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ABSTRACT 

Small Molecule Activation by Metalloporphyrin Complexes Isolated in Metal-Organic 

Frameworks 

Audrey Theresa Gallagher 

Contained in the following dissertation are detailed investigations regarding the thermodynamics 

of small molecule activation by metalloporphyrin complexes isolated within metal-organic 

frameworks (MOFs). Chapter 1 provides a description of the role metalloporphyrin complexes 

play in biological systems and the challenges associated with studying small molecule activation 

by metalloporphryin sites in both the protein’s native structure as well as molecular model 

complexes. This chapter culminates with a description of how an alternative material platform, a 

MOF, offers the opportunity to access species that have confounded isolation and thorough 

investigations in molecular form.  

Chapters 2 and 3 focus on the study and characterization of low-coordinate metalloporphyrin 

O2 adducts featuring iron and cobalt, respectively. Importantly, these results provide the first 

structurally-characterized five coordinate Fe–O2 and Co–O2 porphyrin species, further highlight 

the importance of axial ligation in biological O2 transport and storage, and demonstrate the 

ability of a MOF to enable isolation and study of species that are highly unstable in molecular 

form. Chapter 4 employs the same approach to isolate a four-coordinate manganese(II) porphyrin 

complex and examine its reactivity with O2 using a myriad of characterization techniques. X-ray 

diffraction experiments reveal for the first time a peroxomonaganese(IV) porphyrin species, 

which exhibits a side-on, η2 binding mode. Further, quantification of the interaction of O2 with 

manganese(II), iron(II), and cobalt(II) porphyrin complexes demonstrate that O2 binding 
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enthalpy increases with increasing reductive capacity of the MII/III redox couple. Chapter 5 

details the comprehensive characterization of highly-labile carbonyl adducts of cobalt porphyrin 

complexes. Importantly, this work provides the first crystallographic characterized example of a 

noniron first-row transition metal porphyrin complex. The combination of these four chapters 

provides not only key biological insight regarding the thermodynamics of small molecule 

activation by metalloporphryin centers, but also, unprecedented characterization, particularly in 

the form of single crystal X-ray diffraction analysis, of species that have only been observed 

transiently in molecular form. Chapters 6 and 7 suggest next directions in the form of potential 

synthetic-pathways that can lead to the isolation and study of reactive metalloporphyrin 

complexes capable of carrying out group atom transfer chemistry. The combination of the results 

reported herein demonstrate that the sequestration of metalloporphyrin moieties within the solid-

state architecture of MOFs provides access to a wide a range of novel coordination complexes. 
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Chapter 1: Introduction 

1.1 Metalloporphyrin Centers in Biology and Molecular Model Complexes 

Metalloporphyrin centers are intimately involved in a number of biological processes including 

O2 transport and storage, electron transport, catalysis, sensing, cell adhesion, and 

neurotransmission.1 The ubiquity of metalloporphyrin-based proteins in biology have rendered 

them an intense topic of investigation, with a goal of elucidating structure, function, and 

mechanistic insight into their various biological functions. The versatility of these proteins is 

largely dependent upon the ability of the reaction center to discriminate and selectively activate 

small molecule substrates, particularly diatomic gaseous signaling molecules such as O2, CO, 

and NO.1 As such, significant research efforts have focused on understanding the factors that 

influence small molecule activation and how this gives rise to the diverse biological processes 

carried out by metalloporphyrin-based proteins. A crucial consideration towards understanding 

these systems involves elucidating the impact the electronic structure of both the metal center 

and gaseous molecule has on the thermodynamics of substrate activation.  

In nature, the metalloporphyrin sites are embedded within a protein superstructure, which 

serves to prohibit the metalloporphyrin active sites from engaging in unwanted side reactivity.2 

However, the complexity of the surrounding protein matrix restricts access to the 

metalloporphyrin center and therefore limits the study of substrate activation within the protein’s 

native structure. Owing to this limitation, the last several decades have seen a number of 

researchers turn towards the development of molecular model complexes featuring a 

porphyrinate ligand that mimics the local coordination environment of the active site.3 The 

simplicity of molecular model complexes provides a method to directly probe changes to the 
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metal center upon substrate binding using straight forward and conventional characterization 

techniques.  

Towards this aim, a number of researchers have sought to study small molecule activation 

using molecular metalloporphyrin model complexes.4 Indeed, these efforts have resulted in a 

myriad of physical characterizations and have improved our understanding into the nature of 

substrate activation by metalloporphyrin centers. Nevertheless, these studies have often not been 

straightforward due to interference from solution effects such as bimolecular reactions, axial 

ligand ligation, and solvent/solute interactions involving the porphyrin ligand.5 As such, the 

study of small molecule activation by metalloporphyrin centers is often limited to spectroscopic 

characterization at low temperature, primarily within frozen gas matrices. A key challenge, 

particularly in regards to the study of gaseous substrate binding, involves the inability to access 

low-coordinate unsaturated molecular metalloporphyrin centers in solution, which impedes gas 

binding and a thorough investigation into the thermodynamics of substrate activation.  

One way to overcome these challenges is to embed reaction centers within a porous extended 

solid. Here, the rigid superstructure provided by the solid-state architecture immobilizes the 

metal centers, preventing participation in deleterious side reactivity. Further, anchoring the 

metalloporphyrin centers within a solid-state structure enables gas-phase reactions, thereby 

eliminating the formation of unwanted side products or interference from solvent molecules. An 

ideal platform for this study is an emerging class of materials known as metal-organic 

frameworks (MOFs). 

1.2 Metal-Organic Frameworks 

Metal-organic frameworks (MOF) are a porous crystalline class of materials composed of metal-
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based nodes, typically single ions or clusters of ions, connected through organic bridging ligands 

to form highly ordered, crystalline lattices (Figure 1.1). Owing to their large internal surface 

areas and design flexibility, these materials have been investigated for a variety of applications 

including gas storage,6 gas separation,7 sensing,8 ionic and electronic conductivity,9 drug 

delivery10 and catalysis.11 While MOFs have been extensively studied for these various 

applications, they have received considerably less attention for the investigation of small 

molecule activation at unsaturated metal centers. Nevertheless, they are an ideal platform for this 

study as their porous structure enables removal of exogenous solvent and therefore, 

heterogeneous gas phase reaction chemistry. Further, their inherent crystallinity provides a 

means to probe substrate activation by the metal center using X-ray diffraction techniques. 

1.3 Porphyrin Zirconium-Based Metal Organic Framework  

The emerging field of MOF chemistry has been accompanied by an advent of novel structural 

architectures featuring a diverse range of ligand sets and inorganic nodes. A subclass of metal-

organic frameworks that are of particular interest are those featuring porphyrinic organic struts 

and ZrIV oxo-cluster-based inorganic nodes.12 Indeed, over ten distinct structures featuring 

 

Figure 1.1 Schematic diagram of a metal-organic framework featuring the inorganic nodes (grey spheres) and organic 
bridging ligands (blue rod) that form a 3D highly order porous structure. 
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porphyrinic zirconium MOFs have been reported. The significance of these structure types 

relates to both the biological and catalytic activity of metalloporphyrins as well as the stability of 

the ZrIV oxo-cluster-based inorganic node. The development of structure types featuring ZrIV 

oxo-cluster-based inorganic nodes, first reported in the UiO-66 family of MOFs, is a notable 

advancement in the field of MOF chemistry.13 This cluster imparts increased stability to the 

frameworks especially when compared to other MOFs, enabling the exploration of a wide range 

of chemistry that require more extreme reaction conditions.14 While porphyrin-based MOFS 

have been utilized for a variety of purposes, including gas sorption,15 catalysis,16 

photosensitization,17 and photovoltaics,18 the use of the rigid architecture of MOFs to study small 

molecule activation of by metalloporphyrin complexes is a novel application.  

For the purposes of our study, we utilize the ZrIV-based metal-organic framework PCN-224, 

owing to several key attributes (Figure 1.2).12e First, PCN-224 features 

tetracarboyxyphenylporphyrin linkers, providing a platform in which the porphyrin centers can 

 

Figure 1.2 Crystal structure of PCN-224 featuring the organic porphyrin bridging ligand and ZrIV cluster. Single crystals of 
PCN-224 are shown in the bottom right corner. Adapted from reference 12e. 



16 

be isolated in a porous, extend solid. The inorganic nodes of this framework consist of highly 

robust Zr6O8 clusters, rendering PCN-224 stable over a wide pH and temperature range. 

Additionally, we have modified the synthetic procedure to enable the isolation of large single 

crystals of PCN-224, providing facile structural characterization by single-crystal X-ray 

diffraction. This is an imperative requirement as the complexes of interest have eluded 

crystallographic characterization in molecular form. Furthermore, the structure of PCN-224 

features large channels with a diameter of 19 Å, which facilitates heterogeneous reactions 

between gaseous substrates and metalloporphyrin centers. Finally, metalation of PCN-224 with 

FeIII, CoII, and NiII ions has already been reported, providing an important precedent for insertion 

of metal ions into the porphyrin binding pocket.  

1.4 Sequestration of Metalloporphyrin Sites in Metal-Organic Frameworks  

By embedding metalloporphyrin centers in modifiable 3D MOFs, this strategy offers the 

opportunity to access species that have confounded isolation and thorough investigations in 

molecular metalloporphyrin complexes. Importantly, this strategy lies at the interface of 

molecular and materials chemistry and offers key advantages of both. The general ease of 

characterization as well as the synthetic tunability of MOFs parallels the simplicity of molecular 

systems, where site-specific access to the metal center enables a direct study on the impact of 

substrate activation by the metalloporphyrin center. This method also overcomes the challenges 

associated with studying these complexes in molecular form, where the immobilization of the 

metal centers into a solid-state material platform allows study of gaseous substrate binding in the 

absence of competitive solution-based side reactivity. Further, MOFs permit the study and 

isolation of coordinatively unsaturated, redox active metal centers that not only lends itself to an 
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investigation of the role metalloporphyrin centers play in biological systems, but also a step 

towards the development of materials for selective gas binding. While substrate activation by 

metalloporphyrin centers has been studied extensively over the course of the past 30 years, this 

strategy allows a more thorough and comprehensive investigation into the understanding of 

substrate activation by metalloporphyrin centers, as well as access to fundamentally new 

coordination compounds that have eluded characterization in molecular form.  
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Chapter 2: A Five-Coordinate Heme Dioxygen Adduct Isolated within a Metal-Organic 

Reprinted with permission from: 

Anderson, J. S.; Gallagher, A. T.; Mason, J. A.; Harris, T. D. Journal of American Chemical 

Society 2014, 136, 16489–16492. 

Copyright 2014 American Chemical Society. 
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2.1 Introduction 

Metalloproteins featuring iron porphyrin, or heme, prosthetic groups are ubiquitous in nearly all 

forms of life. The heme functionality is intimately involved in a variety of biological processes, 

including O2 transport and storage, electron transport, catalysis, and sensing.1 Specifically, O2 

transport and storage mediated by the proteins hemoglobin and myoglobin, respectively, is 

essential to mammalian life.2 The critical roles of heme proteins have rendered them a topic of 

intense study, primarily in order to understand the structural and electronic features that govern 

their functionality. Toward this end, tremendous concerted efforts have focused on the 

development of synthetic heme molecular model complexes that can mimic the reversible O2 

binding characteristic of globin proteins.3  

The study of molecular heme dioxygen model complexes has been hampered by their 

instability as mononuclear complexes. In the absence of a protein superstructure, heme 

complexes typically undergo irreversible oxidation via bimolecular condensation reactions, 

ultimately forming oxo-bridged FeIII
2 complexes.4 This obstacle prompted the development of 

sterically protected “picket-fence” porphyrins, which served to prevent bimolecular 

decomposition reactions and enabled isolation of the first examples of thoroughly characterized 

heme-O2 adducts.3,5 These systems also enabled studies aimed toward understanding the role of 

axial histidine donors, present in both hemoglobin and myoglobin, in O2 binding.6 Along these 

lines, a longstanding challenge has been the isolation and characterization of five-coordinate, or 

“base-free,” heme-O2 adducts. Indeed, comparison of the O2 binding affinity of such a species 

with their six-coordinate analogues would help to further elucidate the function of the axial 

ligand in biological heme centers. Nevertheless, despite the elegant design of other elaborate 
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porphyrin scaffolds,2 observation of five-coordinate heme-O2 adducts has been limited to 

spectroscopic evidence at low temperature, primarily within frozen gas matrices, as these species 

invariably undergo bimolecular decomposition or O2 dissociation under ambient conditions.7 

As an alternative to the above methods for isolating five-coordinate heme-O2 adducts, we 

hypothesized that a heme-containing metal-organic framework (MOF) would provide an ideal 

platform for the isolation and study of these species, as the solid-state structure of the MOF 

should prevent bimolecular condensation reactions and obviate the need for solvent to enable 

gas-phase reactions. MOFs are particularly well-suited for this challenge over other solid-state 

materials, owing to their porous structure, high degree of synthetic tunability, and amenability to 

single-crystal diffraction studies. Moreover, while a number of research groups have found 

success in explorations of MOF reactivity, the vast majority of these reports have centered on 

catalytic activity rather than the isolation and study of reactive species.8 Encouragingly, 

numerous porphyrinic MOFs have already been reported, including those with open porphyrin 

ligands that can be post-synthetically metallated.9 Herein, we report the incorporation of a 

coordinatively unsaturated ferrous heme center into a MOF, and its reaction with O2 to give a 

five-coordinate heme-O2 complex. This species is structurally characterized for the first time, 

and combined spectroscopic and O2 adsorption experiments reveal key features of its electronic 

structure and O2 affinity.  

  



21 

2.2 Results and Discussion 

The recently reported Zr-based porphyrinic MOF PCN-224 exhibits several attributes that are 

well-suited for the isolation and study of reactive species, including remarkable stability to acid 

and base and capacity for post-synthetic porphyrin metallation (see Figure 1).10 Using a slight 

modification of the reported preparation, large cubic crystals of PCN-224, suitable for single-

crystal X-ray diffraction analysis, were 

prepared. Subsequently, following a 

procedure similar to that for preparation of 

molecular (TPP)FeII (TPP = 5,10,15,20-

tetraphenylporphyrin dianion),11 single 

crystals of PCN-224 were heated under 

nitrogen in a DMF solution containing 

excess anhydrous FeBr2 and 2,6-lutidine to 

give the ferrous heme-containing compound 

PCN-224FeII (1) (see Figure 2.1).  

Single-crystal X-ray diffraction analysis 

of 1 revealed a structure that exhibits a 

four-coordinate heme center residing square 

planar coordination environment. The Fe-N 

distance of 1.982(4) Å is close to that of 

1.966 Å reported for (TPP)FeII.12 No 

significant residual electron density 

 

Figure 2.1 Reaction of PCN-224Fe (1) with O2 at −78 °C to 
form PCN-224FeO2 (2). Green octahedra represent Zr atoms; 
orange, blue, red, and gray spheres represent Fe, N, O, and C 
atoms, respectively; hydrogen atoms are omitted for clarity. 
Selected interatomic distances (Å) and angles (°) for 2: Fe-O 
1.79(1), O-O 1.15(4), Fe···N4 plane 0.526(2), Fe-O-O 118(4), 
N-Fe-O 104(1). 
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corresponding to an axial ligand could be located in the difference Fourier map. Note that while 

a number of heme-containing MOFs have been previously reported,9fhil to our knowledge, 1 

represents the first example of a MOF with coordinatively unsaturated ferrous heme centers.13 In 

addition to single-crystal X-ray analysis, complete metallation of the bulk crystalline material 

with FeII was confirmed by IR, diffuse reflectance UV-Vis, and trace metals analysis. 

Furthermore, N2 adsorption data collected for a desolvated sample of 1 at 77 K provided a 

Brunauer-Emmett-Teller (BET) surface area of 2369 m2/g. This value is close to those reported 

for other metallated forms of PCN-224 and confirms that high porosity is maintained upon 

metallation of PCN-224 with FeII. 

Upon exposure of desolvated 1 to 1 atm of dry O2 at ambient temperature, no significant 

changes were observed in the IR and diffuse reflectance UV-Vis spectra. This result is in stark 

contrast to behavior previously observed in molecular ferrous heme complexes with axial 

imidazole ligands, which readily bind O2 at room temperature.3 In contrast, carrying out this 

experiment with single crystals of 1 at −78 °C resulted in an immediate color change from purple 

to dark red-brown. Subsequent analysis of X-ray diffraction data collected at 100 K revealed the 

formation of a new compound, PCN-224FeO2 (2), featuring an O2 ligand coordinated to the 

heme iron center (see Figures 2.1). The structure of the heme unit in 2 consists of a five-

coordinate Fe center residing in a square pyramidal coordination environment, with the O2 ligand 

coordinated to the Fe center in an η1, end-on binding mode. The Fe-O distance of 1.79(1) Å is in 

the range of 1.75-1.90 Å previously reported for molecular six-coordinate heme-O2 adducts, 

which are best described as featuring an FeIII-superoxide composition.14  Additionally, while the 

O-O distance of 1.15(4) Å and the Fe-O-O angle of 118(4)° are consistent with those previously 
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reported, these metrics must be regarded with caution due to crystallographic disorder of the O2 

about a 4-fold axis. The FeIII center is displaced out of the plane formed by the four pyrrole 

nitrogen atoms by 0.526(2) Å along the Fe-O bond, consistent with displacement distances 

typically observed for five-coordinate 

metalloporphyin complexes.15  

To the best of our knowledge, 

compound 2 represents the first 

structurally characterized example of a 

five-coordinate, “base-free” heme-O2 

adduct. In fact, coordinatively 

unsaturated terminal metal-O2 adducts in 

any ligand environment are exceedingly 

rare, with only three structurally characterized examples in molecular complexes of Cu16 and 

Pd.17 Indeed, to our knowledge, 2 represents the first structurally characterized example of an 

Fe-O2 species with an Fe coordination number less than six. Here, the stability of this complex 

towards irreversible oxidation is almost certainly provided by the rigid solid-state MOF scaffold, 

which precludes bimolecular condensation reactions. 

The surprising lack of reactivity of 1 with O2 at room temperature prompted us to examine 

the thermodynamics of O2 binding using gas adsorption measurements. Consistent with the 

reactivity described above, the O2 isotherm obtained for 1 exhibits an initial sharp uptake at 

temperatures below 195 K (see Figure 2.2). The slope of this uptake decreases upon warming to 

226 K, and the isotherm becomes nearly linear with pressure upon warming further to 298 K. To 

 

Figure 2.2 O2 adsorption data for 1 at 141, 156, 195, 226, 273, and 
298 K (blue to red gradient). Circles represent data, and solid lines 
correspond to fits using a dual-site Langmuir model. Inset: O2 
isosteric heat of adsorption curve for 1 as a function of amount 
adsorbed. 
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quantify the O2 binding, isotherm data at temperatures of 141, 156, 195, 226, 273, and 298 K 

were independently fit using a dual-site Langmuir model as previously described.18 These fits 

revealed binding enthalpies of –29(2) and –10.0(2) kJ/mol, which we assign to O2 binding at the 

Fe centers and physisorption on the remainder of the MOF surface, respectively. Consistent with 

this assignment, treatment of the 141, 156, and 195 K isotherm data with the Clausius-Clapeyron 

equation provided an initial isosteric heat of adsorption of –34(4) kJ/mol at low coverage, which 

ultimately drops to a plateau of –10(2) kJ/mol at loadings greater than 0.7 mmol/g, the value 

expected for a 1:1 Fe:O2 stoichiometry (see Figure 2, inset). Note that, to our knowledge, this 

represents only the second measurement of O2 adsorption at a coordinatively unsaturated Fe 

center within a MOF.19  

The observed O2 binding enthalpy at low coverage of −34(4) kJ/mol in 1 is substantially 

lower than those of 63-65 kJ/mol previously reported for Fe centers in myoglobin and molecular 

heme complexes with axial imidazole ligands.3 We initially hypothesized that this difference 

may stem from a high-spin electronic configuration for FeIII in 2, in contrast to the low-spin 

configuration invariably observed in six-coordinate species. To further probe this possibility, 

Mössbauer spectra were collected for a pulverized crystalline sample of 1, both in the absence 

and presence of O2. At 100 K, the spectrum of 1 in the absence of O2 exhibits a quadrupole 

doublet with an isomer shift of δ = 0.580(2) mm/s and a quadrupole splitting of ΔEQ = 1.417(6) 

mm/s, both consistent with previously reported values for four-coordinate D4h ferrous heme 

centers (see Figure 2.3).20 Upon addition of 1 atm of dry O2 to this sample at −78 °C, the 

subsequent Mössbauer spectrum at 100 K showed complete consumption of 1 and concomitant 

formation of primarily 2 with a small amount of high-spin FeIII impurity. Compound 2 exhibits a 
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quadruple doublet with an isomer shift of δ = 

0.378(2) mm/s and a quadrupole splitting of 

ΔEQ = 2.24(1) mm/s, which can be 

unambiguously assigned to a low-spin ferric 

heme center.20,21 Indeed, these parameters are 

very similar to those previously reported for 

six-coordinate heme-O2 adducts, all of which 

are also low-spin.20  Moreover, the low-spin 

configuration is consistent with that suggested 

by a low-temperature NMR study of a five-

coordinate heme-O2 adduct.7a In stark contrast 

to previously reported six-coordinate heme-O2 

adducts, the spectrum of 2 undergoes a gradual release of O2 upon warming, converting cleanly 

back to 1 at 250 K. This observation is consistent with the relatively weak O2 binding enthalpy 

determined from gas adsorption analysis.  

The observation of low-spin configurations for both 2 and six-coordinate heme-O2 adducts 

systems eliminates the possibility of spin state differences as the source of highly dissimilar 

enthalpies of O2 binding. Furthermore, the temperature independence of binding enthalpy at low 

temperature, as ascertained through the O2 adsorption experiments, suggests that a thermally-

induced spin state transition is not operative in 2. Therefore, electron donation from an axial 

ligand appears to be the primary source of differences in O2 binding. Despite this supposition, 

the enhanced electron density at Fe in six-coordinate imidazole-ligated heme complexes 

 

Figure 2.3 Mössbauer spectra of 1 and 2, collected for 
pulverized crystalline samples at 100 K. Filled black circles 
represent experimental data, and solid lines correspond to 
fits to the data. 
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apparently does not engender significant π backbonding, as the CO stretching frequency in 

heme-CO adducts has been shown to be relatively invariant to coordination number.22 

Alternatively, since the binding of O2 effects a redox reaction at both Fe and O2 centers, we 

hypothesize that the difference in binding strengths may be correlated to the relative redox 

potentials of four- and five-coordinate ferrous heme centers. Indeed, inspection of reported redox 

potentials for the FeII/FeIII couple reveals a difference of ca. 0.250 V between four-coordinate 

and imidazole-ligated five-coordinate heme complexes.23 The potential difference, when 

substituted into the Nernst equation, corresponds to a difference in free energy of 24 kJ/mol. This 

value, while a rudimentary approximation, nevertheless is very close to the observed estimated 

difference in O2 binding enthalpy of 30(5) kJ/mol between 2 and six-coordinate imidazole-

ligated analogues. Thus, this analysis suggests that a critical role of axial imidazole ligation in 

six-coordinate heme-O2 species may be to generate a heme center with a sufficiently reducing 

FeII/III couple to enable strong O2 binding at ambient conditions. 

2.3 Conclusion 

The foregoing results demonstrate the ability of a MOF to enable the isolation of a five-

coordinate heme-O2 complex, a species that has previously eluded structural and thorough 

spectroscopic characterization in molecular form. A combination of structural and spectroscopic 

experiments reveals unequivocally that this species comprises a low-spin FeIII center coordinated 

to a superoxide ligand in an end-on, η1 geometry. Moreover, variable-temperature O2 adsorption 

studies show that O2 binding in this species is much weaker than that observed in six-coordinate 

analogues. This observation further highlights the critical importance of the axial histidine ligand 

on heme sites in globin proteins, as the absence of this ligand would lead to ineffectual O2 



27 

transport properties due to a drastically weakened O2 binding enthalpy. Taken together, these 

results provide an illustration of how the solid-state structure of a MOF can provide a platform to 

isolate and study unstable species that cannot be isolated in molecules.  
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Chapter 3: Dioxygen Binding at a Four-Coordinate Cobaltous Porphyrin Site in a Metal-

Organic Framework: Structural, EPR and O2 adsorption analysis 

Reprinted with permission from: 

Gallagher, A. T.; Kelty, M. L.; Park, J. G.; Anderson, J. S.; Mason, J. A.; Walsh, J. P. S; Collins, 
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3.1 Introduction 

Dioxygen adducts of molecular metalloporphyrin complexes have generated much 

interest for decades, owing to their relevance as models of proteins that carry out 

biological processes such as O2 transport and catalytic oxidation chemistry.1-3 In 

particular, porphyrin iron, or heme, complexes serve as molecular models of the O2-

binding proteins hemoglobin and myoglobin.4,5 In addition to hemes, cobalt porphyrin 

complexes have also garnered significant interest, owing largely to the fact that the 

doublet electronic ground state of both their deoxy- and oxy- forms lends itself to electron 

paramagnetic resonance (EPR) analysis.6-8 

Studies of molecular metalloporphyrin dioxygen adducts, in particular those involving 

Fe, have been limited by the propensity of these complexes to undergo deleterious 

bimolecular condensation reactions to form thermodynamically favoured and kinetically 

inert oxo-bridged dinuclear species.9,10 These challenges have been partially overcome 

through introduction of bulky substituents onto the porphyrin scaffold in order to block 

access to one or both axial coordination sites of the metal center. Nevertheless, even in 

the presence of sterically encumbered porphyrin ligands, an axial ligand such as 

imidazole is necessary in order to prevent bimolecular condensation or dioxygen 

dissociation. Consequently, the characterization of five-coordinate, base-free oxyheme11 -

14 and oxycobalt porphyrin15 -21 complexes in molecular form has been largely limited to 

spectroscopic studies in frozen solvent matrices at low temperature. 

We recently reported the post-synthetic metalation of the porphyrinic zirconium MOF 

PCN-224 with FeII to give a four-coordinate ferrous heme complex within the compound 
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PCN-224FeII.22 Subsequent addition of dry O2 to this species at −78 °C gave a five-

coordinate heme dioxygen adduct that was characterized by single-crystal X-ray 

diffraction and several spectroscopic methods. Moreover, O2 adsorption measurements on 

activated PCN-224FeII revealed an Fe-O2 binding enthalpy of −34(4) kJ/mol. This value 

is nearly half of that commonly observed in ferrous heme model complexes and in 

myoglobin,2,23-25 and demonstrates the importance of an axial ligand in biological O2 

binding. Herein, we extend this work to cobalt by examining the O2 binding of a four-

coordinate cobaltous porphyrin within PCN-224 through single-crystal X-ray diffraction, 

EPR spectroscopy, and O2 adsorption measurements. Specifically, we show that O2 binds 

the coordinatively unsaturated Co center to give a five-coordinate CoIII superoxo species 

and that O2 binding at a four-coordinate CoII center is considerably weaker than has been 

observed in analogues with axial ligands, in line with our previous findings regarding 

four-coordinate FeII.  

3.2 Results and Discussion 
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The compound PCN-224Co was 

reported previously, as synthesized by 

carrying out the MOF assembly 

reaction from 5,10,15-20-

tetrakis(carboxyphenyl)porphyrin 

cobalt(II).26 We synthesized PCN-

224Co through a different route, by 

post- synthetic metalation of the free-

base porphyrin-containing PCN-224.26 

Here, soaking cubic single-crystals of 

PCN-224 with excess anhydrous CoCl2 

in DMF in the presence of excess 2,6-

lutidine at 150 °C for 12 h resulted in 

the insertion of a CoII ion into the 

porphyrin cavity to give, after 

activation, the compound PCN-224Co 

(1). Quantitative Co metalation of this 

material was confirmed by diffuse-

reflectance UV/Visible spectroscopy 

and trace metals analysis (see Experimental Section). In addition, an N2 adsorption 

isotherm collected for 1 at 77 K provided a BET surface area of 3070(70) m2/g. This 

surface area is similar to other values reported for PCN-224 derivatives,22,26 and therefore 

 

Figure 3.1 Reaction of PCN-224Co (1) with O2 at 85 K to form 
PCN-224CoO2 (2). Green octahedra represent Zr atoms; teal, 
blue, red, and gray spheres represent Co, N, O, and C atoms, 
respectively; hydrogen atoms are omitted for clarity. Selected 
interatomic distances (Å) and angles (°) for 2: Co-O 1.93(4), Co-
N 1.974(5), O-O 1.30(4), Co···N4 plane 0.15(4), Co-O-O 121(2). 

 



32 

confirms that microporosity is retained upon post-synthetic metalation. This result 

provides another example of post-synthetic metalation of a MOF with cobalt.27- 32  

Upon metalation of PCN-224 with Co, the compound retains its single crystallinity, 

enabling characterization of 1 by single-crystal X-ray diffraction. The structure of 1 

features a four-coordinate CoII center that lies squarely within the N4 plane formed by the 

four pyrrole nitrogen atoms of the porphyrin ligand, along a crystallographic four-fold 

rotation axis (see Figure 3.1). The Co-N distance of 1.936(5) Å is in the range of 1.931-

1.944 Å observed for molecular four-coordinate cobalt porphyrin complexes,33 although 

considerably shorter than the distance of 2.156(1) Å reported in the related MOF Hf-

PCN-221(Co).34 No significant residual electron density was present in the difference 

Fourier map, confirming the absence of ligation in the Co axial coordination sites.  

A thin-walled quartz capillary containing a single crystal of PCN-224Co was exposed to 1 

atm of dry O2, cooled to 77 K and sealed under reduced pressure. Subsequent X-ray analysis of 

data collected at 85 K revealed the formation of a new species, PCN-224CoO2 (2). The structure 

of 2 displays a five-coordinate Co center in a square-pyramidal coordination environment, with 

the O2 ligand coordinated to the Co center in an η1, end-on binding mode (see Figure 3.1). The 

Co-O distance of 1.93(4) Å falls in the range of 1.92-1.93 Å previously reported for six-

coordinate molecular Co-O2 adducts, which have been described as CoIII superoxo (O2
−•) 

species.35,36 The O-O distance of 1.30(4) Å and the Co-O-O angle of 121(2)° are also consistent 

with previously reported molecular species. Note, however, that these values should be regarded 

with caution owing to disorder associated with the crystallographic four-fold symmetry at the Co 

center. The CoIII center is displaced from the mean plane of the four pyrrole nitrogen atoms by 
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0.15(4) Å, with a corresponding elongated Co-N distance of 1.974(5) Å, and these metrics are 

consistent with five-coordinate, low-spin CoIII porphyrin species in molecular form.37,38 Notably, 

the displacement of the Co center is significantly smaller than that previously observed in the 

analogous MOF-based Fe species, which featured a displacement of 0.526(2) Å. This difference 

may be attributed to the smaller ionic radius of low-spin CoIII relative to low-spin FeIII.33 To our 

knowledge, 2 provides the first example of a structurally-characterized Co-O2 adduct with a Co 

coordination number less than six.  

In order to further probe the 

electronic structure of 1 and 2, 

continuous-wave X-band EPR 

spectra were collected on activated 

crystalline samples at 15 K. In a 

quartz tube under static vacuum, 1 

exhibits an axial spectrum that is 

split into an eight-line pattern, with 

this splitting arising due to hyperfine 

coupling of the unpaired electron to 

the I = 7/2 59Co nucleus (see Figure 

3.2, upper). To model these data, 

spectral simulations were carried out 

using the program Easyspin39 and the 

Hamiltonian Ĥ = µBH·g·S + 

 

Figure 3.2 X-Band EPR spectra for 1, collected at 15 K, under static 
vacuum (upper) and dosed with 1 atm O2 at ambient temperature 
(lower). Red and blue lines correspond to experimental data and 
simulations, respectively, and the asterisk denotes a small amount of 
S = 1/2 impurity with g = 2.00. Microwave frequency = 9.632 GHz; 
microwave power = 6.31 mW.  
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ICo·ACo·S, where µB is the Bohr magneton, H is the applied dc magnetic field, g the g-

tensor, S and ICo are the electronic and 59Co nuclear spins, respectively, and ACo is the 

tensor for hyperfine coupling to the 59Co nucleus. The spectrum was best modeled with 

values of S = 1/2, g⊥ = 3.271, g∥ = 1.783, A⊥Co = 1122 MHz, and A∥Co = 480 MHz, with 

the parallel direction taken to be the axis normal to the porphyrin N4 plane. Here, the S = 

1/2 ground state and large g⊥/g∥ ratio are consistent with previous reports of four-

coordinate CoII porphyrin complexes that were doped into solid-state diamagnetic 

matrices to prevent axial ligation.18-21 Moreover, the deviation of g⊥ from the free 

electron value of 2.0023 in cobalt porphyrin complexes is directly correlated to the axial 

perturbation of the Co center along the parallel direction,3, 42-43 and the large deviation 

observed here for 1 corroborates the four-coordinate environment of the Co center as 

indicated by X-ray crystallography.   

The lower panel of Figure 3.2 shows the spectrum of the oxygenated derivative 2, 

formed by dosing a sample of 1 with 1 atm of O2 at ambient temperature followed by 

cooling to 15 K, which exhibits a rhombic spectrum with a significantly decreased degree 

of hyperfine coupling. The spectral features exist over a much smaller field range than in 

1, indicative of reduced g-anisotropy. Simulating the spectrum according to the isotropic 

spin Hamiltonian given above provides the following parameters: S = 1/2, gx = 2.016, gy = 

1.973, gz = 1.900, AxCo = 60 MHz, AyCo = 80 MHz, and AzCo = 0 MHz (unresolved). The 

rhombicity of this spectrum is consistent with a bent Co-O-O angle, which precludes a 

symmetry rotation axis.  

This model is compatible with those previously invoked for molecular porphyrin Co-
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O2 adducts, in which one of the two singly occupied π* orbitals of O2 forms a σ bond 

with the Co dz
2 orbital to form a doubly occupied molecular orbital, while the other 

orbital remains singly occupied and non-bonding.44,45 Accordingly, 2 is best described as 

CoIII–O2
−•, i.e. a low-spin CoIII center bound by an S = 1/2 superoxo ligand. Indeed, this 

electronic structure is consistent with previous studies of dioxygen adducts of porphyrin 

Co complexes that feature axial ligands at the Co center or solute and/or solvent 

molecules that engage in π 

interactions with the porphyrin 

ligand.46  

In order to examine the 

thermodynamics of O2 binding in 

PCN-224Co, O2 adsorption data 

were collected at selected 

temperatures. As depicted in Figure 

3.3, the O2 isotherm for 1 collected at 

113 K exhibits an initial steep uptake 

at low pressure.  As temperature is 

increased, the slope of this steep 

region decreases until the isotherm 

becomes nearly linear at 195 K. In 

order to quantitate the O2 binding, 

isotherm data at temperatures of 113, 

 

Figure 3.3 Upper: O2 adsorption data for 1 at 113, 141, 156, and 195 
K (blue to red gradient). Circles represent data, and solid lines 
correspond to fits using a dual-site Langmuir-Freundlich model. 
Lower: O2 differential enthalpy of adsorption curve for 1 as a 
function of amount adsorbed. Green circles represent data, and error 
bars are shown in black. 
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141, 156, and 195 K were each fit to a dual-site Langmuir-Freundlich model.22,47 

Subsequent treatment of the variable-temperature isothermal data with the Clausius-

Clapeyron equation revealed a differential enthalpy of adsorption of hads = –15.2(6) 

kJ/mol at low O2 loading, followed by a gradual drop near 1:1 O2/Co to a plateau at hads = 

–10.2(3) kJ/mol. We respectively assign these distinct values to O2 binding at the four-

coordinate CoII center and physisorption to the remainder of the MOF surface. The 

adsorption enthalpy of –15.2(6) kJ/mol is slightly lower than that of –17.8 kJ/mol 

reported for O2 binding at a five-coordinate (µ4-O)CoII tetracarboxylate unit in PCN-9.48 

The Co-O2 binding enthalpy of hads = –15.2(6) kJ/mol at low coverage is considerably 

weaker than values previously reported for cobalt porphyrins that feature axial ligands, 

both in Co-substituted globin proteins and in molecular model complexes.49 , 54 These 

values range from −33 kJ/mol for a 1-methylimidazole-bound capped Co complex53 to 

−68 kJ/mol for cobalt octaethylporphyrin supported on a highly oriented pyrolytic 

graphite (HOPG) surface, where the HOPG acts as an axial ligand.54 Indeed, the binding 

enthalpy of hads = –15.2(6) kJ/mol observed for 1 + O2 falls in the range of 22-46% of 

these values. This difference is similar but even more pronounced than that observed for 

the O2 binding of the four-coordinate heme in PCN-224FeII, which was approximately 

half of the values commonly observed for hemes with axial ligands,22 and further 

underscores the importance of axial ligand electron donation to the metal center to enable 

O2 transport and storage.    

3.3 Conclusion 

The foregoing results illustrate the ability of a metalloporphyrinic MOF to enable the 
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crystallographic characterization of a porphyrin Co-O2 species, as well as the quantitation of O2 

binding at a four-coordinate, base-free cobaltous porphyrin site. X-band EPR spectra reveal the 

electronic structure of the oxycobalt species to best be described as a low-spin CoIII center 

coordinated to an S = 1/2 superoxo ligand. Variable-temperature O2 adsorption measurements 

provide a Co-O2 binding enthalpy of hads = −15.2(6) kJ/mol, considerably lower than what is 

observed in analogous complexes with axial ligands. These results are consistent with those 

previously reported for O2 binding at a MOF-based four-coordinate heme species, and further 

demonstrate the importance of axial ligands in O2 binding in tetragonal metal complexes. Future 

work will focus on employing cobalt porphyrin units to carry out oxygen-atom transfer 

chemistry. 
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Chapter 4: A Structurally-Characterized Peroxomanganese(IV) Porphyrin via Reversible 

O2 Binding within a Metal-Organic Framework 

Gallagher, A. T.; Lee, J. Y; Kathiresan, V.; Anderson, J. S.; Hoffman, B. M..; Harris, T. D. 

submitted.  
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4.1 Introduction 

The activation of O2 by metalloproteins is central to a wide range of biological processes, 

including bond activation, O2 transport, metabolism, and the regulation of reactive oxygen 

species.1 In many of these processes, metal complexes of O2
2−, or peroxide, represent reactive 

intermediates that are generated during the catalytic cycles of enzymatic reactions.1a–e,2 For 

instance, C–H bond activation by heme-containing enzymes involves peroxoiron 

intermediates.1a–c,2ab,d In addition, water oxidation by the oxygen-evolving complex in 

Photosystem II2e and the degradation of superoxide ion by manganese superoxide dismutase2a are 

postulated to proceed through a peroxomanganese intermediate. The prominence and unusual 

reactivity of peroxoiron and manganese species in biology has motivated efforts to synthesize 

and characterize synthetic molecular model complexes, largely in order to elucidate the structure, 

physical properties, and chemical reactivity of these intermediates.2b,3 Indeed, tremendous 

progress has been made in the synthesis and study of both peroxoiron and manganese complexes. 

For instance, a number of mononuclear heme4 and non-heme5 peroxoiron complexes have been 

isolated, including two examples5a,b with structural characterization. In addition, several 

mononuclear peroxomanganese species have been isolated,6,7,8 with two recent structurally-

characterized examples featuring MnIV.9  

Despite these advances, significant challenges remain in the isolation of peroxomanganese 

complexes that display reversible O2 binding under ambient conditions, an important function 

often found in biological systems.10 Toward this end, manganese(II) porphyrin complexes 

present an attractive platform, owing to their ability to carry out the two-electron reductive 

activation of O2
11 and thus form high-valent peroxomanganese complexes.12 To date, one 
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crystal structure of an O2 coordinated to a manganese porphyrin has been reported. This 

complex, formed by addition of KO2 to (TPP)MnII (H2TPP = 5,10,15,20-

tetraphenylporphyrin), was shown to feature a MnIII ion coordinated to a peroxo ligand in 

a side-on, η2 binding mode.7a While [(TPP)Mn(O2)]− provides an important structural example 

of the peroxo binding mode, the presence of MnIII renders O2 loss unfavourable, as it would 

necessitate the formation of a high-energy MnI species. In contrast, peroxomanganese(IV) 

complexes, as formed by reaction of MnII with O2, have been probed by numerous spectroscopic 

techniques, including EPR,12a,c,e vibrational,12l,n NMR,12k and UV/Visible12a,c spectroscopies, in 

addition to computational methods.12d,i Although these investigations support a side-on 

peroxomanganese(IV), this geometry has not been confirmed by a crystal structure. Furthermore, 

the thermal instability of the peroxomanganese(IV) species has limited their characterization and 

hindered a thorough investigation of their structure and properties.  

A key limitation in the study of O2 binding in molecular metalloporphyrins is the propensity 

for these species to form oxo-bridged complexes via irreversible bimolecular condensation 

reactions.13 For instance, in FeII and CoII complexes, highly elaborate ligands such as the 

sterically protected “picket-fence” porphyrins were necessary to prevent bimolecular 

decomposition reactions and enable the isolation and thorough characterization of six-coordinate 

Fe and Co–O2 adducts, which feature axial imidazole or thiolate ligands.14 In contrast, analogous 

axially-ligated MnII complexes do not bind O2, which has been attributed to the preference for 

five-coordinate geometry in porphyrinic Mn ions.12bg Consequently, no peroxomanganese(IV) 

porphyrin species have been isolated or studied under ambient conditions.  

As an alternative to employing molecular systems, one can envision isolating a 
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peroxomanganese(IV) complex within a porphyrinic metal-organic framework (MOF). Here, the 

porous, solid-state structure of the MOF prevents bimolecular condensation reactions and 

enables introduction of gas-phase substrates in the absence of exogenous solvent. Furthermore, 

whereas the inherent reactivity of the peroxomanganese(IV) complexes has precluded 

crystallographic characterization, the crystallinity of MOFs provides an ideal platform to carry 

out single-crystal X-ray diffraction analysis. Illustrative of this approach, we have previously 

shown that the porphyrinic MOF PCN-22415 can be employed to study low-coordinate O2 

adducts16,17 and labile carbonyl complexes.18 Herein, we comprehensively examine O2 binding 

to MnII in PCN-224 using a host of physical methods. Taken together, these experiments 

unambiguously establish the presence of a side-on peroxomanganese(IV) species, and the O2 

binding is shown to be reversible even at ambient temperature. 
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4.2 Results and Discussion 

Synthesis of PCN-224MnII. The porphyrinic 

MOF PCN-224 was synthesized as previously 

described.15 Subsequent metalation of the 

porphyrin with MnII was carried out by 

heating single crystals of PCN-224 under N2 

in a DMF solution containing excess MnBr2 

and 2,6-lutidine, followed by evacuation at 

150 °C for 12 h, to give the compound PCN-

224MnII (1). Complete metalation of the 

porphyrin within the bulk crystalline material 

was confirmed by solid-state diffuse 

reflectance UV/Visible spectroscopy and trace 

metals analysis (see Figure 4.1 and Experimental Section). Furthermore, N2 adsorption data 

collected for a desolvated sample of 1 at 77 K provided a Brunauer-Emmett-Teller surface area 

of 2455 m2/g , close to the accessible surface reported for other metalated variants of PCN-

224,15,16,17,19 thereby confirming the retention of porosity upon metalation and the successful 

removal of solvent molecules from the pores. While several manganese porphyrin-containing 

MOFs have been reported, to our knowledge,20 1 represents the first example of a MOF that 

features a four-coordinate MnII porphyrin complex. 

The diffuse reflectance UV/Visible spectrum obtained for an activated sample of 1 exhibits 

similar peak maxima to the absorption spectrum of 1 suspended in toluene, but nevertheless 

 

Figure 4.1 Solid-state diffuse reflectance UV/Visible 
spectra for PCN-224 (green) and its manganese(II)-
metalated form 1 (purple), plotted as the Kubelka-Munk 
function F(R). For comparison, the absorption spectrum for 
a toluene suspension of 1 (blue) is shown, highlighting 
changes in the peak positions with and without toluene.  
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features key differences (see Figure 4.1). 

Most notably, the spectrum reported for 1 

in toluene displays a Soret band at 448 

nm, while spectrum of activated 1 

features a Soret band at 417 nm. These 

differences can possibly be attributed to 

the rigorous four-coordinate nature of the 

Mn center in 1, compared to a slight 

distortion from local D4h symmetry at Mn 

in the toluene solution imposed by Mn–

toluene interactions as has been observed 

for the molecular analogue, (TPP)Mn (see crystallography discussion below).8b,16 More 

specifically, these changes may be attributed to the difference in mixing of metal- and porphyrin-

based π orbitals in the two complexes, as changes in degree of mixing are known to influence the 

resulting adsorption spectra of metalloporphyrin complexes.21 In the case of the rigorously in-

plane Mn center, the maximal overlap of Mn dxz,yz and porphyrin π* orbitals may account for the 

changes in the features in the electronic spectrum of 1.  

Infrared Spectroscopy. As an initial investigation into the interaction between MnII and O2, 

a desolvated sample of 1 was exposed to ca. 1 atm of dry O2 and monitored by diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS). The addition of O2 to 1 at 298 K 

was accompanied by the appearance of three new vibrations, situated at 801, 984, and 1017 cm–1 

(see Figure 4.2), indicative of conversion to a Mn–O2 complex in the compound PCN-224MnO2 

 

Figure 4.2 DRIFTS spectra for 1 at 298 K under static vacuum 
(purple), upon addition of O2 (blue), and after subseqent purging 
with Ar (red). The inset shows an expanded view of the spectra, 
highlighting the νO–O vibration of the dioxygen adduct in 2 at 984 
cm−1. 
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(2). The vibrations at 801 and 1017 cm−1 have been previously attributed to a lowering of local 

symmetry from D4h to C2v at MnII upon O2 binding.12l This symmetry reduction occurs due to a 

displacement of Mn from the N4 plane of the porphyrin upon the addition of an axial ligand, in 

this case O2. Moreover, the feature at 984 cm−1 is identical within error to the formerly assigned 

νO–O vibration from a mixture of the molecular complex (TPP)MnII and O2, as isolated in a 

frozen Ar matrix at 15 K.12l Remarkably, in contrast to molecular systems, where the 

deoxymanganese(II) complex was only partially regenerated after purging with N2 at −78 ˚C, 

similar purging here with dry Ar gas at 25 ˚C gave a spectrum identical to that obtained for 1 

before adding O2 (see Figure 4.2).12c This process of adding then removing O2 could be cycled at 

least three times, underscoring the ability of the solid-state MOF to enable reversible O2 binding.  

The νO–O vibration in 2 at 984 cm−1 is considerably lower than those of νO–O = 1195 and 1278 

cm−1 previously observed for O2 adducts of (TPP)Fe and (TPP)Co at 15 K, which have been 

unambiguously assigned as superoxometal(III) species.22 This contrast suggests that O2 binding 

in PCN-224MnII involves a two-electron transfer from MnII to O2 to give a 

peroxomanganese(IV) species, rather than one-electron transfer to give a 

superoxomanganese(III) species.12a–c,e–n Here, the weaker O−O bond in 2 relative to superoxo 

complexes can be primarily attributed to a doubly occupied π∗ orbital of an O2
2− ligand compared 

to singly occupied orbital of O2
•−. Additionally, the νO–O = 984 cm−1 in 2 is higher than those of 

νO−O = 806 cm−1 and 898 cm−1 previously reported for the peroxoiron(III) complex3a 

[(OEP)FeO2]−and the peroxotitanium(IV) complex23 (OEP)TiO2 (H2OEP = 2,3,7,8,12,13,17,18-

octaethylporphyrin), which both feature side-on coordination of O2
2−. This difference may stem 

from increasing stabilization of the σ bond of O2
2− with increasing effective nuclear charge 
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moving from FeIII to TiIV to MnIV. In addition, the concomitant increase in Lewis acidity across 

the series may serve to strengthen this bond by alleviating electron–electron repulsion in O2
2−. 

While the foregoing comparison of data is consistent with the presence of a side-on O2
2− in 2, 

analysis of infrared spectra alone cannot definitively confirm this assignment. 

Single-Crystal X-ray Diffraction. The stability of the Mn–O2 adduct in 2 prompted us to 

investigate both 1 and 2 using single-crystal X-ray diffraction analysis. The structure of 1 

exhibits a four-coordinate MnII center, residing in a 

square planar coordination environment on a 

crystallographic special position of mm2 site 

symmetry (see Figures 3). Importantly, no 

significant residual electron density was located in 

the difference Fourier map, confirming the absence 

of axial ligation at Mn. The Mn–N distance of 

1.998(5) Å is notably shorter than those of 

2.082(2)–2.085(2) Å previously reported for the 

toluene-solvated compound (TPP)Mn·2C7H8.12b,24 

While this molecular compound features a pseudo 

four-coordinate MnII center, weak contacts between 

Mn and a toluene molecule, with a closest Mn–

Ctoluene distance of 3.04 Å, lead to a 0.19 Å 

displacement of Mn from the N4 plane and thus 

slightly longer Mn–N bonds relative to 1. As such, 

 

Figure 4.3 Reaction of 1 with O2 to form 2. Vertices 
of the green octahedra represent Zr atoms; purple, 
red, blue, and gray spheres represent Mn, O, N, and C 
atoms, respectively; H atoms are omitted for clarity. 
Selected interatomic distances (Å) for 1: Mn···N4 0, 
Mn–N 1.998(5); for 2: Mn···N4 0.80(2), Mn–O 
1.76(3), Mn–N 2.170(9).  
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to our knowledge, the structure of 1 provides the first example of a four-coordinate Mn 

porphyrin species. The isolation of a rigorously four-coordinate Mn center within a porphyrin 

ligand is remarkable given the relatively large ionic radius of MnII, and thus its propensity to 

displace out of the N4 plane12b to form five-coordinate complexes.12g Indeed, the complex in 1 

demonstrates the utility of MOFs to enable isolation of reactive low-coordinate metal complexes.  

Exposure of single crystals of 1 to ca. 1 atm of dry O2 at −78 °C resulted in an immediate 

color change from purple to black. Subsequent X-ray diffraction analysis at 100 K revealed the 

formation of 2. The structure of 2 is globally quite similar to that of 1, but with key differences in 

the Mn coordination environment (see Figures 4.3).  Most importantly, the structure features a 

Mn ion that is coordinated to O2 via a side-on, η2 binding mode. In addition, the Mn ion is 

displaced from the N4 plane by 0.80(2) Å, slightly longer than the displacement of 0.7640(4) Å 

observed for the peroxomanganese(III) unit in a potassium cryptate salt of [(TPP)MnO2]−.7a 

Likewise, the Mn–N and Mn–O distances of 2.170(9) and 1.76(3) Å in 2 are slightly shorter than 

the analogous mean distances of 2.184(4) and 1.895(4) Å in [(TPP)MnO2]−. While these 

differences are consistent with the presence of a smaller ionic radius for MnIV vs MnIII, they 

should be regarded with caution owing to the positional disorder and large thermal ellipsoids of 

O atoms in 2. Finally, this crystallographic disorder also precludes a reliable determination of the 

O–O distance in 2. Here, this distance was fixed to a target value of 1.40 ± 0.02 Å, based on 

other peroxometal complexes with similar values of νO–O,9,23,25 and subsequent refinement of the 

structure gave a distance of 1.39(2) Å.   

In the structure of 2, the Operoxo atoms are related through a crystallographic mirror plane. As 

such, the structure was modeled with an O2 unit bound symmetrically with respect to Mn. 
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However, we cannot exclude the possibility of some asymmetry based on the current structure. 

Indeed, several previously reported crystal structures of η2–bound peroxometal complexes 

feature asymmetric coordination of the peroxo ligand.7,9 Nevertheless, the structure of 2 shows 

that the O−O bond eclipses the pyrrole-based N atoms. This conformation contrasts the results 

from charge iterative extended Hückel (IEH) calculations on a peroxomanganese(IV) porphyrin 

complex, which suggested the presence of a staggered peroxo ligand to alleviate electrostatic 

repulsion.12j However, the eclipsed conformation observed for 2 is consistent with those 

determined crystallographically for the peroxometal porphyrin complexes (OEP)TiO2,23 

(TPP)Mo(O2)2,26 and [(TPP)MnO2]−.7a  

Despite the large standard deviations in the structure of 2, this analysis unambiguously 

reveals the presence of an O2 adduct coordinated 

to Mn through a side-on, η2 binding mode, with 

the O2 eclipsing the N atoms of the porphyrin 

pyrroles. Moreover, the complex in 2 represents 

a rare example of both a structurally 

characterized peroxometalloporphyrin7a,23,26 and 

a peroxomanganese(IV) complex.9 To our 

knowledge, 2 provides the first crystal structure 

of a peroxomanganese(IV) in a 

porphyrinoidligand and a rare example of a 

peroxomanganese(IV) in any ligand 

environment.9,27 

 

Figure 4.4 Experimental X-band EPR spectra of 1 at 77 
K after activation (purple trace, upper), in toluene (blue 
trace, center), and in a mixture of toluene and pyridine 
(navy trace, lower). 
 
Table 4.1. Parameters corresponding to simulated EPR 
spectra for PCN-224Mn species. 
Complex D (cm−1) λ A (cm−1 × 104) 

PCN-224MnII (1) 0.55 0 46.032 
PCN-224MnII + C7H8 0.55 0.0267 53.579 
PCN-224MnII + C5H5N 0.55 0.0410 73.385 
PCN-224MnIVO2 (2) −1.76 1/3 50.759, 83.659 
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Electron Paramagnetic Resonance (EPR) Spectroscopy. To further probe the electronic 

structures of 1 and 2, as well as the reversibility of O2 binding, continuous wave X-band EPR 

spectra were collected on samples at selected temperatures between 298 K and 4.2 K. The 

spectrum obtained at 77 K for a rigorously activated sample of 1 shows a sharp axial pattern, 

with observed g values of g⊥ = 6 and gII = 2 that are characteristic of an S = 5/2 MnII ion with 

zero-field splitting parameters of D >> hν, E/D = λ = 0 (see Figure 4.4, upper).  In addition, the 

low field portion features a well-resolved six-line hyperfine splitting by the I = 5/2 55Mn nucleus, 

with a hyperfine constant of A⊥
Mn ≈ 49 G (138 MHz).  

 Addition of toluene to a crystalline sample of 1 led to a broadening of the g region of the 

spectrum and an increase in the hyperfine coupling (Figure 4.4, middle and Table 4.1). 

Accordingly, simulating the spectrum with the program Easyspin27 showed that interaction of 1 

with toluene lowers the four-fold symmetry of the MnII ion, as indicated by the introduction of a 

zero-field splitting rhombicity with λ ≈ 0.027 and an increase in hyperfine coupling to A⊥
Mn ≈ 57 

G (160 mHz). Addition of a three-fold molar excess of pyridine in toluene to 1 appeared to 

further lower the symmetry, resulting in an increase in rhombicity and hyperfine coupling to λ ≈ 

0.041 and A⊥
Mn ≈ 78 G (219 mHz), respectively (Figure 4.4, lower and Table 4.1). The 

progressive increase in hyperfine coupling in these three samples reflects an increasing departure 

of the MnII from the N4 plane, which accompanies the progressive departure from four-fold 

symmetry evident from increases in λ (see Table 4.1). These data strongly support the four-

coordinate nature of activated 1, and the transformation to a five-coordinate complex upon 

addition of solvent. 

Dosing 1 with ca. 1 atm of dry O2 resulted in conversion to 2, which features a rhombic 
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spectrum at 4.2 K (see Figure 4.5). The spectrum was modeled as an S = 3/2 spin state with D = 

−1.76 and λ = 1/3. As zero-field splitting splits the S = 3/2 ground state into two doublets, this 

spectrum comprises an overlap of transitions within each of the two doublets, each with observed 

g values of gx = 5.4–5.5, gy = 2, and gz = 1.45.12c The feature at g = 5.4 corresponds to an overlap 

of two 55Mn hyperfine sextet patterns, where Al = 54 G (154 MHz) for the lower doublet and Au 

= 89 G (251 MHz) for the upper doublet (see Figure 4.5 and Table 4.1).12a,c  The difference in 

signal intensities from the two doublets is reproduced by a zero-field splitting of ∆ = 2(D2 + 

E2)1/2 = 2IDI(1 + 3λ2)1/2 = 2.35 cm-1. As the temperature is increased from 4.2 K, the relative 

populations of the two doublets begin to equalize, causing the spectra to broaden. Finally, when 

2 was purged with Ar at 298 K and evacuated for 12 h, a spectrum identical to that for 1 was 

obtained. This observation corroborates the reversibility of O2 binding at Mn that was revealed 

by DRIFTS analysis.   

The rhombicity of this spectrum is consistent with O2 binding, where the symmetry between 

the dyz and dxz orbitals is broken by the σ 

interaction between the molecular 

orbitals of the O2 and the dyz orbital of 

the MnIV ion. Furthermore, unlike CoII 

porphyrin systems, where binding O2 

causes a significant decrease in the 59Co 

hyperfine splitting parameter due to the 

formation of a CoIII-superoxo complex, 

the binding of O2 to the Mn center does 

 
 

Figure 4.5. Left: X-band EPR spectrum of 1 (purple trace, upper), 
2 (blue trace, middle lines), and the restoration of 1 (red trace, 
lower) from 2 after purge cycles with Ar and evacuation at 4.2 K. 
Right: Expanded view of the low-field portion of the EPR 
spectrum. The asterisk denotes an impurity of S = 1/2 with g = 2.00. 
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not induce a large decrease in the hyperfine splitting.18,28 This contrasting behaviour stems from 

the formation of a peroxo adduct in the case of Mn, which features minimal unpaired electron 

density on the O2 ligand and thus no significant decrease in the overall 55Mn hyperfine splitting. 

Together, these EPR data support O2 binding to a high-spin four-coordinate S = 5/2 MnII center to 

form a high-spin MnIV peroxo species. 

O2 Adsorption. The reversibility of the O2 interaction enables quantitation of the O2 binding 

thermodynamics in PCN-224MnII through variable temperature O2 adsorption measurements. 

Toward this end, O2 uptake data were collected at selected temperatures between 233 and 298 K, 

as depicted in Figure 4.6. At 233 K, the O2 isotherm exhibits an initial steep uptake at low 

pressure. As the temperature is increased, the slope of this steep region decreases until the 

isotherm becomes closer to linear at 298 K. To quantify the strength of O2 binding, the isotherm 

data were fit to a dual-site Langmuir-Freundlich model, and subsequent treatment of the 

variable-temperature data with the Clausius-Clapeyron equation revealed a differential enthalpy 

of adsorption of hads = −49.6(8) kJ/mol at low loading, followed by a gradual drop near 1:1 

Mn:O2 to a plateau at hads = −9(2) kJ/mol. We assign these values to O2 binding at the Mn center 

and physisorption to the remainder of the MOF surface, respectively.  
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The binding of O2 to MnII in PCN-224MnII is significantly stronger than the analogous values 

measured for O2 binding at the four-coordinate metal centers in PCN-224FeII and PCN-224CoII 

of −34(4) and −15.2(6) kJ/mol, respectively.16,18 As previously discussed, the difference in 

binding enthalpy can primarily be attributed to the difference in the redox couple at the metal 

center associated electron transfer reaction upon the binding of O2.12a,29 In line with this 

relationship, the enthalpy of M–O2 binding from Mn to Fe to Co in PCN-224MII decreases as 

E1/2 (V vs SCE) of MII/III of the analogous four-coordinate molecular metalloporphyins becomes 

less reducing (Mn: −0.230; Fe: −0.047; Co: +0.320).29 Note, however, that binding enthalpy in 

Mn is further strengthened by the fact that O2 

binding involves a two-electron transfer from 

Mn to O2.  

4.3 Conclusions 

The foregoing results demonstrate the ability 

of a MOF to enable the isolation and 

crystallographic characterization of a four-

coordinate manganese porphyrin center and 

its corresponding O2 adduct. A combined 

array of single-crystal X-ray diffraction, 

solid-state infrared, and EPR analysis 

collectively demonstrate the O2 complex to 

comprise a peroxo ligand bound in a side-on, 

η2 mode to an S = 3/2 MnIV ion. In addition, 

 

Figure 4.6. Upper: O2 adsorption data for 1 at 233, 273, and 
298 K (blue to red gradient). Circles represent data, and solid 
lines correspond to fits using a dual-site Langmuir–Freundlich 
model. Lower: O2 differential enthalpy of adsorption curve 
for 1, plotted as a function of O2 adsorbed. Green circles 
represent data, and error bars are shown in black.  
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these experiments reveal that O2 binding is reversible, even at ambient temperature, in stark 

contrast to behaviour observed in molecular analogues. Finally, O2 gas adsorption measurements 

are employed to quantify the enthalpy of O2 binding as hads = −49.6(8) kJ/mol. This value is 

considerably higher than in the corresponding Fe- and Co-based MOFs, and the strength of 

binding is found to increase with increasing reductive capacity of the MII/III redox couple. Work 

is underway to carry out and study the protonation, O–O bond cleavage, and O-atom transfer 

ability of the peroxo ligand, with emphasis on isolating and structurally characterizing the 

intermediates involved in these processes.  
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Chapter 5: CO Binding at a Four-Coordinate Cobaltous Porphyrin Site in a Metal-Organic 

Framework: Structural, EPR, and Gas Adsorption Analysis 
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5.1 Introduction 

The interactions of metalloporphyrin centers with small gaseous signaling molecules, such as O2, 

CO, and NO, are central to biological processes ranging from neurotransmission to O2 transport 

and storage.1 The diverse functionality of metalloporphyrin-containing proteins is largely 

dependent upon the ability of the reaction centers to discriminate and selectively interact with 

these gaseous substrates. As such, there is significant interest in understanding how changes in 

the electronic structure of both the metal center and gaseous signaling molecules affect the 

thermodynamics of substrate binding to the metal ions. In particular, a substantial research effort 

has focused on probing the interaction of CO with metalloporphyrin model complexes, in large 

part aimed to better understand the factors that govern O2 vs CO binding in iron(II) porphyrin, or 

heme, centers of the proteins hemoglobin and myoglobin.2 In comparison to hemes, significantly 

less is known about the dynamics of CO binding to other metalloporphyrins.  

In addition to hemes, cobalt porphyrin complexes have also garnered interest, partly owing to 

their biological relevance as synthetic analogues of vitamin B12 and their ability to form 

dioxygen adducts in a manner analogous to the hemes.3,4 However, previous studies have shown 

markedly different reactivity of CO with hemoglobin relative to the cobalt(II)-substituted 

analogue coboglobin.4a For instance, hemoglobin readily binds CO at ambient temperature and 

pressure, whereas no appreciable binding occurs between CO and the cobalt center of coboglobin 

under the same conditions. In contrast, cobalt(III) porphyrins behave similarly to their 

isoelectronic iron(II) analogues, and readily bind CO to form both mono- and dicarbonyl 

adducts.5 Nevertheless, no examples of cobalt porphyrin carbonyl adducts have been structurally 

characterized.  
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Carbonyl adducts of cobalt(II) porphyrin complexes have been observed in molecular form, 

however, their study has been limited to minimal spectroscopic characterization.6 More 

specifically, vibrational spectra at cryogenic temperatures have suggested the presence of both 

mono- and dicarbonyl adducts. 6a Thus far, however, only monocarbonyl cobalt porphyrin 

complexes have been observed by EPR, and no carbonyl adducts have been crystallographically 

characterized.6b,c Indeed, the lability of the CO ligand in these complexes presents a key 

challenge to their isolation and study. Consequently, our knowledge of the nature of CO binding 

to cobalt(II) porphyrin complexes, particularly in regard to its temperature dependence, remains 

relatively limited.  

As an alternative to employing molecular systems, one can envision probing interactions 

between Co and CO within a porphyrinic metal-organic framework (MOF). MOFs exhibit 

porous solid-state structures that enable the facile diffusion of gas-phase substrates to interact 

with coordinatively-unsaturated metal centers. Furthermore, whereas the thermal lability of the 

carbonyl adducts to the cobalt porphyrin center presents a tremendous challenge toward 

crystallographically characterizing molecular species, the crystallinity of MOFs provides an ideal 

platform to carry out single-crystal-to-single-crystal studies as a function of temperature and gas 

dosing. As an example, we previously showed that the porphyrinic MOF PCN-2247 can be 

utilized to comprehensively examine the geometric and electronic structures of oxyiron8 and 

oxycobalt9 complexes. 

Herein, we report a comprehensive analysis of CO binding to CoII in PCN-224, using a 

combined array of solid-state infrared spectroscopy, single-crystal X-ray diffraction, EPR 

spectroscopy, and CO adsorption analysis. In particular, this work provides crystallographic 
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characterization of a cobalt dicarbonyl adduct, spectroscopic evidence for a distinct 

monocarbonyl analogue at higher temperature, and a quantitation of CO binding 

thermodynamics.  

5.2 Results and Discussion 

Infrared Spectroscopy. As an initial 

investigation into the interaction of 

CO with the cobalt porphyrin center, a 

desolvated sample of PCN-224CoII 

was exposed to ca. 1 atm of dry CO 

and monitored by variable-temperature 

diffuse-reflectance infrared Fourier 

transform spectroscopy (DRIFTS). At 

ambient temperature, no significant 

differences were observed in the infrared spectra of PCN-224CoII before and after addition of 

CO. However, upon cooling the sample to –35° C, a strong νCΟ stretching vibration appeared at 

2086 cm–1 (Figure 5.1). This feature is relatively close in frequency, albeit slightly higher, to 

those of 2073 and 2077 cm–1 previously assigned to the molecular complexes (TPP)Co(CO) and 

(TPP)Co(CO)2 (H2TPP = 5,10,15,20-tetraphenylporphyrin), respectively, as isolated in a frozen 

Kr matrix.6 Upon warming the sample back to 298 K, this feature disappeared to give a spectrum 

identical to that obtained before cooling. Together, these results indicate a weak and reversible 

binding of CO with the cobalt center in PCN-224CoII. Based on the temperature at which these 

spectra were collected, we postulate this low-temperature species to be a monocarbonyl adduct, 

 

Figure 5.1 Variable-temperature diffuse-reflectance infrared Fourier 
transform spectra (DRIFTS) for PCN-224CoII plus CO from 213-295 
K (blue to red gradient), featuring a strong νCO vibration at 2086 cm−1.  

 



57 

although we note that IR analysis alone cannot distinguish between mono- and dicarbonyl 

complexes. Notably, the interaction of CO to the cobalt porphyrin center here is distinct from 

molecular iron(II) heme and cobalt(III) porphyrin complexes, which readily bind two equivalents 

CO to form mono- and dicarbonyl metalloporphyrin complexes, respectively.5,10 

The vibrational frequency of CO provides an important spectroscopic handle to assess how 

the electronic structure is perturbed upon binding. Overall, the frequency of νCO results from the 

combined effects of σ donation from the CO 

ligand to the metal center, which should 

increase the frequency of νCO relative to the 

2143 cm−1 of free CO, and π back-donation 

from the metal to the CO ligand π* orbitals, 

which should decrease the frequency.11 

Accordingly, in the case of the cobalt 

carbonyl adduct in PCN-224CoII, the 

decrease in energy of νCO relative to free CO 

is consistent with significant π backbonding 

from the Co-based dxz and dyz orbitals into 

the CO-based π* orbitals, which weakens the 

C≡O bond. By comparison, νCO for the 

carbonyl complex in PCN-224CoII falls 

intermediate between the complexes 

 

Figure 5.2 Reaction of PCN-224CoII with CO at 8 K to form 
PCN-224Co(CO)2. Vertices of the green octahedra represent 
Zr atoms; teal, red, blue, and gray spheres represent Co, O, N, 
and C atoms, respectively; hydrogen atoms are omitted for 
clarity. Selected interatomic distances (Å) and angles (°) for 
PCN-224Co(CO)2: Co–C 1.89(4), Co–N 1.993(7), and C–O 
1.18(5), Co–C–O 180. 
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(TPP)FeII(CO)10a and [(OEP)CoIII(CO)]+ (H2OEP = 2,3,7,8,12,13,17,18-octaethylporphyrin)5a, 

which have been reported to feature νCO at 1973 and 2110 cm–1, respectively, at ambient 

temperature. This trend of increasing energy of νCO in moving from FeII to CoII to CoIII correlates 

well with increasing effective nuclear charge.11 This increase in nuclear charge density across the 

series serves to contract electron density at the metal center, such that π backbonding into the CO 

π* orbitals is progressively diminished.  

Single-Crystal X-ray Diffraction. The difference in CO binding by CoII relative to the 

analogous d6 FeII and CoIII complexes prompted us to investigate this binding by single-crystal 

X-ray diffraction analysis. MOFs are particularly suitable for such studies, as they often retain 

single crystallinity upon gas binding. Toward this end, a single crystal of PCN-224CoII was 

sealed in a thin-walled boron-rich capillary tube under ca. 1 atm of dry CO and was then 

investigated by variable-temperature X-ray diffraction analysis between 8 and 200 K. At 8 K, the 

metalloporphyrin unit within the structure features a six-coordinate Co center, residing on a site 

of approximate four-fold symmetry, coordinated to two trans-disposed CO ligands to give PCN-

224Co(CO)2 (see Figure 5.2). Interestingly, this trans orientation of the CO ligands contrasts the 

cis-orientation recently observed by scanning tunneling microscopy for (TPP)Co(CO)2 adsorbed 

on a Cu(111) substrate, where the TPP2− ligand was structurally restrained in a saddle-like 

conformation.12  

At 8 K, the structure of PCN-224Co(CO)2 features a Co center that is situated within the N4 

plane comprised of the four pyrrole nitrogen atoms, with a Co–C distance of 1.89(4) Å and a C–

O distance of 1.18(5) Å. These values are nearly statistically identical to those of 1.856(1) Å and 

1.122(1) Å reported for (OEP)Fe(CO)2 at 100 K,10b albeit with considerably larger estimated 
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standard deviations. The slightly longer M–C bond Co vs Fe is consistent with weaker CO 

binding in the former, and perhaps results from the presence of a singly-occupied σ* molecular 

orbital of Co dz
2 character in conjunction with weaker π backbonding. In contrast, the slightly 

longer C–O bond for Co is unexpected, given the lesser extent of π backbonding as evidenced by 

IR spectroscopy. However, this value should be considered with caution in view of the large 

thermal ellipsoid of O. In addition, the structure of PCN-224Co(CO)2 features a Co–C–O angle 

of 180°. Again, however, the relatively large thermal parameter of O may indicate the presence 

of a very slight off-axis tilt of the CO ligands, in particular as an Fe–C–O angle of 173.95(5)° 

has been reported for (OEP)FeII(CO).10b Nevertheless, to the best of our knowledge, PCN-

224Co(CO)2 represents the first crystallographically-characterized example of a cobalt porphyrin 

bound to a CO ligand. Moreover, this compound represents the first dicarbonyl adduct of a non-

iron first-row metalloporphyrin to be crystallographically characterized.  

 Modeling the CO ligand crystallographic site provides a handle through which to assess 

the extent of CO binding at each 

temperature. For instance, in the 

structural data at 8 K, the carbonyl C and 

O occupancies were best modeled with a 

CO occupancy of 100%, which 

corresponds to a 1:2 Co:CO ratio and 

thus a dicarbonyl adduct (see 

Experimental Section). As the 

Table 5.1 Selected crystallographic parameters for PCN-224CoII in 
the presence of CO. 
Temperature (K) 8 80 150 200 
%CO occupancy 100 97(5) 48(4) 48(4) 
Co:CO 1:2 1:1.95 1:0.96 1:0.96 

 

 

Figure 5.3. Depiction of CO binding to the Co porphyrin center in 
PCN-224CoII, showing the equilibrium between the four-
coordinate, mono- and dicarbonyl species. 
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temperature was increased, this occupancy was found to decrease upon free refinement (see 

Table 5.1). At 80 K, the occupancy refined to 97(5)%, indicating that still nearly all Co centers 

bind two CO ligands. In contrast, at 150 and 200 K, the structure refined to an CO occupancy of 

48(4)%, which corresponds to a Co:CO ratio of 1:1. Note that data collected above 200 K could 

not be reliably modeled owing to a combination of thermal motion and the likely presence of 

multiple species.  

The 1:1 Co:CO ratio at 150 and 200 K most likely indicates the presence of an equilibrium 

mixture whose composition is made up predominantly of a five-coordinate cobalt monocarbonyl 

adduct (see Figure 5.3). While we would expect for this species a small displacement of the Co 

center from the N4 plane, possibly slightly less than that of 0.20(1) Å observed for (OEP)Fe(CO), 

the axial elongation of the Co thermal ellipsoids at these temperatures may mask such a 

displacement. Indeed, a similar equilibrium has been observed for mixtures of (TPP)Fe(CO) and 

(TPP)Fe(CO)2.
10a Nevertheless, X-ray diffraction analysis alone cannot unambiguously identify a 

cobalt monocarbonyl species in PCN-224CoII. 

Electron Paramagnetic Resonance (EPR) Spectroscopy. In order to further probe CO 

binding in PCN-224CoII, variable-temperature continuous-wave X-band EPR spectra were 

collected on an activated crystalline sample of PCN-224CoII under an atmosphere of dry CO (see 

Figure 5.4). As has been previously reported, in the absence of CO, PCN-224CoII exhibits an 

axial spectrum with an eight-line pattern splitting pattern arising from the hyperfine coupling of 

the unpaired electron to the I = 7/2 59Co nucleus (see Figure 5.4, upper).9 Upon dosing PCN-

224CoII with ca. 1 atm of CO, the spectrum changed dramatically (see Figure 5.4, lower). In 

general, at higher temperatures, the spectrum features a single broad resonance, however, lower-
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temperature spectra exhibit much more 

intricate patterns. Indeed, cobalt porphyrin 

complexes are known for their diagnostic EPR 

signals, particularly in regard to changes in 

coordination sphere and local symmetry at the 

central Co ion.13  

To model the variable-temperature data, 

spectral simulations were carried out using the 

program Easyspin14 and the Hamiltonian Ĥ = 

(g||+g
⊥

)µBHS + ICoACoS, where µB is the Bohr 

magneton, H is the applied dc magnetic field, 

g|| and g
⊥

 are the parallel and perpendicular 

components of the g-tensor, S and ICo are the 

electronic and 59Co nuclear spins, respectively, and ACo is the tensor for hyperfine coupling to 

the 59Co nucleus. At all temperatures, data collected for PCN-224CoII in the presence of CO 

exhibit an axial signal and were best modeled as a single, S = 1/2 species (see Figures 5.3). The 

key simulation parameters for selected temperatures of PCN-224CoII, both in the absence and the 

presence of CO, are enumerated in Table 5.2, with the parallel direction taken to be the axis 

normal to the porphyrin N4 plane.  

The electronic structure of the square planar low-spin CoII complex in PCN-224CoII exhibits 

significant 4s-3dz
2 orbital mixing,15 which induces an increased electronic spin density at the 

metal nucleus to result in an unusually large degree of hyperfine coupling. In contrast, upon axial 

 

Figure 5.4 X-band EPR spectra for activated PCN-224CoII 
before (upper, ref 9b) and after (lower) dosing with 1 atm 
CO at selected temperatures. Microwave frequency = 9.632 
GHz; microwave power = 0.199 mW.  
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ligation, covalency effects lead to partial 

transfer of the spin density from the CoII 

nucleus onto the axial ligand(s) so as to 

decrease the strength of hyperfine 

coupling. This scenario was observed in 

the case of PCN-224CoII in the presence of 

CO at 12 K, where the data were best 

modeled with hyperfine coupling 

constants of A|| = 215(2) MHz and A⊥ = 

108(1) MHz, representing a significant 

decrease relative to the values of A|| = 

480(5) MHz and A⊥ = 1122(4) MHz 

associated with the compound at 15 K in 

the absence of CO. These observations 

indicate a strong σ interaction between Co 

and CO ligand(s), which shifts spin 

density from the singly-occupied Co dz
2 

orbital onto the CO ligand and thus 

induces a substantial decrease in the hyperfine coupling. 

In the absence of significant changes to the electronic structure of a paramagnetic metal, the 

g-tensor value should remain relatively constant as a function of temperature.16 In the case of 

cobalt porphyrin complexes, perturbation of the electronic structure through axial ligand binding 

 

Figure 5.5 Experimental and simulated X-band EPR spectra for 
PCN-224CoII dosed with ca. 1 atm CO at 125 K (upper) and 12 K 
(lower).  

 
Table 5.2. Parameters corresponding to simulated EPR spectra 
for PCN-224CoII in the absence and presence of CO.  

T/K g⊥ A⊥/MHz g|| A||/MHz 

evacuateda     
15 3.271(4) 1122(4) 1.783(3) 480(5) 
under CO     
12 2.208(1) 108(1) 2.012(1) 215(2) 
20 2.208(1) 108(1) 2.012(1) 215(1) 
50 2.210(1) 104(1) 2.012(1) 215(2) 
75 2.210(1) 100(2) 2.012(1) 215(1) 
100 2.215(1) 93(1) 2.012(1) 215(2) 
125 2.219(1) 79(3) 2.012(1) 215(1) 
150 2.220(1) 79(1) 2.012(1) 215(3) 
195 2.220(4) 79(6) 2.012(5) 215(5) 

aData obtained from reference 9. 
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often manifests as significant changes to g⊥.17 As such, the temperature dependence of g⊥ 

extracted from the data collected in the range 195–12 K for PCN-224CoII in CO could imply the 

presence of distinct cobalt mono- and dicarbonyl species. At 12 K, the spectrum was best 

modeled with g|| = 2.012(1) and g⊥ = 2.208(1) (Figure 5.5). With increasing temperature, g|| 

remains constant, whereas g⊥ increases to a maximum value of g⊥ = 2.220(1) at 150 K (see 

Table 5.2 and Figure 5.5). The significant difference in g⊥, in conjunction with the identical 

value of g||, suggests an equilibrium between two distinct species within this temperature range. 

As ascertained through X-ray diffraction above, a dicarbonyl complex can be unambiguously 

assigned at 8 K. From these EPR data, we postulate that a monocarbonyl species predominates at 

150 K. Indeed, these data are nearly identical to those previously reported for a 1:1 (TPP)Co:CO 

adduct trapped in a frozen toluene solution at 123 K.6bc Note that spectral broadening with 

increasing temperature has impeded our efforts to simulate the spectra using multiple spin 

centers.    

Moreover, in cobalt porphyrin systems, the value of g⊥ varies largely as a function of the 

energy separation between dxz,yz and dz
2 orbitals, where increasing this separation causes g⊥ to 

approach the free electron value of 2.0023.18 Upon moving from a mono- to dicarbonyl complex 

within PCN-224CoII, one would expect an overall increase in separation between the dxz,yz and 

dz
2 orbitals, stemming from a combination increased π backbonding and σ interactions between 

Co and CO. The temperature dependence of g⊥ observed here is therefore consistent with 

conversion of a dicarbonyl to monocarbonyl with increasing temperature.  

Finally, the larger value of A
⊥

 = 108(1) MHz at 12 K vs 79(1) MHz at 150 K is also 
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consistent with the foregoing 

assignment. In a monocarbonyl 

complex, the CoII center adopts a five-

coordinate geometry, where the CoII ion 

is expected to be slightly displaced from 

the N4 plane. In contrast, upon binding a 

second equivalent of CO, the six-

coordinate Co center returns to a site of 

local D4h symmetry. This effect in turn 

increases the degree of 4s-3dz
2 orbital 

mixing in the six- vs five-coordinate 

complex, and thus leads to a stronger 

hyperfine coupling. Nevertheless, the 

value of A⊥ for the dicarbonyl complex 

is still much lower than that for the 

four-coordinate CoII prior to CO 

addition, and this observation is reflective of spin density being transferred from the CoII center 

onto the CO ligands.  

CO Adsorption. In order to quantitatively assess the thermodynamics of CO binding in 

PCN-224CoII, CO adsorption measurements were carried out. These data were collected at 

selected temperatures between 195 and 273 K, and are depicted in Figures 5.6. At 195 K, the CO 

isotherm exhibits an initial steep uptake at low pressure. As the temperature is increased, the 

 

Figure 5.6 Upper: CO adsorption data for PCN-224CoII at 195, 226, 
and 273 K (blue to red gradient), including an expanded view of the 
low-pressure region (inset). Circles represent data, and solid lines 
correspond to fits using a dual-site Langmuir–Freundlich model. 
Lower: CO differential enthalpy of adsorption curve for PCN-
224CoII, plotted as a function of CO adsorbed. Green circles 
represent data, and error bars are shown in black.  
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slope of this steep region decreases until the isotherm becomes nearly linear at 273 K. To 

quantify the strength of CO binding, the isotherm data at each temperature were fit to a dual-site 

Langmuir-Freundlich model. Subsequent treatment of the variable-temperature data with the 

Clausius-Clapeyron equation revealed a differential enthalpy of adsorption of hads = −29(2) 

kJ/mol at low loading, followed by a gradual drop near 1:1 Co:CO to a plateau at hads = −12(2) 

kJ/mol. We respectively assign these distinct values to CO binding to the Co center and 

physisorption to the remainder of the MOF surface.  

The binding enthalpy of CO to the cobalt porphyrin center is significantly stronger than the 

previously characterized interaction of O2 with PCN-224CoII of −15.2(6) kJ/mol.9 This difference 

in binding enthalpy can primarily be attributed to the stronger σ interaction of Co with CO vs O2. 

This trend is consistent with previously reported studies for Fe centers in hemoglobin and model 

complexes, where CO and O2 binding enthalpies fall in the range of  68–73 kJ/mol and 63–65 

kJ/mol, respectively.19 However, the difference between O2 and CO binding strengths in PCN-

224CoII is much larger than the corresponding values for Fe. This discrepancy may stem from 

the fact that the Co complex in PCN-224CoII does not feature an axial ligand, whereas the Fe 

compounds whose enthalpies are cited above do. 

As discussed above, the much weaker CO binding for CoII vs FeII likely stems in large part 

from the singly-occupied dz
2-based σ* orbital for Co, in conjunction with the decreased π 

backbonding arising from a higher effective nuclear charge for Co. In addition, consideration of 

metal spin state may also help to rationalize the weak CO binding.20 For example, four-

coordinate ferrous heme species feature an S = 1 ground state, and binding of CO induces a spin 

state change to S = 0.10,21,22 In contrast, the S = 1/2 four-coordinate cobaltous porphyrin does not 
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undergo a spin state upon binding CO. Indeed, just such a spin state transition has been recently 

demonstrated to facilitate selective CO binding over other gases in an iron(II) triazolate MOF.23  

5.3 Conclusion 

The foregoing results demonstrate the ability of MOFs to enable a comprehensive study of CO 

binding at coordinatively-unsaturated metalloporphyrins complexes. Variable-temperature 

single-crystal X-ray diffraction analysis revealed the formation of a cobalt dicarbonyl adduct at 

low temperature, representing the first crystallographically-characterized cobalt porphyrin 

carbonyl species. This dicarbonyl complex was also observed at low temperature by EPR 

spectroscopy, and warming of the sample showed the conversion of this species to a 

monocarbonyl analogue. In addition, the CO binding at the CoII center was quantified through 

variable-temperature CO gas adsorption measurements, with a fit to the data providing a 

differential enthalpy of adsorption of hads = −29(2) kJ/mol. Finally, this work provides only the 

second example of a MOF wherein multiple gas molecules bind a single coordinatively-

unsaturated metal center, and therefore represents a step toward developing porous materials that 

can facilitate selective gas binding through fine-tuning the electronic structure of metal centers.24 

EXPERIMENTAL SECTION 

General Considerations. Unless otherwise noted, all materials and chemicals were purchased 

from commercial suppliers and used without further purification. Additionally, unless otherwise 

stated, all manipulations were carried out under an atmosphere of dinitrogen using either 

standard Schlenk techniques or in a Vacuum Atmospheres Nexus II glovebox. All glassware was 

dried at 150 °C and allowed to cool under vacuum prior to use. All solvents were dried on a 

solvent purification system from Pure Process Technology and stored under N2 over 4 Å 
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molecular sieves. Effective removal of O2 and H2O from solvents was verified using a standard 

solution of Na benzophenone ketyl radical anion. The material PCN-224CoII was prepared as 

previously reported.9  

Diffuse-Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS). Samples were 

prepared as a 10-fold dilution of PCN-224CoII in KBr and pulverized with a mortar and pestle to 

make a smooth, homogenous powder. Samples was then transferred to a Praying MantisTM low-

temperature reaction chamber under a dinitrogen atmosphere. Data collections were performed 

on a Thermo Nicolet 6700 FT-IR spectrometer with a tabletop 110v Harrick temperature 

controller rated for 25 to −150 °C at the Northwestern Clean Catalysis (CleanCat) Core Facility.  

The data was collected under a constant flow of CO.  

Variable-Temperature X-ray Structure Determination. A single crystal of PCN-224CoII 

was added to a 0.3 mm boron-rich X-ray capillary (Charles-Supper Company), which was then 

evacuated at 150 °C for 12 h on a Schlenk line. The capillary was dosed with ca. 1 atm CO at 

ambient temperature and flame-sealed under reduced pressure at −78 ˚C.  The capillary was then 

fixed to a goniometer head with a PELCO® water based colloidal graphite epoxy.  

Variable-temperature analysis for PCN-224CoII in the presence of CO was performed at 8, 

80, 150, and 200 K.  All successive data collections at the various temperatures were obtained on 

the same crystal.  Data obtained at 80, 150, and 200 K were collected on a Bruker APEX II 

diffractometer equipped with CuKα microsource (MX optics), where the temperature was 

controlled with a Cryostream 700 liquid nitrogen cryostat from Oxford Cryosystems. The 8 K 

data were collected on a Bruker Kappa Apex II diffractometer equipped with an APEX-II 

detector and MoKα microsource (QuazarTM optics) and cooled by a Cryocool-LHe cryostat 
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from Cryo Industries. 

Raw data obtained from the data collections at 8, 80, 150, and 200 K were integrated and 

corrected for Lorentz and polarization effects using Bruker APEX2 v. 2009.1.4 Absorption 

corrections were applied using SADABS.25 Space group assignments were determined by 

examination of systematic absences, E-statistics, and successive refinement of the structures. 

Structures at 80, 150, and 200 K were solved and refined with SHELXL26 operated with the 

Olex2 interface with the aid of standard restraints.27,28 Disorder in the structure was modeled by 

splitting the atomic coordinates, and residual electron density found in the difference Fourier 

map was removed using the solvent mask protocol included in Olex2. This residual electron 

density likely arises from either residual solvent or partial occupation of a separate morphology 

of the closely related MOF-525.29  

The occupancies of the CO ligands of the data collected at 80, 150, and 200 K were freely 

refined. The occupancy obtained from the free refinement of the CO ligands was then fixed prior 

to the application of the solvent mask to prevent any redistribution of electron density. C-O 

bonds were restrained to prevent their artificial elongation or contraction, due to the potential 

presence of a various species in these structures i.e. monocarbonyl, dicarbonyl, and the unbound 

CoII porphyrin centers. Bond metrics from these structures represent an average of the species 

present at each temperature. Multiple diffraction intensity data sets were collected at 8 K due to 

the unavoidable formation of ice on the capillary containing PCN-224CoII plus CO gas. Data sets 

were merged, scaled, and reflections of the sample that overlapped with reflections from the ice 

were omitted. The Jana2006 software was then used to combine all of the intensity data collected 

at 8 K.30  
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Electron Paramagnetic Resonance (EPR) Spectroscopy. A polycrystalline sample of 

PCN-224CoII was loaded into a quartz EPR tube under a dinitrogen atmosphere. The quartz EPR 

tube was then evacuated and dosed with ca. 1 atm CO at ambient temperature and flame-sealed 

under reduced pressure at 77 K. Continuous-wave EPR spectra were collected on this sample at 

12, 20, 50, 75, 100, 125, 150, and 195 K. Measurements were performed at the University of 

Chicago EPR facility using a Bruker Elexsys 500 X-band EPR spectrometer. Temperatures were 

held constant using an Oxford Systems continuous-flow helium cryostat coupled with a 10 K 

helium stinger from Bruker. Spectra were acquired with the Bruker Win-EPR software suite. The 

spectrometer was equipped with a dual mode cavity, operating in perpendicular mode. Data were 

collected using the following instrumental parameters: radiation frequency = 9.632 GHz; 

microwave power = 0.199 mW; modulation amplitude = 5 G; modulation frequency = 100 kHz. 

Spectral simulations were carried out using the program Easyspin.12  

Gas Adsorption Measurements. Crystalline material of PCN-224 or PCN-224CoII was 

transferred into a pre-weighed analysis tube which was then sealed with a TranSealTM. 

Activation and analysis was then performed on a Micromeritics ASAP 2020 instrument. The 

samples were activated at 150 °C until an outgas rate of less than 1 mTorr/minute was observed. 

After activation, the samples were weighed to determine the final mass of analyte. The sample 

was checked to ensure the outgas rate remained below 1 mTorr/minute. Carbon monoxide uptake 

was measured using volumetric methods and the free space of all samples was determined with 

UHP He prior to analysis. The analysis was performed on both PCN-224 and PCN-224CoII to 

demonstrate that the cobalt center is responsible for the strong, initial uptake of CO. Temperature 

control was provided with a variety of cold baths: dry ice/isopropanol for 195 K, dry 
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ice/acetonitrile for 226 K, and ice bath for 273 K.  

Differential Enthalpies of Adsorption Calculations. The variable-temperature CO 

adsorption isotherms at 195, 226 and 273 K were independently fit with a dual-site Langmuir-

Freundlich model (Eqn 1), where n is the amount adsorbed in mmol/g, P is the pressure in bar, 

nsat,i is the saturation capacity in mmol/g, vi is the Freundlich parameter, and bi is the Langmuir 

parameter in bar−v for two sites 1 and 2.  

                                         (1) 

Note that the Langmuir-Freundlich model was simply used to mathematically fit each 

adsorption isotherm in preparation for isosteric heat of adsorption calculations using the 

Clausius-Clapeyron equation, and we do not intend to attribute any physical meaning to the 

obtained parameters. The fitted parameters for each adsorption isotherm can be found in Table 

S5. 

The Clausius-Clapeyron equation (Eqn 2) was used to calculate the differential enthalpies of 

adsorption, –hads, using the dual-site Langmuir-Freundlich fits at each temperature. Here, P is the 

pressure, n is the amount of gas adsorbed, T is the temperature, R is the universal gas constant, 

and C is a constant.  

                                                     (2) 

The isosteric heats of adsorption were obtained from the slope of plots of (ln P)n versus 1/T. 

An error in the isosteric heat for a given loading can be calculated from the standard error in the 

slope of the best-fit line. Fundamentally, this error describes the quality of agreement between 

the fitted isotherms and the Clausius-Clapeyron relation. 
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Powder X-ray Diffraction (PXRD) Analysis. An activated powder sample of PCN-224CoII 

was loaded into two 0.7 mm boron-rich X-ray capillaries (Charles-Supper Company). The tubes 

were capped with a septum and both evacuated on a Schlenk line at 150 ºC for 12 h. The first 

sample was sealed under reduced pressure at 77 K while the second sample was dosed with 1 

atm of CO prior to sealing at 77 K. PXRD data were collected at room temperature on a STOE-

STADIMP powder diffractometer equipped with an asymmetric curved Germanium 

monochromator (Cu Kα1 radiation, λ = 1.54056 Å). The samples were measured in a 

transmission geometry utilizing a rotating capillary holder. 
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Chapter 6: Efforts Towards the Generation of a High-Valent Iron(V) Nitride in a Metal-

Organic Framework 

6.1 Introduction 

Metal-ligand multiple bonds are understood to play crucial roles in both synthetic and biological 

catalysis.1 Molecular model complexes of high-valent transition metal species have shown to 

facilitate group and atom transfer reactions for the functionalization of organic molecules.2 In 

nature, metal-ligand multiple bonds are speculated to be involved in the mechanistic pathways of 

metalloenzymes. For example, experimental evidence has corroborated a mechanism wherein 

Cytochrome P450 catalyzes the oxidation of saturated alkanes by way of a highly reactive Fe(IV) 

oxo intermediate.3 In addition, high-valent iron nitrides have been studied for their potential as 

key intermediates in the nitrogen-fixing pathway of the metalloenzyme nitrogenase.4 In addition 

to the innate value in investigating the electronic structure and reactivity of these intermediates, 

the design of more efficient catalysts depends on understanding the intermediates that participate 

in these overall catalytic processes.  
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Owing in part to the 

difficulties associated with 

studying these reactive 

intermediates within the protein 

native structure, researchers 

have turned towards 

synthesizing molecular model 

complexes. These efforts have 

resulted in the isolation of myriad species relevant to synthetic and biological catalysis, including 

high-valent Fe-oxo5, -nitrido6, and -imido7 functionalities. One compound of particular interest is 

the porphyrin iron nitride, which is highly reactive largely as a result of the four-fold symmetry 

enforced by the ligand scaffold (Fig. 1). Nakamoto observed the first iron nitride in 1988 by the 

photolysis of a porphyrin iron azido precursor at ca. 30 K; iron nitride formation was 

characterized solely by resonance Raman spectroscopy with a ν FeNNN stretching frequency of 

876 cm-1.6a,b,c Owing to their instability, iron nitrides in four-fold symmetry are transient in 

nature and  have only been observed in frozen matrices. Under ambient conditions, iron nitrides 

in four-fold symmetry undergo bimolecular condensation reactions that arrest catalytic activity 

and prevent comprehensive characterization (Fig. 1). Such bimolecular condensation reactions 

are common as exemplified by bridging oxo species obtained from transiently formed terminal 

iron oxos.8 A key development in the investigation of iron nitrides involved the use of ligands 

that enforce three-fold symmetry to increase the stability of the reactive species. In a trigonal 

ligand field, the orbitals of dominant anti-bonding character remain unoccupied for low spin 

 
Figure 6.1 Frontier orbitals of an iron(V) nitride in four (left) and three (right) 
fold symmetry assuming a low spin state for iron.  
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systems. In four-fold symmetry however, the highest occupied molecular orbitals are the 

degenerate dyz,xz (Figure 6.1). This provides three-fold symmetric complexes with an overall 

larger bond order and increased stability. This strategy allowed for these reactive species to be 

studied under ambient conditions and resulted in the first crystallographically characterized 

terminal iron nitride.9 The increased stability, however, decreases the reactivity of the iron nitride 

functionality that is inherent to the tetragonal ligand field. Although iron nitrides in four-fold 

symmetry have been studied by a suite of spectroscopic techniques, they have yet to be 

crystallographically characterized owing to their intrinsic instability.  

To overcome the challenges associated with studying these chemical species in solution, this 

work focuses on sequestration of metal reaction sites in metal-organic frameworks (MOFs), 

thereby preventing unwanted side reactions without sacrificing inherent reactivity. This approach 

will enable stabilization of reactive species, allowing their solid-state and electronic structure to 

be studied at an unprecedented level. MOFs serve as suitable candidates for this aim due to their 

high degree of crystallinity, which will enable characterization of the catalytic site with atomic 

precision. While a substantial amount of research in the past several years has focused on MOF 

reactivity, the use of MOFs or the stabilization and characterization of reactive species remains 

relatively unexplored.10  

6.2 Results and Discussion 

Initial synthetic work has focused on stabilization of high-valent iron nitrides in porphyrin based 

framework PCN-224.11 PCN-224 is a highly robust framework featuring [ZrIV
6O8(H2O)12]8+ 

cores as structural building units linked by tetracarboxyphenylporphyrin (TCPP) organic struts. 

Incorporation of transition metal ions into the scaffold has been demonstrated with both pre- and 
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post-synthetic strategies. In addition, sizable pores of 19 Å allow for facile diffusion of substrates 

into the framework, providing a pathway for chemical manipulations within the superstructure. 

Furthermore, the large crystallite size of PCN-224 is suitable for single crystal X-ray analysis. As 

such, current work is focused on generating and studying highly reactive porphyrin iron nitrides 

using the PCN-224 framework.  A commonly used method for the synthesis of iron nitrides 

involves the thermolysis of iron azido complexes;12 as such the first manipulation of the 

framework involved the introduction of azide 

functionality to the iron metal center.  

The porphyrinic MOF PCN-224 was 

synthesized as previously described.11 

Subsequent metalation of the porphyrin with 

FeIIICl was carried out by heating single crystals 

of PCN-224 under N2 in a DMF solution 

containing excess anhydrous FeCl3 and 2,6-

lutidine, followed by evacuation at 150 °C for 12 

h, to give the compound PCN-224FeIIICl. 

Complete metalation of porphyrin within the 

bulk crystalline material was confirmed by solid-

state diffuse reflectance UV/Visible 

spectroscopy and Mössbauer Spectroscopy (see 

Figure 6.2).  

Next, trimethylsilylazide (Me3SiN3) was  
Figure 6.2 Mössbauer spectra and corresponding fit 
parameters for PCN-224FeCl, PCN-224FeN3, and the 
thermolysis product of PCN-224FeN3. 
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used for the chemical exchange of the iron-

bound chloride ligand for an azide. Soaking 

PCN-224FeCl with Me3SiN3 in THF for 24 h at 

25 °C results in a new feature in the infrared 

spectrum at ν = 2050 cm−1, consistent with the 

νFeN vibration of Fe-N3 units previously reported 

in molecular complexes (Figure 6.3).6a,b,c This 

suggests that some fraction of chloride has been 

replaced by the azide, resulting in the formation of PCN-224FeN3. To further confirm the 

substitution of the chloride for the azide, Mössbauer spectroscopy was performed on the 

resulting azide complex, PCN-224FeN3 (Figure 6.2). The Mössbauer spectra shows an expected 

high-spin Fe(III) complex that is distinct from the Fe(III)-Cl. 

Having established the complete substitution of the chloride ligand for an azide, we next 

turned our attention towards decomposing the azide to generate the terminal Fe(V) nitride. PCN-

224FeN3 was thermolyzed at 120 °C for 24 h, which resulted in the loss of the azide stretch at 

2050 cm−1 in the infrared spectrum (Figure 6.3). However, subsequent inspection of the 

thermolysis product by Mössbauer spectroscopy revealed that the thermolytic decomposition of 

the heme-azide functionality provides a signal consistent with the formation of an intermediate-

spin, four-coordinate iron porphyrin center (Figure 6.2). The reduction of the metal center 

indicates that thermolysis of the iron-azide complex results in a homolytic cleavage of the Fe-N 

bond, resulting in the formation of an Fe(II) center and a corresponding •N3
− radical. The 

homolytic cleavage of the Fe-N3 functionality upon thermolysis suggests that the most effective 

 

Figure 6.3 Infrared spectra for PCN-224FeCl, PCN-
224FeN3, and the thermolysis product of PCN-224FeN3. 
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route towards generating the Fe(V)-nitride will involve photolysis at cryogenic temperatures. 

Indeed, no molecular iron-nitride functionality has been generated through thermolytic 

decomposition. However, the strongly absorbing nature of the porphyrin unit has impeded efforts 

to photolyze this complex. After irradiation at 77 K over the course of 15 hours using varies light 

sources, the azide functionality remains as judged by infrared spectroscopy. 

6.3 Conclusion 

One potential pathway to overcome the challenges associated with the photolysis experiments, 

involves a move towards smaller MOF particle sizes. Our group has recently demonstrated the 

high-throughput synthesis of nanoscale porphyrin zirconium MOFs.13 The use of nanoMOFs may 

enable more thorough light penetration into the frameworks and therefore, serve as a potential 

pathway to photolytically cleave the iron-azide functionality. However, for this method to be 

successful, the nanoMOFs must be suspended in a homogenous frozen solvent matrix with 

minimal aggregation of the crystallites. 
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Chapter 7: O2 Binding to a Chlorine Ligated Heme Complex in Metal-Organic Framework 

7.1 Introduction 

Chapters 3-4 detail investigations into how the identity of metalloporphyrin center influences the 

thermodynamics of O2 binding. Importantly, this work provides experimental evidence to 

corroborate a hypothesis that an increase in reductive capacity of the MII/III redox couple 

correlates to a stronger enthalpy of O2 binding.1 Having demonstrated this trend using Mn, Fe, 

and Co metalloporphyrin centers, current work is now directed towards more thoroughly 

understanding another factor that influences O2 binding strength, the identity of the axial ligand. 

In chapter 2, section 2.2, variable temperature O2 adsorption studies show that O2 binding in the 

four-coordinate heme center in PCN-224FeII is much weaker than that observed in 6-coordinate 

analogues featuring an axial histidine ligand.1a This observation highlights the critical 

importance of the axial ligand on heme sites in globin proteins, as the absence of this ligand 

would lead to ineffectual O2 transport properties due to a drastically weakened O2 binding 

enthalpy. The difference in the enthalpy of O2 binding is attributed to a change in the redox 

potential of 0.250 V between 4-coordinate and imidazole-ligated 5-coordinate heme complexes.2 

To further explore the role axial ligation plays in engendering changes in O2 binding strength, 

our current efforts are directed towards isolating and studying heme centers in PCN-224 

featuring axial ligands with various electronic properties. Here, the porous, solid-state structure 

of the MOF not only prevents bimolecular condensation reactions and enables introduction of 

gas-phase substrates in the absence of exogenous solvent, but also offers synthetic tunability, 

where the unsaturated heme center provides a platform by which we can introduce a variety of 

axial ligands.   
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7.2 Results and Discussion 

Initial efforts have focused on 

studying the interaction of O2 with 

a chloride ligated high-spin FeII 

center in PCN-224 due to the shift 

in the redox potential as compared 

to both the 4-coordinate and 

imidazole bound heme centers (see 

Figure 7.1).2,3 Based on these reported redox potentials, the chloride bound high-spin FeII center 

should engender a stronger interaction between the metal center and the O2 ligand. Subsequent 

metalation of the porphyrin with FeIIICl was carried out by heating single crystals of PCN-224 

under N2 in a DMF solution containing excess anhydrous FeCl3 and 2,6-lutidine, followed by 

evacuation at 150 °C for 12 h, to give the compound PCN-224FeCl. Complete metalation of 

porphyrin within the bulk crystalline material was confirmed by solid-state diffuse reflectance 

UV/Visible spectroscopy and Mössbauer Spectroscopy (see Figure 6.2). Soaking PCN-224FeCl 

in ten-fold molar excess of CoCp2 in Et2O for 12 h, resulted in the formation of a new species 

featuring a high-spin FeII center as judged by Mössbauer spectroscopy (see Figure 7.2). The 

Mössbauer spectrum of the reduced species at 80 K exhibits an isomer shift of δ = 0.999 mm/s 

and a quadrupole splitting ∆EQ = 4.636 mm/s, consistent with previously characterized anionic 

high-spin iron(II) heme complexes.4 Having successfully synthesized this species, current work 

is directed towards studying its reactivity towards O2 with an emphasis on ascertaining the 

strength of O2 binding with variable temperature O2 adsorption measurements.  

 

Figure 7.1 Depiction of a 4-coordinate, imidazole, and chloride ligated 
heme center with the corresponding ∆E1/2 (V vs SCE) for each species. 
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7.3 Conclusion 

The four-coordinate, imidazole, and chloride 

ligated heme complexes in PCN-224, provide 

an important data point in a growing series that 

has focused on understanding how changes in 

the electronic structure of the metal center 

influences the thermodynamics of O2 binding. 

Based on the hypothesis that the strength of O2 

binding correlates to the ease of oxidation of 

the metal center, the high-spin Fe(II) center in 

PCN-224FeII-Cl− should result in an O2 binding 

enthalpy stronger than both that observed in 

both the four-coordinate and imidazole-bound 

heme centers. Importantly, this provides an avenue towards the formation of a stable Fe-O2 

adduct under ambient conditions, which will then open new pathways to generate reactive 

oxygenated heme species derived from the heme-O2 complex. 

  

 

Figure 7.2 Mössbauer spectra and corresponding fit 
parameters of PCN-224FeCl and PCN-224FeIICl−  at 80 K. 
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