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Abstract 
As chemists characterize molecular systems in greater detail, it becomes clear that some 

observables can only be properly studied at the macromolecular scale. However, elucidating the 

physical principles behind such phenomena as molecular recognition or chemical reactivity can 

be difficult when moving into the macromolecular regime. The objective of this work is to 

provide insights and predictions to complement experimental undertakings. The work is divided 

into two categories: 1) modeling molecular recognition through prediction of intermolecular 

interactions with highly accurate methods and 2) the modeling of chemical reactivity. 

The separation of N2 and CH4 is particularly pertinent for the natural gas industry, and 

improved materials for performing this separation would provide an enormous cost savings. 

This work is focused on the prediction of a new material capable of performing this separation. 

Through application of multiple tiers of quantum chemical methods, and comparison to similar 

known experimentally synthesized materials, a novel material is predicted to effect the 

separation of N2 and CH4 through selective binding of N2 to an open vanadium metal site.  

A particularly valuable tool for monitoring target delivery or guest encapsulation in 

macromolecular systems is an easily observed signal that indicates the status of a host-guest 

complex. Guest complexation can alter the observable properties of the host, including the spin 

crossover properties of a host macromolecule. Particular care was taken to correlate guest 

recognition to changes in paramagnetic NMR chemical shifts induced in the host system.  

The monitoring of subtle changes in a protein’s environment is a challenging and 

complex problem; however, the observation of ligand complexation in biomolecular systems is 

extremely important in the design of new medicinal therapeutic drugs. This work aims to 

develop a quantum chemical method to assist experimental assignment of challenging 19F NMR 

spectra in proteins. The importance of accurately modeling the hydration environment is 

extremely critical for accurate comparison to experimental measurements.  

Selective detection of chemical impurities is an attractive capability to have for any 

chemical process. A key impurity in industrially synthesized explosive TNT is DNT. Given the 

high prevalence of DNT in TNT, detection of DNT through electrochemistry is a useful sensor 

for explosives. This work characterizes the mechanism of DNT electrochemical reduction 

A new material was found to rapidly catalyze the decomposition of extremely toxic 

chemical warfare agents. The macromolecular metal organic framework NU-1000 was 

demonstrated to be extremely effective in catalyzing the hydrolysis of phosphoester based 

chemical warfare agents. Predictive computations were performed on a nerve agent simulant 

DMNP, and toxic nerve agents GD (Soman) and VX agents, uncovering the key role that the 

metal nodes of NU-1000 play in activation of the phosphoester bonds for hydrolytic attack.  
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Chapter 1 

Introduction 
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1.1  Overview  

The ability to selectively control the course of chemical processes is essential for many 

modern scientific technologies. Chemical separations rely on the principles of selectivity to 

achieve the necessary isolation of the desired chemical from the remaining constituents. 

Effective separations are essential for the purification of fuels, alcohol, and other commonly used 

products. In the absence of selectivity, chemical separations would be extremely difficult, 

industrial syntheses could yield costly, dangerous, or unintended products, and even the 

regulation of biological functions would be impossible. It is clear that separations and chemical 

reactions could be improved with greater selectivity; however, many of the key principles 

underlying selective chemistry remain unexplored. Throughout my thesis work in chemistry, I 

have attempted to provide insight into chemical selectivity, including: the prediction of a new 

selective material for gas separations, using predictive spectroscopy to elucidate physical 

relations in host-guest binding selectivity and in fluorochemical protein environments, selective 

sensing of chemical impurities, and the discovery of a material for selective nerve agent 

decomposition. The fundamentals of the systems described below may vary (gases interacting 

with solids, or solutes interacting in solution), but the research collected in this thesis shares a 

common interest in understanding the fundamental way in which guests interact with a 

macromolecular system.  

One way to improve our understanding of selective chemistry is to study the physical 

components of chemically selective systems, and then identify which inter-fragment interactions 

are responsible for strength and selectivity. My research has chiefly used modern quantum 

chemical methodologies to study the physical properties of a chemical system. Modern quantum 

chemistry is well suited to study an approximate, static model system that is limited to the 

system’s critical components. One key feature for the use of highly accurate quantum chemical 

methods is the ability to decompose chemical interactions into fundamental physical 

interactions and this can provide greater insight into selectivity. However, the challenge with 

quantum chemical models is that model systems are static, and limited to a few dozens of atoms. 

This is a critical obstacle to overcome in the treatment of a macromolecular system, which are 
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typically much larger than can be treated holistically with quantum methods. This leads to the 

non-trivial role of scientists in choosing the appropriate model to accurately represent the 

macromolecular system, while still being able to accurately predict the material’s properties.  

Much of my thesis work applies predictive modeling methods to address problems or 

questions that experiments cannot easily answer. Herein, I will discuss several projects relating 

to the chemical recognition and catalytic selectivity in macromolecular systems. Now let us 

discuss the necessary theoretical framework which has been used study these systems.  
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1.2  Computational Methods 

1.2.1  Density Functional Methods 

The advent of computational chemistry gave scientists a molecular camera to examine 

the finest details of chemistry. The groundwork was laid by quantum mechanics, particularly via 

the time independent Schrodinger Equation 

 =  ( 1.2.1 ) 

where  is the Hamiltonian operater that returns the energy eigenvalue E of a system described 

by a wavefunction . However, a complete a priori formulation of an electronic system is 

exceedingly difficult for molecular systems; one can approximate this through the use of density 

functional theory (DFT). While  contains all of the information about a system, working with 

 can be computationally challenging given that is contains 4N variables, where N is the 

number of electrons. We can dramatically reduce the cost by considering the electron 

probability density 

 =	 ∗  ( 1.2.2 ) 

which depends only on three coordinates, or six coordinates if we consider alpha and beta spin 

densities separately. The Hohenberg-Kohn (HK) theorems and the Kohn-Sham (KS) approach 

established the foundation for utilizing the electronic density instead of the wavefunction to 

determine electronic structure and properties.1  

Within the KS density functional framework, one approximates a fictitious system of 

non-interacting electrons. This crucial approximation allows for the expression of the 

Hamiltonian operator as a sum of one electron operators, and then accounting for the difference 

from the real system with a correction term.  

 =	 + + + +  ( 1.2.3 ) 

where the terms refer respectively to the kinetic energy (T) of the non-interacting system, the 

potential energy (V) of the classical nuclear-electron and electron-electron interaction 

potentials, and the correction terms to the kinetic energy of an interacting density and to the 
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electron-electron potential of a self-interacting density, respectively. The correction terms can 

be described as the exchange-correlation (XC) energy Exc, which is often approximated in a 

semiempirical fashion since the exact formulation is unknown. Since the exchange-correlation 

term contains the residual part of the true kinetic energy, non-classical form of the self-

interaction correction, and the exchange and correlation interactions, there have been numerous 

attempts at formulating exchange correlation functionals. The exchange and correlation terms 

come from the instantaneous effects that the many electron system have on each other through 

the exchange effect of indistinguishable quantum particles and correlation of simultaneously 

moving electrons experiencing Coulomb interactions.  

Current exchange-correlation functionals are chiefly of the following varieties: local, 

gradient corrected, kinetic energy corrected, and hybrid functionals. Within the local density 

approximation (LDA), the functional only has spatial dependence on the density. The use of 

LDA has significantly depreciated since its inception in favor of the more accurate generalized 

gradient approximation (GGA). The gradient corrected functionals include additional 

dependence on the gradient of the density. These are commonly used functionals, and examples 

include PBE or BLYP. The meta functionals additionally include functional dependence on the 

up and down spin kinetic energy densities. These functionals are among the most complex of 

available functionals; an example of a meta-GGA functional is M06L. A hybrid functional 

includes some fraction of exact Hartree-Fock (HF) exchange ranging from 10% to 100% 

(depending on the functional). For example, the widely used B3LYP functional is a hybrid GGA 

functional with 20% HF exchange or the hybrid meta-GGA functional M06 with 27% HF 

exchange. 

There are currently a large variety of functionals available in the literature, and without 

some guidance one can quickly become overwhelmed by choices. Functionals were chose in this 

work by examining the functional performance for a given application. When previous 

performance was unknown, additional benchmarking was performed to compare modeling 

results to experimental measurements.  
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1.2.2  Computation of Nuclear Magnetic Resonance† 

Diamagnetic NMR. In nuclear magnetic resonance (NMR), one can observe atomistic detail in 

molecular and macromolecular systems. Each atom’s unique magnetic environment generated 

by moving charges of the local electronic and nuclear structure, gives rise to radio frequency 

resonances for nuclear spin flips in the presence of a magnetic field. This is called the nuclear 

Zeeman effect, and has an energy splitting   

 = ℏ	 	 −  ( 1.2.4 ) 

where the nuclear spin splitting energy is described by ΔE, ℏ is the Planck constant over 2π, γI is 

the gyromagnetic frequency of nucleus I, B0 is the applied magnetic field and Be is the local 

magnetic field. The strength of the Be at a nucleus opposing the applied magnetic field is called 

the chemical shielding. These resonance frequencies are dependent on the strength of the 

applied magnetic field, so there is a standardized way to report this called the chemical shift  

  =	  ( 1.2.5 ) 

where  is the resonance frequency of your sample’s nucleus in Hz, and  is the 

resonance frequency of a reference nucleus in Hz. The denominator is in units of MHz, giving 

rise to units of ppm typically reported. 

Theoretically, one can predict the local magnetic field at a nucleus opposing an applied 

magnetic field (termed the orbital chemical shielding ) by taking the second mixed 

derivative with respect to the nuclear magnetic moment and the magnetic field. Since solution 

based experimental measurements only measure the isotropic contributions, we do not have to 

consider the anisotropic contributions to the chemical shielding tensor. Given that  is an 

                                                                 
† Parts of this section are Reproduced by permission of the PCCP Owner Societies 

Isley III, William C.; Zarra, Salvatore; Carlson, Rebecca K.; Bilbeisi, Rana A.; Ronson, Tanya K.; Nitschke, Jonathan 

R.; Gagliardi, Laura; Cramer, Christopher J.  

Phys. Chem. Chem. Phys. 2014. 16, pp 10620-10628. 

Link: http://dx.doi.org/10.1039/C4CP01478B 
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absolute chemical shielding and must be referenced relative to a known compound, the 

observable orbital chemical shift becomes 

 =	 −  ( 1.2.6 ) 

where  is the isotropic chemical shielding of a reference compound, typically 

tetramethylsilane (TMS) for 1H and 13C with a δexp = 0 ppm. For 19F NMR, trifluoroacetate (δexp 

= -76.55 ppm relative to CFCl3) is typically used as the reference compound.  

Paramagnetic NMR. When unpaired electronic spin density is present in a paramagnetic 

molecular system, this gives rise to a magnetic dipole, and Zeeman orbital contribution to the 

chemical shift is no longer the dominant term. The presence of the magnetic dipole requires that 

additional terms must be accounted for to accurately predict the NMR chemical shift of a 

paramagnetic system. The paramagnetic NMR chemical shift can be approximated2 for S = ½  as 

 =	 + +  ( 1.2.7 ) 

where the three contributors to the total isotropic chemical shift are an orbital term, computed 

analogously as for diamagnetic systems, a Fermi contact term, and a spin–dipole term. The 

Fermi contact (FC) shift originates from the Fermi contact interaction between the nuclear 

magnetic moment and the average spin density at the nucleus.2 The spin–dipole (SD) term 

derives from the dipolar interaction between the magnetic moment of unpaired electron density 

and the nuclear magnetic moment of interest. The spin-dipole term has unfortunately been 

termed the “pseudocontact” shift; and has been the cause of some confusion in the literature. 

The pseudocontact interaction originates from the spin-orbit correction to the FC interaction. 

For an S = ½ system, the absolute chemical shielding can be expressed as 

 = , − , , ∙  ( 1.2.8 ) 

where ,  is the orbital shielding for nuclei ,  is the effective spin,  and ,  are the 

Bohr and nuclear magneton, respectively, ,  is the nuclear g-value of nucleus  (note that the 

nuclear g-value is commonly substituted for the nuclear gyromagnetic ratio = , , /ℏ), 

 is the Boltzmann constant,  is the temperature, the  tensor is the electronic g-tensor, and 

 is the hyperfine coupling tensor at nucleus , the T superscript denotes the transpose. The 
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non-relativistic hyperfine coupling tensor can be separated into the isotropic Fermi contact 

term, and the anisotropic dipolar coupling term. There are other terms arising from spin-orbit 

coupling (SOC) which can be separated into the isotropic pseudocontact (PC) term, the 

anisotropic symmetric and anti-symmetric contributions.   

Since solution based experimental measurements only measure the isotropic 

contributions, by removing the anisotropic and anti-symmetric terms equation 2 can be reduced 

to (omitting  for simplicity) 

 =	 −	 + + Tr 	 ⋅ 	  ( 1.2.9 ) 

where  is the isotropic Fermi contact hyperfine coupling constant,  is the isotropic 

pseudocontact hyperfine coupling constant, and the remaining isotropic term is taken from the 

tensor product between the g-tensor and the spin-dipolar hyperfine coupling tensor (since  

is symmetric, the transpose idempotent).  

For isotropic systems 3d metal systems,3-5 the Fermi contact term is presumed to 

massively dominate the pseudocontact and spin-dipolar contributions and thus these spin-orbit 

and anisotropic contributions are neglected. The pseudocontact term δPC has previously been 

shown3, 4, 6, 7 to be negligibly small in Co- and Fe-containing systems similar to those studied later 

in this work. Thus the computed absolute chemical shift becomes 

 =	 −	  ( 1.2.10 ) 

where  is the gyromagnetic ratio for nucleus ,  is the isotropic g-factor, µ  is the Bohr 

magneton, is the isotropic hyperfine coupling constant for nucleus K in frequency units 

(multiply by ℏ if the HFC is in energy units), S is the electronic total spin,  is Boltzmann’s 

constant, and T is temperature.  

The isotropic chemical shielding constants should be computed with the appropriate 

solvent model, and the work below uses the SMD solvation model.8 The B3LYP functional has 

previously demonstrated good NMR and EPR performance for metal-containing systems like 

those studied here,6 although we do not consider electronic energies computed from this level of 
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theory as Swart has shown B3LYP to do poorly for the prediction of spin-state-energy splitting 

in iron coordination compounds.9  

While the costly pseudocontact spin-orbit correction to the hyperfine tensor can be 

neglected, inclusion of the spin-orbit correction to the g-tensor is critical. Hyperfine coupling 

constants and the g-tensor are recommended to be computed using the DFT level of theory in 

gas phase within the spin orbit mean field approximation SOMF(1X).10  

Zero Field Splitting. For systems with S > ½, the magnetic fields generated by more than one 

unpaired electron cause additional orbital splitting energies through the effect that each electron 

has on another. This effect is called the zero field splitting (ZFS) due to the appearance of 

additional electronic state from magnetic interactions in absence of magnetic field. ZFS is 

known to affect molecular properties, particularly through appearance of additional energetic 

states that cannot be predicted without spin-orbit coupling. However, this zero field splitting 

separations are typically quite small and described as the property D (in cm-1).The extension for 

systems with S > ½ using the zero-field splitting interaction is neglected in the work in 2.2 

Predicting Paramagnetic 1H NMR Chemical Shifts and State-Energy Separations in Spin-

Crossover Host-Guests Systems on paramagnetic NMR; discussion of why we neglect this 

follows. The above formalism for paramagnetic NMR is derived for the S = ½ spin state, and 

extensions for systems having S > ½ involve incorporation of the zero field splitting (ZFS) 

phenomenon. Several methods have been derived to account for ZFS effects on paramagnetic 

shifts,11-13 and we examined the ZFS effect from the extended formulation for the Kurland and 

McGarvey 11, 12   

 =		 1 + +  ( 1.2.11 ) 

where   is the ZFS corrected isotropic contact shielding, the first order ZFS correction term 

 is given in from Hrobarik et al.12 equation 39 , and the second order ZFS correction term 

 is spin dependent and selected from Hrobarik et al.12 equations 40(a-d) according to the 

S quantum number. The magnetic anisotropy was computed using the coupled-perturbed spin 

orbit correction method of Neese.14 The ZFS correction to paramagnetic chemical shifts was 
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examined for a computed ZFS parameter D = -3.65 cm-1 for quintet FeII was found to change 

 by 0.02%. Since the Kurland and McGarvey approximation method is known to 

underestimate the D value,15, 16 additional estimates for the upper limit of the ZFS correction 

were performed with larger D values. For the FeII quintet, a D = -45 cm-1 yields a change in  

by -0.87%. Given the small magnitude of this correction and the expense of computing D, we 

determined that the ZFS correction can be neglected for the iron systems examined in this 

thesis.  
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1.3   Organization of the Thesis 

As chemists characterize molecular systems in greater detail, it becomes clear that some 

observables can only be properly studied at the macromolecular scale. However, elucidating the 

physical and structural principles behind such phenomena as molecular recognition or chemical 

reactivity can be difficult when moving into the macromolecular regime. The objective of this 

work is to provide insights and predictions from theory to complement experimental 

undertakings. The work is divided into two categories: Chapter 2: Chemical Recognition at the 

Macromolecular Scale modeling molecular recognition through prediction of intermolecular 

interactions with highly accurate methods and Chapter 3: Chemical Reactivity at the 

Macromolecular Scale the modeling of chemical reactivity in macromolecular systems. First, the 

types of macromolecular systems that are examined in this thesis are described. Then, an 

overview of each section presented in this thesis is detailed.  

Macromolecular Materials. Porous macromolecular systems, such as zeolites, have played an 

important role in industrial processes for decades.17 Part of the success of zeolites has been the 

ability to select the proper material for its intended application. Zeolites can be generated within 

a large topological space, and the chemical interactions can be tuned through cation doping.18-22 

More recently, a new type of material, metal organic frameworks (MOFs), has been introduced, 

that allows for even greater variation and design in topological space and tuning of chemical 

interactions in contrast to zeolites. Metal organic frameworks are porous materials that are made 

up of metal nodes bound together by organic linkers (see Figure 1.3.1). These metal organic 

frameworks have demonstrated potential for applications in separations, catalysis, batteries, and 

gas storage. 17, 23-26 This thesis will highlight the predictive power of theory to aid synthetic efforts 

in the face of the enormous MOF configurational space. This thesis additionally includes a 

particularly promising application where catalytic activity of a MOF is utilized for the 

degradation of toxic chemical agents.  
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Figure 1.3.1: Schematic Representation of an organic ligand (top left) and a metal node 

(bottom left) being combined to generate a 3D topology (right).  

Biomimetic and Biomolecular Macromolecules. In addition to the macromolecular materials 

systems presented above, a significant portion of my research has been in the area of biomimetic 

host-guest chemistry, and more recently protein spectroscopy. Host-guest chemistry emphasizes 

the design of a host molecule that will selectively bind a target guest. One host complex that I 

studied is a molecular cage, shown in Figure 1.3.2, first made in the group of Prof. Jonathan 

Nitschke.27 The cage is a large tetrahedron where metal atoms, the blue spheres labeled M2+ at 

the corners, are connected by organic linkers. These cages feature an interior pocket for a guest 

molecule, which enters through the cages’ porous faces.  

These cages have demonstrated promising functionality as strong and discriminating 

binders of single organic guest molecules in solution.27 As such, these cages offer promise for 

applications like targeted delivery. During targeted delivery, the encapsulated target is wrapped 

by the cage to protect the guest from damage until it reaches some intended target location.28 

The delivery of the guest can be induced through addition of a more strongly binding alternative 
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guest, or through the dissolution of the cage. The work in this thesis will examine the 

relationship between observable NMR signals and the ability to identify the encapsulated target 

or unique protein environment.  

 

Figure 1.3.2: Sulfonated tetrahedral [M4L6]4- cage, self-assembles in water. Each edge of 

the tetrahedron connecting metal centers (M2+) represents the ligand L shown. Each metal 

center has three ligands. Upon addition of an organic guest (shown above the arrow) in water, 

the guest becomes encapsulated inside the cage. 

In addition to the biomimetic host-guest systems discussed above, this thesis will also 

examine biomolecular macromolecules known as proteins. Proteins are essential functional units 

in living organisms, yet the complexity of protein-protein interactions in biomolecular processes 

is staggering. Protein-protein interactions play a significant role in the Histone Code 

Hypothesis, where multi-protein complexes assemble to compose the machinery that 

transcribes DNA.29 Without the transcription process, no RNA could be encoded to make the 

proteins that serve critical biological functions. Malfunction of the assembly of the multi-protein 

complex during transcription has been implicated in some disease processes.30 The work in this 

thesis will examine the predictive power of theory for spectroscopic properties of fluorine in 

different protein environments, which can aid experimental studies of protein-protein 

interactions and the design of therapeutic targets from small molecular fragments.  
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2.1 Design of a Metal – Organic Framework with Enhanced Back Bonding for the 

Separation of N2 and CH4.  This chapter presents a comprehensive quantum chemical 

analysis to a challenging, but industrially relevant gas phase separation. This important modern 

gas separation involves the removal of atmospheric nitrogen gas from natural gas. The sudden 

growth of fracking technology and its application to the extraction of natural gas from 

subterranean deposits has reduced energy costs and increased the availability of low-cost natural 

gas in the United States. Currently, nitrogen gas (N2) introduced by fracking must be separated 

from natural gas based on physical properties via cryogenic separations. Such separations are 

very costly due to their low selectivity. An alternative approach is to design a material tailored to 

form a chemical bond with N2, e.g., through introduction of a metal with an open bonding site. If 

methane, the main constituent of natural gas, cannot form an equivalent bond to the metal, the 

material should be able to selectively filter N2 from natural gas, and dramatically reduce the 

purification cost.  

Through a comprehensive theoretical investigation, a new material has been designed 

that is predicted to be capable of separating N2 from methane.31 This new material is a variant of 

a known metal-organic framework, in which vanadium (V) is substituted in the newly designed 

system for iron (Fe) in the known system. The V-based material is predicted to selectively bind 

N2 by forming a significantly stronger interaction with N2 than to methane. Whereas the Fe-

based material does not form the chemisorption interaction with N2, resulting in a similar 

strength metal-gas interaction for both methane and N2. 

My role in this project was to understand and exploit the physical bases for the 

formation of the stronger V–N2 bond. To accomplish this, I surveyed many metal-N2 interaction 

energies as a function of distance using highly accurate quantum chemical methods for a 

representative model system. I analyzed the resulting potential energy curves (see Figure 1.3.3) 

and elucidated the importance of a subtle feature of the electronic configuration of V that made 

this metal optimal for the separation. The chemisorption interaction is a result of increased back 

bonding from V to N2, which can only occur for metals with three or fewer d electrons. This 

understanding should accelerate design efforts in alternative materials. 
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Figure 1.3.3: The potential energy curve as a function of M–N2 distance. The curve for M = 

V(II) is shown as a dashed line with circular points. The curve for M = Fe(II) is shown as a 

dotted line with triangular points. Figure adapted from Lee et al.31 

 

2.2 Predicting Paramagnetic 1H NMR Chemical Shifts and State-Energy Separations in 

Spin-Crossover Host-Guests Systems. A particularly valuable tool for monitoring targeted 

delivery or guest encapsulation is an easily observed signal that indicates the status of a host-

guest complex. For example, the detection of munitions in complex environments might be 

accomplished through targeted binding and signaling. In the above cage systems, experiments 

have determined that guest encapsulation induces observable changes in the electronic and 

magnetic properties of the iron centers. This process, called spin-crossover (SCO), involves a 

change in the electronic configuration of iron that is accompanied by an observable change in 

magnetic properties. The prevalence and magnitude of SCO was observed to depend on the 

identity of encapsulated guests, but the cages do not survive over a sufficient temperature range 

to permit full characterization of the SCO process. To supplement the experimental data, I have 

applied quantum chemical models to help characterize and understand this behavior.32  

My research on this project began by successfully reproducing the well-defined 

magnetic properties of an analogous cobalt cage. I used this validated model to compute 

magnetic properties for the iron cage in order to determine the energy required to affect SCO 

(ΔHSCO). The ΔHSCO inferred from experiment also presented a puzzle; it was much lower (≈ 8 

kcal mol-1) than was predicted by our computational model (≈ 30 kcal mol-1). Knowing that the 
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SCO product would be dependent on dynamically varying metal-ligand bond distances, I 

surveyed the X and Y bond coordinates for the cage corners as shown in Figure 1.3.4. A region 

where experiment and theory are found to be consistent is indicated by the red star, which is far 

from the lowest energy structure expected for a static, empty cage. This result indicates that 

dynamic configurations will play a crucial role in SCO, which is further reinforced by the unique 

effect on the local metal coordination induced from each guest upon binding.  

  
Figure 1.3.4: The predicted enthalpy (kcal/mol) of spin-crossover at a cage corner (one 

metal center from the cage in Figure 1.3.2). Increasing metal–ligand distances are shown on 

X and Y, schematically shown for one ligand. Figure adapted from Isley III et al.32  

 

2.3 The Prediction of 19F NMR in Proteins.  The monitoring of subtle changes in a protein’s 

environment is a challenging and complex problem given the size and non-uniformity of 

biomolecular systems which leads to complex data interpretation. However, the observation of 

ligand complexation in biomolecular systems is extremely important in the design of new 

medicinal therapeutic drugs. Great advances have been made in understanding chemical 

recognition and reactivity in biomolecular systems with small ligands. Yet, the design of small 

molecule drugs that target protein-protein interfaces poses a particularly challenging problem. 

These sites have historically been considered undruggable in an important class of protein 

domains called bromodomains. Bromodomains are key players in the assembly of DNA 

transcriptional machinery, and malfunctioning bromodomains have been implicated in various 
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diseases. The primary challenge for developing medicinal targets for bromodomains is that high 

throughput detection of fragment binders is extremely difficult.  

A recent advance in detection capabilitiy has been to label residues near the inhibitor’s 

binding site with fluorine atoms, which are magnetically active, and can be used in fragment 

screening studies to discover new inhibitor designs for medicinal purposes. This method 

provides a significant advancement in the ability of experiments to selectively test for new drug 

fragment binding effects. The hurdle for this method lays in the assignment of the protein’s 

fluorine NMR spectra. Through collaboration with the Pomerantz group at the University of 

Minnesota, my work in this area has focused on the development of a method to predict 19F 

NMR spectra. Current results have demonstrated that the prediction of 19F NMR in proteins is a 

challenging problem due the model’s sensitivity to hydration environment, but an automated 

procedure for spectral assignment is within reach.  

 

3.1 Electrochemical Reduction of 2,4-Dinitrotoluene in Aprotic and pH-Buffered Media.  

Selective detection of undesirable impurities is an attractive capability to have for any chemical 

process. A key impurity in the industrially synthesized explosive 2,4,6-trinitrotoluene (TNT) is 

2,4-dinitrotoluene (DNT). DNT has a higher volatility and is easier to detect through 

electrochemical reduction than TNT. Electrochemical sensors rely on detection of DNT, a 

prevalent contaminant in TNT, making selectivity fundamentally important in sensors of 

explosive devices. A mechanistic understanding of the electrochemical reduction of DNT has 

previously been lacking. Characterization of the pathway for DNT’s electrochemical reduction 

has confirmed the appearance of a bishydroxylamine species, its signature spectra, and should be 

helpful in developing improved sensor devices. Through application of density functional 

methods, the full electrochemical reduction pathway has been characterized for DNT, and 

supports experimental findings reported.  

Through collaboration with the Buhlmann group at the University of Minnesota, my 

work in this area has focused on the characterization of the mechanism for the electrochemical 

decomposition of DNT.33 Given that the reduction of DNT goes through an 8 electron/8 
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proton process there are a staggering number of intermediates possible. We have determined 

that instead of full reduction of one nitro group into amines (leaving one nitro group untouched, 

see Figure 1.3.5), the system dramatically favors the generation of a bishydroxylamine species. 

Knowledge of this pathway for reduction can be applied to improve sensors of DNT to selective 

recognition of spectral features after an 8 electron reduction.  

 

Figure 1.3.5 Pathway for the Electrochemical Reduction of 2,4-Dinitrotoluene. Reduction 

of DNT proceeds through a hydroxylamine intermediate after 4 electron and proton 

equivalents, then to a dihydroxylamine final species.  

 

3.2 Decomposing Chemical Warfare Agents Utilizing Metal–Organic Frameworks  This 

chapter presents a new material found to rapidly catalyze the decomposition of extremely toxic 

chemical warfare agents. Rapid decomposition of chemical warfare agents would be beneficial in 

numerous applications, such as personnel protection or stockpile disarmament. The 

macromolecular metal organic framework NU-1000 was demonstrated to be extremely effective 

in catalyzing the hydrolysis of phosphoester based chemical warfare agents. Predictive 

computations were performed on a nerve agent simulant DMNP, and toxic nerve agents GD 

(Soman) and VX, uncovering the key role that the metal nodes of NU-1000 play in activation of 

the phosphoester bonds for hydrolytic attack. Experimental confirmation of the catalytic activity 

of NU-1000 was demonstrated in this work, as well in subsequent work.  
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Chemical warfare agents (e.g., GD and VX) containing phosphate ester bonds are 

among the most toxic chemicals known to mankind. For some applications, rapid destruction of 

agents is essential.34, 35 Not only is the reactivity critical for these materials, but so is selectivity in 

the production of non-toxic products. Figure 1.3.6a shows the two possible products of VX 

hydrolysis, one of which is non-toxic, whereas the other is still an active agent. The toxic product 

of VX hydrolysis is harder to hydrolyze to a nontoxic molecule, which can dramatically increase 

the half-life the decomposition in non-selective materials.  

     

Figure 1.3.6: Schematic Catalytic cycle showing a hydrated MOF cluster, to surface 

adsorption of the a) VX analog or b) GD analog, to the agent replacing a surface bound 

H2O molecule, to deactivation of the agent, and finally to regeneration of the MOF. 

Hydrolysis of the VX thioester (SR) results in a non-toxic product, whereas hydrolysis of the 

ester (OR) yields a toxic product.  

My work on this project involved theoretical predictions for carefully chosen metal-

organic framework (MOF) material featuring high porosity and exceptional chemical stability 

that is extraordinarily effective for the degradation of nerve agents and their simulants. 36 

Through collaboration with the Hupp and Farha groups at Northwestern University, a new 

material was designed and studied for the catalytic decomposition of phosphate ester chemical 

warfare agents. While the material had been previously demonstrated to hydrolyze nerve agent 
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simulants,37 experiments with nerve agents are extremely dangerous. Our methods predicted 

that GD and VX would show the same reactivity as the nerve agent simulants giving further 

justification for undertaking the dangerous experiments. Computational models pointed to 

Lewis acidic ZrIV ions as the active site and to their accessibility as a defining element of their 

efficacy, which have a very similar structure and predicted energetics to the biologically active 

phosphotriesterase enzyme which affect the same reaction.38 The proposed catalytic cycle for 

the GD nerve agent simulant is shown in Figure 1.3.6b. In addition to showing the utility of the 

ZrIV Lewis acid active sites, computations also predicted that this material would be much more 

selective for detoxification of VX than previous industrial scale methods. Further explorations 

into the catalytic ability of the Zr node within other MOFs to degrade phosphate ester based 

agents was demonstrated,39, 40 and experimental evidence supporting the prediction of selective 

VX hydrolysis36 to produce the non-toxic product has been found.41  
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Chemical Recognition at the Macromolecular Scale 
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2.1  Design of a Metal – Organic Framework with Enhanced Back 

Bonding for the Separation of N2 and CH4
† 

2.1.1  Introduction 

The coordination of dinitrogen to transition metal cations is important both 

fundamentally and industrially. Dinitrogen is highly inert and generally considered to be a poor 

ligand. In 1965, however, it was shown that a simple coordination complex, [Ru(NH3)5]2+, could 

reversibly bind N2.42 In subsequent years, a number of dinitrogen–transition metal complexes 

have been isolated for metals in varying oxidation states with various coordination numbers.43, 44 

These complexes typically feature low-valent, relatively reducing metal cations coordinated to 

dinitrogen in an end-on binding mode. Activating dinitrogen at a metal center to promote its 

reduction by hydrogen to ammonia under moderate conditions remains a critical goal for 

homogeneous catalysis. Somewhat weaker metal-dinitrogen binding, however, may be useful for 

the adsorptive separation of gas mixtures. An example is provided by the need to remove 

dinitrogen (an omnipresent but noncombustible contaminant) from natural gas or other 

methane-rich gases. This is an extraordinarily difficult separation based on physical properties 

alone, as both gases lack a permanent dipole and have similar polarizabilities, boiling points, and 

kinetic diameters. Although cryogenic distillation is currently utilized for the separation of these 

gases, the cost- and capital-intensive nature of this separation has led to the development of a 

number of competing processes, such as membrane- or kinetics-based separations, which 

generally suffer from low selectivities.45 

Adsorptive separations utilizing porous solids containing transition-metal cations 

capable of reversibly binding dinitrogen may result in highly selective and efficient 

                                                                 
† Adapted with permission from: 

Lee, Kyuho; Isley III, William C.; Dzubak, Allison; Verma, Pragya; Stoneburner, Samuel J.; Lin, Li-Chiang; Howe, 

Joshua D.; Block, Eric D.; Reed, Douglas A.; Hudson, Matthew R.; Brown, Craig M.; Long, Jeffery R.; Neaton, 

Jeffery B.; Smit, Berend; Cramer, Christopher J.; Truhlar, Donald G.; Gagliardi, Laura  J. Am. Chem. Soc. 2014, 

136 (2), pp 698-704. 

Link: http://dx.doi.org/10.1021/ja4102979  

© 2014 American Chemical Society 
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dinitrogen/methane separations. Metal–organic frameworks are particularly promising in this 

regard, as they offer a myriad of materials design opportunities and have already shown great 

potential for a number of gas separation applications.23, 24 These materials typically display high 

internal surface areas that can be decorated with both ligand- and metal-based functionalities.46 

In principle, this permits the rational design of local environments tuned for the selective 

binding of specific gases. The M-MOF-74 series of compounds having formula M2(dobdc) 

(where dobdc4– is 2,5-dioxido-1,4-benzenedicarboxylate) is an especially versatile and 

intensively studied structure type.47-52 This structure features 12 Å-wide hexagonal channels, 

lined at the vertices with helical chains of five-coordinate divalent metal ions connected through 

dobdc4– bridging ligands. Upon activation, these materials have an extremely high density of 

open metal coordination sites, leading to the possibility of a high working capacity for storage or 

separation applications. 

M-MOF-74 structures containing Mg2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, and Zn2+ have been 

synthesized. CH4 and N2 adsorption enthalpies reported for a number of these materials indicate 

they are likely not useful methane/nitrogen separation materials. For example, Mg-MOF-74 

displays CH4 and N2 adsorption enthalpies of 4.453 and 5.054 kcal/mol, respectively. However, in 

principle other dicationic metals could be incorporated into this structure type. As the synthesis 

of pure M-MOF-74 phases is often quite challenging, it would be advantageous to know a priori 

which variations are the best candidates for a given gas separation application. This is a 

predictive challenge appropriate for the application of computational quantum chemistry, which 

can be used to pinpoint which cations might be anticipated to have interactions of significantly 

different strengths with competing guests. The interactions between M-MOF-74, corresponding 

to different M, and various adsorbates were investigated theoretically, which suggested that V-

MOF-74 could be promising in the N2/CH4 separation. We thus decided to study V-MOF-74 in 

detail. Here, we show, based on three models (Figure 2.1.1 a, b, and c) of the MOF, that 

selective back bonding interactions55, 56 from the vanadium(II) cation centers in V-MOF-74 to 

the unoccupied π* orbitals of N2 can be used to separate N2/CH4 mixtures. We further use 

calculations by Kohn–Sham density functional theory57 (DFT) and correlated wave-function 
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theory to put this prediction on a quantitative basis and compare it with the experimentally 

characterized Fe-MOF-74. 

 

Figure 2.1.1. (a, b, and c) Structural models used in this work. (a) Optimized periodic 

framework model, based on the symmetry of the experimental primitive cell. (b) 88-atom 

cluster. (c) Small model. Light blue, red, dark gray, and white spheres represent vanadium, 

oxygen, carbon and hydrogen atoms, respectively. (d) Three-center bonding diagram between 

framework O atoms, the metal, and a guest. On the left we show the d subshell occupancy of 

Fe(II) in both blue and green; V(II) would have only three electrons (green alone) in the d 

subshell, and the metal dz
2 orbital would be empty. On the right, the middle section shows how 

the dz
2 orbital splits upon interacting with the four lone pair electrons of two axial Lewis bases; 

the occupancies shown are for Fe(II) – only four electrons would be present for V(II) because 

the dz
2 orbital of V(II) is unoccupied. The right-most orbital diagram shows the nature of the 

interaction of the ligand unoccupied π* orbitals with the occupied dπ orbitals of the metal; when 

the anti-bonding orbital is occupied, the ligand cannot approach the metal as closely, and this 

interaction is substantially weaker. 
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2.1.2  Theoretical Methods 

In order to treat the adsorption process reliably, we need to use electronic structure 

methods that include dynamical correlation, especially attractive medium-range noncovalent 

forces. Most exchange-correlation (xc) functionals currently used in DFT do not treat such 

medium-range correlation energy accurately; however, here we use two kinds of density 

functionals that overcome this limitation. (1) The Rutgers-Chalmers van der Waals density 

functionals58 use a nonlocal formulation of the correlation part of the xc functional and can treat 

attractive van der Waals interactions both at medium range and long range. We use the vdW-

DF2+U functional59 of this type with Hubbard U corrections,60 where U is a parameter for metal 

d electrons that is determined to reproduce oxidation energies. (2) The Minnesota functionals61 

include the local kinetic energy density in the xc functional and have been shown to yield 

accurate noncovalent attraction at van der Waals distances;62 we will employ three such 

functionals, M06-L,63 M06,64 and M11-L,65 because they are based on very different approaches: 

M06-L is a well validated61, 62, 64 local functional with global parameters, M11-L is a recent local 

functional employing different exchange and correlation parameters for short and long 

interelectronic distances, and M06 employs 27% Hartree–Fock exchange, as justified by 

adiabatic connection arguments66 to reduce DFT self-interaction error.  

We also employ two wave function theory (WFT) methods, in particular local-pair 

natural-orbital coupled cluster theory with single and double excitations67 (LPNO-CCSD) and 

complete active space second-order perturbation theory with counterpoise corrections 

(CASPT2-CP).68 The latter method has been shown to yield accurate energetics in systems 

containing transition metal compounds.69, 70 

The DFT and WFT methods used here involve approximations that impose limits on 

their accuracy. Because they represent very different approaches to the electronic structure 

problem, confidence in the utility of their quantitative predictions is significantly increased when 

different models agree, even if the natures of the various approximations employed make it 

unclear which model is most accurate within the remaining variation. 
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Orbitals, spin states, cores, relativistic effects, and metal ions. In Kohn-Sham calculations 

and in the reference state for LPNO-CCSD, the V and Fe ions are in high-spin states (quartet 

and quintet, respectively), and all other orbitals are doubly occupied. For the CASPT2-CP 

calculation on the 88-atom cluster, we replace the two outer metal ions by closed-shell Zn(II) 

ions and treat the central metal in the active space. (None of the DFT calculations involve this 

Zn substitution.) Descriptions of the active spaces used for all species are given in the SI. The 

vdW-DF2 calculations with the Hubbard U correction employ the all-electron projector-

augmented wave (PAW) method for scalar relativistic core electrons and ionic potentials; all 

other calculations treat all electrons explicitly. The CASPT2-CP calculations use the Douglas-

Kroll-Hess relativistic approximation, and the extended transition state (ETS) method for 

energy decomposition analysis combined with the natural orbitals for chemical valence 

(NOCV) theory calculations use the ZORA relativistic approximation. All other calculations are 

nonrelativistic. 

Basis sets. All the vdW-DF2+U calculations employed a plane-wave basis with a 1000 eV kinetic 

energy cutoff. All other DFT calculations employed the def2-TZVP basis except the ETS-

NOCV analysis, which used TZ2P. LPNO-CCSD calculations are extrapolated to a complete 

basis set from def2-TZVP and def2-QZVP. CASPT2-CP calculations for the small model 

employed the ANO-RCC-TZVP basis for all atoms, and for the 88-atom cluster they employed 

the ANO-RCC-DZVP basis for all atoms.  

Coordinates. We used a triclinic primitive unit cell containing 54 atoms including 6 metal 

centers, and simultaneously optimized the lattice vectors and the atomic positions in the unit 

cell with variable cell dynamics with PBE+U for bare MOFs and with vdW-DF2+U for 

adsorbates. The 88-atom clusters were taken out of these periodic structures. Optimization of 

binding geometry of adsorbates in the periodic MOFs and on the 88-atom cluster involved 

freezing the MOF and optimizing only the coordinates of the adsorbate; this was carried out 

with all DFT calculations. The structure of the small model was fully optimized by M06-L and 

these structures were used for the LPNO-CCSD and CASPT2-CP calculations. Full coordinates 

and absolute energies in hartrees of selected structures are in SI. 
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The starting geometries for the periodic model were based on the experimental 

structures47-49, 51, 71 of M-MOF-74 (Figure 2.1.1a) and further optimized by DFT; the 

experimental unit cell contains 54 atoms, including 6 metal centers. We defined two other 

models of M-MOF-74 to be studied at additional levels of theory. The cluster (Figure 2.1.1b) 

has 88 atoms, including three metal centers, and it was designed52 to retain the local structure of 

MOF-74 about the central metal ion while remaining small enough for high-level electronic 

structure calculations. The small model (Figure 2.1.1c) has 19 atoms, including one metal 

center and is small enough to conduct calculations by expensive wave function methods for 

comparison.  

All iron and vanadium ions were modeled in their respective ground (high-spin) state. 

To maintain charge neutrality with all oxide ligands in the small model, we included a trans 

carbonyl ligand. Although carbonyl groups are usually considered to be strong-field ligands, the 

small model nevertheless maintains a high-spin ground state and an electronic structure 

consistent with the larger model. Indeed, the insensitivity of our conclusions to the nature of the 

trans ligand in the M-MOF-74 model provides particularly strong support for our analysis.  

Charges. Partial atomic charges were calculated by charge model 5(CM5).72, 73 

Software. Minnesota functionals: Gaussian 09;74, 75 vdW-DF2+U: VASP;76 LPNO-CCSD: 

ORCA 2.9.77 CASPT2-CP: Molcas 7.8;78 ETS-NOCV: ADF.79-81  

2.1.3  Results and Discussion 

N2 bonding motif to V-MOF-74 and Fe-MOF-74. A molecular orbital picture can be used to 

predict selective adsorption of N2 over CH4 with V-MOF-74. The model exploits the square-

pyramidal coordination geometry of the metal in desolvated M-MOF-74 (Figure 2.1.1d). A key 

consideration is the d3 electronic configuration of V(II). In the case of N2 binding, our DFT 

calculations show that a three-center bond is formed between the framework oxo ligand trans to 

dinitrogen, the metal, and N2 (Figure 2.1.1d). Given an end-on coordination geometry, a pair of 

nonbonding electrons on N2 and its respective trans framework atom interact with the V(II) dz
2 

orbital, and the net result is a three-center bond with two electrons each in a bonding and 
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nonbonding orbital. In addition to the resulting σ bond, the unoccupied π* orbitals of N2 can 

accept back bonding electrons from the metal dπ orbitals. This back bonding is not present for 

methane, due to the lack of low-energy π* orbitals on the hydrocarbon. Fe(II), in contrast, has a 

high-spin d6 electronic configuration with a singly occupied dz
2 orbital. In this case, the two 

doubly occupied lone pairs provide four electrons to the three-center bond and the occupation 

of the metal dz
2 orbital provides one electron, for a total of five electrons in the three-center 

bond; so, one electron is in the antibonding orbital. As the N2 approaches the metal site, it thus 

experiences unfavorable σ anti-bonding plus additional exchange-repulsion from the occupied 

nonbonding orbital. Consequently, N2 cannot approach the Fe(II) center closely enough to 

experience π* back-bonding stabilization as favorable as is present in the V(II)–N2 system.   

In subsequent sections of this article, we confirm the differential stabilization effect with 

local and nonlocal DFT calculations, confirming our molecular orbital prediction that as-yet 

unsynthesized V-MOF-74 could be used to separate N2 from CH4. We also reinforce our DFT 

results with correlated wave function calculations to rule out the possibility of artificial back-

bonding82 owing to the possible underestimation of the energy gap and the delocalization of d 

electrons in the DFT models. Finally, we analyze single-determinantal Kohn-Sham reference 

functions to confirm the above explanation of the effect. 

N2 and CH4 adsorption in V-MOF-74 and Fe-MOF-74. The key quantity we calculated is 

the differential adsorption energy defined by 

 ∆ = −  (2.1.1) 

where Eads is the energy of adsorption (here defined as a positive number to denote that 

deadsorption is endoergic); thus ΔEads is more positive when N2 binds more strongly. The 

results are in Table 2.1.1. Across all levels of theory and all models, CH4 binding is comparable 

between the two metals, but N2 is predicted to bind significantly more strongly than CH4 to the 

coordinatively unsaturated metal site when the metal is V rather than Fe. 

We noted above the consistent trend observed for calculated ΔEads values; the trends in 

calculated Eads values are also consistent across the methods. Absolute adsorption energies for 
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the 88-atom cluster and the periodic model are compared in Table 2.1.2. We see remarkable 

agreement between the adsorption energies calculated with the 88-atom cluster and with the 

periodic model and further remarkable agreement between the absolute binding energies 

calculated by DFT with different functionals and by WFT; the good agreement of results 

obtained with several methods that incorporate the physics in different ways adds confidence to 

the predictions. Inspection of Table 2.1.2 shows relatively large differences in the absolute 

binding energies between the large and small clusters. The enhanced attraction in the 88-atom 

cluster model can partially be attributed to greater medium-range correlation effects. One 

should also consider that the two models have different ligand coordination environments, and 

this too has an influence on the absolute binding energies.  

 

Table 2.1.1: N2/CH4 adsorption energy differences, ΔEads, in kcal/mol 

 Small Model Large Modelsa 
Level of Theory V Fe V Fe 
DFT, vdW-DF2+U   6.0 0.4 
DFT, vdW-DF2+U 4.9 0.4 5.8 0.3 
DFT, M06-L 4.3 0.0 10.1 0.9 
DFT, M06 4.5 0.1 6.9 0.4 

DFT, M11-L 4.2 -0.8 5.9 -1.7 

DFT, LPNO-CCSD/CBS 4.8 0.7 b      b 
WFT, CASPT2 CP 3.8 0.3 2.1 0.3 

aThe first row is for the periodic model and the other large-model calculations are for the 88-

atom cluster. bImpractically computationally intensive. 

 

In order to further verify the validity of these predictions, isosteric heats of CH4 and N2 

adsorption in Fe2(dobdc) were obtained experimentally from adsorption isotherms at 175 K. 

(Details of the experiment are in SI.) As seen in Figure 2.1.2, the uptake of N2 in Fe-MOF-74 is 

relatively steep and approaches one N2 molecule per iron cation site at 1 bar and 175 K. 

Methane uptake, while similar at low pressure, reaches a higher value of approximately 1.5 CH4 

molecules per iron at 1 bar. These plots yield isosteric heats of adsorption for methane and 
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dinitrogen that are both relatively low and quite similar; in particular they are 5.3±0.2 and 

5.5±0.2 kcal/mol, respectively, which yields an experimental difference of 0.2±0.3 kcal/mol. 

These results differ from the previously reported values of 4.8 kcal/mol for CH4
83 and 8.4 

kcal/mol for N2
51 both because of the lower temperature and because of the change in 

experimental procedure; the present results should be more accurate for the difference because 

they were done with isotherms at the same temperature on the exact same batch of sample. An 

attempt to obtain the same information for V-MOF-74 was not successful. 

 

 

Figure 2.1.2:(Upper) Adsorption of methane (green) and dinitrogen (blue) in 

Fe2(dobdc) at 175 K. (Upper Inset) Isosteric heats of adsorption. (Lower) The first 

coordination spheres for the iron centers in the solid-state structures obtained upon dosing Fe-

MOF-74 with dinitrogen or methane; orange, red, blue, gray, and light blue represent iron, 

oxygen, nitrogen, carbon, and deuterium, respectively. 
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Experimental enthalpies of adsorption should not be compared directly to the energies 

of adsorption in Table 2.1.2. For the 88-atom cluster, however, we computed the enthalpies of 

adsorption at 175 K by a formula given previously.52 The M06-L, M06, and M11-L levels of 

theory give predicted differences in adsorption enthalpy of 1.1, 0.5, and -1.6 kcal/mol, 

respectively. The average difference in predicted adsorption enthalpy of 0.0 kcal/mol is in good 

agreement with the 0.2 kcal/mol difference observed experimentally. 

 

Table 2.1.2: Absolute binding energies (kcal/mol) 

 V-N2 Fe-N2 V-CH4 Fe-CH4 

Periodic Model 

vdW-DF2+U 13.4 6.6 7.4 6.3 

88-atom Cluster 

vdW-DF2+U 12.0 4.5 6.2 4.2 

M06-L 19.9 7.8 9.8 6.9 

M06 17.5 8.1 10.6 7.7 

M11-L 13.4 4.4 7.5 6.1 

CASPT2 CP 7.4 3.3 5.3 3.0 

Small Model 

vdW-DF2+U 8.5 3.2 3.6 2.9 

M06-L 9.1 4.3 4.8 4.3 

LPNO-CCSD/CBS 9.6 4.2 4.8 3.6 

CASPT2 CP 6.5 3.3 2.7 3.0 

 

Structural parameters, vibrational frequencies, and charges. Table 2.1.3 shows that the M–N 

distance is shorter in V-MOF-74 than in Fe-MOF-74, as anticipated above; there is also a 

smaller difference in the M–C distances for CH4. Neutron powder diffraction experiments on 

Fe-MOF-74 at 10 K (see figure in SI) indicate excellent agreement between the calculated and 

experimentally observed structures of methane bound to Fe2+. Specifically, the Fe–C distance of 

2.98(1) Å is very close to the distance of 2.96 Å calculated for the 88-atom cluster. Differences in 

M–N distances are consistent with the energetic results presented above. 
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The potential energy curves (given in Figure 2.1.3) provide further evidence for 

qualitatively different kinds of interaction; we give just one example, the interaction of N2 with 

M in the small model, calculated by M06-L. Single-point energies were calculated by modifying 

the M–N2 distance, but keeping all other geometrical parameters unchanged from the geometric 

minima. Interestingly, the predicted interaction energy at 2.8 Å is nearly equivalent for N2 with 

the Fe and V small models. At an M–N distance of 2.8 Å, the interaction energy is ~–4 kcal/mol 

for both V and Fe. As N2 approaches more closely, the potential energy reaches a minimum of –

4.3 kcal/mol at 2.73 Å for Fe, but it goes to a much deeper well at –9.1 kcal/mol at 2.21 Å for V. 

(This further reinforces the conclusion that the binding interaction to vanadium is quite 

different from that of other metals studied.) For comparison, the Fe–N distance was determined 

to be 2.30 Å for N2 adsorbed within Fe-MOF-74 by neutron diffraction experiments at 9 K.48 

The predicted Fe-N distance for the 88-atom cluster compares favorably with the measured 

value of 2.30 Å. 

The N–N stretching frequency is a probe of back bonding, because these shifts result 

from weakening the bond by dπ → π* back donation. The periodic vdW-DF2+U calculations 

show that, as compared to the isolated gas-phase diatomic vibrational frequency (2415 cm–1), N2 

bound to V experiences a significant shift in the N–N stretch (–102 cm–1), whereas N2 bound to 

Fe shows a negligible change (–6 cm–1). In contrast, the vibrational frequency shifts for C–H 

modes in CH4, where no back bonding is predicted, are negligible. For the 88-atom cluster, M06 

calculations for N2 bound to MOF show similar trends—a 103 cm–1 shift for V and a 4 cm–1 shift 

for Fe; M11-L also shows similar shifts: 101 and 5, respectively. Table 2.1.3 shows a more 

complete set of results for M06-L; and these too are consistent with our analysis. 
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Figure 2.1.3: The potential energy curve as a function of M–N2 distance for the small 

model as calculated with the M06-L exchange–correlation functional. The curve for M = 

V(II) is shown as a dashed line with diamond points indicating single-point energies. The curve 

for M = Fe(II) is shown as a dotted line with square points indicating single-point energies. 

 

Next we examine in more detail the amount of charge transfer between the metal and 

the N2 guest. Key charges in atomic units are given in Table 2.1.3.  

The total charge on the guest molecule is computed by summing the partial charges of 

the individual atoms of the guest molecule; this indicates the magnitude and direction of charge 

transfer between the MOF and the guest. For each of the three functionals, CM5 partial atomic 

charges for the 88-atom cluster indicate donation of negative charge from the central metal ion 

to the nitrogen molecule and an opposite direction of transfer for methane. This is also reflected 

in the charge on the metal ion being increased for N2 adsorption and decreased for CH4 

adsorption when compared to the bare MOF. The increase or decrease in the positive charge of 

the central metal ion with N2/CH4 adsorption does not exactly equal the total charge on the 

guest molecule. This reflects charge change within the rest of the MOF framework. 
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Table 2.1.3: M06-L bond distances, adsorbate frequencies, and partial atomic charges 

 Gas Small model 88-atom cluster 
 phase V Fe V Fe 

  Structural descriptors: binding N2 
M-N (Å) - 2.21 2.73 2.08 2.34 
νN–N (cm–1) 2424 2357 2430 2252 2360 

  Structural descriptors: binding CH4 

M-C (Å) - 3.00 3.15 2.77 2.96 

νC–H (cm–1) 3057 3037 3043 3017 3031 

  Partial atomic charges: bare MOF 

M - 0.90 0.69 0.81 0.69 

  Partial atomic charges: binding N2 

M - 0.89 0.66 0.88 0.70 

N2 0.00 0.01 0.07 -0.09 0.09 

  Partial atomic charges: binding CH4 
M - 0.85 0.66 0.74 0.66 

CH4 0.00 0.06 0.03 0.05 0.08 

 

We find that the direction of electron transfer from the metal center to the guest 

molecule for the Fe–N2 system is opposite to what is observed for V–N2. Specifically, the partial 

atomic charge on Fe is 0.66 in the presence of either N2 or CH4; these values are the same as the 

values of 0.66 for the bare Fe-MOF-74 framework. The partial atomic charge on the V ions in V-

MOF-74 is significantly higher in all structures, and it is not very sensitive to the adsorbates in 

the small model, but in 88-atom cluster the partial atomic charge on the V increases by 0.07 

upon adsorption of N2 and decreases by 0.07 upon adsorption of CH4. Overall these changes are 

consistent with our interpretation of increased back bonding in the V–N2 case. 

Orbital analysis. The nature of the M–N2 bond of the small model was investigated using the 

extended transition state (ETS) method for energy decomposition analysis combined with the 

natural orbitals for chemical valence (NOCV) theory. ETS-NOCV analysis84 separates bond 

formation energy into distortion of interacting subsystems, steric interaction (with electrostatic 
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and exchange-correlation contributions), and an "orbital" term that represents a combination of 

the interactions between the occupied molecular orbitals on one bonding partner with the 

unoccupied molecular orbitals of the other and the intrafragment polarization. ETS-NOCV 

calculations carried out on the small model with M06-L show (see Figure 2.1.4) that both σ 

donation and π* back bonding interactions are weaker for Fe–N2 than for V–N2. Comparing the 

two largest alpha and beta spin paired NOCV contributions to the bond energy, the σ 

interactions are about eight times stronger for V than for Fe, and the π* back bonding type 

interactions are about twice as strong, with all other contributions being less than 1 kcal/mol for 

V and less than 0.5 kcal/mol for Fe. Such analyses of charge rearrangement are not unique, so we 

also performed natural bond order (NBO) analysis85, as described next, to test the robustness of 

this interpretation.  

 

Figure 2.1.4: Contours of NOCVs for N2 binding with V-MOF-74 and Fe-MOF-74. The 

four NOCV orbitals with the largest contributions to the binding energy are reported for each 

case, with the sum of the α and β spin contributions to the bond energy shown immediately 

below. Only the α orbitals are shown as the β orbitals have the same character. 
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NBO analysis on the small model identifies a σ bond for V–N2 but not for Fe–N2. 

Second-order perturbation analysis of the Kohn–Sham matrix in the NBO basis shows that back 

bonding, defined as the interaction between occupied π-type NBO orbitals with unoccupied π*-

type NBO orbitals of N2 is stronger for V than for Fe. Summing the contribution from orbitals 

with occupations greater than 0.8 electrons, the total back-bonding interaction is 32 kcal/mol 

for V–N2 and 13 kcal/mol for Fe–N2. Given its predicted N2/CH4 separation capabilities 

rationalized above, we have initiated efforts to synthesize V-MOF-74. To date the isolation of 

crystalline material, rather than amorphous powders (as determined by powder X-ray 

diffraction), has proven elusive, highlighting another MOF challenge: the need for a greater 

understanding of the poorly understood mechanisms by which metal-organic frameworks form. 

The present computational results strongly motivate continued efforts to realize both of these 

goals. 

2.1.4  Conclusions 

We predict that nitrogen separation from methane can be effected by the as-yet-

unsynthesized V-MOF-74, because the vanadium ions in this MOF have their interaction 

energies significantly increased by π back bonding with N2, but not with CH4. This provides a 

new M-MOF-74 target as a challenge to synthesis. Our qualitative analysis is placed on a 

quantitative footing by a variety of density functional and wave function calculations of relative 

binding energies, using models validated against experimental binding energies for the 

analogous Fe-MOF-74. Density functional calculations are also analyzed to provide detailed 

insights into bonding distances, charge transfer, vibrational frequency shifts, and orbital 

interactions. 
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2.2  Predicting Paramagnetic 1H NMR Chemical Shifts and State-Energy 

Separations in Spin-Crossover Host-Guests Systems† 

2.2.1  Introduction 

Paramagnetic nuclear magnetic resonance (NMR) spectroscopy can be a useful tool for 

assessing the structure and speciation of high-spin transition-metal coordination compounds in 

the solid state and solution.5, 86-91 In the case of proton-bearing organic ligands coordinating to a 

high-spin center, the sensitivity of 1H chemical shifts to the distance of individual protons from 

the paramagnetic nucleus makes this spectroscopic technique well-suited for the evaluation of 

small structural differences that take place in molecules as a result of an external stimulus, for 

example, the variation in structure of a metal-organic host that might occur following 

complexation of a suitable guest.92  

A reliable magnetic indicator for guest binding would be a valuable tool for studying spin 

crossover (SCO) phenomena in solution and the solid state, indeed this concept has been 

applied to study anion complexation to metal receptors.93, 94 One desirable magnetic response to 

guest encapsulation would be the transition from a diamagnetic state to a paramagnetic state (or 

vice versa), as demonstrated by Ono et al., where a NiII-containing guest changes spin state upon 

encapsulation.95 If the spin crossover was to occur in the host upon encapsulation, one could 

perform a variety of host-guest studies, followed by the magnetic transition. Given that iron(II) 

has been the focus of many single molecule or nanocrystalline magnet studies,96-110 and that 

iron(II) is a fundamental component of many host complexes,111 an exploration of the influence 

of guest encapsulation on an iron(II)-based host complex is a natural next step. Since the Fe(II) 

SCO phenomena typically involves a change in iron-ligand distances due to changes in 

electronic structure,112, 113 guest complexation might be leveraged to alter SCO behavior.   

                                                                 
† Reproduced by permission of the PCCP Owner Societies 

Isley III, William C.; Zarra, Salvatore; Carlson, Rebecca K.; Bilbeisi, Rana A.; Ronson, Tanya K.; Nitschke, Jonathan 

R.; Gagliardi, Laura; Cramer, Christopher J. Phys. Chem. Chem. Phys. 2014. 16, pp 10620-10628. 

Link: http://dx.doi.org/10.1039/C4CP01478B  
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For a species with a diamagnetic ground state and thermally accessible paramagnetic 

state, the temperature-dependent paramagnetic chemical shift will depend on the spin crossover 

energy. It has been shown in the literature for density functional methods that the functional 

choice, and especially the amount of exact Hartree-Fock (HF) exchange, can greatly affect the 

predicted spin crossover energetics of iron(II) complexes.9, 114-120 Wave function theory ab initio 

methods, including CASPT2, can be extremely demanding in terms of computational resources 

but can also produce more accurate results when applied in a fashion that takes advantage of 

their systematic improvability.121, 122  

While spectroscopic data are sufficient to make general inferences with respect to 

relative separations of magnetic nuclei, the combination of paramagnetic NMR spectroscopy 

and quantum chemical calculations offers the opportunity to gain further insights at the 

molecular level of detail. Indeed, spectroscopy and computational predictions have been used in 

conjunction to investigate spin crossover (SCO) complexes previously.123-125 In the present work 

we assess the accuracy of a particular density functional protocol for the prediction of 1H 

chemical shifts in iron(II) and cobalt(II) coordination compounds analogous to those known to 

be useful as vertices for metal-templated self-assembled molecular cages.106, 126 The sensitivity of 

the chemical shifts to local structural changes and the utility of the DFT protocol for interpreting 

spin-crossover behavior in iron-based systems are also examined. Given the importance of 

predicting an accurate high-spin (HS) – low-spin (LS) splitting energy (ΔEHS-LS) and that ΔEHS-

LS are notoriously difficult to predict for iron spin crossover complexes (SCO),9 special emphasis 

is placed on benchmarking and characterizing methodological dependence on ΔEHS-LS as a 

function of the coordination environment. 

2.2.2  Results and Discussion 

Cobalt(II). We begin by considering the tetrahedral [M4L6]4- cobalt-based cage A127 shown in 

Figure 2.2.1. This tetrahedral cage with sulfonated ligands has been synthesised with other metal 

cations such as iron, and nickel.111, 127 The solution-state 1H NMR spectroscopy and the X-ray 

characterisation of cage A were previously described.127  
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Figure 2.2.1: Sulfonated tetrahedral [M4L6]4- cage, where M = CoII (A) or FeII (B). Each 

edge of the tetrahedron represents the bis-bidentate ligand L shown. 

 

As quantum chemical computations for the full cage A would be extremely demanding 

and likely multiconfigurational, and as the spin centres are expected to have negligible 

communication over the distances that separate them,128 we chose to model the mononuclear 

complex corresponding to a corner, namely, [Co(1)3]1- and the non-functionalised analogue 

[Co(2)3]2+ (see Scheme 2.2.1  for ligand labelling and position numbering scheme). To 

benchmark the accuracy of the DFT paramagnetic NMR modelling protocol, a high-spin (HS) 

truncated cage corner model is compared to experimental chemical shift values measured for the 

cage A. 
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Scheme 2.2.1  

 

[Co(1)3]1-. The optimised structure for the high-spin quartet state of [Co(1)3]1- has bond 

lengths of 2.19 and 2.15 Å averaged over the three equivalent bonds to the imine and pyridine 

nitrogen atoms, respectively. We note the presence of Jahn-Teller distortion in the optimised 

geometry. The high-spin quartet state is the only state we have observed in situ for cobalt(II) 

tris(pyridylimine) complexes,127, 129 and the calculated [Co(1)3]1- structure compares favourably 

with experimentally-observed structural features of cage A. The X-ray crystal structure of cage A 

with encapsulated tetrahydrofuran (THF)127 exhibits average Co–N distances of 2.15 and 2.13 

Å between imine and pyridine N atoms, respectively.  

The 1H NMR chemical shifts for the optimised quartet structure of [Co(1)3]1- are 

presented in Table 2.2.1. Due to the presence of Jahn-Teller distortion that breaks the C3 

symmetry, the computed 1H chemical shifts differ for equivalent protons on each linker. Under 

the assumption that thermal interconversion between equivalent minima will be rapid, we 

average the chemical shifts for equivalent protons as described in the experimental section. Here 

we note that the imine (Ha) and py-6 (Hb) protons exhibit the chemical shifts that are most 

sensitive to the paramagnetic centre. For all CoII systems, predicted Hb chemical shift values 

were much larger than the experimentally measured ones. Neither increasing the Hb distance 

from the paramagnetic centre, nor the inclusion of explicit solvent molecules, yielded an 
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improved agreement of the Hb chemical shift with the experimental shift. This significant over 

prediction has been observed by Rastrelli et al. for the S=1 [Ni(py)6]2+ system.6  

Paramagnetic NMR predictions reported in the literature tend to overestimate observed 

chemical shifts;130 thus, scaling of predicted chemical shifts to match experimental 

measurements should yield a model with improved predictive abilities. A linear regression 

(plotted in Figure S1) of the predicted chemical shifts for [Co(1)3]1- on the 1H NMR spectra of 

the host cage A127 yields δfit = 0.9790(δpred) – 4.02 with associated R2 = 0.9697 (additional 

discussion of the linear regression is provided in the Supporting Information). The linear 

regression demonstrates that the current modelling protocol has remarkably good agreement 

with experimental measurements. 

The average predicted value for Ha 1H (δfit = 251.3 ppm) is referenced to that measured 

for empty cage A (244.0 ppm) and also comparable to cage A encapsulating 2-pyridine-

carboxaldehyde (238.2 ppm). Given the large paramagnetic shift, and its sensitivity to structural 

changes (vide infra), we consider the agreement within the range of previously reported 

differences between predicted and experimental 1H δ.4, 6 It is noteworthy that upon experimental 

guest encapsulation, the imine proton signal shifts upfield. This is postulated to result from an 

expansion of the imine bond 1H – Co distance upon guest encapsulation. 

[Co(2)3]2+. A comparison of the predicted chemical shifts between the sulfonated model 

complex [Co(1)3]1- and the unsubstituted model complex [Co(2)3]2+ indicates qualitative 

agreement.129 Given that the calculated NMR spectrum of [Co(2)3]2+ shows very close 

agreement with that of [Co(1)3]1-,129 we studied the less complex model in the case of iron(II), 

with the neutral ligand 2 instead of the larger and anionic ligand 1. 

  



 

Table 2.2.1 B3LYP chemical shifts for [Fe(2)3]2+ structure for all spin multiplicities, [Co(1)3]1-, [Co(2)3]2+ and experimental 1H 

chemical shifts for the cage A127 analogous to Co(1)3
1-. All chemical shifts are reported in ppm. 

 Experimental CoII Predicted CoII Predicted FeII 

 
Solvated A Guest⊂A  [Co(2)3]2+ [Co(1)3]1- [Co(2)3]2+ [Fe(2)3]2+ 

1H  
Positiona 

S=3/2 
δexpt b,e 

S=3/2 
δexpt b,e,f 

S=3/2 
δexpt b,g 

S=3/2  
δfit 

b,c,d 
S=3/2 
δfit b,c,d 

S=0  
δb,c 

S=1  
δfit

b,c,d 
S=2 Q1  
δfit

b,c,d,h 
S=2 Q2  
δfit b,c,d,i 

S=2 Q3  
δfit b,c,d,j 

Ha  (Imine-C) 244.0 238.2 240.6 251.3 247.0 9.4 68.2 244.5 247.4 259.4 

Hb  (Py-6) 88.6 88.6 88.5 155.8 172.9 8.2 61.5 175.9 167.2 167.0 

Hc  (Py-5) 74.3 k 74.9 k 74.0 k 50.0 56.6 8.2 23.8 63.5 65.3 62.0 

Hd  (Py-4) 17.1 17.1 16.6 15.8 19.8 8.9 21.1 18.2 16.6 10.1 

He  (Py-3) 52.8 k 52.8 k 52.4 k 47.5 52.0 9.0 17.0 59.8 56.4 61.4 

Hf  (Phe-2) -7.6 k -5.7 k -21.2 -12.8 -12.8 6.6 -3.8 -10.9 9.4 -10.8 

Hf'  (Phe-2') -44.0 k -41.6 k -21.2 -15.4 -25.4 4.6 -5.7 -21.9 -7.8 -10.2 

Hg  (Phe-3) -- -- 10.1 -- 11.6 7.8 6.5 12.2 13.7 14.4 

Hg' (Phe-3') 20.5 20.5 10.1 18.3 23.4 7.6 7.9 21.3 16.2 19.1 

Hh (Phe-4) -- --  -12.0 -10.8 -15.8 8.0 -2.4 -14.4 -4.6 -7.9 

  a See Scheme 2.2.1 for position labelling. Values are averages over the three chemically equivalent positions in the complex. b Relative to TMS. c 

Computed for mononuclear cage corner model. d Rescaled chemical shifts according to linear regression δfit = 0.9790(δpred) – 4.02. e
 Measured for 

A.127 f
 Measured for A with bound 2-pyridinecarboxaldehyde.127 g

 Measured for [Co(2)3]2+. Chemical shifts for the facial isomer are listed.129 h 

Quintet structure Q1 i Quintet structure Q2 j Quintet structure Q3 k Based on the comparison between theory and experiment, the experimental 

assignments of the two 1H pairs (py-3 / py-5) and (phe-2 / phe-2´) are swapped. 



Iron(II). Having assessed the quantitative utility of the computational model for the cobalt cage 

above, we turned next to iron-based systems. These are more difficult to treat in practice than 

their CoII congeners because at experimental temperatures more than one spin state may be 

thermally populated for the iron-based systems. Under such circumstances, spin crossover will 

lead to observation of NMR chemical shifts averaged over the states. The experimental ground 

state for FeII-containing cage B is largely the singlet diamagnetic state, with a very small 

population of paramagnetic character affecting NMR spectra. We show below that the S=2 spin 

state is the most accessible paramagnetic state, and produces a paramagnetic shift that agrees 

with experimental spin crossover data.   

[Fe(2)3]2+. The optimised structure for the low-spin singlet state of the [Fe(2)3]2+ complex has 

Fe–N bond lengths of 1.99 Å for both pyridine and imine nitrogen atoms, averaged over the 

three equivalent bonds of each type. These distances agree with experimentally measured bond 

distances from the X-ray crystal structure of the sulfonated cage111 (1.986(6) Å and 1.972(5) Å, 

for the pyridyl and imine bonds respectively), and also reinforces the assumption that the local 

environment of the metal centre is accurately reproduced after truncation of the cage structure 

to a single corner. 

 The vertical triplet-singlet splitting at the singlet global minimum is computed to be 

29.6 kcal mol-1 at the CASPT2 level and 29.2 kcal mol-1 at the M06-L level (see below for further 

comparison of spin-state energies as a function of computational protocol). Optimisation with 

M06-L along the S=1 potential energy surface leads to a local triplet minimum that is 16.8 kcal 

mol-1 higher in free energy at the M06-L level than the S=0 ground state. As this large energy 

separation renders the triplet state effectively inaccessible to thermal population at 298 K, we 

will not consider it further although predicted chemical shifts are provided in Table 2.2.1 for 

completeness.   
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Table 2.2.2: Calculated Properties of the [Fe(2)3]2+ structure for all spin multiplicities. 

 S=0  S=1  Q1 S=2  Q2 S=2  Q3 S=2 

ΔHSCO
a  – 16.8 7.7 4.0 3.7 

ΔGSCO
a  – 14.4 4.2 1.3 0.9 

Fe – Npy (Å) 1.99 2.08 2.17 2.21 2.19 

Fe – Nim (Å) 1.99 2.08 2.20 2.18 2.21 

 a Adiabatic transitions to the indicated spin state and geometry were computed at the M06-L 

level of theory for T = 298 K. Free energies and enthalpies of SCO, reported in kcal mol-1, are 

referenced relative to the S=0 [Fe(2)3]2+ global minimum energy structure. 

 

The vertical ΔEHS-LS associated with the quintet state at the singlet global minimum are 

computed to be 27.7 kcal mol-1 at the CASPT2 level and 36.5 kcal mol-1 at the M06-L level. 

Optimisation with the M06-L functional along the quintet potential energy surface leads to 

significant Jahn-Teller distortion and multiple local minima. These three minima, Q1, Q2, and 

Q3, were found to have adiabatic ΔHSCO = 7.7 kcal mol-1, 4.0 kcal mol-1, and 3.7 kcal mol-1, 

respectively, referenced to the singlet global minimum. For these three optimised spin state 

structures of [Fe(2)3]2+, 1H NMR chemical shifts are presented in Table 2.2.1. Other calculated 

properties for [Fe(2)3]2+ are summarised in Table 2.2.2. 

Topological Influence of the Host. In order to simulate the possible topological influence of 

the cage B superstructure on ΔEHS-LS, the triangular base of the host tetrahedron’s corner was 

modelled with the distance between the Ch Phe-4 carbon atoms on separate linkers fixed at the 

distance determined experimentally from X-ray crystallography. The average experimental inter-

ligand Phe-4 C–C distance, as measured from cage B, is 6.3 ± 0.2 Å; this compares to an average 

distance of 5.7 Å on the optimised [Fe(2)3]2+ structure. A constrained optimisation of 

[Fe(1)3]2+ with each Phe-4 C – Phe-4 C´ distance fixed at 6.3 Å yielded a splayed corner (SPC) 

structure. The free energy required to splay the corner from the ground state structure is 

predicted to be very small, ΔGsplay = 0.2 kcal mol-1. Splaying the corner reduces the vertical spin 

splitting by 2.1 kcal mol-1, which demonstrates that splaying the corner has a small change in 

SCO properties. The computed vertical spin state splittings at the M06-L level are ∆ = 

34.4 kcal mol-1 and ∆ GS  = 36.5 kcal mol-1.    
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Spin Crossover. Variation of the 1H NMR chemical shifts for the resonances of host B and its 

host-guest complexes with temperature was measured by variable temperature (VT) 1H NMR 

experiments (see Experimental Methods). In Figure 2.2.2 VT 1H NMR data for the host-guest 

complex with cyclohexane, C6H12⊂B, are reported as a representative example. The protons Ha 

and Hb were observed to undergo the largest change in chemical shift with temperature due to 

their proximity to the metal centre (blue and red lines, respectively, in Figure 2.2.2). NMR 

chemical shifts affected by the spin crossover process have been modelled with Eqn. (1) 124, 131  

 =	 +	 °/  (2.2.1) 

where  is the observed chemical shift,  is the low-spin chemical shift, C/T is, to first 

approximation, the chemical shift of the high-spin state , T is the temperature, R is the gas 

constant, and Δ ° is the phenomenological free energy change for the low-spin to high-spin 

transition. This equation can be used to fit the VT 1H NMR experiments and to extract 

thermodynamic information about the spin crossover process. 

The available experimental temperature range is limited by solvent properties and the 

degradation of cage B at high temperatures. As a result, the fully high-spin chemical shift cannot 

be obtained experimentally, so theoretical predictions of the chemical shift can be used to 

improve estimates for the spin crossover thermodynamics. Considering the imine proton, as it 

did not show any overlap with other signals in the VT NMR experiments, and using the 

computed values for  of the most stable quintet structure Q3, fits for the model in Eqn. (1) to 

VT NMR data obtained from experiment yield ΔHSCO values of 8.8 kcal mol-1 and 7.0 kcal mol-1 

for the empty cage B and for B encapsulating cyclohexane, respectively. The results for SCO fits 

of VT imine 1H NMR data are presented in Table 2.2.3 for these and several cases with other 

guests encapsulated. In each instance, the low-spin chemical shift (δLS) was taken to be 9.2 ppm 

as measured experimentally, and the high-spin chemical shift was taken to be 259.4 ppm, which 

is the theoretically predicted imine shift for the lowest energy quintet state. Further details 

concerning the fitting procedure can be found in the Supporting Information. 
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Figure 2.2.2: Stacked plot of 1H NMR spectra for C6H12⊂B in D2O acquired at 

temperatures from 278 (bottom) to 358 K (top) in 10 K steps. Lines are drawn to guide the 

eye to the changes in chemical shifts of protons Ha (depicted in blue) and Hb (depicted in red). 

Peak assignments for C6H12⊂B and for free C6H12 are also shown for the spectrum acquired at 

278 K. a-g': protons are labelled in Scheme 2.2.1, i: free C6H12, j: bound C6H12, k: HDO, l: 

Me4N+, m: tBuOH. At higher temperatures some of the cage (ca. 15% at 358 K) disassembled 

into its subcomponents through hydrolysis of the imine bonds. The minor peaks corresponding 

to subcomponents in each spectrum are left unlabelled for clarity. 

 

Guest Influence on Spin Crossover. As indicated in Table 2.2.3, guest binding impacts SCO 

behaviour; when examining the trends within chemical groups, one can observe trends in ΔHSCO 

and ΔGSCO. For example, increased Cl substitution on CH4-xClx (x=2,3,4) shows an 

approximately 10% decrease in ΔGSCO per Cl. Additionally, fluorination of benzene also shows a 

similar trend, where sequential substitution of F for H yields a sequential reduction in ΔGSCO. 

However, these effects on SCO are quite small in absolute magnitude and we cannot reliably 

correlate these variations in SCO with changes in guest volume, polarizability or other guest 

properties. 
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We hypothesise that each guest induces a change in the local metal-ligand environment 

upon binding; however, multi-linear regression analysis to correlate physicochemical properties 

of the various guest molecules (e.g. volume, dipole moment, octanol-water partition coefficient, 

acidity or basicity) with ΔHSCO did not yield any notable trends. Table S5 contains all 

physicochemical properties examined, as well as the enthalpy and entropy associated with spin 

crossover for the iron(II) cage with the listed encapsulated guest. 

 

Table 2.2.3: ΔHSCO and ΔSSCO for the FeII singlet to quintet transitions as a function of 

encapsulated guests with the cage B depicted in Figure 2.2.1, fit from VT 1H NMR 

measurements to Eqn. (1).  

 Guest ΔHSCO
a  ΔSSCO

a  ΔGSCO
a  

solvent b 8.8 14.9 4.4 

acetone 6.6 10.7 3.4 

tetrahydrofuran 7.0 11.6 3.6 

cyclopentane 6.3 10.3 3.2 

methylcyclopentane 4.6 7.3 2.4 

pyridine 6.5 11.0 3.2 

benzene 6.6 11.2 3.2 

fluorobenzene 6.1 10.6 3.0 

1,2-difluorobenzene 5.8 10.1 2.8 

1,4-difluorobenzene 5.1 8.5 2.6 

cyclohexane 7.0 12.2 3.4 

1,4-dioxane 6.6 10.8 3.3 

1,3,5-trioxane 8.4 14.8 4.0 

CH2Cl2 7.6 12.4 3.9 

CHCl3 7.3 12.5 3.5 

CCl4 7.1 12.4 3.3 
a ΔHSCO and ΔGSCO (T = 298 K) are reported in kcal mol-1. ΔSSCO are reported in cal mol-1 K-1. b 

The solvent used was water. 

 

Functional Dependence. We performed a set of tests to improve our understanding of the 

sensitivity of predicted state-energy splittings to computational protocol, and to validate a 

practical density functional protocol in order to better survey structural influences on state-



49 

energy splittings. This testing was accomplished through a comparison of various density 

functional models with the more rigorous CASPT2 model for a series of molecular geometries 

expected to be relevant to a dynamical cage corner, namely, those associated with systematic 

variations in the Fe–Nimine and Fe–Npyridine distances. Results are presented in Table 2.2.4. When 

compared to CASTP2 quintet-singlet state-energy splittings, OPBE exhibited the best 

performance over our 2D surface survey with a mean signed deviation (MSD) of 1.5 kcal mol-1 

and mean unsigned deviation (MUD) of 2.3 kcal mol-1. Other density functionals that 

performed reasonably well in comparison to the CASPT2 results were B3LYP with a MSD of 1.9 

kcal mol-1 and a MUD of 3.1 kcal mol-1, M06-L with a MSD of 6.1 kcal mol-1, a MUD of 6.1 kcal 

mol-1, and B3LYP* with a MSD of 6.7 kcal mol-1, a MUD of 6.7 kcal mol-1.  

The good performance of OPBE for the prediction of state-energy splittings in iron 

coordination compounds has been previously demonstrated for a number of compounds by 

Swart.9 We therefore anticipate that the OPBE predictions for the more expanded corner 

structures, where CASPT2 predictions become unreliable owing to active space limitations (a 

symptom of which is demonstrated by the increasingly large difference between the CAS and 

CASPT2 predicted energy separations), are likely to be the most reliable of those surveyed. 

M06-L tracks the OPBE predictions for the more expanded corners fairly well, making it a good 

choice for geometry optimisations that take computational advantage of its local character in 

these large systems.  

B3LYP also tracks OPBE reasonably well for the less expanded corner geometries, but it 

predicts the quintet state to become the ground state at the largest Fe–N distances. B3LYP* is 

the only density functional with exact HF exchange that does not predict a quintet ground state 

at extended coordination shells. In every other case, density functionals containing more exact 

HF exchange predict an increasingly more stable quintet state. This is consistent with prior 

literature114, 115 that have found a linear relationship between ΔEHS-LS in iron complexes and the 

amount of exact exchange included in B3LYP calculations treating exact exchange as a variable, 

with an optimum functional form for iron ΔEHS-LS at 15% exact exchange denoted B3LYP*.115 

Inclusion of the empirical Grimme D3 dispersion correction with Becke-Johnson damping132 for 
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B3LYP and PBE increases the favourability of the more compact singlet ground state. This is 

consistent with previous observations in the literature of spin crossover complexes.120  

 

Table 2.2.4: Functional survey of spin crossover electronic energy, ΔEHS-LS (kcal mol-1), on 

a 2D surface of symmetrically varied metal-ligand distances for [Fe(2)3]2+.  

X: Fe-Pya  GS 2.00 2.00 2.10 2.10 2.10 2.20 2.20 

Y: Fe-Ima  GS 2.00 2.10 2.00 2.10 2.20 2.10 2.20 

CASSCF 20.0 13.6 -5.6 -3.2 b b b b 

CASPT2 27.7 24.4 16.7 16.1 b b b b 

B3LYP 33.9 28.2 15.0 15.5 4.4 -1.0 -0.6 -3.3 

B3LYP+D3 33.9 29.6 18.5 19.2 9.9 1.1 2.2 -1.5 

B3LYP* 38.2 32.7 20.3 20.5 10.3 5.7 5.7 3.6 

O3LYP 26.8 20.5 7.8 7.3 -3.2 -7.9 -9.1 -10.4 

M06-L 36.5 31.7 21.4 19.7 11.2 10.1 7.4 5.0 

M06 5.6 0.9 -9.5 -9.7 -18.2 -21.0 -21.3 -23.4 

M06-2X  -4.7 -9.5 -24.2 -22.5 -35.6  -42.4 -40.4 -47.0 

PBE+D3 48.6 43.9 35.0 34.1 27.1 23.3 22.5 21.0 

PBE 48.6 43.0 32.9 31.9 23.9 21.8 20.3 19.6 

PBE0 20.1 15.2 3.7 4.1 -5.6 -9.7 -9.4 -12.0 

OPBE 32.9 26.9 16.5 14.7 6.3 4.2 1.1 1.7 
a Distances are in Å between the metal centre and N atom indicated. GS indicates the 

unconstrained singlet ground state geometry. b In order to treat the expanded coordination 

system; an active space larger than (10,12) was found to be required, with which further 

calculations were not undertaken. 

 

Dynamical Effects. Given that ΔHSCO was predicted from the VT NMR data to be 8.8 kcal mol-1 

for the aqueous cage, and that the predicted vertical ΔEHS-LS for the ground-state singlet 

geometry was 27.7 kcal mol-1, we hypothesise that the observed thermal spin crossover must 

occur as part of a dynamical process. It is well established that high-spin iron(II) complexes have 

longer metal-ligand bonds than their low-spin counterparts due to the increased ionic radius of 

the high-spin metal,133 thus we also explored how systematic variation of Fe–N bond lengths 

reported in Table 2.2.4 for [Fe(2)3]2+ affects predicted paramagnetic chemical shifts, in addition 

to state-energy separation. Predicted 1H chemical shifts for the quintet state of [Fe(2)3]2+ along 

the 2D surface are reported in Table S2.  
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Spatial variation in the Fe–Nim distance correlated strongly with variation in the 

paramagnetic chemical shift of the imine proton. On average, a 0.05 Å increase in Y, the Fe–Nim 

distance, resulted in a decrease in the imine 1H δ of 38.0 ppm. However, variation in X, the Fe–

Npy distance, did not strongly correlate with the computed imine 1H chemical shift. On average, 

a 0.05 Å increase in Y results in a decrease in the imine 1H δ of 0.2 ppm. Considering the 

sensitivity of the imine 1H δ value to Fe–Nim distance, it is important to reconsider the data in 

Table 2.2.1, which were derived using a single value for imine 1H δ taken from the lowest energy 

optimised quintet structure. However, if we vary the reference high-spin value from 220 to 280, 

the variation in the predicted thermodynamic variables of enthalpy and entropy is no more than 

0.5% and 5%, respectively. This result indicates low sensitivity to the high-spin chemical shift 

endpoint in obtaining thermodynamic parameters for SCO using Equation (1). 

Figure 2.2.3 plots ΔHSCO as a function of the two Fe–N coordinates. There is a large 

splitting energy at the ground-state geometry, which is quite close to the symmetrically 

constrained structure (2.00, 2.00). However, a sharp decrease in ΔHSCO accompanies a slight 

expansion of the coordination sphere. The high-spin configuration is computed to be much 

more thermally accessible upon expansion of the coordination sphere to (2.10, 2.10), with 

ΔHSCO = 9.9 kcal mol-1. Indeed, this predicted ΔHSCO agrees with the measured ΔHSCO from VT 

NMR within experimental error. From these data, we conclude that spin crossover occurs for 

expanded corner structures, whose geometries are accessed dynamically at experimental 

temperatures. 
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Figure 2.2.3: The M06-L state-energy splitting ΔHSCO for [Fe(2)3]2+ between the singlet 

ground state structure and the quintet structure optimised with constrained, 

symmetrically frozen Fe–N bonds. Raw values can be found in the Supporting Information. 

 

Figure 2.2.3 plots ΔHSCO as a function of the two Fe–N coordinates. There is a large 

splitting energy at the ground-state geometry, which is quite close to the symmetrically 

constrained structure (2.00, 2.00). However, a sharp decrease in ΔHSCO accompanies a slight 

expansion of the coordination sphere. The high-spin configuration is computed to be much 

more thermally accessible upon expansion of the coordination sphere to (2.10, 2.10), with 

ΔHSCO = 9.9 kcal mol-1. Indeed, this predicted ΔHSCO agrees with the measured ΔHSCO from VT 

NMR within experimental error. From these data, we conclude that spin crossover occurs for 

expanded corner structures, whose geometries are accessed dynamically at experimental 

temperatures. 

2.2.3  Conclusions 

In this work we have demonstrated the utility of quantum chemical models for the 

prediction of paramagnetic 1H NMR chemical shifts in molecules incorporating high-spin metal 

centres. The predicted chemical shifts were consequently used for the prediction of 

thermodynamic parameters associated with spin-crossover (SCO) processes. We have further 
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characterised how SCO can be affected by the geometrical expansion of the ligand sphere 

around FeII centres. A quantum mechanical survey of spin-state energy splittings suggests that 

SCO does not occur for molecular geometries near that of the singlet ground state, at which very 

large state-energy separations are predicted for pyridylimine-based FeII complexes. However, 

expansion of the metal coordination sphere reduces ΔHSCO to the point that a high-spin quintet 

state becomes thermally accessible. This indicates that dynamical access to an expanded metal 

coordination sphere is necessary for spin crossover. Based on this conclusion, any guest 

molecule whose encapsulation serves to expand this coordination sphere, or otherwise stabilise 

the high-spin state, should result in increased high-spin population at a given temperature. We 

have explored whether variations in ΔHSCO values measured experimentally for different guest 

molecules correlate with physicochemical properties of the guests themselves, but satisfactory 

correlations have not been identified. This suggests that the effects of guest binding on SCO 

properties are more nuanced than may be inferred from static calculations and that further 

insights will be likely to require dynamical simulations of host-guest complexes in solution and 

analysis of associated trajectories. 

2.2.4  Experimental 

Computational Methods. 

Optimization and Thermochemistry. Geometry optimisations were performed for all species 

at the M06-L63 level of density functional theory. For Fe and Co atoms, the Stuttgart-Dresden 

(SDD) ECP10MDF [8s7p6d2f | 6s5p3d2f] basis set and associated pseudopotentials134, 135 were 

used; the MIDI! basis136 was used for C, N, and H atoms; the 6-31+G(d) basis was used for S 

and O atoms. The nature of stationary points was assessed in all cases by computation of analytic 

vibrational frequencies, which were also used to compute the molecular partition functions 

necessary to predict 298 K thermochemical quantities using the conventional ideal-gas, rigid-

rotator, quantum-mechanical quasi-harmonic-oscillator137 approximation.1 Improved electronic 

energies were computed, as single-point calculations, using the same SDD basis set for Fe and 

Co but replacing MIDI! or 6-31+G(d), with 6-311+G(2df,p) for all other atoms. 
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Spin State Separations. Spin state splitting energies were computed at the CASSCF/PT2 level 

of theory with a (10,12) active space. Further details on these calculations are in the Supporting 

Information. In addition, several functionals were compared to the CASSCF/PT2 splitting 

energies including M06-L, M06, M06-2X, PBE, PBE0, B3LYP, B3LYP* O3LYP, and OPBE. 

The basis set used for these computations was the same as for the improved electronic energies 

as stated above. 

Paramagnetic NMR. For isotropic systems 3d metal systems,3-6, 138 the Fermi contact term is 

presumed to massively dominate the paramagnetic component of the chemical shift. For further 

discussion on the nature of the approximations made when computing the paramagnetic 

chemical shift, please see the Supporting Information. Thus the computed absolute chemical 

shift becomes 

 =	 −	 g  (2.2.2) 

where  is the gyromagnetic ratio for nucleus , g  is the isotropic g-factor, µ  is the Bohr 

magneton, is the isotropic hyperfine coupling constant (Fermi Contact HFC) for nucleus K 

in frequency units (multiply by ℏ if the HFC is in energy units), S is the electronic total spin,  

is Boltzmann’s constant, and T is temperature.  is computed, approximately for high spin 

systems, on the unrestricted system using the diamagnetic formulation for the orbital 

shielding.139 The contribution to the orbital chemical shielding introduced by the additional 

“paramagnetic orbital shielding” term140 is expected to be small for 1H nuclei, and is not 

computed in this work. Since  is an absolute chemical shielding, the observable chemical 

shift becomes 

 =	 −  (2.2.3) 

where  is the chemical shift of a reference compound, tetramethylsilane (TMS). Before 

computing δpred, σorb and AFC are averaged for equivalent proton groups. 

1H chemical shifts δ, referenced to tetramethylsilane (TMS), were computed at the 

B3LYP level of DFT employing the all-electron 6-311+G basis set141, 142 for the metal atoms and 

the EPR-II basis143 for C, N, H, O and the 6-311+G(2df) basis144, 145 for S. We chose to use the 
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B3LYP functional based on previously demonstrated good NMR and EPR performance for 

metal-containing systems like those studied here.6  

Hyperfine coupling constants and the g-tensor were computed using the DFT level of 

theory in gas phase within the spin orbit mean field approximation SOMF(1X).10 The extension 

for systems with S > ½ using the zero-field splitting interaction is neglected in this work; further 

discussion on this interaction and its effects on paramagnetic NMR are in the Supporting 

Information. 

Solvation and Software. All optimisation, thermochemistry and  computations 

were accomplished using the Gaussian09 Rev C.01 suite of electronic structure programs.74 In all 

calculations with the Gaussian09 software suite, the effects of aqueous solvation were included 

using the SMD continuum solvation model.8  All EPR computations were accomplished in the 

gas phase using the ORCA 2.9.1 suite146 of electronic structure programs. 

 

Experimental Methods. 

Variable Temperature 1H NMR. Solutions of host cage B and its host-guest complexes were 

prepared as described in the Supporting Information. VT NMR experiments were performed 

using an automated temperature ramp which consisted of going from 278 K to 358 K in steps of 

10 K. After each temperature was reached, 3 minutes for the equilibration of the sample were 

allowed and a 1H NMR spectrum was acquired (see Figure S6 and Table S4 in the Supporting 

Information). 
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2.2.6  Notes and references 

Electronic Supplementary Information (ESI) available. See : http://dx.doi.org/10.1039/C4CP01478B 

References have been collected at the end of the thesis. 
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2.3  The Prediction of 19F NMR in Proteins 

2.3.1  Introduction 

Protein-protein interactions play a critical role in numerous biological processes, and 

understanding of these biomolecular interactions can lead to new medical technologies. Of 

recent interest is the role that protein-protein interactions play in transcriptional regulation and 

their modulation using small molecules. Bromodomains are a class of protein domains that play 

a lynchpin role in the DNA transcriptional process; where bromodomains recognize acetylated 

lysine residues on histones. The acetylation of a lysine on a histone protein is a key signal to start 

the uncoiling of histone bound DNA increasing its accessibility for transcription Additionally 

the modification serves as the attachment point of the transcriptional machinery via subsequent 

-protein-protein interactions with the bromodomain containing protein (see Scheme 2.3.1).147 A 

malfunctioning bromodomain can lead to abnormal biomolecular regulation and thus has been 

observed to play a role in disease pathways.30 This prevalence in disease has led to the desire to 

target bromodomain assembly complexes with medicinally active drugs.148 Bromodomains were 

considered to be undruggable until 2010 when development of bromodomain and extra 

terminal domain (BET) inhibitors JQ1149 and IBET-762150 sparked development of therapeutic 

targets for the 61 known bromodomain containing proteins.151 The JQ1 and IBET-762 

molecules showed non-specific inhibition across a subclass of bromodomains, which is 

undesirable as inhibition to a specific bromodomain is the desired therapeutic target. Since then 

the bromodomain field has rapidly developed, with five bromodomain inhibitors currently in 

clinical trials.148  

In order to design a medicinally active drug targeting bromodomains, one must first 

understand the protein-protein interface. The intermolecular interfaces between proteins are 

often large and featureless in nature, specifically lacking the deep hydrophobic pockets that have 

facilitated development of previous high affinity small molecules152 and resulting in challenging 

experimental characterization and even more difficult drug design. A current method to probe 

this interface is fragment based drug discovery, which focuses on detecting the interactions of 

small, low-affinity ligands, and further developing those into higher-affinity probes. The 
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challenges for studying such a weak interaction with a small fragment-like molecule are three 

fold to determine if and how strongly the probe has bound to the protein-protein interface. 1) 

The first is to selectively characterize the correct binding site, there are many possible surface 

binding sites; 2) second is to accurately characterize the complexation strength; 3) and finally, 

throughput speed is essential given that the molecular fragment screening requires a significant 

number of experiments.  

 

Scheme 2.3.1: Representation of bromodomain binding to DNA wrapped histone, and the 

subsequent uncoiling of DNA from histone.  

These challenges led to the development of a dynamic spectroscopic method that is 

highly sensitive to changes in the environment at the interface called Protein Observed Fluorine 

(PrOF) NMR.153-156 The method achieves the desired selectivity and accuracy through 

fluorination of aromatic side chain residues. Residues with aromatic side chains have 

demonstrated enriched population at protein-protein interfaces,157 therefore a method that is 

sensitive to changes in this environment would monitor binding interactions. Given that 19F 

NMR is hyper responsive to local environmental changes and has a strong signal due to 

fluorine’s high gyromagnetic ratio ( γF / (2π) = 40.052 MHz T-1), rapid acquisition of 1D 

interpretable spectra is possible.153 The PrOF NMR method is approximately 2-3 times faster 

than the commonly used 2D 1H 15N heteronuclear single quantum coherence (HSQC) NMR 

methods for bromodomain proteins. Collectively, these satisfy the challenges involved in the 
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detection of weak intermolecular complexes,153, 154 and have been utilized to screen for new 

molecular inhibitors.155  

Unfortunately the PrOF NMR experimental spectra are difficult to characterize, and 

theoretical prediction of the protein’s 19F NMR spectra would greatly assist in the development 

of new bromodomain inhibitors. The experimental challenge comes from the assignment of 

each 19F NMR spectral peak, which requires site-directed mutagenesis to modify a single residue 

such that it will not be fluorinated, and observing which resonance disappears in the PrOF NMR 

spectrum.153 Through sequential mutagenesis of residues, one can assign the PrOF NMR 

spectrum. Overlapping resonances can be extremely challenging to assign, and computational 

predictions could provide additional assistance.158 Generation of mutant proteins comes with its 

own challenges such as protein misfolding or difficulty in protein expression. Once an initial 

PrOF NMR spectrum has been assigned, screening assays for molecular probes can lead to 

structural insight into the mode of inhibition of the macromolecular protein-protein 

interactions. A theoretical method that could assist in the assignment of bromodomain PrOF 

NMR spectra would provide a significant boon for experimental characterization, and could be 

extensible to other proteins.  

This work will demonstrate that automation of spectral predictions for 19F NMR in 

bromodomain proteins is possible, but remains a challenging problem to tackle. We will 

demonstrate that a cluster based method for prediction of 19F NMR shows great promise for 

further study. While traditional predictions of PrO 1H NMR involve dynamic simulations to 

sample the large ensemble of configurations, the relative rigidity and availability of X-ray crystal 

structures for bromodomain proteins lends itself to an exploratory cluster based model.  

2.3.2  Results and Discussion 

To the best knowledge of the authors, a benchmarking study for the accuracy of 19F 

NMR predictions of biomolecular moieties is unavailable for density functional methods. To 

ensure accurate predictions, and validate the protocol chosen for 19F NMR predictions, a 

training set was used to correlate various modeling protocols with experimental measurements. 

Once these protocols were determined to correlate strongly with the experiments, we proceeded 
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to cut clusters cut from proteins and predict the 19F NMR. Here we discuss the modeling 

challenges and physical insights into the effects of chemical environment on 19F NMR shifts in 

proteins.  

Training a 19F NMR Prediction Protocol. Prior to cluster generation, a method to predict the 

19F NMR of aromatic complexes in the range of 3-fluoro-tyrosine NMR chemical shifts was 

tested.  The training set molecules consisted of aromatic complexes with chemical shifts in the 

expected ranged spanned by fluoro-tyrosines and fluoro-tryptophans in bromodomains (-125 to 

-145 ppm relative to CFCl3).154 The training set and experimental NMR data are reported in 

Table 2.3.5. The protocols tested include, molecular optimization with M06-L/def2-SVP in 

either the gas phase or with an aqueous SMD solvation model.  After these structures were 

obtained, NMR predictions were performed using either the PBE0159 or B3LYP160 density 

functionals in combination with either the EPR-II or EPR-III basis sets161. Additionally, NMR 

predictions were made at the Hartree Fock level of theory using 6-311++G(2d,2p)144, 162 basis 

sets and the aqueous SMD solvation model.  

 

Table 2.3.1: Performance of predicted 19F δ Prediction Protocols in comparison to 

Experimentally Measured NMR values of Complexes in Training Set (See Table 2.3.5). All 

protocols use the SMD solvation model.  

Protocol Intercept Slope Adj. R2 

PBE0   /EPR-II -24.6 ±  5.4 0.860 ± 0.039 0.974 

PBE0   /EPR-III -9.2 ±  7.7 0.930 ± 0.057 0.954 

B3LYP/EPR-II -34.4 ±  5.4 0.809 ± 0.040 0.969 

B3LYP/EPR-III -24.3 ±  8.0 0.897 ± 0.058 0.948 

HF       /6-311++G(2d,2p) -109.7 ± 27.9 0.285 ± 0.204 0.068 

 

The results for the regressions between computed 19F NMR on the training set and 

experimental measurements are shown in Table 2.3.1. Plotted in Figure 2.3.1, the strongest 

correlation between experimental 19F NMR measurements and predicted 19F NMR was found 

for the protocol using the aqueous SMD solvation model,8 PBE0 density functional,159 and the 

EPR-II basis set161. Given the similar statistical performance between PBE0/EPR-II/SMD and 
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PBE0/EPR-III/SMD, we chose to move forward with the more inexpensive scaling PBE0/EPR-

II/SMD protocol. It is worth pointing out that while previous research has indicated the utility 

of predicting 19F NMR for fluorobenzenes with the Hartree Fock level of theory,163 our results 

with this level of theory highlight a danger, and we strongly recommend using more modern 

methods to obtain accurate predictions for the PrOF NMR models.  

 

Figure 2.3.1: Predicted δ from PBE0/EPR-II/SMD vs. experimental 19F δ NMR for the 

training set (see Table 2.3.5). 

 

Cluster Radial Convergence. We note that a more complete representation of the local 

environment around the 3-fluorotyrosine is optimal for cluster generation cut-off radii between 

3.25 Å and 4.00 Å. Residue Y65 of the BRD4 (PDB ID: 4IOR) protein was selected given that is 

an surface exposed protein which might be subject to dramatically different environments for 

the different rotamers (interior vs exterior facing fluorine), and particularly relevant for probing 

surface chemistry. The relative energies and chemical shifts for each conformer are collected in 

Table 2.3.2. During cluster generation, the proper inclusion of the interior phenolic proton 

acceptor carbonyl residue occurs after a radial cutoff of 2.75 Å has been reached, and inclusion of 

external water moieties is reached after 3.25 Å. After both phenolic proton acceptors have been 

included, convergence of the predicted fluorine NMR begins although the relative stability of 

each conformer is still in flux. Clusters generated beyond a radial inclusion criteria of 4.0 Å were 
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found to be prohibitively expensive to compute with the modeling protocol. This leads into 

some discussion of the various conformers for 3-fluorotyrosine in addition to the fluorine’s 

relative orientations toward the protein interior.  

3-Fluorotyrosine Conformer Weights. One challenge for chemical models is to accurately 

sample all thermodynamically relevant conformers. For the 3-fluorotyrosine systems considered 

here, there are 2 N accessible conformers, where N is the number of available phenol hydrogen 

acceptors, and the factor of 2 derives the relative F orientation toward the interior or exterior of 

the protein. The different conformers expose the fluorine atoms to significant differences in 

magnetic environments. Figure 2.3.2 highlights the different conformer environments.  

 

 

Figure 2.3.2: a) s-cis vs s-trans conformers b) Brd4 (PDB ID: 4IOR) Residue 65 

highlights the difference in environments, interior (in) vs exterior (ex) locations for the 

fluorine atom. 

 

If there is a single hydrogen bond acceptor, the number of energetically accessible 

conformers effectively reduces to 2 as non-hydrogen bonded conformers are much higher in 

energy. When examining the phenol’s conformational effect on chemical shift, we notice two 

different physical effects related to phenolic hydrogen bonding and isomerism. In the absence of 

any proton acceptors, the s-cis (H, F) conformers are slightly favored over the s-trans (H, F) 

conformers. Additionally, it is evident that there is a large difference in the chemical shifts 

between the relative fluorine-hydrogen orientations. We note that s-trans conformers have 

 ≈ -130 ppm, whereas the more favorable s-cis conformers have  ≈ -150 ppm. 
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Once explicit hydrogen bond acceptors are present the disparity in chemical shifts due to the s-

cis vs s-trans isomerism is dramatically reduced.  

An example case showing the convergence of the chemical shift with respect to cluster 

size is shown in Table 2.3.2. For residue Y65, there are four accessible conformers, as there are 

two phenolic hydrogen acceptors: (1) external water, and (2) interior peptide backbone 

carbonyl. As the cluster converges radially toward the protein environment, it becomes clear that 

the most favorable conformer is the external fluorine, with the  s-trans phenolic proton hydrogen 

bound to the interior peptide carbonyl.  

Accurately Modeling the Phenolic Environment. Accurate modeling of the phenolic proton 

environment is a critical challenge for the accurate prediction of the 3-fluoro-tyrosine 19F NMR. 

Indeed, one can see the effect a singular explicit water molecule has on the predicted F NMR 

(See Table 2.3.2). The influence of the phenolic hydrogen acceptor has a significant impact on 

the 19F chemical shift. Inclusion of only the proton acceptor is problematic, particularly for 

charged residues with adjacent ion pairs. This is exemplified by clusters where the target 3-

fluorotyrosone has a phenolic hydrogen bond to a negatively charged aspartate or glutamate 

carboxylic acid residue. The anionic H-acceptor, in absence of the positive ion paired residue, 

yields more electronic density on the fluorine, and a further upfield shift. For 3FY 118, a cluster 

of radius 3.00 Å has a chemical shift of -148.5 ppm. Inclusion of the arginine ion pair at a cluster 

radius of 4.00 Å, dramatically reduces the predicted chemical shift to -140.8 ppm.  
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Figure 2.3.3: Brd4 (4IOR) Residue 118 with hydrogen bond to glutamate 49. Note that 

there is a missing arginine ion pair in the empty circle opposite the carboxylate from the phenol. 

 

19F NMR Predictions for 3-fluorotyrosine mutant BRD4.  Using a radial cutoff for cluster 

generation of 4.0 Å, the 19F NMR spectra was simulated for the entire fluorinated mutant 

protein. Results are shown in Table 2.3.3. The effects of additionally optimizing nearby water 

molecules are shown in Table 2.3.4. One can clearly see that optimization of the fluorinated 

tyrosine is insufficient to predict the relative peak positions. Some residues are predicted quite 

close to experiments, including Y118 and Y97, however some are dramatically off Y98, Y65, 

Y137, and Y139.  

Closer examination of these clusters revealed that explicit water molecules were quite 

close to the phenol. While water positions were previously optimized with a molecular dynamic 

protocol prior to cluster generation, the sensitivity of the chemical shift to the isomerization led 

us to test further optimization of adjacent water molecules to improve the predictive capabilities 

of the model. Y65 has two water molecules directly participating in hydrogen bonding 

interactions. Y97 has no water molecules directly interacting with the phenol. Y98 has one water 

molecule participating in a hydrogen bond with the phenol. Y118 has one water molecule 
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directly participating in a hydrogen bond with the phenol. Y119 has one close proximity water 

molecule, but it does not participate in hydrogen bonding with the phenol.  The s-trans-ex 

configuration converges to the s-cis-ex configuration, as the phenolic hydrogen rotates to bond 

with the neighboring carboxylate ligand. Y137 has sodium and two waters directly interacting 

with the phenol. Y139 has two waters and a sodium atom near the residue with water 

participating in hydrogen bonding to the phenol. Y98 exhibits pathologically different behavior 

than experimental measurements. For this model of Y98, only one water molecule is found near 

the residue, compared to the protein XRD where a cluster of four waters is near. Given this, it’s 

possible that an extended hydrogen bonding network to the phenol can influence the chemical 

shift of this fluorine.  

Y137 does not have an “interior” configuration. This is because the fluorine would be 

pointed directly at a carboxylate side chain, and is an extremely high energy configuration. Let us 

see the effect that optimizing water has on the chemical shift of the fluorinated tyrosine. If we 

exclude Y98, which shows pathologically incorrect behavior, the MUD from experimental 

before optimizing water is 4.3 ppm vs 4.0 ppm. However, we see significant improvements for 

the protocol when water is optimized along with the target residue if we consider only the 

conformer that is closest to experimental measurements. The MUD now becomes 1.4 ppm. This 

demonstrates that the protocol can predict the fluorine environment in the bromodomain quite 

close to experimental results. However, further benchmarking should be performed on the 

prediction of relative conformer energetics.  

The predicted most stable configurations are shown in Figure 2.3.4. The s-trans-ex 

conformer is predicted to be the most stable conformer for all residues except Y97 and Y98 

where the s-cis-in conformer is more stable. Interestingly, the predicted environment that 

matches experiments closest for four out of seven residues is the s-cis isomer. The residues 

where water does not participate in phenolic hydrogen bonding (Y97, Y118) have the only 

lowest energy configuration with that matches experimental chemical shifts. In applying this to 

further systems, these peaks should have the highest reliability of prediction.  
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Figure 2.3.4: Lowest energy configurations of 3-fluorotyrosine clusters. Y65 shows the s-

cis-ex, Y97 shows the s-trans-ex, Y98 shows the s-trans-ex, Y118 shows the s-cis-in, Y119 shows 

the s-cis-ex, Y137 shows the s-trans-ex, Y139 shows the s-trans-ex. Fluorine atoms are 

highlighted in magenta.  

 



Table 2.3.2: Radial convergence of 19F NMR δ (ppm) as a function of isomeric environment.a  

   

ΔE(s-cis-in) ΔE(s-trans-ex) ΔE(s-cis-ex) 19F NMR δ (ppm)d 

R (Å) # AAa # PPb kcal/mol kcal/mol kcal/mol s-trans-in. s-cis-in s-trans-ex s-cis-ex. δpred (ppm) 

2.00 2 1 -2.85 0.06 -2.65 -133.8 -153.3 -133.5 -152.2 -152.5 

2.25 2 1 -- -- -- -- -- -- -- -- 

2.50 5 1 -2.63 -2.26 -3.92 -137.0 -156.3 -136.1 -153.8 -155.0 

2.75 6 2 0.00 -0.46 3.97 N/A -130.9* -146.7* -149.6 -141.7 

3.00 8 3 0.01 -1.57 6.32 N/A -132.1* -136.5* -145.8 -136.2 

3.25 11 2 -2.96 -4.33 -2.26 -121.0** -122.5* -129.4* -133.9** -129.6 

3.50 11 2 -- -- -- -- -- -- -- -- 

3.75 14 3 -3.56 -4.97 -2.59 -121.0** -127.9* -132.4* -136.6**  -132.1 

4.00 14 3 -- -- -- -- -- -- -- -- 

EXP -- -- -- -- -- -- -- -- -- -137.4 
a The isomeric environments are separated into interior (in.) vs exterior (ex.) and s-cis vs s-trans, (see Figure 2.3.2a). b The number of residues 

describes the number of residues kept with side chains intact (does not include caps). c The number of disconnected peptide chains is denoted 

by the number of chains. d δpred is the Boltzmann weighted 19F NMR chemical shift for 3-fluorotyrosine at residue Y65 of BRD4 (PDB ID: 4IOR). 

*Denotes that a hydrogen bond to the carbonyl oxygen of adjacent peptide. **Denotes a hydrogen bond to external water. 

 



 

Table 2.3.3: Conformer configurations, energetics, and NMR predictions for tyrosine residues in BRD4. Only the fluorinated tyrosine 

residue is optimized for these models. 

Residues ΔE(s-cis-in) ΔE(s-trans-ex) ΔE(s-cis-ex) 19F NMR δ (ppm)d
 

δexp 
AA # AAa # PPb R kcal/mol kcal/mol kcal/mol s-trans-in. s-cis-in s-trans-ex s-cis-ex. δpred 

Y97  13 4 4.00 5.10 6.69 2.32 -137.4 -145.4 -126.5 -129.2 -137.3 -140.1 

Y118  12 4 4.00  -- 0.00 4.39 -- -- -140.8 -140.6 -140.8 -138.0 

Y65  14 3 4.00 -3.56 -4.97 -2.59 -121.0 -127.9 -132.4 -136.6 -132.1 -137.4 

Y98  14 3 4.00 -0.13 9.52 10.15 -121.6 -120.1 -121.1 -129.0 -120.8 -136.6 

Y139  10 3 4.00 -9.41 -13.28 -4.43 -119.0 -117.3 -143.0 -148.9 -142.9 -136.6 

Y137  11 4 4.00 10.00 6.79 -3.49 -116.3 -119.4 -136.7 -140.8 -140.7 -134.0 

Y119  14 7 4.00 11.18 -- -0.31 -119.4 -121.0 -- -122.6 -122.0 -128.0 
 

Table 2.3.4: Effects of optimizing nearby water molecules on conformer configurations, energetics, and NMR predictions for tyrosine 

residues in BRD4. The number of directly interacting water molecules is labeled #H2O, where * means it does not hydrogen bond with the 

phenol. Chemical shifts in italics are for the most favorable predicted conformers, whereas bold denotes the closest to experimental shifts.  

Residues ΔE(s-cis-in) ΔE(s-trans-ex) ΔE(s-cis-ex) 19F NMR δ (ppm)d
 

δexp 
AA # AAa # PPb #H2O kcal/mol kcal/mol kcal/mol s-trans-in. s-cis-in s-trans-ex s-cis-ex. δpred 

Y97  13 4 0 -2.18 -0.29 6.65 -137.5 -138.6 -133.7 -131.9 -138.3 -140.1 

Y118  12 4 1 -- 0.00 4.97 -- -- -137.4 -112.7 -137.4 -138.0 

Y65  14 3 2 -6.32 -8.51 -2.85 -121.5 -129.7 -135.5 -136.5 -135.4 -137.4 

Y98  14 3 1 -0.02 7.90 9.97 -120.4 -120.2 -120.8 -127.5 -120.4 -136.6 

Y139  10 3 2 -9.31 -16.65 -5.28 -116.6 -115.3 -125.2 -137.9 -125.2 -136.6 

Y137  11 4 2 -23.08 -28.25 -3.49 -114.1 -115.1 -129.6 -134.1 -129.6 -134.0 

Y119  14 7 1* 11.26 -- -1.81 -119.4 -121.2 -- -124.4 -124.4 -128.0 
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2.3.3  Conclusions 

This work has taken the first step to automated prediction of 19F NMR in bromodomain 

proteins. The machinery has been built and tested to take protein crystal structures, cut down 

clusters based target residue and desired cluster size, and predict chemical shifts. We have shown 

that water plays a significant role in the prediction of 19F chemical shifts, and that models must 

take account of water’s influence on tyrosine’s phenol to accurately predict chemical shifts. 

Further work on the benchmarking of conformational energies would greatly benefit this 

protocol if data were available to unequivocally assign relative configuration energetics. 

Currently, this method should be able to accurately predict the chemical shifts of 3-

fluorotyrosines where no water directly participates in hydrogen bonds with high reliability.  

2.3.4  Theoretical Methods 

Hydration of Protein and Optimized H Positions. Using the MDWeb online Molecular 

Dynamics on Web toolset,164 the following procedure was performed.   

1) Select action “Prepare Structure Topology for AMBER ParmFF99SB* (Hornak & 

Simmerling, including Best & Hummer psi modification)”165, 166 

2) Select action for structural optimization of 50 or more exterior water molecules using 

the Classical Molecular Interaction Potentials (CMIP)167 

3) Select action to energetically minimize hydrogen atom positions using NAMD168 

4) Select action to export PDB structure 

5) File I/O: The resulting PDB exported from MDWeb is missing the column at the end of 

a regularly formatted PDB file that specifies the actual atom designation for each ATOM 

type. Opening the .PDB file in OpenBabel169, and choosing to convert PDB -> PDB fixes 

this issue.  

Cluster Generation. Once the PDB file has been properly formatted, use this file as input for 

the cluster generation script. Additionally one needs to specify the target residue number and 

the cut off radius for cluster generation.  
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The script will create a cluster by searching for protein residues within the cutoff radius 

of the target residues’ non-hydrogenic atoms. Once all clusters have been found, the script keeps 

these residues, and caps the peptide chains with a neutral cap (either acetyl- or methylamino- 

group to simulate a polypeptide chain). Note: Ensure that all capping hydrogen atoms have 

been added prior to optimization. The sample output from the cluster generation script is 

included in the SI. 

Optimization. The target residue is then optimized with Density Functional Theory, within a 

frozen cluster, i.e. only the fluorinated residue is optimized within a fixed cluster framework. The 

molecular clusters are optimized using the M06-L63 density functional with the def2-SVP  basis 

set170 on all atoms. Gas phase computations of the 19F NMR and protein structure were found to 

be inaccurate, and have difficulty converging with systems having charge separation, 

respectively. Thus a solvation method (SMD) which more accurately represents the dipolar 

exterior solvent was selected for further use. 

19F NMR Prediction. After the optimized cluster is obtained, the 19F NMR is predicted. 

Trifluoroacetate (δexp = -76.55 ppm relative to CFCl3) is used for the computation of the 

reference chemical shielding (σref) for the computation of the chemical shift  

 δpred = (σref + δexp)  – σpred  (1) 

To more accurately predict chemical shifts, a linear regression between experimental 

measurements and prediction protocols is common practice. The benchmark against a training 

set (see Table 2.3.5) of several 19F NMR prediction protocols; the protocols varied modeling 

parameters such as 1) gas phase or SMD implicit solvation, 2) density functional choice (B3LYP 

or PBE0), and 3) basis set size (double zeta or triple zeta quality).  
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Table 2.3.5: Reference 19F NMR Data 

 19F δ (ppm) 

3-fluoro-tyrosine (1Water) -137.6 

2-fluoro-phenol171 -141.9 

2,6-difluoro-phenol172 -139.1 

2-fluoro-p-hydroquinone171 -138.7 

5-fluoro-indole173 -126.55 

6-fluoro-indole173 -121.83 

5-fluoro-tryptophan173 -126.15 

6-fluoro-tryptophan173 -122.85 

fluoro-benzene -113.15 

hexafluoro-benzene -164.9 

4-fluoro-phenylalanine -116.7 

o-Penta-fluorobenzene -139.9 

m-Penta-fluorobenzene -162.1 

p-Penta-fluorobenzene -153.5 

 

In order to accurately reproduce the equilibrium distribution of various fluorine and 

phenol isomers, a Boltzmann weighting protocol was implemented to weight chemical shifts by 

their relative free energies. 

 δ = ∑ 	 ∆ /
∑ ∆ /  (2) 

Software. All optimization, thermochemistry and  computations were accomplished using 

the Gaussian09 Rev D.01 suite of electronic structure programs.74  
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Chapter 3 

Chemical Reactivity at the Macromolecular Scale 
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3.1  Electrochemical Reduction of 2,4-Dinitrotoluene in Aprotic and pH-

Buffered Media† 

3.1.1  Introduction 

The detection of nitroaromatic explosives, such as the widely used 2,4,6-trinitrotoluene 

(TNT), is a subject of much research in view of both the detection of explosive devices and 

environmental remediation.174-194 Due to the extremely low equilibrium vapor pressure of TNT, 

many detection efforts focus on the more readily vaporizing 2,4-dinitrotoluene (DNT).174-176 

Because the latter results as a byproduct in TNT production due to incomplete nitrification of 

toluene, DNT is nearly always present in TNT-based explosives.184, 195 Detection of DNT in 

aqueous samples is of additional importance because of its hepatocarcinogenicity.194 The 

electroactive nature of the nitro substituents allows for the electrochemical detection of DNT.196 

As a result, several explosive sensing devices were presented in recent literature that rely upon 

electrochemical detection.180, 186-192, 197-200 However, despite the rather large amount of published 

work that takes advantage of the electroactivity of DNT, a surprisingly small effort has been 

made in the past to elucidate the mechanism for DNT reduction. 

The polarographic characteristics of DNT in aqueous solution were shown to be rather 

similar to those of nitrobenzene in that each nitro group is reduced to an N-hydroxylamino 

group in a single four-proton, four-electron reduction wave.196, 201 This observation indicates that 

the cyclic voltammetry of DNT should also be very similar to that of nitrobenzene, thus 

providing a good starting point for proposing a mechanism for DNT reduction. Indeed, the 

electrochemistry of nitrobenzene has been studied quite extensively.196, 202-206 In anhydrous 

acetonitrile and N,N-dimethylformamide, nitrobenzene is reduced electrochemically to produce 

a stable radical anion.204, 205 When liquid anhydrous ammonia is used as a solvent, the radical 

anion accepts a second electron at a much more negative potential, producing a stable 

                                                                 
† Adapted with permission from: 

Olson, E.; Isley III, W.C.; Brennan, J.; Cramer, C.; Buhlmann, P. “Electrochemical Reduction of 2,4-

Dinitrotoluene in Aprotic and pH-Buffered Media.” J. Phys. Chem. C, 2015.119 (23), pp 13088-13097. 

Link: http://dx.doi.org/1 0.1021/acs.jpcc.5b02840   

© 2014 American Chemical Society 
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dianion.202 In the case of 1,4-dinitrobenzene, two individual one-electron transfers are observed; 

however, it is unclear whether the radical nitrogen is reduced or whether a diradical is formed.207, 

208 In analogy to this work on related compounds, the mechanism for the reduction of DNT 

shown in Figure 3.1.1 is proposed here for aprotic media.   

 

Figure 3.1.1 Proposed mechanism of DNT reduction in aprotic solutions. 

The work presented herein also shows that the reduction of DNT in acetonitrile as 

observed by cyclic voltammetry changes significantly upon the addition of a proton source. 

Similarly, previously published work showed that in anhydrous N,N-dimethylformamide upon 

the addition of a proton source the polarographic reduction of nitrobenzene to a radical anion 

decreases in intensity and a new reduction wave occurs that is attributed to the four step, four-

electron production of N-phenylhydroxylamine.204 In aqueous media, the reduction of 

nitrobenzene proceeds directly to the formation of N-phenylhydroxylamine, which in acidic 

solutions undergoes an additional two-proton, two-electron transfer at more negative potential 
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to produce aniline.202, 203, 209, 210 Recently, a computational study investigated the electrochemical 

mechanism and potentials of TNT reduction in aqueous solution, making reference to the 

literature of experimental electrochemistry of various nitroaromatic compounds.211 While the 

authors showed that the nitro group in the 2 position of TNT is most easily reduced, it was not 

clear whether this is also true for DNT. Therefore, the more general mechanism presented in 

Figure 3.1.2 is proposed here for the electrochemical reduction of DNT in proton-containing 

media.  

 

Figure 3.1.2 Possible reduction pathways to electrochemically produce 2,4-

diaminotoluene from DNT in solutions with available protons. 

The reduction steps in Figure 3.1.2 are representative of the polarographic 

characteristics previously observed for DNT in aqueous solution196 while those in blue are 

representative of the complete reduction of DNT to 2,4-dinitroanailine. For electrochemical 

reductions such as those depicted in Figure 3.1.1 and Figure 3.1.2, it is important to note that all 
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chemically reasonable routes to achieve the final product are likely followed simultaneously as 

competing processes. The total contribution of each path is dependent upon the pH of the 

solution and the molecular properties of each intermediate.  

In this work, we explored the electrochemical reduction mechanism of DNT in 

unbuffered acetonitrile and pH buffered acetonitrile. We show that DNT undergoes two well-

resolved electron transfers in unbuffered acetonitrile as well as basic acetonitrile. The radical 

anion formed in these solutions by the reduction of DNT is sufficiently basic to deprotonate the 

slightly acidic DNT, giving rise to an intense blue color indicative of deprotonated DNT.212 In 

acetonitrile solutions buffered with a triethylamine/triethylammonium buffer, the two reduction 

peaks coalesce into one irreversible reduction that is consistent with the production of 2,4-

bis(N-hydroxylamino)toluene. 

3.1.2  Results and discussion 

Voltammetry with unbuffered acetonitrile  To determine whether, in the absence of a proton 

source, DNT would produce cyclic voltammograms (CVs) consistent with the two-step, two-

electron transfer depicted in Figure 3.1.1, cyclic voltammetry of DNT was performed in 

unbuffered anhydrous acetonitrile. Typical CVs for DNT in acetonitrile/0.1 M NBu4ClO4 such 

as those shown in Figure 3.1.3 exhibit two redox couples centered at –1.30 and –1.68 V vs. 

Ag/Ag+. 

At scan rates of 100 mV/s and higher, the CVs of DNT in anhydrous acetonitrile are 

consistent with the electron transfer mechanism depicted in Figure 3.1.1, although it is 

impossible to determine from this experimental data which of reduction paths shown in Figure 

3.1.1 is followed. The increased separation of the cathodic and anodic peaks at higher scan rates 

is indicative of moderately slow electron transfer kinetics between the electrode and DNT.213 

When the working electrode was operated at a potential sufficiently negative to reduce DNT, a 

substance of intense blue color was observed, diffusing away from the electrode surface. This 

type of coloration was observed previously by Fornazini and co-workers; however, no 

explanation as to the source of the color was offered.186 Subsequently, we showed in a non-

electrochemical study that the blue color observed for solutions of DNT and basic compounds 
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in dimethyl sulfoxide arises from the deprotonation of the methyl group of DNT.212 Because the 

radical anion and the subsequently formed dianion resulting from the reduction of DNT are 

both expected to be at least somewhat basic, it appeared likely that neutral, unreacted DNT is 

deprotonated by electrochemically reduced DNT diffusing away from the electrode. To test this 

hypothesis, a solution of 10 mM DNT with 100 mM NBu4ClO4 was reduced at a constant 

potential of –2.0 V. The product resulting from this bulk reduction was not sufficiently stable to 

allow for isolation and purification. However, an aliquot was removed after ten minutes and a 

visible absorption spectrum was measured of this sample. This resulting spectrum was then 

compared to the visible spectrum of an acetonitrile solution of 0.2 mM DNT and 10 mM 

tetrabutylammonium hydroxide (see Figure 3.1.4).  

 

 

Figure 3.1.3 Cyclic voltammograms of 2.16 mM DNT in acetonitrile/100 mM NBu4ClO4 

at scan rates of 100 (solid), 1000 (dashed), and 10,000 mV/s (dot-dashed). Working 

electrode: 1.6 mm diameter Au disk, reference: Ag/10 mM AgNO3, auxiliary: Pt wire. T = 21 °C. 
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Figure 3.1.4  Visible spectrum for an aliquot removed from an electrochemical cell after 

bulk reduction of DNT in acetonitrile (solid) and for a solution of 0.20 mM DNT with 10 

mM NBu4OH (dashed). For clarity, absorbances are shown normalized with respect to the 

absorbance maxima. 

 

The spectra strongly suggest that the blue color emanating from the working electrode is 

indeed the result of the deprotonation of unreacted DNT. As we show in the following section, 

protonation of the DNT radical anion results in further electrochemical reduction. Since 

unreacted DNT may serve as a proton source, the protonated form of electrochemically reduced 

DNT may undergo the ensuing reactions outlined in Figure 3.1.2. Because the intermediate 

steps of this complicated mechanism (and their reduction potentials and pKa values) do not 

result in identifiable features in CVs, quantitative fitting of CVs for DNT in unbuffered 

acetonitrile is difficult. Therefore, the electrochemical characteristics of DNT in buffered 

acetonitrile solutions were considered with more detail instead. 

Voltammetry with pH buffered acetonitrile solutions. Because the radical anion formed in 

the electrochemical reduction of DNT is capable of deprotonating DNT itself, cyclic 

voltammetry was performed with acetonitrile solutions of known concentrations of available H+, 

(added in the form of HClO4, in concentrations up to 8 mM) in order to gain a better 
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understanding of the electrochemistry of DNT. Since hydrogen is reduced on gold in the 

potential range of interest,214 these experiments were carried out with a large excess of 

triethylamine (exceeding the DNT concentration hundredfold), buffering H+ in the form of 

protonated triethylamine and keeping the free H+ concentration low. Throughout these 

experiments, in which variable amounts of 70 wt % perchloric acid were added as a source of H+,, 

an appropriate amount of water was added in addition to the water introduced with the aqueous 

HClO4 to maintain a constant water concentration of 19 mM (which is the concentration of 

water in the 8 mM HClO4 solution, as obtained by addition of 70 wt % perchloric acid but no 

additional water).. Initial experiments were performed with solutions containing 1.00 mM DNT 

along with 100 mM triethylamine and no added of H+. A CV of such a solution is shown in 

Figure 3.1.5.  

 

Figure 3.1.5  Cyclic voltammetry of 1.00 mM DNT in acetonitrile/100 mM NBu4ClO4 + 

100 mM triethylamine and 19 mM water. Working electrode: 1.6 mm diameter Au disk, 

reference: Ag/10 mM AgNO3, auxiliary: Pt wire. Scan rate = 100 mV/s, T = 21 °C. 

 

The appearance of small reductive current maxima at –1.05 and –1.20 V are the result of 

a slight increase in the concentration of available protons, likely due to the acidity of the added 

water (see Figure 3.1.6). Aside from these two small peaks, the remainder of the CV is consistent 
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with the nonprotic mechanism presented in Figure 3.1.1 in that the oxidative and reductive 

waves in the voltammogram have similar current magnitudes. As compared to Figure 3.1.3, the 

potential separation of the oxidative and reductive peaks when scanning with 100 mV/s has 

decreased from 94 to 62 and from 114 to 80 mV for the peaks centered at –1.30 and –1.68 V, 

respectively. More importantly, no blue-colored products were observed during these 

experiments, an expected result due to the presence of water, which has a higher acidity than 

DNT. 

Subsequent experiments were performed with increasing concentrations of HClO4, a 

well-known strong acid in acetonitrile (pKa = –8.8),215 to determine the effect of H+ addition to 

the solution and the stoichiometry of the reaction of DNT with H+. Cyclic voltammograms of 

1.00 mM DNT in 100 mM triethylamine solutions containing a varying concentration of HClO4 

are presented in Figure 3.1.6A. For clarity, only the first cycle of each CV is shown. 

As the concentration of added H+ and, thereby, the ratio of triethylammonium to 

triethylamine is increased, a sharp increase in the magnitude of the irreversible peak located at –

1.05 V is observed, as shown in Figure 3.1.6B. The peaks located at –1.30 and –1.68 V slowly 

decrease in intensity until, at 8 equivalents of H+
, they become negligible in intensity. At 

concentrations of H+ that are less than 7-fold excess to the concentration of DNT, a nearly linear 

relationship is observed between the concentration of available H+ and the peak current 

observed at –1.05 V. No further substantial increase in peak current is observed when the 

concentration of available H+ exceeds the DNT concentration more than eightfold. This 

indicates that the overall reduction of DNT in the presence of the pH buffer 

triethylammonium/triethylamine requires 8 protons to progress to completion. In order to 

reduce DNT to 2,4-diaminotoluene, as laid out in the scheme presented in Figure 3.1.2, a total 

of 12 electrons and 12 protons would be required. In fact, the only routes that utilize a total of 8 

protons all stop with the production of 2,4-bis(N-hydroxylamino)toluene. Therefore, we 

conclude that, at the potentials accessible in acetonitrile and in the presence of 

triethylammonium/triethylamine buffers, DNT is reduced only to 2,4-bis(N-

hydroxylamino)toluene, as it was similarly observed for DNT by polarography in aqueous 

solutions of neutral or alkaline pH.196  
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Figure 3.1.6 Cyclic voltammograms for 0–8 mM equivalents of HClO4 relative to DNT 

(A) and plot of the peak current at –1.1 V with respect to the HClO4 concentration (B) 

for acetonitrile solutions containing 1.00 mM DNT, 100 mM NBu4ClO4, and 100 mM 

triethylamine. Working electrode: 1.6 mm diameter Au disk, reference: Ag/10 mM AgNO3; 

auxiliary electrode: Pt wire. Scan rate = 100 mV/s, T = 21°C. 
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The reduction of DNT in the presence of triethylammonium/triethylamine buffer 

occurs at a potential substantially less negative than is observed in aprotic conditions. This 

indicates that the species that is reduced is not free DNT but is rather a product of the 

interaction of DNT with triethylammonium, likely the DNT–triethylammonium hydrogen 

bond complex. A similar effect was also observed for the reduction of nitrobenzene in DMF at a 

dropping mercury electrode upon the introduction of a proton source.205 Conversely, if the 

reduction of DNT occurred before protonation, the onset of reduction would not occur until 

the applied potential has reached approximately –1.25 V (the potential at which DNT reduction 

is first observed in the aprotic experiments). In that case, an increase in the current observed at –

1.30 V would be observed rather than the formation of a new discrete peak. Such alternative 

pathways to the complete reduction of DNT are likely the source of several much smaller peaks 

observed at intermediate potentials in Figure 3.1.6 for additions of 1–6 proton equivalents. 

It is important to point out that, at triethylammonium concentrations less than 8 

equivalents relative to DNT, the observed CVs are characteristic of both protic and aprotic 

environments. This is most clearly evident in the CV measured with 1 equivalent added HClO4. 

In this voltammogram, the peak at –1.05 V has increased substantially over that for aprotic 

environment while the reductions centered at –1.30 and –1.68 V are still clearly present. This 

may be explained as follows: upon the initial reduction of the DNT–triethylammonium 

complex, excess protons are rapidly consumed by the electrochemical reduction products. 

Because the electrochemical reduction products are localized near the electrode surface, a local 

pH change in the volume immediately adjacent to the electrode is observed. Once all of the 

triethylammonium available in this limited volume is deprotonated, the voltammogram begins 

to show characteristics similar to those of an unbuffered aprotic environment. 

Lastly, it is interesting to note that the reduction of DNT to 2,4-bis(N-

hydroxylamino)toluene in aqueous solutions takes place as two discrete reductions separated by 

approximately 100 mV in a polarographic experiment.196 Moreover, the chemical reduction of 

DNT with Na2S in aqueous solution results predominantly in the formation of 2-nitro-4-

aminotoluene, supporting the conclusion that in aqueous solution the first reduction of DNT is 

thermodynamically more favorable than the second reduction.216 By contrast, a single concerted 
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reduction peak associated with this same reduction in acetonitrile is observed. Clearly, the 

difference in solvation between these two environments has a substantial effect on the 

mechanism of DNT reduction.  

Density Functional Theory Studies. In order to gain further insight into the reduction 

mechanism for DNT, we considered by computational means the stability of intermediate 

compounds formed during the reduction of DNT to 2,4-bis(hydroxylamino)toluene, 2-amino-

4-nitrotoluene, and 4-amino-2-nitrotoluene. The molecular structure and geometry of each 

likely intermediate along the reduction pathway was optimized using the M06-2X/6-31+G(d) 

level of density functional theory (DFT; see Methods Section for full details). After initial 

optimization, improved electronic energies were calculated as single-point calculations by 

replacing 6-31+G(d) with 6-311+G(2df,p) for all atoms. For greatest relevance to 

environmental conditions, the solvation effects of water were considered using the SMD 

continuum solvation model.217  

To evaluate the different reaction pathways, the energies of a total of 103 structures were 

computed. The presentation of these results in a clear manner that readily permits the reader to 

distinguish between important reaction pathways and energetically unfavourable side reactions 

is not a trivial task. Neither tables nor conventional schematics labelled with numerical ΔG 

values are suitable for this purpose. To better visualize the computed energetics of the reduction 

of DNT, we are representing in Figure 3.1.7 and Figure 3.1.8 the reduction paths in an energy 

landscape, with the ΔG of each step of the reaction represented on the vertical axis. As a 

reference point, the energy level of DNT has been represented in each figure as a horizontal 

yellow line. Energetically favorable reactions are represented by a downward shift while 

unfavorable reactions are represented by an upward shift. To improve the readability of these 

graphs further, electron transfer, protonation, and dehydration reactions are represented by 

dashed, dotted, and dot-dashed lines, respectively, connecting the energy levels of the respective 

reactants and products. For greatest relevance to environmental conditions, the apparent ΔG at 

pH 7 is plotted, where ΔGpH=7 = ΔG0
 – RT ln[H+]. Moreover, for each step the functional group 

that reacts next is highlighted in color. Arrows on the right hand side of panels A to C point 

towards further reactions of intermediates on subsequent panels. 
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These computational results reveal a multitude of pathways that exhibit similar 

thermodynamics. The most favorable pathways for the ortho and para reaction routes are 

highlighted in bold. While this pathway is not the most favorable route overall, each step was 

considered individually when determining the most likely product of the electrochemistry of 

DNT. It is important to note that once the electrode potential is sufficient to cause initial 

reduction, all subsequent electron transfer reactions of equal or lesser potential also become 

thermodynamically favorable. This pathway, which begins with the reduction of the para nitro 

group, eventually proceeds to the formation of 2,4-bis(hydroxylamino)toluene, an eight 

electron, eight proton net reaction. This finding is consistent with the titration results shown in 

Figure 3.1.6B, where the reductive current reaches a maximum upon addition of approximately 

an eight-fold excess of protons relative to the DNT concentration.  
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Figure 3.1.7 Reduction pathways for DNT proceeding initially through the para nitro 

group. Electron transfers are indicated by dashed, proton transfers by dotted, and dehydration 

reactions by dot-dashed lines. The functional group reacting next is highlighted for each step in 

color. 
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Briefly, the energetics of the most favourable pathway suggest the transfer of two 

electrons and two protons to the para nitro group (Figure 3.1.7A) according to an ECEC 

mechanism (where the transfer of the second electron is energetically more favourable than the 

first one), followed by dehydration to give a nitroso group. The latter is still very reactive and 

reacts with another two electrons and two protons according to another ECEC mechanism 

(where the transfer of both electrons is energetically more favourable than the transfer of the 

first electron to the para nitro group) to give a hydroxylamino group in the third column of 

Figure 3.1.7B. This is followed by another two sets of analogous ECEC transfer reactions at the 

ortho nitro group, giving toluene with two hydroxylamino substituents as the final product.  
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Figure 3.1.8 Reduction pathways for DNT proceeding initially through the ortho nitro 

group. Electron transfers are indicated by dashed, proton transfers by dotted, and 

dehydration reactions by dot-dashed lines. The functional group reacting next is highlighted 

for each step in color. Note that the structure in panel B marked with * dissociated upon 

geometric optimization, and that its energy level used here is an approximation taken from the 

energy of the analogous compound in Figure 3.1.7. 
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The alternative pathway starting with an ECEC reduction of the ortho nitro group of 

DNT and resulting first in the ortho nitroso compound is energetically very similar to the 

corresponding steps of the para pathway. The thermodynamic similarity suggests that the two 

routes provide nearly identical contributions to the overall reduction pathway of DNT. Some 

doubt is cast on this conclusion by results from a computational discussion of solvation effects 

on the reduction of DNT and the experimental observation that the reduction of DNT with 

bisulfide in an aqueous medium gives 4-amino-2-nitrotoluene and 2-amino-4-nitrotoluene in a 

ratio 12:88.216 It was argued that thermodynamics alone cannot explain the regioselectivity 

observed in the reduction of the two nitro groups of DNT.216 While this may be true, it should be 

noted that the kinetic bottleneck explaining the ratio of the observed ratio of 4-amino-2-

nitrotoluene and 2-amino-4-nitrotoluene could also be much further down the para and ortho 

pathways in the reduction of the two different N-hydroxylamino-nitrotoluene isomers. Indeed, 

consistent with the shorter timescale of voltammetry as opposed to the chemical reaction, the 

voltammetric observation in this study of a 8 e-, 8 H+ reduction of DNT in acetonitrile to form 

2,4-bis(N-hydroxylamino)toluene rather than the formation of amino groups suggests that the 

reduction of N-hydroxylamino groups to amino groups is a comparatively slow reaction. This 

would also be consistent with unidentified peaks detected by HPLC for the chemical reduction 

of some substituted dinitrobenzenes, which were speculated to be hydroxylamine or nitroso 

intermediates. 

It is important that, among all eight electron transfers for both the para and the ortho 

pathways, the first electron insertion into the nitro group is the least energetically favorable 

transfer for the entire reduction pathway. As a result, upon reaching an electrode potential 

sufficient to reduce DNT, all of the subsequent reductions to the bis(hydroxylamino) become 

energetically favorable.  Moreover, at pH = 7, all of the protonation steps are thermodynamically 

favorable with the exception of panel B of both Figure 3.1.7 and Figure 3.1.8, columns 4 to 5; the 

pKa of this reaction is calculated to be 5.7, resulting in approximately 5% of the species in 

column 4 being protonated at equilibrium. This protonated species is then available for further 

reduction. Since protonation is expected to be kinetically facile, this step does not represent a 

significant bottleneck to the overall reduction of DNT to bis(hydroxylamino)toluene. 
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Secondly, the pathways to produce aminonitrotoluene in Figs 7B and 8B must also be 

considered. While the formation of aminonitrotoluene is the more favorable overall pathway, 

the protonation reaction moving from column 4 to column 5 is extremely unfavorable (pKa = –

2.9 and –3.6 for the ortho- and para- pathway, respectively). As a result, at pH = 7 an extremely 

small fraction (≈ 10–8 %) will be protonated at equilibrium, severely limiting the efficiency of this 

pathway.  

Lastly, the reduction pathway to produce 2,4-diaminotoluene from 2,4-bis(N-

hydroxylamino)toluene was also considered by DFT simulation. Figure 3.1.9 shows part of this 

pathway, i.e., the reduction of 2,4-bis(N-hydroxylamino)toluene to produce 4-amino-2-

hydroxylamino-toluene. For the alternative path to 2-amino-4-hydroxylaminotoluene and the 

subsequent paths to 2,4-diaminotoluene, see the Supporting Information. Figure 3.1.9 illustrates 

that the initial reduction of a hydroxylamino to an amino group is predicted on the basis of 

thermodynamics to occur quite readily. As similarly mentioned above in the discussion of the 

(lack of) amino-4-nitrotoluene formation, the absence of 2,4-diaminotoluene formation may 

again be either related to solvation effects or slow kinetics. The last column of Figure 3.1.9 also 

indicates that the continuation of this pathway from 2-amino-4-hydroxylaminotoluene to 2,4-

diaminotoluene is unexpected due to the extremely unfavorable thermodynamics of both the 

reduction and protonation of 2-amino-4-hydroxylaminotoluene. 
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Figure 3.1.9 Reduction pathway to produce 4-amino-2-hydroxylamino-toluene from 2,4-

bis(N-hydroxylamino)toluene. Electron transfers are indicated by dashed, proton transfers by 

dotted, and dehydration reactions by dot-dashed lines. Note that the structure marked with * 

dissociated upon geometric optimization and has been arbitrarily placed. 

3.1.3  Conclusions.  

In this work, we have shown that, in anhydrous acetonitrile, 2,4-dinitrotoluene 

undergoes two individual one-electron transfers that are readily resolved by cyclic voltammetry. 

The product of the electrochemical DNT reduction is capable of deprotonating a second 

uncharged DNT molecule, producing the blue color indicative of deprotonated DNT. After 

abstracting a proton from DNT, the protonated species then undergoes further reduction, 

making quantitative mechanistic interpretation of the cyclic voltammograms difficult. Upon 

addition of triethylammonium/triethylamine as a pH buffer to the acetonitrile solution, the two 

reduction waves gradually decrease in intensity while one large reduction wave at a less negative 
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potential than the waves associated with formation of the radical anion begins to form. This new 

reduction wave increases in intensity with the addition of additional protons until a 

triethylammonium concentration 8 times the concentration of DNT is present in the solution. 

This concentration of triethylammonium is consistent with the 8 e-, 8 H+ reduction of DNT to 

form 2,4-bis(N-hydroxylamino)toluene. To further understand the observed electrochemical 

properties of DNT, DFT simulations were performed. Their result further support the 

formation of 2,4-bis(hydroxylamino)toluene in the presence of a proton source.  

Furthering the understanding the reduction mechanism of DNT will assist in the 

development and implementation of electrochemical sensors for DNT. For example, taking 

advantage of the 8-electron transfer for DNT reduction in solutions containing a source of 

readily available protons will improve the sensitivity of electrochemical DNT sensors. Moreover, 

a better understanding of the reduction mechanism and products of the reduction process may 

provide further insight into the decomposition of DNT under environmental conditions. Such 

insight should prove highly beneficial in assisting attempts to better understand and optimize 

the remediation of DNT-contaminated soils.218 

3.1.4  Methods 

Experimental Methods Caution: Extreme care must be taken with organic solutions of 

tetrabutylammonium perchlorate and perchloric acid as these solutions may explode when 

heated or evaporated to dryness. All reagents were used as received without further purification 

unless otherwise noted. Anhydrous acetonitrile, electrochemical grade tetrabutylammonium 

perchlorate (NBu4ClO4), and 2,4-dinitrotoluene (97%) were obtained from Sigma-Aldrich (St. 

Louis, MO). pH-buffered acetonitrile solutions were prepared by adding appropriate amounts 

of reagent grade 70% HClO4 from Fisher Scientific (Pittsburgh, PA) to a solution of 100 mM 

triethylamine (Sigma-Aldrich) in anhydrous acetonitrile/100 mM NBu4ClO4. HClO4 was 

titrated prior to solution preparation to determine the analytical concentration of the acid. Using 

this determined concentration, an appropriate amount of water was added to all solutions to 

maintain a constant water concentration throughout the course of the experiment. Cyclic 

voltammetry experiments with acetonitrile were carried out with a CHI600C Potentiostat (CH 
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Instruments, Austin, TX). All electrochemical experiments were carried out using a three-

electrode setup with a 1.6 mm-diameter Au disk (BAS, West Lafayette, IN) working electrode, a 

0.25 mm Pt wire coil (99.998 %, Alfa Aesar, Ward Hill, MA) auxiliary electrode, and either a 

Ag/AgCl/saturated KCl reference electrode (BAS) for aqueous experiments or a Ag/(10 mM 

AgNO3 + 100 mM NBu4ClO4) reference electrode (BAS) for acetonitrile experiments. The Au 

working electrode was polished on Microcloth polishing pads using 5.0 μm Micropolish II 

deagglomerated alumina, both from Buehler (Lake Bluff, IL). After polishing, the electrode was 

rinsed thoroughly with deionized water and then ethanol, followed by drying under a stream of 

Ar. Prior to measurements, all voltammetry solutions were purged with high purity argon for 15 

minutes while stirring vigorously to remove oxygen. UV–Vis spectra were measured with an 

Agilent 8453 UV–Vis spectrometer. All potentials referenced herein are with respect to Ag/10 

mM Ag+ for acetonitrile solutions. 

Computational Methods 

Optimization and Thermochemistry  Geometry optimizations were performed for all species 

at the M06-2X63 level of density functional theory. The 6-31+G(d) basis was used for C, N, O, 

and H atoms during optimization. The nature of stationary points was assessed in all cases by 

computation of analytic vibrational frequencies, which were also used to compute the molecular 

partition functions necessary to predict 298 K thermochemical quantities using the conventional 

ideal-gas, rigid-rotator, quantum-mechanical quasi-harmonic-oscillator137 approximation.219 

Improved electronic energies were computed as single-point calculations by replacing 6-

31+G(d) with 6-311+G(2df,p) for all atoms. 

Solvation and standard reduction potentials.  The effects of aqueous solvation were included 

during optimization using the SMD continuum solvation model.217  A 1 M standard state was 

used for all species in aqueous solution except for water, which has a 55.6 M standard state 

concentration. For all molecules, excluding water, the free energy in aqueous solution is 

computed as the sum of the 1 atm gas-phase free energy, the standard state concentration 

adjustment to 1 M (equivalent to RT ln[24.5]), and the 1 M to 1 M solvation free energy 

computed by the SMD model. For water, the 1 atm gas-phase free energy is added to the 

standard state concentration change (1 atm to 55.6 M), and the experimental 1 M to 1 M 
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solvation free energy (-6.3 kcal mol-1). The gas phase free energy of a proton is taken to be 

0.00999 a.u. The standard state concentration of 1 M is used for protons (pH = 0). The 1 M to 1 

M solvation free energy of the proton was taken from experiment as -265.9 kcal mol-1.220-223  

Standard reduction potentials were calculated to assess the likelihood of accessing 

various intermediate oxidation states. For a general redox reaction, 

O + n 	→ R  

where O and R denote the oxidized and reduced states of a redox reaction, respectively, and n is 

the number of electrons involved in the redox reaction, the reduction potential O|R relative to 

the standard hydrogen electrode (SHE) was computed as  

O|R = −Δ O|R − Δ SHE

n
 

where Δ |  is the free energy associated with the redox couple above, and Δ SHE is the free 

energy change for the SHE which is -4.28 eV.222, 224 For a general acid dissociation reaction,  

HA → H + A  

where HA  and A  respectively denote the acid and conjugate base, the acid dissociation 

constant can be written as 

p =	 −Δ
2.303	  

where Δ  is the free energy change for the acid dissociation reaction, R is the gas constant, and 

T is temperature (298.15 K at standard state).  

Software All optimization and thermochemistry computations were accomplished using the 

Gaussian09 Rev C.01 suite of electronic structure programs.225 

3.1.5  Notes and References 

References have been collected at the end of the thesis. 
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3.2  Decomposing Chemical Warfare Agents Utilizing Metal–Organic 

Frameworks† 

3.2.1  Introduction 

MOFs constitute a remarkably broad, and very rapidly growing, class of crystalline 

materials; at their simplest, they constitute uniformly arrayed metal-containing nodes separated 

by organic linkers.26 Their exceptional surface areas as well as high porosity, their amenability to 

modular design and construction, and their ability to present high concentrations of metal ions 

(or clusters) dispersed in structurally well-defined matrices make MOFs singularly attractive as 

solid sorbents and heterogeneous catalysts.25 In this regard, we, and others, have demonstrated 

that the nodes of selected MOFs can catalytically hydrolyze phosphate ester-containing 

compounds,35 a key step in the degradation of many chemical warfare agents. For example, using 

the well-known twelve-connected Zr6-based MOF UiO-66, we were able to catalytically 

hydrolyze the nerve agent simulant dimethyl 4-nitrophenyl phosphate (DMNP, see Figure 

3.2.2a).37 Given their known outstanding thermal,226 mechanical,227 and hydrolytic stability,228 

MOFs containing Zr6 nodes and multi-topic carboxylated linkers are among the most promising 

classes of potentially catalytic materials for deployment in personal chemical protection. Further 

motivating our earlier selection of UiO-66 was its presentation of multiple Zr–OH–Zr 

moieties—potential mimics of the Lewis-acidic Zn–OH–Zn active site found in G-agent 

destroying enzymes such as phosphotriesterase. (Given the small pore aperture present in UiO-

66 the catalysis is accomplished mainly at the surface of the MOF and presumably at defect sites, 

i.e., missing-linker sites on the nodes.) Despite the success of these initial studies, to date MOFs 

have exhibited unacceptably slow kinetics for capture and destruction of nerve agents and their 

simulants.35  

                                                                 
† Adapted with permission from: 

Mondloch, Joe; Katz, Michael J.; Isley III, W. C.; Gosh, Pritha; Liao, Peilin; Bury, Wojciech; Wagner, George W.; 

Hall, Morgan G.; DeCoste, Jared B.; Peterson, Gregory W.; Snurr, Randall Q.; Cramer, Christopher J.; Hupp, 

Joseph T.; Farha, Omar K.  Nature Materials. 2015, 14, pp 512-516. 

Link: http://dx.doi.org/10.1038/NMAT4238   

© 2015 Nature Publishing Group 
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A key issue in exploiting MOFs for the hydrolysis of chemical warfare agents has been 

that their pore apertures have been too small to admit agents to the interior spaces where the 

vast majority of potential active sites are located. In other words, nearly all of the sorptive 

capacity and resultant hydrolysis activity was restricted to sites on the exterior of the MOF 

crystallites. A related issue, specifically with UiO-66, is that the most desirable reaction sites are 

already occupied by linkers. To overcome these challenges we turned our attention towards the 

recently reported Zr6-based MOF NU-1000 (Figure 3.2.1).229 NU-1000 is built up from eight 

(rather than twelve) connected Zr6(µ3-O)4(µ3-OH)4(H2O)4(OH)4 nodes and tetratopic 

1,3,6,8(p-benzoate)pyrene linkers (TBAPy4-).230 The resulting structure directs a total of four 

terminal-zirconium ligated aquo and hydroxo groups per node into exceptionally wide (31 Å) 

channels, and an additional four into smaller 10 Å channels (versus zero for defect-free UiO-66). 

The ultra-wide channels allow bulky phosphate-ester molecules to permeate the entire 

framework, including the vast MOF interior. Here we demonstrate that NU-1000 is highly 

active for the destruction of the nerve agent simulant DMNP and more importantly the highly 

toxic chemical warfare agent GD (O-pinacolyl methylphosphonofluoridate, also known as 

Soman). 

 

 

Figure 3.2.1: Molecular representations of the NU-1000 node and linker (left), MOF 

topology (two views, center), and its dehydrated node (NU-1000-dehyd, right). Color 

code: Zr (blue); O (red); C (black); H (white). 
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3.2.2  Results and Discussion 

To probe the efficacy of NU-1000 for the catalytic destruction of phosphate ester bonds 

we first investigated the simulant DMNP. Nerve agent simulants are an essential tool and 

precautionary measure for assessing phosphate ester decomposition in nearly all laboratories 

given the highly toxic nature of chemical warfare agents. Simulants (such as DMNP) also allow 

rigorous physical characterization as well as mechanistic investigations of key catalytic systems 

that can help drive the development of superior decontamination catalysts. Catalytic hydrolysis 

of DMNP was carried out using NU-1000 in an aqueous N-ethylmorpholine buffered solution 

at pH 10 (Figure 3.2.2a). Hydrolysis of the phosphorous nitrophenyl bond was observed by 31P 

NMR (Figure S3). The kinetics of the hydrolysis reaction were followed by monitoring the 

formation of p-nitrophenoxide via visible-region absorption spectroscopy (λmax = 407 nm); see 

the example in Figure 3.2.2b. It is notable that the p-nitrophenoxide anion forms exclusively at 

pH 10. We observed 77% conversion over the course of 60 min (Figure 3.2.2c, red circles) while 

the measured half-life, i.e., 50% conversion, was found to be 15 min. This corresponds to an 

initial turnover frequency (TOF) of 0.06 s-1 assuming the entire framework is accessible to 

DMNP (additional details regarding the calculation of TOFs are reported in the Supporting 

Information). The observed half-life represents the fastest known decomposition of a phosphate 

ester nerve agent simulant by a MOF to date, vide infra. Notably the background reaction is 

negligible over the same time course (3% conversion after 60 min; see Figure 3.2.2c, black 

diamonds). Finally NU-1000 is completely recyclable for the hydrolysis of DMNP over three 

runs (Figure S6). 
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Figure 3.2.2: Hydrolysis data and reactions for DMNP and GD. (a) Reaction conditions for 

the catalytic decomposition of DMNP using NU-1000, (b) UV-Vis monitoring of the formation 

of para-nitrophenoxide, (c) percent conversion to para-nitrophenoxide vs. time for the 

background reaction (black diamonds), NU-1000 (red circles), and NU-1000-dehyd (blue 

squares), (d) reaction conditions for the decomposition of GD, (e) 31P NMR spectra of GD, and 

(f) loss of GD vs time monitored via 31P NMR. 

To establish that the observed catalysis is indeed heterogeneous, we filtered NU-1000 

from the reaction mixture and resumed monitoring to formation of the p-nitrophenoxide anion. 

No further conversion was observed (Figure S4). Powder X-ray diffraction (PXRD) 

measurements showed that NU-1000 remains crystalline after service as a catalyst (Figure S5). 

We also investigated a soluble, molecular, zirconium-based cluster, Zr6(O)4(OH)4(BzA)12;231 

over the course of 60 min the hydrolysis reaction goes only toward 20% completion, Figure S7. 

Clearly, soluble homogeneous Zr6-based clusters are not as potent as the corresponding site-

isolated, eight-connected clusters within the highly porous NU-1000 scaffold. As an additional 

control, we examined Zr(OH)4 which has been shown to be effective for the destruction of 
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phosphate-based nerve agents.232 Under our experimental conditions, the hydrolysis of DMNP 

by Zr(OH)4 is negligible (Figure S8). Overall, our results demonstrate the heterogeneous nature 

of NU-1000, as well as the advantages of presenting Zr6-based clusters within a highly porous 

network for the catalytic hydrolysis of phosphoester bonds. 

To gain insight into the potential mechanism(s) of DMNP hydrolysis in NU-1000 we 

turned to quantum chemical calculations based on density functional theory (DFT). We found 

two classes of favorable binding modes for DMNP at the Zr6(µ3-O)4(µ3-OH)4(H2O)4(OH)4 

node of NU-1000. In the first, DMNP forms hydrogen bonds with the node-ligated water and 

hydroxide moieties. An example is shown in Figure 3.2.3a, with a full list of investigated binding 

modes given in Table S1. The lowest-energy configuration has a binding free energy (∆G°assoc) 

of -26 kJ mol-1 and in addition to hydrogen bonding is stabilized by π-π stacking interactions 

between the phenyl ring of DMNP and the benzene ring of the TBAPy4- linkers from NU-1000 

(not shown for clarity in Figure 3.2.3). The π-π stacking interactions occur at 3.1 Å which is near 

the optimal distance for π-π association.233  

Next we removed a terminal water molecule from the node of NU-1000 to simulate 

ligand dissociation followed by DMNP substrate binding (Tables S2 and S3). Here DMNP was 

able to directly interact with Lewis-acidic ZrIV sites in the Zr6 cluster of NU-1000. The 

electrostatic interaction between the P=O moiety of DMNP and Zr takes precedence, while the 

π-π stacking interactions between the linker and DMNP are no longer present. This most stable 

DMNP–ZrIV coordinated configuration is 22 kJ mol-1 uphill in free energy relative to the 

separated agent and NU-1000; its geometry includes hydrogen bonding interactions between an 

–OCH3 of DMNP and a µ3-O of the NU-1000 node. The strong propensity for catalysis is 

driven by the stability of the hydrolyzed product which is 48 kJ mol-1 downhill in free energy, 

again relative to separated reactants (Table S5). Remarkably our simulations are very similar to 

those calculated for the interaction and hydrolysis of DMNP by the active site of the 

phosphotriesterase enzyme.38 In the enzyme, hydrolysis (from a bound Zn2+ center) is 

approximately 52.9 kJ mol-1 downhill. In addition, the optimized Zn–O=P distances are 2.24 Å 

and 1.50 Å, while the Zr–O=P distances in our simulations are 2.22 Å and 1.49 Å respectively.234 
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Figure 3.2.3: Key ∆G°assoc (a and d) and ∆G°rxn (b, c, e and f) values for the interaction of 

DMNP and GD analog with the node of NU-1000. (a) DMNP binding, (b) DMNP 

replacing a H2O molecule, (c) hydrolysis of DMNP, (d) GD analog binding, (e) GD analog 

replacing a H2O molecule, (f) hydrolysis of GD. Color code: Zr (blue); O (red); C (black); H 

(white); P (orange); N (light blue); F (green); S (yellow). 

To experimentally probe the Lewis-acid activation pathway, we thermally treated NU-

1000 at 300 °C to remove terminal aquo and hydroxo ligands and convert bridging hydroxos to 

oxos (NU-1000-dehyd, Figure 3.2.1). It is well known in metal-oxide chemistry that thermal 

treatment removes coordinating H2O molecules as well as anionic hydroxide ligands (through 

condensation) to leave behind coordinatively unsaturated metal sites.232 PXRD, diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) and thermogravimetric analysis 

(TGA) are all consistent with NU-1000-dehyd having the molecular formula Zr6(µ3–

O)8(TBAPy)2 (Figures S9–S12). Structurally, upon dehydration four of the six ZrIV ions are six-

coordinate, coordinatively unsaturated, Lewis-acidic ions (Figure 3.2.1, NU-1000-dehyd). 

Thus, two-thirds of the metal ions within NU-1000 platform are potentially available and 
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functional as catalyst active sites, versus only a tiny percentage for either UiO-66 or 

nanoparticulate Zr(OH)4. Under identical reaction conditions to those for NU-1000, NU-1000-

dehyd is remarkably active for the hydrolysis of DMNP, yielding a half-life of only 1.5 min and 

exhibiting 100% conversion after approximately 10 minutes (Figure 3.2.2c, blue squares). This 

in turn yields an initial TOF of 0.11 s-1 for the hydrolysis of DMNP by NU-1000-dehyd. We find 

that the node does not re-hydrate to its original configuration over the time course of simulant 

hydrolysis. Additional experiments indicate activity similar to that observed for NU-1000 are 

obtained when NU-1000-dehyd is exposed for two weeks or four months to ambient laboratory 

atmosphere (Figure S12). Like the parent material, NU-1000-dehyd functions heterogeneously 

and remains crystalline after use as a catalyst (Figures S16 and S17). Clearly opening up ZrIV 

sites substantially enhances the hydrolysis of DMNP, data that is consistent with a mechanism 

involving P=O binding at these sites as well as with the rate retardation that is predicted from 

theory for displacement of water from the hydrated node. These results are also supportive of 

our global hypothesis that selected MOFs may function as solid-state mimics of the well-known 

phosphotriesterase enzyme that utilizes a pair of Lewis-acidic sites. 

Because MOFs are crystallographically defined, we were able to carry out predictive 

simulations regarding the interactions of the simulant DMNP with the node of NU-1000. We 

also analyzed computationally the binding of analogs of the chemical warfare agents GD and O-

ethyl S-[2-ethyl] methylphosphonothioate (VX). In contrast to the simulations for DMNP, the 

hydrogen-bonding interactions that were present are not thermodynamically favorable for the 

GD and VX analogs (e.g., Figure 3.2.3d, additional information is given in Table S6). We also 

find that the interactions of the P=O moieties of the GD and VX analogs directly with the ZrIV 

ions are uphill in free energy by 32 and 22 kJ mol-1, respectively. However, upon coordinative 

binding, there are sizable driving forces for hydrolysis of the GD and VX analogs. Our 

simulations suggest selective hydrolysis of the P–F bond of GD is 83 kJ mol-1 downhill, while 

hydrolysis of the P–S bond of VX is 123 kJ mol-1 downhill and is predicted to be favored over 

hydrolysis of P–O at 79 kJ mol-1 downhill (additional information is provided in the online 

Supporting Information). 
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Inspired by the catalysis results for DMNP, as well as the favorable thermodynamics 

uncovered computationally, we decided to see if NU-1000 could catalyze the hydrolysis of the 

chemical warfare agent GD. (Caution! Experiments should be run by trained personnel 

using appropriate safety procedures only.) To start we utilized 31P NMR to investigate the 

decomposition of GD with NU-1000 in an N-ethylmorpholine buffered solution under 

conditions similar to those utilized for DMNP (Figure 3.2.2 d-f). Remarkably the observed half-

life was found to be just 3 min, while the initial TOF was 0.013 s-1. The 31P NMR spectra are 

dominated by the presence of the product, pinacolyl methylphosphate (PMPA) near 25 ppm, 

while the twin resonances for the GD isomers (near 31 and 38 ppm) are strongly depleted by 

the time we measure the initial data point. We also measured the decomposition of GD under 

50% relative humidity utilizing 31P SS-NMR; the P–F coupled resonances at 26 and 34 ppm 

disappear (Figure S19).232 Under these conditions NU-1000 yields a reaction half-life of 36 min 

(Figure S19), nearly 80-fold more active than the best MOF to date for the destruction of GD 

and comparable to the best existing solid-state materials for chemical threat protection (Table 1, 

vide infra).35, 232 It is also worth noting that typically hundreds of milligrams of metal oxide are 

needed to observe similar decomposition rates for GD while only thirty milligrams of NU-1000 

was needed.232 
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Table 3.2.1: Comparison of Phosphate Ester Degradation by MOFs 

MOF Substrate a t1/2 (min) Ref 

Simulants 

NU-1000-dehyd DMNP 1.5 This Work 

NU-1000 DMNP 15 This Work 

UiO-66 DMNP 45 37 

MIL-101(Cr)-DAAP b DENP 300 235 

{[Ho4(dpdo)8(H2O)16 

BiW12O40](H2O)2}7+ 
BNPP 295,000 236 

Chemical Warfare Agents 

NU-1000 GD 36 This Work 

HKUST-1 GD 2880 237 
a Dimethyl 4-nitrophenyl phosphate (DMNP); diethyl 4-nitrophenyl phosphate (DENP);  

Bis(4-nitrophenyl) phosphate (BNPP); bdialkylaminopyridine (DAAP) 

3.2.3  Conclusion  

In Table 3.2.1 (top), we have benchmarked NU-1000 and NU-1000-dehyd vs. other 

known MOFs that catalytically degrade phosphoester-containing compounds. NU-1000 and 

NU-1000-dehyd represent the fastest known phosphoester-containing hydrolysis catalysts to 

date: 3-fold and 30-fold faster than found in our previous work with UiO-66,37 and 20-fold and 

200-fold faster than the well-known Cr-MIL-101 that contains coordinatively unsaturated CrIII 

ions linked by benzene dicarboxylates.235 NU-1000 is also the fastest known MOF-based catalyst 

for the hydrolysis of GD (Table 1, bottom): 80-fold faster than the MOF HKUST-1 (under 

similar conditions and 960-fold faster in our buffered solution) which contains CuII paddlewheel 

based nodes and trimesic acid linkers.237 Finally, NU-1000 is among the most active solid 

heterogeneous catalysts known for the hydrolysis of GD.232 Our experimental and 

computational results suggest that the extraordinary activity of NU-1000 and NU-1000-dehyd is 

engendered by the unique eight-connected Zr6(µ3-O)4(µ3-OH)4(H2O)4(OH)4 node and weak 

intermolecular interactions (p-stacking for DMNP, more general attractive van der Waals 

interactions between linker and alkyl groups in GD or its analog) that direct orientations 
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between the substrate and catalyst-linker components along with mesoporous channels that 

allow substrates access to highly Lewis-acidic ZrIV sites. Given these exciting results, coupled 

with a) the highly modular nature of these unique solids and b) the ability to computationally 

select and experimentally install other metals and other potential substrate recognition sites, we 

anticipate further progress in using MOFs for the hydrolytic degradation of other chemical 

warfare agents (e.g., VX) and their simulants and for the destruction of toxic industrial 

chemicals, which are potential improvised chemical threats. 
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