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ABSTRACT 

Redox hopping is the dominant charge transport mechanism in many catalyst-

modified metal-organic frameworks (MOFs). Previous studies have shown that ion 

diffusion is the rate-determining step of redox hopping, but the realization regarding 

to the fundamental mechanism of redox hopping in MOF is still infantile. In this 

dissertation, we will discuss the redox hopping process in MOFs from multiple 

perspectives, including how to use the Scholz model to analyze the coefficients in 

redox hopping, the influence of the type of carrier, the influence of electrolyte 

concentration, and the influence of temperature on redox hopping, so as to try to 

reveal the mechanism of the redox hopping process and make some constructive 

suggestions for the future design and application of MOF based on this topic. 
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GENERAL AUDIENCE ABSTRACT 

Redox hopping is a keyway that electron moves in many special materials 

called metal-organic frameworks (MOFs) used as catalysts. While we know that the 

movement of ion is always the bottleneck in MOF because of their huge volume 

when compared to tiny electrons, there's still a lot to learn about the basic details of 

how redox hopping works in MOFs. This thesis explores redox hopping in MOFs 

from various angles. It looks at how we can use a specific model (the Scholz model) 

to understand this process better and examines the effects of different factors like the 

type of carrier (electron or hole), the concentration and type of the electrolyte, and 

the temperature. The goal is to uncover the fundamental workings of redox hopping 

and gives helpful ideas or principles to guide the design and applications of MOFs in 

the future.  

 



 

____________________________________________________________________ 

2 

Dedication 

Dedicated to my family who always stand behind me, believe in me and support me. 

To my girlfriend who always trust me and the future I promised. 

To the young and brave me, who made the important decision and finally made it. 

  



 

____________________________________________________________________ 

3 

Acknowledgement 

First and foremost, I would like to express my sincere gratitude to my supervisor, 

also, the chair of my committee, Dr. Amanda J. Morris. Without your belief, support, and 

guidance, I will not be able to achieve it. Your academic attitude and the pursuit of 

getting to the bottom of things will always be on the bottom of my heart and encourage 

me.  

Thanks to my committee members, Dr. Louis A. Madsen, Dr. Robert. B. Moore, Dr. 

Feng Lin, and Dr. Rui Qiao for valuable suggestions and criticisms on my research and 

presentations. 

I would also like to express my thanks to the collaborators from Lehigh University, 

Dr. Lisa A. Fredlin and Zachary J. Knepp, who contribute to the computational chemistry 

part of the manuscript. Thank you for all the work you have done. 

I would also like to thank the past and present lab mates from the Morris group. I 

feel so lucky to join such a warm, solid, united, and progressive lab. Your encouragement 

helped me get through many difficult times and made me more courageous in facing 

challenges. I really spent a happy time and learned a lot from you nice guys. I wanna 

express my special gratitude to the undergraduate student I mentored in the past a few 

years, Zaya Bowman, a smart and hard-working girl. Without your massive effort, my 

research will be much tougher and struggling. 

I also want to thank the MACR program for giving me such a treasurable 

opportunity to pursue the PhD degree at Virginia Tech. Without this chance, nothing will 

happen at all. Thanks to the responsible program administrator, Kim Felix, who is always 

willing to help us with everything. 

I am also grateful to my friends in Blacksburg from various majors. The past years 

became colorful and full of happiness because of you. I can hardly imagine what is gonna 

happen if I have to face everything alone. I will remember the time we spent together. 

Thanks to the NSF funding source which supported me in the past three years.  

Thanks to all the technicians who kept the experimental instruments working 

smoothly. 



 

____________________________________________________________________ 

4 

Table of Contents 

Chapter 1 ................................................................................................................................ 7 

History, Development, and Mechanisms of Conductive Metal-Organic Frameworks 

(MOFs) ........................................................................................................................................... 7 

1.1 Metal-organic frameworks ............................................................................................ 7 

1.2 Conductive MOFs: Discovery, Motivation, Development, and Mechanisms ............... 7 

1.3 Through-bond pathway ............................................................................................... 10 

1.4 Extended-conjugation pathway ................................................................................... 11 

1.5 Through-Space pathway .............................................................................................. 13 

1.6 Redox Hopping ............................................................................................................ 15 

1.6.1 Metal-based Hopping ........................................................................................... 17 

1.6.1.1 Requirements for Redox-Active Metal Nodes .............................. 24 

1.6.2 Linker-based Hopping .......................................................................................... 25 

1.6.2.1 Metal-complex redox-active linker (metalloligands).................... 25 

1.6.2.2 Metal-free Redox-active Linkers .................................................. 37 

1.6.2.3 Redox-modified Linker ................................................................. 43 

1.6.3 Mixed Metal- and Linker-based Hopping ............................................................ 43 

1.6.4 Post-synthetic Hopping Strategies ........................................................................ 44 

1.6.4.1 Post-Synthetic Redox Modification on Organic Linker ............... 44 

1.6.4.2 Post Synthetic Redox-modification on Metal Clusters ................. 45 

1.7 Guest-promoted ........................................................................................................... 50 

1.7.2 Tetracyanoquinodimethane as Guest .................................................................... 53 

1.7.3 Conductive Polymer as Guest............................................................................... 53 

1.7.4 Limitations of Guest-Promoted Strategy .............................................................. 54 

1.8 Other strategies to make MOF conductive .................................................................. 54 

1.8.1 Solvent-induced conductivity modulation ............................................................ 55 

1.8.2 Conductive Molecular-Scale Bridges ................................................................... 55 



 

____________________________________________________________________ 

5 

Chapter 2 .............................................................................................................................. 57 

Redox Hopping in Metal-Organic Frameworks through the Lens of the Scholz Model

 ....................................................................................................................................................... 57 

2.1 Abstract ....................................................................................................................... 57 

2.2 Solid-state Electrochemistry and the Cottrell Modelððthe old tool used to 

investigate redox hopping.......................................................................................................... 58 

2.3 The Scholz modelððPrinciples and Assumptions ................................................... 60 

2.4 Applications of the Scholz model ................................................................................ 64 

2.4.1 Metal Oxide Reduction. ........................................................................................ 64 

2.4.2 Ionic Liquids ......................................................................................................... 66 

2.4.3 Organic Dyes ........................................................................................................ 68 

2.4.4 Metal-organic Frameworks (MOFs) ..................................................................... 69 

2.5 Limitations and Challenges of the Scholz Model ........................................................ 78 

2.5.1 Material-Electrode Contact .................................................................................. 78 

2.5.2 Inhomogeneity Distribution of Redox Centers ..................................................... 80 

2.6 Conclusion and Perspective ......................................................................................... 82 

Chapter 3 .............................................................................................................................. 84 

Reaction-Type-Dependent Behavior of Redox-Hopping in MOFsðDoes Charge 

Transfer Have a Preferred Direction?....................................................................................... 84 

3.1 Abstract. ...................................................................................................................... 84 

3.2 Introduction ................................................................................................................. 85 

3.3 Experimental Section ................................................................................................... 89 

3.4 Results and Discussion ................................................................................................ 92 

3.5 Conclusion ................................................................................................................. 104 

Chapter 4 ............................................................................................................................ 107 

The Dependence of Redox-Hopping Behavior on Electrolyte Fraction in Metal-Organic 

Frameworks ............................................................................................................................... 107 

4.1 Abstract ..................................................................................................................... 107 



 

____________________________________________________________________ 

6 

4.2 Introduction ............................................................................................................... 108 

4.4 Results and Discussion .............................................................................................. 115 

4.4.1 De in Stage A and B ............................................................................................ 115 

4.4.2 Di in stage A and B ............................................................................................. 118 

4.4.3 Comparison between Di and Critical Fraction of Waldenôs plot ........................ 123 

4.4.4 The Cation-dependent behavior.......................................................................... 123 

4.5 Conclusion ................................................................................................................. 124 

Chapter 5 ............................................................................................................................ 127 

Determination of the Activation Energies of Redox Hopping in Metal-Organic 

Frameworks ............................................................................................................................... 127 

5.1 Abstract ..................................................................................................................... 127 

5.2 Introduction ............................................................................................................... 127 

5.3 Experimental Section ................................................................................................. 128 

5.4 Results and Discussion .............................................................................................. 134 

5.5 Conclusion ................................................................................................................. 138 

Reference ............................................................................................................................ 139 

Appendix ............................................................................................................................ 173 

 

  



 

____________________________________________________________________ 

7 

Chapter 1 

History, Development, and Mechanisms of Conductive Metal-Organic 

Frameworks (MOFs) 

1.1 Metal-organic frameworks 

Metal-organic frameworks (MOFs), also known as porous coordination 

polymers (PCPs), are materials made by the combination of organic linkers 

connected to metal nodes. Since the first MOF, MOF-5 (or IRMOF-1), termed in 

1999, the family of MOFs have been exponentially expanding in the past decades.1ï3 

The huge library of organic linkers and metal nodes provides MOFs infinite 

possibilities to combine the building blocks and lead to diverse structural 

architectures.1,4 MOFs also share many unique properties, including but not limited 

to the permanent porosity, high surface area, robust mechanical strength, stability in 

working environment, and great tunability in topology, geometry, and 

functionality.1,5,6 MOFs are treated as promising candidates for various applications, 

including gas storage,7ï9 gas separation,10,11 drug delivery,1 etc.  

1.2 Conductive MOFs: Discovery, Motivation, Development, and Mechanisms 

Despite the rapid expansion in the diversity and applications of MOFs, their 

electronic properties only began to attract significant attention in the past decade.4,12 

Although it is relatively nascent, has seen rapid developments in the design, 

synthesis, and characterization of electrically conductive MOFs. Such advancements 

demonstrate the potential of these materials to replace noble materials in traditional 
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applications, including sensor and detector devices,13,14 catalysis,15ï18, etc. 

Furthermore, the inherent porosity and adaptability of MOFs facilitate the 

integration of various functionalities, such as electrical conductivity, magnetism, and 

luminescence.19 The versatility enables the creation of multifunctional materials. As 

MOFs are considered for these applications, their charge transfer or conductivity 

emerges as a critical factor. Consequently, researchers have dedicated significant 

efforts to enhance the conductivity of MOFs through diverse strategies. 

However, an unoptimistic truth is that, due to the redox-inert nature of a large 

proportion of metal nodes and/or spatially isolated components which might enable 

conduction, most MOFs are not conductive.20,21  

Luckily, with the large library of linkers and nodes and flexibility in 

functionality, the conductivity of MOFs has been realized via various strategies. The 

design strategies can be roughly divided into two mechanisms used to describe the 

charge transfer in solids: band transport and hopping transport (Figure 1).12 
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Figure 1. Schematic showing the electron transport in MOFs via (a) band 

transport and (b) hopping transport.12  

The two mechanisms can be classified via the bond type and strength present in 

the MOF: band transport is expected to be seen in MOFs with strong covalent 

bonding which leads to the existence of delocalized electrons, while the hopping 

mechanism is more likely to be seen in ionic materials with distinct sites having 

different valances.22ï24  
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There are three sub-type approaches of band transport usually discussed: 

through-bond pathway, extended-conjugation pathway, and the through-space 

pathway. 

 

1.3 Through-bond pathway 

The through-bond pathway in MOFs is based on continuous coordination 

bonds, built by the functional groups of the organic linkers and the metal nodes. The 

charge transfer pathways can be both 1-D or 3-D, but 1-D pathways are more 

commonly reported.12 To realize the best conducting performance, the energy level 

of the metals and linker moieties must be well-matched and the relevant orbitals 

must be well-overlapped.  

 

Figure 2. Schematic showing the (-M-O-)Ð and (-M-S-)Ð chains as 1-D 

through-bond pathway in M2(DOBDC) and M2(DSBDC) (H4DOBDC = 2,5-

dihydroxybenzene-1,4-dicarboxylic acid, H4DSBDC = 2,5-disulfhydrylbenzene-1,4-
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dicarboxylic acid), respectively.25 Reprinted with permission from ref. 25. Copyright 

2013 American Chemical Society. 

A successful strategy to accomplish such a condition is using ñsofterò and more 

electropositive functional groups, like nitrogen and sulfur. Both elements have better 

matched energy level and orbital overlap with the d-orbitals of the metal nodes.5 For 

example, replacing the oxygen binding group with sulfur has been verified to 

improve the conductivity in MOF-74.25 

Additionally, it was found that the metal center also plays a critical role in the 

through-bond pathway. In the work done by Sun et. al, a huge increase in 

conductivity (by about six orders of magnitude) was found by simply replace the 

SBU from Mn2+ to Fe2+ in Mn2(DOBDC) and Mn2(DSBDC) (DOBDC4ï = 2,5-

dihydroxybenzene-1,4-dicarboxylate, DSBDC4ï = 2,5-disulfhydrylbenzene-1,4-

dicarboxylate),25 it was attributed to the lower band gap resulted from the loosely 

bound electrons in the ɓ-spin d band of Fe2+. Following studies regarding the MOF-

74 made by other M2+ (M = Zn, Ni, Cu, Mg, Cu) were found to have much lower 

conductivity than the one made by Fe. The exceptionally high conductivity among 

these Fe-based MOFs was attributed to the low reduction potential of FeIII  and the 

small reorganization energies of the coordination spheres.23 

1.4 Extended-conjugation pathway 

Different to the through-bond pathway in which only the functional groups 

participate in the electron delocalization, extended conjugation pathway requires a 

redox-active organic linker backbone. Electrons in this type of conductive MOFs are 
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delocalized in the a,b-plane by the overlap between the d-orbital of metal cores and 

the ́  orbitals of the organic linkers which can be analogous to grapheneôs sp2 

hybridization.4,12 The efficient delocalization within the whole plane provides the 

highest conductivity for the MOFs, however, the requirements for the match up of 

energy levels and orbital overlap are also higher in the design of extended-

conjugation MOFs.4  

 

Figure 3. Structures of linkers usually applied in MOFs with extended-

conjugation pathway. (X = N, O, S). 

There are few types of organic linker usually applied in MOFs that exhibits 

extended-conjugation pathway, including dihydroxybenzoquinone, chloranilic acid, 

hexa-substituted triphenylenes and benzenes  with ortho-diols, diamines, and -

dithiols as the functional groups (Figure 3).7,12,26ï28 The redox-active groups have 

various oxidation states, which can be formed due to the partial-oxidation during the 

MOF synthesis (Figure 4). The resulted mixed-valent linkers may contribute to the 

high carrier densities in the conductive MOFs.12  



 

____________________________________________________________________ 

13 

 

Figure 4. The oxidation states of linker in MOFs with extended-conjugation 

pathway. (X = O, N, S) 

1.5 Through-Space pathway 

Comparing to the through-space pathway and extended-conjugation pathway, 

the through-space pathway is driven by intermolecular interactions. It does not rely 

on the covalent bond or coordination bond between the nodes and organic linkers, 

instead, the ˊ-ˊ stacking between planar conjugated organic linkers play the key role 

in this mechanism.4,5,12,29 Theoretically, the through-space pathway should be a 1-D 

tunnel consist of continuous ˊ-ˊ stacking, but there were also some special 

arrangements reported, including zig-zag chains and orthogonal orientations.12 

Moreover, in extended conjugation MOFs, considerable ˊ-ˊ stacking was found to 

exhibit among the covalently-bonded layers due to the ˊ orbital of the organic 

linkers, and the ˊ-ˊ stacking was believed to significantly contribute to  the 

conductivity of the MOFs.4,12,30 

The most typical and widely used organic linker in the through-space MOFs is 

tetrathiafulvalene (TTF) and its derivatives, e.g., tetrathiafulvalene tetrabenzoate 

(TTFTB) and tetrathiafulvalene tetrapyridyl (TTFTP) (Figure 5).12,19,31ï35. With the 

capability of electron-donating, high propensity of -́  ́interaction, and great stability 
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of the radical, TTF and its derivatives have been used in various application 

requiring high conductivity, including charge transfer salts, supermolecules, and 

conductive polymers.36ï38 Therefore, when embedded in MOFs, the sequence and 

distance of ́-ˊ stacking between TTF molecules can be precisely controlled to 

achieve the best conducting performance with the fine tunability of MOFs, which is 

difficult to realize in polymer and molecular materials.12,19,32ï34,39,40 

 

Figure 5. Structures of tetrathiafulvalene (TTF), tetrathiafulvalene 

tetrabenzoate (TTFTB), and tetrathiafulvalene tetrapyridyl (TTFTP).  

 

Figure 6. Structures of (a) La4(TTFTB)4, (b) Tb3(TTFTB)2(OAc)(OH), (c) 

Tb4(TTFTB)3, and (d) La4(TTFTB)3 with the longest (S···S )min distances 
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indicated.12 Reprinted with permission from ref. 12. Copyright 2020 American 

Chemical Society. 

The distance between linkers in the cases of through-space pathway plays a 

significant role. It was found among MOFs with TTFTB linker and different metal 

nodes (Figure 6), the conductivity is inversely proportional to the longest closest S-S 

distance (denoted as (S···S min)) between each pair of adjacent TTF linkers. It was 

attributed to the fact that the longest S···S min gates the overall charge transfer and 

makes it the rate-determining step.33 

 

1.6 Redox Hopping  

Redox hopping is a charge transfer mechanism widely observed  in materials, 

including organic compounds, polymers, organic/inorganic composites, ionic 

liquids, etc.41ï46 Unlike the band transport mechanism, in the case of redox hopping, 

the charge carriers are not delocalized, instead, they are localized on specific redox 

sites with discrete energy levels. The carriers ñjumpò between the active sites, and 

the process is thermally-activated.5 

If a redox hopping mechanism is opera, there are two interrelated processes 

happening simultaneously: electron hopping and ion diffusion.  
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Figure 7. Schematic showing a single step of the redox hopping between 

adjacent redox-active sites. (Ox = oxidated state, Red = reduced state, A- = counter 

ion, e- = electron) 

Electron hopping, also known as redox conduction or self-exchange, is trigger 

by the electrolytically generated concentration gradients arising mixed-valance 

redox centers in the bulk material.43 Due to the self-exchange of electron, there will 

be unbalanced charged on the redox-active sites, therefore, counter ions need to 

diffuse between the redox centers and the bulk electrolyte to keep the electrical 

neutrality (Figure 7).47ï49 In previous studies, two parameters are used to describe 

the rates of these two processes, the electron hopping coefficient (De) and the ion 

diffusion coefficient (Di).
47ï51A more detailed discussion about the calculation and 

meaning of the two coefficients is found in chapter 2.  

Redox hopping mechanism  was reported in many MOFs architectures, and 

found to have great similarity to the redox hopping behavior in polymer films.42,51,52 

Based on the identities of redox-active units, they can be summarized as four 
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subtypes: metal-based, linker-based, mixed metal- and linker-based, and post-

synthetic modification (PSM) based.12,47  

1.6.1 Metal-based Hopping 

Numerous MOFs made with redox-active transition metal nodes have been 

reported. With many stable oxidation states, their valance can be reversible 

converted by electrochemical or photoelectrochemical methods. The redox-activity 

of most of the metal nodes relies on the d-electrons, but there are some exceptions, 

e.g. cerium-based MOFs, whose redox-activity is based on the f-electrons.53  

Examples of transition metals SBU are discussed below: 

Chromium 

Chromium is commonly utilized in the nodes of MOFs, predominantly in the 

Cr3+ oxidation state due to its high stability and straightforward synthesis.53,54 

Despite the prevalence of Cr3+-based MOFs, these frameworks typically lack redox 

activity. In contrast, MOFs based on Cr2+, which are reported less frequently, exhibit 

redox behavior (Figure 8).54ï56 Notably, cyclic voltammetry studies on two specific 

Cr2+-based MOFsðone featuring 1,3,5-benzenetricarboxylate (BTC) and the other 

4,4ǋ-(hexafluoroisopropylidene) bisbenzoate (hfipbb) as linkersðrevealed reversible 

redox peaks corresponding to the CrII/CrIII  and CrIII /CrIV (or CrV) transitions, 

showcasing their unique redox capabilities.54 
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Figure 8. Cyclic voltammetry of (a) Cr3(BTC)2·3H 2O and (b) Cr(hfipbb)·H 2O. 

Plot 1 and 2 represents the pristine MOFs, while 1a and 2a represents the MOFs 

after dehydration.54 Reprinted with permission from ref. 54. Copyright 2018 

American Chemical Society. 

Mangenese 

Manganese, a transition metal known for its extensive range of oxidation states, 

has demonstrated promising potential as a redox-active SBU in MOFs.53 In the 

research conducted by Wang et al., a layered manganese-based MOF, referred to as 

Mn-LMOF, was synthesized.57 The MOF exhibited remarkable electrochemical 

quasi-reversibility and durability during cyclic voltammetry testing (Figure 9). Such 

characteristics establish Mn-LMOF as a solid contender for use in electrode 
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applications or as a material for supercapacitors, highlighting its value in the field of 

advanced energy storage solution. 

 

Figure 9. CV of Mn-LMOF at sweep rate from 2-200 mv/s in 1M KOH.57 

Reprinted with permission from ref. 57. Copyright 2017 Royal Society of 

Chemistry. 

 

Cobalt 

Cobalt is found as a redox active center in many catalysts and enzymes. It has 

multiple oxidation states, most commonly +2 and +3 are observed. From a biometric 

view, it is of interest to introduce cobalt into MOFs to serve as redox-active SBU 
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and achieve electrochemically catalytic functions.53 In the work of Zhang et al., a 

MOF with mixed-valent SBU, [CoIICo2
III(ɛ3-O)], was prepared through the 

coordination with two linkers, 2,4,6-tri(4-pyridinyl)-1,3,5-triazine and benzene-1,4-

dicarboxylate.58 In the cyclic voltammetry, this Co-based MOF showed the quasi-

reversibility and good stability (Figure 10). Furthermore, the MOF is highly 

selective toward the of the electrochemical oxidation of cyclohexene, which was 

attributed to the unique radical mechanism promoted by the mixed-valent Co3 SBU.  

 

Figure 10. (a) Structure of metal node and linkers and (b) structure of cages of 

the mixed-valent Co-based MOF. (c) CV of the mixed-valent Co-based MOF, 

running in 0.1 M NBu4PF6.
54

 Reprinted with permission from ref. 54. Copyright 

2018 American Chemical Society. 

 

Nickle  

Similar to cobalt, nickel also widely exists in numerous enzymes and catalysts. 

It also has a few oxidation states, including +2 (more stable), +3, and +4 as well.53 

In work done by Lopa et al., CPO-27-Ni, a MOF made with Ni2+ cluster and 2,5-
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dihydroxyterephthalic acid, was reported to have great electrochemical reversibility 

and stability in alkaline environment (Figure 11). CPO-27-Ni showed the potential 

to be a non-enzyme detector of glucose.59  

 

Figure 11. CV of CPO-27-Ni II/glassy carbon (GC) electrode in aqueous 

solution of NaOH (0.1 M) with different scan rates. (a to k: 25, 50, 75, 100, 150, 

200, 250, 300, 350, 400, and 500 mV/s). The peaks were assigned to be the redox 

reaction of CPO-27-Ni II/CPO-27-Ni III  pair. 59 Reprinted with permission from ref. 

59. Copyright 2018 Elsevier. 

 

Copper 



 

____________________________________________________________________ 

22 

The normal oxidation states of copper are +1 or +2, both have been reported in 

MOFs. However, the redox-activity of Cu-based MOF is rarely reported and 

generally be overlooked.53 A special case of Cu-based MOF is Cu(2,7-AQDC) 

(AQDC = Anthraquinone dicarboxylate), which was reported to have independent 

redox-activities from both the organic linker and the copper SBU. While charge 

transfer between the organic linkers is strongly based on the -́ˊ stacking interaction, 

the redox event related to the Cu nodes is attributed to depend on the redox hopping, 

which was verified by in-situ XANES with stepwise potential.60  

 

Figure 12. (a) Cyclic voltammetry of a battery with 10% wt Cu(2,7-AQDC) in 

50 cycles with 1:1 v/v EC/DEC solution of LiPF6 as the electrolyte, with the zoom-

in of the 50th cycle. (b) Two step of edge shift observed in XANES, which indicated 

the stepwise reduction of the metal clusters.60 Reprinted with permission from ref. 

60. Copyright 2014 American Chemical Society. 

Another example of Cu-based redox-active MOF is reported by Zhang et al..61 

In this case, a Cu2+-based MOF was synthesized by combining with the NH2-BDC 

linker, and it was found to have redox-activity and reversibility. The combination of 

this MOF with Au nanoparticles and DNA was found to be a potential electrode 

candicate for glucose biosensors. 
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Cerium 

Unlike the aforementioned metals, as one in the lanthanide series, Ce clusters 

serve as redox centers by utilizing their f-orbitals. In the work done by Smolders et 

al., a MOF called Ce-UiO-67 was synthesized, which was made with [Ce6O4(OH)4] 

clusters and 4,4̀ -biphenyldicarboxylate linkers.62 Ce-UiO-67 was observed to have 

the capability to catalyze the oxidation of benzyl alcohol, the proposed mechanism 

is showing in Figure. 13. In the work, they confirmed the reduction of up to one 

Ce4+ ion in each Ce6 cluster by XAS (Figure 13). After the reduction of Ce4+, there 

was no compromising change of MOF structure, which was evidenced by the XRD. 

The discovery results support the involvement of the metal cluster in the redox 

catalytic cycle and the ability of specific metal nodes to maintain structure integrity 

during redox cycling. 

 

Figure 13. Proposed reaction mechanism for the TEMPO-mediated oxidation 

of benzyl alcohol by Ce-UiO-67.62 Reprinted with permission from ref. 62. 

Copyright 2018 European Chemical Societies. 
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1.6.1.1 Requirements for Redox-Active Metal Nodes 

To successfully synthesize a MOF with a redox-active metal node, it is 

essential that both the original and redox-converted MOFs are isostructural. This 

means that bond lengths, bond angles, and the coordination environment should 

remain consistent or throughout the redox reaction to prevent structural changes or 

collapse, which could result in irreversibility.63 For example, the application of 

potentials capable of reducing the metal nodes to the metallic state have shown to 

degrade the framework and lead to irreversibility (Figure 14).64,65 

 

Figure 14. Schematic showing the formation of copper metal lamina 

intercalated in the MOF after reduction. The blue dots and green rods represent for 

copper nodes and organic linkers, respectively, and the brown chunks represent the 

metallic copper with a laminar structure.64 Reprinted and adapted with permission 

from ref. 64. Copyright 2006 Elsevier. 
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1.6.2 Linker-based Hopping 

In the redox hopping based on the metal clusters, the potential risk of losing 

structural stability is a big issue. By changing the redox-active block from the metal 

clusters to the organic linkers, this problem can be readily solved. Overall, the 

redox-active linkers can be roughly categorized into the following three types: 

metal-complex linker, radical-based aromatic linker, and redox-modified linker. 

 

1.6.2.1 Metal-complex redox-active linker (metalloligands) 

Comparing to the metal ions in the clusters, metal ions in the complexes have 

different electron atmosphere, polarization, and stereospecificity. Consequently, the 

catalytical capability and redox-specificity can be modified.63 Due to these 

advantages, MOFs with metal complex linkers have been widely developed. The 

most typical examples of this kind of linker are porphyrin-, pyridine-, and catechol-

based linkers.53,66 More metalloligand-based MOFs relying on phthalocyanine and 

cyclam were also reported.67,68 

Porphyrin-based linkers 

Metalloporphyrins play essential roles in living organisms, such as in 

hemoproteins responsible for oxygen transport in the human body, chlorophyll 

involved in photosynthesis, and vitamin B12. These compounds are characterized by 

a planar structure that can stabilize kinetically labile metal centers, contributing to 

their broad biological significance.69 In addition to their structural rigidity, 
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metalloporphyrin linker also show high stability, excellent catalytic activity, and 

ease of functionalization.53,63 Their inherent photoactivity has also led to innovative 

research in developing MOFs for various applications, like light-harvesting and 

photochemistry-related applications, and the biocompatibility of porphyrin promotes 

their bioelectrochemical applications.63,67 

Due to the ease of functionalization, derivatives of porphyrin with various 

functionalization have been successfully prepared and incorporated into MOF as 

organic linker, and the MOFs were named as metal-metalloporphyrin frameworks 

(MMPFs).63 Below are chemical structures of three widely used porphyrin-

derivative linkers in their metal-free form.

 

Figure 15. Metal-free forms of porphyrin-derivatives utilized as organic linkers 

in MOF 

In the work done by Ahrenholtz et al., CoPIZA, a MOF made of CoII-

carboxylate clusters and Co-TCPP linker (TCPP =Tetrakis (4-carboxyphenyl) 

porphyrin), was observed to show moderate conductivity (3.62*10-8 S/cm), which 

was attributed to the redox hopping mechanism. With the help of spectrochemistry, 
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the redox-active species in CoPIZA was found to be the CoTCPP, instead of the Co 

clusters. The peak of (CoII I/IITCPP)CoPIZA pairing was at -1040 mV vs. 

ferrocyanide, while the peak of (CoII/ITCPP)CoPIZA showed up at a more negative 

potential. In this study, CoPIZA showed great stability and reversibility under the 

experimental conditions, and the MOF film demonstrated the catalytic activity 

toward CCl4 reduction upon reduction to (CoITCPP)CoPIZA.70 

 

Figure 16. Cyclic voltammetry of the CoPIZA/FTO in 0.1 M LiClO4/DMF at 

100 mV/s. Inset shows the peak current of the reduction at ī1100 mV vs 

ferrocyanide to be linear with the square root of the scan rate (ɡ)1/2.70 Reprinted with 

permission from ref. 70. Copyright 2014 American Chemical Societ 
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Redox hopping behavior was also observed in other MOFs made with 

porphyrin and redox-inert metal clusters. In the work done by Kung et al., MOF-525 

was prepared by the coordination of metal-free TCPP and Zr6 clusters, and it was 

post-synthetic metalated to introduce CoII and ZnII into the TCPP ligand to get Co-

MOF-525 and Zn-MOF-525, respectively. Electrochemical tests demonstrated that 

all three MOFs are redox-active (Figure 17) and the shared mechanism was 

attributed to redox hopping. Chronoamperometry results showed that the apparent 

diffusion coefficients (Dapp) follow the sequence of Zn-MOF-525, Co-MOF-525, 

and MOF-525. In the following research, Hod et al. found that by introducing Fe 

into the porphyrin of MOF-525 through post-synthetic metalation, Fe-MOF-525 can 

serve as a CO2 reduction catalyst with the Fe-TCPP linker as both redox-hopping 

sites and the electrocatalyst.16 
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Figure 17. CV curves of the MOF-525, Zn-MOF-525, and Co-MOF-525 thin 

films, measured in 0.1 M KCl aqueous solution (scan rate: 25 mV/s).71 Reprinted 

with permission from ref. 71. Copyright 2014 Royal Society of Chemistry. 

To figure out the relationship between the hopping rate and the spin-state of the 

metal center, Maindan and co-workers examined four MOFs (PCN-222(Fe), MOF-

525(Fe), NU-902(Fe), and MOF-225(Fe)) which are chemically comparable but 

structurally different, made with the same Fe-TCPP linker and Zr6 cluster.72  It was 

found that the introduction of methylimidazole (MIM)  to coordinate with the Fe 

center resulted in hexacoordinated low-spin TCPP(FeII/III ) with lower reorganization 

energy. Consequently, the hopping rate was improved. More detailed, in the large-

pore MOFs like PCN-222(Fe) and MOF-525(Fe), the coordination of MIM is easier, 

which leads to a higher population of TCPP(Fe) coordinated with MIM . Therefore, 
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the improvement of hopping rate is greater than that in small-pore MOFs like PCN-

225(Fe) and NU-902(Fe).  

Pyridine-complex linkers 

Due to the structural similarity, bipyridine derivatives have been utilized in 

UiO-67 MOFs to replace the biphenyl linker of UiO-67, partially or completely, 

with no structural change or distortion. The substitution allows for the formation of 

metal complexes within the UiO-67 framework, leveraging the chelating properties 

of bipyridine derivatives to enhance the MOF's functionality. The strategy has been 

readily applied in the UiO-67 series, leading to the UiO-67 used for gas separation, 

photochemistry, water oxidation, CO2 reduction, etc.8,10,53,73ï81  

 

Figure 18. Structural schematic of bpy-UiO-Ni, which shows the capability to 

achieve direct N-alkylation of anilines with alcohols.81 Reprinted with permission 

from ref. 81. Copyright 2022 Elsevier. 

In the work done by Lin et al., a [Ru(tpy)(dcbpy)(OH2)]
2+-Modified-UiO-67 

(tpy = tpy = 2,2ǋ;6ǋǋ,2ǋǋ-terpyridine, dcbpy = 4,4ǋ-dicarboxy-2,2ǋ-bipyridine)was 
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prepared by partially replacing the biphenyl dicarboxylic acid with 

[Ru(tpy)(dcbpy)Cl]Cl. The dcbpy ligand of Ru-complex can also serve as the MOF 

linker, and, consequently, introduce the Ru-complex into the MOF. The PXRD 

pattern of Ru-UiO-67 and UiO-67 (simulated) perfectly matched, which indicated 

that the pristine and modified MOFs have the same inherent structure (Figure 19). 

Charge transfer within Ru-UiO-67 was found to occur via the redox hopping 

mechanism, and the charge transfer rate was found to be sufficient to promote 

electrocatalytic reactivity on the interior of MOF.76 

      

Figure 19. (a) PXRD pattern of Ru-UiO-67 and simulated pattern of UiO-67. 

(b) Oxygen-evolution data for Ru-UiO-67 (red) and free linker 

[Ru(tpy)(dcbpy)Cl]Cl (blue) in solution.76 Reprinted with permission from ref. 76. 

Copyright 2017 European Chemical Societies. 

As an extension of the simple bipyridine-derivative, there are additional linkers 

that can be used to achieve new MOFs. Here are some examples for the more 

complicated linkers with pyridine functional group that have been used to make 

isostructural MOF (Figure 20).8 

b) 
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Figure 20. Examples of other pyridine-based linkers. 

Catechol-based Linker 

Catechol, also known as 1,2-dihydroxybenzene, are readily utilized as ligands. 

Therefore, in small molecule catalysts, catechol-based molecules have been used to 

serve as metal-anchoring sites.82 Besides to the chelating stability, catechol also 

showed reversible redox-activity and it was incorporated into MOF. In the work of 

Zhang et al., a catechol-based linker was introduced into UiO-68 and served as a 

ligand to coordinate with copper(I) ions.82 It was found that the Cu(II) precursor was 

reduced to Cu(I) by the catecholate during the synthesis, and the catechol was 

oxidize to the semiquinone form (Figure 21). The modified UiO-68 showed great 

stability during the redox cycles and excellent selectivity toward the allylic 

oxidation of cyclohexene. The outstanding catalytic activity was attributed to the 

formation of mixed-valent copper species that resulted from the employment of the 

redox-noninnocent catechol linker, which provided a new strategy to design and 

tune the catalytic behavior of MOFs. 
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Figure 21. Formation of Cu(I) centers during the incorporation of catechol in 

UiO-67 MOF analog. 

 

Ferrocene-based linker 

Ferrocene is renowned for its distinctive electrochemical and optical properties, 

excellent stability, and remarkable redox reversibility. These characteristics make it 

an ideal component for creating redox-active MOFs that could exhibit unique optical 

and electrochemical functionalities. The integration of ferrocene into MOFs leads to 

materials that demonstrate redox hopping behavior.83 Some examples of reported 

ferrocene-based linkers applied in MOFs are shown in Figure 22. 
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Figure 22. Examples of Fc-based linkers.83 

Due to the excellent electrochemical stability and reversibility, Fc-based linkers 

have been treated as candidates for various electrochemical applications. For 

instance, the Zn-Fc MOF, comprised of a zinc cluster and 1,1'-

ferrocenedicarboxylate (Fc(COOH) ) linker, exhibits reversible redox activity on a 

glassy carbon electrode, showcasing its potential in electrochemical application.84 

Similarly, the Al-MIL -53-FcDc MOF, constructed with aluminum oxygen octahedra 

chains and the Fc(COOH)  linker, also displays reversible redox properties, 

underlining the versatility and wide application scope of ferrocene-based MOFs in 

enhancing electrochemical performance.85 
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Figure 23. CV of (a) Zn-Fc MOF running in DCM containing 0.1 M TBAPF6
84 

and (b) Al -MIL -53-FcDc carried out with a 0.1 M NaPF6/MeCN solution.85 

Reprinted with permission from ref. 85. Copyright 2019 Royal Society of 

Chemistry. 
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Metal-oxime complex linker 

UU-100, a MOF made with cobaloxime-based linker and Zr6 cluster SBU. The 

linker unit was assembled by a cobalt center and two functionalized dioximes. The 

cobalt center enables the redox hopping within the MOF, and it also serves as the 

catalyst in hydrogen evolution reaction. By fixing the oxime ligands by the rigid 

MOF structure, the stability of cobaloxime can be readily strengthened in 

comparison to homogeneous cobalioxime catalysts. UU-100 showed both great 

catalytic efficiency and durability in electrochemical hydrogen evolution (Figure 

24).86 

 

Figure 24. (a) The structure of UU-100ôs cobaloxime linker and the MOF 

structure. (b) CV of UU-100 in DMF containing 0.1 M LiClO4 at different scan 

rates, which showed linear dependency of the peaks current on the scan rate under 

100 mv/s. (c) Photographs of UU-100 film on FTO at 0 and 1500 mV (vs. Fc+/0).86 
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Reprinted with permission from ref. 86. Copyright 2019 American Chemical 

Society. 

 

1.6.2.2 Metal-free Redox-active Linkers 

Purely organic linkers are also capable of serving as a redox center. Charge 

transport generally relies on the formation of organic radical, which is stabilized by 

the conjugated structure of linker.87  

Porphyrin 

Pyrene 

The redox behavior of pyrene has been widely used to impart the conductivity 

to polymer networks.88,89 However, the pyrene radical cation formed after oxidation 

can undergo dimerization.90ï92 Dimerization proceeds through the formation of a 

highly irreversible covalent bond. In MOFs, the rigid structure can suppress the 

dimerization, which leads to an excellent reversibility in electrochemistry 

behavior.93  

In the research conducted by Kung et al., a NU-901 film was synthesized by 

assembling Zr6 clusters with H4TBAPy (H4TBAPy = 4,4',4'',4'''-(Pyrene-1,3,6,8-

tetrayl) tetrabenzoic acid). When comparing the CV profiles of NU-901 with that of 

the free linker (Figure 25), it was noted that the linker's oxidation is nearly 

irreversible, whereas the MOF displayed reversible electrochemical behavior. The 

difference was ascribed to the aforementioned dimerization of the oxidized free 
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linker in the solution. Due to the highly reversible redox activity exhibited by the 

MOF, it was explored further for a reversible electrochromic behavior.93 

 

 

Figure 25. ЃaЄCVs of the NU-901 thin film/FTO electrode and bare FTO 

electrode (b) CV of free H4TBAPy linker (c) reversible color change of NU-901 

film.93 Reprinted with permission from ref. 93. Copyright 2013 American Chemical 

Society. 

Similar reversible electrochemical behavior was also observed in NU-1000, a 

MOF made with the same linker and metal nodes of NU-901 but with different pore 

size and crystalline structure. In the work done by Guerraf et al., an NU-1000 film 

was found to have electrochromic reversibility for over 500 cycles of double 

potential step chronoamperometry without attenuation of the color contrast (Figure 

26).94  
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Figure 26. (a) Images of a NU-1000 thin film deposited on an FTO slide biased 

at 400 and 1400 mV in 0.1 M TBAPF6/DCM electrolytic medium. The diagram at 

the bottom illustrates the TBAPy liner in the neutral (left) and oxidized (right) NU-

1000, corresponding to TBAPy4
ī and radical TBAPy3·ī, respectively. (b) Images of 

a NU-1000-based electrochromic device encapsulating BMIMBF4 ionic liquid, 

repeatedly biased at 0 and 3 V.94 Reprinted with permission from ref. 94. Copyright 

2024 Wiley. 

 

Another work regarding to the reversible one-electron oxidation of NU-1000 

was done by Goswami et al., in which NU-1000 films were prepared through 
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solvothermal and electrophoretic deposition. Though the CV of these two films 

showed tiny differences in the shape, they both showed highly reversible electro-

oxidation of the pyrene linker (Figure 27).87 However, the charge transfer rate was 

found to be faster in the film prepared through solvothermal method. The difference 

in charge transfer rate is because of the electron coupling between adjacent linkers is 

stronger along the c-axis direction than that in the a,b-plane, which is caused by the 

reduced symmetry of NU-1000. 

 

Figure 27. CV of (a) solvothermal NU-1000 and (b) electrophoretic deposited 

NU-1000 films in 1 M TBAPF6 in DCM.87 Reprinted with permission from ref. 87. 

Copyright 2013 American Chemical Society. 

 

Naphthalenediimide-based Linker 

With the photoactivity, chemical and electrochemical stability, electron 

accepting properties, and rigid structure, naphthalenediimide (NDI) and its 

derivatives are promising structural unit to be coordinated into MOF to obtain 

multifunctional MOFs.95,96 In previous research, multiple types of NDI-based linkers 

were prepared and integrated into MOFs. In the work done by Wade et al. in 2013, 
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three NDI-based MOFs with different functional groups were prepared by 

coordinating to Zn clusters.96 All  Zn-NDI MOFs showed redox activity which was 

attributed to the two-step reduction of the redox-active NDI backbone ([NDI] 0/· - and 

[NDI] · -/2-) (Figure 28). Striking color changes were coincident with the reduction 

events, which demonstrated that the potential of Zn-NDI MOFs to serve as 

electrochromic materials.  

 

Figure 28. (a) Chemical structures of the NDI-based linkers and the optical 

images of films of Zn(NDI-X) on FTO. (b) Cyclic voltammograms of Zn(NDI-X) 

(X = H, NHEt, and SEt) films on FTO substrates measured in DMF solution 

containing 0.1 M TBAPF6 (scan rate: 50 mV/s).96 Reprinted with permission from 

ref. 96. Copyright 2013 Nature Portfolio. 

Zn(NDI) was also utilized in the research regarding to the redox conductivity in 

MOF carrier by the Ott group.97 In this work, the redox conductivity of Zn(NDI) 

was measured at different applied potentials, which showed bell-shaped redox 

conductivity with the highest value at the standard potential (E0) of the redox-pair in 
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the relevant single redox event (Figure 29). The phenomenon was explained with the 

fundamental mechanism of redox-hopping: the success of a single redox-hopping 

event is fundamentally determined by the probability that a neighboring acceptor 

site is available. Therefore, when the redox-active sites have equal populations of 

oxidized and reduced states, the highest redox conductivity is expected to show up, 

which is at the standard potential according to the Nernst equation.  

 

Figure 29. Representative CVs (100mV/s) and redox-conductivity 

characterizations of Zr(dcphOH-NDI) thin-films. Gaussian fit was performed for 

NDI/NDIÅī based (blue line) and NDIÅī/NDI2ī (brown line) bell-shaped redox 

conductivity.97 Reprinted with permission from ref. 97. Copyright 2013 Nature 

Portfolio. 

Another work done by the Ott group was based on a MOF made of Zr6 cluster 

and a different NDI linker.98 The MOF had an interpenetrating structure and showed 

clear two-step reduction in cyclic voltammetry, resulting from the redox-active NDI 

backbone. In the MOF, with the Li+ in electrolyte, a Li+-bridged (NDI)2 dimer was 

discovered, in which the spin is fully delocalized over the two units and facilitates 
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fast charge transfer. It indicated that the redox hopping in MOFs may be promoted 

by a through-bond pathway under certain conditions (Figure 30). 

 

Figure 30. singly reduced Zr6O4(OH)4(OAc)10(NDI-OH)2 system with (left) 

Li+ counter ion and (right) TBA+ counter ion. Spin density (in red) indicates the 

electron localization/delocalization in the system.98 Reprinted with permission from 

ref. 98. Copyright 2022 American Chemical Society. 

 

1.6.2.3 Redox-modified Linker 

The redox-activity of linker can also be achieved by grafting redox-active functional 

group(s) onto the organic linker in a prudent fashion. Due to the similarity to the 

post-modification, it will be discussed in part 1.6.4 in detail.  

 

1.6.3 Mixed Metal- and Linker-based Hopping 

MOFs with metal nodes and linkers that are both redox-active are rarely reported. 

Matheu et al. reported a MOF with Co-phthalocyanine catechol linker and Fe3 trimer 
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as the metal node named MOF-1992.99 When comparing with other frameworks 

with metalloporphyrin linkers (e.g. MOF-545-Fe and COF-367-Co), MOF-1992 

showed a electroactive coverage 1-2 orders of magnitude higher. The outstanding 

electrochemical performance was attributed to the conductive backbone, with both 

the Co-phthalocyanine linker and the Fe3 node involved. 

1.6.4 Post-synthetic Hopping Strategies 

Due to the MOFsô identity as organic/inorganic mixture, the redox-active 

functional groups can be easily anchored onto the organic linkers via organic 

synthesis methods or attached directly to the metal nodes through specific chemical 

reactions. Post-synthetic modification opens a plethora of functional possibilities, 

enabling the creation of MOFs with diverse and multifunctional capabilities.  

Post-synthetic modification can be achieved in numerous ways, we will briefly 

discuss the most common methods and the redox centers. 

1.6.4.1 Post-Synthetic Redox Modification on Organic Linker 

In the post-modification of MOFs, various functional groups can be utilized as 

the reactive site. Considering the ease of introduction, versatility, and reactivity, 

amino group is widely used as the modification site. Few examples of successful 

strategies were listed below (Figure 31).14,44,100ï105 
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Figure 31. Synthetic strategies to anchor the functional groups onto modified 

organic linkers in MOFs. (R = functional group).  

 

1.6.4.2 Post Synthetic Redox-modification on Metal Clusters 

The node structure of MOFs can enable additional binding sites for redox-

active species post-synthetically if undercoordinated. In Zr-based MOFs, for 

example, the UiO-series, twelve hydroxyl or aqua groups on the Zr6 nodes are fully 

coordinated with the carboxylate linkers. In contrast, in NU-1000 and PCN-222, 

which features a similar node with only eight groups coordinated. That means, there 
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are unoccupied sites on the nodes of NU-1000 and PCN-222 that are exposed and 

reactive (nonstructural water and hydroxy ligands). This unreacted groups provide 

an easy and practical way to introduce functional groups, which is known as solvent-

assistant ligand incorporation (SALI). 

To achieve the post-synthetic anchoring onto metal nodes, carboxylate, 

phosphate, and acetylacetonate are commonly used because their ability to react 

with the nascent aqua and hydroxo groups.106ï109 Although there are only a few 

choices for the anchoring group, the functional groups are almost unlimited. In the 

work done by the Farha group, the versatility of SALI on NU-1000 is solidly 

verified.109 In this work, they successfully achieved the post-synthetic introduction 

of tens of functional groups, including alkyl, alkyne, and aromatic groups, with 

various degrees of secondary functionalization (e.g. halide atoms and quaternary 

ammonium salts). The Farha group has also demonstrated the incorporation of 

perfluoroalkane species.110 The stability of MOFs to SALI has also been 

demonstrated by comparing the PXRD pattern and the SEM images before and after 

the SALI process, results clearly demonstrated that the SALI process does not 

change or damage the structure and morphology of MOF particles.47,49,106,109,111ï114 

Defect engineering of MOF was also utilized to introduce anchoring sites for 

post-synthetic modification. In UiO-66, missing-linker defects provides exposed, 

unoccupied hydroxyl and aqua ligands on nodes, which can coordinate with 

transition metal ions. In the work of Chuang et al., defective UiO-66 films were 

prepared through drop-casting, spin-coating, and bottom-up solvothermal methods, 

following by the post-synthetic introduction of iridium.45 All the obtained iridium-



 

____________________________________________________________________ 

47 

decorated UiO-66 films showed redox activity, and the Dapp of all Ir-UiO-66 was 

found to be on the order of 10-12 cm2/s, which indicated that the redox hopping 

performance was barely affected by the thickness and preparation method. However, 

the CVs showed that the solvothermally-prepared film showed well-defined and 

separated peaks of IrII/ Ir III  and IrIII /Ir IV, while the spin-coated film showed 

overlapped and broad peaks (Figure 32). The difference was attributed to the 

degrees of crystal packing: spin-coating lead to loosely packed particles, conversely, 

the solvothermal method resulted to a monolayer of deposited particles. 

 

Figure 32. CV curves of UiO-66 and Ir-UiO-66 films made by (a) drop-

casting, (b) spin-coating, and (c) solvothermal method. Measured at a scan rate of 25 

mV/s in an aqueous solutions of HClO4 (0.1 M).45 Reprinted with permission from 

ref. 45. Copyright 2020 American Chemical Society. 

 

1.6.4.3 Redox centers in Post-synthetic Modification 

Ferrocene  
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 Similar to the ferrocene-based linker approaches, ferrocene can also be post-

synthetically incorporated. The strategy has been successfully implemented in 

multiple MOFs. Through the introduction of Fc-functional groups onto the phenyl 

linker of UiO-66 via a Schiff base reaction, the pristine redox-inert NH2-UiO-66 can 

be easily redox-activated.101 The same Schiff base strategy was also used on NH2-

MIL -101, which verified its potential to be widely applied in MOFs.103 Other 

synthetic strategies have also found utility, for example, the condensation reaction of 

amide formation reaction (Figure 31).14,44,104,105 

Fc-modification through SALI was also readily and widely utilized to 

fundamentally study the redox hopping mechanism in MOFs. In the work done by 

the Morris group, metallocenes were successfully loaded into NU-1000 to form M-

NU-1000 (M = Fe, Ru, Os).47 The redox hopping behavior of each M-NU-1000 was 

analyzed, and the electron hopping coefficient and ion diffusion coefficient were 

independently quantified by the Scholz model. It was found that the electron 

hopping coefficient of M-NU-1000 followed the sequence of Os>Ru>Fe, which 

matched the self-exchange rate of the corresponding M2+/M3+ couples. The concept 

was extended to Fc-modified NU-1000, NU-1003, and MOF-808 to study the effect 

of pore size in redox hopping.49 It was found in this study that a large pore size leads 

to faster ion diffusion in the pores, and consequently, higher Di, but it also leads to a 

longer distance between the redox centers and decreases the De. However, 

considering the ion diffusion is the rate limiting step in most cases, the tradeoff was 

overall positive, which can accelerate the redox process and lead to a higher Dapp. 
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Fc-modified Nu-1000 was also utilized in the work done by the Hupp group.115 

In this work, it was found that the Fc-NU-1000 showed a permselectivity. At low 

supporting electrolyte concentration, when all the Fc sites are electrochemically 

oxidized, they block the cations from entering the porous MOF due to the Donnan-

equilibrium exclusion effect. It disarmed the electroactivity of the pyrene-based 

linker of NU-1000, which could be reversibly oxidized in ordinary NU-1000. When 

the concentration of supporting electrolyte increases to that matching the 

concentration of the pyrene linker in MOF, the redox activity of linker was found to 

be restored (Figure 34). 

 

Figure 33. (a) CVs of Fc-NU-1000 and NU-1000 a solution of 0.05 M TBAPF6 

in MeCN. (b) CVs comparing between Fc-NU-1000 at different TBAPF6 supporting 

electrolyte concentrations.116 Reprinted with permission from ref. 116. Copyright 

2015 American Chemical Society. 

Polypyridyl Metal Complexes102 

The most reported metal center among the metal polypyridyl complexes 

introduced into MOFs is ruthenium, which has already shown potential on photo-

physics and electrochemical catalysis.18,74,113,117 The redox hopping behavior of 
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RuII(bpy)2(dcbpy) installed NU-1008 was studied in the work done by the Hupp 

group.108 In the CV, Ru-bpy@NU-1008 showed a reversible oxidation with RuII/III  

formal potential to be ~1480 mV vs. Ag/AgCl (Figure 35). However, through the 

scan-rate-dependent experiment, the intra-film redox process was found to be 

sluggish, which leads to a smaller cathodic current. The redox hopping coefficient 

(which is Dapp in this study) derived from the chronoamperometry was 6 × 10-12 

cm2/s. 

 

Figure 34. (A) CV of NU-1008 (solid) and Ru-bpy@NU-1008 (dash) with 

various scan rates.108 Reprinted with permission from ref. 108. Copyright 2022 

Frontiers Media. 

1.7 Guest-promoted 

Using host-guest interactions is especially suitable to be utilized in MOFs to 

improve the conductivity because of the permanent porosity.22  By increasing the 



 

____________________________________________________________________ 

51 

local concentration of electroactive guests, conductive pathways can be easily 

formed, and consequently, the conductivity is improved. The mechanism of 

conductivity varies with the guest molecule, which will be discussed in the 

following sections. 

1.7.1 Molecular Iodine and Polyiodide Anions as Guest 

Tuning the conductivity of MOFs with molecular iodine has been verified to be 

an effective strategy in MOFs.118 For example, in the work done by Li and co-

workers, I2 was introduced into the MOF [Co1.5(bdc)1.5(H2bpz)]·DMF·4H 2O and 

form [Co1.5(bdc)1.5 (H2bpz)]·0.5I2·DMF (bdc = bezene dicarboxylic acid, bpz = 4,4' 

-pyrazole) by soaking the pristine MOF in a iodine solution of cyclohexane.119 The 

loading of I2 was found to lead to three orders of magnitude enhancement in 

conductivity, which was attributed to the formation of C-HéI bridge between the 

bdc linker and the molecular iodine in the pores. The C-HéI enables the nŸů* 

charge transfer, and the favorably oriented arrangement of the iodine guest 

molecules furtherly enhances the charge transfer efficiency. In the work of Lee et 

al., I2-doped Co3(NDC)3
 (NDC = 2,6-naphthalenedicarboxylate) was found to have 

Hall effect and perform as a p-type semiconductor, while the untreated MOF 

performed as insulator.120 The changes were attributed to the formation of donor-

acceptor charge transfer complex, to be specific, ˊ-electrons from the aromatic 

linker donor and the I2 acceptor, as verified by UV-Vis spectra and computational 

chemistry (new peak observed at 241.5 nm) (Figure 36). 
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Figure 35. UV-Vis absorption spectra of (A) iodine, undoped Co3(NDC)3 

suspension, and iodine doped Co3(NDC)3 suspension in chloroform, and (B) iodine 

and saturated suspension NDC in chloroform.120 Reprinted with permission from ref. 

120. Copyright 2015 American Chemical Society. 

The introduction of molecular iodine was found to partially oxidize the metal 

clusters in MOF, leading to the mixed-valance. In research conducted by Zhang et 

al., iodine in V2(OH)2(BPTC) (H4BPTC = 3,3ǋ,4,4ǋ-biphenyltetracarboxylic acid) 

was found to oxidize about 30% of the native VIII  centers to VIV, which resulted in 

the increase of conductivity by six orders of magnitude.121 The huge increase in 

conductivity was explained by the formation of mixed-valent V centers together 
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with the charge hopping along the iodine helical chains, which were observed in the 

channels of MOF by X-ray diffraction. 

1.7.2 Tetracyanoquinodimethane as Guest 

Tetracyanoquinodimethane (TCNQ) is another widely used guest molecule to 

achieve the improvement of MOFsô conductivity. In the work done by Talin et al., 

the introduction of TCNQ lead to an increase in conductivity of HKUST-1 by six 

orders of magnitude. The authors explained that it is because of the stronger 

electronic coupling between the dimeric Cu paddlewheel SBU bridged by the TCNQ 

guest .122  A similar phenomenon was also found in the other MOFs with various 

structures.123ï125 

1.7.3 Conductive Polymer as Guest 

The advancement of conductive polymers has positioned them as promising 

agents for enhancing conductivity when integrated into MOFs. Relying on the 

porous nature of MOFs, monomers can permeate the framework and undergo in-situ 

polymerization.126,127 In research conducted by Wang et al., polypyrrole was 

synthesized within the {Zn3(D,L-lactate)2(4-pyridylbenzoate)2} framework via in-

situ polymerization, triggered by molecular iodine.127 The MOF-polymer composite 

exhibited superior conductivity compared to both an iodine-intercalated MOF and 

standalone polypyrrole. The increase in conductivity was linked to enhanced charge 

transfer interactions among polymer chains, facilitated by the MOF's linkers acting 

as ˊ-donors. Additionally, iodine doping in the polymer likely plays a role in this 

conductivity boost. An intriguing finding was that polypyrrole, once removed from 
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the composite, displayed significantly higher conductivity than its bulk counterpart. 

The enhanced conductivity is credited to the formation of highly linear and ordered 

polymer chains, fostered by the confinement given by the 1D tunnel within the MOF 

structure. 

1.7.4 Limitations of Guest-Promoted Strategy 

Even though the incorporation of iodine is efficient, straightforward, and 

practical, the potential drawbacks should not be ignored. In some MOFs, e.g.,  

Zn3(lac)3(pybz)2 and Co3(lac)2(pybz)2 (lac = lactate, pybz = 4-(pyridin-4-yl)benzoic 

acid), even though the conductivity was greatly improved through incorporation of 

I2, the loss of crystallinity was also observed.128,129  

In guest-promoted MOFs, there is often a trade-off between increased 

functionality and loss of surface area and porosity. Typically, after guest molecules 

are incorporated, the specific surface area of the MOFs decreases, indicating 

successful integration.12,122,123 High surface area is crucial for MOF applications, 

particularly as catalysts, where it facilitates reactant accessibility and interaction. 

Therefore, while guest molecule incorporation may improve MOF conductivity, it 

can compromise catalytic efficiency. The issue is also observed when conductive 

polymers are introduced into MOF pores. Therefore, when designing and 

synthesizing MOFs, the balance between conductivity and catalytic activity must be 

meticulously considered to optimize performance without significantly sacrificing 

porosity or surface area. 

1.8 Other strategies to make MOF conductive 
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In the following part, some relatively rarely reported strategies to make MOF 

conductive will be introduced. 

1.8.1 Solvent-induced conductivity modulation 

Solvent-induced conductivity modulation is treated as a specific kind of 

doping, resulting from the coordination of polar solvent molecules.5 In the work 

done by Sun et al., it was found that the Fe2(DSBDC) framework exhibits different 

conductivity when soaked with different solvents. Compared with the pristine 

Fe2(DSBDC) which has unsaturated Fe centers, the DMF-coordinated MOFôs 

conductivity is enhanced by 1,000 times. Charge transfer between the Fe centers and 

polar solvent molecules was implicated in the difference. 

1.8.2 Conductive Molecular-Scale Bridges 

Conductive molecular-scale bridges can be treated as a special case of post-

synthetic modification, which includes two steps to form a conductive bridge: (1) 

building blocks onto nodes and (2) link the blocks.130 An example is the NU-1000 

with polythiophene incorporated prepared by the Huppôs group.131 To match the 

dimensions of NU-1000, thiophene pentamers were chosen as the unit blocks. The 

conductivity of MOF-polythiophene was found to be 1.3 × 10-7 S/cm, about two 

orders of magnitude higher than the pristine NU-1000. 
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Figure 36. Schematic demonstrating the formation of molecular-scale 

polythiophene bridge in NU-1000.130 Reprinted with permission from ref. 130. 

Copyright 2017 American Chemical Society. 

In another work done by the Hupp group, a conductive bridge was introduced 

in NU-1000 through inorganic tin oxide blocks.132 Through the solvothermal 

installation, the molecular tin species were irreversibly grafted onto the metal nodes 

of NU-1000 via reaction with hydroxy and aqua groups. A steam-treatment 

converted the tin species to tetratin(IV)oxy clusters, siting between the insulating 

zirconium clusters and forming a conducting bridge. The conductivity of NU-1000 

was enhanced by three orders of magnitude through the bridging, however, about 

30% loss of the surface area was also observed. 
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Chapter 2 

Redox Hopping in Metal-Organic Frameworks through the Lens of the Scholz 

Model 

2.1 Abstract 

Initially proposed by Lovric and Scholz to explain redox reactions in solid-phase 

voltammetry, the Scholz modelôs applications have expanded to redox in various materials. 

As an extension of the Cottrell equation, the Scholz model enabled the quantification of 

electron hopping and ion diffusion with coefficients, De and Di, respectively. Research 

utilizing the Scholz model indicated that, in most cases, a huge bottleneck is resulted from 

the ion diffusion which is slower than electron hopping by orders of magnitude. Therefore, 

electron and ion motion can be tuned and optimized to increase the charge transport and 

conductivity through systematic investigations guided by the Scholz model. The strategy 

may be extended to other solid-state materials in the future, e.g., battery anodes/cathodes. 

In this perspective, the applications of the Scholz model in different materials will be 

discussed. Moreover, the limitations of the Scholz model will also be introduced, and 

viable solutions to those limitations discussed. 
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(Reprinted with permission from Ref 48. Copyright © 2023 American Chemical 

Society.) 

 

2.2 Solid-state Electrochemistry and the Cottrell Modelððthe old tool used to 

investigate redox hopping 

Solid-state electrochemistry enables the study of almost any compound or material 

with three-dimensionally distributed, highly-concentrated redox centers,43,44 regardless of 

the conductivity of oxidized or reduced forms and film thickness.50,133 The study of varied 

materials in this manner is possible because the electrochemical properties can be easily 
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measured by loading the materials onto the surface of an electrode, even in trace amounts. 

There are numerous methods to achieve the immobilization of solid samples to electrodes, 

including electrophoretic deposition,47,49,134,135 abrasive stripping,136 electrochemical 

deposition,135 and direct growth of particles.135 Mixing the solid sample with carbon paste 

or conductive polymers to form a composite electrode system is also employed.133 

In solid-state electrochemistry, conduction is often observed as the combination of 

two processes: the movement of electrons between redox centers and the diffusion of 

counterbalancing ions to maintain a neutral charge. The electron hopping process, 

sometimes called redox conduction or self-exchange, is triggered by the electrolytically-

generated concentration gradients arising mixed-valence redox centers in the bulk 

material.43 Each of these two processes, ion diffusion or electron self-exchange, could 

become a potential bottleneck of the redox reaction due to the necessity for keeping 

electroneutrality: the movement and accumulation of the faster species generates an 

electrical field, which accelerates the slower species and decelerates the faster one.136,137  

The Cottrell equation is widely used in electrochemistry to measure diffusion (or mass 

transport) control over the rate of electrolysis. In the Cottrell equation (eq. 1), 

  Ὅ
Ѝ

 (1) 

current is dependent on t-1/2 because of the depletion of electroactive species near the 

electrode surface region.138 In this equation, n is the number of electrons transferred in the 

reaction, Dapp is the apparent diffusion coefficient, F is Faradayôs constant, A is the area of 
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electrode, t is time, and c is the concentration of redox active species.45,139 This equation 

has been widely used to quantify Dapp and solve various diffusion-related questions in many 

research fields, including the ion diffusion rate in solutions, diffusion-controlled 

electrophoretic deposition, redox hopping process in conductive polymers, across 

molecularly-sensitized metal oxide surfaces, and through MOFs, and more.9,11ï25
  

While the Cottrell equation has been invaluable for electrochemical diffusion 

considerations, its weaknesses have become more apparent recently. Dapp combines the 

counter ion diffusion coefficient (Di) and electron transfer coefficient (De) and, therefore, 

lacks any acknowledgment of their individual contributions to the overall rate.47 As 

aforementioned, electron hopping and counterion diffusion are interdependent and 

mutually restrictive processes. Thus, the slower process will become the rate-determining 

step for the overall process. Since optimizing the rate-determining step is the most efficient 

way to enhance the overall rate, it is essential to have a method that can separate the two 

interdependent coefficients and identify whether the rate is hindered by electron transport 

or ion diffusion. The Scholz model can be used to achieve this goal and help deepen the 

understanding of redox hopping processes. In this perspective, we will discuss the 

foundational principles and assumptions of the Scholz model, experimental evidence 

supporting these assumptions, and practical applications of the Scholz model, along with 

its shortcomings. 

 

2.3 The Scholz modelððPrinciples and Assumptions 
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 The Scholz model was first proposed to illustrate the electrochemical phenomenon 

in the voltammetry of microparticles (VMP).50 As expected for a theoretical model, 

assumptions are made to constrain the model so that it may be solved. In the Scholz model, 

the main assumption is that ion insertion can only happen through the sidewall of a crystal 

(0,y,z and x,0,z planes) parallel to the electrode surface (Figure 1a).50 Ion insertion from the 

top (x,y,zmax) perpendicular to the electrode surface is forbidden because it will lead to the 

charging of the particle-solvent interface, which cannot be directly compensated by the 

electrons from the electrode-crystal interface.50  
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Figure 1.  (a) Electron and ion movement in a solid crystal following assumptions 

made by the Scholz model and (b) ὭЍὸ vs. Ѝὸ curve with the three stages in the Scholz 

model. Reprinted with permission from Ref 48. Copyright © 2023 American Chemical 

Society. 

 

The other key assumptions include: (1) the concentrations of the oxidized and reduced 

forms of electrochemically active species at the three-phase junction are governed by the 

(a) (b) 
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Nernst equation and at thermodynamic equilibrium, and (2) the electrons move in the z-

direction only (perpendicular to the electrode-crystal interface). 

The ion insertion process can be divided into three distinct stages in the Scholz model: 

Stage A is at the onset of applied potential, in which both ion and electron diffuse 

unhinderedly along the interface of electrolyte and crystal into a quasi-semi-infinite space; 

Stage B is after all redox centers on the electrolyte-particle interface are reduced/oxidized, 

the reaction zone begins to penetrate the crystal bulk in this stage; and Stage C represents 

the very end of the reaction, treated as more than 99% of the redox centers are 

reduced/oxidized.47,49,50 The way to identify the three stages is through the ὍЍὸ vs. Ѝὸ curve 

(Figure 1b): the maximum of ὍЍὸ vs. Ѝὸ curve correspond to the moment that all the redox 

centers at the electrolyte/crystal interface are converted, which marks as the end of stage 

A and the beginning of stage B. Stage C is generally excluded from the analysis because it 

is dominated by purely ion diffusion. 47,49,50 

Through the application of grid modeling and Fickôs law, an equation describing the 

relationship between current response and time after a potential jump was developed for 

Stage A. By fitting experimental chronoamperometry (CA) curves with the relationship, 

the Di and De of Stage A can be quantified. The relationship is as follows,  

 Ὅὸ
 

ό
Ў Ў

Ѝ
ὈὈ τὈ ςὈὸ  (2) 

where u is the length of the three-phase junction, x0 and z0 represents the hopping 

distance of each step in the x-direction and z-direction, respectively, Vm represents the 

molar volume, F is the Faraday constant, De and Di represent the electrons hopping 

coefficient and ion diffusion coefficient, respectively. ű is defined as ű = E/RT(E-Ef) here, 
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where E is the applied step-in potential of chronoamperometry and Ef represents the formal 

potential (E0ǋ, often estimated from the half-wave potential, E1/2) derived from CV. 

To solve the factors at the start of stage B, eq. 3 and 4 are applied. 

 ὸ
Ȣ

 (3) 

 Ὅ πȢχς ὈὈ (4) 

where H is the height of the particles, tref and Iref represent the characteristic time and 

the current at that time, respectively. tref and Iref, are easily identified as they are the values 

that correspond to the maximum point in the ὍЍὸ vs. Ѝὸ curve. These equations can readily 

be applied to define the De and Di parameters relevant to bulk conduction.  

One important consideration is the relationship between the Scholz model and the 

Cotrell model and under what conditions each is derived. While both are derived from 

Fickôs laws, there are clear differences in the physical meanings of the diffusion 

coefficients. To see the relationship, we use the Stage A hopping behavior, Equation 2. The 

standard form of Cottrell equation assumes a planar electrode, where electrons are confined 

to the electrode surface, i.e., they are not a diffusing species and De = 0. If we assume De 

= 0 in the Stage A equation, we are left with the following relation, Equation  

       Ὅὸ
 

ό
Ў

Ѝ
όЎᾀ

Ѝ  
                             (5) 

where, the όЎᾀ term refers to the surface confined electrochemical active area 

around the three-phase boundary, and it is comparable to the A in the Cottrell equation, 

which represents the area of electrode. In the 
 

 term, the  means the 

concentration of redox centers in the particle, while the 
 

 can be transformed into 
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, which represents the ratio of reduced state of the redox center, by simply use the 

definition of •. Therefore, the meaning of 
 

 is the concentration of reduced 

redox center, and it is comparable to the C term in the Cottrell equation. Therefore, the 

Scholz model in the electron confined case is equivalent to the Cottrell equation50,149 

Therefore, when one applies the Cottrell equation to a redox hopping system ï there is no 

direct relationship between Dapp and De/Di. Indeed, the Cottrell equation assumes only one 

diffusing species, and thus, the resultant Dapp for a redox hopping approach has little 

physical meaning. That said, the Cottrell equation is used widely in redox hopping systems 

due to the ease of mathematical modeling and the realization that empirically the resultant 

Dapp agrees with expected trends. Indeed, in work of the Morris group, where both models 

were applied to the same system, the trends in Dapp agree well with that of De and Di.
47,49 

That said, the lack of physical meaning to the Dapp highlights the power of models like that 

of Scholz to provide a molecular context for redox hopping.  

 

2.4 Applications of the Scholz model 

2.4.1 Metal Oxide Reduction. 

One of the most critical assumptions of the Scholz model is that the reaction starts at 

the three-boundary, which has been widely observed and used to explain electrochemical 

processes in solid-state materials, e.g., metal oxides.150ï156 The first observation of the 

three-phase boundary was demonstrated by Scholz through the reduction of lead oxide to 

lead. In situ atomic force microscopy was applied to monitor the real-time reduction of a 

single Ŭ-PbO particle (Figure 2a).153 The electrochemical reduction was performed on a 

gold electrode and in 1 M KCl electrolyte. Due to the volume difference between litharge 
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(Ŭ-PbO) and metallic lead, the reduced metallic region will shrink and show an obvious 

interface, i.e., the reaction front. The reaction front region consists of lead ions and lead 

atoms, as well as water molecules and hydroxyl ions, which can be treated as a diffuse 

heterogeneous interface. By tracking the movement of the reaction front, the real-time 

progress of the reaction was visibly detected, and it was treated as robust evidence to prove 

the three-phase boundary assumption in the Scholz model. 

    

 

Figure 2. (a) Atomic force micrograph of an Ŭ-PbO crystal one a gold electrode in 

1M KCl electrolyte after reduction for 1 s (b) 2-D crystal cross-section perpendicular to 

the reaction front. Reprinted with permission from ref. 153. Copyright 2001 Elsevier. 

 

Interestingly, it was found that the reduction process starts from just one side of the 

detected particle instead of starting from the entire three-phase (PbO| electrolyte| gold 

electrode) junction of the particle (Figure 2b). The author proposed a few explanations for 

such a phenomenon: adhesion of the particle to the gold surface only occurred at the side 

of the reaction front, or the particle exhibited vastly anisotropic nucleation through an 

(a) 

(b) 
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uncontrolled structural phenomenon. Therefore, the contact between the redox-active 

particle and the electrode is paramount to the measured behavior, and variability in 

electrode-particle contact may introduce random error in measured values. Specifically, 

the number of ñactiveò particles (represented as N in the model) depends on the contact. In 

previous research utilizing the Scholz model, measuring the number of cuboids could 

become a problem. For instance, in the cases of mechanically transferring materials to the 

electrode, the way to determine N is from the weight of transferred materials, the dimension 

of cuboids, and the density.157,158 However, the number of ñactive cuboidsò is unknown 

because of the uncertain contact conditions and aggregation of the cuboids. 

To solve the problem, the information derived from CA can help. By integrating the 

area under the CA curve, the total charge transferred in the electrochemical process can be 

obtained.49,157 Knowing the concentration of the redox centers, the molar volume of the 

material, and the dimension of particles, the number of ñactiveò cuboids can be derived. 

Such a method is especially suitable for materials with pre-determined redox center density, 

for example, MOFs with redox center at certain sites.49 

2.4.2 Ionic Liquids 

Ionic liquids (IL) are attractive materials because of their unique properties, including 

inflammability and nonvolatility, and have numerous applications, including batteries, fuel 

cells, and capacitors.137 Even though ILs are in the liquid state, mixing ILs with solvents 

in which they are immiscible results in the formation of IL drops on an electrode surface. 

These droplets behave similarly to tiny crystals as the properties and electrochemistry of 

specific IL droplets are similar to redox-active particles. Therefore, the electrochemical 
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processes in IL can be rationalized by the Scholz model just like other redox-active 

solids.159 

In the work of Schröder, the oxidation of protonated and unprotonated ionic liquids 

(para-N,N,Nǋ,Nǋ-tetrahexylphenylenediamine (THPD) and para-N,N,Nǋ-

trihexylphenylene- diamine (TriHPD)) was performed.159 The deprotonated forms of the 

two ILs are electronic and ionic insulators, while the protonated forms are conductors for 

both. As deposited, the ILs are deprotonated and insulating. After a potential is applied, 

ion insertion into the IL is driven by the formation of an electric field at the electrode-

droplet interface. The conductive phase is formed as the insertion process propagates. It 

was assumed that the reaction zone advanced as the conductive product formed, like that 

predicted by the Scholz model originally for porous solids (Figure 3a). For these reasons, 

these ILs were treated as an analog to the redox-active solids for electrochemical analysis. 

When the ionic liquid exists as droplets distributed on the electrode surface or as a 

film not fully covering the electrode, it was found that the electrochemical oxidation was 

initiated at the three-phase junction  (electrode | oil (ionic liquid) | aqueous solution).159 

After the electrochemical oxidation, the colored radical cation of TriHPD formed a ring 

about the IL droplet, which was seen via light microscopy (Figure 3b). However, the 

reaction was fully inhibited when the unprotonated ionic liquids were studied as a 

continuous film covering the whole electrode surface. The authors concluded that the 

absence of a defined 3-phase boundary under full-film conditions attenuated oxidation. The 

implications of such findings, if proven to be consistent across other materials, are immense. 

Specifically, they would point to the need for grain boundaries to promote conductivity in 

redox hopping materials.  
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Figure 3. (a) A schematic showing the advance of reaction zone (b) Photographic 

image of a stamp imprint of the interlayer of unprotonated TriHPD (left) and protonated 

TriHPD (right) after applying a potential of 500 mV vs. SCE for 60 s. The bright region 

is the unreacted ionic liquid TriHPD, and dark region is the colored TriHPD radical 

cation species. Reprinted with permission from ref. 159. Copyright 2001 American 

Chemical Society.). 

While the observation of the three-phase reaction front in IL is powerful, full 

quantitative application of the Scholz model is limited in the IL case. The charge transfer 

process includes the transition from an insulator to a conductor, which ultimately 

introduces a new or second 3-phase boundary as the process progresses. Moreover, the 

hopping distances, ȹx and ȹz, are not well-defined in such amorphous materials. Thus, a 

defined three-dimensional structure is paramount to the realization of the full potential of 

the Scholz model.  

2.4.3 Organic Dyes 

Human society has used organic dyes for thousands of years to achieve long-lasting 

coloration of fabrics. The natural properties of organic dyes make most of them redox-

active. Indeed, the redox activity of organic dyes is used to produce, purify, and stabilize 

the dyes. The redox activity also makes the electrochemical characterization of ancient 

dyes possible.160ï164 Electrochemical analysis of organic dyes is generally performed in an 

(b) (a) 
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aqueous solution, in which the dominant diffusive ion species is the proton. Therefore, in 

the Scholz analysis of organic dyes, the coefficient Di is often replaced by the proton 

diffusion coefficient, DH, in the literature.157,160 

Similar to previously described systems, the three-phase boundary was observed in 

the organic dye nanoparticles by AFM.153 More importantly, organic dyes represent a 

system amenable to quantitative analysis by the Scholz model. For example, 

electrochemical investigation of Maya Blue, a famous, indigo-based pigment with high 

stability widely used in ancient wall paintings, provided insight into the oft-debated 

structure of the dye. One of the hypotheses is that Maya Blue consists of indigo molecules 

intercalated into the microporous tunnel of the inorganic mineral matrix.165 To provide 

insight into the structure of Maya Blue, electrochemical characterization was performed by 

Doménech, et al., and the results of Maya Blue were compared with those of pure indigo, 

the precursor of Maya Blue.139,158 By using the Scholz model, De and DH of Maya Blue 

particles were calculated to be (2 ±1) × 10-9 cm2/s and (2 ± 1) × 10-8 cm2/s, respectively. In 

indigo, De (3 × 10-7 cm2/s) is faster than that in Maya Blue, while DH (3×10-10 cm2/s) is 

slower. The faster proton insertion rate in Maya Blue is consistent with the previous 

hypothesis of a porous structure in Maya Blue, which provides a favorable environment 

for the ion diffusion process. Additionally, the ὭЍὸ vs. t curve from the CA study of Maya 

Blue particles was found to be smoother than that of indigo particles, which also provides 

information about the internal structure. Compared to the porous Maya Blue particles, poor 

ion transport across indigo nanoparticles limits the electroactive region to the external grain 

area and thus, leads to the fast decay of current in CA after tref. 

2.4.4 Metal-organic Frameworks (MOFs) 
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Metal-organic frameworks are a family of composite materials composed of metal 

nodes and organic linkers. MOFs represent a rapidly growing field of solid-state materials 

that are known for their ordered structures, high specific surface area, high porosity, and 

facile structural tunability.51,166 The development of electrically/electrochemically active 

MOFs for applications such as thermoelectronics, photovoltaics, semiconductors, 

capacitors, and electrochemical catalysts is a growing area of research.51 Having a highly 

ordered and periodic geometric structure, redox-active MOFs are an excellent platform for 

the application of the Scholz model.  

The proposed electron transfer mechanisms in MOFs include the through-bond 

pathway, through-plane pathway, through-space pathway, guest-promoted, and, relevant 

to Scholz, redox hopping.4 Even though redox hopping has a relatively slow charge transfer 

rate among the aforementioned mechanisms, it has a unique advantage: the ease of MOF 

manipulation and design. Unlike the three ñpathwayò mechanisms which rely on the orbital 

overlap between metal ion and linker or the ˊ-ˊ stacking, redox hopping has lower 

requirements for the MOF backbone: as long as the MOF contains redox active centers, no 

matter if the redox center is the metal ion/cluster, the linker, or both, redox hopping is 

operative. For MOFs with no native redox centers, redox hopping can also be realized by 

post-synthetic incorporation methods, e.g., solvent-assistant ligand incorporation 

(SALI).106,108,109,111,113  
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Table 1. Literature Dapp values 

MOF Redox 

Couple 

Dapp 

(cm2/s) 

Ref. 

Ir-UiO-66 Ir III/IV  10-12 45 

Fc-MOF-808 Fc+/0 10-12 49 

Fc-NU-1000 Fc+/0 10-11 47,49,114 

Fc-NU-1003 Fc+/0 10-11 49 

Hemin-UiO-66 FeIIIP/FeIIP 10-9 141 

Hemin-UiO-66 FeIIIP/FeIIP 10-10 167 

PCN-222 FeIIIP/FeIIP 10-12 72 

MOF-525 FeIIIP/FeIIP 10-12 72,148 

NU-902 FeIIIP/FeIIP 10-12 72 

PCN-225 FeIIIP/FeIIP 10-12 72 

CoPIZA CoIIP/CoIP 10-14 70 

NU-1000 

py+/0 10-10, 10-

13 

87 

[Ru(tpy)(dcbpy)OH2]
2+-

UiO-67 

RuIII/II  10-9 15 

Zr(dcphOH-NDI) NDI0/Ŀī 10-9 98 
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Redox hopping in MOFs has been studied in earnest since 2014, and the Dapp derived 

from the Cottrell equation is treated as an important indicator of the charge transport 

properties of MOFs (Table 1).6,7,13,14,20,23,24,51ï54 The Cottrell equation has been applied to 

systems with different pore sizes, different counter ions, different defect levels, different 

3D structures, and different crystallographic orientations of MOFs.  

The role of channel alignment was demonstrated by comparing the Dapps for vertically 

and horizontally aligned MOF particles (with respect to an underlying conductive substrate) 

(Figure 4).87  NU-1000 prepared via solvothermal methods and electrophorectic deposition 

demonstrate different particle alignments. Specifically, a solvothermally prepared film 

results in NU-1000 particles that extend along the c-axis from the electrode surface. 

Whereas films prepared via electrophoretic deposition result in particles that lay down on 

the electrode along the a,b planes. CA analysis of films prepared via the two formation 

methods found that the Dapp in NU-1000 is anisotropic, i.e., 300 times higher along c-axis 

direction than that in a,b plane. According to classical Marcus theory, the self-exchange 

rate for electrons should increase when the distance between hopping centers is decreased. 

The governing factor of anisotropy in NU-1000 was attributed to the difference in linker-

to-linker distance and electronic coupling in different directions, which is a direct 

consequence of NU-1000ôs lower crystalline symmetry. 
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Figure 4. The anisotropic charge transfer along c-axis and in a,b plane of NU-1000. 

Reprinted from ref. 87. Copyright 2019 American Chemical Society. 

A similar phenomenon is borne out in studies of MOFs with different concentrations 

of redox-hopping centers. For example, the concentration of redox-hopping centers (and 

by proxy the distance and electronic coupling between those centers) was explored in 

[Ru(tpy)(dcbpy)OH2]
2+-UiO-67 (tpy = 2,2ǋ:6ǋ,2ǋǋ-terpyridine, dcbpy = 5,5ǋ-dicarboxy-2,2ǋ-

bipyridine) thin films.15 As the concentration was increased from ~1 × 10-10 mol/cm2 to 1 

× 10-8 mol/cm2, a shift from surface-limited electrochemistry to redox hopping through the 

entire film was observed. The same phenomenon was explored in post-synthetically 

modified UiO-66 films with Hemin as a redox active center.141 Interestingly, the 

Hemin@UiO-66 sample with the lowest defect density exhibited the highest Dapp (4 × 10-

9 cm2/sec, compared to 0.36 × 10-9 cm2/sec at the highest defect density). The authors 

rationalized the observation from the localization of the Hemin molecules throughout the 

3D framework. At low defect densities, the Hemin was hypothesized to be primarily 

located on the external surface of the MOF particles. Whereas, at high defect density, a 

more homogeneous distribution of Hemin throughout the 3D structure was possible. Thus, 

the distance between the hopping centers is smallest for the low defect density material and 

the fastest hopping rate observed. It is important to note that in classic redox hopping 

behavior for molecules attached to the surface of metal oxide nanoparticles, the observation 

of a percolation threshold, defined as the critical concentration needed to support a hopping 

mechanism, is often observed through a detailed concentration analysis.144,168 In such 

experiments, once the critical concentration is reached a dramatic increase in the Dapp is 

observed. In both concentration-dependent studies discussed here, a percolation threshold 
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was not observed in MOFs and points to the complexity that the 3D distribution of redox 

centers imparts in observed behavior.  

As mentioned, the Cottrell equation and, thus Dapp, lack the ability to separate the 

contributions from electron diffusion and ion diffusion.47 The disentanglement of De and 

Di becomes a necessity to rationally deepen the understanding, improve the charge transfer, 

and optimize the design of redox-active MOFs. The Scholz model provides a possible 

means to achieve this goal. 

 

Figure 5. A Schematic showing the formation of copper metal laminas intercalated 

in the MOF after reduction. The blue dots and green rods represent for copper nodes and 

organic linkers, respectively, and the brown chunks represents the metallic copper with a 

laminar structure. Reprinted with permission from ref 57. Copyright © 2006 Elsevier. 

 

The Scholz model was first applied in the work of Domenech et al.,64 to demonstrate 

the electrochemical reduction of the metal nodes of a MOF. A negative potential was 

applied to a copper-based MOF, and the native Cu2+ node was reduced to Cu+ and, 

subsequently, Cu0. Upon reduction to Cu0 the nodes decomposed and formed metallic 



 

____________________________________________________________________ 

75 

copper particles. The copper metal particles formed laminas intercalated in the framework 

(Figure 5). The laminar structure of metallic copper was attributed to the charge transfer 

following preferential direction, which was rationalized by the direction of electron and 

ion motion set forth by the Scholz model. In addition, the orientation of the metal laminas 

(perpendicular to the electrode surface, in the electron hopping direction) suggests that 

electron hopping is much faster than ion diffusion. Even though this work did not give 

quantitative analysis regarding redox hopping, it did support the applicability of the Scholz 

model to MOFs and indicate that the electron hopping is much faster than the ion diffusion 

in the system. 

The first quantitative application of the Scholz model was carried out by Celis-Salazar 

et al. for metallocene-doped NU-1000 (M-NU-1000).47 It was found that the Des of doped 

M-NU-1000s increased in the following the order ferrocene < ruthenocene < osmocene, 

which is consistent with the self-exchange rate of the M2+/M3+
 (M = Fe, Ru, Os) couples. 

Meanwhile, Di was found to be dependent on three factors: MOFôs pore size, counter ion 

size, and the ion-pairing ability (discussed in the following paragraphs). Importantly, in all 

quantitative studies to date, the De values are higher than that of Di often by several orders 

of magnitude. Thus, it is the diffusion of ions that limits the overall redox hopping 

conductivity in MOFs.  

The ability to quantify De and Di as a function of the Scholz model stages enabled 

further confirmation for the difference in hopping rate as a function of redox active 

molecule distribution. As previously discussed, Dapp analysis of UiO-66@Hemin samples 

indicated that molecules restricted to the surface of the particles are reduced and oxidized 

faster than those in the interior of the MOF particle. For M-NU-1000 MOFs, the De values 
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were three- to four- orders of magnitude faster during Stage A (when the exterior of the 

MOF is oxidized) versus Stage B (when molecules in the MOF interior are oxidized). The 

observation was attributed to the reduced degrees of freedom available to the interior 

metallocene centers and consequently, a more fixed and larger distance between the redox 

active molecules. 

 

 

Figure 6. (A) The schematic of MOF modified with redox hopping center on the 

metal nodes (B) PXRD pattern of unmodified MOF and MOFs modified through post-

synthetic method (SALI). Reprinted with permission from ref. 47. Copyright © 2019 

American Chemical Society. 

The relationship between dimensional properties of ferrocene (Fc)-doped MOFs and 

charge transfer were explored by Cai et al..49 It was found that increases in pore size from 

15 to 47 Å for a series of Fc-doped MOFs, Fc-MOF-808, Fc-NU-1000, and Fc-NU-1003, 

(Figure 7) lead to a negative effect on electron hopping. Indeed, the electron transfer rate 

constant (ke-hop, derived from Ὧ , where r is the hopping distance) decreased from 

~3 × 107 sī1 to 0.90 × 107 sī1 in Stage A and Ḑ8 x 103 sī1 to 2 × 103 sī1 in Stage B. Like 

a) 

(

b) 
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the concentration effect, the increase in the hopping distance between redox centers as a 

function of pore size would result in decreased electronic coupling. Conversely, the 

increase in pore size had a positive effect on the ion diffusion process due to the larger 

transport channels available. The values for ki-hop increased 1-2 orders of magnitude while 

pore size increased (e.g., 0.5 s-1 to 43 s-1 for tetrakis(pentafluorophenyl)borate ion, TFAB-). 

Overall, the Dapps derived from the Cottrell equation of the three MOFs were found to 

increase with the MOFôs pore size, indicating that the enlargement of pore size improves 

the overall rate of redox-hopping process and providing support that the ion diffusion is 

the rate-determining step. A similar observation was observed for a series of topologically 

variant porphyrin MOFs,72,169 supporting the application of the principle over a wide range 

of MOFs with different redox active centers and incorporation methods. 

 

Figure 7. Schematic structures of MOF-808, NU-1000, and NU-1000 showing the 

change in size of the hexagonal pores. Reprinted with permission from ref 49. Copyright 

© 2020 American Chemical Society. 

The effect of ion size was also explored in NU-1000 and Fc-NU-1000. For native NU-

1000, switching the counter ion from hexafluorophosphate (PF6
-) to tetrakis[3,5-

bis(trifluoromethyl) phenyl] borate (BARF-) engenders a two- to four- fold decrease in Dapp 

for solvothermally-prepared films.20 The diameters of PF6
- and BARF- are 5 Å and 15 Å, 
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respectively, and the pore sizes of NU-1000 are ~30 Å for hexagonal pores and 12 Å for 

triangular pores. Therefore, one could attribute the difference in Dapp to the relative ratio 

of the anion to the pores with smaller anions transporting through the pores faster. However, 

in Fc-NU-1000 films, the trend observed was the opposite. Specifically, 

tetrakis(pentafluorophenyl)borate ion (TFAB-) has higher Di than hexafluorophosphate ion 

(PF6
-).47 The observation was attributed to the weaker ion-paring interaction between 

TFAB- and the metallocene center, even though TFAB- is bulkier than PF6
-. The 

comparison of the behavior of NU-1000 to that of Fc-NU-1000 implicates a complicated 

balance between the size of the counter-balancing ion and its ion pairing ability. The 

conditions under which each parameter dictates behavior require further investigation. 

Further investigation is particularly relevant given that EPD-prepared NU-1000 films did 

not show dependence on the size of the counterion.  

 

2.5 Limitations and Challenges of the Scholz Model 

While there have been several studies that qualitatively or quantitatively applied the 

Scholz model to comprehend electrochemical phenomena in solid-state materials, it is 

important to recognize that a theoretical model cannot account for all experimental nuances. 

Two of the major limitations elaborated throughout this review are: (1) the importance of 

the particle electrode contact, and (2) the complications that arise from non-homogeneous 

distributions of redox centers.  

2.5.1 Material-Electrode Contact 

As observed in the Ŭ-PbO case, the connection between the particles and the electrode 

is paramount to observed redox processes. Specifically, poor electrode contact was 
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hypothesized to cause in-homogeneous reduction of the Ŭ-PbO, i.e., from only one three 

phase boundary. The limitation exposes the importance of the resistance at the particle-

electrode interface and that in the application of the Scholz model, one must assume that 

to be low in comparison to in-particle transport. If that were not the case, the CA response 

would simply report on that interfacial resistance ï and little-to-no useful data about in-

particle redox hopping would be uncovered. The effect is particularly important and 

relevant to film preparation methods that are uncontrolled, e.g., solvothermal growth of 

MOF particles and EPD deposition of MOF particles. Expanding beyond the electrode-

particle interface, resistance effects at particle-particle interfaces for multi-layer films 

would also complicate analysis by the Scholz mode. Therefore, care should be taken for 

deposited films to be thin, at a minimum, and single particle thick, if possible.  

As a natural extension to a controlled particle-electrode contact, the dimension of the 

three-phase junction of the particles must be known and well-defined to calculate the De 

and Di. For MOFs, like NU-1000, MOF-808, and PCN-222, with controlled growth or 

deposition geometries, the particles naturally have preferred face(s) that contact the 

electrode. Thus, the length of the three-phase junction is well-defined and can be 

determined via microscopy easily. However, for MOFs with more complicated 

morphologies, determining the dimensions of the three-phase junction is difficult. For 

example, in the Zr- or Hf-based MOF DUT-67, with both regular hexagonal and square 

crystal planes, the length of three-phase junction is unclear (Figure 8).170 Considering the 

increasing number of MOFs utilized in electrochemistry and over 30,000 known MOF 

structures, the need to measure the electrochemical responses of more complex MOF 

structures is imminent. One possible solution is to use the weighted average length of all 
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possible three-phase junctions. Depending on the method of deposition, the weighted 

average may change but it is still possible to be determined by SEM images. 

 

Figure 8. Representative SEM images of Hf-DUT-67 showing the regular 

hexagonal and square faces. Reprinted with permission from refs 60. Copyright © 2023 

American Chemical Society. 

 

2.5.2 Inhomogeneity Distribution of Redox Centers 

Redox hopping research on MOFs has brough to the forefront the expected 

dependence of electron hopping on the distance between active sites. Indeed, it was shown 

that molecules on the surface of particles, as observed in Stage A of the Scholz progression, 

exhibit higher Des than those in the MOF interior. Therefore, materials with non-
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crystallographic arrangements (and potential even those with crystallographic 

arrangements) of redox active species should display a distribution of De (and Di) values, 

a fact that builds significant error into reported values. A more rigorous analysis would 

account for and report the distributions ï is it a Gaussian distribution? A stretched 

exponential function? Efforts should be placed on the development of synthetic conditions 

to promote reproducibility in structure, including post-synthetically added molecules. 

Additionally, characterization methods that can accurately visualize the distribution of 

such additives should be advanced. 

2.5.3 Other Challenges 

The earliest and arguably most powerful support for the Scholz model came from 

visualization of the three-phase boundary and propagation pathways for ions/electrons. 

That said, two of the materials exploited for this purpose, metal oxides and ionic liquid, are 

not pure redox-active solids. The conduction mechanism in each requires the generation of 

another reaction front or conductive pathway ï through metal deposition or protonation. 

Additionally, the primary method used for reaction tracking ï AFM ï is not readily 

applicable to electrochemically-stable MOFs. AFM required a volume difference before 

and after the redox reaction, which is not common in all solid-state materials. For example, 

in the organic dye, Maya Blue, the rigid matrix nature leads to negligible volume change 

during the redox reaction. Therefore, AFM is not a practical way to monitor the real-time 

redox process happening in many materials.  

In the IL example, visual microscopy was used to visualize the initiation of reactivity 

at the three-phase boundary. The expansion of such spectroscopic visualization methods 

that cannot only provide snap-shot support for three-phase boundaries and propagation, but 
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also have the potential to be expanded to real-time tracking are of particular interest for 

future development. Through visualized redox reactions, the complications described 

above, e.g., inconsistency of the electrode-particle interface and potential multi-layer 

propagation, can be accounted for through experimental design. Measurement of numerous 

particles via a visualization method may also provide a more quantitative view of the role 

of inhomogeneous redox active molecule inclusion.  

 

2.6 Conclusion and Perspective 

To summarize, the Scholz model has provided explanations for various phenomena 

regarding electrochemical processes in solid-state materials and analogous systems. 

Moreover, it provides both a qualitative framework for scientists to rationalize observations 

relevant to the propagation directions for electron and ion motion in redox solids, but also, 

a quantitative method to determine the impact of ion and electron motion to overall 

conductivity. So far, the findings derived from the Scholz model that contribute to the fields 

understanding of redox hopping include:  

(1) Redox hopping processes originate and propagate from the electrode-particle-

solvent, or three-phase boundary. The direction of propagation depends on whether 

electron transport (horizontal to the electrode) or ion transport (perpendicular to the 

electrode) is rate limiting. 

(2) Application of the Scholz model can be used to decipher the three-dimensional 

nature of a material. As demonstrated with organic dyes, the porous structure of Maya Blue 

was confirmed by comparison of the hopping rate to a non-porous analog. 
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(3) The three-phase boundary is necessary for redox conduction, as demonstrated in 

ionic liquids. The results imply that grain boundaries or individual particles may be 

required for redox hopping to be operative.  

(4) In redox-hopping MOFs, ion diffusion is the bottleneck for the charge transfer 

process in all the systems explored to date. Indeed, the difference between De and Di is 

orders of magnitude.  

(5) The pore size of MOFs can affect both De and Di. Nevertheless, in most cases, 

considering that Di is orders of magnitude smaller than De, larger pore size leads to higher 

overall charge transport performance.  

     These findings highlight the impact analysis by the Scholz model has in redox 

hopping material design. That said, there are numerous additional avenues for future 

exploration, such as: Can the application of the model be expanded to other redox active 

solids, i.e., battery materials and/or perovskites? Can we eliminate or correct deviations 

resulting from these heterogeneities in electrode contact or redox-active molecule 

distribution through visualization methods? Can we apply the model a priori to predict the 

redox hopping behavior of MOFs based on the information on the redox center, MOF 

structure, and morphological features of MOFs? The answers to these questions will lead 

to a broader application of the Scholz model, a deeper understanding of redox hopping 

processes and, consequently, more strategies to improve charge transfer in porous materials. 
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Chapter 3 

Reaction-Type-Dependent Behavior of Redox-Hopping in 

MOFsðDoes Charge Transfer Have a Preferred Direction? 

3.1 Abstract. 

Redox hopping is the primary method of electron transport through redox-

active MOFs. While redox hopping adequately supports the electrocatalytic 

application of MOFs, the fundamental understandings guiding the design of redox 

hopping MOFs remain nascent. In this study, we probe the rate of electron and hole 

transport through a singular MOF scaffold to determine whether the properties of the 

MOF promote the transport of one carrier over the other. A redox center, 

[RuII(bpy)2(bpy-COOH)]2+, where bpy = 2,2'-bipyridine and bpy-COOH = 4-

carboxy-2,2'-bipyridine, was anchored within NU-1000. The electron hopping 

coefficients (De) and ion diffusion coefficients (Di) were calculated via 

chronoamperometry and application of the Scholz model. We found that electrons 

transport more rapidly than holes in MOFs. Interestingly, the correlation between De 

and self-exchange rate built in previous research predicted reversely. The 

contradicting result indicates that spacing between the molecular moieties involved 

in a particular hopping process dominates the response. 

Keywords: MOF, charge transfer, redox hopping, ion diffusion 
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3.2 Introduction 

Metal-organic frameworks (MOFs), a class of coordination polymers, are a family 

of permanently porous materials made through the coordination of organic linkers 

and metal nodes. MOFs have numerous unique properties: periodic and tunable 

molecular-scale porosity, high specific surface area, robust structure, variety of 

topology, geometry, functionality, etc.171 With these properties, MOFs have shown 

promise in applications including but not limited to gas separation, gas storage, drug 

delivery, catalysis, and energy storage. In recent years, the electrochemical and 

photoelectrochemical application of MOFs has garnered interest, including 

thermoelectrics, solar cells, and electrochemical catalysts, which all require 

conductivity.4   
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Several strategies for imparting conductivity to MOFs can be summarized by two 

transport mechanisms: band-like transport and hopping transport.4,47 Three subtypes 

of band-like transport are the through-bond, extended-conjugation, and through-

space pathways. The through-bond path relies on the orbital overlap between the 

metal nodes and the functional groups on the organic linker to build the 1-D path for 

electron transport. The extended conjugation includes the metal node and whole 

linker, both functional groups and the organic backbone, to form a 2-D delocalized 

network.49 MOF films capable of these two mechanisms have relatively high 

conductivity. However, to realize conductivity, careful selection of node-linker pairs 

is required to match the ligand-node orbital energy levels.4,47 A through-space 

pathway is generally observed for the 2D MOFs, which feature closely spacedˊ-ˊ 

stacks of conjugated organic linkers. The observed conductivity in such scaffolds 

depends heavily on the interlayer distance and stacking pattern; consequently, 

careful design is also required.4 

Hopping transport is based on electron hopping between spatially separated 

redox active moieties.24,48,51 In contrast to the strictly matched node-linker pair in the 

conjugation pathway and the well-designed stacking in the through-space pathway, 

redox hopping in MOFs can be realized in various ways: redox centers can be metal 

nodes,57ï59,64,66,70 organic linkers,13ï23 guest molecules,118,122,123,126,127 etc. Moreover, 

post-synthetic methods can easily functionalize or anchor the redox centers onto 

MOFs (e.g., solvent-assistant ligand incorporation (SALI)).108,114,116,141 Therefore, a 

simple design and experimental method can incorporate redox-hopping capability 

into almost any MOF. Even though the conductivity of redox-hopping MOFs is 
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relatively low (1.2 ×10-7 S/cm compared to 1,580 S/cm for redox-hopping and band-

like transport, respectively),87,172 such a mechanism can be exploited in 

electrocatalytic frameworks, where catalysis is likely to be rate-limiting. 

In the previous research on redox-hopping MOFs, a parameter termed the 

apparent diffusion coefficient (Dapp) derived from chronoamperometry (CA) via the 

Cottrell equation was widely used to describe the overall redox-hopping process in 

MOFs.15,51,70,105,108,114,173 The Dapp includes contributions from two interlocked 

processes: electron hopping between redox centers (also known as self-exchange) 

and counterion diffusion to neutralize the resultant charge. The Scholz model was 

recently applied to MOFs to separate these processes into independent parameters, 

the electron hopping coefficient (De) and ion diffusion coefficient (Di).
47,49 The 

model assumes that the reaction starts at the three-phase junction 

(electrode/crystallite/electrolyte) and propagates into the crystal. Electron hopping is 

assumed to be perpendicular to the electrode surface, while the ion diffusion is 

parallel.50 From the previous literature, a few essential properties of redox hopping 

in MOFs are uncovered: (1) De depends on the self-exchange rate between 

incorporated redox centers. (2) Di depends on the size of the counter ion, generally 

larger for more compact counterions (3) De is generally several orders of magnitude 

higher than Di, meaning ion diffusion is the limiting process in redox hopping.4,47,49 

In this study, we prepared NU-1000 particles with bis(2,2'-bipyridine) (4-

carboxy-2,2'-bipyridine) ruthenium (II) ([RuII(bpy)2(bpy-COOH)]2+) redox centers 

anchored onto the nodes (Ru-NU-1000) and electrophorectically deposited the Ru-

NU-1000 particles onto FTO slides. Considering the nature of the redox center, 
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[RuII(bpy)2(bpy-COOH)]2+, charge transfer can occur in two directions: when an 

oxidative potential is applied, the electrons will flow out from the MOF through the 

highest occupied molecular orbitals (HOMOs) which are filled Ru t2g orbitals; when 

a reductive potential is applied, the electrons will flow into the MOF to the lowest 

unoccupied molecular orbitals (LUMOs), which are ˊ* orbitals of the bpy ligands.  

 

 

Figure 1. Molecular structures and simplified molecular orbital diagrams of 

[RuII(bpy)2(bpy-COOHÅ-)]+ (left), [RuII(bpy)2(bpy-COOH)]2+ (middle), and 

[RuIII (bpy)2(bpy-COOH)]3+ (right). 

These two pathways can be considered the molecular equivalent to charge 

transfer in traditional semiconductors: in n-type semiconductors, the charge transfer 
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is dominated by the transfer through the conduction band, while in p-type 

semiconductors, it is dominantly carried by the valance band. It is well-known that 

the character of the semiconductor ï n-type or p-type ï dictates its optimal 

application in either reductive or oxidative photoelectrocatalytic schemes. From this 

perspective, we wanted to investigate the potential for a preferred direction of 

charge transport in redox-hopping MOFs. Herein, we quantified De and Di at the 

appropriate applied potentials for reduction and oxidation of Ru-NU-1000 via CA 

and application of the Scholz model.50 The results indicated that reductive transport 

was faster, exhibiting a higher De and Di. The role of self-exchange rates, site-to-site 

hopping distance, steric crowding of the transport channel, and ion pairing are 

discussed. The results provide clear design rules for optimization in future 

electrocatalytic MOF applications. 

3.3 Experimental Section 

NU-1000 was prepared via previously published procedures.174 Structural 

confirmation was provided via powder X-ray diffraction, scanning electron 

microscopy, and surface area measurements (see Supporting Information). A 

modified SALI procedure was employed to incorporate [RuII(bpy)2(bpy-COOH)]2+. 

Briefly, the pristine MOF was heated with the [RuII(bpy)2(bpy-COOH)](PF6)2 in 

DMF with continuous stirring. The concentration of [RuII(bpy)2(bpy-COOH)]2+ in 

Ru-NU-1000 was confirmed and quantified via 1H NMR on the acid-digested MOF 

sample (Figure S7). Immobilization of the Ru-NU-1000 onto the conductive substrate, 

in this case fluorine-doped tin oxide (FTO), was carried out via electrophoretic 

deposition (EPD). Scanning electron micrographs confirm the near single-particle-
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thick film, so particle-to-particle hopping contributions to the electrochemical 

response will be minimized.  

The electrochemical response of Ru-NU-1000 was investigated by differential 

pulse voltammetry (DPV) in CH3CN with a TBAPF6 supporting electrolyte. A DPV 

scan from an open circuit to 1500 mV vs. Ag/AgNO3 revealed a single redox event 

with half-wave potential (E1/2) of 1000 mV vs. Ag/AgNO3 (Figure 2a) at all sweep 

rates. The linear plot of peak current vs. (scan rate)1/2 (Figure 2b) demonstrated that 

the oxidation is a diffusion-controlled process. Comparison of the Ru-NU-1000 

electrochemical response to the [RuII(bpy)2(bpy-COOH)](PF6)2 compound in 

homogeneous solution revealed that the nature of the redox event was due to the 

incorporated complex and not the structural MOF. The MOF linker is oxidized at 

~1000 mV vs. Ag/AgNO3, but the linker was redox-silent in the DPV curve, which 

can be explained by the Donnan exclusion mentioned in previous research.175 The 

redox event can be attributed to the oxidation of RuII to RuIII . 
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Figure 2. (a) scan-rate dependent CV of Ru-NU-1000 of RuII/III and (b) 

corresponding peak current vs. scan rate plot on the oxidation side. 
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The DPV scan from open circuit to -2200 mV vs. Ag/AgNO3 displays three 

redox waves with E1/2 of -1630 mV, -1780 mV, and -2070 mV. Again, comparison 

to [RuII(bpy)2(bpy-COOH)](PF6)2 compound in homogeneous solution indicated 

that the events were associated with the anchored redox-active compound. Previous 

studies enabled the assignment of these peaks to subsequent reductions of the three 

bpy ligands.176,177 Considering the electron-withdrawing nature of the carboxylic 

acid group, the reduction of the bpy-COOH ligand should occur at a more positive 

potential than the other two bpy ligands. Therefore, the reduction signal at -1630 

mV was assigned to the bpy-COOH ligand, followed by the remaining two pristine 

bpy ligands. 

Chronoamperometry was performed to quantify the diffusion coefficients for 

redox hopping. In line with Cottrell analysis, an excitation pulse was conducted 

from an area of open circuit to beyond the redox wave of interest. The open circuit 

potential was held for one hour before switching the excitation potential. In the case 

of oxidation, the 1200 mV vs. Ag/AgNO3, at which the oxidation peak of Ru ends, 

was applied. The difference between the E1/2 and the excitation pulse ensures that the 

current measured will be in the diffusion-limited regime. For the reduction, an 

excitation voltage of -1650 mV was applied. The difference between the excitation 

pulse and E1/2 was necessarily smaller due to the potential overlap with the second 

bpy reduction wave.  

3.4 Results and Discussion 
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The resultant current-voltage plots display the characteristic exponential decay 

expected for diffusive transport as predicted by the Cottrell model, Equation 1.  

 Ὅ
Ѝ

 1  

where i is the current, n is the number of electrons transferred in the redox 

reaction, F is the Faraday constant, A is the area of the planar electrode, c is the 

initial concentration of the redox active species, Dapp is the apparent diffusion 

coefficient of the redox active species, and t is the time.  

While the Dapp is widely reported for redox-hopping MOFs to measure the 

electron transport rate, we have previously shown that applying a more extended 

Scholz model is relevant and applicable to MOFs.47ï49 The Scholz model enables the 

separation of electron and ion transport contributions to Dapp by quantifying De and 

Di. The Scholz model accounts for the electrochemical conversion of molecules at 

the surface of the MOF crystallites, defined as Stage A in the model, and bulk 

diffusion, defined as Stage B. To distinguish stage A and stage B, the current-time (i 

vs. t) responses (Figure 3a and 3b) were transformed into ὭЍÔ ὺίȢЍÔ plots (Figure 3c 

and 3d). The maximum value of ὭЍÔ was denoted as the reference time (tref) and 

signified the transition between stages A and B.  
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Figure 3. (a,b) Chronoamperograms (black line) and the Stage A Scholz model 

fits (red line) for (a) oxidation and (b) reduction of Ru-NU-1000. (c,d) The 

ὭЍÔ ὺίȢЍÔ Scholz plots for oxidation (c) and reduction (d) used to determine tref. 

For stage A, the current-time relationship should follow the Equation 2, 

 ὍÔ ό
Ў Ў

Ѝ
ὈὈ τὈ ςὈÔ  (2) 

where N is the number of particles in the MOF film, F is Faradayôs constant, 

Vm is the molar volume of NU-1000, u is the length of the three-phase junction (the 
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parameter of particle-electrode interface), De is the electron hopping coefficient, Di 

is the ion diffusion coefficient, ȹx0 is the ion hopping distance, and ȹz0 is the 

electron hopping distance. ű is defined as: 

• ὊȾὙὝὉ Ὁ  

Where F is Faradayôs constant, R is the gas constant, T is the temperature, E is 

the applied excitation potential in chronoamperometry, and Ef is the formal potential 

of the redox pair. All the parameters can be calculated, derived, or determined based 

on the SEM image, chronoamperometry, and structure of MOF.49 (See Supporting 

Information) 

By fitting Equation 2 to the chronoamperometry responses before tref (Figure 

2), De and Di in stage A were calculated. The calculated De and Di are listed in Table 

1 and fitting visualized in Figure 4. 
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Figure 4. Distribution of Di and De in (A) stage A and (B) stage B. Black 

crosses (×) and black circles (ǒ) represent the data points of the oxidation and 

reduction on independently measured MOF samples, respectively. 

Figure 4a suggests that reduction through the ˊ* orbitals of bpy ligands had a 

De higher on average than the oxidation through t2g orbital (3 ± 2 × 10-7 cm2/s vs. 3 ± 
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2 × 10-5 cm2/s for reduction and oxidation, respectively. Errors are reported as one 

standard deviation). Previously, the Morris lab observed that Di in stage A is 

generally very small as a bath of ions surrounds the redox active molecules sampled 

before the excitation pulse.47,49 Thus, it is not surprising to see that the Di values are 

within error of each other (Di, reduction = 1 ± 1 × 10-16 cm2/s; Di, oxidation = 19 ± 7 

× 10-17 cm2/s).  

For stage B, the relevant diffusion coefficients can be determined via Equations 

3 and 4,  

 ὸ
Ȣ

 (3) 

 Ὅ πȢχς ὈὈ  (4) 

where H is the height of the particle (from the electrode surface to the top of the 

particles), and Iref is the value of current at tref. The calculated De and Di for stage B 

are listed in Table 1 and visualized in Figure. 4b.  
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Table 1. De and Di of oxidation/reduction in stages A and B 

 Stage A Stage B 

Redox Reaction De/(cm
2/s) Di/(cm

2/s) De/(cm
2/s) Di/(cm

2/s) 

Oxidation 

[Ru(bpy)2(bpy-

COOH)]2+/3+ 

 

1.6 Ĭ 10-7 1.4 Ĭ 10-16 9.6 Ĭ 10-10 7.2 Ĭ 10-12 

4.9 Ĭ 10-6 3.0 Ĭ 10-16 2.8 Ĭ 10-9 1.7 Ĭ 10-12 

6.4 Ĭ 10-7 2.2 Ĭ 10-15 3.4 Ĭ 10-9 3.2 Ĭ 10-13 

9.1 Ĭ 10-8 1.9 Ĭ 10-15 1.9 Ĭ 10-9 1.0 Ĭ 10-12 

Average 3 Ñ 2 Ĭ 10-7 1 Ñ 1 Ĭ 10-16 2 Ñ 1 Ĭ 10-9 3 Ñ 3 Ĭ 10-12 

Reduction 

[Ru(bpy)2(bpy-

COOH)]2+/1+ 

1.1 Ĭ 10-5 1.9 Ĭ 10-16 1.0 Ĭ 10-7 5.2 Ĭ 10-11 

1.1 Ĭ 10-5 2.8 Ĭ 10-16 8.0 Ĭ 10-7 3.3 Ĭ 10-11 

5.3 Ĭ 10-5 1.3 Ĭ 10-16 5.7 Ĭ 10-8 3.6 Ĭ 10-11 

2.8 Ĭ 10-5 1.6 Ĭ 10-17 1.0 Ĭ 10-7 1.2 Ĭ 10-10 

Average 3 Ñ 2 Ĭ 10-5 2 Ñ 1 Ĭ 10-16 8 Ñ 2 Ĭ 10-8 6 Ñ 4 Ĭ 10-11 

Bulk redox hopping in Stage B reveals a critical understanding of the function of 

the interior, which is required to be able to design MOF particles for electrochemical 

reactions. Figure 3b demonstrates that both De and Di are larger for reduction when 

compared to oxidation. The average De and Di for the oxidation were 2 ± 1 × 10-9 

cm2/s and 3 ± 3 × 10-12 cm2/s, respectively, versus 8 ± 2 × 10-8 cm2/s and 6 ± 4 × 10-

11 cm2/s for reduction.  

There are three intriguing observations made from the comparisons of the 

diffusion coefficients: (1) In both the oxidation and reduction case, De of bulk 

conversion is smaller than surface conversion. (2) The De of the reduction process is 

faster than that of the oxidation process in both surface and bulk regimes of redox 

hopping. (3) The Di of the reduction process is higher than that of the oxidation 

process in bulk regimes of redox hopping (Figure 4). The differences in charge 

transfer rate were also reflected in the Dapp derived from the CA by applying the 

Cottrell equation, which are, on average, 3.4 ± 1.8×10-12 cm2/s and 3.4 ± 0.5×10-11 

cm2/s for oxidation and reduction, respectively. 
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Redox hopping follows classic Marcus theory, i.e., the rate of redox hopping 

depends on the self-exchange rate of the redox active species and the distance 

between redox-hopping centers.178 Indeed, a positive correlation between the self-

exchange rate and spacing between the redox centers has been seen for metallocene-

modified NU-1000.49 The literature values of self-exchange rates of 

[RuII(bpy)3]
2+/[RuII(bpy)2(bpyÅ-)]+ reduction and [RuII(bpy)3)]

2+/[RuIII(bpy)3)]
3+ 

oxidation are 4.2 × 108 M-1 s-1 and 1.0 × 108 M-1 s-1, respectively.179,180 Thus, the 

self-exchange rates indicate that in Ru-NU-1000, the De of oxidation should be 

higher than that of reduction. 

To explore any potential difference due to the presence of the carboxylic acid 

group, density functional theory (DFT) calculations of the inner and outer sphere 

reorganization energies for oxidation and reduction of [RuII(bpy)2(bpy-COOH)] 

were carried out. Given the ergoneutral nature of the self-exchange reaction, the rate 

of self-exchange is correlated to the energy barrier associated with reorganization, as 

there is no thermodynamic driving force. Consistent with the experimental values 

for the non-substituted compound, the DFT reorganization energy was larger for 

reduction than oxidation, 0.30 eV vs. 0.12 eV, respectively (See Supplemental 

Information). As expected, the calculation shows that the bpy-COOH reorganization 

dominates the reduction reorganization due to the extra electron. If the charge 

transport depended on the self-exchange rate, both theory and experiment should 

indicate that the oxidation has a larger De than the reduction process. However, the 

experimental trend is reversed, suggesting that other factors, like site-to-site hopping 

distance, play a dominant role in the studied case.  
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 Assuming a uniform distribution of redox centers, the calculated Ru-to-node ratio in 

Ru-NU-1000 implies there are three [RuII(bpy)2(bpy-COOH)]2+ centers on 

nonadjacent node sites in each hexagonal tunnel (Figure 5).49,175 Because the hole 

transport is centered primarily on the metal center (Figure 6), which is proved by the 

DFT calculation (Figure 6), the distance between adjacent Ru centers for hole 

transport is approximately 17.3 Å.  

As for reduction, DFT calculations indicate that the first electron transfer 

primarily occurs to the carboxylate ligand (Figure 5), which matches the result of 

CV (Figure S8).  If the electron hopping happens directly from one bpy-COOH 

ligand to another, the hopping distance would be ~20.5 Å. Combining the smaller 

self-exchange rate and the longer hopping distance in the case of reduction, it is 

impossible to have such an De of reduction higher than that of oxidation. So, there 

must be a shortcut for the electron transfer in the reductive conversion. 

Evidence from ultrafast spectroscopic measurements of analogous 

[RuII(bpy)3]
2+ chromophores indicates that the electron density quickly equilibrates 

over all present bpy ligands due to the relative similarity in electron affinities.181,182 

The shared bpy radical character between the excited and reduced states of 

[RuII(bpy)3] means they will likely have similar delocalized electron configurations. 

In our case, the excitation potential applied for CA is where the first reduction peak 

ends in the DPV curve (Figure S9b). However, due to the inevitable overlap of first 

and second reduction peaks, the applied potential is negative enough to partially 

activate the reduction of at least one of the remaining bpy ligands, which could 

make the electron cloud delocalize across all three bpy ligands. Therefore, we treat 
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the localization of the electron as an electron cloud that encompasses all bpy ligands 

to calculate a ~10.0 Å distance between adjacent bpy centers. This distance is 

significantly smaller than that for the oxidation process (~17.3 Å). Additionally, the 

reduced electron cloud is more diffuse compared to the compact density at the 

oxidized Ru center, which should facilitate good electronic coupling between 

adjacent bpy centers. 

 

Figure 5. The predicted distribution of [RuII(bpy)2(bpy-COOH)]2+ centers in 

the hexagonal tunnel of NU-1000, with arrows showing the estimated distances 

between (red) Ru centers, (orange) bpy ligands and bpy-COOH ligands (blue). 

The proposed distances for electron and hole hopping depend on the fact that 

the molecular motion of the redox sites is restricted through immobilization at the 

node. Further, molecular restrictions would be amplified in the pore space compared 

to on the surface of the MOF, which leads to the fact that the De is larger in surface 
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conversion than in bulk conversion. This result matches the previous works done by 

the Morris lab in another MOF redox system.47,49 

 

Figure 6. Computational electron configuration of [RuII(bpy)2(bpy-COOH)]2+ 

in acetonitrile 

To understand the difference in Di for reduction and oxidation, we consider the 

path through which the ions transport and the roles of charge repulsion, ion pairing, 
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and pore crowding. The Scholz model dictates that chemistry originates at the three-

phase boundary for both processes. Therefore, the center outermost centers will be 

converted first.  

In the case of oxidation, to balance the additional positive charge that resulted 

from oxidation, an additional negatively charged ion must diffuse into the MOF 

from the electrolyte. For the next interior ruthenium center, once oxidized, an ion 

from the free electrolyte must diffuse through a pore environment that already 

contains an additional ion (i.e., a more crowded channel), or it must break the ion 

pairing interactions of the first redox center and through a site-to-site population 

process move the ions further into the crystallite. In the other case, the reduction 

process will also originate at the crystal surface, in which the outermost 

[RuII(bpy)2(bpy-COOH)]2+ centers will be reduced. Upon reduction, a negative ion 

de-intercalates from the crystallite and enters the free electrolyte. For the inner 

ruthenium centers, upon reduction, the released ion has a more open channel to 

transport to the free electrolyte. Additionally, given that all the ruthenium centers in 

its path are already reduced, charge-balanced, and carry a lower effective charge, 

these sites would have minimal attraction to hinder ion motion. 

Considering that ion diffusion is the rate-determining step in most redox 

hopping systems, in the case of [RuII(bpy)2(bpy-COOH)]2+, reduction would be the 

preferred charge transfer direction, i.e., Ru-NU-1000 would be better at reductive 

electrocatalysis. Given that many inorganic catalysts for transformations of interest 

(proton reduction, CO2 reduction, water splitting, etc.) feature similar motifs, i.e., 

positively charged metal centers, we hypothesize that electrocatalysis by MOFs 
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would be more efficient for reductive processes in most cases. The experimental 

validation of how general this rule is will be the focus of future investigations. 

3.5 Conclusion 

The dependence of reaction type (reduction or oxidation) on redox hopping in 

MOFs was investigated by the chronoamperometry study of NU-1000 film modified 

with [RuII(bpy)2(bpy-COOH)]2+ centers. In both surface conversion and bulk 

conversion of redox centers, the reductive process, where an electron transfers to the 

ˊ* orbital on the bpy ligands, exhibited faster ion and electron transport. Indeed, in 

bulk conversion, the average De and Di for the oxidation were 2 ± 1 × 10-9 cm2/s and 

3 ± 3 × 10-12 cm2/s, respectively, versus 8 ± 2 × 10-8 cm2/s and 6 ± 4 × 10-11 cm2/s for 

the reduction. Given that the observed trend was at odds with reported (and calculated) 

self-exchange rates, we posit that the distance between the redox active moieties is 

dominant in determining the electron hopping rate between redox centers. For ion 

motion, the transport rates can be understood in terms of steric crowding of the 

transport channels during oxidation and breaking ion-pairing interactions to enable 

site-to-site transport. This design rule could be widely applied to many important 

MOF platforms given the similarities between the [RuII(bpy)2(bpy-COOH)]2+ centers 

and common inorganic catalysts. 

Building on our discoveries, we are keen to explore redox-active complex 

species with conjugated ligand structures, which could enhance hole transfer during 

electrochemical oxidation. Previous studies have shown that one-electron oxidation 

of nickel(II) porphyrin in specific solvent and electrolyte environments can generate 



 

____________________________________________________________________ 

105 

a nickel(II) porphyrin ˊ-radical cation.183 Introducing such radical-cation complexes 

(or those with analogous behavior) into MOFs could yield p-type semiconductor-

like properties. This advancement could broaden the electrocatalytic applications of 

MOFs and enhance their utility in various technological fields. 
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Chapter 4 

The Dependence of Redox-Hopping Behavior on 

Electrolyte Fraction in Metal-Organic Frameworks 

4.1 Abstract 

Redox hopping is the dominant charge transport mechanism in many catalyst-

modified metal-organic frameworks (MOFs). Previous studies have shown that ion 

diffusion is the rate-determining step of redox hopping. To uncover the role of electrolyte 

in redox hopping, the electron hopping coefficient (De) and ion diffusion coefficient (Di) 

were measured for NU-1000 cooperated with [RuII(bpy)2(bpy-COOH)]2+ as redox center 

across various mole fractions of electrolytes. The results showed that in both the surface 

conversion (stage A) and bulk conversion stages (stage B), De increases with the 

increasing mole fraction of IL up to a maximum point, after which De drops dramatically. 

During bulk conversion, Di displayed a similar volcano-shaped trend. In 

tetrabutylammonium hexafluorophosphate (TBAPF6) and 1-Butyl-1-methylpyrrolidinium 

hexafluorophosphate (BMPyrrPF6) solutions, Di peaked at a fraction of approximately 

0.05, close to the fcritical determined by the Waldenôs plot. However, in 4-butyl-1-

methylimidazonium hexafluorophosphate (BMIMPF6), the maximum Di value appeared 

at a fraction of about 0.01, much lower than the fcritical. The results suggest that the ˊ-ˊ 

interactions between the aromatic BMIM+ and the linker of NU-1000 may play an 

important role in ion diffusion.  

 

Keywords: MOF, redox hopping, electron hopping, ion diffusion, ion pairing, Waldenôs 

plot. 
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4.2  Introduction  

Redox hopping is a charge transport mechanism observed widely in natural and 

artificial systems, including biochemical reactions, conductive polymers, organic dyes, 

and metal-organic frameworks (MOFs). There are two coupled processes involved in 

redox hopping: one is electron hopping between the redox-active sites, also known as a 

self-exchange process, and the other is counterion diffusion, which neutralizes the charge 

generated by electron motion. In MOFs, the redox-active centers may be the metal nodes, 

organic linkers, introduced guest molecules, or a combination of the former. In that 

regard, imparting redox hopping behavior to a MOF is a practical and easily achievable 

method for charge transfer applications. Indeed, redox hopping was confirmed to be 

efficient enough to support electrocatalytic applications in MOFs, including water 

oxidation,15,76,184 hydrogen evolution,86 CO2 reduction,185ï187 etc.). The apparent diffusion 

coefficient (Dapp) derived by the Cottrell equation is commonly employed to quantify the 

rate of redox hopping through MOFs.43,51,70,87,108,188 However, as an overall parameter, 

Dapp includes the contributions from both ion and electron transport entangled together. 

Therefore, direct measurement of ion transport and determination of the relative 

magnitude of electron and ion transport via the traditional method is impossible. 

A theoretical model developed by Scholz et al. was previously used to decipher the 

De and Di from electrochemical experiments quantitatively.50,136 In these previous studies, 

ion diffusion (Di) was consistently found to be the rate-determining step for redox 

hopping in MOFs.24,51,148 Systematic studies of the fundamentals of redox hopping were 

conducted to accelerate the redox hopping process in MOFs, and strategies were 

developed based on the discoveries.47ï49 For example, for redox centers with similar 
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structures, the De was found to follow trends in the known molecular self-exchange rate 

of the redox centers, indicating the possibility of accelerating the electron hopping by 

changing the redox-active center.47 Additionally, pore size enlargement was found to help 

ion diffusion and consequently lead to a higher Di. Although the increased pore size also 

elongates the electron hopping distance and has a negative effect on the De, the 

improvement in the bottleneck, ion diffusion, makes the overall charge transfer rate 

higher.49 However, even after applying such strategies, the orders-of-magnitude gap 

between De and Di still exists, which requires researchers to continue fundamental 

investigations and develop more practical strategies to improve MOF redox hopping 

rates. 

In previous investigations, the electrolyte concentration was found to significantly 

influence the electrochemical activity of redox centers in MOF. In work done by Hod et 

al., it was found that ferrocene molecules post-synthetically anchored within a MOF were 

redox-inert at a low electrolyte concentration. However, when the fraction of electrolyte 

exceeded a critical value of ~0.5 M, the redox activity of ferrocene centers was 

restored.115 Inspired by this work, we expect the electrolyte concentration will not only 

impact the redox accessibility of MOF-incorporated redox centers but also affect the 

charge transfer rates of redox hopping. Therefore, we investigated the effect of electrolyte 

concentration on the relevant diffusion rates for redox hopping in MOFs. Because of the 

limited solubility of traditional electrolytes (e.g., TBAPF6), we also used ionic liquids to 

achieve an extremely high concentration of supporting electrolytes. 

Ionic liquids are salts with low melting points. Some with melting points close to 

room temperature are named room-temperature ionic liquids (RTIL).189 They have 
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attracted interest in research and industry because of their unusual properties, such as a 

highly concentrated ionic environment, rapid ion self-transport, low vapor pressure and 

flammability, wide liquid temperature range, and excellent solubility for both organic and 

inorganic compounds. They are, for example, used in electrochemical applications, 

organic synthesis, catalysis, fuel cells, and solvent extraction.189,190 However, despite 

these advantages, ion pairing in ionic liquids is a serious problem.  Ion pairing decreases 

the population of free ions that serve as charge carriers. The pairs, clusters, or networks 

formed by pairing increase the size of matrix particles, leading to higher viscosity.191 

When ionic liquids are used as electrolytes, attenuated diffusion caused by the increased 

viscosity must also be considered. 

Considering these insights, we aimed to investigate how changing the ionic 

concentration in the electrolyte affects charge transfer behavior. In this work, we 

prepared NU-1000 with [RuII(bpy)2(bpy-COOH)]2+ anchored as redox centers. Redox 

hopping-related coefficients, De and Di, at different electrolyte concentrations, were 

extracted using a combination of chronoamperometry (CA) and analysis with the Scholz 

model. Moreover, we applied Waldenôs rule to disentangle the contribution of viscosity 

and ion pairing effects to ion diffusion and determine the mole fraction at which the ion 

pairing behavior changes significantly. 

4.3 Experimental Section 

NU-1000 was prepared following a previously published procedure.192 The structure 

and morphology were characterized by powder X-ray diffraction and scanning electron 

microscopy. We applied a post-synthetic modificationððsolvent-assistant ligand 

incorporation (SALI) to anchor the redox center, [RuII(bpy)2(bpy-COOH)]2+ (where bpy 
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= 2,2ǋ-bipyridine and bpy-COOH = 2,2ǋ-bipyridine-4-carboxylic acid), into the NU-1000 

and the modified MOF, Ru-NU-1000, was prepared. 1H NMR of digested Ru-NU-1000 

samples was used to determine the amount of incorporated redox center, [RuII(bpy)2(bpy-

COOH)]2+
 in Ru-NU-1000. Electrophoretic deposition (EPD) was used to deposit the Ru-

NU-1000 particles onto a working electrode, fluorine-doped tin oxide (FTO) slide. 

Scanning electron microscope (SEM) was used to determine the size and distribution of 

Ru-NU-1000 particles on the FTO slides, and it was confirmed to be a near-single layer, 

which eliminates the contribution of interparticle charge transfer to the overall redox 

hopping. 

The electrochemical behavior of Ru-NU-1000 in acetonitrile solution of three 

electrolytes: TBAPF6, BMIMPF6, BMPyrrPF6, with different molar ratios was measured. 

Differential pulse voltammetry (DPV) was performed to determine the redox potentials 

of the Ru-NU-1000 film by scanning from the open circuit potential to 2 V vs. 

Ag/AgNO3, Figure 1. A reversible redox event of the Ru-NU-1000 film is clearly defined 

in the DPV curve with an E1/2 of ~925 mV and an irreversible peak attributed to the 

oxidation of the linker of NU-1000 at ~1650 mV. The potential where the oxidation peak 

of the [RuII(bpy)2(bpy-COOH)]2+ ends in DPV (~1.2 V) was applied as the excitation 

potential for the following chronoamperometry (CA).  
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Figure 37. (a) CV of 0.01 M [RuII(bpy)2(bpy-COOH)](PF6)2 solution in 

acetonitrile with 0.1M TBAPF6 as supporting electrolyte and (b)  DPV response of 

Ru-NU-1000 in pure BMIMPF6. 

In the CA experiment, after holding the open circuit potential for two hours to 

ensure equilibrium, the excitation potential determined via the DPV plot was applied 
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to the Ru-NU-1000 film on FTO and held for 20 mins. The chronoamperometric 

response of current (I) vs. time (t) was recorded, and the Dapp was attracted from it 

by utilizing the Cottrell equation. 

  Ὅ
Ѝ

  (1) 

The Scholz model was applied to quantitatively determine De and Di of each 

sample from the experimental CA data. There are three stages defined by the Scholz 

model: Surface conversion (stage A) is related to the conversion of redox sites on 

the particlesô surface. Bulk conversion (stage B) is related to both electrons and ions 

getting into the bulk MOF. Final conversion (Stage C) is the period after 99% of the 

redox sites in the crystal have been converted. Due to the lack of info regarding 

electron transfer in stage C, we will not discuss it here. The transition between 

surface conversion and bulk conversion is identified by transforming the 

chronoamperometric curve (I vs. t) into an ὍЍÔ ὺίȢЍÔ plot. The time corresponding 

to the maximum value of ὍЍÔ represents the transition between stages A and B and is 

defined at the reference time (tref). 

For stage A, the I vs. t relationship follows equation 1: 

ὍÔ ό
Ў Ў

Ѝ
ὈὈ τὈ ςὈÔ                (2) 

where N represents number of particles in the MOF film, F is Faradayôs 

constant, Vm stands for the molar volume of NU-1000, u is the length of the three-

phase junction (the dimension of contacting interface between particle and 
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electrode), and ȹx0 and ȹz0 represent the ion diffusion distance and electron 

hopping distance of every single hopping process. ű is defined as: 

• ὊȾὙὝὉ Ὁ  

where R and F represent the gas constant and Faradayôs constant, respectively, 

T is the temperature, E is the applied excitation potential in chronoamperometry, 

which was derived from the DPV, and Ef is the formal potential of the RuII/III  redox 

pair derived from the reversible redox event in DPV. All the parameters can be 

calculated, derived, or determined based on the SEM image, DPV, CA, and the 

structure of MOF.47,49,50,159 (See Supporting Information) By fitting the CA response 

before tref to eq. 1, the De and Di in the surface conversion period can be calculated 

(Figure 2). 
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Figure 38. (a) CA response to the oxidation of Ru-NU-1000 in an acetonitrile 

solution of BMIMPF6 with mole fraction of 0.25 with fitting in stage A (dash line). (b) 

Transformed plot of It1/2 
vs. t1/2 used to determine the tref in the Scholz model. 

For stage B, the equations 3 and 4 are utilized to quantitively identify De and 

Di: 
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 Ô
Ȣ

  (3)

 Ὅ πȢχς ὈὈ  (4)  

where H represents the particle height, from the electrode surface to the top of 

particle, and Iref represents the value of current at the reference time (Figure 2b). 

4.4 Results and Discussion 

4.4.1 De in Stage A and B 

In all electrolyte cases (TBAPF6, BMIMPF6, and BMPyrrPF6), the trend of De in 

surface and bulk conversion is similar: at low mole fractions of electrolyte, De increases 

with increasing supporting electrolyte concentration. After reaching a critical mole 

fraction for each supporting electrolyte, De decreased. The conserved trend over 

supporting electrolytes in De reflects the fundamental similarity of the charge transfer 

mechanism of the electron hopping step in these two stages.  
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Figure 39. Plot of De in stage A and B changing with mole fraction of (a) TBAPF6, 

(b) BMPyrrPF6, and (c) BMIMPF6 in acetonitrile solution. 

The concentration-dependence of De in both surface conversion and bulk conversion 

can be rationalized with well-known Marcus theory. In Marcus theory, a reorganization 

energy barrier must be overcome to complete outer-sphere electron transfer. The 

reorganization energy includes components due to changes in bond lengths and bond 
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angles of donor and acceptor molecules, as well as the redistribution of solvent molecules 

and counterions surrounding the molecules. At low mole fractions of electrolyte, the 

available source of free ions for coordination reorganization is too low, which leads to a 

high reorganization energy barrier and decreased De. When the mole fraction of 

electrolyte increases, the available ion population also increases, facilitating the 

reorganization process. At a certain fraction, the density of the dissolved ions is saturated, 

reorganization energy minimized, and De maximized. The observed decrease in De after 

the maximum is due to two factorsððincreased viscosity and ion pairing.  

The viscosity of the electrolyte solutions at different mole fractions is shown in 

Figure 3. As expected, the viscosity of electrolyte solutions increased with increasing 

supporting electrolyte concentration. The increased viscosity negatively impacts relevant 

processes, including the reorganization of solvent and counter ions surrounding the 

molecules, and it also restricts the vibrational overlap between the donor and acceptor, 

making the electron transfer less probable. 
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Figure 40. Plot of viscosity vs. mole fraction of supporting electrolytes in 

acetonitrile solution, including TBAPF6, BMIMPF6, and BMPyrrPF6 

Strengthened ion pairing negatively affects the electron hopping in two ways. On the 

one hand, the formation of ion pairs, clusters, and networks consumes the source of free 

ions, on the other hand, the increased volume of ions makes them harder to get into the 

MOFôs pore and approach to the redox center and stabilize the sub-optimal state. 

 

4.4.2 Di in stage A and B 

Di in stage B was also found to follow a volcano-shaped trend. Initially, Di increased 

with increasing supporting electrolyte concentration until the critical concentration was 

reached, whereafter Di decreased (Figure 5). The increase at low concentration was 

attributed to the increase in the ion diffusion flux which is due to the increase in 

concentration gradient between the MOFôs pore and electrolyte. In the Scholz model, the 
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effect electrolyte concentration was ignored and it was assumed that the diffusion is only 

triggered by the concentration gradient between adjacent unit boxes.50 Based on the 

Fickôs law, when the concentration gradient between adjacent unit boxes is treated as a 

constant, the increase in the ion flux at high concentration will be reflected on Di.  
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Figure 5. Plots and Di in stage B changing with the mole fraction of (a) TBAPF6, 

(b) BMPyrrPF6, and (c) BMIMPF6 in acetonitrile solution. Dashed lines indicate the 

critical fraction determined through the Waldenôs plots. 

The decreased Di after the critical concentration is likely a result of that 

hypothesized to describe the observed behavior for De: increased viscosity and ion 

pairing. On the one hand, increased ion pairing in bulk electrolyte limits the population of 

free counter ions and, in turn, the driving force for diffusion via a concentration gradient, 

which will also be reflected as a decrease in Di. The formation of ion pair and clusters 

also leads to a stronger steric hindrance for ion diffusion and slow down it. On the other 

hand, the diffusion coefficient is inversely proportional to viscosity, which can be derived 

from the Stokes-Einstein equation (eq. 5):  

 Ὀ  (5) 

where Ὧ  is the Boltzmannôs constant, T is the temperature, – is viscosity, and R is the 

radius of the species. The increased viscosity will slow the diffusion of counterions. As 
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aforementioned, the increase in the viscosity of electrolyte solution is strongly tied to ion 

pairing. In this study, we used Waldenôs plot to verify the strengthened ion pairing effect 

at high concentrations and found that the ion pairing effect does contribute to the 

decrease in Di. 

Waldenôs rule is an empirical rule derived from the Stokes-Einstein relationship (eq. 

5) and the Nernst-Einstein relation (eq. 6).  

 Ώ Ὀ Ὀ  (6) 

where Ώ  is the limiting molar conductivity, F is the Faraday constant, R is the gas 

constant, and Ὀ  and Ὀ  are diffusion coefficients for cations and anions, respectively. 

Through the combination of eq.5 and eq. 6, we obtained the Waldenôs equation with the 

following form: 

 Ώ – ὧέὲίὸὥὲὸ (7) 

Waldenôs rule was initially applied to molten salts to describe the relationship 

between viscosity and molar conductivity, and its application was expanded to other 

electrolyte systems, including ionic liquids. The linearity of a ÌÏÇΏ  ὺίȢÌÏÇ   plot 

reflects the electrolytes ion pairing properties. Specifically, deviation from the linearity of 

Waldenôs plot indicates a change in ion-pairing behavior.193 In our investigation, we 

found that Waldenôs plot can also be applied to the electrolyte solutions, and it clearly 

reflects the change in ion-pairing strength when the electrolyte fraction increases. 

In Figure 6, the Waldenôs plots of the three electrolytesððTBAPF6, BMPyrrPF6, 

and BMIMPF6, are shown. In each plot, there are two linear regions characterized by 

different slopes. Extrapolation between the two defined linear regions to the intersection 

determines the mole fraction at which the ion pairing strength changes greatly, termed the 
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critical fraction (fcritical). The fcriticals were determined to be ~0.05, ~0.06, and ~0.06 for 

TBAPF6, BMPyrrPF6, and BMIMPF6 electrolytes, respectively. When the fcriticals derived 

from the Waldenôs plots are compared with the mole fraction of maximum conductivity, 

it was found that two points coincide, indicating the feasibility of using Waldenôs plot to 

reflect ion pairing strength in electrolyte solutions. 
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Figure 6. Walden plots of (a)TBAPF6, (b) BMPyrrPF6, and (c)BMIMPF6 solution in 

acetonitrile. The plot was divided into weak- (black) and strong-pairing (red) region 

based on the slopes of the Walden plot. The linear fitting plots were elongated to define 

the intersection point separating the two regions. 

4.4.3 Comparison between Di and Critical Fraction of Waldenôs plot 

When the fcritical determined through the Waldenôs rule is compared to the Di plots, it 

was found that in TBAPF6 and BMPyrrPF6, the turning point of Di matches up with the 

fcritical very well (Figure 5). It indicates that the drop in Di is mainly because of the 

strengthening in ion pairing effect in the two electrolytes. However, in the BMIMPF6, 

there was a mismatch observed. Considering that all electrolyte systems carry the 

identical anion (PF6
-), the anion is unlikely the source of the difference 

 

4.4.4 The Cation-dependent behavior 

The mismatch in Diôs peak and fcritical for BMIMPF6 indicates that the MOF 

environment imparts additional influence compared to the homogeneous solution (where 
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the conductivity is measured). Thus, we considered the nature of the cations: the BMIM+ 

is aromatic, while the other two are not. The aromatic BMIM+ may interact with the 

pyrene-based linker of NU-1000 and change the diffusive behaviors in-MOF. That said, 

the charged ion pairs/clusters in the electrolyte solutions may diffuse into the MOF and 

impart the linker-cation interactions. It could decrease the MOFôs pore size and/or 

introduce sites trapping the ion diffusion by adsorbing the pairs/clusters onto the skeleton 

of MOF. Therefore, the mismatch between the peak of Di plot and the fcritical indicated the 

extra interaction between the framework and the ionic species. Additionally, it is also 

observed that the cation can play a critical role in redox hopping even when it is not the 

ñactiveò species. 

 

Figure 7. Molecular structures of BMIM+, BMPyrr+, and TBA+ 

4.5 Conclusion 

In conclusion, the redox-hopping-related charge transfer coefficients, De and Di, 

within Ru-NU-1000 at different concentrations of supporting electrolyte in acetonitrile 

were determined. During both surface and bulk oxidation, De increased with increased 

supporting electrolyte concentration until a critical concentration was reached. The 

similarity in trend points to a fundamental similarity of mechanisms of surface and bulk 

electrochemical oxidation from the perspective of the electron. The increase is 



 

____________________________________________________________________ 

125 

rationalized by a decrease in reorganization energy for the self-exchange process 

facilitated by a higher free ion population. The following drop in De was attributed to the 

increased viscosity and increase in ionic volume resulted from ion pairing. 

Di was also found to follow a similar trend to De during bulk diffusion. The increase 

in Di at low electrolyte fractions is attributed to the increased concentration gradient 

between bulk solution and in-MOF at higher supporting electrolyte concentrations. The 

drop after peaking was attributed to high viscosity and strengthened ion pairing. 

Additionally, the strengthened ion-paring was supported through deviations from 

linearity in Waldenôs plots. 

When comparing the critical fraction determined by the Waldenôs rule to the Di plot, 

well-matched plots of Di and fcritical were only observed in TBAPF6 and BMPyrrPF6 

solutions, indicating the decrease in Di is mainly due to the stronger ion pairing. In 

BMIMPF6 solution, the peak of Di shows up at a much lower mole fraction than fcritical. 

The discrepancy between electrolytes was attributed to the structural differences: the 

aromatic structure of BMIM+ leads to a stronger ˊ-ˊ interaction between the cation and 

the aromatic linker of NU-1000, which may lead to a blockage in the MOFôs pore or 

introduce trapping sites and change the diffusive behavior. Therefore, through the 

comparison between the critical fraction and Di, the additional interaction caused by 

MOFôs nano-environment can be indicated. It was also determined that cation plays a key 

role in redox hopping as a ñnon-activeò species. 
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Chapter 5 

Determination of the Activation Energies of Redox 

Hopping in Metal-Organic Frameworks 

5.1 Abstract 

Redox-Hopping has been widely utilized to realize the charge transfer in catalyst-modified 

metal-organic frameworks (MOFs) and proved to be efficient enough to support various chemical 

reactions. Nevertheless, we still donôt know enough about the thermodynamics of redox hopping, 

such as the activation energies of the processes. In this study, we utilized electrochemical methods 

combined with the Scholz model to study the variation of coefficients related to redox hopping with 

temperature and used thermodynamical analysis to calculate the activation energy (Ea) of each 

process. The results showed that, for electrochemical oxidation of NU-1000 modified with bis(2,2'-

bipyridine) (4-carboxy-2,2'-bipyridine) ruthenium (II), the Ea of electron hopping in surface 

conversion (stage A) and bulk conversion (stage B) are 50.3 ± 28.0 kJ and 93.7 ± 6.6 kJ/mol, 

respectively. The Ea of ion diffusion in bulk conversion is 22.5 ± 2.4 kJ/mol. It shows that the slow 

ion diffusion is caused by the low collision coefficient compared to electron transfer, instead of 

high activation energy. 

5.2 Introduction 

Researchers have investigated the redox hopping behavior in MOFs, and consequently, 

developed strategies to accelerate the redox hopping. In the work done by the Morris group on 

metallocene-functionalized NU-1000, it was found that the De varies with the metal centers of 

anchored metallocene, following the sequence of Os>Ru>Fe.47 Another study finished by Cai et al. 

found that the De and Di can be modified by changing the pore size of MOF. The enlarged pore 

provides an opener environment for the ion to diffuse and consequently leads to a higher ion 

diffusion coefficient. However, the mechanism on the bottom was rarely investigated. In the work 

done by Li, the Ea corresponding to the redox hopping was determined to be 1.91 and 0.93 kcal/mol 
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for 0.0-Zn(pyrazol-NDI) and 0.5-Zn(pyrazol-NDI) (pyrazol-NDI = 1,4-bis[(3,5-dimethyl)-pyrazol-

4-yl]naphthalenediimide), respectively.  

The electron hopping step is explained by the outer-sphere electron transfer of Marcus theory 

developed in 1956.178 In the case of redox hopping in MOF, the donor and acceptor molecules are 

intrinsically identical, but with different oxidation state. Such a case is named as ñself-exchange 

reactionò. In previous studies, the self-exchange reaction was readily approved to be a 

thermodynamically controlled process with an activation energy, which is equal to quarter of the 

reorganization energy. 

The other process in redox hopping, ion diffusion, was also widely studied and determined to 

be thermodynamically controlled with a specific activation energy. Therefore, having the rate 

constants at variant temperatures, the activation energy of each process can be calculated through 

the following, well-known Arrhenius equation (eq. 1) 

  Ὧ ὃὩ  (1) 

To achieve the goal, temperature-dependent experiments were performed on NU-1000 with 

bis(2,2'-bipyridine) (4-carboxy-2,2'-bipyridine) ruthenium (II) ([RuII(bpy)2(bpy-COOH)]2+) 

anchored as the redox active center. The coefficients related to redox hopping, ion diffusion 

coefficient (De) and ion diffusion coefficient (Di), at variant temperatures are derived from the 

chronoamperometry plot with the help of the Scholz model. Consequently, the corresponding rate 

constants can be calculated, and the Arrhenius plots of each process is obtained. 

5.3 Experimental Section 

Preparation of the pristine NU-1000 was following a previous literature.174 The redox active 

center, [RuII(bpy)2(bpy-COOH)]2+, was introduced into pristine NU-1000 via solvent-assistant 

ligand incorporation (SALI) by heating 30g of the pristine NU-1000 and 108g of bis(2,2'-bipyridine) 

(4-carboxy-2,2'-bipyridine) ruthenium (II) hexafluorophosphate ([RuII(bpy)2(bpy-

COOH)]2+(PF6)2) in 1.2 mL of N,N-dimethylmethanamide (DMF) for 7 days at 100°C with 
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continuous stirring (50 rpm). Scanning electron microscope (SEM) images were collected for the 

pristine NU-1000 and NU-1000 with [RuII(bpy)2(bpy-COOH)]2+ loaded (Ru-NU-1000) to 

determine the sizes and shapes of particles (Figure S1). PXRD patterns were also collected to ensure 

the crystallinity (Figure S2). 1H-NMR was performed on the Ru-NU-1000 digested by H2SO4 to 

derive the ratio between the organic linker and [RuII(bpy)2(bpy-COOH)]2+ group (Figure S3). 

 

Figure 41. SEM image of the MOF particles 
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Figure 42. PXRD patterns of simulated NU-1000, pristine NU-1000, and Ru-NU-1000, 

indicating the MOFôs crystallinity was not destroyed during the SALI. 
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Figure 43. NMR of (top) digested Ru-NU-1000 in acidified DMSO-d6 and (bottom) 

H4TBAPy in chloroform-d. The marked peaks were integrated to calculate the ratio between the 

[RuII(bpy)2(bpy-COOH)]2+ and linker of NU-1000. 

Ru-NU-1000 was deposited on fluorine-doped tin oxide (FTO) through electrophoretic 

deposition (EPD) by following the procedure of previous literature.49 Differential pulse 

voltammetry (DPV) was utilized to investigate the redox behavior of the Ru-NU-1000 film and 

determine the excitation potential (Eex) for the following chronoamperometry (CA). In the 

chronoamperometric test, open circuit potential (OCP) of the Ru-NU-1000 film was applied for 

one hour to equilibrate the redox states, then Eex determined by DPV (Figure 1), where the oxidation 

peak of [RuII(bpy)2(bpy-COOH)]2+ ends (1.22 V), was applied on the film for 20 mins and the 

current response was collected. 
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Figure 44. DPV plot of Ru-NU-1000 in acetonitrile solution of TBAPF6 (0.1 M). (DPV 

parameters: period = 30 ms, width = 50 ms, height = 50 mV, and increment = 5 mV). The quasi-

reversible peak at ~1000 mV is from the reversible oxidation of [RuII(bpy)2(bpy-COOH)]2+ center 

in NU-1000, the small peak at ~1.6 mV is from the oxidation of pyrene-based linker of NU-1000. 

With the assistance of the Scholz model, De and Di of Ru-NU-1000 at variant temperatures 

can be conveniently extracted from the CA plot (Figure 2a). The analytic procedure relying on the 

Scholz model was following previous works finished by the Morris group.47ï49 Through the peak 

of It1/2 vs. t1/2 plot, the transition from surface conversion to bulk conversion can be determined 

(Figure 2b). The De and Di in surface conversion is determined by the following equation 1: 

 Ὅὸ ό
Ў Ў

Ѝ
ὈὈ τὈ ςὈὸ (2) 

where N represents the total number of MOF particles in the deposited MOF film, F represents the 

Faradayôs constant, Vm is the molar volume of the matrix material (which is NU-1000 in this case), 

u is the length of the crystal| electrode| electrolyte junction, and ȹx0 and ȹz0 stand for the ion 

diffusion distance and electron hopping distance in each single redox hopping step. The term ű is 

calculated through the following equation 2: 
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 • ὊȾὙὝὉ Ὁ      (3) 

where R stands for the gas constant, F represents the Faradayôs constant, T represents the 

temperature. Eex and Ef represent the excitation potential in CA and the formal potential of the redox 

reaction. All the parameters in eq. 2 can be calculated or determined by characterizations, including 

SEM, DPV, CA, and the molecular structure of MOF.  

In bulk conversion, the De and Di are determined by eq. 4 and eq. 5.  

 Ô
Ȣ

 (4) 

 ) πȢχς ὈὈ (5) 

where H represents the height of the particle, which is from the electrode-particle interface to the 

top of the particle and Iref represents the current at the reference time in chronoamperometry (Figure 

2b). 

Through the combination of chronoamperometric plot and the Scholz model, De and Di in 

surface conversion and bulk conversion stage were obtained. The rate constant, k, of each process 

was calculated by the following equations 6 and 7: 

 Ὧ
Ὀ
ὶ Ў

   (6) 

 Ὧ
Ὀ
ὶ Ў

  (7) 

where re and r i are the hopping/diffusion distance for each single hopping step, which is equal 

to Ўᾀ and Ўὼ used in the Scholz model, respectively. The plot of ln(k) vs. (1/T) will be used to 

calculate the activation energy for electron hopping and ion diffusion processes of each reaction 

type.  
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Figure 45. (a) The chronoamperometry plot of Ru-NU-1000 at 303.15 K in 0.1 M 

acetonitrile solution of TBAPF6 with the fitting plot in surface conversion as red dash line.  

(b) Normalized plots of It1/2 vs. t1/2 at variant temperatures, demonstrating the tref shortens 

with increasing temperature. 

5.4 Results and Discussion 

De and Di derived from the chronoamperometric plots are listed in following Table 1 and 

visualized in Figure 3. Because the redox centers on the crystal-electrolyte interface already 

emerged in an abundance of counter ions, the Di during surface conversion has very limited 

information about the diffusion process. Therefore, it will not be discussed in the following part. 

Table 1. Summary of Variation of Coefficients with Temperature 

Temperature 

(K) 

De_A 

(cm2/s) 

ke_A 

(s-1) 

De_B 

(cm2/s) 

ke-B 

(s-1) 

Di_B 

(cm2/s) 

ki _B 

(s-1) 

298.15 
1.6±0.3 × 10-7 3.7±0.8 × 106 2.5±0.6 × 10-9 5.7±1.3 × 104 4.2±0.3 × 10-12 1.4±0.1 × 102 

303.15 
2.4±1.2 × 10-7 5.5±2.8 × 106 1.1±0.1 × 10-8 2.6±0.1 × 105 5.5±3.9 × 10-12 1.8±1.3 × 102 

313.15 
3.9±2.7 × 10-7 9.0±6.4 × 106 3.2±0.6 × 10-8 7.5±1.3 × 105 6.6±2.0 × 10-12 2.2±0.6 × 102 

318.15 
6.3±4.2 × 10-7 1.4±0.9 × 107 4.2±0.6 × 10-8 9.7±1.3 × 105 7.6±0.7 × 10-12 2.5±0.2 × 102 

323.15 
8.7±6.7 × 10-7 2.0±1.5 × 107 4.7±1.2 × 10-8 1.1±0.3 × 106 9.0±5.2 × 10-12 3.0±1.7 × 102 
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Figure 6. Plots showing temperature-dependence of De in stage A (a), De in stage B 

(c), and Di in stage B (e) and corresponding lnk vs. 1/T plots (b, d, f) 

For the electron hopping in the surface conversion, the De was found to increase with 

increasing temperature. Reference times (tref), which represents the transition from surface 

conversion to bulk conversion, was also found to shorten with elevated temperature (Figure 5b).  

The trend of tref with temperature also clearly illustrated that, during the surface conversion, the 
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rate of electrochemical oxidation increases with higher temperature. The corresponding activation 

energy derived from the Arrhenius equation was calculated to be 50.3 ± 28.0 kJ/mol.  

For the electron hopping processes in bulk conversion, the Arrhenius plot was found to be not 

perfectly linear, instead, it is with a convex shape. Therefore, the activation energy was calculated 

was calculated by using the points at higher temperatures. The corresponding temperature was 

calculated to be 57.9 ± 6.6 kJ/mol. The convex Arrhenius plots were reported in precious research 

on enzymes and it was attributed to the configurational source: when the temperature increases, 

more possible configurations of the molecules are activated. However, a certain ratio of the 

activated configurations are ñdeadò, which means they will not contribute to a successful redox 

hopping. If the ratio of ñdead configurationsò increases faster than k, the Arrhenius plot will drop 

at high temperatures, leading to the convex Arrhenius plot.194 Considering the electron hopping in 

MOF also relies on the configurational match of redox centers, the reason for convex Arrhenius 

plot can also be from the configurational source.  

 From the calculated results, it is apparent that the activation barrier in surface conversion is 

about 20% lower than that in bulk conversion. It is rationalized by comparing the surrounding 

environments of redox sites on electrolyte-crystal interface and in the bulk MOF: the sites in the 

MOFôs pore are sterically restricted by the limited space in MOFôs nanostructure, while the ones 

on the surface are dangling. The higher degree of freedom makes the surface sites easier to move 

and rotate to achieve the optimal orientations for electron transfer, which decreases the activation 

energy barrier in the outer-sphere reorganization.47,49 

Knowing the activation energy of both surface and bulk conversion, the strength of electron 

coupling between adjacent redox centers can be calculated through the eq. 8 

 Ὧ
ᴐ

ÅØÐ 
Ў

 (8) 

where kET is the electron hopping rate,  is the reduced Planckôs constant, kb is the Boltzmann 

constant, HAD is the electron coupling strength, ЎὋ  is the change in Gibbs free energy (ЎὋ= 0 in 



 

____________________________________________________________________ 

137 

self-exchange reaction), ‗ is the reorganization energy (which is equal to 4 times the activation 

energy). The calculated electron-coupling strengths were calculated to be ~3800 cm-1 and ~4400  

cm-1 for surface and bulk conversion, respectively, while the [Ru(bpy)3]2+ molecules in solution 

have an electron-coupling strength ~ 7 cm-1.195 Therefore, Ru centers anchored to NU-1000 showed 

a much higher coupling strength than the Ru centers in solution. Additionally, the redox centers 

inside the MOFôs pore have stronger electron coupling than those on the surface. We attributed 

such a phenomenon to the pre-orientation effect provided by the MOF: in solution, the coupling 

strength is weak because the redox centers are completely randomly oriented. While in MOF, the 

rigid framework makes the redox centers aligned, which leads to pre-oriented configurations for 

electron coupling, the effect is even stronger inside the bulk MOF. Therefore, the rigid structure of 

MOFs affects the electron hopping in MOF in two opposite ways: it accelerates the electron 

hopping by strengthening electron coupling, meanwhile, it also reduces the degrees of freedom of 

the redox centers and increases the activation energy for electron hopping. 

When considering the activation barrier for ion diffusion, it was found to be 22.5 ± 2.4 kJ/mol. 

It is close to the Ea of the self-diffusion of PF6
-
 reported in previous literatures, which are 15.2 ± 

0.3 in diethyl carbonate196 and 34.5 ± 6.0 in BMIMPF6.
197 However, the obtained Ea value is lower 

than those of electron hopping in both surface and bulk conversion. Counterintuitively, it seems to 

contradict previous research on redox hopping in MOFs, which identifies ion diffusion as the rate-

determining step. However, when we factor in the Arrhenius equation, which includes the pre-

exponential factor (A) representing the collision frequency contributing to the process, the pre-

exponential factor also has critical contribution to the rate constant. They are two possible reasons 

may cause the gigantic difference between the pre-exponentials of electron hopping and ion 

diffusion. The first reason is the significant difference in the mechanism between the electron 

coupling and diffusion. The other one could be the difference in the size the particles participating 

the processes, which are electron and PF6
-
, respectively. When compared to the electrons, the larger 
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size and much slower mobility of PF6
-
 leads to a low collision frequency. Therefore, the small pre-

exponential factor leads to ion diffusion consistently being the rate-determining step in the redox 

hopping process even though its activation energy is small. 

 

5.5 Conclusion 

Through the combination of temperature-dependent chronoamperometry, the Scholz model, 

and the Arrhenius equation, the activation energy of each process of the redox hopping in Ru-NU-

1000 was derived. For the electrochemical oxidation, the activation energies of electron hopping in 

surface and bulk conversion were 50.3 ± 28.0 and 57.9 ± 6.6 kJ/mol, respectively. The activation 

energy of ion diffusion in bulk conversion was calculated to be 22.5 ± 2.4 kJ/mol. The result 

demonstrates that even though the low activation of ion diffusion is easy to overcome, the low 

collision frequency causes slow ion diffusion. Thus, even increasing the working temperature does 

makes the redox hopping faster, itôs not effective enough when compared to the other strategies 

focusing on improving the collision frequency of ion diffusion (e.g., enlarging the pore size). In the 

research, it was also found that the strength of electron coupling between the redox centers is 

stronger in MOF than in solution, which was related to the pre-orientation caused by the rigid 

framework structure. It provides a possible way to establish faster electron hopping through the 

design of MOF and the redox centers. 
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Appendix 

Chapter 3 

Synthesis of NU-1000. The preparation of NU-1000 was following a slightly modified 

procedure from a previous literature.192 98 mg of ZrOCl2.8H2O and 2 g of benzoic acid were 

mixed in 8 mL of N, N-dimethylformamide (DMF) in a 6-dram vial. The mixture was sonicated 

for 15-30 minutes till a uniform and clear solution was formed. The solution was heated in oven 

at 100 °C for 1 h. After taking it out and cooling down to room temperature, 40 mg of 1, 3, 6, 8-

tetrakis(p-benzoate) pyrene (H4TBAPy) and 40 ɛL of trifluoroacetic acid (TFA) were added into 

the mixture and sonicated for 15 min. The yellow mixture was placed in an oven at 100 °C for 18 

h. After cooling down to room temperature, the yellow precipitation was isolated by centrifuge 

and washed with fresh DMF 3 times (soaked for 1 h between washes). The resulting yellow 

precipitation was suspended in a mixture of 12 mL of DMF and 0.33 mL of 12 M HCl. The 

mixture was heated in an oven at 100 °C for 18 h. After cooling down to room temperature, the 

powder was isolated by centrifuge and washed with 12 mL of fresh DMF (soaked for 1 h between 

washes for the first two washes and soaked overnight for the third time) and 12 mL of acetone 

(soaked for 1 h between washes for the first two washes and soaked overnight for the third time). 

After washing, the powder was collected by centrifuge and dried in a vacuum oven at 80 °C 

overnight. 

 

Synthesis of [RuII (bpy)2(bpy-COOH)](PF6)2. The preparation of [RuII(bpy)2(bpy-

COOH)](PF6)2 was following a modified procedure from a previous literature198. 291.38 mg of 

Ru(bpy)2Cl2.2H2O and 112 mg of 4-carboxy-2,2ô-bypiridine (bpy-COOH) were added into a 

mixture of 5 mL of methanol and 5 mL of water. The mixture was heated and reflexed overnight 

to get a dark orange solution. The solution was filtered, and the filtrate was roto-evaporated to 

nearly dry. 5 mL of DI water with a few drops of concentrated HCl was added into to redissolve 

the solid, then the solution was roto-evaporated to dry again. The dark-orange solid was collected 



 

____________________________________________________________________ 

174 

and suspended in ~3.5 mL of saturated NH4PF6 aqueous solution by ultrasonication and stirred 

overnight to replace Cl- with PF6
-. The color of suspending particles turned from dark red to 

bright orange during the counter ion exchange. The bright-orange precipitation was collected by 

filtration, washed with cold DI water, and dried in vacuum oven overnight.  

 

Figure S1. Preparing procedure of [RuII(bpy)2(bpy-COOH)](PF6)2  

 

Figure S2. 1H NMR spectrum of [RuII(bpy)2(bpy-COOH)](PF6)2 

Spectroscopy of [RuII (bpy)2(bpy-COOH)](PF6)2.  



 

____________________________________________________________________ 

175 

200 300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

N
o

rm
a

liz
e

d
 A

b
s
o

rb
a

n
c
e

/(
a

. 
u

.)

Wavelength/(nm)

Concentration of [Ru(bpy)2(bpy-COOH)](PF6)2

 1*10-5 M

 1.5*10-5 M

 2*10-5 M

 2.5*10-5 M

 3*10-5 M

456 nm

 

Figure S3. UV-Vis spectroscopy of [RuII(bpy)2(bpy-COOH)](PF6)2. 

 

Solvent-assistant ligand incorporation (SALI) of NU-1000. The Ru-complex with 

carboxylic acid group was anchored to NU-1000 following a modified procedure from a previous 

literature.199 30 mg of NU-1000 and 108 mg of [RuII(bpy)2(bpy-COOH)] (PF6)2 in 1.2 mL of 

DMF in a 1-dram vial. The mixture was heated in a sand bath at 100 °C for 7 days with 

continuous stirring at 50 rpm. The mixture was shaken once per day to make the powder stacked 

on bottom to suspend. After cooling down to room temperature, the precipitation was washed 

with fresh DMF till the supernatant became colorless (soaked for 1 h between washes) and 

washed with acetone and diethyl ether for 3 and 2 times, respectively. After washing, the particle 

was collected by centrifuge and dried in a vacuum oven at 80 °C overnight.  

Structural Characterization of NU-1000 and Ru-NU-1000. Figure X presents the powder 

X-ray diffraction pattern of the as-synthesized NU-1000 and Ru-NU-1000 after the SALI process, 

along with the simulated pattern of NU-1000. Both as-synthesized NU-1000ôs and Ru-NU-1000ôs 

patterns show clear characteristic peak which match the simulated pattern well, indicating that the 

structure of NU-1000 is periodical and ordered, and the SALI process did not change the structure 

of NU-1000.  
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Figure S4. PXRD pattern of NU-1000 (red), Ru-NU-1000 (blue), and simulated PXRD 

pattern of NU-1000 (black). 

 The SEM images (Fig. S5) before and after the SALI process also indicated that the shape 

and size of the NU-1000 particles before and after SALI have the same geometry and 

morphology. 

 

Figure S5. SEM image of NU-1000 before (left) and after (right) the SALI process. 

Electrophoretic deposition of Ru-NU-1000 

The MOF film was prepared following a modified procedure of previous literature. FTO 

slides were cleaned by sonication in Alconox solution and DI water for 15 minutes in sequence. 

After washing, the slides were dried by airflow. 15 mg of Ru-NU-1000 was suspended in 25 mL 

of toluene in a 6-dram vial by ultrasonication. The solution was stirred at 320 rpm throughout the 

deposition process. Two FTO slides were 1-cm spaced with the conductive sides facing each 

other and submerged in the suspension. A constant potential of 135 V was applied between the 
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FTO slides for 3 h to achieve the deposition. Fig. S6 shows the distribution of Ru-NU-1000 

particles is near monolayer. 

 

Figure S6. SEM image of Ru-NU-1000 film prepared by EPD on FTO slide, showing a near 

monolayer distribution. 

Determination of SALI loading level. The loading level of Ru-NU-1000 was measured by 

1H-NMR via the following procedure. ~3 mg of the Ru-NU-1000 with ~5 drops of concentrated 

H2SO4 were added into 600 ɛL of d6-DMSO. The mixture was heated in a sand bath at 80 °C for 

1 h till the particle was fully dissolved. The solution was cooled down to room temperature, well 

sonicated, and performed by 1H-NMR. 

1H NMR was used to determining the ratio of Ru redox center and metal node. Fig. S5 is the 

1H NMR spectrum of digested Ru-NU-1000, and the ratio between Ru complex and the organic 

linker (H4TBAPy) was calculated by the following equation: 

 
 

 
 

     

       
 z

       

     
(S1) 

Peaks selected to calculate the loading ratio are marked in the NMR spectrum. To guarantee 

the preciosity, the selected peaks are as isolated as possible to get rid of the overlap with adjacent 

peaks. Through eq. 1 above, the ratio between Ru complex and linker was calculated to be ~2:1. 

Considering the structure of NU-1000, the ratio between linkers and oxo-metal nodes is 2:1, the 
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ratio between Ru complex and Zr node is ~1:1, indicating that there is one Ru complex anchored 

to each Zr node. With the assumption of uniform distribution of Ru humidity and knowing the 

crystalline structure of NU-1000, the distance between Ru redox centers can be calculated, hence, 

the hopping distance can be determined. 

 

Figure S7. 1H NMR spectrum of H4TBAPy (top) and digested Ru-NU-1000 (bottom) with 

the arrows showing corresponding peaks. The difference in chemical shift values is due to the 

addition of acid. 

 

Electrochemical measurements. All the electrochemical measurements were performed 

with an Wavenow potentiostat (Pine) using a three-electrode setup. For the cyclic voltammetry of 

[RuII(bpy)2(bpy-COOH)] (PF6)2 in acetonitrile solution (Fig. S8), a glassy carbon electrode, a 

platinum wire and a non-aqueous Ag/AgNO3 reference electrode were used as working, counter, 

and reference electrodes, respectively. 0.1 M tetra(n-butyl) ammonium hexafluorophosphate 

(TBAPF6) solution in acetonitrile was used as supporting electrolyte. 
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Figure S8. Cyclic voltammetry of [RuII(bpy)2(bpy-COOH)] (PF6)2 in acetonitrile, with 

TBAPF6 as the supporting electrolyte. Scan rate: 100 mv/s. All potentials are converted from vs. 

Ag/AgNO3 to vs. Fc/Fc+. 

E1/2 of [RuII(bpy)2(bpy-COOH)]2+/[Ru(bpy)2(bpy-COOH)]3+ redox pair was located at 903 

mv. 

E1/2 of reduction peak 1 (peakr1) from the [RuII(bpy)2(bpy-COOH)]2+/[RuII(bpy)2(bpyÅ--

COOH)]+ pair was located at -1760 mv.  

E1/2 of reduction peak 2 (peakr2) from the [RuII(bpy)2(bpyÅ--COOH)] +/[RuII(bpyÅ-)(bpy)(bpyÅ--

COOH)] pair was located at -1950 mv. 

E1/2 of reduction peak 3 (peakr3) from the [RuIII (bpy)(bpyÅ-)(bpyÅ--

COOH)]/[RuIII (bpyÅ-)2(bpyÅ--COOH)]- pair was located at -2200 mv.  

 

For the electrochemical measurements of MOF film, a FTO slide with Ru-NU-1000 

anchored, a platinum mesh and a non-aqueous Ag/AgNO3 reference electrode were used as 
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working, counter, and reference electrodes, respectively. 0.1 M TBAPF6 solution in acetonitrile 

was used as supporting electrolyte. Prior to the chronoamperometry (CA), differential pulse 

voltammetry (DPV) of Ru-NU-1000 film was used to determine the excitation potential for 

chronoamperometry.  
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Figure S9. (a) CV of blank FTO, pristine NU-1000, and Ru-NU-1000 in TBAPF6 solution 

in acetonitrile (0.1 M). Scan rate: 100 mv/s (b) DPV of blank FTO, pristine NU-1000, and Ru-

NU-1000 in TBAPF6 solution in acetonitrile (0.1 M). Period = 30 ms, width = 50 ms, height = 50 

mv, increment = 5 mv.  

 

CV and DPV of blank FTO, pristine NU-1000, and Ru-NU-1000 in TBAPF6 solution in 

acetonitrile (0.1 M) were also demonstrated in Fig. S9c and S9d, respectively, to show that the 

oxidation of NU-1000 will not overlap with the RuII/III peak.  

Scan-rate-dependent CV of RuII/III  was shown in Fig. S9e and the corresponding plot of peak 

current vs. scan rate was included in Fig. S9f. The linear relationship of peak current vs. scan rate 

indicated that the process is diffusion controlled. 

 

Quantification of De and Di in Ru-NU-1000 

The current-time CA responses of Ru-NU-1000 in the reduction and oxidation processes 

were shown in Fig. 2. According to the Scholz model, the electrons hops along the crystal-

solution boundary in a short period at the beginning of conversion, which is treated as stage A. 

After all the surface redox sites are converted, the electrons and ions need to migrate from the 

interface into the bulk crystal and this stage is treated as stage B. 49,50 By transforming the CA 

response to ὭЍὸ, the two stages can be distinguished by the moment when the maximum value of 

ὭЍὸ shows up. To determine the tref of Ru-NU-1000 samples, the examples of ὭЍὸ ὺίȢЍὸ curves of 

oxidation and reduction were plotted in Fig. 2c and 2d. 

In stage A, the relationship between current and time should follow eq. S1 

ὭÔ Õ
Ў Ў

Ѝ
ὈὈ τὈ ςὈÔ(S2) 

Where N is the number of particles in the MOF film, F is Faradayôs constant, Vm is the 

molar volume of NU-1000, u is the length of three-phase junction (the parameter of particle-
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electrode interface), De is the electron hopping coefficient, Di is the ion diffusion coefficient, ȹx0 

is the ion hopping distance, and ȹz0 is the electron hopping distance. ű is defined as: 

• ὊȾὙὝὉ Ὁ   (S3) 

Where F is Faradayôs constant, R is gas constant, T is the temperature, E is the applied 

excitation potential in chronoamperometry, Ef is the formal potential of the redox pair (the redox 

pair is [RuII(bpy)2(bpy-COOH)]2+/[RuIII (bpy)2(bpy-COOH)]3+ for oxidation and [RuII(bpy)2(bpyÅ--

COOH)]1+/ [RuII(bpy)2(bpy-COOH)]2+ for reduction, respectively). ű was calculated and used 

respectively for each MOF film. 

Based on the previous literature, the molar volume of NU-1000 is calculated by ὠ

  Ⱦ

Ȣ  Ⱦ
τφπωȢυωψ ὧάȾάέὰ, the electron hopping distance (ȹz0) and ion 

diffusion distance (ȹx0) are 20.839 Å and 17.389 Å, respectively49. 

u is determined by the SEM image of Ru-NU-1000: considering the hexagonal cross-section 

of NU-1000 particles, the parameter of particle-electrode interface is given by ό ςz ὰ ὦ

ςz ὰ ςz ςz ὰ ύ. The height of Ru-NU-1000 particles was calculated in a similar (Fig. 

S10). The dimension of MOF particle was calculated and used respectively for batch of Ru-NU-

1000.  

 

Figure S10. Cross-section schematic of Ru-NU-1000, illustrating the relationship between 

the width on crystal-electrode interface (b) and the width measured by SEM (w). 

Based on a previous literature, N is calculated by the charge, Q, passing through the circuit 

during the reaction. The total number of Ru center in one MOF film, n, is Q/F, where F is the 

Faradayôs constant.49 Based on the previous loading ratio calculation, the ratio between Ru center 
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and Zr node is ~1:1, therefore, the number of Ru centers in a single MOF particle can be 

calculated by 
    

 
. The number of MOF particles in a film, N, is given by 

ὔ
       

. The number of MOF particle was calculated and 

used respectively for each MOF film. 

 

SEM Scanning electron microscopy (SEM) image was performed at a JEOL IT500 scanning 

electron microscope.  

 

PXRD Powder X-ray diffraction (PXRD) pattern was collected with Rigaku Miniflex 

instrument, operating at 2 mA and 40 KV using copper radiation (Cu KŬ, ɚ=1.5418 ¡).  

Density Functional Theory 

[RuII(bpy)2(bpyÅ--COOH)]1+, [RuII(bpy)2(bpy-COOH)]2+, and [RuIII (bpy)2(bpy-COOH)]3+ 

were optimized with and without a MeCN polarizable continuum model (PCM) at the UB3LYP-

D3BJ/6-311G(d,p)[H,C,N,O]/SDD[Ru] level of theory with the Gaussian16 program using 

default convergence criteria6
. Structures were confirmed to be optimized through the lack of 

imaginary modes in the predicted vibrational frequencies. Root mean square deviations (RMSD) 

were calculated with respect to the optimized [RuII(bpy)2(bpy-COOH)]2+ species for the 

optimized reduced [RuII(bpy)2(bpyÅ--COOH)]1+ and oxidized [RuIII (bpy)2(bpy-COOH)]3+ species 

with and without a MeCN PCM (Table S1). Intramolecular reorganization energies were 

calculated using the standard four-point method that utilizes the adiabatic potential energy 

surfaces of an optimized [RuII (bpy)2(bpy-COOH)] with and without a MeCN PCM (Table S2). 

Frontier molecular orbitals diagrams were generated for [RuII(bpy)2(bpyÅ--COOH)]1+, 

[RuII(bpy)2(bpy-COOH)]2+, and [RuIII (bpy)2(bpy-COOH)]3+ in MeCN PCM using VMD software 

with an isosurface cutoff of 0.02 (Figures S10 ï S12)7. 
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Table S1: Root mean square deviations of the geometrically optimized structures with 

respect to the optimized [RuII(bpy)2(bpy-COOH)]2+. Charges 1+, 2+, and 3+ refer to the structures 

[RuII(bpy)2(bpyÅ--COOH)]1+, [RuII(bpy)2(bpy-COOH)]2+, and [RuIII (bpy)2(bpy-COOH)]3+, 

respectively. 

Charge RMSD w/ NO PCM 

( ) 

RMSD w/ MeCN 

PCM ( ) 

2+ to 1+ 0.1689 0.1037 

2+ to 3+ 0.1053 0.1442 

 

Table S2: Intramolecular reorganization energies (eV). Energies are calculated in (left) and 

out (right) of the MeCN PCM model. Charges 1+, 2+, and 3+ refer to the structures 

[RuII(bpy)2(bpyÅ--COOH)]1+, [RuII(bpy)2(bpy-COOH)]2+, and [RuIII (bpy)2(bpy-COOH)]3+, 

respectively. 

Charge ɚ (eV) w/ NO PCM ɚ (eV) w/ MeCN PCM 

2+ to 1+ 0.1858 0.2983 

2+ to 3+ 0.0925 0.1159 
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Figure S11: [RuII(bpy)2(bpyÅ--COOH)]1+ frontier molecular orbital diagram in MeCN PCM 

at UB3LYP-D3BJ/6-311G(d,p)[H,C,N,O]/SDD[Ru] level of theory. Alpha electrons are on the 

left and beta electrons are on the right. 

 

Figure S12: [RuII(bpy)2(bpy-COOH)]2+ frontier molecular orbital diagram in MeCN PCM at 

UB3LYP-D3BJ/6-311G(d,p)[H,C,N,O]/SDD[Ru] level of theory. Alpha electrons are on the left 

and beta electrons are on the right. 

 


