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ABSTRACT 

 

 

KINETIC, MECHANSITIC, AND ACTIVE SITE STUDIES OF COPPER METAL-ORGANIC 

FRAMEWORK CATALYZED NITRIC OXIDE GENERATION FROM  

S-NITROSOGLUTATIHONE IN WATER AND BLOOD PLASMA 

 

Catalytic generation of nitric oxide (NO) from endogenous sources by copper-based 

materials at the surfaces of implanted medical devices improves device performance by promoting 

vasodilation and inhibiting bacterial adhesion. Oxidation of the endogenous tripeptide S-

Nitrosoglutathione (GSNO) to release NO is catalyzed by the copper-based metal-organic 

framework (MOF) H3[(Cu4Cl)3(BTTri)8] (CuBTTri) in the presence of glutathione (GSH). MOFs 

are solid-state, crystalline, porous materials composed of metal cation nodes and organic linkers 

forming three-dimensional structures. MOFs have generated interest as catalysts because of their 

unparalleled tunability via synthesis (compared to other solids), well-defined structures, 

coordinatively unsaturated metal sites, and high surface areas. Mechanistic insight into MOF 

catalysts promises to allow for the directed design of next-generation catalysts via leveraging 

synthetic tunability. However, because necessary studies to propose reliable reaction mechanisms 

are rarely reported for MOF catalysts, mechanistic understanding is lacking in the field. 

 This Dissertation works toward a reaction mechanism of CuBTTri catalyzed GSNO to NO 

conversion in water in the presence of GSH. The strategies used to better understand this 

mechanism can also generate mechanistic knowledge in other MOF catalysis systems. Chapter I 

provides a discussion of NO release catalyzed by soluble and insoluble Cu-based species focusing 

on CuBTTri. Chapter I also introduces MOFs as catalysts and explains the requirements to propose 

a reliable reaction mechanism.  
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Chapters II and III focus on the development of monitoring methods to quantify [GSNO], 

[GSH], and [glutathione disulfide] (the other main reaction product, GSSG) in real time in H2O 

and blood plasma. 1H nuclear magnetic resonance (NMR) and ultraviolet-visible (UV-VIS) 

spectroscopies can together effectively monitor the NO release reaction. The observation of an 

inverse dependence on added GSH for CuBTTri versus solvated Cu ions for NO generation shows 

that the two catalysts operate via different reaction mechanisms. Chapter III shows how the 

monitoring method in H2O reported in Chapter II can be extended to track the reaction in blood 

plasma. The observed GSNO to NO reaction stoichiometry is effectively identical in H2O and 

blood plasma, which indicates that the mechanism does not change in vivo versus the model 

biological solvent H2O. Hence, mechanistic findings in this dissertation for NO generation in water 

are likely biologically applicable. 

 Chapter IV establishes the catalytically active Cu sites in CuBTTri for GSNO to NO 

conversion. Studies comparing the reaction rate (-d[GSNO]/dt) to particle size revealed that 

~100% of the observed catalysis is caused by Cu atoms on the external surfaces of CuBTTri 

particles. Kinetic poisoning studies of CuBTTri particles with potassium cyanide (KCN) and 

3,3’,3’’-phosphanetriyltris (benzenesulfonic acid) trisodium salt (TPPTS) showed that the active 

sites are kinetically uniform. Fourier transform infrared spectroscopic analysis of CN-poisoned 

CuBTTri detected Cu(CN)3 and Cu(CN) sites, which correspond to the idealized metal-terminated 

CuBTTri crystal structure. Size-selective kinetic poisoning studies of CuBTTri using TPPTS 

measured the active site density to be (1.3 ± 0.4)% of total Cu atoms in 600 ± 400 nm CuBTTri 

particles. Active site density was used to calculate a normalized turnover frequency for CuBTTri 

to make informed inter-catalyst comparisons. 
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Chapter V presents the rate law and proposed mechanism for CuBTTri catalyzed GSNO to 

NO conversion. Four other competing, minimalistic mechanistic hypotheses were considered and 

disproven. The mechanism proposed is a CuII to formally CuIII redox mechanism with two proton-

coupled electron transfer elementary steps. The proposed mechanism exhibits a derived rate law 

which matches the experimental rate law, has elementary steps which sum to the observed reaction 

stoichiometry, and provides a reasonable driving force for S-N bond homolysis in GSNO. Future 

computational and laboratory experiments suggested by the proposed mechanism promise to yield 

a level of mechanistic understanding for CuBTTri which has traditionally not been achievable for 

solid-state catalysts. 
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I. INTRODUCTION 

 

This dissertation is in a “journal’s format.” Each chapter was prepared as a manuscript for 

publication in a peer-reviewed chemistry journal. Therefore, the chapters follow the formatting 

guidelines for the journal the manuscript was submitted to. An overview begins each chapter, and 

the Supporting Information sections are included separately as appendices after each 

corresponding chapter. Below is an introduction to the field of copper-based, metal-organic 

framework catalyzed nitric oxide generation and a brief description of each chapter. 

Implanted medical device failure because of bacterial adhesion and biofilm formation on 

device surfaces is harmful to patients, especially those who are immunocomprosmised.1 One 

strategy to improve performance of medical devices is to generate nitric oxide (NO) at the surface 

of implanted devices.2–8 NO is a vital biological signaling molecule responsible for the 

endothelium-derived relaxing factor and exhibits antibacterial activity.8,9 Strategies for NO 

generation from medical devices which use endogenous sources of NO are desirable, as opposed 

to preloading NO donor molecules into medical device polymers (as the NO reservoir will 

ultimately run out).10–14 Using an endogenous NO source ensures that as long as blood is flowing 

over the device surface, local NO flux can be achieved, extending the lifetime and improving the 

performance of the device.11,13,15,16 

Since the 1990s, it has been known that solvated Cu2+ catalyzes the release of NO from a 

class of small molecules known as S-Nitrosothiols (RSNOs).17–22 One RSNO known to be present 

in the human body at detectable levels is the nitrosated tripeptide S-Nitrosoglutathione 

(GSNO).18,23–25 Therefore, it has been frequently proposed that Cu-based materials are a route 

towards NO generation from GSNO in vivo.10,11 However, Cu ions are known to exhibit acute liver 
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toxicity and will leach out of many polymers in the presence of water and biological solvents.12,26 

The Cu-based catalyst for GSNO to NO conversion must therefore be a solid which does not leach 

Cu ions when exposed to in vivo conditions.10 

In 2012 Harding et. al. reported that a solid-state material called a metal-organic framework 

(MOF) referred to as HKUST-1 composed of Cu2+ nodes and 1,3,5 benzenetricarboxylate linkers 

(CuBTC) catalyzes NO release from S-Nitrosocysteine (CysNO) in ethanol.12 MOFs are a wide 

class of porous, crystalline, solid-state materials discussed in greater depth below (vide infra).27,28 

The 2012 study showed that NO release from an RSNO can be catalyzed by a solid-state, Cu-based 

material. However, CuBTC is not stable in water or biological solvents, meaning CuBTC is not a 

biologically applicable NO generation catalyst.12,29,30 Achieving biologically applicable Cu-MOF 

catalyzed RSNO to NO conversion requires use of a Cu- MOF which is stable in vivo and catalyzes 

NO release from an endogenous RSNO (namely, GSNO). 

In 2014, Harding et. al. reported a more biologically applicable NO generation system.10 

The 2014 study utilized a new Cu-based MOF, H3[(Cu4Cl)3(BTTri)8] (CuBTTri, Figure 1.1). The 

2014 study also employed a different RSNO, S-Nitrosocysteamine (CysamNO). CuBTTri was 

shown to be stable in biological media (whole blood) and phosphate buffered saline (PBS) based 

on powder X-ray diffraction (P-XRD) and Cu-ion leaching inductively-coupled plasma atomic 

emission spectroscopy (ICP-AES) data.10 CuBTTri is unique in its stability under in vivo 

conditions among MOFs. In the 2014 study, the release of NO from CysamNO catalyzed by 

CuBTTri was measured in both whole blood and water. These NO generation measurements 

established that CuBTTri could be a biologically applicable NO generation catalyst. In 2016 and 

2017, Lutzke and Neufeld et. al. reported a significant step forward for in vivo NO generation by 

showing that composite materials composed of polymers containing CuBTTri particles could 
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catalyze GSNO to NO conversion in water.11,13,14 The 2016 report addressed Cu ion liver toxicity 

by showing that CuBTTri is compatible with human hepatocytes.14 The previous work by Harding, 

Lutzke, and Neufeld et. al. set up CuBTTri up as the catalyst of interest for this dissertation. 

 

Figure 1.1. (Left) The CuBTTri unit cell showing carbon (black), nitrogen (blue), chlorine (green), 

and copper (red). (Right) Finer, more detailed view of nominally 3–coordinate Cusurface site 

(indicated with arrows) determined to be active for GSNO to NO conversion catalysis in Chapter 

IV of this Dissertation.  
 

It is important to define exactly what a MOF is and why MOFs are interesting 

heterogeneous catalysts (for reasons beyond NO generation).27,28,31,32 MOFs are porous, usually 

crystalline solids composed of metal cation or cluster nodes connected by organic linkers which 

form infinitely repeating 3-D structures.27 Interest in MOFs is driven by, at least, the following 

four factors: i) MOFs exhibit unparalleled chemical and physical tunability compared to other 

solid-state materials (>105 different MOFs have been reported, versus ~102 zeolites33), ii) 

crystalline MOFs exhibit well-defined structural geometry, iii) MOFs are porous, allowing for 

diffusion of guest molecules into the channels of MOF structures, and iv) MOFs exhibit high 

surface areas, (MOFs bridge the gap in density between solids and liquids).  MOFs have been 

investigated for several different applications,34–39 but this dissertation will focus on understanding 

how to investigate and think about MOFs as solid-state catalysts.28,32,40–42 
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MOFs offer unique opportunities for study as heterogenous catalysts because the well-

defined structures allow one to generate specific hypotheses up front about what catalytically 

active sites may look like and where they may be in the MOF structure (i.e., inside the MOF pores 

or on particle exterior surfaces).43–45 MOFs also combine advantages traditionally associated with 

insoluble (recyclability, stability, ease of isolation) and soluble (tunability, defined structures) 

catalysts.40 Through the mechanistic investigations in this dissertation, it will become clear that 

this line of thinking (i.e., MOFs can be approximated as solids composed of discreet homogeneous 

metal complexes) is useful, at least for CuBTTri and NO generation. However, we only arrive at 

that conclusion because of the disproof-based kinetic and mechanistic studies herein.46 

Mechanistic insight into MOF catalysts is often cited as one way to leverage tunability for directed 

design of future, improved MOF catalysts.42,47–49 Surprisingly though, mechanistic investigations 

into MOF catalysis systems are lacking in the field.28,50 Hence, MOF tunability currently cannot 

be fully taken advantage of in most systems. 

Proposing a reliable reaction mechanism for CuBTTri catalyzed GSNO to NO conversion 

is the ultimate goal of this dissertation. The work described in each research chapter (II-V) and 

what specific questions we sought to answer, are informed by the following list, defining the five 

requirements necessary to propose a more reliable catalytic reaction mechanism: 

1) Determination of the kinetically dominant active site.43,45,51–54 Active site investigation in 

MOFs will ideally determine the location, number, and include some structural information of 

the active sites. Knowledge of the active site in MOF catalysts allows one to best design the 

studies necessary to address the four following requirements.  

  

2) The full catalytic reaction stoichiometry, including mass and charge balance.52,55 Often, the 

critical requirement of a balanced reaction is not reported in investigations of MOF catalysts. 

Without a balanced reaction in hand, one cannot write the correct series of elementary steps 

that sum to the observed stoichiometry. Without stoichiometry it is possible to propose a 

mechanism for a reaction other than the one of interest (i.e., the wrong reaction). 
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3) Kinetics data must be obtained for all reactants present using direct physical handles if 

possible. Comparing experimentally observed rate laws to rate laws derived for proposed 

mechanisms is essential to support or disprove competing mechanistic hypotheses. 

 

4) Elementary (or pseudo-elementary) steps which sum to the observed balanced reaction are 

required. These elementary or pseudo-elementary steps define the rate constants for each step 

of the reaction. Elementary steps also define the concepts and associated language needed to 

describe the mechanism unequivocally. 

 

5) Consideration, and attempted disproof, of competing, deliberately minimalistic mechanistic 

hypotheses. Mechanistic hypotheses should only contain the minimal elementary steps and 

assumptions necessary to explain all data (i.e., hypotheses must obey Ockham’s razor.46 

 

Prior to this dissertation, the above requirements had not been fulfilled for CuBTTri catalyzed 

GSNO to NO conversion in water.45,55 In fact, all five requirements had not been fulfilled for any 

MOF catalysis system, demonstrating the need for this work in a more general sense. Each of the 

four research chapters in this dissertation addresses one or more of the requirements in the list 

above. Each chapter and the key results contained therein are summarized here. 

Chapter II establishes a quantitative, direct method to monitor the NO release reaction from 

GSNO in water.55 The monitoring method uses solvent-suppressed 1H nuclear magnetic resonance 

(NMR) spectroscopy (Figure 1.2), which detects unique signals from GSNO, its corresponding 

thiol glutathione (GSH), and glutathione disulfide (GSSG) (the other reaction product in addition 

to NO).56,57 Solvent-suppressed 1H NMR spectroscopy can simultaneously quantify [GSNO], 

[GSH], and [GSSG] in real time in protonated solvent (H2O as opposed to D2O).55 Running GSNO 

to NO conversion experiments in H2O is necessary, as hydrogen bonding effects may account in 

part for the in vivo stability of GSNO and GSH.58–61 Chapter V shows that proton transfer plays a 
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key role in the GSNO to NO conversion reaction mechanism (vide infra), confirming that studying 

the reaction in H2O is necessary.  

Figure 1.2. Structures and diagnostic peaks used for 1H NMR spectroscopic analysis of GSSG 

(blue, top), GSH (middle, green), and GSNO (bottom, red). The diagnostic protons responsible for 

the boxed signal in each spectrum are highlighted in blue, green, or red.  
 

Chapter II details how we determined the reaction stoichiometry and dependence on added 

GSH for both CuBTTri and solvated Cu2+ catalyzed GSNO to NO conversion. For CuBTTri 

catalyzed reactions, added stoichiometric GSH (relative to GSNO) was required to observe 

significant GSNO to NO conversion within 16 h. However, stoichiometric levels of GSH 

completely poisoned the Cu2+ ions for catalysis. These two results suggest that CuBTTri and 

solvated Cu2+ catalyze GSNO to NO conversion through different mechanistic pathways. Before 

more thoroughly investigating the mechanism of CuBTTri as an NO generation catalyst, we sought 

to confirm that the findings for the reactions in Chapter II were biologically relevant by 

investigating the same reaction in a biological solvent. 
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Chapter III details how CuBTTri catalyzed GSNO to NO conversion can be quantitatively, 

directly monitored in blood plasma.62 Monitoring reactions in biological solvents, such as blood 

plasma, is difficult because the complex solvent matrix presents many potentially interfering 

signals.63–69 Combining 1H NMR and ultraviolet-visible (UV-VIS) spectroscopies with a nitric 

oxide analyzer (NOA)12 allowed us to monitor the concentrations of GSNO, GSSG, and NO in 

blood plasma in real time. The only difference in the stoichiometry for the NO release reaction 

observed in blood plasma as opposed to water was minor NO scavenging by the blood plasma 

solvent.70 The effectively identical stoichiometries indicate that the reaction mechanism for GSNO 

to NO conversion catalyzed by CuBTTri does not change when the reaction moves from water to 

blood plasma. Hence, mechanistic findings determined for the CuBTTri/GSNO/GSH/NO system 

in water are likely applicable to the mechanism in vivo. 

Chapter IV addresses the questions of location, density, and structure of the catalytically 

active sites in CuBTTri for GSNO to NO conversion.45 CuBTTri samples were ground and filtered 

to generate three sets of differently sized particles. Comparing the reaction rate (-d[GSNO]/dt) to 

the ratio of particle exterior surface area to interior volume revealed that ~100% of the NO release 

catalysis is caused by Cu sites on the exterior surfaces of CuBTTri particles (Figure 1.3). Intrapore 

Cu sites account for ~0% of the catalytic activity. The size of the largest pore window diameter in 

CuBTTri (2 nm when desolvated) supports the hypothesis that GSNO diffusion to intrapore metal 

sites followed by catalysis will either occur not at all, or at a much slower rate than reaction at the 

exterior surfaces of CuBTTri particles.71–73 Evidence for catalysis confined to MOF particle 

exterior surfaces disproves, for the NO release reaction, the favored hypothesis in most MOF 

catalysis literature that intrapore metal sites are equally as active for catalysis as exterior surface 

metal sites.49 CuBTTri catalyst poisoning by potassium cyanide (KCN) followed by Fourier 
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transform infrared (FT-IR) spectroscopy showed two distinct Cu to CN binding modes, Cu(CN)3 

and Cu(CN), suggesting that there are two distinct Cu sites present in CuBTTri.74–78 Analysis of 

the idealized, metal-terminated CuBTTri crystal structure shows that bulk, intrapore sites in the 

solid have one vacant coordination site to accept one CN molecule and that exterior surface sites 

have three vacant coordination sites to accept three CN molecules.79–81 Correspondence between 

the predicted and observed Cu to CN binding ratios led us to propose that Cu(CN) sites are inactive 

intrapore sites (Cupore), and that Cu(CN)3 sites are catalytically active particle exterior surface Cu 

sites (Cusurface). Cusurface sites can be described as naturally occurring, particle termination defect 

sites which form kinetically during the solvothermal CuBTTri synthesis. Size-selective catalyst 

poisoning experiments employing a poison which cannot diffuse into CuBTTri pores (3,3’,3’’-

phosphanetriyltris benzenesulfonic acid trisodium salt (TPPTS)) determined the active site density 

in CuBTTri.54 TPPTS poisoning showed that for 600 ± 400 nm octahedral particles (1.3 ± 0.4)% 

of the total Cu sites in CuBTTri are active for catalysis.82 

Figure 1.3. Finer, more detailed view than provided in Figure 1.1 of nominally 3-coordinate 

Cusurface (A, C) and nominally 5-coordinate Cupore (B) (red = copper, green = chlorine, blue = 

nitrogen, black = carbon) based on the X-ray structure of an isostructural MOF and assuming to 

start an idealized, metal-terminated surface of CuBTTri. Vacant coordination sites within CuBTTri 

would presumably be occupied by H2O pre-reaction, while surface Cu sites could be coordinated 

by anything from H3BTTri ligand to Cl– to H2O. Ligands that are expected to be displaced by 

GSNO or GSH in the catalytic reaction—an assumption supported quantitatively by the results in 

Chapters IV and V. Hydrogen atoms have been omitted for clarity.  
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Chapter V presents the experimentally determined rate law and currently favored CuII to 

CuIII redox, proton-coupled electron transfer (PCET) mechanism for CuBTTri catalyzed GSNO to 

NO conversion. The NO release reaction is observed experimentally to be 1st order in [GSNO], 1st 

order with saturation in [GSH], 1st order in catalyst, and inverse 1st order with saturation in [OH-]. 

The experimental rate law, reaction stoichiometry, and knowledge of the Cusurface active sites were 

used to construct competing mechanistic hypotheses, which were then systematically disproven 

until what remained was our currently favored CuII to CuIII mechanism. The mechanism proposed 

in Chapter V illustrates the ubiquity of simultaneous transfer of protons and electrons in biological 

systems and illustrates the special nature of GSNO and GSH as NO release substrates. GSNO is a 

metastable NO shuttle designed by nature which will not release NO spontaneously in solution (as 

many other RSNOs do).20,23,24,83 The PCET steps involving oxidation/reduction of CuII/III provide 

the driving force for S-N bond homolysis and explain why GSH must be added to the reaction to 

observe catalysis by CuBTTri.55 The currently favored mechanism is presented alongside four 

competing alternative hypotheses. Only the CuII to CuIII mechanism satisfies all five requirements 

for proposing a reliable mechanism as outlined previously. The appendix to Chapter V presents 

future studies suggested by specific features of the currently favored mechanistic hypothesis and 

the predictive power of mechanism. Future work will provide molecular-level mechanistic insight 

for CuBTTri, which is rarely achieved for solid-state catalysts. 

Chapter VI closes this dissertation with a summary of the key results in each chapter and 

an outlook on the CuBTTri/GSNO/GSH/NO reaction in broader context. The conclusions from 

this work are analyzed along with other MOF catalysis and NO release literature to provide a 

broader view of both fields. 
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II. COPPER ION VS COPPER METAL-ORGANIC FRAMEWORK CATALYZED NO 

RELEASE FROM BIOAVAILABLE S-NITROSOGLUATHIONE EN ROUTE TO 

BIOMEDICAL APPLICATIONS: DIRECT 1H NMR MONITROING IN WATER 

ALLOWING IDENTIFICATION OF THE DISTINCT, TRUE REACTION 

STOICHIOMETRIES AND THIOL DEPENDENCIES1 

Overview 

 Copper containing compounds catalyze the decomposition of S-Nitrosoglutathione 

(GSNO) in the presence of glutathione (GSH) to yield glutathione disulfide (GSSG) and nitric 

oxide (NO). Long term NO generation from an endogenous source is medically desirable to 

achieve vasodilation, reduction in biofilm formation on implanted medical devices, antibacterial 

activity, and other physiologically relevant effects. Homogeneous and heterogeneous copper 

species have been used to catalyze decomposition of endogenous GSNO for NO release. One 

heterogeneous catalyst used for GSNO decomposition in blood plasma is the metal-organic 

framework (MOF), H3[(Cu4Cl)3-(BTTri)8, H3BTTri = 1,3,5-tris(1H-1,2,3-triazol-5-yl) benzene] 

(CuBTTri). Fundamental questions about these catalytic systems remain unanswered, despite their 

use in biomedical applications, in part because no method has been developed previously for the 

simultaneous tracking of [GSNO], [GSH], and [GSSG] in water. Development of a technique to 

track these reactions in water is a necessary step towards study in biological media as blood is 

comprised of ca. 80% water, and NO release systems must eventually operate in blood. Even the 

true, balanced reaction stoichiometry remains unknown for copper-ion and CuBTTri catalyzed 

 

1 The work presented in Chapter II contains the entire published manuscript describing our first 

published work investigating the CuBTTri/NO/GSNO system (Tuttle, R. R.; Rubin, H. N.; 

Rithner, C. D.; Finke, R. G.; Reynolds, M. M. J. Inorg. Biochem. 2019, 199, No. 110760.). 

Minor formatting edits have been introduced to meet the dissertation requirements. 
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GSNO decomposition. Herein, we report a direct 1H NMR method which: (i) allows simultaneous 

monitoring of [GSNO], [GSH], and [GSSG] in water; (ii) provides the experimentally determined, 

balanced reaction stoichiometry for copper-ion vs CuBTTri catalyzed GSNO decomposition; (iii) 

reveals that the CuBTTri-catalyzed reaction reaches only 10% GSNO decomposition in 16h 

without added GSH, yet the copper-ion catalyzed reaction reaches 100% GSNO decomposition 

within 16h without added GSH; and (iv) shows that 100% GSNO decomposition can be achieved 

upon addition of stoichiometric GSH to the CuBTTri catalyzed reaction. Importantly, (v) these 

observations provide compelling evidence that copper-ion and CuBTTri catalyzed GSNO 

decomposition in water operate through different reaction mechanisms, the details of which can 

now be probed by direct, 1H NMR kinetics and other needed studies. 

2.1 Introduction 

 Generation of NO carries great importance in medicine as NO is a vital signaling molecule 

in the human nervous,1,2 immune,3,4 and cardiovascular5,6 systems, as well as an effective 

antibacterial agent.7,8 S-Nitrosothiols (RSNOs)9 such as S-Nitrosoglutathione (GSNO) have 

attracted attention as endogenous sources of NO, GSNO being of particular importance due to its 

presence in human blood.10,11 One equivalent of NO is known to form per equivalent of GSNO 

decomposed along with disulfide (RSSR) formation.12,13 Long-term NO generation for biomedical 

applications is desirable14,15 and can be achieved by pairing an endogenous NO source such as 

GSNO with a catalyst that induces GSNO decomposition in water rather than organic solvents 

where RSNO decompositions have been studied. For example, the study of homogeneous copper 

model complexes in organic solvents such as dichloromethane16 and toluene17 have appeared. 

Relevant here is that water is an important solvent for RSNO studies given that blood is ca. 80% 

water, and blood is where NO release is important for applications under development.18 
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 Copper-containing compounds are an important family of RSNO decomposition catalysts. 

Solvated Cu2+ is the most commonly studied copper ion pre-catalyst for RSNO conversion.19 

Reduction of Cu2+ to Cu+ is hypothesized as a necessary step in the reaction mechanism.20 Thiols 

(RSH) have been used as reducing agents at sub stoichiometric concentrations to initiate the 

catalytic cycle and increase the rate of copper ion catalyzed RSNO decomposition.21 Thiols are 

thought to play a dual role in these systems, as reducing agents to generate Cu+, and as complexing 

agents for Cu2+.21,22 Interestingly, stoichiometric levels of RSH have been observed to halt copper-

ion catalyzed RSNO decomposition, perhaps because of Cu2+ complexation by the corresponding 

thiolate (RS–).21,22 While extensive work done on copper-ion catalyzed RSNO conversion to NO 

has resulted in valuable insights,16,17,20–24 even just the complete, balanced reaction stoichiometry 

for copper-ion catalyzed RSNO decomposition has not been experimentally determined, neither 

in the presence nor absence of added RSH. Of course, determination of the true reaction 

stoichiometry under the actual reaction conditions is the necessary starting point for any rigorous 

mechanistic study because the proposed mechanistic steps must, in turn, sum to the experimentally 

determined reaction stoichiometry. Without the true stoichiometry, one runs the risk of reporting 

the “mechanism” for a different reaction than is actually being investigated. 

 Due to the potentially toxic nature of freely diffusing copper ions in vitro, incorporation of 

copper ions into a solid support material for biomedical applications is desired.25–28 Copper 

containing metal-organic frameworks (MOFs) are a class of porous solid materials containing 

organic linkers and copper cations that have been used to catalyze NO release from RSNO 

precursors.12,13 The two copper based MOFs previously used in this regard are copper (II) benzene-

1,3,5-tricarboxylate (Cu-BTC), and H3[(Cu4Cl)3-(BTTri)8, H3BTTri = 1,3,5-tris(1H-1,2,3-triazol-

5-yl) benzene] (CuBTTri), Figure 2.1. Of these two, CuBTTri is attractive for incorporation into 
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biomedical devices such as stents, catheters, and extracorporeal circuitry29 because of its 

hydrothermal stability, its ability to catalyze GSNO decomposition in aqueous solutions, and 

because CuBTTri materials are compatible with human hepatocytes.30 

 

Figure 2.1. One plausible CuBTTri subunit structure.42 Shown are carbon (black), nitrogen (blue), 

chlorine (green), and copper (red). The open channels formed in CuBTTri may allow for diffusion 

of GSNO substrate into MOF pores via the largest, central channel. Open copper sites both at the 

surface and inside the CuBTTri pores are the plausible, expected active sites for GSNO binding 

and catalysis for NO release. 

Important prior work is available testing CuBTTri as a catalyst material for endogenous 

NO generation.13,18,30 Although CuBTTri catalyzed decomposition of GSNO is known to produce 

NO, the formation of glutathione disulfide (GSSG) has not yet been experimentally confirmed—

nor has the complete reaction stoichiometry been experimentally determined for any copper MOF 

system. Additionally, the effect(s) and fate of added glutathione (GSH) in the CuBTTri MOF-

catalyzed NO release reaction have not been explored, an important point given the apparent 

importance of thiols to the copper-ion system. 

 The reason these basic pieces of information about copper MOF systems and their NOR 

release catalysis are missing is because no method enabling the simultaneous, direct monitoring 

of [GSNO], [GSH], and [GSSG] in water has been reported.31 The previously proposed 
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stoichiometry12–14,17,25–27,32 for both systems, Figure 2.1, is widely accepted, but has actually never 

been experimentally verified. RSNO decomposition catalyzed by solvated copper ions and 

CuBTTri have been traditionally studied via either ultraviolet-visible (UV-VIS) spectroscopy (via 

the intensity of a peak at 335 nm caused by a π→π* transition in the S-N bond of the RSNO) or 

nitric oxide analyzers (NOAs)12,13 to track NO release.33,34 NOA experiments use 

chemiluminescence to quantify the amount of gaseous NO generated.35 NOAs and UV-visible 

monitor only the concentration of one chemical species in the complex reaction mixture and hence, 

are unable to determine the true, balanced reaction stoichiometry. Specifically, the amount of 

GSSG formed per amount of GSNO decomposed has never been previously determined in either 

the CuBTTri or the copper-ion system—and we demonstrate herein that the prior, assumed 

stoichiometry in Figure 2.2 is not precisely correct. This in turn means that the prior mechanistic 

details for RSNO conversion to NO and the other products of the reaction cannot be exactly 

correct. 

 

Figure 2.2. Idealized12,14,15,17,25–27 stoichiometry for copper catalyzed decomposition of GSNO. 

Herein, we report that solvent-suppressed 1H nuclear magnetic resonance (1H NMR) 

spectroscopy provides the needed ability to monitor GSNO decomposition catalyzed by either 

copper ion or CuBTTri in the blood-and hence biomedical applications-relevant solvent, water. 

Direct, simultaneous, and reliable quantification of [GSNO], [GSH], and [GSSG] in water is 

reported for the first time. Hydrogen bonding of RSNOs to water may, for example, account for 

part of RSNO in vivo stability.36,37 We also compare copper-ion vs CuBTTri catalyzed release of 
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NO from GSNO, an important38 comparison by our direct 1H NMR methodology given that copper 

ions are currently the most efficient copper pre-catalyst for NO release from GSNO.12,13,28 

2.2 Results and Discussion 

1H NMR of the Individual Reaction Components  

 Despite their structural similarities, each individual reaction component, GSNO, GSH, and 

GSSG, proved to contain distinguishable 1H NMR signals, in 20 mM NaH2PO4 buffered 90% H2O 

10% D2O, Figure 2.3. Specifically, GSSG displays two doublets of doublets at 3.15–3.19 ppm and 

2.84–2.89 ppm identified as the protons on the carbon adjacent to the sulfur groups. GSH displays 

a multiplet at 4.40–4.48 ppm associated with the C-H two carbons away from the sulfur group and 

a multiplet at 2.80–2.88 ppm attributed to the protons adjacent to the sulfur group. The two protons 

on the carbon adjacent to the sulfur group in GSNO appear as two distinctly broad peaks at 4.00–

4.03 ppm and 3.85–3.89 ppm. All individual peaks that were used for determining the 

concentration of reaction components are identified with boxes in Figure 2.3.  

 Initial attempts to determine reaction species concentration used benzene as an internal 

quantitative standard, but the significant difference in longitudinal relaxation time, T1, among 

various reaction components and benzene protons afforded a large error under the conditions 

necessary for data acquisition. In response, efforts were directed to quantify the individual reaction 

components in solution directly by developing an absolute calibration curve based on known 

concentrations of authentic GSNO, GSH, and GSSG. The intensity of the signals used to quantify 

GSNO and GSH were affected by the solvent suppression method due to their proximity to the 

water peak. However, the magnitude of this effect was stable and consistent from experiment-to-

experiment over a concentration range from 500 µM to 3 mM. Hence, the necessary calibration 

curves were generated using 4 different concentrations for each component (500 µM, 1 mM, 2 
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mM, and 3mM). A calibration curve was constructed whereby the intensity of the highest peak 

within the boxed regions shown in Figure 2.3 was plotted on the y-axis and concentration plotted 

on the x-axis (Appendix I, Figures S2.7-S2.9). A linear fit was applied yielding the following 

equations where y is signal intensity and x is species concentration (in mmol/L), all fits having R2 

values greater than 0.99: 

[GSNO]: 𝑦 = 28.4𝑥 − 2.05  (eq. 2.1) 

[GSH]: 𝑦 = 138𝑥 − 17.5   (eq. 2.2) 

[GSSG]: 𝑦 = 368𝑥 + 223  (eq. 2.3) 

Buffering the system with NaH2PO4 for NMR analysis was critical to prevent peak broadening 

and unwanted competing reaction pathways that could arise from minor differences in pH. DMSO 

was also examined as a possible solvent, but proved inferior to water as it either prevented any 

decomposition or yielded unwanted oxidization of GSH to GSSG.39 In short, a direct method has 

been developed that allows the quantitative analysis of the reactions of CuBTTri and Cu2+ with the 

biologically relevant GSNO, all in water as a preferred solvent, and which can simultaneously 

detect each of the reactions’ starting material and products (other than NO, which is detected 

separately, vide infra) GSNO, GSH, and GSSG. 
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Figure 2.3. Structures and diagnostic peaks used for 1H-NMR analysis of GSH (green), GSNO 

(red), and GSSG (blue) in 0.5 mL H2O and 0.1 mL 20 mM NaH2PO4 buffered D2O. 

 

Cu2+ Pre-catalyst GSNO Decomposition, First Without Added GSH 

 With a reliable, quantitative 1H NMR technique to monitor [GSNO], [GSH], and [GSSG], 

the ostensibly simplest, solvated copper-ion catalyzed decomposition of GSNO was investigated 

first, under N2 (g) as noted in the Experimental section. Entry 2 in Table 2.1 summarizes the results 

of the reaction between GSNO (1 mM) and Cu2+ (0.2 mM) in water over 16 h with no added GSH. 

Complete decomposition of GSNO was observed within 16 h, as shown in Figure 2.5. The only 

detectable products by 1H NMR from the conversion of GSNO are GSSG and what matches a 

GSSG-Cu2+ chelate complex (also previously reported in the literature by Noble et al, Kenche et 

al, and Gorren et al.22,40,41 shown in boxes in Figure 2.5, right and left, respectively.  

 The amount of GSSG formed was quantified using the previously described calibration 

curves, while the concentration of the chelate complex was determined via the relative peak 

integrations between the GSSG signal and the GSSG-Cu2+ complex signal. Together, these two 

concentrations sum to [GSSG]Total, which in turn is equal to half of the initial [GSNO] within 

experimental error, as expected based on mass balance. The chelate complex exhibits the same 

splitting pattern as GSSG, with shifts further downfield (3.40-3.58 ppm) upon chelation of GSSG 
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to Cu2+ ions, Figure 2.5. Furthermore, formation of a GSSG-Cu2+ chelate complex is supported by 

the observation that as the initial [Cu2+] is increased, the relative concentration of the chelate 

complex increases rather than GSSG, as shown by the red trace in Figure 2.5. The net reaction 

stoichiometry is shown in Figure 2.4: 

 

Figure 2.4. Reaction stoichiometry for Cu2+ (0.2 mM) catalyzed release of NO from GSNO (1 

mM) without added GSH. 
 

 

 

Figure 2.5. Blue: GSSG (2 mM) in H2O. Decomposition of GSNO (1 mM) with Cu2+ (0.2 mM, 

green), (1 mM, red) in H2O over 16 h. *Indicates a GSSG-Cu2+ complex. 
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Table 2.1. Concentration values (expressed in mmol/L) for reactants and products in the Cu2+ 

catalyzed system initially at 0 h and then after 16 h. All values at 16 h represent the average of 

three trials with standard deviation. 

Of note here is that the 1H NMR demonstrated stoichiometry in Figure 2.4 deviates from 

the previously hypothesized, idealized stoichiometry, Figure 2.2, in that 25% of the “RS•” by-

product of NO release from GSNO winds up as GSSG-Cu2+, that is, GSSG bound to Cu2+. Overall, 

the observed reaction stoichiometry in Figure 2.4 is the first time the amount of GSSG and GSSG-

Cu2+ formed have been quantified for copper-ion catalyzed GSNO decomposition towards release 

of NO. 

Cu2+ Pre-catalyst GSNO Release of NO, With Added GSH 

As noted in the Experimental section, the GSNO sample used herein is determined to be 

97 ± 2% pure by UV-VIS spectroscopy (Appendix I, Table S2.1 and Figure S2.4). However, the 

literature suggests that small (<5%) impurity of GSH present in all GSNO samples (leftover from 

the synthesis) could be sufficient to initiate the reaction via reduction of Cu2+ to Cu+. Hence, this 

small GSH impurity could be critical to NO release catalysis, at least for the case of Cu2+.  

To probe the possible importance of GSH on the reaction, NO release from GSNO under 

Cu2+ pre-catalyst conditions was probed with 0.04 and then 1.0 equivalents of added GSH per 

equivalent of GSNO. The results are given in Table 2.1 entries 3 and 4, and Figures 2.6 and 2.7. 

A control showing no GSNO conversion over 16 h if Cu2+ is omitted (and with 0.04 equivalents 

GSH added) is summarized in Entry 1 of Table 2.1 and the resulting 1H NMR is shown in 

Appendix I (Figure S2.11). The addition of sub-stoichiometric levels of GSH (1:5 ratio of 

Entry Initial Conditions, T=0h T=16h 

 [GSH]Added [GSNO] [Cu2+] [NO] [GSH] [GSNO] [GSSG]Total [NO] % loss 

GSNO 

1 0.04 1.0 0 0 N/A 1.0±0.01 0±0.05 0 0 

2 0 1.0 0.2 0 N/A 0 0.5±0.1 1.0±0.1 100 

3 0.04 1.0 1.0 0 N/A 0 0.4±0.1 1.0±0.1 100 

4 1.0 1.0 0.2 0 1.0 0.75±0.1 0.2±0.1 0.25±0.1 25 
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[GSH]:[Cu2+]) did not prevent the reaction from reaching completion within 16 h (Entry 3, Table 

2.1), in agreement with previous reports. The only products detectable by 1H NMR are GSSG and 

the GSSG-Cu2+ chelate complex, as shown in Figure 2.6. The total concentration of GSSG 

containing species is equal to half of the initial [GSNO] within experimental error, as summarized 

in the stoichiometry reported in Figure 2.7. 

 

Figure 2.6. GSNO (1 mM) reaction in the presence of Cu2+ ions (0.2 mM) and GSH (0.04 mM) 

in H2O after 16 h. 
 

 

Figure 2.7. Observed stoichiometry for Cu2+ (0.2 mM) catalyzed release of NO from GSNO (1 

mM) with added sub stoichiometric GSH (0.04 mM). 
 

On the other hand, the introduction of stoichiometric GSH (vs the amount of GSNO) to the 

reaction system, resulting in a 5:1 ratio of [GSH]:[Cu2+], led to an incomplete reaction after 16 h 

(Appendix I, Figure S2.14). Excess GSH has previously been reported to halt GSNO 

decomposition, potentially via competitive complexation of Cu2+ and/or Cu+ ions by the 

carboxylate or thiolate of GSH, rendering the ions inactive for GSNO decomposition, Table 2.1, 

Entry 4 (Figure 2.8).20–22,40,42 Our direct 1H NMR- determined results on Cu2+ catalysis at various 
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[GSH] are, then, fully consistent with the prior literature in that sub-stoichiometric (0.04 mM) 

levels of GSH do not poison Cu2+ catalysis while stoichiometric (1mM) levels do .  

Table 2.2. Concentration values (expressed in mmol/L) for reactants and products in the CuBTTri 

catalyzed system initially at 0 h and then after 16 h. All values at 16 h represent the average of 

three trials with standard deviation. 

**Value expressed in mmol. Due to the heterogeneous nature of the MOF pre-catalyst the 

appropriate mass was added to yield a 2:1 ratio of GSNO molecules to copper MOF atoms to 

achieve catalytic conditions. 
 

 

Figure 2.8. Observed, incomplete reaction between Cu2+ (0.2 mM) and GSNO (1 mM) with added 

stoichiometric GSH (1 mM). 

 

CuBTTri Pre-catalyst GSNO to NO Conversion Catalysis, First Without Added GSH 

 Next, the CuBTTri catalyzed release of NO from GSNO was examined by 1H NMR, first 

with no added GSH. All experiments were carried out with a 2:1 ratio of GSNO-to-copper centers 

in the MOF. Reaction supernatant and MOF samples used for the experiments were saved to test 

for framework stability over the course of the reaction.  

 Figure 2.9 depicts a 1H NMR spectrum of the reaction between CuBTTri and GSNO (2 

mM) in water taken at 16 h where the boxed peaks correspond to the unreacted GSNO on the left 

and GSSG product on the right. Entry 1 in Table 2.2 summarizes the results of the reaction after 

16 h: the system did not reach completion, and instead resulted in only 10% GSNO decomposition. 

The resulting GSNO conversion stoichiometry is shown in Figure 2.9.  

 

Entry Initial Conditions, T=0h T=16h 

 [GSH]Added [GSNO] CuBTTri** [NO] [GSH] [GSNO] [GSSG] [NO] % loss 

GSNO 

1 0 2.0 0.015 0 0 1.9±0.1 0±0.1 0.1±0.1 10 

2 2.0 2.0 0.015 0 1.7±0.1 0 0.9±0.1 2.0 100 
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Figure 2.9. GSNO (2 mM) conversion after 16 h in the presence of CuBTTri in H2O at a ratio of 

2:1 mol GSNO:mol Cu atoms in the MOF sample. 
 

 

Figure 2.10. Observed, incomplete reaction between GSNO (2 mM) and CuBTTri without added 

GSH. 

 

Clearly the low level of GSH inherently present in the GSNO samples is insufficient to 

activate CuBTTri for complete GSNO decomposition. This result is quite different than the 

reactions with Cu2+ ions, that went to 100% completion under analogous conditions (vide supra). 

Given the literature hypothesis that Cu+ is necessary for copper-ion catalyzed GSNO 

decomposition, it seemed prudent to introduce additional GSH in an attempt to activate the MOF 

pre-catalyst for GSNO decomposition, so those experiments were performed next. 

CuBTTri Catalyzed GSNO to NO Conversion, With Added GSH  

 The next system examined was a CuBTTri catalyzed reaction in which a stoichiometric 

equivalent of GSH (2 mM) was added to a reaction mixture containing GSNO (2 mM) and 

CuBTTri in water, then examined after 16 h. Complete GSNO decomposition is observed within 

16 h and GSSG is the only product detectable by 1H NMR, Figure 2.11. One equivalent of GSSG 

is formed per two equivalents of GSNO decomposed. The resultant stoichiometry is reported in 

Figure 2.12, and the overall tabulated results are provided in Entry 2 of Table 2.2. 
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Figure 2.11. Conversion of GSNO (2 mM) in the presence of GSH (2 mM) and CuBTTri in H2O 

over 16 h with 2:1 mol GSNO:mol Cu in the MOF sample. 

 

 

Figure 2.12. Observed stoichiometry for CuBTTri catalyzed GSNO (2 mM) decomposition with 

added stoichiometric GSH (2 mM). 
 

Of considerable interest in the CuBTTri catalyzed reaction, and vs its Cu2+ ion counterpart, 

is that complete GSNO decomposition is observed even in the presence of stoichiometric GSH 

over 16 h. That is, unlike copper ions, the active sites in CuBTTri are not deactivated by the 

introduction of stoichiometric GSH. Moreover, the requirement for GSH is sub stoichiometric in 

the CuBTTri system, only 15% of the added 1.0 equivalent (0.3 equivalents in Figure 2.12 vs 2 

GSNO) being consumed at the end of the full GSNO conversion and NO release reaction. Leftover 

GSH is shown in Figure 2.11 in the left-most box. A control experiment with no CuBTTri present 

was performed to ensure that observed reactivity was not solely induced by GSH.43,44 No reaction 

within experimental error between GSNO (2 mM) and GSH (2 mM) over 14 h is observed in the 

absence of CuBTTri (Appendix I, Figure S2.12) supporting the hypothesis that CuBTTri is a 

necessary pre-catalyst, along with the GSH. 
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 The sub-stoichiometric GSH requirement again looks to be involved in the activation of 

the Cu catalyst (in this case CuBTTri), since entry 1 of Table 2.2 shows only 10% reaction in the 

absence of added GSH. Indeed, one hypothesis is that the 0.3 GSH is activating (reducing, hence 

“titrating”) a 0.3 fraction of Cu sites in the CuBTTri pre-catalyst (Figure 2.1, vide supra). Figure 

2.12 is written to reflect this hypothesis, specifically presently as “[(0.3GSH)-CuBTTri]” which is 

meant to convey only the net composition of this complex. Further studies on the number and type 

of active sites in the CuBTTri are warranted and in progress. Note also, once again, that the true 

stoichiometry in Figure 2.12—and by necessity the underlying reactions that add up to this 

stoichiometry and, hence, the overall mechanism—are different than the prior literature’s 

stoichiometry for RSNO conversion, Figure 2.2 (vide supra). Once again, the value of the 

presented direct 1H NMR monitoring method for RSNO conversion in water is apparent.  

Evidence Against Copper-Ion Leaching from CuBTTri 

 Tests were performed to determine if copper ions were leaching from the CuBTTri under 

the reaction conditions. Specifically, inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) analysis of the reaction supernatant after 16 h indicated that less than 1% of the total 

copper from the MOF was in solution (Appendix I, Table S2.2). The lack of ≥1% copper in solution 

(≤~10-6 M Cu2+) argues compellingly against GSNO conversion being catalyzed by Cu2+ ions 

released from the MOF. First, the [GSH]:[Cu2+] ratio would be approximately 1000:1 and we have 

shown herein that even a 1:1 ratio poisons copper-ion catalysis, results consistent with the finding 

of others. Furthermore, no GSSG-Cu2+ complex is observed for incomplete or completed CuBTTri 

reactions (Figure 2.9 and Figure 2.11), further discrediting significant leaching of copper atoms 

from the framework. The MOF also retains crystallinity over the course of the reaction as verified 

by powder X-ray diffraction (pXRD) data (Appendix I, Figure S2.15). In short, the “leached Cu2+ 
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is the catalyst” hypothesis for the CuBTTri MOF is disproven (consistent with previous studies 

reported by our group).  

2.3 Summary and Conclusions 

  

 The following are the key findings of the present studies: 

(1) 1H NMR with solvent suppression proves to be a valuable, direct technique to track copper 

catalyzed release of NO from bio-available GSNO in water, thereby making the results herein 

relevant at least in principle to other, aqueous-based systems such as blood with its ~80% water 

content. 

(2) The 1H NMR method allows each of [GSNO], [GSH], and [GSSG] to be monitored 

simultaneously and directly by their differentiable 1H NMR signals. This tracking in turn led to 

four balanced reaction stoichiometries not previously available, those for GSNO conversion with 

Cu2+ or CuBTTri pre-catalysts, each with and without added GSH from sub-stoichiometric to 

stoichiometric levels, Figures 2.7, 2.8, 2.10, and 2.12. 

(3) Importantly, in 3 cases those reaction stoichiometries—and, hence, the underlying mechanism 

adding up to those net reactions—are distinct vs the literature’s assumed, idealized stoichiometry, 

Figure 2.2.  The formation and quantification of GSSG-Cu2+, and what we write compositionally 

as [(0.3GSH)-CuBTTri], are the primary differences vs what one finds in the literature. 

(4) Significantly, copper-ion and CuBTTri catalyzed systems show key differences in reactivity 

towards the amount of GSH present initially: sub-stoichiometric levels of GSH are sufficient for 

100% GSNO conversion by copper ions (Table 2.1, entries 2 and 3), but allow only 10% 

conversion of GSNO using CuBTTri (Table 2.2, entry 1). In stark contrast, when 1.0 equivalent 

of GSH is added only 25% GSNO conversion is seen using Cu2+ (Table 2.1, entry 4) while 100% 

GSNO conversion to NO is achieved by CuBTTri (Table 2.2, entry 2). The results between the 
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two pre-catalysts are essentially completely flipped by the absence or presence of more than trace 

GSH. These observations support computational studies by Kumar et. al. suggesting that RSH 

species can interact with coordinatively unsaturated copper centers in MOFs to activate them for 

RSNO decomposition.45,46 

(5) Critically, taken together, the above findings lead to the inescapable conclusion that the copper-

ion and CuBTTri catalyzed reactions must be operating through different mechanistic pathways. 

The Cu2+ precatlyst operates at a greater catalytic rate, the CuBTTri and Cu2+ exhibit inverse 

responses to the additional of stoichiometric and sub-stoichiometric GSH, and the reaction 

products of the two systems differ. Further investigation into why and how those mechanisms 

differ is a goal of our ongoing studies. 

(6) Lastly, with the 1H NMR methodology developed herein, kinetic and mechanistic studies of 

copper catalyzed GSNO release of NO become possible and can be based on a direct method. The 

comparison of the Cu2+ and CuBTTri based pathways promises to be an interesting comparison. 

Determining the number and type of active sites in the CuBTTri system is another important goal, 

with efforts in progress. Finally, application of the 1H NMR method to reactions carried out in 

blood/biological milieu is another important future goal, one made eventually possible by the 

present study in water emphasizing the bio-available substrate, GSNO, and its complete reaction 

products upon the desired release of NO for medically important applications.  

2.4 Experimental 

 

 Reagents. Diethylamine (99%), trimethylsilylacetylene (98%), trimethylsilylazide (94%), 

and 1,3,5- tribromobenzene (98%) were purchased from Alfa Aesar (Ward Hill, MA, USA). 

Glutathione (98%) was purchased from VWR (Radnor, PA, USA). Sodium nitrite (99.5%), 

oxidized glutathione (98%), copper (I) iodide (99.5%), bis(triphenylphosphine)palladium(II) 
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dichloride (99%), and dichloromethane (99%) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). HCl (1N), methanol (99%), and sodium hydroxide (98.9%) were purchased from 

Fisher Scientific (Hampton, NH, USA). Dimethylformamide (99%) and copper (II) chloride 

dihydrate (99%) were purchased from EMD Chemicals (Gibbstown, NJ, USA). Ultrahigh purity 

nitrogen gas was supplied by Airgas (Denver, CO, USA). Deionized water (18.2 MΩ·cm) was 

obtained from a Millipore Direct-Q water purification system (EMD Millipore, Billerica, MA, 

USA). All materials were used as received without any further purification. 

Water Suppression 1H NMR Methodology. All NMR experiments were performed using 

an Agilent Inova 500 equipped with a 5mm pulsed-field-gradient HCN probe. Samples were 

prepared in septa-capped Wilmad 528-PP 500 MHz tubes under inert conditions (N2). For this, 0.5 

mL of reaction supernatant was added into an NMR tube containing 0.1 mL of 20 mM NaH2PO4 

buffered D2O and mixed by hand, followed by 2 s of sonication to remove any air bubbles. Samples 

were kept dark, air-free, and analyzed as soon as possible.  NMR experiments were run using 

PRESAT with PURGE solvent signal suppression available in VnmrJ version-4.2.47  The system 

was buffered with NaH2PO4 to a pH of 4 due to the sensitivity of the compounds of interest (GSNO, 

GSH, GSSG) to the pH of the solvent. 512 transients were acquired for all samples, which took 35 

minutes to complete. A 2 s square presat with a bandwidth of 100 Hz on resonance at 4.67 ppm 

(water) was used, followed by the PURGE crusher sequence and a pi/2 excitation pulse of 5.7 µs. 

Acquisition time was 2 s, so with the PRESAT delay the total time between transients was about 

4 s.  

GSNO Synthesis. GSNO was prepared following an established literature protocol.48 In 

brief: a solution of glutathione (1.53 g, 4.99 mmol) was prepared in millipore filtered water (8 mL) 

containing 2 M HCl (2.5 mL). One equivalent of sodium nitrite (0.345 g, 4.99 mmol) was added 
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and the resulting mixture was stirred for 40 min at 5 °C. Acetone (10 mL) was added to the 

resulting red solution and the mixture was stirred for another 10 min. The red precipitate was 

collected via vacuum filtration and washed with ice-cold water (5 x 5 mL) and ice-cold acetone (3 

x 10 mL). The precipitate was then dried on a high vacuum line for 4 h to afford S-

nitrosoglutathione (1.31 g, 3.86 mmol, 77%) (λmax) (H2O) 335, 550 nm (ɛ=922, 15.9 cm-1 mM-1). 

The GSNO sample used herein was determined to be 97 ± 2% pure, (Appendix I, Table S2.1 and 

Figure S2.4). This will prove important because even a 3 ± 2% GSH impurity from GSNO is 

potentially capable of initiating copper catalyzed NO release from GSNO. 

H3BTTri Ligand Synthesis. The H3BTTri ligand was prepared following an established 

literature protocol. In brief: solid 1,3,5-tribromobenzene (9.45 g, 30.0 mmol) was dissolved 

in diethylamine (250 mL) under inert conditions (N2). Copper(I) iodide (50 mg, 0.26mmol) 

and dichlorobis(triphenylphosphine)palladium(II) (400 mg, 0.57 mmol) were added to the stirred 

solution. Trimethylsilylacetylene (10.6 g, 108. mmol) was added to the solution and the resulting 

mixture was heated at 50 °C for 6 h. Resulting diethylamine hydrobromide was removed by 

filtration and washed with ether (45 mL). Combined washings were evaporated to dryness in vacuo 

and the resulting product purified by a silica plug to yield 9.61 g (78%) 1,3,5-

tris(trimethylsilylethynyl)benzene as an intermediate. 1H-NMR (400 MHz, CDCl3): δ = 7.43 (s), 

0.23 (s) ppm. 

 The 1,3,5-tris(trimethylsilylethynyl)benzene intermediate (9.61 g, 26.3 mmol) was 

hydrolyzed by treatment with NaOH(aq) (30 mL, 1 M), CH2Cl2 (20 mL), and methanol (50 mL) 

via stirring at room temperature for 3 h. Work-up involving the evaporation of methanol, ether 

extraction of the residue, and evaporation of the solvent in vacuo yielded 2.68 g of white powder 

containing 1,3,5- triethynylbenzene. 1H-NMR (400 MHz, CDCl3): δ = 7.51 (s), 3.12 (s) ppm.  
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 Trimethylsilylazide (9.26 g, 80.4 mmol) was added to a solution of Copper(I) iodide (510 

mg, 2.63 mmol) and 1,3,5-triethynylbenzene (2.68 g, 17.8 mmol) under inert conditions in a 

mixture of dimethylformamide (DMF; 90 mL) and methanol (10 mL). The resulting mixture was 

stirred at 100 °C for 36 h. The mixture was then filtered and reduced to a volume of 10 mL via 

rotary evaporation. A pale-yellow precipitate was formed upon the addition of millipore filtered 

water (30 mL) to the resulting filtrate. The solid was collected by filtration, washed with ether and 

dried in vacuo to yield 4.1 g (83%) of the product. 1H-NMR (400 MHz, (CD3)2SO): δ = 8.52 (s), 

8.34 (s) ppm.  

CuBTTri Choice and Synthesis. Choosing a MOF catalyst required careful consideration, as 

many MOF species are not stable in water or biological media49–51 Hence, CuBTTri was used 

based on prior evidence that the MOF is stable in both water and biological media.30,52 CuBTTri 

was synthesized following a previously reported procedure. 

 A solution of H3BTTri (225 mg, 0.937 mmol) in DMF (40 mL) was prepared in a 250 mL 

Pyrex bottle CuCl2⋅2H2O (383 mg, 2.25 mmol) was added to the solution. The vial was heated at 

100 °C for 72 h to afford H3[(Cu4Cl)3(BTTri)8(DMF)12]⋅7DMF⋅76H2O. The purple powder was 

washed with boiling DMF (10 x 10 mL) and allowed to dry under ambient conditions to yield 218 

mg (76%) of product. Solvent exchange via Soxhlet was performed using millipore filtered water 

to yield H3[(Cu4Cl)3(BTTri)8(DMF)12]⋅72H2O. 

Reaction Setup. All reactions described herein were carried out under inert, N2 gas, 

atmosphere, unless otherwise noted. GSNO and GSH solutions were prepared from millipore H2O 

and solid GSNO or GSH powder under inert conditions (N2) in a 200 mL round bottom flask. 

CuBTTri was weighed into a multi neck 100 mL round-bottomed flask and oven dried overnight 

at 110 °C. Following drying, the flask containing CuBTTri was placed under vacuum for 1 h on a 
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Schlenk line and backfilled with N2 (g) prior to reaction. GSNO and GSH solutions were then 

injected into the reaction flasks containing dry CuBTTri. Vigorous bubbling in the solution was 

established. Reaction flasks were wrapped in aluminum foil to prevent exposure to light and 

reactions proceeded for a predetermined time. To quench the reaction once the reaction time had 

been reached, the exit needle was removed to stop bubbling and the supernatant was carefully 

decanted via a syringe, leaving the MOF particles in the flask. The quenched reaction solution was 

then kept cool and dark in a Cu-free glass vial under inert conditions (N2) or added directly to an 

NMR tube. The 1H-NMR sample was prepared in a septa capped sample tube under inert 

conditions (N2) by injecting 0.5 mL of reaction supernatant into the NMR tube along with 0.1 mL 

of 20 mM NaH2PO4 buffered D2O. An identical procedure as described was carried out for the 

reaction between GSNO and CuCl2. No unanticipated safety hazards were encountered over the 

course of all experiments. All reactions reported in the results and discussion section of this work 

were performed in triplicate to obtain an average and standard deviation. 

1H NMR. All free induction decay (FID) spectra were processed using MestraNova® 

software to examine peak intensities and integration values. Data analysis and calculations were 

performed using Microsoft Excel®. 

Nitric Oxide Analyzer (NOA) Detection of NO. Control experiments were performed for 

both the copper-ion and CuBTTri catalysis systems to confirm that the previously observed release 

of one mol NO per mol GSNO does in fact occur and is detectable in our hands for both catalysts 

systems. The details and results are provided in Appendix I (Figures S2.16 and S2.17). These 

reactions were performed under identical conditions to those described above in the Reaction Setup 

subsection of the Methods section (vide supra). 
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Supporting Information. The following are available in Appendix I: Supporting 

Information for Chapter II: Description of additional characterization methods used, 1H NMR 

characterization data of the H3BTTri linker, the powder X-ray diffraction pattern for CuBTTri 

before and after reactions were completed, scanning electron micrographs of CuBTTri, 1H NMR 

peak assignments for GSH, elemental analysis of the reaction supernatant, 3-D figures of the 

CuBTTri crystal structure, 1H NMR data used to construct calibration curves to quantify [GSNO], 

[GSH], and [GSSG], control experiments to test the reactivity of GSNO alone with no Cu present, 

GSNO and GSH with no Cu present, GSNO and GSH with no CuBTTri, reactions bubbled with 

house air instead of ultrahigh purity N2 gas, and raw NOA data. 
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III. MONITORING A MOF CATALYZED REACTION DIRECTLY IN BLOOD PLASMA1 

Overview 

 Herein, we establish a method to quantitatively monitor a metal–organic framework (MOF) 

catalyzed, biomedically-relevant reaction directly in blood plasma.  Specifically, the generation of 

nitric oxide (NO) from the endogenous substrate S–Nitrosoglutathione (GSNO) catalyzed by 

H3[(Cu4Cl)3–(BTTri)8] (CuBTTri). The reaction monitoring method uses UV-VIS and 1H NMR 

spectroscopies along with a nitric oxide analyzer (NOA) to yield the reaction stoichiometry and 

catalytic rate for GSNO to NO conversion catalyzed by CuBTTri in blood plasma. Results show 

100% loss of GSNO within 16 h and production of one equivalent of glutathione disulfide (GSSG) 

per two equivalents of GSNO. Only 78 ± 10% recovery of NO (g) was observed, indicating that 

blood plasma can scavenge the generated NO before it can escape the reaction vessel. The NO 

scavenging observed herein in blood plasma is the only difference from the stoichiometry 

previously determined in water for the same reaction. The rate of the loss of GSNO (–d[GSNO]/dt) 

measured in blood plasma ((6.8 ± 0.4) x 10–4 mM s–1) is double the rate that was previously 

measured in water under otherwise identical experimental conditions ((2.9 ± 0.3) x 10–4 mM s–1), 

within experimental error. Significantly, to best apply reaction systems with biomedical 

importance, such as NO release catalyzed by CuBTTri, methods to study the reaction directly in 

biological solvents must be developed. Tuttle, R. R., Daly, R. E., Rithner, C. D. & Reynolds, M. 

M. Monitoring a MOF Catalyzed Reaction Directly in Blood Plasma. ACS Applied Materials & 

Interfaces (2021) doi:10.1021/acsami.1c08917. 

 

1 The work presented in Chapter III is a direct follow-up to Chapter II where the 

CuBTTri/NO/GSNO system was studied in a much more complicated solvent matrix, blood 

plasma. This work is published (Tuttle, R. R.; Daly, R. E.; Rithner, C. D.; Reynolds, M. M. ACS. 

Appl. Mater. Inter. 2021, doi:10.1021/acsami.1c08917). Minor formatting edits have been 

introduced to meet the dissertation requirements. 
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3.1 Introduction 

 Monitoring chemical reactions in vitro, directly in biological solvents (such as blood 

plasma) is a difficult but important, experimental challenge, especially for chemical reactions 

relevant to biomedical applications.1,2 Blood plasma is a complex solvent matrix. Components of 

blood plasma can create interfering signals,1–7 making it difficult to quantify, or even detect 

reactants or products in a given chemical reaction. Additionally, biological molecules, such as 

proteins, present in blood plasma can affect reactions of interest.8–10 Hence, fundamental studies 

of biomedically relevant reactions carried out in biological solvents are rare.11,12 Water is often 

used as an initial blood plasma-relevant solvent in attempts to mimic the effects of blood plasma 

and relieve these challenges (blood plasma being ~90% water).13 However, monitoring biomedical 

reactions directly in blood plasma is desirable as it ensures that findings are more relevant to 

biological systems. 

One biomedically relevant reaction that has not been studied in blood plasma is the 

generation of nitric oxide (NO)14–20 from the endogenous substrate S–Nitrosoglutathione (GSNO) 

catalyzed by copper-based materials such as the metal–organic framework (MOF) H3[(Cu4Cl)3–

(BTTri)8, where H3BTTri = 1,3,5–tris(1H–1,2,3–triazol–5–yl)benzene] (CuBTTri, Figure 

3.1).11,21,22 Polymer-based materials containing CuBTTri generate NO release, resulting in 

desirable vasodilation and biofilm reduction on implanted medical devices.16,20,23 CuBTTri is a 

superior NO generation catalyst compared to other among copper-based materials (including other 

MOFs) as it is stable in biological media. Based upon Cu ion leaching and powder X-ray 

diffraction data, CuBTTri is stable in freshly citrated whole blood and phosphate buffered saline.11 

CuBTTri is also non-toxic to human hepatocytes11,12 and catalyzes NO release in vivo.11,17 Cu-

MOF systems have also been shown to exhibit catalytic recyclability for NO generation.24 
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CuBTTri is known to catalyze generation of NO from GSNO via coordinatively unsaturated Cu 

sites present on the exterior surface of CuBTTri particles based upon previously reported catalyst 

kinetic poisoning and characterization studies.25 Previous work has established that for 600 ± 300 

nm octahedral particles, 1.3 ± 0.4 % of the total Cu sites are active for GSNO to NO conversion 

catalysis in water.25 The CuBTTri catalyzed GSNO to NO conversion stoichiometry and rate have 

also been reported in water,21,25 and NO generation via materials containing CuBTTri has been 

observed in blood.11 However, no method has previously been reported to monitor [GSNO] or 

glutathione disulfide product ([GSSG]) in blood plasma.  Hence, fundamental parameters 

(stoichiometry and rate) are unknown for CuBTTri catalyzed NO generation in blood plasma. 

The CuBTTri GSNO to NO catalysis system is unique among NO generation strategies 

because of the synthetic MOF catalyst. Crystalline MOFs are porous materials constructed from 

organic linkers and metal cation or cluster nodes.26 MOFs have garnered interest as catalytic 

materials for several reasons, arguably chief among them being that MOFs exhibit unparalleled 

synthetic and chemical tunability in comparison to other solid-state materials.11,27–32 Synthetic 

tunability is often proposed as a route towards the design of next-generation MOF catalysts with 

greater catalytic activity.33–36 However, the directed design of future Cu-MOF catalysts with 

improved catalytic properties versus CuBTTri in vitro23–30 is precluded by the need to determine 

reaction parameters like stoichiometry and rate in vitro first. Determining these reaction 

parameters requires the development of a monitoring method for CuBTTri catalyzed GSNO to NO 

conversion in blood plasma. Without a method to directly monitor the reaction in blood plasma 

one cannot measure the reaction rates and rate constants necessary to set benchmark catalyst 

performance or make meaningful inter-catalyst comparisons.34 
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Figure 3.1. The reaction system investigated on the left. Generation of GSSG and NO (in the gas 

phase and scavenged by plasma) in blood plasma via reaction of GSNO and GSH with CuBTTri. 

CuBTTri unit cell shown on the [1, 1, 1] face with carbon (black), nitrogen (blue), chlorine (green), 

and copper (red). Shown on the right is the previously determined exterior surface Cu active site 

in CuBTTri for GSNO to NO conversion.22,25,37,38 

 

Understanding how GSNO to NO conversion reaction catalyzed by CuBTTri operates in 

vivo requires that methods to comprehensively monitor the reaction in biological solvents (such as 

blood plasma) be developed. Towards that goal, we report herein a direct method to quantitatively 

monitor CuBTTri catalyzed GSNO to NO conversion in bovine blood plasma (serving to mimic 

human blood plasma39–42). Combining three analytical techniques (UV-VIS and 1H NMR 

spectroscopies with a Nitric Oxide Analyzer) overcomes the challenges presented by the blood 

plasma solvent and allows for the comprehensive and quantitative monitoring of all relevant 

reactants and products in the NO release reaction. The method yields the balanced reaction 

stoichiometry and catalytic rate for the NO release reaction in vitro, fundamental parameters for 

this biomedically relevant reaction. Monitoring the NO release reaction in blood plasma is, to the 

best of our knowledge, the first report of quantitatively monitoring a MOF-catalyzed reaction in a 

biological solvent. 

3.2 Results and Discussion 

 The catalytic reaction system studied herein is the release of NO from GSNO in the 

presence of GSH resulting in GSSG formation catalyzed by the MOF CuBTTri. All the reactions 

described were carried out in bovine blood plasma. Separate analytical techniques were used to 
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monitor each of the unique reactants and products. UV-VIS spectroscopy was utilized to monitor 

[GSNO] in blood plasma. 1H NMR spectroscopy was used to monitor [GSSG] in blood plasma. 

The gaseous NO generated in the reaction was detected and quantified using a chemiluminescence 

technique selective for NO. Details for each of the separate analytical methods used to monitor the 

reactions follow below, as do an analysis of the results yielding the reaction stoichiometry and 

catalytic rate (vide infra).  

Monitoring [GSNO] in Blood Plasma via UV-VIS Spectroscopy and NO Release via NOA 

 The concentration of GSNO in aqueous solutions has traditionally been monitored using 

UV-VIS spectroscopy. GSNO exhibits an electronic transition at 335 nm observable by UV-VIS 

spectroscopy (ε = 922 mM–1 cm–1).43,44 UV-VIS spectroscopy cannot be used to monitor GSSG or 

GSH in blood plasma because GSH does not exhibit an observable UV-VIS signal, and baseline 

interference from the blood plasma solvent prevents measuring the UV signal associated with 

GSSG (Figure S3.2). Solutions of blood plasma containing GSNO at various concentrations were 

analyzed using UV-VIS spectroscopy (Figure 3.2A), and the absorbance at 335 nm increases with 

concentration of GSNO. The negative absorbance values in Figure 3.2A are the result of the intense 

baseline UV-VIS absorbance of the blood plasma solvent (Figure S3.5). However, the error 

introduced by the intense background UV-VIS signal from blood plasma is systematic and does 

not prevent one from quantifying [GSNO(plasma)] in the concentration range utilized herein. Plotting 

the absorbance maximum at 335 nm vs [GSNO(plasma)] yields the calibration curve in Figure 3.2B, 

which shows that the concentration of GSNO in blood plasma can be quantified using UV-VIS 

spectroscopy. Three separate experiments showed that within 16 h, 100% of GSNO initially 

present in solution is lost (Figure S3.7), as reported in Table 3.1. 
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Figure 3.2. (A, left) UV-VIS absorbance spectrum of blood plasma with [GSNO(plasma)] = 0.15, 

0.25, 0.5, 0.75, and 1 mM (bottom to top; black, red, blue, green, purple). (B, right) Calibration 

curve comparing the absorbance at 335 nm and [GSNO(plasma)]. The trend line is fit by y = (1.00 ± 

0.04)x – (0.13 ± 0.02), R2 = 0.99. Data points correspond to the average and standard deviation of 

three trials. Data points are plotted as the average and standard deviation of three trials. In some 

cases, the y–axis error bars are smaller than the size of the data point. 

 

Table 3.1. Total GSNO, NO, and GSSG present initially and after 16 h. GSH does not appear in 

the 16 h column as [GSH(plasma)] cannot currently be tracked quantitatively. Each data point 

represents the average and standard deviation of n = 3. 

  

 

 

The amount of NO released from CuBTTri catalyzed GSNO to NO conversion is 

commonly quantified using a nitric oxide analyzer (NOA). NOA instruments detect and quantify 

gaseous NO released over the course of the reaction via chemiluminescence.11,21,24 Figure 3.3 

shows a representative NO release profile for GSNO to NO conversion catalyzed by CuBTTri in 

blood plasma. As reported in Table 3.1, the average mols of NO released over 16 h (based on three 

separate trials) was 7.8 ± 1.0 x 10–6 mol NO, corresponding to 78 ± 10% of the total mols of GSNO 

initially present in the reactions (1.0 ± 0.1 x 10–6 mol). While one might expect 100% NO recovery 

along with 100% loss of GSNO, one possible explanation is that   22 ± 10% of the gaseous NO 

generated is scavenged by proteins in blood plasma.45–49 Indeed, while Hb is the main scavenger 

mol/Time T = 0 h T = 16 h 

mol GSNO 1.0 ± 0.1 x 10–5 0 

mol GSH 1.0 ± 0.1  x 10–5 N/A 

mol NO 0 7.8 ± 1.0 x 10–6 

mol GSSG 0 5.5 ± 0.5 x 10–6 
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of NO in whole blood, several groups have reported the scavenging of NO by proteins. 45–49 The 

NO scavenging explanation is reflected in the stoichiometry (Figure 3.5) by the species written 

NO(plasma), while NO which escapes and is detected by the NOA is designated NO (g). While other 

NO scavenging processes are possible, the protein scavenging hypothesis fits the experimental 

data. 

 

Figure 3.3. NO release profile from 0 to 16 h for an experiment with initial conditions: 

[GSNO(plasma)] = 2 mM, [GSH(plasma)] = 2 mM, at 25 ⸰C, reaction bubbled with N2 (g), and 4.05 mg 

CuBTTri. The average amount of NO released for three trials under identical conditions was 7.8 

± 1.0 x 10–6 mol. 

 

Monitoring [GSSG] in Blood Plasma via 1H NMR Spectroscopy 

Tracking the generation of disulfide has been the most difficult challenge in 

comprehensively monitoring Cu-catalyzed NO release from nitrosated thiols. In fact, our previous 

work21 using 1H NMR was the first report of a method which could quantify the production of 

GSSG from GSNO catalyzed by CuBTTri. Hence, 1H NMR was investigated as a possible method 

to track [GSNO(plasma)], [GSH(plasma)], and [GSSG(plasma)] (as reported in water21). Solvent signals 

prevent using 1H NMR to follow [GSNO(plasma)] and [GSH(plasma)] (Appendix II, Figures S3.2 and 

S3.3). However, blood plasma exhibits a flat baseline signal in the ppm range (3.16–3.24)21,50 

where unique 1H NMR signals are expected for GSSG (Appendix II, Figure S3.4). Figure 3.4A 

contains 1H NMR data for samples of blood plasma with varying [GSSG] and shows that the signal 
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corresponding to GSSG is observable at 3.18 ppm, and as [GSSG] increases, so does the measured 

signal intensity. Figure 3.4B shows a calibration curve plotting signal intensity at 3.18 ppm vs 

[GSSG(plasma)]. Intensity was measured as the difference between the baseline value of the 1H NMR 

spectrum and the absolute intensity of the resonance at 3.18 ppm to obtain consistent values 

regardless of phasing. Figure 3.4B establishes linear agreement between [GSSG(plasma)] and signal 

intensity, a linear working range (0.25–5 mM), and that [GSSG(plasma)] can be quantified using 1H 

NMR. The experimental section contains details of the 1H NMR pulse sequence used to measure 

[GSSG(plasma)]. Measuring [GSSG(plasma)] after 16 h of reaction (Appendix II, Figure S3.8, Table 

S3.1) revealed that 5.5 ± 0.5 x 10–6 mols GSSG are produced upon the complete loss of 1.0 ± 0.1 

x 10–5 mol GSNO, as reported in Table 3.1. The amount of GSSG generated is equal within 

experimental error to one half the amount of GSNO initially present. Hence, it is reasonable to 

conclude51 that all GSNO lost over 16 h is converted into GSSG. 

 
Figure 3.4. (A, Left) 1H NMR spectra of blood plasma with [GSSG(plasma)] = 0.25, 0.5, 1.5, 2.5, 

3.5, and 5 mM (bottom to top; purple, red, green, teal, blue, yellow). The arrow indicates the 3.18 

ppm resonance used for intensity measurements. (B, Right) Calibration curve comparing signal 

intensity at 3.18 ppm and [GSSG(plasma)]. The trend line is fit by y = (118 ± 9)x + (2 ± 25), R2 = 

0.98. Data points correspond to the average and standard deviation of three trials. Data points are 

plotted as the average and standard deviation of three trials. In some cases, the y–axis error bars 

are smaller than the size of the data point. 
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The Reaction Stoichiometry in Blood Plasma 

 The data summarized in Table 3.1 allow one to write a balanced reaction for release of NO 

from GSNO catalyzed by CuBTTri in blood plasma (Figure 3.5). 2 equivalents of GSNO are lost 

for every 1 equivalent of GSSG generated. For every 2 equivalents of GSNO lost, 1.6 equivalents 

of NO are detected, and 0.4 equivalents of NO are scavenged by blood plasma. Table 3.1 does not 

list GSH concentration data at 16 h because no method currently exists to quantify [GSH(plasma)] 

(Figure S3.6).21,52,53 As summarized herein, neither UV-VIS nor 1H NMR spectroscopy can be 

used to quantify [GSH(plasma)]. However, GSH must be present to observe CuBTTri-based NO 

release catalysis,21 and since GSH is only present at trace levels in bovine plasma,54 additional 

GSH was added to the reaction mixture. No GSH oxidation to generate GSSG beyond half the 

amount of GSNO initially present is observed (Table 3.1). Therefore, GSH is not converted into a 

detectable reaction product and does not appear in Figure 3.5. The role of GSH in GSNO to NO 

conversion catalyzed by CuBTTri (or any Cu-based material) has not been established for this or 

any other GSNO to NO conversion catalyst. The fact that GSH must be present to observe GSNO 

to NO conversion when the reaction is carried out under anaerobic conditions (as the reactions 

described herein were) has led many, including us, to hypothesize that GSH acts as a reducing 

agent to generate catalytically active Cu(I) sites on the surface of CuBTTri. However, future work 

(ultimately made possible by the monitoring method established herein) is necessary to support or 

disprove this hypothesis. 

 

Figure 3.5. Reaction stoichiometry for GSNO to NO conversion catalyzed by CuBTTri in blood 

plasma. 
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The Catalytic Rate in Blood Plasma 

 The initial rate of CuBTTri catalyzed GSNO to NO conversion in blood plasma was also 

investigated. In blood plasma, it is advantageous to follow the rate of GSSG production 

(+d[GSSG]/dt) for kinetic study as opposed to following [GSNO(plasma)]. The 1H NMR spectrum 

of blood plasma exhibits a flat baseline in the region where the signal for GSSG is observed 

(Appendix II, Figure S3.4), whereas the UV-VIS spectrum for blood plasma exhibits an intense 

baseline signal at the wavelength where GSNO is observed (Appendix II, Figure S3.5).43 

Consequently, blood plasma introduces less solvent interference if following [GSSG(plasma)] by 1H 

NMR than following [GSNO(plasma)] by UV-VIS. The measured value for [+d[GSSG]/dt]plasma can 

be converted into [–d[GSNO]/dt]plasma using statistical factors from the reaction stoichiometry 

(Figure 3.5). This conversion is shown below in equations 3.1-3.3. Figure 3.6 shows 1H NMR data 

obtained from blood plasma supernatant after 0 min, 20 min, and 16 h of reaction. The 

experimentally determined value for [+d[GSSG]/dt]plasma (Appendix II, Table S3.1) and calculated 

[–d[GSNO]/dt]plasma are given in Table 3.2. 

(
!𝐝[𝐆𝐒𝐒𝐆]

𝐝𝐭
)𝐩𝐥𝐚𝐬𝐦𝐚 =

[𝐆𝐒𝐒𝐆]𝐭-[𝐆𝐒𝐒𝐆]𝐢

𝐭
 (eq. 3.1) 

𝟏

𝟐
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-𝐝[𝐆𝐒𝐍𝐎]

𝐝𝐭
)𝐩𝐥𝐚𝐬𝐦𝐚 =

𝟏

𝟏
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!𝐝[𝐆𝐒𝐒𝐆]

𝐝𝐭
)𝐩𝐥𝐚𝐬𝐦𝐚 (eq. 3.2) 

(
-𝐝[𝐆𝐒𝐍𝐎]

𝐝𝐭
)𝐩𝐥𝐚𝐬𝐦𝐚 =

𝟐

𝟏
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!𝐝[𝐆𝐒𝐒𝐆]

𝐝𝐭
)𝐩𝐥𝐚𝐬𝐦𝐚 (eq. 3.3) 
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Figure 3.6. 1H NMR spectra from aliquots of supernatant taken from separate reactions of GSNO 

with CuBTTri in blood plasma at 0 min (red, bottom), 20 min (green, middle), and 16 h (blue, top). 

 

Table 3.2. Comparison of initial rates determined for GSNO to NO conversion catalyzed by 

CuBTTri at 20 min. Each data point represents the average and standard deviation of n = 3. 
 

Solvent [+d[GSSG]/dt] (mM s–1) [–d[GSNO]/dt] (mM s–1)  

Bovine Plasma (this work) (3.4 ± 0.2) x 10–4 (6.8 ± 0.4) x 10–4 

Water (previous work)21,24 n/a (2.9 ± 0.3) x 10–4 

 

Comparing Results in Blood Plasma to Results Previously Obtained in Water 

 Comparing the reaction parameters determined in blood plasma to those previously 

determined in water is useful to evaluate water as a model solvent for the much more complicated 

case of blood plasma for GSNO to NO conversion catalyzed by CuBTTri. In previous studies 

carried out in water, 100% recovery of NO is observed from catalysis of GSNO with CuBTTri 

(Figure 3.7).21 The only difference observed when the reaction is carried out in blood plasma is 

the scavenging of NO (Figures 3.5 and 3.7). Adsorption of GSH onto the CuBTTri framework was 

also hypothesized to occur in water,21 and while GSH may also adsorb onto CuBTTri in blood 

plasma, it is currently unknown if any such adsorption occurs. However, the physical adsorption 

of GSH onto CuBTTri is a minor feature of the stoichiometry in Figure 3.7, as it is not an 

elementary step in the NO release reaction mechanism. Previous experiments in water determined 

the rate of reaction by following the loss of GSNO (–d[GSNO]/dt) via 1H NMR.25 Using 1H NMR 
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once again to measure the catalytic rate in blood plasma ([+d[GSSG]/dt]plasma) mimics instrumental 

precision and maximizes reliability of comparisons presented between the solvent systems. The 

measured catalytic rate in blood plasma at 20 min is double that previously measured in water, 

within experimental error (Table 3.2). It is important to note here that these comparisons are made 

under the assumption that the rate law for the NO release reaction does not change when moving 

the reaction from water to blood plasma. We are currently working to test this assumption to best 

understand the comparison between the rates in Table 3.2. Importantly, if the statistical factors 

from Figure 3.5 are not used, the calculated value for [–d[GSNO]/dt]plasma appears (incorrectly) 

equal to [–d[GSNO]/dt]water. 

 
Figure 3.7. The stoichiometry for GSNO to NO conversion catalyzed by CuBTTri in water 

determined in previous work.21 

 

3.3 Summary and Conclusions 

  

 Results presented herein yield the stoichiometry and rate for CuBTTri catalyzed generation 

of NO from GSNO in vitro. Combining three separate experimental techniques (UV-VIS and 1H 

NMR spectroscopies with an NOA) to monitor the reaction comprehensively and quantitatively 

was necessary to overcome the difficulties presented by blood plasma as a solvent. One equivalent 

of GSSG is formed per two equivalents of GSNO lost in blood plasma. Scavenging of NO by 

blood plasma is evidenced by the fact that only 78 ± 10% NO recovery is observed in blood plasma 

when 100% of the GSNO is lost. The rate of the GSNO to NO reaction catalyzed by CuBTTri was 

measured in blood plasma to be (6.8 ± 0.4) x 10–4 mM s–1. Future work can focus on using the 

monitoring method developed herein to determine the reasons why the measured rate in blood 

plasma is double that for the rate measured in water ((2.9 ± 0.3) x 10–4 mM s–1). The only difference 

in the reaction stoichiometries for the two solvents is that minor NO scavenging is observed in 
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blood plasma, but not in water. Hence, while the elementary steps of the NO release reaction 

mechanism are likely the same in water and blood plasma, the rate constants associated with the 

elementary steps are different in the two solvents. Full kinetic and mechanistic studies of NO 

release from GSNO with any Cu-based catalyst can be performed in vitro in the future with the 

monitoring method in hand. Additionally, the 1H NMR method reported herein can likely quantify 

other disulfides than GSSG generated from S-Nitrosothiols (RSNOs) other than GSNO, and the 

UV-VIS method is certainly capable of quantifying the concentration of other RSNOs. Hence, the 

monitoring method established herein can be used to quantitatively study other catalytic RSNO to 

NO systems directly in blood plasma. 

3.4 Experimental 

 

 Reagents. Diethylamine (99%), trimethylsilylacetylene (98%), trimethylsilylazide (94%), 

and 1,3,5- tribromobenzene (98%) were purchased from Alfa Aesar (Ward Hill, MA, USA). 

Glutathione (98%) was purchased from VWR (Radnor, PA, USA). Sodium nitrite (99.5%), copper 

(I) iodide (99.5%), bis(triphenylphosphine)palladium(II) dichloride (99%), and dichloromethane 

(99%). HCl (1 N), methanol (99%), and sodium hydroxide (98.9%) were purchased from Fisher 

Scientific (Hampton, NH, USA). Dimethylformamide (99%) and copper (II) chloride dihydrate 

(99%) were purchased from EMD Chemicals (Gibbstown, NJ, USA). Ultrahigh purity nitrogen 

gas was supplied by Airgas (Denver, CO, USA). Deionized water (18.2 MΩ·cm) was obtained 

from a Millipore Direct-Q water purification system (EMD Millipore, Billerica, MA, USA). 

Bovine blood plasma containing fluoride as an anticoagulant was purchased from Hemostat 

Laboratories (Greely, CO, USA). All materials were used as received without any further 

purification.  
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Instrumentation. UV-VIS data was acquired using a Thermo Scientific Evolution 300 

UV-Vis Spectrophotometer. Samples were prepared in quartz cuvettes. Powder X-Ray diffraction 

(PXRD) patterns were obtained using a Bruker D8 Discover DaVinci Powder X-ray 

Diffractometer with CuKα radiation operated at 40 kV and 40 mA. A typical scan rate was 0.3 

sec/step with a step size of 0.02 deg. 1H NMR spectra were acquired using a Varian / Agilent Inova 

500 MHz spectrometer equiped with a sensitive 5mm pulse-field-gradient (PFG), room-

temperature inverse detection (ID) probe. The probe was not a cryo-probe. All NMR 

measurements were made at 25˚C by using the Varian / Agilent VnmrJ 4.2 pulse sequence library 

software provided for Inova spectrometers, without modification. The spectral width was 8 kHz, 

the acquisition time was 2.0 sec, the combined relaxation and pre-saturation delay was 1.5 sec, the 

π/2 pulse width was 7.2 µs, 512 signal averaging transients were acquired, 0.3 Hz exponential line-

broadening was applied to the time-domain and the digital resolution after Fourier transformation 

was 0.12 Hz. 1H NMR data was processed in MestraNova using the phasing and baseline 

correction tools available in the software. All values reported correspond to, at minimum, the 

average and standard deviation of three identical experiments. Software: MestraNova, IgorPro, 

OriginPro, and Microsoft Excel, and Powerpoint. 

GSNO Synthesis and Characterization. GSNO was synthesized and characterized 

according to previously established43 literature procedures. Briefly, a solution of glutathione (1.53 

g, 4.99 mmol) was prepared in millipore filtered water (8 mL) containing 2 M HCl (2.5 mL, 10.5 

mL total volume). One equivalent of sodium nitrite (0.345 g, 4.99 mmol) was added, and the 

resulting mixture was stirred for 40 min at 5 °C. Acetone (10 mL) was added to the resulting red 

solution and the mixture was stirred for another 10 min. The red precipitate was collected via 

vacuum filtration and washed with ice-cold water (5 × 5 mL) and ice-cold acetone (3 × 10 mL). 
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The precipitate was then dried on a high vacuum line for 4 h to afford S-Nitrosoglutathione (1.40 

g, 4.12 mmol, 82%) (λmax) (H2O) 335, 550 nm (ɛ=922, 15.9 cm-1 mM-1). The GSNO sample used 

herein was determined to be 97 ± 2% pure by the established method of UV-VIS spectroscopy.40 

H3BTTri Synthesis and Characterization. H3BTTri was synthesized and characterized 

according to previously established22 literature procedures. Briefly, solid 1,3,5-tribromobenzene 

(9.45 g, 30.0 mmol) was dissolved in diethylamine (250 mL) under inert conditions (N2). Copper(I) 

iodide (50 mg, 0.26 mmol) and dichlorobis(triphenylphosphine)palladium(II) (400 mg, 0.57 

mmol) were added to the stirred solution. Trimethylsilylacetylene (10.6 g, 108. mmol) was added 

to the solution and the resulting mixture was heated at 50 °C for 6 h. Resulting diethylamine 

hydrobromide was removed by filtration and washed with ether (45 mL). Combined washings 

were evaporated to dryness in vacuo and the resulting product purified by a silica plug to yield 

9.61 g (78%) 1,3,5-tris(trimethylsilylethynyl)benzene as an intermediate. 1H NMR (400 MHz, 

CDCl3): δ = 7.43 (s), 0.23 (s) ppm. 

The 1,3,5-tris(trimethylsilylethynyl)benzene intermediate (9.61 g, 26.3 mmol) was 

hydrolyzed by treatment with NaOH (aq) (30 mL, 1 M), CH2Cl2 (20 mL), and methanol (50 mL) 

via stirring at room temperature for 3 h. Evaporation of methanol, ether extraction of the residue, 

and evaporation of the solvent in vacuo yielded 2.68 g of white powder containing 1,3,5- 

triethynylbenzene. 1H NMR (400 MHz, CDCl3): δ = 7.51 (s), 3.12 (s) ppm. 

 Trimethylsilylazide (9.26 g, 80.4 mmol) was added to a solution of copper(I) iodide (510 

mg, 2.63 mmol) and 1,3,5-triethynylbenzene (2.68 g, 17.8 mmol) under inert conditions in a 

mixture of dimethylformamide (DMF; 90 mL) and methanol (10 mL). The resulting mixture was 

stirred at 100 °C for 36 h. The mixture was then filtered and reduced to a volume of 10 mL via 

rotary evaporation. A pale-yellow precipitate was formed upon the addition of millipore filtered 
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water (30 mL) to the resulting filtrate. The solid was collected by filtration, washed with ether, and 

dried in vacuo to yield 4.1 g (83%) of 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene. 1H NMR (400 

MHz, (CD3)2SO): δ = 8.52 (s), 8.34 (s) ppm. The H3BTTri used in this work is from the same 

batch made and used for previous publications.21,24 

CuBTTri Synthesis and Characterization. CuBTTri was synthesized and characterized 

according to previously established22 literature procedures. A solution of H3BTTri (225 mg, 0.937 

mmol) in DMF (40 mL) was prepared in a 250 mL Pyrex bottle CuCl2⋅2H2O (383 mg, 2.25 mmol) 

was added to the solution. The vial was heated at 100 °C for 72 h to afford 

H3[(Cu4Cl)3(BTTri)8(DMF)12]. The purple powder was washed with boiling DMF (10 × 10 mL) 

and allowed to dry under ambient conditions to yield 218 mg (76%) of product. Solvent exchange 

was performed using millipore filtered water to yield H3[(Cu4Cl)3(BTTri)8(H2O)12]. The resulting 

light purple powder was analyzed by powder X-ray diffraction (pXRD). The diffraction pattern 

collected matched a literature standard (Figure S3.9).22 CuBTTri particles are known to exhibit a 

largest pore size of approximately 2 nm, measured BET surface area of 1770 to 1900 m2/g , and 

to be stable in both boiling water and in solutions where pH = 3.22,25,55 The CuBTTri particles used 

in this work are from the same batch of prepared and used in a previous publication.25 

Reaction Procedure. Reactions were carried out using an identical procedure to 

previously established methods, 21 with the only meaningful difference being the substitution of 

blood plasma for water as the solvent in the reaction system. All reactions described herein were 

stirred by bubbling the solution vigorously with N2 (g). CuBTTri was massed into a three-neck 50 

mL round-bottomed flask and oven dried overnight at 110 °C. Following drying, the flask 

containing CuBTTri was placed under vacuum for 1 h on a Schlenk line, capped with rubber septa, 

and backfilled with N2 (g) prior to reaction. GSNO and GSH solutions (prepared from blood 
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plasma and solid GSNO or GSH under ambient conditions in 100 mL round-bottomed flasks 

capped with rubber septa) were then injected into the flasks containing dry CuBTTri. Vigorous 

bubbling in the round-bottomed flask using an N2 (g) flow was established, and an exit needle was 

added to one arm of the reaction flask to allow generated NO (g) to escape. Reaction flasks were 

wrapped in aluminum foil to prevent exposure to light and reactions proceeded for a predetermined 

time. To quench the reaction, the exit needle was removed to stop bubbling and the supernatant 

was immediately decanted via a syringe and injected directly into an NMR tube or quartz UV-VIS 

cuvette. The 1H NMR samples contained 0.5 mL of reaction supernatant and 0.1 mL of 20 mM 

NaH2PO4 buffered D2O. No unanticipated safety hazards were encountered over the course of all 

experiments. All reactions reported were performed in triplicate. 

Reaction Conditions for Measuring the NO Release in Blood Plasma. Three separate 

trials were completed with standard conditions of: i) 2 mM GSNO, ii) 2 mM GSH, iii) 4.05 mg 

CuBTTri (for a 2:1 ratio of GSNO molecules to Cu atoms), iv) 25 ⸰C, v) 5 mL reaction volume, 

and vi) bubbled by N2 (g). The amounts of each reagent added are summarized in Table 3.3 below. 

All solutions for this set of experiments were prepared in bovine blood plasma. 

Table 3.3. Amounts of each reagent added and the reaction time of experiments where the 

data collected was used to determine the NO release reaction stoichiometry in blood plasma. 

Volume 4 mM 

GSNO Added 

(mL) 

Volume 4 mM GSH 

Added (mL) 

Mass CuBTTri 

(mg) 

Time (h) 

2.5 2.5 4.05 16 

 

Reaction Conditions for Determining the Catalytic Rate in Bovine Blood Plasma. 

Three separate trials were completed with standard conditions of: i) 1 mM GSNO, ii) 1 mM GSH, 

iii) 2.7 mg CuBTTri (for a 2:1 ratio of GSNO molecules to Cu atoms), iv) 25 ⸰C, v) 15 mL reaction 

volume, and vi) bubbled by N2 (g). The reaction conditions for determining the rate were change 
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for those used to measure NO release to mimic reaction conditions previously used to measure the 

catalytic rate in water.25 The amounts of each reagent added are summarized in Table 3.4 below. 

All solutions for this set of experiments were prepared in bovine blood plasma. 

 

Table 3.4. Amounts of each reagent added and the reaction time of experiments where the data 

collected was used to determine the NO release reaction rate in blood plasma. 

Volume 3 mM 

GSNO Added 

(mL) 

Volume 3 mM GSH 

Added (mL) 

Volume Bovine 

Blood Plasma 

Added (mL) 

Mass CuBTTri 

(mg) 

Time 

(min) 

5 5 5 2.7 20 

 

Details of the 1H NMR Method Used to Measure [GSSG(plasma)]. 1H NMR data 

collection was challenging for several reasons. Blood plasma was a complex matrix containing 

hundreds of individual components, many overlapping in the visible spectrum that contributed to 

the observed NMR spectral pattern. It was difficult to quantify the baseline under these conditions 

and achieve reproducible, quantitative analysis. Fortunately, it was possible to discriminate against 

many of these species based on differing T2 relaxation times. For example, for relatively large 

molecules such as proteins and lipids, an appropriate T2-weighted pulse-sequence allowed their 

response to relax more rapidly and vanish from the final spectrum while signals of interest (arising 

from the GSSG product of the NO release reaction) would survive the filter and be refocused with 

good intensity. Water itself was also an obstacle since it makes up most of the bulk sample and the 

NMR response is proportional to the concentration of the molecule measured. This was a dynamic 

range problem since the H2O response will be at least 104 times more intense than signals of 

interest. Fortunately, NMR practices exist for managing concerns both concerns (signals arising 

from components of blood plasma and the intensity of the water signal) at the same time. We used 

the Varian CPMG-T2 Weighted pulse sequence with pre-saturation (PRESAT) to make 

measurements. PRESAT provides a weak (50 Hz in our case) RF pulse fixed on the water 
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resonance (for 1.5 seconds in our case), prior to each pulse-train transient, which improved the 

dynamic range substantially. We were not interested in following any water exchangeable protons 

(NH, OH, or SH) so there are no deleterious effects from PRESAT. We next tuned the CPMG 

portion of the sequence experimentally and found that a CPMG-T2 weighted pulse train with a 

250 µs tau period and 75 ms re-focusing train provided the best compromise between good 

intensity of our analyte molecule (GSSG) and a flat baseline (Appendix II, Figure S3.1). 

 Supporting Information. The following are available in Appendix II: Supporting 

Information for Chapter III: raw 1H NMR data array of GSSG in blood plasma used to determine 

the optimal re-focusing train times in the CPMG-T2 weighted pulse sequence, raw 1H NMR data 

of GSNO in blood plasma, raw 1H NMR data of GSH in blood plasma, UV-VIS data of blood 

plasma alone, UV-VIS data confirming the loss of GSNO over 16 h, 1H NMR data used to quantify 

GSSG in blood plasma after 16 h and 20 min, example determination of the catalytic rate in blood 

plasma, and powder X-ray diffraction data used to characterize the CuBTTri. 
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IV. COPPER METAL-ORGANIC FRAEWORK SURFACE CATALYSIS: CATALYST 

POISONING, IR SPECTROSCOPIC, AND KINETIC EVIDENCE ADDRESSING THE 

NATURE AND NUMBER OF THE CATALYTICALLY ACTIVE SITES EN ROUTE TO 

IMPROVED APPLICATIONS1 

Overview 

 The metal–organic framework (MOF) H3[(Cu4Cl)3–(BTTri)8, H3BTTri = 1,3,5–tris(1H–

1,2,3–triazol–5–yl)benzene] (CuBTTri) is a precatalyst for biomedically relevant nitric oxide (NO) 

release from S–Nitrosoglutathione (GSNO). The questions of the number and nature of the 

catalytically most active, kinetically dominant sites are addressed. Also addressed is whether or 

not the well–defined structural geometry of MOFs (as solid–state analogues of molecular 

compounds) can be used to generate specific, testable hypotheses about, for example, if intrapore 

vs exterior surface metal sites are more catalytically active. Studies of initial catalytic rate vs 

CuBTTri particle external surface area to interior volume ratio show that intrapore copper sites are 

inactive within experimental error (≤1.7 × 10–5 % of the observed catalytic activity)—restated, the 

traditional MOF intrapore metal site catalysis hypothesis is disproven for the current system. All 

observed catalysis occurs at exterior surface Cu sites, within experimental error. FT–IR analysis 

of CN– poisoned CuBTTri reveals just two detectable Cu sites at a ca. ≥0.5% detection limit, those 

which bind 3 or 1 CN– (“Cu(CN)3” and “CuCN”), corresponding to CN– binding expected for 

exterior surface, 3–coordinate (Cusurface) and intrapore, 5–coordinate (Cupore) sites predicted by the 

idealized, metal–terminated crystal structure. Two coordinate Cu defect sites are ruled out at the 

 

1 The work presented in Chapter IV contains the entire published manuscript describing our 

investigations into the location, proportion, and identity of the catalytically active copper sites in 

CuBTTri for GSNO to NO conversion catalysis (Tuttle, R. R.; Folkman, S. J.; Rubin, H. N.; 

Finke, R. G.; Reynolds, M. M. ACS Appl. Mater. Interfaces 2020, 35, 39043-39055.). Minor 

formatting edits have been introduced to meet the dissertation requirements. 
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≥0.5% FT–IR detection limit as such defect sites would have been detectable by the FT–IR studies 

of the CN– poisoned catalyst. Size–selective poisoning studies of CuBTTri exterior surface sites 

reveal that 1.3(±0.4)% of total copper in 0.6 ± 0.4 µm particles is active. That counting of active 

sites yields a normalized TOF, TOFnorm = (4.9 ± 1.2) × 10–2 mol NO (mol Cusurface)–1 s–1 (in water, 

at 20 min, 25 ᵒC, 1 mM GSNO, 30% loss of GSNO, and 1.3 ± 0.4 mol% Cusurface)—a value ~100× 

higher than the TOF calculated without active site counting. Overall, the Ockham’s razor 

interpretation of the data is that exterior surface, Cusurface sites are the catalytically most active sites 

present at a 1.3(±0.4)% level of total Cu. 

4.1 Introduction 

 Crystalline metal–organic frameworks (MOFs) can be viewed as extended, solid–state 

versions of discrete coordination complexes. As such, they offer special opportunities rare in even 

all of catalysis.1,2 From their synthesis and well–defined structures, MOFs permit an upfront, a 

priori3,4 estimation of the location / type of each metal site—and, hence, an upfront idea of at least 

the primary possibilities for the catalytically active sites—based on an idealized MOF crystal 

structure and ignoring the important possibility of defect active sites for the moment. This level of 

upfront information allows the construction of more specific hypotheses about what might, or 

might not, be the true catalytically active site in MOFs compared to traditional heterogeneous 

catalysts composed of metals on oxide supports, for example. Knowledge of at least what is not 

the active site, en route to better ideas about the true active site, in any catalyst is, in turn, central 

information relevant to that catalyst system, its applications, and its rational improvement. 

However, despite over 60,000 MOF structures being known at present5 and many uses of 

MOFs in catalysis, no prior study exists which both quantifies the number of active sites in MOF–

based catalysts, and also provides evidence for the catalytically active site(s), including at least 
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consideration of defects as the possible kinetically dominant active site. This means, in turn, that 

fundamental values in catalysis such as the turnover frequency (TOF, moles product/(moles active 

sites • time))6 are not precisely known for most MOF catalysts because the number of active sites 

is not known.7–12 Indeed, Boudart long ago noted that catalyst TOF values should be normalized 

to the percentage of active sites for all catalysts.13 The work that follows also addresses the open 

question in MOF catalysis of if, for a given catalytic reaction, the intrapore metal sites are more 

active—the traditional MOF intrapore metal site catalysis hypothesis—or if those intrapore sites 

are actually inconsequential in comparison to exterior surface or to some unknown defect site(s). 

Fully consistent with the above statements, Yang and Gates note in their insightful review 

of MOF catalysis that, “research is needed to… identify catalytic sites, and determine intrinsic 

catalytic reaction rates.”14 They also note that, “A few researchers have reported turnover 

frequencies of MOF catalyzed reactions,15 but often questions have remained about whether the 

sites were identified and counted correctly, whether they were all equivalent, and whether they 

were all fully accessible.”14 In short, determination of the number, and ideally at least some 

information about the identity of MOF active sites while testing the hypothesis of MOF intrapore 

metal site catalysis, and at least including the possibility of defect active sites16 is an important, 

fundamental problem in MOF catalysis. Also noteworthy is that the number and at least some idea 

of the possible identity of the catalytically most active sites is needed before more meaningful full 

rate law and associated mechanistic studies can be performed. That mechanistic insight is then in 

turn required for mechanistically guided design of the next generation of MOF–based catalysts, 

studies that then ideally exploit the enormous synthetic variability and fine–tunability of MOF–

based systems (discussion of the valuable reference #18 is provided in the References section for 

the interested reader).4,17,18 
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Copper–based MOF H3[(Cu4Cl)3–(BTTri)8]: A Catalyst for Biomedical Applications  

Incorporation of the copper–based MOF H3[(Cu4Cl)3–(BTTri)8, where H3BTTri = 1,3,5–

tris(1H–1,2,3–triazol–5–yl)benzene] (CuBTTri, Figure 4.1) into biomedical devices has been 

shown to be effective for catalyzing for nitric oxide (NO) release in vivo.19–23 The controlled release 

of NO results in the desired effects of vasodilation,24,25 reduction in biofilm formation on implanted 

medical devices,26,27 and also antibacterial activity.28,29 Among copper–based MOFs, CuBTTri is 

unique in its high hydrothermal stability,30 in its ability to catalyze NO release from the 

endogenous, nitrosated tripeptide S–Nitrosoglutathione (GSNO),22,21 and in its compatibility with 

human blood and hepatocytes.20,23 

The effectiveness of CuBTTri catalysis for NO release from the bulky GSNO substrate is actually 

a surprising result, at least if one is expecting CuBTTri intrapore Cu sites to be the dominant 

catalytically active site, given that the large GSNO tripeptide substrate should experience relatively 

slow to no diffusion into (and glutathione disulfide (GSSG) product, which is twice as large as 

GSNO, out of) the pores of CuBTTri. Additionally a Cu(II)/Cu(I) redox reaction is at least 

presently suspected as the most probable mechanism,31–35 so that 5–6 coordinate Cu(II) intrapore 

sites in CuBTTri (Cupore) should then be largely unreactive due to an anticipated prohibitive 

Marcus–type intrinsic barrier for rearrangement of a 5–6 coordinate Cu(II) to a 4–coordinate Cu(I) 

site.36 Restated, little to no CuBTTri catalysis of NO release from GSNO is expected if Cupore sites 

are the dominant catalytically active sites. Experimentally, the opposite result is observed: 

CuBTTri is an effective precursor for catalysis of NO release from GSNO20,37, an observation that 

by itself strongly suggests that the catalytically most active sites are exterior surface Cu sites30,38,39 

that we will label Cusurface, or possibly some other type of surface defect site that we label Cudefect. 

Noteworthy here is that the surface metal sites in CuBTTri can be described as naturally occurring, 
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particle-termination sites or missing-linker sites40, so in that sense “defect” sites. However, we will 

retain the descriptor Cudefect to sites different than Cusurface sites (vide infra). 

Given the open question of how active intrapore vs exterior surface or defect sites are in a 

given MOF–catalyzed reaction, the CuBTTri catalysis examined herein is an interesting if not 

prototype system with which to probe the number and nature of the catalytically active site(s). The 

next question is how should one think about the possible types of active sites, and their relative 

number, even if in a basic, initial way? This is where MOFs as three-dimensional solids with 

repeating structural units would seem to have an upfront advantage, at least ideally and if one again 

ignores for the moment defects that one expects to be present. Although no single–crystal x–ray 

diffraction data has been obtained specifically for CuBTTri, a matching powder X–ray diffraction 

(P–XRD) pattern30 between CuBTTri and the X–ray diffraction crystallographically 

characterized38 Cu–MOF H[(Cu(DMF)6][(Cu4Cl)3(BTT)8–(H2O)12]•3.5HCl•12H2O•16CH3OH 

confirms that these two MOFs are isostructural save their different organic linker. From that 

structural data, the idealized, starting structural model for CuBTTri shown in Figure 4.1 can be 

generated. 
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Figure 4.1. Idealized, defect-free view of one layer of the metal–terminated CuBTTri unit cell 

showing Cupore and Cusurface sites with carbon (black), nitrogen (blue), chlorine (green), and copper 

(red).30,38,39 One question the current work will address is “how useful is it to design and interpret 

experiments at least to start based on this idealized view of the structure and the Cu sites shown?” 
 

Using the idealized, metal–terminated structure in Figure 4.1 as a starting point, two types 

of copper sites are apparent in Figure 4.1: (i) intrapore, 5–coordinate Cu sites (defined as Cupore to 

denote any and all 5–coordinate Cu sites), and (ii) 3–coordinate Cu sites at the particle exterior 

surface (defined as Cusurface to denote any and all 3–coordinate Cu sites), ignoring for the moment 

(vide infra) complicating issues such as the possibility that surface Cu atoms could be terminated 

by the H3BTTri ligand,41 Cl–, or solvent ligands. Hence, using the structural model in Figure 4.1 

as an initial working hypothesis, we have at minimum two types of possible active sites, Cupore and 

Cusurface sites. We can then add to this a third category, Cudefect, defined as any and all defect sites. 

A fourth possibility for the active catalyst, that of Cu leached from the MOF, has already been 

ruled out at the <<1% level in previous studies.37 
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Questions Addressed in the Present Studies  

The questions addressed in the work that follows are:  (i) the number of active sites, and 

hence in turn (ii) the question of can one obtain a normalized TOF (TOFnorm), computed using the 

experimentally determined number of active sites from catalyst poisoning studies. Our results also 

address (iii) the question of whether or not one can distinguish exterior surface from intrapore 

catalytic sites in the CuBTTri / GSNO system, and also (iv) the issue of if some defect site (i.e., 

perhaps formed mechanochemically as a result of grinding particles to generate higher surface 

area), that by definition has to be distinguishable experimentally from the Cupore and Cusurface sites, 

is the kinetically dominant catalyst. Additionally, our results address (v) the question of what 

methods and spectroscopies might best probe both exterior surface vs intrapore sites as well as 

their relative activity, and (vi) the related question of the number of vacant coordination sites in 

Cusurface and Cupore sites. Additionally, we address (vii) the question of how useful, or perhaps 

misleading, is the idealized structure of the MOF–based catalyst (Figure 4.1) and the therefore a 

priori identifiable, possible active sites6,14,16,17,40 of Cusurface and Cupore? That is, does using the 5–

coordinate Cupore and 3–coordinate Cusurface sites as defined above as a starting, working hypothesis 

to be tested prove useful in trying to understand the CuBTTri MOF based catalysis? Does it aid or 

mislead one in the design of effective experiments and their, at least, initial interpretation? Overall, 

five specific hypotheses for the number and type of catalytically Cu active sites within CuBTTri 

will be tested in what follows, hypotheses that will be listed after the Experimental section 

provided next, but at the start of the Results and Discussion section. 
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4.2 Results and Discussion 

Five Hypotheses for the Type and Hence Relative Number of Catalytically Active Copper 

Sites Derived From CuBTTri 

 Five hypotheses, for the number and location of active copper sites for GSNO to NO 

conversion catalyzed by CuBTTri, are the following: 

1) That leached Cu is the actual, true catalyst. As already mentioned in the Introduction, this 

initial hypothesis was definitively ruled out previously, by glutathione (GSH) poisoning of Cun+ 

catalysis and inductively coupled plasma atomic emission spectroscopy. Hence, it need not be 

considered further.37 

2) That 100% of the active copper sites are 5–coordinate Cu(II)pore sites close to if not 

indistinguishable from those predicted by the CuBTTri crystal structure, Figure 4.2B. This is 

essentially the traditional MOF intrapore metal site catalysis hypothesis; 

3) That 100% of the active copper sites are 3–coordinate, what we have labeled Cu(II)surface, sites 

close to if not indistinguishable from those in the simplified, idealized metal–terminated 

CuBTTri structure, Figure 4.2A, 4.2C; 

4) That 100% of the observed catalysis is caused by defect sites in CuBTTri (Cudefect) that are, as 

defined in this manuscript, not among the a priori identifiable 5– or 3–coordinate sites in 

hypotheses 2 and 3; and then the possibility 

5) That some combination of Cupore, Cusurface, and Cudefect sites are active. 
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Figure 4.2. Finer, more detailed view than provided in Figure 4.1 of nominally 3–coordinate 

Cusurface (A and C) and nominally 5–coordinate Cupore (B) (red = copper, green = chlorine, blue = 

nitrogen, black = carbon) based on the x–ray structure of an isostructural MOF38 and assuming to 

start an idealized, metal–terminated surface of CuBTTri.30,39 All Cu atoms indicated with arrows 

in each respective figure have equivalent coordination numbers. Vacant coordination sites within 

CuBTTri would presumably be occupied by H2O pre–reaction while surface Cu sites could be 

coordinated by anything from H3BTTri ligand41 to Cl– to H2O, ligands that, however, are expected 

(and hence assumed in what follows) to be displaced by GSNO or GSH in the catalytic reaction—

an assumption supported quantitatively by the results that follow, vide infra. Hydrogen atoms have 

been omitted for clarity. Reproduced with permission from the Supporting Information of 

reference 38. Copyright 2019 Elsevier. 

 

A key experiment to start is to find a way to vary the ratio of exterior surface to intrapore 

Cu sites in a given CuBTTri MOF sample, and to see if doing that increases, decreases, or does 

not affect the catalytic rate. The ideal approach to generate Cu–MOF particles of designed and 

desired size would be to synthesize / grow them in a controlled fashion across a wide range of 

particle sizes. That, however, is itself an unsolved, state–of–the–art problem.42–44 Hence, one 

currently available option is grinding and sieving / filtering the ground particle to change the 

CuBTTri sample particle size and, hence, also the ratio of the exterior surface area to the interior 

volume. Doing so also changes the ratio of exterior surface Cu sites vs Cupore sites (and possibly if 

not probably introduces Cudefect sites of some unknown specific coordination number and 

associated ligands). The resultant study of particle size / external surface area vs initial catalytic 

rate proved quite interesting, as discussed next. 
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Grinding and Filtration of CuBTTri to Generate Three Different Particle Size Domains with 

Associated Increasing External Surface Area 

 Three sets of CuBTTri particles were obtained for measuring the catalytic rate versus 

particle size. First, large particles in the millimeter range (MOFLarge, ~1 mm, Table 4.1) were 

picked out from CuBTTri samples by hand using tweezers. Second, hand–ground CuBTTri 

particles (MOFGround) were obtained by hand–grinding the MOF powder in a mortar and pestle for 

5 min. Third, filtered CuBTTri particles (MOFFiltered) were obtained by gravity filtering 

suspensions of MOFGround samples in water through a cell strainer with a mesh size of 1 µm. The 

yield of MOFFiltered was maximized by sonication (10 min) of the MOFGround samples from which 

the finer MOFFiltered was obtained. The efficacy of these cell strainers for filtering out particles 

equal to or larger than 1 µm in length was evaluated via scanning electron microscopy (SEM, 

Table 4.1, Appendix III, Figures S4.6-S4.11) and dynamic light scattering (DLS). The DLS 

showed that particles larger than 1 µm are effectively removed by the strainers employed 

(Appendix III, Figure S4.3). Analysis of SEM micrographs yields average particle sizes of 1.5 ± 

0.4 µm for MOFGround samples (100 particles counted) and 0.6 ± 0.4 µm for MOFFiltered samples 

(100 particles counted). While even more particle size distributions could in principle be obtained 

and would lower the error estimates on the particle size distributions, the samples prepared proved 

adequate for the purposes of this study and the conclusions drawn, vide infra. 
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Table 4.1. Optical microscope image of a MOFLarge particle, SEM micrographs of MOFGround and 

MOFFiltered particles, method of generation, average size, exterior surface area (ExSurArea) to 

interior volume (IntVol) ratio, and the initial observed catalytic rate ([–d[GSNO]/dt]i) for each 

particle set. 

 

 

Observed Initial Catalytic Rate versus CuBTTri Particle Size 

 Studies of the observed initial catalytic rate for GSNO to NO conversion ([–d[GSNO]/dt]i) 

vs CuBTTri MOF particle size and associated external surface area were performed and are 

summarized in Figures S4.4-S4.5 of Appendix III.14,16,45 First, when the MOFLarge, ~1 mm particles 

(with their low exterior surface area to interior volume ratio) are used, no detectable loss of GSNO 

(or generation of GSSG product) is observable by 1H NMR over 20 min, [–d[GSNO]/dt]i,MOFLarge 

= 0 mM s–1. However, to determine if the larger particles are actually contain active sites as 

anticipated, but just slow (e.g., due to a low number of active sites due to their low exterior surface 

area to interior volume ratio, vide infra) control experiments were run with the MOFLarge particles 

over 6 to 9-fold longer times of 120 and 180 min. Those experiments show 8% and 14% loss of 

GSNO over the 120 and 180 min reaction times, respectively. Hence, some—but still relatively 

slow—NO release catalysis is observed for MOFLarge particles. This important observation 

supports the hypothesis that the MOFLarge particles contain naturally occurring active sites for 

GSNO to NO conversion (Appendix III, Figure S4.16), but just low numbers of them. This result 

rules out the limiting alternative hypothesis (raised by an insightful referee’s query) that all of the 



76 

 

catalytically active sites could be created solely by mechano-chemistry as a result of the grinding 

process. The answer is “no”, because at least some activity is present before any grinding to 

increase the surface area is performed. 

Next, MOFGround particles with their ~103–fold increase in external surface area (Table 4.1) 

over MOFLarge particles were examined for their GSNO conversion and associated NO release 

catalysis. GSNO loss is now observed on the 20 min timescale when using the higher surface area 

MOFGround particles, [–d[GSNO]/dt]i,MOFGround = (1.6 ± 0.25) × 10–4 mM s–1. Control shows that 

no effect of grinding the CuBTTri particles is detectable by P–XRD (Appendix III, Figure S4.2), 

although this only shows that the Cu-MOF is still mostly “bulk” sample structurally. In a third set 

of experiments using the even higher surface area MOFFiltered particles (with their ~2–fold increase 

in exterior surface area to interior volume ratio compared to MOFGround, Table 4.1), the initial rate 

of GSNO substrate loss once again increased, approximately double in comparison to that for 

MOFGround particles, [–d[GSNO]/dt]i,MOFFiltered = (2.9 ± 0.3) × 10–4 mM s–1, implying a linear 

dependence of the catalytic rate on the surface area. 

The increase in [–d[GSNO]/dt]i at 20 min as particle size decreases (last row of Table 4.1), 

and therefore as the exterior surface area to interior volume ratio increases, is consistent with and 

supportive of catalysis occurring at Cusurface sites,46–48 or conceivably at a surface Cudefect site that 

scales linearly in production with Cusurface sites as particle exterior surface area increases 

(hypotheses 3 and 4, vide supra). The results strongly suggest that low coordinate Cusurface sites or 

equivalent Cudefect sites (either exposed or created by the grinding process to break up the 

aggregated MOFLarge particles) are more active than Cupore sites. This valuable result in turn 

disproves hypotheses 2 and 5, that is, disproves the traditional MOF intrapore metal site catalysis 

hypothesis. Hence, Cupore sites are not the kinetically dominant active sites. 
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Plot of the Catalytic Rate vs Exterior Surface Area to Interior Volume Ratio 

 It proved instructive to analyze the catalytic rate vs particle size and associated surface area 

in more detail, in particular the catalytic rate vs the external surface area to interior volume ratio. 

The volume denominator is required because although a constant total mass was used between 

samples of MOFLarge/Ground/Filtered, the total number of particles in each MOFGround or MOFFiltered 

sample is not known. Figure 4.3 shows a plot of the calculated exterior surface area to interior 

volume ratio vs the particle size for octahedral symmetry particles (Oh symmetry being observed 

in the particle’s SEM images over the size range of MOFGround and MOFFiltered samples; see 

calculation S4.2 in Appendix III). The bar diagrams show the ranges spanned by MOFFiltered and 

MOFGround particles. 

 

Figure 4.3. The ratio of exterior surface area to interior volume at varying octahedral particle size. 

This curve is fit by an empirical inverse power function equal to y = 9.8x–0.992, R2 = 0.98. 
 

Next, in a plot with a telling result, the experimentally observed catalytic rate was then 

plotted against the calculated exterior surface area to interior volume ratio for all three particle 

sizes studied, Figure 4.4. The plot in Figure 4.4, while showing only 3 data points and larger than 
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ideal error bars on the MOFFiltered data, demonstrates a first–order dependence of the catalytic 

rate, [–d[GSNO]/dt]i, on the exterior surface area / interior volume ratio: 
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Figure 4.4. Plot of [–d[GSNO]/dt]i as a function of the external surface area to interior volume 

ratio for octahedral CuBTTri particles in the size domains studied. The data point for MOFLarge is 

not at the origin (0 m–1, 0 mM s–1), but corresponds to the calculated exterior surface area to interior 

volume ratio and the experimentally observed catalytic rate (1.0 × 10–5 m–1, 0 mM s–1). The linear 

trend line is fit by the equation y = ((1.8 ± 0.4) × 10–2)x – (1.7 ± 0.3) × 10–7, R2 = 0.97. Physically, 

the intercept cannot be negative (–(1.7 ± 0.3) × 10–7 mM s–1). Hence, and at 3 sigma, the error is 

taken to be (±(1.7 ± 0.3)) × 10–7 mM s–1. All values of [–d[GSNO]/dt]i were measured at 20 min 

reaction time and all values represent the average and standard deviation of three trials. 

 

In equation 4.1, the observed rate constant (k1,obs) is equal to the slope of the line in Figure 4.4 

((1.8 ± 0.4) × 10–2 mM s–1 m–1). Importantly, the y–intercept in Figure 4.4 (±(1.7 ± 0.3) × 10–7 mM 

s–1) has information about where 100 ± ~(1.7 × 10–5)% of the catalytic activity comes from. As 

surface area / volume approaches zero (as in MOFLarge particles) , the type of available Cu sites 

approaches only Cupore sites, and the resulting catalytic activity expressed by the intercept is zero 

within experimental error. The inescapable implication is that the Cupore sites carry zero of the 

catalytic activity—to quantitate it, precisely 0 ± ((1.7 ± 0.3) × 10–7) mM s–1 of the catalytic activity. 

As a control, we estimated the error in the intercept a second way, using the maximum and 

minimum lines possible from the data in Figure 4.4. Doing so provided an intercept of ±(2.9 ± 0.3) 

× 10–5 mM s–1 and, hence, once again zero within a very small experimental error. 
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Figure 4.4 provides further disproof of the classic hypothesis of MOF intrapore metal-site 

catalysis, disproof at the level of ≤ ±10–5 mM s–1 of the catalytic activity. Hence, either the Cusurface 

or putative Cudefect sites that correlate with the amount of external surface area (or conceivably 

some combination of these two) are implicated as the kinetically dominant, catalytically active site 

in CuBTTri-based conversion of GSNO to NO.37 

Equation 4.1 can be rewritten to yield a rate equation that more directly reflects the 

proportion(s) of Cu sites (Equation 4.2) using the fact that the proportion of Cusurface (or, 

conceivably, Cudefect) sites scales linearly with exterior surface area and the proportion of Cupore 

sites scales linearly with interior volume in a sample of CuBTTri. 
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This formulation of the results once again makes clear that the activity of Cupore sites is very low 

(zero within experimental error), and leaves Cusurface as well as Cudefect sites of some unspecified 

nature but that are produced in the grinding process (in that hypothesis) as the remaining 

possibilities for the kinetically dominant active site(s). 

Unselective Poisoning of MOFGround and MOFFiltered Particles with KCN 

 Quantitative catalyst poisoning was turned to next because studies using the proper poisons 

can offer insight into the number of active sites. First, the anticipated unselective catalyst poison 

CN– was used, CN– being a strong sigma–donor and hence good Cu(II) poison that should also be 

able to diffuse at least some length into the largest central channel of CuBTTri (unhydrated 

diameter ~20 Å vs CN– unhydrated van der Waals diameter of ~4 Å as its K+ salt).49 CN– is 

therefore expected to unselectively bind and hence irreversibly poison both intrapore and exterior 

surface Cu sites.50,51 
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Quantitative, kinetic poisoning studies using KCN were carried out on MOFGround and 

MOFFiltered samples—from the same batch of CuBTTri as used to generate the data in Table 4.1 to 

provide consistency in the data and avoid unnecessary complications in its analysis. An initial 

experiment revealed that CN− poisoning is, as expected, very effective: 2 equivalents of CN− added 

per total Cu in a given CuBTTri MOFGround sample resulted in complete poisoning, with no 

catalysis observed within the normal initial time point of 30 min (Appendix III, Figure S4.12). 

Figure 4.5 shows the experimental [–d[GSNO]/dt]i as a function of equivalents of KCN added per 

total copper for MOFGround and MOFFiltered samples. Based on linear fits of the data in Figure 4.5, 

approximately 1.6 and 2.6 equivalents of CN− per total Cu atoms are required to completely poison 

the Cu–MOFGround and Cu–MOFFiltered particles, respectively. 

 

Figure 4.5. KCN poisoning curves for MOFGround (square, black) and for the finer, higher exterior 

surface area to interior volume ratio MOFFiltered (circle, red) particles. All values of [–d[GSNO]/dt]i 

were measured at 20 min reaction time. All experiments were conducted using the same mass of 

CuBTTri (~2.7 mg). Each data point represents the average and standard deviation of three trials. 

 

Given the catalytic rate vs MOF external surface area evidence provided previously 

indicating that Cusurface sites (and / or linearly correlating Cudefect sites) are the kinetically dominant 

active sites, if CN– were poisoning only those active sites, then the x–intercepts of the curves would 

be lower by approaching an order of magnitude (exterior surface area is less than 3% of interior 

volume in both MOFGround and MOFFiltered samples). Hence, the observed, much larger x–intercepts 
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(1.6 and 2.6 equivalents / total Cu) are fully consistent with the anticipated result that CN– is 

unselectively binding both the Cusurface and at least the Cupore sites CN– is able to reach by diffusion 

in 30 minutes and under the other reaction conditions provided in the Experimental section. 

Very interesting in Figure 4.5 is that significantly more CN– (2.6 vs 1.6 equivalents / total 

Cu) is required to completely poison the smaller, higher surface area, MOFFiltered particle samples 

in comparison to the larger, lower surface area MOFGround samples. We hypothesize that the 

difference in x–intercepts occurs not because all Cupore sites can be reached by CN– in the 30 min 

chosen for the poisoning experiment, but that in the smaller particle size samples more Cupore sites 

are accessible in 30 minutes. FT–IR results to follow will support the thesis that even the relatively 

small CN– cannot readily diffuse deep into the CuBTTri, at least in 30 min at 25 ⸰C in unstirred 

solutions. 

FT–IR Analysis of the Poisoned Catalyst 

At this point, we returned to the idealized MOF structural geometry in the CuBTTri catalyst 

system and the predicted, if idealized, Cusurface and Cupore sites to see what type of spectroscopy 

could be used to identify the types of sites present. The Cusurface and Cupore sites in Figure 4.2 have 

3–coordinate and 5–coordinate geometries, respectively. Additionally, a search of FT–IR 

stretching frequencies of Cu(CN)x complexes revealed that they are known to be quite sensitive to 

the number of coordinated cyanides.52,53 Hence, if there is any reliability of the idealized structures 

in Figures 4.1 and 4.2, Cusurface and Cupore will bind more vs less CN–, and presumably X = 3 vs 1 

CN–, respectively. That is, one expects that the coordination number and Cu site location of the 

CN– poison can be probed directly by FT–IR analysis of the poisoned catalyst. The more detailed 

prediction is that at least two CN– to Cu binding modes within CN– poisoned CuBTTri should be 

present, one for 3–coordinate Cusurface sites, nominally “Cu(CN)3”, and one for 5–coordinate Cupore 
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sites, nominally “Cu(CN)1” —plus possibly a third band if any Cudefect site is present with a 

coordination number not predicted by the metal–terminated CuBTTri crystal structure, for 

example 2–coordinate Cu poisoned as “Cu(CN)4” (≥0.5% should be detectable, vide infra). 

 To start and as a control, the FT–IR spectrum of a KCN poisoned MOFFiltered CuBTTri 

sample (Figure 4.6) was compared to the known complexes54–59 KCN, [CuCN]+, [Cu(CN)2], 

[Cu(CN)3]–, and [Cu(CN)4]2− as KBR pellets and homogeneous complexes.  

 

Figure 4.6. FT–IR spectrum of MOFFiltered CuBTTri poisoned with 1.5 equivalents of CN– from 

800 to 3400 cm–1. The expected Cusurface (3CN–:1Cu) binding mode is observed at 2093 cm–1. The 

expected Cupore (1CN–:1Cu) binding mode is observed at 2169 cm–1. No other cyanide to copper 

binding mode stretches are observed. Signals between 800 and 1800 cm–1 are attributed to 

vibrational modes of GSH and GSSG adsorbed onto the CuBTTri surface. 
 

MOFFiltered samples of the CuBTTri powder poisoned with 1.5 equivalents of CN– were 

used directly post–reaction for FT–IR measurements (Figure 4.6). Vibrational modes in Figure 4.6 

are observed at 2093 and 2169 cm–1, consistent with just [Cu(CN)3]− and [CuCN]+, respectively 

(literature values for these two species being at 2094 and 2170 cm–1, respectively).54–59 Absent (not 

observed) were any of the vibrational modes for free KCN, [Cu(CN)2], or [Cu(CN)4]2− (2070, 

2125, and 2075 cm–1).54–59 Absent (≥0.5% detection limit) is any third peak that might be a 
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detectable Cudefect site with coordination number different from that of Cusurface or Cupore sites. For 

example, neither a 2–coordinate nor 4–coordinate Cudefect site that would—especially in light of 

the results in Figure 4.6—be expected to generate a Cu(CN)4 or a Cu(CN)2 band is observable 

down to a ≥0.5% level. 

The FT–IR frequencies observed (and those absent) are summarized in Table 4.2. In short, 

the predicted 3:1 and 1:1 binding ratios and associated stoichiometry (Figure 4.1, Figure 4.7-4.8) 

for the metal–terminated 3–coordinate Cusurface and 5–coordinate Cupore CN− poisoned sites are 

observed directly by FT–IR. The evidence is direct and compelling that CN− binds unselectively 

to, and “poisons” what we have denoted Cusurface and Cupore sites in CuBTTri. Note that the 

quantitation of the two IR bands in Figure 4.6 is about 1 Cu(CN)3 to 2 Cu(CN), so much more than 

the ratio expected based on exterior surface area to interior volume ratio for MOFFiltered samples of 

CuBTTri (Table 4.1). This is likely the case because even CN– can only diffuse a short distance 

into the MOF even over 30 min and in an unstirred solution (IR radiation can fully penetrate the 

MOFFiltered crystals of the present size,60,61 so that is not the origin of the difference). 

Table 4.2. Observed and (Absent) FT–IR Stretching Frequencies for MOFFiltered CuBTTri 
Poisoned with KCN. 

Hence, the IR studies of the CN– poisoned catalyst are of fundamental interest in that they 

show that even just K+(H2O)n CN–(H2O)m (estimated unhydrated dimeter of ~4 Å and hydrated 

CN– Species (frequency) Observed / Absent Predicted/ Not Predicted  

KCN Stretch (2070 cm–1)51–56 (Absent) N/A 

[CuCN]+ Stretch (2170 cm–1)51–56 Observed Predicted (Cupore site) 

[Cu(CN)2) Stretch (2125 cm–1)51–56 (Absent) Not Predicted (Cudefect site) 

[Cu(CN)3]– Stretch (2094 cm–1)51–56 Observed Predicted (Cusurface site) 

[Cu(CN)4]– Stretch (2075 cm–1)51–56 (Absent) Not Predicted (Cudefect site) 
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diameter of ~10 Å49,62 with two waters of hydration) cannot readily find its way fully into the center 

of the MOF particles via the largest CuBTTri pores (unhydrated diameter ~20 Å; estimated 

hydrated diameter, 14 to 16 Å for 4 waters of hydration49,62) in 30 min at 25 oC in unstirred solution. 

As expected, FT–IR spectra for CN– poisoned CuBTTri of all particle size ranges studied show 

that MOFFiltered samples have more detectable Cu(CN)3 sites than MOFGround samples. 

Additionally, MOFFiltered samples show more total detectable Cu(CN)x sites than either MOFGround 

or MOFLarge particles, unsurprisingly (Appendix III, Figure S4.15). This further supports our 

earlier conclusion that GSNO cannot enter the CuBTTri pores for reaction with Cupore sites. 

Importance of the FT–IR of the CN– Poisoned Catalyst to the Cudefect Active Site Hypothesis 

 A very important part of the data in Figure 4.6 and Table 4.2 is that no third, Cudefect species 

is seen to an estimated detection limit of ≥0.5%. Specifically, the lack of detectable 2– or 4–

coordinate Cu corresponding to CN– poisoned Cu(CN)4 or Cu(CN)2 even down to the ≥0.5% level 

of the total Cu present puts, in turn, a huge restriction on any putative “Cudefect” site. Either such a 

putative, postulated site is present at ≤0.5% level of the total Cu present, or it has a 3–coordinate 

or 5– coordinate geometry, yet is >200-fold faster for some unknown reason compared to all other, 

normal Cusurface and Cupore sites (≥200-fold so that ≤0.5% can carry 100% of the catalysis in the 

Cudefect hypothesis). We cannot come up with any reasonable explanation why a 2nd type of 3– or 

5–coordinate Cu would have a ≥200 fold reactivity than the 3– and 5–coordinate Cu sites expected 

from the X-ray structure-based, even if simplified and idealized, model back in Figure 4.1. Put 

another way, the IR of the CN– poisoned catalyst provides direct spectroscopic evidence against 

the defect hypothesis 4 provided previously, at least at the ≥0.5% level for MOFFiltered samples. The 

working hypothesis for the structure of the 3–coordinate surface active site (and the 5–coordinate 

inactive site) has at present to be close to that that shown in Figure 4.1 based on the idealized 3– 
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and 5–coordinate structures back in Figure 4.1. While we cannot unequivocally rule out that what 

we are actually detecting is a Cudefect site that has the IR signal of “Cu(CN)3”, yet has different 

ligands than those expected from the synthesis and shown in Figure 4.1, there is no evidence for 

that more complex hypothesis. The simplest—Ockham’s razor—explanation is that the structures 

in Figure 4.1 are at least good initial, working hypotheses for at least the poisoned form of the Cu–

MOF catalyst.  

(a)	Cu;71<=>0	?&@
.. + 3CNA → [Cu;71<=>0	?&@

.. (CN)B]
A 

(b)	CuC310	?&@
.. + CNA → [CuC310	?&@

.. (CN)]D 

Figure 4.7. CN– Binding Stoichiometry to (a) Cusurface and (b) Cupore revealed by FT–IR Studies 

of CN– Poisoned CuBTTri Catalyst. 
 

 

Figure 4.8. View of the binding of 3 CN– to a Cusurface site predicted by the metal–terminated 

CuBTTri idealized structure to generate Cu(CN)3 as observed by FT–IR in Figure 4.6 (Top). The 

binding of 1 CN– to a Cupore site predicted by the CuBTTri idealized structure to generate Cu(CN) 

as observed by FT–IR in Figure 4.6 (Bottom). Shown are carbon (black), nitrogen (blue), chlorine 

(green), and copper (red). 
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Selective, Size–Based 3,3’,3”–Phosphanetriyltris–Benzene Sulfonic Acid (TPPTS) Poisoning 

of MOFFiltered Particles 

 The bulky ligand 3,3’,3”–phosphanetriyltris benzene sulfonic acid (TPPTS, Figure 4.9) 

(unhydrated van der Waals diameter of ~14 Å, hydrated diameter of 18 to 20 Å for 3 waters of 

hydration49,62) was chosen next as a selective poison for only exterior, Cusurface sites because it 

cannot enter the CuBTTri pores (unhydrated diameter ~20 Å, hydrated diameter ca 14 to 16 Å for 

4 waters of hydration62). Hence, TPPTS can only interact with the CuBTTri exterior surface, and 

cannot enter the pores to bind Cupore sites.77 

 

Figure 4.9. TPPTS poisoning of a Cusurface site modeled by the metal–terminated CuBTTri crystal 
structure. The Tolman cone angle of TPPTS falls between 160–180ᵒ.63,64 
 

A plot of the [–d[GSNO]/dt]i values as a function of equivalents of TPPTS added per total 

copper in a given MOFFiltered sample is shown in Figure 4.10. Based on a linear fit of the data, a 

mere (1.3 ± 0.4) × 10–2 equivalents of TPPTS per total Cu are required to poison the MOFFiltered 

particles completely. In control experiments, the amount of TPPTS required to completely poison 

MOFFiltered samples obtained by the alternative method of UV–VIS spectroscopy is consistent with 

that determined by 1H NMR (Appendix III, Figure S4.14). 
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The finding that only (1.3 ± 0.4) × 10–2 equivalents of TPPTS per total Cu is required to 

fully poison the CuBTTri catalyst is a telling result that further compellingly rules out Cupore as the 

active site. This valuable selective poisoning with TPPTS implicates a species present at 

1.3(±0.4)% of the total Cu as the kinetically dominant form. The idealized CuBTTri structure 

reveals that there is at most 270o present at the Cusurface sites while the Tolman cone angle for 

TPPTS63,64 is ca. 160–180ᵒ (Figure 4.9). Hence, a 1 TPPTS:1 Cusurface binding stoichiometry is 

supported (and the 1.3(±0.4)% active Cu metric generated), a valuable result given that a lack of 

knowledge of the ratio of poison to active site is the Achilles Heel of the otherwise powerful 

catalyst–poisoning method.7 Cudefect sites with a coordination number lower than 3 could in theory 

accommodate multiple TPPTS ligands, but no, for example, 2–coordinate Cu sites (which should 

have generated Cu(CN)4) are observed by FT–IR at the already cited ≥0.5% detection limit (Figure 

4.6, Table 4.2). Hence, again no evidence for a putative Cudefect site over and above the idealized 

Cusurface site is seen in the TPPTS poisoning experiments down to a ~0.5% level of the total Cu 

present. 

 

Figure 4.10. TPPTS poisoning curves for MOFFiltered particles. The critical finding is that 

1.3(±0.4)% the larger, selective poison (TPPTS) per amount of Cu present in the MOF CuBTTri 

completely inhibits the catalysis of NO release from GSNO. All values of [–d[GSNO]/dt]i were 

measured at20 min reaction time. Each data point represents the average and standard deviation of 

three measurements. 
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In summary, all the evidence so far points towards the 3–coordinate Cusurface sites present 

in the MOFFiltered samples at 1.3(±0.4)% of total Cu sites as being the kinetically dominant catalyst 

for GSNO to NO conversion catalysis beginning with CuBTTri. 

Calculation of a TOF Normalized to the Number of Active Sites, TOFnorm 

The TPPTS poisoning–determined number of active sites in a given MOF sample (i.e., and 

a 1:1 TPPTS:Cu binding ratio) was used to calculate a TOFnorm (Appendix III, Calculation S4.1). 

The resulting TOFnorm = (4.9 ± 1.2) × 10–2 mol NO (mol Cusurface)–1 s–1 (in water, at 20 min, 25 ᵒC, 

1mM GSNO, 30% loss of GSNO, and 1.3 ± 0.4 mol% Cusurface). This TOFnorm value is reported 

with the reaction conditions included as those factors (time, temperature, substrate concentration, 

catalyst loading, and so on) are known to influence experimentally determined TOF values.65 

TOFnorm values are required to make reliable comparisons to other catalysts, but are relatively 

rarely reported. Without such TOFnorm values inter–catalyst comparison are meaningless, and even 

then one should take care to not inadvertently compare different rate laws when comparing TOFs 

(i.e. for processes with different rate laws) as G. Lente has cautioned.65 

Comments on the Alternative Hypothesis of Cudefect as the True Active Site 

We end with some comments on the Cudefect active site hypothesis—the available evidence 

disfavors it, but it has not been unequivocally disproven. As is the case in science in general and 

certainly in catalytic and mechanistic chemistry, the Cudefect hypothesis is a good example of the 

fact that there is always one or more additional, often more complicated hypotheses one can think 

of that cannot be conclusively disproven by the methodology or precision of the measurements 

available at the time. Indeed, an omnipresent alternative hypothesis for any solid catalyst is that an 

alternative site—one indistinguishable from Cusurface at least by IR of the CN– poisoned catalysis 

in the present case—is actually the true, kinetically dominant catalyst. For example and for the 



89 

 

sake of illustration, a defect which exists at a trace 0.1% level but is 105 more reactive than any 

other metal site present would, then, carry ~100% of the catalytic activity. The defect hypothesis 

in catalysis is typically difficult if not approaching impossible to completely rule out, perhaps why 

many studies fail to consider it. This is where we believe studies of MOF–based catalysts have a 

sizable intrinsic advantage—we can at least start with the structural knowledge shown back in 

Figures 4.1 and 4.2 for example, and even if those structures are idealized and oversimplified.  

The results of the present studies are able, however, to put some strict requirements and 

limits on a putative Cudefect active site: (i) that Cudefect site must scale linearly with Cusurface 

production as CuBTTri particle size decreases—and is not the Cusurface site by definition, (ii) the 

putative Cudefect active site must generate a FT–IR signal of its CN– poisoned adduct that is either 

(iia) indistinguishable from those for the Cusurface (and/or Cupore) sites predicted from the metal–

terminated CuBTTri crystal structure, or (iib) is simply below the 0.5% level of total Cu that our 

IR studies have been able to detect. (iii) The hypothetically active, putative Cudefect site is not a 2–

coordinate Cu site (the one potentially more active site we could come up with) because we have 

shown that 1.3(±0.4)% of the total Cu is the (low) level of active sites, and any Cu site present at 

1.3(±0.4)% should be detectable by FT–IR (where the detection limit is ≥0.5% of total Cu). Hence, 

(iv) the postulated Cudefect active site must exhibit must greater activity than all the other Cu sites 

combined in order to carry 100% of the catalysis; and (v) postulating such a Cudefect sites carries 

the burden of coming up with a reasonable chemical idea and structure for why the putative Cudefect 

has a ≥200-fold increased activity over the expected 3–coordinate Cusurface sites—and yet is not a 

2–coordinate site, as one reasonable hypothesis that has been disproved. All of the above could be 

true, but intellectually we are manufacturing a “special type of highly active site” for which we 

have zero experimental evidence. Our bet is with the hypothesis that stands up to the application 
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of Ockham’s razor, namely that the kinetically dominant active site is surface Cu that looks a lot 

like Cusurface back in Figures 4.1 and 4.2. This is certainly the working hypothesis going forward 

that is most consistent with and supported by the present studies. 

4.3 Summary and Conclusions 

  

 The present studies utilize multiple, previously uncombined methods to study MOF 

CuBTTri catalysis of biomedically relevant conversion of GSNO to NO and to establish the 

following conclusions: 

• Quantitative, size–selective poisoning studies establish that only 1.3(±0.4)% of the total Cu 

present in MOFFiltered samples is catalytically active; 

• The amount of active Cu allows a more reliable TOF than previously available to be calculated 

for this MOF catalyzed reaction, TOFnorm = (4.9 ± 1.2) × 10–2 mol NO (mol Cusurface)–1 s–1 (in 

water, at 20 min, 25 ᵒC, 1mM GSNO, 30% loss of GSNO, and 1.3 ± 0.4 mol% Cusurface). This 

TOFnorm is, accordingly, ~100x greater than the TOF one calculates in the absence of the present 

studies (i.e., and under the otherwise normal but unsupported assumption that 100% of the Cu sites 

in the MOF are active). 

• A linear dependence of [–d[GSNO]/dt]i a (exterior surface area / interior volume) was 

established, one that provides compelling evidence disproving the traditional hypothesis of MOF 

intrapore metal site catalysis for the present example, and to zero activity (±10–5 mM s–1) for all 

the pore sites combined. 

• Hence, a simple but valuable lesson from the current work is that active site density in at least 

CuBTTri for NO release catalysis depends on the particle size and morphology. 

• Another important result of the present work is the finding that either the Cusurface or putative 

Cudefect sites (or some combination of them) are implicated as the kinetically dominant active site. 
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• The above finding has significant implications for the design of better, more active Cu–MOF 

based catalysts for at least the present NO release reaction—and by implication for other MOF 

catalyzed reactions that may be untenable for MOF intrapore metal sites: namely find ways to 

increase the external surface area and, hence, increase the number of active sites and resultant 

activity of such MOF based catalysts. 

• KCN catalyst poisoning and FT–IR analysis of the CN– poisoned catalyst (MOFFiltered samples) 

were performed and two distinct CN– to Cu binding ratios were observed, Cu(CN)3 and Cu(CN)—

the two binding modes expected based upon admittedly idealized, metal–terminated CuBTTri 

structure. No other Cu to CN– binding modes are observed, at an estimated detection limit of 

≥0.5%. Hence, no site such as a 2–coordinate Cudefect site (which should generate a Cu(CN)4 

species observable by FT–IR) that might have been produced by grinding of the CuBTTri particles 

and might have had some unusually high activity could be detected. Any Cudefect site has to have 

an IR signal indistinguishable from the IR signal of the CN– poisoned catalyst expected based on 

the idealized 3– and 5–coordinate sites in Figure 4.1 and yet has to be ≥200-fold more reactive 

than those sites for some unspecified reason that at least we cannot see at present. 

• Therefore, despite their clearly idealized, oversimplified  nature, the structural model in Figures 

4.1 and 4.2 of CuBTTri and its Cupore and Cusurface sites proved valuable in designing and 

interpreting experiments including catalytic activity vs surface area, CN– poisoning, and 

experiments involving FT–IR analysis of the CN– poisoned catalyst. This is not meant to claim 

that this work has determined the true nature of the Cusurface site at atomic resolution nor that Cudefect 

sites do not exist. However, we certainly have a much better idea of what a Cusurface site might 

actually look like compared to the hypothesis of a putative Cudefect site of totally unknown nature: 

namely the working hypothesis of the 3–coordinate, Cusurface site back in Figure 4.2. 
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• Finally, the present studies set the stage for improved, rational applications of these Cu–MOF 

based catalysts as well as three additional, future studies. One study in progress involves additional 

poisoning studies of a wider range of particle sizes and associated surface areas for the current 

CuBTTri catalyst, studies that are testing predictions from the structural model in Figure 4.1 of the 

percentage of surface sites expected vs particle size. Also in progress is the determination of the 

more detailed reaction mechanism of the CuBTTri catalyzed GNSO to NO conversion catalysis. 

The starting mechanistic hypotheses to be tested are clear, namely that the GSNO to NO 

conversion is catalyzed by either a Cu(II)/Cu(I) redox mechanism, or by a Cu(II) Lewis acid 

mechanism.31–33 A third important implication of the present studies—one with significant 

implications for practical applications—has already been briefly mentioned: the idea of 

synthesizing low dimension, Cu–based MOF nano sheets to yield catalyst materials with a greater 

proportion of the copper present as exterior surface, low coordinate, Cu sites. The needed studies 

are in progress, promise to prove interesting, and will be reported in due course. 

4.4 Experimental 

 

 Reagents. Diethylamine (99%), trimethylsilylacetylene (98%), trimethylsilylazide (94%), 

and 1,3,5– tribromobenzene (98%) were purchased from Alfa Aesar (Ward Hill, MA, USA). 

Glutathione (98%) was purchased from VWR (Radnor, PA, USA). Sodium nitrite (99.5%), copper 

(I) iodide (99.5%), bis(triphenylphosphine)palladium(II) dichloride (99%), dichloromethane 

(99%), monobasic sodium phosphate (>98%), 3, 3’, 3”–phosphanetriyltris benzene sulfonic acid 

(TPPTS) (97%), and potassium cyanide (>97%), were purchased from Sigma–Aldrich (St. Louis, 

MO, USA). HCl (1 N), methanol (99%), and sodium hydroxide (98.9%) were purchased from 

Fisher Scientific (Hampton, NH, USA). Dimethylformamide (99%) and copper (II) chloride 

dihydrate (99%) were purchased from EMD Chemicals (Gibbstown, NJ, USA). One micron mesh 
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cell strainers were obtained from Pluriselect (Germany). Ultrahigh purity nitrogen gas was 

supplied by Airgas (Denver, CO, USA). Deionized water (18.2 MΩ·cm) was obtained from a 

Millipore Direct–Q water purification system (EMD Millipore, Billerica, MA, USA). All materials 

were used as received without any further purification. 

GSNO Synthesis. GSNO was prepared following an established literature protocol.66 

Briefly, a solution of glutathione (1.53g, 4.99 mmol) was prepared in millipore filtered water (8 

mL) containing 2M HCl (2.5 mL, 10.5 mL total volume). One equivalent of sodium nitrite (0.345 

g, 4.99 mmol) was added and the resulting mixture was stirred for 40 min at 5 °C. Acetone (10 

mL) was added to the resulting red solution and the mixture was stirred for another 10min. The 

red precipitate was collected via vacuum filtration and washed with ice–cold water (5 × 5 mL) and 

ice–cold acetone (3 × 10 mL). The precipitate was then dried on a high vacuum line for 4h to 

afford S–Nitrosoglutathione (1.31 g, 3.86 mmol, 77%) (λmax) (H2O) 335, 550 nm (ɛ=922, 15.9 cm–

1 mM–1). The GSNO sample used herein was determined to be (97 ± 2)% pure by UV–VIS 

spectroscopy (Appendix III, Table S4.1, Figure S4.1). The small impurity present is glutathione 

(GSH) or glutathione disulfide (GSSG) left over from the synthesis. We have shown previously 

that added levels of GSH in greater concentration than the inherent 1–5% impurity in our as–

prepared GSNO are required to initiate measurable CuBTTri catalyzed GSNO to NO conversion 

within 20 min.35 

H3BTTri Ligand Synthesis. The H3BTTri ligand was prepared following an established 

literature protocol.30 Briefly, solid 1,3,5–tribromobenzene (9.45 g, 30.0 mmol) was dissolved in 

diethylamine (250 mL) under inert conditions (N2). Copper(I) iodide (50 mg, 0.26 mmol) and 

dichlorobis(triphenylphosphine)palladium(II) (400 mg, 0.57 mmol) were added to the stirred 

solution. Trimethylsilylacetylene (10.6 g, 108. mmol) was added to the solution and the resulting 
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mixture was heated at 50 °C for 6 h. Resulting diethylamine hydrobromide was removed by 

filtration and washed with ether (45 mL). Combined washings were evaporated to dryness in vacuo 

and the resulting product purified by a silica plug to yield 9.61 g (78%) 1,3,5–

tris(trimethylsilylethynyl)benzene as an intermediate. 1H NMR (400 MHz, CDCl3): δ = 7.43(s), 

0.23(s) ppm. 

Hydrolysis of the Trimethylsilylethynyl Intermediate. The 1,3,5–

tris(trimethylsilylethynyl)benzene intermediate (9.61 g, 26.3 mmol) was hydrolyzed by treatment 

with NaOH (aq) (30 mL, 1M), CH2Cl2 (20 mL), and methanol (50 mL) via stirring at room 

temperature for 3h. Evaporation of methanol, ether extraction of the residue, and evaporation of 

the solvent in vacuo yielded 2.68 g of white powder containing 1,3,5– triethynylbenzene. 1H NMR 

(400 MHz, CDCl3): δ =7.51(s), 3.12(s) ppm. 

Click Reaction to Form 1,3,5–tris(1H–1,2,3–triazol–5–yl)benzene. Trimethylsilylazide 

(9.26 g, 80.4 mmol) was added to a solution of copper(I) iodide (510mg, 2.63 mmol) and 1,3,5–

triethynylbenzene (2.68 g, 17.8 mmol) under inert conditions in a mixture of dimethylformamide 

(DMF; 90 mL) and methanol (10 mL). The resulting mixture was stirred at 100 °C for 36 h. The 

mixture was then filtered and reduced to a volume of 10 mL via rotary evaporation. A pale–yellow 

precipitate was formed upon the addition of millipore filtered water (30 mL) to the resulting 

filtrate. The solid was collected by filtration, washed with ether and dried in vacuo to yield 4.1 g 

(83%) of 1,3,5–tris(1H–1,2,3–triazol–5–yl)benzene. 1H NMR (400 MHz, (CD3)2SO): δ = 8.52(s), 

8.34(s) ppm. 

CuBTTri Synthesis. CuBTTri was synthesized following a previously reported 

procedure.30 A solution of H3BTTri (225 mg, 0.937 mmol) in DMF (40 mL) was prepared in a 

250mL Pyrex bottle CuCl2⋅2H2O (383 mg, 2.25 mmol) was added to the solution. The vial was 
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heated at 100 °C for 72 h to afford H3[(Cu4Cl)3(BTTri)8(DMF)12]⋅7DMF⋅76H2O. The purple 

powder was washed with boiling DMF (10 × 10 mL) and allowed to dry under ambient conditions 

to yield 218 mg (76%) of product. Solvent exchange was performed using millipore filtered water 

to yield H3[(Cu4Cl)3(BTTri)8(DMF)12]⋅72H2O. The resulting light purple powder was hand ground 

and analyzed by powder X–ray diffraction (pXRD). The observed diffraction pattern matched a 

literature standard (Figure S4.2).30 

Water Suppression 1H NMR. These experiments follow our protocol for direct, in situ 

monitoring the release of NO from GSNO in water by solvent suppressed 1H NMR.37 All NMR 

experiments were performed using an Agilent Inova 500 equipped with a 5 mm pulsed–field–

gradient HCN probe. Samples were prepared in septa–capped Wilmad 528–PP 500 MHz tubes 

under inert conditions (N2) by adding 0.5 mL of reaction supernatant to an NMR tube containing 

0.1 mL of 20 mM NaH2PO4 buffered D2O. Samples were mixed by hand, followed by 2 s of 

sonication to remove N2 bubbles. Samples were kept dark, air–free, and analyzed as soon as 

possible. NMR experiments were run using PRESAT with PURGE solvent signal suppression 

available in VnmrJ version–4.2.67 The system was buffered with NaH2PO4 to pH 4 due to the 

sensitivity of the compounds of interest (GSNO, GSH, and GSSG) to the pH of the solvent. Five 

hundred and twelve transients were acquired for all samples, which took 35 min to complete. A 2 

s square presat with a bandwidth of 100 Hz on resonance at 4.67 ppm (water) was used, followed 

by the PURGE crusher sequence and a pi/2 excitation pulse of 5.7 µs. Acquisition time was 2 s, 

with the PRESAT delay the total time between transients was about 4 s. All free induction decay 

(FID) spectra were processed using MestraNova® software to examine peak intensities and 

integration values. Data analysis and calculations were performed using Microsoft Excel®. 
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Reaction Design, Particle Size Studies, KCN Poisoning, and TPPTS Poisoning. All 

reactions described herein were carried out under an inert N2 atmosphere. GSNO, GSH, KCN, and 

TPPTS solutions were prepared from millipore H2O and solid GSNO, GSH, KCN, or TPPTS under 

inert conditions (N2) in a 200 mL round–bottomed flask capped with a rubber septum. CuBTTri 

was massed into a three–neck 100 mL round–bottomed flask and oven dried overnight at 110 °C. 

Following drying, the flask containing CuBTTri was placed under vacuum for 1 h on a Schlenk 

line and backfilled with N2 (g) prior to reaction. GSNO, GSH, KCN, or TPPTS solutions were 

then injected into the reaction flasks containing dry CuBTTri. For poisoning experiments, a KCN, 

or in separate experiments TPPTS, solution in millipore water was allowed to react with CuBTTri 

for 30 min to ensure completed binding to the Cu centers. Vigorous bubbling in the round–

bottomed flask using an N2 (g) flow was established. Reactions were bubbled vigorously to 

mitigate mass transport limitations and ensure the measured value for [–d[GSNO]/dt]i was not 

simply the rate of substrate diffusion to the MOF active sites.68,69 Reaction flasks were wrapped in 

aluminum foil to prevent exposure to light and reactions proceeded for a predetermined time. To 

quench the reaction once at predetermined times, the exit needle was removed to stop bubbling 

and the supernatant was immediately decanted via a syringe, leaving the MOF particles in the 

flask. The quenched reaction solution was then kept cool and dark in an EPA certified Cu–free 

glass vial under inert conditions (N2) or added directly to an NMR tube or UV–VIS quartz cuvette 

for analysis. The 1H NMR sample was prepared in a septa capped sample tube under inert 

conditions (N2) by injecting 0.5mL of reaction supernatant into the NMR tube along with 0.1 mL 

of 20mM NaH2PO4 buffered D2O due to the sensitivity of GSNO to the pH of the solvent. 1H NMR 

were taken at 20 min to allow sufficient loss of GSNO and GSSG product formation to be 

detectable, yet to remain relatively early in the reaction progress to determine what is designated 
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as an initial rate. Practically and given the ca. ± 5% precision of the 1H NMR data under our 

conditions, the trade–off between measurable reaction vs more points meant that taking 1 point in 

the first ca. 30% reaction was a good compromise that allowed good initial rate measurements. 

Furthermore, the plots (vide infra) using these data demonstrate they are more than adequate for 

the purposes of the present study. Catalytic loss of GSNO for MOFLarge particles was followed by 

UV–VIS spectroscopy because 1H NMR and UV–VIS spectroscopies have been determined to be 

equivalent techniques for monitoring loss of GSNO in the current system and because of the longer 

timescales required for the slow reaction with the low surface area, larger particles. No 

unanticipated safety hazards were encountered over the course of all experiments. Glassware 

contaminated with KCN was washed (3 × 20 mL) with a pH = 10 sodium bicarbonate buffer. All 

reactions reported were performed in triplicate. The reported average and standard deviation were 

calculated from those three trials. 

 Supporting Information. The following are available in Appendix III: Supporting 

Information for Chapter IV: additional characterization methods, GSNO purity assay using UV-

VIS spectroscopy, CuBTTri synthesis characterization, particle size analysis by DLS, raw 1H 

NMR data comparing particle size and the reaction rate, example calculation for initial rate, 

additional SEM micrographs of MOFGround and MOFFiltered samples, raw 1H NMR data for KCN 

and TPPTS poisoning experiments, raw UV-VIS data for TPPTS poisoning experiments, 

additional FT-IR spectra for MOFLarge, MOFGround, and MOFFiltered particles exposed to KCN, raw 

UV-VIS data examining MOFLarge particles for GSNO to NO conversion catalysis over longer time 

periods than 20 min, example calculation for a TOF value, and calculation of the ratio between 

exterior surface area and interior volume of an octahedron. 
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V. A CUII TO FORMALLY CUIII REDOX, PROTON-COUPLED ELECTRON TRANSFER 

MECHANISM FOR CUBTTRI CATALYZED NO RELEASE FROM  

S-NITROSOGLUTATHIONE1 

Overview 

Evidence is provided for an unprecedented, formally CuII to CuIII redox, proton-coupled 

electron transfer (PCET) mechanism for nitric oxide (NO) release from endogenous S-

Nitrosoglutathione (GSNO) in the presence of glutathione (GSH) catalyzed by the metal-organic 

framework (MOF) H3[(Cu4Cl)3(BTTri)8] (CuBTTri). The balanced reaction stoichiometry, active 

site characterization, and experimental rate law are used to systematically disprove competing 

mechanistic hypotheses, leading to CuII to CuIII PCET as a proposed minimal mechanism. The 

PCET steps and tripeptide structures of the endogenous GSNO and GSH are exploited by the 

CuBTTri catalyst to affect S-N bond homolysis and NO release in the proposed mechanism. The 

CuII to CuIII mechanism contrasts traditionally proposed, either CuII to CuI redox or CuII Lewis 

acid mechanisms for NO generation using other Cu-based catalysts but may be unique to the 

GSNO/GSH tripeptides and CuBTTri. The proposed mechanism sets the stage for future 

computational experiments on the CuBTTri/GSNO/GSH/NO system which will leverage the well-

defined structure of CuBTTri, structures of hypothesized reaction intermediates, and specific 

questions/hypotheses generated in the mechanism. Mechanistically guided synthesis of improved 

Cu-MOF catalysts for GSNO to NO conversion is now also possible via the experimentally based 

mechanism detailed in the present studies. Prior to the present work, the minimum, classic 

requirements for establishing a more reliable mechanism of a catalytic reaction had not been 

 

1 The work presented in Chapter V contains work currently in final preparation for submission to 

a peer reviewed journal. Minor formatting edits have been introduced to meet the dissertation 

requirements. 
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achieved for any MOF catalysis system, to the best of our knowledge, and if one includes the 

requirement of experimentally establishing the active site in the MOF.  

5.1 Introduction 

CuBTTri: A MOF Catalyst for Biomedically-Important Nitric Oxide Generation from 

Endogenous Sources.  

The catalytic generation of nitric oxide (NO) from endogenous sources such as S-

Nitrosothiols (RSNO) by solid-state, copper-based materials carries great importance in 

applications involving implanted medical devices.1–4 Generating NO in vivo stimulates 

vasodilation for improved blood flow at medical device surfaces and increases the lifetime of 

implanted devices.5–14 One NO release system that is known to operate in vivo is the generation of 

NO from the endogenous, nitrosated tripeptide S-Nitrosoglutathione (GSNO, Figure 5.1) in the 

presence of the corresponding thiol glutathione (GSH, Figure 5.1), catalyzed by the Cu-based 

metal-organic framework (MOF) H3[(Cu4Cl)3(BTTri)8] (CuBTTri, Figure 5.3).2,15–22 Glutathione 

disulfide (GSSG) has been established as the other main product of the reaction (Figure 5.1)21 for 

the CuBTTri/GSNO/GSH/NO system in water. CuBTTri is a promising MOF for biomedical 

applications because of its stability it biological media, ability to generate NO from an endogenous 

source (GSNO), and because CuBTTri is a solid-state NO generation catalyst that avoids problems 

with soluble Cu-based NO release catalysts (e.g., acute liver toxicity due to free Cu ions).2,23 

However, the reaction mechanism of CuBTTri catalyzed GSNO to NO conversion with GSH is 

poorly understood, limiting both the most efficient use of Cu-MOF NO-release catalysts as well 

as the directed design of future CU-MOF catalysts with even better NO release properties. 
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CuBTTri Catalyzed GSNO to NO Conversion: Reaction Stoichiometry and Thiol 

Dependence Have Been Established in Prior Work.  

The balanced reaction stoichiometry for GSNO to NO conversion catalyzed by CuBTTri 

in H2O was previously established by us and is shown in Figure 5.2.21 Investigating the reaction 

stoichiometry revealed that GSH must be added at stoichiometric levels to observe GSNO to NO 

catalysis by CuBTTri at a reasonable rate.19,21 Without added GSH only 10% loss of GSNO is 

observed over 16 h, but when one equivalent of GSH (relative to GSNO) is added, then 100% loss 

of GSNO is observed within 16 h, an apparent 10-fold acceleration of the reaction.21 Indeed, the 

dependence of CuBTTri on added GSH for NO release catalysis will turn out to be very important 

in formulating mechanistic hypotheses consistent with the experimental evidence (vide infra).  

Others, as well as ourselves, have hypothesized that, for both CuBTTri and solvated Cu 

ions, Cu-catalyzed GSNO to NO conversion operates through a mechanism involving a redox 

reaction at Cu and that GSH is critical in initiating that redox event.22,24,25 Investigations into 

RSNO to NO conversion, at least as catalyzed by solvated copper ions, have suggested that the 

reduction of CuII to CuI appears to be a necessary step for that particular reaction.24,25 Selective 

CuI ion poisoning experiments using the selective CuI chelator neocuproine have been shown to 

halt the reaction completely when the solvated copper ion catalyst starts as CuII.25 The CuII to CuI 

redox catalysis hypothesis for GSNO to NO conversion is, also, at least sensible as one begins to 

write proposed mechanisms for NO release from GSNO with a CuII precatalyst because, without 

electron transfer at the Cu site, it is difficult to generate a driving force for S-N bond homolysis 

(vide infra). 
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Figure 5.1. Structures and diagnostic protons used in 1H NMR to detect and quantify GSH (green, 

top) and GSNO (red, bottom) in H2O. It will become apparent from the work presented herein that 

the structural uniqueness of the GSH/GSNO tripeptide structures explains, in part, the unique 

reactivity of the CuBTTri/GSNO/GSH/NO catalysis system in comparison to the generation of 

NO from other S-Nitrosothiol/thiol pairs. 

 

 
Figure 5.2. The balanced reaction for GSNO to NO conversion catalyzed by CuBTTri determined 

previously.21 Work from several groups, including our own, has conclusively disproven the 

hypothesis that leached copper ions from the CuBTTri framework are the source of GSNO to NO 

catalysis.2,21,22,26–28 

 

For other MOF-based systems researchers have reasonably proposed that reaction 

mechanisms for solid-state MOFs and analogous homogeneous catalysts are the same based for 

example on identical observed reaction stoichiometries, as in the case of Nickel-MOF catalyzed 

ethylene dimerization.29 However, the experimentally observed reaction stoichiometries for solid 

CuBTTri versus solvated Cu ion catalyzed GSNO to NO conversion are different.21 The addition 

of stoichiometric levels of GSH to the reaction mixture is required to observe NO release catalysis 

for CuBTTri, but the opposite result is observed for solvated Cu ions—stoichiometric levels of 

GSH effectively poison Cu ion catalyzed GSNO to NO conversion in H2O.21,24,30,31 Hence, the 

different thiol dependencies of CuBTTri and solvated Cu ions as GSNO to NO conversion 

catalysts as well as their different stoichiometries demand that that the two NO-release catalysts 

employ different reaction mechanisms. 



 107 

Noteworthy here is that different RSNO substrates (of which GSNO is one endogenous 

example)15,20,32,33 respond differently to the addition of their corresponding thiol (RSH) in the 

presence of Cu-based catalysts for NO release. For example, S-Nitrosocysteamine (CysamNO) 

readily releases NO in the presence of CuBTTri without the addition of its corresponding thiol 

(cysteamine).2 It follows those mechanistic findings for even one RSNO / RSH system may not be 

applicable to other NO release systems, such as the CuBTTri/GSNO/GSH/NO system investigated 

herein. In fact, we will see that the unique reactivity of GSNO and GSH in CuBTTri catalyzed NO 

release is both an important part of the current contribution and leads to a unique, previously 

unknown proposed mechanism (vide infra). 

The Catalytically Active Cu Sites in CuBTTri for GSNO to NO Conversion. 

The active Cu sites in CuBTTri for GSNO to NO conversion catalysis have been studied 

by us in our prior work and shown to be: 1) located on CuBTTri particle exterior surfaces; 2) low-

coordinate, naturally-occurring, particle-termination Cusurface sites which can bind 3 equivalents of 

cyanide per Cu site (Figure 5.3); and 3) are active sites that are present at 1.3 ± 0.4% of total Cu 

for CuBTTri particles 600 ± 400 nm in size.22 Such low-coordinate, exterior-surface CuIIsurface sites 

should exhibit relatively low Marcus-type reorganization energy barriers for any geometric 

rearrangement required for a Cu redox step, either the CuII to CuI mechanism, or alternatively (and 

as our evidence will lead us to herein) a CuII to CuIII redox-based mechanism.34,35 In short, the 

hypothesis that the active sites in CuBTTri for GSNO to NO conversion may operate via a redox 

mechanism is therefore supported, in at least a general sense, by Marcus-theory type 

considerations. 
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Figure 5.3. (Left) The CuBTTri unit cell showing carbon (black), nitrogen (blue), chlorine (green), 

and copper (red). (Right) Finer, more detailed view of nominally 3–coordinate Cusurface site 

(indicated with arrows) previously determined to be active for GSNO to NO conversion catalysis.  

 

Minimum Requirements for Establishing a Reliable, Ockham’s Razor-Obeying Reaction 

Mechanism in any Catalytic System.  

Before establishing what is unknown about the CuBTTri/GSNO/GSH/NO catalysis 

system, it is useful at this point to list the five requirements that any experimentally determined 

reaction mechanism for a catalyst system should meet, at a minimum and ideally speaking.  

1) Determination of the kinetically dominant active site(s).22,36–42 Active site investigation in 

MOFs, for example, will ideally determine the location, number, and include some structural 

information of the active sites.43–45 Active site studies require extensive work, represent a broad 

topic in the literature, and ideally might best be performed before additional kinetics and 

mechanistic studies. Knowledge of the active site(s) in MOF catalysts, in turn, allows one to 

design the most efficient studies necessary to address the four following requirements.  

  

2) The full catalytic reaction stoichiometry, including mass and charge balance.21,39 Often, the 

critical requirement of a balanced reaction is not reported in investigations of MOF 

catalysts.46,47 Without a balanced reaction in hand, one cannot write the correct series of 

elementary steps that sum to the observed stoichiometry. Without a balanced reaction, the 

possibility also exists of proposing a mechanism that is simply wrong because it is, then, for 

another (i.e., the wrong) reaction. 

 

3) Kinetics data must be obtained for all reactants present using direct physical handles if 

possible.21 Comparing the experimentally observed rate law to rate laws derived for proposed 

mechanisms is an essential part of disproving or, if not, supporting competing mechanistic 

hypotheses. 

 

4) Elementary (or pseudo-elementary) steps which sum to the observed balanced reaction are 

required. These elementary or pseudo-elementary steps define the rate constants for each step 

of the reaction. Elementary steps also eliminate any possible language-based confusion about 
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reaction mechanisms by defining the concepts and associated language needed to describe the 

mechanism unequivocally via those pseudo-elementary steps. 

 

5) Consideration, and attempted disproof, of multiple, competing, deliberately minimalistic 

mechanistic hypotheses.48 Initial mechanistic hypotheses should only contain the minimal 

elementary steps and assumptions necessary to explain all data; that is, proposed mechanisms 

should obey Ockham’s razor.49 

 

Previous work discussed earlier in this introduction (Figures 5.1-5.3) has satisfied requirements 

1 and 2 in the above list.21,22 Specifically, balanced reaction stoichiometry (Figure 5.2) and the Cu 

active sites (Figure 5.3) are known for CuBTTri catalyzed GSNO to NO conversion in the presence 

of added GSH. The previously unsatisfied requirements to a reliable initial mechanism, 3, 4, and 

5 in the above list, are what the present work aims to address for the CuBTTri/GSNO/GSH/NO 

system. 

Focal Points Herein and For Addressing the CuBTTri/GSNO/NO Mechanism of NO Release 

Catalysis.  

Prior to the present work, to the best of our knowledge no study into the mechanism of a 

MOF catalyst had fulfilled all five of the above requirements for a minimum, more reliable reaction 

mechanism.46,47,50 This is unfortunate because, due to unparalleled chemical and physical 

tunability, MOFs stand to benefit greatly from reliable-mechanism- directed design of improved, 

future catalysts.43,51–54  

For the current system and getting back to requirements 3, 4, and 5 in the above list, the 

reaction orders were unknown with respect to GSNO, GSH, amount of Cu, and pH (requirement 

3 in the above list). We reasoned that reaction pH would be an important parameter to investigate—

as proved true, vide infra—because GSNO and GSH are both tripeptides with multiple sites which 

could participate in the reaction that will be protonated/deprotonated depending on the solution pH 

(Figure 5.1). Looking through the literature of Cu ion catalyzed GSNO to NO conversion in water, 
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we were unable to find any prior report where the rate of the reaction had been studied as a function 

of pH. As for the dependence of the rate on the “amount of Cu”, while one cannot vary the [Cu-

ion] the same way one can in solution, we can and have varied the amount and hence effectively 

the “concentration” of Cu active sites ([Cusurface], Figure 5.3) in the reaction mixture by varying 

the amount of solid CuBTTri of known particle size (and hence surface area and surface active 

sites) added to the well-stirred reaction solution. Supporting our approach is a relevant hypothesis 

prevalent in the literature of MOF catalysts, namely that proposed catalytic cycles for MOF 

systems are often written under the assumption that the metal sites determined from MOF crystal 

structures can be treated as discreet, homogeneous metal complexes.29,51,54–56 The results which 

follow will support the hypothesis viewing “MOFs as extended solid-state structures composed of 

homogenous metal sites” (vide infra), at least for the present, specific case of Cusurface sites for 

GSNO to NO conversion. 

For the present Cu-MOF catalyst system it was also unknown previously if the kinetically 

dominant reaction mechanism is one of two main types previously discussed and proposed in the 

Cu-catalyzed (both Cu ion and solid Cu materials) RSNO to NO literature: i) a CuII Lewis acid 

mechanism (where the Cu active sites remain as CuII throughout the reaction), or ii) a more favored 

CuII redox mechanism, where there is a step involving reduction of CuII—or as proposed herein 

oxidation of CuII .24,25,57–60 

Hence, herein we report the experimental rate law for CuBTTri catalyzed GSNO to NO 

conversion with respect to GSNO, GSH, total Cu, and pH. We considered six main competing 

mechanistic hypotheses that seemed appropriate a priori (two CuII Lewis acid mechanisms, three 

CuII to CuI redox mechanisms, and one CuII to CuIII mechanism). Of course, as is always the case 

in studying reaction mechanisms, the hypotheses considered initially are chosen from a 
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theoretically infinite list based upon what is deemed reasonable using one’s knowledge of the 

system of interest48,49 as well as one’s broader chemical and mechanistic knowledge. Our currently 

favored, disproof-based, proposed mechanistic hypothesis is shown in the first reaction mechanism 

in the Discussion (i.e., and if one wishes to look ahead to that mechanism). It is a CuII to CuIII 

redox mechanism with two proton-coupled electron transfer (PCET) steps. The proposed 

mechanism satisfies all five of the requirements previously listed for proposing reliable reaction 

mechanisms and is a minimalistic explanation that can explain the observed kinetic and other 

mechanistic data that follow. 

5.2 Results 

As noted in a section of the Introduction, our previous work on CuBTTri catalyzed GSNO 

to NO conversion determined the balanced reaction stoichiometry (Figure 5.2) and provided 

compelling evidence for exterior surface Cu sites as the kinetically dominant, catalytically most 

active site (Figure 5.3) in the CuBTTri/GSNO/GSH/NO system.22 Those studies thereby satisfy 

requirements 1 and 2, respectively, en route to more reliable minimum reaction mechanisms. 

Hence, we turned our efforts towards requirement 3 (vide supra), namely obtaining experimental 

kinetics data for the rate law with respect to [GSH], [GSNO], [Cu]T, as well as the reaction pH.  

Figure 5.4 shows the first-order integrated rate plot for ln[GSNO]t vs the reaction time. 

[GSNO] was monitored using the previously reported solvent suppression 1H NMR method.21 

Figure 5.4 shows that the reaction is first order in [GSNO] under the standard reaction conditions 

reported herein (i.e., when [GSNO]i is between 1 and 1.5 mM and at 20 min reaction time). The 

linear fit of the data where [GSNO]i = 1 mM yields the empirical rate law (equation 5.1): 

-d[GSNO]

dt
 = kGSNO,obs[GSNO]

1
 (eq. 5.1) 

Where kGSNO,obs is the observed first-order rate constant (1.92 ± 0.11) × 10–2 s–1. 
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Figure 5.4. First-order integrated rate plot of ln[GSNO]t versus reaction time for experiments 

where [GSNO]i = 1 mM. The linear trend line is fit by the equation y = ((–1.92 ± 0.11) × 10–2)x – 

((1.32 ± 2.94) × 10–2), R2 = 0.99. The reaction is first order in GSNO in at 1 mM and at 20 min 

reaction time (the standard reaction conditions described herein). Additional experiments where 

[GSNO]i = 1.5 mM (Appendix IV, Figure S5.2) show that the reaction is 1st order in GSNO at a 

range of [GSNO]i, and that the results shown here where [GSNO]i = 1 mM are not unique. 

 

Next, Figure 5.5 shows the relationship between the reaction rate (-d[GSNO]/dt) and the initial 

concentration of GSH added to GSNO release reactions with CuBTTri. The reaction is 1st order in 

[GSH] in the lower range of concentrations studied (0.025 to 0.15 mM). For higher levels of [GSH] 

the reaction becomes saturated and appears 0th order in [GSH]. Figure 5.6 shows a linear fit of the 

1st order portion of the plot in Figure 5.5 (the first four points). Figure 5.5 yields the empirical rate 

law (equation 5.2): 

-d[GSNO]

dt
 =	kGSH,obs[GSH]

1→0
 (eq. 5.2) 

Where kGSH,obs is equal to the observed first order rate constant ((1.76 ± 0.1) × 10–3 s–1) defined by 

the slope of the line in Figure 5.6. The GSH present in experiments with the lowest level of [GSH] 

in Figure 5.6 ([GSH] = 0.025 mM) is a ~1-5% GSH impurity in the GSNO sample leftover from 

the GSNO synthesis (as summarized in the experimental section). All other experiments contain 

added GSH beyond that baseline-impurity level. 



 113 

 
Figure 5.5. Plot of -d[GSNO]/dt measured at 20 min reaction time versus [GSH]i added to the 

reaction mixture. There are two distinct domains shown on this plot. In the first domain, the 

reaction is first order in [GSH]; in the second domain the reaction is zeroth order in [GSH] and 

shows saturated kinetics with respect to [GSH]. The first point of the plot corresponds to a set of 

experiments where no GSH was added to the reaction, so that the only present is ca. 1-5 % GSH 

present as an impurity from the GSNO synthesis. 

 

 
Figure 5.6. Plot of the 1st order portion of Figure 5.5 (the first four points) with a linear least-

squares fit (all linear fits herein were obtained with a least-squares fit). The line is fit by the 

equation y = ((1.76 ± 0.1) × 10–3)x – ((4.17 ± 0.29) × 10–5), R2 = 0.99. Physically, the intercept 

cannot be negative (–(4.17 ± 0.29) × 10–5 mM s–1), so that at 3 sigma the error is taken to be (±(4.17 

± 0.29)) × 10–5 mM s–1. This plot demonstrates that GSH must be present, even if in small amounts, 

to observe CuBTTri catalyzed GSNO to NO conversion. 
 

 Third, Figure 5.7 shows the relationship between -d[GSNO]/dt and the amount of exterior 

surface Cu sites in CuBTTri (reported as mol % of GSNO). Previous work has shown that the NO 

release reaction is first order in CuBTTri particle exterior surface area.22 The plot in Figure 5.7 
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also shows that the reaction is first order in catalytically active Cusurface sites, as expected. The 

number of Cusurface sites present in each experiment was calculated based upon the previously 

determined Cu active site density in 600 ± 300 nm CuBTTri particles.22 The linear relationship in 

Figure 5.7 yields the empirical rate law for just the Cu-catalyst (equation 5.3): 

-d[GSNO]

dt
 = kCu,obs[Cusurface]

1
 (eq. 5.3) 

The observed first-order rate constant, kCu,obs, set by the slope of the line in Figure 5.7 is kCu,obs = 

(1.06 ± 0.04) × 10–4) s–1. The [Cusurface] term in equation 5.3 reflects the total number of Cusurface 

sites, that is the “concentration” of insoluble Cu sites suspended in the volume of solution by 

vigorous stirring as detailed in the Experimental section. 

 

 
Figure 5.7. Plot of -d[GSNO]/dt measured at 20 min versus Cusurface sites added into the reaction 

(Cu reported in mol % of GSNO). The line is fit by the equation y = ((1.06 ± 0.04) × 10–4)x + 

((6.74 ± 3.98) × 10–6), R2 = 0.99. The horizontal error bars represent the previously determined 

experimental error in the active site density of the CuBTTri particle used herein. High CuBTTri 

mass loadings required for greater than 5 mol % Cusurface resulted in artificially lowered 

experimental -d[GSNO]/dt ], apparently due to mass-transport limitations in the turbid, suspended-

solid solution. 
 

 Lastly, the effect of pH on reaction rate was also investigated. Relevant here is that GSNO 

and GSH are endogenous tripeptides with multiple exchangeable, carboxylate and thiol protons 
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(Figure 5.1, vide supra). Hence, varying the reaction pH was investigated to see what insights such 

pH changes might teach about the reaction mechanism. 

Figure 5.8 shows -d[GSNO]/dt as a function of reaction pH in buffered solutions prepared 

using non-coordinating buffers as detailed in the Experimental section. Decrease in -d[GSNO]/dt 

as reaction pH increases suggests that OH- is involved in catalyst deactivation. Further discussion 

of the apparent catalyst poisoning at higher pH values will be presented in the Discussion section 

and is an important piece of evidence in support of our currently favored mechanism that has a 

CuII-bound GSH that can be deprotonated, and then poison, the proposed catalytic pathway. All  

-d[GSNO]/dt versus pH studies were carried out under conditions where the reaction was saturated 

in [GSH]. Therefore, the maximum number of CuIIsurface sites available were coordinated with GSH 

for all the data points in Figure 5.8. 

 
Figure 5.8. Plot of -d[GSNO]/dt versus [OH–]. The x-axis is presented on a log10 scale to reflect 

the fact that [OH–] was varied over several orders of magnitude by altering the reaction pH. 

However, the data points correspond to the true, numerical value for [OH–] and not log[OH–]. The 

measured value for -d[GSNO]/dt at pH = 9 is equal to zero (the furthest right point on the plot). 

The data were fit to estimate reaction parameters (summarized in Appendix IV). 

 

 Overall, the kinetics data reported in Figures 5.4-5.8 reveal that the rate law for CuBTTri 

catalyzed GSNO to NO conversion is: a) first order in [GSNO], b) first order initially, but the 
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exhibiting saturation kinetics, in [GSH] c) first order in [Cusurface], and d) inversely dependent on 

[OH–]. The kinetics data reported herein yield the experimental rate law shown in equation 5.4: 

-d[GSNO]

dt
= kobs

[GSNO][Cusurface][GSH]1→0

[OH–]1→0
 (eq. 5.4) 

At pH = 4.5 the apparent rate law simplifies to equation 5.5, where the small, constant denominator 

[OH]-1 term has been absorbed into k’obs: 

-d[GSNO]

dt
= kobs

' [GSNO][Cusurface][GSH]
1→0

 (eq. 5.5) 

Equations 5.4 and 5.5 satisfy the third requirement for determining a catalytic reaction mechanism 

(vide supra), namely obtaining an experimental rate law for the reaction. It is important to note 

here that this treatment of the -d[GSNO]/dt versus pH data operates under the assumption that the 

reaction mechanism does not change when moving from pH = 4.5 to 6 to 9. However, based upon 

the relative pKa values of the protons available in GSH and GSNO (Figure 5.1, discussed in greater 

detail in the following Discussion section), we propose it is reasonable to assume that the reaction 

mechanism is the same for all three pH values tested in Figure 5.8.  

A Summary of the Key Experimental Evidence That Must Be Accounted for by Any 

Proposed Initial, Minimum Mechanism.  

The Results section combined with our prior work21,22 establishes five key pieces of 

evidence that any proposed GSNO to NO catalytic cycle must meet. That evidence, items A 

through E below, is of course specific to the CuBTTri/GSNO/GSH/NO system and satisfies (but 

is not identical in its order) to the list in the Introduction (vide supra) of requirements a proposed 

reaction mechanism needs to meet: 

A. Copper ions leached from CuBTTri have been ruled out as the active catalyst.1,2,21 Previously 

reported results detail the following evidence inconsistent with Cu ions as being the kinetically 

dominant catalyst: (i) the lack of catalytic activity of the reaction supernatant; (ii) catalyst 

poisoning by TPPTS; (iii) solvated Cu ion poisoning by GSH; and (iv) the surface sites 
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detected by FT-IR spectroscopic analysis of CuBTTri poisoned by cyanide. A more detailed 

discussion of the four points listed here can be found in Appendix IV. Hence, the proposed 

mechanism uses a Cu-MOF (surface) active site provided by CuBTTri solid catalyst.  

 

B. The proposed mechanisms must operate via the previously characterized Cusurface active sites 

on CuBTTri. Those catalytically Cusurface sites have 3 open coordination sites to accept ligands 

other than solvent and are bound to two nitrogen atoms from the H3BTTri linker and one 

interstitial chlorine atom.26–28 The Cusurface active sites can by poisoned by cyanide, by 3,3′,3′′-

phosphanetriyltris (benzenesulfonic acid) trisodium salt (TPPTS) and the results herein suggest 

by GS– (vide infra and vide supra).22 

 

C. The proposed mechanism must of course sum to the experimentally observed reaction 

stoichiometry (Figure 5.2, vide supra). 

 

D. The mathematically derived rate law for proposed mechanisms must of course match the 

experimentally observed rate law given in equations 5.4 and 5.5. That is, the proposed 

mechanism must be 1st order in GSNO, GSH (with the possibility of saturation in each, 

implying they are involved in prior binding Keq), 1st order in Cusurface atoms, and inverse order 

in OH− up to a zero-order dependence at pH ≥ ca. 6.7. 
 

E. The proposed mechanism must be able to be written as catalytic cycle, so that for example 

after NO release from GSNO, the Cu active site must be back in the starting state where it then 

bound GSNO. 

 

5.3 Discussion 

The Discussion section which follows contains four stages en route to establishing a best 

mechanistic working hypothesis for going forward for CuBTTri catalyzed GSNO to NO 

conversion that is consistent with and supported by the above-summarized experimental data. 

First, we provide a brief discussion of the alternative mechanistic hypotheses considered, but 

which did not fit the observed data. Second, we present the presently favored, proposed mechanism 

and compare it to the observed rate law and other data. Third, key features of the catalytic cycle 

are then explained in more depth. The special properties of GSNO and GSH as substrates in the 

NO release reaction turn out to be an important part of that discussion—consistent with the 

literature where the endogenous tripeptides GSNO and GSH are known to exhibit unique behavior 

in comparison to other Cu/RSNO/RSH/NO release systems.16–19,24,25,30,32,58,61–63 Fourth, we will 
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present specific hypotheses about the exact nature of observed catalyst poisoning at alkaline pH 

(Figure 5.8). 

Problems with CuII Lewis acid and CuII to CuI Redox Mechanisms.  

 

Table 5.1. Considered, but disproven, mechanistic hypotheses for CuBTTri catalyzed GSNO to 

NO conversion in the presence of GSH in water. The requirements listed at the top of the second 

through fifth columns in Table 5.1 are requirements A-E listed at the end of the Results section, 

respectively. Each disproven hypothesis fails to satisfy one or more of the requirements in the list 

A-E, disproving all four listed mechanisms en route to the proposed mechanism that will be given, 

vide infra. 

 

The alternative mechanistic hypotheses we considered, but which could be ruled out, are 

described briefly in Table 5.1 and the text that follows. Disproven mechanisms are discussed in 

greater detail in Appendix IV for the interested reader.  

First, we considered two CuII Lewis acid mechanisms for CuBTTri catalyzed GSNO to NO 

conversion. Ultimately, it proved difficult to write a chemically reasonable, minimalistic reaction 

(#) Mechanistic 

Hypothesis/Specific 

Requirement 

A) Does this 

hypothesis 

make use of 

Cu active 

sites within 

the 

CuBTTri 

framework? 

B) Does this 

hypothesis 

make use of 

the 

previously 

characterized 

Cu active 

sites? 

C) Can this 

hypothesis be 

written to sum 

to the 

observed 

reaction 

stoichiometry? 

D) Does the 

derived rate 

law for this 

hypothesis 

match what is 

observed 

experimentally? 

E) Can this 

hypothesis 

be written 

as a 

reasonable, 

minimalistic 

catalytic 

cycle? 

1) CuII Lewis acid, 

S-N homolysis 

resulting from 

inductive effects 

Yes, 

requirement 

A is satisfied  

Yes, 

requirement B 

is satisfied 

No, 

requirement C 

is not satisfied 

No, requirement 

D is not satisfied 

No, 

requirement 

E is not 

satisfied 

2) CuII Lewis acid, 

thiol coupling 

Yes, 

requirement 

A is satisfied  

Yes, 

requirement B 

is satisfied 

No, 

requirement C 

is not satisfied 

No, requirement 

D is not satisfied 

Yes, 

requirement 

E is satisfied 

3) CuII to CuI 

redox, GS- is the 

reductant 

Yes, 

requirement 

A is satisfied  

Yes, 

requirement B 

is satisfied 

No, 

requirement C 

is not satisfied 

No, requirement 

D is not satisfied 

Yes, 

requirement 

E is satisfied 

4) CuII to CuI 

redox, GS• forms 

from GSH 

Yes, 

requirement 

A is satisfied  

Yes, 

requirement B 

is satisfied 

No, 

requirement C 

is not satisfied 

Yes, requirement 

D is not satisfied 

No, 

requirement 

E is not 

satisfied 
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mechanism for a CuII Lewis acid pathway. One possible CuII Lewis acid pathway involves 

coordination of GSNO and then GSH to CuII, followed by homolysis of the S-N bond to release a 

thiyl radical (GS•) and NO from GSNO (Appendix IV, Figure S5.9). However, this first CuII Lewis 

acid mechanism could be discarded because: (i) it did not explain the requirement that GSH must 

be added to the reaction at stoichiometric levels to observe catalysis with CuBTTri, and (ii) it could 

not be written, at least in our hands, as a reasonable catalytic cycle. 

A second class of CuII Lewis acid mechanism that was considered and is listed in Table 5.1 

as entry #2 is based on the well-known Cu-catalyzed thiol-coupling reactions (Appendix IV, 

Figure S5.10).59,61 However, this second class of CuII Lewis acid mechanisms can be ruled out 

because it is not consistent with the observed reaction stoichiometry, as it predicts GSSG formation 

from GSH (which Figure 5.2 rules out) and rather than from GSNO as observed. The second class 

of CuII Lewis acid mechanisms also requires the formation of either CuI or [NO]− as reaction 

products (Appendix IV, Figure S5.10). All but one of the CuII Lewis acid mechanisms considered 

(Figure 5.10, vide infra) failed to provide a reasonable explanation for the homolysis of the S-N 

bond. In short, the CuII Lewis acid mechanisms provided no clear explanation for the essential 

feature of the reaction of interest, namely NO release from GSNO, at least in our hands and as we 

wrote each mechanism in Table 5.1 (see Appendix IV if additional details are desired). 

The prevailing hypothesis for solvated Cu ion catalyzed GSNO to NO conversion, CuII 

reduction to CuI, was also carefully considered to see if it could explain our observed stoichiometry 

and kinetics entries #3 and #4 in Table 5.1. However, we encountered several problems in trying 

to write a reasonable CuII to CuI mechanism for CuBTTri catalyzed GSNO to NO conversion. 

First, if one writes a mechanism where thiolate (GS−) is the reducing agent (Appendix IV, Figure 

S5.11), the derived rate law for such a mechanism predicts that the reaction rate will increase as 
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pH increases, but the exact opposite effect is observed, as seen in Figure 5.8. Second, CuII to CuI 

mechanisms can be written which include an identical intramolecular deprotonation to step 3 in 

the currently favored mechanism shown in Figure 5.9. Following GSH deprotonation, GS− 

performs a one electron transfer to CuII and generates a thiyl radical (GS•, Appendix IV, Figure 

S5.12). However, mechanisms where GS•, and thus GSSG, are generated from both GSH and 

GSNO are ruled out by the observed reaction stoichiometry (Figure 5.2) in which the amount of 

GSSG corresponds to only one-half the amount of starting GSNO.21 Furthermore, it is difficult to 

explain the driving force for why CuI is oxidized back to CuII in any of the CuII to CuI pathways 

considered. Again, these alternative mechanistic hypotheses that were considered are presented in 

greater depth in Appendix IV for the interested readers’ perusal. Ultimately, it appears that placing 

the active Cu site within the solid framework of the CuBTTri surface prevents the catalyst from 

operating through a CuII to CuI redox mechanism, a point expected given the large if not prohibitive 

Marcus barrier expected for a CuII to CuI redox pathway within at least the internal CuII sites in a 

MOF. 

The Currently Favored, Proposed CuII to CuIII Redox, Proton-Coupled Electron-Transfer 

Mechanism.  

Eventually—to our surprise—we wound up at the CuII to CuIII, proton-coupled electron-

transfer (PCET) redox mechanism in Figure 5.9 as our proposed catalytic cycle for GSNO to NO 

conversion catalyzed by CuBTTri. The CuII pre-active site in Figure 5.9 is drawn and written as 

CuII(N2)(Cl)(OH2) to reflect the hypothesis that each CuIIsurface site (Figure 5.3) is coordinated to 

one chlorine and two nitrogen atoms within the framework.26–28 We note here that the pre-active 

site is formally a net +1 cation complex, at least locally, as indicated by the “[ ]+” nomenclature 

around key species in Figure 5.9. The structures in the catalytic cycle are drawn with trigonal 
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bipyramidal geometry because steric effects resulting from the bulky nature of the GSH/GSNO 

tripeptide ligands (Figure 5.1) are minimized by placing one tripeptide in an axial position and the 

other in an equatorial position, a detail that is reasonable but not known absolutely, of course. The 

Cu site in Figure 5.9 exists as either a CuII site (d9) or CuIII site (d8), lending further support to 

drawing the sites as trigonal bipyramidal. Metal complexes with d9 or d8 electron counts are known 

to exhibit little to no structural preference energy for a D3h (trigonal bipyramidal) compared to the 

often slightly electronically favored C4v (square pyramidal) geometry.64,65 The elementary steps of 

Figure 5.9 are described in a list below and in more detail in what follows. The catalyst poisoning 

step in Figure 5.9 is not included in the list (as it exists outside the catalytic cycle) and is discussed 

in its own separate section later in this Discussion (vide infra). 
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Figure 5.9. Proposed catalytic cycle for GSNO to NO conversion catalyzed by CuBTTri in water. 

The mechanism begins with GSH and GSNO coordination to the CuII pre-active site (steps 1 and 

2), followed by CuII oxidation to what is formally CuIII and S-N bond homolysis in GSNO resulting 

in GSSG formation (steps 3 and 4), and is completed by CuIII reduction back to CuII along with 

release of NO which closes the catalytic cycle (steps 5 and 6). While each GSH/GSNO molecule 

contains two terminal carboxylate groups (Figure 5.1), only one has been drawn on each molecule 

in this Figure for the sake of simplicity and because only one carboxylate is involved in the 

proposed mechanism. The character “G” in the GSH and GSNO structures represents the identical 

tripeptide backbone in each molecule. Catalyst poisoning occurs via abstraction of the thiol proton 

by OH- in GSH coordinated to the CuII site, effectively preventing at least steps 5 and 6 in the 

catalytic cycle and stopping NO release. 
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Step 1)  Rate constants k1 and k−1. Reversible coordination of GSH to CuII through sulfur displaces 

H2O and initiates the catalytic cycle. Coordination from sulfur to CuII is represented using a 

dative bond formalism, that is without a –S+–Cu- charge implied in a valance bonding 

formalism, as that that avoids the otherwise resultant confusion of an implied reduction to CuI 

(i.e., in a valance bonding oxidation-state formalism vs the traditional “even electron” CuII 

oxidation-state formalism typically employed and utilized herein).66 Step 1 forms a net neutral 

intermediate Cu site. Figure 5.9 shows GSH coordination to CuII first for the sake of simplicity, 

however it is possible that instead GSNO coordinates to CuII before GSH. The timing of steps 

in reaction mechanisms before or after the t.l.s. cannot be determined with kinetics studies and 

is rarely, if ever, conclusively established. Which species coordinates to CuII first may vary 

depending on the relative concentrations of GSH/GSNO and impacts the derived rate law for 

Figure 5.9. The interested reader is directed to Appendix IV for further details. 

  

Step 2)  Rate constants k2 and k−2. Reversible coordination of GSNO to CuII through nitrogen. 

Mechanisms analogous to Figure 5.9 can be drawn where GSNO coordinates to CuII through 

sulfur. Overall, N vs S coordination of GSNO to CuII is a detail in the mechanism in Figure 

5.9 that will be addressed via future, needed computational studies. The intermediate formed 

in Step 2 is formally a net -1 anionic complex. 

  

Step 3)  Rate constants k3 and k−3. Proposed intramolecular deprotonation of the thiol proton in 

GSH by the terminal carboxylate in GSH (Figure 5.1). The deprotonation increases electron 

density around sulfur and CuII and helps drive the, at least formal, oxidation of CuII to CuIII via 

an inner-sphere one electron transfer from CuII to nitrogen. Critically, this proton-coupled 

electron transfer (PCET) provides the driving force for homolysis of the S-N bond in GSNO 

and release of a thiyl radical (GS•). Furthermore, step 3 is favorable in part because the 

intermediate formed is a net neutral complex. Step 3 is assumed to be the turnover limiting 

step (t.l.s.), which means that k−3 << k4 and k5. Further support for the hypothesis that step 3 is 

the t.l.s. is presented later in this discussion section when analyzing the catalyst poisoning data 

in Figure 5.8 (vide infra). The concentration dependencies in the derived rate law for Figure 

5.9 (equation 5.6) do not change if steps 2, 3, 5, or 6 are set as the t.l.s., only the constants 

making up the net “kobs” change. Hence, we present step 3 as the t.l.s. at this time for the sake 

of simplicity and given point 4 discussed next. 

 

Step 4)  Rate constant k4. Radical recombination of GS• to generate GSSG product. Note that step 

4 is unlikely to be the t.l.s. because k4 (the rate constant for thiyl radical recombination) is 

known to be diffusion controlled, >109 s−1 in H2O for GS•.61,67 

 

Step 5)  Rate constants k5 and k−5. Reduction of CuIII back to CuII via an inner-sphere one electron 

transfer from nitrogen to CuII coupled to a reverse of the intramolecular deprotonation in step 

3, that is sulfur anion ligand (GS–) deprotonation of the terminal carboxylate group in GSH. 

Electron transfer in step 5 is proposed to result concomitant with a change in NO ligand 

geometry from bent (formally [NO]–) to near-linear (formally •NO) driven by the higher 

reduction potential at CuIII due to conversion of a formally –GS–(COOH) ligand to a –

GSH(COO-) ligand. The intermediate formed from step 5 retains the net neutral charge formed 

in steps 3 and 4. The proposed catalytic cycle shows that the synthetic CuBTTri NO release 
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catalyst utilizes what appears to be nature’s elegant PCET chemistry for GS-NO bond 

activation. 

 

Step 6)  Rate constants k6 and k−6. Dissociation of NO from CuII. Dissociation of the neutral NO 

ligand results in the release of NO product and regeneration of the CuII site generated in step 1 

of Figure 5.9. It is possible of course that the intermediate shown in between steps 5 and 6 is 

not needed, or at most a very transient intermediate, another topic worthy of planned 

computational investigations. 

 

The derived rate law for the mechanism shown in Figure 5.9 with k3 as the turnover-limiting step 

at reaction pH = 4.5 (Appendix IV, Derivation S5.1) is given below in equation 5.6 and matches 

the experimental rate law (equation 5.5).  

-d[GSNO]

dt
=k3Keq,1Keq,2[GSNO]

1
[Cu]

T
[GSH(COO

-
)]
1→0

 (eq. 5.6) 

The mechanism in Figure 5.2 can be written (by manipulating the coefficients of each 

elementary step) to sum to the experimentally observed reaction stoichiometry (Figure 5.2). 

Previously, it was established that each equivalent of GSNO lost produced one equivalent of NO 

and one half of an equivalent of GSSG.21 However, our previous work did not have an explanation 

for the disappearance of ~15% of the GSH over the course of the reaction. The proposed 

mechanism in Figure 5.9 explains that GSH loss naturally, however, as it is due to GSH bound to 

the CuII resting state of the catalyst. The loss of GSH may also occur by physisorption to CuBTTri 

over and above the binding of GSH to CuII shown in Figure 5.9.68 

The Question of Formal CuIII vs Physically More Correct Cu Oxidation State In Figure 5.9  

What is formally CuIII is written in Figure 5.9 in conjunction with the normal, U.S. “even” 

(vs European “odd”) formalism of bookkeeping electrons.66 We are aware of Pauling’s 

electroneutrality principle69 which states that the charge on the central metal ion in a complex lies 

between ±1 (others say ±0.5). We are also aware of work that provides XAFS as well as DFT 

evidence that CuIII physically likely never exists, an unsurprising result again in light of both 
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Pauling’s electroneutrality principle as well in light of molecular orbital population analyses on 

even some of the very earliest quantum mechanical calculations of transition-metal species that 

are in general agreement with Pauling’s principle.70 In short, it is not our intention to say that a 

physically truly CuIII species is formed as written using the oxidation-state formalism employed in 

Figure 5.9. 

It is our intent to show arrow pushing and a general flow of electrons that will drive the 

key GS-NO bond cleavage. Our hypothesis is that the Cu active site in Figure 5.9 is if anything 

oxidized, not reduced, en route to providing the driving force for S-N bond homolysis in GSNO. 

It is entirely possible, however, that more especially S-ligand-based orbitals are what is oxidized 

while the Cu site in Figure 5.9 acts mainly as a conduit for charge transfer, with overall little true 

redox change at Cu. Just such a “ligand-based redox, PCET, all CuII mechanism” is shown below 

in Figure 5.10. One key point to make clear here is that Figures 5.9 and 5.10 are resonance forms 

of one another, and hence both contribute to some extent to the overall, “true” mechanism. 

Additionally, a limiting case of an all CuI mechanism is provided in Appendix IV for the interested 

reader. DFT calculations, followed by population analysis of the resulting molecular orbitals, as 

well as studies by methods such as XAFS able to address the net charge at Cu are needed, some 

of which are already in progress. 
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Figure 5.10. Proposed alternative mechanistic hypothesis for GSNO to NO conversion catalyzed 

by CuBTTri in water. In this mechanism (which matches the experimentally observed rate law and 

stoichiometry) the formal oxidation state of CuII remains unchanged throughout the catalytic cycle. 

CuII (d9) acts as a conduit for e- transfer between S (in the GSH ligand) and N (from the GSNO 

ligand). Steps 3 and 5 are PCET, as in the CuII/III Figure 5.9. The above mechanism can be 

considered a ligand-dominated, charge-transfer mechanism. Ultimately, the above mechanism is a 

resonance form of the CuII/III mechanism (Figure 5.9) where CuII is never formally oxidized or 

reduced by the gain or loss of a full e-. The mechanism above addresses the question of: is the CuII 

site in CuBTTri formally oxidized or reduced to catalyze S-N bond homolysis or does the CuII site 

merely act as a “conduit” for e- transfer between the ligands? Evidence that CuIII sites do, in 

general, not form supports the ligand-dominated e- transfer shown above.70 
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Estimating Thermodynamic/Kinetic Parameters in Figures 5.9-5.10 

 Using the data in Figures 5.5, 5.6, and 5.8 and the predicted rate law as given by the 

derivation in S5.1 in Appendix IV, one can estimate the following thermodynamic/kinetic 

parameters for Figure 5.9-5.10 from the resultant analysis of the kinetics data: (1) the equilibrium 

constant for Step 1, Keq,1, (2) the equilibrium constant for the poisoning step, Keq,pois, and (3) the 

product of the rate constant for Step 3 and the equilibrium constant for Step 2, k3*Keq,2. What 

follows in this section is a brief discussion of how each of the parameters listed above was 

estimated (summarized in Table 5.2). Appendix IV contains the full details of how the data in each 

figure was analyzed to obtain the estimated parameters. It is worth pointing out here that successful 

fitting of kinetics data to obtain the reaction equilibrium constant and rate constant parameters 

suggests that the mechanistic hypotheses in Figures 5.9-5.10 are, at the very least, decent initial 

mechanistic hypotheses. Moreover, the equilibrium and rate constants obtained from fits of the 

kinetics data in Figures 5.5, 5.6, and 5.8 to the predicted rate law(s) corresponding to Figures 5.9-

5.10 make physical sense (Table 5.2, vide infra), further supporting the at least reasonableness of 

the working mechanistic hypotheses presented as Figures 5.9-5.10.  

Table 5.2. Estimated reaction parameters for Figures 5.9-5.10 and the kinetics data used to 

calculate the estimates. The full details of how each of the estimated parameters was calculated 

can be found in Appendix IV. The values for Keq,1 and Keq,pois are dimensionless. 

Reaction Parameter Data Used for Estimation Value 

k3*Keq,2 Figure 5.5-5.6 (5.6 ± 1.6) x 10–4 s–1 

Keq,1 Figure 5.5-5.6 6.1 

k3*Keq,2 Figure 5.8 (5.02 ± 0.2) x 10–4 s–1 

Keq,pois Figure 5.8 (2.34 ± 0.05) x 108 
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The data in Figures 5.5 and 5.6 yield estimates for both Keq,1 and k3*Keq,2. The slope of the 

line of Figure 5.6 where -d[GSNO]/dt is 1st order in [GSH]i is equal to k3*Keq,1* 

Keq,2*[Cu]T*[GSNO] (as explained in the derivation S5.1 in Appendix IV). The levels of [Cu]T 

and [GSNO] were held constant at 0.5 and 1 mM, respectively, for the experiments summarized 

in Figure 5.6. Therefore, one can use the slope of the line in Figure 5.6 to estimate k3*Keq,1* Keq,2. 

The portion of the data in Figure 5.5 where -d[GSNO]/dt is 0th order in [GSH] (and -d[GSNO]/dt 

is a constant) is equal to k3* Keq,2*[Cu]T*[GSNO] (as explained in the derivation S5.1 in Appendix 

IV). Therefore, one can calculate an estimate for Keq,1 and k3*Keq,2 using the data in Figures 5.5 

and 5.6 (Table 5.2, explained in full detail in Appendix IV). The estimates for Keq,1 and k3*Keq,2 

given in Table 5.2 are, again, physically reasonable: the association of GSH to CuII is mildly 

favorable (Keq,1 = 6.1), thiols such as the bulky GSH being only a moderate ligand. The value for 

k3*Keq,2 ((5.9 ± 0.08) x 10–4 s–1) is expected to be small based upon the hypothesis that k3 

corresponds to the turn-over limiting step in Figures 5.9-5.10. 

 The data in Figure 5.8 can be fit using non-linear least squares to yield estimates for both 

Keq,pois and k3*Keq,2 (full details are available in Appendix IV). The experimentally observed (vide 

infra) and derived (Appendix IV) rate laws for the reaction run at pH > 4.5 and saturated in [GSH] 

is given in equations 5.4 and 5.7 (vide infra). Using a general form of the derived rate law where 

one fit parameter is set equal to Keq,pois and one fit parameter is set equal to k3*Keq,2 yields the 

estimates for these two parameters shown in Table 5.2. Pleasingly, the value of k3*Keq,2 estimated 

from the data in Figure 5.8 ((5.02 ± 0.2) x 10–4 s–1 matches, within experimental error, the estimate 

for k3*Keq,2 from the data in Figures 5.5 and 5.6 ((5.6 ± 1.6) x 10–4 s–1)). The good agreement 

between these two estimates for k3*Keq,2 from two different sets of data supports the proposed 
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mechanism, the treatment of the data, and argues for reasonable at least precision if not accuracy 

for the estimates of k3*Keq,2 herein.  

The value estimated for Keq,pois from the data in Figure 5.8 is large, on the order of 108. The 

large magnitude Keq,pois is reasonable as the deprotonation in the poisoning step (Figures 5.9-5.10) 

is energetically favorable (especially given the fact that the pKa of the thiol proton in GSH bound 

to CuII is expected to drop 2-4 orders of magnitude compared to the unbound thiol, vide infra) and 

given that the resulting thiolate ligand is expected to be strongly bound to what is formally CuII.  

Additional Discussion of the CuII/CuIII and Then CuIII/CuII, PCET Steps.  

As we struggled to find a reasonable driving force and associated mechanism for the crucial 

S-N bond homolysis in GSNO, we were—quite unexpectedly, as noted above—driven to the CuII 

to CuIII, and then reverse CuIII back to CuII, steps with their accompanying PCET shown in Figure 

5.9 (steps 3 and 5, respectively). Both proposed PCET steps71,72 are intimately dependent on the 

molecular structures of GSH and GSNO. Figure 5.9 also explains why the relatively simple pH 

studies shown in Figure 5.8 are so important for discovering the PCET steps in the 

CuBTTri/GSNO/GSH/NO system. Searching for evidence of a PCET step requires that one either: 

a) alter the concentration of electrons available for the reaction or, b) alter the concentration of 

protons available for the reaction. Altering the concentration of protons available in the 

CuBTTri/GSNO/GSH/NO system in water through pH is much easier experimentally and the 

observed pH dependence of the reaction is consistent with and supportive of the proposed PCET 

mechanism. 

 Some additional details of the catalytic cycle and proposed PCET steps merit discussion. 

In step 3 the terminal carboxylate groups of GSH and GSNO should both be deprotonated when 

the reaction pH is 4.5 given that their respective pKa values are 2.12 and 3.53.73 Increasing the 
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electron density around the CuII site in step 3 via the deprotonation of a –SH to a –S– by a -COO- 

decreases (shifts negatively) the CuII to CuIII oxidation potential thereby driving the transfer of an 

electron from CuII to nitrogen, formally forming CuIII. Formation of CuIII in step 3 of Figure 5.9 is 

also favorable in part because it eliminates the net -1 formal charge formed on the active site in 

step 2. The thiol proton in GSH is known to have a pKa of 9.12 when GSH is unbound.73 However, 

upon binding to CuII, the pKa of the thiol proton is expected to drop between roughly 2-4 orders of 

magnitude,74 making the deprotonation as shown in step 3 more favorable (discussed in greater 

detail below, vide infra). We note that the deprotonations in steps 3 and 5, now written for 

simplicity as intramolecular deprotonations, assume the GSH tripeptide backbone (Figure 5.1) 

completely coils around to a conformation able to perform an intramolecular deprotonation. The 

currently written intramolecular deprotonations are possible oversimplifications of what, instead, 

could be a proton relay via one or more H2O molecules in a Grotthus-type, proton hopping 

mechanism75—another topic we will test computationally. Steps 3 and 5 explain why GSH must 

be added to the CuBTTri/GSNO/NO system to observe NO release catalysis: without GSH, no 

electron transfer between CuII and GSNO occurs in the proposed mechanism nor experimentally. 

 The CuIII intermediate that forms in step 3 is then reduced back to CuII in step 5 of Figure 

5.9 in a reverse of the original PCET. The CuIII intermediate contains what is formally a bent [NO]− 

ligand. Vibration of the formally [NO]− ligand into a more linear geometry is the implied 

nucleation motion driving the transfer of one electron from nitrogen to CuIII, regenerating CuII and 

forming a near-linear, neutral •NO ligand (in reality, the bound •NO is perhaps likely to be 

somewhere between bent and linear). Reduction of CuIII back to CuII increases electron density 

around sulfur in CuII¬(SG(COOH)), and in part drives the deprotonation of the terminal 

carboxylate group, reforming the –SH ligand. The active site net charge may be neutral both before 
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and after step 5 in Figure 5.9, but the arrow pushing in step 5 is favorable because it reduces the 

total local charge on Cu and the NO ligand. Before step 5, Cu is in the CuIII oxidation state and 

NO is formally an [NO]− ligand, and after step 5 Cu is in the CuII oxidation state and the NO ligand 

is neutral. Post •NO dissociation, the reformed CuII
¬(S(H)G) restarts the catalytic cycle at step 2 

with a new equivalent of GSNO.  

One final important point to make about the PCET steps in Figure 5.9 is that there should 

be a low Marcus type reorganization energy barrier for any geometric rearrangements required for 

the CuII®III/CuIII®II steps because Cu complexes in both oxidation states readily adopt either 

trigonal bipyramidal or square pyramidal geometry (vide supra). The predicted low reorganization 

energy barrier of the CuII to CuIII mechanism proposed herein for CuBTTri emerges as another 

factor favoring Figure 5.9 over the traditionally hypothesized CuII to CuI mechanism (which 

requires a <6 to <4 coordinate geometry change). 

Steps 3 and 5 of Figure 5.9 highlight the importance of the GSNO/GSH tripeptide 

structures for their unique behavior in Cu-catalyzed NO release. Previous literature reporting Cu-

ion catalyzed GSNO to NO release highlights the unique nature of GSNO among other NO donors 

of the broad S-Nitrosothiol (RSNO) variety.16,17,24,30,76 GSNO is exceptionally stable in solution in 

comparison to other small molecule RSNOs, even in the presence of Cu ions. The stability of 

GSNO, and the revealed mechanism for NO release by CuII are not surprising when one realizes 

that GSNO has been designed by nature over time to act as a metastable NO transport vessel in the 

human body.20 Without the terminal carboxylate group and thiol proton in GSH, all the steps in 

Figure 5.9 are not possible as written. Other RSNO/RSH pairs which do not exhibit the same type 

of structural complexity of GSNO and GSH cannot operate via a mechanism such as Figure 5.9 

for NO release in the presence of Cu-containing catalysts. RSH species without the terminal 
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carboxylate group of GSH may not be able to shuttle protons back and forth to the sulfur atom 

coordinating to the Cu site, making conversion back and forth between CuII and CuIII not possible 

when using other RSH species. Hence, a general prediction of the proposed mechanism is that 

other RSNO to NO systems may release NO via different mechanistic pathways from the CuII to 

CuIII redox mechanism proposed herein. 

Explaining the pH-Dependent Results via the Coordination of GSH and Its Deprotonation 

at the –SH Moiety.  

Figure 5.8 shows that CuII site poisoning occurs via deprotonation of GSH bound to a CuII 

site and not as a result of the deprotonation of unbound GSH. The only other protons present for 

abstraction by OH- at pH = 6 (amines in GSH/GSNO and water) can be ruled out based on their 

relative pKa values.73 If deprotonation of unbound GSH (forming thiolate, GS-) were the cause of 

the active site poisoning, then one would not expect to observe a ~67% decrease in -d[GSNO]/dt 

between pH = 4.5 and pH = 6 (Figure 5.8). Based on the ratio of GS- to CuII active sites, strong 

binding poisoning of CuII sites by GS- should result in a ~12% decrease in -d[GSNO]/dt at pH = 

6 (Appendix IV, Calculation S5.1). The ~67% decrease in -d[GSNO]/dt at pH = 6 therefore 

indicates that OH- is abstracting a more acidic proton than the thiol proton in unbound GSH (pKa 

= 9.12).73 The poisoning of the Cu active sites at alkaline pH may result from the deprotonation of 

the thiol proton in GSH bound to a CuII site. One can estimate the apparent pKa of the 

CuII¬(S(H)G) intermediate using the data in Figure 5.8 (Appendix IV, Calculation S5.2). 

Operating under the assumptions that: i) poisoning by OH- is a strong-binding poisoning event, 

and ii) the reaction rate observed at pH = 4.5 represents 100% of the possible catalytic activity, 

then the apparent pKa of the Cu¬(S(H)G) intermediate is 5.6 (again, Appendix IV contains the 

details for how this value was obtained). The apparent pKa of 5.6 for the thiol proton in 
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CuII
¬(S(H)G) is reasonable, as pKa values for thiols bound to metal sites are known to decrease 

by 2-4 orders of magnitude compared to unbound thiols.74 The apparent pKa of Cu¬(S(H)G) fits 

well with the mechanistic hypothesis shown in Figure 5.9. The deprotonation of CuII
¬(S(H)G) 

(pKa of ~5.6) in step 3 of Figure 5.9 by -COO- (pKa
 of 2.12 to 3.53) is energetically uphill by 2-3 

orders of magnitude at room temperature but should still be a viable pathway and intermediate. 

Therefore, the hypothesis that step 3 of Figure 5.9 is the t.l.s. is supported by the apparent pKa of 

Cu¬(S(H)G) of 5.6.  

Figure 5.11 shows the poisoning steps in Figure 5.9 in isolation. In Figure 5.11, the 

deprotonation of the thiol proton in CuII
¬(S(H)G) by hydroxide occurs before coordination of 

GSNO to the CuII site, resulting in the formation of a net -1 complex. In this hypothesis, GSNO 

coordination may still occur after the deprotonation and a single half-equivalent of GSSG could 

be formed at each active Cu site, but only once. In other words, steps 3 and 4 of Figure 5.9 may 

still occur a single time at each active site after the proton in CuII
¬(S(H)G) has been abstracted 

by OH- (meaning that trace levels of GSNO and GSSG would be lost and generated, respectively). 

As reaction pH increases, the thiol proton will not be available again after the poisoning step. 

Therefore, steps 5 and 6 of Figure 5.9 cannot occur as written at alkaline pH. Without a proton 

available to balance the electron transfer in step 5 of Figure 5.9, the CuIII site will not be reduced 

back to CuII and release NO. When the reaction is run at pH = 9, the active site may be trapped as 

the intermediate shown after either the poisoning step or step 3 in Figure 5.9. We discuss in 

Appendix IV how one can potentially further test the state of the poisoned active site, an interesting 

but relatively minor mechanistic detail. 
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Figure 5.11. Proposed Active Site Poisoning Forming CuII(N)2(Cl)(SG) at pH = 9. The elementary 

steps to explain the poisoning at alkaline pH shown in Figure 5.9. At pH = 9, the thiol proton in 

Cu¬(S(H)G) will be abstracted by hydroxide, and the resulting [CuII(N)2(Cl)(SG)]- site will be 

poisoned and, hence, unable to complete a full catalytic cycle. 

 

The derived rate law at pH = 9 for Figure 5.11 under reaction conditions where the system is 

saturated in [GSH] (Appendix IV, Derivation S5.1) is given below in equation 5.7 and matches 

the experimentally observed rate law (equation 5.4):  

-d[GSNO]

dt
=

k3Keq,2[Cu]
T
[GSNO][GSH]

0

1 + Keq,pois[OH-]
 (eq. 5.7) 

Equation 5.7 will become equal to zero as the concentration of hydroxide increases. Once again, 

the [Cu]T term in equation 5.7 only refers to the total number of catalytically active Cu sites. 

Possible Future Experiments Based on Predictions Derived from Figure 5.9.   

Any more reliable mechanism can both explain all the current data, but also makes 

predictions that can be tested in future studies. The mechanism in Figure 5.9 is no exception. Some 

predictions based on the novel CuII to CuIII redox PCET mechanism,71,72 and hence aims of future 

studies, are detailed in Appendix IV for the interested reader. 
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5.4 Summary and Conclusions 

A novel CuII to CuIII redox, PCET mechanism that is the key behind the GS-NO bond 

homolysis catalyzed by CuBTTri is proposed as a working mechanistic hypothesis (Figure 5.9). 

That proposed mechanism satisfies both five minimum requirements listed in the introduction for 

establishing reliable reaction mechanisms in catalytic systems and explains the five critical 

experimental findings specific to the CuBTTri/GSNO/GSH/NO system established in the Results 

section. Figure 5.9 is offered as the simplest working mechanistic hypothesis for moving forward. 

As with all especially new, unprecedented mechanisms, future further experimental as well as 

computational testing of the proposed mechanism is needed as well as planned. The work 

presented here is a good example of how once the catalytically active sites in a MOF catalyst have 

been established,21,43–45,50 then the reaction mechanism can be investigated with greater 

confidence. The present work also shows that one can treat at least exterior surface MOF active 

sites as if they were discreet, ostensibly homogenous, metal complexes,55 another valuable result 

from the present studies. 

The work reported herein is, to the best of our knowledge, the first example where a 

reaction mechanism for a MOF catalyst has been elucidated based upon both first establishing the 

active sites within the catalyst and then also ensuring that the classic requirements for establishing 

a disproof-based, Ockham’s razor obeying, hence more reliable reaction mechanism have been 

met.49 Due to their exceptional chemical and physical tunability, MOF catalysts stand to benefit 

considerably from mechanistic insight for catalyst improvements and mechanism-directed catalyst 

design. Hence, it is hoped that both the approach employed to elucidate the mechanism, as well as 

the proposed unprecedented CuII to CuIII redox PCET mechanism, will prove of value to the 

communities connected to MOF literature, biomedical NO generation, heterogeneous catalysis, 
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and workers generally interested in kinetic and mechanistic analyses and the results of those 

efforts. 

5.5 Experimental 

Reagents. Diethylamine (99%), trimethylsilylacetylene (98%), trimethylsilylazide (94%), 

and 1,3,5– tribromobenzene (98%) were purchased from Alfa Aesar (Ward Hill, MA, USA). 

Glutathione (98%) was purchased from VWR (Radnor, PA, USA). Sodium nitrite (99.5%), copper 

(I) iodide (99.5%), bis(triphenylphosphine)palladium(II) dichloride (99%), dichloromethane 

(99%), and monobasic sodium phosphate (>98%) were purchased from Sigma–Aldrich (St. Louis, 

MO, USA). HCl (1 N), methanol (99%), and sodium hydroxide (98.9%) were purchased from 

Fisher Scientific (Hampton, NH, USA). Dimethylformamide (99%) and copper (II) chloride 

dihydrate (99%) were purchased from EMD Chemicals (Gibbstown, NJ, USA). 2-(N-

morpholino)ethanesulfonic acid (MES) (99%) was purchased from VWR (Radnor, PA, USA). 

Piperazine-N,Nʹ-bis(3-propanesulfonic acid) (PIPPS) (≥97%) was purchased from 

MilliporeSigma (Burlington, MA, USA). Ultrahigh purity nitrogen gas (99%) was supplied by 

Airgas (Denver, CO, USA). Deionized water (18.2 MΩ·cm) was obtained from a Millipore Direct–

Q water purification system (EMD Millipore, Billerica, MA, USA). All materials were used as 

received without any further purification. 

GSNO Synthesis. GSNO was prepared, and its purity verified, following an established 

literature protocol (Figure 5.12).77 Briefly, a solution of glutathione (1.60 g, 5.21 mmol) was 

prepared in millipore filtered water (8 mL) containing 2M HCl (2.5 mL, 10.5 mL total volume). 

One equivalent of sodium nitrite (0.361 g, 5.21 mmol) was added, and the resulting mixture was 

stirred for 40 min at 5 °C. Acetone (10 mL) was added to the resulting red solution and the mixture 

was stirred for another 10min. The red precipitate was collected via vacuum filtration and washed 
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with ice–cold water (5 × 5 mL) and ice–cold acetone (3 × 10 mL). The precipitate was then dried 

on a high vacuum line for 4 h to afford S–Nitrosoglutathione (1.43 g, 4.22 mmol, 81%) (λmax) 

(H2O) 335, 550 nm (ɛ=922 cm–1 mM–1). The GSNO sample used herein was determined to be (97 

± 2) % pure by UV–VIS spectroscopy. The GSNO sample used to collect the data reported herein 

comes from the same batch of GSNO used in previously published work.22 The small, 4 ± 2 %, 

impurity present is glutathione (GSH) leftover from, or glutathione disulfide generated from 

(GSSG) the synthesis. Relevant here is that previous work on GSNO to NO conversion catalyzed 

by CuBTTri established that GSH must be present to initiate measurable CuBTTri catalyzed 

GSNO to NO conversion within 20 min.21,30 

 

Figure 5.12. Synthesis of GSNO from GSH. 

H3BTTri Ligand Synthesis. The H3BTTri ligand was prepared and characterized 

following an established literature protocol (Figures 5.13-5.15).27 Briefly, solid 1,3,5–

tribromobenzene (9.45 g, 30.0 mmol) was dissolved in diethylamine (250 mL) under inert 

conditions (N2). Copper(I) iodide (50 mg, 0.26 mmol) and 

dichlorobis(triphenylphosphine)palladium(II) (400 mg, 0.57 mmol) were added to the stirred 

solution. Trimethylsilylacetylene (10.6 g, 108. mmol) was added to the solution and the resulting 

mixture was heated at 50 °C for 6 h. Resulting diethylamine hydrobromide was removed by 

filtration and washed with ether (45 mL). Combined washings were evaporated to dryness in vacuo 

at 30 °C and the resulting product purified by a silica plug to yield 9.61 g (78%) 1,3,5–
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tris(trimethylsilylethynyl)benzene as an intermediate. 1H NMR (400 MHz, CDCl3): δ = 7.43(s), 

0.23(s) ppm. 

 

Figure 5.13. Coupling Aryl Halide and Trimethylsilylacetylene. 

 

The 1,3,5–tris(trimethylsilylethynyl)benzene intermediate (9.61 g, 26.3 mmol) was 

hydrolyzed by treatment with NaOH (aq) (30 mL, 1M), CH2Cl2 (20 mL), and methanol (50 mL) 

via stirring at room temperature for 3h. Evaporation of methanol, extraction of the residue by ether, 

and evaporation of the solvent in vacuo at 30 °C yielded 2.68 g of white powder containing 1,3,5– 

triethynylbenzene. 1H NMR (400 MHz, CDCl3): δ =7.51(s), 3.12(s) ppm. 

 

Figure 5.14. Hydrolysis of the Trimethylsilylethynyl Intermediate. 

 

Trimethylsilylazide (9.26 g, 80.4 mmol) was added to a solution of copper(I) iodide 

(510mg, 2.63 mmol) and 1,3,5–triethynylbenzene (2.68 g, 17.8 mmol) under N2 gas in a mixture 

of dimethylformamide (DMF; 90 mL) and methanol (10 mL). The resulting mixture was heated to 

100 °C using a hot plate and stirred for 36 h. The mixture was then filtered using a vacuum filter 

and filter paper and reduced to a volume of 10 mL via rotary evaporation at 30 °C. A pale–yellow 

precipitate was formed upon the addition of millipore filtered water (30 mL) to the resulting 

filtrate. The solid was collected by filtration, washed with ether, and dried in vacuo at °C to yield 

4.1 g (83%) of 1,3,5–tris(1H–1,2,3–triazol–5–yl)benzene. 1H NMR (400 MHz, (CD3)2SO): δ = 
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8.52(s), 8.34(s) ppm. The H3BTTri used in this work is from the same batch prepared and used in 

two previous publications.21,24 

 
Figure 5.15. Click Reaction to Form 1,3,5–tris(1H–1,2,3–triazol–5–yl)benzene. 

 

CuBTTri Synthesis. CuBTTri was synthesized and characterized following a previously 

reported procedure (Figure 5.16).27 A solution of H3BTTri (225 mg, 0.937 mmol) in DMF (40 mL) 

was prepared in a 250mL Pyrex bottle. CuCl2⋅2H2O (383 mg, 2.25 mmol) was added to the 

solution. The vial was heated at 100 °C for 72 h in an oven to afford 

H3[(Cu4Cl)3(BTTri)8(DMF)12]⋅7DMF⋅76H2O. The purple powder was washed with boiling DMF 

(10 × 10 mL) and DMF was allowed to evaporate under ambient conditions for 18 h to yield 218 

mg (76%) of product. Solvent exchange was performed using a Soxhlet extractor and millipore 

filtered water to yield H3[(Cu4Cl)3(BTTri)8(DMF)12]⋅72H2O. The resulting light purple powder 

was hand ground for five minutes, gravity filtered through 1 micrometer mesh, and analyzed by 

powder X–ray diffraction (pXRD). The batch of CuBTTri used to collect the data reported herein 

comes from the same batch used in previously published work.22 The observed diffraction pattern 

matched a literature standard (Appendix IV, Figure S5.1).27  

 

Figure 5.16. CuBTTri Synthesis. 

 

Buffered Reactions. Measuring the reaction rate at different pH levels required that the 

reaction solutions be buffered to specific pH values. These experiments required the use of a buffer 
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which would not coordinate to the Cu sites in CuBTTri, hence we chose to use dissolving solid 

N,Nʹ-bis(3-propanesulfonic acid) (PIPPS) and 2-(N-morpholino)ethanesulfonic acid (MES).26 The 

buffered solutions were prepared by dissolving solid PIPPS or MES powders or in millipore water 

to achieve a 0.5 M solution. Then, a 10 N NaOH solution was added dropwise to the PIPPS or 

MES buffer solution until the desired pH was achieved. The buffered PIPPS and MES solutions 

were then used to prepare GSNO and GSH solutions from solid GSNO or GSH powder. These 

solutions were then used in an identical reaction procedure to the one described below to measure 

the reaction rate at different pH levels. All the reaction rate versus pH studies were carried out 

under conditions where the reaction was saturated in [GSH] (vide infra). Therefore, the maximum 

number of Cu active sites available were coordinated with GSH for all the data points reported in 

Figure 5.8 (vide supra). 

Reaction Procedure. All reactions described herein were carried out under an N2 (g) 

atmosphere to minimize the presence of O2 (g) in the reactions. GSNO and GSH solutions were 

prepared using millipore H2O and solid GSNO or GSH under inert conditions (N2) in a 200 mL 

round–bottomed flask capped with a rubber septum and flushed with N2. CuBTTri (600 ± 300 nm 

octahedral particles) was massed into a three–neck 100 mL round–bottomed flask and oven dried 

overnight at 110 °C. The CuBTTri samples used in this work are the same batch of particles 

previously employed in prior work.22 Following the oven drying, the flask containing CuBTTri 

was placed under vacuum for 1 h on a Schlenk line and backfilled with N2 (g) prior to reaction. 

GSNO or GSH solutions were then injected into the reaction flasks containing the dried CuBTTri. 

For buffered reactions, the GSNO or GSH solutions were prepared using buffered millipore H2O. 

Vigorous bubbling in the round–bottomed flask was established using an inlet N2 (g) flow needle 

and an outlet needle. Reactions were bubbled vigorously to mitigate mass transport limitations and 
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to ensure the measured value for [–d[GSNO]/dt]i was not simply the rate of substrate diffusion to 

the MOF active sites.78,79 Reaction flasks were completely covered in aluminum foil to minimize 

exposure to light and reactions were left to proceed for a predetermined time. Wrapping the 

reactions in aluminum foil may not actually be necessary, and no more rigorous light blocking 

method (such as the use of black tape or cloth) was required. The outlet needle was removed to 

stop bubbling at a predetermined time and once all visible CuBTTri particles had settled to the 

bottom of the flask (~30 s) the supernatant was decanted via a syringe. The quenched reaction 

solution was then kept cool and dark in an EPA certified Cu–free glass vial under inert conditions 

(N2) or added directly to an NMR tube or UV–VIS quartz cuvette within less than one minute. 1H 

NMR or UV-VIS spectra were collected at 20 min to allow sufficient loss of GSNO to be 

detectable, yet to remain relatively early in the reaction progress to determine what is designated 

as an initial rate (-d[GSNO]/dt). Practically and given the ca. ± 5% precision of the 1H NMR data 

under our conditions, the trade–off between measurable reaction vs more points meant that taking 

1 point in the first ca. 30% reaction was a good compromise that allowed reasonable initial rate 

measurements. 1H NMR and UV–VIS spectroscopies have been determined to be equivalent 

techniques for monitoring loss of GSNO in the current system. All reactions reported were 

performed in triplicate with the reported average and standard deviation calculated from those 

three trials. 

Water Suppression 1H NMR. These experiments follow our protocol for direct, in situ 

monitoring the release of NO from GSNO in water by solvent suppressed 1H NMR.21 All NMR 

experiments were performed using an Agilent Inova 500 equipped with a 5 mm pulsed–field–

gradient HCN probe. Samples were prepared in septa–capped Wilmad 528–PP 500 MHz tubes 

under inert conditions (N2) by adding 0.5 mL of reaction supernatant to an NMR tube containing 
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0.1 mL of 20 mM NaH2PO4 buffered D2O. Samples were mixed by hand, followed by 2 s of 

sonication to remove N2 bubbles. Samples were kept dark, air–free, and analyzed as soon as 

possible, typically within 5 minutes. NMR experiments were run using PRESAT with PURGE 

solvent signal suppression available in VnmrJ version–4.2.80 The system was buffered with 

NaH2PO4 due to the sensitivity of the compounds of interest (GSNO, GSH, and GSSG) to the pH 

of the solution. 512 transients were acquired for all samples, which took 35 min to complete. A 2 

s square presat with a bandwidth of 100 Hz on resonance at 4.67 ppm (water) was used, followed 

by the PURGE crusher sequence and a pi/2 excitation pulse of 5.7 µs. Acquisition time was 2 s, 

with the PRESAT delay the total time between transients was about 4 s. All free induction decay 

(FID) spectra were processed using MestraNova® software to examine peak intensities and 

integration values. Data analysis and calculations were performed using Microsoft Excel and 

OriginPro. 

Supporting Information. The following are available in Appendix IV: Supporting 

Information for Chapter V: the powder X-ray diffraction pattern for CuBTTri, examining -

d[GSNO]/dt versus [GSNO]i at two concentrations, derivation for the rate law associated with 

Figure 5.9., disproven mechanistic hypotheses and analysis, calculating the ratio between thiolate 

and CuII
surface at varying reaction pH, calculating the apparent pKa of the thiol proton in GSH bound 

to CuII
surface, and future experiments based on predictions derived from Figure 5.9. 
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VI. SUMMARY AND CONCLUSIONS 

 

This dissertation establishes the reaction stoichiometry, GSH dependence, Cu active site 

within the CuBTTri solid, experimental rate law, and proposes a reliable mechanism for CuBTTri 

catalyzed GSNO to NO conversion in water in the presence of GSH. All the conclusions were 

established from data collected using a direct monitoring method to quantify [GSNO], [GSH], and 

[GSSG] in H2O.1,2 The monitoring method was also adapted to monitor the same reaction directly 

in blood plasma.3 Monitoring the reaction in blood plasma established that conclusions developed 

in water are likely relevant in vivo. Chapters II-IV are peer reviewed publications primarily written 

by R. Tuttle. Chapter V is in final preparation for submission to a peer-reviewed journal. The main 

findings of each chapter are discussed in this final section. 

Solvent-suppressed 1H NMR quantitatively, directly monitors [GSNO], [GSH], and 

[GSSG] in H2O (as shown in Chapter II). The spectroscopic monitoring method allows for real 

time quantification of reactants and products in the CuBTTri/GSNO/GSH/NO system for kinetic 

and mechanistic studies. The monitoring method can also be applied to other RSNO/RSH/RSSR 

systems because 1H NMR spectroscopy detects protons unique to each class of molecule.1,4 The 

thiol dependence of CuBTTri and solvated Cu2+ as NO release catalysts are inverse of one another. 

GSH must be added to the reaction to observe significant NO release using CuBTTri, while GSH 

is an effective catalyst poison for solvated Cu2+.5 The reaction stoichiometries observed when 

using CuBTTri versus solvated Cu2+ for NO release catalysis are also different. Differences in 

stoichiometry and thiol dependence for CuBTTri and solvated Cu2+ indicate that the two catalysts 

operate via different mechanisms for GSNO to NO conversion. Hence, one cannot assume that 
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solid-state MOF catalysts operate via the same reaction mechanisms as their homogeneous 

counterparts.6,7 

Combining solvent-suppressed 1H NMR, UV-VIS, and NOA monitors the NO release 

reaction catalyzed by CuBTTri in blood plasma.3 Monitoring the reaction in blood plasma (as 

demonstrated in Chapter III) is a true in operando monitoring method, which is rare and desirable 

in catalysis.8–15 Monitoring biomedically relevant catalysis directly in a biological solvent is 

essential because that is the solvent matrix where the reaction must eventually operate.16–19 The 

stoichiometry and rate for the NO release reaction were measured in blood plasma and we make 

initial comparisons to water. Because the stoichiometry observed in blood plasma is effectively 

identical to water, it appears the mechanism of NO release does not change in blood plasma. 

Although, the observed value for -d[GSNO]/dt at 20 min is double in blood plasma as compared 

to water under identical experimental conditions for CuBTTri catalyzed NO generation. The 

reason for the observed change in rate remains to be determined. Monitoring biological reactions 

in operando (i.e., in biological solvents) is possible and desirable despite the anticipated difficulty, 

because then one can assess how biologically meaningful results obtained in water are.  

Establishing the catalytically active Cu sites in CuBTTri is another major outcome of this 

work.20 The relationship between -d[GSNO]/dt and CuBTTri octahedral particle external surface 

area to interior volume ratio (ESA/IV) was investigated by varying CuBTTri particle size through 

grinding and filtering. Plotting -d[GSNO]/dt versus ESA/IV shows that ~100% of the catalytic 

activity comes from Cusurface sites on external surfaces of CuBTTri particles. Demonstrating that 

Cusurface is the kinetically dominant catalyst in CuBTTri for NO release disproves, for this system, 

the “MOF intrapore catalysis” hypothesis prevalent in the literature.21–24 Although, the relatively 

low density of active sites in a given MOF sample is likely a more general result, as it is often 
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assumed in the literature that 100% of the metal sites are active when catalyst performance metrics 

are calculated for MOFs.21,25,26 The kinetic catalytic poisoning data is well fit by a linear least-

squares function, showing that the Cu active sites are kinetically, if not also structurally, 

identical.8,20,27–29 Two Cu to CN binding modes are observed by FT-IR spectroscopy, Cu(CN)3 and 

Cu(CN). These binding ratios correspond to the idealized, metal-terminated crystal structure of 

CuBTTri.30–32 Catalytically active Cusurface sites bind 3 equivalents of cyanide and inactive Cupore 

sites bind 1. Hence, the CuBTTri MOF catalyst is heterogenous by one definition (it is insoluble), 

but homogeneous by another (there is only one kinetically dominant active site). Active site density 

in CuBTTri was measured using size-selective poisoning.20,29 Employing TPPTS (which cannot 

diffuse into CuBTTri) as a poison showed that for 600 ± 400 nm CuBTTri particles (1.3 ± 0.4)% 

of the total Cu sites are active for GSNO to NO conversion catalysis. The measured active site 

density was used to calculate a normalized, true TOF value. 

Chapter V establishes the experimental rate law and proposes a CuII to CuIII, PCET reaction 

mechanism. The currently favored mechanism is the only one of five total hypotheses considered 

which: i) meets all 5 requirements for a reliable reaction mechanism (given in the introduction and 

chapter V), and ii) provides a reasonable driving force for S-N bond homolysis in GSNO. The 

PCET mechanism highlights the special nature of substrates designed by nature, such as GSH and 

GSNO.33,34 The reactivity of GSNO/GSH for NO release with CuBTTri appears to be highly 

dependent on the tripeptide structure of GSNO/GSH.5,35–40 One prediction of the mechanism 

proposed in Chapter V (supported by prior literature on solvated Cu2+ catalyzed NO release from 

RSNOs) is that RSNO/RSH pairs without the tripeptide backbone in GSNO/GSH may react with 

Cu sites through different reaction mechanisms. Additionally, it appears to be valid to treat the 

Cusurface active sites as discreet, homogenous molecular complexes based on experimental kinetic 
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results.6 Treating the Cusurface sites as homogenous metal complexes further strengthens the notion 

that MOF catalysts can be thought of as exhibiting the advantages traditionally associated with 

both insoluble and soluble catalysts. Combining Cusurface site structure with the predictive power 

of mechanism suggests several interesting future experiments. One particularly exciting avenue 

are computational studies of the CuII to CuIII PCET mechanism.33,34 These computational studies 

would be especially powerful because they will be directed by mechanism. Hence, atomic 

positions and specific questions to be tested computationally will be known up front.41 Obtaining 

reliable mechanisms for MOF catalysts enables computational experiments which offer the chance 

to, in turn, establish a level of mechanistic understanding previously not accessible for solid-state 

catalyst materials. 
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APPENDIX I. SUPPORTING INFORMATION FOR CHAPTER II. 

Additional Characterization Methods 

UV-VIS data was acquired using a Thermo Scientific Evolution 300 UV-Vis 

Spectrophotometer. Samples were prepared using millipore water in quartz cuvettes. Elemental 

analysis was performed using ICP-AES provided by the Colorado State University Soil, Water 

and Plant Testing Laboratory. Powder X-Ray diffraction (PXRD) patterns were obtained using a 

Bruker D8 Discover DaVinci Powder X-ray Diffractometer with CuKα radiation operated at 40 

kV and 40 mA. A typical scan rate was 0.3 sec/step with a step size of 0.02 deg. Ligand 

characterization 1H NMR spectra was acquired using an Agilent (Inova) 400MHz spectrometer. 

SEM images were aquired using a JEOL JSM-6500F field emission scanning electron microscope. 

H3BTTri Ligand 1H NMR 

 

Figure S2.1. 1H NMR spectrum of synthesized H3BTTri ligand in DMSO. 
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PXRD Characterization of Cu-BTTri  

 

Figure S2.2. PXRD of synthesized CuBTTri. 
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SEM Image of Synthesized CuBTTri 

Figure S2.3. SEM image of as synthesized CuBTTri post Soxhlet exchange with H2O. 
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UV-VIS Characterization of GSNO 

Table S2.1. Average absorbance values and concentration data of synthesized GSNO used in all 

studies. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2.4. Average absorbance vs [GSNO] where slope=molar extinction coefficient (ε). Purity 

of GSNO assessed by comparison of observed ε versus literature value.1,2 Resulting purity 

determined to be 97%. 

 

Trial [GSNO] 

(mM) 

Absorbance 

at 335 nm 

1 1.11 0.993 

2 1.11 0.992 

3 1.11 0.991 

4 0.75 0.68 

5 0.75 0.68 

6 0.75 0.68 

7 0.50 0.453 

8 0.50 0.453 

9 0.50 0.453 

10 0.25 0.225 

11 0.25 0.226 

12 0.25 0.225 

13 0.10 0.089 

14 0.10 0.088 

15 0.10 0.089 
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1H NMR Peak Assignments of GSH 

 

Figure S2.5. 1H NMR peak assigned spectra of GSH.  
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ICP-AES Analysis of Reaction Supernatant 

Table S2.2. ICP-AES analysis for total copper content present in reaction supernatant of CuBTTri 

catalyzed reactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 
[GSNO] 

(mmol/L) 

[GSH] 

(mmol/L) 

Reaction 

Time (h) 

Cu 

(mg/L) 

Cu 

(mg) 

MOF 

(mg) 

mg Cu 

(MOF) 

%Cu 

lost 

%Cu 

left 

[Cu] 

mol/L 

1A 2 0 16 0.64 0.0096 5.84 1.03 0.93 99.07 
1.00E-

05 

2A 2 0 16 0.13 0.0020 4.07 0.72 0.28 99.72 
2.09E-

06 

3A 2 0 16 0.58 0.0087 5.78 1.02 0.85 99.15 
9.12E-

06 

1B 2 2 16 0.22 0.0033 4.37 0.77 0.44 99.56 
3.49E-

06 

2B 2 2 16 0.44 0.0066 5.54 0.98 0.68 99.32 
6.95E-

06 

3B 2 2 16 0.16 0.0025 4.26 0.75 0.33 99.67 
2.58E-

06 
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3-D Drawings of Cu-BTTri  

Figure S2.6. CrystalMaker drawings of Cu-BTTri along the (A) [0, 0, -1], (B) [1, 1, 0], and (C) 

[1, 1, 1] planes. 
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Calibration 1H NMR Spectra and Resulting Calibration Curves 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2.7. Calibration curve used to calculate [GSNO] in reaction samples. Inset, 1H NMR data 

used to generate calibration curve (Red = 4 mM, Yellow = 3mM, Green = 2mM, Blue = 1 mM, 

Purple = 0.5 mM). 
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Figure S2.8. Calibration curve used to calculate [GSH] in reaction samples. Inset, 1H NMR data 

used to generate calibration curve (Red = 4 mM, Yellow = 3mM, Blue = 1 mM, Purple = 0.5 mM). 
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Figure S2.9. Calibration curve used to calculate [GSSG] in reaction samples. Inset, 1H NMR data 

used to generate calibration curve (Purple = 3 mM, Blue = 2mM, Green = 1 mM, Red = 0.5 mM). 
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Control Reactions 

Figure S2.10. Resulting 1H NMR spectra of GSNO (1 mM) alone without Cu2+ or Cu-BTTri 

present after 16 h. Spectra provided to indicate the stability of GSNO alone in the absence of 

copper containing species, supporting that the observed GSNO decomposition was not simply due 

to experimental conditions and that a copper catalyst is indeed required for decomposition. 
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Figure S2.11. Resulting 1H NMR spectra of GSNO (1 mM) and GSH (0.04 mM) alone without 

Cu2+ present after 16 h. Spectra provided to support the need for Cu2+ to observe GSNO 

decomposition. Low levels of GSH alone do not induce significant GSNO decomposition without 

Cu2+ present. 
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Figure S2.12. Reaction between GSNO (2 mM) and GSH (2 mM) over the course of 14 h. Spectra 

were collected at 1 h intervals. Each spectrum was collected with 8 transients. Spectra provided to 

support the need for CuBTTri to observe GSNO decomposition. GSH alone does not induce 

significant GSNO decomposition without CuBTTri present. 
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Figure S2.13. Resulting 1H NMR spectra of reaction between GSNO (2mM) and Cu-BTTri (2:1 

mol ratio GSNO:Cu) bubbled with house air after 1 h. Spectra provided to show the effect of 

introducing a chemical oxidant (O2) into the reaction system. Little to no GSNO decomposition 

occurs, the opposite effect is observed when compared to the introduction of GSH into the reaction. 

These tests were performed to further support the importance of the redox chemistry in the 

CuBTTri catalyzed system. 
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Figure S2.14. Resulting 1H NMR spectra of reaction between GSNO (1 mM) and Cu2+ (0.2 mM) 

in the presence of GSH (1 mM) after 16 h. Based upon the relative concentrations determined, the 

reaction reaches 25% completion after approximately 1 h, and then does not proceed further in the 

next 11 h. 
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Figure S2.15. Post reaction PXRD characterization of CuBTTri for a reaction with GSNO (2 mM) 

and GSH (2mM). 
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NOA Experiments Using Cu2+  and CuBTTri 

 

Figure S2.16. NO release profile for GSNO (1mM) decomposition catalyzed by copper ions (0.2 

mM) in water. Total mols of NO generated (2.4 x 10-8) correspond in a 1:1 ratio to the mols of 

GSNO initially present (2.5 x 10-8). 

 

Figure S2.17. NO release profile for GSNO (2mM) decomposition catalyzed by CuBTTri in the 

presence of GSH (2mM) in water. Total mols of NO generated (3.1 x 10-7) correspond in a 1:1 

ratio to the mols of GSNO initially present (3.0 x 10-7). 
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APPENDIX II. SUPPORTING INFORMATION FOR CHAPTER III. 

1H-NMR Spectra Array of GSSG in Blood Plasma 

 

Figure S3.1. 1H–NMR spectra of 0.5mM GSSG solution in bovine plasma collected using a 

CPMG-T2 weighted pulse sequence with PRESAT, as described in the experimental section of 

Chapter III. The signal of interest corresponding to GSSG can be observed at 3.2 ppm. The 

different spectra correspond to different re-focusing train times in the CPMG-T2 weighted pulse 

sequence (red = 50 ms , light green = 75 ms, dark green = 100 ms, blue = 125 ms, purple = 150 

ms). It was determined that 75 ms provided measurable intensity while minimizing the baseline 

signal from blood plasma. Without using this 1H NMR experimental method, the signal arising 

from GSSG cannot be observed. 
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1H-NMR Spectrum of GSNO in Blood Plasma 

 

Figure S3.2. 1H–NMR spectrum of bovine plasma. Boxed regions show the ppm region where 

resonances unique to GSNO are expected (4.00–4.03, 3.85–3.89). 

 

Figure S3.3. 1H–NMR spectrum of 0.5mM GSNO in blood plasma. The two expected broad 

signals for GSNO (4.00–4.03, 3.85–3.89) were not observed. GSNO is not readily quantifiable in 

blood plasma by 1H–NMR.  
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Detecting GSSG in Blood Plasma by 1H NMR 

 
Figure S3.4. 1H–NMR spectrum of bovine blood plasma. The boxed region of the spectrum shows 

that there are no interfering signals present in the ppm range where the diagnostic signals for GSSG 

are present. 
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UV-VIS Spectrum of Blood Plasma 

 

Figure S3.5. UV-VIS absorbance spectrum for bovine plasma from 275 to 700 nm. 
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1H NMR Spectra of GSH in Plasma 

 

Figure S3.6. 1H–NMR spectrum of 0.5mM GSH in plasma. The signals expected for GSH, 

(multiplets at 4.40–4.48 and 2.80–2.88 ppm) were not observed. 
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UV-VIS Absorbance Data Showing Loss of GSNO Over 16h of Reaction 

 
Figure S3.7. UV–VIS absorbance spectrum of the initial GSNO solution in bovine plasma where 

[GSNO] = 1 mM (Left). UV–VIS absorbance spectrum of the reaction supernatant after 16h, 

corresponding to [GSNO] = 0 mM (Right). 
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1H NMR Data to Quantify [GSSG(plasma)] After 16h of Reaction 

 
Figure S3.8. 1H–NMR spectrum of reaction supernatant after 16h. The average of three trials 

corresponds to [GSSG(plasma)] = 1.1 ± 0.1 mM. [GSSG(plasma)] was calculated by measuring signal 

intensity at 3.2 ppm and then using the calibration curve presented in Chapter III (Figure 4B). 
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Determining the Amount of GSSG Present After 16 h and 20 min of Reaction 

 

Table S3.1. [GSSG(plasma)] in reaction supernatant for 20 minute and 16 hour experiments. The 

peak intensity was measured and [GSSG(plasma)] was then determined using Figure 3.4B in 

Chapter III. The catalytic rate [+d[GSSG]/dt] was calculated using equation 3.1 in Chapter III. 

 

Sample: Time (h): GSSG 

Intensity at 

Peak 3: 

Average [GSSG] 

(mM): 

Cell 1 16 137.44 1.122 ± 0.142 

Cell 2 16 92.99 

Cell 3 16 115.23 

A 0.33 24.61 1.1 ± 0.1 

B 0.33 33.98 

C 0.33 28.30 
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CuBTTri Characterization by Powder X-Ray Diffraction 

 
Figure S3.9. Diffraction pattern for CuBTTri as synthesized. The diffraction pattern matches a 

literature standard.1 This is the same diffraction pattern used in a previous publication,2as the 

MOF used in this work is from the same batch of MOF synthesized for that work, copyright 

Elsevier 2019. 
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APPENDIX III. SUPPORTING INFORMATION FOR CHAPTER IV. 

 

Additional Characterization Methods 

UV–VIS data were acquired using a Thermo Scientific Evolution 300 UV–Vis 

Spectrophotometer. Samples were prepared using millipore water in quartz cuvettes. FT–IR data 

were acquired using a Thermo Scientific Nicolet 6700 FTIR Spectrophotometer with MCT 

detector and ATR accessory. Powder X–Ray diffraction (PXRD) patterns were obtained using a 

Bruker D8 Discover DaVinci Powder X–ray Diffractometer with CuKα radiation operated at 40 

kV and 40 mA. A typical scan rate was 0.3 sec/step with a step size of 0.02 deg. Ligand 

characterization 1H NMR spectra was acquired using an Agilent (Inova) 400 MHz spectrometer. 

SEM micrographs were aquired using a JEOL JSM–6500F field emission scanning electron 

microscope with samples mounted on carbon tape. Dynamic light scattering (DLS) data were 

collected using a Malvern zetasizer nano zs. All data were processed and figures were prepared 

using either OriginPro 2019 64 bit software or Microsoft Excel. 
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GSNO Purity Assay 

Table S4.1. Average absorbance values and concentration data of synthesized GSNO that was 

used in all of the reported studies. 

 

 

 

 

 

 

 

 

 

 

 

Figure S4.1. Average absorbance vs [GSNO] from which the molar extinction coefficient (ε) was 

determined to be 896 mM–1 cm–1. The purity of GSNO was assessed by comparison of observed ε 

versus literature value (922 mM–1 cm–1).1,2 The resulting purity was determined to be 97 ± 2%. 

 

 

Trial [GSNO] 

(mM) 

Absorbance 

at 335 nm 

1 1.11 0.992 

2 1.11 0.992 

3 1.11 0.990 

4 0.75 0.68 

5 0.75 0.67 

6 0.75 0.69 

7 0.50 0.453 

8 0.50 0.453 

9 0.50 0.453 

10 0.25 0.225 

11 0.25 0.225 

12 0.25 0.225 

13 0.10 0.088 

14 0.10 0.088 

15 0.10 0.089 
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CuBTTri Synthesis Characterization 

 

Figure S4.2. P–XRD of hand–ground CuBTTri. The observed diffraction pattern matches the 

pattern reported in the first synthesis of CuBTTri.3,4 
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Particle Filtration Analysis by DLS 

 

Figure S4.3. DLS results demonstrate that the cell strainers are reasonably effective for filtering 

out particles of size larger than 1 µm. The particle size distribution of MOFFiltered samples is too 

wide to allow for average particle size determination by DLS. DLS only confirms that particles 

greater than or equal to 1 µm are not present in large quantities in MOFFiltered samples. 
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1H NMR Results of Particle Size vs. [–d[GSNO]/dt]i 

 

Figure S4.4. 1H NMR results from MOFLarge (blue), MOFGround (green), and MOFFiltered (red) 

experiments at 20 min. Values for [GSNO] at 20 min were calculated using previously generated 

calibration curves3 relating the intensity of the peak at 3.9 ppm to [GSNO]. The value of [GSNO] 

at 20 min was compared to the initial [GSNO] to calculate an average observed initial catalytic 

rate at 20 min. The initial [GSNO] for all experiments reported herein was 1 mM. No loss of GSNO 

was observed for MOFLarge reactions, [–d[GSNO]/dt]i = 0 mM s–1 over 20 min. The small amount 

of glutathione disulfide (GSSG) present in MOFLarge samples (3.17 ppm) is attributed to the 

impurity generated from the synthesis of GSNO. Loss of GSNO for MOFGround experiments at 20 

min yields [–d[GSNO]/dt]i = 1.6 ± 0.25 x 10–4 mM s–1. Loss of GSNO for MOFFiltered experiments 

at 20 min yields [–d[GSNO]/dt]i = 2.9 ± 0.3 x 10–4 mM s–1. 
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[GSNO] vs. Time 

 

Figure S4.5. Observed loss of GSNO over time for MOFGround samples at [GSNO]i = 1 (square, 

black), 1.5 (circle, red), and 2 mM (triangle, blue). The slope of the solid black line (1.6 x 10–4 

mM s–1) represents the average observed initial catalytic rate at 20 min for experiments with 

[GSNO]i = 1 mM. The slope of the black line is determined by dividing the difference in [GSNO] 

at two points by the time difference between those points. Red lines represent the fit of 

concentration data over time to an exponential function. 
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Additional SEM Micrographs of MOFGround and MOFFiltered Samples 

 

Figure S4.6. Additional SEM micrograph of a MOFGround used for average particle size 

determination. Particle sizes were determined by visual comparison to the scale bar. Either the 

total length of the octahedra or the square pyramid side length (which can be calculated into total 

length) were measured to determine particle size. In total, the length of 40 particles were measured 

in this micrograph. Reproduced with permission from the supporting information of reference 5. 

Copyright 2019 Elsevier.5 

 

 

 



191 
 

 

Figure S4.7. Additional SEM micrograph of a MOFGround used for average particle size 

determination. Particle sizes were determined by visual comparison to the scale bar. In total, the 

length of 60 particles were measured in this micrograph. 

 

 

Figure S4.8. Additional SEM micrograph of a MOFFiltered sample used for average particle size 

determination. Particle sizes were determined by visual comparison to the scale bar. In total, the 

length of 12 particles were measured in this micrograph. 
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Figure S4.9. Additional SEM micrograph of a MOFFiltered sample used for average particle size 

determination. Particle sizes were determined by visual comparison to the scale bar. In total, the 

length of 30 particles were measured in this micrograph. 

 

 

Figure S4.10. Additional SEM micrograph of a MOFFiltered sample used for average particle size 

determination. Particle sizes were determined by visual comparison to the scale bar. In total, the 

length of 30 particles were measured in this micrograph. 
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Figure S4.11. Additional SEM micrograph of a MOFFiltered sample used for average particle size 

determination. Particle sizes were determined by visual comparison to the scale bar. In total, the 

length of 28 particles were measured in this micrograph. This micrograph shows that while the 

cell strainers employed are effective at filtering out particles greater than 1 μm in size, some larger 

particles remain present, consistent with the DLS data presented in Figure S3. 
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1H NMR Results for KCN Poisoning 

 

Figure S4.12. 1H NMR results from MOFGround experiments with 2:1 CN–:Cu at 20 min. No loss 

of GSNO (3.9 ppm) is observed from [GSNO]i (1 mM) and no generation of GSSG product (3.17 

ppm) is observed at 20 min. The value of [GSNO] at 20 min was determined was calculated using 

previously generated calibration curves3 relating the intensity of the peak at 3.9 ppm to [GSNO]. 

The small amount of GSSG (3.17 ppm) present is attributed to the impurity generated in the GSNO 

synthesis. 
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1H NMR Results for TPPTS Poisoning Experiments 

 

Figure S4.13. 1H NMR results from MOFFiltered experiments at 20 min with 0.5 (top), 0.8 (middle), 

and 1.2 (bottom) % TPPTS of total mols Cu. Increasing levels of TPPTS lead to a decrease in 

[GSSG] product formation (3.17 ppm) at 20 min (green box). Increasing levels of TPPTS lead to 

an increase in [GSNO] starting material retention (3.9 ppm) at 20 min (red box). Rates from TPPTS 

poisoning experiments were calculated as described in the caption of Figure S4. 
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UV–VIS Results for TPPTS Poisoning Experiments 

 

Figure S4.14. UV–VIS spectra from the supernatant of MOFFiltered reactions taken at 20 min with 

10% TPPTS of total Cu (purple, solid dashes), 1% TPPTS of total Cu (blue, solid line), 0.1% 

TPPTS of total Cu (yellow, circles), and a 1mM GSNO in H2O control (orange, hollow dashes). 

All reactions were carried out under identical conditions to the TPPTS poisoning experiments 

outlined in the experimental, with the only difference being that UV–VIS spectroscopy was used 

to analyze the supernatant as a secondary technique to results obtained using 1H NMR. Values for 

[GSNO] were calculated using the known molar extinction coefficient for the electronic transition 

at 335 nm.1,2 These data show that when TPPTS is present at 1% of total Cu in a given reaction, 

CuBTTri is very nearly completely poisoned for GSNO to NO conversion catalysis at 20 min, 

which is consistent with findings from 1H NMR given in Chapter IV (where (1.3 ± 0.4)% TPPTS 

of total Cu corresponds to the x–intercept of the TPPTS poisoning curve). No loss of GSNO is 

observed by UV–VIS at 20 min when TPPTS is present at 10% of total Cu, as expected based 

upon the 1H NMR poisoning results. Appreciable loss of GSNO is observed by UV–VIS at 20 min 

when TPPTS is present at 0.1% of total Cu, as expected. 

 

 

 

 

 



197 
 

FT–IR Analysis of MOFLarge, MOFGround, and MOFFiltered Particles 

 

Figure S4.15. FT–IR spectra for MOFLarge (pale blue, top), MOFGround (dark blue, middle), and 

MOFFiltered particles poisoned with CN– from 2000 to 2200 cm–1. The Cu(CN) stretch (2170 cm–1) 

and the Cu(CN)3 stretch (2094 cm–1) are both observed for MOFGround and MOFFiltered particles. As 

expected, the absorbance of the Cu(CN)3 stretch is greater for MOFFiltered particles than MOFGround 

particles because the smallest MOFFiltered particles contain more Cusurface sites than the larger 

MOFGround particles. Only the Cu(CN) stretch is observed for MOFLarge particles. The lack of an 

observable Cu(CN)3 stretch for MOFLarge particles is explained by the fact that the 3–coordinate 

Cusurface sites are present at such a low level in MOFLarge particles that upon poisoning of CuBTTri 

by CN–, there are simply not enough Cu(CN)3 sites generated to yield an observable stretch. 

However, MOFLarge particles do contain catalytically active, exterior surface Cu sites as 

demonstrated by the loss of GSNO over a longer time period shown in Figure S16. The relative 

intensities of the observed bands make sense because the smallest particles (MOFFiltered) contain 

the highest number of CN– accessible Cu sites (on the exterior surface and inside pores by 

diffusion), and should therefore exhibit the most absorbance, as seen in the figure. MOFGround 

particles contain fewer CN– accessible sites than MOFFiltered particles but more than MOFLarge 

particles, so the absorbance for MOFGround particles poisoned by CN– should fall in between the 

absorbance for the other two samples, as observed. Finally, with the lowest number of CN– 

accessible Cu sites, MOFLarge particles poisoned with CN– exhibit almost no observable absorbance 

of IR radiation. 
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Measuring the Loss of GSNO by UV–VIS using MOFLarge Particles 

 

Figure S4.16. Experiments showing the loss of GSNO (0.50 mM standard, dark blue, top) at 2 h 

(orange dashes, middle) and 3 h (gray, bottom) when using MOFLarge particles for catalysis and 

[GSNO]i = 0.5 mM. Values for [GSNO] were calculated using the known molar extinction 

coefficient for the electronic transition at 335 nm.1,2 [GSNO] at 2 and 3 h was determined to be 

0.46 mM and 0.43 mM, respectively. These values correspond to 8% and 14% loss of GSNO in 2 

and 3 h when using MOFLarge particles, much less than the ~30% loss of GSNO observed in 20 

min when using the smaller MOFFiltered particles. The loss of GSNO is observed when using 

MOFLarge particles for catalysis, but on a much longer timescale than for MOFGround or MOFFiltered 

samples. These results show that MOFLarge particles contain catalytically active Cu sites, but at a 

very low level. This explains why no loss of GSNO is observed in 20 min when using MOFLarge 

particles, as detailed in Chapter IV. 
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TOF Calculation 

Calculation S4.1. The normalized turnover frequency (TOFnorm) for a heterogeneous catalyst is 

defined as the mols of product generated in a given amount of time per the total number of active 

sites present, as defined below: 

TOF!"#$ =	 $"%&	(#")*+,	-.!.#/,.)
($"%&	/+1,2.	&1,.&)∙(,1$.)

 (eq. S4.1) 

The time of all reactions reported herein is 20 min, which is equal to 1200 s. The mols of product 

(nitric oxide, NO) generated can be determined by using the previously established reaction 

stoichiometry,3 which shows that the loss of one mol of GSNO corresponds to the generation of 

one mol of NO. The 1H NMR method utilized herein measures the concentration of GSNO over 

time, and hence yields the amount of NO generated at a given time: 

mols	NO = mols	GSNO	lost = ([GSNO]1 − [GSNO]56	$1!) ∙ (solution	volume) (eq. S4.2) 

The total number of active sites present in CuBTTri were determined experimentally herein by 

size–selective, quantitative kinetic poisoning studies. TPPTS poisoning shows that for MOFFiltered 

samples, 1.3 ± 0.4 % of Cu sites are active for GSNO to NO conversion catalysis. All experiments 

reported were carried out with a 2:1 ratio of GSNO molecules to total Cu atoms. Therefore, the 

number of active sites present in a reaction using MOFFiltered samples of CuBTTri can be calculated: 

mols	active	sites = ;7.9±6.;
766

< ∙ total	mols	Cu	(eq. S4.3) 

total	mols	Cu = 1!1,1/%	$"%&	<=>?

5
= ([<=>?]!	∙	(&"%*,1"!	2"%*$.))

5
 (eq. S4.3) 

Hence, combining equations S4.2 and S4.3 yields the necessary components to solve for the 

TOFnorm value defined in equation S4.1. 
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Calculation of the Exterior Surface Area to Interior Volume Ratio for an Octahedron 

Calculation S4.2. The external surface area (ESA) of an octahedron is defined by equation S4.4: 

ESA = 	2 ∙ √3 ∙ a5 (eq. S4.4) 

Where “a” is defined as the edge length of the octahedron shown below in Figure S4.17. 

 

Figure S4.17. A regular octahedron showing edge length (a) and total particle length (L). 

The interior volume (IntVol) of a regular octahedron is defined by equation S4.5: 

IntVol =
√5

9
a9 (eq. S4.5) 

Where “a” is defined as the edge length of the octahedron shown above in Figure S4.17. 

Finally, the ratio between ESA and IntVol can be defined according to equation S4.6 which 

combines equations S4.4 and S4.5: 

C=D

E!,F"%
=

5∙√9∙/#

√#

%
/%

=
9∙√G

/
 (eq. S4.6) 

Therefore, the ratio between exterior surface area and interior volume for differently sized sets of 

MOF particles can be calculated using equation S4.6. Measuring the total length (L) or edge length 

(a) of particles in SEM images allows for the generation of a size distribution for a set of particles. 

Equation S4.6 can then be used to calculate the exterior surface area to interior volume ratio for 

that size distribution. Total length (L) and edge length (a) can be interconverted by equation S4.7: 

a =
√5∙H

5
 (eq. S4.7) 
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APPENDIX IV: SUPPORTING INFORMATION FOR CHAPTER V 

 

CuBTTri Characterization by Powder X-Ray Diffraction 

 
Figure S5.1. Diffraction pattern for CuBTTri as synthesized. The diffraction pattern matches a 

literature standard.1–3 The MOF used in this work is from the same batch of MOF synthesized 

from two previous publications,4 copyright Elsevier 2019. 
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Examining -d[GSNO]/dt versus [GSNO]i at Two Concentrations 

 
Figure S5.2. First-order plot of ln[GSNO]t versus reaction time for experiments where [GSNO]i 

= 1 mM (triangles) and [GSNO]I =. 1.5 mM(circles). The linear trend line for the [GSNO]i = 1 

mM data is fit by the equation y = ((–1.92 ± 0.11) × 10–2)x – ((1.32 ± 2.94) × 10–2), R2 = 0.99. The 

linear trend line for the [GSNO]i = 1.5 mM data is fit by the equation y = ((–2.05 ± 0.13) × 10–2)x 

+ (0.39 ± 0.04), R2 = 0.99. The fact that both plots are linear with identical slopes within 

experimental error is consistent with the reaction being first order in GSNO in the range of 1 to 

1.5 mM and at 20 min (the standard reaction conditions employed in the present studies). 
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Evidence Against Dissociated Copper from the Framework as the Active Catalyst 

The following evidence argues strongly against the hypothesis that leached Cu-ions from 

CuBTTri are the active NO release catalyst and even though that hypothesis is reasonable given: 

(i) (0.8 ± 0.3)% of the total Cu in CuBTTri samples is lost over a 16 h catalysis experiment;4,5 and 

(ii) (1.3 ± 0.4)% of the total Cu in the CuBTTri samples used for catalysis are active.5 In short, 

even though these two numbers overlap within 1 sigma error bars, the following list argues 

compellingly against the hypothesis that solvated Cu2+ ions “leached”1 from the CuBTTri 

framework) being the active catalyst.2  

1) The supernatant isolated from a CuBTTri catalyzed NO release experiment is not 

catalytically active for further NO release. Therefore, a homogeneous Cu containing 

species, generated during catalysis, that remains present in the reaction supernatant post 

reaction cannot be the kinetically dominant Cu species for NO-release catalysis.4,6,7 

 

1 An interesting point here is that very rough, back-of-the-envelope thermochemical calculations 

(described below) argue that the dissociation constant (Keq,diss) for even the weakest bound, 

nominally 3-coordinate Cu surface sites with two Cu-N dative bonds and one Cu-Cl dative bond 

should be on the order of ~10–33 at room temperature.  This implies but does not prove that the 

~0.8% of “leached” Cu ions observed might well be adventitious Cu ions attached to the Cu-

MOF surface. The details of this crude calculation are that: Keq,diss was calculated using the 

equation Keq,diss = e^(–ΔG/RT), where T is the temperature of the reaction (298.15K), R is the 

constant 8.314 J mol–1 K–1, and ΔG is the Gibbs free energy change of the Cu site dissociation. 

The ΔG value was calculated under the assumption that dissociation of the Cu site from CuBTTri 

involves breaking two Cu-N bonds (estimated B.D.E. 35 kcal mol–1 each), breaking one Cu-Cl 

bond (estimated B.D.E. 55 kcal mol–1), and gaining four net Cu-OH2 bonds (estimated B.D.E. 20 

kcal mol–1) because of the dissociation.15 Entropy has been neglected in this crude, back-of-the-

envelope calculation. 
 

2
 When no GSH beyond the impurity present in GSNO (from the synthesis) is added to the reaction, 10% 

loss of GSNO is observed over 16 h. It is conceivable that this loss of GSNO in the absence of added 

GSH could be the result of” leached”1 Cu ion catalyzed NO generation. However, given the evidence 

discussed above (and the fact that the stoichiometry and rate law were measured under conditions where 

[GSH] is in 102 excess of any leached Cu), solvated Cu ion catalysis as the kinetically dominant 
mechanistic pathway cannot be the kinetically dominant catalyst in the present work, at least not under 

the conditions where the primary kinetics and other main evidence was obtained. 
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2) The level of [GSH] (0.5 to 1 mM) present in experiments where the stoichiometry was 

measured does not poison GSNO to NO conversion catalysis by CuBTTri. However, if 

leached Cu2+ ions (present at ~0.8% of total Cu) were the solve active catalyst, the literature 

indicates that this ~102 ratio of [GSH]/[leached Cu2+] would have completely poisoned 

catalysis because even a 1:1 ratio of [GSH]/[Cu2+] has been observed to poison GSNO to 

NO conversion catalysis.4 It follows that leached Cu2+ ions cannot be the basis for the 

observed catalysis. 

3) If leached Cu ions (present at ~1% of total Cu) were the sole catalyst, then previously 

reported poisoning by TPPTS to form, for example, at most a hypothetical “Cu(TPPTS)2-

3
2+” species, then the [TPPTS]/Cutotal ratio given by the x-intercept of that kinetic poisoning 

plot would be ~0.02-0.03, not the observed value of 0.013.5 In short, the TPPTS selective 

poisoning results match the expected results nearly exactly for external surface Cu sites in 

CuBTTri as the active sites, but are not in quantitative agreement with the hypothesis of 

leached Cu ions as the sole, kinetically dominant catalyst. 

4) Were Cu2+ ions the sole catalyst, then FT-IR analysis of the CuBTTri particles poisoned 

by KCN would be expected to show Cu to CN binding ratios other than the 1Cu:1CN and 

1Cu:3CN ratios observed experimentally. Hypothetically, a “Cu(CN)42–" or “Cu(CN)2” 

species would be expected in the IR spectrum.  However, the experimental data are that the 

only vibrational modes observed are Cu(CN)3 at 2093 cm-1 and Cu(CN)1 at 2190 cm–1,8–10 

precisely those binding ratios and vibrational modes predicted by the idealized, metal-

terminated CuBTTri crystal structure. 
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Derivation S5.1: the Rate Law for the Proposed CuII to Cu III Mechanism 

 

Figure 5.3. Proposed catalytic cycle for GSNO to NO conversion catalyzed by CuBTTri in water 

reproduced from the main text in Chapter V. The elementary steps, associated rate constants, and 

equilibrium constants shown in this mechanism will be used to derive the associated rate law, as 

shown in the derivation below. 

 

 
Step 1: The experimentally observed rate law at pH = 4.5 is given below in equation S5.1. The 

derived rate law at pH = 4.5 will match equation S5.1. 

−𝑑[𝐺𝑆𝑁𝑂]
𝑑𝑡

=  𝑘!"#
$ [𝐺𝑆𝑁𝑂],𝐶𝑢#%&'()*/[𝐺𝑆𝐻]+→-		(𝑒𝑞. 𝑆5.1) 
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Step 2: The experimentally observed rate law at pH > 4.5 when the reaction is saturated in 

[GSH(COO–)] is given below in equation S5.2. The derived rate law at pH = 9 will match equation 

S5.2. 

−𝑑[𝐺𝑆𝑁𝑂]

𝑑𝑡
= 	𝑘!"#

[𝐺𝑆𝑁𝑂][𝐶𝑢#%&'()*][𝐺𝑆𝐻(𝐶𝑂𝑂
.)]-

[𝑂𝐻.]+→-
	(𝑒𝑞. 𝑆5.2) 

Step 3: First, deriving the rate law at pH = 4.5 requires that one write the necessary expression for 

total Cu ([Cu]T). The turnover limiting step (t.l.s.) is proposed to be step 3 in Figure 5.2 above, 

therefore any Cu species which appear after step 3 will not appear in the expression for [Cu]T, as 

shown below in equation S5.3. In equation S5.3 the terms for each Cu containing species are 

defined as follows: CuII(OH)2 represents the pre-active Cu site before GSH coordination, 

CuII(GSH(COO–)) represents the Cu site formed in step 1 of Figure 5.2, CuII(GS–) represents the 

poisoned site in Figure 5.2 formed upon deprotonation of the thiol proton in GSH bound to CuII 

by hydroxide, and [A] represents the key reaction intermediate formed in step 2 of Figure 5.2 

which then undergoes PCET in the t.l.s. (step 3 of Figure 5.2) to form CuIII and release NO. 

[𝐶𝑢]/ = [𝐶𝑢00(𝑂𝐻1)] + [𝐶𝑢
00(𝐺𝑆𝐻(𝐶𝑂𝑂.)] + [𝐶𝑢00(𝐺𝑆.)] + [𝐴]	(𝑒𝑞. 𝑆5.3) 

Step 4: When the reaction is run at pH = 4.5, the expression for [Cu]T simplifies to equation S5.4 

shown below. The concentration of the poisoned CuII site at pH = 4.5 is negligible in comparison 

to CuII(OH2) and CuII(GSH(COO–)). Additionally, the term for [A] in equation S5.4 can be 

discounted because no saturation kinetics are observed for [GSNO], which indicates that A (the 

intermediate formed in step 2 of Figure 5.2) does not build up after GSNO coordinates to 

CuII(GSH(COO–)). 

[𝐶𝑢]/,3456.8 = [𝐶𝑢00(𝑂𝐻1)] + [𝐶𝑢
00(𝐺𝑆𝐻(𝐶𝑂𝑂.))]	(𝑒𝑞. 𝑆5.4) 

Step 5: The relevant equilibrium constants for the Cu containing species in equation S4 are given 

below in equations S5.5 and S5.6. 
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𝐾*9,+ = [𝐶𝑢00(𝐺𝑆𝐻(𝐶𝑂𝑂.))]
[𝐶𝑢00(𝑂𝐻1)][𝐺𝑆𝐻(𝐶𝑂𝑂.)] → [𝐶𝑢00(𝑂𝐻1)] = [𝐶𝑢00(𝐺𝑆𝐻(𝐶𝑂𝑂.))]

𝐾*9,+[𝐺𝑆𝐻(𝐶𝑂𝑂.)] 	(𝑒𝑞. 𝑆5.5) 

𝐾*9,1 = [𝐴]
[𝐶𝑢00(𝐺𝑆𝐻(𝐶𝑂𝑂.))][𝐺𝑆𝑁𝑂] → [𝐶𝑢00(𝐺𝑆𝐻(𝐶𝑂𝑂.))] = [𝐴]

𝐾*9,1[𝐺𝑆𝑁𝑂]	(𝑒𝑞. 𝑆5.6) 
Step 6: Using the t.l.s. one can express the rate law for Figure 5.2 using equation S5.7 below. 

−𝑑[𝐺𝑆𝑁𝑂]𝑑𝑡 = 𝑘:[𝐴]	(𝑒𝑞. 𝑆5.7) 
Step 7: The concentration of CuII(OH2) can be expressed in terms of [A] inequation S5.8 below 

using equations S5.5 and S5.6. 

[𝐶𝑢00(𝑂𝐻1)] = [𝐴]
𝐾*9,+𝐾*9,1[𝐺𝑆𝐻(𝐶𝑂𝑂.)][𝐺𝑆𝑁𝑂]	(𝑒𝑞. 𝑆5.8) 

Step 8: The expression for [Cu]T in equation S5.3 can be written in terms of [A] using equations 

S5.6 and S5.8, as shown below in equation S5.9. Equation S5.9 can then be simplified to equation 

S5.10, and then one can solve for [A] as shown in equation S5.11. 

[𝐶𝑢]/,3456.8 = [𝐴]
𝐾*9,+𝐾*9,1[𝐺𝑆𝐻(𝐶𝑂𝑂.)][𝐺𝑆𝑁𝑂] 	+

[𝐴]
𝐾*9,1[𝐺𝑆𝑁𝑂]	(𝑒𝑞. 𝑆5.9) 

[𝐶𝑢]/,3456.8 = [𝐴]
𝐾*9,1[𝐺𝑆𝑁𝑂] D

1
𝐾*9,+[𝐺𝑆𝐻(𝐶𝑂𝑂.)] 	+ 1E	(𝑒𝑞. 𝑆5.10) 

[𝐴] = 𝐾*9,1[𝐶𝑢]/[𝐺𝑆𝑁𝑂]
G 1𝐾*9,+[𝐺𝑆𝐻(𝐶𝑂𝑂.)] 	+ 1H

	(𝑒𝑞. 𝑆11) 

Step 9: The expression for [A] given in equation S11 can be substituted into equation S5.7 to give 

the rate law shown below in equation S5.12. 

−𝑑[𝐺𝑆𝑁𝑂]𝑑𝑡 = 𝑘:𝐾*9,1[𝐶𝑢]/[𝐺𝑆𝑁𝑂]
G 1𝐾*9,+[𝐺𝑆𝐻(𝐶𝑂𝑂.)] 	+ 1H

	(𝑒𝑞. 𝑆5.12) 
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Step 10: When the value of [GSH(COO–)] is low, then 1/Keq,1[GSH(COO–)] >> 1, and the 

denominator of equation S5.12 simplifies to 1/Keq,1[GSH(COO–)]. Therefore, when [GSH(COO–

)] is low, the derived rate law simplifies to the expression shown below in equation S5.13. 

−
𝑑[𝐺𝑆𝑁𝑂]

𝑑𝑡 3456.8

= 𝑘:𝐾*9,+𝐾*9,1[𝐶𝑢]/[𝐺𝑆𝑁𝑂][𝐺𝑆𝐻(𝐶𝑂𝑂)
.]	(𝑒𝑞. 𝑆5.13) 

Step 11: When the value of [GSH(COO–)] is increased, then 1/Keq,1[GSH(COO–)] << 1, and the 

denominator of equation S5.12 simplifies to 1. Therefore, when [GSH(COO–)] is increased, the 

derived rate law simplifies to the expression shown below in equation S5.14. 

−
𝑑[𝐺𝑆𝑁𝑂]

𝑑𝑡 3456.8

= 𝑘:𝐾*9,1[𝐶𝑢]/[𝐺𝑆𝑁𝑂]	(𝑒𝑞. 𝑆5.14) 

Step 12: Combining the rate laws derived in equations S5.13 and S5.14 results in the 

experimentally observed rate law at pH = 4.5 (shown in equation S5.1). First order dependence in 

[GSH(COO–)] observed experimentally is confirmed by equation S5.13, while the saturation 

observed experimentally in [GSH(COO–)] is confirmed by equation S5.14. Additionally, the kobs’ 

given in equation S5.1 is shown to be a composite of k3, Keq,1, and Keq,2. 

Step 13: When the reaction is run at pH > 4.5 and where saturation in [GSH(COO–)] is observed 

(as was done experimentally), the expression for [Cu]T simplifies to equation S5.15 as shown 

below. When the reaction is saturated in [GSH(COO–)], the amount of CuII(OH2) present can be 

ignored because the equilibrium of step 1 in Figure 5.2 is dominated by the reaction products. As 

the pH of the reaction is increased, the proportion of the poisoned CuII site must be accounted for. 

However, [A] can still be discounted at alkaline pH for the same reason as discussed above. 

[𝐶𝑢]/,34;6.8 = [𝐶𝑢00(𝐺𝑆𝐻(𝐶𝑂𝑂.))] + [𝐶𝑢00(𝐺𝑆.)]	(𝑒𝑞. 𝑆5.15) 



 210 

Step 14: The relevant equilibrium constants for CuII(OH2) and CuII(GSH(COO–)) are given above 

in equations S5.5 and S5.6. The relevant equilibrium constant for CuII(GS–) is given below in 

equation S5.16. 

𝐾*9,3!<# =
[𝐶𝑢00(𝐺𝑆.)]

[𝐶𝑢00(𝐺𝑆𝐻(𝐶𝑂𝑂.))][𝑂𝐻.]
→ [𝐶𝑢00(𝐺𝑆.)]

= 𝐾*9,3!<#[𝐶𝑢00(𝐺𝑆𝐻(𝐶𝑂𝑂.))][𝑂𝐻.]	(𝑒𝑞. 𝑆5.16) 

Step 15: The concentration of CuII(GS–) can be expressed in terms of [A] using equations S5.16 

and S5.6, as shown below in equation S5.17. 

[𝐶𝑢00(𝐺𝑆.)] =
[𝐴]𝐾*9,3!<#[𝑂𝐻.]
𝐾*9,1[𝐺𝑆𝑁𝑂]

	(𝑒𝑞. 𝑆5.17) 

Step 16: Combining equations S5.15, S5.16, and S5.6, one can express [Cu]T at pH > 4.5 in terms 

of [A] as shown in equation S5.18 below. Equation S5.18 can be simplified to give equation S5.19, 

and then [A] can be solved for at pH > 4.5 (as shown in equation S5.20). 

[𝐶𝑢]/,34;6.8 =
[𝐴]

𝐾*9,1[𝐺𝑆𝑁𝑂]
+
[𝐴]𝐾*9,3!<#[𝑂𝐻.]
𝐾*9,1[𝐺𝑆𝑁𝑂]

	(𝑒𝑞. 𝑆5.18) 

[𝐶𝑢]/,34;6.8 =
[𝐴]

𝐾*9,1[𝐺𝑆𝑁𝑂]
I1 + 𝐾*9,3!<#[𝑂𝐻.]J	(𝑒𝑞. 𝑆5.19) 

[𝐴] =
𝐾*9,1[𝐶𝑢]/[𝐺𝑆𝑁𝑂]

I1 + 𝐾*9,3!<#[𝑂𝐻.]J
	(𝑒𝑞. 𝑆5.20) 

Step 17: Substituting the term for [A] in equation S5.20 into equation S5.7 yields the derived rate 

law below in equation S5.21 for pH > 4.5. 

−𝑑[𝐺𝑆𝑁𝑂]
𝑑𝑡 34;6.8

=
𝑘:𝐾*9,1[𝐶𝑢]/[𝐺𝑆𝑁𝑂]

I1 + 𝐾*9,3!<#[𝑂𝐻.]J
	(𝑒𝑞. 𝑆5.21) 

Step 18: When Keq,pois[OH–] << 1, the expression in equation S5.21 simplifies to the derived rate 

law shown below in equation S5.22. 
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−𝑑[𝐺𝑆𝑁𝑂]
𝑑𝑡 34;6.8

=
𝑘:𝐾*9,1[𝐶𝑢]/[𝐺𝑆𝑁𝑂]

(1)
	(𝑒𝑞. 𝑆5.22) 

Step 18: When Keq,pois[OH–] >> 1 as reaction pH increases, the expression in equation S5.21 

simplifies to the derived rate law shown below in equation S5.23. 

−𝑑[𝐺𝑆𝑁𝑂]
𝑑𝑡 34;6.8

=
𝑘:𝐾*9,1[𝐶𝑢]/[𝐺𝑆𝑁𝑂]

I𝐾*9,3!<#[𝑂𝐻.]J
	(𝑒𝑞. 𝑆5.23) 

Step 19: Combining the rate laws derived in equations S5.22 and S5.23 results in the 

experimentally observed rate law at pH > 4.5 (shown in equation S5.2). The inverse dependence 

in [OH–] (observed experimentally as log[OH–]) is confirmed by equation S5.23, while the 

saturation observed experimentally in log[OH–] is confirmed by equation S5.22. Additionally, the 

kobs given in equation S5.2 is shown to be a composite of k3, Keq,2, and Keq,pois. Along with the 

analysis given in step 12 of this derivation, it has been demonstrated that the derived rate law for 

the mechanism shown in Figure 5.2 matches exactly the experimentally observed rate law at pH = 

4.5 and pH > 4.5. 
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Estimation of Thermodynamic/Kinetic Parameters for Figure 5.2 in Chapter V 

Based on the rate law derivation presented above in this Supporting Information and the 

data below in Figures S5.3 and S5.4, one can estimate both the value of Keq,1 and k3*Keq,2 for 

Figure 5.2.  

Step 1: When the rate law is 1st order in [GSH] at pH = 4.5 (Figure S5.4) the corresponding rate 

law is equation S5.13 in the derivation above and reproduced below. 

−
𝑑[𝐺𝑆𝑁𝑂]

𝑑𝑡 3456.8

= 𝑘:𝐾*9,+𝐾*9,1[𝐶𝑢]/[𝐺𝑆𝑁𝑂][𝐺𝑆𝐻(𝐶𝑂𝑂)
.]	(𝑒𝑞. 𝑆5.13) 

According to equation S5.13, when the reaction is 1st order in [GSH], the slope of the line in Figure 

S5.4 should be equal to k3*Keq,1*Keq,2*[Cu]T*[GSNO]. Therefore, the value for 

k3*Keq,1*Keq,2*[Cu]T*[GSNO] in Figure S5.4 is equal to (1.76 ± 0.1) × 10–3. 

Step 2: When the rate law is 0th order in [GSH] at pH = 4.5 (Figure S5.3) the corresponding rate 

law is equation S5.14 in the derivation above and reproduced below. 

−
𝑑[𝐺𝑆𝑁𝑂]

𝑑𝑡 3456.8

= 𝑘:𝐾*9,1[𝐶𝑢]/[𝐺𝑆𝑁𝑂]	(𝑒𝑞. 𝑆5.14) 

According to equation S5.14, when the reaction is 0th order in [GSH], -d[GSNO]/dt is a constant 

value equal to k3*Keq,2*[Cu]T*[GSNO]. Therefore, the value for k3*Keq,2*[Cu]T*[GSNO] in Figure 

S5.3 is (2.80 ± 0.8) x 10–4 (which is equal to the maximum rate observed in Figure S5.3). 

Step 3: One can solve for the apparent value of Keq,1 using the values for 

k3*Keq,1*Keq,2*[Cu]T*[GSNO] and k3*Keq,2*[Cu]T*[GSNO] determined above from Figures S5.3 

and S5.4 (shown below in equation S5.24). 

𝑘: ∗ 𝐾*9,+ ∗ 𝐾*9,1 ∗ [𝐶𝑢]/ ∗ [𝐺𝑆𝑁𝑂]

𝑘: ∗ 𝐾*9,1 ∗ [𝐶𝑢]/ ∗ [𝐺𝑆𝑁𝑂]
=
1.76 × 10.:

2.8 × 10.6
≈ 6.1	(𝑒𝑞. 𝑆5.24) 
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Equation S5.24 shows that the apparent value for Keq,1 calculated from the data in Figures S5.3 

and S5.4 is equal to approximately 6.1 (summarized in Table 5.2 of Chapter V). 

Step 4: One can solve for the apparent value of k3*Keq,2 using the fact that the experiments which 

generated the data in Figures S5.3 and S5.4 were carried out at [Cu]T = 0.5 mM and [GSNO] = 1 

mM. Equations S5.25 and S5.26 below shows how the value for k3*Keq,2*[Cu]T*[GSNO] 

determined from Figure S5.3 can be used to determine k3*Keq,2. 

𝑘: ∗ 𝐾*9,1 ∗ [𝐶𝑢]/ ∗ [𝐺𝑆𝑁𝑂] = (2.80 ± 0.8) × 10.6	(𝑒𝑞. 𝑆5.25) 

𝑘: ∗ 𝐾*9,1 =
(2.80 ± 0.08) × 10.6

(0.5) ∗ 1
≈ (5.6 ± 1.6) × 10.6	(𝑒𝑞. 𝑆5.26) 

Therefore, the value for k3*Keq,2 is equal to approximately (5.6 ± 1.6) x 10–4 (summarized in Table 

5.2 of Chapter V). The estimate for k*Keq,2 given in equation S5.26 is reasonable given the fact 

that k3 is expected to be small, as step 3 is hypothesized to be the t.l.s. in Figure 5.2.  

 
Figure S5.4. A reproduction of Figure 5.4 from Chapter V. The portion of the plot where the 

reaction is 1st order in [GSH] (shown in greater detail below in Figure S4) can be used to estimate 

k3*Keq,1*Keq,2. The portion of the plot where the reaction is 0th order in [GSH] can be used to 

estimate k3*Keq,1. Together, these estimates yield an apparent value for the reaction parameters 

Keq,1 and k3*Keq,2. 
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Figure S5.5. A reproduction of Figure 5.5 from Chapter V. The line is fit by the equation y = 

((1.76 ± 0.1) × 10–3)x – ((4.17 ± 0.29) × 10–5), R2 = 0.99. The data in this plot can be used to 

calculate an estimate for k3*Keq,1*Keq,2. 

  

Based on the rate law derivation presented above in this Supporting Information and the 

data below in Figures S5.5 and S5.6, one can generate a second estimate for k3*Keq,2 and an 

estimate for Keq,pois for Figure 5.2.  

Step 1: Based on the derivation given earlier in this Supporting Information, the derived rate law 

when pH > 4.5 (up to pH = 9) and the reaction is saturated in [GSH] (the conditions under which 

the data in Figures S5.5-S5.6 were collected) is given by equation S5.21 (which is reproduced 

below for the convenience of the reader).  

−𝑑[𝐺𝑆𝑁𝑂]
𝑑𝑡 34;6.8

=
𝑘:𝐾*9,1[𝐶𝑢]/[𝐺𝑆𝑁𝑂]

I1 + 𝐾*9,3!<#[𝑂𝐻.]J
	(𝑒𝑞. 𝑆5.21) 

Step 2: Equation S5.21 can be written in the more general form below (equation S5.27). 

𝑦 =
𝐴

(1 + 𝐵𝑥)
	(𝑒𝑞. 𝑆5.27) 

 Step 3: Using non-linear least squares to fit the data in Figures S5.5 and S5.6 using equation S5.27, 

one can generate estimates for A and B. It is important to note here that the data plotted in Figures 

S5.5 and S5.6 are identical and the only difference between Figures S5.5 versus S5.6 is that the x-
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axis in Figure S5.5 is presented on a log10 scale while the x-axis in Figure S5.6 is presented on a 

traditional numerical scale. The data was presented in the two separate ways because: (i) presenting 

the x-axis on a log10 scale in Figure S5.5 is a clearer visual representation of the data, (ii) to check 

the fit of one data set using two different graphing methods, and (iii) Figure S5.5 illustrates the 

wide range (~4.5 orders of magnitude) over which [OH–] was varied experimentally. 

Step 4: Fits of the data in Figures S5.5-S5.6 yield estimates of A = (2.5 ± 0.1) x 10–4 s–1 and B = 

(2.34 ± 0.01) x 108 (which is unitless because the parameter B represents an equilibrium constant). 

Therefore, the data suggest that k3*Keq,2*[Cu]T*[GSNO] = (2.51 ± 0.1) x 10–4 s–1 and Keq,pois = 

(2.34 ± 0.01) x 108.  

There are two key conclusions one can draw from the second set of estimates for A and B. 

First, values for k3*Keq,2*[Cu]T*[GSNO] determined from two separate data sets (Figures S5.3-

S5.4 and Figures S5.5-S5.6) overlap within 1 sigma. Therefore, the estimate for k3*Keq,2 given in 

equation S5.26 above is supported by the data in Figures S5.5-S5.6. Second, the value obtained 

for Keq,pois ((2.34 ± 0.01) x 108) is reasonable given the fact that the deprotonation shown in the 

poisoning step in Figure 5.2 is expected to be thermodynamically favorable. 

 
Figure S5.6. A reproduction of Figure 5.7 in Chapter V with a non-linear least-squares curve fit 

included. The x-axis in this plot has been presented on a log10 scale to reflect that [OH–] was varied 

over several orders of magnitude and for visual clarity. The [OH–] values for each data point are 



 216 

the true [OH–] levels used experimentally and are not log[OH–]. The data has been fit using non-

linear least squares to the equation y=A/(1+Bx) and using a Levenberg-Marquardt iteration 

algorithm. Values for A and B are estimated to be: A = (2.51 ± 0.1) x 10–4 s–1 and B = (2.34 ± 

0.01) x 108. The estimates for A and B did not change significantly if the data points were weighted 

equally or weighted based upon their relative values and standard deviations. The values for A and 

B were not constrained when fitting the data. 

 
Figure S5.7. Plotting the same data as presented in Figure S5.5, but instead in this case the x-axis 

is presented on a traditional numerical rather than a log scale. The data in this plot was fit using 

the identical non-linear least squares method as for the data in Figure S5.6, while fitting to the 

equation y=A/(1+Bx). The values for A and B are estimated to be: A = (2.50 ± 0.1) x 10–4 s–1 and 

B = (2.34 ± 0.01) x 108. 
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Plausible, Alternative CuI Mechanistic Hypothesis 

 
Figure S5.8. A PCET, “limiting” CuI hypothesis where the active Cu site remains formally +1 

throughout the catalytic cycle. The mechanistic hypothesis below is the CuI analogue to Figure 5.3 

in Chapter V, where S-N bond homolysis is driven by electron transfer between ligand-based 

orbitals with CuI acting as a conduit for electron transfer. Resonance structures of Figure S5.1 can 

be drawn with inner-sphere electron transfer between CuI and GSNO/GSH, but the “limiting”, all 

CuI case is presented below. Future computational studies will address the question of, “where are 

the electrons during the catalytic cycle?” The oxidation of GSH to GSSG in step 1 to generate CuI 

in this mechanistic hypothesis does not violate the observed reaction stoichiometry.4 The Cu active 

sites are present at ~1.3% of [Cu]T while [GSH]i and [Cu]T in kinetics experiments were set equal.5 

Therefore, the small amount of GSSG generated from oxidized GSH in Figure S5.1 is not 

detectable via the analytical techniques used data collection (UV-VIS and 1H NMR 

spectroscopies). Figure S5.1 is the only CuI-based hypothesis where the derived and experimental 

rate laws match. 
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Disproven Mechanistic Hypotheses and Analysis 

 
 

Figure S5.9. One alternative mechanistic hypothesis is CuII Lewis acid catalyzed GSNO to NO 

conversion as shown in the following mechanism. However, this mechanism is inconsistent with 

the data (as summarized in Table 5.1 of Chapter V). Specifically: (i) first, the derived rate law for 

Figure S5.2 does not match the experimentally observed rate law in that it predicts no dependence 

on pH while a strong dependence on pH is observed experimentally (Figure 5.7 of Chapter V); 

second (ii) GSH is a mere spectator in the reaction—and by its coordination would make the CuII 

a worse Lewis acid, so should slow not accelerate the reaction; and (iii) this mechanism doesn’t 

provide a convincing driving force for S-N bond homolysis, through-bond, inductive effects being 

the explanation for S-N bond homolysis in GSNO in this conceivable mechanism. In short, the 

hypothesis that Figure S5.2 is the kinetically dominant mechanism is not consistent with the 

experimental observations and, hence, is considered disproved. 
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Figure S5.10. A second alternative mechanistic hypothesis is CuII Lewis acid catalyzed GSNO to 

NO conversion via thiol coupling and employing an intramolecular deprotonation analogous to 

Figure 5.2 of Chapter V. However, this mechanistic hypothesis is disproven by: (i) it predicts that 

GSSG is formed from both GSH and GSNO while the experimentally determined balanced 

reaction shows that GSSG is formed from just GSNO;4 and (ii) this mechanism yields [NO]- as a 

reaction product while the observed product is •NO. 
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Figure S5.11. A third alternative mechanistic hypothesis is CuII to CuI redox catalysis where GS- 

is the reductant. This mechanism is disproven by two observations: (i) Figure S5.4 involves 

significant formation of GSSG from GSH, which does not match the experimental stoichiometry 

(as discussed in Figure S5.3 above)4 and, (ii) the expected rate law for Figure S5.4 is first order in 

[OH–], the opposite of the inverse first-order dependence observed experimentally, [OH–]-1 (Figure 

5.7, Chapter V). 
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Figure S5.12. One can also write a hypothetical CuII to CuI redox catalysis mechanism, but now 

with an intramolecular deprotonation analogous to Figure 5.2 in Chapter V. Again, this possible 

mechanism is disproven by two lines of evidence: (i) significant formation of GSSG from GSH is 

predicted in opposition to the experimentally observed reaction stoichiometry; and (ii) [NO]– 

formation is predicted, inconsistent with the observed formation of •NO. 
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Calculation S5.1: the Ratio Between Thiolate and CuIIsurface at Varying Reaction pH 

 The pKa of the unbound thiol proton in GSH is known to be 9.12 in water.11 Therefore, one 

can calculate the relative amounts of thiolate (GS-) versus CuIIsurface sites at different reaction pH 

values if one uses the Henderson-Hasselbalch equation (equations S5.28-S5.29) and knows the 

total amount of GSH added to each experiment. 

𝑝𝐻 = 𝑝𝐾( + log D[𝐺𝑆
.]

[𝐺𝑆𝐻]E (𝑒𝑞. 𝑆5.28) 
G[𝐺𝑆.][𝐺𝑆𝐻]H = 10(34.3>!)(𝑒𝑞. 𝑆5.29) 

In each of the kinetic experiments reported in Chapter V, the total concentration of added GSH 

was 0.5 mM. Therefore, [GS-] and the ratio between GS- and CuIIsurface can be calculated 

(equations S5.30-S5.31) and is reported below in Table S1. 

[𝐺𝑆𝐻]/ = [𝐺𝑆𝐻] + [𝐺𝑆.]	(𝑒𝑞. 𝑆5.30) 
[𝐺𝑆𝐻] = [𝐺𝑆𝐻]/ − [𝐺𝑆.]	(𝑒𝑞. 𝑆5.31) 

Substituting the value for [GSH] in equation S5.31 into equation S5.29 yields equation S5.32 

shown below. 

G [𝐺𝑆.]
[𝐺𝑆𝐻]/ − [𝐺𝑆.]H = 10(34.3>!)	(𝑒𝑞. 𝑆5.32) 

Equation S5.32 can be set equal to zero, which yields equation S5.33. 

0 = (,𝐺𝑆𝐻]/ ∗ 10(34.3>!)J − I[𝐺𝑆.] ∗ 10(34.3>!)J − [𝐺𝑆.]	(𝑒𝑞. 𝑆5.33)	 
Solving for [GS-] from equation S5.33 yields equation S5.34. 

[𝐺𝑆.] = 	 (,𝐺𝑆𝐻]/ ∗ 10(34.3>!)J([10(34.3>!) + 1) 	(𝑒𝑞. 𝑆5.34) 
The calculated value for [GS-] in equation S5.34 can then be used to calculate the ratio between 

[GS-] and the number of CuIIsurface sites in each experiment. 
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Based on the data in Table S1, there is only enough GS- present in the reaction at pH = 6 

to poison approximately 12% of the CuIIsurface sites for catalysis (assuming GS- is a strong-binding 

poison and one GS- binds to one CuIIsurface site). However, ~67% poisoning is observed at pH = 6 

(Figure 5.7 of Chapter V), which disproves the hypothesis that GS- is the kinetically dominant 

catalyst poison. The proton being abstracted by hydroxide in the reaction rate versus pH 

experiments must have a pKa several orders of magnitude lower than the pKa of the thiol proton in 

unbound GSH. Per the discussion in Chapter V, and analysis of the protons available in 

GSH/GSNO, one is naturally led to conclude that hydroxide is abstracting the thiol proton in GSH 

bound to CuII (i.e., CuII®S(H)G). 

Table S5.1. The ratio between [GS-] and amount of CuIIsurface sites at different reaction pH levels. 

The pH levels studied and reported in Chapter V are in bold. 

 

pH 

[GS-]

[Cu
surface

II
]
 

0 1.17 x 10-7 

1 1.17 x 10-6 

2 1.17 x 10-5 

3 1.17 x 10-4 

4 1.17 x 10-3 

4.5 3.69 x 10
-3 

5 1.17 x 10-2 

6 0.117 

7 1.16 

9 66.4 
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Calculation S5.2: the Apparent pKa of the Thiol Proton in GSH Bound to CuIIsurface 

 The Henderson-Hasselbalch equation shows that when the pH of a solution equals the pKa 

of a weak acid, the concentration of weak acid and its conjugate base will be equal. For this system, 

the weak acid is CuII®S(H)G and the conjugate base is CuII®SG (equation S5.35, Figure 5.2 in 

Chapter V). 

𝑝𝐻 = 𝑝𝐾( + D [𝐶𝑢00 → (𝑆𝐺)]
[𝐶𝑢00 → (𝑆(𝐻)𝐺)]E (𝑒𝑞. 𝑆5.35) 

If ~100% of available CuIIsurface active sites are active for catalysis at pH = 4.5 (where the maximum 

rate is observed, (2.3 ± 0.8) x 10-4 mM s-1), then the pKa of CuII®S(H)G should equal the reaction 

pH where 50% of the maximum catalytic activity (1.15 x 10-4 mM s-1) is predicted by the linear 

fit in Figure 5.7 of Chapter V (y = (-0.21)x + 2.4 x 10–4). In the linear fit of Figure 5.7, y represents 

-d[GSNO]/dt and x is reaction pH. The apparent pKa of CuII®S(H)G is then calculated to be 5.6 

(equations S5.36-S5.37). This pKa estimate is supported by precedent that upon binding to CuII, 

the pKa of thiol protons can drop 2-4 orders of magnitude.12 Given that the pKa of the thiol proton 

in unbound GSH is 9.12, a pKa for CuII®S(H)G of ~5-7 is consistent with the observed pKa ~5.6. 

−𝑑[𝐺𝑆𝑁𝑂]
𝑑𝑡 = (−0.21) ∗ (𝑝𝐻) + 2.4 × 10.6(𝑚𝑀	𝑠.+)	(𝑒𝑞. 𝑆5.36) 

𝑝𝐻 = G−𝑑[𝐺𝑆𝑁𝑂]𝑑𝑡 − 2.4 × 10.6(𝑚𝑀	𝑠.+H
−0.21

= 𝑝𝐾(	𝑖𝑓	 −𝑑[𝐺𝑆𝑁𝑂]𝑑𝑡 	𝑖𝑠	1.5 × 10.6	𝑚𝑀	𝑠.+	(𝑒𝑞. 𝑆5.37) 
This analysis operates under the assumption that 50% of the maximum catalytic activity 

corresponds to 50% of the CuII®S(H)G species having been deprotonated. All the -d[GSNO]/dt 

versus pH studies were carried out under conditions where the reaction was saturated in [GSH]. 
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Therefore, the maximum number of CuIIsurface sites available were coordinated with GSH for all 

the data points reported in Figure 5.7 in Chapter V. 
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Possible Future Experiments and Computational Studies Based on Predications from the 

Proposed Mechanism in Figure 5.2 in Chapter V  

Several predictions follow based upon Figure 5.2 in Chapter V and the proposed CuII to 

CuIII redox, PCET mechanism.13,14 

A. Saturation kinetics are predicted in [GSNO] (equations S8-S9) but will likely require another 

monitoring method to be verified experimentally. The range at which [GSNO] can be reliably 

monitored by 1H NMR spectroscopy in water is approximately 0.5 to 1.5 mM, which is 

currently not wide enough to observe saturation in [GSNO]. Monitoring the reaction at 

[GSNO] below 0.5 mM requires massing out sub-milligram quantities of CuBTTri powder. 

B. Running the reaction at pH = 9, where the thiol proton in CuII
¬(S(H)G) is irreversibly 

deprotonated (i.e., at pH > 2 orders of magnitude higher than 5.6, the estimated pKa for 

CuII
¬(S(H)G)), and without GSNO is predicted to trap the catalytically active surface sites in 

a CuII state. On the other hand, running the reaction at pH = 9 but with GSNO may trap the 

catalytically active surface sites in a CuIII state (i.e., at the intermediate at “six o’clock” in 

Figure 5.2 in Chapter V). In principle, the CuIII site could then be detected ex situ using a 

technique sensitive to Cu oxidation state such as X-ray photoelectron spectroscopy (XPS), the 

caveat there being the issue of just detecting the low level of ~1.3% surface active sites that 

are, then, also poisoned.5 

C. The PCET steps of Figure 5.2 suggest that testing the rate of the reaction for deuterium 

substituted GSH (GSD), by carrying out the reaction in D2O instead of H2O, should affect the 

observed rate if the PCET steps as written in Figure 5.2 are part of the catalytic cycle. 

Additionally, computational studies proposed below (F) should yield a prediction of the kinetic 

isotope effect(s) for the proposed mechanism in Figure 5.2.  
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D. RSNO/RSH pairs with simpler structures than GSNO/GSH are predicted to react by, 

ultimately, different mechanisms under catalysis by CuBTTri. A good example is the 

previously studied pair of S-Nitrosocysteamine/Cysteamine (Cysam-SNO/Cysam-SH).7 

Cysam-SNO/ Cysam-SH do not contain the tripeptide backbone of GSNO/GSH. Addition of 

stoichiometric Cysam-SH is not required to completely catalyze NO release from Cysam-SNO 

with CuBTTri.7 The Cysam-SNO/Cysam-SH pair looks to exhibit a different rate law—and 

therefore a different mechanism—for CuBTTri catalyzed NO release. 

E. The PCET steps of Figure 5.2, poisoning observed at pH ~6.7, and a kH/kD isotope effect at pH 

= 4.5 are predictions that will be interesting to test computationally. The present system has 

the advantage of being a Cu-MOF system so atomic make-up and positions of the active sites 

are as well-known as for pretty much any solid-based catalyst. There are other details around 

the proposed mechanism in Figure 5.2 that computational studies could ideally probe. One 

example being the Marcus-type reorganization energy barrier in the computationally preferred 

mechanism that accompanies any Cu redox steps. 
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