
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Leveraging the Primary and Secondary Coordination Sphere of Molecular Catalysts Towards 
Electrocatalytic and Photocatalytic Carbon Dioxide Reduction

Permalink
https://escholarship.org/uc/item/8k46q9xj

Author
De La Torre, Patricia L

Publication Date
2023
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8k46q9xj
https://escholarship.org
http://www.cdlib.org/


 
 

Leveraging the Primary and Secondary Coordination Sphere of Molecular Catalysts Towards 
Electrocatalytic and Photocatalytic Carbon Dioxide Reduction 

 
 

By 
 

Patricia L. De La Torre 
 
 

A dissertation submitted in partial satisfaction of the 
 

requirements for the degree of 
 

Doctor of Philosophy 
 

in 
 

Chemistry 
 

in the 
 

Graduate Division 
 

of the 
 

University of California, Berkeley 
 
 
 

Committee in charge: 
 

Professor Christopher J. Chang, Chair 
Professor John Arnold 

Professor Jeffrey Reimer 
 
 

Spring 2023 
 



 
Spring 2023 

 
 
 
 

Leveraging the Primary and Secondary Coordination Sphere of Molecular Catalysts Towards 
Electrocatalytic and Photocatalytic Carbon Dioxide Reduction 

 
 

© 2023 
 

by Patricia L. De La Torre 
 



1 
 

Abstract 
 

Leveraging the Primary and Secondary Coordination Sphere of Molecular Catalysts Towards 
Electrocatalytic and Photocatalytic Carbon Dioxide Reduction 

 
by 
 

Patricia L. De La Torre 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Christopher J. Chang, Chair 
 

 
Industrialization and urbanization have encouraged rapid population increases, improved 

standards of living, access to education, and advanced technological development in large 
economies across the globe. Simultaneously, these events have strained our natural resources, 
which over time has drawn attention to their scarcity as well as the secondary environmental 
consequences of their exploitation. In particular, the combustion of fossil fuels, a non-renewable 
source of energy, is directly correlated to increased concentrations of atmospheric greenhouse 
gases such as carbon dioxide (CO2). Since the beginning of industrialization, we have monitored 
rising anthropogenic carbon dioxide and the resulting effects of increased global surface 
temperatures, including  stronger and more frequent heat waves, droughts, wildfires, and 
hurricanes. Changes to the Earth’s climate disproportionately affect marginalized communities 
such as people of color, non-European immigrants, people with disabilities, and low-income 
groups— as well as populations outside of the Western purview, such as the Philippines, 
Madagascar, and India. In light of this, scientists are propelled to develop alternatives to 
petroleum-based energy sources, especially those with carbon-neutral footprints. The capture of 
atmospheric CO2 and its conversion to chemicals currently derived from petroleum is under 
investigation as an approach to remove CO2 pollution while providing a net-zero carbon source. 
The goal of this thesis is to study the use of artificial photosynthesis, specifically, molecular 
photocatalysis and electrocatalysis, to study the CO2 reduction reaction (CO2RR) as a method of 
transforming CO2 into useful chemical feedstocks using sustainable energy inputs such as 
electricity, which can be derived from wind or solar power. To understand and optimize molecular 
systems with atomic-level tunability in their activity towards CO2RR, our work involves the 
investigation of primary and secondary coordination sphere modifications to molecular catalysts 
based on transition metal complexes of polypyridine and supramolecular porphyrin ligands. The 
ability to modulate both the primary and secondary coordination sphere of molecular species 
provides insight into the fundamental properties that are important in optimizing selectivity and 
rates in electro- and photocatalysts for CO2RR. We hope this work highlights the value of 
molecular chemistry in the future development of large-scale CO2 capture and conversion for 
sustainable and renewable energy.  
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Abstract:  
 
The catalytic reduction of carbon dioxide (CO2) using sustainable energy inputs is a promising 
strategy for upcycling of atmospheric carbon into value-added chemical products. This goal has 
inspired the development of catalysts for selective and efficient CO2 conversion using 
electrochemical and photochemical methods. Among the diverse array of catalyst systems 
designed for this purpose, two- and three-dimensional platforms that feature porosity offer the 
potential to combine carbon capture and conversion. Included are covalent organic frameworks 
(COFs), metal-organic frameworks (MOFs), porous molecular cages, and other hybrid molecular 
materials developed to increase active site exposure, stability, and water compatibility while 
maintaining precise molecular tunability. This mini-review showcases catalysts for the CO2 
reduction reaction (CO2RR) that incorporate well-defined molecular elements integrated into 
porous materials structures. Selected examples provide insights into how different approaches to 
this overall design strategy can augment their electrocatalytic and/or photocatalytic CO2 reduction 
activity. 
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1. Introduction 
The world population’s dependence on finite natural resources for energy storage and 

generation can be mitigated by replacement with renewable and sustainable sources such as 
electricity from wind, solar, and hydropower.1-4 Efforts to decarbonize our current and future 
energy infrastructure are critical to addressing detrimental effects of petroleum combustion 
manifesting as rising global temperatures, ocean acidification, and increased frequency of extreme 
weather events.5, 6 Many of these phenomena can be attributed to rising concentrations of 
atmospheric CO2, now peaking at 421 ppm in 2022; this situation demands restoration of the 
carbon cycle to its natural balance as an important step in a zero-emissions future.7, 8 One approach 
under current investigation is the direct air capture of CO2 and its subsequent transformation into 
value-added products via the CO2 reduction reaction (CO2RR). CO2 reduction via multi-electron, 
multi-proton transfer reaction processes can effectively store sustainable energy in the form of 
chemical bonds.6, 9-15  
Although CO2RR is a promising strategy to store energy derived from clean and renewable sources 
and simultaneously mitigate climate change, it is thermodynamically costly to activate the linear 
and symmetric CO2 molecule by a single electron transfer due to the large reorganization energy 
associated with producing the bent radical anion (–1.9 V vs NHE).16 With the inclusion of multiple 
protons and electrons, CO2 reduction can be achieved at more moderate potentials. However, this 
multielectron, multiproton chemistry comes at the cost of product selectivity; within a relatively 
narrow potential window (–0.24 to –0.61 V), a variety of carbon products such as CO, HCOOH, 
HCHO, CH3OH, and CH4 can theoretically be formed, but in most cases the reduction of protons 
to hydrogen in the hydrogen evolution reaction (HER) is facile (0 V) and dominant over carbon-
based product formation. As such, developing catalyst platforms capable of efficient and selective 
CO2RR presents one attractive avenue in solving these challenges. Moreover, applying 
electrochemistry and/or photochemistry as sustainable energy inputs that drive the electron transfer 
processes for CO2RR can guide the optimization of these platforms.9 In terms of efficiency, 
CO2RR electrocatalysts require close energy matching between their onset potential and the 
thermodynamic potential required for the desired CO2 transformation in order to minimize the 
excess energy required to drive the reaction (i.e., overpotential). Performance metrics such as 
Faradaic efficiency (FE) and current density further describe the catalyst activity relative to the 
electron transfer productivity and stability from electrode to catalyst. In photocatalytic CO2RR 
systems, efficiency is in turn affected by photosensitization, which can be achieved by the catalyst 
itself if it has productive light absorption, or by a separate photosensitizer with a matched excited 
state energy (analogous to overpotential).17 Additionally, sacrificial electron donors are needed to 
regenerate the active photosensitizer. Performance metrics such as the turnover number (TON) 
and the quantum yield (QY) for product formation quantify the photocatalyst activity in terms of 
stability and productive photon absorption (analogous to FE). Along these lines, achieving the 
delicate balance between low overpotentials, high turnover frequencies (TOF), FE,QY, and the 
suppression of the HER in the presence of aqueous media is essential for effective catalyst 
performance. 
 
Against this backdrop, the development of homogeneous catalysts offers a valuable starting point 
towards fundamental understanding of CO2 activation and reduction mechanisms, where 
molecular complexes bearing precise chemical structures can be tuned via metal substitutions, 
ligand variations, and secondary coordination sphere modifications.9, 16, 18-26 In contrast, 
heterogeneous materials present greater challenges in defining active sites and reaction 



4 
 

intermediates, but are often more water compatible and achieve higher activities and longer life 
cycles compared to homogenous congeners.12, 13, 27-33 As such, bridging the interface between 
molecularly precise homogeneous catalysts and polymorphous yet robust heterogeneous material 
catalysts, in an area termed molecular materials, offers the possibility to draw from the best 
attributes of both worlds.24, 26, 34-37 Indeed, molecular materials designed to mirror aspects of both 
homogeneous and heterogeneous catalysts can produce highly stable, crystalline systems with 
molecular modularity.  
 
In this context, a unifying feature of an important class of molecular materials, which span covalent 
organic frameworks (COFs), metal-organic frameworks (MOFs), and porous molecular cages, is 
the construction of porosity from precise geometric connection of molecular building blocks 
(Figure 1.1). In terms of biology-to-chemistry concept transfer for designing CO2RR catalysts, 
porous molecular materials can serve as functional synthetic models for biological enzyme-
substrate dynamics by providing a confined space microenvironment to target increased CO2 
substrate diffusion and activation for efficient conversion into value-added chemical products.14 
In this mini-review, we highlight major classes of porous molecular materials structures for 
electrochemical and/or photochemical CO2RR, including MOFs, COFs, porous molecular cages, 
and hybrid molecular materials. Rather than provide a comprehensive compilation of structures, 
we focus on select examples to showcase key design elements to achieving stable and active 
CO2RR catalysis, including mass transport, charge transfer, light absorption, activating 
groups, and electrode construction (Figure 1.1). 
 
2. Key Design Features to Achieving Effective CO2 Reduction Catalyzed by Porous Molecular 
Materials 

Effective catalysts for CO2RR using porous molecular materials must meet several criteria, 
including high selectivity for reduction of the CO2 substrate over competing proton substrate to 
avoid the off-target hydrogen evolution reaction (HER), particularly in water, as well as suitable 
turnover frequencies to match electron and/or solar flux of the sustainable energy input and long-
term stability. Porous structures provide a host of key design features that can be used to augment 
CO2RR reactivity. First and foremost is mass transport, as porous structures enable higher surface 
areas for diffusion and capture of substrate and/or release of products relative to non-porous 
analogs. Porosity also benefits charge transfer, particularly in electrochemical CO2RR platforms 
where site isolation can increase the percentage of electrochemically active sites available for 
catalysis by alleviating steric blocking between electrode materials and molecular redox units and 
between molecular units themselves, as well as extending charge transfer beyond the molecule 
into an extended materials structure in two or three dimensions. Light absorption is another 
element that can be improved by porosity, particularly in two main ways. The first benefit is in 
site isolation of chromophores, enabling the properties of molecular light-harvesting entities to be 
translated more directly into materials frameworks. Second, porosity also enables precise 
placements of donor-acceptor pairs in defined electron-transfer pathways, without direct contact 
between these components. The confined space environments also provide a modular approach for 
introduction of activating groups to increase CO2 capture and orient substrate binding and 
activation, stabilize CO2RR intermediates, and/or release value-added products through careful 
tuning of the secondary coordination sphere. Finally, in terms of electrochemical or 
photoelectrochemical CO2RR, porosity can enhance electrode construction, where higher surface 
areas give more sites in the same three-dimensional volume. We now provide a select set of 
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examples of porous molecular materials, grouped by type, that showcase these design features to 
augment electrochemical and/or photochemical CO2RR chemistry. As such, a wide range of other 
design concepts and strategies to constructing selective and efficient CO2RR catalysts have been 
reviewed previously and should be explored for a more extensive understanding of this field.35, 37-

45. 
 
3. Covalent Organic Frameworks (COFs) 

Reticular chemistry transforms discrete molecular building blocks into extended material 
scaffolds by linking them in deliberate spatial orientations that result in predictable periodic 
structures;46-49 such reticular materials can retain permanent porosity with molecular-level control 
of structure. Covalent organic frameworks (COFs) represent one important family of reticular 
crystalline solids whose molecular units are composed of functional organic ligands.34, 46, 50 Such 
molecular materials have been developed for applications spanning gas storage and separation, 
optoelectronics, drug delivery and catalysis.34, 51-56 The COF examples for CO2RR highlighted in 
this section outline how the principles of homogeneous molecular catalyst design, such as 
electronic conjugation, inner and outer-sphere activating groups, merge with porosity and 
electrode construction in an attempt to create robust CO2RR materials with tunable reactivity.  
 
3.1. Porphyrin-based COFs 

Privileged molecular scaffolds such as porphyrin and phthalocyanine metal complexes 
have been studied extensively for electrochemical and photochemical catalytic CO2 reduction.17, 

19, 23, 57-71 An atomic level understanding of how these catalysts operate makes them ideal 
candidates for incorporation into COF structures,56, 72 thus permitting the exploration of molecular 
properties extrinsic to the CO2 binding and activation site. 
 
Our laboratory, in collaboration with Yaghi group, reported the first examples of electrochemical 
CO2RR in porous structures using COF catalysts as a prototype reticular molecular material.73 We 
selected metalloporphyrins as functional COF building units and constructed COF-366-M and 
COF-367-M (M= Co, Cu) catalysts from the condensation of amine functionalized 
metalloporphyrin nodes with aldehyde-functionalized phenyl linker struts (Figure 1.2a). The sizes 
of the porous cavities were predictably modified by using either mono or biphenyl linkers between 
the cobalt porphyrin catalytic units, resulting in a 3 Å difference between COF-366-Co and COF-
367-Co. With its larger pore size, COF-367-Co achieved a 2-fold and 5-fold enhancement in 
catalytic efficiency for conversion of CO2 to CO relative to its COF-366-Co and Co-TAP monomer 
counterparts, respectively (Figure 1.2b), which was attributed to higher s and an increase in 
accessible electrochemically active centers from 4 to 8%. Faradaic efficiencies (FEs) for selective 
CO production reached 91%, even in neutral pH aqueous solvent. Beyond these molecular-level 
modifications, complementary materials modifications could synergistically improve the 
performance of these COF platforms as CO2RR catalysts. In one key advance, the relatively low 
percentage of observed electroactive centers in first-generation COF CO2RR catalysts inspired the 
electrode construction that could achieve better electrical contact with the catalytic COF material. 
For example, moving from deposition of the COF powder to growing oriented thin films of the 
COF directly onto the electrode surface resulted in improved current density for CO2-to-CO 
conversion from 5 to 45 mA/mg and turnover frequencies (TOFs) rising from 98 to 665 h-1 for 
COF-366-Co, with total turnover numbers (TONs) reaching 3,542. The same electrode 
construction was utilized in a follow-up study, where electron withdrawing groups incorporated at 
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the phenyl linkers established reticular tuning as a design principle for improving CO2 reduction 
activity.74 Indeed, substituting the phenyl linkers in a COF-366-Co platform with the activating 
groups –(OMe)2, –F, and –(F)4 resulted in molecularly precise tuning of reduction potentials and 
current densities in the functional heterogeneous material (Figure 1.2a, c). 
 
3.2. Enhancing Charge Transfer in Porphyrin-Based COF CO2RR Catalysts 

Porphyrin molecules are intrinsically highly conjugated compounds. When integrated into 
a COF structure, this molecular conjugation can extend in multiple dimensions, giving rise to 
unique electron transfer properties in the resulting materials that can be exploited for 
electrocatalysis. For example, the use of tetrathiafulvalene (TTF) as a linker in metalloporphyrin-
based COFs establishes a catalyst framework with high charge transfer mobility. This approach 
offers a design strategy to improve traditional COF electrodes, which often possess limited 
conductivity. Indeed, Lan and co-workers reported that in Co-TTCOF, the TTF linkers enable 
rapid charge transfer from the electrode to catalytic Co centers,75 and Co-TTCOF converts CO2 
into CO with a FE of 91.3% at −0.7 V vs RHE at a rate of 1.28 s–1. Moreover, exfoliation of this 
COF leads to the formation of Co-TTCOF nanosheets (~5 nm in thickness) with an improved FE 
of 99.7% at −0.8 V, which is attributed to its higher surface area and more accessible active sites 
from this new electrode construction. Exfoliation was also applied as a method to enhance CO2-
to-CH4 activity in another porphyrin-based COF electrocatalyst.76 

 
 
3.3. Increasing Accessible Active Sites by Expanding COFs from 2D to 3D Materials 

The COF-366-Co and Co-TTCOF examples showcase the importance of electrode 
construction in optimizing active site utilization in 2D COF structures for CO2RR. A 
complementary approach is to change the materials dimension of the catalyst itself. In this context, 
although more difficult to design and synthesize compared to their 2D counterparts, 3D COFs offer 
an attractive family of alternative platform materials for creating frameworks with intrinsic 
porosity that can achieve larger surface areas and pore diameters for improved CO2 uptake via 
mass transport.77, 78 In one example of CO2RR using a 3D COF, 3D-Por(Co/H)-COF,78 
demonstrated a FE of 92% for CO production, compared to 82% for COF-366-Co under similar 
conditions, where both electrodes were constructed from deposition of a COF catalyst ink onto a 
carbon electrode. The observed improvement in FE for CO2RR was attributed to a higher number 
of exposed active sites in the 3D porous COF relative to its 2D congener. In a recent study, Fang 
and coworkers reported the 3D photocatalyst series, JUC-640-M (M= H, Ni, Co).79 This unique 
stp-topologized COF combined triptycene and porphyrin building units resulting in a low-density, 
ultra-porous structure achieving efficient mass transport. This was reflected in the Co derivative, 
JUC-640-Co, which showed unprecedented CO2-to-CO production rates of 15 mmol g-1h-1 in 
conjunction with [Ru(bpy)3]2+ as a photosensitizer and  BIH as a sacrificial electron donor.  

 
 
3.4. Secondary Coordination Sphere Modifications of COF Structures to Improve CO2RR 
Performance 

In addition to augmenting charge transfer and dimensionality of molecular materials, 
secondary coordination sphere approaches can be employed to improve catalytic performance of 
COF systems for CO2RR. For example, the use of pendant amines as activating groups that can 
form adducts with CO2 can improve substrate capture for subsequent substrate conversion. Indeed, 
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amines are commonly used as additives in CO2 capture and conversion, forming carbamate 
structures.80-85 Not only can amines within a COF structure help capture CO2, but they can also 
impart high stability for such adducts under harsh catalytic conditions. Specifically, post-synthetic 
solid-state reduction of a 3D COF (COF-300) or 2D COF (COF-366-M) bearing imine linkages 
can form the amine-linked analogs COF-300-AR and COF-366-M-AR, respectively.86 These 
frameworks persist even after immersion in 6 M HCl and NaOH aqueous solutions for over 12 
hours. Further, the addition of COF-300-AR material showed improved FE for CO2 reduction to 
CO over a bare Ag electrode (43 vs 83% at –0.85 V vs RHE) under similar conditions. 
Enhancement in CO2 uptake and subsequent improvement in reactivity was observed in situ in 
other COF systems, which may be attributed to the reduction of imine linkages by H2 generated at 
the start of the photolysis.87 Finally, the introduction of charged functionalities as activating 
groups has also proven successful in enhancing CO2RR activity in COF structures. In a recent 
example, Co-iBFBim-COF-X (X=F−, Cl−, Br−, and I−),88 incorporates charged imidazolium groups 
with variable anions to enhance the stabilization of CO2 reduction intermediates through hydrogen 
bonding (Figure 1.2d). Compared to a neutral analog, Co-iBFBim-COF-I− displayed 3.5-fold 
increase in turnover frequency for the production of CO.  
 
3.5. Phthalocyanine based COFs 

Cobalt phthalocyanine (CoPc) is another privileged molecular catalyst complex amenable 
to incorporation into COFs for CO2RR.89-91 Similar to porphyrin analogs, CoPc-based COFs target 
improved charge transfer from electrodes via conjugation of the linkers with its structure. In one 
example, connecting CoPC in both x and y directions with phenazine linkages creates a highly 
conjugated 2D COF with tetragonal topology (Figure 1.2e).89 The metal phthalocyanine units have 
pore channels created by 2.2 nm distance between CoPc units. High chemical stability of CoPc-
PDQ-COF was recorded under various organic solvents as well as highly acidic/basic aqueous 
electrolytes between 25 to 100 ºC. Additionally, CoPc-PDQ-COF was stable over a wide range of 
applied potentials (−0.32 to −0.66 V). In comparison to the CoPc molecular analog, the PDQ-COF 
material displayed a 32-fold higher TOF at a 560 mV overpotential. More recently, CoPc-derived 
COFs were used to compare catalytic activities of 2D versus 3D frameworks. A 3D CoPc 
polyimide COF with tetraaminophenyl adamantine linkers (Figure 1.2f), CoPc-PI-COF-3,91 
possesses 33% electroactive sites compared to only 5% for its 2D analog.90 This improvement in 
electroactive sites and mass transport resulted in a 1.5-fold higher current density for CO2-to-CO 
conversion (Figure 1.2g). 
 
3.6. COFs Bearing Metal-Bipyridine Catalytic Units 

In addition to porphyrin-based and phthalocyanine-based COFs, another type of privileged 
catalytic unit for COF-mediated CO2RR is based on metal-bipyridine complexes, where active 
sites are incorporated onto a bipyridine-based ligand strut. In this regard, rhenium tricarbonyl 
complexes of the type [Re(bpy)(CO)3Cl] are canonical examples of molecular CO2RR catalysts. 
Interestingly, these molecular complexes are known to suffer from catalyst degradation pathways 
involving dimerization of individual Re units to form inactive dimers.92, 93 Indeed, efforts to 
address this deactivation pathway in homogeneous solution include the introduction of large alkyl 
groups proximal to the metal center to sterically encumber the open coordination site under 
catalytic conditions to prevent the deactivation pathway.94-96 A complementary materials approach 
to prevent this type of deactivation is to immobilize [Re(bpy)(CO)3Cl] within a COF structure for 
site isolation. Despite the reasonable nature of this approach, [Re(bpy)(CO)3Cl] COFs reported to 
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date show only low electrocatalytic97 and photocatalytic98, 99 performance for CO2RR. In one 
example, a conjugated triazine COF containing [Re(bpy)(CO)3Cl] active sites (denoted Re-COF) 
was designed for self-sensitized CO2RR using visible light irradiation in organic solvent, showing 
how light absorption can be optimized .98 After a 20-hour reaction period, Re-COF exhibits a 
total turnover number (TON) of only 48, and a TOF of 750 μmol g−1 h−1 . Under similar reaction 
conditions, Re-bpy-sp2c-COF,99 composed of olefin linked pyrene and bipyridine units (Figure 
2h), gave a TOF of 1040 μmol g−1 h−1 (TON = 18). In these studies, the [Re(bpy)(CO)3Cl]-
incorporated COFs have a longer duration of catalytic activity compared to the molecular analog 
but only marginally higher TONs. These results suggest that Re catalyst immobilization within a 
COF matrix may slow or prevent unwanted dimerization deactivation pathways, but also hinders 
catalytic reactivity. Similar trends are observed in MOF analogs.100, 101 Examples of Ni, Mn, and 
Rh as CO2RR active sites on bpy-linked COFs have also been reported and warrant further 
investigation.102-104 
 
4. Metal-Organic Frameworks  

Metal-organic frameworks (MOFs) are another class of extended crystalline solids that 
incorporate modular organic linkers, but in contrast utilize metal ions or clusters as secondary 
building units.105-113 The similarity between these reticular materials and COFs leads to analogous 
MOF designs for CO2RR applications, where the area is largely dominated by structures based on 
the heterogenization of porphyrin and phthalocyanine catalytic units.72, 100, 111, 114-124  
 
4.1. Porphyrin-based MOFs  

One of the first examples of photocatalytic CO2 reduction using a porphyrin-based MOF 
was reported by Jiang et al, termed PCN-222.125 The MOF formulated as Zr6(μ3-
OH)8(OH)8(TCPP)2 contains metal-free porphyrin linkers and Zr6 cluster nodes. It was observed 
that incorporating TCPP into a MOF structure resulted in broad visible light absorption with higher 
molar absorptivity compared to H2TCPP. Indeed, this allowed self-sensitized photochemical 
CO2RR selective for formate, resulting in 30 μL of product after 10 h of irradiation. Transient 
absorption studies suggest that long-lived charge transfer states in PCN-222 prevented fast 
electron-hole recombination, boosting CO2RR activity. An early example of MOFs applied to 
electrochemical CO2RR was reported by Yang, Yaghi, and our laboratory. [Al2(OH)2TCPP-Co],114 
incorporating cobalt porphyrin molecular units linked with aluminum oxide rods in a 3D MOF 
structure, was fabricated into thin films of varying thickness as an integrated electrode material. 
MOF thickness values between 30 and 70 nm resulted in optimal conditions for CO2-to-CO 
conversion with a maximum TOF of 200 h-1 and a stable current density over 7 h. The emphasis 
in examining electrode construction is presented as a balance between reactant diffusion and 
charge transport and was executed with the use of atomic layer deposition. This concept was 
expanded upon by the Wang laboratory using MOFs constructed from Cu2(COO)4 paddle wheels 
linked by Cu porphyrins (Figure 1.3a) .123 The 2D MOF was utilized as either a monolayer or a 
bilayer of 0.28 and 0.7 nm thickness, respectively, and demonstrated distinct product selectivity 
under photocoupled electrocatalysis of CO2 reduction. Interestingly, the monolayer version 
favored the formation of C-C coupled products, while the bilayer generates only C-1 products (CO, 
CH4, and formate). However, upon electrolysis, the authors found that within the monolayer, more 
active sites are accessible to the electrode, and the generation of Cu clusters is observed. Catalyst 
restructuring occurs at the Cu-O sites, irreversibly changing them to Cu-Cu sites that can 
subsequently form multi-carbon products from CO2. Furthermore, the Faradaic efficiency (FE) of 
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C-C product formation from the monolayer showed light dependence (Figure 1.3b, c), where 
neither structural instability nor enhancement by irradiation is observed in the bilayer.  
 
Returning to the discussion of charge transfer as a design concept for efficient CO2RR catalysis, 
the use of metal clusters in MOFs is advantageous. Reductive polyoxometalates such as Z-e-
Keggin cluster, ε-PMo8VMo4VIO40Zn4, are electron rich aggregates that can facilitate electron 
transfer from the electrode to a porphyrin active site (Figure 1.3d). Lan and colleagues reported 
that the cobalt porphyrin-linked polyoxometalate MOF, Co-PMOF, shows excellent catalytic 
performance, with  99% FE for CO2 to CO and a TOF of 1656 h-1.118 The design of this CO2RR 
catalyst system mirrors that of Co-TTCOF, further supporting the idea that efficient, directional 
charge transfer can be designed into molecular materials.  
 
4.2. Zinc Imidazolate Frameworks 

In related family of molecular materials, Zinc Imidazolate Frameworks (ZIFs) can enable 
CO2 reduction in MOF-type materials without the need to immobilize known molecular CO2RR 
catalysts. 120, 126-129 ZIFs are class of MOFs based on zeolite topologies, and contain Zn clusters 
and imidazolate ligands as building units of the framework. Specifically, the ZIF-8 congener 
(Figure 3e) possesses high CO2 adsorption properties, and the tuning of peripheral components, 
such as electrolyte anions and ligand doping, has been studied in the context of CO2RR. Indeed, 
work by Kang and colleagues on ZIF-8 generated from Zn(II) sources containing different anions 
(SO42–, NO3–, and acetate) showed that the SO42– derived MOF showed the highest current density 
for CO formation (Figure 1.3f), with 66% FE and catalytic stability for at least 4 hours.129 
Additionally, varying the electrolyte anions between Cl–, ClO4–, and HCO3– showed that use of a 
NaCl electrolyte achieved the highest FE for CO production, credited to more facile anion 
exchange within the MOF cavity. Another approach taken by Wang and co-workers towards 
enhancing ZIF-8 CO2RR reactivity was ligand doping with 1,10-phenanthroline.120 An increase in 
the FE and current density (Figure 1.3g) for CO production from 50 to 75% was observed with 
phenanthroline doping, which appears to be a function of charge transfer boosting into the 
imidazolate sp2 carbons responsible for the generation of the CO2 reduction intermediate, *COOH. 
We note that the studies highlighted here do not resolve the open question of whether the Zn nodes 
or the imidazole ligands within these catalytic ZIF cavities are the major active sites for 
electrochemical CO2 reduction. 
 
5. Porous Molecular Cages and Related Hybrid Molecular-Materials Cages 

Taking extended heterogeneous molecular materials a step closer towards homogeneous 
molecules, porous molecular cages provide a distinct class of crystalline, microporous materials 
that resemble discrete analogs of MOFs and COFs. Unlike extended frameworks, porous 
molecular cages offer intrinsic permanent porosity in homogeneous molecular form, in which each 
discrete supramolecular unit can be utilized for photo- and electrocatalysis across a variety of 
formulations. Included are heterogeneous electrodes, particle suspensions of varying sizes, and 
homogeneous molecules in solution.  
 
5.1. Porous Organic Cages 

Porphyrin boxes (PB) are a prominent class of porous organic cages130-134 assembled from 
six porphyrin face units connected by eight triamine linkers, creating a hollow box-like structure 
with a defined permanent inner cavity per discrete molecular unit.135-140 Work from our laboratory 
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in collaboration with Kim’s group has established the use of Fe- and Co-metalated PBs for 
electrochemical and photochemical activation of various small molecule substrates, including 
oxygen,141 nitrate,142 and water.143 Together we reported the first application of porous organic 
cages for CO2RR activity. Specifically, the porous cage Fe-PB was formulated as a water-
compatible heterogeneous electrode catalyst for direct comparison with the mononuclear analog, 
Fe-TPP.26, 144 In particular, we reasoned that creating a heterogeneous electrode material with Fe-
TPP would result in stacking of flat 2D porphyrin molecules parallel to the electrode, thus limiting 
substrate accessibility and charge transport (Figure 1.4a). In contrast, owing to their permanent 
porosity, the porphyrin boxes would exhibit higher CO2 substrate accessibility and charge 
transport from the electrode relative to the porphyrin monomer. Indeed, the permanent porosity 
and increased surface area of the 3D porphyrin box supramolecule relative to the 2D porphyrin 
molecule enhanced the percentage of accessible electroactive Fe centers for the former (54% in 
Fe-PB, 38% in Fe-TPP). Under electrochemical CO2RR conditions in neutral pH aqueous media, 
Fe-PB generated 2-fold more CO product than Fe-TPP, reaching 100% FE and achieving TOF 
values of 0.64 s-1 while maintaining electrochemical activity for at least 24 hours. 
 
Building upon these results, we were successful in attempts to solubilize Fe-PB-like structures for 
homogeneous CO2RR catalysis by the incorporation of 24 cationic trimethylammonium groups to 
furnish Fe-PB-2(P); we then evaluated this porous cage under photocatalytic CO2RR conditions 
(Figure 1.4b).145 The highly cationic, soluble porphyrin box platform, featuring dual second-sphere 
additions of porosity and charge as activating groups, led to synergistic improvements in selective 
and efficient CO2-to-CO conversion in homogeneous solution. Fe-PB-2(P) exhibited a maximum 
TON of 1,168 for CO production with 97% selectivity within a one-hour photolysis experiment 
using Ir(ppy)3 as a photosensitizer. The direct comparison of Fe-PB-2(P), featuring both porosity 
and charge, to the porosity-only porphyrin box Fe-PB-3(N), the charged-only mononuclear 
porphyrin Fe-p-TMA, and the parent Fe-TPP analog showed that Fe-PB-2(P) exhibited a 41-fold 
higher activity over Fe-TPP (Figure 1.4c) with a maximum TON of ca. 500, with the neutral porous 
FePB-3(N) and charged mononuclear Fe-p-TMA catalysts displaying similar levels of activity 
under these conditions, with 4-fold (TON = 50) and 6-fold (TON= 70) higher CO2RR activities 
compared to Fe-TPP, respectively. Taken together, these results established that integrating dual 
porosity and electrostatic interactions as activating groups onto a single platform can work in 
tandem to enhance photocatalytic CO2RR activity in synergistic manner beyond introduction of a 
single porosity or electrostatic design element alone. Finally, the Fe-PB-2(P) catalyst also enabled 
photochemical CO2RR activity under low CO2 concentrations. Indeed, in the presence of as little 
as 2% CO2 in acetonitrile solution, Fe-PB-2(P) retained up to 78% of its original activity compared 
to CO2-saturated conditions, suggesting that the porous organic cage platforms can promote both 
carbon capture and conversion.  
 
5.2. Metal-Organic Cages/Metal-Organic Polyhedra 

Metal-organic cages (MOC), otherwise known as metal-organic polyhedra (MOP), are 
reticular structures featuring connections between organic linkers and inorganic joints, and can be 
thought of as discrete molecular analogs of MOFs.111, 146-156 Like porous organic cages, 
MOCs/MOPs feature intrinsic permanent porosity and can be used to make heterogeneous analogs 
of molecular catalysts.157-159 For example, efficient CO2RR catalysis from heterogenized Re-bpy 
catalysts can be achieved under photocatalytic conditions. Choi and colleagues designed a MOP 
structure using the Zr cluster ([Cp3Zr3O(OH)3(CO2)3]+) linked with biphenyldicarboxylate 
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(BPDC) struts; one BPDC unit was substituted with a carboxylate functionalized version of 
[Re(CO)3(bpy)(Cl)], forming 1.8 nm particles of ReTC-MOP.157 The self-sensitized photocatalyst 
ReTC-MOP with molecular-like light absorption properties displayed a TON of 12,847 for CO 
production over a 24-hour photolysis experiment in acetonitrile solution. The observed high 
activity far surpassed the molecular analog, as well as nano (400 nm) and micro-scaled (400 µm) 
ReTC MOF particles constructed for comparison to ReTC-MOP. The authors speculated that the 
reaction microenvironment of MOP particles dispersed in solution could permit better access of 
CO2 to the active site. Further dilution of MOP/MOC particles to single cages by Su and colleagues 
was shown to increase utilization efficiency in IrIII-MOC-NH2.158 The MOC in this case comprises 
four Cp3Zr3μ3-O(μ2-OH)3 nodes linked by an Ir(III) polypyridyl complex and amino-
functionalized BPDC (Figure 1.5a). Photocatalytic assays showed a 3.4-fold improvement in TOF 
for a single-cage MOC unit versus bulk IrIII-MOC-NH2 (Figure 1.5b). DFT analysis of possible 
mechanistic pathways suggested that the free amines in the cage can enhance CO2 reduction by 
acting as activating groups for increased CO2 capture, akin to what was proposed for COF-300-
AR.86 
 
5.3. Molecular-Materials Cages 

A final series of porous molecular materials to highlight for CO2 reduction chemistry are 
hybrid combinations of discrete molecules or cages with materials surfaces. Such systems are 
comprised of molecules that can directly interact with a CO2RR-active electrode to provide 
systems that exhibit permanent porosity and electrochemical activity, improving both mass 
transport and charge transfer.26, 133, 160, 161 In one study, our laboratory developed hybrid 
molecular-materials porphyrin molecular cages that were formed between α,α,α,α-atropisomers of 
thioacetate-functionalized porphyrins and a metal foil electrode. The thiols on the legs of the table-
shaped porphyrin molecule bind the electrode surface, fixing the porphyrins parallel to the 
electrode surface at synthetically modular distances (Figure 1.6a).160 Using copper foil electrodes, 
we evaluated the reduction of CO to value-added two-carbon products formed from C-C coupling 
(e.g., ethylene, ethanol, acetate) using these hybrid materials. Both bare copper and porphyrin-
functionalized hybrids produced ethylene, ethanol, and acetate upon electrochemical CO 
reduction, but the addition of porosity created by the supramolecular porphyrin cage structures led 
to a marked increase in FE for the latter two C-C oxygenated products. Molecular optimization of 
linker length (1-4 carbon chains) showed that the C2 linker produced optimal Faradaic efficiencies 
to maximize two-carbon product formation (Figure 1.6b). We then used the C2-spaced porphyrin 
cap to probe multimetallic catalysis by inserting Fe, Ni, or Zn into the center of the porphyrin cap. 
Insertion of Fe as a secondary activating group resulted in an increased ethanol selectivity, 
reaching 52% FE (Figure 1.6c). Various control experiments using porphyrin isomers without the 
proper electrode capping configuration, or porphyrins without the coordinating thiol caps, were 
evaluated to corroborate the importance of porous cage formation for the observed results. In 
related work by Reisner, Scherman, and Han, among others, porous organic cages and 
cucurbit[n]urils have been used as additives to enhance CO2 diffusion at the surfaces of Cu and 
Au electrodes, respectively. Interestingly, only the CC3133 porous organic cage resulted in more 
efficient CO2RR catalysis, whereas cucurbit[6]uril161 caused a decrease in current density.  
6. Summary and Perspectives 

Molecular materials are emerging as valuable class of CO2 reduction catalysts that can be 
driven by sustainable electrical or solar input. Indeed, these systems merge two of the most 
important aspects in the development of functional catalysts: modularity and durability. In 
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particular, the development of functional molecular materials catalysts that exhibit permanent 
porosity, including COFs, MOFs, and porous molecular cages, have led to advances in design 
principles that exploit both the molecular precision afforded in homogeneous systems and the 
durability of heterogenous counterparts. In the context of CO2RR, a key property in the molecular 
materials space is porosity, which can enhance the diffusion and/or capture of CO2 substrate and 
funnel it towards the active site of the catalyst. Furthermore, examples highlighted in this mini-
review leverage the molecular modularity of these porous materials systems via implementation 
of directional charge transfer, second-sphere cationic interactions, CO2 capture and activating 
groups, pore size manipulation, and dimensionality.  
 
Against this backdrop, many exciting opportunities merit further investigation to achieve 
significant advances in molecular materials for CO2RR chemistry and related small-molecule 
transformations of energy consequence. First and foremost is the development of systems that can 
go beyond two-electron reduction, as the vast majority of molecular materials for catalytic CO2RR 
are limited to producing CO, akin to their pure molecular counterparts. Indeed, the immobilization 
of a relatively small subset of well-established molecular catalysts as active sites in these materials 
has been studied extensively, therefore future efforts in the field should seek to heterogenize the 
rapidly emerging body of new state-of-the-art molecular catalysts into porous structures. Another 
common challenge arising in these molecularly-designed materials is how to optimize the 
construction of electrodes in order to increase conductivity of the material and electroactivity of 
catalytic sites. Additionally, as has been repeatedly observed in porous molecular cages, devoting 
more attention to contributions of the secondary coordination sphere and leveraging these confined 
space microenvironments is an important new development in enhancing CO2RR reactivity. In this 
context, inspiration from recently generated molecular coordination complexes that append 
hydrogen bonding and/or electrostatic moieties that aid CO2 reduction offers a molecular-to-
materials roadmap for developing next-generation catalysts for combined carbon capture and 
fixation. These and other avenues of basic and translation energy research will bring us closer to 
the larger goal of decarbonizing our global energy infrastructure, of which CO2RR catalysis is but 
one part of the puzzle. 
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Figure 1.1. Conceptual design schematic of porous molecular materials catalysts for the carbon 
dioxide reduction reaction (CO2RR), comprised of discrete molecular units combining to form 
functional porous materials with higher-order dimensions. 
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Figure 1.2. Representative covalent organic framework (COFs) catalysts for carbon dioxide 
reduction reaction (CO2RR). (a) Chemical structures of Co complexes of COF-366, COF-367, 
and synthetically tuned analogs. (b) Tafel plots comparing electrochemical CO2RR activity of 
COF-366-Co, COF-367-Co, and a molecular analog Co(TAP). (c) Current density comparison 
for COF-366-Co with reticular tuning of struts with –H, –(OMe)2, –F, and –(F)4 substituents. 
(d) Crystal structure representation of Co-iBFBim-COF-I–. (e) Structure of phenazine-linked 
phthalocyanine COF, CoPc-PDQ-COF. (f) Chemical structure of CoPc-PI-COF-3 and (f) 
current density plot comparing the 2D, 3D, and Co-free analogs of CoPc-PI-COF. Adapted with 
permission from (a, c) ref 17, © American Chemical Society 2018; (b) ref 16, © 2015  American 
Association for the Advancement of Science; (d) ref 25, © 2022 Wiley-VCH; (e) ref 26a, 
©Wiley-VCH; (f, g) ref 26 c, © 2022 Wiley-VCH; (h) ref 30b, © 2020 Royal Society of 
Chemistry. 
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Table 1.1. Catalytic CO2RR Activity of Selected COF Catalysts  

Catalyst  Product 

(Selectivity %) 

TON TOF Energy Input* FE 

(%) 

QY 

(%) 

Current 

Density 

COF-366-Co CO 1,352 98 h-1 η= 550 mV 

 

90 – 5 mAmg-1 

COF-366-Co 

oriented thin film 

CO 3,542 665 h-1 η= 550 mV 86 – 45 mAmg-1 

COF-367-Co CO 3,901 165 h-1 η= 550 mV 91 – 13 mAmg-1 

Co-TTCOF CO 141,479 1.28 s-1 η= 790 mV 91.3 – 1.84 mAcm-2 

Co-TTCOF NSs CO – – –0.8 V vs RHE 99.7 – – 

3D-Por(Co/H)-

COF 

CO – 4610 h-1 –1.1 V vs RHE 92.4 – 15.5 mAcm-2 

JUC-640-Co CO – 15.1 mmol g-

1h-1 

Ru(bpy)3Cl2·6H2O 

at 450 nm 

94.4 1.48 – 

COF-300-AR CO – – –0.85 V vs RHE 83 – 2 mAcm-2 

Co-iBFBim-

COF-I− 

CO (100) – 3018 h-1 2.4 V full cell 

voltage 

99 – 52 mAcm-2 

CoPc-PDQ-COF CO (96) 320,000 11412 h-1 η= 560 mV 96 – 762 mAmg-1 

CoPc-PI-COF-3 CO 35,500 0.6 s-1 –1.0 V vs RHE 96 – 31.7 mAcm-2 

Re-COF CO (98) 48 750 μmol g-1h-

1 

Self-sensitized 

>420 nm 

– – – 

Re-bpy-sp2c-

COF 

CO (81) 18.7 1040 μmol 

g-1h-1 

Self-sensitized 

>420 nm 

– 0.5 – 

*Overpotential (η), applied potential (V vs RHE), or photosensitizer/irradiation wavelength 

provided 
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Figure 1.3. Representative metal organic framework catalysts for CO2RR. (a) Monolayer and 
bilayer representations of Cu-porphyrin MOFs with data comparing (b) light dependent ethanol 
production and (c) light dependent C2/C1 selectivity ratios between the two catalyst 
compositions. (d) Depiction of electron transmission from an electrode through Co-PMOF. (e) 
Crystal structure representation of the first reported ZIF-8 and current density plots for 
electrochemical CO2RR with (f) ZIF-8 synthesized from different Zn starting material and (g) 
phenanthroline ligand doped  (ZIF-A-LD/CB) doped versus pristine (ZIF-8/CB). Adapted with 
permission from (a-c) ref 34k, © 2022 Wiley-VCH; (d) ref 34e, © 2018 Springer Nature; (e) ref 
36a, © 2006 National Academy of Sciences; (f) ref 36d, © 2017 Wiley-VCH (g) ref 34g, © 
2019 Wiley-VCH 
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Table 1.2. Catalytic CO2RR Activity of Selected MOF Catalysts 
Catalyst Product 

(Selectivity %) 
TON TOF Energy Input FE 

(%) 
QY 
(%) 

Current 
Density 

PCN-222 HCOO– (100) – 3 μmol 
h-1 

Self-sensitized 
>420 nm 

– – – 

[Al2(OH)2TCPP-
Co] 

CO 1400 200 h-1 –0.7 V vs RHE 76 – 1.8 mAcm-2 

Cu monolayer ethanol(25.9), 
ethene(12) 

– – –1.4 V vs RHE 
>420 nm 

41.1 – 6.89 mAcm-2 

(ethanol) 
Cu bilayer CO, HCOO- – – –1.3 V vs RHE 

>420 nm 
78.6 – 0.29 mAcm-2 

Co-PMOF CO 53,433 1656 h-1 –0.8 V vs RHE 98.7 – 18.08 mAcm-

2 
ZIF-8 (SO42–) CO – – –1.8 V vs SCE 65.5 – 1.55 mAcm-2 
ZIF-8 (NO3–) CO – – –1.8 V vs SCE 69.8 – 1.25 mAcm-2 
ZIF-8 (Acetate) CO – – –1.8 V vs SCE 57.7 – 0.5 mAcm-2 
ZIF-8 (doped) CO – – –1.1 V vs RHE 90.6 – 10 mAcm-2 

*Overpotential (η), applied potential (V vs RHE), or photosensitizer/irradiation wavelength 
provided 
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Figure  1.4. A representative porous molecular cage architecture to improve CO2RR activity 
over monomeric molecular counterparts. (a) Proposed orientation adopted by planar Fe-TPP 
porphyrins compared with porous supramolecular Fe-PB on an electrode, where the 3D 
structure facilitates mass transport (b) Schematic representation of the planar molecular 
catalyst Fe-TPP transformed by porosity only (Fe-PB) or porosity and charge (Fe-PB-2(P)). 
(b). Photocatalytic CO2RR results comparing activities of Fe-TPP, Fe-PB-3(N), Fe-PB-2(P), 
and Fe-p-TMA under a CO2-saturated atmosphere. Adapted with permission from (a) ref 42, 
© 2018 Wiley-VCH; ref 43, © 2023 Wiley-VCH.  
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Figure 1.5. Representative Metal-Organic Cages for CO2RR. (a) Structure representations of 
IrIII-MOC-NH2 and (b) photocatalytic CO2RR data comparing the activity of single versus bulk 
IrIII-MOC-NH2, and a known MOF analog. Adapted with permission from ref 45b, © 2021 
American Chemical Society. 
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Figure 1.6. (a) Schematic of a hybrid molecular material exhibiting permanent porosity 
generated by supramolecular self-assembly between a table-shaped porphyrin molecule and an 
electroactive metal electrode surface. The Faradaic efficiency (FE) for value-added two-carbon 
products generated by C-C product formation from electrochemical CO reduction (e.g., ethylene, 
ethanol, acetate) is dependent on (b) molecular tuning of porphyrin linker length and (c) identity 
of porphyrin metal center. Reproduced with permission from ref 7b, © 2020 American Chemical 
Society. 
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Table 1.3. Catalytic CO2RR Activity of Selected Porous Molecular Cages and Hybrid Materials 
Catalyst Product 

(Selectivity %) 
TON TOF Energy Input* FE 

(%) 
QY 
(%) 

Current 
Density 

Fe-PB CO 55,250 0.64 s-1 η =510 mV 100  0.4 mAcm-2 
Fe-PB-2P CO (97) 1,168 164 min-

1 
Ir(ppy)3 at 450 nm – 5.75 – 

Fe-PB-3N CO (88) 50 1.9 min-1 Ir(ppy)3 at 450 nm – – – 
ReTC-MOP CO 12,847 660 h-1 Self-sensitized >420 

nm 
– – – 

ReTC MOFnano CO 654 36 h-1 Self-sensitized >420 
nm 

– – – 

ReTC MOFmicro CO 438 24 h-1 Self-sensitized >420 
nm 

– – – 

IrIII-MOC-NH2 

single 
CO (99) 59 120 h-1 Self-sensitized 420 

nm 
 6.71  

IrIII-MOC-NH2 

bulk 
CO (96) 20 – Self-sensitized 420 

nm 
– – – 

Fe Cap, C2 
linker 

Ethanol (53)** 
Acetate (24)** 

– – –0.40 V vs RHE 83 – 1.34 mAcm-

2 
*Overpotential (η), applied potential (V vs RHE), or photosensitizer/irradiation wavelength 
provided 
** refers to the Faradaic efficiency (FE) values 
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Abstract:  
 
Catalysts promoting multielectron charge delocalization offer selectivity for the CO2 reduction 
reaction (CO2RR) over the competing hydrogen evolution reaction (HER). Here, we show metal-
ligand exchange coupling as an example of charge delocalization that can determine efficiency for 
photocatalytic CO2RR. A comparative evaluation of iron and cobalt complexes supported by the 
redox-active ligand tpyPY2Me establishes that the two-electron reduction of [Co(tpyPY2Me)]2+ 
([Co]2+) occurs at potentials 770 mV more negative than the [Fe(tpyPY2Me)]2+ ([Fe]2+) analog by 
maximizing exchange coupling in the latter compound. The positive shift in reduction potential 
promoted by metal-ligand exchange coupling drives [Fe]2+ to be among the most active and 
selective molecular catalysts for photochemical CO2RR reported to date, maintaining up to 99% 
CO product selectivity with total turnover numbers (TON) and initial turnover frequencies (TOF) 
exceeding 30,000 and 900 min–1, respectively. In contrast, [Co]2+ shows much lower CO2RR 
activity, reaching only ca. 600 TON at 83% CO product selectivity under similar conditions 
accompanied by rapid catalyst decomposition. Spin density plots of the two-electron reduced [Co]0 
complex implicate a paramagnetic open-shell doublet ground state compared to the diamagnetic 
open-shell singlet ground state of reduced [Fe]0, rationalizing the observed negative shift in two-
electron reduction potentials from the [M]2+ species and lowered CO2RR efficiency for the cobalt 
complex relative to its iron congener. This work emphasizes the contributions of multielectron 
metal-ligand exchange coupling in promoting effective CO2RR and provides a starting point for 
the broader incorporation of this strategy in catalyst design. 
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1. Introduction 
The selective and efficient transformation of carbon dioxide into value-added products 

offers a sustainable approach to generate fuels, foods, materials, and medicines from renewable 
feedstocks.1-4 Artificial photosynthesis is a potentially powerful strategy towards achieving this 
goal,5-15 where concept transfer from natural photosynthesis can be incorporated into synthetic 
systems capable of reducing CO2 through light-initiated proton- and electron-transfer reactions. In 
this context, homogeneous artificial photosynthesis platforms offer the capacity to tune system 
performance using well-defined components, including the molecular catalyst, photosensitizer 
with an energy-matched reduction potential, and sacrificial electron donor with maximum 
quenching efficiency.11, 16-22 Indeed, recent advances in molecular photocatalysis for the carbon 
dioxide reduction reaction (CO2RR) include metal-dependent enhancement of organic 
photosensitizers,20, 23the use of hydrogen bonding,24 electrostatic,14,25, 26 or covalent27 interactions 
between photosensitizer and catalyst to improve electron transfer, and additives to increase CO2 
solubility.28-32  
In terms of new catalyst design, first-row transition metal complexes supported by polypyridyl 
ligand frameworks30, 32-52 have emerged as privileged scaffolds for CO2RR. For example, we 
recently found that strong metal-ligand exchange coupling between an iron center and pentadentate 
polypyridyl ligand (tpyPY2Me) promotes its facile two-electron reduction to yield a reduced 
diamagnetic complex, [Fe(tpyPY2Me)] ([Fe]0), which we assigned to an open-shell singlet ground 
state that is composed of an intermediate-spin Fe2+ center antiferromagnetically coupled to a 
doubly-reduced triplet tpyPY2Me ligand.44 The metal-ligand cooperativity in this Fe2+ complex 
leads to a 640 mV positive shift in the first two ligand-centered reductions relative to the Zn2+ 
analog. This feature enables catalysis of electrochemical CO2RR at low overpotentials with high 
selectivity by delocalizing electron density beyond the primary metal center. Moreover, the 
analogous nickel tpyPY2Me complex, [Ni(tpyPY2Me)]2+ ([Ni]2+), has found application as an 
efficient redox mediator for controlling radical pathways by ligand-centered redox reactivity.53  

Against this backdrop, we sought to expand the reactivity of metal tpyPY2Me complexes 
to photochemical CO2RR. Considering the precedent for cobalt-based CO2RR catalysts,11, 18, 23, 39, 

54-58 we now report a comparative study between iron and cobalt tpyPY2Me complexes for 
photochemical CO2RR, including synthesis and characterization of the novel cobalt tpyPY2Me 
complex, [Co(tpyPY2Me)]2+ ([Co]2+). We find that electron count makes a substantial contribution 
to metal-ligand cooperativity and redox behavior in these transition metal tpyPY2Me complexes. 
In contrast to the [Fe]2+ complex, where the first two single-electron, ligand-based reduction waves 
are virtually superimposable, electrochemical characterization of [Co]2+ shows a 1.39 V separation 
between the first and second redox processes where two-electron reduction potential of [Co]2+ is 
shifted negatively by 770 mV compared to [Fe]2+. This marked difference in multielectron redox 
behavior correlates with observed photocatalytic CO2RR reactivity. Indeed, the [Fe]2+ complex is 
compatible with photosensitizers spanning reduction potentials over a range of 1 V and can 
promote efficient light-driven CO2 reduction with high activity and selectivity, achieving up to 
99% CO product selectivity with total TON and initial TOF exceeding 30,000 and 900 min–1, 
respectively, whereas the [Co]2+ complex shows much lower CO2RR activity under similar 
conditions (ca. 600 TON, 83% CO product selectivity). Density functional theory (DFT) 
calculations support these experimental findings by suggesting that the first reduction of [Co]2+ to 
[Co]+ is metal-centered, and that the second reduction to [Co]0 is accompanied by a significant 
rearrangement of electrons that enforces exchange coupling between a formal Co2+ center and a 
two-electron reduced ligand, resulting in a paramagnetic open-shell doublet. This electronic 
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structure differs from the two-electron reduction of [Fe]2+, resulting in a diamagnetic, open-shell 
singlet [Fe]0 complex between a formal Fe2+ center and a two-electron reduced ligand. As such, 
we attribute the superior catalytic performance of the iron system over the cobalt congener to the 
more stable electronic configuration for reduced [Fe]0 vs [Co]0 driven by this metal-ligand 
exchange coupling. Taken together, these data highlight the importance of metal-ligand redox 
cooperativity in developing efficient CO2RR catalysts, which can be carried forward as a design 
principle for a broader range of multielectron redox transformations of interest. 

 
2. Results and Discussion 

2.1. Synthesis and Structural Characterization of the [Co(tpyPY2Me)]2+ Complex. 
The [Co(tpyPY2Me)]2+ complex ([Co]2+) was obtained in nearly quantitative yield by stirring the 
ligand tpyPY2Me with an equimolar amount of the cobalt precursor [Co(OTf)2(CH3CN)2] in dry 
CH3CN at room temperature for 12 hours (Figure 2.1a). Diffraction quality crystals for [Co]2+ were 
obtained by slow vapor diffusion of diethyl ether into a saturated CH3CN solution. The crystal 
structure of [Co]2+ (Figure 2.1b) shows its connectivity as a five-coordinate square pyramidal 
complex, analogous to the previously reported [Zn(tpyPY2Me)]2+ analog.44 Co–Ntpy bond lengths 
range from 1.8975(17) to 1.9610(18) Å, consistent with a low-spin Co2+ configuration, exhibiting 
shorter bond lengths compared to high-spin Co d7 complexes with a similar coordination 
environment.59, 60 Analysis of the two Cpy–Cpy bonds within the terpyridine moiety and the C–N 
bonds of the terpyridine chelate rings (with average bond lengths of 1.471 and 1.356 Å, 
respectively) suggest that the ground state of [Co]2+ bears a neutral tpyPY2Me ligand and a Co2+ 
metal center61; this assignment was supported by an effective magnetic moment of 1.8 µB 
determined by the Evans’ method (Figure 2.1b, 2.9). 
 
2.2. Electrochemical Characterization Reveals Differences in Redox Behavior, Catalytic 
Efficiency, and Reductive Stability Between [Co(tpyPY2Me)]2+ and [Fe(tpyPY2Me)]2+ for 
CO2RR. 

As a starting point to compare the redox properties of the [Co]2+ and [Fe]2+ complexes, we 
measured the cyclic voltammogram (CV) of [Co]2+ under an argon atmosphere. The CV shows a 
quasi-reversible wave at E1/2 = +0.023 V vs Fc+/0 and three reversible waves at E1/2 = –0.81, –2.20, 
–2.34 V vs Fc+/0 (Figure 2.2). Currents for all redox waves vary linearly with the square root of 
the scan rate, indicative of diffusion-controlled processes (Figure 2.8). The first wave at E1/2 = 
+0.02 V vs Fc+/0 is assigned to a Co2+/3+ oxidation, as its quasi-reversible nature is characteristic 
for cobalt complexes exhibiting low/high spin transitions coupled to a redox process.62-65 The 
second wave is assigned to a Co2+/+ reduction process, which is positively shifted by +0.39 V 
compared to the Co2+ complex of bpy2PYMe, and consistent with an observed pattern of 
stabilization with increasing conjugation in pyridine-based redox active ligands.65 We assign the 
latter two waves at E1/2 = –2.20 and –2.34 V vs Fc+/0 as ligand-centered reductions by comparison 
to the [Zn(tpyPY2Me)]2+ analog bearing a redox-silent Zn2+ center, whose first two ligand-
centered redox processes lie between –1.56 and –2.41 V vs Fc+/0.44 This electrochemical behavior 
contrasts with the two closely-spaced ligand-dependent reductions in [Fe]2+ centered at –1.43 V 
vs Fc+/0  44 (Figure 2.2). As such, the change from iron to cobalt shifts the first two reductions in a 
negative direction by 770 mV, indicating a significant difference in the thermodynamic stability 
of metal-ligand electronic coupling in the reduced cobalt complex compared to its iron congener. 
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We next moved on to screen [Co]2+ for electrochemical CO2RR reactivity. Upon addition 
of CO2, we observe a current enhancement, which increases further upon the addition of 0.1 M 
phenol as an acid source (Figure 2.3a). Under an Ar atmosphere, the addition of 0.1 M phenol 
results in a larger relative current enhancement, indicative of HER reactivity (Figure 2.3b). We 
then measured product selectivity and long-term catalyst stability via controlled potential 
electrolysis (CPE) experiments conducted at various applied potentials. Initially, we used glassy 
carbon (GC) as a working electrode for CPE experiments; however, the current density 
asymptotically decays within the first 50 seconds at the selected potentials (Figure 2.10a). CVs 
recorded before and immediately after electrolysis show a total loss in current response; upon 
polishing the GC electrode after electrolysis and resubmerging in the same electrolysis cell, the 
voltammograms show recovery of the same pre-electrolysis wave (Figure 2.10c). This behavior is 
indicative of catalyst deposition onto the working electrode, resulting in an inactive film that limits 
charge transfer during the electrolysis experiment. To limit this deposition, we turned to the use of 
reticulated vitreous carbon (RVC) foam as a carbon-based electrode with higher surface area for 
further electrolysis experiments. Use of RVC foam led to a modest enhancement in the stability 
and enabled more charge to be passed during the electrolysis experiment (Figure 2.10d, e). At an 
applied potential of –2.09 vs Fc+/0 under a CO2 atmosphere in the presence of 0.1 M phenol, [Co]2+ 
achieved 64% faradaic efficiency for CO formation (Table 2.2). During CPE experiments with the 
RVC working electrode, we observed a color change in the electrolyte that was not observed when 
the GC working electrode was used, where the pale orange-colored solution characteristic of 
[Co]2+ converted to a dark red purple-colored solution. We speculate that this species is most likely 
the two-electron reduced species, [Co]0, based on a similar color change observed for the chemical 
reduction of [Fe]2+ to [Fe]0 using decamethylcobaltocene.44 We have not yet been successful in 
isolating the reduced cobalt species owing to its redox instability, but its appearance in bulk 
solution suggests that it contributes to the lower Faradaic efficiency and electrochemical stability 
observed for the cobalt catalyst relative to the iron analog. 

 
2.3. Evaluation of [Co(tpyPY2Me)]2+ as a Catalyst for Photochemical CO2RR. 
Building upon these electrochemical results, we reasoned that moving to photochemical CO2RR 
would enable lower catalyst loading (1 mM for electrolysis to 2 µM for photolysis, vide infra) to 
mitigate unproductive [Co]0 accumulation by dispersing it in solution as opposed to concentrating 
the reduced species at the electrode double layer. Indeed, in a photocatalytic system, electron 
transfer operates via the bimolecular reaction of the catalyst with a photosensitizer; thus, we 
expected improved catalyst stability relative to the electrolysis experiments. As a starting point, 
we evaluated [Co]2+ as a catalyst for photochemical CO2RR. In a typical experiment, 2 µM [Co]2+ 
was added to a CO2-saturated CH3CN solution containing 200 µM photosensitizer, 50 mM 
triethylamine (TEA) as a sacrificial electron donor, and 1 M phenol as a proton source. Reactions 
were irradiated in 1-hour intervals using a blue LED light source. Multiple photosensitizers were 
chosen for screening owing to their close energy match to reduction waves of [Co]2+, including 
[Ru(bpy)3]2+ (RuPS, E0= –1.71 V vs Fc+/0), as well as the iridium complexes 
[Ir(dFCF3ppy)2(dtbbpy)]+ (IrPS-1, E0 = –2.39 V vs Fc+/0) and Ir(ppy)3 (IrPS-2, E0= –2.61 V vs 
Fc+/0) (Figure 2.4a). Results of photochemical CO2RR screening studies show some improvements 
and similarities in activity trends compared to electrochemical CO2RR experiments (Figure 2.11, 
Table 2.3). The average activity of the IrPS-1 system over a 15-hour period shows that in the first 
hour, CO2 reduction is 93% selective for CO with an average TON of 120. Data collected at 
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subsequent timepoints show a marked drop in activity as well as a loss of CO2RR selectivity down 
to 50-57% CO product due to increased HER. We hypothesized that the modest observed CO2RR 
activity may be a consequence of inefficiencies in photocatalytic system design, in particular the 
requirement for a high concentration of acid that may participate in hydrogen bonding with the 
basic TEA sacrificial electron donor, which can possibly lower its quenching efficiency. We turned 
to 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) as a replacement for TEA, 
which has literature precedent as an excellent quencher for photocatalytic CO2 reduction using 
organic, ruthenium- and iridium-based photosensitizers.20, 39, 45, 66, 67 With 100 mM BIH, [Co]2+ 
exhibits a switch in selectivity from CO2RR to HER using either RuPS or IrPS-1 as a 
photosensitizer, with an average H2 TON of 488 achieved in one hour. Lowering the BIH 
concentration to 50 mM improves the selectivity to 67-83% CO, with IrPS-1 giving the highest 
TON of 647 in one hour of photolysis. Despite observed gains in activity and selectivity with lower 
BIH loading, reactions still show a loss in CO2RR selectivity beyond the first hour, analogous to 
results obtained with TEA, indicating that lowering BIH loading only slowed off-pathway H2 
evolution and deactivation pathways rather than eliminating them. Indeed, dynamic light scattering 
experiments confirm that within 15-30 min of irradiation, [Co]2+ decomposes into a particulate 
species with sizes in the range of 100 to 1000 nm under catalytic conditions (Figure 2.12a), 
showing that photochemical CO2RR reactivity is ultimately limited by the stability of the catalyst 
under reductive conditions.  

 
2.4. [Fe(tpyPY2Me)]2+ Shows Superior Catalytic Activity to the [Co(tpyPY2Me)]2+ for 
Photochemical CO2RR. 

We then turned our attention to [Fe]2+ as a catalyst for photochemical CO2RR, anticipating 
that it would exhibit better activity, selectivity, and stability compared to [Co]2+ considering its 
two-electron reduction at more positive potentials and superior performance as an electrochemical 
CO2RR catalyst. Optimization of photocatalysis in CH3CN solution with 1 M phenol as a proton 
source led us to screen a range of organic and noble-metal photosensitizers compatible under these 
conditions. These photosensitizers include the mildly reducing organic dye Acriflavine (Acr, E0= 
–1.53 V vs Fc+/0), whose reduction potential lies just 100 mV more negative than the catalytically 
relevant [Fe]2+ reduction, as well as RuPS and the highly reducing IrPS-1 and IrPS-2 sensitizers 
discussed previously (Figure 2.4a). In a typical experiment, 2 µM [Fe]2+ catalyst was added to a 
CO2-saturated CH3CN solution containing 200 µM photosensitizer, 100 mM BIH as a sacrificial 
electron donor, and 1 M phenol as a proton source. The reactions were irradiated in either 15- or 
30-minute intervals using a blue LED light source. We first examined photocatalysis using the 
RuPS/BIH system; a TOF of 916 min-1 is reached within the first 15 minutes of the reaction, which 
to the best of our knowledge is the highest reported TOF value for CO2RR driven by a molecular 
catalyst.25 A plateau is reached after 30 minutes (Figure 2.4b), resulting in a total TON of 15,520 
with 99% selectivity for CO product with negligible H2 evolution. During this time, we observe 
bleaching of the photosensitizer from a bright orange to pale yellow color, indicating degradation 
of RuPS. This degradation has been reported to proceed by dissociation of bipyridine ligands from 
the Ru center during light irradiation.65, 68 We confirmed that replenishing RuPS with BIH and 
phenol could partially recover activity of [Fe]2+ after the initial plateau, resulting in a maximum 
TON of 24,069 for CO production after a total of 75 min (Figure 2.4c). Photocatalytic activity 
could be further amplified by lowering the catalyst loading to 0.2 µM, achieving a TON of 30,349 
within 45 minutes while still producing 30 µmols of CO with 97% product selectivity (Table 2.1, 
Entry 2). Control experiments performed confirm that the catalyst, photosensitizer, sacrificial 
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electron donor, proton source, and CO2 are all essential for the reaction to proceed (Table 2.1, 
Entries 4-7). Moreover, in contrast to the cobalt system, dynamic light scattering (DLS) 
measurements of the reaction mixture before and during peak catalytic activity at 0, 15, and 30 
minutes confirm that the iron system is homogeneous, with no evidence of particle formation under 
photocatalytic conditions (Figure 2.12b). 
We then employed Stern-Volmer analysis for the excited state quenching of RuPS using BIH and 
[Fe]2+ to probe the mechanism for photocatalysis (Figure 2.5). The bimolecular quenching rate 
constants (kq) obtained for [Fe]2+ (2.7 x 109 M-1s-1) and BIH (2.2 x 109 M-1s-1) are comparable, 
indicating that oxidative and reductive quenching mechanisms are both accessible, but we reason 
that the large excess of BIH used relative to [Fe]2+ in the system will favor the reductive quenching 
pathway. 69 The quantum yield for CO production from the RuPS system with 2 µM [Fe]2+ was 
determined to be Φ= 11.1% by ferrioxalate actinometry.  
As such, we turned our attention to the water-soluble organic dye Acr, which has a similar redox 
potential to Purpurin and has been reported for photocatalytic water splitting and CO2 reduction at 
400 µM concentrations in CH3CN/H2O mixtures.57, 70 The maximum solubility of Acr in pure 
CH3CN is approximately 125 µM. The use of a less reducing photosensitizer at lower 
concentrations led to slower photochemical CO2RR catalysis, with a TON of 6,710 with 100% 
selectivity for CO product obtained after 2 hours of photolysis. We observe a gradual decrease in 
activity over time, likely due to the decomposition of the photosensitizer, as evidenced by 
bleaching observed much like with RuPS. These results establish a highly selective and active 
noble-metal free molecular system for catalytic photochemical CO2RR using Acr and [Fe]2+ 
components.  
Finally, we examined [Fe]2+-catalyzed photochemical CO2RR with the iridium-based 
photosensitizers IrPS-1 and IrPS-2 to provide a direct comparison with results obtained using 
[Co]2+. In addition, Ir-C cyclometallation in these complexes provides longer photostability 
compared to RuPS and Acr,71 providing an opportunity to probe contributions of photosensitizer 
stability to CO2RR catalysis. Using IrPS-1 as a photosensitizer with 2 µM [Fe]2+ as a CO2RR 
catalyst results in a TON of 12,749 with 98% selectivity for CO (Table 2.1, Entry 8), representing 
a 20-fold improvement over [Co]2+. Lowering the catalyst concentration to 0.2 µM gives a two-
fold higher TON of 28,712 but with only 81% CO selectivity (Table 2.1, Entry 9). Using IrPS-2 
drives the highest TON of 18,502 at 2 µM [Fe]2+ catalyst loading conditions (Table 2.1, Entry 10). 
Interestingly, the plateau in catalytic activity observed using IrPS-2 shows distinct behavior 
compared with the one observed with RuPS, since the former photosensitizer is cyclometalated 
and should not be the source of system deactivation. Indeed, we found that for the IrPS-2 system, 
introduction of additional [Fe]2+, but not BIH and phenol, can enable recovery of activity (Figure 
2.13), in contrast to the RuPS system where replenishing with RuPS/BIH/phenol can restore 
catalysis (Figure 2.4c). These results suggest that using the more reducing iridium photosensitizers 
can drive rapid photochemical CO2RR with high selectivity for CO production but also accelerate 
catalyst deactivation. Key results obtained for use of [Fe]2+ as a photocatalyst with all four 
photosensitizers and control experiments using are summarized in Table 1.  
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2.5. Electronic Structure Calculations for Reduced Iron, Cobalt, and Nickel tpyPY2Me Complexes 
Show Key Differences in Metal-Ligand Exchange Coupling that Correlate with Observed Redox 
and Catalytic Stability. 
 Computational predictions for the first and second reduction potentials of the [Co]2+ complex, 
modeled as [Co(tpyPY2Me)(CH3CN)]2+, were obtained using DFT calculations employing 
ωB97X-V functionals and CH3CN solvent. DFT analysis shows the first reduction of [Co]2+ to 
[Co]+ is a metal-centered process (Figure 2.6, left), resulting in a singlet ground state (S = 0) and 
a predicted redox potential (E0 = –0.887 V vs Fc+/0) that is consistent with the experimental value 
(–0.81 V). Additional computational results from localized orbital bonding analysis (LOBA) 
confirm that the [Co]+ complex can be described as a formal Co+ center bound to a neutral 
tpyPY2Me ligand. The first reduction is accompanied by the loss of the axial solvent ligand, 
resulting in a 5-coordinate [Co]+ complex. DFT analysis of the doubly reduced [Co]0 complex is 
consistent with the population of a ligand-based π* orbital belonging to the terpyridine fragment 
of the ligand (Figure 2.6, right). The calculated redox potential (E0 = –2.22 V vs Fc+/0) matches 
the experimentally determined value (E1/2= –2.34 V) and has a calculated spin state of S = 1/2. 
Interestingly, the spin density plot for [Co]0 (Figure 2.6c, right) suggests that this second reduction 
is accompanied by significant rearrangement of electrons occupying the metal d orbitals, leading 
to the population of a low-lying metal-ligand (π* + dz2) orbital with concomitant reordering of Co-
based electrons into a high-spin configuration. The computational results suggest that the [Co]0 
species exists as a formal Co2+ center bound to (tpyPY2Me••)2—. Taken together, these results 
highlight an intriguing outcome of formal oxidation of the metal center through reduction of the 
overall complex, made possible via delocalized reduction events as a result of metal-ligand 
exchange coupling. Coordinates of the optimized structures for [Co]+ and [Co]0 obtained using the 
ωB97X-D functional are shown in tables (Table 2.7, 2.8). 
The reduction pathway of [Co]2+ contrasts with computational studies of the analogous [Ni]2+ and 
[Fe]2+ complexes.44, 53 Figure 2.7 highlights how slight changes in the central metal orbitals lead 
to substantive changes in the metal-ligand orbital interactions and on the overall outcome of 
reduction events. Apart from affecting coordination number via loss of the axial solvent ligand, 
the molecular orbitals shown in Figure 2.7 show distinct differences in the type of reduction event 
taking place within the complexes. Indeed, in contrast to the metal-centered one-electron reduction 
of [Co]2+ to [Co]+ to generate a complex with a formally reduced Co+ center bound to a neutral 
tpyPY2Me ligand, one-electron reductions of [Fe]2+ and [Ni]2+ involve a primarily ligand-centered 
event, resulting in [Fe]+ and [Ni]+ complexes with formal Fe2+ and Ni2+ centers bound to a reduced 
(tpyPY2Me•)− ligand. It is noteworthy that a comparison of the first reduction events for the iron, 
cobalt, and nickel analogs exhibit a continuum of all three primary outcomes for reducing a 
transition metal complex bound to a redox-active ligand: (1) a pure ligand-based reduction (Fe), 
(2) a pure metal-based reduction (Co), and (3) a ligand-based reduction with a large character of 
coupling between a metal d orbital and ligand π* orbital, resulting in a broken symmetry 
configuration (Ni).  
Despite the marked differences in electronic structure for the singly-reduced forms of the iron, 
cobalt, and nickel tpyPY2Me complexes, all three metals share similar electronic character upon 
introduction of a second reduction event. Comparing DFT results obtained for [Co]0 (Figure 2.6, 
right) to those of [Fe]0 44 and [Ni]0, 53 we observe that each first-row transition complex adopts a 
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high-spin, unreduced formal M2+ center bound to a doubly-reduced (tpyPY2Me•• )2− ligand. Thus, 
in the case of the second reduction event, the complexes differ only in the extent of d /π* orbital 
coupling between the metal atom and surrounding terpyridine ligand fragment. 
 
3. Concluding Remarks 

In summary, we have presented a comparative study of redox behavior for first-row 
transition metal complexes bearing the redox-active ligand tpyPY2Me and applications of iron and 
cobalt congeners for photochemical CO2RR. In particular, we established that the 
[Fe(tpyPY2Me)]2+ ([Fe]2+) complex is an extremely active and selective catalyst for 
photochemical reduction of CO2 to CO, achieving up to 99% CO product selectivity with total 
TON and initial TOF exceeding 30,000 and 900 min–1, respectively. Electrochemical analysis 
shows that the [Co]2+ complex has a markedly higher thermodynamic barrier for reduction by two 
electrons compared to the [Fe]2+ analog, with a negative potential shift of 770 mV due to a large 
separation of the first and second reductions in the cobalt derivative. This difference in redox 
behavior is manifested in [Co]2+ showing lower activity, selectivity, and stability for 
electrochemical CO2RR relative to [Fe]2+, with electrode deposition and low faradaic efficiency 
observed during electrolysis for the former. These reactivity trends are mirrored in photochemical 
CO2RR, where the [Fe]2+ system is 20-fold more active than the [Co]2+ congener under similar 
conditions. DLS analysis shows that photolysis of the cobalt system leads to formation of 
nanoparticles with loss of CO2RR activity, whereas the iron system remains homogeneous, 
consistent with trends in electrochemical stability. Electronic structure calculations predict that the 
origin of the disparate redox behavior and catalysis observed for the [Fe]2+ and [Co]2+ complexes 
is the electronic configuration of the reduced species. Going from [Co]2+ to [Co]+, a metal-centered 
reduction is predicted, which supports the observed loss in selectivity for CO2RR and increased 
HER from a formal Co+ species. Subsequent reduction of [Co]+ to [Co]0 is accompanied by a 
significant rearrangement of electrons to a metal-ligand coupling interaction in the form of an 
open-shell doublet with a formal Co2+ center bound to a doubly-reduced (tpyPY2Me••)2— ligand. 
Indeed, bulk electrolysis and photocatalysis experiments suggest that this open-shell doublet [Co]0 
species is catalytically competent for reduction of CO2 to CO but is not a stable species, leading 
to inactive film or nanoparticle formation. In contrast, two-electron reduction to [Fe]0, which bears 
an open-shell singlet electronic configuration driven by metal-ligand exchange coupling, proceeds 
at potentials that are nearly 800 mV more positive compared to the cobalt analog and shows high 
activity for both electrochemical and photochemical CO2RR. This work highlights the value of 
metal-ligand exchange coupling as a design principle for tuning multielectron reactivity, presaging 
the use of this concept for advancing a broader array of catalytic transformations. 

 
4. Experimental Section 
 
4.1 Electrochemical Measurements 

All electrochemical measurements were performed using a Bioanalytical Systems, Inc. 
(BASi) Epsilon potentiostat. Cyclic voltammetry (CV) data were measured in a three-electrode 
cell equipped with a glassy carbon disk (3.0 mm diameter) working electrode, platinum wire 
counter electrode, and a silver wire in a porous Vycor tip glass tube filled with electrolyte as a 
pseudo-reference electrode. The final concentration of [Co]2+ or [Fe]2+ catalyst was 1 mM. The 
working electrode was polished prior to each experiment with 0.05-micron alumina powder on a 
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felt pad. The electrolyte was 0.1 M tetrabutylammonium hexafluorophosphate (NBu4PF6) in dry 
CH3CN and sparged with either Ar or CO2 as indicated. At the conclusion of each experiment, the 
pseudo-reference potentials were referenced against ferrocenium/ferrocene (Fc+/0) used as an 
external standard. The scan rates for all cyclic voltammograms were 100 mV/s unless otherwise 
noted. All voltammograms were obtained with iR compensation. Controlled potential electrolysis 
experiments were performed in a gastight PEEK electrolysis cell with a working compartment (12 
mL liquid volume) and counter compartment (4 mL liquid volume) separated by an ultrafine glass 
frit. Either a 1 cm2 glassy carbon plate (Tokai Carbon; Kanagawa, Japan) or a ~ 1 x 1 x 0.6 cm 
piece of 100 ppi (pores per linear inch) reticulated vitreous carbon foam (ERG Duocel; Oakland, 
CA) was used as the working electrode. A 2.5 cm diameter graphite planchet (Ted Pella; Redding, 
CA) was used as the auxiliary electrode, and an Ag wire in a Vycor tipped glass tube filled with 
electrolyte was used as a pseudo-reference electrode. The working compartment was filled with 
12 mL of a 1 mM solution of catalyst dissolved in electrolyte (0.1 M NBu4PF6/CH3CN) containing 
either 0.1 M or 1 M phenol as a proton source. The counter electrode chamber was filled with 4 
mL of a 20 mM solution of tetrabutylammonium acetate dissolved in electrolyte. This soluble 
source of acetate was sacrificially oxidized to generate CO2 and ethane, thereby preventing GC 
detection of solvent oxidation byproducts. Both compartments were sealed to be gastight. The 
working compartment was sparged with CO2 for 10 min, then sealed and injected with 0.50 mL of 
ethane as a gaseous internal standard. A CV scan was collected prior to the CPE measurement to 
calibrate the potential. The electrolyte solution was constantly stirred during the CPE experiment 
with a 1 cm stir bar. At the conclusion of the experiment, the headspace was injected directly into 
an SRI-GC (model #8610C) equipped with 6’ Hayesep D and 13X molecular sieve 
chromatographic columns. Two in-line detectors were used: a TCD for H2 detection and an FID 
with a methanizer for CO/CO2/C2H6 detection. Analytes of interest were quantified by comparing 
a ratios of analyte/internal stand peak integrals to a calibration curve with known amounts of 
analyte.  

 
4.2 Photocatalytic CO2 Reduction 

Experiments were conducted inside a 25 mL borosilicate culture tube equipped with a stir bar, 
rubber septum, and aluminum crimped top. These reaction vessels contained 5 mL CH3CN, 2 µM 
catalyst, 200 µM photosensitizer, 100 mM BIH (112 mg), and 1 M phenol (470 mg). The reaction 
tubes were sparged with CO2 for 10 minutes, followed by injection of a gaseous internal standard 
(0.1 mL of C2H6). Reactions were placed on a stir plate 13 cm from two Kessil blue LED lamps 
(440 nm) for 15 or 30 minutes at a time and kept at ambient temperature with a fan. Analysis of 
the headspace by GC was conducted for product detection as described for above for CPE. Samples 
were then re-sparged with CO2, and the process was repeated for the following timepoint of an 
experiment.  
 
4.3 Computational Details 

Density functional theory (DFT) calculations for free energies, reduction potentials and 
localized orbital bonding analysis (LOBA) oxidation state analysis were performed with the Q-
Chem electronic structure package.72 Geometry optimizations and frequency analysis were 
obtained using the ωB97X-D and a mixed basis set (def2-TZVP for metal Co center, def2-SVP for 
ligand main group elements). Solvation energies with CH3CN solvent used to compute reduction 
potentials were approximated with single point calculations employing a C-PCM solvent model 
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and the ωB97M- V functional with the def2-TZVP basis set for all atoms. For all reductions of 
[Co]2+, the minimum energy spin configuration was identified through an exhaustive search of 
viable spin states at each reduction level. The differences in adiabatic free energy for higher lying 
spin states are reported with respect to the minimum energy configurations in Table 2.9. Additional 
density functionals were probed, including similar range-separated hybrid functionals such as 
ωB97X-D and CAM-B3LYP, but all yielded substantially less agreement with experimental 
values (Table 2.6). The ferrocenium/ferrocene couple (Fc+/0) was used as an internal standard for 
our reported reduction potentials. The Fc+/0 couple was calculated with each reported density 
functional before standardizing to optimize potential error cancellation. 

 

4.4 Materials 
 Acriflavine (Sigma 95%), Ir(ppy)3 (Sigma 99%), [Ir(dFCF3ppy)2(dtbbpy)]+ (Strem 99%), 
triethylamine (Sigma 99.5%), phenol (Sigma 99%), NBu4PF6 (Sigma 99%), K3[Fe(C2O4)3] 
(Strem), and acetonitrile (Fisher), were purchased from commercial vendors and used as 
received. [Ru(bpy)3]PF6 was prepared via salt metathesis of [Ru(bpy)3]Cl2 (Sigma 99%) with 
NH4PF6 in water. 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) and 
tpyPY2Me were synthesized according to previously reported methods. 
 
4.5 Fluorescence Quenching 

The fluorescence of a CO2-saturated CH3CN solution of [Ru(bpy)3]2+ (λabs= 450 nm, λem= 
601 nm) was measured using a Photon Technology International Quanta Master 4 L-format 
scan spectrofluorometer equipped with an LPS-220B 75-W xenon lamp and power supply, A-
1010B lamp housing with integrated igniter, switchable 814 photocounting/analog 
photomultiplier detection unit, and MD5020 motor driver. Excited state quenching 
experiments were carried out by adding either BIH or [Fe]2+ in 100 µM increments. The 
relative emission lifetime of the photosensitizer in the presence of quencher was used to 
calculate the Stern-Volmer quenching constant (kq) using the following equation: 

I0/IQ = 1+ 𝜏f	kq	[Q] 
where I0/IQ is the emission intensity in the absence (I0) or presence (IQ) of quencher, 𝜏f is the 
emission lifetime of [Ru(bpy)3]2+ (890 ns), and [Q] is the concentration of the quencher.  
 
4.6 Quantum Yield Determination 

The quantum yield (Φ) of photocatalytic CO2 reduction to CO was calculated for a 90-
minute experiment using 2 µM [Fe]2+, 200 µM RuPS, 100 mM BIH, and 1 M Phenol in CO2-
saturated CH3CN according to the equation: 
 
where the number of photons per unit time (photon flux) emitted by the blue LED light source 
used during photocatalytic experiments was measured via chemical actinometry.  

Φ =
2 (number of CO molecules)
number of photons absorbed

x 100 %
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We used ferrioxalate (K3[Fe(C2O4)3]) for the actinometry experiment. The photochemical 
decomposition of ferrioxalate (Fe3+) to Fe2+ can be monitored spectrophotometrically via the 
detection of free Fe2+ by chelation with phenanthroline according to the simplified reactions: 

 
First, a 3 mL (V1) solution of ferrioxalate (0.012 M in 0.05M H2SO4) was irradiated for 10, 20, 
and 30 seconds while another solution of the same volume was kept in the dark. A 0.5 mL (V2) 

aliquot of the irradiated solution was then added to a 2 mL solution of buffered phenanthroline 
(0.1% phenanthroline in 1.6 M NaOAc/0.5 M H2SO4) and then diluted with deionized water 
in a 25 mL (V3) volumetric flask. This final solution was used for absorption measurement at 
510 nm using an l=1 cm quartz cuvette.  

The moles of Fe2+ formed in an irradiated solution can be calculated by:  
 

Where ΔA510nm is the difference in absorption between the solution kept in the dark and the 
irradiated solution, and ε510nm is the molar absorptivity of [Fe(phen)3]2+ at 510 nm (11100 L 
mol-1 cm-1). The average photon flux was then calculated following equation: 

 
where Φλ is excitation wavelength dependent quantum yield of ferrioxalate.  
 
4.7 Dynamic Light Scattering  
 Dynamic light scattering (DLS) measurements were performed using a Zetasizer Nano 
instrument (ZEN3600 Malvern Instrument) with a scattering angle of 173°, at 23 °C. 
Photocatalytic CO2 reduction experiments using either [Co]2+ or [Fe]2+ as a catalyst were 
monitored by DLS after 0, 15, and 30 minutes of irradiation.   
 

 
  

6.022 x1023 x moles Fe2+
# photons/sec =

Φλ x t

Fe3+ Fe2+Δ

Fe2+ + 3 phen [Fe(phen)3]2+

λmax= 510 nm

moles Fe2+ =
V1 x V3 x ΔA510

103 x V2 x l x ε510
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5. Figures 
 

  
  

Figure 2.1. a) Synthetic scheme and (b) X-ray crystal structure for the [Co(tpyPY2Me)]2+ 
([Co]2+) complex, with its simplified crystal field splitting diagram. Thermal ellipsoids are 
plotted at 80% probability. 
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Figure 2.2. Cyclic voltammograms of [Fe]2+ (black) and [Co]2+ (red). Conditions: 1 mM 
[M(tpyPY2Me)]2+ complex, 0.1 M NBu4PF6 in CH3CN under Ar atmosphere using a glassy 
carbon electrode. 
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Figure 2.3. Cyclic voltammograms showing catalytic responses upon addition of 0.1 M phenol 
to [Co]2+ (a) under CO2 or (b) Ar atmosphere. Conditions: 1 mM [Co]2+ in 0.1 M 
NBu4PF6/CH3CN using a glassy carbon electrode. 
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Figure 2.4. (a) Photochemical CO2 reduction reactions catalyzed by iron and cobalt tpyPy2Me 
complexes, [Fe]2+ and [Co]2+, using Acr, RuPS, IrPS-1, and IrPS-2 as photosensitizers with 
increasing driving forces for reduction. (b) Photocatalytic activity of [Fe]2+ over 90 minutes and 
(c) with replenishing the photosensitizer, sacrificial electron donor, and proton source every 30 
minutes.  Conditions: 2 µM [Fe]2+, 200 μM RuPS, 100 mM BIH, 1 M Phenol in CO2-saturated 
CH3CN solution. 
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Figure 2.5. (a) Stern-Volmer plots for RuPS quenching with [Fe1]2+ and BIH. Conditions: 50 
μM RuPS with BIH in a CO2 saturated CH3CN solution. (b) Predicted reductive quenching 
mechanism for photocatalytic CO2 Reduction using [Fe]2+ as the catalyst, BIH as the sacrificial 
electron donor, and RuPS as the photosensitizer. 
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Table 2.1. Photocatalytic activity of [Fe]2+ under various conditions. 

Reaction conditions: Standard conditions using 2 μM [Fe]2+ catalyst, 200 μM RuPS 
photosensitizer, 100 mM BIH quencher, and 1 M phenol as a proton source in 5 mL of CO2-
saturated CH3CN solution, irradiated for 90-120 minutes unless otherwise noted. a Using 0.2 μM 
catalyst. b Without catalyst. c Without RuPS. d Without BIH. e Without phenol. f Under Ar 
atmosphere.  g Using 200 μM IrPS-1 at 2 μM and h 0.2 μM catalyst loading. i Using 200 μM IrPS-
2. j Using 125 μM Acriflavine (Acr). 

 
  

 TON Product (μmol) Selectivity (%) 

Entry CO H2 CO H2 CO 

1 15520 86 155 0.86 99 

2a 30349 1013 30 1 97 

3b 43 52 0.4 0.5 52 

4c 112 0 1.1 0 100 

5d 150 0 1.5 0 100 

6e 6 0 0 0 100 

7f 0 222 0 2.2 0 

8g 12749 163 127 1.6 98 

9h 28712 6527 28 6.5 81 

10i 18502 141 185 1.4 99 

11j 6710 0 67 0 100 



  

53 
 

  

Figure 2.6. DFT analysis of electrochemically accessible reduced species, [Co]+ and [Co]0. For 
each reduced species, the following are shown: (a) qualitative molecular orbital diagram 
consistent with DFT calculations, with newly added electrons highlighted in red; (b) relevant 
computed MO and (c) the computed spin density plot. The DFT results show that the first 
reduction is cobalt-centered to generate a formal Co+ species, whereas the second reduction is 
ligand-centered, leading to a substantial rearrangement of electron density resulting in 
restoration of a formal Co2+ complex with a doubly-reduced tpyPY2Me ligand. 
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Figure 2.7. DFT analysis comparing varying metal-ligand redox behavior of iron, cobalt, and 
nickel metal centers bound to a redox-active tpyPY2Me ligand framework upon one-electron 
reduction. For each complex the resulting first reduction of [M]2+ to [M]+ is shown with: (a) 
qualitative molecular orbital diagram consistent with DFT calculations, with newly added 
electrons highlighted in red; (b) relevant computed molecular orbitals. The results show that the 
one-electron reduction of [Co]2+ is primarily metal-centered while the [Fe]2+ and [Ni]2+ analogs 
are ligand-centered. 
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Figure 2.8. Scan rate dependent cyclic voltammograms (CVs) of [Co]2+. (a) CVs recorded at 
scan rates ranging from 50 to 300 mV/s. (b) Peak current (ip) vs square root of the scan rate 
(ν) for Co2+/+ centered at −0.81 V vs Fc+/0, (c) L0/− at −2.2 V vs Fc+/0 and (d) L−/−2 at −2.34 V 
vs Fc+/0. Conditions: 1 mM [Co]2+ in 0.1 M NBu4PF6/CH3CN under Ar atmosphere using a 
glassy carbon electrode. 
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Figure 2.9. Evans’ method analysis of [Co]2+ measured in CD3CN by 19F NMR at 293 K. 
Hexafluorobenzene was used as an internal standard.  
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Figure 2.10. Controlled potential electrolysis (CPE) experiments using [Co]2+. (a) Glassy 
carbon (GC) working electrode current density plot, (b) total charge passed and (c) pre- and 
post-electrolysis cyclic voltammograms (CVs) for a 30-minute experiment with an applied 
potential of –2.24 V vs Fc+/0. (d) Reticulated vitreous carbon (RVC) working electrode current 
density plot, (e) total charge passed and (f) pre- and post-electrolysis CVs with an applied 
potential of –2.09 V vs Fc+/0.  
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Table 2.2. Summary of CPE data obtained for [Co]2+.  
 
 
Working 
Electrode 

[Phenol] Applied 
Potential (V 
vs Fc+/0) 

Charge 
Passed 
(C) 

FECO % FEH2% CO 
Selectivity 
% 

1 cm2  
glassy carbon 
plate 

0.1 M  –2.32  0.68 25.1 0.66 95 

1 cm2  
glassy carbon 
plate 

1 M  –2.24 0.11 30 14 52 

31.6 cm2  
RVC foam 

1 M  –2.09 10.4 63.76 18.40 63 

39 cm2  
RVC foam 

0.1 M  –2.42 8.6 13.25 11.88 36 

35.1 cm2  
RVC foam 

0.1 M  –2.32 15 8.93 11.47 28 

Conditions: 1 mM [Co]2+, 0.1 M NBu4PF6/CH3CN saturated with CO2. 
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Figure 2.11. Photocatalytic activity of [Co]2+ (a) on average over a 6-hour period and (b) over 
a 15-hour period showing both CO and H2 production. Conditions: 2 µM [Co]2+, 200 µM IrPS-
1, 50 mM TEA, and 1 M phenol in CO2-saturated CH3CN solution. 
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Table 2.3. Summary of Photocatalytic activity of [Co]2+  
 
Photosensitizer 
(200 µM) 

Sacrificial 
Electron Donor 

[Acid] CO 
TON/h 

H2 TON/h CO 
Selectivity 
(%) 

RuPS 100 mM BIH 1 M PhOH 170 464 27 

IrPS-1 
100 mM BIH 
 

1 M PhOH  
122 512 

 
19 

IrPS-2 50 mM BIH 1 M PhOH 256 655 28 

IrPS-1 
 
50 mM BIH 

1 M PhOH 
647 132 

 
83 

RuPS 50 mM BIH 1 M PhOH 376 189 67 
IrPS-1 50 mM TEA 1 M PhOH 120 8 94 
IrPS-1 50 mM TEA 0.5 M 

PhOH 13 58 18 
IrPS-1 50 mM TEA 0.1 M 4-Cl-

PhOH 14 72 17 
IrPS-1 50 mM TEA 100 mM 

TFE 18 29 38 
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Figure 2.12. Dynamic light scattering measurements for 0, 15 and 30 minutes of photocatalytic 
activity from (a) 2 µM [Co]2+, 200 µM IrPS-1, 100 mM BIH, and 1 M phenol and (b) 2 µM [Fe]2+, 
200 µM RuPS, 100 mM BIH, and 1 M phenol.  
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Figure 2.13. Photocatalytic activity of (a) 2 µM [Fe]2+ using 200 µM IrPS-2, 100 mM BIH, and 1 M 
phenol for 90 minutes. (b) Photocatalytic activity of [Fe]2+ using IrPS-2 for 40 minutes, followed by 
addition of 100 mM BIH and 1 M phenol. After seeing no recovery in catalytic activity after 60 
minutes, additional [Fe]2+ was added. 
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Table 2.4. Crystallographic data for [Co]2+. 

 [Co(tpyPY2Me)] (OTf)2 

Empirical formula C29H21CoF6N5O6S2 

Formula weight 772.56 

Crystal system, space group Orthorhombic, Pbca 

Temperature/K 100(2) 

a (Å) 15.2899(4) 

b (Å) 16.6026(4) 

c (Å) 23.1604(6) 

V (Å3) 5879.3(3) 

Z 8 

μ (mm-1) 0.819 

F(000) 3128.0 

Crystal size (mm3) 0.24 × 0.2 × 0.12 

q range for data collection (°) 2.927 to 26.37  

Radiation MoKα (λ = 0.71073) 

No. of reflections for cell measurement 16238 
Index ranges -16 ≤ h ≤ 19 

-20 ≤ k ≤ 20 
-28 ≤ l ≤ 24 

Reflections collected/ unique 38669 / 6007 

Rint = 0.0589 Rint = 0.0589 

Data/restraints/parameters 6007 / 0 /443 

Goodness-of-fit on F2 1.038 

Final R indexes [I>=2σ (I)] R1 = 0.0352, wR2 = 0.0796 

Largest diff. peak/hole (e Å-3) 0.47/-0.47 
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aObtained with a rotating-anode X-ray tube, Rigaku Mo Ka (l = 0.71073 
Å) X-ray source. bR1 = ∑||F0| − FC||/∑|F0|,R2 = (∑[w(F0 2 − F0 2 ) 2 ]/∑[ 
w(F0 2 ) 2 ])1/2 . 
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Table 2.5. Selected bond lengths (Å) and angles (°) for [Co]2+. 

  
Atoms Distance Atoms Distance 
Co1—N1 1.8975(17) C4—C5 1.379(3) 

Co1—N2 1.8658(18)  C5—C6 1.465(3) 

Co1—N3 1.9610(18) C6—C7 1.396(3) 

Co1—N4 1.9564(17) C7—C8 1.387(3) 

Co1—N5 2.0647(18) C8—C9 1.389(3) 

Co1—O5 2.5958(15)  C9—C10 1.382(3) 

N1—C15 1.340(3) C10—C11 1.476(3) 

N1—C11 1.364(3) C11—C12 1.377(3) 

N2—C6 1.340(3) C12—C13 1.387(3) 

N2—C10 1.351(3) C13—C14 1.381(3) 

N3—C1 1.340(3) C14—C15 1.388(3) 

N3—C5 1.369(3) C15—C16 1.536(3) 

N4—C23 1.351(3) C16—C17 1.537(3) 

N4—C27 1.344(3) C16—C18 1.549(3) 

N5—C18 1.354(3) C18—C19 1.387(3) 

N5—C22 1.339(3)  C19—C20 1.385(3) 

O5—S2 1.4523(16) C20—C21 1.378(3) 

C1—C2 1.387(3) C21—C22 1.378(3) 

C2—C3 1.385(3) C23—C24 1.383(3) 

C3—C4 1.383(3) C24—C25 1.383(3) 
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Atoms Angle Atoms Angle 

N1—Co1—N3 163.58(7) N3—Co1—N5 96.73(7) 

N1—Co1—N4 92.88(7)  N3—Co1—O5 84.25(6) 

N1—Co1—N5 85.85 (7) N4—Co1—N3 103.46(7) 

N1—Co1—O5 95.53(6) N4—Co1—N5 95.53 (6) 

N2—Co1—N1 81.75(7) N4—Co1—O5 85.66 (6) 

N2—Co1—N3 82.15(8) N5—Co1—O5 171.75(6) 

N2—Co1—N4 162.20(8) N2—Co1—O5 78.03(6) 

N2—Co1—N5 110.22(7)   
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Table 2.6. Predicted redox potentials of [Co]2+ (vs Fc+/0) using various DFT functionals. 

Functional 1st Reduction  2nd Reduction  
wB97M-V -0.88 -2.22 
wB97X-D -0.57 -2.30 
CAM-
B3LYP 

-0.57 -2.24 

MN15 -0.36 -3.08 
PBE0 -0.45 -2.84 
SCAN -0.73 -1.57 
B97-D -1.02 -1.26 
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Table 2.7. DFT optimized structure of [Co]+ from calculations using ωB97X-D functionals and 
CH3CN solvent. 

Atom x y z 

H 0.23008 9.41986 -6.27122 
C 0.13593 9.55785 -5.19251 
H -0.52895 11.62251 -5.30539 
C -0.28507 10.77368 -4.66626 
C -0.38259 10.88537 -3.28653 
H -0.69966 11.8178 -2.81337 
N -0.09596 9.87501 -2.4603 
C 0.3152 8.69544 -2.94859 
C 0.44086 8.51068 -4.32792 
H 0.77389 7.56173 -4.74101 
C 0.6273 7.57435 -1.92501 
C 1.06011 6.29827 -2.65044 
H 0.27391 5.93618 -3.32494 
H 1.28531 5.49717 -1.9353 
Co -0.1416 10.11391 -0.41331 
C -0.65246 7.31591 -1.09455 
C -1.27111 6.06495 -1.04521 
H -0.86711 5.21691 -1.5925 
C -2.42443 5.8963 -0.28407 
C -2.93758 6.98038 0.41692 
H -3.8331 6.89615 1.03287 
C -2.27106 8.19476 0.32568 
H -2.61526 9.07033 0.88184 
N -1.58836 11.41001 -0.22468 
C -2.80175 11.3431 -0.79287 
H -2.9806 10.48196 -1.44116 
C -3.77902 12.29984 -0.58057 
H -4.75192 12.20102 -1.0621 
C -3.48664 13.37979 0.2582 
C -2.23458 13.45939 0.84663 
H -1.98143 14.28861 1.50745 
C -1.29389 12.4578 0.59348 
C 0.05684 12.3943 1.15182 
C 0.68661 13.27926 2.00206 
H 0.17757 14.17898 2.34912 
C 2.01011 13.00792 2.4175 
C 2.65953 11.85983 1.97059 
H 3.68418 11.65088 2.28236 
C 1.989 10.9839 1.11494 
C 2.44452 9.7506 0.51971 
C 3.69469 9.13484 0.68489 



  

69 
 

H 4.44359 9.58132 1.33972 
C 3.95322 7.96596 -0.00057 
H 4.91683 7.46625 0.11029 
C 2.98173 7.41819 -0.85727 
H 3.2096 6.50676 -1.40401 
C 1.75785 8.05692 -0.98849 
N 1.50508 9.17923 -0.2932 
N 0.70381 11.26889 0.72617 
N -1.16469 8.3529 -0.41183 
H 2.52397 13.70522 3.07938 
H 1.96322 6.47336 -3.24827 
H -2.91257 4.92086 -0.24049 
H -4.23455 14.15138 0.44933 
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Table 2.8. DFT optimized structure of [Co]0 from calculations using ωB97X-D functionals and 
CH3CN solvent. 

Atom x y z 

H 0.10751 9.05497 -6.40233 
C -0.00275 9.2678 -5.33697 
H -0.82087 11.26392 -5.60613 
C -0.51431 10.48703 -4.905 
C -0.62458 10.69254 -3.53731 
H -1.01493 11.62815 -3.12653 
N -0.26397 9.77247 -2.63852 
C 0.22879 8.58745 -3.03013 
C 0.37041 8.31346 -4.39621 
H 0.77083 7.36299 -4.73987 
C 0.63419 7.56825 -1.93482 
C 1.08201 6.25693 -2.58714 
H 0.27898 5.80999 -3.18921 
H 1.38657 5.52834 -1.82608 
Co -0.24634 10.24192 -0.59139 
C -0.58368 7.30537 -1.0126 
C -1.08017 6.01702 -0.77871 
H -0.62418 5.14678 -1.24426 
C -2.17255 5.83773 0.06361 
C -2.76007 6.94657 0.6636 
H -3.61849 6.85394 1.3297 
C -2.21491 8.19291 0.3903 
H -2.62256 9.10779 0.82992 
N -1.6795 11.65135 -0.27396 
C -2.94597 11.68975 -0.75527 
H -3.22599 10.84564 -1.3963 
C -3.84646 12.68945 -0.48729 
H -4.85081 12.65192 -0.91133 
C -3.43342 13.76577 0.35246 
C -2.15457 13.75468 0.85676 
H -1.81248 14.5659 1.50234 
C -1.26508 12.69901 0.55007 
C 0.08876 12.60681 1.03535 
C 0.7787 13.50452 1.87992 
H 0.29559 14.40661 2.25661 
C 2.09454 13.2139 2.22481 
C 2.7375 12.06154 1.75535 
H 3.76924 11.84635 2.03447 
C 2.01331 11.19825 0.91914 
C 2.46544 9.95407 0.31526 
C 3.73599 9.38375 0.46169 
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H 4.48632 9.88288 1.07764 
C 4.03054 8.19309 -0.17674 
H 5.01501 7.73421 -0.07374 
C 3.0352 7.56593 -0.97461 
H 3.27374 6.63016 -1.47617 
C 1.79675 8.16052 -1.09127 
N 1.51185 9.32348 -0.46373 
N 0.73603 11.49846 0.59498 
N -1.16509 8.35877 -0.41884 
H 2.63936 13.90038 2.87746 
H 1.94812 6.42375 -3.23895 
H -2.56038 4.83346 0.24658 
H -4.11862 14.5815 0.59031 
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Table 2.9. Free energy adiabatic spin gaps for the [Co]n+ (n = 2,1,0) complex; referenced against 
the minimum energy spin state for each reduction level. Reference spin states are reported as a 
quartet, singlet, and doublet for the unreduced (n = 2), singly reduced (n = 1), and doubly reduced 
(n = 0) complexes respectively. Values are reported in kcal/mol and obtained using the ωB97M-V 
functional. 
 

[Co]2+ [Co]+ [Co]0 

+3.34 (quartet -> doublet) +11.83 (singlet -> triplet) +3.35 (doublet -> quartet) 

 +14.85 (singlet -> quintet) +5.71 (doublet -> sextet) 
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Chapter 3: Synergistic Porosity and Charge Effects in a Supramolecular Porphyrin Cage Promote 
Efficient Photocatalytic CO2 Reduction 

 
 
 
 
 
 
 
 
This work was published in the following scientific journal: 
 
Lun An, Patricia De La Torre, Peter T. Smith, Mina R. Narouz, and Christopher J. Chang, 
Synergistic Porosity and Charge Effects in a Supramolecular Porphyrin Cage Promote Efficient 
Photocatalytic CO2 Reduction. Angew. Chem. Int. Ed. 2023, 62, e202209396; Angew. 
Chem. 2023, 135, e202209396. 

  



80 
 

Abstract:  
 
We present a supramolecular approach to catalyzing photochemical CO2 reduction through 
second-sphere porosity and charge effects. An iron porphyrin box (PB) bearing 24 cationic groups, 
FePB-2(P), was made via post-synthetic modification of an alkyne-functionalized supramolecular 
synthon. FePB-2(P) promotes the photochemical CO2 reduction reaction (CO2RR) with 97% 
selectivity for CO product, achieving turnover numbers (TON) exceeding 7000 and initial turnover 
frequencies (TOFmax) reaching 1400 min-1. The cooperativity between porosity and charge results 
in a 41-fold increase in activity relative to the parent Fe tetraphenylporphyrin (FeTPP) catalyst, 
which is far greater than analogs that augment catalysis through porosity (FePB-3(N), 4-fold 
increase) or charge (Fe p-tetramethylanilinium porphyrin (Fe-p-TMA), 6-fold increase) alone. 
This work establishes that synergistic pendants in the secondary coordination sphere can be 
leveraged as a design element to augment catalysis at primary active sites within confined spaces. 
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1. Introduction 
Conversion of carbon dioxide (CO2) into value-added chemical feedstocks using renewable 

energy inputs represents a sustainable solution to simultaneously mitigate growing global energy 
demands and reduce greenhouse gas concentrations.1-4 These challenges continue to motivate 
widespread efforts in the development of new catalyst systems for the electrochemical and 
photochemical CO2 reduction reaction (CO2RR).5-16 In this regard, homogeneous catalysts 
featuring well-defined metal active sites and ligand scaffolds are valuable in elucidating 
structure/activity relationships and mechanisms with molecular-level control.6-8, 13-15 To date, two 
main strategies have been adopted to advance the field of molecular CO2RR catalysis: (1) primary 
coordination sphere chemistry with ligand modifications to tune redox properties of metal 
centers,17-23 and (2) secondary coordination sphere chemistry to introduce functionalities beyond 
the primary active site, including charged 24-31 or hydrogen-bonding groups,31-47 to promote capture 
and transformation of CO2 and its reduced intermediates. For the latter strategy, we have initiated 
a program to explore a supramolecular second-sphere approach to enhance CO2RR48 and related 
small-molecule activation reactions49-51 by integrating planar molecular catalysts into three-
dimensional confined space architectures. In particular, porous molecular cages, such as metal-
organic coordination cages (MOCs) 52-60 and porous organic cages (POCs),61-68 offer the ability to 
organize reaction substrates69 and intermediates,70 as well as tune reaction kinetics,71 thus 
capturing the functional essence of enzyme-substrate binding processes.72 As discrete molecular 
analogs of extended covalent organic framework (COF)73-82 and metal organic framework 
(MOF)83-94 materials used for CO2RR, porous molecular cages offer comparable advantages of 
permanent porosity in confined spaces with higher solution processibility and homogeneous 
molecular control.95 
 
 
However, despite early advances in the development of molecular cages for energy conversion 
reactions, these structures largely utilize only one second-sphere feature to augment catalysis – 
porosity. As such, we sought to incorporate additional second-sphere functionalities into such 
scaffolds, reasoning that synergy between multiple types of interactions could achieve higher 
cooperative gains in activity and/or selectivity compared to a single type of interaction. We now 
report the design, synthesis, and evaluation of a modular porphyrin-based organic cage platform 
that incorporates dual features of porosity and charge; these multiple second-sphere effects 
coordinate to amplify photochemical CO2RR catalysis beyond incorporation of individual second-
sphere elements alone (Scheme 3.1). An alkyne-functionalized iron porphyrin box (FePB-1(A)) 
synthon enables addition of 24 positively-charged ammonium groups via click chemistry to afford 
FePB-2(P). CO2RR activity comparisons across a systematic series of analogs that feature only 
porosity (FePB-3(N)) or charge (Fe-p-TMA) reveal that the dual-functionalized FePB-2(P) 
catalyst enhances CO2RR catalysis by over 40-fold over the parent FeTPP compound. In contrast, 
porosity-only or charge-only interactions give more modest 4-fold or 6-fold increases, 
respectively. FePB-2(P) promotes efficient CO2RR with 97% selectivity for CO product, 
achieving TON exceeding 1100 and initial TOFmax reaching 160 min-1 per Fe center. These results 
provide a starting point for the broader incorporation of multiple, synergistic second-sphere 
functionalities as a design element to enhance catalysis in confined molecular spaces. 
 
 
2. Results and Discussion 
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2.1. Synthesis and Characterization of a Modular Porous Porphyrin Cage Platform Bearing 
Peripheral Positive Charges.  

To start, motivated by broader interest in the development of methods for modular post-
synthetic modifications of molecular cages,96, 97 we designed and prepared the alkyne-containing 
clickable porphyrin box PB-1(A) starting from an alkyne functionalized triamine linker 1 
(Synthetic Details 5.1). The reported procedure for the unfunctionalized PB linker 1,3,5-
tris(aminomethyl)-2,4,6-trialkylbenzene features a bromomethylation/azidation/reduction 
sequence to introduce the three aminomethyl groups.98 However, the harsh conditions required in 
the bromomethylation step (HOAc/HBr, 70 oC, 18 h) prevented us from introducing the alkynyl 
functionality in the early stage of the synthesis. Instead, three 1-chloro-hexyl groups were 
selectively introduced by substitution of phloroglucinol and 1-bromo-6-chlorohexane, which were 
well tolerated in the bromomethylation step and provided accessible chloric handles for late-stage 
alkynylation. The chloride groups were successfully converted to terminal aldehyde groups by a 
bromination/hydrolysis/oxidation sequence. However, neither the Seyferth-Gilbert homologation 
nor the Corey-Fuchs reaction was successful in transforming these aldehydes into terminal alkyne 
functionalities.99, 100 After screening several reaction conditions, the alkynyl groups were 
introduced via an iron-catalyzed reductive etherification reaction of carbonyl with triethylsilane 
and trimethyl(pent-4-yn-1-yloxy)silane in 93% yield.101 Upon deprotection with hydrazine, alkyl 
functionalized triamine linker (1) was obtained. The alkyne functionalized PB-1(A) was then 
assembled in 90% yield by condensing eight triamine linkers (1) and six 
tetraformylphenylporphyrin building blocks (2) in CHCl3 solution with a catalytic amount of 
TFA.98 PB-1(A) was thoroughly characterized by NMR, FT-IR, and UV-vis spectroscopies as well 
as MALDI mass spectrometry and elemental analysis; the presence of 24 terminal alkynes was 
confirmed by the observation of a triplet at 1.94 ppm in the 1H-NMR spectrum (Figure 3.15) and 
a sharp peak at 3293 cm-1 corresponding to the C-H stretch of the terminal alkynes detected by FT-
IR (Figure 3.19). Notably, this PB-1(A) cage serves as a versatile synthon for further 
functionalization by copper-catalyzed azide-alkyne cycloaddition (CuAAC) click chemistry, after 
its metalation with zinc acetate to prevent copper insertion into the porphyrin during the click 
reaction. Initial pilot screening reactions between ZnPB-1(A) and N3-(CH2)6-NMe3+PF6ˉ using 
typical conditions102: CuSO4 (1.0 eq., 4.2 mol% per alkyne) and sodium ascorbate (2.0 eq., 8.4 
mol% per alkyne) in a tBuOH/H2O solvent mixture at room temperature resulted in no product 
isolated after 24 hours (Table 3.1, entry 1). Further optimization attempts involving changes in 
catalyst loading, solvent, and reaction temperature failed to yield the desired product (Table 3.1, 
entries 2-4). To simplify the reaction system, we turned to Cu(I) as a catalyst in anhydrous DMF 
solution. Unfortunately, neither catalytic nor stoichiometric quantities of CuI or Cu(PPh3)3Br were 
successful, even after raising the temperature to 60 oC (Table 3.1, entries 5-8). Finally, we were 
able to obtain the desired product using click-type polymerization conditions103 consisting of 
Cu(I)Br (24.0 eq.) with pentamethyldiethylenetriamine (PMDETA) (24.0 eq.). The positively 
charged ZnPB-2(P) organic cage was prepared in 95% isolated yield as confirmed by 1H- and 19F-
NMR, UV-vis, FT-IR, and elemental analysis (Scheme 3.2). 1H-NMR analysis of ZnPB-2(P) in 
CD3CN showed a new peak at 6.70 ppm with an integral of 24 protons (Figure 3.26), which was 
assigned as the triazole signal. Moreover, the singlet at 2.68 ppm corresponding to the 
trimethylammonium group and the multiple at 0.60 – 1.70 ppm assigned to alkyl chains further 
demonstrated the successful addition of N3-(CH2)6-NMe3+ to ZnPB-1(A). The presence of PF6− 
counter anions was confirmed by observation of a doublet at –72.6 ppm by 19F-NMR (Figure 3.27). 
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Elemental analysis revealed a nitrogen percentage increase from 6.66% (6.72% calculated) to 
10.89% (11.25% calculated) as a consequence of the formed triazole rings and added quaternary 
ammonium groups, while carbon percentage decreased from 74.53% (74.91% calculated) to 
53.90% (56.27% calculated). Moreover, we were able to characterize ZnPB-2(P) using 
electrospray ionization mass spectrometry (ESI-MS). The multiply charged ions distribution from 
+13 to +20 were observed as ZnPB-2(P) losing the corresponding number of counterions (PF6−) 
ions (Table 3.2, Figures 3.30-3.38). Taken together, these data further confirm successful PB 
modification through a modular post-synthetic click chemistry method. 

2.2. Synthesis, Redox Behavior, and Electrochemical CO2 Reduction Activity of Porous Iron 
Porphyrin Cage Analogs With or Without Additional Charged Functionalities.  

To systematically evaluate the effects of second-sphere porosity and charge within these 
confined space CO2RR catalysts, we synthesized the Fe analogs of the alkyne-functionalized, 
neutral, and highly positively charged porphyrin boxes, FePB-1(A), FePB-3(N), and FePB-2(P), 
respectively (Figure 3.1a). It is noteworthy that the charged FePB-2(P) organic cage is soluble in 
both DMF and CH3CN solvents at up to 1 mM concentrations, which is uncommon in PB 
supramolecules.104 The newly-synthesized FePB cages, as well as the mononuclear FeTPP and 
the tetracationic Fe-p-TMA, which provide control compounds for electrostatic effects in planar  
 

mononuclear catalysts, were first compared by cyclic voltammetry (CV) using a glassy carbon 
electrode. The CV of FePB-1(A) under an Ar atmosphere shows three redox waves at E1/2 = –0.62, 
–1.52, and –2.11 V vs. ferrocene/ferrocenium (Fc/Fc+), which we assigned as the formal FeIII/FeII, 
FeII/FeI, and FeI/Fe0 redox couples, respectively (Figure 3.1b). The slight positive shift of FeI/Fe0 
couple in FePB-1(A) compared to FeTPP (E1/2 = –2.15 V) is likely the result of the electron-
withdrawing effect of the imine linkages in the porphyrin box. However, these data show that 
supramolecular encapsulation has modest effects on intrinsic redox properties of molecular 
porphyrin building blocks. FePB-3(N) displays a similar FeI/Fe0 couple (E1/2 = –2.10 V) to FePB-
1(A), indicating the triazole formed after the click reaction also has little effect on the redox 
potential of the iron centers, while the broadening of the FeIII/FeII and FeII/FeI redox couples may 
be due to increased molecular complexity or varied metal ligation by solvent or counteranion. 
Interestingly, a 150-mV positive shift of the FeI/Fe0 wave was observed in FePB-2(P) (E1/2 = –
1.95 V) compared with FePB-1(A) (Figure 3.1b). The electrostatic effect of introducing twenty-
four trimethylammonium groups onto the periphery of a porous porphyrin cage scaffold is similar 
to what was reported for the inductive effect of adding four trimethylanilinium groups to a planar 
FeTPP compound in Fe-p-TMA (E1/2 = –2.00 V).105 This charge effect is also responsible for a 
significant shift of Ecat0 toward positive potentials (vide infra). Upon the addition of CO2 and 1.0 
M of 2,2,2-trifluoroethanol (TFE) as a proton source, a large current increase is observed for FePB-
2(P), indicating fast CO2 reduction catalysis (Figure 3.1c). The peak catalytic current under CO2 
for FePB-2(P) is substantially higher than that for each of the non-porous or non-cationic catalysts 
studied. In order to quantify product selectivity and evaluate the electrochemical stability of FePB-
2(P), controlled potential electrolysis (CPE) experiments at various applied potentials were 
conducted in CO2-saturated acetonitrile solutions with 1.0 M TFE as the proton source and 1.67 
μM of catalyst (10 μM Fe). Carbon monoxide (CO) was detected as the major product with a 
Faradaic efficiency (FE) of ca. 80%. The low catalyst loading demonstrated the high activity of 
FePB-2(P) for electrochemical CO2RR, which gave a high total TON of 2656 within one hour 
(Figure 3.55). 
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2.3. Photochemical CO2 Reduction Activity of Porous Iron Porphyrin Cage Analogs With or 
Without Additional Charged Functionalities.  

Encouraged that FePB-2(P) is capable of electrochemical CO2RR activity, we turned our 
attention to light-driven CO2 reduction catalysis. In a typical experiment, 2 µM FePB-2(P) catalyst 
was added to a CO2-saturated CH3CN solution containing 200 µM Tris[2-phenylpyridinato-
C2,N]iridium(III) (Ir(ppy)3) as a photosensitizer, 100 mM 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-
benzo[d]imidazole (BIH) as a sacrificial electron donor, and 1.0 M TFE as a proton source; the 
reactions were irradiated using a 440 nm blue LED light source. Figure 2a shows the catalytic 
activity of FePB-2(P) over a 1-hour period. Within the first two minutes of the reaction, a TOFmax 
of 1429 min-1 is reached; rates of this magnitude are unprecedented for homogeneous Fe porphyrin 
photocatalysts.106-110 After a 1-hour photolysis period, we obtained a TON of 7,006 per box (1,168 
per Fe center) with 97% selectivity for CO. Control experiments performed show that the catalyst, 
CO2, proton source, sacrificial electron donor, light, and photosensitizer, are all required for 
activity (Table 3.3, Entries 6-11). Stern-Volmer analysis of the Ir(ppy)3 excited state was used in 
order to determine a photocatalytic mechanism. We measured a bimolecular quenching rate 
constant (kq) of 1.79 x1011 M-1 s-1 in CH3CN between Ir(ppy)3 and FePB-2(P) with no emission 
quenching observed using BIH (Figure 3.56), indicative of an oxidative quenching mechanism. 
All other catalysts gave similar quenching rate constants when measured in DMF (Figure 3.57). 
The quantum yield for CO production was determined to be Φ = 5.75% by ferrioxalate 
actinometry. 

To disentangle contributions of second-sphere porosity and charge in FePB-2(P), we evaluated 
the photocatalytic activity of FeTPP, Fe-p-TMA, and FePB-3(N). To achieve a fair comparison 
and to ensure homogeneous conditions for all the catalysts, we used DMF as the solvent, increased 
catalyst concentration to 12 µM for mononuclear Fe porphyrins and corrected turnover number 
per iron center (TON[Fe]) to reflect activity per Fe center, assuming there are 6 active iron centers 
per molecule of FePB catalyst. Figure 2b shows the photocatalytic activity of FeTPP, Fe-p-TMA, 
FePB-3(N), and FePB-2(P) after 1-hour irradiation in CO2-saturated DMF using the same 
standard conditions. We observe that the neutral porous cage catalyst FePB-3(N) outperforms 
FeTPP, which we attribute to enhanced substrate confinement effects in porous catalyst 
structures,48 giving FePB-3(N) a 4-fold higher TON[Fe] and superior CO selectivity of 88% (Figure 
3.2b). The previously reported107, 108 incorporation of four trimethylanilinium groups into an 
FeTPP framework is reproduced under these conditions, showing higher selectivity and 6-fold 
higher TON value for CO2RR with Fe-p-TMA (FECO = 88%, TON[Fe] = 70) compared to FeTPP 
(FECO = 70%, TON[Fe] = 12). 

 

Interestingly, the data reveal that FePB-2(P), which is endowed with both electrostatic and 
porosity functionalities, achieves a TON[Fe] of 496 after 1 h irradiation, representing a 41-fold 
increase in CO2RR activity over the parent FeTPP catalyst. This enhancement is larger than what 
is observed for porosity-only FePB-(N) (4-fold) and charge-only Fe-p-TMA (6-fold) congeners, 
suggesting that integrating dual porosity and electrostatic interactions onto a single platform can 
work together to enhance photocatalytic CO2RR activity in synergistic manner (Figure 3.2b, Table 
3.3, Entries 1-5). Moreover, the high activity of FePB-2(P) enables photochemical CO2RR to 
proceed under low CO2 concentrations.111-113 Indeed, Figure 3.2c shows FePB-2(P) achieves a CO 
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TON of 5476 with as little as 2% CO2 in CH3CN, maintaining 78% of its activity compared to 
saturated CO2 conditions. We speculate that the ability of FePB-2(P) to maintain high relative 
CO2RR rates even at low CO2 concentrations may be attributed to the propensity of the porous 
organic cage to promote both carbon capture and conversion.48, 98 We then compared the CO2RR 
activity per [Fe] of FePB-2(P) with FeTPP and FePB-3(N) in DMF (Figure 3.2d). Going from 
the planar FeTPP catalyst to three-dimensional porous FePB-3(N) cage results in an 18-fold 
increase in TOF under 50% CO2 concentrations, suggesting that porosity can play a critical role in 
facilitating substrate capture and conversion. Moreover, combining second-sphere porosity and 
charge in FePB-2(P) further augments the system, resulting in a 15-fold increase in TOF compared 
to FePB-3(N) at 2% CO2 levels.  
 
3. Concluding Remarks 

To close, we have presented a supramolecular approach to enhancing photochemical 
CO2RR in confined spaces through synergistic second-sphere porosity and charge effects. We 
enabled this strategy through the modular post-synthetic modification of porous porphyrin organic 
cages, where the incorporation of 24 alkyne groups provides a versatile platform for further 
functionalization via click chemistry. Using this synthon, addition of neutral carbon chain and 
cationic trimethylammonium groups onto the periphery of the cage scaffold affords FePB-3(N) 
and FePB-2(P) supramolecules featuring porosity-only and dual porosity/charge effects, 
respectively. Comparison of these catalysts with a planar Fe-p-TMA catalyst with charge-only 
effects establishes that dual second-sphere porosity and charge interactions can augment CO2RR 
activity in a cooperative manner, exceeding the additive performance of introducing porosity or 
charge alone. FePB-2(P) achieves efficient CO2RR with 97% selectivity for CO, TON of 7,006, 
and initial TOF rate of 1,429 min-1. Moreover, these combined effects enable retention of efficient 
photochemical CO2RR activity at concentrations of CO2 down to 2%. This work highlights the use 
of multiple synergistic second-sphere interactions as an effective design strategy to enhance CO2 
capture and conversion activity, a concept that can be applied to a broader array of small-molecule 
activation reactions.  
 
4. Experimental Section 
 
4.1 General Methods 

All reagents and solvents were purchased from commercial sources and used without 
further purification unless specified. Carbon dioxide (99.99%), carbon monoxide (99.5%), 
hydrogen (99.999%), ethane (99.9%), and argon (99.999%) were purchased from Praxair. meso-
Tetraphenylporphyrin iron(III) chloride (FeTPP, >97%) and iron(III) meso-tetra(4-N,N,N,N-
trimethylanilinium) porphine pentachloride (Fe-p-TMA, >95%) were purchased from Frontier 
Specialty Chemicals. FeBr2 was purchased from Strem Chemicals and stored in the glovebox. 
Tris[2-phenylpyridinato-C2,N]iridium(III) (Ir(ppy)3, 99%), 2,2,2-trifluoroethanol (TFE, ≥99%), 
electrochemical grade tetrabutylammonium hexafluorophosphate (TBAPF6, 99%), and 2,6-
lutidine (99%) were purchased from Sigma-Aldrich. 1,3-Dimethyl-2-phenyl-2,3-dihydro-1H-
benzo[d]imidazole (BIH) was synthesized according to the previously reported method.114 HPLC 
grade N,N-dimethylformamide (DMF) and acetonitrile (CH3CN) for photochemistry were 
purchased from Fisher and used as received. Tetrahydrofuran (THF) was dried using a JC Meyer 
solvent purification system. Deionized water was obtained from a Millipore Autopure system. FT-
IR spectra were collected using a Bruker Vertex80 spectrometer. UV/Vis spectra were collected 
using an Agilent Cary 60 spectrophotometer at room temperature. Electrospray ionization (ESI) 
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mass spectrometry was collected on a PerkinElmer AxION 2 TOF MS. Matrix-assisted laser 
desorption ionization (MALDI) mass spectrometry spectra were obtained using a Shimadzu 
AXIMA Performance. ESI mass spectra for ZnPB-2(P) were recorded using an LTQ FT-ICR mass 
spectrometer equipped with an electrospray ionization source (Finnigan LTQ FT, Thermo Fisher 
Scientific, Waltham, MA) operated in positive ion mode in the UC Berkeley’s QB3/Chemistry 
mass spectrometry facility. Nuclear magnetic resonance (NMR) spectra were obtained on a Bruker 
AV-600 instrument at UC Berkeley’s College of Chemistry NMR Facility. The chemical shifts (δ) 
are given in parts per million (ppm) relative to CDCl3 (7.26 ppm for 1H) or TMS (0 ppm for 1H) 
and CDCl3 (77.0 ppm for 13C), and coupling constants (J) are reported in Hertz (Hz). The following 
abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, m = 
multiplet, br = broad, td = triplet of doublets, app. t = apparent triplet. 
 
4.2 Electrochemical Measurements 

Cyclic Voltammetry Methods. Cyclic voltammetry experiments were performed using a 
Bioanalytical Systems, Inc. (BASi) Epsilon potentiostat. A 10 mL 2-neck pear-shaped flask was 
equipped with a glassy carbon disk (3.0 mm diameter, BASi) working electrode, a platinum wire 
counter electrode, and an Ag wire contained in a porous Vycor tipped glass tube filled with 
electrolyte as a pseudo-reference electrode. Before use, the working electrode was thoroughly 
polished with 0.05 µm alumina powder on a felt pad. The electrolyte was 0.1 M TBAPF6 in DMF 
or CH3CN freshly prepared with anhydrous solvent and saturated with either CO2 or Ar by 
sparging for 10 minutes. Gas flow was continued throughout the experiment with sparging in 
between scans and blanketing the solvent during scans. Cyclic voltammograms were obtained with 
internal resistance compensation measured immediately prior to each scan. The scan rates for all 
cyclic voltammograms were 100 mV/s unless otherwise noted. At the conclusion of the 
experiment, potentials were referenced against the ferrocene/ferrocenium redox couple of added 
ferrocene. 
 
4.3 Controlled Potential Electrolysis Methods 

Controlled potential electrolysis experiments were performed using a Bioanalytical 
Systems, Inc. (BASi) Epsilon potentiostat. Experiments were performed in a custom-made, gas-
tight PEEK cell that is a miniaturized version of one previously reported by our laboratory.41 The 
working chamber (25 mL liquid volume) and counter chamber (5 mL liquid volume) were 
separated by an ultra-fine glass frit (Ace Glass). A 1 cm × 1 cm × 0.6 cm Duocel® RVC foam 
(ERG Aerospace Corp.) attached to a stainless steel rod was used as the working electrode. A 
platinum gauze of about 1 cm2 area (Sigma-Aldrich) connected to a platinum wire was used as the 
counter electrode, and an Ag wire in a Vycor tipped glass tube filled with electrolyte was used as 
a pseudo-reference electrode. The working compartment was filled with 12 mL of a 1.67 μM 
solution of FePB-2(P) dissolved in 0.1 M TBAPF6 in CH3CN containing 1.0 M TFE as a proton 
source. The counter electrode chamber was filled with 4 mL of a 20 mM solution of 
tetrabutylammonium acetate dissolved in 0.1 M TBAPF6 in CH3CN. This soluble source of acetate 
was sacrificially oxidized to generate CO2 and ethane, thereby avoiding GC detection of solvent 
or anode oxidation byproducts. Both compartments were sealed to be gas-tight. The working 
compartment was sparged with CO2 for 15 min, then sealed and injected with 0.5 mL of ethane as 
a gaseous internal standard. The electrolyte solution was constantly stirred during the electrolysis 
with a 1 cm stir bar. At the conclusion of the experiment, the headspace was injected directly into 
an SRI gas chromatography instrument (model #8610C) equipped with a Haysep D column (1/8” 
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× 6’) and a 13X Mol Sieve column (1/8” × 6’). Carbon monoxide and ethane were quantified using 
an in-line flame ionization detector (FID) equipped with a methanizer, and hydrogen and ethane 
were quantified using a thermal conductivity detector (TCD). Analytes of interest were quantified 
by comparing ratios of analyte/internal stand peak integrals to a calibration curve with known 
amounts of analyte. 
 
4.4 Photocatalytic CO2 Reduction 

Experiments were conducted inside a 25 mL borosilicate culture tube equipped with a stir 
bar, rubber septum, and aluminum crimped top. These reaction vessels contained either 5 mL 
CH3CN or DMF, 2 µM catalyst, 200 µM photosensitizer, 100 mM BIH (112 mg), and 1.0 M TFE 
(360 µL). The reaction tubes were sparged with CO2 for 10 minutes, followed by injection of a 
gaseous internal standard (0.1 mL of C2H6). For low concentration setup: CO2 gas was diluted with 
Ar (2%, 10%, 25%, 50%, 75%, and 100% CO2 gas) using a Miller 299-006-1C Argon/CO2 Gas 
Mixer. Reactions were placed on a stir plate 13 cm from two Kessil blue LED lamps (440 nm) for 
the specified time in each experiment and kept at ambient temperature with a fan. Analysis of the 
headspace by GC was conducted for product detection as described above for CPE. Samples were 
then re-sparged with CO2, and the process was repeated for the following timepoint of an 
experiment.  
 
4.5 Fluorescence Quenching 

The fluorescence of a CO2-saturated CH3CN solution of Ir(ppy)3 (λabs= 380 nm, λem= 515 nm) 
was measured using a Photon Technology International Quanta Master 4 L-format scan 
spectrofluorometer equipped with an LPS-220B 75-W xenon lamp and power supply, A-1010B 
lamp housing with the integrated igniter, switchable 814 photocounting/analog photomultiplier 
detection unit, and MD5020 motor driver. Excited-state quenching experiments were carried out 
by adding either BIH or FePB-2(P). The relative emission lifetime of the photosensitizer in the 
presence of quencher was used to calculate the Stern-Volmer quenching constant (kq) using the 
following equation: 

I0/IQ = 1+ 𝜏f kq [Q] 
Where I0/IQ is the emission intensity in the absence (I0) or presence (IQ) of quencher, 𝜏f is the 
emission lifetime of Ir(ppy)3 (2 µs), and [Q] is the concentration of the quencher.  
 
A plausible reaction pathway for the photochemically CO2 reduction to CO was proposed based 
on the fluorescence quenching results: 
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4.6 Quantum Yield Determination 

The quantum yield (Φ) of photocatalytic CO2 reduction to CO was calculated for a 90-
minute experiment using 2 µM FePB-2(P), 200 µM Ir(ppy)3, 100 mM BIH, and 1 M TFE in CO2-
saturated CH3CN according to the equation: 

 
 
Where the number of photons per unit time (photon flux) emitted by the blue LED light source 
used during photocatalytic experiments was measured via chemical actinometry.  

 
We used ferrioxalate (K3[Fe(C2O4)3]) for the actinometry experiment. The photochemical 
decomposition of ferrioxalate (Fe3+) to Fe2+ can be monitored spectrophotometrically via the 
detection of free Fe2+ by chelation with phenanthroline according to the simplified reactions: First, 
a 3 mL (V1) solution of ferrioxalate (0.012 M in 0.05M H2SO4) was irradiated for 10, 20, and 30 
seconds while another solution of the same volume was kept in the dark. A 0.5 mL (V2) aliquot of 
the irradiated solution was then added to a 2 mL solution of buffered phenanthroline (0.1% 
phenanthroline in 1.6 M NaOAc/0.5 M H2SO4) and then diluted with deionized water in a 25 mL 
(V3) volumetric flask. This final solution was used for absorption measurement at 510 nm using 
an l=1 cm quartz cuvette.  
 
 
The moles of Fe2+ formed in an irradiated solution can be calculated by:  

 
Where ΔA510nm is the difference in absorption between the solution kept in the dark and the 
irradiated solution, and ε510nm is the molar absorptivity of [Fe(phen)3]2+ at 510 nm (11100 L mol-1 
cm-1).  
The average photon flux was then calculated using the following equation: 

 
Where Φλ is the excitation wavelength dependent quantum yield of ferrioxalate.  
 
5. Synthetic Details 
 
5.1 Synthesis of Triamine Linker 1 

Φ =
2 (number of CO molecules)
number of photons absorbed

x 100 %

Fe3+ Fe2+Δ

Fe2+ + 3 phen [Fe(phen)3]2+

λmax= 510 nm

moles Fe2+ =
V1 x V3 x ΔA510

103 x V2 x l x ε510

6.022 x1023 x moles Fe2+
# photons/sec =

Φλ x t
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1,3,5-Tris((6-chlorohexyl)oxy)benzene (2). To a suspension of 1-Bromo-6-chlorohexane (500 g, 
2.5 mol, 5.0 eq.) and anhydrous K2CO3 (414.7 g, 3.0 mol, 6.0 eq.) in DMF (1.0 L) was added a 
solution of phloroglucinol (63.1 g, 0.5 mol, 1.0 eq.) in DMF (0.5 L) over a period of 2 h at room 
temperature. Upon completion of addition, the reaction mixture was stirred at room temperature 
for another 96 h. The reaction mixture was then filtered through a pad of Celite, and the filtrate 
was concentrated under reduced pressure. The residue was redissolved in dichloromethane (DCM, 
300 mL). The organic layer was washed successively with water (3 × 100 mL) and brine (100 mL), 
dried over anhydrous MgSO4, and concentrated under reduced pressure. The crude product was 
purified by silica gel column chromatography (Hexane/DCM = 2:1) to give compound 2 as a 
colorless oil. Yield: 61.6 g (64 %). It should be noted that the purified product contains some 
bromine-functionalized product as indicated by 1H NMR. 1H NMR (600 MHz, CDCl3) δ 6.05 (s, 
3 H), 3.91 (t, J = 6.4 Hz, 6 H), 3.55 (CH2Cl, t, J = 6.7 Hz, 5.3 H), 3.42 (CH2Br, t, J = 6.8 Hz, 0.7 
H), 1.92 – 1.87 (CH2CH2Br, m, 0.7 H), 1.84 – 1.74 (CH2CH2Cl, m, 11.3 H), 1.54 – 1.45 (m, 12 
H). 13C NMR (151 MHz, CDCl3) δ 160.9, 93.8, 67.7, 45.0, 33.7, 32.7, 32.5, 29.0, 27.9, 26.6, 25.4, 
25.3. MS (MALDI-TOF): calculated for C24H40Cl3O3 [M+H]+: 481.20, found: 481.21. 
 
1,3,5-Tris(bromomethyl)-2,4,6-tris((6-chlorohexyl)oxy)benzene (3). 1,3,5-Tris((6-
chlorohexyl)oxy)benzene 2 (61.1 g, 126.0 mmol) and paraformaldehyde (17.5, 583 mmol) were 
suspended in glacial acetic acid (105 mL) in a pressure flask. After stirring at room temperature 
for 1 h, HBr (33% in acetic acid, 130 mL) was added, and the reaction mixture was stirred at 70 
°C for 18 h. After cooling down to rt, the reaction mixture was poured into ice-cold water (300 
mL) and extracted with DCM (3×150 mL). The combined organic layers were washed 
successively with water (3×100 mL), saturated aqueous KHCO3 solution (100 mL), and brine (100 
mL). The organic layer was dried over MgSO4 and concentrated under reduced pressure. The 
residue was further by silica gel column chromatography (Hexane/DCM = 2:1) to give compound 
3 as a colorless oil. Yield: 57 g (60%). 1H NMR (600 MHz, CDCl3) δ 4.57 (s, 6 H), 4.27 (t, J = 6.5 
Hz, 6 H), 3.58 (CH2Cl, t, J = 6.7 Hz, 5.3 H), 3.45 (CH2Br, t, J = 6.8 Hz, 0 .7 H), 1.99 – 1.92 (m, 
6.7 H), 1.90 – 1.82 (m, 5.3 H), 1.65 – 1.55 (m, 12 H). 13C NMR (151 MHz, CDCl3) δ 159.4, 123.2, 
74.7, 45.0, 32.5, 30.1, 26.7, 25.1, 23.0. MS (ESI): calculated for C27H42Br3Cl3O3Na [M+Na]+: 
778.96, found: 779.02. 
 
2,2',2''-((2,4,6-Tris((6-bromohexyl)oxy)benzene-1,3,5-triyl)tris(methylene))tris(isoindoline-
1,3-dione) (4).To a solution of 1,3,5-tris(bromomethyl)-2,4,6-tris((6-chlorohexyl)oxy)benzene 3 



90 
 

(57 g, 74.9 mmol, 1.0 eq.) and 18-crown-6 (5.94 g, 22.47 mmol, 0.3 eq.) in toluene (800 mL) was 
added potassium phthalimide (41.64 g, 224.7 mmol, 3.0 eq.). The reaction mixture was heated at 
110 °C under N2 for 24 h before being concentrated under reduced pressure. The resulting residue 
was redissolved in DCM (300 mL). The organic phase was washed successively with water (3 × 
100 mL) and brine (100 mL), dried over MgSO4, and concentrated to give the crude product as a 
pale-yellow oil. A mixture of the above crude product and sodium bromide (46.3 g, 449.6 mmol, 
6.0 eq.) in DMF (300 mL) and dibromomethane (150 mL) was stirred at 100 oC for 24 h. After 
cooling to room temperature, the reaction mixture was concentrated, and the resulting residue was 
redissolved in DCM (300 mL). The organic layer was washed with water (3 x 150 mL) and brine 
(100 mL), dried over anhydrous MgSO4, and concentrated under reduced pressure. The residue 
was purified by silica gel column chromatography (DCM/EA = 30:1) to give compound 4 as a 
white solid. Yield: 45.8 g (56% yield for two steps). 1H NMR (600 MHz, CDCl3) δ 7.69 (dd, J = 
5.5, 3.0 Hz, 6H), 7.62 (dd, J = 5.4, 3.0 Hz, 6H), 4.85 (s, 6H), 3.97 (t, J = 7.1 Hz, 6H), 3.35 (t, J = 
6.9 Hz, 6H), 1.82 – 1.76 (m, 6H), 1.69 – 1.63 (m, 6H), 1.44 – 1.35 (m, 6H), 1.34 – 1.25 (m, 6H). 
13C NMR (151 MHz, CDCl3) δ 167.7, 157.9, 133.6, 132.1, 122.9, 118.7, 74.3, 33.8, 33.4, 32.7, 
29.7, 28.0, 24.9. MS (MALDI-TOF): calculated for C51H54Br3N3O9Na [M+Na]+: 1112.13, found: 
1112.14. 
 
6,6',6''-((2,4,6-Tris((1,3-dioxoisoindolin-2-yl)methyl)benzene-1,3,5-triyl)tris(oxy))trihexanal 
(5). To a stirred solution of compound 4 (3.7 g, 3.3 mmol, 1.0 eq.) in a mixture of DMSO (24) and 
water (6 mL) was added NaHCO3 (2.5 g, 29.7 mmol, 9.0 eq.), and the resulting suspension was 
stirred at 95 oC for 24 h. After cooling to room temperature, water (100 mL) was added, and the 
aqueous phase was extracted with DCM (3 x 50 mL). The combined organic extracts were washed 
with water, dried over MgSO4, and concentrated under reduced pressure. The crude product was 
used in the next step without further purification. A solution of DMSO (3.1 g, 39.6 mmol, 12.0 
eq.) in anhydrous DCM (20 mL) was added dropwise over 30 min to a stirred solution of oxalyl 
chloride (2.5 g, 19.8 mmol, 6.0 eq.) in anhydrous DCM (60 mL) at -78 °C under N2. Upon 
completion of the addition, the mixture was stirred at -78 °C for 5 min, followed by adding a 
solution of the above crude product in anhydrous DCM (20 mL) over 30 min at -78 °C. The 
reaction mixture was stirred at -78 °C for 40 min, then Et3N (6.0 g, 59.4 mmol, 18.0 eq.) was added 
dropwise over 10 min. The resulting mixture was allowed to warm to 0 °C and stirred at 0 °C for 
1 h. Water (50 mL) was added to quench the reaction, and the organic layer was separated and 
further washed with water (3 x 30mL) and brine. The organic layer was dried over anhydrous 
MgSO4 and concentrated under reduced pressure. The residue was purified by silica gel column 
chromatography (DCM/EA = 5:1) to give compound 5 as a white solid. Yield: 2.10 g (71% over 
two steps) 1H NMR (600 MHz, CDCl3) δ 9.72 (t, J = 1.8 Hz, 3H), 7.67 (dd, J = 5.5, 3.0 Hz, 6H), 
7.61 (dd, J = 5.4, 3.2 Hz, 6H), 4.84 (s, 6H), 3.98 (t, J = 7.1 Hz, 6H), 2.37 (td, J = 7.4, 1.8 Hz, 6H), 
1.71 – 1.65 (m, 6H), 1.64 – 1.57 (m, 6H), 1.37 – 1.29 (m, 6H). 13C NMR (151 MHz, CDCl3) δ 
202.5, 167.7, 157.9, 133.6, 132.0, 122.9, 118.8, 74.2, 43.7, 33.4, 29.6, 25.3, 21.9. MS (MALDI-
TOF): calculated for C51H51N3O12Na [M+Na]+: 920.33, found: 920.34. 
 
2,2',2''-((2,4,6-Tris((6-(pent-4-yn-1-yloxy)hexyl)oxy)benzene-1,3,5-
triyl)tris(methylene))tris(isoindoline-1,3-dione) (6). To a solution of anhydrous iron(III) 
chloride (146 mg, 0.9 mmol, 0.3 eq.) and compound 5 (2.7 g, 3.0 mmol, 1.0 eq.) in anhydrous 
CH3CN (45 mL) were added trimethyl(pent-4-yn-1-yloxy)silane 6 (1.7 g, 10.8 mmol, 3.6 eq.) and 
triethylsilane (1.3 g, 10.8 mmol, 3.6 eq.) successively at 0 °C under N2 atmosphere. After stirring 
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at r.t. for 8 h, the reaction mixture was diluted with DCM (50 mL). The organic layer was washed 
with brine, dried over MgSO4, filtered, and concentrated. The residue was purified by silica gel 
column chromatography (DCM/EA = 5:1) to yield compound 6 as a colorless oil (3.1 g, 93%). 1H 
NMR (600 MHz, CDCl3) δ 7.68 (dd, J = 5.5, 3.0 Hz, 6H), 7.61 (dd, J = 5.5, 3.1 Hz, 6H), 4.85 (s, 
6H), 3.95 (t, J = 7.2 Hz, 6H), 3.46 (t, J = 6.2 Hz, 6H), 3.35 (t, J = 6.7 Hz, 6H), 2.26 (td, J = 7.1, 
2.7 Hz, 6H), 1.93 (t, J = 2.7 Hz, 3H), 1.76 (appt. p, J = 6.6 Hz, 6H), 1.68 – 1.61 (m, 6H), 1.50 
(appt. p, J = 6.7 Hz, 6H), 1.35 – 1.21 (m, 12H). 13C NMR (151 MHz, CDCl3) δ 167.7, 157.9, 133.5, 
132.1, 122.9, 118.7, 84.1, 74.5, 70.9, 69.0, 68.3, 33.4, 29.9, 29.6, 28.6, 26.0, 25.6, 15.2. MS 
(MALDI-TOF): calculated for C66H75O12Na [M+Na]+: 1124.52, found: 1124.49. 
 
(2,4,6-Tris((6-(pent-4-yn-1-yloxy)hexyl)oxy)benzene-1,3,5-triyl)trimethanamine (1). To a 
stirred solution of 6 (3.1 g, 2.8 mmol, 1.0 eq.) in a mixture of EtOH/PhMe (10 mL/5 mL) was 
added N2H4·H2O (4.3 g, 30.0 eq.), the reaction mixture was stirred at 90 oC overnight. After 
cooling to room temperature, the reaction mixture was diluted with DCM (100 mL) and filtered 
through a pad of Celite to remove the white precipitation. The filtrate was washed with H2O (3 × 
50 mL) and brine (50 mL), dried over MgSO4, filtered, and concentrated. Compound 1 was 
obtained as a colorless oil. 1H NMR (600 MHz, CDCl3) δ 3.82 (t, J = 6.6 Hz, 6H), 3.79 (s, 6H), 
3.50 (t, J = 6.2 Hz, 6H), 3.43 (t, J = 6.5 Hz, 6H), 2.29 (td, J = 7.1, 2.7 Hz, 6H), 1.94 (t, J = 2.7 Hz, 
3H), 1.88 – 1.76 (m, 12H), 1.66 – 1.57 (m, 6H), 1.56 – 1.48 (m, 6H), 1.48 – 1.40 (m, 6H). 13C 
NMR (151 MHz, CDCl3) δ 155.9, 127.2, 84.0, 75.3, 70.8, 69.0, 68.3, 36.6, 30.4, 29.6, 28.6, 26.1, 
25.9, 15.2. MS (ESI): calculated for C42H70N3O6 [M+H]+: 712.53, found: 712.54. 
 
5.2 Synthesis of Free Base Porphyrin Box PB-1(A). 

 
 

PB-1(A) was synthesized according to the literature with a slightly modified procedure.104 To a 
solution of meso-tetra(p-formylphenyl)porphyrin 2 (176 mg, 0.242 mmol) and triamine 1 (860 mg, 
1.21 mmol, 5.0 eq.) in CHCl3 (17.6 mL) was added a catalytic amount of trifluoroacetic acid (1.76 
μL), the reaction mixture was allowed to stir at 55 °C for 24 h in a sealed 50 mL round bottom 
flask. After cooling down to room temperature, the solvent was removed under reduced pressure. 
Methanol (20 mL) was added, and after sonication for 1 minute to suspend the product, the 
precipitated purple solid was collected by filtration and washed with methanol (3 × 20 mL). The 
collected purple solid was suspended in chloroform and sonicated for 1 minute, the suspension 
was filtered to remove any insoluble solid, and the chloroform filtrate was concentrated to give a 
purple solid. This washing cycle with methanol was repeated another two times. PB-1(A) (349 
mg, 90%) was obtained as a purple powder. 1H NMR (600 MHz, CDCl3) δ 8.89 (s, 24H), 8.73 (s, 
48H), 8.30 (d, J = 7.8 Hz, 24H), 8.20 (d, J = 7.8 Hz, 24H), 8.09 (d, J = 7.8 Hz, 24H), 7.96 (d, J = 
7.8 Hz, 24H), 5.11 (s, 48H), 4.25 (s, 48H), 3.48 (t, J = 6.6 Hz, 48H), 3.43 (t, J = 6.2 Hz, 48H), 
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2.13 (td, J = 7.1, 2.7 Hz, 48H), 1.94 (t, J = 7.3 Hz, 24H), 1.72 (app. t, J = 6.7 Hz, 48H), 1.69 – 
1.49 (m, 192H), -3.05 (s, 12H). 13C NMR (151 MHz, CDCl3) δ 160.5, 159.0, 144.3, 135.9, 134.8, 
128.0, 124.6, 122.8, 119.7, 83.8, 71.0, 69.0, 68.4, 30.1, 29.9, 28.6, 26.2, 26.0, 15.2. FT-IR (solid): 
n = 3293 (-C≡C-H), 2932, 2854, 1639 (C=N), 1580, 1430, 1100, 964, 798, 626 cm-1; MS (MALDI-
TOF): calculated. for C624H685N48O48 [M+H]+: 9625.6, found: 9625.6; Elemental analysis data: 
Anal. Calcd. for C624H684N48O48: C, 77.87; H, 7.16; N, 6.99. Found: C, 77.89; H, 7.30; N, 6.89. 
UV/Vis (DCM) λabs 420, 518, 553, 592, 649 nm. 
 
5.3 Synthesis of Zinc Porphyrin Box ZnPB-1(A). 

 
 
ZnPB-1(A) was synthesized according to the reported procedure.115 To a chloroform solution (5 
mL) of PB-1(A) (49.5 mg, 5.1 µmol, 1.0 eq.) was added a methanol solution (2.5 mL) of Zn(OAc)2 
(28 mg, 0.15 mmol, 30 eq.) at room temperature. After stirring at 50 °C for 48 h, the reaction 
mixture was concentrated. Methanol (15 mL) was added, and the violet precipitate was filtered 
and washed with methanol (3 x 15 mL). Yield: 51 mg (quant.). 1H NMR (600 MHz, CDCl3) δ 8.90 
(s, 24H), 8.84 (s, 48H), 8.29 (d, J = 7.8 Hz, 24H), 8.21 (d, J = 7.8Hz, 24H), 8.07 (d, J = 7.8Hz, 
24H), 7.96 (d, J = 7.8Hz, 24H), 5.11 (s, 48H), 4.24 (s, 48H), 3.47 (t, J = 6.6 Hz, 48H), 3.41 (t, J = 
6.2 Hz, 48H), 2.09 (td, J = 7.1, 2.7 Hz, 48H), 1.94 (t, J = 7.4 Hz, 24H), 1.71 (app. t, J = 6.7 Hz, 
48H), 1.67 – 1.47 (m, 192H). MS (MALDI-TOF): m/z calcd. for C624H672N48O48Zn6 [M]+: 9999.7, 
found: 9999.1; FT-IR (neat): n = 3285 (-C≡C-H), 2932, 2854, 1639 (C=N), 1580, 1433, 1099, 993, 
793, 527 cm-1. Elemental analysis data: Anal. calcd. for C624H672N48O48Zn6: C, 74.91; H, 6.77; N, 
6.72. Found: C, 74.53; H, 7.00; N, 6.66. UV/Vis (DCM) λabs 425, 550, 595 nm. 
 
 
5.4 Optimization of Reaction Conditions for Positively Charge Zinc Porphyrin Box ZnPB-2(P). 

 
 

Table 3.1. Optimization of Reaction Conditions. 
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Entry Catalyst(eq.) Ligand Reductant(eq.) Solvents Temp(oC) Yield 

1 CuSO4 (1.0) None SA (2.0) tBuOH/H2O 25 NR 

2 CuSO4 (1.0) None SA (2.0) THF/H2O 25 NR 

3 CuSO4 (24.0) None SA (48.0) tBuOH/H2O 25 NR 

4 CuSO4 (24.0) None SA (48.0) THF/H2O 60 NR 

5 CuI (1.0) None None DMF  60 NR 

6 CuI (24.0) None None DMF  60 NR 

7 
Cu(PPh3)3Br 

(1.0) 
None None DMF  60 NR 

8 
Cu(PPh3)3Br 

(24.0) 
None None DMF  60 NR 

9 CuBr (24.0) 
PMDETA 

(24.0) 
None DMF 25 95% 

10 CuBr (24.0) None None DMF 25 NR 

Reaction conditions (unless otherwise specified): ZnPB-1(A) (5.0 mg, 0.5 μmol, 1.0 eq.), N3-(CH2)6-
NMe3

+PF6
- (10.0 mg, 30 μmol, 60.0 eq.), anhydrous DMF (1 mL) for 18 h. SA = Sodium Ascorbate. 

PMDETA = N,N,N',N'',N''-Pentamethyldiethylenetriamine. NR = no reaction. 
 
CuSO4/SA Catalysis System: CuSO4·5H2O (0.13 mg, 0.5 μmol, 1.0 eq. or 1.5 mg, 12 μmol, 24.0 
eq.), sodium ascorbate (0.2 mg, 0.5 μmol, 2.0 eq. or 2.4 mg, 12 μmol, 48.0 eq.), 6-azido-N,N,N-
trimethylhexan-1-aminium hexafluorophosphate (10 mg, 30 μmol, 60.0 eq.), and ZnPB-1(A) (5 
mg, 0.5 μmol, 1.0 eq.) were suspended in tBuOH/H2O (1 mL/ 1mL) or THF/H2O (1 mL/ 1mL). 
The reaction mixture was stirred at the indicated temperature for 18 h. The reaction mixture was 
then diluted with CH2Cl2 (20 mL), washed with H2O (5 × 20 mL) and brine (20 mL), dried over 
MgSO4, filtered, and evaporated to give a purple solid. 1H-NMR in CD3CN indicated no product 
formation. 
 
CuI or Cu(PPh3)3Br Catalysis System:  
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Under a nitrogen atmosphere, CuI (0.1 mg, 0.5 μmol, 1.0 eq. or 2.3 mg, 12 μmol, 24.0 eq.) or 
Cu(PPh3)3Br (0.47 mg, 0.5 μmol, 1.0 eq. or 11.2 mg, 12 μmol, 24.0 eq.), 6-azido-N,N,N-
trimethylhexan-1-aminium hexafluorophosphate (10 mg, 30 μmol, 60.0 eq.), and ZnPB-1(A) (5 
mg, 0.5 μmol, 1.0 eq.) were dissolved in anhydrous DMF (1 mL). The reaction mixture was stirred 
at the indicated temperature for 18 h. Subsequently, the solvent was removed under reduced 
pressure. Then, methanol (25 mL) was added, and after sonication for 30 s to suspend the product, 
the suspension was transferred to a conical tube and centrifuged. The supernatant was decanted, 
and the solid was collected. This washing cycle with methanol was repeated ten times. 1H-NMR 
in CD3CN indicated no product formation. 
 
CuBr/PMDETA Catalysis System:  
Under a nitrogen atmosphere, CuBr (1.7 mg, 12 μmol, 24.0 eq.), 6-azido-N,N,N-trimethylhexan-
1-aminium hexafluorophosphate (10 mg, 30 μmol, 60.0 eq.), and ZnPB-1(A) (5 mg, 0.5 μmol, 1.0 
eq.) were dissolved in anhydrous DMF (1 mL). Subsequently, PMDETA (2.1 mg, 12 μmol, 24.0 
eq.) was added, and the reaction mixture was stirred at room temperature for 18 h. DMF was 
removed under reduced pressure, and the resulting residue was suspended in methanol (25 mL) 
and sonicated for 30 s. The suspension was transferred to a conical tube and centrifuged. The 
supernatant was decanted, and the solid was collected. After repeating this washing cycle with 
methanol ten times, ZnPB-2(P) was obtained as a purple powder in quantitative yield. Analytical 
data for ZnPB-2(P): 1H NMR (600 MHz, CD3CN) δ 8.98 (s, 24H), 8.71 (s, 48H), 8.24 (d, J = 7.9 
Hz, 24H), 8.10 (d, J = 8.0 Hz, 24H), 8.04 (d, J = 7.4 Hz, 24H), 7.98 (d, J = 7.8 Hz, 24H), 6.73 (br, 
24H), 5.03 (br, 48H), 4.17 (br, 48H), 3.71 – 3.14 (m, 144H), 3.10 (br, 48H), 2.80 (br, 48H), 2.68 
(s, 216H), 1.79 – 0.43 (m, 432H). 19F NMR (565 MHz, CD3CN) δ -72.59 (d, J = 707.1 Hz). FT-
IR (solid) v= 2934, 2855, 1638, 1484, 1104, 992, 834, 556 cm-1. UV/Vis (CH3CN) λabs 431, 568, 
609 nm. Elemental analysis data: Anal. calcd. for C840H1176N144O48Zn6F144P24: C, 56.27; H, 6.61; 
N, 11.25. Found: C, 53.90; H, 6.56; N, 10.89. For ESI-MS data, see Table 2. 

Table 3.2: Electrospray-ionization mass spectrometry analysis of ZnPB-2(P). 

Symbol Formula Charge 

(z) 

m/z 
calculated 

monoisotopic 
mass 

m/z 
calculated  
average  

mass 

Found 

[M-20(PF6)]20+ C840H1176N144O48Zn6P4F24 20 750.6411 751.5759 751.5920 

[M-19(PF6)]19+ C840H1176N144O48Zn6P5F30 19 797.7782 798.7623 798.7264 

[M-18(PF6)]18+ C840H1176N144O48Zn6P6F36 18 850.1528 851.1915 851.0988 

[M-17(PF6)]17+ C840H1176N144O48Zn6P7F42 17 908.6892 909.7890 909.8081 

[M-16(PF6)]16+ C840H1176N144O48Zn6P8F48 16 974.5425 975.7111 975.6692 

[M-15(PF6)]15+ C840H1176N144O48Zn6P9F54 15 1049.1763 1050.4228 1050.3782 

[M-14(PF6)]14+ C840H1176N144O48Zn6P10F60 14 1134.4721 1135.8076 1135.8302 

[M-13(PF6)]13+ C840H1176N144O48Zn6P11F66 13 1232.8903 1234.3286 1234.2761 

 
5.5 Synthesis of Neutral Zinc Porphyrin Box ZnPB-3(N). 
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Under a nitrogen atmosphere, CuBr (3.5 mg, 24 μmol, 24.0 eq.), 1-azidooctane (10 mg, 30 μmol, 
60.0 eq.), and ZnPB-1(A) (10 mg, 1 μmol, 1.0 eq.) were dissolved in anhydrous DMF (2 mL). 
Subsequently, PMDETA (4.2 mg, 24 μmol, 24.0 eq.) was added, and the reaction mixture was 
stirred at room temperature for 18 h. DMF was removed under reduced pressure, and the resulting 
residue was suspended in methanol (25 mL) and sonicated for 30 s. The suspension was transferred 
to a conical tube and centrifuged. The supernatant was decanted, and the solid was collected. After 
repeating this washing cycle with methanol ten times, ZnPB-3(N) was obtained in 97% yield. 1H 
NMR (600 MHz, DMF-d7) δ 9.10 (s, 24H), 8.79 (s, 24H), 8.41 – 8.20 (m, 48H), 8.12 (br, 48H), 
7.21 (br, 24H), 5.09 (s, 48H), 4.28 (s, 48H), 3.79 (s, 48H), 3.44 (br, 96H), 3.28 (s, 48H), 2.22 (br, 
48H), 1.97 (br, 48H), 1.71 (br, 48H), 1.65 – 1.25 (m, 192H), 1.04 (br, 48H), 0.95 (br, 96H), 0.65 
(br, 72H). FT-IR (solid) v = 3134 (triazole ring), 2924, 2852, 1638, 1582, 1433, 1103, 992, 793, 
716 cm-1. UV/Vis (CH2Cl2) λabs 430, 565, 605 nm. Elemental analysis data: Anal. calcd. for 
C816H1080N120O48Zn6(CH2Cl2)8: C, 68.68; H, 7.67; N, 11.66. Found: C, 67.44; H, 7.61; N, 11.45.  
 
5.6 Synthesis of Iron Porphyrin Box FePB-1(A). 

 
FePB-1(A) was synthesized according to the literature.48 To a 150 mL pressure flask was added 
free-base PB-1(A) (72.2 mg, 7.5 μmol), FeBr2 (162 mg, 0.75 mmol, 100 eq.), 2,6-lutidine (27 μL, 
0.225 mmol, 30 eq.) and THF (100 mL) under N2 atmosphere. The mixture was heated at 70 ºC 
for 12 h. After cooling to room temperature, the reaction was opened to air, and the solvent was 
removed under reduced pressure. The brown residue was taken up in CH2Cl2 (100 mL), washed 
with water (4 x 50 mL), and then with saturated aqueous NaCl solution (2 x 50 mL). The organic 
layer was separated, additional saturated aqueous NaCl solution (100 mL) was added, and the 
mixture was vigorously stirred for 30 min. The organic layer was decanted, dried over anhydrous 
MgSO4, and filtered. The solvent was evaporated to give FePB-1(A) as a dark brown solid (68 
mg, 92% yield). MS (MALDI-TOF): m/z calcd. for C624H672N48O48Fe6Cl6 [M]+: 10157.6, found: 
10157.7. FT-IR (neat): n = 3287 (-C≡C-H), 2930, 2854, 1639 (C=N), 1580, 1432, 1102, 997, 801, 
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628 cm-1. Elemental analysis calcd for C624H672N48O48Fe6Cl6: C, 73.77; H, 6.67; N, 6.62. Found: 
C, 71.18; H, 6.71; N, 6.29. UV/Vis (CH2Cl2) λabs 380, 419, 512, 586 nm. 
 
5.7 Synthesis of Positively Charged Iron Porphyrin Box FePB-2(P). 

 
Under a nitrogen atmosphere, CuBr (31.5 mg, 216 μmol, 24.0 eq.), 6-azido-N,N,N-trimethylhexan-
1-aminium hexafluorophosphate (180 mg, 540 μmol, 60.0 eq.), and FePB-1(A) (90 mg, 9 μmol, 
1.0 eq.) were dissolved in anhydrous DMF (18 mL). Subsequently, PMDETA (38 mg, 216 μmol, 
24.0 eq.) was added, and the reaction mixture was stirred at room temperature for 18 h. DMF was 
removed under reduced pressure, and the resulting residue was suspended in methanol (25 mL) 
and sonicated for 30 s. The suspension was transferred to a conical tube and centrifuged. The 
supernatant was decanted, and the solid was collected. After repeating this washing cycle with 
methanol ten times, FePB-2(P) was obtained in 96% yield. 19F NMR (565 MHz, CD3CN) δ -72.45 
(d, J = 715.3 Hz). FT-IR (solid) v = 2939, 2857, 1635, 1482, 1106, 997, 832, 556 cm-1. UV/Vis 
(CH3CN) λabs 416, 573, 615 nm. 
 
5.8 Synthesis of Neutral Porphyrin Box FePB-3(N). 

 
Under a nitrogen atmosphere, CuBr (10.5 mg, 72 μmol, 24.0 eq.), 1-azidooctane (30 mg, 180 μmol, 
60.0 eq.), and FePB-1(A) (30.5 mg, 3 μmol, 1.0 eq.) were dissolved in anhydrous DMF (6 mL). 
Subsequently, PMDETA (12.5 mg, 72 μmol, 24.0 eq.) was added, and the reaction mixture was 
stirred at room temperature for 18 h. DMF was removed under reduced pressure, and the resulting 
residue was suspended in methanol (25 mL) and sonicated for 30 s. The suspension was transferred 
to a conical tube and centrifuged. The supernatant was decanted, and the solid was collected. After 
repeating this washing cycle with methanol ten times, FePB-3(N) was obtained in 93% yield. FT-
IR (solid) v = 3130 (triazole ring), 2923, 2851, 1641, 1580, 1432, 1100, 997, 799, 718 cm-1. 
UV/Vis (CH2Cl2) λabs 418, 578, 623 nm.   
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6. Figures 

 
 
  

Scheme 3.1. The design of supramolecular CO2 reduction reaction (CO2RR) catalysts based on 
iron porphyrin organic cages that incorporate cooperative second-sphere porosity and charge 
effects. 
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Scheme 3.2. Synthesis of the alkyne-functionalized porphyrin cage PB-1(A) and the Zn-
metalated, charged porphyrin cage ZnPB-2(P). 
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Figure 3.1. (a) Structures of the alkyne porous cage synthon FePB-1(A), the neutral porous 
cage FePB-3(N), and the charged porous cage FePB-2(P). Electrochemical characterization in 
0.1 M Bu4NPF6/DMF of 0.1 mM FePB-1(A) (dark grey), -2(P) (red) -3(N) (light grey), 0.6 mM 
FeTPP (black) and Fe-p-TMA (blue) under (b) Argon atmosphere and (c) CO2 atmosphere with 
1.0 M TFE as a proton source. 
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Figure 3.2. (a) Photocatalytic CO2RR activity of FePB-2(P) in CO2-saturated CH3CN. (b) 
Photocatalytic CO2RR activity of FePB-2(P)  in CO2-saturated DMF, comparing TON per [Fe] 
to FePB-3(N), FeTPP, and Fe-p-TMA. (c) Photochemical CO2RR reduction activity of FePB-
2(P) in CH3CN under varying CO2 concentrations, showing activity down to 2% CO2. (d) 
Photochemical CO2RR activity of FePB-2(P) in DMF under varying CO2 concentrations, 
showing a comparison per [Fe] between FePB-2(P), FePB-3(N), and FeTPP. FePB-2(P) is 
active down to 5% CO2 concentrations. Conditions: 2 µM PB or 12 µM mononuclear catalyst, 
200 µM Ir(ppy)3, 100 mM BIH, and 1.0 M TFE. 
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Table 3.3. Photocatalytic activity of [Fe] under various conditions 

Entry Catalyst 
TON Per [Fe] TOFmax 

[Fe]  

(min-1) [h] 
Selectivity 

CO (%) CO H2 

1[a] FePB-
2(P) 1,168 42 164 97 

2 FePB-
2(P) 496 7 49 98 

3 FePB-
3(N) 50 7 1.9 88 

4 FeTPP 12 5 0.08 70 

5 Fe-p-
TMA 70 10 5.8 88 

6[b] None 0 1 - - 

7[c] FePB-
2(P) 0 182 - - 

8[d] FePB-
2(P) 40 143 - 22 

9[e] FePB-
2(P) 0 0 - - 

10[f] FePB-
2(P) 0 0 - - 

11[g] FePB-
2(P) 33 0 - 100 

Reaction Conditions: 200 μM Ir(ppy)3, 100 mM BIH, 1.0 M TFE after 1 hour irradiation in a 
CO2 saturated DMF solution unless otherwise noted; control experiment data collected after 30-
minute irradiation in entries 6-11. aIn CH3CN. bWithout FePB-2(P) catalyst. cUnder Ar 
atmosphere. dWithout TFE. eWithout BIH. fWithout light irradiation. gWithout Ir(ppy)3. h Within 
the first 5 minutes of the reaction, per [Fe]. 
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Figure 3.3. 1H NMR (600 MHz) spectrum of compound 2 in CDCl3. 
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Figure 3.4. 13C NMR (151 MHz) spectrum of compound 2 in CDCl3. 
  

 



104 
 

 

 
Figure 3.5. 1H NMR (600 MHz) spectrum of compound 3 in CDCl3. 
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Figure 3.6. 13C NMR (151 MHz) spectrum of compound 3 in CDCl3. 
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Figure 3.7. 1H NMR (600 MHz) spectrum of compound 4 in CDCl3. 
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Figure 3.8. 13C NMR (151 MHz) spectrum of compound 4 in CDCl3. 
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Figure 3.9. 1H NMR (600 MHz) spectrum of compound 5 in CDCl3. 
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Figure 3.10. 13C NMR (151 MHz) spectrum of compound 5 in CDCl3. 
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Figure 3.11. 1H NMR (600 MHz) spectrum of compound 6 in CDCl3. 
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Figure 3.12. 13C NMR (151 MHz) spectrum of compound 6 in CDCl3. 
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Figure 3.13. 1H NMR (600 MHz) spectrum of compound 1 in CDCl3. 
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Figure 3.14. 1H NMR (151 MHz) spectrum of compound 1 in CDCl3. 
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Figure 3.15. 1H NMR (600 MHz) spectrum of compound PB-1(A) in CDCl3. 
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Figure 3.16. 1H NMR (151 MHz) spectrum of compound PB-1(A) in CDCl3. 
  

 



116 
 

 

 
Figure 3.17. MALDI-MS spectrum with DCTB matrix of PB-1(A). m/z calculated. for 
C624H685N48O48 [M+H]+: 9625.6, found: 9625.6. 
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Figure 3.18. UV/Vis spectrum of PB-1(A) in DCM. λabs 420, 518, 553, 592, 649 nm. 
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Figure 3.19. FT-IR spectrum of PB-1(A). Terminal alkyne C-H stretching at 3293 cm-1and imine 
stretching peak observed at 1641 cm-1. 
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Figure 3.20. N2 sorption isotherm at 77 K for PB-1(A). Filled symbols indicate adsorption and 
unfilled symbols indicate desorption. Before the measurement, residual solvents were gradually 
exchanged with n-pentane and further evacuated by heating to 80 ºC under vacuum for 12 h. 
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Figure 3.21. 1H NMR (600 MHz) spectrum of compound ZnPB-1(A) in CDCl3. 
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Figure 3.22. MALDI-MS spectrum with DCTB matrix of ZnPB-1(A). m/z calculated. for 
C624H672N48O48Zn6 [M]+: 9999.7, found: 9999.1. 
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Figure 3.23. UV/Vis spectrum of ZnPB-1(A) in DCM. λabs 425, 550, 595 nm. 
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Figure 3.24. FT-IR spectrum of ZnPB-1(A). Terminal alkyne C-H stretching at 3285 cm-1and 
imine stretching peak observed at 1639 cm-1. 
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Figure 3.25. N2 sorption isotherm at 77 K for ZnPB-1(A). Filled symbols indicate adsorption and 
unfilled symbols indicate desorption. Before the measurement, residual solvents were gradually 
exchanged with n-pentane and further evacuated by heating to 80 ºC under vacuum for 12 h. 
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Figure 3.26. 1H NMR (600 MHz) spectrum of compound ZnPB-2(P) in CD3CN. 
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Figure 3.27. 19F NMR (565 MHz) spectrum of compound ZnPB-2(P) in CD3CN. 
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Figure 3.28. UV/Vis spectrum of ZnPB-2(P) in CH3CN. λabs 431, 568, 609 nm. 
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Figure 3.29. FT-IR spectrum of ZnPB-2(P).  
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Figure 3.30. ESI-MS for a DMF solution of ZnPB-2(P) [C840H1176N144O48Zn6(PF6)24] 
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Figure 3.31. Expansion of ESI-MS (m/z =20) for ZnPB-2(P) showing the 
C840H1176N144O48Zn6P4F24 [M-20(PF6)]20+ with a calculated average mass: 751.5759 and found 
mass: 751.5920. 
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Figure 3.32. Expansion of ESI-MS (m/z =19) for ZnPB-2(P) showing the 
C840H1176N144O48Zn6P5F30[M-19(PF6)]19+ with a calculated average mass: 798.7623 and found 
mass: 798.7264. 
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Figure 3.33. Expansion of ESI-MS (m/z =18) for ZnPB-2(P) showing the 
C840H1176N144O48Zn6P6F36[M-18(PF6)]18+ with a calculated average mass: 851.1915 and found 
mass: 851.0988. 
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Figure 3.34. Expansion of ESI-MS (m/z =17) for ZnPB-2(P) showing the 
C840H1176N144O48Zn6P7F42[M-17(PF6)]17+ with a calculated average mass: 909.7890 and found 
mass: 909.8081. 
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Figure 3.35. Expansion of ESI-MS (m/z =16) for ZnPB-2(P)  showing the 
C840H1176N144O48Zn6P8F48[M-16(PF6)]16+ with a calculated average mass: 975.7111 and found 
mass: 975.6692. 
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Figure 3.36. Expansion of ESI-MS (m/z =15) for ZnPB-2(P) showing the 
C840H1176N144O48Zn6P9F54[M-15(PF6)]15+ with a calculated average mass: 1050.4228 and found 
mass: 1050.3782. 
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Figure 3.37. Expansion of ESI-MS (m/z =14) for ZnPB-2(P) showing the 
C840H1176N144O48Zn6P9F54[M-14(PF6)]14+ with a calculated average mass: 1135.8076 and found 
mass: 1135.8302. 
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Figure 3.38. Expansion of ESI-MS (m/z =13) for ZnPB-2(P) showing the 
C840H1176N144O48Zn6P11F66[M-14(PF6)]13+ with a calculated average mass: 1234.3286 and found 
mass: 1234.2761. 
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Figure 3.39. N2 sorption isotherm at 77 K for ZnPB-2(P). Filled symbols indicate adsorption and 
unfilled symbols indicate desorption. Before the measurement, residual solvents were gradually 
exchanged with n-pentane and further evacuated by heating to 80 ºC under vacuum for 12 h. 
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Figure 3.40. 1H NMR (600 MHz) spectrum of compound ZnPB-3(N) in DMF-d7. 
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Figure 3.41. UV/Vis spectrum of ZnPB-3(N) in DCM. λabs 430, 565, 605 nm. 
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Figure 3.42. FT-IR spectrum of ZnPB-3(N). Triazole ring observed at 3285 cm-1and imine 
stretching peak observed at 1639 cm-1. 
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Figure 3.43. 1H NMR (600 MHz) spectrum of compound FePB-1(A) in CDCl3. The paramagnetic 
FePB-1(A) maintains the high symmetry of the rhombicuboctahedral structure. 
  

 



  

143 
 

 
 

 
Figure 3.44. MALDI-MS spectrum with DCTB matrix of FePB-1(A). m/z calculated for 
C624H672N48O48Fe6Cl6 [M]+: 10157.6, found: 10157.7. 
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Figure 3.45. UV/Vis spectrum of FePB-1(A) in CH2Cl2. λabs 380, 419, 512, 586 nm. 
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Figure 3.46. FT-IR spectrum of FePB-1(A). Terminal alkyne C-H stretching at 3287 cm-1and 
imine stretching peak observed at 1639 cm-1. 
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Figure 3.47. 1H NMR (600 MHz) spectrum of compound FePB-2(P) in CD3CN. 
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Figure 3.48. 19F NMR (565 MHz) spectrum of compound FePB-2(P) in CD3CN. 
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Figure 3.49. UV/Vis spectrum of FePB-2(P) in CH3CN. λabs 416, 573, 615 nm. 
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Figure 3.50. FT-IR spectrum of FePB-2(P).  
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Figure 3.51. 1H NMR (600 MHz) spectrum of compound FePB-3(N) in DMF-d7. 
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Figure 3.52. UV/Vis spectrum of FePB-3(N) in DCM. λabs 418, 578, 623 nm. 
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Figure 3.53. FT-IR spectrum of FePB-3(N).  
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Figure 3.54. Gas chromatography calibration curves for CO and H2 with C2H6 as an internal 
standard. (A) CO detection for electrolysis setup with medium gain FID, (B) H2 detection for 
electrolysis setup with low gain TCD, (C) CO detection for photolysis setup with medium gain 
FID, and (D) H2 detection for photolysis setup with low gain TCD.  
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Figure 3.55. Controlled potential electrolysis of 0.1 mM FePB-2(P) in 0.1 M NBu4PF6/CH3CN 
with 1 M TFE. 
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Figure 3.56. Emission decay (top) and Stern-Volmer quenching kinetic plots (bottom) of 50 µM 
Ir(ppy)3 quenched using BIH (A, C) or FePB-2(P) (B, D) in CH3CN. 
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Figure 3.57. Quenching rate constants for the quenching of Ir(ppy)3 emission for FePB-2(P) (A), 
FePB-3(N) (B), Fe-p-TMA (C), and FeTPP (D) in DMF. 
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Figure 3.58. Pre- and post-experiment UV-VIS spectra of a typical photocatalytic reaction of 
Ir(ppy)3, FePB-2(P), BIH, and TFE under CO2. 
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Appendix A: A Ruthenium Polypyridyl Complex for CO2 Reduction Beyond Two Electrons 
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Abstract:  
In our studies of CO2 reduction using metal polypyridyl catalysts, we have observed excellent 
stability and CO selectivity can be achieved with and Fe (II) metal center. We predict that the 
unique properties of the tpyPY2Me ligand platform can be further leveraged. Producing the two-
electron reduced products CO or HCOO− is fairly ubiquitous in the literature for molecular 
electrocatalysts and photocatalysts. We propose that a tpyPY2Me complex bearing a Ru (II) metal 
center may be competent for CO2 reduction beyond two electron products due to the predicted 
higher affinity of Ru-CO compared to Fe-CO intermediates. In this Appendix, we include a route 
for the metalation of tpyPY2Me with Ru and some preliminary characterization and 
electrochemical data. 
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Metalation of tpyPY2Me with Ru (II) 

 
 
In a 10 mL microwave reactor tube, load 60 mg tpyPY2Me, 0.5 equivalents of the ruthenium dimer 
[Ru(p-cymene)Cl2]2, 5 mL of dry ethanol, and a stir bar. Place in the microwave reactor for two 
hours at 150 °C or 300 W. Transfer the reaction mixture to a round bottom flask and evaporate the 
ethanol, then dry on high vacuum line. Once dry, remove soluble impurities (yellow/orange; 416 
m/Z free ligand and 686 m/Z Ru p-cymene side product) by washing with acetone. The product 
[RuCl(tpyPY2Me]Cl (552 m/Z) should be a dark red/brown solid, soluble in CH3CN. Place 100 
mg [RuCl(tpyPY2Me]Cl dissolved in a minimum volume of CH3CN and two equivalents of TlOTf 
in a 20 mL scintillation vial loaded with a stir bar. Stir at 80 °C overnight. A white precipitate 
should form (TlCl) and the soluble product mixture [Ru(tpyPY2Me)CH3CN](OTf)2 will appear 
brownish/orange. Filter and dry. If impurity if evident by mass spec or NMR characterization 
(remaining 686 m/Z), purify by column chromatography using alumina with a methylene chloride 
mobile phase (up to 5% methanol if needed). Pure product is orange/red. Crystallization can be 
achieved by slow vapor diffusion of ether into a saturated CH3CN solution of 
[Ru(tpyPY2Me)CH3CN](OTf)2. 
 
Note: For the salt metathesis reaction, TlOTf is necessary due to ease of removing excess Tl 
compared to Ag (from AgOTf), which can produce stripping waves during electrochemical 
analysis. Thallium is toxic and should be handled with extreme care, using disposable 
glassware/pipet filters, and disposed of in a separate labeled waste container. 
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Figure A.1.  Solid state structure of [Ru(tpyPY2Me)CH3CN](OTf)2 with thermal ellipsoids 
plotted at the 50% probability level. Non-coordinated solvent molecules are omitted for 
clarity. 
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Table A.1 Crystallographic dataa for [Ru(tpyPY2Me)(MeCN)](OTf)2. 
 

 [Ru(tpyPY2Me)(MeCN)](OTf)2 

Chemical formula C35H25RuN5•2(CF3O3S)•(C2H3N) 

FW 910.64 
Crystal system, space group Triclinic, P-1 
Temperature (K) 100(2) 
a (Å) 10.4122(3) 
b (Å) 13.4623(4) 

 

c (Å) 15.3341(5) 
 

a 115.758(3) 
 

b 97.133(2) 
 

γ 95.978(2) 
 

V (Å3) 1890.56(11) 
 

Z 18 
 

μ (mm-1) 4.082 
 

 

F(000) 1638.0 
 

Crystal size (mm) 0.15 × 0.24 × 0.26 
2Θ range (°) for cell measurement 6.054–52.744 
Radiation type Mo Kα 
No. of reflections for cell measurement 40006 
Index ranges –13 ≤ h ≤ 12 
 –16 ≤ k ≤ 16 
 –19 ≤ l ≤ 19 
Reflections collected / unique 40006 / 7719 
Rint 0.0405 
Data / restraints / parameters 7719 / 30 / 528 
Goodness-of-fit on F2 1.058 
Final R indicesb R1 = 0.0861, wR2 = 0.2452 
Largest diff. peak and hole, eÅ-3 5.04 and –1.51 

aObtained with a rotating-anode X-ray tube, Rigaku Mo Ka (l = 0.71073 Å) X-ray source. bR1 = ∑||F0| − 
FC||/∑|F0|, R2 = {∑[w(F0

2 − F0
2)2]/∑[ w(F0

2)2]}1/2. 
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Figure A.2. 1H NMR Spectrum of [Ru(tpyPY2Me)CH3CN](OTf)2 in CD2Cl2. 
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Figure A.3. Cyclic voltammetry of  1 mM [Ru(tpyPY2Me)OTf]OTf in 100 mM NBu4PF6/CH3CN 
electrolyte using a glassy carbon electrode. Scans vary from 50 to 400 mV/s. Waves are centered 
at E1/2= −1.65 and −1.83 V vs Fc0/+. 
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Figure A.4. Cyclic volammetry reactivity experiments. Left: CV of Ru complex under Ar 
(black), 100 mM of phenol under Ar (red), and 100mM phenol under CO2 (blue). Right: CV 
of Ru complex under Ar (black), 100 mM of trifluoroethano(TFE) under Ar (red), and 300 
mM TFE under CO2 (blue). 
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Figure A.5. Controlled potential electrolysis (CPE) experiment for 1 mM Ru complex under a 
CO2 saturated solution of 100 mM NBu4PF6/CH3CN and 500 mM TFE. Applied potential: −1.8 
V vs Fc0/+. Gas chromatography results showed no H2, FE for CO = 6%. Liquid product 
detection should be prioritized in the future. 
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Appendix B: Experimental Procedures for the Evaluation of Homogeneous Photocatalysts 
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Abstract: 
 
Photochemistry or photocatalysis involves the use of a light source to initiate electron (or energy) 
transfer via excitation of species in a reaction medium. This method can serve as a powerful tool 
for modeling artificial photosynthesis, in which bench-scale chemistry mirrors nature’s use of light 
energy, CO2, and a water to create value-added carbon species. In this appendix, we focus our 
attention on how we can understand and quantitatively evaluate the performance of homogeneous 
molecular catalysts in the context of photochemical carbon dioxide reduction (CO2RR) using well 
established techniques such as redox potential matching, emission quenching, dynamic light 
scattering analysis, and quantum yield determination. 
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1. Components of a Photocatalytic CO2RR System 
 
A photocatalytic system for homogeneous CO2RR is typically composed of the following: 
 
Drivers  
• Photosensitizer 
• Catalyst 
• Sacrificial Electron Donor 
• Light  

Substrates 
• CO2 
• Acid Source 
• Light 

 
In this description, “drivers” are the parts of the system that perform the work related to electron 
transfer, while the “substrates” are the elements that will be transformed into the carbon-based 
product. Light is in both categories because it initiates electron transfer events, and the new bonds 
formed in the products (CO, HCOO–, CH3OH, etc) store light energy. A typical homogeneous 
photocatalytic system requires both a photosensitizer and a catalyst working together in solution. 
The photosensitizer (PS) is a molecule that can absorb a photon of discrete energy from the light 
source, promoting an electron to move into a higher energy excited state. This excited electron can 
terminate in release of energy as visible light (emission) or it can be transferred to the catalyst. In 
some cases, light absorption from a catalyst molecule can permit electron transfer to a neighboring 
catalyst molecule; a self-sensitized photocatalytic system will work without the addition of a PS. 
In CO2-to-CO reduction, two cycles of light photosensitization will lead to two electrons 
transferred to the catalyst, which can then bind  and reduce CO2 with the help of the acid source. 
Whether or not we can expect productive electron transfer from the PS to the catalyst can be 
predicted by analyzing their redox potentials, this will be discussed further in section 2. The 
sacrificial electron donor (SED) or quencher is another small molecule in this reaction solution 
with the essential role of regenerating the PS. It is usually added in excess relative to the PS, and 
is the only driver that is not catalytic, hence “sacrificial”.  Whether the SED transfers electrons to 
the PS before or after electron transfer to the catalyst defines the photocatalyst quenching 
mechanism, described in detail in section 3. All of these components exist in one solution, and are 
equipped with stirring, temperature regulation, and placed in front of a light source for reaction. 
Since we will attribute the reactivity observed to a specific homogeneous catalyst structure, it is 
important to verify that said catalyst is responsible for activity; this can be done through dynamic 
light scattering analysis, described in section 4. The light source in a typical bench-scale set up 
will be a lamp with a specific energy range (or a single wavelength). Knowing the power of this 
lamp is important in determining how many moles of CO are produced per mole of photons 
emitted, herein called the quantum yield (QY), described in detail in section 5. Finally, the reaction 
medium (solvent) in a homogeneous photocatalytic system, which is difficult to classify as a driver 
or substrate*, can play an essential role in the photocatalysis performance, therefore multiple 
solvents should be screened when finding optimal reaction conditions. 
 
* In the case that protic solvents are used (e.g.,H2O), they can also serve as your acid source. 
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2. How to Use Redox Potentials when Designing a Photocatalytic System 
 
Matching a photosensitizer to a catalyst by analyzing tabulated redox potentials can inform 
experimental screening. It is most helpful if you first know the reduction potential of your catalyst, 
and assuming it is a novel catalyst, a cyclic voltammogram can help you obtain this. For example, 
in Chapter 2, the CV of catalyst [Fe]2+ helped inform the selection of PSs that should be capable 
of reducing it. Since the reductive chemistry occurs at the second wave, at a potential of –1.43 V 
vs Fc/Fc+, we can proceed by choosing a PS whose reduction potential is more energetic. As seen 
in Chapter 2, Figure 2.4, all of the PS that are active for photochemical CO2RR in conjunction 
with [Fe]2+ bear a reduction potential negative of  –1.43 V. This is similar to choosing an applied 
potential for electrolysis, you want to be at or above the onset potential in order to generate enough 
of your reduced catalyst to perform CO2RR. An excellent resource containing tabulated redox 
potentials for organic molecules and coordination complexes that have PS properties can be found 
in Chapter 2, reference 19. Technically, the value you want to know is the excited state reduction 
potential, since you are using the PS under light irradiation. This value is not something that can 
be measured by cyclic voltammetry, but rather is estimated via calculations described in Chapter 
2, reference 19. An excited PS, though, will typically have higher oxidizing and reducing potential 
than it does in its ground state, so if an excited state redox potential value is not available, the 
ground state value will be a minimum estimate of the excited state value. To add a layer of 
complexity, electron transfer from an excited PS (PS*) to a catalyst does not always occur. 
Sometimes, the SED reduces PS*, then electron transfer from  the one-electron reduced PS·– to the 
catalyst follows. These quenching two mechanisms can be determined using spectroscopic 
methods (see section 3). Since the SED also participates in transferring electrons to either PS* or 
PS+ (depending on the quenching mechanism) it is another element in the photocatalytic system 
that can be carefully chosen based on redox potentials.  
 
3. Emission Quenching and Stern-Volmer Analysis to Determine Photocatalyst Mechanism 
 
As mentioned in previous sections, the photochemical quenching mechanism in your 
photocatalytic CO2RR system can be predicted using spectroscopic techniques called emission 
quenching and Stern-Volmer analysis. In these experiments, we will separately determine the rate 
at which either the SED or the catalyst (CAT) can quench PS*, called the quenching rate constant 
(kq). Once we know the rates of the two quenchers, we can deduce the following mechanisms: 
 
SED has a larger kq (reductive quenching) 

1. PS + light = PS* 
2. PS* + SED = PS·– + SED·+ 
3. PS·– + CAT = CAT·– + PS 

 

CAT has a larger kq (oxidative quenching) 
1. PS + light = PS* 
2. PS* + CAT = PS·+ + CAT·– 
3. PS·+ + SED = PS + SED·+ 

 
 
For a catalytic cycle depiction of these two mechanisms, please see Chapter 2, reference 11.  
The first step in the experimental process is the emission quenching component. First, find out the 
excitation and emission wavelengths of your PS, as well as the associated excited state lifetime 
(𝜏f). These values are listed in Chapter 2, reference 19 for many PSs. If you have synthesized a 
brand-new PS, then you will have to record all of its photophysical parameters from scratch in 
order to do this analysis. With the known excitation wavelength, you can record the fluorescence 
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spectra of your PS in the range where you expect to see the emission wavelength (the fluorimeter 
software will ask you to input these values before recording spectra). After recording the first 
spectrum, add a known concentration of your quencher to the PS solution. The next spectrum you 
record will show a decrease in the emission intensity if it is capable of quenching PS*. Therefore, 
if increasing concentrations of the quencher causes no changes to the emission spectra of PS*, you 
likely have an oxidative quenching mechanism in your hands. For proper quantitative 
determination of this observation, add 4 aliquots of quencher in order to have 4 data points to plot 
for Stern-Volmer analysis. Repeat this experiment for the other quencher, so that you have two 
sets of data: emission quenching spectra for the addition of SED to PS, and addition of CAT to PS.    
 
Note: It is important that the initial concentration of the PS is not too high, otherwise you will 
observe that upon addition of a quencher, the emission spectrum actually increases. This is because 
at high concentrations of PS, self-quenching can occur, so adding the external quencher will slow 
self-quenching- making the resulting emission intensity higher. For the PSs [Ru(bpy)3]2+ and 
Ir(ppy)3, 50 𝜇M worked well for these experiments and no self-quenching was observed (see 
Chapters 2 and 3). 
 
Now that you have the data sets collected from the fluorimeter, you will analyze this data using 
Stern-Volmer quenching kinetics. Essentially, you will determine kq for each quencher based off 
the linear regression following the Stern-Volmer equation: 
 

I0/IQ = 1+ 𝜏f	kq	[Q] 
 

where I0/IQ is the peak emission intensity (centered at the emission wavelength observed) in the 
absence (I0) or presence (IQ) of quencher, 𝜏f is the emission lifetime of PS* (in time units) and 
[Q] is the concentration of the quencher. Plot a line in which your X values are the incremental 
concentrations of the quencher (starting with 0) and the Y values are I0/IQ (from your fluorimeter 
data). With all of the values in SI units, solve for kq.  
 
4. Dynamic Light Scattering Analysis and Catalyst Stability 

  
In the field of homogeneous CO2RR catalysis, it is essential to provide data which supports the 
classification of your catalyst as homogeneous—evidence that shows that the active species under 
the reaction conditions is in fact a discrete molecular complex as reported, rather than a newly 
formed species such as nanoparticles.   In electrochemical CO2RR, rinse tests are used to 
corroborate that the catalyst is freely diffusing in solution, and that no heterogeneous species are 
forming on the electrode surface. In photochemical CO2RR, a commonly used method is dynamic 
light scattering (DLS) analysis. DLS includes the use of a spectrophotometer to measure properties 
in your reaction mixture; incident light from the instrument shines through a solution, and the 
detector can assess the size of the particles in solution based off their Brownian motion and the 
resulting scattered light patterns over time. One approach to doing DLS experiments and analysis 
is to start with a sealable cuvette containing the entirety of your reaction components (possible 
structural decomposition of your catalyst should be modeled under precise conditions). The first 
measurement should be a zero timepoint with respect to irradiation, or a “dark” reaction. The DLS 
scan of this dark reaction mixture will be the baseline to compare the following experiments, in 
which you should irradiate the solution for a few time points. The resulting spectra you will get 
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will show size distribution (0-10,000 nm) vs intensity (%). For a photocatalyst system in which 
the structural integrity does not change, the various timepoints with irradiation should show no 
deviation from the baseline dark timepoint, and the only peak (if any) should be on the lower size 
range. If a photocatalyst system starts to decompose into nanoparticles, the resulting spectra will 
show a size distribution away from the baseline, with peaks of increasing intensity at a higher size 
range. 

 
 
5. Quantum Yield Determination via Chemical Actinometry 

 
The quantum yield (Φ) of CO2 reduction to CO using a photocatalytic system is defined by: 

This parameter tells us what percentage of the light we shine at our reaction mixture results in the 
formation of one mole of CO. We multiply the numerator by 2 in the equation since we know that 
two electrons are required to reduce CO2 to CO (and therefore, two photocatalytic cycles). It is 
analogous to faradaic efficiency, where we determine what percentage of the electrons of charge 
passed result in the formation of CO. With typical lamps, the quantum yield will be inherently 
inefficient, because the light emitted by the lamp is not concentrated at the sample. Most quantum 
yields reported in the literature are between 0.5 to 20 %. The number of photons per unit time 
(photon flux) emitted by the blue LED light source used during photocatalytic experiments can be 
measured via chemical actinometry. Note, fancy lamps have a feature that should tell you their 
power, so chemical actinometry is useful when this feature is not available. A chemical 
actinometry experiment uses a standard compound of well-known and tabulated photochemical 
properties. In chapter 2 and 3, we used ferrioxalate (K3[Fe(C2O4)3]) for the actinometry 
experiment. The photochemical decomposition of ferrioxalate (Fe3+) to Fe2+ can be monitored 
spectrophotometrically via the detection of free Fe2+ by chelation with phenanthroline according 
to the simplified reactions: 

The moles of Fe2+ formed in an irradiated solution can be calculated by:  

Where ΔA510nm is the difference in absorption between the solution kept in the dark and the 
irradiated solution, and ε510nm is the molar absorptivity of [Fe(phen)3]2+ at 510 nm (11100 L mol-1 
cm-1). The average photon flux was then calculated following equation: 

 
where Φλ is excitation wavelength dependent quantum yield of ferrioxalate. Experimental details 
for making and mixing the solutions of ferrioxalate and phenanthroline are in chapter 2. The final 
quantum yield should be calculated from an average of at least three photon flux measurements. 

6.022 x1023 x moles Fe2+
# photons/sec =

Φλ x t

Fe3+ Fe2+Δ

Fe2+ + 3 phen [Fe(phen)3]2+

λmax= 510 nm

Φ =
2 (number of CO molecules)
number of photons absorbed

x 100 %

moles Fe2+ =
V1 x V3 x ΔA510

103 x V2 x l x ε510




