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Abstract 

Ab initio molecular dynamics is used to construct simulations of atoms and molecules that more 

closely resemble experimental conditions. In conjunction with relativistic density functional theory 

calculations and statistical sampling methods, accurate structural and spectroscopic parameters are 

obtained from simulations. Cluster snapshots are extracted from the dynamical trajectory using an 

open source software developed as part of this work. Nuclear magnetic resonance parameters are 

calculated from these snapshots. Statistical modeling techniques are used to correlate structure -

property relationships. In particular, systems containing heavy elements such as Tl, Pt, and U are 

considered. These systems provide a challenge for both relativistic density functional theory approxi

mations as well as due to their complex interactions (in the condensed phase) with their environment 

(which is explicitly considered throughout dynamics). An open source software is developed to aid in 

processing and cluster generation. A novel set of pseudopotentials based on the projector augmented 

wave method, are introduced for a common, open source, computational chemistry software. 
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Preface 

Theoretical discussion and equations are almost always presented in Hartree atomic units (au) . 

Exceptions , for clarity, are noted where appropriate. Computational chemistry results are presented 

in the colloquial units of the field (A, Hz, ppm, ps, etc.). Use of boldface denotes an array or 

multidimensional quantity. Bold uppercase characters are typically matrices while bold lowercase 

denote vectors. E lements of a multidimensional quantity are indexed with the notation Abed.... Partial 

derivatives are occasionally shortened from &/at to 8t . In some cases Dirac notation (bra-ket notation) 

is used to represent integrals. A circumflex ('hat') denotes a quantum mechanical operator though 

in certain places in the text it is replaced by boldface to signify both an operator and a vector or 

matrix quantity. The Laplacian is denoted as 'v2 (rather t han ~ ) - A dot above a quantity denotes 

a time derivative. A list of symbols is given in below. 

x , y , z Cartesian coordinates 

r , 0, 'P Spherical coordinates (radial distance, polar angle , azimuthal angle) 
Total (time dependent) wave function of electrons and nuclei 

w Total wave function for elementary particles 

X Total nuclear wave function 

7/J General/ electronic/ single particle wave function 

'P Spin orbital 

</> Spatial orbital 
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NN Nearest neighbor (atoms, molecules , etc.) 
NVE Microcanonical ensemble 
NVT Canonical ensemble 
PAW Projector augmented wave method 
PCF Pair correlation (or radial distribution) function (RDF) 
SCF Self-consistent field (procedure) 
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au Hartree atomic units 
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Hz Hertz (1 / s) 
ppm Parts per million (relative measure) 
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Introduction 

The atomic theory of matter is perhaps the most successful physical theory created for understand

ing the physical world. Considering the theory from first principles (ab initio) , it has been successful 

at describing the motion of subatomic particles, the interaction of light and matter, reactions between 

molecules, and is actively applied in a variety of industries such as computer hardware development 

and pharmaceutical engineering. It has lead to the construction of theories that attempt to unify 

the different aspects of physics at the smallest scales . The theory has , in some cases , been applied 

successfully to predict the spectra of a molecular system and chemical bonding patterns. Even chem

ical reactions , which are difficult to track experimentally, have been validated through the use of this 

theory. 

What quantum mechanics (the atomic theory of matter) shows is that the smallest objects of 

matter (called fundamental particles) , have characteristics of classical waves as well as point particles. 

Experimentally, these objects behave like nothing macroscopically familiar. To describe motion, 

in quantum mechanics, the wave function of a fundamental particle is considered rather than the 

classically familiar position and velocity. When a collection of interacting fundamental particles is 

to be described , formally only the wave function of the system as a whole can be discussed. 

This leads of some practical difficulties associated with the theory. While understanding a single 

free or bound fundamental particle can be of interest , studies of, for example amino acids ( a building 

block of biological life) may contain hundreds of fundamental particles. The wave function of such a 

system is not known. Instead , approximations are used to solve the quantum mechanical equations 

for systems such as these. 

These approximate solutions to the quantum mechanical equations are the focus of the discipline 

of computational chemistry. While some computational chemists put forth new aspects of the theory 

through their work, the majority focus on applying the best (approximate) methods available to 

validate and aid experimental chemists' work. In general, the practical aspects of the theory limit its 

ability to be predictive. It is important to note that the successes of the pure theory are not affected 
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by the inaccuracies introduced by approximate solutions. 

This thesis makes a contribution in the area of predictive, practical applications of quantum me

chanics. Most problems of chemistry involve not only the interaction of a single molecule (or solid) 

with itself, but also with its environment, such as in condensed phase nuclear magnetic resonance 

(NMR) spectroscopy. This type of experimental spectroscopy can provide a highly accurate deter

mination of the molecular structure of a solute in solution. From an experimental perspective, the 

difficulty associated with this technique, especially when applied to inorganic elements, is knowing 

which energy windows to consider and resolving ambiguous signals. Computational chemistry aids 

in both of these areas. 

This work applies quantum molecular dynamics (also called ab initio molecular dynamics) to 

generate a trajectory of molecular motion for , for example, a condensed phase system containing a 

single analyte of interest. From the trajectory, snapshots are extracted and calculations of the NMR 

parameters in question are performed. A final estimate of the NMR parameters is then given as a 

value with some statistical uncertainty. While seemingly straightforward , this approach has not been 

applied extensively in the literature. In particular it has been sparingly applied to problems of heavy 

nuclei NMR from trajectories generated through the use of ab initio molecular dynamics. 

A collection of studies on (primarily) heavy metal complexes in solution are presented in this thesis. 

The focus on heavy metals provides a challenging case because, for example relativistic effects , become 

significant and must be accounted for. Furthermore , the presence of solvent , handled at the quantum 

mechanical level (as opposed to classical or semi-empirical) pushes the computational aspects of 

the calculations. Additionally, considering the future of the field , an effort is made to develop 

a scalar relativistic pseudopotential library for an open source computational chemistry package 

(where none are currently available). This library encompasses all elements (including short-lived 

and non-naturally occurring elements) of the periodic table - the first library to do so. This work 

is a contribution to the fundamental science of heavy element NMR modeling, an introduction of a 

new, open source, software package for analysis and visualization of computational chemistry results, 

and a (forthcoming) contribution to an open source computational chemistry software suite. 

In Section 2 a brief overview of relevant theoretical aspects of the work are presented including 

a discussion of quantum molecular dynamics whose theoretical underpinnings are often poorly un

derstood. In Section 3 an overview of the computational approach used is given as well as a brief 
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description of the open source contribution to computational chemistry data processing and analysis 

software ecosystem. Section 4 reports the main findings (most of which have been published in the 

literature). Finally some important details are given in the Appendices , Section 5. 
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Theory 

2.1 Ab Initio Molecular Dynamics 

This section provides an overview of the main aspects of quantum molecular dynamics , also known 

as ab initio molecular dynamics , a method for the propagation of motion of atoms . Unlike the well 

established school of 'classical' dynamics (which relies on semi-empirical potentials - force fields) , 

AIMD requires only a specification of the quantum mechanical level of theory. Atomic motion is 

governed by forces computed from a calculation of the electronic structure of the system. The 

starting point for this approach is the definition of a model wave function, S (qi, Q1 , t) , that contains 

generalized electronic, q i, and nuclear , Q1 , coordinates. Also explicit in this wave function is time, t. 

The simplest model wave function that explicitly maintains the time dependence for both electronic 

and nuclear coordinates is the product ansatz. 22 

(2.1) 

The total wave function (of the system of electrons and nuclei) , S , is a product of the electronic, 

W, and nuclear , X, wave functions multiplied by a phase factor (for convenience). Note that (2.1 ) 

the model for the electronic and nuclear wave functions has not been explicitly specified. The wave 

functions may take a single determinant form or multi-determinant form. Both wave functions are 

understood to be (separately) normalized at every instant in time. 

(X(t) I X(t) ) = 1 Vt (2 .2) 

(w(t) I w(t) ) = 1 Vt (2.3) 

The phase factor has the following form and couples the nuclear and electronic degrees of freedom. 
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(2.4) 

Integration over all spatial and temporal variables occurs in (2.4) so that the Hamiltonian, H, is 

in fact the Hamiltonian of the time-dependent Schrodinger equation. 

i8t'2 = HS (2.5) 

In the field free , non-relativistic case, the Hamiltonian, H, of such a system consists of the kinetic 

energies of the nuclei and electrons, the electron- electron repulsion, the electron-nucleus attraction, 

and the nucleus-nucleus repulsion. 

(2.6) 

The generalized coordinates , q, Q, have been replaced by (vector) Cartesian coordinates , r , R , 

since, for the moment , spin is ignored. Nuclear charges are given by Z. The atomic mass is given by 

m I. The first two terms are the kinetic energy of the nuclei and electrons, and the final three terms 

are grouped as the potential energy operator, V. Inserting (2.1) into (2.5) followed by multiplication 

from the left by '11* and X* , and integration over R1 and r i yields the following set of coupled 

integro-differential equations.23 

i8tw= 't '11 + \ X IVIX) '11 (2.7) 

(2.8) 

In (2. 7) and (2.8) both states of motions for electrons and nuclei contain an explicit time de

pendence. Motion, however, is governed by time dependent effective potentials represented by the 

integrals in each equation. This is the starting point for different flavors of AIMD. 
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If, instead of (2.4) , an infinite summation over states (the ansatz of Born and Oppenheimer23 

had been used , additional coupling terms would be present in equation (2.8). In such a case, Born 

and Oppenheimer argued for application of the adiabatic approximation where only a subset of 

the coupling terms were considered. When all coupling terms are ignored, those equations appear 

identical to (2.7) and (2.8). Ignoring all coupling terms is also what formally defines the Born

Oppenheimer approximation. 23 Regardless of how (2.7) and (2.8) are arrived at , the next natural 

step is to approximate the nuclear wave function in terms of an amplitude and phase. The purpose 

of this is to extract , via (semi)-classical mechanics , the positions of the nuclei. 

(2.9) 

The probability amplitude, A , and phase S are both real. The amplitude must be greater than 

zero in order for a particle to be defined. The connection to classical mechanics is facilitated by the 

identification that the nuclear current density is related to the nuclear probability density through 

the probability amplitude. For a given nuclear state of motion k , the nuclear probability density and 

current density are as follows. 

(2.10) 

(2.11) 

(2.12) 

Where p is the nuclear probability density, J is the nuclear current density, and p is the classical 

(Newtonian) momentum vector of the nucleus. Inserting (2.9) into (2.8) yields the following. 

(2.13) 

In (2.13), the presence of the reduced Planck's constant is made explicit. Taking the limit as 

n -+ 0, the right hand side of the equation becomes zero. In this limit , (2.13) is isomorphic with 
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classical (Hamilton's) formulation of mechanics and the usefulness of (2.12) is made apparent . The 

resulting coupled equations are in terms of a wave function of the electrons and a collection of classical 

point particle nuclei. These equations of motion contain the explicit time propagation of both the 

electronic wave function, W, and the classical nuclear particles with momentum PI· 

(2.14) 

(2.15) 

Equations (2.14) and (2.15) are the equations of motion for Ehrenfest molecular dynamics. 23 An 

attractive feature of Ehrenfest dynamics is that the electronic wave function is propagated in time 

directly (i .e. minimization of the total energy at every point in time is not required). The downside 

of this approach is that the sampling time scale must be characteristic of the states of motion of the 

electrons which is much smaller than that of the nuclei. Alternative AIMD methods, though very 

closely related to (2.14) and (2.15) in mathematical form , attempt to increase the viable time step 

without loss in accuracy of the method. 

One approach to deal with this issue of time scale has been through the so-called Born-Oppenheimer 

molecular dynamics (BOMD). The approach of this method is to eliminate electron dynamics entirely 

by solving the time-independent Schrodinger equation. This allows the equations of motion to be 

integrated on the time scale of the nuclei. 

(2 .16) 

(2 .17) 

The drawback of this approach is that the total energy must be minimized ( e.g. via a self-consistent 

field , SCF, procedure) at every time step. This is represented via the minimization in (2.16). The 

wave function is now defined in terms of an orbital basis , 'Pi, since the application of these methods 

falls in this domain of computational quantum mechanics. The use of fIHF to signify an effective 

25one-particle electronic Hamiltonian ( e.g. the Hartree-Fock24, or Kohn-Sham density functional the-

7 

https://dynamics.23


2 Theory 

26ory , 27 Hamiltonian). Note also the presence for Lagrange multipliers , Aij , which are used to enforce 

orthonormality of the orbital basis. 

if i-/- j 
(2.18) 

if i = j 

The alternative approach of Car and Parrinello28 allows the smooth time propagation of electronic 

motion, as in (2.15), while integrating the nuclear equations of motion, (2.14), on nuclear time scales. 

This is achieved by slight modification of (2.16) and (2.17). Alternatively, the Car-Parrinello molec

ular dynamics (CPMD) method can be thought of as a phenomenological mixture of Ehrenfest and 

Born-Oppenheimer dynamics. The CPMD approach achieves these two time scales by mapping (2. 7) 

29 34and (2.8) onto two separate energy scales. Although seemingly ad-hoc, rigorous theoretical23, -

analysis has cemented its validity. In an orbital basis (cp), the CPMD equations of motion of the 

electronic and nuclear systems are very similar to (2.7) and (2.17). 

(2.19) 

µ<pi= _fIHF'-Pi + LAij'-Pj (2.20) 
j 

The µ in (2.20) is a free parameter that affects the energy scale separation between nuclear and 

electronic degrees of freedom. This parameter has dimensions of mass times length squared (i.e. 

energy times time squared). Though it is called the 'fictitious electron mass ' , its purpose is to ensure 

adiabaticity (separation) between the electronic and nuclear energy scales. 23 From equations (2.19) 

and (2.20) two temperatures may be identified. The physical temperature ex: ~I PJ/m, can be obtained 

for every instant of time and can be coupled to a thermostat to control the 'ionic' temperature. The 

'fictitious' temperature ex: ~ i µ (cp I cp) is associated with adiabaticity parameter (fictitious mass). 

Note that while this term can also be coupled to a thermostat, it is typically not because that 

requires knowledge of the energy of the electronic subsystem. 

The CPMD method relies on the keeping these two temperatures well separated by an appropriately 

chosen µ (typically of the order of a few hundred au). An analysis of this separation links the value 
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ofµ to the accessible time step for integration of the nuclear equations of motion. 23 In numerical 

simulations, time steps of a few au (order of tenths of a femtosecond) result in drifts of the energy of 

the order of 10-6 - 10-8 au per time step. Only if the electronic subsystem of CPMD can be kept 

'cold', is it possible to smoothly propagate the (ground state) wave function in time. Without giving 

an example, the author notes that this is not always understood in the literature and can sometimes 

result in simulations with very large energetic drift. It is noted in passing that a generalization of the 

adiabaticity parameter, i.e. ex: ~i µ i (cp I cp) , has not been considered in the literature (to the author 's 

knowledge) and that this might provide the additional flexibility needed for maintaining adiabaticity 

between electronic and nuclear energy scales in CPMD simulations. 

2.2 Relativistic Density Functional Theory 

The nuclear magnetic resonance properties results (presented in 4) are almost exclusively obtained 

with a zero order regular approximation35 (ZORA) Hamiltonian (in the context of density functional 

theory). Therefore, a brief overview of this transformation is given here. The context for this section 

is the inclusion of relativistic effects when considering a single particle wave function , 1/J . The starting 

point are the coupled set of dependent equations in terms of the upper (or large) and lower ( or small) 

components (spinors). 

(2.21) 

(2 .22) 

In (2.21) and (2.22) the potential energy operator is denoted , V , the electronic energy is denoted 

E. The Pauli spin matrices (two by two matrices) are encompassed by the vector , <r. The kinetic 

energy operator is denoted by p. The speed of light , c, is explicitly included. The fundamental 

difficulty of these coupled equations22 , 36 is the transformation from a system of equations to a single 

equation of one variable. The relationship between the upper and lower components may be written 

as follows. 36 
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(2.23) 

The transformation .X may be rewritten as follows. Note that a factor of -2c2 has been extracted 

from the denominator of (2.23) in order to achieve the following. 

, 1 1 ( V - E)-l
X = - kcr · p = - 1 - -- cr · p (2 .24) 

2c 2c 2c2 

The ZORA transformation relies on rewriting the term k in (2.24) as an infinite summation over 

E/ (V - 2c2
) as an expansion parameter. This expansion parameter is always smaller than one and (for 

point-like Coulomb potentials) makes for a well defined geometric series. 

002
2c ( E )-l 2c2 ( E ) w (2 .25) k = 2c2 - V l + 2c2 - V = 2c2 - V ~ V - 2c2 

The zero order regular approximation amounts to taking only the term of (2.25) where w = 0. 

Inserting (2.25) into (2.23) and solving the coupled equations (2.21 ) and (2.22) in terms of the 

upper component only yields the following which defines the ZORA Hamiltonian. For convenience 

with respect to the results and discussion sections , this Hamiltonian has been separated into two 

contributions. 

fIZORA = fIZORA + fIZORA = (v + p c2 p) + ( c2 cf. ('\i'V X p)) (2.26)
SR so 2c2 _ V (2c2 _ V)2 

Although subject to some disadvantages , this Hamiltonian is a particularly efficient approximation 

•36of relativistic effects for the spatial region close to nuclei. 4 This is of particular importance for 

nuclear magnetic resonance properties. 

2.3 Nuclear Magnetic Resonance Properties and Quadrupolar Relaxation 

This section provides a cursory overview of the method of calculation of nuclear magnetic resonance 

(NMR) properties. All electromagnetic properties of an atomic system are probed via application 

of an external electromagnetic field. Since scalar and vector fields are absent from the framework 

discussed in Section 2.2 , they must be accounted for as perturbations.37 A full discussion of pertur-
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bation theory or linear response theory are out of the scope of this section but references 37 and 36 

provide in depth discussion of the subjects . 

Considering two nuclei (A) and (B), an external magnetic field B with components Bi , and the 

nuclear magnetic moments, µ, with components µ i (generated for each nucleus by its associated 

nuclear spin - see also below), the nuclear magnetic resonance shielding tensor may be defined as 

follows. 

(2 .27) 

The energy, EA , is the unperturbed energy of the system. Nucleus specific properties are denotes 

with superscript (A) . The components (i.e . xx , xy , x z, etc.) are denoted with the subscript ij . 

In order to compare with experimental observables, first the isotropic shielding may be calculated. 

Additional steps may be required to convert to a chemical shift with respect to a given reference as 

it outlined in Section B.5 . 

The nuclear magnetic resonance J-coupling (also called the spin-spin coupling constant - these 

terms are used interchangeably throughout this work) follow a similar pattern to (2.27). The coupling 

of nuclear spins depends on the nuclear magnetic moment of both nuclei in question. The nuclear 

magnetic moment for a given nucleus is µ = 1 I (where 1' is the gyromagnetic ratio and I is the 

nuclear spin associated with a given isotope). 

(2 .28) 

The isotropic J-coupling constant , used to compare with experiment , is computed analogously 

to (2.27). Note that additional approximations may be considered when calculating J-coupling 

constants and are outlined in some implementation literature (specific to the work performed as part 

38of this dissertation).6, 

In experiment, signal from NMR experiments may be broad. An estimate of the NMR chemical 

shift peak width at half maximum may be obtained for quadrupolar nuclei using the following method 

(see also Section B.1) . In the context of a dynamical method , a temporally dependent collection of 

electric field gradient (EFG) components, R1m(t), may be obtained. In the following , definitions are 
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given using spherical coordinates but may, alternatively, be done using Cartesian coordinates . The 

auto-correlation function39 of the EFG is defined as follows. 

(2.29) 

The auto-correlation function (ACF) , f1m , is a function of a delay time (T - sometimes called a lag 

time) , rather than 'real' time. For each given lag time, an entire self correlation is performed. This 

results in a function that describes the length of 'memory' associated with a given property (in this 

case the EFG). A partial Fourier transform of the ACF gives the spectral densities (of the ACF). 

(2.30) 

For the purposes of the discussion that follows (Section 4) , the focus is put on the isotropic 

quadrupolar relaxation rate which is defined (for finite simulations with partial sampling - such as 

those performed as part of this work) as follows. 

(2.31) 

The constant cQ contains some physical constants, unit conversions (if necessary) , and isotopic de

pendent constants. Details can be found in Section B.1 and in reference 39. As a first approximation, 

the peak width at half maximum is estimated as l / (1rT;80 ) . 
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The results presented in this dissertation rely heavily on a common computational approach de

tailed here. * In many atomic and molecular simulations , a small number of (atomic) configurations 

are employed in order to obtain a desired result. Often, only an idealized configuration, in vacuum 

and at OK, is used to obtain the final result. While such studies have yielded extremely good results 

(for one perspective, see reference 40), t here have been some equally dramatic failures (e .g. 41 an 

early work which showed that without consideration of environmental effects , correct trends could 

not be achieved) . 

The common approach used in this work is to go beyond O K and vacuum through the use of 

ab initio molecular dynamics (AIMD) , specifically, Car-Parrinello molecular dynamics28 (CPMD) . A 

theoretical overview is given in Section 2. Dynamics provides an array of atomic configurations over 

which properties of interest may be sampled (computed) . Sampling may occur 'on-the-fly' (i .e. during 

dynamics) or (as is done in this work) via secondary calculations on cluster atomic configurations 

extracted from the dynamics trajectory. Since t his work focuses on nuclear magnetic resonance 

(NMR) properties, the latter (cluster-based) approach is used due to potential for better accuracy of 

electronic structure close to nuclei. 

The dynamical model used was to simulate only the effects of solute-solvent , not solute-solute inter

actions. As a first approximation, the infinite dilution limit presents a realistic picture of experimental 

conditions for small concentrations of solute on short time scales. Trajectories were constructed such 

that a single solute of interest was surrounded by an appropriate (but computationally tractable) 

number of solvent molecules. Simple cubic periodic unit cells were used to simulate infinite dilution. 

3.1 Overview of the Dynamical Approach 

All AIMD simulations reported as part of this dissertation were performed using the CPMD im

plementation of Quantum ESPRESS042 ( QE). This program supports so-called ultrasoft pseudopo-

*Specific details pertaining to the results presented can be found in the associated publications. 
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tentials ,43 where each atom type is represented by an effective 'core' potential and smooth 'pseudo' 

atomic orbitals. This approach reduces the dimensionality of the DFT calculation. Ultrasoft pseu

dopotentials from the pslibrary44 (version 1.0.0) and the GBRV45 (version 1.5) libraries were used to 

generate the trajectories reported in the results. Because CPMD is a DFT based method, choice of 

exchange-correlation (XC) functional plays an important role in the quality of the electronic structure 

(and consequently Newtonian forces , velocities , etc.) obtained. All trajectories were performed with 

the generalized gradient approximation (GGA) functional of Perdew, Burke, and Ernzerhof46 (PBE) 

or (related) Perdew-Wang (PW91) 47 functional. An additional semi-empirical dispersion correction48 

was employed for most systems studied. 

The pseudopotential approach relies on a basis (in which the electronic structure is represented) of 

plane waves. Plane waves afford some computational advantages over localized basis sets that enable 

simulation (at the ab initio level) of systems of hundreds of atoms. In the dynamics simulations the 

basis set size used was such that the energy convergence was around 2 meV per atom - an accepted 

rule of thumb in the plane wave literature. 

The CPMD approach relies on a 'fictitious mass' for the electron (rather than being a mass at 

all this user defined quantity represents a finite inertial contribution from the electronic structure to 

the calculation of Newtonian forces). In most trajectories a semi-standard value of 450 au was used. 

19Where explored in the literature (i.e. for water15- , 49 ) literature values were employed. 

The inclusion of temperature in CPMD trajectories can be achieved by coupling of an additional 

term (to the potential) in the equations of motion. In the trajectories reported herein , a three chain 

Nose-Hoover thermostat with frequencies characteristic of the vibrational modes of the solvent in 

question were used. The target temperature selected was the experimentally reported temperature 

where appropriate except in the case where it was unavailable or the solvent was water (a slightly 

elevated target temperature was used for water to account for hydrogen bonding in that solvent). 

Initial atomic configurations were generated using Packmol. 50 As mentioned above, a single solute 

would be surround by an appropriate (yet computationally feasible) number of solvent molecules. 

These initial configurations were constructed from molecular geometries previously optimized using 

DFT. The initial CPMD configurations were further optimized using the universal force field51 subject 

to constraints that the molecular units not be themselves , modified; only the interatomic distances 

and 'droplet ' structure of the initial configurations were affected. This initial optimization facilitates 
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3 Computational Methods 

the initial wave function calculation associated with the CPMD method. 

In order to reduce the probability of exploration of only the immediate surroundings of the local 

minima associate with the initial molecular configuration used to generate the trajectory, atomic 

positions were slightly randomized after initial (CPMD) wave function optimization. A distortion of 

the atomic structure by at most 0.05 au was applied prior to 'equilibration' . 

In the subsequent phase of the dynamics trajectory method , the distorted molecular system was 

allowed to evolve in the canonical ensemble (where the number of particles, N , the volume, V , 

and the temperature, T , are controlled - NVT). In general systems were allowed to equilibrate for 

between 6 and 15 ps. After this the thermostat was turned off and the system allowed to evolve 

in the microcanonical ensemble, NVE, (CPMD has a well defined energy-like quantity, E , which 

is conserved during the simulation) . All further calculations and analysis were performed on this 

portion of the CPMD trajectory ( so-called 'production' trajectory). 

3.2 Relativistic Density Functional Theory 

Calculations of NMR parameters were performed on clusters extracted from the production trajec

tories (see below Section 3.3) . J-coupling constant and nuclear magnetic shielding calculations were 

carried out using the CPL6•38 and NMR52•53 modules of the Amsterdam Density Functional package 

(ADF) , respectively. ADF is a DFT based software program that utilizes a Slater type orbital (STO) 

atom centered basis. The software provides a number of relativistic Hamiltonians. In this work both 

the scalar zero-order regular approximation (ZORA) and spin-orbit ZORA Hamiltonians are used. 4 

Further, ADF allows for inclusion of the conductor-like screening model54 (COSMO) which is an 

implicit solvation model that can aid in the description of bulk solvent effects. 

Carbon chemical shifts were computed relative to a secondary (computational) reference, typically 

tetramethylsilane (but in some cases benzene or carbon dioxide). By subtracting the computed chem

ical shielding for the molecule of interest from the secondary reference and adding the appropriate 

experimental shift , a computational chemical shift independent of systematic errors based on the 

level of theory chosen is produced. Additional details can be found in the Appendices (Section 5) . 

Typically a small number of calculations were performed at the spin-orbit (SO) relativistic level of 

theory (with the same functional as used in dynamics or the related hybrid functional, e.g. PBE 
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and PBE0) 55 so as to estimate a correction factors to NMR chemical shifts without running into 

problems of computational tractability. 

3.3 Clustering, Analysis, and Regression Models 

Geometries (atomic/molecular configurations) of clusters were extracted from the production tra

jectory using an open-source software package primarily developed by the author and Thomas Duig

nan (a fellow group member). 56 Nearest neighbor solvent molecules (to a given solute atom or solute 

molecule) were determined using an atom to atom distance criterion (rather than a center of mass to 

center of mass criteria, for example). The clusters represent a truncation of the full periodic system 

but allow for the calculation of NMR parameters with a wider selection of relativistic Hamiltonians 

and functionals. 
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Figure 3 .1 : An example of orbital visualization directly in the browser using the open-source software 
created in part by the author . 

The open-source software package also allows for visualization of, for example, orbital analyses 

performed in this work and the 'movie' of the trajectory itself. The software facilitates the ma

nipulations of hundreds of gigabytes of data associated with dynamical trajectories and electronic 

structure through the use of graphical processing unit (GPU) operations and out-of-core algorithms 

( algorithms that operate only partially in random access memory - RAM). The software supports the 
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3 Computational Methods 

manipulation of basis sets , coefficient matrices , nuclear coordinates , velocities , forces , calculations 

of interatomic distances , intermolecular distances , and bond and dihedral angles . Data is stored in 

'dataframes' which facilitate analysis of the data by computational chemists. The software is writ

ten in a human readable, functional, style and language, and can readily be extended to include 

additional features. Figures 3.1 , 3.2 , and 3.3 highlight some of the features of the software.56 
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F igure 3.2: An example of animated visualization of a ab initio molecular dynamics simulation. 

One primary method for understanding electronic effects revolves around orbital localization 

schemes and their visual inspection. Although a large number of visualization programs exists, 

all such programs (to the best of the author 's knowledge - except those embedded with certain, 

expensive, software programs) require the creation of a 'cube' file (i.e. a scalar field written in a 

format accepted by scientists in this field). Cube files do not allow adjustment of the field 'size ' 

(since orbitals , densities , etc. are functions of 3D space, visualizations represent a slice of the orbital 

- hence scalar field) . Cube files additionally only represent a single slice of a single orbital. 

While this approach is compact and convenient, it does not take advantage of the fact that visual

ization of orbitals may be constructed directly from the solution of a quantum mechanical calculation. 

Such construction only requires knowledge of the basis used in the calculation and the solution itself 

(represented as an array). The open-source software package developed supports this use case and 

provides a high performance web-based user interface for rapid visualization of a large (of the order of 
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Figure 3.3: Using the open-source software created in part by the author, clusters may be generated 
from large trajectories may be generated quickly. 
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hundreds) of orbitals for small to medium size systems. This allows rapid identification of chemically 

relevant localized orbitals. 

In some works presented in the results, regression models were employed to confirm (and / or elu

cidate) correlation between structural and electronic properties and observed chemical shifts and 

J-coupling constants. Although some complex machine learning models were applied, in general the 

best results were achieved using linear , albeit multi-dimensional (meaning mapping multiple input 

features to a given response property) , regression. Details can be found in the Appendices (Section 5). 
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Results 

The results begin with a study on Pt-Tl complexes that contain a direct metal-metal covalent 

bond. The results are the subject of two separate publications10, 57 (latter forthcoming) which discuss 

the direct electronic interaction of the solvent and its effect on the J-coupling constants and the 

indirect effect on the structure of the Pt-Tl solute(s) that affects the chemical shift. The results 

regarding J-coupling constants are presented in detail in Section 4.1. 

In Section 4.2 a study on condensed phase uranium dioxide and its carbonate analogs is given. 

This study bridges the gap between studies where experimental data is prevalent (see above) and 

those where it is sparse. This study also introduces quadrupolar relaxation calculations which can be 

used to predict nuclear magnetic resonance peak widths. These calculations require time dependent 

electric field gradient data which makes the dynamical methodology used in this work a natural 

candidate for such properties. 

The study in Section 4.3 demonstrates that the simulations methodology used in this work is capa

ble of predictive modeling; the experimental data in that study did not report a particular 2 J-coupling 

constant but its value range was suggested by the experimentalists that performed the work. The 

study reported in this section shows that accurate models are capable of producing experimentally 

expected results. Additionally this study performs some regression modeling using modern machine 

learning techniques to draw quantitative correlation for structure-property relationships. 

Finally, in Section 4.5 , some preliminary results are given for a projector augmented wave pseu

dopotential library that has been built and tested by the author. A manuscript58 is being prepared 

with this work. This library contains pseudopotentials for every element of the current periodic table 

of elements and has utilized modern methods for benchmarking the performance of the pseudopoten

tials. When accepted, this work will be a contribution to the open-source computational chemistry 

project , NWChem. 
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4 Results 

4.1 ]-Coupling Constants of Pt-Tl Bonded Metal Complexes 

4.1.1 Synopsis 

In this work, 10 the influence of water coordination and dynamics on the electronic structure 

and nuclear magnetic resonance (NMR) parameters (specifically J-coupling constants) in a series 

of Tl-Pt bonded complexes is investigated using Kohn-Sham (KS) Car-Parrinello molecular dynam

59 60ics (CPMD) and relativistic hybrid KS NMR calculations . NMR parameters involving metals , , 

61including heavy elements such as Pt , Hg, T l, and Pb , - 69 (or even U70, 71 and Pu72 ) are of significant 

experimental and theoretical interest. 

2-

2 3 

3-3-

4 5 

Figure 4.1: Complexes 1 - 5 studied in this work. Superscripts A - C are used to denote different 
ligand types, namely, axially coordinated to Pt (CA) , directly coordinated to T l (C8

) , and 
equatorially coordinated to Pt (Cc) . 

It is found that coordination by water at the Tl center has a dramatic impact on 1 J (Tl-Pt) and 

other J-coupling constants . It is shown that a previous computational study of the same complexes 

using static idealized structures and non-hybrid functionals correctly suggested the importance of 

solvent, but the experimental agreement was caused by cancellation of errors. Dynamical trajectories, 

in this work, show t hat on average the inner coordination shell of T l is not saturated, as previously 

assumed , which leads to poor agreement with experiment when the J-coupling constants are averaged 

over the CPMD trajectories using NMR calculations with non-hybrid functionals. The combination 

of CPMD with hybrid KS NMR calculations provides a much more realistic computational model that 

reproduces the large magnitudes of 1J(Tl-Pt) and the correct trends for other coupling constants. 
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An analysis of 1 J (Tl-Pt) in terms of localized orbitals shows that the presence of coordinating water 

molecules increases the capacity for covalent interactions between Tl and Pt. There is pronounced 

multi-center bonding along the metal-metal axis of the complexes. 

4.1.2 Results and Discussion 

Choice of Functionals 

Because of the coupled nature of the computational approach , the level of theory was chosen as a 

compromise between the suggestions in the literature for the dynamics of aqueous systems and the 

NMR parameter calculations. Prior to running dynamics, NMR benchmark calculations using three 

functionals and static optimized structures were performed (see Section A.3 of the SI, specifically 

tables A.7 , A.8 , and A.9). The VWN functional calculations reproduce the VWN J-coupling data 

from Reference 8 for both water-coordinated and bare structures of the complexes. However , VWN 

severely underestimates the Tl-Pt couplings in comparison with experiment and under-performs for 

the other coupling constants as well. Moving to a GGA functional , namely PBE, improves the Tl-Pt 

and other J-couplings slightly. In agreement with recommendations in the literature,73 the hybrid 

variant of PBE, PBE0, results in the best agreement with experimental J-coupling constants for the 

static structures ( see Table A . 9 in the SI). 

Structural data for the different functionals and computational models are provided in the SI. 

Relevant interatomic distances between PBE and PBE0 differ by at most 3%; usually less - see 

Tables A.11 and A.12 . Due to the considerable computational requirements for CPMD, the PBE 

functional was selected for the dynamics. The following subsection compares aggregated structural 

results with experimentally available data , which justifies the chosen CPMD parameter set , and 

compares these findings with previous theoretical work in the literature, highlighting the differences 

in the in-situ coordination around the Tl center. 

Solution Structure and Coordination 

Mean interatomic distances for the complexes , averaged over the production trajectories , are listed 

in Table 4.1. Experimentally available EXAFS data (in-situ) for these complexes can be found in 

Table A.1 of the SI. Interatomic distances show agreement to within 0.08 and 0.02 A for Tl-C 

and Pt-C pairs , respectively. The M-M distances are overestimated by less than (at most) 0.15 A 
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Table 4 .1 : Mean interatomic distances (in A) for each complex, averaged over the course of the corre
sponding production trajectory.a All standard errors are less than 3 x 10-3 A. 

N(H2O) R(Tl-Pt) R(Tl-CB) R(Tl- oavg) R(Pt- CA) R(Pt- Cc) 

Complex 

1 4 2.747 2.509 2.031 2.028 
2 3 2.726 2.259 2.659 2.037 2.026 
3 2 2.732 2.283 3.008 2.060 2.022 
4 0 2.750 2.313 2.074 2.021 
5 2 2.773 2.535 2.082 2.022 

a The Tl- O distance is averaged over the whole number of inner sphere water molecules listed , 
N(H2O) . 

compared to solid state EXAFS data reported in the literature (see the SI of Reference 2) . A survey 

of experimentally reported interatomic EXAFS distances for similarly sized bimetallic complexes 

characterized in aqueous media have M-M distances of 2.694- 2.69674, 75 A for Pt- Pt bonded systems 

and 2.91476 A for Tl-T l (see also Reference 77). Given that the mean T l-Pt distances observed 

in this work ( for all trajectories) fall within the aforementioned ranges for Pt- Pt and T l-T l, and 

that GGA functionals are known to overestimate interatomic distances somewhat, t he structures of 

complexes 1 - 5 appear reasonable. 

Table 4 .2: Mean interatomic distances (in A) and standard deviations (in parentheses) for Tl- O pairs 
computed over each production trajectory. a 

NN-+ 1 2 3 4 
Complext 

1 2.3(1) 2.4(1) 2.5(1) 2.9(5) 
2 2.4(1) 2.5(1) 3.1(5) 
3 2.4(1) 3.6(6) 
4 4.5(5) 
5 2.5(1) 2.6(1) 

a The nearest neighbor (NN) identifier represents the distance of the first , second , etc. neighbor 
averaged of the trajectory. Distances are reported to the first significant figure in t he standard 

deviation. W here data is omitted, it is implied t hat subsequent nearest neighbor molecules are never 
part of the first solvation shell around the Tl center (data for 4 are provided for comparison only) . 

Table 4.2 reports the average distance to t he n th nearest neighbor (NN) oxygen atom to T l. 

The standard deviation of t his distance gives a measure of the range of values explored by each 

coordinated water molecule. It is clear from t he large standard deviation of t he fourth nearest 

neighbor for complex 1, for example, t hat this oxygen is part of the inner coordination sphere (of T l) 

only part of the simulation time. T his is also illustrated by the pair correlation function (Figure 4.2) 
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and the pair count (Figure 4.3), i.e. the integration of the pair correlation, between Tl and O for each 

simulation. The inner coordination sphere of Tl is indicated by a pronounced plateau in the pair 

count starting around 2.75 A up to about 3.5 A. A summary of the radial pair correlation function 

local maxima and minima as well as pair counts are collected in Table 4.3. The average inner sphere 

coordination number , N~vg , of Tl is also given in Table 4.3. For example, over the course of the 

simulation, the number of inner-shell water molecules for complex 1 is between 3 and 4, implying 

that the Tl is coordinated by 4 waters slightly more than half of the time sampled , and by 3 waters 

otherwise (see Figure 4.12). 

7 ~---------------;=_-=---=---=---=-- --~ 
Complex 

6 1 

2 
5 
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Figure 4.2: Tl-O pair correlation functions for each production trajectory. Enumerated peak centroids 
and magnitudes can be found in Table 4.3. 
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Figure 4.3: Tl-O pair counts; the normalized cumulative summation of Figure 4.2. The inner coordi
nation sphere (of Tl) is described by the first plateau for all complexes except 4. Complex 
4 has three cyano ligands and no water coordination, directly to Tl, is observed. 

It can be noted that the inner sphere of complex 4 is composed only of cyano ligands, even 

in the presence of water , and complex 5 is unique in that it maintains two inner-sphere solvent 
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Table 4.3: Summary of Tl-O pair correlation function peaks and (fractional) average number of inner 
coordination sphere solvent molecules around Tl. Distances are given in A. 

rmax 
1 giax rmax 

2 g!fax Nis avg 
Complex 

1 2.35 6.83 3.99 0.87 3.6 
2 2.48 4 .82 3.99 0.48 2.8 
3 2.42 2.45 3.98 0.47 1.5 
4 3.00 0.01 4.00 0.13 0.0 
5 2.56 4.41 3.00 0.13 2.0 

molecules around T l consistently, with a bent Pt-Tl-Pt moiety. T hese two observations suggest 

a preferred structural motif for complexes 4 and 5 around the T l center , namely a 4-coordinate 

pseudo-tetrahedral geometry when counting Pt, cyano carbon, and solvent oxygen atoms, which can 

be confirmed visually from the trajectories ( see Figure 4.1 ) . For complexes 1 - 3 , over the course 

of the simulations there is a comparatively rapid transition between 4-coordinate pseudo-tetrahedral 

motifs and 5-coordinate pseudo-pyramidal motifs. For example, in the trajectory for complex 1, t his 

transition occurred more than seven times , resulting in a N~vg value of 3.6. The skewness of the 

coordination distribution, t hat is, the asymmetry in t he standard deviations presented in Table 4.2, 

is negligible and does not provide further insight into the coordination preferences. 

In t he CPMD simulations, 4-coordinate pseudo-tetrahedral and 5-coordinate pseudo-pyramidal 

coordination around the T l center by Pt , water molecules , and - where applicable - cyano ligands, 

predominate. This is in marked contrast with previous studies where a pseudo-octahedral (or pseudo

trigonal bipyramidal, for complex 3) coordination environment saturating the inner coordination 

sphere of T l was assumed to be present. 7, 8, 41 As shown in the following subsection, the structures 

obtained in this work provide a more reasonable description of the coordination environment of 

complexes 1 - 5 given the agreement with experimental J-coupling data when a more accurate 

electronic structure method is used for properties calculations than in the previous studies . 

Spin-spin Coupling Constants 

NMR data were initially acquired from an evenly spaced coarse grid of 64 frames from each pro

duction trajectory in order to determine the required number of explicit water molecules needed 

in the J-coupling calculations . In increments of 5 explicit water molecules , the selection of solvent 

molecules was performed based on the nearest atom-to-atom distance between the given complex 
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Figure 4.4: Dependence of 1 J(Tl-Pt) on explicit nearest neighbor solvent count . All data are means 
corresponding to trajectory averages (64 frames) . The asterisk corresponds to bare struc
tures (no explicit or implicit solvation), while the remaining counts (0 - 25) correspond 
to structures including the given number of explicit nearest solvent molecules and implicit 
solvation via COSMO. Standard errors (in the means) are given by the solid black lines. 

and water molecules. 
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Figure 4.5: Dependence of 2 J(Tl-CA) on nearest neighbor solvent count . The two bond coupling from 
Tl to the axial carbon (see Figure 4.1 ) shows a dependence on solvent count for complex 
5, requiring up to about 20 nearest neighbor water molecules. Note that for complex 5, 
I -coupling constants are averaged over both axial cyano ligands. See also the caption of 
Figure 4.4 . 

Figures 4.4 - 4.10 compare I-coupling constants computed at the scalar relativistic PBE0 level 

of theory. The asterisk 'solvent count ' in these figures corresponds to MD-averaged data where all 

explicit solvent molecules were removed and no implicit solvation (COSMO) was applied . All other 

data are also trajectory averages (as described above) , but include COSMO to treat bulk solvent 

effects along with between 0 and 25 explicit nearest water molecules . 

Figure 4.4 shows the dependence of the Tl- Pt I-coupling on the explicit solvent count. For 

complex 1, in particular, the presence of explicit solvent has a truly dramatic effect - especially 

when compared with the bare complex where 1I(Tl- Pt) is negative. For complex 2 the solvent 

effects are also extremely strong. Compared to the bare models , about 10 explicit water molecules 

are required to produce the experimentally observed trend of decreasing 1 I(Tl- Pt) along the series 
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Fig ure 4. 6: Dependence of 1 I(Tl-CB) on nearest neighbor solvent count . T l cyano ligands are only 
present in complexes 2 - 4 (see Figure 4.1) . Where open coordination sites exist (i .e. complex 
2) , water molecules have a large effect on the I -coupling constant, achieving convergence 
around 15 nearest neighbor water molecules. Note that for complexes 3 and 4, averaged 
I -coupling constant results are reported. See also the caption of Figure 4.4. 
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Fig ure 4 . 7: Dependence of 2 I(Tl-Cc) on nearest neighbor solvent count . Note that equivalent carbon 
atoms (Cc, see Figure 4.1) are averaged. Only complex 4 shows little to no dependence on 
solvent count , likely due to the fact that the electronic structure of T l is dominated by its 
own cyano ligands, see Section 4.1.2) . See also the caption of Figure 4.4. 

27 



4 Results 

1 - 4 . Complexes 1 and 2 require up to about 15 explicit water molecules for convergence. When 

fewer open coordination sites of T l are available, due to the presence of cyano ligands or the second 

Pt(CN)s moiety in complex 5, the dependence of 1 J (Tl-Pt) on the explicit solvent count is less 

pronounced . Nonetheless, complex 5 requires up to 20 water molecules. Complexes 3 and 4 exhibit 

a weaker dependence on the solvent count. This trend is intuitive in the sense that 1 has the most 

bare T l center in the absence of solvent . At the same time, the trend indicates that coordinated water 

and the cyano ligands of T l play a very different role as far as the T l-Pt J -coupling is concerned . 
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Fig ure 4 .8: Dependence of 1 J(Pt - CA) on nearest neighbor solvent count . Note that for complex 5 , I 
coupling constants are averaged over both sites (see Figure 4.1) . Complex 1 again shows 
the strongest dependence on solvent count . It should be noted that at 20 nearest neighbors 
included , some water molecules are coordinated directly to nitrogen atoms on cyano ligands. 
See also the caption of Figure 4.4. 

Figures 4.5 - 4.10 show similar plots as Figure 4.4 for the other J-couplings. On a relative scale , 

the impact of explicit solvation is also very pronounced. Because the computational requirements 

between 15 and 20 nearest water molecules do not vary considerably, 20 nearest neighbor water 

molecules were selected in 192 additional frames to produce, combined with the 64 frames containing 

20 water molecules that were calculated initially, a more closely spaced grid of 256 frames along the 

trajectories. These frames were used to generate t he final J -coupling averages . 

The J -coupling constants averaged along the CPMD trajectories are collected in Table 4.4 and 

compared with experiment (in parentheses) . Standard errors of the trajectory averages can be found 

in Table A.18 in t he SI. These are at most 1.8% relative to the calculated averages, and therefore 256 

frames were deemed sufficient. Compared with experiment,2 the calculated 1 J (Tl-Pt) are within just 

over 10% deviation. This is within the error bars of t he computational model, previously estimated to 

be 13% at best for J-coupling constants involving heavy metals .73 Further systematic improvements 
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Figure 4.9: Dependence of 2 J(Pt - CB) on nearest neighbor solvent count . Note that complexes 1 and 
5 do not contain cyano ligands bound directly to the Tl centers. Similarly to Figure 4.6, as 
the coordination sites of Tl become saturated with cyano ligands, the influence of nearest 
neighbor water molecules st abilizes. See also the caption of Figure 4.4. 
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Figure 4.10: Dependence of 1 J (Pt - Cc) on nearest neighbor solvent count . Note that equivalent carbon 
atoms are averaged in the d ata displayed herein . Presence of explicit water molecules has 
a negligible influence on this spin-spin coupling. See also the caption of Figure 4.4 . 

Table 4.4: Calculated I-coupling constants (in Hz) averaged over 256 configurations of the CPMD pro-
duction trajectory for each complex. Unsigned experimental data from Reference 1 in paren-
theses. 

J Tl- Pt Tl- CA Tl- CB Tl- Cc Pt- CA Pt - CB Pt- cc 

Complex 

1 63356 16718 -713 1089 867 
(71060) (12746) (592) (909) (820) 

2 56189 13258 -2559 -515 970 215 867 
(57020) (9743) (2446) (452) (843) (200) (821) 

3 50232 11631 -1656 -369 868 152 882 
(47260) (8446) (876) (338) (783) (128) (832) 

4 44412 10532 -952 -284 822 110 895 
(38760) (7270) (52) (255) (742) (843) 

5 17863 5285 -319 721 908 
(25168) (4600) (308) (700) (858) 
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toward experiment for the right reasons would require , among other aspects , a relativistic electronic 

structure model that reliably outperforms hybrid KS calculations. 

For all spin-spin couplings listed in Table 4.4, the decreasing magnitude of most of the experimental 

values along the series of complexes 1 to 5 is reproduced by the calculations. An exception to this 

trend is 2 J(Tl-Cc), where the magnitude of the coupling is in between those of complexes 3 and 4 -

reproduced by the calculations - and 1J(Pt-Cc) which increases from 1 to 5 - also reproduced by the 

calculations. Note that the 1 J(Tl-CB) and 2J(Tl-Cc) are predicted to be negative; the experiments 

did not determine the signs. Overall , the trajectory averaged result are within expected73 deviations 

from experiment for the hybrid KS protocol employed. An outlier in terms of relative accuracy is 

the 1J(Tl-CB) constant of complex 4. As Table A.9 in the SI shows, this coupling appears to be 

sensitive to spin-orbit effects , which are neglected in the trajectory averages in Table 4.4 . This case 

appears to warrant further study. 

It is clear that previous calculations from Reference 8 , while being correct about the importance of 

the solvent effects on the NMR J-coupling constants , benefited from a compensation of substantial 

errors. An increase in the magnitude of the Tl-Pt coupling, in particular, with the number of water 

molecules coordinated to Tl beyond those predicted by the present MD simulations was compensated 

for by lower coupling constant magnitudes produced by the then-available non-hybrid KS potentials. 

As pointed out in Section 4.1.2, the hybrid functional gives much larger Tl-Pt coupling constants, 

toward experiment , and improves the other J-couplings as well in most cases. A secondary error was 

present in the older calculations due to the lack of finite nuclear volume corrections. As shown in 

the SI , with the PBE functional and using the static solvated structures of Reference 8, the Tl-Pt 

coupling is reduced by as much as 10 kHz when finite-nucleus effects are included in the calculations. 

Complex 2 has received attention in the past7 because, like for complex 3 and 4 , the two-bond cou

pling 2 J(Tl-CA) is larger in magnitude than the one-bond coupling 1 J(Tl-CB). The experimental 

un-signed 1J(Tl-CB) of 2 is 2.4 kHz. Given the good agreement with the magnitude of the calcu

lated coupling, 2.6 kHz , we assign 1J(Tl-CB) to be negative. Our calculations agree with Reference 

7 in that for the bare complex 2 , the two couplings are of approximately equal magnitude, due to a 

pronounced axial multi-center bonding (see Section 4.1.2) , but opposite in sign. The solvent effects 

then render both couplings more positive, which increases the magnitude of the positive 2 J(Tl-CA) 

but decreases that of the negative 1 J(Tl-CB). In Reference 7, a static solvated structure of 1 with 
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Figure 4.11: Depiction of the solvent-accessible surface for the continuum solvent model COSMO, for 
a snapshot from the production trajectory of complex 1 with 20 explicit water molecules 
(snapshot P - see Section 4.1.2). The Tl atom is on the right, surrounded by water 
molecules. Red , grey, and blue regions on the surface correspond to negative, neutral, and 
positive potential, respectively. 

4 water molecules appears to have led to an overestimation of the solvent effect on 1 J (Tl-CB) by 

pushing it to +3.1 kHz. 

Implicit vs. Explicit Solvation 

As mentioned in the computational details subsection, a continuum solvent model, COSMO , was 

applied in the finite cluster NMR calculations in order to model bulk solvent effects beyond the shell 

of explicit water molecules. Many continuum solvent models , including COSMO, construct a solvent

accessible surface around the molecule , and surface charges are determined , based on the electrostatic 

potential around the molecule and the dielectric constant of the solvent, such as to mimic the presence 

of the solvent without treating it quantum mechanically. In the 2003 computational study of the 

NMR J-coupling parameters of the complexes,8 the atomic radius of Tl in the elemental solid (1.7 

A) was used to generate the solvent-accessible surface. COSMO was applied only to the explicitly 

solvated systems and it was noted that when considering the overall very large solvent effects , the 

calculated J-couplings involving Tl were not very sensitive to the chosen thallium radius because it 
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was in close contact with the explicit water molecules and - where applicable - cyano ligads. The 

current default Tl radius in the ADF implementation of COSMO is 2.2 A. 

During the course of this work a pronounced sensitivity of the Tl-Pt coupling on the Tl COSMO 

parameter was noted in the absence of explicit solvent. For instance, for complex 1, COSMO with 

the default Tl radius of 2.2 A gives 1J(Tl-Pt) of approximately -10 kHz in the absence of explicit 

solvent , which is close to the bare model. This suggests that a Tl radius of 2.2 is too large to matter, 

as far as implicit solvation is concerned. Decreasing the Tl radius by 0.2 A results only in an slight 

increase in this J-coupling constant, to -9 kHz. However , reducing the Tl radius further , to 1.7 A, 

gives a large increase of 1 J (Tl-Pt) to about +40 kHz (variations in the radii of the other atoms 

cause negligible changes). This effect is also visible in Figure 4.4 , comparing the asterisk (* - the 

bare model) and 'O' solvent counts. It appears that with a Tl radius close to that of the elemental 

solid (the covalent radius is even smaller, ca. 1.6 A) , COSMO starts to mimic the presence of the 

explicit solvent. However, with such a strong dependence of the Tl-Pt coupling on the Tl radius 

parameter, the continuum model is not reliable without additional explicit solvation. 

In the presence of explicit solvent, decreasing the Tl radius from 2.2 to 1.7 A also has an effect of 

increasing 1J(Tl-Pt), but only by about 3 kHz. Figure 4 .11 shows one of the 256 snapshots used in 

computing the J-coupling values for complex 1 in Table 4.4 . Overlaid in this image is the solvent

accessible surface generated from the COSMO radii, with the surface colored by the corresponding 

COSMO potential. Here, the Tl COSMO radius is 1. 7 A. The solvent-accessible surface does indeed 

come close to the Tl center, but because Tl is surrounded by explicit water molecules the impact in 

the NMR calculation is small compared to choosing a larger radius that , in the absence of explicit 

water molecules , barely corresponds to solvation at all. 

Using COSMO in the calculations to represent bulk solvation in addition to the explicit first solvent 

shell is nonetheless very important, because it modifies the properties of the explicit water molecules, 

as shown in the next subsection. It is noted in passing that the addition of up to 128 explicit 

water molecules to complex 1, without COSMO, produced a similar 1J(Tl-Pt) value as compared 

to using 20 explicit water molecule and COSMO. This means that the continuum model produces 

the desired effects of the bulk solvation of the explicit water cluster around the complex, at negligible 

computational cost. 
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J -coupling Analysis 

A scalar relativistic J-coupling analysis in terms of localized molecular orbitals (LMOs) 78 was 

used to rationalize the solvent effect on 1 J (Tl-Pt). For brevity, the discussion focuses on the most 

dramatic case, i.e. complex 1. The analyses for complexes 2 - 4 revealed similar mechanisms in 

terms of solvent contributions. A complete listing of the J-coupling analysis for 2 - 4 can be found 

in Tables A.19, A.20, and A.21 in the SI. The LMOs used in this analysis are the 'natural' LMOs 

(NLMOs) generated by the NBO algorithms. 79 The NLMO basis has the advantage that the orbitals 

are further decomposed into idealized Lewis (L) structure core (CR), bond (BD), and lone-pair (LP) 

parent orbitals, along with non-Lewis (NL) delocalization tails. The latter are pronounced in the 

Tl-Pt complexes because of a significant multi-center bonding motif involving the metal centers and 

axial ligands. It should be noted that we did not specifically request a search for 3-center NBOs 

(this search is not default in the NBO program version used for the present study). The presence 

of multi-center bonding is readily apparent in the NLMO set, no matter if the generated NBO basis 

contains multi-center bond orbitals or not. 

Figure 4.12: Snapshots T (left, pseudo-tetrahedral coordination at the Tl center) and P (pseudo-square 
pyramidal coordination at the Tl center) for complex 1 considered in the I-coupling con
stant analysis. 

The J-coupling analysis was performed on two different trajectory snapshots of complex 1 as shown 

in Figure 4.12 , labeled T and P (taken approximately 4 ps apart). In the presence of water molecules, 

snapshot T affords a pseudo-tetrahedral coordination motif around the Tl center, whereas snapshot 

P has Tl in a pseudo-square pyramidal motif. The interplay between these two coordination motifs 
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Table 4 .5: NLMO analysis of 1 J(Tl- Pt) for snapshots T and P of complex 1 (in Hz).a 

pT 
Bare MD MD+COSMO Bare MD MD+COSMO 

CR T l 2309 7236 8855 1776 5791 8360 

T l-Pt -8564 24041 74201 -8899 13790 41878 
CR Pt -97 11933 17309 -178 10125 19277 
LP Pt -235 29 -99 114 87 24 

NCA- Pt -5402 -9043 -29614 -4156 -11644 -4695 
NCC - Pt -2803 1657 1849 -2364 -313 4824 
LP 01 387 -2463 526 -192 
LP 02 310 -1034 788 88 
LP 03 611 208 1069 241 
LP 04 481 388 316 28 

all others -22 -273 -618 -23 -319 -422 

total -14813 37370 68981 -13729 20216 69410 

a CR = core, LP = lone pair (nonbonding) . Contributions from CR Pt, LP Pt, and water LP On 
represent sums over several LMOs. Contributions from CA- Pt and Cc- Pt represent the Pt - C 
bonds and cyano ligand orbitals of the axial and equatorial (to Pt) cyano ligands, respectively. 

Comparison of bare (no explicit or implicit solvation), MD (20 explicit water molecules, no implicit 
solvation) , and MD+COSMO (like MD , but with implicit solvation via COSMO) are provided . The 
'total' row checks to ensure that the summation (down t he column) matches the full result from the 

KS calculation. 

can assist in the understanding of changes in the electronic structure around T l as they dominate 

the coordination motifs explored by complex 1. 

The I-coupling analysis for snapshots T and P is given in Table 4.5 and contains a comparison 

of the two structures computed without explicit or implicit solvation (bare) , with explicit , but no 

implicit solvation (MD), and with both explicit and implicit solvation (MD+COSMO) . Note that 

where explicit solvent is present , t he 20 nearest water molecules are included . Two of the delocalized 

bonding orbitals for t he cA- Pt - T l moiety that feature prominently in the analysis are characterized 

in Table 4.6 . 

As expected , when all solvent molecules are stripped off the T and P structures , as in t he 'Bare' 

columns of Table 4.5 , the analysis leads to similar results for t he two snapshots . Differences appear 

because the metal complexes in the two snapshots have slightly different structural parameters . The 

calculated 1 J (Tl-Pt) values are negative, suggesting that the orbital interactions between the metals 

is in a weak overlap 'through space' regime.80 This is supported by the composition of the relevant 

NLMO leading to the -9 kHz contribution to 1J(Tl-Pt) , which is identified by the NBO algorithms 

as a delocalized T l lone pair with a 3% contribution each at the Pt and CA centers . Additionally, 
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Table 4.6: Characterization of two of the delocalized bonding orbitals for the CA-Pt - Tl moiety of the 
complex 1 snapshots of Figure 4.12 in terms of weight from different atoms, and s/ p/ d/ f 
character. a 

Bare MD+COSMO 
T p T p 

Tl-Pt 

CA-Pt 

93 T l s(lO0) 
3 Pt s(25)p(3)d(71

3 C s(53)p(47) 

57 Pt s(13)d(87) 
41 C s(47)p(53) 

) 2 
94 T l s(lO0) 

Pt s(29)p(3)d(68) 
3 C s(55)p(45) 

55 Pt s(16)d(84) 
42 C s(47)p(53) 

40 T l s(90)p(10) 
53 Pt s(18)p(l )d(81) 

1 C s(53)p(47) 

12 Pt s(16)p(3)d(81) 
67 C s(52)p(48) 
15 T l s(93)p(7) 

63 T l s(93)p(7) 
15 Pt s(18)p(3)d(79) 

15 C s(6l)p(39) 

48 Pt s(15)d(85) 
49 C s(5l)p(49) 

a All numerical values are in percent. 

there is a negative contribution to 1 J (Tl-Pt) from the bonding orbital between Pt and the axial 

carbon (Pt - CA) due to the fact that the orbital has a slight 3-center character (with about 0.3% of its 

density at the T l center) and likely also because of magnetic coupling of its unoccupied antibonding 

counterpart with the T l lone pair. Other notable contributions, mainly canceling each other, come 

from the T l outer core (dominantly from 5s) and equatorial NCC-Pt orbitals . 

The analysis of both snapshots with solvation (MD and MD+COSMO) highlight , again , the dra

matic impact of solvent on the total 1J(Tl-Pt) and the contributions from different orbitals . Bulk 

solvation via COSMO modifies the properties of the water molecules in the explicit solvent shell, 

which in turn influences the NMR parameters in the complex very significantly. As shown in Sec

tion 4.1.2, t he strong COSMO influence on 1J(Tl-Pt) in the explicitly solvated structures is not an 

artifact of a COSMO solvent-accessible surface being created around the metal centers. 

It is important to note that water oxygen orbitals show up explicitly in the analysis , indicating that 

the T l-water orbital interactions directly influence 1J(Tl-Pt). There is an indication of a charge flow 

from water oxygen LPs to the complex, since the oxygen LP orbital parent NBO occupancies are 1.86, 

1.92 , and 1.93 ( T, model MD , for 01 to 03 , respectively) , and 1.92, 1.93, 1.92 , and 1.94 (P, model 

MD , for 01 to 04 , respectively) , instead of 2. Inclusion of bulk solvation via COSMO decreases these 

occupancies further due to polarization effects of t he explicit water molecules , which also increases 

the mixing ands-character of water oxygen LPs with the T l center in the NLMOs . However , the LP 

0 contributions are small compared to the total coupling constant. Instead, t he orbital interactions 

between water and T l take a profound influence on the bonding within the CA-Pt - T l moiety, and 

these changes cause the variations in the 1 J (Tl-Pt). 
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For the T snapshot with MD+COSMO, the most profound solvent effect is the formation of a 

covalent Tl-Pt bond. The corresponding NLMO has a small amount (ca. 0.5%) of water oxygen LP 

character, highlighting the role of the water in the formation of the bond. The 74 kHz contribution 

to 1J(Tl-Pt) from the Tl-Pt bond is counter-balanced by a -30 kHz contribution from the Pt-CA 

bond. In the T snapshot, the Pt-CA orbital has pronounced 3-center character with about 15% of 

its density on Tl. The negative sign of this contribution can be rationalized by the fact that the Tl 

3-center bonding with CA takes some of the Tl 6s character away from the Tl-Pt bond and thereby 

reduces the magnitude of 1J(Tl-Pt). This loss is , to a large extent , compensated for by an increased 

involvement of the Pt 5s semi-core orbital in the explicitly solvated structures (contributions from 

heavy atom outer core orbitals to J-coupling have been noticed before in NLMO-based analyses , see 

reference 69 and citations therein). As the orbital overlap between Tl and Pt switches to the covalent 

bonding regime (upon solvation) , an increased participation of both the Tl and Pt outer core orbitals 

in the Tl-Pt J-coupling is expected. 

For the P snapshot with MD+COSMO, the negative contribution from the Pt-CA orbital to 

1 J (Tl-Pt) is much smaller than for the T snapshot. Here, it is the Tl-Pt bond that has 3-center 

character and is delocalized over cA while the Pt-CA bond is more localized . In this snapshot, the 

combined contributions from the four Pt-CA bonds are of equal magnitude and opposite in sign to 

that of Pt-Cc. The stronger 3-center delocalization of the Tl-Pt bond in the solvated P snapshot 

reduces the contribution from the Tl-Pt orbital by over 30 kHz but the lack of a strongly negative 

Pt-CA contribution leaves the value of 1J(Tl-Pt) very similar to that of the solvated snapshot T. 

The formal oxidation numbers of the metals in complex 1 are Pt(IV) and Tl(I). Of course, and 

in particular for Pt , the interplay of L-M electron donation and back-donation cause the calculated 

atomic charges to be smaller. The strong CT-donation capability of the CN- ligands creates a system 

in which a positively charged T l center is weakly attracted to the (NC)sPt- moiety. The negative 

sign of the 1J(Tl-Pt) of the bare complex indicates that the M-M interaction is not covalent , nor 

purely ionic. The NBO analysis supports the assignment of the Tl-Pt interaction being in the weak 

overlap regime. The analysis further points to a pronounced capability of Tl to form a covalent bond 

with Pt in the solvated complex, enabled by Tl-O orbital interactions and some electron donation 

from water to Tl. For small numbers of water molecules , the M-M interaction appears not unlike 

a Tl-+Pt donation bond. The electronic structure in the CA-Pt-Tl moiety of the fully solvated 
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system is characterized by 3-center 4-electron (3c-4e) bonding such that the dominant contributions 

to 1J(Tl-Pt) in the LMO picture are either coming from a 3-center T l-Pt bond (as in the analysis 

of snapshot P), or a 2-center T l-Pt bond accompanied by a 3-center Pt-CA bond (as in the analysis 

of snapshot T). 

Further analysis shows that for complexes 2 and 3 , inclusion of explicit and implicit solvent effects 

increases t he covalent character between the metal centers as well as the contributions to 1 J (Tl- Pt) 

from t he outer core orbitals of both metals. For complex 4 , where no direct solvent coordination of 

Tl occurs, a well balanced covalent T l-Pt bond is present even in the bare model , and inclusion of 

explicit and implicit solvent effects do not cause substantial changes . 

Addition of cyano ligands at the Tl center ( CBN) , starting with complex 2 , increases the covalent 

character of the M-M interaction in the bare models. In the fully solvated systems, there is also 

considerable multi-center bonding along t he primary axis of each complex. With an increasing 

number of cyano ligands coordinated to T l, t he increase of the extent of the axial delocalization due 

to the presence of water becomes less pronounced, as may be expected . 

Given that the presence of cyano ligands and water around T l cause a similar trend as far as 

the capability of Tl to form a bond with Pt is concerned, it may appear unintuitive that in the 

solvated systems 1 J (Tl-Pt) becomes smaller for increasing number of cyano ligands. In order to 

rationalize this finding , the 6s character in the Tl-Pt bonds needs to be considered. The s character 

of the Tl-Pt bond is a major driver for the magnitude of the J-coupling constant and contributes 

predominantly via the relativistic analog of the Fermi contact mechanism. Moving along the series, 

from 1 to 4 , the density of the T l-Pt bonding orbital decreases on T l while the density on Pt slightly 

increases. More importantly, t he s-character decreases strongly at the T l site , and to a lesser degree 

at the Pt site. In combination, these effects cause in a pronounced decrease of t he 1J(Tl-Pt) value 

along this series of complexes. 

Previous analyses of J-coupling in metal complexes (see Reference 69 for an overview) in terms of 

the self-consistent field canonical MOs (CMOs) , i.e. t he 'usual MOs , tended to produce many contri

butions with large magnitudes and opposite signs, which can render the analysis difficult compared to 

one in terms of localized MOs. However , some key contributions from the highest occupied (HOMO) 

and lowest unoccupied (LUMO) CMOs of complex 1 in the fully solvated system (MD + COSMO 

in Table 4.5) rationalize the solvent effects produced in the calculations. For instance, polarization 
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effects from COSMO on the explicit water molecules shift much of the T l 6s electron density from 

several lower-energy occupied CMOs to the HOMO. The HOMO of the fully solvated system also 

contains contributions from Pt 5p , 5d, and water oxygen 2p atomic orbitals. The LUMO remains 

rather unaffected. The increased T l 6s character and the high energy of the HOMO compared to the 

CMOs in the model without implicit solvation causes an additional large Fermi contact contribution 

to the 1J(Tl-Pt) (analogous to the NLMO result above) . This can be explained by a strong mag

netic coupling of the HOMO-LUMO pair, aided by a relatively small energy gap between the two 

orbitals , which renders the Fermi-contact mechanism more efficient than in a system where the T l 

6s contributions are 'diluted ' over several CMOs with lower energy and concomitant larger orbital 

energy gaps with low-lying unoccupied CMOs. 

4.1.3 Conclusions 

The NMR J-coupling constants in the series of T l-Pt bonded complexes of Figure 4.1 - in par

ticular 1 J (Tl-Pt) - are shown to have a strong dependence on the coordination of water at the 

T l site , in agreement with previous work. Contrary to the previous calculations that were more 

approximate and utilized static structures with highly coordinated Tl sites , the molecular dynam

ics simulations suggest a preference of T l toward 4-coordinate pseudo-tetrahedral (4 and 5) and 

5-coordinate pseudo-pyramidal coordination motifs (1 - 3). In combination with relativistic hybrid 

KS NMR calculations , the trajectory averaged spin-spin couplings reproduce the large magnitudes 

and trends reported experimentally. The previous static calculations with non-hybrid functionals 

yielded acceptable agreement with experimental NMR data due to a compensation of errors caused 

by the approximations in the computational model. The dynamics-based based computational model, 

in conj unction with hybrid functionals for the relativistic NMR calculations , is not perfect but it gives 

reasonable agreement with the experimental data for good reasons . E .g. the 1J(Tl-Pt) are within 

just over 10% deviation from experiment , which is within the expected error bars of the electronic 

structure method. Moreover , the experimental trends along the series of complexes 1 to 5 for all 

coupling constants are reliably reproduced. Finite nuclear volume effects on heavy metal-metal and 

metal-ligand J-coupling constants are important to include in t he calculations. T he next level of 

relativistic corrections , not included here, would be quantum electrodynamics effects.81 

The computational model may be improved further, for instance, by performing t he MD simulations 
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with hybrid functionals - albeit at a dramatic increase in computational cost . The sensitivity of the 

3-center - 4-electron bonding in the CA_ Pt-Tl moiety to the presence of water may also require 

hybrid functionals that are parameterized to minimize the KS delocalization error. 82 A computational 

model with a large explicit solvation shell at a relativistic correlated wave function level of theory 

would be desirable, but appears to be impractical for t he time being. 

A decomposition of the electronic structures and Tl- Pt J-couplings shows t hat both the presence 

of water and cyano ligands around T l cause multi-center T l-Pt bonding in the complexes, which 

facilitates large metal-metal J-coupling constants . T he T l-Pt interactions, in the absence of Tl

solvent coordination, are in a non-bonding weak overlap regime for complex 1 and in an ionic bonding 

with weak to strong covalency regime for the other systems, depending on the presence of additional 

ligands at T l. An increased number of cyano ligands at the T l site strongly reduces t he T l s-character 

in the T l-Pt bond. These main findings of the analysis rationalize both the dramatic increase of 

1J (Tl-Pt) due to solvation, in particular for complexes 1 and 2 (and the sign change for 1 when 

going from the bare complex to solution), and the pronounced decrease of 1J(Tl-Pt) along the 

series 1 - 5 in solution. T he surprisingly large increase of 1J(Tl-Pt) of complex 1 due to additional 

implicit solvation, via a continuum model, of a complex-water cluster can be rationalized by stronger 

interactions between t he T l ion with the more polar water molecules , a concomitant concentration of 

T l 6s electron density in the HOMO, and a resulting strong HOMO-LUMO coupling by the Fermi

contact J-coupling mechanism. 
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4.2 Nuclear Magnetic Resonance Properties of Uranyl and Uranyl Carbonate 

Complexes in Water 

4.2.1 Synopsis 

Understanding the behavior of actinide complexes in general83- 86 and, in particular, in aqueous 

media is important to the nuclear fuel cycle, especially in the areas of nuclear fuel mining, extrac

tion, and waste management.87-89 An accurate characterization of the behavior and spectroscopic 

properties of actinide complexes in nuclear wastewater and natural waters is fundamental in order 

to understand, for instance, how actinide complexes migrate into the environment. 

Among the spectroscopic characterization techniques , nuclear magnetic resonance (NMR) is one of 

the tools used most frequently by chemists to study the structure, chemical bonding, and dynamics of 

metal complexes in solution. Chemical shifts and J-couplings are the primary solution-phase NMR 

observables. Both are very sensitive to t he chemical environments of the targeted nuclei. Nuclear spin 

relaxation rates provide additional information about the dynamic behavior of a system. Because 

exposure to nuclear materials must be limited, t heoretical and computational support is of particular 

importance in actinide research.90- 92 Herein, we present a computational study of t he dynamics and 

NMR parameters of complexes of uranyl(VI) and carbonate that form readily in water exposed to 

CO2_93 

In water, dioxouranate (Uol+) ions may exist in equilibrium with a wide variety of species coor

dinated by carbonate and bicarbonate ligands, in the presence of dissolved carbon dioxide. These 

complexes may have varying numbers of actinide centers and may complex with other ions , such as 

94sodium. This work focuses on three systems because of their stability in groundwater-like condi

tions .95 T hese water coordinated complexes are dioxouranate(VI) , uol+, tris(carbonato)dioxouranate(VI) , 

UO2(CO3h4- , and hexakis(carbonato)tris[dioxouranate(VI)], (UO2h(CO3)l-. The structures are 

shown in Figure 4.13 with relevant atomic site labels. The labels are used in Section 4.2.2 as 

part of t he discussion of NMR chemical shifts and relaxation rates . For brevity, complexes are 

labeled uranyl , tris , and trimer , respectively. These complexes have been studied in t he experimen-

93 96- 102 105-tal ( uranyl, tris , , 104 trimer95 , , 108) , and theoretical or combined experimental-t heoretical 

71 109-(uranyl, tris13, , 129 literature. Note that the selected references do not represent an exhaustive 

coverage of the literature. To our knowledge, detailed ab initio molecular dynamics (AIMD) cal-
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C C 

Figure 4.13: Complexes studied in this work (the structures shown were optimized in the gas phase); 
Uol+ (VI) (uranyl) , UO2 (CO3 h4

- (tris), and (UO2h(CO3)l- (trimer). The shorthand 
notation (in parentheses) is used for brevity in the text . Specific atomic site labels ( e.g. 
Oa) are used in the discussion of the chemical shift and relaxation rate data. The 'yl' 
oxygen atoms are labeled oa for all complexes. For the trimer, ca and Cb differentiate 
the terminal carbonate ligand carbon atoms are labeled ca while bridging carbonate ligand 
carbon atoms are labeled Cb in the text. 

culations of such complexes in water are only available for uol+ itself. Further, the 13C and 170 

chemical shifts of the tris and trimer complexes have have not been studied theoretically based on 

detailed AIMD simulations. Simulated relaxation data for the 170 nuclei in these complexes are 

likewise not available. The present study aims to fill these gaps. 

Modeling the solution chemistry of metal complexes, including actinide complexes , requires the 

use of computational models that are realistic in their representation of the complex and of its 

chemical environment. This is especially important in situations where the environment affects the 

system and its spectroscopic parameters profoundly. Further, in order to attain predictive capability, 

models must obtain correct trends , and reasonable absolute accuracy, and should accomplish this 

in an ab initio sense; without the use of specifically tailored parameters. In the field of chemical 

dynamics , classical molecular dynamics is widely used for simulating condensed phase systems. This 

method requires parametrized potentials ( force fields) specific to the chemical environment of each 

atom. Force fields to describe aqueous solutions of actinide ions have been devised and applied 

successfully130 (see also ref 131 and citations therein). However , for general actinide complexes, 

one must resort to a first principles methodologies to simulate dynamic behavior. Car-Parrinello 

molecular dynamics28 (CPMD) - built upon Kohn-Sham132 , 133 (KS) density functional theory (DFT) 
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- provides a computationally tractable methodology that treats the bonding as well as solute-solvent 

interactions quantum mechanically. Moreover, CPMD has been applied successfully to model NMR 

120 134parameters in transition metal complexes_ 10, 60, , - 137 

The purpose of this work is to characterize solute-solvent dynamics and predict 13C and 170 NMR 

chemical shifts of the uranyl, tris , and trimer complexes in aqueous solution. Specifically, this work 

138addresses in situ structure, bonding, effects of ligand motion on the NMR shifts , , 139 evaluates 170 

quadrupolar NMR relaxation rates, and provides estimates of corrections from hybrid functionals 

140 141and spin-orbit coupling138, , to NMR chemical shifts. A CPMD-based computational protocol 

for generating snapshot geometries , subsequently used in the computation of NMR parameters, is 

shown to provide a suitable framework for future studies of related complexes relevant to the nuclear 

energy cycle. 

4.2.2 Results and Discussion 

Dynamics and Solvated Structures 

Bulk diffusion coefficients of water were estimated via the Einstein relation and found to be 0.11 , 

10.10 , and 0.08 A2ps- for the uranyl , tris , and trimer trajectories , respectively. The diffusion co

1) 20 21efficients are in reasonable agreement with experimental data (0.23 - 0.24 A2ps- , and recent 

19CPMD simulations of pure water (0.020 - 0.146 A2ps-1) . In addition to theoretical considerations 

(described in, e.g. 19), the presence of the large solute coupled with the finite simulation size likely 

reduces the mobility of the solvent. Despite this, the decrease in the mobility of water is not more 

18substantial than that expected for simulations at comparable levels of theory. 16, The oxygen-oxygen 

RDF is given in Figure B.3 in the Supporting Information and shows reasonable agreement (for all 

17 19three trajectories) with literature data for water. 12, , From the RDFs, only slight overstructuring 

of the solvent is observed. More severe overstructuring has in the past been identified as a problem 

in AIMD using nonhybrid functionals. The elevated simulation temperatures , in comparison to ca. 

273 K in the NMR experiments, alleviate this problem. 

The uranium-oxygen RDFs , 9UO , describe the structure of oxygen atoms (averaged over all spher

ical angles) radially outward from each uranium atom. Figure 4.14 displays the RDFs of the three 

complexes studied in this work, along with a comparison to a published simulation of Uoi+.13 The 
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RDFs are in excellent agreement, despite some differences in the fictitious mass, time step, and other 

technical parameters used . 
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Fig ure 4 .14 : Comparison of uranium-oxygen R.DFs for the three trajectories. Results show excellent 
agreement with reference data ('ref ' ) extracted from the published figure in ref 13 using a 
plot digitizer. 14 

The R.DFs are normalized by the number of atoms of each given type in the pair. 134 The first peak 

in Figure 4.14 represents the 'yl ' oxygen atoms which form the uranyl motif in each complex. For all 

three complexes , t he uranyl bond length is around r ~ 1.82 A with a standard deviation of about 

0.03 A. The sharpness of these peaks is indicative of the strength of the U- Oa bond . In the trimer 

complex, two types of U- Oa distances exist, bonded and nonbonded, due to the presence of three 

uranium nuclei. The nonbonded U- Oa distances appear in the bulk regime of the R.DF , around 

r ~ 5.4 A. 

The second set of peaks are due to coordinated oxygen atoms, either from water molecules in 

the Uol+ first solvation shell , or from carbonate ligands in the tris and trimer complexes, labeled 

ob_Both carbonate ligand oxygen atoms and water molecule oxygen atoms appear in the equatorial 

plane of uranium at a distance of between 2.4 and 2.5 A. 

The third set of peaks contains terminal carbonate oxygen atoms (tris , trimer) and water molecules. 

The sharp feature around r ~ 4.2 A is attributed to the terminal carbonate oxygen atoms , labeled 

oc. Note t hat solvent water molecules also appear as part of t his third peak (for the tris and trimer 

complexes), around 4.5 A. The RDF shows no structure around 5.5 A. 

Integration of the RDFs provides oxygen atom counts (see Figure 4.15) . These results are tabulated 

(per shell) in Table 4. 7. Note that atom counts reflect the number of uranium atoms present explicitly 

i .e. the (U02)3(C03)l- , having t hree uranium atoms, has six oxygen atoms , 0\ in the first radial 

13 123shell. Table 4. 7 results for t he uranyl complex are in good agreement with the literature. , A 

43 



4 Results 

40 
ref. 

35 uranyl 

tris 30 
trimer 

25 

0 
~ 

20 
-,? 

15 

10 

5 

0 
2 3 4 5 6 

rA 

Figure 4.15: Comparison of uranium-oxygen pair counts as a function of the U-0 distance , r , for the 
three complexes studied and the literature reference ('ref. ') for the uranyl complex.13 For 
the trimer complex, the count is per U center and must be multiplied by 3 in order to 
match the total oxygen counts per solvent shell of Table 4.7 . 

limitation of the AIMD methodology is that time ranges explored do not , typically, capture events 

such as exchange of solvent molecules between the innermost solvent shells , which are on the order 

of 10-6 s. 13 

Figure 4.16: Snapshot from the production trajectory of the uranyl complex showing a pseudo four 
coordinate equatorial geometry. Large blue, medium red , medium gray, and small white 
spheres are uranium, oxygen, carbon, and hydrogen atoms, respectively. 'Bonds' are drawn 
on the basis of distance , not on a bonding analysis. Other water molecules have been 
removed for clarity. 

142 145There has been some discussion in the literature13 , - on whether a fraction of the uranium 

centers in solutions of uol+may be coordinated by four waters. Computational work144, 145 previ

ously showed that the four coordinate (by water) species are only slightly less energetically favored. 

Although we report a first hydration shell of Uol+of 5, visual inspection of the trajectory reveals 

that a pseudo four coordinate motif is present for a small portions of the production trajectory. 

An example is given in Figure 4.16 . The numerical value of the coordination number of the first 
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hydration shell, around 4.7, suggests that 70% of the time is spent as a 5 coordinate species . This 

is slightly higher than the upper bound of the range (6% to 21 %) previously reported in the exper

imental literature. 142 Note that the aforementioned experimental literature predicts the fraction of 

4 coordinate species in solution while the result from the simulation considers the fraction of time 

spent in a given coordination motif. The latter estimate is limited by simulation time. Even though 

a change in the water coordination may influence the 'yl' 170 chemical shifts (vide infra), it is not 

likely that NMR shifts would reveal the presence of differently hydrated uranium centers more clearly 

than X-ray techniques (results for the uranyl complex estimate a +10 ppm change comparing the 

four coordinate to five coordinate species). 

Table 4. 7: Radial Distribution Function Peak Positions and Oxygen Counts per Shell 

Radial Shell Range (A) Parameter uranyl tris trimer 

1 r < 2.1 Tshell, max 1.82 1.84 1.82 

Nshell 2 2 6 
2 2.1 :Sr< 3.5 Tshell, max 2.42 2.46 2.47 

Nshell 5 6 15 
3 3.5 :Sr< 5.5 Tshell, max 4.52 4.19 4.16 

Nshell 14 13 45 

Visual inspection of the trajectory of the tris complex shows a variety of dynamic motion of the 

carbonate ligands . They exhibit out of equatorial plane torsion, in plane U- Ob bond elongation and 

contraction, and partial dissociation with concerted twisting. Figure 4.17 captures these dynamic 

motions in a single snapshot. The carbonate ligand on the left hand side is both elongated (to 2.51 A) 

and undergoing an out of plane torsion. The carbonate ligand in the back is elongated (to 2.48 A) 

away from the uranium site. The carbonate ligand on the right hand side shows partial dissociation 

(to 2.54 A) and twisting out of the equatorial plane. The standard deviation of the U- Ob distance 

for the tris complex is around 0.08 A. 

Visual inspection of the trajectory of the trimer complex shows dynamic motion primarily for the 

terminal carbonate ligands. Interior carbonate ligands exhibit brief and limited-amplitude torsional 

motion out of the plane formed by the three uranium atoms. Figure 4.18 shows concerted bending of 

the carbonate ligands containing the ca, Oh, and oc atoms. The internal ligands , those containing 

the Cb, o<l, and oe atoms, remain in the plane of the uranium atoms in this snapshot. In general 

they are 'anchored' to the heavy uranium centers. Unlike the tris complex, the motion of terminal 

carbonate ligands in the trimer complex appears to be concerted in its direction above or below 
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Figure 4.17: Snapshot from the production trajectory of the tris complex showing pronounced bending 
of one carbonate ligand (left) and partial dissociation of another ligand (right) , while main
taining an in-plane coordination is maintained with the third ligand (in the background) . 
See the caption of Figure 4.16 for a description of the atom colors. 

the plane of the uranium atoms. The terminal carbonate ligands simultaneously bend in the same 

direction as can be seen in Figure 4.18. The standard deviation of the uranium distance to Oh, o<l, 

and oe atoms is around 0.10 A. 

Figure 4.18: Snapshot from the production trajectory of the trimer complex showing pronounced bend
ing in the carbonate ligand plane of the uranium atoms. See the caption of Figure 4.16 for 
a description of the atom colors. 

The (U02)3(C03)l- complex trajectory features no partial dissociation or twisting of the carbon

ate ligands as observed in the tris complex. These observations are not unexpected because, in 

solution, tris-like units may aggregate and form planar multi-nuclear species that are reminiscent of 

the extended sheetlike structures found in crystals of uranyl carbonates,107 providing a rationale for 

the increased dynamic stability of the trimer complex in comparison to the tris complex. 

Ligand NMR Shifts versus Solvent Count 

As discussed in Section B.1 , 64 NMR chemical shift calculations were used initially to estimate the 

number of explicit solvent molecules needed for NMR chemical shift calculations. These calculations 

provide semi-quantitative information about the dependence of a given chemical shift on explicit 

inclusion of solvent water molecules. The SI contains additional data for the NMR shift dependence 

on the explicit solvent count for atom labels omitted below. It is important to note that, although 

statistical errors are included in the relevant figures , they are not intended for quantitative use. 
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Instead, the figures are used to justify the number of solvent molecules used for the calculations 

underlying the final statistical sampling based on cluster snapshots, in combination with structural 

data presented above. Note that the static col- nuclear shielding data was used as an internal 

reference for these chemical shifts. 

1450 

1400 

~ 1350 
s 
~ 1300 

E1250 

"O 

1200 

1150 

1100 

* 

F igure 4.19: Dependence of c5(Oa) for Uo/+ on the number of nearest water molecules included in 
the NMR calculation. Each bar represents an average over 64 evenly spaced snapshot 
geometries taken from the production CPMD run. Values on the horizontal axis indicate 
the number of explicit water molecules in addition to COSMO for bulk solvent effects. The 
asterisk '* ' calculations omit both COSMO and explicit solvent molecules . 

Intuitively, Uol+ shows the largest dependence on presence of explicit and implicit solvation (see 

Figure 4 .19). This is due to the direct coordination of water molecules to the uranium center. The 

asterisk '*' corresponds to calculations performed at the same level of theory as the '0' calculations 

but omitting implicit solvation (COSMO). These calculations capture only the effect of dynamic 

motion on NMR properties. For uol+, inclusion of implicit solvation (comparing'*' to 'O') shields 

the oa centers, causing a decrease in the chemical shift by about 120 ppm. Including the first 

solvation shell explicitly ('0' to '5' in Figure 4 .19) further decreases the chemical shift by 170 ppm. 

It is clear that for Uol+ the presence of the first solvent shell of water molecules has a large impact 

on the 170 chemical shift. Inclusion of a third solvent shell, however (past 20 nearest neighbor water 

molecules), has little effect on oa for this system. Consequently 20 nearest neighbor water molecules 

were selected for NMR chemical shift and relaxation rate calculations of the uranyl complex. 

The chemical shifts of the tris complex show less dependence on the presence of explicit water 

molecules because its electronic structure is more strongly dominated by the carbonate ligands than 

neighboring solvent molecules. The oa shift shows an incremental increase with increasing (explicit) 

neighboring solvent as part of the cluster. Because solvent molecules appear in the terminal carbonate 

region (see Figure 4.14) , use of only implicit solvation already provides a reasonable description of 
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Figure 4.20: Dependence of c5(0a) for the tris complex on incremental inclusion of explicit solvent 
molecules. For additional details see the caption of Figure 4.19. 

the system. When a small number of solvent molecules are included (e.g. N = 5, 10) the chemical 

shifts are biased due to the lack of uniform solvation. With a larger cluster size, the chemical shifts 

begin to stabilize. 
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F igure 4 .21: Dependence of c5(0c) for the tris complex on incremental inclusion of explicit solvent 
molecules. For additional details see the caption of Figure 4.19. 
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F igure 4 .22: Dependence of c5(Ca) for the tris complex on incremental inclusion of explicit solvent 
molecules. For additional details see the caption of Figure 4.19. 

A similar effect is also observed in Figure 4.21 for the terminal oxygen shifts, oc, in agreement 

with the solvent structure discussed in Section 4.2.2 . Because the first few nearest neighbor water 
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molecules are coordinated via hydrogen bonding to the oa centers, a larger number of water molecules 

is needed to saturate the carbonate ligands. This is also reflected in Figure 4.22 where the convergence 

of the ca shift occurs past N = 25. In order to avoid biasing NMR calculations by including to few 

explicit solvent molecules , 30 nearest neighbor solvent molecules were used in cluster calculations of 

NMR chemical shifts and relaxation rates for the tris complex. 
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Figure 4.23: Dependence of c5(0c) for the trimer complex on incremental inclusion of explicit solvent 
molecules. For additional details see the caption of Figure 4.19. 

Corresponding figures for the dependence of chemical shifts on presence of solvent for the trimer 

complex can be found in the Supporting Information and in Figure 4.23. Chemical shifts of the 

trimer complex show the least influence to presence of solvent. Only terminally located atoms, oc 

and ca, display any trend with regard to cluster size (presence of explicit water solvent molecules). 

For the oc chemical shift (Figure 4.23) , inclusion of implicit solvation (COSMO) increases the shift 

by 15 ppm to within the range observed when including ca. 50 explicit solvent molecules. Given the 

larger size of the trimer complex and the trends for oc and ca, 50 explicit water molecules were used 

for NMR chemical shift and relaxation rate calculations. 

Chemical Shift Trends 

Table 4.8 gives the calculated ligand NMR chemical shifts and standard errors in parentheses for 

all three complexes. Functional (PW91 versus B1PW91) and scalar (SR) versus spin-orbit (SO) 

relativistic corrections denote the level of theory used. Experimental ranges are given in the 'exptl.' 

column. The 'PW91 / SR' column contains the averaged results from cluster calculations taken from 

the production portion of each complex's trajectory. The final three columns give estimated chemical 

shifts where a hybrid functional and / or spin-orbit correction is applied as explained in Section B.1. 
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These estimates are used for semi-quantitative arguments and therefore separate error estimates are 

not given. 

Variations in the experimental data are due to measurements at different temperatures, solution 

composition, and acidity. Considering the tris complex, Strom et al. 97 report a ca shift at 27 

°C, 8.98 pH of 168.86 ppm, Banyai et al. 106 report a ca shift at O °C, 8.6 pH of 170.1 ppm, and 

Allen et al. 95 report a ca shift at O °C, 7.92 pH of about 165.8 ppm. It is important to note that 

pH is the primary mechanism used to form dimers and trimers of the UO2(CO3h 4
- complex97 (i.e. 

the (UO2h(CO3)l- complex is formed by decreasing pH, and predominates below about 6.5 pH95 ). 

Additionally, the primary factor for the broad ranges seen in the carbonate region (1 70 NMR) has 

been attributed to carbonate ligand exchange with free carbonate (or bicarbonate) in solution.95 

Table 4.8: Mean NMR Chemical Shifts from Trajectory Snapshotsa 

complex atom exptl. PW91 / SR PW91 / SO B1PW91 / SR B1PW91 / SO 

uranyl oa 1117- 1121b,c,f 1079(2) 1100 1320 1320 
tris oa 1098b 1000(3) 1050 1190 1220 

Ob 178- 250b,d 307(1) 290 270 270 
oc 178- 250b,d 208(1) 210 220 220 
ca l64.8- l 70.5b,d,e ,g 172.4(2) 174 177 176 

trimer oa 1105b 1008(3) 1020 1230 1250 
Ob 178- 250b,d 312(7) 300 260 260 
oc 178- 250b,d 275(2) 280 270 280 
Od ca. 215d 285(2) 280 260 260 
oe ca. 215d 290(3) 290 250 250 
ca 164.9- 170.1 b,d ,g 173.5(< 1) 176 178 177 
Cb 166.2- 171.4b,d,g 173.8(1) 175 180 179 

aAll values are given in ppm. Abbreviations: SR = scalar relativistic. SO = spin-orbit (including 
scalar effects) . Average results from cluster snapshots of trajectories are given in the 'PW91 / SR' 
column (with standard errors , in the last significant digit , in parentheses). Estimates for chemical 

shifts computed with higher levels of theory are given in the final three columns. Estimates are 
based on corrections to PW91 / SR obtained as explained in Section B.1. bRef. 95 . cRefs. 100, 101. 

dRef. 106. eRefs . 97, 98, 104. fRef. 93. 9Ref. 105 . 

The trend in the oa chemical shifts , across the complexes , matches that of the experimental 

literature. The free uranyl has the largest shift while the tris complex has the smallest and the 

trimer complex falls in between. In the worst case (tris), PW91 / SR is off the experimental range by 

about 100 ppm. Inclusion of SO corrections improve this chemical shift. The hybrid functional and 

both corrections applied together overestimate the chemical shift. Given the known challenges146 of 

modeling magnetic resonance properties and the approximate (due to computational feasibility) level 

of theory, there is reasonable agreement with experiment. 
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For the trimer complex, the trend of a larger Cb in comparison to ca (bridging versus termi

nal carbonate ligands) chemical shift is reproduced by the simulation (in the PW91 / SR column). 

The chemical environments of the carbon centers are very similar and the uncertainties reflect this 

in Table 4.8. The typical accuracy of DFT calculations for carbon chemical shifts with standard 

functionals is around 5 ppm, therefore , care must be taken in interpreting these results. 

For this complex, experiment reports , for example, Cb at 171.42 ppm and ca at 170.10 ppm (25 

°C , 6.1 pH) 106 a difference of about 1.3 ppm. Although the trend in the theoretical calculation 

matches that of experiment , the difference between the chemical shifts of ca and Cb is predicted to 

be smaller than is observed in the aforementioned study and other experimental data in the literature 

(1.1 ppm95) when the PW91 / SR results are considered. Inclusion of only SO effects further improves 

the difference (PW91 / SO) , but inclusion of SO and hybrid corrections overestimates this difference. 

Although it is pleasing that the ca shift is calculated to be lower than Cb, the result may be 

fortuitous. The observed shift difference has been attributed to the fact that the terminal carbonate 

ligand (the ligand containing ca) undergoes exchange with free carbonate in solution on the NMR 

timescale.95 ' 106 Ligand exchange is expected to lower the observed value of the ca shift. The rapid 

speciation105 of multimeric uranyl carbonate species is also difficult to separate in solution and it is 

possible that experimental signals reflect a mixture of species. None of these effects are captured in 

the simulations performed in this work. 

Chemical shift values for ob through oe have not been resolved experimentally. 106 Experimental 

ranges given in Table 4.8 reflect best estimates. The broadness of this region has been attributed 

to the aforementioned ligand exchange processes as well as quadrupolar relaxation.95, 106 For the 

tris complex, the decreasing chemical shift between ob and o c is in agreement with literature pre

dictions. 71 Although the PW91 / SR level of theory overestimates the value of the carbonate oxygen 

chemical shifts , inclusion of spin-orbit relativistic corrections as well as use of a hybrid functional , 

improves the predicted chemical shifts close to the experimental ranges. 

In both the tris and trimer complexes , the Ob shift is larger than the oc shift , in the PW91 / SR 

calculations. Relative to the free carbonate 170 chemical shift (192 ppm) , both ob and o c chemical 

shifts are observed at higher frequency meaning that these nuclei are less shielded. This effect may be 

the result of the large positive charges associated with the uranium nuclei , which cause delocalization 

of electron density away from carbonate ligands. In the B1PW91 calculations the ob vs. o c trend is 
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reversed. Shifts for the interior carbonate oxygen atoms, Od and oe are close to those of Ob and oc. 

The o<l and oe chemical shifts differ slightly in most of the calculations, likely because the oe center 

maintains a formally three coordinate environment (two different U atoms and one Cb atom, Figure 

4.13). 
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F igure 4 .24: Dependence of c5(Oa) on U- Oa bond length performed at the ADF PW91 / SR plus COSMO 
level of theory on UO2 (OH2k For each data point, the U- Oa bond length was constrained 
while the rest of the system was allowed to structurally relax. A least squares linear 
regression reports a 0 .997 correlation coefficient with a rate of change of the chemical shift 
of about 260 ppm per 0.1 A. 

When considering improvements from a hybrid functional and/or SO corrections it is critical to 

note that the chemical shifts of solvated uranyl (and uranyl carbonate) complexes exhibit in some 

cases a strong dependence on the structural parameters of the analyte. Figure 4.24 shows the effect 

of varying the u - oa bond length on the oa chemical shift for the UO2(OH2h motif. Each data 

point represents an optimized structure save for a constraint on the U- Oa bond length. The rate of 

change of the of the oa chemical shift is 260 ppm per 0.1 A in nearly exact agreement with a previous 

estimate. 71 The equilibrium distance is estimated to be around 1.78 A with an oa shift of about 

1000 ppm. The RDF peak in Table 4.7 is at a somewhat larger distance, likely due to a combination 

of the pseudopotential/plane wave basis123 versus the all-electron basis and relativistic Hamiltonian 

used to generate the data for Figure 4.24. 

Figure 4.25 shows similar effects on the oa shift from the dynamics trajectory of Uol+ (similar 

figures can be found in the Supporting Information for other complexes/structural properties). Due 

to limited sampling, all least squares linear regression analyses performed are used to only guide 

the eye and generate a semi-quantitative estimate of the effect of structure on variations in specific 

chemical shifts. While not a strong correlation, Figure 4.25 reinforces the idea that the oa chemical 

shift is particularly sensitive to the U- Oa bond length. As this bond length increases , the oa shift 
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Figure 4.25: Correlation between U-Oa bond length and c5(Oa) for the uranyl complex dynamics (ADF 
PW91 / SR) . The least-squares linear regression analysis is a guide for the eye only. The 
estimate for the rate of change of the chemical shift is 140 ppm per 0.1 A. 

is estimated to increase by about 140 ppm per 0.1 A, based on the regression data. The reduction 

in this value has a wide error margin (given the low correlation coefficient). 

The effect of SO coupling is observed to be pronounced on the oa chemical shift when using a 

nonhybrid functional (Table 4.8, comparing the PW91 / SR and PW91 / SO columns). For all three 

complexes a positive contribution to the chemical shift is observed. These trends are in reasonable 

agreement with previous static DFT calculations for these and the other chemical shifts of the tris 

complex. 71 For uranyl , the SO correction results in an improvement of the oa chemical shift by 

about 20 ppm when it is added to the PW91 / SR CPMD mean shift. Because of the elongation of 

bond lengths when using the PW91 functional (compared to experimental data), the chemical shifts 

at the PW91 / SR level of theory are fortuitously close to the experimentally reported shifts. The 

corrections from the hybrid functional for the oa shift are close to 200 ppm, which would need to be 

countered by a reduction in the shift from improved structures. 

The terminal versus bridging 13C shifts in the trimer complex match closely with the upper range 

of the experimental data, when SO corrections are applied. This indicates that SO coupling is likely 

a contributing factor to the difference in chemical shifts of ca and ct, in addition to ligand dynamics 

(and the postulated effects from ligand exchange as discussed above) . For some well studied small 

molecular systems where light atoms are directly bonded to heavy halides69 or heavy transition-metal 

complexes are covalently bonded to light ligand atoms ,136 the SO correction tends to increase the 

light atom's chemical shift. 147 However , the sign of the shift depends on the bonding pattern and 

other factors. 148 For example, both Ob and Od atoms in the equatorial plane of the uranium centers 
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(of the trimer complex) exhibit small but negative SO corrections to their respective chemical shifts 

(PW91). It is known that SO effects on uranium ligand atoms can be extremely large149,150 if the 

bonding is strongly covalent and if the bonding hybrid orbitals on the ligand atom have a large 

s character. The small SO corrections obtained in this work indicate a combination of relatively 

weak covalent interactions of uranium with the equatorial ligands and low s character of the oxygen 

orbitals involved in the bonding. 

When a hybrid functional is used , Table 4.8 shows that the SO correction term contributes less 

(compared to SR) to the computed chemical shift. When only the SR results are considered , the use 

of a hybrid functional appears to improve the quality of the carbonate oxygen chemical shifts ( Ob 

through Oe) to within the experimentally observed range. The experimental carbonate oxygen range 

of values is reproduced well in the hybrid and SO corrected chemical shifts. It is also interesting to 

note that when the SO plus hybrid correction is applied , the difference in the chemical shifts between 

ca and Cb in the trimer complex increases to about 2 ppm, now overestimating the experimentally 

observed difference. Despite overestimation of bond distances by the nonhybrid functional used in 

the CPMD simulations, the combined CPMD/NMR set of calculations are seen to model the trends 

of the NMR ligand chemical shifts among the complexes quite well. 

Relaxation Rate Estimates 

As proposed in the literature95 ' 106 the quadrupolar NMR relaxation process is thought to contribute 

to the broadening seen in the carbonate 170 chemical shifts (Ob - oe). Quadrupolar relaxation rates 

were computed over the same 256 snapshots taken from each complex's production trajectory (the 

same snapshots that were used for NMR chemical shifts). 

In the small correlation time region, T < 10-10 s , common for small and medium sized molecules 

in low-viscosity solutions , the spin-lattice relaxation rate l/T1 is proportional to the electric field 

gradient (EFG) autocorrelation time T. A small correlation time corresponds to rapid molecular 

motion and a fast averaging of local fields around the nucleus, which results in ineffective relaxation 

(small relaxation rates). Since, in the fast motion limit combined with long sampling times, rotational 

anisotropy in the electric field gradient will be averaged out ,151,152 1/T1 and 1/T2 should become 

equal. 

In the calculations performed , finite sampling causes the two relaxation rates to be somewhat 
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different. Their average is denoted as 1/Tiso· Table 4.9 collects the isotropic relaxation rate 1/11so, 

the correlation time T , and the sum of the variances in the EFG tensor components , (v (0) 2
). The 

data labels 'full' are for the fully solvated MD snapshots , while the 'COSMO' and 'bare' sets are 

without explicit solvation and without any solvation, respectively. A complete listing of individual 

atom relaxation rate data can be found in the Supporting Information. Due to the fact that only 

a single trajectory was used in each case for the relaxation rate evaluation, the data presented in 

Table 4.9 are used to elucidate qualitative trends only. We note , though, that NMR chemical shifts 

in transition metal complexes have been found to converge relatively quickly in MD simulations,60 

even with much smaller numbers of snapshots as used herein for the averaging. 

The NMR line width at half height , ,0.v1; 2, can be determined by dividing l/T2 by 1r. In the 

context of the above approximation, the peak widths are estimated by dividing the isotropic rate by 

1r. A large relaxation rate corresponds to a broad NMR signal. A short correlation time implies fast 

nuclear motion that rapidly averages the local fields around the nucleus. This leads to ineffective 

relaxation and a sharp NMR signal. A large correlation time, on the other hand, leads to large 

relaxation rates and broadened NMR signals. Similarly, a large EFG variance, implies a broad NMR 

signal. 153 In the following discussion, the autocorrelation function of the EFG is abbreviated ACF. 

An example can be found in the Supporting Information. 

The 'full' data set in Table 4.9, which is computed on the same snapshots used in NMR calcula

tions (Section 4.2.2), gives qualitative estimates for quadrupolar relaxation rate data from dynamics. 

We emphasize that quantitatively accurate results require data from as many snapshots as possible 

(possibly several thousand152 ) and multiple independent trajectories. Further improvements may 

also be obtained by using a hybrid functional for the ACF calculations. The experimentally observed 

101 106peak width for oa (for all three complexes) is small, around 6 Hz.95, , This is in qualitative 

agreement with simulation results. The carbonate ligand oxygen atom peak widths are are much 

larger than for 0\ but are below the experimental ranges. Because of the emphasis in the literature 

on ligand exchange events (not captured herein) , it is likely that an accurate prediction of carbonate 

peak widths requires time scales not accessible by CPMD. However, in conjunction with the chemical 

shift data of Table 4.8 , the broad signal , observed experimentally, are likely due to multiple overlap

ping broadened peaks, giving rise to an apparent broadening that is larger than those determined for 

the individual oxygen atoms in the ligands. Given that the dynamic behavior and properties were 
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Table 4.9: 170 NMR Relaxation Rate Data for Three Modelsa 

uranyl tris trimer 
oa oa Ob oc oa Ob oc 0d oeModel 

bare b 1/ Tlso 29 5 452 740 < 1 25 36 20 24 
T 16.2 10.8 11.8 12 .2 0.9 0.7 0.6 0.6 0.8 

2(v (0) ) < 0.1 < 0.1 1.8 2.9 < 0.1 1.8 2.8 1.7 1.4 

COSMO C 1/ Tlso 3 2 456 726 < 1 83 116 94 117 
T 16.0 8.7 11 .8 12.2 2.5 2.3 2.1 2.6 3.8 

(v(o)2 
) < 0.1 < 0.1 1.8 2.8 < 0.1 1.7 2.7 1.8 1.4 

full d 1/ Tlso 2.1 5 451 673 1 195 256 193 150 
T 1.0 7.9 11 .7 12 .1 0.7 5.3 4.5 5.6 4.9 

(v (0)2) < 0.1 < 0.1 1.8 2.6 < 0.1 1.8 2.8 1.7 1.4 

~v1; 2 (Hz) ' full'd <1 2 144 214 < 1 62 81 61 48 
Exptl.e 6 6 400- 1000 6 400- 2000 

1 a Relaxation rates in s- , correlation times T in ps, and \ V (0) 2 
) in atomic units . Quadrupolar 

relaxation rate results computed following the prescription in ref 152 using the same 256 snapshot 
geometries of each complex's production trajectory used for the NMR chemical shift calculations . 
b'bare ' analyte complexes without implicit or explicit solvation. c 'bare ' analyte complexes with 

COSMO only (implicit solvation). d Cluster snapshots from dynamics trajectories. eRefs. 
95 , 101 , 106. 

calculated from first principles in our study, without any estimates about the associated correlation 

times and EFG fluctuations , these preliminary results are very encouraging and invite further in

vestigation. For instance, the chemical shift tensors , especially for oa, are strongly anisotropic (see 

SI), which may cause additional broadening, along with dipolar coupling. However , the quadrupolar 

relaxation is expected to be dominant. 154 

The 'bare' and 'COSMO' sets of data in Table 4.9 show, relative to the 'full ' set , the influence of 

the explicit water molecules on the relaxation rates. Without explicit solvent molecules, the EFG 

ACFs are determined only by the motion of the atoms in the complexes. For the tris complex, 

the presence of the water molecules does not have a strong impact on the relaxation rates. This 

is consistent with the observation in Section 4.2.2 that the carbonate ligands undergo substantial 

dynamic motion. Further, additional water molecules do not appear to cause more fluctuations in 

the electric fields around nuclei , and thus have very little effect on the EFG. For the trimer complex, 

the solvent is seen to increase the relaxation rates in the carbonate ligands, via an increase in the 

correlation times. The increase in the correlation time could be caused by bending motions of the 

complexes dragging solvent molecules along in a concerted fashion , leading to a slowly decorrelating 

EFG. For the oa nuclei of uranyl, the presence of water causes a relatively strong decrease of the 
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relaxation rate . In particular the presence of explicit water molecules leads to a faster averaging of 

the local fields around the oa nuclei , causing the relaxation mechanism to be less effective. It is 

likely that the water molecules most responsible for these effects are not only the ones coordinating 

the oa centers but also the ones coordinating the uranium center, with concomitant effects on the 

oa EFG via the U-0a bonds, since otherwise a similar effect should be seen for the tris and trimer 

complexes . 

4.2.3 Conclusions 

This work characterizes the solute-solvent structure and nuclear magnetic resonance properties of a 

series of related actinide complexes, Uoi+ (uranyl) , U02(C03h 4
- (tris), and (U02h(C03)l- (trimer) . 

113 115 117 118 120 By extending established13 , llO, lll , - , , , - 124 ab initio molecular dynamics simulation pro

tocols to actinide carbonate complexes, and coupling it with a high-throughput nuclear magnetic 

resonance (NMR) analysis framework , this study shows the tractability of predicting reasonably 

accurate structural and spectroscopic properties from physically meaningful simulations. Realis

tic dynamic models are an important step in the direction of predictive theoretical capabilities for 

complex systems . 

Dynamics of the uoi+ complex confirm the uranyl motif 's 5-fold coordination observed in previous 

simulations. Water (solvent) exchange between the inner solvent shells is not observed due to the time 

scales sampled . Despite differences in technical parameters for uranyl , the U-0 radial distribution 

functions (RDFs) and other structural results are in excellent agreement with the literature.13 The 

U-0 RDFs of the U02(C03h4
- and (U02h(C03)l- complexes exhibit expected differences. The 

presence of carbonate oxygen atoms appear at distances comparable to the first and second solvent 

shell of Uoi+ . The 0-0 RDFs (see the SI) show structuring similar to that of pure water. Analyte 

complexes of this size are well solvated by the 64 water molecules used for the dynamics. 

NMR chemical shifts computed from snapshots along the CPMD trajectory of each complex provide 

good accuracy with respect to experiment , reproducing the experimental trend in the oa chemical 

shift between the t hree complexes . Results for carbonate ligand 170 chemical shifts are overestimated 

at the nonhybrid , scalar relativistic level of theory; use of a hybrid functional and spin-orbit coupling 

improves t heir accuracy close to within t he experimental range. The small experimental difference 

between the unique 13C chemical shifts of the (U02h(C03)l- is reproduced by the calculations and 
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amplified by SO effects. An analysis of the effect of the U-oabond length on the oa chemical shift 

estimates a rate of change of about 260 ppm per 0.1 A for the penta-aquo complex are included and 

closer to 140 ppm per 0.1 A in the CPMD simulation. 

A comparison of three models for NMR relaxation rate calculations shows that the presence of 

explicit water can have unintuitive effects on the 170 relaxation. In agreement with experimental 

data , the carbonate oxygen NMR signals are much more broadened by the quadrupolar interaction 

than the oa signals . However, the relaxation rates calculated for the individual carbonate oxygen 

atoms are significantly lower than the lower bound of the experimental line width estimates. Among 

the possible reasons responsible for this underestimation are (i) that the chemical shift range of the 

carbonate oxygen atoms causes a larger apparent broadening in the experiments, and (ii) that ligand 

exchange events , which are not modeled in the time scales of our simulations , cause a much stronger 

broadening. For the oa centers , t he chemical shift tensor anisotropy may also cause additional 

broadening. We plan to investigate this mechanism in a follow-up study. 
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4.3 Molecular Dynamics and Rh-C ]-Coupling Constants of a Transitory 

Dirhodium-Carbene Complex 

4.3.1 Synopsis 

Electrophilic carbene compounds are highly reactive155 and efforts have been made to control such 

157 reactions using transition metal catalysis. 156 , Di-rhodium complexes have had success as catalysts 

for functionalization of arenes and olefins, among other carbon activation reactions. 158 Insight into 

the reaction mechanisms can be obtained by isolating intermediates along the course of a reaction. 

Metal-carbene complexes (called carbenoids) are difficult to observe, however, due to their instability 

and short life times. 159 For example, the metastable Rhrcarbenoid intermediate thought to form in 

reactions catalyzed with Rh2( OAc)4 have been elusive for decades, 160 and its direct observation was 

reported only recently. 161 

Figure 4.26: The di-Rh carbenoid complex studied in this work. In experiment the acetate ligands are 
(instead) triphenylacetate ligands. The Ph3C- groups were replaced by methyl groups in 
the simulations for computational tractability. 

Figure 4 .26 shows a schematic representation of the metastable carbenoid that was spectroscop

ically characterized. 161 Nuclear magnetic resonance (NMR) parameters including the 13C chemical 

shift of the carbene carbon (240 ppm) and the 1J(103Rh-13C) coupling constant (27.3 Hz) between 

this carbon and the proximal Rh atom (labeled throughout this work as 1Rh) were obtained exper

imentally. These NMR parameters and are consistent with the electronic environment of a carbene 

carbon and the presence of covalent bonding between Rh and the carbon in question. The small value 

of 1J (Rh- C) is due to the small magnetic moment of 103Rh and made it difficult to resolve in the 

experiment. The observed J-coupling corresponds to a reduced coupling constant of 286 • 1019 T 2 /J, 

which is by no means small and indicates strong covalency between Rh and the carbene. Kohn-Sham 

(KS) calculations for a model complex in which the bulky Ph3C groups were replaced with methyl 

with different functionals and at different levels of treating relativistic effects gave 26 - 29 Hz for 
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1J(Rh-C) , with a negative sign due to the negative gyromagnetic ratio of 103Rh, and 218 - 270 

ppm for the carbon chemical shift. The sign of 1J(Rh-C) could not be obtained from the NMR 

experiments but it is expected to be negative. The calculations are therefore in strong support of 

the assigned structure of the intermediate. 

The detection limit of the two-bond 2 J(Rh-C) coupling constant between the carbene carbon 

and the distal Rh atom (labeled throughout as 2Rh) was estimated in Reference 161 to be in the 

5 Hz. 161range of 4 - The previous KS calculations, however , gave between 10.0 and 13.3 Hz for 

the two-bond coupling and therefore it should have been easily observable. The large magnitude of 

2 J(Rh-C) , relative to 1 J(Rh-C) , is not untypical for indirect spin-spin coupling along metal-metal 

bonds. 162 It was speculated in Reference 161 that an axial coordination by the solvent , CD2Cl2 , 

could be responsible for a lowering of 2 J (Rh-C) below the detection limit, but this hypothesis was 

not verified. 

The purpose of this study was to learn whether a more complex model is able to produce the 

2 J (Rh-C) coupling small enough such that it is within the estimated detection limits, and without 

severely deteriorating the calculated 1 J (Rh-C) and the carbene chemical shift 6(C). Toward this 

end , a combination of ab-initio molecular dynamics (AIMD) and relativistic KS calculations of NMR 

163 parameters on solute-solvent clusters along the MD trajectory was employed_ 10, 39 , The main result 

of the present study is that the dynamics-based computational model is indeed consistent with static 

calculations on optimized structures for 1J(Rh-C) and b(C) , while 2 J(Rh-C) in the dynamic model 

is below 5 Hz. 

4.3.2 Results and Discussion 

4.3.3 NMR Data 

The results from the MD-based NMR calculations are provided in Table 4.10 along with results 

from static computational models and experimental data. The static calculations are in agreement 

with the previous computations reported in Reference 161. A full listing of the tested static models 

tested can be found in Tables C.1 and C.2 in the Supporting Information. An important take-away 

from the static models is that the replacement of the Rh2 triphenyl-acetate ligands by acetate in the 

dynamic model has only a very small effect on the calculated NMR parameters. 
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2 J(Rh- C) shows some sensitivity to the functional used in t he NMR calculations . In comparison 

(Table C .1) , the 1 J (Rh- C) coupling constant is much less affected by the choice of the functional , 

percentage-wise, with the PBE0 hybrid functional producing an MD-averaged result that is close to 

the PBE0 calculations at the upper end of the range of the static values. The carbene 13C chemical 

shift is very sensitive to the fraction of exact exchange ( eX) in the functional, with PBE0 (25% eX) 

overestimating and PBE (0% eX) underestimating the value with respect to experiment based on the 

static model data. T he scalar relativistic (SR) dynamic average calculated with PBE0 is 293.0(9) , 

which coincides with the SR PBE0 results at the upper end of the predicted shift range in the static 

calculations. 

The carbene carbon shift has also been shown161 to decrease by about 30 ppm in static hybrid DFT 

NMR calculations when spin-orbit (SO) effects are included. In order to account for SO effects on 

8(C) in our dynamic model, seven cluster snapshots along t he MD trajectory were used to correlate 

SO to scalar (SR) chemical shifts . As shown in Figure D.1 in the SI, the SO corrections on 8(C) 

increase with the magnitude of the corresponding SR shift. The scatter in a second order regression 

model (r = 0.85, see Section C.5 indicates that the MD average for 8(C) should ideally be based 

on a full trajectory average at t he SO level. Due to the involved computational effort , however, the 

use of t he regression model to estimate 8(C) was deemed appropriate. T he SO-corrected carbene 

carbon shift in Table 4 .10 agrees acceptably well with the experiment . We chose the PBE0 functional 

55 73because it is known to perform quite well for NMR calculations. , Given the increasing calculated 

8(C) from PBE to PBE0 trend, however , it is likely t hat for t he Rh2-carbenoid a hybrid functional 

with less eX, such as the popular B3LYP (20%) , would produce 8(C) even closer to the experiment. 

Table 4.10: NMR Parameters.a 

1 J(Rh-C) 2 J(Rh-C) 8(C) 

Dynamicb 30.4(2) 4.8(3) 293.0(9) 
Dynamicc 30.9(1) 4.8(3) 249(1) 
Staticd 27.5-29.6 9.6-13.0 233-303 
Expt.e 27.3 < 5! 240 

a 8(C) in ppm is for t he carbene carbon. Un-signed J-coupling constants for 103Rh and 13C in Hz. 
Standard errors for the MD averages , rounded to the last digit of precision, are given in 

parentheses. Scalar ZORA PBE0 calculations of NMR parameters. b Scalar ZORA PBE0 
calculations of NMR parameters. c Spin-orbit ZORA corrected NMR parameters. d Static results 

with PBE and PBE0 functional and different ligand basis sets . See Supporting Information, 
Table C .1 and C.2. e Experimental data from Reference 161. f Estimate of the upper limit based 

on the fact that 2 J was not resolved experimentally. 
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For the purpose of the present study it is more important that the dynamic model gives a SR carbene 

carbon shift that is very similar to the corresponding static model. 

Likewise, the 1J(Rh- C) coupling from the dynamic model is very close to the static model. The 

dynamic average obtained with PBE0 is only slightly above the static PBE0 values , which are at the 

upper end of the static range given in Table 4.10. The statistical accuracy is of the order of a few 

tenths of Hz for the J-coupling constants and determined by the number of MD configurations used 

for the dynamic averages and the variance of the data. The accuracy of 1J(Rh- C) with respect to 

experiment is within a few Hz. J-coupling constants involving a light ligand atom and a heavy metal 

were previously shown to have a median relative deviation from experiment of about 13%73 (ZORA 

PBE0) , and our dynamic result agrees with the experiment well within this margin. Consistent 

with relativistic calculations for many other one-bond J-couplings between a heavy metal and a 

light ligand ,69 the SO effects on 1J(Rh- C) can be neglected at the level of accuracy of the adopted 

electronic structure model. 73 

Additionally, this shift has been shown161 to decrease by about 30 ppm when spin-orbit (SO) effects 

are included (in conjunction with use of a hybrid functional). In order to account for SO effects, 

seven cluster snapshots were used to correlated SO to scalar (SR) chemical shifts. A second order 

correlation model achieved a regression coefficient of 0.875 and was deemed appropriate. This model 

(see Section C.5) was then used to estimate the SO corrected chemical shift from the SR results and 

is reflected in the value show in Table 4.10. Without inclusion of SO effects , the carbene chemical 

shift is 293.0(9) where the value in parentheses indicates the standard error (rounded to the final 

digit of precision). 

Likewise, the 1J(Rh- C) coupling from the dynamic model is very close to the static model. The 

dynamic average obtained with PBE0 is only slightly above the static PBE0 values , which are at the 

upper end of the static range given in Table 4.10. The statistical accuracy is of the order of a few 

tenths of Hz for the J-coupling constants and determined by the number of MD configurations used 

for the dynamic averages and the variance of the data. The accuracy of 1J(Rh- C) with respect to 

experiment is within a few Hz. J-coupling constants involving a light ligand atom and a heavy metal 

were previously shown to have a median relative deviation from experiment of about 13%73 (ZORA 

PBE0) , and our dynamic result agrees with the experiment within this margin. 

In terms of relative (percent) change, the dynamic model has a large impact only on 2 J (Rh- C). 
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In terms of a smaller value, the calculations benefit from the use of the PBE0 hybrid functional , as 

it produces the couplings at the lower end of the reported static range. The J-coupling calculations 

reported in Reference 161 were based on the PBE non-hybrid functional, and therefore 2 J(Rh-C) 

was inflated even though 1 J(Rh-C) was in excellent agreement with the experiment . However, even 

with the hybrid functional calculations, 2 J(Rh-C) is a factor of 2 too large in the static models. The 

dynamic model , on the other hand, produces a 2 J(Rh- C) that is at or below the estimated detection 

limit for the experiments. The dynamic calculations therefore confirm our main hypothesis , namely 

that 2 J (Rh-C) is considerably smaller than originally predicted, and they resolve the discrepancy 

between the calculations and observations noted in Reference 161. 

The remainder of this section is concerned with the origin of the reduction of 2 J(Rh-C) in the 

dynamic relative to the static model. For reasons of computational expense, t he relevant data are 

based on the scalar relativistic NMR data generated from the MD trajectory configurations. 

4.3.4 Structural Analysis 

In Table 4.11 a comparison is made between the reported crystal structure and the static model, 

and the reported condensed phase structure and the dynamic model. Ranges are given for the static 

model because different functional and basis set combinations were considered (see Section C.1 in 

the Supporting Information). Extended X-ray absorption fine structure (EXAFS) spectroscopy was 

used to investigate the structures experimentally.161 

Table 4.11: Mean Structural Parameters.a 

Expt.b Static Expt.c Dynamic 

R(Rh-Rh) 2.3708(5) 2.421-2.457 2.434(2) 2.453(3) 

R(Rh-O) 2.033(3) 2.010-2.066 2.063(3) 

Ravg(Rh-C/ O) 2.05(1) 2.037(2) 2.057(8) 

L(Rh-Rh-C) 179(1) 175.0(2) 

aDistances are given in A and angles in degrees. Standard errors , rounded to the last digit of 
precision , is given in parentheses. Individual static results can be found in Tables C.1 and C.2 in 

the Supporting Information. Note that an average Rh to C and O distance is given for comparison 
with in situ EXAFS experimental data. bEXAFS crystal structure of catalyst coordinated axially to 

161 161two CH2Cl2 ligands. ccondensed phase EXAFS of catalyst-carbene complex. 

The Rh-Rh bond length is in reasonable agreement with the static model range and slightly (0 .02 

A) elongated compared with condensed phase EXAFS data. Similarly, the Rh-O bond length is in 

agreement with the static model and also elongated compared to the crystal structure. Consequently, 
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the average Rh-C/ O interatomic distance is also slightly longer than experimentally observed (about 

0.01 A). 

The angle in the Rh-Rh-C moiety is in the dynamics , on average, at a 5° deviation from the 

linear structure adopted in the static models. Although the standard error in the mean angle is a 

few tenths of a degree , the square root of the variance is about ±7°. The range of motion is nearly 

uniform throughout the duration of the dynamical simulation. 

Unlike in the experimentally reported crystal structure, dichloromethane solvent molecules do 

not appear to coordinate directly to the Rh but rather to the acetate ligand O atoms. In the 

computational model , the presence of dichloromethane solvent molecules that are weakly coordinated 

to acetate ligands of the catalyst can be observed throughout the simulation. Steric hindrance 

between the methoxyphenyl group of the carbene ligand and dichloromethane, coordinated to an 

oxygen atom of an acetate ligand of the catalyst, causes the carbene ligand to bend away from the 

Rh- Rh axis (see Section C.2 in the Supporting Information). 
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F igure 4 .27: Radial Rh- C pair correlation function (C atoms of dichloromethane only). 

The Rh-C pair correlation function (for dichloromethane C atoms only) obtained from the dynam

ics is given in Figure 4.27. The first bimodal peak, below about 5 A, corresponds to the immediate 

dichloromethane solvent molecules in the vicinity of the rhodium catalyst. As noted above, visual 

inspection shows these solvent molecules to be coordinated to the O atoms of the acetate ligands of 

the catalyst. The integration of the pair correlation function (normalized by the number of atoms 

types and their count) shows a total of around four distinct solvent molecules in this regime. Again, 
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by visual inspection, two of these four solvent molecules coordinate to opposing O atoms coordinated 

to the 1Rh atom while t he remaining two solvent molecules have the same motif but with respect to 

the 2Rh atom. 
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Fig ure 4 .28 : Radial 0 -H pair correlation function considering O atoms of the catalyst ligands and H 
atoms of the dichloromethane solvent only. 

The pair correlation function between O atoms of t he catalyst and H atoms of the dichloromethane 

solvent given in Figure 4.28. T he broad peak between about 2 and 3 A corresponds to the coordination 

distance between acetic O atoms and H atoms of the nearest neighbor dichloromethane solvent 

molecules. While this peak integrates ( upon normalization as described above) to around four solvent 

molecules, the subsequent broad shell (extending to about 6 A) contains a much less structured, 

continuous gradient of solvent molecules . Because the coordination motif does not suggest direct 

coordination by the solvent to the 2Rh center and the absence of strong secondary solvent structure, it 

is expected that the presence of explicit solvent can only weakly be correlated to the NMR parameters. 

4.3.5 Localized Orbital Analysis 

The effect of bending on t he electronic structure of the Rh- Rh- C unit was investigated via NBO 

analysis .164 This method attempts to localize molecular orbitals into a chemist's Lewis-like picture. 

Figures 4.29 and 4.30 show isosurfaces of two selected NLMOs, namely the u and 1r bonding orbitals 

between 1Rh and carbon, for two selected snapshots from the trajectory in which the Rh- Rh- C 

moiety is linear (180°) and bent (168°) , respectively. In the case of the u bonding NLMO , pronounced 
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delocalization tails are visible on the distal Rh. That is, the electron delocalization in the Rh-Rh 

fragment causes a 3-center-2-electron u bond involving the carbene carbon. 

Figure 4.29: NLMO isosurfaces (±0.03) for the linear snapshot. The left figure is the a-like molecular 
orbital while the right is the K-like molecular orbital. Solvent molecules were removed for 
clarity. Carbon, oxygen, rhodium, and hydrogen are colored gray, red, yellow, and white, 
respectively. 

Figure 4.30: NLMO isosurfaces (±0.03) for the bent snapshot. The left figure is the a-like molecular 
orbital while the right is the K-like molecular orbital. Solvent molecules were removed for 
clarity. Carbon, oxygen, rhodium, and hydrogen are colored gray, red, yellow, and white, 
respectively. 

We initially suspected that the bending of the Rh-Rh-C moiety during the course of the simulation 

would diminish the 3-center character of the Rh-C u bond, which would be a likely reason for the 

smaller 2 J(Rh-C). However, this assumption is not confirmed by the data. Both the u-like and 1r-like 

NLMOs are visually almost identical comparing the linear and bent configurations. A decomposition 

of these NLMOs in terms of weight-percent contributions from atomic orbitals , and their composition 

in terms of s / p / d (in parentheses) can be found in Table 4.12 . 

The u-bonding NLMO has a one-center 'parent' NBO, i.e. a u lone pair on the carbene carbon. 

The low weight of the parent NBO in the NLMO (less than 70%) and its low occupation (1.4 and 1.2, 

respectively, for the linear and bent structure) indicates that this lone pair is really a dative Rh-C 

bond , with strong 3-center character. The 1r-bonding NLMO has a large weight on the proximal Rh 
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Table 4.12: Constrained Natural Localized Molecular Orbitals.a 

CT(Rh-C) 1r(Rh-C) 

NBO 69.6 (1.42) 96.8 (1.94) 

70.955 C (28.7s 71.3p) 86.766 1Rh (d) 
Linear 14.683 1Rh (10.ls 89.6d) 10.995 C (1.2s 98.8p) 

8.702 2Rh (12.2s 87.6d) 

NBO 51.7 (1.17) 96.7 (1.94) 

66.626 C (28.ls 71.9p) 82 .133 1Rh (d) 
Bent 18.039 1Rh (7.9s 91.8d) 15.674 C (14.8s 85.2p) 

9.581 2Rh (11.7s 88.ld) 

a NLMOs are given in terms of percent contribution from their 'parent' NBO (with NBO 
population in parentheses) and by dominant contributions from atomic centers. Relative to the 

carbene carbon, the proximal and distal Rh atoms are labeled 1Rh and 2Rh, respectively. 

and therefore represents the Rh to C 7T back-donation accompanying the C to Rh CT donation. The 

numerical data show that upon bending, the CT donation and 3-center bonding increase, not decrease , 

with little impact on the 2s character of the involved carbon hybrid orbital. The 7T NLMO also 

becomes more strongly bonding upon bending of the Rh-Rh-C moiety, which goes along with an 

increase of carbon 2s character in this orbital. 

4.3.6 J-Coupling Contributions 

For the same linear and bent cluster snapshots analyzed in Section 4 .3.5, the 1 J and 2J-coupling 

constants were decomposed into the electron spin-dependent Fermi contact (FC) and spin-dipole 

(SD), and the electron spin-independent paramagnetic and diamagnetic (nuclear) spin - (electron) 

orbital (PSO, DSO), mechanisms. The data are collected in Table 4 .13. 

Table 4.13: Contributions to I-Coupling Constants for the Linear and Bent Structures of Figures 4.29 
and 4.30.a 

1 J (Hz) 2 J (Hz) 
Linear Bent Linear Bent 

FC -36.74 -40.49 -3.25 -0.74 
PSO 4.98 4 .85 -5.78 -5.41 
SD 2.13 2.73 -1.26 -2.49 
DSO -0.05 0.04 0.02 0.02 

Total -29.67 -32.95 -10.31 -8.73 

a SR PBE0 calculations . Fermi contact (FC), spin-dipole (SD) , and the paramagnetic and 
diamagnetic spin - orbital (PSO, DSO) contributions. Data is reported for t he cluster snapshots 

used in Section 4.3.5 including the five nearest neighbor solvent molecules. 

As already mentioned , t he experiments did not determine the sign of the J-couplings. The calcula-
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tions predict 1 J to be negative. The reason is that the magneto-gyric ratio of 103Rh is negative while 

that of 13C is positive. The two-bond coupling is also negative. The 1 J-coupling primarily occurs 

via t he FC mechanism, with a secondary PSO contribution of opposite sign. Upon bending, the FC 

contribution becomes more negative by about 4 Hz, which may be driven by the re-hybridization of 

the carbon orbitals participating in the 1r backbonding and the slight increase of the 1Rh weight in 

the u bonding (Table 4.12 . 

The 2 J-coupling constant exhibits an interplay between contributions from the FC, SD, and PSO 

mechanism, with the latter being similar in the linear and bent structure and dominant overall. 

For the linear structure , the negative PSO contribution is reinforced by a negative FC term. The 

FC mechanism is seen to be very sensitive to the Rh-Rh-C angle and becomes much smaller in 

the bent structure. This may perhaps be somewhat counter-intuitive given t hat the NLMOs (Table 

4.12) indicate that the 3-center character of the C-Rh u bond increases upon bending. However, 

there is also a shift of carbon 2s character from the 3-center u bond to the 1r bond upon bending, 

with the latter having no 3-center character. Moreover, J-coupling is a response property, and as 

such it also depends sensitively on the composition of unoccupied orbitals that magnetically couple 

with t he occupied orbitals in order to generate the electron spin polarization that transmits the FC 

mechanism. 

Additionally the SD mechanism changes sign upon bending and therefore it counteracts the PSO 

contribution in the bent structure while it reinforces it in the linear arrangement . The net effect is a 

large decrease , percentage-wise, in the magnitude of the 2 J-coupling constant , from approximately 

the static model value in the linear case to approximately the average from the dynamical model. 

However , t he bending of the Rh-Rh-C moiety is only one factor that contributes to the overall 

lowering of 2 J(C-Rh) when considering t he dynamics of t he system. 

4.3.7 Structure-Property Models 

In order to test the idea of a complex interplay of factors that give the reduction of 2 J in the 

dynamics , relative to the static calculations , regression modeling was performed. The main ques

tion being asked was , given a large feature set including quantities characteristics of both nuclear 

configuration and t he ground state electronic structure, can a model determine the correlation of 

these features to a given NMR parameters. In order to maximize t he size of t he available dataset, 
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all J-coupling constant and chemical shift calculations were used , including the calculations used 

for the optimal cluster size determination (Section C .3 of the Supporting Information). The most 

important features (and those reported below) were found to be the Rh-Rh distance, rRh-Rh, the 

Rh-C distance, rRh-C, the Rh-Rh-C angle, 0, the number of solvent molecules present , N , and 

multipole derived atomic charges (MDCs), q1Rh, q2Rh, and qc, for the proximal and distal Rh, and 

the carbene carbon, respectively. Note t hat for comparison of relative contributions , models were 

constructed from normalized (mean-removed) and scaled (unit variance) feature data. 

Regression models were constructed using an 80%/20% data set split for training and testing, 

for scoring the predictive capability of the model. Scores reported are generalized residual square 

(GRSQ) errors that account for model complexity. A summary of the models is given in Table 4 .14. 

Additional analysis of the regression models , including cross validation scoring, and the explicit 

models , can be found in Section C .5 of the Supporting Information. Two categories of models were 

considered, 'Bare' and 'Solvated ' . T he 'Bare' models are constructed from trajectory configurations 

where both implicit and explicit solvent were excluded from the NMR calculations . T he 'Solvated' 

models are constructed from data where both implicit and / or explicit solvent effects were included. 

Table 4.14: Summary of Linear Regression Models .a 

Model GRSQ Contributions (%) 

lJ 0.496 qc(49) , TRh-c(27) , TRh-Rh(lO) , q2Rh(6) , q1Rh(6) 
Bare 2J 0.904 q1Rh(56) , TRh-Rh(22) , q2Rh(12) , qc(6) 

6 0.763 qc(72), TRh-c(9) , q1Rh(7), 0(6) 

lJ 0.391 qc(43) , TRh-c(22) , TRh-Rh(14) , q1Rh(9) , N(7) 
Solvated 2J 0.806 q1Rh(62), TRh-Rh(15), qc(6), q2Rh(6) , TRh-c(6), 0(5) 

6 0.498 qc(61) , TRh-c(26) , q2Rh(7) 

aGeneralized residual square error (GRSQ, i.e. R 2 score) are weighted for model complexity. 
Aggregate relative model contributions (as percent) are provided in parentheses next to each term. 
Where omitted , terms are understood to contribute less than 5% to the model. The proximal (with 

respect to carbon) rhodium is denoted 1Rh while t he distal rhodium is denoted 2Rh. 

Although linear response properties , such as J-coupling constants and nuclear magnetic shielding 

constants , depend on the character of many electronic states , it is known that that in favorable 

circumstances they correlate very well with features of the ground state electronic structure. A well

known example is the linear scaling of 1J (C-H) couplings for organic molecules with the s character 

of the ground state carbon hybridization. 165 We find here a correlation of the variations in both 

J(Rh-C) along t he MD trajectory with variations in the ground state MDCs. The chemical shift is 
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also most strongly correlated with the MDC at the C center. 

The 1 J-coupling models are dominated by the charge at the C center and the Rh-Rh bond 

length. However, the weakness of the correlation suggests substantial uncertainty in the 'truth' of 

the correlation contributions from other terms. The correlation with the solvent number (N) is small 

which is in agreement with the results reported in Figure C.11 in the Supporting Information. 

The 2 J-coupling models are reasonably well correlated in both the bare and solvated cases. The 

dominant contributions for the 2 J-coupling constant model are the charge at the distal Rh (from 

the C center) and the Rh-Rh bond length. The presence of a contribution from the charge at the 

proximal Rh atom (2Rh) is indicative of the dependence of this parameter on the electronic structure 

throughout that three center unit. In the solvated case, a dependence on the angle of this unit 

appears , but it is clear from the regression that an interpretation of the solvent and dynamic effects 

on 2 J(Rh-C) only in terms of breaking a 3-center conj ugation upon bending is far too simple. 

It is important to note that without including all features listed above, regression models failed to 

achieve residual scores above 0.2. Models with significant correlations could not be constructed by 

considering only a single variable such as 0 or localized electronic structure. Only by inclusion for 

features characteristic of both the dynamics and the electronic structure were models able to score 

above 0.3. T his observation suggests a complex interplay between dynamic and electronic effects. 

While a direct (electronic) effect from the presence of dichloromethane does not appear to be the cause 

of the 2 J-coupling constant, subtle changes in the dynamical structure of the carbenoid , primarily 

about the Rh-Rh-C unit , are understood to lead to changes in the cluster electronic structure that 

dictates the NMR properties. T he idea of the dynamics as introducing 'indirect' effects of this nature 

is supported by the fact t hat regression models could only be constructed when features for both 

types of effects were considered. 

4.4 Conclusions 

Ab initio molecular dynamics was performed on a heavy metal carbenoid to generate an in situ 

condensed phase model comparable with experiment . Molecular clusters were extracted from the 

dynamical model and used in (secondary) relativistic density functional theory calculations. These 

secondary calculations provided a statistical sampling of the one-bond (1 J) and two-bond (2 J) cou-
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pling constants , and 13C chemical shift (at the carbene carbon center) . A structural analysis , localized 

orbital analysis , and linear regression model were used to correlate structural and electronic features 

of the dynamical model to nuclear magnetic resonance linear response parameters. 

Results from the dynamical model were in reasonable agreement with non-dynamical calculations, 

previous calculations, and experiment for t he 1J-coupling constant and chemical shift. For the 2 J

coupling, where previous computational work has been unable achieve the experimentally expected 

range, the dynamical model succeeded . This was accomplished without the use of a specifically tai

lored computational level of theory or other techniques but appeared naturally through the use of a 

more realistic simulation model. A quantitative analysis of common features such as the electronic 

structure of the Rh-Rh-C unit revealed an interplay between the character of frontier orbitals that 

affected the reported NMR parameters. Similarly, a mechanistic decomposition of the J-coupling 

constants for two observed structural motifs (from dynamics) revealed that the reduction of the 

Fermi contact contribution plays a large role in t he dynamical value of the 2 J-coupling constant. 

The complex interplay between structural and electronic features on NMR parameters was validated 

using a linear regression model. The best model identified (ground state) atomic charges and struc

tural parameters including the bond distances and angle of the Rh-Rh-C unit as being important 

correlating contributions . 

For systems with a large number of degrees of freedom , both classically and quantum mechanically, 

a single degree of freedom (feature) does not , typically, correlate strongly to (or cause) , a particular 

observed quantity. By sampling the feature space using regression models , the complex interplay 

between structural and electronic effects is brought to light. Rather than identifying a single feature 

such as atomic charge or bond length as being the direct cause of a given NMR parameter, the 

complex interplay of a number of such features is found to correlate strongly with t he reported NMR 

parameters. Only by inclusion of features that describe both dynamics and relativistic electronic 

structure cluster calculations , do regression models begin to suggest the main contributions to the 

improved 2 J-coupling constants. T he dynamical model plus cluster calculation is likely to provide 

success for future investigations of carbenoid chemistry. 
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4.5 Scalar Relativistic Projector Augmented Pseudopotentials for NWChem 

Throughout the studies discussed in this work, a key feature is the use of secondary calculations on 

clusters extracted from the dynamical trajectory. While shown to be effective, a natural improvement 

to this method would be the in tandem dynamics-properties calculation. Because of the importance 

of accurate electronic structure in properties calculations , such an approach is not feasible using ab 

initio molecular dynamics method described in this work (see Section 3). 

In conjunction with this , the description of a large portion of the periodic table (especially the 

heaviest transition metals and unstable elements) is not currently possible at the dynamical level. 

Where available, pseudopotentials (see Section 3) may not be well tested (let alone systematically 

generated). In this section, we describe some efforts by the author to remedy these issues. 

In order to accomplish accurate, dynamical electronic structure, the work discussed in this sec

tion considers the projector augmented wave (PAW) method. 166 The PAW method (specifically 

as implemented in NWChem167- 170) , provides a one to one mapping between t he smooth functions 

used during a plane wave basis calculation and the true atomic functions used as the underlying 

basis for the representation of each atom. Accurate electronic structure can be generated from the 

pseudo-electronic structure obtained during a plane wave calculation. 

Systematic PAW pseudopotentials are generated as follows. In the first stage, a core, valence 

partition is chosen. Typically the basis includes atomic states with energies equal to or above a few 

Hartree (> -4 Ha, for example) . In NWChem, the radial cutoffs for the atomic states in the basis are 

optimized automatically; only a starting guess, larger than the desired value, need be selected . Given 

the type of smooth potential available in NWChem, only a single cutoff for the smooth potential, 

168 typically half the smallest starting guess for cutoffs of atomic states , is used. 167, From this point , 

parameters are adjusted slightly to match (to the extent possible) , outermost radial maxima of the 

166atomic states, logarithmic derivatives of the atomic states, , 167 and the spin squared expectation 

value of the single atom. The value of the reference potential at the origin is used in a final step to 

adj ust the fitted equilibrium volume per atom, the bulk modulus , and the first pressure derivative of 

the bulk modulus. 

The pseudopotentials developed as part of this work were tested using the recently proposed metric 

172of Lejaeghere and coworkers .171 , This metric calculates the equilibrium volume per atom, bulk 
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modulus , and first pressure derivative of the bulk modulus for elemental solids. These properties are 

estimated using the Birch-Murnaghan173 equation of state. 

( 4.1) 

Which relates the pressure, P , and volume, V , using a reference volume, V0 , the bulk modulus , 

Bo , and the pressure derivative of the bulk modulus , B~. 

Bo= -V (ap) (4.2) 
av P=o 

, (8B) (4.3)Bo= 8P 
P=O 

Integration of ( 4.1 ) with respect to pressure yields the following. 

Equation ( 4.4) provides a straightforward relationship between the (relative) internal energy of the 

system (elemental solid) and its volume. By calculating the energy as a function of cell volume for a 

range of cell volumes (of the elemental solid) around the equilibrium value, data is acquired that can 

be used to fit (4.4). Fits are then used to extract the parameters listed above for comparison between 

different computational chemistry software. By comparing the results between computational chem

istry codes ( for a range of elements) , a quantitative measure of the variation between the two codes 

can be obtained. To the author 's knowledge this has not been done for pseudopotentials available 

at present in NWChem. Furthermore, NWChem does not , at present , have a set of systematic PAW 

pseudopotentials. 

Figure 4.31 shows a comparison of the available norm-conserving (NC) pseudopotential in NWChem 

and the PAW pseudopotential generated by the author. The figure represents the relationship given 

in ( 4.4) for the two different pseudopotentials. The squared difference between these two curves is 

a graphical representation of the metric defined in reference 172. Numerical values for the equilib

rium volume per atom, bulk modulus, and first pressure derivative of the bulk modulus are given in 

Table 4.15 
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Figure 4.31: Comparison of Birch-Murnaghan equations of state for Fe between norm-conserving 
(NC, d ark blue) and projector augmented wave (PAW, light green) pseudopotentials in 
NWChem. The energy axis has been st andardized for comparison. The PAW result gives 
higher accuracy for bulk modulus of the elemental solid than the NC result . 

Table 4.15: Parameters of Elemental Solids of Fe for PAW and NC P seudopotentials in NWChem. 

Va (A/atom) Bo (GPa) B'
0 

NC (NWChem) 19.38 79.99 4.35 
PAW (NWchem) 17.62 104.60 4.31 
AEa 11.35 195.31 4.74 

a All-electron (AE) reference data is averaged from that reported in reference 172 . 

74 



4 Results 

Although preliminary, the (forthcoming) method for generating PAW pseudopotentials (given the 

framework provided in NWChem167, 168 produces more physically accurate results . These pseudopo

tentials have the additional advantage (as mentioned above) of being one to one maps between 

the smooth and true bases. The metric for comparing two computational chemistry codes (or two 

172pseudopotential libraries) is defined as follows. 171 , 

)lfe 
~ i (a ,b) = f (Eb,i(V) - Ea,i(V)) 2 dV (4.5) 

( 0.12Vo,i 

Preliminary results for about 38 (of 71) elements in the test suite171 (of elemental solids) are 

given below. The results compare the quality of existing pseudopotentials provided by NWChem to 

corresponding pseudopotentials available in open-source computational chemistry software. Likewise, 

the same comparison is made for PAW pseudopotentials developed by the author. Note that because 

optimization of PAW pseudopotential parameters is still underway, this numbers are subject to 

change. For comparison, expected values for ~ i are less than 10 and accuracy between two codes is 

defined as good when ~ i has a value of a few tenths. 

Table 4.16: Preliminary Comparison of Pseudopotential Libraries of NWChem Using the .0.i Metric.a 

Abinit BigDFT GPAW QE 

NC (NWChem) 10.31 7.93 11.49 
PAW (NWChem) 0.86 0.87 0.84 

a As defined in (4.5) and reference 172 . 

While very promising, the results in Table 4.16 are subject to change. The author believes that this 

work has potential to enable novel studies within NWChem. Availability of systematically generated 

and validated pseudopotentials can also open the door to new implementation and development 

opportunities in NWChem, such as the development of a solid state nuclear magnetic resonance 

module. 
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The work performed as part of this dissertation developed a systematic and computationally 

tractable approach to performing realistic simulations of condensed phase systems containing heavy 

metal complexes. The main aim of such simulations was the validation of experimental results. In 

addition, such simulations were shown to be a good candidates for obtaining structural and property 

data where no experimental data was available. Where experimental results depend on interactions of 

an analyte with its environment , directly or indirectly, the methodology used throughout this disser

tation provided a systematic approach for obtaining results of increasing degree of accuracy. As the 

performance of computational chemistry software improves and the availability of high performance 

hardware increases, there can be no excuse for not applying such an approach where appropriate. 

Studies of Pt-Tl bonded complexes (Section 4.1.1 ) emphasized the importance of direct influence 

of an solute's electronic structure by an explicitly present solvent molecule or molecules. A decompo

sition of the electronic structure revealed that the presence of explicit solvent, especially near the Tl 

center, facilitated the large J-coupling constants observed. The dynamical approach, in combination 

with relativistic density functional theory calculations, is shown to provide insight into, and a very 

good model for , calculation of nuclear magnetic resonance parameters. 

The uranyl , Uol+, and related uranyl carbonate complexes, studies in Section 4.2.1 expanded on 

the previous work by considering calculation of quadrupolar relaxation rate data. This additional 

experimental comparison provided insight into the broadness of a particular chemical shift by reducing 

the probability of a causal link to the quadrupolar mechanism itself (instead giving support to the 

possibility of ligand exchange as being the dominant reason). This work also showed that assignment 

of chemical shifts for distinct (but similar) carbon atoms matched that hypothesized by experiment. 

This work hinted at the possibility of truly predictive results coming from the dynamical approach. 

The study of the carbenoid , Section 4.3.1 , provided a particular challenge for the method. The 

size of the system studied pushed the limits of computational tractability for ab initio molecular 

dynamics using open source software. In this work, the predictive capability of the dynamical ap-
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proach was displayed by the ability of the method to produce a 2 J-coupling in the range expected 

by experimentalists. Although not yet validated by experimentalists, this result was a further con

firmation of the successes built by the aforementioned studies. Additionally in this work, regression 

models were used to accurately correct for additional quantum mechanical effects without needing 

to perform additional computational chemistry calculations. The power of modern data science and 

analysis methods was displayed in this work. 

As part of this dissertation, an outline for systematic generation of projector augmented wave 

pseudopotentials was provided. Although these pseudopotentials have not , yet , been added to the 

main repository, they are available through the author 's software repository. Additionally, an open 

source processing and visualization software package is available through the author 's public software 

repository. It is the aim of the author that these contributions enable further developments in the 

field of computational and theoretical chemistry. 
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A ] -Coupling Constants of Pt-Tl Bonded Metal Complexes 

The content in this section supports the results presented in Section 4.1. 

A.1 Experimental 

Table A.1 provides all experimentally (in-situ) reported bond lengths. Table A.2 provides all 

experimentally (in-situ) reported J -coupling constants. 2 A survey of related literature data may be 

found in Reference 77. For a description of the complexes, 1 - 5 , see the main text. 

Table A .I: Experimentally available, in situ, structural data (in A) , obtained via EXAFS.2 Note that 
axial and equatorial platinum carbon distances were not resolved (hence are reported identical 
- see supporting information of the reference cited) . 

N(H20) R(Tl- Pt) R(Tl-CB) R(Tl- Oavg) R(Pt- CA) R(Pt- Cc) 
Complex 

2 4 2.598 2.13 2.505 2.009 2.009 
3 2.638 2.22 2.003 2.003 
4 2.618 2.20 2.008 2.008 

Table A .2: Experimentally available, in-situ, I -coupling constants (in Hz; see Table 1 in Reference 2) . 

1J(Tl-Pt) 2 J(Tl-CA) 1J(Tl-CB) 2 J(Tl-Cc) 1J(Pt- CA) 2 J(Pt- CB) 1J(Pt - Cc) 
Complex 

1 71060 12746 592 909 820 
2 57020 9743 2446 452 843 200 821 
3 47260 8446 876 338 783 128 832 
4 38760 7270 52 255 742 843 
5 25168 4600 308 700 858 

A.2 Comparison of Different Program Versions 

The Amsterdam Density Functional (ADF) code was used for the nuclear magnetic resonance 

(NMR) calculations performed in this work. A description of the tested computational models tested 

can be found in Table A.3 . Table A.4 and Table A.5 allow for comparisons between different versions 
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of ADF used for the previous calculations reported in the literature (version 2002 , Table A.4) and 

in this work (version 2014 , Table A .5) . Despite changes, mainly in the numerical integration grid 

generating code, the NMR results from the two versions of ADF are in close agreement. 

Table A.3: Description of the models tested in comparing ADF versions (see Tables A.4 and A.5) . All 
calculations were performed using the Vosko-Wilk-Nusair (VWN) functional3 and the zero
order regular approximation4 for relativistic effects (ZORA; 0 - scalar , 1 - spin-orbit) . The 
TZP basis set was used on all atoms except Tl and Pt which used the augmented all-electron 

6basis sets developed for spin-spin coupling constant calculations. 5 , The value 'n' refers to 
the largest number of explicitly included solvent molecules (5, 4, 2, 0, 4 , for complexes 1-5, 
respectively) . 

Solvent ZORA COSMO 
Model 

1 0 0 False 
2 0 1 False 
3 2 0 False 
4 3 0 False 
5 4 0 False 
6 5 0 False 
7 5 1 False 
8 n 0 True 

Table A.4: Calculated I-coupling constants for various models using ADF version 2002 (for comparison 
with the literature7- 9 ) . For a description of the models see Table A .3. 

1 J(Tl-Pt) 2 J(Tl-CA) 1 J(Tl-C8 ) 2 J(Tl-Cc) 1 J(Pt-CA) 2J(Pt-C8 ) 1J(Pt-Cc) 
Complex Model 

1 1 -10262 379 -51 1555 919 
2 -10352 456 -19 1575 884 
4 8160 7972 -493 1367 936 
5 17930 8972 -484 1322 931 
6 24421 9895 -464 1243 945 
7 20336 9353 -476 1244 926 
8 54375 11507 -298 1008 912 

2 1 14381 5524 -5855 -369 1366 116 858 
2 10828 5219 -6571 -372 1382 88 839 
5 37298 7897 2746 -306 1382 119 907 
8 47882 8761 5054 -224 929 114 911 

3 1 34830 7475 -2886 -362 1116 121 864 
3 40955 8061 -900 -307 1003 105 893 
8 39780 7248 995 -211 903 103 902 

4 1 44921 7897 -904 -247 865 99 898 
8 35050 6414 122 -192 853 89 904 

5 1 5496 2376 -204 898 902 
5 25163 5128 -187 785 955 
8 26901 5274 -182 806 955 
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Table A.5: Calculated I-coupling constants for various models using ADF version 2014 (used in this 
work) . For a description of the models see Table A.3. 

1 J (Tl- Pt) 2 J (Tl-CA) 1J (Tl-C8
) 2 J (Tl-Cc ) 1J (Pt-CA) 2 J (Pt-C8

) 1J (Pt-Cc ) 
Complex Model 

1 1 -10298 373 -50 1562 925 
2 -10384 452 -19 1581 890 
4 7839 7931 -493 1373 941 
5 17724 8931 -486 1329 936 
6 24305 9879 -465 1251 951 
7 20274 9335 -477 1252 931 
8 54474 11531 -299 1017 919 

2 1 14310 5520 -5855 -370 1374 116 862 
2 10790 5215 -6589 -372 1390 88 843 
5 37734 7998 2686 -310 1355 119 914 
8 48003 8770 5055 -225 936 116 918 

3 1 34250 7485 -2886 -365 1130 119 865 
3 41049 8071 -913 -308 1009 104 898 
8 39939 7264 991 -213 911 103 909 

4 1 45009 7907 -915 -248 873 99 902 
8 35188 6423 130 -194 861 89 911 

5 1 5468 2376 -204 905 907 
5 25014 5115 -187 793 963 
8 26652 5267 -183 816 961 

A.3 Choice of Functional 

Three types of functionals were compared, the local density approximation (LDA) of Yosko, Wilk , 

and Nusair3 (VWN) , the generalized gradient approximation (GGA) of Perdew, Burke, and Ernzer

hof46 (PBE), and the hybrid variant of PBE, PBE0,174 as comparable levels of theory were available 

in the dynamics code (see reference 10) . Comparing Tables A.7, A.8 , and A.9 , it is clear that the 

hybrid functional is required for the NMR calculations. Noting t hat differences in structure between 

PBE and PBEO (compare Tables A.11 and A.12 ) are negligible, PBE was chosen for dynamics . 
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Table A.6: Description of the models considered in selecting a level of theory for I -coupling calculations. 
For additional computational details see reference 10. 'GNM' refers to the use of the Gaussian 
finite nuclear volume model. 11 Models 1 and 2 are referred to as 'bare' because of the absence 
of both explicit and implicit solvation. 

Solvent ZORA GNM COSMO 
Model 

1 0 0 False False 
2 0 1 False False 
3 2 0 False False 
4 2 1 False False 
5 2 0 True False 
6 2 1 True False 
7 4 0 False False 
8 4 1 False False 
g 4 0 True False 
10 4 1 True False 
11 5 0 False False 
12 5 1 False False 
13 n 0 False True 
14 n 1 False True 
15 n 0 True True 
16 n 1 True True 

A.4 CPMD Technical Parameters 

Table A.13 reports the drift in fictitious kinetic energy as well as average temperatures (during 

NVE) and unit cell dimensions. The drift is in agreement with previously reported Car-Parrinello28 

18 49molecular dynamics (CPMD) simulations. 12, , Average temperatures are computed over the mi

crocanonical ensemble portion of the trajectory, from which geometries were used in computing 

spin-spin coupling constants. Note that all hydrogen atoms were replaced by deuterium atoms in 

order to improve the adiabatic separation between electronic and atomic degrees of freedom. 16 

A.5 Solvent Structure 

Figures A.1 and A.2 show the (radial) pair correlation functions of the solvent (water). There is 

reasonable agreement between the bulk structure of water in this simulation and that of pure water 

16 19(at this same level of theory) available in the literature. 12, - Exatomic version 0.2.156 was used to 

analyze trajectory data and generate all pair correlation functions in this work (a binning distance of 

0.03 au was used). Every two sequential data points of the pair correlation histogram were averaged 

together , taking care not to alter peak minima or maxima (and / or centers) , for visual clarity. 
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Table A. 7: Models tested with the VWN functional. See Table A.6 for further computational details. 

1 J(Tl-Pt) 2 J(Tl-CA) 1 J(Tl-C8 
) 2 J(Tl-Cc) 1 J(Pt- CA) 2 J(P t-C8 

) 1 J(Pt-Cc) 
Complex Model 

1 1 -9375 276 -30 1587 932 
2 -9413 348 0 1609 898 
7 13778 8235 -467 1332 942 
8 10053 7784 -468 1341 922 
11 25580 9879 -463 1260 952 
12 19162 9462 -474 1263 935 
13 51307 11888 -287 1054 931 
14 49314 11255 -310 1046 913 
15 44122 10917 -265 982 869 
16 42313 10334 -288 974 851 

2 1 13083 5471 -6118 -365 1389 108 865 
2 9686 5168 -6845 -366 1406 82 846 
7 36301 7592 1415 -315 1054 140 927 
8 34083 7155 1324 -324 1054 126 895 
13 47313 8822 4724 -227 953 120 920 
14 45862 8338 4667 -243 945 11 1 901 
15 40632 8102 4399 -210 859 112 889 
16 9329 7654 4323 -224 881 103 841 

3 1 34306 7531 -3060 -366 1132 120 869 
2 31878 7063 -3396 -372 1139 109 852 
3 41083 8126 -1019 -307 1005 107 899 
4 39557 7639 -1227 -318 1002 101 882 
5 35319 7466 -912 -284 938 100 840 
6 33947 7015 -1128 -293 934 94 823 
13 39520 7193 933 -22 1 901 112 912 
14 38540 6746 748 -234 889 106 894 
15 33896 6602 890 -203 841 104 852 
16 33027 6187 690 -215 834 99 829 

4 1 45465 7999 -984 -255 865 102 903 
2 44904 7511 -1203 -260 857 99 888 

13 34848 6421 132 -189 846 91 914 
14 34311 6009 -88 -200 831 90 897 
15 29869 5893 144 -174 790 85 853 
16 29406 5510 -90 -184 774 83 836 

5 1 5209 2377 -204 907 908 
2 3735 2144 -218 928 886 
7 24426 5212 -188 794 967 
8 24342 4939 -200 787 946 
9 20989 4799 -173 742 901 
10 20891 4541 -185 734 882 
13 5215 -183 829 964 
14 25373 4960 -196 817 943 
15 22096 4817 -170 775 899 
16 21739 4558 -182 762 878 
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Table A.8: Models tested with the PBE funct ional. See Table A.6 for further computational details. 

1 J (Tl-Pt) 2 J (Tl-CA) 1 J (Tl-C8 
) 2 J (Tl-Cc) 1 J (Pt-CA) 2 J (Pt-C8 

) 1 J (Pt - Cc) 
Complex Model 

1 1 -6802 124 7 1633 976 
2 -7037 103 14 1664 948 
7 4149 7578 -448 1508 976 
8 1806 7149 -429 1531 978 
11 16391 10035 -544 1418 978 
12 13319 9477 -538 1436 962 
13 57439 13981 -518 1179 949 
15 47620 12844 -478 1098 887 
16 48338 12180 -490 1107 873 

2 1 11230 5946 -7961 -398 1494 91 918 
2 841 8 5595 -8704 -394 1520 69 904 
7 40177 8312 -1873 -435 9174 160 951 
8 38495 862 5 -1957 -442 1149 147 939 
13 55282 10670 976 -360 929 164 895 
14 54598 10055 942 -375 941 169 1005 
15 47493 9799 952 -332 936 167 891 
16 46883 9230 894 -346 937 157 878 

3 1 37966 8169 -4574 -447 1189 131 920 
2 36384 8439 -4891 -451 1203 122 907 
3 4721 5 992 5 -3132 -410 1046 133 943 
4 46545 9308 -3326 -419 1050 127 931 
5 40586 9116 -2856 -377 976 123 880 
6 39987 8546 -3061 -386 979 118 869 
13 48850 9563 -1195 -325 940 134 954 
14 48827 8963 -1355 -27 1 933 130 942 
15 41 894 8775 -1068 -299 877 124 890 
16 41 889 8219 -1238 -32 1 870 121 878 

4 1 54657 10411 -2327 -329 877 122 956 
2 55495 9760 -2514 -343 871 122 946 

13 44899 8686 -1146 -270 854 109 961 
14 45445 8128 -1339 -284 840 109 950 
15 38464 7967 -1103 -248 798 101 989 
16 38979 7450 -1228 -262 784 101 886 

5 1 401 5 2375 -208 901 966 
2 2975 2131 -220 929 951 
7 16293 4098 -233 767 1005 
8 16404 3838 -242 775 990 
13 22 513 4839 -252 791 1005 
14 22643 4552 -263 789 989 
15 19313 4437 -232 740 938 
16 19392 4165 -243 737 922 
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Table A.9: Models tested with the PBEO functional. See Table A.6 for further computational details . 

1 J(Tl-Pt) 2 J(Tl-CA) 1 J(Tl-C8 
) 2 J(Tl-Cc) 1 J(Pt-CA) 2 J(Pt-C8 

) 1 J(Pt-Cc) 
Complex Model 

1 1 -6788 516 -40 1692 949 
2 -6824 517 -25 1757 926 
7 12170 11375 -686 1535 936 
8 9058 10815 -679 1574 924 
11 28352 14422 -774 1421 941 
12 24853 13646 -777 1450 932 
13 76112 16626 -661 1108 914 
14 75643 15600 -679 1116 907 
15 65498 15292 -608 1032 853 
16 65071 14347 -625 1041 846 

2 1 18079 7633 -7514 -514 1469 126 890 
2 14801 7133 -8078 -509 1506 102 882 
7 50065 10992 -92 -532 1115 168 917 
8 48667 10230 -39 -540 1127 156 910 
9 43114 10114 -28 -490 1040 157 856 
10 41835 9409 -10 -498 1052 146 849 
13 64677 12258 2808 -429 963 176 921 
14 64869 11434 2875 -449 962 168 914 
15 55538 11271 2653 -395 898 164 860 
16 55733 10509 2687 -413 897 156 852 

3 1 45163 10352 -3735 -540 1168 140 891 
2 43910 9579 -3934 -542 1184 132 886 
3 53453 11175 -1765 -469 1029 133 913 
4 53570 10365 -1873 -481 1032 129 907 
5 45917 10273 -1586 -432 960 123 852 
6 46039 9524 -1713 -443 963 120 846 
13 53671 10514 357 -340 913 131 927 
14 54808 9769 242 -360 902 129 915 
15 45997 9657 372 -312 853 121 864 
16 47050 8967 241 -331 841 120 857 

4 1 58285 11202 -1220 -365 874 116 913 
2 60273 10396 -1364 -384 864 118 921 

13 46185 9133 181 -263 841 104 937 
14 48013 8484 5 -282 821 106 930 
15 39532 8385 198 -241 786 97 874 
16 41211 7782 15 -259 765 99 867 

5 1 10063 3351 -272 911 929 
2 9631 3043 -283 940 920 
7 24747 5471 -276 766 949 
8 25620 5105 -289 771 940 
9 21254 5043 -254 716 886 
10 22000 4696 -267 720 877 
13 29843 6023 -275 773 952 
14 30799 5633 -290 768 942 
15 25614 5549 -254 723 889 
16 26443 5181 -268 717 879 
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Table A.IO: lnteratomic dist ances (in A) calculated with the VWN functional. See Table A.6 for further 
computational details. 

R(Tl- Pt) R(Tl- CB) R(Tl- Oavg) R(Pt- CA) R(Pt- Cc ) 

Complex Model 

1 1 2.941 1.913 1.982 
7 2.670 2.528 1.964 1.995 
12 2.655 2.511 1.980 1.993 
15 2.647 2.418 2.005 1.990 

2 1 2.601 2.192 1.955 2.003 
7 2.666 2.167 2.608 2.003 1.990 
15 2.672 2.180 2.511 2.01 6 1.987 

3 1 2.628 2.247 1.992 2.004 
5 2.662 2.246 2.611 2.016 1.996 
15 2.667 2.205 2.525 2.030 1.989 

4 1 2.690 2.282 2.038 2.003 
15 2.668 2.225 2.041 1.991 

5 1 2.668 2.026 2.002 
7 2.732 2.691 2.055 1.993 
15 2.674 2.656 2.044 1.988 

Table A.11: lnteratomic dist ances (in A) calculated with the PBE functional. See Table A .6 for further 
computational details. 

R(Tl-Pt) R(Tl-CB) R(Tl- o avg) R(Pt- CA) R(Pt- Cc ) 

Complex Model 

1 1 3.118 1.941 2.013 
7 2.834 2.661 1.966 2.025 
12 2.765 2.674 1.983 2.026 
15 2.716 2.538 2.009 2.027 

2 1 2.692 2.261 1.979 2.035 
7 2.727 2.231 2.716 2.026 2.024 
15 2.724 2.224 2.658 2.039 2.022 

3 1 2.702 2.314 2.024 2.035 
5 2.726 2.309 2.797 2.047 2.024 
15 2.722 2.274 2.662 2.061 2.022 

4 1 2.767 2.359 2.078 2.036 
15 2.727 2.299 2.080 2.022 

5 1 2.762 2.067 2.034 
7 2.833 2.972 2.066 2.028 
15 2.770 2.855 2.078 2.021 
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Table A.12: lnteratomic distances (in A) calculated with the PBE0 functional. See Table A.6 for further 
computational details. 

R(Tl-Pt) R(Tl-CB) R(Tl-Oavg) R(Pt-CA) R(Pt-Cc ) 
Complex Model 

1 1 3.116 1.919 2.001 
7 2.736 2.579 1.953 2.010 
12 2.682 2.589 1.972 2.014 
15 2.664 2.467 2.005 2.013 

2 1 2.649 2.211 1.967 2.020 
7 2.677 2.191 2.653 2.014 2.011 

3 1 2.662 2.272 2.013 2.021 
5 2.684 2.267 2.712 2.037 2.015 
15 2.681 2.237 2.595 2.054 2.009 

4 1 2.720 2.315 2.070 2.021 
15 2.693 2.262 2.078 2.009 

5 1 2.687 2.053 2.021 
7 2.753 2.072 2.014 

15 2.708 2.069 2.008 

Table A.13: Fictitious kinetic energy drift , l:i.Ekinc, average atom temperature, T , and unit cell lattice, 
a, parameters for each simulation. The drift is reasonable compared with simulations of 
pure water in the literature (see for example Reference 12) . 

~Ekinc (au/ ps/atom) Tavg (K) a (au) 
Complex 

1 5e-06 350 26.63 
2 4e-06 360 26.7649 
3 2e-06 350 26.8999 
4 2e-06 333 27.0286 
5 6e-06 316 28.2959 

4.0 ,---------------------------, 
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Figure A.I: Oxygen - oxygen pair correlation function. Over-structuring can be seen in the first local 
maxima and minima compared with experimental data at 300 K. 15 
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Figure A.2: Oxygen - hydrogen pair correlation function . As in Fig. A .1 some over-structuring of the 
water can be seen, in agreement with simulations in the literature (see text) . 
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A.6 Tabulated Results 

It should be noted that because of the limited time scale of motion and the use of the microcanonical 

ensemble, no weighting of computed (instantaneous) properties was performed. Tables A.16 and A.17 

provide a tabular format for Figures 4.4 - 4.10 in the main text. Tables A.19 - A.21 describe the 

natural J-coupling decomposition analysis78 for select snapshots from the production trajectory used 

in computing the final spin-spin coupling results (Table 4.4 in the main text). Standard errors in the 

mean (corresponding to Table 4.4) are provided in Table A.18. 

Table A.14: Mean I-coupling constant values from snapshot geometries with no explicit or implicit sol
vation ('bare' complex geometries from dynamics - no implicit solvation or explicit solvation 
are included) . 

Complex 

-12491 1478 -114 1385 873 
2 12027 8703 -9430 -534 1399 100 844 
3 42294 12385 -5633 -582 1069 161 848 
4 48991 11563 -1871 -348 836 116 874 
5 3826 3088 -248 632 889 

Table A.15: Standard errors (in the means) for Table A.14 . 
1 J (Tl-Pt) 2J (Tl-CA) 1 J (Tl-C8

) 2 J (Tl- Cc) 1 J (Pt-CA) 2J (Pt-C8
) 1 J (Pt-Cc) 

Complex 

498 35 5 9 2 
2 897 155 158 9 10 5 1 
3 1445 230 210 12 15 5 1 
4 1567 185 128 9 20 4 1 
5 420 31 3 30 1 
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Table A.16: Mean I-coupling values from snapshot geometries with varying number, N, of nearest neigh-
bor solvent molecules selected, for the five trajectories. 

1J (Tl- P t) 2 J (Tl-CA) 1J (Tl-C8
) 2 J (Tl-Cc) 1J (P t-CA) 2 J (Pt-C8

) 1J (P t-Cc) 
N Complex 

0 1 35882 16448 -928 1480 857 
2 53422 13761 -8430 -647 1076 306 855 
3 50404 12227 -3504 -462 918 178 865 
4 45493 10921 -1376 -312 820 112 882 
5 11742 4354 -315 667 903 

5 1 48728 17460 -910 1366 863 
2 55076 13886 -7818 -632 1069 309 862 
3 50609 12233 -3256 -445 918 180 875 
4 45199 10918 -1204 -297 825 112 892 
5 12193 4444 -318 683 911 

10 1 61642 16917 -757 1146 865 
2 56737 13384 -4394 -559 1001 255 865 
3 49945 11896 -2562 -413 901 168 880 
4 44942 10895 -1158 -293 828 112 895 
5 12657 4515 -317 681 911 

15 1 62371 16593 -707 1104 867 
2 58529 13451 -2786 -522 960 225 868 
3 50102 11544 -1641 -375 870 153 883 
4 44903 10878 -1161 -294 829 112 895 
5 14620 4839 -318 702 908 

20 1 62012 16452 -698 1097 866 
2 58049 13371 -2734 -521 960 222 866 
3 50138 11512 -1525 -370 865 151 883 
4 44887 10867 -1175 -295 829 112 895 
5 17633 5313 -318 723 910 

25 1 61797 16299 -685 1085 865 
2 57935 13306 -2609 -514 955 220 865 
3 49902 11483 -1523 -369 864 149 881 
4 44987 10898 -1198 -297 830 112 894 
5 17933 5353 -318 726 910 
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Table A.17: Standard errors for I-coupling values from snapshot geometries wit h varying number, N, of 
nearest neighbor solvent molecules . 

1I (Tl- P t) 2 I (Tl-CA) 1I (Tl-C8
) 2 I (Tl-Cc) 1I (P t-CA) 2 I (Pt-C8

) 1I (Pt-Cc) 
N Complex 

0 1 1753 295 19 10 1 
2 1672 288 364 12 15 8 1 
3 1599 217 174 11 17 5 1 
4 1458 173 119 9 20 4 1 
5 592 44 4 22 1 

5 1 2119 331 22 18 1 
2 1741 291 369 12 16 8 1 
3 1652 236 175 11 18 6 2 
4 1469 173 122 10 21 4 2 
5 631 47 4 21 1 

10 1 1887 300 18 16 1 
2 1731 217 282 11 17 8 1 
3 1574 208 160 10 17 5 2 
4 1411 168 118 9 21 4 2 
5 675 54 5 21 2 

15 1 1994 289 16 17 1 
2 1810 221 273 11 17 6 1 
3 1564 191 138 9 17 5 2 
4 1418 169 116 10 21 4 2 
5 725 69 5 19 1 

20 1 1988 294 16 17 1 
2 1782 219 271 11 18 6 1 
3 1560 193 142 10 17 5 2 
4 1409 169 118 9 21 4 2 
5 648 57 5 17 1 

25 1 1956 299 16 17 2 
2 1798 210 257 11 18 6 2 
3 1541 193 142 10 17 5 2 
4 1398 171 119 10 20 4 2 
5 656 54 4 17 1 

Table A.18: Standard errors for the final (with 20 nearest neighbors) I-coupling constants computed 
over 256 frames ( see Table 4.4 in t he main text) . 

1I (Tl-Pt) 2 I (Tl-CA) 1 I (Tl-C8
) 2 I (Tl-Cc) 1I (P t - CA) 2 I (P t - C8

) 1I (P t - Cc) 

Complex 

1 1110 157 8 9 1 
2 866 105 127 6 9 3 1 
3 800 90 74 5 9 2 1 
4 693 83 56 4 9 2 1 
5 316 27 2 9 1 
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Ta ble A.1 9: I -coupling decomposition analysis of 1 I(Tl- Pt) for complex 2. Comparison of 'bare' (no 
explicit or implicit solvation), MD (20 explicit solvent) , MD+ COSMO (like MD, but includ
ing COSMO for bulk effects). Oxygen LP contributions are numbered in order of nearest 
neighbor oxygen atom. Included in this table are major contributions to the I -coupling; 
the 'total' row confirms that the analysis gives the correct ab initio result . 

Bare MD MD+COSMO 

CR Tl 5281 7614 8008 
Tl- Pt 7887 55128 56247 
CR Pt 5976 15732 16106 
LP Pt -238 -227 -265 

NCA _ Pt -6577 -26786 -21241 
NCB- Pt 750 -4663 -5359 
NCC- Pt 10 1299 3021 
LP 01 -80 -243 
LP 02 -63 -824 
LP 03 196 146 

all others -29 -39 -125 

total 13061 48111 55472 

Table A.20: I -coupling decomposition analysis of 1 I(Tl- Pt) for complex 3 . For a description see the 
caption of Table A.19. 

Bare MD MD+COSMO 

CR Tl 7039 7623 7657 
Tl- Pt 52735 53530 52705 
CR Pt 12621 14303 14385 
LP Pt -241 -167 -164 

NCA- Pt -26288 -21106 -18655 
NCB - Pt -6405 -7022 -7269 
NCC - Pt 9 -61 443 
LP 01 209 -214 
LP 02 108 119 

all others -38 -62 -77 

total 39431 47356 48931 

B Nuclear Magnetic Resonance Properties of Uranyl and Uranyl Carbonate 

Complexes in Water 

B.1 Quadrupolar Relaxation Details 

170 175 176 177The experimental 13C and chemical shifts of col- are 169.697, and 192 ppm , re

spectively. These experimental chemical shifts were added to the chemical shifts calculated via the 

internal carbonate reference in order to convert the reported shifts to the experimental standards 
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Table A.21: I -coupling decomposition analysis of 1 J(Tl- Pt) for complex 4 . For a description see the 
caption of Table A.19. 

Bare MD MD+COSMO 

CR Tl 6652 5289 5857 

Tl- Pt 52727 36890 45084 
CR Pt 11175 7282 8821 
LP Pt -88 -108 -105 

NCA- Pt -14943 -7054 -12102 
NCB - Pt -7944 -9149 -8132 
NCC- Pt 372 813 637 

LP 0 20 17 
all others -44 -18 -40 

total 47907 33965 40037 

TMS and water. All calculated shielding constants are provided in the Supporting Information. 

The ADF calculations also produced the scalar ZORA178 electric field gradient (EFG) tensors at the 

nuclei. These data were used to estimate 170 quadrupolar relaxation rates and EFG autocorrelation 

times , following the protocol established in ref 152 . In a nutshell , the relaxation rates are given by 

(B.la) 

(B.lb) 

where w is the Larmor frequency and cQ is a constant depending on the nuclear quadrupole moment 

Q, and the nuclear spin quantum number l: 

2Q2cQ = e (21 + 3) (B.lc)
4012 (21 - 1) n2 

Further, e is the elementary charge, and n is the reduced Planck constant. The superscript Q denotes 

relaxation arising from the nuclear quadrupolar interaction. The cfm (w) values are given by 

(B.2a) 

(B.2b) 

with spectral densities 92,m(w) obtained as half-Fourier transforms of the autocorrelation functions 
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(ACFs) , h,m(T) , of the time-domain EFGs: 

(B.3) 

In turn, the ACF h,m(T) for the EFG is defined as 

(B.4) 

where the brackets denote an ensemble average and R2 ,m(t) is the spatial component of the time

domain second-rank irreducible spherical EFG tensor. Further, to is a time origin, and Tis the delay 

time. For our samples, the 'fast motion ' or 'extreme narrowing' limit179 applies, such that WT<< l, 

where T is an autocorrelation time calculated from the ACFs. Specifically, 

2 
2

T= with (V(0) ) = L u2 ,m (B.5) 
m=-2 

where u2,m is the variance of the irreducible EFG tensor component m determined over the course 

of the dynamics trajectory. 

Cartesian components of the EFG tensor are transformed to spatial components of the set of 

spherical tensors that are commonly used to describe the quadrupolar interaction. Autocorrelation 

functions of these spatial components are computed per spherical component. Integration of the auto

correlation functions provide spectral densities which are used to compute the relaxation rates. Error 

estimation and correlation times are obtained in a similar manner, starting from the autocorrelation 

functions of the spatial components of the spherical EFG tensor. 

All radial distribution functions (RDFs) presented were computed on a discrete radial grid with 0.03 

A spacing over the production portion of each trajectory. Integration of the RDFs and multiplication 

of the result by a constant provides a atom counts. Peaks in the RDF can be used to identify radial 

ranges corresponding to different atomic shells. Atom counts , within specific radial ranges , can be 

used to estimate the number of solvent molecules present in the shell. Trajectory analysis , cluster 

extraction, and visualization were performed using an open source tool recently developed in our 

group (version 0.3.6). 56 

93 

https://0.3.6).56


Appendices 

B.2 Pseudopotentials 

Due to the relatively new44 pseudopotential ( for U) used in this work, some preliminary checks 

were performed to ensure its stability and performance for a selection of electron configurations. 

Only the uranium PSP was analyzed. Table B.1 contains the tested electron configurations (note 

that configuration O is the same as used to generate the pseudopotential). Tests were performed for 

180 181 46the BLYP, , PBE, PW91, and PZ47 functionals. A sample of the analysis is given below for 

PBE (similar results were obtained for all functionals analyzed). Tested electron configurations show 

reasonable deviations from the all electron reference calculations. The new pseudopotential library 

was deemed suitable for use in dynamics simulations. Note that for CPMD dynamics and NMR 

calculations the PW91 (or its hybrid variant B1PW91) were used . 

Table B .1 : Tested Electron Configurations.a 

Configuration 5f 6s 6p 6d 7s 7p 

0 2.5 2.0 6.0 1.5 2.0 0.0 
1 3.0 2.0 6.0 1.0 2.0 0.0 
2 3.0 2.0 6.0 0.0 2.0 0.0 
3 2.0 2.0 6.0 0.0 2.0 0.0 
4 2.0 2.0 6.0 1.0 2.0 0.0 
5 1.5 2.0 6.0 1.5 2.0 0.0 

aThe pseudopotential was generated with configuration 0. 
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Fig ure B.1: Error in individual atomic orbital energies for the configurations tested in Table B .1 com
pared to the all electron calculation. 
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Fig ure B.2: Error in total energy for the configurations tested in Table B .1 compared to the all electron 
calculation. 
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B.3 Code Comparison 

Because two different codes were used in this work, the transferability of geometries between Quan

tum ESPRESSO182 (QE, version 5.1, used for dynamics simulations) and the Amsterdam Density 

Functional183 (ADF, version 2014 revision 51267, used for chemical shift calculations) was compared. 

The geometry of the (UO2h(CO3)l- complex was optimized in both ADF and QE at the PW9147 

level of theory. The TZ2P basis was used for all atoms in ADF and COSMO54 was employed. In 

QE a kinetic energy cutoff of 100 Ry was used. Despite these differences , absolute variations in the 

optimized bond lengths are at most 0.1 A with the average around 0.03 A (see Table B.2). Given the 

differences in the employed theory, and the fact that geometries coming from dynamics (QE) would 

reflect the presence of solvent, these differences were deemed acceptable. 

Table B .2: Comparison of Gas Phase Structure of (UO2)s(CO3) 6
6

- . 

ADF QE ~R 
Bond 

R(U- Oa) 1.827 1.798 0.028 
R(U- Ob) 2.374 2.480 -0.106 

R(U- Od) 2.433 2.467 -0.034 
R(U- Oe) 2.480 2.547 -0.066 
R(Ob- Ca) 1.303 1.305 -0.002 
R(Oc- ca) 1.281 1.259 0.022 
R(Od- Cb) 1.279 1.278 0.001 
R(Oe- Cb) 1.324 1.322 0.002 

B.4 Solvent Structure 

It is notable that the radial distribution function (RDF) of oxygen with itself shows good agreement 

16 19 with theoretical studies in the literature at similar levels of theory. 12 , - All oxygen atoms are 

included in the RDF , including oxygen atoms that are part of the 'uranyl ' motif and carbonate 

ligands. These oxygen atoms are responsible for additional structure visible between 2.0 and 2.5 A 

and the small shelf around 3.7 A. 

B.5 Internal Reference 

NMR chemical shielding values were computed for free carbonate (Col- ) as well as from a CPMD 

simulation of col- in 64 water molecules. The static col- model was used to evaluate the effect of 
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Fig ure B .3: Oxygen, oxygen pair correlation functions for all three trajectories. Additional structure 
present between 2.0 and 2.5 A and around 3.7 A for complexes tris and trimer is due to 
carbonate ligand oxygen and uranyl oxygen atoms , respectively. The structure of water is 

19in very good agreement with simulations of pure water at similar levels of theory12 • 15- as 
20 21well as experiment . , 
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basis set size and level of theory on chemical shielding values. Four functionals were tested employing 

both scalar relativistic and spin-orbit corrections as well as no implicit solvation (labeled 'bare' or'*') 

and COSMO.54 All calculations were performed using ADF and are given in Tables B.3- B.6. This 

data was also used as the internal reference for the coarse search (64 snapshots) used to determine 

appropriate cluster sizes for each of the actinide complexes. For additional details on how chemical 

shifts were computed , see Section B.6 

Table B .3: Reference NMR Shielding Values for static col- (PW91) . 

cr(C) cr(O) 
so SR so SR 

BARE COSMO BARE COSMO BARE COSMO BARE COSMO 
C 0 

DZ DZ -12 .260 -7.830 -14.490 -9.920 100.093 114.273 97.783 112.000 
DZP 7.130 11.460 5.190 9.600 133.753 142.147 131.650 140.057 
TZP 11.970 16.070 9.840 14.040 97.243 107.103 95.140 105.023 
TZ2P 14.690 18.610 12.630 16.640 105.723 114.657 103.650 112.603 
QZ4P 10.950 21.600 9.030 19.630 112.813 108.760 111.120 106.830 

DZP DZ -5.960 -1.790 -7.920 -3.640 134.530 146.733 132.363 144.583 
DZP 8.090 11.880 6.240 10.090 143.897 151.773 141.847 149.723 
TZP 11 .930 15.610 9.890 13.660 108.533 117.857 106.477 115.817 
TZ2P 13.890 17.500 11.890 15.580 112.180 121.067 110.140 119.037 
QZ4P 11.530 22.250 9.690 20.350 127.147 115.453 125.497 113.563 

TZP DZ 9.820 11.410 7.840 9.540 144.010 149.397 141.927 147.297 
DZP 6.080 6.750 4.200 4.950 146.067 149.260 144.040 147.217 
TZP 1.630 3.300 -0.460 1.310 106.747 114.667 104.733 112.643 
TZ2P 1.700 3.120 -0.350 1.150 113.027 119.553 111.027 117.537 
QZ4P -13.730 -0.540 -15.420 -2.390 158.403 112.590 156.857 110.660 

TZ2P DZ 11.010 12.590 9.080 10.750 150.363 155.433 148.297 153.353 
DZP 6.940 7.620 5.070 5.830 148.877 151.933 146.860 149.890 
TZP 2.420 4.110 0.340 2.130 109.340 117.193 107.330 115.173 
TZ2P 2.030 3.600 -0.010 1.640 114.003 120.840 112.003 118.827 
QZ4P -13.520 -0.260 -15 .210 -2.110 160.117 113.523 158.583 111.597 

QZ4P DZ -8.380 -5.620 -10.210 -7.370 150.643 151.153 148.703 149.140 
DZP -7.370 -4.720 -9.190 -6.470 152.263 151.400 150.330 149.397 
TZP -8.040 -4.440 -10 .040 -6 .360 109.220 114.343 107.280 112.343 
TZ2P -8.020 -4.350 -10 .000 -6.250 113.460 117.800 111.527 115.800 
QZ4P -12.240 -4.170 -13.690 -5.920 154.143 112.683 152.843 110.837 

Carbon and oxygen shielding values obtained from the CPMD simulation of col- in 64 water 

molecules were used as the internal reference for the final (256 snapshot) chemical shift calculations 

of the actinide complexes. See the Section B.1 in the main text for information about the dynamics 

(note that identical parameters to those of the actinide simulations were used). Similarly, the basis 

used for NMR calculations from the dynamics trajectory match that of NMR calculations for the 

98 

https://COSMO.54


Appendices 

Table B.4 : Reference NMR Shielding Values for Static cos2- (B1PW91) . 

cr(C) o-(0) 
so SR so SR 

BARE COSMO BARE COSMO BARE COSMO BARE COSMO 
C 0 

DZ DZ -12.280 -7.200 -14.620 -9.390 112.077 126.950 109.657 124.577 
DZP 10.720 15.000 8.710 13.080 146.500 154.377 144.327 152.213 
TZP 15.150 19.150 12.970 17.060 113.907 123.060 111.753 120.933 
TZ2P 18.420 22.100 16.310 20.080 122.303 130.457 120.187 128.363 
QZ4P 23.480 26.210 21.520 24.240 120.983 124.297 119.063 122.280 

DZP DZ -2 .370 1.930 -4.380 0.030 150.087 161.883 147.847 159.673 
DZP 12.740 16.450 10.850 14.620 158.273 165.827 156.163 163.717 
TZP 15.930 19.360 13.860 17.370 126.343 134.860 124.243 132.787 
TZ2P 17.960 21.360 15.920 19.390 129.503 137.783 127.417 135.717 
QZ4P 21.830 24.460 19.940 22.560 127.923 131.783 126.033 129.800 

TZP DZ 13.850 15.920 11.820 13.990 153.367 160.103 151.200 157.933 
DZP 9.700 10.820 7.770 8.970 155.697 160.067 153.603 157.943 
TZP 6.620 8.510 4.480 6.460 121.743 130.050 119.667 127.973 
TZ2P 6.720 8.520 4.620 6.510 127.697 135.180 125.637 133.117 
QZ4P 3.850 8.000 1.970 6.090 124.743 129.850 122.833 127.837 

TZ2P DZ 15.390 17.130 13.410 15.250 160.310 166.113 158.173 163.967 
DZP 10.710 11 .860 8.800 10.030 158.707 163.020 156.617 160.910 
TZP 7.520 9.370 5.400 7.330 124.527 132.703 122.457 130.633 
TZ2P 7.180 9.100 5.090 7.090 128.997 136.700 126.933 134.640 
QZ4P 4.470 8.380 2.600 6.470 126.143 130.833 124.237 128.827 

QZ4P DZ -2.420 0.780 -4.310 -1.030 156.793 160.757 154.737 158.643 
DZP -1.130 1.780 -3.000 -0.020 159.080 161.263 157.040 159.170 
TZP -1.020 2.470 -3.070 0.490 123.357 130.223 121.327 128.157 
TZ2P -0 .870 2.830 -2 .890 0.880 127.467 134.043 125.440 131.983 
QZ4P -1.380 3.510 -3.170 1.640 125.800 130.710 123.920 128.723 
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Table B.5: Reference NMR Shielding Values for Static col- (PBE). 

cr(C) cr(O) 
so SR so SR 

BARE COSMO BARE COSMO BARE COSMO BARE COSMO 
C 0 

DZ DZ -11.750 -7.350 -13.980 -9.450 98.783 113.183 96.470 110.907 
DZP 7.720 12.010 5.780 10.150 133.437 141.853 131.333 139.757 
TZP 12.260 16.510 10.130 14.490 97.220 107.530 95.113 105.450 
TZ2P 15.060 18.810 13.010 16.840 106.040 114.567 103.970 112.513 
QZ4P 11.760 22.460 9.840 20.490 112.997 109.353 111.300 107.420 

DZP DZ -5.540 -1. 360 -7.500 -3.220 133.500 145.947 131.327 143.793 
DZP 8.570 12.530 6.710 10.750 143.477 151.890 141.427 149.840 
TZP 12.280 15.970 10.250 14.020 108.730 118.110 106.677 116.070 
TZ2P 14.210 17.690 12.210 15.770 112.360 120.957 110.317 118.923 
QZ4P 12.260 23.040 10.420 21.140 126.853 115.687 125.203 113.790 

TZP DZ 10.790 12.430 8.820 10.550 143.203 148.813 141.113 146.710 
DZP 7.070 7.570 5.190 5.760 145.500 148.363 143.470 146.310 
TZP 2.690 4.160 0.600 2.160 106.810 114.213 104.790 112.183 
TZ2P 2.710 4.090 0.660 2.120 113.030 119.460 111.020 117.440 
QZ4P -12.180 0.640 -13.880 -1.210 154.933 112.587 153.367 110.653 

TZ2P DZ 11.920 13.360 9.980 11.510 149.533 154.387 147.467 152.303 
DZP 7.890 8.490 6.020 6.700 148.277 151.250 146.263 149.203 
TZP 3.420 5.020 1.340 3.040 109.317 116.963 107.307 114.940 
TZ2P 3.010 4.420 0.960 2.460 113.973 120.420 111.973 118.403 
QZ4P -12.040 0.930 -13.730 -0.920 156.607 113.563 155.057 111.640 

QZ4P DZ -7.560 -4.730 -9.400 -6.490 149.517 150.267 147.570 148.247 
DZP -6.440 -3.890 -8.260 -5.640 151.550 150.513 149.613 148.503 
TZP -7.080 -3.560 -9.090 -5.480 109.227 114.147 107.283 112.147 
TZ2P -7.070 -3.510 -9.040 -5.410 113.557 117.590 111.623 115.593 
QZ4P -10.660 -3.160 -12.140 -4.910 150.543 112.710 149.197 110.857 
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Table B.6: Reference NMR Shielding Values for Static col- (PBE0). 

cr(C) cr(O) 
so SR so SR 

BARE COSMO BARE COSMO BARE COSMO BARE COSMO 
C 0 

DZ DZ -11.770 -6.780 -14.110 -8.970 112.773 127.360 110.357 124.993 
DZP 11.080 15.300 9.080 13.390 147.223 154.870 145.057 152.717 
TZP 15.440 19.410 13.260 17.330 114.963 123.880 112.820 121.767 
TZ2P 18.600 22.260 16.500 20.240 123.220 131.113 121.110 129.023 
QZ4P 23.830 26.650 21.890 24.690 122.733 124.830 120.843 122.827 

DZP DZ -2 .140 2.160 -4.140 0.260 150.307 161.990 148.073 159.783 
DZP 12.970 16.630 11.080 14.810 158.653 165.977 156.547 163.877 
TZP 16.100 19.510 14.040 17.520 126.997 135.277 124.903 133.207 
TZ2P 18.080 21.450 16.040 19.490 130.093 138.123 128.013 136.063 
QZ4P 22.170 24.860 20.310 22.960 129.490 132.063 127.630 130.093 

TZP DZ 14.500 16.520 12.470 14.590 154.110 160.570 151.957 158.407 
DZP 10.350 11.390 8.410 9.540 156.493 160.527 154.403 158.413 
TZP 7.230 9.040 5.100 6.990 122.580 130.510 120.517 128.440 
TZ2P 7.280 8.970 5.190 6.950 128.473 135.497 126.417 133.440 
QZ4P 4.270 8.390 2.410 6.490 126.153 130.223 124.273 128.223 

TZ2P DZ 15.970 17.660 14.000 15.780 161.010 166.497 158.880 164.357 
DZP 11.320 12.310 9.410 10.480 159.450 163.263 157.370 161.160 
TZP 8.090 9.850 5.970 7.810 125.283 133.050 123.223 130.990 
TZ2P 7.710 9.330 5.630 7.320 129.710 136.527 127.653 134.467 
QZ4P 4.550 8.820 2.700 6.930 126.847 131.340 124.970 129.347 

QZ4P DZ -1.910 1.120 -3.790 -0.690 157.740 160.960 155.693 158.863 
DZP -0.750 2.120 -2.610 0.320 160.003 161.677 157.973 159.593 
TZP -0.640 2.790 -2.690 0.810 124.243 130.590 122.230 128.537 
TZ2P -0 .500 3.110 -2 .520 1.160 128.390 134.370 126.380 132.320 
QZ4P -1.120 3.920 -2.890 2.060 126.827 131.300 124.970 129.323 
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actinide complexes (TZ2P for C , O; DZP for H) . Shielding and shift data were obtained by averaging 

543 cluster snapshot geometries taken from the production portion of the co}- trajectory. Isotropic 

shielding data is provided in Table B.7. Figure B.4 shows comparison of NMR chemical shifts (using 

the static co}- as the reference for the chemical shielding constants obtained from dynamics). Note 

that Figure B.5 shows that the simulation of free carbonate is fully solvated around 20 nearest 

neighbor water molecules. In combination with the NMR results from Figure B.4, isotropic shielding 

data for clusters of size 20 were used to calculate chemical shifts in Table 4.8 in the main text. 

The effect of dynamics on shielding compared to the static model (described above) is +3.8 ppm 

for carbon and -51.5 ppm for oxygen. Finally, in Table B.8, estimates for the effect of spin-orbit 

corrections, use of a hybrid functional , and both corrections applied simultaneously are provided 

(similar to Table B.10 below) . 

Table B. 7: Reference NMR Shielding Values from Dynamics of col-. 
cr(C) cr(O) 

solv 

* 4.409 121.702 
0 1.756 117.072 
5 3.602 79 .234 
10 5.614 67.996 
15 5.398 67.333 
20 5.453 66.419 
25 5.463 65.780 
30 5.481 65.447 
40 5.548 65.317 

Table B.8: Estimation of Effect of Hybrid Functional and Spin-Orbit Coupling Corrections on Chemical 
Shifts of col-.a 

PW91 / SO B1PW91 / SR B1PW91 / SO 
symbol 

C 1.580 1.200 1.470 
0 1.762 9.980 9.528 

acorrections are with respect to the PW91 / SR level of theory. 
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Fig ure B .4: Dependence of the carbon and oxygen chemical shifts of Col- (equivalent oxygen atoms are 
averaged together) with respect to cluster size (number of nearest neighbor water molecules 
selected by atom-to-atom distance) . The '*' represents zero explicit water molecules and no 
implicit (COSMO) solvation. The reference for these shifts is the static Col- model. 
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F igure B.5: R adial distribution function and integration for the Col- in 64 water molecules CPMD 
simulation. The initial (truncated) peak is due to carbonate oxygen atoms. The second 
peak, integrating to roughly 12 oxygen atoms represents the solvent shell of carbonate in 
this simulation. The structure of water reduces to the bulk past this point . 
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B.6 Chemical Shifts 

Chemical shifts were calculated from isotropic shielding values and experimental shifts using the 

following scheme ( see additional details in Section B .1). 

6 = CT ref, theory - CTan, theory + <'iref, expt l (B.6) 

In Equation B.6 'ref' refers to the internal reference complex (i.e. col-) and 'an' refers to the 

actinide complex. The equation is for a given atom type (carbon or oxygen) and level of theory. 

Corrections to Equation B.6 for inclusion of spin-orbit effects (or use of a hybrid functional) were 

computed using the following example, given for spin-orbit effects. 

ti.eran, theory = CTan, SR - CTan, SO (B.7) 

ti.erref, t heory = CT ref, SO - CT ref, SR (B.8) 

The asymmetry in Equations B.7 and B.8 is due to the minus sign in Equation B.6. The theory is 

denoted by 'SR' for scalar relativistic corrections and 'SO' for spin-orbit (including scalar) relativistic 

corrections. As written these equations can be added directly to Equation B.6 to obtain corrected 

chemical shifts. 

Because only 64 snapshot geometries were used to estimate the dependence of each chemical shift on 

presence of explicit solvent molecules , not all shifts showed clear trends. Those data are given below. 

Note that error bars included here are a guide for the eye rather than the statistically significant 

error associated with each chemical shift. Note that for the 64 coarse NMR calculations, the static 

col- shielding data was used as an internal reference. 

It is clear that much of the trimer complex's computed chemical shifts (Figures B. 7 through B.12) 

show almost no correlation with the number of explicit water molecules present. Since very distinct 

trends are obtained for certain chemical shifts (see the main text) , this is supposed not to be a 

consequence of finite sampling but rather representative of the actual results. It is possible that 

because of the size of the trimer complex, much of the electronic structure, responsible for the 

effective shielding a nucleus 'feels ', is dominated by the inner carbonate and uranium atoms rather 
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Figure B.6: Dependence of c5(Ob) for the tris complex on the number of nearest water molecules included 
in the NMR calculation. Each bar represents an average over 64 evenly spaced snapshot 
geometries taken from the production CPMD run. '0 ' means there were no explicit solvent 
molecules, but COSMO was applied for bulk solvent effects. The asterisk '* ' calculations 
omit both COSMO and explicit solvent molecules. 

1070 

~ 1065 
E 
0. 

8 
~1060 

<,o 

1055 

00 10 20 30 40 50 60 
N 

Figure B. 7: Dependence of c5(Oa) for the trimer complex on incremental inclusion of solvation effects. 
For a description see the caption of Figure B .6. 
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Figure B.8: Dependence of c5(Ob) for the trimer complex on incremental inclusion of solvation effects. 
For a description see the caption of Figure B .6. 
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Figure B.9: Dependence of c5(0d) for the trimer complex on incremental inclusion of solvation effects. 
For a description see the caption of Figure B .6. 
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Figure B.10: Dependence of c5(0e) for the trimer complex on incremental inclusion of solvation effects. 
For a description see the caption of Figure B .6. 
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Figure B.11: Dependence of c5(Ca) for the trimer complex on incremental inclusion of explicit solvent 
molecules . For additional details see the caption of Figure 4.19. 
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F igure B.12: Dependence of c5(Cb) for the trimer complex on incremental inclusion of solvation effects. 
For a description see the caption of Figure B.6. 

Table B.9: Effect of Basis and Theory on Chemical Shifts of the UO 2(CO3h4
- Complex.a 

o• Ob O' c· 
PW91 B1PW91 PW91 B1PW91 PW91 B1PW91 PW91 B1PW91 

SR so SR so SR SO SR SO SR SO SR so SR SO SR so 
u C 0 

TZP DZP DZP 983.4 996.2 1080.0 1094.5 340.1 326.2 283.3 279.8 249.1 257.5 234.8 238.4 169.8 171.1 169.9 169.6 
TZP 1067.4 1080.5 1162.8 1180.1 343.3 329.4 283.3 281.1 243.7 251.8 228.2 231.8 171.1 172.5 170.8 170.5 
TZ2P 1056.1 1068.7 1143.7 1160.3 342.9 329.0 282.7 280.6 244.4 252.1 228.6 232.2 172.3 173.7 172.0 171.8 
QZ4P 1047.3 1056.7 1148.2 1162.7 341.3 328.7 281.5 279.1 219.9 227.9 214.2 218.0 174.8 176.0 169.3 169.0 

TZP DZP 981.5 995.3 1073.5 1089.1 340.6 327.3 283.4 280.3 246.9 255.5 231.4 235.2 173.0 174.4 171.9 171.7 
TZP 1063.9 1077.6 1158.1 1175.8 341.9 328.2 282.8 280.8 246.0 254.1 229.7 233.4 172.2 173.7 171.7 171.5 
TZ2P 1055.5 1067.7 1141.6 1158.3 342.1 328.4 283.2 281.1 246.4 254.4 230.2 234.0 172.0 173.5 171.8 171.7 
QZ4P 1045.9 1054.2 1147.2 1161.0 340.0 327.5 280.4 278.0 201.3 209.6 214.8 218.7 171.5 172.7 173.9 173.7 

TZ2P DZP 984.6 997.6 1077.9 1093.3 341.6 328.2 284.7 281.3 247.5 256.3 232.0 235.9 173.0 174.5 172.1 171.8 
TZP 1067.0 1080.1 1161.8 1177.9 342.6 329.0 283.3 281.3 246.2 254.4 229.9 233.8 172.3 173.8 171.8 171.6 
TZ2P 1056.5 1068.8 1143.0 1159.7 342.2 328.4 283.5 281.5 246.5 254.5 230.6 234.4 172.1 173.6 172.0 171.9 
QZ4P 1046.9 1055.1 1147.1 1162.3 340.3 327.8 280.6 278.2 200.8 209.0 215.2 218.8 171.8 173.0 174.0 173.3 

QZ4P DZP 984.8 997.9 1077.6 1093.6 339.6 326.6 283.7 280.8 242.0 250.6 225.5 229.3 171.3 172.7 171.1 170.8 
TZP 1062.2 1075.4 1158.6 1175.5 338.2 324.8 281.6 279.3 240.1 248.3 223.6 227.7 171.0 172.4 171.2 171.0 
TZ2P 1052.1 1064.2 1140.7 1157.4 337.9 324.2 281.2 279.1 239.2 247.2 223.3 227.1 171.0 172.4 171.6 171.4 
QZ4P 1045.2 1054.1 1148.8 1165.4 339.7 328.1 280.7 278.5 198.8 206.8 215.6 219.2 170.4 171.6 170.8 170.6 

TZ2P DZP DZP 979.9 994.0 1076.7 1093.4 339.5 325.9 283.2 279.8 249.1 257.7 234.9 238.8 169.9 171.3 170.1 169.8 
TZP 1064.7 965.7 1161.6 1180.4 342.3 312.0 282.9 280.8 243.5 233.2 228.2 232.0 171.1 166.6 170.8 170.5 
TZ2P 1055.2 1069.1 1143.3 1162.3 342.0 328.5 282.3 280.4 244.1 252.2 228.6 232.4 172.2 173.7 172.0 171.8 
QZ4P 1048.4 1061.2 1150.1 1169.1 340.6 328.6 281.9 280.3 219.6 228.0 214.3 218.0 174.8 176.1 169.3 169.1 

TZP DZP 978.2 992.6 1072.0 1087.9 339.8 326.7 283.4 280.0 246.9 255.9 231.4 235.5 173.1 174.6 172.0 171.8 
TZP 1062.0 1075.7 1157.1 1176.1 341.4 327.9 282.6 280.8 245.8 254.3 229.8 233.6 172.2 173.7 171.7 171.6 
TZ2P 1054.0 1068.6 1141.3 1160.5 341.4 328.1 283.0 281.2 246.2 254.4 230.3 234.2 172.0 173.5 171.8 171.7 
QZ4P 1047.1 1058.8 1147.7 1167.5 339.5 327.6 280.7 279.1 200.9 209.6 215.1 218.4 171.5 172.8 173.9 173.5 

TZ2P DZP 981.5 995.7 1074.6 1090.7 341.0 327.7 284.4 281.1 247.5 256.6 232.2 236.4 173.1 174.6 172.1 171.9 
TZP 1064.4 1078.5 1160.6 1177.0 342.0 328.6 283.2 281.2 246.1 254.6 230.0 234.3 172.3 173.9 171.7 171.7 
TZ2P 1055.0 1069.5 1142.8 1161.9 341.5 328.2 283.4 281.7 246.4 254.6 230.7 234.6 172.1 173.6 172.0 171.9 
QZ4P 1048.1 1058.9 1149.0 1168.3 339.7 327.7 280.9 279.3 200.3 209.1 215.2 218.8 171.8 173.1 174.0 173.7 

QZ4P DZP 981.7 995.5 1074.2 1091.1 338.9 325.9 283.3 280.5 241.9 250.9 225.5 229.6 171.3 172.7 171.2 171.0 
TZP 1060.8 1074.3 1157.2 1176.4 337.8 324.5 281.5 279.3 239.9 248.5 223.7 227.5 171.0 172.4 171.2 171.0 
TZ2P 1051.5 1066.0 1140.4 1159.2 337.5 324.3 281.1 279.2 239.0 247.2 223.2 227.2 171.0 172.5 171.6 171.4 
QZ4P 1046.4 1058.0 1151.5 1170.4 339.1 327.6 280.8 279.3 198.1 206.7 215.5 219.4 170.4 171.6 170.7 170.5 

QZ4P DZP DZP 976.5 951.2 1071.0 1088.6 343.1 315.5 284.6 281.2 278.3 273.3 249.4 253.1 170. 7 167.8 171.4 171.0 
TZP 1049.0 1063.3 1146.6 1165.6 345.9 331.5 282.5 280.2 272.7 281.6 243.0 247.2 171.3 172.8 171.3 171.0 
TZ2P 1040.8 1056.4 1132.8 1154.7 346.0 331.6 282.2 280.4 272.9 281.7 243.1 247.1 172.1 173.5 172.0 171.8 
QZ4P 1050.1 1065.9 1146.9 1168.6 346.9 333.0 283.4 280.8 223.9 233.0 216.1 220.1 177.0 178.4 169.6 169.4 

TZP DZP 975.0 873.1 1065.6 1083.4 344.0 338.0 283.9 280.6 265.1 281.4 237.8 241.8 175.3 177.0 174.0 173.8 
TZP 1046.2 997.8 1142.1 1162.2 346.2 355.4 283.4 281.4 264.3 273.6 237.3 241.3 174.0 169.7 173.4 173.3 
TZ2P 1039.4 1054.8 1128.5 1151.2 346.3 332.2 283.8 282.1 265.1 273.9 238.1 242.0 174.0 175.6 173.7 173.6 
QZ4P 1048.4 1063.8 1145.6 1166.7 345.2 331.5 281.6 279.1 207.7 217.1 217.1 221.2 169.7 171.0 174.3 174.0 

TZ2P DZP 977.4 990.4 1068.9 1085.1 344.9 331.0 284.9 281.5 266.5 275.8 238.9 243.1 175.2 176.8 174.0 173.8 
TZP 1048.3 1062.3 1144.6 1163.5 346.8 332.4 283.9 281.8 264.8 273.9 237.6 241.7 174.0 175.7 173.4 173.3 
TZ2P 1040.4 974.0 1131.9 1153.9 346.6 330.2 284.4 282.6 265.2 262.5 238.2 242.0 174.1 170.8 173.8 173.6 
QZ4P 1048.6 1064.8 1146.4 1148.0 345.0 331.5 281.9 282.4 206.9 216.4 217.3 218.0 170.1 171.4 174.2 173.8 

QZ4P DZP 978.2 960.9 1067.4 1085.9 343.4 278.7 283.8 280.8 261.0 236.9 232.0 235.9 170.9 166.2 170.6 170.3 
TZP 1043.8 987.6 1141.8 1162.2 343.1 241.9 281.0 279.0 253.8 211.5 229.6 233.6 170. 7 168.2 171.0 170.8 
TZ2P 1036.3 1051.8 1127.2 1150.4 342.5 328.6 280.8 278.7 252.5 261.6 229.4 233.2 170.7 172.2 171.5 171.2 
QZ4P 1048.4 1064.0 1145.7 1147.7 343.8 330.6 282.5 282.8 199.9 209.7 218.4 219.0 171.3 172.7 171.0 170.3 

ascalar (SR) and spin-orbit (SO) refer to relativistic corrections within the zeroth order regular 
approximation (ZORA) of the Amsterdam Density Functional (ADF 2014 , revision 51267) , used for 

all calculations herein. Calculations were performed on the bare UO2(CO3h4
- complex with 

COSMO54 for implicit solvation effects. 
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than nearby water solvent molecules . 

Table B.10: Estimation of Effect of Hybrid Functional and Spin-Orbit Coupling Corrections on Chemical 
Shifts.a 

uranyl tris trimer 
oa oa Ob oc ca oa Ob oc Od o e ca Cb 

XC . Rel. 

pw91 spinorbit 16.4 54.7 -21.5 6.0 1.3 15.0 -10.6 7.5 -1.9 -1.5 2.4 1.6 
blpw91 scalar 240.3 187.2 -33.5 7.1 4.3 225 .8 -51.7 -2.3 -25.6 -45 .4 4.2 6.3 

spinorbit 245 .9 220 .0 -35.9 6.9 4.0 237.9 -55 .7 2.1 -24.6 -39.4 3.2 5.2 

acorrections are with respect to the PW91/SR calculations. 

Table B.10 shows the estimated effect of variations in the level of theory with respect to the 

PW91/SR level used for all 256 calculations from the dynamics trajectories. Corrected chemical 

shifts are provided in the main text; the values herein are for reference only. Similarly, Figures B.13 

through B.19 provide rate of change of the given chemical shift with respect to select bond lengths. 

Note that the aforementioned figures use the static col- as the internal reference. As discussed in the 

main text, because of the low correlation coefficients these data are used for qualitative comparisons 

only. 

Structure property relationships were not explored for remaining NMR chemical shifts of the trimer 

complex. There are numerous possible correlations that can be made. A more complete exploration 

of parameter space is required before anything of value can be elucidated. This will be done in a 

forthcoming study. 

Chemical shift anisotropy analysis was performed for all three complexes. The same trajectory 

snapshots used for other magnetic resonance property calculations provided the data herein. Note 

that the standard (IUPAC) convention for the principle components of the chemical shift tensor 

(611 > 622 > 633 ) was used. In this convention, anisotropy can be described by the span, D, and 

skew, ti, (see equations B.9- B.11 , and, for example, Reference 184 and the equations given below). 

We note that the data in Tables B.11- B.13 is used for qualitative analysis only. 

(B.9) 

(B.10) 
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Figure B.13: Correlation between U-Oa bond length on c5 (Oa) for the tris complex dynamics. The least 
squares linear regression is a guide for the eye only. The rat e of change of the chemical 
shift is about 130 ppm per 0.1 A. 
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Figure B.14: Correlation between ca-Ob bond length on c5(0b) for the tris complex dynamics. The least 
squares linear regression is a guide for the eye only. The rate of change of the chemical 
shift is about 90 ppm per 0 .1 A. 
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Fig ure B.1 5: Correlation between ca- oc bond length on c5(Oc) for the tris complex dynamics. The least 
squares linear regression is a guide for the eye only. The rate of change of the chemical 
shift is about 40 ppm per 0 .1 A. 

111 



Appendices 

185 

0 0 

0 

180 0 
0 

0 
0 

0 

0 
0 0 

0 

0 

0 

0 0 0 
0 

0 O oO r.9 
o°o oo o o o 0 

0 

_,_ 175 
s 
0--t 

~170 
,,---...._ 
c<:l u 
'---" 
C-0 165 

0 

0 0 0 0 00 
0 0 oil 

0 0 
o~o °o 4J o~ 

8 9Coo oo oo ~,?'2,o 
0 

0 0 0 0 0 0 0 0 00 0 
0 

0 oo go~ o oo o&co 8o qJ> 6) o o 
o ~ ;plo8 8~" 

o oO O '0'-',.8o 09 C\:Jt, r<> o o
% '-'D 0 

0 o q..,.,o O cP cf5 o 00 o o 
0 o ~ o o ~ eo c!}oo ooR- oo o o o~o 0:, 

0 I) 0 0 000 8 § 0 0 <9't, (J O O ef? 0
0 o oQ.>og o,e;o i9 QiCQ, 00 

0 
0 0 ° 8'o 0 (fb\l 8 6) \:i(b Q, o'lbo'bo e 

0 O O O O 090 0 o 
ro0o o oo o3 g o<ooo Co'.o8o'Q ~ ~ oo o 0 

00 
0 c8 ~ '2,0\l 80 0 g o~O:JO <900 8 0 

c§:f; o Bo c;6bCbc)o o oo o o o 
0 

0 00 0 "" Qj,-,9, Q O O O gi
Ooo~ooo 8Q>'&"o~ lj-JO & o o o o 

0oooQ.l~ oooct:P ~~ ('!:; o oo o 
g O _,6) 0000 

o ea O &"00 o a 0 0 

o oo og o o o cf) 0 oo o rs;? o 'o o 0 {I) 0 O 

0 

0 

0 0 

0 0 
0 

0 

0 
0 

0 0 0 

6 oo oo ?JclJ o o o ~o 
0 

160 0 

0 

oog 

0 

o 
0 

oo 
0 

o oo o o 

0 

0 

0 ooo 
0 0 0 0 

0 

155 
0 

1.20 1.25 1.30 1.35 
R(A) 

Figure B.16: Correlation between ca-oc bond length on c5(Ca) for the tris complex dynamics. The least 
squares linear regression is a guide for the eye only. The rate of change of the chemical 
shift is about 20 ppm per 0 .1 A. 
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Figure B.17: Correlation between U-Oa bond length on c5(Oa) for the trimer complex dynamics. The 
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Figure B.18: Correlation between U- Ob bond length on c5(Ob) for the trimer complex dynamics. The 
least squares linear regression is a guide for the eye only. The rate of change of the chemical 
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Figure B.19: Correlation between ca-oc bond length on c5(Oc) for the trimer complex dynamics . The 
least squares linear regression is a guide for the eye only. The rate of change of the chemical 
shift is about 50 ppm per 0 .1 A. 
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(B .11) 

Table B.11: Chemical Shift Analysis for uol+a 

611 622 633 6iso D 
Atom 

1 o a 1740.390 1692.260 -35.510 1132.380 1775.900 0.950 
2 1733.680 1686.500 -36.170 1128.000 1769.850 0.950 

acomputed over corresponding production trajectory snapshots. 

Table B. 12: Chemical Shift Analysis for UO2 (CO3 h4-a 

611 622 633 6iso D 
Atom 

1 ca 209.780 184.690 112.700 169.060 97.080 0.480 
2 208.790 183.320 112.560 168.220 96.230 0.470 
3 209.910 183.670 112.500 168.690 97.410 0.460 
4 oa 1596.840 1527.690 -28.310 1032.070 1625.150 0.910 
5 1651.950 1586.300 -27.720 1070.180 1679.670 0.920 
6 482.570 374.140 166.850 341.190 315.720 0.310Ob 

7 475.760 378.860 168.530 341.050 307.230 0.370 
8 494.560 382.350 178.430 351.780 316.140 0.290 
9 479.250 373.590 176.340 343.060 302.920 0.300 
10 620.140 499.190 165.920 428.420 454.230 0.470 
11 492 .120 374.350 178.860 348.440 313.260 0.250 
12 oc 350.940 281.980 145.780 259.570 205.170 0.330 
13 349.480 278.460 151.540 259.830 197.940 0.280 
14 355.220 275.920 148.620 259.920 206.600 0.230 

acomputed over corresponding production trajectory snapshots. 

B.7 NMR Relaxation Data 

Data presented here are used to elucidate qualitative trends rather than predict numerically accu

rate results. Indexes (in Table B.17 refer to specific atoms within each simulation; final qualitative 

trends discussed in the main text are obtained from appropriate averages over the atomic categories 

(i.e. chemical motifs within each solute). Three models tested were bare analyte complexes with no 

explicit or implicit solvation (Figure B.15) , bare analyte complexes with only COSMO (Figure B.15) 

and cluster snapshots used in NMR calculations (Figure B.17). A sample autocorrelation function 

of the spatial components of the spherical electric field gradient tensor are provided in Figure B.20. 
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Table B.13: Chemical Shift Analysis for (U02)s(C03) 6
6-a 

611 622 633 6iso D 
Atom 

1 ca 214.640 186.580 108.170 169.800 106.470 0.470 
2 215.190 179.950 114.040 169.730 101.140 0.300 
3 214.890 180.120 114.150 169.720 100.740 0.310 

4 Cb 214.730 187.780 108.120 170.210 106.610 0.490 
5 213.590 187.710 108.570 169.960 105.030 0.510 
6 216.040 179.350 114.260 169.890 101.780 0.280 
7 oa 1641.250 1582.800 -35.970 1062.690 1677.220 0.930 
8 1650.620 1595.320 -36.740 1069.730 1687.360 0.930 
9 1636.880 1579.160 -38.180 1059.290 1675.060 0.930 
10 1626.290 1567.680 -36.650 1052.440 1662.940 0.930 
11 1647.550 1589.340 -41.770 1065.040 1689.320 0.930 
12 1627.030 1569.100 -39.730 1052 .140 1666.750 0.930 

13 Ob 516.980 392.950 174.700 361.540 342.280 0.280 
14 499.110 364.550 175.710 346.460 323.410 0.170 
15 516.380 435.810 167.490 373.230 348.890 0.540 
16 492 .120 369.880 195.360 352.450 296.760 0.180 
17 498.750 370.840 195.970 355.190 302.780 0.160 
18 565.960 458.170 169.800 397.980 396.170 0.460 
19 oc 460.920 358.070 155.510 324.830 305.410 0.330 
20 463.270 357.330 173.730 331.440 289.540 0.270 
21 447.360 362.080 160.670 323.370 286.690 0.410 

22 0d 495.340 371.410 164.710 343.820 330.630 0.250 
23 458.720 366.470 176.100 333.770 282.620 0.350 
24 472 .340 357.210 171 .020 333.520 301.310 0.240 
25 477.330 362.470 174.100 337.970 303.230 0.240 
26 466.260 360.000 167.500 331.250 298.760 0.290 
27 480.690 364.690 163.620 336.330 317.070 0.270 
28 oe 473.380 369.370 192.270 345 .000 281.110 0.260 
29 473.370 360.660 171.940 335.330 301.440 0.250 
30 494.170 366.570 176.230 345.660 317.950 0.200 

acomputed over corresponding production trajectory snapshots. 
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Table B.14: Effect of Basis and Theory on EFG Tensors UO2 (CO3 h4
- Complex.a 

Qty. V33 1) 

XC. PW91 B1P W91 PW91 B1PW91 
Rel. SR so SR so SR so SR so 
o• 2 2 2 

u C 0 

DZP DZP DZP 0.109 0.109 0.093 0.093 0.183 0.183 0.160 0. 160 0.004 0.002 0.005 0.003 0.004 0.003 0.004 0.004 
TZP 0.151 0.151 0.132 0.132 0.245 0.245 0.220 0.219 0.003 0.002 0.004 0.006 0.003 0.002 0.003 0.002 
TZ2P 0.104 0.103 0.084 0.084 0. 186 0.185 0.159 0. 159 0.002 0.006 0.004 0.006 0.002 0.002 0.002 0.003 
QZ4P 0.138 0.138 0.121 0.121 0.205 0.204 0.177 0.177 0.003 0.005 0.003 0.006 0.003 0.003 0.003 0.003 

TZP DZP 0.107 0.107 0.091 0.091 0. 182 0.182 0.159 0. 159 0.005 0.007 0.006 0.003 0.004 0.003 0.005 0.003 
TZP 0. 152 0.152 0.134 0.134 0.247 0.247 0.222 0.222 0.004 0.005 0.003 0.003 0.003 0.002 0.003 0.002 
TZ2P 0.105 0.105 0.086 0.085 0.188 0.187 0.161 0. 161 0.002 0.006 0.004 0.005 0.002 0.002 0.002 0.003 
QZ4P 0.138 0.138 0.121 0.121 0.205 0.205 0.178 0. 177 0.003 0.004 0.003 0.006 0.003 0.002 0.003 0.003 

TZ2P DZP 0.107 0.107 0.091 0.091 0.182 0.182 0.160 0. 160 0.002 0.002 0.004 0.002 0.003 0.004 0.004 0.005 
TZP 0.153 0.152 0.134 0.134 0.247 0.247 0.222 0.222 0.002 0.001 0.005 0.003 0.002 0.003 0.003 0.003 
TZ2P 0.105 0.105 0.086 0.086 0. 188 0.188 0.162 0. 162 0.001 0.006 0.002 0.008 0.001 0.004 0.001 0.004 
QZ4P 0.138 0.138 0.121 0.121 0.205 0.205 0.178 0. 178 0.002 0.003 0.002 0.005 0.002 0.004 0.003 0.002 

QZ4P DZP 0.106 0.106 0.090 0.090 0.179 0.179 0.157 0. 157 0.003 0.002 0.008 0.006 0.002 0.005 0.003 0.005 
TZP 0. 155 0.154 0.137 0.136 0.245 0.245 0.220 0.219 0.004 0.002 0.002 0.003 0.002 0.003 0.004 0.002 
TZ2P 0.107 0.107 0.088 0.088 0.186 0.185 0.160 0. 159 0.001 0.006 0.001 0.008 0.001 0.004 0.001 0.005 
QZ4P 0.138 0.138 0.120 0.120 0.211 0.211 0.185 0. 185 0.001 0.004 0.002 0.004 0.002 0.004 0.001 0.005 

TZP DZP DZP 0.106 0.106 0.090 0.090 0. 181 0.181 0.159 0. 158 0.004 0.003 0.006 0.004 0.004 0.003 0.004 0.004 
TZP 0.145 0.144 0.239 0.238 0.214 0.213 0.004 0.002 0.003 0.002 0.003 0.002 
TZ2P 0.100 0.100 0.081 0.081 0. 182 0.182 0.157 0. 157 0.003 0.006 0.005 0.005 0.002 0.002 0.002 0.003 
QZ4P 0. 132 0.132 0.114 0.114 0.206 0.206 0.182 0. 182 0.003 0.005 0.004 0.005 0.003 0.003 0.008 0.014 

TZP DZP 0.105 0.105 0.089 0.089 0.181 0.181 0.158 0. 158 0.005 0.007 0.006 0.008 0.004 0.003 0.005 0.003 
TZP 0. 146 0.146 0.128 0.127 0.240 0.240 0.215 0.215 0.004 0.005 0.004 0.004 0.003 0.002 0.003 0.003 
TZ2P 0.101 0.101 0.082 0.082 0. 184 0.184 0.159 0. 159 0.003 0.006 0.004 0.008 0.002 0.002 0.002 0.003 
QZ4P 0.132 0.132 0.114 0.114 0.207 0.207 0.183 0. 184 0.003 0.004 0.004 0.005 0.003 0.003 0.009 0.017 

TZ2P DZP 0.106 0.105 0.089 0.089 0. 181 0.181 0.158 0. 158 0.004 0.002 0.005 0.002 0.003 0.004 0.004 0.005 
TZP 0.146 0.146 0.128 0.128 0.241 0.240 0.215 0.215 0.003 0.002 0.007 0.005 0.002 0.003 0.003 0.004 
TZ2P 0.101 0.101 0.083 0.083 0.184 0.184 0.159 0. 159 0.002 0.006 0.002 0.009 0.001 0.004 0.002 0.005 
QZ4P 0. 132 0.132 0.114 0.114 0.207 0.207 0.183 0. 183 0.002 0.003 0.003 0.004 0.002 0.004 0.006 0.015 

QZ4P DZP 0.104 0.104 0.088 0.088 0.178 0.178 0.156 0. 156 0.007 0.005 0.004 0.002 0.002 0.005 0.004 0.004 
TZP 0.149 0.149 0.131 0.130 0.238 0.238 0.214 0.214 0.004 0.002 0.003 0.003 0.002 0.003 0.002 0.004 
TZ2P 0.104 0.103 0.085 0.085 0. 182 0.181 0.157 0. 157 0.001 0.006 0.002 0.008 0.001 0.004 0.001 0.005 
QZ4P 0.132 0.132 0.114 0.114 0.212 0.212 0.188 0. 189 0.002 0.004 0.002 0.005 0.001 0.004 0.006 0.015 

TZ2P DZP DZP 0. 130 0.130 0.211 0.211 0.182 0. 182 0.003 0.004 0.003 0.003 0.004 0.003 
TZP 0. 175 0.175 0.151 0.151 0.258 0.258 0.227 0.226 0.003 0.005 0.004 0.006 0.003 0.002 0.003 0.003 
TZ2P 0.127 0.127 0.103 0.103 0.200 0.200 0.169 0. 169 0.002 0.005 0.003 0.006 0.002 0.002 0.002 0.003 
QZ4P 0. 134 0.134 0.109 0.109 0.224 0.224 0.192 0. 192 0.003 0.005 0.004 0.006 0.003 0.002 0.003 0.002 

TZP DZP 0. 128 0.128 0.209 0.209 0.181 0. 181 0.006 0.004 0.003 0.003 0.004 0.002 
TZP 0.176 0.176 0.260 0.260 0.228 0.228 0.003 0.004 0.003 0.002 0.003 0.002 
TZ2P 0. 128 0.128 0.104 0.104 0.201 0.201 0.171 0. 170 0.002 0.005 0.003 0.006 0.002 0.003 0.002 0.003 
QZ4P 0. 133 0.133 0.109 0.109 0.225 0.225 0.193 0. 193 0.003 0.004 0.004 0.005 0.003 0.002 0.003 0.002 

TZ2P DZP 0.128 0.128 0.107 0.106 0.210 0.209 0.181 0. 180 0.002 0.003 0.004 0.006 0.003 0.004 0.003 0.005 
TZP 0. 176 0.176 0.152 0.152 0.260 0.260 0.228 0.228 0.002 0.002 0.002 0.002 0.002 0.003 0.003 0.004 
TZ2P 0.128 0.128 0.202 0.202 0.171 0. 171 0.002 0.003 0.001 0.004 0.001 0.005 
QZ4P 0.133 0.133 0.109 0.109 0.224 0.224 0.195 0. 196 0.002 0.004 0.003 0.004 0.002 0.002 0.013 0.021 

QZ4P DZP 0. 126 0.126 0.105 0.105 0.208 0.208 0.180 0. 179 0.002 0.003 0.006 0.003 0.002 0.004 0.003 0.005 
TZP 0.177 0.177 0.153 0.153 0.259 0.259 0.228 0.228 0.002 0.003 0.002 0.003 0.002 0.003 0.002 0.004 
TZ2P 0.129 0.128 0.105 0.104 0.201 0.201 0.170 0. 170 0.001 0.005 0.001 0.007 0.001 0.004 0.001 0.006 
QZ4P 0. 133 0.133 0.108 0.108 0.215 0.215 0.188 0. 189 0.002 0.004 0.002 0.005 0.001 0.004 0.010 0.027 

as calar (SR) and spin-orbit (SO) refer to relativistic corrections within t he zeroth order regular 
approximation (ZORA) of t he Amsterdam Density Functional (ADF 2014, revision 51267), used for 

all calculations herein. Calculations were performed on the bare UO2(CO3h4
- complex wit h 

COSMO54 for implicit solvation effects. See also, Table B.9. 
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Figure B.20: Example autocorrelation function of unique spatial components of the spherical electric 
field gradient tensor. 

119 



Appendices 

Table B.15: NMR Relaxation Rate Data for the Bare Model.a 

1 1 1 2 
T )(v (0)T1 T2 7lso 

complex cat label 

oauranyl 0 27.869 30.656 29.263 16.301 0.080 
1 27.562 30.923 29.242 16.222 0.081 

oatris 3 6.504 4.194 5.349 10.750 0.020 
4 6.307 4.344 5.326 10.929 0.020 

Ob 5 425.292 502.753 464.022 11.573 1.806 
6 503.290 502.792 503.041 11.954 1.844 
7 194.059 624.711 409.385 11.688 1.804 
8 397.001 514.745 455.873 11.470 1.817 
9 379.050 527.736 453.393 11.771 1.780 
10 190.017 658.398 424.207 12.200 1.804 

oc 11 632.473 864.960 748.717 12.161 2.838 
12 541.806 971.389 756.597 12.648 2.870 
13 490.033 940.410 715.222 12.069 2.870 

oatrimer 6 0.156 0.096 0.126 0.870 0.006 
7 0.199 0.104 0.151 0.787 0.008 
8 0.207 0.106 0.157 1.004 0.006 
9 0.177 0.095 0.136 0.829 0.006 
10 0.172 0.110 0.141 0.847 0.007 
11 0.188 0.101 0.144 0.847 0.007 

Ob 12 12.098 39.274 25.686 0.763 1.735 
13 22.880 22.602 22.741 0.547 1.819 
14 30.959 26.312 28.636 0.688 1.774 
15 22.122 27.552 24.837 0.657 1.718 
16 2.147 32.251 17.199 0.548 1.776 
17 18.107 39.601 28.854 0.826 1.722 

oc 18 36.034 76.376 56.205 1.003 2.751 
19 19.965 36.603 28.284 0.486 2.802 
20 14.369 32.553 23.461 0.416 2.792 

0d 21 16.055 18.268 17.161 0.440 1.746 
22 28.151 33.127 30.639 0.804 1.715 
23 21.034 24.922 22.978 0.597 1.735 
24 1.932 13.928 7.930 0.266 1.634 
25 3.755 32.448 18.102 0.571 1.756 
26 7.760 42.462 25 .111 0.804 1.683 

oe 27 16.708 22.137 19.423 0.642 1.388 
28 2.601 28.885 15.743 0.630 1.399 
29 44.762 31.768 38.265 1.143 1.384 

aBare analyte complexes with no explicit or implicit solvation. 
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Table B.16: NMR Relaxation Rate Data for the Bare Plus COSMO Model.a 

1 1 1 2 
T )(v (0)T1 T2 7lso 

complex cat label 

oauranyl 0 2.869 3.185 3.027 15.935 0.008 
1 3.003 3.386 3.194 15.991 0.009 

oatris 3 2.237 1.429 1.833 8.464 0.009 
4 2.235 1.498 1.866 8.925 0.009 

Ob 5 437.578 502.566 470.072 11.622 1.813 
6 510.824 509.571 510.198 12.035 1.857 
7 190.655 632 .136 411 .396 11.757 1.808 
8 408.152 515.509 461.830 11.539 1.822 
9 382.773 535.677 459.225 11.849 1.793 
10 185.195 666.127 425.661 12.274 1.806 

oc 11 648.046 832 .159 740.103 12.050 2.803 
12 521.899 958.960 740.429 12.575 2.834 
13 463.307 933.267 698.287 12.009 2.834 

oatrimer 6 0.285 0.232 0.258 2.569 0.004 
7 0.372 0.180 0.276 2.351 0.005 
8 0.346 0.162 0.254 2.346 0.004 
9 0.356 0.177 0.266 2.509 0.004 
10 0.315 0.201 0.258 2.626 0.004 
11 0.352 0.205 0.278 2.776 0.004 

Ob 12 37.262 102.248 69.755 2.083 1.695 
13 42.108 42.536 42.322 1.090 1.704 
14 122.182 90.416 106.299 2.596 1.705 
15 96.277 125.681 110.979 2.961 1.715 
16 5.760 115.213 60.486 1.996 1.728 
17 70.144 149.738 109.941 3.191 1.692 

oc 18 76.615 226.000 151.308 2.801 2.757 
19 125.924 181.314 153.619 2.609 2.735 
20 23.882 62.915 43.399 0.804 2.720 

0d 21 82.339 69.163 75.751 1.804 1.787 
22 88.853 150.131 119.492 3.165 1.796 
23 88.184 135.367 111.776 2.973 1.764 
24 19.262 138.347 78.804 2.380 1.817 
25 19.949 136.159 78.054 2.396 1.782 
26 37.008 164.115 100.561 3.004 1.776 

oe 27 88.288 107.779 98.034 3.154 1.407 
28 8.470 157.774 83.122 3.318 1.426 
29 189.881 149.554 169.717 5.025 1.421 

aBare analyte complexes with no explicit solvation but with COSMO. 
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Table B.17: NMR Relaxation Rate Data for Cluster Snapshots. 

1 1 1 
T (v(o) 2

)T1 T2 7lso 
complex cat 

oauranyl 0.101 1.307 0.704 0.016 2.528 
1.286 5.785 3.536 0.071 2.632 

oatris 5.739 4.834 5.286 7.660 0.029 
6.192 3.459 4.826 8.144 0.024 

Ob 422.153 502.295 462.224 11.343 1.837 
514.947 484.764 499.855 11 .858 1.829 
196.902 628.431 412.666 11.803 1.799 
377.568 511.636 444.602 11.319 1.808 
373.681 544.038 458.859 11.847 1.802 
192.687 658.947 425 .817 12 .102 1.823 

oc 595.683 808.990 702.336 12.046 2.685 
494.131 814.238 654.185 12.253 2.531 
476.991 847.692 662.341 11.950 2.656 

oatrimer 1.423 0.923 1.173 0.731 0.065 
0.778 0.616 0.697 0.655 0.045 
1.568 1.110 1.339 0.826 0.067 
1.016 0.859 0.937 0.539 0.074 
1.065 0.874 0.970 1.215 0.034 
0.690 0.521 0.606 0.355 0.071 

Ob 64.471 181.015 122.743 3.514 1.773 
25.584 305.200 165.392 5.232 1.776 

149.884 187.752 168.818 4.243 1.809 
181.175 211.439 196.307 4.872 1.811 
103.247 322.136 212.692 6.201 1.761 
269.354 339.736 304.545 7.724 1.794 

oc 231.938 530.493 381.215 6.687 2.824 
124.174 222.550 173.362 3.000 2.772 
138.933 288.397 213.665 3.850 2.716 

0d 53.424 283.349 168.386 5.309 1.706 
30.417 231.396 130.906 4.204 1.714 
40.664 236.190 138.427 4.386 1.709 

212.220 271.004 241.612 6.397 1.722 
131.748 259.701 195.725 5.520 1.723 
217.433 352.776 285.104 7.760 1.738 

oe 251.684 203.633 227.659 6.844 1.407 
73.823 165.608 119.716 4.082 1.450 
17.825 189.120 103.472 4.005 1.445 
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C Molecular Dynamics and Rh-C J -Coupling Constants of a Transitory 

Dirhodium-Carbene Complex 

C.1 Static Models 

Similar to previous work, 161 J -coupling constants and NMR chemical shifts were obtained from 

optimized structures. Two types of structures were considered , the full dirhodium catalyst containing 

four triphenylacetate (TPA) ligands, and a truncated catalyst containing four acetate ligands. 161 

Note that dynamics was performed on the truncated catalyst , but experimentally, the TPA containing 

complex was observed . Note also that calculations containing a directly coordinated solvent molecule 

(chloroform or dichloromethane) were not able to be converged ( for both catalyst models) to any 

meaningful structure. 

Table C. 1: Acetate Static Model Structure and NMR Parameters.a 

lj 2j 0 R(Rh-Rh) R(Rh-C) Ravg (Rh-O) L(Rh-Rh-C) 

PBE/ TZP/ SR/ Bare -27.710 -12.977 236.49 2.457 2.003 2.066(5) 179.2 
PBE/ TZP/ SR/ COSMO -27.440 -11.550 237.13 2.456 2.015 2.067(4) 178.5 
PBE/ TZP/ SO / Bare -28.623 -14.754 226.83 2.459 2.002 2.066(4) 179.6 
PBE/ TZP/ SO / COSMO -28.145 -13.181 225.82 2.457 2.016 2.068(4) 178.5 
PBE/ TZ2P/ SR/ Bare -27.470 -12.978 232.57 2.437 1.994 2.054(5) 179.3 
PBE/ TZ2P/ SR/ COSMO -27.229 -11.723 232.64 2.435 2.006 2.055(4) 178.5 
PBE/ TZ2P/ SO/ Bare -28.223 -14.691 224.46 2.437 1.995 2.054(5) 179.3 
PBE/ TZ2P/ SO/ COSMO -27.919 -13.300 222.91 2.436 2.008 2.056(4) 178.6 
PBE0/ TZP/ SR/ Bare -29.619 -9.577 303.92 2.437 2.013 2.045(2) 179.3 
PBE0/ TZP/ SR/ COSMO -27.586 -7.201 296.76 2.437 2.032 2.047(1) 178.7 
PBE0/ TZP/ SO/ Bare -28.628 -13.686 276.90 2.438 2.013 2.045(2) 179.0 
PBE0/ TZP/ SO/ COSMO -27.916 -10.150 272.03 2.437 2.034 2.047(1) 178.7 
PBE0/ TZ2P/ SR/ Bare -28.876 -9.859 296.76 2.421 2.000 2.034(2) 179.3 
PBE0/ TZ2P/ SR/ COSMO -27.177 -7.816 292.40 2.420 2.021 2.036(1) 178.7 
PBE0/ TZ2P/ SO / Bare -28.195 -13.700 271.50 2.421 2.000 2.034(2) 179.3 
PBE0/ TZ2P/ SO / COSMO -27.624 -10.523 268.84 2.420 2.022 2.037(1) 178.7 

aspin-spin coupling constants are calculated with all mechanisms. J -coupling constants are 
reported in Hz , chemical shifts in ppm, distances in A, and angles in degrees (0 

). The level of 
theory is denoted by functional/ Rh basis/ relativistic correction/ implicit solvent model. See the 

main text for additional details . A triple valence polarized basis (TZP) was used on all atoms other 

than Rh. The average, Ravg (Rh- C/ O) , can be found in the main text. 

Table C.2: Triphenylacetate Static Model Structure and NMR Parameters.a 

0 R(Rh-Rh) R(Rh-C) L(Rh- Rh- C) 

P BE/ TZP / SR/ Bare -28.250 -11 .935 240.757 2.451 2.018 2.08(1) 177.3 
P BE/ TZ2P/ SR/ Bare -28.027 -12.052 236.97 2.429 2.010 2.06(1) 177.3 

aspin-spin coupling constants are calculated with all mechanisms. J -coupling constants are 
reported in Hz , chemical shifts in ppm, distances in A, and angles in degrees (0 

). The level of 
theory is given by functional and basis set on Rh. A triple valence polarized basis (TZP) was used 

on all other atoms . The average, Ravg(Rh- C/ O) , can be found in the main text . 
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C.2 Dynamical Structure 

Solute 

An example of two important coordination motifs discussed in the mam text are included in 

Figure C.1. This figure shows a snapshot of a common coordination motif present m dynamics. 

Note that auxiliary dichloromethane solvent molecules , methyl groups, and phenyl hydrogen atoms, 

have all been removed for visual clarity. Hydrogen atoms pointing toward the oxygen atoms of 

the catalyst's acetate ligand are approximately 2.6 A away. The presence of the (electronically) 

dichloromethane over the methoxyphenyl group of the carbene ligand is likely responsible for the 

slight bending observed in the angle of the Rh-Rh-C unit. The angle of the Rh-Rh-C unit in this 

snapshot is 176.2°. 

Figure C.1: Truncated snapshot taken around 15 ps of the production trajectory. Note that all solvent 
molecules except the two present , methyl groups , and phenyl hydrogen atoms have been 
removed for visual clarity. Each dichloromethane solvent molecule is coordinated to an 0 
atom of the acetate ligand of the catalyst center (see additional details in text) . 

Figure C.2 shows the instantaneous angle of the Rh-Rh-C unit as a function of time (in ps, scaled 

to represent the start of the 'production' portion of the dynamics trajectory as 0). The angle varies 

nearly uniformly about 175°. A histogram of the angles (Figure C.3) shows a skew (-0.51) toward a 

linear configuration. The mean angle is 175.0° and the median angle is 175.4°. 
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Figure C.2: Inst antaneous angle along the Rh-Rh-C unit . Time is relative to the 'production ' portion 
of the traj ectory. 
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) 

Figure C.3: Normalized histogram of the angle along the Rh-Rh- C unit. T he distribution exhibits a 
slight left skew. 
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Bulk 

Additional radial pair correlation functions (also called radial distribution functions) are given be

low. As with the figures in the main text , pair correlation functions are computed from all data points 

obtained during the production portion of the trajectory, not only those used in cluster calculations. 

The bulk solvent (dichloromethane) structure is in reasonable agreement with previous classical and 

186 ab initio simulations. 185 , Note that intramolecular contributions to the pair correlation functions 

have not been removed in the figures below. 
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Figure C.4: Radial Cl - C pair correlation function. 

C.3 Cluster Size Determination 

To reduce computational expense, a small number of calculations were performed to estimate the 

dependence of number of nearest neighbor solvent molecules, N. Explicit cluster sizes considered 

were 0, 1, 2, 3, 4, 5 , 8 , 10, 16, 20 , and 24. Additionally a zero-sized cluster without implicit solvation 

was also considered (denoted by an asterisk , '*' , in the figures below) . Approximately 250 snapshots 

for each cluster size were used to construct Figures C.10 and C.11 . Given the lack of clear trends, a 

cluster size of 5 was used (due to its computational tractability). Note that extensive investigation 

regarding the importance of the cluster is given in the results (Section 4.3 of the main text). It 

is found to be of weak importance for the 1 J-coupling and therefore cluster truncation should not 
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Figure C.5: R adial Cl-H pair correlation function . 
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Figure C.6: R adial Cl- Cl pair correlation function. 
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Figure C. 7: R adial C - C pair correlation function. 

Figure C.8: Radial C -H pair correlation function . 
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Figure C.9: R adial H-H pair correlation function . 

introduce systematic errors. 

298 
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292 
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Figure C.10: Dependence of c5(C) on presence of explicit, nearest neighbor, water molecules (i.e. cluster 
size). The cluster size is determined by the number , N , of nearest neighbor CH2Cl2 solvent 
molecules used. The asterisk, '* ', is the same as N = 0 except that the implicit solvent 
model is also omitted. 
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Fig ure C .11: Dependence of I -coupling constants on cluster size. The cluster size is determined by the 
number, N , of nearest neighbor CH2Cl2 solvent molecules used . The asterisk, '*', is the 
same as N = 0 except that the implicit solvent model is also omitted. 

C.4 Localized Orbital Analysis 

An NB0164 orbital localization analysis was performed on two snapshots from dynamics, a linear

like structure and a bent-like structure. Orbital localization is performed only on identified molecular 

units for a given atomic configuration. In both snapshots (see also Table 4.12 in the main text), ini

tially no constraints of the molecular unit / localization scheme were employed . Relevant natural 

localized molecular orbitals (NLMOs) are reported below. Without appropriate constraints on the 

catalyst-carbene (metal-ligand) bond , the localization scheme is less open to interpretation, i.e. in

formation is spread across four relevant NLMOs. 

Table C.3: Natural Localized Molecular Orbitals.a 

LP Rh 1 LP Rh 2 LP C BD Rh Rh 

97.8649 89.3988 70.6289 95.7903 

97.865 Rh 1 (d) 89.399 Rh 2 (d) 71.007 C (28.9s 71.lp) 62 .132 Rh 1 (6.6s 93.ld) 
Linear 0.938 C (p) 6.862 C (p) 15.154 Rh 2 (10.5s 89 .2d) 35.925 Rh 2 (9 .5s 90.0d) 

0.205 Rh 2 (6 .8p 82.4d) 8.527 Rh 1 (10.ls 89.7d) 0 .293 C (70 .5s 29.4d) 

97.9627 89.2463 70.2174 95.4901 

97.966 Rh 1 (d) 89.254 Rh 2 (d) 70.613 C (28.2s 71.8p) 62 .029 Rh 1 (6.6s 93.ld) 
Bent 0.879 C (0 .8s 99.lp) 6.892 C 43 (p) 15.342 Rh 2 (10.2s 89 .5d) 35.766 Rh 2 (9 .3s 90.ld) 

0.200 Rh 2 (82.3d 10.3f) 8.558 Rh 1 (10.ls 89.8d) 0.457 C (42 .2s 57.7p) 

aNBO labels are lone pair (LP) , and bonding (BD). See also Table 4.12 in the main text. 
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C.5 Structure-Property Models and Analysis 

Regression analysis techniques have recently become very popular under the colloquial name of ma

chine learning algorithms . Such techniques analyze data sets, identify patterns, and build equations 

(models) t hat can then predict, as-of-yet unseen values . In order to elucidate the major effects that 

contribute to variation in the J-coupling and chemical shift values, both linear and non-linear regres

sion techniques were applied. The most performant models were were found to be linear regression 

(and the least complex) 

Models are constructed by mapping a set of features (of dimension m by n) on to a set of targets 

(of dimension m). The mapping is model dependent. Since the type of data considered in this work 

is continuous , regression (as opposed to classification) was used . T he features considered are outlined 

in the main text (see Section 4.3.7); Rh-Rh distance, rRh , the Rh-C distance, re , t he Rh-Rh-C 

angle, 0, the number of solvent molecules present, N, and the multipole derived charges, q1Rh , q2Rh, 

and qc, for 1-bond Rh, 2-bond Rh, and carbene carbon, respectively. Note that for 'bare' models, 

N, was excluded from t he feature (as it is meaningless in that case) . 

This work tested four types of models , first order, second order considering (in addition to first 

order) only cross terms between features , full second order (containing all first order and all second 

order) terms, and the multivariate adaptive regression splines (MARS - open-source implementations 

called Earth ) . Higher order and Earth models were , in general, negligible improvements over the first 

order model at a significant increase in model complexity and interpretability. Only the first order 

linear regression model is reported . 

As a first pass , t he cross correlation of the features and targets was inspected (Table C.4) . Corre

lation matrices are useful in exploratory analysis, where decisions about what possible features may 

be useful in building models. For brevity, only features included in models below are provided in 

Table C.4. 

For comparison of feature contributions to t he model, features were scaled (means removed and 

standard deviations set to one) prior to model generation. Models were generated from a random 

80% slice of the full data set. The remaining 20% of the data set was used to test ('score ') the model. 

Since choice of 80/ 20 split is arbitrary, a 'leave one out ' cross validation was applied. T he cross 

validation scores of the models are all around 0.6 (see the main text for generalized R2 , the model 
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Table C.4: Cross-Correlation Analysis of Features and Targets.a 

lJ 2JN 6 re rRh L qe q2Rh q1Rh 

N 1.000 0.087 -0.020 -0.082 -0.005 -0.007 -0.016 -0.068 -0.007 0.047 
lJ 0.087 1.000 0.258 0.330 0.259 -0.286 -0.050 0.442 -0.036 -0.269 
2J -0.020 0.258 1.000 0.013 -0.262 -0.174 -0.104 -0.123 0.313 -0.852 

-0.082 0.330 0.013 1.000 0.499 -0.069 -0.060 0.681 -0.235 -0.101 

re -0.005 0.259 -0.262 0.499 1.000 -0.190 0.078 0.857 -0.611 0.133 

rRh -0.007 -0.286 -0.174 -0 .069 -0.190 1.000 0.021 -0 .137 0.278 0.032 
L -0.016 -0.050 -0.104 -0.060 0.078 0.021 1.000 -0.005 -0.035 0.030 

qe -0.068 0.442 -0.123 0.681 0.857 -0.137 -0.005 1.000 -0.396 -0.036 

q2Rh -0.007 -0.036 0.313 -0.235 -0.611 0.278 -0.035 -0.396 1.000 -0.271 

q1Rh 0.047 -0 .269 -0.852 -0 .101 0.133 0.032 0.030 -0.036 -0.271 1.000 

aJ-coupling constants in Hz , chemical shifts in ppm relative to benzene, atomic distances in A, 
angles in degrees , and charges in au. The angle , L, refers to the (Rh- Rh- C) angle. 

accuracy score). 

Models are given below. Note that due to scaling (see above) the targets, 1 J , etc. are only 

proportional to the models . Note also that the intercept has been set to zero in all models considered. 

The bare model for 1 J is given by Equation C.1. 

1 J ex: + 1.0562qe - 0.5849rRh-e - 0.2209rRh-Rh 
(C.1) 

+ 0.1386q2Rh - 0.125lq1Rh - 0.02910 

The bare model for 2J is given by Equation C.2. 

2Jex: - 0.7559q1Rh - 0.2995rRh-Rh + 0.1620q2Rh 

(C.2) 

- 0.0799qe - 0.0429rRh-e - 0.00250 

The bare model for 6 (the 13C chemical shift at the carbene carbon) , is given by Equation C.3. 

6 ex: + 0.8259qe - 0.1034rRh-e - 0.0835q1Rh 

(C.3) 

- 0.06780 - 0.0444rRh-Rh + 0.0228q2Rh 

The solvated models are given below. The solvated model for 1 J is given by Equation C.4. 
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1Jex:+ 0.7756qc - 0.3944rRh-C - 0.2587rRh-Rh 

(C.4) 

- 0.1532q1 Rh + 0.1337N + 0.0655q2Rh - 0.00780 

The solvated model for 2 J is given by Equation C.5 . 

2 Jex: - 0.8163q1Rh - 0.1936rRh-Rh - 0.0756qc 

(C.5) 

+ 0.0754q2Rh - 0.0751rRh-C - 0.07160 - 0.0059N 

The solvated model for 6 (description above) is given by Equation C.6. 

6 ex: + 1.0069qc - 0.4282rRh-C - 0.l08lq2Rh 

(C.6) 

- 0.0340N - 0.0292q1Rh - 0.02600 + 0.0199rRh-Rh 

The relative contributions (as percentages, which appear in Table 4.14 of the main text) are 

computed using the coefficients in Equations C.1 through C.6 . Note that only relative contributions 

larger than 5% are provided in the main text. 

D Spin-Orbit Relativistic Corrections 

As shown previously,161 the NMR chemical shift is sensitive to inclusion of spin-orbit (SO) effects 

in the ZORA Hamiltonian. In order to account for this , a seven cluster snapshots from the clusters 

used to determine the NMR parameters in the main text (Table 4.10) were used to correlate scalar 

(SR) to SO results. Figure D.1 shows the best correlation (with a regression score of 0.875 - effects 

past second order gave negligible improvement to the model). 

bso = 38.41753999b1R - 0.06381612bsR - 5512.73440650 (D.1) 
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Figure D.1: Correlation (0.87) between scalar (SR ) and spin-orbit (SO) carbene chemical shifts . The 
model (solid line) is used to estimate inclusion of SO effects for data found in Table 4.10 in 
the main text. 
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Figure D.2: Correlation (0.94) between scalar (SR) and spin-orbit (SO) 1 I-coupling constant. The 
model (solid line) is used to estimate inclusion of SO effects for data found in Table 4.10 in 
the main text . 

2 J50 = 0.92608335 (2 JsR/ - 0.00891221 (2 JsR) - 5.5329956 (D.3) 
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Figure D .3: Correlation (0 .98) between scalar (SR) and spin-orbit (SO) 2 I -coupling const ant . The 
model (solid line) is used to estimate inclusion of SO effects for d at a found in Table 4.10 in 
the main t ext. 
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