ppm (s, 1 H), 4.41 ppm (broad, 4H). MS (m/z expected: 325.0755, found: 325.17) 

4-position substituted product: 

 

1H NMR (400 MHz, CDCl3): δ 7.22 ppm (dd, J = 8.1, 5.0 Hz, 1H), 7.18 ppm (m, 2H), 7.05 ppm 

(m, 3H), 6.11 (dd, J = 8.0, 2.4 Hz, 1H), 6.09 ppm (dd, J = 2.5, 0.5 Hz, 1H), 4.21 ppm (broad, 

2H), 3.73 ppm (broad, 2H). 13C NMR (100 MHz, CDCl3): δ 150.36, 149.70, 139.31, 138.69, 
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128.98, 125.65, 124.98, 106.78, 103.00, 100.93 ppm. MS (m/z expected: 217.0721, found: 

217.09) 

Synthesis of Sulfur Polymers 

Synthesis of poly(S-r-Sty) 70:30 wt% - 10 g scale 

 To a 20 mL scintillation vial, elemental sulfur (7.0 g, 0.0273 mol) was added with a ½ 

inch Teflon coated stir bar, and the flask was heated to 135 °C. Uninhibited/purified styrene (3.0 

g, 0.0288 mol) was added to molten sulfur dropwise to prevent sudden temperature drop. Then, 

the polymerization was run for 6 hours at 135 °C. The yellow/orange colored polymer was 

dissolved in uninhibited (BHT-free) THF. Some of unreacted sulfur was precipitated and 

removed via filtration. And the resulting solution was mixed with silica (polymer/silica 1:1 

wt%). Then, the polymer/silica mixture was dried under reduced pressure and dry-loaded onto a 

silica column. The column was eluted with pure hexanes first to remove unreacted sulfur and 

later washed with pure, uninhibited THF to collect the sulfur-styrene polymers. All volatiles 

were removed under reduced pressure and the polymer was dried at high vacuum overnight (7.0 - 

7.3 g, yield ca. 70%, conversion of styrene: > 99%, conversion of sulfur: ca. 60%). 

Synthesis of poly(S-r-PDA) 70:30 wt% - 10 g scale 

 A 250 mL round bottom flask was equipped with a magnetic stirbar and charged with 

elemental sulfur (7.0 g, 0.0273 mol) and PDA (3.0 g, 0.0277 mol). The flask was sealed and 

allowed to stir in a 130 °C oil bath for 90 min under argon flow. The reaction was vented to a 

concentrated aqueous NaOH solution to trap H2S gas. After the reaction, the flask was cooled 

down to room temperature and then placed in a dry ice/ethanol bath to get the solid from the 

flask. The crude product was dissolved in BHT-free THF (ca. 300 mL) and dried onto silica gel 

(100 g, 10x mass of crude product) via rotary evaporation. The silica gel with crude product was 
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made into a slurry in hexanes and added to the top of the fresh-packed silica gel column with 

hexanes. Any residual sulfur was eluted with hexanes, then the solvent was switched to BHT-

free THF to elute the product. The THF fractions were concentrated by rotary evaporation, dried 

under vacuum, and stored under argon in the dark. 

 

Figure E. 7. a) 1H NMR spectrum of poly(S-r-PDA) 70:30wt% feed ratio after purification in 

acetone-d6, b) 1H NMR spectrum of 1,3-PDA in acetone-d6, c) possible regioisomers of the 

oligomeric products produced by the reaction between 1,3-PDA and elemental sulfur, and d) size 

exclusion chromatograph of poly(S-r-PDA) 70:30wt% feed ratio after purification 

 The 1H NMR spectrum shown in Figure E. 7a exhibits a large number of both broad and 

sharp peaks that cannot solely be attributed to unreacted 1,3-PDA (Figure E. 7b) pointing to a 

large distribution of low molecular weight oligomers with widely varying regiochemistry. These 

regioisomers are represented in Figure E. 7c; as there are three possible sites for electrophilic 

aromatic substitution to occur on the 1,3-PDA ring, a wide distribution of microstructures are 

possible, all with similar molecular weights. It should be pointed out that in addition to the 

possible repeat structures shown, there may also be further combinations of connectivity between 

the structures explicitly depicted. The THF SEC of Poly(S-r-PDA) (70:30 wt% feed ratio) after 



277 

 

purification is shown in Figure E. 7d and supports the presence of a relatively narrow molecular 

weight distribution of low molecular weight oligomers.  

Synthesis of PDA-terminated poly(S-r-Sty) Prepolymer with Different PDA Loading - 1.0 g 

scale 

 A 3-dram vial was loaded with purified poly(S-r-Sty) (0.50-0.90 g, 50, 70 or 90 wt%), 

sublimed PDA (0.50-0.10 g, 4.63-0.925 mmol) and a Teflon coated micro stir bar. The vial was 

sealed with a rubber septum and the sealed vial was vacuumed for 10 min and backfilled with 

argon total three times. The vial was placed in a pre-heated oil bath at 150 °C and the reaction 

was run for 3 hours. The reaction was vented to concentrated aqueous NaOH solution to 

trap H2S gas. The resulting PDA terminated prepolymer was purified as described below. 

 

Scheme E. 2. Synthesis scheme of PDA-terminated poly(S-r-Sty) prepolymer 

        

Figure E. 8. Digital images of purified, frozen poly(S-r-Sty) (on the left) and purified PDA 

terminated poly(S-r-Sty) prepolymer powder (on the right) 
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Purification of PDA terminated poly(S-r-Sty) prepolymer  

 After the synthesis of the PDA terminated poly(S-r-Sty) prepolymer, the vial was cooled 

down to room temperature and the prepolymer was completely dissolved in acetone. Then, the 

prepolymer/acetone solution was filtered through a cotton plug to remove any insoluble species 

(e.g., unreacted poly(S-r-Sty) without PDA). The resulting clear, red solution was concentrated 

under reduced pressure and prepolymer was precipitated in excess amount of methanol to 

remove unreacted PDA. Then, the slightly yellow solution was decanted and the residual orange 

slurry was dissolved in dichloromethane (DCM). All volatiles were removed under reduced 

pressure and the resulting orange solid (Figure E. 8) was dried under high vacuum (ca. 10 torr, 

25 °C) (60-70% yield).   

Table E. 1. Solubility of the compounds and sulfur polymers in different solvents 

Solvent/Sample H2O MeOH EtOH Acetone THF DCM MeCN Hexane 

S8 No No No No Yes S No S 

PDA Yes Yes Yes Yes Yes Yes Yes No 

Poly(S-r-Sty)  
70:30 wt% 
(Purified)  

No No No No Yes Yes No No 

Poly(S-r-PDA)  
70:30 wt% 
(Purified) 

No S S Yes Yes NF S No 

PDA terminated 
Poly(S-r-Sty) 
10wt% PDA 

No No No NF Yes Yes NF No 

PDA terminated 
Poly(S-r-Sty) 
30wt% PDA 

No No No Yes Yes Yes Yes No 

S : slightly soluble, NF : not fully soluble 
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Table E. 2. Elemental Analysis of PDA-terminated poly(S-r-Sty) prepolymers with different 

initial PDA wt% loading 

Sample Carbon% Hydrogen% Nitrogen% Sulfur% 

PDA-terminated  
Poly(S-r-Sty) with 10 wt% 

PDA loading 
44.97 4.02 2.77 48.24 

 PDA-terminated  
Poly(S-r-Sty) with 30 wt% 

PDA loading 
51.00 4.53 6.59 36.89 

PDA-terminated  
Poly(S-r-Sty) 

with 50 wt% PDA loading 
55.23 5.14 8.41 30.54 

 

 The best microstructure to fit the compositions from amine prepolymers from elemental 

analysis arose from having PDA units as end-groups onto poly(S-r-Sty) resins, which in addition 

to the diphenyldisulfide model studies, supported mono-addition onto the aryl ring of PDA, 

which would afford either telechelic linear prepolymers terminated with PDA, or mono-

terminated polymers with a single PDA end-group. 

 

Figure E. 9. Stacked SEC chromatograms of purified poly(S70-St30) and purified PDA 

terminated poly(S-r-Sty) prepolymer prepared from a feed ratio of 70 wt% poly(S70-St30) and 30 

wt% PDA 
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PDA-terminated Poly(S-r-Sty) Prepolymer with 30 wt% PDA loading – Glycidyl-POSS (POSS-

E8) Reaction  

 A 3-dram vial was loaded with PDA terminated poly(S-r-Sty) prepolymer (0.1 g, 0.235 

mmol PDA), glycidyl-POSS (POSS-E8, 0.1 g, 0.075 mmol, PDA : POSS-E8 mol ratio ca. 3:1) 

and a Teflon coated micro stir bar. The vial was sealed with a rubber septum and the sealed vial 

was vacuumed for 10 min and backfilled with argon total three times. The vial was placed in a 

pre-heated oil bath at 100 °C for 30-60 minutes and then the temperature was increased to 150 

°C and the reaction was run for an additional two hours.  

 

Figure E. 10. Chemical structure of polyhedral oligomeric silsesquioxane (glycidyl-POSS, 

POSS-E8) 

                         

Figure E. 11. Reaction of amine prepolymer with POSS-E8 at 100 °C (on the left) and after the 

reaction (on the right) 
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FTIR-Study of PDA Terminated Poly(S-r-Sty) Prepolymer – Glycidyl-POSS (POSS-E8) 

 

 In order to track the formation of the thermosetting epoxy network, the reaction was 

followed by FTIR spectroscopy. Reference spectra of PDA terminated poly(S-r-Sty) were 

collected by dissolving the sulfur prepolymer in THF then drop-casting onto a salt plate 

whereupon the solvent was evaporated by heating the salt plate at 80 °C for 5 minutes while an 

FTIR spectra for glycidyl-POSS (POSS-E8) was obtained by placing the neat epoxy between 

two salt plates. A 1:1 wt/wt ratio of the amine prepolymer to glycidyl-POSS (POSS-E8), the 

same ratios used to make a thermosetting epoxy network, were co-dissolved in THF and drop 

cast onto a salt plate and dried at 80 °C for 5 minutes. An FTIR spectrum (T0 epoxy network) 

was then obtained and the salt plate returned to a hot plate and subjected to the same cure 

schedule that was applied to the previously characterized bulk networks (i.e., 1 hour at 100 °C 

followed by 2 hours at 150 °C). A second FTIR spectrum of this salt plate was then obtained 

(Final epoxy network) and compared to the initial time point; these stacked spectra can be seen 

in Figure E. 12 with the 2250-3750 cm-1 spectral range expanded for clarity.  
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Figure E. 12. Stacked spectra of PDA terminated poly(S-r-Sty) (grey line), glycidyl-POSS 

(POSS-E8) (red line), t0 mixture of the amine prepolymer - glycidyl POSS (POSS-E8) (blue 

line), and the formed product after curing this mixture on a salt plate for 1 hour at 100 °C 

followed by 2 hours at 150 °C (green line) with the 2250-3750 cm-1 spectral range expanded for 

clarity 

Solubility Tests After Reaction of PDA terminated Poly(S-r-Sty) Prepolymer (with initial 30 

wt% PDA loading) with Glycidyl-POSS (POSS-E8) 

 After reacting the amine prepolymer with POSS-E8 and curing steps, the resulting 

materials were immersed in a good solvent (e.g., THF) and sonicated at 40 °C for 30 minutes and 

then the samples were allowed to sit for two days at room temperature to test crosslinking 

properties. The insoluble (gel) fraction of the crosslinked polymer was >95%.  
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Figure E. 13. Amine prepolymer (with initial 30 wt% PDA loading) – POSS-E8 (with different 

POSS-E8 loading) in THF 

Reaction of PDA terminated poly(S-r-Sty) Prepolymer with Benzyl Glycidyl Ether (BGE) 

 A 3-dram vial was loaded with purified PDA terminated poly(S-r-Sty (0.10 g), benzyl 

glycidyl ether (15 µL, 0.098 mmol, PDA:BGE mol ratio ca. 1:1) and a Teflon coated micro stir 

bar. The vial was placed in a pre-heated oil bath at 100 °C and the reaction was run for 30 

minutes. Then, the temperature was increased to 150 °C and the reaction was run for an 

additional 1.0 hour. The crude product was dissolved in a minimum amount of DCM and 

precipitated in hexanes to remove unreacted benzyl glycidyl ether. The slightly colored solution 

was decanted and the resulting material was redissolved in DCM and dried under reduced 

pressure. 1H NMR analysis of the purified PDA terminated poly(S-r-Sty)-BGE complex showed 

the evolution of a new, broad peak between 4.45-4.61 ppm which corresponds to benzylic 

methylene (PhCH2O-) on BGE and increasing the intensity of a broad peak between 3.41-3.66 

ppm which corresponds to -OCH2- adjacent to epoxy group (see Figure E. 14).  
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Scheme E. 3. Model reaction of PDA terminated poly(S-r-Sty) with a mono-functional epoxy 

compound 

 

Figure E. 14. 1H NMR spectra of benzyl glycidyl ether (A), amine prepolymer and benzyl 

glycidyl ether reaction mixture at t₀ (B), crude mixture after the reaction (C), purified 

prepolymer-benzyl glycidyl ether product (D), and PDA terminated poly(S-r-Sty) prepolymer 

(E) in CDCl3 
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FTIR Study of PDA Terminated poly(S-r-Sty) Prepolymer - BGE Model Compound 

 With clear evidence from the solution NMR that benzyl glycidyl ether efficiently reacted 

with PDA terminated poly(S-r-Sty) prepolymer under the same conditions used to synthesize a 

thermosetting epoxy network with glycidyl-POSS (POSS-E8), it was thought that FTIR 

spectroscopy could then in turn be used to confirm that the glycidyl-POSS (POSS-E8) was 

reacting with the prepolymer in a similar fashion. To this end, a reference spectra of PDA 

terminated poly(S-r-Sty) prepolymer was collected by dissolving the sulfur prepolymer in THF 

then drop casting onto a salt plate whereupon the solvent was evaporated by heating the salt plate 

at 80 °C for 5 minutes while an FTIR spectrum for benzyl glycidyl ether was obtained by placing 

the neat epoxy between two salt plates. Because the monofunctional epoxy used in this reaction 

would not yield a thermoset, the T0 and Tf time point spectra were obtained by drop-casting 

solutions from THF onto salt plates and drying on a hot plate at 80 °C for 5 minutes. The Tf time 

point was collected after the purification method outlined earlier for this control experiment. The 

compiled stacked spectra of these different compounds and mixtures can be seen in Figure E. 15 

with the 2250-3750 cm-1 spectral range expanded for clarity. Unsurprisingly, the changes in the 

FTIR spectra of the reaction between PDA terminated poly(S-r-Sty) prepolymer and benzyl 

glycidyl ether largely track with the trends observed in the reaction between the amine 

prepolymer and glycidyl-POSS (POSS-E8), namely, the in-growth of a broad peak at around 

3560 cm-1 (new O-H stretching frequencies from ring-opened epoxides). This would be expected 

for a network formed by primary amines attacking epoxides to generate -OH groups and when 

both FTIR studies are taken together along with the solution NMR studies of the monofunctional 

epoxy reaction, strongly indicate that, as expected, the reaction between the amine prepolymer 
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and glycidyl-POSS (POSS-E8) yields a thermosetting network as a result of the reaction between 

the primary amines on the prepolymer and the epoxy groups on the POSS moiety.    

 

Figure E. 15. Stacked spectra of PDA terminated poly(S-r-Sty) prepolymer (grey line), benzyl 

glycidyl ether (red line), t0 mixture of amine prepolymer - benzyl glycidyl ether (blue line) and 

the formed product after reacting this mixture at 100 °C for 30 min and at 150 °C for 1 hour and 

following purification and drying (green line) with the 2250-3750 cm-1 spectral range expanded 

for clarity 

Reaction of 4-position Substituted Model Compound Product with a Second Equivalent of 

Diphenyl Disulfide 

 To further illustrate the point that the second addition of diphenyl disulfide to the PDA 

ring is slower than the first, a second equivalent of diphenyl disulfide (0.20 g, 0.93 mmol) and 

the 4-positions mono-substituted product (0.20, 0.93 mmol) were reacted together under the 

same conditions as the original model compound study (i.e., 150 °C for 3 days). The crude 1H 
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NMR spectrum shows that only 8% of the mono-substituted product was converted to the 

disubstituted product.   

 

Figure E. 16. a) Reaction scheme for the addition of a second equivalent of diphenyl disulfide to 

the major product from the model compound study and b) stacked 1H NMR spectra of diphenyl 

disulfide, crude product mixture from the reaction shown in (a), isolated 4,6-disubstituted 

(minor) product and 4-position substituted (major) product from the model compound study 
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Reaction of Elemental Sulfur with Aniline 

 To study the second amine group activation on PDA in the reaction with liquid sulfur, 

elemental sulfur (0.7 g, 2.73 mmol, 70 wt%) was mixed with aniline (0.3 g, 3.2 mmol, 30 wt%), 

and the mixture was stirred at 150 °C for three hours under continuous argon flow. Argon flow 

over the reaction medium was bubbled into a lead acetate trap solution to observe any lead 

sulfide precipitate formation from reacting with hydrogen sulfide (H2S). After a three-hour 

reaction, a significant amount of precipitate formation was not observed as opposed to the 

reaction between liquid sulfur with PDA. 1H NMR spectrum of the reaction mixture after three 

hours did not show any difference from that of pure aniline.  

 

Figure E. 17. 1H NMR spectra of aniline (A) and the reaction mixture from liquid sulfur and 

aniline after three hours (B) 
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APPENDIX F: Supplementary Data for Synthesis of Heterostructured Nanocrystals 

 

With contributions from Clayton R. Shallcross (spectroscopic analysis and lead author), Amy L. 

Graham (spectroscopic analysis), Nicholas G. Pavlopoulos (synthetic support), Jordan Meise 

(synthetic support), Jeffrey Pyun (coauthor and PI), and Neal R. Armstrong (coauthor and PI). 

Reproduced in part from a manuscript submitted to ACS Nano titled as "Influence of Processing 

Environment on the Surface Composition and Electronic Structure of Size-Quantized CdSe 

Quantum Dots". Copyright 2019, American Chemical Society. 

Materials and Characterization All chemicals were used as purchased. Toluene (99.5%), 

cadmium (II) oxide (99.5%), selenium (99.999%), oleic acid (90%) and oleylamine (70%), were 

purchased from Aldrich. Octadecylphosphonic acid (ODPA), trioctylphosphine oxide (TOPO) 

(99%), trioctylphosphine (TOP) (90%), and hexylphosphonic acid (HPA) were purchased Strem. 

Sulfur (> 99.0%) was purchased from EMD, and absolute ethanol (Pharmco-Aaper) were 

commercially available and used as received. An Omega temperature controller CSC32K with a 

K-type utility thermocouple and a Glas-Col fabric heating mantle were used for thermolysis 

reactions. TEM images were obtained on a Phillips CM12 transmission electron microscope 

(CM12) at 80 kV, using in house prepared carbon coated copper grids (Cu, hexagon, 200 mesh). 

Image analysis was performed using ImageJ software (Rasband, W.S., National Institutes of 

Health, http://rsb.info.nih.gov/ij/, 1997-2007). Relative uncertainty of particle size 

determinations using ImageJ was found to be 1 % of diameter average (e.g., 20 ± 0.2 nm). TGA 

analysis was carried out using a TGA Q50 (TA Instruments) instrument and software from TA 

Instruments. UV-Vis spectra were obtained using an Agilent UV-vis spectrometer (no. 8453A, 

Foster City, CA).  
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Synthesis of Wurtzite (wz) CdSe Quantum Dots (QDs) (1x scale) 

TOP=Se Stock solution for CdSe quantum dots:  To a one-dram flame dried scintillation vial 

was added elemental selenium (133.8 mg, 1.7 mmol), followed by sealing the vial with a rubber 

septum. The vial was subsequently evacuated for 5 minutes, followed by backfilling with argon. 

This was repeated two additional times before 97% TOP (0.831 g, 1.0 mL, 2.24 mmol) was 

added to the vial under argon. This dispersion was then homogenized via vortex mixing and 

sonicating back and forth and heating to ca. 75 °C with a heat gun (if necessary), resulting in a 

homogeneous 1.7 M TOP=Se stock.  

Synthesis of wz-CdSe Quantum Dots: Synthesis of CdSe quantum dots is adapted from the 

literature.307 To a 50 mL flame dried 3-neck round bottom flask (rbf) equipped with a ½” stir bar 

was added TOPO (3.0 g, 7.8 mmol), ODPA (0.280 g, 0.837 mmol, Alfa Aesar, Strem or PCI 

97%), and CdO (0.060 g, 0.47 mmol). The flask was equipped with a reflux condenser, rubber 

septa, and K-type thermocouple. The contents of the flask were subsequently placed under 

vacuum and heated to 150 °C for 30 min to remove air and moisture (DO NOT EXCEED 175 

°C). Turn off the temperature controller around 95-100 °C for 5 min not to overshoot the 175 °C. 

You can leave the reaction at this stage for 1 hour if you need to. The contents of the flask were 

subsequently heated to 370 °C under argon. Near 300 °C, the CdO will react with ODPA to 

generate water and the colorless Cd-phosphonate complex. The flask was shaken to dissolve 

residual CdO from the vessel walls. After Cd-complexation, 90% TOP (1.50 g, 1.8 mL, 4.0 

mmol) was injected into the flask. The flask was subsequently insulated with cotton and heated 

to 375 °C (may not be necessary). The contents were incubated at 370 °C for 30 min before 

injection of 1.7 M TOP=Se stock (0.325 mL, 0.55 mmol of Se). Note: Se:Cd ratio = 1.17 

(Slightly Se-rich). The reaction was run for 45 seconds post TOP=Se stock injection, during 
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which time the temperature was monitored manually. At precisely 45 sec, 1-ODE (10 mL, dried 

over molecular sieves) was injected into the flask, followed by removal of the heating mantle, 

followed by the removal of the cotton wrap (if you had at the beginning), to rapidly quench the 

reaction. The contents were allowed to cool naturally to room temperature. Below 110 °C, 3.0 

mL of anhydrous toluene was injected into the flask to dilute the contents. The wz CdSe QDs can 

be purified using toluene / EtOH / MeOH combination or Peng’s 2015 Nano Research308 

protocol under inert atmosphere and using the standard Schlenk technique. The Cd-complexation 

did not begin until ca. 340 °C, even then, resulted in cloudy brown/yellow translucent dispersion. 

Only after TOP (90%) injection did the complexation complete, leaving a clear and yellow-tinted 

dispersion. This may indicate that STREM has a lower ODPA purity relative to the Alfa Aesar 

ODPA. 

Kinetic Data Points 

5 sec: λmax = 520 nm / size = 2.56 nm 

10 sec: 535 nm / 2.77 nm 

20 sec: 548 nm / 3.00 nm 

25 sec: 552 nm / 3.08 nm 

35 sec: 560 nm / 3.26 nm 

45 sec: 567 nm / 3.44 nm 

Work-up (standard method): The nanocrystals were transferred to two centrifuge tubes, 

dispersed in toluene, and precipitated with ethanol.  

1st precipitation:  Crude mixture to ca. 25 mL with toluene and filled to ca. 40 mL with ethanol, 

followed by filling to 45 mL with methanol.  Centrifuged at 7000 RPM for 7 minutes to yield an 

orange-tinted clear supernatant. 
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2nd precipitation:  Pellet vortexed in ca. 15 mL toluene and filled to ca. 40 mL with ethanol, 

followed by filling to 45 mL with methanol.  Centrifuged at 7000 RPM for 7 minutes to yield a 

clear and colorless supernatant. 

Wurtzite CdSe Quantum Dots Synthesis – Checklist 

A day before the experiment (maybe let your colleagues know that you need at least two Schlenk 

lines) 

• Make sure you have enough dry solvents for quenching and purification purposes.  

• Clean a three-neck (3N) 50 mL or 100 mL round bottom flask (rbf), a reflux condenser, and a 

half-inch egg-shape Teflon covered stir bar. Possibly the day before the experiment. 

Cleaning protocol of glassware after a nanomaterial synthesis 

1. Rinse the flask with toluene, acetone and ethanol (or methanol) (Rinsing only with 

toluene creates a greasy layer on the glassware which makes the second step – putting 

the glassware in an acid bath (1 M acid bath) – harder. 

2. Place the glassware in an acid bath typically overnight or a few hours also works 

3. Rinse the glassware with a copious amount of water and Place the glassware in a base 

bath for 30-60 min. 

4. Wash the glassware with soap and water, rinse with DI water and acetone and place 

the glassware into the oven to dry. 

The day of the experiment 

• Start sparging your solvents (1-ODE for quenching, CHCl3 (good solvent) and MeCN (bad 

solvent)) for purification - Rule of thumb for degassing solvents – 1 mL/min sparging the 

solvents with argon or N2 
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• Place the stir bar into the 3N rbf and seal the rbf with three septa and flame dry the flask 

under vacuum to remove moisture on the rbf. Use a wider gauge short pink needle to apply 

vacuum thru the Schlenk line. Secure the rbf with small clamp on one of the side necks.  

- DON’T APPLY HEAT AT THE SAME SPOT ON THE RBF TOO LONG. 

- BE EXTRA CAREFUL WITH THE PROPANE BOTTLE.  

- FLAME DRIED GLASSWARE GETS HOT, DO NOT TOUCH. 

• While the rbf is cooling, weigh out your reagents (For 1x scale, 3.0 g TOPO, 0.280 g ODPA, 

0.060 g CdO)  

- Use a side neck to add the reagents – don’t use the middle neck 

- Weigh CdO last, use a static gun if you need to for CdO, weigh 3.0 g TOPO in three 

1.0 g portions 

- Be exact on CdO and ODPA – shoot for 1% deviation  

• Use Teflon tape to seal the condenser-rbf connection 

• Place a heating mantle under the rbf and a clean thermocouple (kimwipe clean with toluene 

and acetone) – Thermocouple should go thru the septum which you put a needle for flame-

drying 

• Apply vacuum thru the top of the condenser and make sure the water pump is on for the 

condenser before you start heating.  

• Set the T-controller to 150 oC. Don’t start stirring the solid content at the beginning.  

• When you start heating, the solid content will melt around 40-50 oC. Start stirring at 350 rpm. 

• TURN OFF THE T-CONTROLLER AROUND 80-90 oC IN ORDER NOT TO 

OVERSHOOT 175 °C for 4-5 min. 

• Incubate the mixture at 150 °C for 30 min under vacuum to remove the volatiles. 
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During 30 min incubation time 

• Prepare your Se=TOP stock solution and be ready to inject 1.8 mL TOP (90%) 

Se=TOP Stock solution preparation 

• Flame dry a small vial under vacuum.  

• Weigh out elemental selenium precisely. Transfer Se into the vial, seal the vial and 

vacuum/backfill with argon 3x (After each backfill cycle, tap the vial to get the spread Se 

powder back down the vial) 

• Transfer 1.0 mL of TOP (97%) into the vial using Schlenk technique.  

• Seal the vial with electrical tape or Cu wire 

• VORTEX FIRST and then sonicate after – do back and forth vortex/sonication cycles a few 

times until all of the Se is dissolved (apply a little bit heat – low heat – using a heat gun if 

need be) 

Rock 'n' Roll Time 

• SWITCH BACK TO ARGON BEFORE STARTING HEATING UP TO 370 oC. 

• Swirl the rbf to get all the solid stuff on the flask wall back into the solution 

• Inject 1.8 mL of TOP 90% around 300 oC (little over 300 oC). 

• Wrap the rbf with cotton to insulate and incubate at 370 °C for 30 min. 

• While you are waiting, be ready to inject the Se=TOP stock solution (0.325 mL) and sparged 

and dry 1-ODE (10 mL) using the Schlenk technique. 

• Inject the TOP=Se stock solution at 370 oC and quench rapidly with 1-ODE at the time 

where you want to stop QDs growing.  

• After quenching, quickly remove the cotton and heating mantle. 



295 

 

• Get 0.1 mL crude sample for UV-vis size measurement (and 1H and 31P NMR in the future)  

Work-up / Purification 

• Inject 10-15 mL of sparged and dry CHCl3 (bp 61 oC) into the round bottom flask under 

argon and heat the rbf to 50-60 oC. 

• Inject 10-15 mL of sparged and dry MeCN into the round bottom flask under argon to 

precipitate the dots. 

• Transfer the solution in the rbf into two 50 mL centrifuge tubes and make sure the mass 

difference is less than 100 mg. Balance the tubes with MeCN if need be.  

Centrifuge the mixture at 7000 RPM for 7 min. Repeat the purification step two additional times. 

 

Figure F. 1. Reagents used for synthesis of wz-CdSe quantum dots 
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Figure F. 2. Reaction set-ups and mixtures over the course of wz-CdSe quantum synthesis 
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Figure F. 3. wz-CdSe quantum dots crude solution right after reaction at high temperature (A), 

dried purification solvents (B), CdSe quantum dots crude solution at room temperature (C), and 

purification of CdSe QDs at 60 °C using dry solvents (D) 

 

Figure F. 4. One-time air-free purified wz-CdSe QDs without any organic ligands bloom 
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Figure F. 5. wz-CdSe QDs with different size under UV light – Kinetic samples in toluene 

 

Figure F. 6. Air-free purified pyridine-exchanged CdSe QDs with different sizes under UV light 

for XPS and UPS analysis. wz-CdSe QDs larger than 4 nm requires a modified procedure such 

as injection of less TOP 90% at 300 °C (e.g., 1.5 mL instead of 1.8 mL) and injection of more 

TOP=Se stock solution (0.43 mL of 1.7 M stock instead of 0.325 mL). 
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Figure F. 7. Solution absorbance spectra for CdSe QDs with as-synthesized ODP– ligands in 

hexanes 
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Synthesis of CdSe Seeded CdS Nanorods (NRs) (1x scale) 

Stock solution for CdSe seeded CdS nanorods: Such solution was prepared by adding 0.633 g 

of sulfur to a syn vial containing 0.0815 g quantum dots from 0.125 g (502 nm) and 1/2” stirbar.  

The vial was sealed with a septum, vacuumed for ~30 minutes, filled with argon, and 19 mL 

TOP added. 

 Synthesis of CdSe seeded CdS nanorods is adapted from the literature.307 TOPO (3.0 g), 

ODPA (0.290 g), CdO (0.075 g) and HPA (0.080 g) are mixed in a 50 ml three-neck-round 

bottom equipped with a reflux condenser and a 1” stir bar. After keeping the flask under vacuum 

for 30 minutes at 150 °C, the resulting solution is heated to 350°C under argon and stirred at 300 

RPM. At this point 1.8 mL of TOP is injected, after which the temperature is allowed to recover 

to 350°C and stabilize for 30 minutes before injection of the solution of sulfur precursor + 

nanocrystals (1.8 mL of stock is quickly injected in the flask). The nanocrystals are allowed to 

grow for a total of 6 minutes, after which the heating mantle is removed. Toluene (~10mL) is 

injected after cooling to 160 °C. After the synthesis, the nanocrystals are precipitated with 

ethanol and washed by repeated redissolution in toluene and precipitation with the addition of 

ethanol.  The resulting precipitate was then dried in vacuo. CdSe@CdS nanorods were 

synthesized in different lengths from 50 nm to 100 nm from the wurtzite CdSe QDs. Every 

nanorod (NR) has a CdSe seed in it, and QD concentration in the reaction mixture dictates the 

size of the NR which is inversely related to the concentration. 
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Scheme F. 1. Reaction scheme for the synthesis of CdSe@CdS nanorod 

 

Figure F. 8. Reaction scheme for the preparation of Au-tipped CdSe@CdS nanorods (top) and 

corresponding TEM images  
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Figure F. 9. TEM images of CdSe@CdS nanorods (L = 50 nm, W = 7 nm) 
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Figure F. 10. TEM images of CdSe@CdS nanorods (L = 100 nm, W = 5 nm) 
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Figure F. 11. TEM images of Au-tipped CdSe@CdS matchstick nanorods 

 

Figure F. 12. Reaction scheme for the synthesis of Au-tipped CdSe@CdS nanorods (DDAB: 

didodecyldimethyl-ammonium bromide, 1-ODA: 1-octadecyl amine) 
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Figure F. 13. Zinc-blende CdSe QDs; small (A) vs. large (B) under UV-light (MK-6-39) 

 

Figure F. 14. TEM image of the zinc blende-CdSe QDs (D = 3.93 nm) 
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Figure F. 15. Au-tipping on CdSe@CdS tetrapods during photochemical ripening 
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Synthesis of CdSe@CdS Core@Shell Nanoparticles 

 

Scheme F. 2. Reaction scheme for the synthesis of CdSe@CdS core-shell nanocrystals via 

Successive Ion Laser Adsorption and Reaction (SILAR) (1-ODE: 1-octadecene, ODA: 1-

octadecylamine) 
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Figure F. 16. Reaction mixtures of Cd-stock (A) and S-stock solution (B) 

 
 

Figure F. 17. CdSe@CdS core-shell NCs with shell thicknesses under UV light – Kinetics 

samples in toluene 
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Synthesis of Octadecyl Diethyl Phosphonate (MK-6-9) 

A 100 mL three-neck (3N) round bottom flask equipped with a stir bar was flame dried 

and attached with an addition funnel. The reaction set up was sealed and placed under inert atm. 

1-bromooctadecane (10.95 g,32.8 mmol) was added to the flask followed by addition of diethyl 

phosphite (5.5 mL, 42.7 mmol) and 20 mL of anhydrous THF. The resulting mixture was stirred 

at 300 RPM at RT until homogeneous. A solution of potassium tert-butoxide in THF (24 mL, 20 

w/v%, 42.7 mmol; 20 w/v% prepared from 4.80 g potassium tert-butoxide in 24 mL of THF) was 

placed in the addition funnel and added dropwise over the course of 2 hours to the stirring 

diethyl phosphite / alkyl bromide solution in an ice-cooled water bath (the reaction is exothermic 

and needs to stay at RT) under a constant flow of argon. After completion of the addition, the 

reaction was stirred for another hour. Then the mixture was filtered to remove potassium 

bromide precipitate, and the filtrate (the solution) was diluted with diethyl ether (200 mL) and 

washed with water (2 x 100 mL). The organic phase was then dried over anhydrous sodium 

sulfate and concentrated under reduced pressure to yield a viscous oil.  

 

Scheme F. 3. Synthetic scheme for octadecyl diethyl phosphonate 
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Hydrolysis of Octadecyl Diethyl Phosphonate to Octadecyl Phosphonic Acid (ODPA) 

The phosphonate ester isolated in the first step (1 eq.) was dissolved in acetonitrile (10-15 

mL) along with trimethyl(silyl chloride) (TMSCl) (2.5 eq.); NaBr (2.5 eq.) was also suspended in 

the reaction mixture as an accelerator. The reaction was performed under an inert atmosphere 

and should be vented to avoid the buildup of volatile chloroethane. The solution turns faintly 

yellow as the reaction proceeds; upon filtering the mixture and concentrating under reduced 

pressure, viscous orange oil is obtained. To this neat oil was added water (10-15 mL) and stirred 

vigorously for 3 hours. Throughout this time, initially a white goo forms that eventually becomes 

a fine powder. The mixture was then filtered through a Buchner funnel and the solids were 

dissolved in THF, dried (to remove excess water) filtered and concentrated under reduced 

pressure. This clear, viscous oil was added to boiling hexanes and allowed to cool down to 

precipitate out the phosphonic acid and dissolve any residual phosphonate ester. A white solid 

was recovered (product is soluble in DMSO for NMR purposes). 

 

Scheme F. 4. Synthetic scheme for hydrolysis of octadecyl diethyl phosphonate 
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APPENDIX G: Permission to Reuse Copyrighted Material 
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