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Abstract 

This thesis reports the results of studies of a selection of heavy element molecular compounds 

involving the actinides, lanthanides and main group metals using density functional theory.  A 

wide variety of tools are employed, including molecular orbital, population, charge and electron 

density analysis, and comparison of computed with experimental spectroscopic methods (NMR, 

IR, UV-Vis and ESR) is performed.  A description of the methods used in this thesis is given in 

Chapter 1. 

The formation of uranyl species by the reaction between uranyl (VI) and organic 

compounds such as α-isosaccharinate and D-gluconate in low level nuclear waste repositories 

can have important implications for the environment.  Most notably, the high mobilities of 

soluble uranyl species can contaminate underground geological environments such as the water 

and soil.  The complexation of uranyl and the organic acids as a function of pH is studied 

computationally and compared to experimental data in Chapter 2.  Chapter 3 explores variations 

of D-Gluconic acid using different functionals.  The main uranyl species present were identified 

and overall there was good agreement with experiment.    

The nature and degree of covalency in actinide/lanthanide–Group 13 element bonds is 

assessed in Chapter 4 using a variety of analysis methods.  The extent of covalency was found 

to strongly depend on the method employed.  Chapter 5 studies novel systems featuring divalent 

members of Group 14; Ge(II), Si(II) and Sn(II), with emphasis on the structural and electronic 

effects of the lone pair of electrons.   

Finally, a study on Tl in a very unusual oxidation state, Tl(II), is performed in Chapter 

6.  ESR properties are calculated to account for the presence of an unpaired electron of two 

experimentally proposed Tl(II) compounds.  In one case the presence of the Tl(II) radical is 

verified, whereas in the other it is disproved.   
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1 Computational Methods 

1.1 Density Functional Theory  
The fundamental postulate of quantum mechanics states a wavefunction exists for any chemical 

system and when an operator is acted upon it, it will return the observable properties of the 

system corresponding to that operator.  The equations in quantum mechanics are based on 

solving the Schrӧdinger equation: 

��� = �� 

 �� is the molecular Hamiltonian, the energy operator which describes all the internal 

interactions taking place.  � is the molecular wavefunction (eigenfunction) which contains 

information regarding properties of the molecule and � is the energy (the eigenvalue).  An 

important property of the � is that its product with its complex conjugate yields the probability 

density.  The aim when using quantum mechanical methods is to describe the		� as accurately 

and efficiently as possible. 

There are plenty quantum mechanical methods available to study the electronic 

structure of chemical systems.  The most sophisticated and accurate methods use a many-

electron wavefunction and multi-configurational approaches.  Density Functional Theory, DFT, 

derived by Hohenberg and Kohn, is based on using the electron density of a system instead of 

the wavefunction to describe its energy and ground state electronic properties.  DFT is the 

method employed in this thesis.    

The electron density can define a system because the number of electrons, the position 

of the nuclei and the individual nuclear charges are defined by the integral, cusps and height of 

the density, respectively. 

The main advantage for using the electron density over the wavefunction lies in the 

number of variables.  The wavefunction contains 4N variables (3 spatial and 1 spin) for each 

electron, N, such that calculations become challenging with increasing number of electrons.  

The complexity of the wavefunction also increases when relativisitic effects or time-dependence 

is included.  On the other hand, the electron density has 3 spatial coordinates and is independent 

of the number of electrons.  Furthermore, the electron density is an observable unlike the 

wavefunction.  

The typical form of the ��	introduced above contains the following five contributions to 

the total energy (in atomic units):  

 �� = �	
 + �	� 	+ 	
� + 	�� + 	

                            Equation 1 

where �	
		is the kinetic energy of the nuclei,	�	� is the many-electron kinetic energy operator, 	
� 
is the nuclear-electron repulsion operator (external potential due to the nuclei), 	��	is the 

electron-electron repulsion energy operator and 	

 is the nuclear-nuclear interaction. 
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Describing the correlated motion and inter-dependency of the particles is very 

complicated therefore the Hamiltonian is simplified by invoking the Born-Oppenheimer (BO) 

approximation.  The BO approximation states the nuclei move at a much slower speed than the 

electrons, such that the former can be assumed to remain constant.  This in turns allows the total 

molecular Hamiltonian to decouple into nuclear and electronic components.  Applying the BO 

approximation assumes �
 = 0 and 	

 is constant for a given set of nuclear coordinates, 

allowing electronic energies to be calculated at fixed nuclear positions.  The equation of the 

many-electron electronic Hamiltonian, ���, to describe a system is given by: 

 ��� = �	� + 	
� + 	�� =	−	�12
�

�
∇�� +	������

�

�
+	� 1���

�

���
 Equation 2 

The external potential term,  �����, contains the charge, ��, and the position,	���, of the 

nuclei determined by the density, ����. 
 ����� = −�������

 Equation 3 

The electron density determines the number of electrons, N, in the system when 

integrated over all space: 

  ����!� = " Equation 4 

Consequently, " determines all the components of the Hamiltonian (Equation 2 - 

Equation 4) and therefore the wavefunction, which in turn provides the information regarding 

the properties of the system. 

Hohenberg and Kohn’s first theorem proved the external potential is uniquely defined 

by the ground state density.  The electron density is now the fundamental variable and the 

electronic energy is represented as a functional of the density: 

 �#�$ = 	
�#�$ + �#�$ + ��#%$ = 	 ��������!� + &#�$ Equation 5 

�#�$ is the kinetic energy and ��#�$ the electron-electron interaction energy.  The latter 

contains the classical Coulomb interaction energy and the non-classical terms which account for 

the self-interaction correction, exchange and electron correlation effects.  &#�$ is a universal 

function of �:	 
 &#�$ = �#�$ +	��#�$ Equation 6 

To solve Equation 5 and obtain meaningful information about the system, the 

variational principle needs to be applied.  Hohenberg and Kohn’s second theorem uses this 

principle, which in the context of DFT can be expressed as follows:  
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 �#�$ ≤ �#�)$ 	=  �)�������!� + &#�)$ Equation 7 

�) is an approximate density which determines its own external potential	� and hence its 

own	�#�)$.  �#�)$ is the upper bound of the true energy, �#�$.  The energy must be minimised 

with respect to the variation in density ensuring the number of electrons is conserved (Equation 

4).  The true electron density minimises and hence delivers the exact ground state energy.  

Therefore, the correct solution has the lowest energy and is the most accurate.   

The Hohenberg and Kohn theorems provide the link between the electron density and 

the energy.  They do not, however, provide any indication on how to solve the two 

�#�$	and	��#�$ terms that render &#�$ unknown.  This problem was partly overcome by Kohn 

and Sham who proposed a method for calculating the electron kinetic energy and leaving the 

exchange correlation energy (a fraction of the total energy) as the only unknown.  An auxiliary 

system of non-interacting electrons was used to evaluate the density of a real interacting system, 

on the basis that the non-interacting system is equivalent to an interacting system experiencing a 

local modified potential, ��--.  Using the same density, the kinetic energy of a system of 

interacting electrons, T, will be different to that of a non-interacting one, Ts.  This was 

accounted for by separating the terms in Equation 6:    

 &#�$ = 	�.#�$ + /#�$ + �01#�$ Equation 8 

where �.#�$ is the kinetic energy of a system with non-interacting electrons.  /#�$ is the 

classical Coulomb repulsion and �01#�$ is known as the exchange-correlation energy; the key 

unknown quantity in DFT.  The equations above can be re-arranged to express �01#�$ as: 

 �01#�$ = 	�#�$ −	�.#�$ +	��#�$ − 	/#�$ Equation 9 

The �01#�$	term is re-inserted into Equation 5 to obtain the Kohn-Sham expression for 

the total energy of the system: 

 �#�$ =  ��������!� + �.#�$ + /#�$ + �01#�$ Equation 10 

The energy can be obtained by minimising Equation 10 with respect to the density, 

keeping N constant.  The Hamiltonian is then constructed for a system of non-interacting 

electrons in an external potential, ��--���, where no electron-electron interactions (��) are 

present:   

 �� =	−�12
�

�
∇�� +	���--���

�

�
 Equation 11 

To calculate the �	from �#�$ and solve Equation 10, Kohn and Sham re-introduced the 

orbital concept using one-electron functions, formulating the Kohn-Sham, KS, equations.  The 

one-electron molecular orbitals (MOs),	∅, and their corresponding orbital energies, 3, define the 

electronic charge density, therefore accessing properties available from the electron density.  A 
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single determinant, Slater Determinant, is constructed, which is composed of orbitals that are 

solutions to the following Kohn-Sham equations: 

 4−12∇�� +	��--���5∅���� = 	 3�∅�  Equation 12 

The ��--��� required to obtain the correct orbitals of the non-interacting system is the 

sum of the external, Coulomb and exchange correlation potentials,	����, �6��� and �76��� 
respectively: 

 ��--��� = 	���� +	 8/#�$8���� + 8�018���� = ���� +	�6��� + �76��� Equation 13 

The density of the non-interacting system is the same as that of an interacting one.  The 

orbitals,	∅, are used to evaluate the density: 

 ���� =�∅�����
�

�
 Equation 14 

The density allows us to solve Equation 10, which by rearranging and substituting 

Equation 12 and Equation 13 gives: 

 9−12∇�� + 	���� + 8/#�$8���� + 8�018����: ∅���� = 	 3�∅� Equation 15 

where the forms of the exchange correlation energy, �01 , and its corresponding potential,	�76, 
remain unknown.  

To recap, the nuclear-electron attraction and the classical electron-electron repulsion 

energies can be written in terms of electron density, although other components (the kinetic and 

exchange energies) pose further problems.  DFT provides a method where the charge 

distribution, the electron density of a molecule, can determine the external potential used to 

calculate the Hamiltonian operators and ultimately solve the energy and other properties.   

1.1.1 Functionals 

The �01  term contains the effects of exchange, correlation and a small kinetic energy 

component.  The true mathematical form of the electron density which incorporates the 

exchange and correlation effects is yet unknown and therefore approximations are required.  

There are various functionals available which employ different approximations, many of which 

provide accurate results.  The functionals employed here are:  

1.1.1.1 The Local Density Approximation 

The local density approximation, LDA, uses the integral of a function of the density to express 

the energy:   

 �01;<� =	 &���!� Equation 16 
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This model assumes the density is treated as a hypothetical uniform electron gas where 

electrons move on a positive background charge distribution and the total ensemble is 

electrically neutral.  The number of electrons and the volume of the gas are considered to 

approach infinity; the electron density will always be finite and a constant value at each point in 

space.  Equation 16 expressed in the form of energy density is: 

 �01;<� =	 ����301=%���>!� Equation 17 

where 301 is the sum of the exchange-correlation energy contributions per particle of uniform 

electron gas of density	����.  The exchange and correlation parts of the energy density are 

divided and tackled separately: 

 301=%���> = 	 30=%���> + 31=%���> Equation 18 

 The exchange energy density can be computed exactly and is derived from Slater’s 

approximation of the Hartree-Fock exchange, commonly known as S: 

 30;<� =	−34 93�A :
BC

  Equation 19 

The correlation contribution is more complex and a popular one is VWN,5 developed by 

Vosko, Wilk and Nusair in 1980.  This particular exchange and correlation functional 

combination is SVWN.    

Certain molecular properties such as geometry and vibrational frequencies can be 

reasonably accurately calculated using the LDA.  However, energetic properties such as bond 

energies and enthalpies are less well reproduced; LDA generally leads to overbinding.    

1.1.1.2 The Generalized Gradient Approximation 

The generalised gradient approximation, GGA, uses the information of the density at a given 

point, but also takes into account the gradient of the charge density for the exchange and 

correlation energies.  

 �01DD� =	 &��, ∇��!� Equation 20 

The GGA accounts for the non-homogeneous character of real systems and their true 

electron density distribution, providing a significant improvement over LDA in terms of 

overbinding energies.  Typical exchange functionals are B, CAM or PW and some correlation 

ones are P86, PW91 and LYP.  The functionals used here which define exchange and 

correlation together are PBE7, BP868, 9 and KT2.10  PBE, the functional used most in this 

project, has an enhancement factor F�G� multiplied to the LDA exchange energy: 

 30HIJ =	30;<�F�G� Equation 21 

where G��� = 	 ∇K�L�KMN�L� and F�G� = 1 + O −	 P
BQR7S 
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The complicated correlation term is given by adding another enhancement factor, ��T), 
to the LDA correlation energy:  

 31FU� =	31;<� +��T� Equation 22 

where, 

��T� = VWCCln	Y1 + !T� 4 1 + ZT�1 + ZT� + Z�T[5\ 
Z = ! Y]G% 4−31;<�VWCC 5 − 1\

^B
 

WC�_� = 12 `�1 + _�
�C + �1 − _��Ca 

T = `2�3AC�BCWCa^B G 

where T is related to the G variable by a spin-polarisation function	WC�_� and a, b, c and d are 

non-empirical parameters. 

1.1.1.3 Meta-GGA 

The GGA was extended by allowing the exchange and correlation functionals to depend on the 

orbital kinetic energy density, b, or on the second order derivatives of the electron density, the 

Laplacian, ∇��.  An example of the form of the exchange correlation energy using higher order 

derivatives is:   

 �01 =	 &��, ∇�, ∇���!� Equation 23 

The Laplacian of the density carries the same information as the orbital kinetic energy 

density; they are both related via the orbitals and the effective potential terms in the KS 

equation.  Functionals which use orbital information are named meta-GGA or m-GGA.  An 

example of an empirical functional which includes the kinetic energy density as a variable is b-
HCTC.  A non-empirical m-GGA functional used here is the b-Perdew-Staroverov-Scuseria 

exchange correlation functional, TPSS,11 designed as an improvement over PBE.   

1.1.1.4 MODEL Potentials  

MODEL potentials are specifically designed for SCF implementation and have the correct 

asymptotic behaviour of the exchange-correlation potential.  The Statistical Average Orbital 

Potential, SAOP,12, 13 is used here to calculate properties such as NMR shielding constants and 

TDDFT excitation energies.     

1.1.1.5 Hybrid Functionals 

Hybrid functionals compute the exchange-correlation energy by using the GGA method and 

adding a fixed fraction, c, of exact HF exchange, �0d: 
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 �01efIgh< =	 &��, ∇��!� +	c�0d Equation 24 

There are many hybrid functionals available but the one used mostly here is B3LYP.  

B3LYP, defined in Equation 25, incorporates the Becke exchange with the LYP correlation 

functional and is parameterised using a, b and c.  

 �01IC;fH = �1 − O��0ij� + O�0d + k�0lmm + �1 − V��1nop + V�1lqrs Equation 25 

1.1.1.6 Meta-Hybrid Functionals   

Meta-hybrid functionals pose a further improvement to the current density functionals.  In 

essence they are meta-GGAs augmented by adding fixed exchange.  Here, TPSSh14 is used as an 

augmented version of TPSS with 10% of exact exchange  M06-2X15, 16  has also been used as it 

contained a higher amount of exact exchange (54%). 

1.1.2 Perturbation Methods  

This project uses density functional theory throughout bar one case where a post-HF method is 

used to calculate energies.  HF methods do not recover correlation and improvements to do so 

render calculations very expensive.  A relatively economical way of accounting for electron 

correlation is using the Møller and Plesset second order perturbation theory, MP2, method.17  

MP2 is considered to be substantially better over the DFT functionals but has a larger 

computational cost. 

1.2 Basis Sets  
The orbitals (and therefore the density) in KS theory are described using mathematical functions 

called basis sets.  Molecular orbitals (MOs) are expanded in terms of a number of basis 

functions (atomic orbitals, AOs) and are collectively referred to as a Linear Combination of 

Atomic Orbitals (LCAO).  It is important to note that basis sets are yet another approximation 

unless a complete basis set is employed.  The latter is not possible as it requires an infinite 

number of functions.  The size and type of basis set defines the number of functions and the 

accuracy of the solution.  The LCAO approach can be described by: 

 ∅ =	�O�
�

�tB
	u� Equation 26 

where O� is a coefficient determined by iterative minimising procedures associated with a set of 

N atomic wave functions (AOs) u�, which collectively is the basis set.   

The iterative procedure of minimising the energy of a system (or of the orbitals) follows 

a “guess” procedure and reaches a final solution when any variation of the orbitals results in the 

same energy, i.e., the 1st derivative of the energy with respect to the orbitals is zero.  This 

procedure is referred to as the SCF optimisation.  In cases where convergence was not 
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straightforward, adjustments such as lowering the convergence criteria, level shifting or 

smearing techniques were employed.    

There are many types of basis functions available.  Ideally, one would want to use 

exponential functions to obtain a good description at the cusp of the nucleus and far from the 

nucleus (the tail).  Gaussian and Slater type functions are a good approximation as they have 

exponential behaviour and are commonly referred as Gaussian type orbitals GTO and Slater 

type orbitals STO.   

STOs have an ]^L exponential dependence.  The distance between the electron and the 

nucleus is well represented by the appropriate exponential decay with increasing r, ensuring a 

rapid convergence with a large number of functions.  STOs however, are not appropriate for 3-4 

centre integrals due to their higher mathematical complexity.  This issue led to the development 

of Gaussian type functions.  GTOs have a similar form to the STOs except that they have an 

]^LS dependence.  The shape of an STO and GTO function compared to a 1s atomic orbital is 

shown in Fig. 1.1.  The STOs describe the cusp at the nucleus very well, whereas the �� 
dependence of the GTO means the slope is zero at the nucleus followed by a quick decay, 

worsening the description of long range interactions and overall making the GTOs relatively 

inferior than the STOs.   

 

Fig. 1.1 Comparison of a s-type Atomic Orbital, STO and GTO.  Figure reproduced from P. Hunt’s 
Computational Inorganic Chemistry (lecture notes) 

The main difference in terms of applications is that GTOs are easier to compute than 

STOs which need to be resolved numerically.  A consequence of this is that a larger number of 

GTOs is needed to achieve the same accuracy of the AO expanded as STOs.  

The computational time for each calculation increases with the number of basis 

functions present.  For this reason, basis sets are generally contracted during calculations, 

reducing the number of functions.  The full set of basis functions, called primitive basis 

functions, is contracted to a smaller set by forming fixed linear combinations of the orbitals.  

There are two types of contracted basis sets: segmented and general.  Segmented basis sets are 

derived by partitioning the primitive functions to create smaller sets of contracted basis 
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functions, each with a suitable coefficient.  In general basis sets, all the primitive functions of a 

given atom are used in the contracted basis sets. 

Another method of reducing the computational cost of the basis set is by explicitly 

considering only the valence electrons, the chemical bonding region, in the calculation.  The 

valence electrons are treated variationally whilst the core electrons remain fixed.  Using one 

basis function to represent the core electrons reduces the total number of basis functions.  This 

approximation is used here by employing frozen core basis sets or effective core potentials.   

1.2.1 Nomenclature and Codes 

The use of different basis sets often depends on the code and its basis set library.  The two 

programs used here are ADF20-22 and Gaussian (G09)23 which employ STO and GTOs 

respectively.  Depending on the type of system studied additional polarisation functions have 

been added to the basis sets.    

Slater type basis sets in ADF are characterised by their size; single zeta SZ, double zeta 

DZ, triple zeta TZ, etc., the presence of polarisation (P) and the level of frozen core.  The zeta 

indicates the number of functions that describe each atom.  For example, a triple zeta basis set, 

TZ, on oxygen has 6 s-functions and 3 p-functions.  A TZ2P basis set will have two additional 

polarisation functions.  The size and type of the frozen core basis is labelled next to the basis 

set.  For example, a TZP basis set with a frozen core up to 4p would be TZP/4p.   

In Gaussian the majority of the basis sets used to produce the results herein are Pople 

basis sets, particularly 6-311G* for lighter atoms,24, 25 and SARC-ZORA26 or ANO basis sets for 

heavy atoms.27-29  In some cases the higher quality, but more expensive, Dunning-Huzinaga 

correlation consistent basis sets (cc-pVDZ) have also been employed.30, 31  In the case of Sn, an 

effective core potential (ECP) was used in the basis set.32  The EPR-II and EPR-III basis sets 

developed by Barone33 are used to compute hyperfine coupling constants. 

As mentioned earlier there are two types of basis set contraction scheme.  The ANO basis 

sets follow a general contraction scheme instead of a segmented contraction like the rest used 

here.   

1.3 Geometry and Frequency Optimisations  
The geometry optimisation is performed by minimising the energy with respect to nuclear 

positions until the first derivative is zero.  In order to ensure the system has optimised to a true 

minimum, a second derivative of the energy must be calculated.  The Hessian, a matrix 

consisting of the second derivatives of the energy with respect to nuclear positions, is 

constructed by performing a frequency calculation.  The eigenvalues of this matrix correspond 

to the vibrational frequencies of the system, which should be real if a minimum is present. 
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The frequency calculation also yields the entropy, S, and nuclear internal energy of the 

system, U.  Such terms are needed to account for thermo-chemical corrections to calculate the 

Gibbs free energy of reaction, ∆wL: 
∆wL = ∆� − �∆x 

where T is the temperature (298.15 K).  In ADF the calculated nuclear internal energy accounts 

for the zero-point energy.  To obtain ∆� and ∆w, U is added to the calculated electronic energy, 

along with the gas constant (RT = 2.48 kJ/mol) for each reactant and product molecule. 

1.4 Relativistic Effects 
Classical relativity fails when applied to very large and small scale systems, or with very fast 

moving objects such as particles in chemical systems.  Beyond the third row of the periodic 

table, and especially for the lanthanides and actinides, relativistic effects become non-negligible.  

The mass of the rapidly moving inner core electrons is different to slower outer valence ones, 

leading to what is known as the relativistic mass increase:   

 y = yz
{1 − ��V�

 
Equation 27 

where y is the particle mass (or electron in this case), yz	is the rest mass (particle when it is 

not moving), � the velocity at which it moves and V is the speed of light.  In atomic units � is 

approximately Z, the nuclear charge. 

In atoms with a large Z the 1s electrons are more massive because they move at 

velocities approaching the speed of light, causing the radius of the electron’s orbit to reduce.  

The change in electron mass is accompanied by a change in the energy of the orbital, which 

becomes more stabilised.  This effect is not only applicable to the 1s orbital because to maintain 

orthogonality all s orbitals contract accordingly.  Consequently, orbitals with higher angular 

momentum are screened from the nuclear charge more effectively and thus their electron’s orbit 

increases in radius.  For example, a p orbital remains approximately unaffected in size, but the d 

and f orbitals expand and become more diffuse, affecting the bonding regions.     

The second consequence of relativity is related to the effects involving electron spin.  In 

1928, Paul Dirac submitted a relativistic version of quantum theory of the electron, an equation 

represented by a matrix that had twice as many solutions for the wavefunction as was expected.  

The reason for this was half of those solutions corresponded to states of negative energy, which 

also happened to predict the existence of anti-matter.  Dirac showed the electron had its own 

intrinsic angular momentum, which when coupled with that of the orbital in which it moves led 

to spin-orbit coupling (SOC) interactions.  This effect also increases with Z, indicating SOC 

may be important when calculating properties of lanthanides and actinides. 

Schrödinger’s equation is non-relativistic and therefore inappropriate for systems with 

heavy elements. However, Dirac’s equation requires solving a complex and time-consuming 
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four-component Hamiltonian.  Dirac’s equation can be simplified by removing the small 

components which have no chemical application, breaking the 4-component method down to a 

2-component.  This can be done in various ways but here two different approximations are used.   

The first method is that used by ADF, where a mathematical transformation eliminates 

the small components.  Expansion to the zeroth order yields a 2nd order differential equation 

(like Schrodinger’s equation) which includes important relativistic effects such as spin-orbit 

coupling.  Thus, the ZORA equation is the zeroth order regular approximation of the Dirac 

equation.34, 35  The implementation of ZORA into the KS formalism is shown below.  It follows 

on from Equation 12, where in atomic units | = −}∇ and m=1.   

 3�∅� = 4−12∇�� +	��--���5∅���� = ��	 + �∅���� Equation 28 

The kinetic energy operator �	 is expanded to: 

�	~�g� = 	� ∙ | V�2V� − � ∙ | = | ∙ V�2V� −  | +	 V�2V� − � ∙ �∇ × |� 
or, 

�	�6P�PL~�g� = 	| ∙ V�2V� −  | 

�	~�g� treats spin-orbit coupling effects, which when removed results in scalar relativistic 

ZORA.  ZORA adapted basis sets, which primarily include steeper core-like functions, are 

readily available in ADF.   

Relativistic effects in Gaussian are implemented by the Douglas-Kroll-Hess method, 

DKH.  This method uses a different transformation to ZORA.  The Dirac equation is modified 

by decoupling the large and small components and discarding the latter using a systematic 

iterative procedure.  Implementation of SOC requires the use of a 4th order equation (DKHSO).  

Relativistic effects have also been accounted for in Gaussian using relativistic basis sets such as 

ECPs which do not require a relativistic Hamiltonian.  

1.5 Restricted and Unrestricted Formalisms 
A second natural consequence of Dirac’s equations was the Pauli Exclusion Principle.  This 

well-known principle states no two electrons can have the same set of quantum numbers.  A 

maximum of two electrons can exist for any given MO, each with different spins, α and β.  The 

two spins and their spatial orbital rearrangement allow calculations to have either a spin-

restricted or spin-unrestricted formalisation.  The Slater Determinant, which ensures Pauli’s 

exclusion principle is maintained and that the wavefunction remains anti-symmetric, is written 

in terms of spin-orbitals (product of a spatial orbital and a spin function α or β).  During a spin-

unrestricted calculation there are no restrictions on the form of the spatial parts of the α and β 

spin-orbitals, commonly known as different orbitals for different spins.36  In order to allow the 
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spins to occupy different regions of space they have to be treated individually during the 

construction of the MOs.  Spin-unrestricted calculations have been employed here for some 

open shell systems with uneven number of electrons or to calculate triplet state energies. 

“Restricting the spin” implies each spatial orbital will have two electrons, one of α and β spin.  

The spin-restricted formalised is used to calculate properties of singlet ground states.   

In ADF the use of the spin-unrestricted feature with spin-orbit coupling requires the 

collinear approximation, so that each energy level can allocate one electron.  This is used in 

ESR calculations.  Moreover, ADF allows restricted calculations on open shell systems with an 

unpaired electron.  In Gaussian, the choice of restricted or unrestricted spin is defined by the 

multiplicity of the system.  It is possible to perform spin-restricted calculations on open shell 

systems in Gaussian, though this option is not used here.   

1.6 Analysis Tools 
There are a number of ways of obtaining insight into properties and interactions taking place in 

a calculated system.  The main tools used here are charge and population analysis, molecular 

orbital analysis and energy analysis. 

1.6.1 Population and Charge Analysis  

Population analysis is used to determine the location and distribution of the electron density in a 

molecule.  Assigning partial atomic charges also provides an intuitive way of understanding and 

quantifying the charge distribution.  Atomic charges in a molecule are not physically 

observable, therefore need to be derived by partitioning schemes of the density or the MOs.           

1.6.1.1 Mulliken Population Analysis 

The Mulliken population analysis,37 MPA, is employed here to determine atomic charges, 

molecular orbital compositions and spin densities.  The method consists of obtaining the 

individual atomic charges by partitioning the molecular wavefunction in an orbital-based 

scheme.    

For example, in the case of 2 atoms the wavefunction is expressed as a sum of products 

of individual molecular orbitals,	∅, containing 2 electrons each (in a spin restricted calculation).  

The sum of all the molecular orbitals contributes to the total electron density, but individual 

MOs donate specific information regarding the electronic interactions and bonding taking place.  

MPA provides a method to localise the electron density.  To visualise the orbitals in 3 

dimensions the iso-surface of the MO is reproduced.  The value given for the iso-surface 

indicates the degree to which the density is enclosed in the surface.  

To calculate the contributions to the MOs and the partial atomic charges, the electrons 

can be distributed amongst the atoms according to the degree their AOs contribute to the total 
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wavefunction.  Using the expression below for the total number of electrons, the expansion of 

the wavefunction in atomic orbital (AO) is given by: 

 " = �  ∅�����∅�����!��
���6�Lz
.

�
 Equation 29 

 " =	 � � V�LuL����V�.u.����!��
L,.

���6�Lz
.

�
 Equation 30 

where " is the total number of electrons, ∅����� represents the MO occupied by electron j as	∅ 

is the occupied KS orbital and r defines the Cartesian coordinates all the electrons j.  Equation 

29 is expanded in terms of atomic basis functions uL	 leading to Equation 30.  V�L is the 

coefficient of basis function r in MO j.  The expansion is based on the assumption the AO are a 

set of normalised functions.  Integrating and summing over all the occupied MOs leads to 

Equation 31.  xL. is the overlap matrix containing overlap elements between basis functions.   

 " = � ��V�L�L
+	�V�LV�.xL.

L�.
�

���6�Lz
.

�
 

Equation 31 

 

The first term in the sum only includes the squares of the single AO basis function 

coefficients, belonging to the atom where that basis function resides.  The second term is a 

product of two different basis functions and the overlap between them, representing the 

electrons shared between r and s basis functions.  Equation 31 can also be expressed in terms of 

the density, �, and overlap matrix.  � is the sum of products of MO coefficients and occupation 

numbers:  

 " = � �L.
���6�Lz
.

L,.
xL. Equation 32 

Mulliken suggested the total number of electrons, ", be partitioned evenly between the 

atoms where the r and s basis functions reside.  Following from Equation 31, to compute the 

atomic population, "�, the basis functions are divided up over atoms A:   

 "� =	 � ��V�L�L∈�
+	 � V��V�.xL.

L,.∈�,L�.
+ � V�LV�.xL.
L∈�,.∉�

�
���6�Lz
.

�
 Equation 33 

The net charge on the atoms,	��, is then calculated by subtracting the gross orbital 

population from the nuclear charge: 

�� =	�� −"� 

where �� is the nuclear charge on atom A and "� was computed in Equation 33. 

Although this partitioning method is conceptually simple, there are some problems 

associated with using an orbital-based and basis function scheme. The MPA approach does not 

account for different electronegativities of each atom.  There is no substantial reasoning for 
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dividing the contributions between two orbitals equally and a more suitable method would be to 

allocate the most electronegative atom’s orbitals a larger contribution.  MPA is based on the use 

of basis functions and the scheme describes the electron density close to the nucleus other than 

the one they are centred on.  This results in a very basis set dependent approach, where bigger 

basis sets or more diffuse functions sometimes lead to worse results.   

A further problem includes the possibility of violating the Pauli principle.  The off-

diagonal contributions are divided equally between both basis functions, therefore it is possible 

for individual basis functions to have occupations larger than 2 or even less than zero, a 

physically non-sensical result.  Nonetheless, MPA is useful in comparing trends between 

systems using similar basis functions.   

1.6.1.2 Hirshfeld charge densities 

The Hirshfeld partitioning method38 is based on the electron density and not on basis functions 

like MPA.  The total spatial volume is divided into atomic contributions by using the atomic 

densities to partition the molecular electron density.38  The sum of atomic densities at each point 

in space is defined as the promolecular density, ��Lz:   

 ��Lz��� = 	 � ��P����
P�z�.

�
 Equation 34 

where ��P� are the ground state atomic densities.  The actual molecular electron density for each 

point in space is partitioned using weighting factors, or a sharing function, �����, according to 

each promolecular contribution:  

 ����� = ��P������Lz��� Equation 35 

The charge, Q, on atom A is calculated by: 

 �� =	�� −	 �������Lz���!��� Equation 36 

The Hirshfeld method is usually recommended over the Mulliken charge method and is 

used throughout this work.  The main disadvantage of the Hirshfeld method lies in the 

uncertainty of the origin of the atomic densities.  Some cases use valence configurations, 

whereas generally, and in ADF, spherically averaged ground state densities are used.  

1.6.1.3 Bond order 

The bond order can be defined as the number of electron pairs that constitute the bond.39  This 

can be a useful tool as in principle it correlates with bond distance and bond strength.  As with 

charge partitioning methods, there are multiple ways of calculating the bond order, two of which 

are used in this project. 
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The first is the Mayer bond order, MBO.40  The MBO between two atoms (A and B) is 

obtained using the Mulliken charge approach by squaring the product of the density and 

overlap, D and S, matrices from Equation 32: 

 U��I = ����x�����x���
�∈I�∈�

 Equation 37 

A less commonly used method of obtaining bond orders was developed by Gopinathan 

and Jug, GJBO.41  In theory they are an improvement over the MBO; they include only the 

appropriate elements of the density matrix in order to improve the description of the valence 

region.  The authors’ purpose is to use valency to measure the degree of electron sharing 

between two atoms.  However, as with the partial charges, care must be taken when interpreting 

bond orders, as they mostly correlate for systems where covalent bonding is present and are 

highly basis set dependent.   

1.6.1.4 Quantum Theory of Atoms in Molecules 

The final population analysis tool used here, QTAIM, is based on the electron density.  Bader 

developed a partitioning scheme based on the concept that the molecular volume can be divided 

into atomic subspaces, therefore analysing the electron density of a molecule in terms of its 

topology.  “The theory has its origin in quantum mechanics, its vehicle of expression is the 

charge density”.42   

Many atomic and molecular properties are accessible using this method and a full 

description of them and the underlying theory is presented elsewhere.36, 42, 43  Here, basic 

principles behind QTAIM necessary to understand and interpret the results are introduced.   

The electron density is a function of 3 spatial coordinates and is analysed in terms of its 

topology: maxima, minima and saddle points.  The nuclei, sources of positive charge, are the 

main attractors of electron density.  Therefore, local maxima of electron density occur at the 

nuclei (or very close to them).  When the gradient of the electron density is at a minimum, a so 

called stationary point is encountered.  A stationary point in between two chemically bonded 

atoms is referred to as the bond critical point, b.c.p., where the gradient of the electron density 

approaches zero.  If a b.c.p. is located between two atoms, a path, referred to as bond path, of 

local maximum density will link them.  Therefore, the bond critical point is the point of 

minimum density along the locally maximal line. 

The chemical bond can ultimately be interpreted in terms of this electron density.  As 

defined by Bader, “The presence of an atomic interaction line [bond path] in an equilibrium 

geometry satisfies both the necessary and sufficient conditions that the atoms are bonded to one 

another”.42   

The QTAIM results presented here were carried out by performing single point energy 

calculations in Gaussian (using an ADF optimised geometry), followed by topological analysis 
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in AIMALL.44  The QTAIM results are less dependent on the theoretical level of the 

wavefunction, because only electron density is involved.   

In this project, QTAIM is employed as a tool to understand and compare the differences 

in bonding character between the central two atoms in the inorganic systems in Chapter 4.  

Typically, the results describe properties at the b.c.p. between the metal and the main group 

element.  The b.c.p.s are characterised in terms of density,	�, Laplacian,	∇��, and energy 

density, H, with the aim of classifying them in terms of ionicity and covalency.  These 

parameters are explained below. 

The density, �, at the b.c.p. lies at a minimum along the bond path axis between the two 

atoms and at a maximum in a direction perpendicular to the same axis.  � is a measure of 

electronic charge build up at this specific point and its value correlates with the strength of a 

bond.  A large and positive � is an indicator of a covalent bond, whereas a small � represents an 

ionic bond. 

The Laplacian of the electron density,	∇��, is the second derivative of the electron 

density, defined by: 

 ∇�� = 	����G� +	�
����� +	�

�����  Equation 38 

This property describes the change of the change taking place in the � at the b.c.p. and 

measures the curvature of the density in three dimensions.  The interpretation of the Laplacian 

can be quite complicated, but the mathematical concept can be translated into chemically 

meaningful terms of electron depletion and concentration.  For example, if � is being locally 

depleted, ∇�� > 0.  If a local concentration is present, ∇�� < 0.  A negative value ∇�� is also 

indicative of a covalent bond, whereas a positive value infers an ionic bond or Van der Waals 

interaction. 

The third property at the bond critical point is the energy density, H.  This is the sum of 

the kinetic and potential energy,	w	and	, respectively:   

 ���� = w��� + ��� Equation 39 

In 1984, Cremer and Kraka45 showed how one could relate covalent bonding to energy 

density.  The average kinetic energy in an atom in a molecule reflects its charge distribution and 

since w is always positive and  is always negative, the sign of � provides information on the 

bonding region.  For example, a covalent bond requires a predominating potential energy at the 

b.c.p., |���| 	> w��� resulting in	���� 	< 0.  A dominance of ��� towards the total ����	is 

indicative of a stabilising concentration of electronic charge in the inter-nuclear region.  On the 

other hand, ionic, hydrogen bonding or Van der Waals interactions lead to ���� > 	0, where 

w��� outweighs	���, and the charge depletion is then destabilising.   
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More recently, Bianchi et al.
46, 47 suggested another classification for bonding 

interactions.  Interactions can be divided into “shared” or “closed-shell”, with each of these 

having different types of interactions themselves depending on the value of the density, 

Laplacian, kinetic, potential and total energy densities.  The chart below categorises the 

different types of interactions at a b.c.p. according to Bianchi et al.: 

Shared interactions 

High ρ 

∇��	 < 0 

Closed shell interactions 

Low ρ 

∇��	 > 0 

Covalent Polar-covalent Dative Metallic Ionic V. d. W. 

V << 0 V << 0 V < 0 V < 0 V < 0 V < 0 

G << || G << || G ≅ || G ≅ || G ≅ || G ≅ || 
H << 0 H << 0 H < 0 

H < 0 

|�| 	≅ 0 

H > 0 

|�| 	≅ 0 

H > 0 

|�| 	≅ 0 

 

Properties at the bond critical point might not be fully indicative or representative of the 

interatomic interaction.  In such cases, other QTAIM properties determined by integrating the 

density over the atomic volume can be included.  The partial atomic charges (Bader charges) 

and the Localisation and Delocalisation indices48, 49 are analysed here.  The partial atomic 

charge,	��, on atom A is computed as the difference between nuclear charge, ��, and the total 

electron density (or number of electrons) over the total spatial volume ��: 

 �� =	�� −	 ����!���� 
 Equation 40 

The “Delocalisation Index in AIM provides a quantitative measure of the electron pairs 

shared between two atomic basins.”50  The DI provides a way of measuring the concept of 

chemical sharing.  The percentage of average number of electrons in atom A that are shared with 

atom B is defined by Bader as: 

 %�]¢£V�Z, U� = "�Z� × �¤�Z, U�	2 × 	100 Equation 41 

where �¤�Z, U� = 	�¤�U, Z�, "�Z� is the average number of electrons in atom A.   

 The electron localization index, ¥¤�Z�, is the average number of electrons localized in 

atom A.  The percentage of average number of electrons in atom A, %¥£V�Z�, is calculated by: 

 %¥£V�Z� = ¥¤�Z�"�Z� × 100 Equation 42 
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1.6.2 Energy Analysis 

1.6.2.1 The Ziegler-Rauk Energy Decomposition Scheme  

This energy partitioning scheme, developed by Zielger, is implemented in the ADF code.  

Firstly, the molecule is divided into two fragments of choice.  The energies of these fragments 

are calculated individually and an additional calculation provides the energy of the interaction 

between the two fragments.  This interaction energy, ∆��
�, can be interpreted as the bonding or 

binding energy of the two species and is the sum of the following energy components: 

 ∆��
� =	∆���.� +	∆�HP¦�� +	∆�zLR Equation 43 

The ∆���.� term represents the classical electrostatic interaction between the 

unperturbed selected fragments as they are brought together to their final position.  The ∆�HP¦�� 
term is the destabilising Pauli-repulsion interaction and accounts for any steric interactions.  The 

final term, ∆�zLR, represents the orbital relaxation.  This last term accounts for the stabilising 

energy when the fragment orbitals relax to form the complex and includes electron pair 

bonding, charge transfer and polarisation effects. 

1.6.2.2 Potential Energy Surfaces 

The BO approximation invokes the fact the nuclear positions are fixed relative to the electrons.  

To characterise a potential energy surface the nuclear positions need to be displaced from 

equilibrium.  Complete potential energy surfaces are not explored here, but the change in energy 

along one coordinate upon distorting a specific bond, or two coordinates such as an angle, was 

explored by performing linear transit calculations.  In a linear transit calculation a specific 

coordinate is moved a fixed amount and the remaining coordinates are allowed to relax before 

moving it again, for however many steps desired.  In cases where the geometry did not converge 

at each step, single point calculations were performed varying selected coordinates. 

1.7 Solvent Effects 
Environmental effects, such as the solvent, can be represented in a number of ways.  One can 

explicitly include solvent molecules around the molecule or consider the solvent as a continuous 

medium.  In this project, both methods are used independently and in conjunction.  The 

inclusion of explicit solvent molecules is fairly straight-forward and requires new geometry 

optimisations of the species with a first, and possibly second, solvation shell.  The continuum 

solvation model treats the solvent as uniform polarizable medium with a dielectric constant, 

where the solute is situated as a hole in the medium.  There are many models which describe the 

size and shape of this cavity, the solute and the dielectric medium differently.  Including solvent 

effects changes the energy, charge distribution and to some extent structural conformations, 

therefore all the geometry optimisations reported here were performed in both gas and solvent 

phase.    
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Gaussian uses the polarized continuum model, PCM, developed in 1981, which 

employs a self-consistent reaction field (SCRF) method for its calculation.  This is an iterative 

procedure required to represent the interactions within the solvent model.  The calculated 

electric moments induce charges in the dielectric medium, which acts back on the molecule by 

changing the electric moments.  The cavity in the PCM model is constructed from inter-locking 

spheres, with radii larger than their Van der Waals radii, scaled by an empirical factor.   

The model employed by ADF is the relatively recent (1993) conductor-like screening 

model, COSMO.51-53  COSMO is similar to PCM as it also uses molecular shaped cavities to 

mimic the solute, but uses partial atomic charges to represent the electrostatic potential of the 

solvent and the dielectric medium to induce a charge polarization on the cavity.  The latter is to 

represent the solvent as a conductor-like model.  Such conductor-like modifications have been 

implemented to the PCM model in Gaussian to give CPCM, used here as a comparison to 

COSMO.          

1.8 Calculating Magnetic Properties 

A molecule can be perturbed by applying an external magnetic field, U§̈ �7�, and this perturbation 

can give rise to very important effects.  The nuclear or electron spin can interact with local 

electric currents induced by U§̈ ext, leading to effects which can be measured using nuclear 

magnetic resonance, NMR, and electron spin resonance, ESR, spectroscopic techniques.     

The interaction of the magnetic field with a system with a net spin magnetic moment 

can lead to a splitting of energy levels (due to the possible orientations of the spin), an effect 

named the Zeeman Effect.  The magnitude of the splitting is proportional to U§̈ �7�.  The applied 

U§̈ �7� will induce a current, known as the current density, j, within the electronic field of the 

molecule.  Such currents result in another magnetic field, U§̈ �
©¦6�©, that modifies the external 

field at the position of the spin magnetic moment.  The consequential change in the local field, 

U§̈ �z6P�, observed by the splitting of energy levels forms the basis of NMR and ESR.  

U§̈ �z6P���� = U§̈ �7���� +	U§̈ �
©¦6�©��� 
Both techniques are very powerful and are widely used experimentally and, more 

recently, in computational chemistry.  Computationally, a Hamiltonian has to be set up to 

describe both fields (the external applied field and a field arising from local magnetic nucleus).  

The energy of the system in the presence of both magnetic fields has to be calculated and 

expressed in terms of the local field.   

The applied magnetic field interacts with the magnetic moments generated by the 

movements of the charged particles, thereby changing the kinetic energy operator.  Translating 

the effect of U§̈  to a Kohn-Sham framework introduces a few problems.  Firstly, the theoretically 

correct exchange-correlation functional should be modified so that it not only depends on the 
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density, but also on the current density, j. There are some current density functionals available, 

but most implementations neglect the j dependence with the following approximation: 

 �01#����, ����$ ≈ 	�01#%���$ Equation 44 

The second problem is the gauge-problem, a consequence of the relation between the 

magnetic field and the vector potential, Z̈: 

U§̈ 	= 	∇ ×	Z̈ 

The predicted magnetic properties, the expectation values, only depend on the 

observable quantity, which in this case is U§̈ .  However, to include this into the Hamiltonian the 

corresponding operator Z̈	is used.  ∇ is a special gradient applied to a vector field linking the 

two terms.  A prerequisite to calculating magnetic properties is that U§̈  should be gauge-

invariant; the expectation value result, a chemical shift for example, should be independent of 

the choice of Z̈.  NMR for example, is the measurement of the magnetic field perturbing the 

kinetic energy terms and the origin of this perturbation, the gauge origin, must be specified.  In 

theory, different choices of origin (specific points in space in the coordinate system) give rise to 

different vector potentials but result in the same U§̈ .  In practice, the gauge invariance rule cannot 

be fulfilled with present day finite one electron basis sets.  

To reduce artefacts associated with the gauge origin, ADF and Gaussian use the gauge-

including atomic orbital, GIAO, method.  The gauge origin and the explicit field dependence are 

incorporated into the basis functions in such a way that the matrix elements involved are 

independent from it.  The KS equations are therefore expressed as linear combinations of gauge 

including atomic orbitals.      

  



29 
 

1.8.1 NMR 

1.8.1.1 Background Theory and Computational Implementations 

Magnetic properties are obtained from the second derivatives of the total energy with respect to 

certain perturbations.  The shielding, ¬, is the 2nd derivative of the total electronic energy, �, 

with respect to an external magnetic field, U§̈ �7�, and the nuclear magnetic moment of the 

nucleus,	 :   

 ¬ = ��	��U�7� ∂ Equation 45 

This second order property was implemented into ADF by Schreckenbach and Ziegler,3 

at first without frozen cores, relativistic effects or spin orbit coupling (SOC).  The authors 

modified the total electronic expression for the energy (Equation 10 in 1.1) and the Kohn-Sham 

equations (Equation 12 and Equation 13) to include the external magnetic field.  The key step is 

the modification of the momentum operator %	§§§̈ 	 (from the kinetic energy term): 

 %	§§§̈ 	→ %	§§§̈ 	+ 	 Z̈ Equation 46 

 This substitution is followed by the approximation of the	�01#����, ����$ shown in 

Equation 44 to obtain the modified KS equations that include U§̈ �7�.  The one electron functions 

are expressed as linear combinations of GIAOs to calculate the energies of the orbitals.  

The calculation of NMR parameters in ADF has gradually improved over time.  

Initially, the program was modified to enable the use of the frozen core approximation.54  

Relativisitic effects were then included using a Pauli-relativistic Hamiltonian,55 followed by 

spin-orbit coupling56 and ZORA57 which is the final version and the one used in this project.  

The shielding constants have also been computed in Gaussian with a method implemented by J. 

Gauss.58  

To obtain the chemical shift,	8, one calculates the difference between the shielding of a 

suitable reference molecule,	¬L�-, and of the molecule being studied, ¬:  

 8 = 	¬L�- − 	¬ Equation 47 

The current density has paramagnetic and diamagnetic components, jp and jd, therefore 

the shielding constants are also composed of respective ¬�and ¬© terms.  If SOC is included in 

the calculation an additional ¬.z term is also present:   

 ¬ = ¬© +	¬� 	+ ¬.z Equation 48 

The diamagnetic shielding contribution, ¬©, depends on the non-perturbed density only 

and is inversely proportional to the distance between the electrons and the nucleus in question.    

The paramagnetic currents in the system arise from a coupling between the occupied 

and virtual molecular orbitals.  The ¬� contribution to the total	¬ describes the interaction of the 

nucleus with the field generated by the paramagnetic current.  This value depends on the mixing 
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between the excited and ground states after applying the external magnetic field and is strongly 

affected by relativistic effects.  The magnetically perturbed MOs will be affected by relativistic 

stabilisation, or destabilisation, which in turn influence orbital energies and differences between 

them.  This affects both the heavy nuclei and lighter adjacent nuclei.  The strength of this 

interaction is inversely proportional to the energy differences between the occupied and virtual 

MOs. 

The ¬.zcontribution arises as a result of including relativistic effects and spin orbit 

coupling into the calculation.  This	¬.z term is dominated by a Fermi-contact interaction and 

depends on the spin polarisation at the NMR nucleus.56, 59   

1.8.1.2 Calculation Considerations 

“Nuclear magnetic resonance shielding and chemical shifts are known to be sensitive to 

everything”.2  The statement implies NMR is a valuable tool to obtain information, yet it is 

extremely challenging to obtain that same information accurately.    

The calculation of NMR parameters is an active area of research but there are still areas 

which need improvement.  Some of the main sources for error in DFT, excluding the already 

mentioned gauge-problem, are highlighted below.  An in depth discussion on these issues can be 

found elsewhere.60,2,61 

 

1) Choice of exchange-correlation functional: 

There are lots of “flavours” of functionals available for NMR calculations however, the effect of 

different functionals on the shielding constants is not entirely understood.  For example, the 

strong influence of the exchange correlation functional on the ¬ of light atoms (N, H, C, F) 

using LDA and non-LDA approximations is explained by Schreckenbach and Ziegler.3  It was 

suggested the functional has more effect on the paramagnetic than diamagnetic component, 

where the former is the larger contributor to the total shielding.  Unfortunately, ¬� is also the 

more complicated part of the total	¬ to calculate.  The choice of functional becomes extremely 

important because to obtain an accurate ¬�, accurate eigenvalues of the KS equations are 

needed.  The results from literature are somewhat mixed when comparing hybrid and GGA 

functionals.  In some cases with transition metals, B3LYP is superior to GGAs,62 but in other 

work with main group nuclei GGAs perform better.63, 64   

In terms of 13C NMR for light compounds, generally the agreement between experiment and 

theory is very good when comparing across different hybrid functionals,4 GGAs65 or even when 

comparing hybrids and GGA functionals.60  To my knowledge, there is no literature (other than 

the published results of this thesis) on calculated 13C shielding constants in uranium systems.  

There are, however, theoretical studies on 1H and 19F NMR on uranium compounds, where the 

B3LYP hybrid and BPW91 GGA functionals are compared.  The results imply hybrids perform 
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slightly better than GGAs, but a definite conclusion is not given.2, 59, 66  The importance of 

electron correlation is also stressed in halogen-containing uranium compounds.67  The other 

nuclei studied here are 11B and 119Sn.  The latter is mostly calculated using hybrid functionals68, 

69  or GGAs.70 

 

2) Choice of basis sets  

Most benchmarking of NMR parameters in the literature is carried out using large basis sets and 

a general recommendation is to use TZ quality with added diffuse and polarisation functions.71  

These however are not practical when larger systems are at hand.  The chemical shift is 

commonly considered a “core” property.  Schreckenbach and Ziegler suggest the chemical shift 

is a valence property, or more precisely “determined by the core tail of the valence orbitals”,72 

justifying the use of the frozen core approximation in basis sets.  

 

3) Relativistic effects 

The section on Relativistic Effects (1.4) explained how the energies of electrons stabilise or 

destabilise depending on relativistic effects.  These changes affect the shielding constants which 

need to be treated accordingly.  The relativistic effects in NMR calculations are included by the 

ZORA adapted basis sets in the ZORA Hamiltonian in ADF, or the DKH formalism in 

Gaussian.    

The inclusion of spin-orbit coupling interactions will also influence the NMR results.  

Spin-orbit operators induce spin-polarisation in the molecule which interacts with the nuclear 

magnetic moment of the NMR-active nucleus.  This interaction is via a Fermi-contact 

mechanism.72, 73  This thesis explores the chemical shifts, δ, of the heavy 129Sn nucleus.  

Nakatsuji et al.
73 studied the effect of SO contribution in the calculation of 129Sn δ in tin 

tetrahalides and found that the presence of SOC shifted 129Sn δ values.  The effect was larger as 

the halides become heavier and agreement with experiment improved when SOC was included.   

 

4) Environment 

NMR experiments are carried out in solution or solid state, at a given pressure, temperature and 

pH.  This poses a problem with respect to reproducing exact experimental conditions.  The 

calculations presented here are compared using different pH mimics and solvent conditions.  

According to Gryff-Keller et al.,60 when solvent effects are included and a high level of method 

is used, the calculated 13C δ should be within 2 ppm with experiment.   

 

5) Geometry 

Chemical shifts are very sensitive to structural changes.  Inaccurate calculated geometries can 

lead to significant errors in the shielding constants.  In many cases experimental geometries are 
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not available for one to base their calculation upon; therefore theoretical geometries should be 

calculated to a good degree of accuracy.  The calculation of magnetic properties is performed 

separately to that of the geometry and both calculations can have different functionals, basis 

sets, solvent environments, etc.  There is evidence that reliability of the calculated properties 

improves when using the same methods and conditions as the geometry optimisations.64  

 

6) Reference compounds 

Chemical shifts are obtained from calculating the value of the shielding constants relative to that 

of a reference compound.  It is vital the reference compound is calculated using the methods as 

the molecule in question.  Failure to do so can lead to systematic errors not cancelling out.    

 

Overall there is no “fixed recipe” detailing the necessary calculation conditions to 

obtain the best agreement with experiment.  For this reason, various functionals (SAOP, PBE, 

VWN, KT2), environmental effects (gas-phase vs solvent-phase), basis sets, integration grid and 

spin-orbit effects are tested on the 13C nucleus and compared to experiment when possible in 

Chapter 2.  A similar, yet less extensive systematic comparison to experiment was done for the 
11B and 119Sn chemical shifts in Chapter 5.  The reference compounds used are tetramethylsilane 

(SiMe4), tetramethyltin (SnMe4) and boron trifluoride etherate (BF3·OEt2).    

1.8.2 ESR 

NMR describes the interaction between an external magnetic field, U§̈ �7�, and a nuclear spin.  

U§̈ �7� can also interact with the spin of an unpaired electron in open shell or radical species.  This 

interaction is measured by a technique called electron spin resonance, ESR (or electron 

paramagnetic resonance, EPR).  The implementation of ESR theory into quantum chemical 

packages is relatively recent compared to that of NMR.  For example, the implementation of 

ESR into ADF was done in 1997-1998.74,75, 76 

Electron spin resonance consists of perturbing a compound with an unpaired electron to 

lift the degeneracy of the electron spin energy levels (ms = ± ½), as seen in Fig. 1.2.   
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Fig. 1.2 Splitting of energy levels with the application of a magnetic field. 

The unpaired electron interacts with the environment and the details of the ESR spectrum 

provide information regarding those interactions.  Two key properties that describe the 

environmental interactions of the unpaired electron are: 

1- The g-value.  This describes the extent the unpaired electron has unquenched orbital 

angular momentum.   

2- Nuclear hyperfine interactions, hfc.  These describe the interactions between the 

magnetic moment of an unpaired electron and the nuclear spin.  In experiments, the 

hyperfine coupling patterns provide information on numbers and types of nuclei the 

unpaired electron interacts with. 

1.8.2.1 G-value 

 The g-tensor probes the chemical environment and provides information (as a g-value) 

describing the interaction between the unpaired electron spin (unpaired spin density) and the 

magnetic field at a given nucleus.  Calculating the g-tensor in ESR (Equation 49) is analogous 

to calculating shielding constants in NMR (Equation 45); both are obtained from the splitting of 

energy levels due to orientation of spin, the Zeeman effect. 

 ° = 1I 	
����U�7��x Equation 49 

Where Iis the Bohr magneton, E is the total energy of the many-electron system and 

x	is the net electronic spin component. 

The g-value, g, is usually interpreted in terms of a free electron; ge,  approximately 

2.002319.77  The g-value is the ratio between the spin angular momentum and magnetic moment 

of an electron.  The g-value of most organic free radicals is close to ge because of very small 

spin-orbit coupling (the unpaired electron has a small orbital contribution to the magnetic 

moment).  However, for d- and f- metals the g-value can differ largely from ge, implying the 

ratio of the unpaired electron’s spin magnetic moment to its angular momentum differs largely 

from that of the free electron.  The spin magnetic moment of an electron is constant and the 
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electron can either gain or lose angular momentum via spin-orbit coupling.  Therefore, the 

magnitude of the change in g with respect to ge will depend on how much the orbital angular 

momentum contributes to the magnetic moment and provide information on the orbital 

containing the unpaired electron.  

To describe the single unpaired electron spin at a nuclear position the Hamiltonian is 

modified to the Spin Hamiltonian.  A key operator describing the interaction between an 

electron spin and the magnetic field is the Electron Spin Zeeman operator.  The formulation of 

the Spin Hamiltonian and the implementation into the Kohn-Sham framework is out of the 

scope of this work, but a detailed description can be found in an article by Schreckenbach and 

Ziegler.76  

1.8.2.2 Hyperfine Coupling  

The hfc arises from the interaction between the magnetic moment of an unpaired electron’s spin 

and magnetic dipole moment of a nucleus with a non-zero spin.  The electron spin energy levels 

are split by interactions with the nuclear magnetic moments resulting in coupling patterns, 

similar to NMR spin-spin coupling constants.  The hyperfine coupling constants, hfcs, are 

defined by the energy difference between the two spins being aligned or in opposite direction.   

The hfc gives information on the spin distribution and allows one to view the extent of 

delocalisation of the unpaired spin density.  

The hfc can be isotropic, aiso, or anisotropic, aaniso.  The former is when the system is 

fixed and three values are measured in each direction, x, y and z.  The anisotropic hfc is when 

the molecule is tumbling and an average value is obtained.  Both types may be calculated 

theoretically.   

In order to compute the hfc the Hamiltonian needs to account for a spin magnetic dipole 

at a particular nuclear position, and does so with the Spin Hamiltonian.  The perturbation is 

evaluated using the Fermi-contact integral,	��Z�, from which the isotropic hfc, O�.z, is 

determined: 

 O�.z =	94A3 : 〈x²〉^B°�°�´ �́	��Z�	 Equation 50 

and,  

 ��Z� = 	��µ¶�^�uµ����µ¶
u¶���� Equation 51 

where 〈x²〉 is the expectation value for the x² operator (doublet = 1/2, triplet = 1, etc), °� is the 

g-value of a free electron and ´ the Bohr magneton.  °� and �́ are the corresponding values for 

nucleus A.  �µ¶�^� is the one-electron spin-density-difference matrix (difference between the two 

separate density matrices for the α and β electrons, i.e., a measure of spin density),  uµ and u¶ 

are two basis functions whose overlap is evaluated at position ·�.  
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To obtain useful O�.z	values the density matrix employed must be accurate and this 

requires accurate predictions of the localization of excess spin.  The importance of spin 

polarization in SOMOs of metal complexes has been described by Braden and Tyler.78, 79 

1.8.2.3 Calculation Considerations 

In ADF there are various ways of calculating the g and hfc:   

1- SOC restricted calculation.  This provides information only on the g-tensor.   

2- Scalar unrestricted calculation.  This option is used to calculate the hfc only. 

3- SOC unrestricted calculation.  This uses the collinear approximation to provide 

information on g and hfc, however takes significantly longer time than methods 1 and 2. 

Due to its relatively recent application, there is not much information on the dependence 

on basis sets and functionals of ESR calculations other than for small organic molecules80,81,82 

and transition metals.78, 79,83  It is generally harder to obtain highly accurate ESR results for 

heavier elements; but an approach to include ZORA has been implemented in ADF.74 

In terms of exchange-correlation functionals, as expected, there is no general consensus 

on which performs best for ESR calculations.  For example, Erikson et al. calculated the hfc of 

H2O
+ using different GGA functionals.  The PW86 functional is recommended over other 

GGAs for hfc despite evidence of significant variability amongst GGAs.80  The work of Barone 

(on second row atoms)81 and Adamo, Cossi and Barone82 (on small organic radicals such as CH3 

and CH2O ) reported results where hybrid functionals perform better than GGAs.  Other systems 

containing main group elements or transition metals also exhibit variable results with respect to 

the exchange-correlation functional.61   

In reference to basis sets, a good description of the spin density at nuclear positions is 

needed to describe the hyperfine coupling and g-values.  This implies Slater type orbitals are 

preferred over Gaussian type orbitals.  For this reason specific basis sets such as EPR-II and 

EPR-III33 were designed to improve GTOs.  These are used here with Gaussian, but are 

unavailable for atoms beyond F in the periodic table.  In ADF, all electron basis sets are 

recommended for calculating hfc. 

1.9 Time-Dependent Density Functional Theory 
An important application of DFT is time-dependent DFT, TDDFT.  Time-independent DFT and 

the Hohenberg-Kohn theorems described in Section 1.1 use the density to obtain the energy of 

the ground state.  To calculate an excited state, or more specifically, a vertical electronic 

excitation as in UV-Vis spectroscopy, TDDFT is required. 
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TDDFT is not the main subject of this project, but the method has been employed on 

uranyl(VI) closed-shell systems.  A brief overview is given here and for further information the 

reader is referred to other sources.84, 85        

Similarly to the calculation of magnetic effects, TDDFT relies on the perturbation of a 

finite system, although the perturbation is now electric instead of magnetic.  The energy of the 

ground state is perturbed with an electric field which varies with time and its response is 

measured using linear response theory methods.  In the calculation, the frequency dependent 

mean polarizability, ¸�¹�, describes the response of the dipole moment to a time-dependent 

electric field of a given frequency, ¹�T�.  The frequency dependent mean polarizabilities,	¸�¹� 
are related to the electronic spectrum by: 

	 ¸�¹� = 	� Wh¹h� −¹�h
 Equation 52 

where the numerator of the sum, Wh,	corresponds to the oscillator strengths and the denominator 

to the frequencies and energies of the ground (�d� and excited states (�h�.  ¹ is a time-

dependent electric field frequency and ¹h	corresponds to the excitation energy.  When the 

frequency corresponds to the differences in energy between the ground and excited states, ¹h	= 

�h − �d, it is described as a pole in the frequency-dependent polarizability	¸�¹�.   Therefore, 

the calculation relies on the fact that frequency dependent response of a system with respect to a 

time-dependent perturbation will have discrete poles at the exact energies of the unperturbed 

system.   

The theory has been translated to suit DFT methods, where the fundamental variable is 

the density and not the wavefunction.  The exact linear response to a perturbation is expressed 

as the linear density response of a non-interacting system.  A time-dependent Kohn Sham 

scheme is constructed using the auxiliary system of non-interacting electrons in an external 

potential, and set of time-dependent KS equations are derived.  TDDFT uses the properties 

obtained in the ground state (from the KS orbitals) to calculate the excitation energies.  

Implementations of TDDFT employ the following approximation: 

	 �76#���, T�$ = 	8Z01#�$8���, T� ≈ 8�01
#�$8����� = �76#�����$ Equation 53 

The time-dependent potential, obtained from time-dependent KS equations, is 

equivalent to the functional derivative of the Z01 exchange-correlation functional with respect 

to position and time-dependent electron density, ���, T�.  This is approximated to the standard 

time-independent exchange-correlation functional, �01 , with respect to the density at a specific 

time,	�����.   
The functionals used here for the TDDFT calculations are PBE and SOAP, described in 

section 1.1.1.   
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2 Speciation of Uranyl D-Gluconate and α-Isosaccharinate  

2.1 Background 

2.1.1 Nuclear Waste  

Nuclear waste in the UK is separated into three categories: low, intermediate and high level 

waste (LLW, ILW and HLW).  The level of waste relates to the degree of radioactivity and 

resulting temperature.  HLW originates from fission products where the temperature is very 

high as a result of their radioactive nature and is treated by vitrification followed by a cooling 

process.  

ILW originates mostly from cladding equipment and other solid wastes.  The 

temperature does not rise as much as HLW, due to lower radioactivity levels, hence the waste is 

encapsulated with cement and packaged in steel drums which are presently stored above ground.   

LLW includes discarded materials such as tools, clothing or paper from medical, 

research or industrial organisations.  The waste is compacted into drums, placed into concrete 

vaults to ensure alkaline conditions and then buried below ground in a repository in Cumbria.86  

LLW makes up the highest proportion of the three wastes, as shown by Fig. 2.1.  To date, there 

are 4,400,000 cubic metres of LLW in the UK. 

 

Fig. 2.1 Pie-chart showing the percentages of LLW, ILW and HLW in the UK as of 1st of April 
2010. Image reproduced from NDA inventory report86 

As such, effective treatment and storage methods of LLW components are of great 

significance in the nuclear industry.  The LLW contains many organic materials which are 

cellulose based.  Cellulose is unstable under highly alkaline conditions and decomposes 

predominantly into α-Isosaccharinic acid, Isa, and into D-Gluconic acid, Glu.  The structures of 

these are shown in Fig. 2.2. 
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Fig. 2.2 left) D-Gluconic acid, right) α-Isosaccharinic acid 

 Cellulose is found in most waste repositories (non-nuclear and nuclear) as well as in the 

soil.  Cellulose decomposition products can interact with various metal cations, including f-

elements.  There is evidence of Isa forming stable complexes with Ca(II), Eu(III) and Th(IV) 

under high pH conditions.87-89  There is considerably more literature on metal Glu complexes 

than Isa.  Some examples include Glu binding to Fe(II), Cr(III), Al(III), Ni(II), Mn(II), Ba(II), 

Pb(II), Ce(IV), U(VI), Eu(III), Am(III) and Th(IV).90-92-93-95  Bond et al. reported evidence of Isa 

and Glu forming complexes with U(IV) and U(VI).96  

The coordination environment is also highly dependent on the concentration of the 

ligand.  Warwick et al.
97 postulated the 1:2 metal:ligand ratio U(IV):Glu structure seen in Fig. 

2.3 whilst Tits et al.95 have suggested a 1:2:1 stoichiometry for a Th(IV):Isa:Ca species.  

 

Fig. 2.3 Postulated structure for U(IV)Glu2 complex.  Image from Warwick et al.
97 
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Clark et al.
98 proposed two uranyl-Glu 1:2 structures at low pH, shown in Fig. 2.4:   

 

Fig. 2.4 Representation of uranyl-Glu 1:2 metal:ligand ratio under acidic conditions.  Image 
reproduced from Clark et al.

98  HGH4 = Gluconic acid.  GH4 = deprotonated Gluconic acid.        
GH3 = doubly deprotonated Gluconic acid.  

2.1.2 Uranyl 

Due to the use of nuclear power, there is a need for an accurate understanding of radioactive 

waste, for its treatment and storage.  There has been interest in the speciation of the Isa and Glu 

ligands with uranium since the 1960s.94      

Uranium, U, a natural radioactive metal, belongs to the actinide series in the periodic 

table.  Of all the actinide elements the ones of major environmental concern are thorium, 

uranium, neptunium, plutonium, americium and curium.99  In this thesis the focus is on uranium.  

Uranium has 92 electrons with the electronic configuration [Rn] 5f3 6d1 7s2 and can be found in 

multiple oxidation states (+3, +4, +5 and +6), with +4 and +6 being the most common.  

Tetravalent uranium is insoluble in alkaline conditions, whereas the uranyl ion, UO2
2+, the most 

common form of U(VI), is highly soluble and mobile.100  The stability of the uranyl ion is 

accounted for by its closed shell nature and by the U-O bonding molecular orbitals being filled 

by six electrons pairs.101 

UO2
2+ is linear, shown in Fig. 2.5.  This is important because its characteristics such as 

geometry and vibrational stretching frequency serve as a guide to investigate the effects 

coordinated molecules have on uranyl.  The two oxygen atoms are positioned axially (trans) to 

the uranium atom, forming short and strong bonds, thus the equatorial plane is available for 

additional ligand coordination.  The equatorial plane can generally fit up to 6 ligands.   
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Fig. 2.5 Ball and stick representation of uranyl, UO2
2+  

Uranyl can be considered to behave as a hard Lewis acid and is prone to bind to small 

organic ligands.  Various joint experimental and computational studies have investigated uranyl 

complexation to acetates,102 carbonates,102, 103 oxalates,104 etc., commonly found in the natural 

environment.  However, in this thesis the ligands of interest are Isa and Glu, where the research 

of these with uranyl is very much limited.   

Clark et al.
98 carried out a study on the complexation of uranyl with gluconic acid under 

acidic conditions and proposed the following structures:   

 

Fig. 2.6 Proposed uranyl-Glu in acidic solution.  Distances in Å.  Image reproduced from Clark et 

al.
98  HGH4 = Gluconic acid.  GH4 = deprotonated Gluconic acid.  GH3 = doubly deprotonated 

Gluconic acid. 

Kirkham1 performed studies on the speciation of uranyl to Isa and Glu.  This consisted 

of UV-Vis, IR and NMR measurements as a function of pH.  The nature of the complexation 

between Glu/Isa and uranyl in acidic and alkaline conditions is very different.  A common 

feature however is that Glu/Isa bind to cations via the carboxylic group.  Kirkham’s suggested 

uranyl-Glu and uranyl-Isa species at high pH are shown in Fig. 2.7 and Fig. 2.8.  A 

computational investigation on these species was carried out by our group at UCL and reported 

recently.105, 106  The results are presented in this thesis.   
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Fig. 2.7 Proposed binding modes for uranyl-D-Gluconate.  After Kirkham1 
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Fig. 2.8 Proposed binding mode for uranyl-α-Isosaccharinate. After Kirkham1 

D-gluconate can be used as a sequestering agent for uranium(VI) ions at high pH in the 

nuclear industry.94  On the other hand waste containing cellulose decomposition products can be 

very harmful to the environment.  There is evidence that the complexes Isa and Glu form with 

actinides enhance the solubility of the actinides and consequently reduce the sorption of the 

contaminants onto the walls and barriers of the waste containers.96, 107-109  However, most of the 

structural conformations mentioned here are speculative and very few have been confirmed, let 

alone undergone theoretical investigation.  Although research is being performed on this 

subject, there is a need to further understand the speciation between uranyl and Isa and Glu in 

order to gain knowledge about the situation in waste repositories.   

2.1.3 Uranyl in Solution 

The majority of uranyl chemistry takes place under aqueous conditions.  Therefore, an 

understanding of the speciation of uranyl in water is required first.  In an aqueous environment, 

the equatorial coordination shell of uranyl can bind to water and/or hydroxide ligands, 

depending on the pH of the solution.  The question regarding the number of water and 

hydroxide molecules surrounding the uranyl ion has been investigated and debated by many 

researchers.  For example, computational studies by Cao and Balasubramanian suggest up to 6 

H2O molecules can coordinate around the UO2
2+ ion,110 whereas Kaltsoyannis et al. show only 5 

can occupy the equatorial plane.111  Overall, the fivefold uranyl [UO2(H2O)5]
2+, where the five 

water molecules are arranged in a pentagonal geometry in the plane perpendicular to UO2
2+, Fig. 

2.9a, is more widely supported as a representation of the first coordination shell.112    

As the pH increases and hydrolysis takes place (OH- ligands replace water), the axial 

uranium oxygen bonds weaken.113  It has been shown 4 (Fig. 2.9c) or 5 hydroxyl ligands can 
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coordinate to the uranyl ion in highly alkaline solutions.6, 114  Theoretical studies have calculated 

stable structures with both H2O and OH molecules arranged around the uranyl ion, such as in 

Fig. 2.9b.111 

a) b) c)

Fig. 2.9 Ball and stick representation of [UO2(H2O)5]
2+ , b) [UO2(H2O)2(OH)2]

0 , c) [UO2(OH)4]
2- 

Pink - uranium, red - oxygen, white – hydrogen. 

A significant amount of research in this field is performed using computational 

methods, where the solvent is represented in various ways.  Two methods (as explained in 

Computational Methods) involve using continuum solvation models and/or modelling explicit 

water molecules around the species.  Siboulet et al.
115 explicitly modelled the second hydration 

sphere of the uranyl ion and showed how with 5 water molecules in its 1st shell, uranyl can have 

up to 15 water molecules in the second shell.  This is shown in Fig. 2.10, where 10 hydrogens 

bond to the 1st shell waters and the rest form apical links with the uranyl oxygens.115  A second 

study by de Jong et al. confirms this and also shows how each axial oxygen can form hydrogen-

bonds with up to 4 water molecules, leading to up a total of 18 water molecules in a 2nd 

hydration sphere.116  Modelling the second hydration sphere leads to a closer approximation to 

experimental U=O distances and stretching vibrational frequency values.115  Including a 3rd 

coordination shell is not as crucial as studies show it has no significant effect on the uranyl bond 

length.117  

 

Fig. 2.10 UO2(H2O)5·16(H2O)2+ in the C2  point group, each apical link includes three water 
molecules.  Distances are indicated in pm.  Image reproduced from Siboulet et al.

115  
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2.2 Introduction 

The first aim of this project was to understand the speciation of uranyl D-gluconate and uranyl 

α-Isosaccharinate under different pH conditions, as these are considerable components of LLW.  

There are potentially several different ways in which the uranyl unit can bind to a Glu or Isa 

ligand, but three main coordination sites corresponding to 4-, 5- and 6-membered chelating 

rings, U4, U5 and U6 respectively, were considered here.  These are depicted in Fig. 2.11.  The 

U4 coordination is via the carboxylate group and U5 is via the α-hydroxy group.  The U6 is the 

largest sized ring, which in the case of the Isa forms a chelate with the branching group of the 

ligand. 
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Fig. 2.11 Schematic representation of left) D-Gluconate, Glu and right) α-isosaccharinate, Isa, 
showing the atom numbering scheme.  Bold dotted lines represent possible binding sites for the 

uranyl ion (U4–6). 

Isa is the predominant decomposition product of cellulose and its presence in the waste 

is more common than Glu.  However, Glu is frequently used as an analogue for Isa speciation 

studies because the synthesis of Isa is not straightforward whereas Glu can simply be bought.  

For this reason, there are many more studies on Glu than on Isa, although the latter is more 

important in the field of nuclear waste.  Thus, the second aim is to present a systematic 

comparison of the complexation between the two ligands and uranyl.    

As noted in the Background, nuclear waste is usually stored under alkaline conditions.  

Here, the effect of pH on the speciation of the target compounds is modelled by varying the 

number of OH and H2O ligands in the first solvation shell around equatorial plane of the uranyl 

ion.  The geometries, reaction energies, spectroscopic properties (IR, NMR, UV-Vis) and 

metal:ligand ratios are explored for uranyl-Glu and uranyl-Isa at various pH levels and 

compared to experiment when possible.  

Before presenting and discussing the uranyl-Glu and uranyl-Isa results, benchmarking 

calculations were performed.  Optimised uranyl, Glu and Isa geometries are first compared to 

literature.  This is followed by an investigation of the dependence of NMR chemical shifts with 
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computational parameters such as functionals, basis sets, programs, environments, etc.  13C 

chemical shifts, δ, are calculated for Glu, uranyl-Glu, 3-hydroxybutyric acid (A_4C) and uranyl 

3-hydroxybutyrate.  3-hydroxybutyric complexes are studied in Chapter 3, but the NMR 

benchmarking results are presented here. 

2.3 Computational details 

The spin restricted geometries were calculated using ADF2008, the PBE functional and the 

following scalar relativistic ZORA basis sets, unless stated otherwise: TZ2P/5d for U, TZP/1s 

for O and C and TZP for H.  Other computational details are specified in the relevant sections. 

2.4 Benchmarking 

2.4.1 Uranyl Complexes 

All the benchmarking results presented here were preceded by calculations of uranyl complexed 

to smaller organic ligands (oxalates and carbonates).  The uranyl oxalate and uranyl carbonate 

species were compared to literature testing different functionals and basis sets.  The results are 

found in Appendix A (Fig. A.1 - Fig. A.2 and Table A.1 - Table A.3).  Overall, geometries 

calculated with the VWN functional had the best agreement with experiment, whereas PBE was 

better for calculating relative energies.   

UO2(H2O)5
2+, UO2(OH)2(H2O)2 and UO2(HO)4

2- are used as the starting species in many 

of the reactions in proceeding sections.  The geometries and vibrational frequencies of these 

systems are compared with literature values in Table 2.1. 
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Table 2.1 Comparison of calculated U-O bond lengths (Å) and vibrational frequencies º»¼½¾¿ (cm-1), 
for UO2(H2O)5

2+, UO2(HO)2(H2O)2 and UO2(HO)4
2- with reported experiment and theory.  Results 

under “This work” were performed using the PBE functional.  The OH/H2O ligands lie in a trans 
conformation in the UO2(HO)2(H2O)2 geometry. 

Species  

Bond distance (Å) �̅P.Á� (cm-1) 

U-Oax U-OH2 U-OH O=U=O 

UO2(H2O)5
2+ This work, gas 1.772 2.497  1004 

PBE, gas111 1.768 2.499  1011 

B3LYP, gas 118 1.752 2.522   

This work, solvent 1.784 2.448   

PBE, solvent111 1.770 2.476   

EXAFS, solution119 1.78 2.41   

EXAFS, solution98 1.77 2.41   

IR, solution120    962 

IR, solution121    961 

UO2(OH)2(OH2)2  This work, gas 1.819 2.616 2.180 909 

PBE, gas111 1.822 2.610 2.164 904 

This work, solvent 1.836 2.524 2.172  

PBE, solvent111 1.825 2.593 2.163  

UO2(OH)4
2- a This work, gas 1.878  2.307 807 

B3LYP, gas122 1.842 - 2.334 823 

PBE, gas111 1.875  2.309 814 

B3LYP, gas114 1.841 - 2.309 833 

EXAFS, solid 6 1.810  2.210  

This work, solvent 1.876  2.272  

PBE, solvent111   2.294  

EXAFS, solution6 1.790  2.220  

EXAFS, solution123 1.830  2.260  

a NB. There is some doubt as to whether the species studied by EXAFS have 4 or 5 hydroxyl 

ligands in the equatorial plane.  In previous computational studies,111 it has been found that the 5 

co-ordinate species was unstable with respect to the loss of OH–.  

 

The calculated uranyl U-Oax bond length for UO2(H2O)5
2+ is in good agreement with 

experimental data for both gas-phase and solvent calculations, whereas the U-OH2 bond length 

is slightly long.  At present, there is no experimental information for UO2(OH)2(H2O)2.  In the 

case of UO2(OH)4
2-, calculated gas and solvent phase structures have longer U-Oax and U-OH 

bond lengths when compared with experiment.  The COSMO calculated geometries generally 

have shorter equatorial U-OH/U-OH2 bonds and longer U-Oax bonds than the gas-phase 
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equivalents.  This leads to the solvated U-OH/U-OH2 bonds being in closer agreement with 

experiment than the gas-phase U-OH/U-OH2 for both UO2(H2O)5
2+ and UO2(OH)4

2-.  The PBE 

and B3LYP functionals overestimate the U-OH/U-OH2 bond distances; the overestimation of 

such hard, ionic bond distances with these functionals has been found in similar complexes.124  

Overall, the PBE functional has reasonable agreement with experiment.  The calculated uranyl 

vibrational stretching frequencies for UO2(H2O)5
2+ deviate by c. 40 cm-1 from experiment. 

Experimentally, there is a lengthening and weakening of the uranyl bond as the pH is 

increased, the latter evidenced by the significant reduction in O=U=O asymmetric vibrational 

frequency. Computationally, as hydroxide groups replace the H2O ligands in the equatorial 

plane of the uranyl ion, the O=U=O asymmetric vibrational frequency decreases and the uranyl 

bond length increases.  These effects have previously been explained by strong sigma donation 

from the OH− ligands to the uranyl unit (charge build up at U centre and reduction of ionic 

character).111 

2.4.2 α-Isosaccharinate and D-Gluconate   

The optimised geometries of Isa and Glu ions are summarised and compared to experiment in 

Table 2.2 (see Fig. 2.11 for atom numbering scheme).  There is very good agreement between 

theory and experiment for both ligands and very small mean absolute deviations (MADs) 

(slightly more so in COSMO than in the gas-phase).  The MADs in Isa for bond lengths and 

bond angles are very small for both gas (0.017 Å and 2.055º) and solvent phase (0.013 Å and 

2.055º).  In the case of the Glu ion, the maximum deviation from experiment is 0.038 Å (C1-O1) 

and 8º (O1-C1-O2) in the gas-phase.  The MAD values for the bond angles in Glu are slightly 

larger than Isa, albeit still quite small.  
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Table 2.2 Calculated and experimental Isa and Glu bond lengths (Å) and angles (o) MAD = Mean 
absolute deviation of calculated bond distances and angles with respect to experiment.   

 Isa Glu 

 

  Calcd   Calcd 

Bond Expt125 Gas phase COSMO Bond Expt126 Gas phase COSMO 

Bond lengths C1 – C2 1.554 1.582 1.560 C1 – C2 1.534 1.561 1.546 

C2 - C6 1.529 1.547 1.546 C2 - C3 1.536 1.544 1.545 

C2 – C3 1.536 1.547 1.546 C3 – C4 1.529 1.539 1.538 

C3 – C4 1.522 1.522 1.524 C4 - C5 1.536 1.543 1.54 

C4– C5 1.522 1.519 1.518 C5 – C6 1.514 1.535 1.531 

C1 – O1 1.256 1.289 1.286 C1 – O1 1.253 1.291 1.283 

C1 – O2 1.254 1.245 1.258 C1 – O2 1.259 1.245 1.257 

C2 – O3 1.424 1.443 1.441 C2 – O4 1.425 1.451 1.449 

C6 – O6 1.439 1.424 1.435 C3 – O3 1.426 1.434 1.441 

C4 – O4 1.437 1.452 1.455 C4 – O5 1.434 1.447 1.450 

C5 –O5 1.419 1.457 1.445 C5 -O6 1.427 1.443 1.446 

    C6 – O7 1.425 1.445 1.448 

MAD  0.017 0.013 MAD  0.017 0.015 

Bond angles C1-C2-C6 109.0 109.7 109.9 O1-C1-C2 119 110.6 113.1 

C3-C2-C6 107.4 112.4 113.2 O2-C1-C2 115.6 119.4 119.3 

C1-C2-C3 112.2 106.3 107.2 O2-C1-O1 125.4 129.9 127.5 

C2-C3-C4 114.9 116.2 115.1 C1-C2-C3 110.7 107.9 108.5 

C2-C6-O6 111.9 113.0 113.1 C2-C3-C4 111.9 112.2 111.6 

O1-C1-O2 125.7 128.1 125.4 C3-C4-C5 111.7 114 114.6 

O3-C2-C1 110.8 110.1 108.8 C4-C5-C6 111.7 113.5 114.9 

O3-C2-C3 110.9 110.4 110.6 C1-C2-O4 112.5 107.2 108.4 

O4-C4-C5 108.8 108.5 109.8 C2-C3-O3 111.6 110.6 110.6 

O4-C4-C3 109.5 110.1 108.3     

O5-C5-C4 112.2 108.1 107.5     

MAD  2.1 2.1 MAD  3.4 2.8 
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2.4.3 NMR 

The choice of functionals, basis sets and gas or solvent environments for calculating the 

chemical shifts, δ, was based upon comparisons between the calculated δ of the Glu ion, the 

A_4C ion and uranyl-Glu to experiment.  The MAD and MAX (maximum absolute deviation) 

were calculated and compared for various functionals (VWN, PBE, KT2 and SAOP), basis sets 

(TZP or TZ2P), programs (ADF and Gaussian, G09) and environments (gas-phase and solvent).   

The nomenclature is as follows: the second acronym refers to the functional used to 

optimise the geometry and the first to the functional used to calculate the energy of such 

geometry.  For example, a PBE single point calculation on a VWN geometry is labelled PBE // 

VWN.  Gas-phase δ calculations on solvent optimised geometries were tested and indicated so 

by an s next to the functional. 

2.4.3.1 Gluconate Ion 

Fig. 2.12 plots the MAD and MAX δ values for gas-phase Glu ion.  The NMR 

calculations used VWN optimised geometries except for two (PBE TZP // PBEs and G09 PBE // 

PBE).  All electron basis sets were used in ADF and cc-pVTZ was used in G09.  The MAD 

values lie between 6-10 ppm and the MAX ranges from 16-22 ppm.  Generally, the larger TZ2P 

basis sets have lower agreement with experiment than the TZP.  The δ calculated with the VWN 

functional have the largest MAD and MAX values.  The SAOP, PBE and KT2 functionals were 

compared, and although the KT2 results had the lowest MAX, the MAD values are very similar 

for all three functionals.  Gas-phase δ calculations on solvent optimised geometries do not lead 

to any significant improvement over calculations on gas-phase geometries.     

 

Fig. 2.12 Gas-phase 13C chemical shift MAD and MAX values (ppm) of Glu ion with respect to the 
functional and basis sets.  Gas-phase and ADF unless stated otherwise.  s denotes solvent.  The 
value of the deviation of the chemical shift per C atom is shown in page 50 Fig. 2.14 and 2.15.   
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NMR calculations were also performed using COSMO and the results are shown in Fig. 

2.13.  The presence of COSMO significantly worsens the results for all functionals except for 

SAOP.  A Gaussian CPCM NMR calculation using PBE was tested to compare with the ADF 

equivalents (PBE TZP // VWN and PBE TZ2P // VWN) and the improvement is noticeable.  

There is little difference between basis sets, as with the gas-phase calculations.  A finer 

integration grid tested on the SAOP calculation did not provide further improvements.  The 

COSMO and CPCM methods do not represent close range interactions between the solvent and 

Glu, but rather the electrostatic effect of the bulk solvent.  This electrostatic effect will be 

different on charged or neutral species, which in turn might affect the δ.  This is addressed later 

with uranyl-Glu species with different numbers of hydroxyl ligands. 

 

Fig. 2.13 COSMO (CPCM for G09 PBE // PBEs) 13C chemical shift MAD and MAX values (ppm) 
for Glu ion with respect to functional and basis sets.  s denotes solvent.  ADF and 4.5 integration 

grid unless stated otherwise.    

The absolute δ deviation of each C atom in Glu for the best performing results were 

compared.  The chemical shifts of gas and solvent phases are presented in Fig. 2.14 and Fig. 

2.15 respectively.  A striking feature shared by both environments is the high deviation of the C4 

peak (reaching 70 ppm in the solvent phase), the main contributor to the MAD values.  In the 

gas-phase, there is no consistency with the C deviation for the different functionals.  By 

contrast, in the solvent phase, the SAOP and G09 PBE calculations clearly perform better than 

the KT2 and PBE ones.   
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Fig. 2.14 Absolute deviation of calculated gas-phase 13C chemical shifts, δ (ppm), for all C atoms in 
Glu ion with respect to experiment.  ADF and gas-phase unless stated otherwise.  s denotes solvent.  

See Fig. 2.11 for labelling.   

 

Fig. 2.15 Absolute deviation of calculated COSMO 13C chemical shift, δ (ppm), for all C atoms in 
Glu ion with respect to experiment.  ADF unless stated otherwise.  s denotes solvent.  See Fig. 2.11 

for labelling.   

2.4.3.2 A_4C Acid and Ion 

The results so far demonstrate the ADF COSMO calculated δ have stronger dependence on the 

functional rather than basis set.  There was also an indication of G09 performing better than 

ADF in terms of predicting δ.  For this reason, the reliability of Gaussian was explored further 

using 3-hydroxybutyric acid, A_4C, shown in Fig. 2.16.  Experimental δ were measured over a 

range of pH.  The δ values at pH 1.3 were compared to the A_4C acid and pH 4.1 to the 4C 

ion.127  The results are plotted in Fig. 2.17.  TZP basis sets were used in ADF and cc-pVTZ in 

Gaussian.  All the geometry calculations were done in ADF using PBE and Gaussian was used 

to compare the performance of PBE and hybrid NMR calculations.  
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Fig. 2.16 Labelled carbon atoms for left) A_4C acid right) A_4C ion 

 

Fig. 2.17 13C chemical shift MAD and MAX values (ppm) for A_4C acid with respect to functional 
and basis set 

All the MAD values in Fig. 2.17 lie within an acceptable 4.6-7.3 ppm range, with the 

largest MAX just over 14 ppm.  Overall there are no drastic changes when performing the NMR 

calculation in CPCM or in vacuum, or across functionals.  The best agreement with experiment 

is from the G09 Gas B3LYP // Gas calculation.     

The results for the A_4C ion, in Fig. 2.18, are similar to those of the A_4C acid.  

However, the MAD and MAX when using CAM-B3LYP and BHandH functionals are the 

largest.  The best agreement with experiment is by the G09 Gas PBE // Solv calculation.   
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Fig. 2.18 13C chemical shift MAD and MAX values (ppm) for A_4C ion with respect to functional 
and basis set 

2.4.3.3 Uranyl D-gluconate 

So far there is no single conclusive method that results in the most accurate calculated δ, 

although data indicate the PBE functional and the G09 program provide the highest accuracy.  

Moreover, the previous benchmarking involves systems with only C, O and H atoms and 

complications might arise when the heavy uranium is included.  For this reason the effect of 

spin-orbit coupling in NMR calculations is probed for uranyl-Glu.  In addition, the structure of 

uranyl-Glu corresponding to the experimental chemical shifts is unknown.  It could be one of 

the possible three structural isomers displayed earlier in Fig. 2.11, or a combination of one or 

two or three of them. 

NMR measurements by Kirkham were performed at pH 11.  Therefore two 

environments for uranyl-Glu were calculated; UO2Glu(H2O)3
+ and UO2Glu(OH)(H2O).  Fig. 

2.19 and Fig. 2.20 show the absolute deviation of the calculated 13C chemical shifts of uranyl-

Glu in the U6 geometry with experiment.  The key result from Fig. 2.19 is the improvement in 

the calculated δ when using SOC relativistic effects, especially for C3 and C6 δ.  Fig. 2.20 shows 

minor differences between the four calculations, but again the inclusion of SOC reduces the 

error in C1, which has the largest deviation of all the atoms.     
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Fig. 2.19 Absolute deviation of calculated PBE gas-phase 13C NMR chemical shifts, δ (ppm), for C 
atoms in UO2Glu(H2O)3

+ U6 geometry with respect to experiment. Geometries are ADF VWN 
(except the SOC geometries which are with PBE).   

 

Fig. 2.20 Absolute deviation of calculated PBE gas-phase 13C NMR chemical shifts, δ (ppm), of ADF 
VWN geometries for C atoms in UO2Glu(OH)(H2O) U6 geometry with respect to experiment. 

2.4.3.4 Summary 

The largest deviation of the chemical shifts of free Glu ligands calculated with ADF was mainly 

on the C4 atom.  The deviation from experiment for C4 was less significant in the Gaussian 

calculations. 

To obtain the best agreement with experiment, the benchmarking data on uranyl-Glu 

points towards the use of a PBE solvent optimised geometry for a PBE gas-phase SOC NMR 

calculation.  The results for other structural isomers (U4 and U5 geometry) and different 

water/hydroxide equatorial ligand ratios were compared and chemical shifts together with MAD 

and MAX values are found in Appendix A (Table A.4).  The deviation between calculated and 

measured δ is higher in systems with more water ligands in the equatorial plane than ones with 

hydroxides, because δ were measured at pH 11.   
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The final comparison to be presented is that of the ADF and Gaussian programmes of 

the uranyl-Glu, tabulated in Appendix A (Table A.4).  The MAD values of the 13C δ are similar 

for both programs and the MAX are slightly smaller in ADF.  However, due to the large MAX 

in ADF for the un-complexed Glu free ligand, the final results employ Gaussian to calculate the 

NMR.   

The benchmarking for uranyl-A_4C δ can be found in Appendix A (Table A.5).  The 

experimental NMR was measured at pH 4.1, therefore species with only 3 equatorial waters 

were compared. 

2.5 Results 

2.5.1 Uranyl D-Gluconate and α-Isosaccharinate 

The effect of increasing pH was modelled by gradually replacing H2O ligands in the equatorial 

plane of the uranyl with OH− units.  The following reactions were studied: 

UO2(H2O)5
2+ + HL → UO2L(H2O)3

+ + H2O + H3O
+ (1) “Low pH” 

UO2(HO)2(H2O)2+ HL → UO2L(HO)(H2O)2 + H2O (2) “Neutral pH” 

UO2(HO)4
2- + HL → UO2L(HO)2(H2O)- + OH− (3) “High pH” 

UO2(HO)4
2- + HL → UO2L-H(HO)2

2- + 2H2O (4) “Very high pH” 

UO2(HO)4
2- + HL → UO2L-H(HO)3

-3 + H3O
+ (4b) “Extremely high pH” 

(HL = α-isosaccharinic or D-gluconic acid; L = α-isosaccharinate or D-gluconate (carboxylate; 

deprotonated acid); L-H = (carboxylate and one alcohol deprotonated acid). 

Reactions (1)-(4) are studied for both Glu and Isa uranyl systems, which allows direct 

comparison between the two ligands. Reaction 4b was included only for the Isa, because a 

uranyl-Isa complex with three hydroxyl ligands in the 1st solvation shell was identified 

experimentally (from titration experiments at pH 121). Computationally, this species is 

accessible only with the COSMO solvation model and not in the gas-phase.  All three possible 

product geometries, U4, U5 and U6, were studied for reactions (1)–(4).     

It has been experimentally determined that, at pH > 13.30, the free Glu ligand 

undergoes a second deprotonation, and that both uranyl-Glu and free Glu are present in 

solution.1  In principle, double deprotonation can take place in the free ligand or in the uranyl 

ligand complex.  To establish which site undergoes the second deprotonation, calculations were 

performed in which each hydrogen in the free or complexed ligand was removed and ∆Gr for 

reactions (5) and (6) was calculated.  No coordinating waters or hydroxides were added to the 

primary coordination shell of the uranyl in reaction (6), as the relative energies of the 2nd 

deprotonation sites in the absence of possible intra-molecular H-bonding was of interest.  For 

the free Glu ion, (Fig. 2.21 left) the most vulnerable site for deprotonation is H6.  However, 

when the ligand is bound to the uranyl in the U6 geometry, H3, the proton closest to uranyl, is 
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most likely to undergo the second deprotonation.  For the U4 and U5 geometries, the only site 

able to converge to a stable geometry after a second deprotonation was also at the OH closest to 

the uranyl.  However, the UO2Glu-H U4 and U6 geometries are 130.5 and 9.4 kJ/mol respectively 

less stable than the UO2Glu-H U5 geometry. 
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Fig. 2.21 Relative COSMO calculated ∆Gr (kJ/mol) values for the second deprotonation sites of left) 
Gluconate ion and right) Uranyl D-gluconate (UO2Glu-H, U6 Geometry). n/a = not obtained 

L- + H2O → L2- + H3O
+ (5) 

UO2L
+ + H2O → UO2L-H + H3O

+ (6) 

When 2 OH− groups were added to the primary coordination shell of the uranyl, to 

represent the product of reaction (4) at high pH, the second deprotonation site for           

UO2Glu-H(OH)2
2- complexes for U5 and U6 were as expected, at the proton closest to the uranyl.  

However, in the case of the UO2Glu-H(OH)2
2- U4 geometry, the deprotonation takes place at H4.  

Mixed OH/H2O and H2O ligands were not added to the primary solvation shell to form the 1:1 

UO2Glu-H(H2O)3 and UO2Glu-H(OH)(H2O)2
− species because the second deprotonation takes 

place at high pHs, where only OH− ligands are found in the solvation shell. 

In the case of the free Isa ion, the most vulnerable site for the 2nd deprotonation is H4 

(Fig. 2.11 for labelling).  This is slightly different behaviour to the Glu ion where the H furthest 

away from the carboxy group (H6) was deprotonated first.  However, when the ligands are 

bound to the uranyl in the U6 geometries they behave similarly; H3, the proton closest to uranyl, 

is most likely to undergo the second deprotonation.  Reaction (6) for uranyl-Isa in the U6 

geometry was compared to the U4 and U5 geometries.  In the U5 geometry, the proton closest to 

the uranyl deprotonates first (H2), but for the U4 geometry, the preferred site to undergo a 

second deprotonation is not the OH closest to the uranyl, but H4.  However, UO2Isa-H U4 and U5 

geometries are 145.8 and 15.3 kJ/mol respectively higher than the lower lying UO2Isa-H U6 

geometry. In the case of uranyl-Glu U4 and U5 geometries, the only site able to converge to a 

stable geometry after a second deprotonation was also at the OH closest to the uranyl.  
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The second deprotonation site for UO2Isa-H(OH)2
2-, the product of reaction (4) at high 

pH, remains at the proton closest to the uranyl for U5 and U6 geometries.  However, in the case 

of the UO2Isa-H(OH)2
2- U4 geometry, the deprotonation takes place at H2 in gas and H4 in 

solvent.  These two conformations can be seen in Fig. 2.22 where the OH bond is long and 

could be considered “shared” between O3 and O4 atoms. 

      

 

 

Fig. 2.22 Ball and Stick representation of UO2Isa(OH)2
2- U4 optimised geometries in left) gas-phase 

and right) COSMO.  Bond distances in Å 

Furthermore, there is only one species where the 1st deprotonation does not take place at 

the carboxy group; this is at low pH (reaction (1)) for uranyl-Isa, where the U5 geometry 

deprotonates at α-hydroxyl group (C2-H2) instead.  For every other species, and other reactions, 

deprotonation of the carboxy is preferred.   

2.5.1.1 Energetics of Reactions (1)–(4) 

∆Hr and ∆Gr, including thermochemical corrections as described in the Computational Methods 

section, for reactions (1)–(4) were calculated in the gas-phase and with COSMO solvation for 

the U4, U5 and U6 coordination geometries.  The optimised gas-phase geometries for uranyl-Glu 

and uranyl-Isa at the neutral pH mimic are shown in Fig. 2.23 and Fig. 2.24. 

 

     

Fig. 2.23 Ball and stick representations of the gas-phase optimized geometries of 
UO2Glu(OH)(H2O)2 in the a) U4, b) U5 and c) U6 geometries 
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Fig. 2.24 Ball and stick representations of the gas-phase optimized geometries of 
UO2Isa(OH)(H2O)2 in the a) U4, b) U5 and c) U6 geometries 

The ∆Gr for reactions (1)-(4) with the 3 coordination geometries in gas-phase and with 

COSMO solvation are summarised in Fig. 2.25 - Fig. 2.26 and Fig. 2.27 - Fig. 2.28 respectively 

(data in Table A.6 and Table A.7 in Appendix A).  In both uranyl-Glu and uranyl-Isa the 

reaction energies vary significantly, and the change from gas-phase to solvent is very 

pronounced for all reactions bar (2).  Reaction (2) is the only one which does not involve 

charged species, which is most likely the origin of the large variations in the energy of reactions 

(1), (3) and (4).  These all involve significant charge redistributions; either doubly charged 

species reacting to form two singly charged species or, in the case of reaction (4), a significant 

change in the size of the doubly charged species.  Furthermore, it is well established that 

continuum solvation models suffer from larger solvation energy errors for anions and cations.128  

However, focusing on the coordination geometry of the uranyl, there is generally much less 

variation in reaction energies between U4–6.  In the case of formation of uranyl-Glu product, the 

U4 geometry (Fig. 2.23a) is most favourable for reactions (2) and (3), whereas for reaction (1) 

the U4 reaction energy lies within 1 kJ/mol of the U5, with these being 9 kJ/mol less negative 

than the U6.  In the solvent phase (Fig. 2.27), the most stable geometry for uranyl-Glu is U4 for 

all pH mimics except the highest pH (reaction 4).   

The U4 geometry has been identified experimentally as one of the principal species 

existing in uranyl-Glu solutions at low pH (2.5 – 4.2).98  There is also evidence of multiple 

speciation in solution, at all pHs except very high, pH ≥ 13. 1 At the latter, only the U6 geometry 

has been identified by 13C NMR experimental techniques.1  The COSMO results agree with 

experiment in that the energy to form U4 is most negative for reactions (1), (2) and (3), while for 

reaction (4) U6 is the most stable product.  Thus, at low pH U4 is favoured, whereas at very high 

pH, U6 is most stable, for both experiment1 and theory.  The maximum difference in the 

calculated ∆Gr between the three geometries in the gas-phase is 25 kJ/mol for reaction (3), and 

41 kJ/mol in the solvent phase for reaction (4).  

a) b) c) 
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Fig. 2.25 Gas-phase ∆Gr (kJ/mol) for uranyl-Glu reactions (1)–(4). 

 

 

Fig. 2.26 Gas-phase ∆Gr (kJ/mol) for uranyl-Isa reactions (1)–(4). 
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Fig. 2.27 Solvent-phase ∆Gr (kJ/mol) for uranyl-Glu reactions (1)–(4) 

 

 

Fig. 2.28 Solvent-phase ∆Gr (kJ/mol) for uranyl-Isa reactions (1)–(4)  
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Focusing on the coordination geometry of the uranyl with the Isa ligands, there is again 

little variation in reaction energies between U4–6.  In the absence of solvent effects (Fig. 2.26), 

the formation of the uranyl-Isa product in the U5 geometry (Fig. 2.24) is most favourable for 

reactions (1), (2) and (4) whereas for reaction (3) the U4 ∆Gr lies c. 39 kJ/mol lower than U5.  

The U6 geometry has the least negative reaction energy at all pHs, except for reaction (3) where 

it is only c. 5 kJ/mol more favourable than the U5.  The main difference between ∆Gr for uranyl-

Glu and -Isa, is that the energy of the three geometries are further apart for the latter.   

However, when COSMO is included, the two systems (uranyl-Glu and uranyl-Isa) show 

more similarities.  There is experimental evidence of multiple speciation in solution for uranyl-

Isa at all pHs except very high.1  Between pH 11.53 and 12.59 the uranyl-Isa coordination is 

suggested to occur via the carboxylate and the α-hydroxy group, proposing a 5 membered ring.1  

The calculated COSMO results disagree with experiment in that the energy to form U4 and U5 

are most negative for reactions (1), (2) and (3), while for reaction (4) U6 is the most stable 

product.  It must be noted that the differences in energy of reactions for the formation of U4 and 

U5 geometries are less than 6 kJ/mol for reactions (1)-(2).  Kirkham suggested, on the basis of 
13C NMR experimental studies,1 that at high pH the U5 geometry is solely present.  However, the 

calculations show a difference between U5 and U6 of only 8 kJ/mol.  

The maximum difference in the calculated ∆Gr between the three uranyl-Glu and 

uranyl-Isa geometries in the gas-phase is 18 kJ/mol for reaction (3) and 70 kJ/mol for reaction 

(1) respectively.  In the solvent phase, the maximum differences are much closer; 41 and 43 

kJ/mol for reaction (4).  Therefore, for uranyl-Glu the U4 geometry is expected to be dominant 

for reactions (1)–(3), but one cannot rule out the presence of the U5 and U6 geometries, and vice 

versa for reaction (4).  Similarly, in the case of uranyl-Isa, the U4 and U5 geometries are 

dominant for reactions (1)–(3) and U5 and U6 are dominant for reaction (4).   

Overall, and in solution, the uranyl-Glu exhibit similar behaviour to uranyl-Isa.  In 

general the U4 geometry of both complexes has the most negative ∆Gr at all pH’s except at high 

pH, where the chelate prefers the wider U5 and U6 conformations.   

2.5.1.2 Structural Properties 

Table 2.3 presents a comparison of the average uranium-oxygen bond lengths of the three 

geometries (U4, U5 and U6) for UO2L(H2O)3
+, UO2L(OH)(H2O)2, UO2L(OH)2(H2O)- and   

UO2L-H(OH)2
2- (where L = Isa/Glu).  For a given species, there are few differences in the U-Oax 

distances between the different coordination modes, either in the gas-phase or with COSMO 

solvation, nor is there much difference between gas-phase and solvent.  By contrast, U-Oeq 

bonds are much more dependent on the coordination geometry, with a general, but not 

universal, decrease from U4 to U6, in both gas-phase and in solvent.  As OH− ligands replace 

H2O in the first solvation shell, the U-Oax and chelating U-Oeq bonds lengthen, the effect being 
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much larger for the latter.  The geometric effects of replacement of H2O by OH− ligands were 

discussed earlier for the aquo/hydroxo complexes, and are clearly similar in the Isa/Glu systems.   

The calculated U-Oeq bond lengths are in very good agreement with experiment for 

UO2Glu(H2O)3
+ in the U4 coordination mode. There is also solution EXAFS information on 

UO2Glu-H at low pH in the U5 geometry,98 for which a U–Oeq distance of 2.33 Å was measured.  

The reaction for the formation of UO2Glu-H(H2O)3 was not calculated, but Fig. 2.29 shows the 

calculated geometry for UO2Glu-H(H2O)3.  The two distinct U-Oeq bond lengths, 2.353 and 2.188 

Å, reflect the relative donor abilities of deprotonated carboxylate and alcohol oxygens. 

 

Fig. 2.29 Ball and stick representation of the COSMO optimized U5 geometry of UO2Glu-H(H2O)3.   
Bond distances in Å. 

The ligands in the 1st solvation shell become more anionic as the pH is increased 

(increased presence of OH- instead of H2O), therefore there is a greater repulsion between the 

equatorial oxygen atoms forcing the U-Oeq bonds to elongate.  The only exception to this effect 

is for the UO2L-H(OH)2
2- complexes, but can be attributed to the uranyl being 4 coordinate.  The 

structural trends in uranyl-Isa are clearly similar for the uranyl-Glu systems. 

 

2.353 2.188 
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Table 2.3 Experimental and calculated U-Oax and U-Oeq bond lengths (Å) for uranyl-Glu and uranyl-Isa in the U4, U5 and U6 geometries. (Solvent bond lengths in 

italics). 

 U-Oax Average bond distance (Å) U-Oeq Bond distance (Å) 

Species U4 U5 U6 U4 U5 U6 Exp98 

UO2Glu(H2O)3
+ 1.792, 

1.794 

1.796, 

1.799 

1.801, 

1.802 

2.362, 2.352 

2.423, 2.430 

2.240, 2.428 

2.267, 2.504 

2.227, 2.525 

2.292, 2.510 

2.44 

UO2Glu(OH)(H2O)2 1.812, 

1.818 

1.810, 

1.821 

1.808, 

1.820 

2.439, 2.547 

2.494, 2.524 

2.350, 2.587 

2.355, 2.621 

2.385, 2.537 

2.369, 2.615 - 

UO2Glu(OH)2(H2O) 

- 

1.834, 

1.847 

1.834, 

1.841 

1.825, 

1.831 

2.511, 2.643 

2.565, 2.597 

2.456, 2.638 

2.438, 2.810 

2.383, 2.659 

2.427, 2.645 - 

UO2Glu-H(OH)2
2- 1.833, 

1.837 

1.846, 

1.856 

1.867, 

1.873 

2.496, 2.510 

2.505, 2.515 

2.481, 2.363 

2.434, 2.280 

2.435, 2.265 

2.439, 2.197 - 

UO2Isa(H2O)3
+ 1.793, 

1.796 

1.801, 

1.812 

1.796, 

1.799 

2.344, 2.346 

2.409, 2.410 

2.587, 2.178 

2.602, 2.179 

2.636, 2.185 

2.608, 2.234  

UO2Isa(OH)(H2O)2 1.808, 

1.820 

1.821, 

1.827 

1.812, 

1.823 

2.513, 2.434 

2.489, 2.478 

2.373, 2.533 

2.392, 2.559 

2.283, 2.751 

2.306, 2.605  

UO2Isa(OH)2(H2O) 

- 

1.838, 

1.849 

1.824, 

1.834 

1.826, 

1.837 

2.536, 2.499 

2.553, 2.534 

2.373, 2.614 

2.447, 2.597 

2.284, 2.685 

2.366, 2.606  

UO2Isa-H(OH)2
2- 1.833, 

1.839 

1.853, 

1.860 

1.860, 

1.864 

2.467, 2.223 

2.477, 2.494 

2.467, 2.223 

2.462, 2.210 

2.455, 2.269 

2.408, 2.220  

UO2Isa-H(OH)3
-3 - 

- 

- 

1.878 

- 

1.881 

- 

2.653, 2.636 

- 

2.749, 2.245 

- 

2.726, 2.260  
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Table 2.4 presents the U-Oax Mayer Bond Orders (MBOs) in UO2Glu(H2O)3
+, 

UO2Glu(OH)(H2O)2, UO2Glu(OH)2(H2O)- and UO2Glu-H(OH)2
2- in the U4 geometry.  

Comparison of these data with the bond lengths in Table 2.3 reveals that the MBOs track the 

bond lengths.  The change in the Hirshfeld atomic charges of the U and one of the uranyl 

oxygens (Oax1), as OH– replace H2O, is also given in Table 2.4.  In general, the charge on the 

uranyl oxygen becomes more negative across the series, whereas the positive charge on the 

uranium centre decreases (with the exception of UO2Glu-H(OH)2
2- for which the uranium is more 

positive than for the preceding species).  The general reduction in the positive charge on the U is 

in keeping with the lengthening and weakening of the U–Oeq bonds, on account of a loss of 

electrostatic attraction between the U and Oeq. 
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Table 2.4 Properties of COSMO calculated UO2Glu(H2O)3
+, UO2Glu(OH)(H2O)2 and UO2Glu(OH)2(H2O)- with U4 geometry.  MBO = Mayer Bond Order 

Property UO2Glu(H2O)3
+ UO2Glu(OH)(H2O)2 UO2Glu(OH)2(H2O)- UO2Glu-H(OH)2

2- 

U-Oax1,ax2 MBO 1.90, 1.89 1.84, 1.85 1.69, 1.79 1.81, 1.81 

U-Oeq MBO 0.533, 0.504 0.452, 0.413 0.365, 0.333 0.432,  0.367 

U Hirshfeld charge 0.841 0.722 0.619 0.692 

Oax1 Hirshfeld charge -0.295 -0.358 -0.368 -0.398 

Oax1-H3 bond distance (Å) 4.148 3.414 1.962 3.846 

H3-O3-Oax1 angle (°) 83.9 41.8 6.6 45.2 
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Fig. 2.30 Ball and stick representation of the optimised U4 geometries of a) UO2Glu(H2O)3
+, b) 

UO2Glu(OH)(H2O)2, c) UO2Glu(OH)2(H2O)- and d) UO2Glu-H(OH)2
2-.   

Fig. 2.30 shows that there is a significant structural change as the number of 

coordinating hydroxide ions increases.  Specifically for the first three complexes, the distance 

between the hydrogen atom bound to O3 and the uranyl Oax1 decreases, and the H3–O3–Oax1 

angle becomes essentially linear (Table 2.4), indicating the formation of an intra-molecular 

hydrogen bond, a process aided by the increasing negative charge on the uranyl oxygens. The 

process is accompanied by a slight lengthening of U–Oax1 vs the other uranyl bond, and a more 

significant folding of the organic ligand toward the uranyl unit. As noted earlier, the H-bond 

formation could be due to a lack of explicit water molecules in the solvation model.  The 

UO2Glu-H(OH)2
2- species does not display this H-bonding effect towards the uranyl oxygen as it 

remains stabilized by internal ligand H-bonding.   

A similar effect is seen for the case of the U6 geometry in Fig. 2.31.  The OH hydrogen 

of the C2 group forms a H-bond with a uranyl oxygen (OH-Oax distance of 1.733 Å) upon 

formation of UO2Glu-H(OH)2
2-  in reaction (4).  This does not take place for reactions (1)-(3), 

where the OH hydrogen points away from the uranyl oxygen as was shown in Fig. 2.23c.  A 

similar geometry for U6 UO2Glu-H(OH)2
2-, with the OH hydrogen pointing away from the uranyl 

oxygen was calculated, and its energy was 10 kJ/mol less negative than that shown in Fig. 2.23.  

This relatively small difference in energy corresponds to a large change in structure, indicating 

the subtle factors contributing to the geometries adopted.   

Oax2 

Oax1 

a) b) 

c) d) 

H3 

O3 
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Fig. 2.31 Ball and stick representation of COSMO calculated UO2Glu-H(OH)2
2- U6 geometry.  Bond 

distance in Å. 

The effect shown in Fig. 2.30 is absent in the analogous Isa complex.  For uranyl-Isa, 

intramolecular H-bonding interactions are found primarily for the U5 geometry, and are mainly 

between the organic ligand and the other equatorial ligands, seen in Fig. 2.32.  The H-bonding 

interactions found for the U4, U5 and U6 Isa structures are summarised in Appendix A Table 

A.8. 

 

Fig. 2.32 Ball and stick representations of the optimized geometries of U5 UO2Isa(OH)2(H2O)-  Bond 
distance in Å. 

The change in the Hirshfeld partial atomic charges of the U and the uranyl oxygens 

(Oax) as OH– replaces H2O, for the U5 geometry, is shown in Fig. 2.33.  The trends are present in 

all geometries, therefore the U5 geometry is used here as an example. In general there is a build-

up of electron density at the uranyl unit as the pH is increased; the charge of the uranyl oxygen 

becomes increasingly negative across the series, and the positive charge on the uranium centre 

decreases.  The Oeq become more negatively charged as the pH increases and therefore the 

charge difference between the uranyl unit and the Oeq atoms, ∆q(UO2-Oeq), decreases. The 

process is accompanied by the slight lengthening of U-Oax bonds mentioned earlier. These 

trends are also present in the uranyl-Glu species.105  

 

Oeq 

Osolv 

1.679 

1.733 
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Fig. 2.33 COSMO calculated Hirshfeld partial atomic charges for uranyl-Isa (U5 geometry) for 
reactions (1)-(4b).  

2.5.1.3 Charge Distributions and Fragment Interaction Energies 

The calculated charges shown in Fig. 2.33 are consistent with an accumulation of charge density 

at the U (the positive charge decreases) with increasing pH.  This was assessed further by 

calculating the distribution of charge in different ligand fragments before and after 

complexation to uranyl.  The fragment calculations were performed in the gas-phase, and the U5 

coordination geometry was chosen as representative.  Fig. 2.34 illustrates the two types of 

fragment interactions calculated.  Type A calculates the interaction between the Isa- ligand and 

the UO2(OH2)x(OH)y
+2–y fragment.  UO2(OH)2(OH2) is shown in Fig. 2.34, but this may be 

UO2(H2O)3
2+, UO2(OH)(H2O)2

+ or UO2(OH)2 depending on the reaction.  Type B considers the 

combined H2O and OH– solvation ligands (Osolv) as one fragment.  For example, for reactions 

(1) and (4) (the extreme pHs mimics) the fragments in Type B are UO2Isa+/(H2O)3 and 

UO2Isa/(OH)2- respectively. 

C C

H2
C

CH

CH2
O

Oeq Oeq OH

OH

CH2

OH

U

OH2solv

OHsolvHOsolv

A

B

 

Fig. 2.34 Partitioning of solvated uranyl-Isa. Red = Type A, Blue = Type B. 

U 

Oax 

Oeq 

∆q(UO2-Oeq) 
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Fig. 2.35 presents the change in the Hirshfeld charges before and after complexation, 

∆q, of the Oeq for Type A and Osolv atoms for Type B.  For Type A fragments, the Oeq atoms 

from the Isa ligand become less negative upon complexation (i.e. loss of charge upon binding) 

for all the reactions, and ∆q of Type A Oeq decreases as the pH increases, consistent with the 

loss of electrostatic attraction to the uranyl unit described earlier.  In Type B fragments, the Osolv 

also become less negative upon binding as the pH is increased.  However in this case, the 

difference in charges, ∆q, for the Osolv increases significantly with rising pH, indicating at high 

pH the OH- is a stronger donor than the organic ligand. 

 

Fig. 2.35 Gas-phase Hirshfeld charge differences ∆q for Oeq (coordinating Isa O atoms) and Osolv for 
Type A and Type B fragments for products of reactions (1)-(4).  

The strength of the coordination between the organic ligand and uranyl can be evaluated 

by calculating the fragments’ interaction energies.  The interaction energies of Type A 

fragments for uranyl-Isa in the U5 geometry were calculated and compared to those of all the 

uranyl-Glu geometries in Fig. 2.36.  The difference between the U5 interaction energies for Isa 

and Glu decreases as the pH increases.  This can be related to the ∆Gr results, which show the 

Isa and Glu complexes behaving increasingly similarly at higher pHs.  Again this suggests that 

at higher pHs the uranyl-ligand interactions are dominated more by the OH– ligands. 

Type A ∆q Oeq 

Type B ∆q Osolv 



69 
 

 

Fig. 2.36 Gas-phase interaction energies (kJ/mol) for all uranyl-Glu geometries and U5 geometry of 
uranyl-Isa.  Type A partitioning 

2.5.1.4 Vibrational Frequencies 

The vibrational frequency of the uranyl asymmetric stretch (�̅P.Á�) was calculated for uranyl-

Isa and uranyl-Glu in the U4, U5 and U6 geometries at each pH mimic, and the results are 

compared in Table 2.5.  The uranyl-Isa results are plotted in Fig. 2.37. 

Table 2.5 Experimental and calculated O=U=O asymmetric vibrational frequencies º»¼½¾¿ (cm-1) for 
uranyl-Glu and uranyl-Isa in the U4, U5 and U6 geometries.  MAD = Mean absolute deviation of 

calculated º»¼½¾¿ with respect to experiment 

 

 Experimentally it is observed that as the pH increases, �̅P.Á�	decreases, in agreement 

with the gradual lengthening of the U–Oax bond discussed earlier.  This is also observed 

computationally, although the effect is exaggerated compared with experiment such that, while 

the agreement between theory and experiment is very good for the positively charged and 

neutral species, there is a greater discrepancy for the anionic systems.  The results observed with 

the uranyl-Glu species are in line with uranyl-Isa. The best overall agreement between theory 

 L = Glu L = Isa 

Species U4 U5 U6 Exp1 U4 U5 U6 Exp1 

UO2L(H2O)3
+ 959 946 930 942 956 935 945 937 

UO2L(OH)(H2O)2 917 928 924 929 926 916 896 926 

UO2L(OH)2(H2O) - 880 878 889 915 869 892 888 912 

UO2L-H(OH)2
2- 881 856 828 897 880 838 824 907 

UO2L-H(OH)3
-3 - - - - - - - 937 

MAD 20 21 28  22 25 36  

U4 Uranyl-Glu 

U5 Uranyl-Glu 

U6 Uranyl-Glu 

U5 Uranyl-Isa 
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and experiment for both uranyl complexes is for the U4 and U5 geometries, which have similar 

MADs.  However, given that the comparison is between gas-phase calculations and 

experimental results obtained in solution, and that there is relatively little difference between 

U4, U5 and U6, one cannot infer that U6 is not observed in experimentally.  

 

Fig. 2.37 O=U=O asymmetric vibrational frequency º»¼½¾¿ (cm-1) for uranyl-Isa complexes in the 
U4, U5 and U6 geometries. 

2.5.1.5 Electronic Excitation Energies 

Kirkham performed UV-Vis spectroscopy experiments on uranyl-Isa and uranyl-Glu as a 

function of pH.1  At low pH, the low energy regions of the spectra feature uranyl transitions 

with characteristic vibrational fine structure.  As the pH is increased the low energy region 

changes and two new low energy peaks emerge, c. 0.34-0.35 eV apart, assigned as organic 

ligand → metal charge transfer (LMCT) transitions.  Even though the intensity of these 

absorptions changes with pH, their energy remains approximately constant, supporting the 

suggestion that these LMCT bands arise from the organic ligand and not from the other primary 

solvation shell ligands. 

The experimental data raise the possibility of stronger coordination to the uranyl by the 

Glu than Isa because of differences observed in their UV-Vis spectra at low pH; the fine 

structure associated with uranyl vibronic coupling disappears at different pH values for each 

organic ligand (pH 3-4 for Glu and pH 7 for Isa). 

TDDFT (PBE) has been used to calculate O → U excitations in UO2
2+,129-131 although 

there is little computational literature available where uranyl is coordinated to organic ligands. 

However, examples with carbonate132 and cyclooctatetraenyl rings133 successfully described 

LMCT excitations using TDDFT.  The excitation energies for uranyl-Glu and uranyl-Isa were 

U4 

 
U5 

 
U6 

 
Expt1 
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calculated at the four pH mimics, and the two lowest energy excitations are compared with 

experiment in Fig. 2.38 and Fig. 2.39.  The U5 geometries were used for all the species to ensure 

consistent comparisons. 

 

Fig. 2.38 COSMO calculated excitations (eV) for uranyl-Glu U5 geometry complexes for the 
products of reactions (1)-(4) compared with experiment.1 Numbers on the figure indicate the 

difference in energy (eV) between the two excitations.   

 

 

Fig. 2.39 COSMO calculated excitation energies (eV) for uranyl-Isa U5 geometry complexes for the 
products of reactions (1)-(4) compared with experiment.1 Numbers on the figure indicate the 

difference in energy (eV) between the two excitations. 
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The calculated Isa and Glu excitations both differ from experiment in showing 

increasing excitation energies with pH.  The best agreement with experiment is in both cases for 

the product of reaction (3), UO2L(OH)2(H2O)-, both in absolute terms and also for the difference 

in energy between the two transitions.  The calculations were repeated with the SAOP 

functional, and the energy differences between excitations 1 and 2 were similar to those using 

PBE. 

Fig. 2.40 presents frontier molecular orbital (MO) energy level diagrams for the uranyl-

Isa species. The two transitions plotted in Fig. 2.39 are indicated on Fig. 2.40, and portray the 

energy levels involved.  Both transitions originate from the same level, or two very close ones, 

but go to different unoccupied MOs.  In Fig. 2.39 the energy of both excitations increases with 

pH; this arises from the increasing difference in energy between the filled and unfilled 

molecular orbitals. The difference in energy between the two transitions also increases with pH, 

and Fig. 2.40 shows that this results from a destabilization of the unoccupied energy levels with 

respect to the HOMO across reactions (1) to (4). 

 

Fig. 2.40 Molecular orbital energy level diagrams for uranyl-Isa U5 geometry species for the 
products of reactions (1)-(4). The data in brackets are the PBE COSMO energies (eV) of the orbital 

The molecular orbitals involved in the two transitions for UO2Isa(OH)2(H2O)- of 

reaction (3) are shown in Fig. 2.41.  The larger calculated energy excitation (2.82 eV) 

corresponds to a HOMO → LUMO+3 transition, and the smaller one (2.44 eV) to a HOMO-1 

→ LUMO promotion.  The HOMO and HOMO-1 are very close in energy (differ by -0.09 eV) 

and are both Isa-based, with mainly O 2p character.  The LUMO and LUMO+3 are both largely 

U 5f-based orbitals and are 0.45 eV apart.  Both excitations take place from filled ligand based 

orbitals to the vacant uranium f orbitals, supporting the LMCT assignment from experiment. 
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Fig. 2.41 Selected molecular orbitals for U5 geometry of UO2Isa(OH)2(H2O)- a) HOMO-1, b) 
HOMO, c) LUMO, d) LUMO+3. Iso-surface value = 0.05 

Overall, the excitation energies of the uranyl-Glu and -Isa are similar at all pHs, and the 

same trends were seen with respect to increasing pH.  The use of TDDFT to calculate excitation 

energies and identify the orbitals involved in the ligand to metal charge transfers provides 

additional support for Glu being an appropriate analogue of Isa. There is no evidence from the 

TDDFT of significant differences between uranyl-Glu and uranyl-Isa, leaving the 

experimentally observed spectral differences at low pH unexplained. 

2.5.1.6 Solvation Model –The Effect  of Explicit Second Shell Waters 

Results from Marsden et al. suggest that addition of a second solvation shell of explicit water 

molecules may be necessary to improve calculated uranyl stretching vibrational frequencies for 

UO2(H2O)5
2+.115  Given the results in Table 2.4 and Fig. 2.37, and the presence of possibly 

artificial intramolecular H-bonding, an improvement to the current solvent model by explicitly 

accounting for water molecules in the second solvation shell around the uranyl unit was 

attempted.  Computational limitations preclude the addition of such waters around the organic 

ligand. 

The addition of second shell water molecules was done in a stepwise fashion to 

UO2Glu(H2O)3
+, UO2Glu(OH)(H2O)2 and UO2Glu(OH)2(H2O)- with the U4 and U6 geometries, 

the latter also being considered for UO2Glu-H(OH)2
2-.  Waters were added until O-H bonds 

dissociated and hydronium ions formed, leading to non-converging structures.  

UO2Glu(H2O)3
+·9H2O for the U4 geometry is shown in Fig. 2.42.   

a) b) 

d) 
c) 
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Fig. 2.42 Ball and stick representation of the optimized U4 geometry of UO2Glu(H2O)3
+·9H2O 

Fig. 2.43 shows the effect of second shell waters for the U4 and U6 geometries of 

UO2Glu(H2O)3
+ both for gas-phase species (�̅P.Á�) and also with COSMO bulk solvation      

(U-Oax bond distance). 

 

Fig. 2.43 Change in calculated U-Oax bond length (Å) and O=U=O asymmetric vibrational 
frequencies º»¼½¾¿ (cm-1) for UO2Glu(H2O)3

+ U4 and U6 geometries with respect to number of waters 
in the 2nd solvation shell 

For both co-ordination geometries, U-Oax increases as more second shell water 

molecules are added, in agreement with Marsden’s work,115 which also indicates that the bond 

lengthening is accompanied by a reduction in �̅P.Á�.  This is clearly also the case in the present 

systems.  Given that the experimental value for �̅P.Á� for UO2Glu(H2O)3
+ is 942 cm–1, it is clear 

that the addition of explicit second shell water molecules significantly worsens agreement 

between theory and experiment for this metric.  This conclusion is reinforced by the data in 

U4 U-Oax 
U4 �̅P.Á�  U6 U-Oax 

U6 �̅P.Á�  
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Table 2.6, which provides a comparison of experimental �̅P.Á� 
with calculated data for all four 

pH mimics with the maximum number of second shell waters.  �̅P.Á� decreases by 30-80 cm-1 

when adding the 2nd solvation shell, comparable with the 50 cm-1 decrease in the pentaaquo 

complex studied by Marsden et al.,115 but the agreement with experiment worsens such that the 

MADs are c. three times larger than without the second water shell (Table 2.3).  Overall, the U4 

geometries with a 2nd solvation shell have slightly a better agreement with experiment than the 

U6 ones.   

Table 2.6 Experimental and calculated O=U=O asymmetric vibrational frequencies º»¼½¾¿ (cm–1) 
for uranyl D-gluconate complexes with saturated second solvation shells.  MAD = Mean absolute 

deviation of calculated frequencies with respect to experiment. 

 Calcd  

Species U4 U6 Expt1 

UO2Glu(H2O)3
+·9H2O 878 854 942 

UO2Glu(OH)(H2O)2·10H2O 857 868 929 

UO2Glu(OH)2(H2O)-·7H2O 841 815 915 

UO2Glu-H(OH)2(H2O)2-·7H2O - 802 897 

MAD 70 86  

 

In the case of UO2Glu-H(OH)2
2-, one of the 2nd shell water molecules entered the primary 

shell to bond to the uranium, hence forming a UO2Glu-H(OH)2(H2O)2- penta-coordinated 

structure.  This penta-coordinated structure, however, is stable only in the presence of a 2nd 

solvation shell.   

2.5.1.7 13C Chemical Shifts 

The 13C shielding constants, σ, for the Isa and Glu ions, UO2Glu(OH)2(H2O)- and 

UO2Isa(OH)2(H2O)- (the selected equivalent of pH 11) were calculated.  The chemical shifts, δ, 

were determined from δ = σref – σ, where σref is the absolute shielding of the reference compound 

(SiMe4) and compared with experiment where possible.  The final data for the free ligands are 

presented in Table 2.7.  Both ions show good agreement with experiment, with the exception of 

the C5 atom for Isa, and C4 atom in Glu, for which the deviation from the experimental value is 

c. 16% and 30% respectively.   
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Table 2.7 13C NMR chemical shifts (ppm) for calculated Isa/Glu acid and experimental Isa/Glu acid 
at pH 7.  MAD = Mean absolute deviation of calcualted chemical shifts wih respect to experiment 

Species C1 C2 C3 C4 C5 C6 MAD 

Expt1 α-isosaccharinic acid pH 7 180.1 77.7 66.2 37.8 68.4 68.0  

This work, α-isosaccharinate ion 180.1 78.0 74.3 39.4 79.1 76.9  

Absolute deviation 0.0 0.3 8.1 1.6 10.7 8.9 4.9 

Expt1 D-gluconic acid pH 7 178.8 74.1 71.0 72.5 71.2 62.6  

This work, D-gluconate ion 176.2 84.5 78.1 93.8 81.1 72.3  

Absolute deviation 2.6 10.4 7.2 21.3 9.9 9.7 10.2 

 

The calculated chemical shifts for Glu and uranyl-Glu(OH)2(H2O)- in the U4, U5 and U6 

geometries are compared to experiment in Fig. 2.44.  The computed data for uranyl-Glu in Fig. 

2.44 do not permit unambiguous assignment of the geometry adopted experimentally.  The 

MADs (Appendix A Table A.9) are all very similar to one another, with that of the U4 geometry 

being marginally the lowest.  Also, the changes in the C atom chemical shifts from free to 

complexed ligand are not in uniform agreement with experiment.  Experimentally, upon 

coordination to uranyl, the ligand’s C1 chemical shift increases by 12.2 ppm, C2 by 14.4 ppm 

and C3 by 14.6 ppm.  The C4 – C6 atoms shift by less than 5 ppm.  This indicates the C1, C2 and 

C3 undergo the most change during complexation – in line with the U4, U5 and U6 geometries.  

Fig. 2.44, however, reveals that the only calculated δ value to change in line with experiment is 

that of the C1 atom in U4 UO2Glu(OH)2(H2O)-.  Given that a similar increase in δ is not seen for 

U4 C2 and C3 atoms, it cannot conclusively be stated that the U4 geometry is dominant in uranyl-

Glu solution. 

The chemical shifts were recomputed for the structures including second shell waters, 

but there was very little difference between these data and those presented in Fig. 2.44.   
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Fig. 2.44 13C NMR chemical shifts, δ (ppm), for calculated UO2Glu(OH)2(H2O)- U4, U5 and U6 
geometries, experimental uranyl D-Gluconate at pH 11, calculated D-gluconic acid and 

experimental D-gluconic acid at pH 7. 

The only experimental data available for uranyl-Isa is for the C1 atom across a range of 

pHs, which are compared to calculated δ in Table 2.8.  The calculated data given in bold are for 

the most stable species from reactions (1)-(4), i.e. the most likely candidates for comparison 

with experiment.  Other than at low pH, where the calculated C1 chemical shift from the least 

stable U6 product lies closest to experiment, the agreement between theory and experiment is 

rather good, especially considering that there is experimental evidence of multiple speciation at 

all environments except highly alkaline.  Above pH 13.49, the single species identified 

experimentally has a C1 chemical shift of 189.7 ppm, and it is suggested that it has a U5 

geometry.1  This matches well with the calculated datum for U5 UO2Isa(OH)2
2-. 

Table 2.8 13C NMR chemical shifts, δ (ppm), for calculated atom C1 for all uranyl-Isa complexes 

2.5.2 Uranyl:Ligand Ratio 

It is experimentally known that more than one D-gluconate ligand can bind to uranyl98 and 

possibly more than one α-isosaccharinate ligand can bind to U(IV).97  Although there is no 

direct experimental evidence of multiple ratios for U(VI) Isa complexes, this was investigated 

computationally by studying complexes in which the uranyl:ligand ratio was varied from 1:1 to 

1:2 and 1:3. 

507090110130150170190

Chemical Shift δ/ppm

`

 C1 δ (ppm), Calcd Expt1  

Species U4 U5 U6 pH C1 δ (ppm) 

UO2Isa(H2O)3
+ 207.4 196.9 190.6 1.93-4.5 188.9 

UO2Isa(OH)(H2O)2 196.0 184.4 180.2 6.08 191.3 

UO2Isa(OH)2(H2O) - 190.0 185.0 178.9 9.08-11.18 192-194.1 

UO2Isa-H(OH)2
2- 201.2 192.9 182.4 12.59 193.4-193.7 

UO2Isa-H(OH)3
-3 - 193.5 n/a 13.49 189.7 

U4 

U5 

U6 

Expt UO2Glu 

Glu
-
 

Expt 

-
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2.5.2.1 1:2 Uranyl:Ligand Ratio 

The following reactions were calculated for uranyl-Glu and Isa for the U4, U5 and U6 

geometries: 

UO2L(H2O)3
+ + HL → UO2L2(H2O) + H2O + H3O

+ (7) 

UO2L(OH)(H2O)2 + HL → UO2L2(H2O) + 2H2O (8) 

UO2L(OH)2(H2O)- + HL → UO2L2(H2O) + H2O + OH− (9) 

UO2L(H2O)3
+ + HL → UO2L-HL(H2O)- + 2H3O

+ (10) 

UO2L(OH)(H2O)2 + HL → UO2L-HL(H2O)- + H2O + H3O
+ (11) 

UO2L(H2O)3
+ + HL → UO2L2(OH)- + 2H3O

+ (12) 

UO2L(OH)(H2O)2 + HL → UO2L2(OH)- + H2O + H3O
+ (13) 

 

Reactions (7)-(9) result in complexes with two organic ligands instead of one.  The 

reactants of these reactions correspond to the products in reactions (1)-(3).  Reactions (10)-(11) 

take place when one of the two organic ligands undergoes a second deprotonation.  Reactions 

(12) and (13) represent deprotonation of a water ligand from the primary solvation shell instead 

of the organic ligands. The calculated ∆Gr for reactions (7)-(13) for uranyl-Glu are shown in 

Fig. 2.45 and tabulated in Appendix A (Table A.10).   

 

Fig. 2.45 COSMO calculated ∆Gr (kJ/mol) for UO2Glu2(H2O), UO2Glu-HGlu(H2O)- and 
UO2Glu2(OH)- complexes. 

A UO2Glu-HGlu(H2O)- species, with at least one Glu in the U5 geometry, was 

experimentally identified in acidic conditions by Clark et al.98  This was calculated and 

compared to experiment in Table 2.9.   

U4/U4 

 
U5/U5 

 
U6/U6 

 
U4/U5 
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When two Glu ligands are added to form UO2Glu2(H2O) complexes, the U6/U6 

geometry is preferred for reactions (7) and (8).  The ∆Gr for the U4/U4 geometry lies in between 

the U5/U5 and U6/U6, but approaches the ∆Gr of the U6/U6 geometry as the pH is increased.  For 

the high pH reaction (9) the U5/U5 geometry has a less positive reaction energy than U4/U4 and 

U6/U6.  It is also clear that the combination of U4/U5 geometry is the least favourable. 

Table 2.9 COSMO calculated bond distances (Å) for 1:2 uranyl-Glu complexes 

  Bond distance (Å) 

Species Glu 1/Glu 2 U-C U-Oeq U-Oax 

UO2Glu-HGlu(H2O)- U5 / U5 3.34 (Av of 4) 2.43 (Av of 5) 1.84 (Av of 2) 

UO2Glu-HGlu(H2O)- U5 / U4 3.14 (Av of 3) 2.42 (Av of 5 ) 1.83 (Av of 2) 

UO2Glu2(OH)- U5 / U4 3.21 (Av of 3) 2.43 (Av of 5) 1.83 (Av of 2) 

UO2Glu-HGlu EXAFS98 3.27 (Av of 4.1) 2.38 (Av of 5.7) 1.79 (Av of 2) 

 

Fig. 2.45 shows that the mixed U4/U5 combination is more energetically favoured 

compared with the U5/U5 geometry for reactions (10) and (11).  These two uranyl-Glu species 

have both been proposed on the basis of experiment, and Table 2.9 shows that the 

EXAFS-determined U-C bond distances lie in between the two calculated ones.  The U-Oeq and 

U-Oax bond distances are slightly overestimated when compared to experiment, but the largest 

deviation is only 0.05 Å.  The two plausible geometries for UO2Glu-HGlu(H2O)- are shown in 

Fig. 2.46.  One can see that for Fig. 2.46b, the two U5 ligands are not symmetrical.  One ligand 

is closer to the uranyl than the other because it undergoes a second deprotonation.  The U-Oeq 

bond lengths for the doubly deprotonated U5 ligand are 2.40 and 2.16 Å whereas for the singly 

deprotonated one are 2.60 and 2.38 Å.   

            

Fig. 2.46 Ball and stick representation of COSMO calculated UO2Glu-HGlu(H2O)-  for a) U4/U5 
geometry and b) U5/U5 geometry.  Bond distances (Å) reveal distinct asymmetry in the ligand 

coordination. 

  

b) a) 
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The calculated ∆Gr for reactions (7)-(13) for uranyl-Isa are shown in Fig. 2.47 

(Appendix A Table A.10).  When two Isa ligands are added to form UO2Isa2(H2O) complexes, 

the preferred geometry of the products of reactions (7)-(9) is similar to that observed for 

UO2Glu2(H2O).105  The U6/U6 geometry is preferred for reaction (7), however here both the 

U4/U4 and U5/U5 geometries lie c. 10 kJ/mol higher in energy (in the case of the uranyl Glu, the 

U4/U4 and U5/U5 geometries lie 13 and 16 kJ/mol respectively above the U6/U6 geometry).  

Replacing equatorial waters with hydroxides in the reactants of (8) and (9) leads to the U5/U5 

geometry being preferred in the products.  In general, there are smaller differences between the 

∆Gr values for the Isa reactions, the average difference in energy between the lowest and the 

highest energy species is c. 12 kJ/mol, and therefore one cannot confidently state which is the 

most favourable geometry for reactions (7)-(9).  However, it is noticeable that, for the species 

generated at highest pH (reaction (9)), the U4/U4 geometry is the least favourable, as previously 

seen for the high pH reaction (4) for the 1:1 complex. 

  

Fig. 2.47 COSMO calculated ∆Gr (kJ/mol) for UO2Isa2(H2O), UO2Isa-HIsa(H2O)- and UO2Isa2(OH)- 

complexes 

Fig. 2.47 shows that the larger chelating U6/U6 geometry is more energetically favoured 

compared to the U5/U5 geometry for reactions (10) and (11).  Comparison of the Isa reactions 

(10) and (11) with reactions (12) and (13) indicates that the deprotonation of the organic ligand 

is energetically preferred over that of equatorial H2O. 

  

U4/U4 

 

U5/U5 

 

U6/U6 
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2.5.2.2 1:3 Uranyl:Ligand Ratio 

The following reactions, in order of increasing pH, were calculated for 1:3 complexes for all 

three sized chelate rings.  The UO2Glu3
- geometries for U4, U5 and U6 are shown in Fig. 2.48 and 

the Isa analogues in Fig. 2.49.  The ∆Gr solvent results are displayed in Fig. 2.50 and Fig. 2.51 

(data in Appendix A Table A.11).   

 

UO2(H2O)5
2+ + 3HL → UO2L3

- + 2H2O + 3H3O
+ (12) “Low pH” 

UO2(OH)2(H2O)2 + 3HL → UO2L3
- + 2H2O + H3O

+ (13) “Neutral pH” 

UO2(OH)4
2- + 3HL → UO2L3

- + 3H2O + OH− (14) “High pH” 

 

In both UO2L3
- species (L = Glu/Isa) stable chelating species with three 6 membered 

rings (U6 geometry) ligands were not located; however, a non-chelating species was obtained 

(Fig. 2.48c and Fig. 2.49c).  The Isa complexes are similar to Glu in that the U5 and U6 solvent 

geometries feature H-bonding interactions between ligands, whereas in the U4 geometries there 

are none.  The U4 geometry has no significant steric interactions with its neighbouring ligands.  

The differences in ∆Gr solvent (Fig. 2.51) indicate the U4 formation of these species is more 

favourable than U5 and U6 at all pHs.  It therefore appears that, as the number of ligands is 

increased, the formation of the smallest chelate (U4 geometry) is preferred, almost certainly due 

to steric effects.  The only difference between uranyl-Isa and uranyl-Glu is that for the former 

the U5 geometry is the least stable, whereas with uranyl-Glu stability increases with the size of 

the chelate ring.   
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Fig. 2.48 Ball and stick representation of COSMO calculated UO2Glu3
- for a) U4, b) U5 and c) U6  

geometries.   

                         

 

Fig. 2.49 Ball and stick representation of COSMO calculated UO2Isa3
- for a) U4, b) U5 and c) U6  

geometries.  

b) a) 

c) 

b) a) 

c) 
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Fig. 2.50 COSMO calculated ∆Gr (kJ/mol) for UO2Glu3
- complexes 

 

 

 

Fig. 2.51 COSMO calculated ∆Gr (kJ/mol) for UO2Isa3
- complexes 
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2.6 Conclusion 

The coordination of D-Gluconate and α-Isosaccharinate to uranyl has been studied 

computationally as a function of pH.  pH change was represented by varying the number of 

hydroxide ligands accompanying Glu/Isa in the equatorial plane of the uranyl unit.  Uranyl-Isa 

and uranyl-Glu data (structural, energetic and spectroscopic) were compared to each other and 

to literature when possible.  Isa and Glu exhibit similar deprotonation energies, and the second 

deprotonation in uranyl-Isa/Glu complexes takes place at the oxygen closest to the uranyl unit.   

The relative energies of the three binding modes, U4, U5 and U6 were compared as a 

function of pH.  At low pH, uranyl-Isa U4 and U5 geometries are more stable, whilst at high pH 

the U6 geometry is preferred.  Uranyl-Glu exhibits similar tendencies in that at low pH the U4 

only is most stable, and as the pH increases U5 and U6 become more favourable.  In both cases 

the energetic differences between all three coordination modes are not sufficient to rule out the 

possibility of multiple speciation.   

The electronic density distibution was characterised via Hirshfeld charges.  The partial 

atomic charge of the atoms bonding to the U was found to be strongly pH dependent.  As the pH 

increases, there is an increase of the charge donation from the non-organic ligands in the 

equatorial plane to the uranyl unit.  This leads to a lengthening and weakening of the U-Oax and 

U-Oeq bonds and is primarily due to the presence of the OH- ligands in the first solvation shell.  

The effect is clearly reflected in the calculated uranyl �̅P.Á�.  The uranyl �̅P.Á�  reduces as pH 

increases, supporting the trends measured by Kirkham.  However, agreement with experiment 

worsens as the pH increases.       

 There were no notable differences between uranyl-Isa and uranyl-Glu in terms of 

calculated excitation energies or nature of the molecular orbitals involved in the transitions, 

unlike the interpretation obtained from UV-Vis measurements.  The calculated excitation 

energies for uranyl-Isa and uranyl-Glu support experiment in identifying the ligand → metal 

charge transfer.   
13C chemical shifts were calculated for the free and coordinated ligands, after 

performing comparisons of a variety of calculation parameters with experiment.  The calculated 

chemical shifts in the free ligands have very good agreement with experiment.  The chemical 

shifts for the uranyl-Glu product of reaction (3) has very good agreement with experimental 

shifts measured at pH 11.  The calculated shifts support the experimental conclusion of the U6 

geometry being dominant in alkaline conditions.  

The presence of the second solvation shell was investigated by the addition of bulk 

waters around the uranyl primary solvation shell.  However, this resulted in a notable lowering 

of uranyl �̅P.Á� and worse agreement with experiment.   
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The effect of increasing the ligand concentration was modelled by calculating 1:2 and 

1:3 metal:ligand ratios for uranyl-Isa and uranyl-Glu.  For uranyl-Glu and uranyl-Isa species 

with only water ligands in the equatorial plane the 1:2 complex was most favourable with the 

ligands in the U6 arrangement.  The mixed water/hydroxide coordination for uranyl-Glu 

favoured the U4/U5 combination.  For both uranyl-Isa and uranyl-Glu the U4 geometry was most 

stable for all pH in the 1:3 ratio, although the relative energy ordering of the U5 and U6 

geometries of the Isa and Glu uranyl species was different.     

Overall, there are more similarities than differences between uranyl-Isa and uranyl-Glu.  

They both exhibit the same strong dependence on pH, in terms of structure, bonding, 

coordination geometry and electronic excitations.  However, the typical differences in 

calculated ∆Gr for reactions (1)-(4) for the two ligands are c. 10-15 kJ/mol, translating to 

differences in equilibrium constants of up to 2 log units.  Therefore, although uranyl-Isa and 

uranyl-Glu are similar on a molecular level, it is less certain that Glu should be used as an 

experimental analogue for Isa when such experiments target properties relying on 

thermodynamic data. 
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3 Uranyl Complexation with Short Gluconic Acid Analogues 

3.1 Background 

As described in Chapter 2, poly-hydroxy carboxylic acids, such as Isa and Glu can form stable 

complexes with uranyl ions.  The coordination of ligands smaller than Isa or Glu, such as 

oxalates,104 malonates,102 acetates,102 etc.,  with uranyl is also relevant to nuclear waste 

applications.  The binding modes of the smaller ligands to uranyl are varied; some cases can be 

unidentate, bidentate or mixed when there is more than one ligand present.   

There are fewer studies on β-hydroxy carboxylic acids.  Telchadder and Bryan studied 

3-hydroxybutyric and 3-hydroxypropanoic acids, shown in Fig. 3.1, and their coordination to 

uranyl as a function of pH.127  Their aim was to understand the binding mode, and relate it back 

to that of Glu, as these smaller ligands had similar structural motifs.  The purpose of this 

experimental study was to also find smaller analogues of Glu, to then use them as model 

compounds.   

C2

C3

C4

C1

O

HO

OH

C2

C3
C1

O

HO

OH

 

Fig. 3.1 left) 3-hydroxybutyric acid right) 3-hydroxypropanoic acid 

The experiments and spectroscopic characterisation (1H and 13C NMR, Raman and UV-

Vis) performed127 found these two dehydroxylated and shorter forms of Glu did not form stable 

complexes with uranyl at pH > 7.134  1:1, 1:2 and 1:3 metal:ligand ratios were also studied, and 

it was proposed that 1:3 uranyl-3-hydroxybutyrate forms with the three ligands chelating via the 

carboxylic group, i.e., U4 geometry.    

3.2 Introduction 

Calculations were performed to study the coordination between 3-hydroxybutyric and 3-

hydroxypropanoic acids, A_4C and A_3C, and uranyl as a function of pH.  The 13C chemical 

shifts, δ, were calculated and compared to experiment.   Reaction energies, interaction energies 

between the ligand and uranyl together with the charge distribution, were calculated to 

understand why the shorter versions of Glu are unstable upon complexation with uranyl above 

pH 7.    

 The 1:3 metal:ligand structures in the U4 geometry proposed by experiment are 

calculated here and compared to the U6 binding mode.  In addition to the A_4C and A_3C 

ligands, other methods of simplifying Glu were explored and the reaction energies including 

thermochemical corrections (or enthalpies) of all these complexes were compared using a 

variety of different functionals.            
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The modelling of the pH and the different binding modes (U4 and U6) were described in 

Chapter 2.  The pH levels studied here are low, neutral and high; reactions (1), (2) and (3).  In 

addition to Glu, L now represents a much wider variety of ligands:     

UO2(H2O)5
2+ + HL → UO2L(H2O)3

+ + H2O + H3O
+ (1) “Low pH” 

UO2(HO)2(H2O)2+ HL → UO2L(HO)(H2O)2 + H2O (2) “Neutral pH” 

UO2(HO)4
2- + HL → UO2L(HO)2(H2O)- + OH− (3) “High pH” 

3.2.1 Methods of Simplifying Gluconate  

There are multiple ways of simplifying the Glu ligand, but three approaches were taken 

here.  Firstly, all the OH functional groups were removed, except the ones involved in U4 and 

U6 chelation to uranyl.  Once all the Glu C atoms, besides C1 and C3, were de-hydroxylated, the 

carbon groups were removed one at a time, as shown in Fig. 3.2. 
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Fig. 3.2 Group A ligands.  From left to right: Glu, A_6C, A_5C, A_4C and A_3C 

The second method of shortening the ligands was by initially removing the OH group 

adjacent to the C2 atom, followed by progressively taking away CH2OH groups.  The OH on the 

C2 was removed first because it was thought this did not participate in coordinating to the 

uranium. Therefore any H-bonding between the ligand and uranyl axial oxygen (as shown 

Chapter 2 with uranyl-Glu) could be eliminated.   

C2

C3

C4

C5

C6

C1

O

HO

OH

OH

OH

OH

OH

C2

C3

C4

C5

C6

C1

O

HO

OH

C2

C3

C4

C5
C1

O

HO

OH

C2

C3

C4

C1

O

HO

OH

C2

C3
C1

O

HO

OHOH

OH OH OH

OH

OH

 

Fig. 3.3 Group B ligands.  From left to right: Glu, B_6C, B_5C, B_4C and B_3C 

The third and final approach was to remove a CH2OH group at a time, keeping more 

OH functional groups on the ligands.  The nature of this series, Fig. 3.4, does not allow a 6C 

ligand equivalent of Group A or B.  
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Fig. 3.4 Group C ligands. From left to right: Glu, C_5C, C_4C and C_3C 
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Group A ligands, Fig. 3.2, are the most important in this study as A_4C and A_3C were 

synthesised and studied experimentally.127  However, the transition from Glu to A_6C requires 

the simultaneous removal of four OH groups.  A stepwise removal of the OHs, Fig. 3.5, was 

included in some cases:   
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Fig. 3.5 Stepwise removal of OHs for Group A ligands.  From left to right: Glu, Glu_3OH, 
Glu_2OH and Glu_1OH 

The products of each reaction (1)-(3) are UO2(H2O)3L
+, UO2(OH)(H2O)2L and 

UO2(OH)2(OH2)L
-, where L = Glu, Group A, B or C ligand.  The Gibbs free energy of these 

reactions, ∆Gr, was calculated.  One would expect both the uranyl-A_4C and uranyl-A_3C 

complexes, that are unstable with uranyl at pH > 7, to have the least negative ∆Gr.   

3.2.2 Functional Dependence  

The trends in ∆Gr for all the species of the three reactions were explored using a variety of 

functionals.  LDA, GGA, hybrid, meta-GGA and meta-hybrid functionals were compared, in 

both gas and solvent phases.  The VWN functional is included as the initial benchmarking 

(Appendix A Table A.1 and Table A.2) proved it to be successful in predicting accurate 

geometries compared to experiment.  In all cases, the second acronym refers to the functional 

used to optimise the geometry and the first to the functional used to calculate the energy of that 

geometry.  For example, a PBE single point calculation on a VWN geometry is labelled PBE // 

VWN.   

3.3 Results 

3.3.1 Neutral pH - Reaction (2) 

3.3.1.1 Group A  

The calculated ∆Gr energies for the gas-phase reactions of uranyl-Group A compounds for 

reaction (2) are shown in Fig. 3.6.  Uranyl-Glu has the most negative reaction energy.  The PBE 

// PBE and PBE // VWN energy trends are similar, which indicates the functional used for the 

geometry is not as key as the functional for the energy.  VWN // VWN ∆Gr has the most 

different trend; ∆Gr becomes less negative as the ligand is shortened.  The TPSS // TPSS 

method behaves very similarly to PBE // PBE and PBE // VWN.  The B3LYP // VWN 

calculations differ the most compared to the rest, in that the energies for uranyl-A_6C to uranyl-

A_3C vary the least.   
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The important outcome from Fig. 3.6 is that for all the tested functionals, the reaction 

energy for the uranyl-Glu is the most negative, implying that this formation is more favourable 

than any of the dehydroxylated ligands, consistent with the experimental findings.   

 

Fig. 3.6 Gas-phase ∆Gr (kJ/mol) for the formation of UO2(OH)(H2O)2L in reaction (2) in the U6 
geometry. L = Glu and Group A ligands 

 

Fig. 3.7 Solvent ∆Gr (kJ/mol) for the formation of UO2(OH)(H2O)2L in reaction (2) in the U6 
geometry. L = Glu and Group A ligands 

 

Fig. 3.7 presents the results when COSMO is used.  When moving from gas to solvent 

phase, the most significant change in the trends is the appearance of a “dip” in reaction energy 

for uranyl-A_4C and uranyl-A_3C.  Most importantly, ∆Gr of uranyl-Glu, uranyl-A_4C and 

uranyl-A_3C lie close in energy for all the tested functionals except for VWN // VWN.  There is 

also a much larger energy difference between uranyl-Glu and uranyl-A_6C for VWN // VWN 

compared to the rest of the functionals.  One would expect a difference in reaction energy 

between uranyl-Glu and uranyl-A_4C/A_3C, as the latter are unstable above pH 7, and the 
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VWN // VWN calculation is the only one that demonstrates this behaviour clearly.  The B3LYP 

// VWN calculation is also different to the GGAs or LDA in that it results in a more negative 

∆Gr for uranyl-A_4C than uranyl-Glu.  

3.3.1.2 Group B 

The uranyl complexes with Group B ligands were studied with the VWN and PBE functionals.  

One can see similar trends across the functionals in the ∆Gr of gas (Appendix B Fig. B.1) and 

solvent (Fig. 3.8) phases.  In Fig. 3.8, one can see single point energy calculations with PBE 

exhibit similar trends irrespective of the functional used for the geometry.  Similarly to Group 

A, Group B has small ∆Gr differences between the 5 species with PBE energy calculations, 

whereas species with VWN energies clearly have larger differences in ∆Gr.  Using COSMO, the 

differences between uranyl-Glu and uranyl-A_3C for VWN // VWN, PBE // VWN and PBE // 

PBE are 56, 6 and 1 kJ/mol respectively.  

The trends in ∆Gr for the PBE // PBE calculations for Group B ligands are similar to 

Group A.  However, there is a difference between the VWN // VWN trends of Group A and B, 

specifically regarding the ∆Gr change from uranyl-Glu to uranyl-A_6C/B_6C.  In Group B (Fig. 

3.8), the energy difference between the ∆Gr of two species is negligible (c. 2 kJ/mol), whereas it 

is 40 kJ/mol in Group A (Fig. 3.7).  This could be due to the presence of OHs in the B_6C 

ligand, making it similar to Glu even though 1 OH is absent.  This suggests the removal of OH’s 

(Group A) can lead to worse analogues of Glu than simply shortening the chain without de-

hydroxylating it (Group B).   

 

Fig. 3.8 Solvent ∆Gr (kJ/mol) for the formation of UO2(OH)(H2O)2L in reaction (2) in the U6 
geometry. L = Glu and Group B ligands 
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3.3.1.3 Group C 

The ∆Gr for uranyl-Group C species are presented in Fig. 3.9.  Group C has more OH groups on 

the ligands therefore varying the functional might result in different trends than those in Group 

A or B.   It is clear how for both gas-phase (Appendix B Fig. B.2) and solvent (Fig. 3.9) 

environments, the VWN // VWN functional is the most different.  ∆Gr gradually becomes less 

negative as the Group C ligands are shortened with VWN // VWN, as opposed to all the other 

functionals where ∆Gr of uranyl-Glu is less negative than uranyl-C_5C.   

 

Fig. 3.9 Solvent ∆Gr (kJ/mol) for the formation of UO2(OH)(H2O)2L in reaction (2) in the U6 
geometry. L = Glu and Group B ligands 

 

3.3.1.4 Other functionals 

Other than the functionals presented, reaction (2) energies were evaluated using a large variety 

of meta-GGA, hybrid and meta-hybrid functionals for uranyl-Glu and uranyl-Group C.  The gas 

and solvent phase reaction energies of a few selected functionals are shown in Fig. 3.10 and Fig. 

3.11.  The geometries used in these results are PBE geometries, followed by single point energy 

calculations with m-GGAs (b-HCTC, TPSS), hybrid (B3LYP) or m-hybrid (TPSSh, M06-2x) 

functionals. 
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Fig. 3.10 Gas-phase ∆Gr (kJ/mol) for the formation of UO2(OH)(H2O)2L in reaction (2) in the U6 
geometry. L = Glu and Group C ligands 

The gas-phase results in Fig. 3.10 display a significant energy spread between different 

functionals, but the trends are the same.  Similarly to the GGA functionals in Fig. 3.9 uranyl-

C_5C has the most negative ∆Gr.  The difference in ∆Gr between m-GGA and its m-hybrid 

equivalent, such as TPSS and TPSSh, is minimal.  The trend in the solvent ∆Gr, Fig. 3.11, is 

also the same for all the functionals.  The trends are similar to the gas-phase ones (Fig. 3.10), in 

that uranyl-C_5C has the most negative ∆Gr, however in solvent uranyl-C_4C has the most 

positive ∆Gr.   

 

Fig. 3.11 Solvent ∆Gr (kJ/mol) for the formation of UO2(OH)(H2O)2L in reaction (2) in the U6 
geometry. L = Glu and Group C ligands 
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3.3.2 Low pH - Reaction (1)  

3.3.2.1 Group A 

At the low pH mimic, uranyl-A_4C and uranyl-A_3C are expected to be as stable, or more 

stable, than uranyl-Glu, because they readily form in solution at pH < 7.  Fig. 3.12 plots the ∆Gr 

for reaction (1) using Group A ligands.  The VWN // VWN trend in reaction (1) is the same as 

the VWN // VWN of reaction (2) (Fig. 3.7); ∆Gr generally becomes less negative (towards the 

positive energy values) as the ligand shortens.  The non-VWN functionals demonstrate how ∆Gr 

becomes less positive, as the ligand shortens; in tune with experimental findings for the low pH 

mimic.   

 

Fig. 3.12 Solvent ∆Gr (kJ/mol) for the formation of UO2(H2O)3L
+ in reaction (1) in the U6 geometry. 

L = Glu and Group A ligands 

3.3.2.2 Group C 

Reaction (1) ∆Gr for uranyl-Group C species was calculated probing only the PBE and VWN 

functionals.  The ∆Gr trends in solvent and gas-phase are similar, the former are presented in 

Fig. 3.13 and the latter can be found in Appendix B (Fig. B.3).  The solvent PBE // PBE results 

for the Group C species are consistent with those of Group A, in that the shorter ligands are 

expected to be stable in acidic, low pH solution therefore have similar or less positive reaction 

energies than uranyl-Glu.   
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Fig. 3.13 Solvent ∆Gr (kJ/mol) for the formation of UO2(H2O)3L
+ in reaction (1) in the U6 geometry. 

L = Glu and Group C ligands 

3.3.3 High pH - Reaction (3)  

3.3.3.1 Group A 

High pH, reaction (3), ∆Gr for uranyl-Glu and uranyl-Group A ligands are compared in Fig. 

3.14.  The ∆Gr clearly becomes more positive as the ligand is shortened, in line with the 

experimental observations.  The VWN // VWN ∆Gr exhibits the largest energy differences 

amongst the uranyl complexes.  As observed so far, the differences in ∆Gr between the species 

for the VWN functional tend to be larger than non-LDA ones, possibly a result of LDA’s 

susceptibility for over-estimating energies.  The PBE // VWN results exhibit the same trend 

(∆Gr becoming positive as the ligands shorten) as VWN // VWN, but to a much smaller degree.  

 

Fig. 3.14 Solvent ∆Gr (kJ/mol) for the formation of UO2(OH)2(H2O)-L in reaction (3) in the U6 
geometry.  L= Glu and Group A ligands 
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In summary, three methods of shortening Glu were compared by calculating the 

energies of reactions (1)-(3).  The trends in ∆Gr between uranyl-Glu and Group A, B or C 

ligands, when using the same functionals, are similar.  At neutral pH, the reaction (2) ∆Gr 

calculated with VWN do not follow the same trends as the non-VWN ones.  In the low pH 

mimic, reaction (1), the PBE results support the experimental observation the best.  The PBE 

and VWN ∆Gr trends for reaction (3) are similar, where uranyl-A_4C/A_3C have more positive 

∆Gr than uranyl-Glu.  There are no significant differences amongst the meta-GGA and meta-

hybrid functionals.  To verify the observed differences between functionals are not an outcome 

of the programme used, the ADF results were compared to Gaussian. 

3.3.4 ADF and Gaussian  

3.3.4.1 Reaction (2), Group A 

Fig. 3.15 shows the enthalpy, ∆Hr, of reaction (2) using various functionals in ADF and 

Gaussian, G09.  The ∆Hr difference between uranyl-Glu and uranyl-A_6C is similar for all the 

variables.  There are more differences in the ∆Hr trends across functionals than the programmes; 

indicating the same results are obtained irrespective of the code used.  The trend in ∆Hr using 

MP2 resembles that of PBE more than VWN, validating the use of PBE. 

 

Fig. 3.15 Enthalpies, ∆Hr, of reaction (kJ/mol) for the formation of UO2(OH)(H2O)2L in reaction (2) 
in the U6 geometry for selected functionals in ADF and G09.  L = Glu and Group A ligands.  Data 

are for G09 unless stated otherwise.  
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3.3.5 OH Removals 

As mentioned in the Introduction, shortening via the Group A method imposes a dramatic 

structural change between uranyl-Glu and its closest analogue, uranyl-A_6C.  Therefore, the 

step-wise removal of OH groups shown earlier in Fig. 3.5, where L = Glu, Glu_3OH, Glu_2OH 

and Glu_1OH was evaluated for reactions (1)-(2). 

The gas-phase and solvent ∆Gr are compared in Fig. 3.16 and Fig. 3.17 respectively.  

Reaction (1) ∆Gr are destabilised significantly on going from gas-phase to solvent.  The same 

effect is present to a smaller extent for reaction (2).  This is likely due to the charged nature of 

the reactants and products of reaction (1), as opposed to the neutral nature of species in reaction 

(2). 

The absolute ∆Gr values of the two reactions cannot be compared, though they exhibit 

very similar trends in that ∆Gr generally becomes more positive from uranyl-Glu to uranyl-

Glu_1OH.   

The absence of one OH group does not make a significant energetic difference, seen by 

uranyl-Glu_3OH having similar ∆Gr to uranyl-Glu.  The removal of the 2nd OH group is 

significant only for reaction (1) and not (2).  Finally, the removal of the 3rd OH group is 

important for both reactions.  ∆Gr gradually becomes more positive as OH groups are removed 

from Glu.  Removing 1OH group from Glu_1OH leads to A_6C.  Following the trend, uranyl-

A_6C would presumably have a less negative ∆Gr than uranyl-Glu_1OH, possibly indicating 

why there is a significant difference in ∆Gr between uranyl-A_6C and uranyl-Glu. 

 

Fig. 3.16 PBE // PBE Gas-phase ∆Gr (kJ/mol) for the formation of UO2(H2O)3L
+ in reaction (1) and 

UO2(OH)(H2O)2L in reaction (2) in the U6 geometry. L = Glu, Glu_3OH, Glu_2OH and Glu_1OH.  
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Fig. 3.17 PBE // PBE Solvent ∆Gr (kJ/mol) for the formation of UO2(H2O)3L
+ in reaction (1) and 

UO2(OH)(H2O)2L in reaction (2) in the U6 geometry. L = Glu, Glu_3OH, Glu_2OH and Glu_1OH. 

3.3.6 U4 and U6 Geometries 

The previous results were calculated using only the U6 geometry.  This was decided because the 

U6 geometry is known (computationally and experimentally) for being dominant at high pH for 

uranyl-Glu, therefore a similar coordination geometry for the shorter ligands was expected.    

However, the U6 geometry was not the only structural isomer identified.  In the case of uranyl-

Glu, the U4 geometry was also present at all pHs and especially dominant at low pH.  In 

addition, work from Telchadder implies that the shorter organic ligands chelate in the U4 

geometry.  The U4 and U6 geometries are compared by calculating reactions (1)-(3) using Group 

A ligands and the PBE functional.   

 

Fig. 3.18 Gas-phase ∆Gr (kJ/mol) for the formation of uranyl-L in reactions (1)-(3), U4 and U6 
geometries.  L = Glu and Group A ligands 

Fig. 3.18 shows the gas-phase reaction energies of all three calculated pH levels, for 

both the U4 and U6 geometries.  At all pHs, the U4 geometries have a more negative ∆Gr than 

U6 Reaction 1 

U4 Reaction 1 

U6 Reaction 2 

U4 Reaction 2 

U6 Reaction 3 

U4 Reaction 3 
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the U6, with the exception of uranyl-Glu in reaction (1), where the U6 geometry is 9 kJ/mol 

more favourable than the U4 one.  Furthermore, the differences between ∆Gr of the U4 and U6 

isomers is a lot larger for the de-hydroxylated complexes than for uranyl-Glu.    

Fig. 3.19 presents the COSMO results.  These are slightly different to the gas-phase 

results in that for each reaction the U4 geometry is always more favorable than U6.  However, 

the energy difference between the two geometries generally becomes smaller as the ligand is 

shortened from A_6C to A_3C.  In the case of the uranyl-A_4C, the ∆Gr of the U6 geometries 

are 20 and 14 kJ/mol more positive than the U4 for reactions (2) and (3) respectively.  

Therefore, the U4 geometry can be considered to be predominant over the U6, and from this 

point onwards the former will be considered.  

 

Fig. 3.19 Solvent ∆Gr (kJ/mol) for the formation of uranyl-L in reactions (1)-(3), U4 and U6 
geometries.  L = Glu and Group A ligands 

3.3.7 Structural Properties 

In the uranyl-Glu study presented in Chapter 2, the Glu chain was found to be either straight or 

bent to H-bond to Oax of the uranyl unit (Section 2.5.1.2).  In uranyl-Isa, the Isa can H-bond to 

the equatorial oxygens in uranyl’s primary solvation shell.  The dehydroxylated ligands, A_6C 

for example, can also form different structural isomers with the uranyl, by torsion of the C6-C5-

C4-C3 dihedral angle, as shown in Fig. 3.20.   

 

Fig. 3.20 A_6C ligand, looking down the C6-C5-C4-C3 dihedral angle in red left) 180° right) 25° 
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The energy of A_6C with different C6-C5-C4-C3 dihedral angles was calculated via a 

linear transit calculation.  The lowest energy isomer, on the left of Fig. 3.20, is a straight chain 

with C6-C5-C4-C3 = 180°.  The highest energy isomer has C6-C5-C4-C3 = 25°, resulting in a 

folded ligand.  The difference in energy of the staggered (180°) and eclipsed (25°) 

conformations is 18.6 kJ/mol, which is low enough to allow the possibility of rotation of this 

torsional angle. 

Structural properties of the complexes of reactions (1)-(3) were explored in search of an 

explanation as to why A_4C and A_3C (Fig. 3.2 on page 87) are unstable with uranyl at high 

pH.  The following data, except for the interaction energies and vibrational frequencies, were 

obtained from COSMO calculations.   

Fig. 3.21 and Fig. 3.22 show the changes in U-Oax and U-Oeq bond distances of uranyl-

Glu and uranyl-L (L = Group A ligand) in the U4 geometries.   

 

Fig. 3.21 Solvent U-Oax bond distance (Å) for products of reactions (1)-(3), uranyl-L, in U4 
geometry.  L = Glu, Group A ligands 
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Fig. 3.22 Solvent U-Oeq bond distance (Å) for products of reactions (1)-(3), uranyl-L, in U4 
geometry.  L = Glu, Group A ligands 

Both U-Oax and U-Oeq bond distances lengthen considerably as the pH is increased.  

The reasons for this were covered in Chapter 2 (Section 2.5.1.2).  Looking at the trends across 

Group A ligands, similarly to the reaction energies, the most significant changes take place 

between uranyl-Glu and uranyl-A_6C.  Even though the A_3C ligand is the most structurally 

different to Glu, uranyl-A_3C U-O bond distances are very close to those of uranyl-Glu.  The 

largest changes in bond length occur for reaction (3), between L = Glu and A_6C, however 

these are only 0.006 and 0.033 Å for U-Oax and U-Oeq respectively.   

 In line with the small changes in the U-Oax bond distances, minimal changes in 

vibrational stretching frequencies,
 
�̅P.Á�, are also expected.  A suitable analogue for Glu would 

require a similar U-Oax vibrational stretching frequency.  Fig. 3.23 shows the changes in �̅P.Á� 

across Group A as the pH is increased.  The decrease of �̅P.Á� with increasing pH is primarily a 

result of longer U-Oax bonds due to the additional equatorial OH ligands.  However, observing 

the trends across the ligands, the changes are minimal.  For example, the largest deviations are 

seen for reaction (3) species, where on average the dehydroxylated ligands are only 10 cm-1 

away from the Glu. 
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Fig. 3.23 O=U=O asymmetric vibrational frequency º»¼½¾¿ (cm-1) for products of reactions (1)-(3), 
uranyl-L in the U4 geometry. L = Glu, Group A ligands 

3.3.8 Interaction Energies 

To gain deeper insight into the nature of the interaction between the organic ligands and uranyl, 

interaction energies were calculated.  The fragments consist of uranyl with a primary solvation 

shell, UO2(OH2)x(OH)y
+2–y and the ligand, L-.  For example, in reaction (2) the two fragments are 

partitioned as shown by the red line in Fig. 3.24. 
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Fig. 3.24 Partitioning of solvated uranyl-A_4C product of reaction (2) for left) U4 and right) U6 
geometry 

The UO2(OH2)x(OH)y
+2–y/L- interaction energies for the U4 and U6 geometries were 

calculated for UO2L(OH2)3
+, UO2L(OH)(OH2)2 and UO2L(OH)2(OH2)

-.  The results for the U4 

geometries when L = Glu, A_6C, A_4C and A_3C are presented in Fig. 3.25.  Similar trends are 

observed for interaction energies of U6 geometries, although these are 70-90 kJ/mol more 

negative than U4.  In reactions (2)-(3) the interaction energies between uranyl and Glu is about 

50-60 kJ/mol less negative than uranyl and the other ligands.  The interaction energy between 

uranyl and the A_6C-A_3C ligands have minor variations.  By contrast, the interaction energies 

of uranyl-A_4C and uranyl-A_3C in reaction (1) are less negative than that of uranyl-Glu. 
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Fig. 3.25 Gas-phase interaction energies (kJ/mol)  for the uranyl-L product of reaction (1)-(3), 
UO2(OH2)x(OH)y

+2–y/L- in the U4 geometry.  All energies are relative to uranyl-Glu.  L =  Glu and 
Group A ligands 

The contributions of each term arising from the Ziegler-Rauk energy decomposition 

scheme for the uranyl species at neutral pH, reaction (2), are found in Fig. 3.26.  The two 

fragments brought together are charged ions (UO2(OH2)2(OH)+ and L-) therefore the largest 

contributor to the total interaction energy is the electrostatic interaction.  Furthermore, the 

interaction between uranyl, a hard cation, and the oxygen atoms on the organic ligand is 

expected to be of an ionic/electrostatic nature.  Comparing uranyl-Glu to the rest, the total 

orbital interaction and Pauli repulsion energies are close for all the species.  There are larger 

differences between uranyl-Glu and the other complexes; for example, the steric energy for 

uranyl-Glu and uranyl-A_6C is -353 and -433 kJ/mol respectively.  This difference is mainly 

due to the greater stabilising electrostatic interaction energy in the shorter ligands than Glu.  
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Fig. 3.26 Contributions to total interaction energy (kJ/mol) for the product of reaction (2), 
UO2(OH2)2(OH)+ and Glu-/Group A ligands in the U4 geometries   

At high pH, the differences between uranyl-Glu and uranyl-A_4C/A_3C should be 

greater because of the experimentally observed instability of the dehydroxylated ligands upon 

binding to the uranyl.  Fig. 3.27 shows the interaction energy and its components for reaction 

(3).  In this case, the electrostatic energy is still the largest contributing factor, but the Pauli 

repulsion is almost as significant.  This is because for reaction (2) the fragments have +1 and –l 

charges, whereas at for reaction (3) the fragments are UO2(OH2)(OH)2 and L-.  When comparing 

uranyl-Glu to other ligands in Fig. 3.27, it is clear the absolute energy of each term is smaller 

for Glu than for A_6C, A_4C and A_3C, which are very close in energy.  It is also apparent that 

the absolute energies for each contributor to the overall interaction gradually increase as the 

ligand is shortened.   

 

Fig. 3.27 Contributions to the total interaction energy (kJ/mol) for the product of reaction (3), 
UO2(OH)2(OH2) and Glu-/Group A ligands in the U4 geometries 
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3.3.8.1 Hirshfeld charges  

The partial atomic Hirshfeld charge of U and Oax for uranyl-Glu and analogous Group A 

complexes are shown in Fig. 3.28 and Fig. 3.29.  The charges for Oeq can be found in the 

Appendix A (Fig. B.4).  In Fig. 3.28, the U charge is most positive for the low pH reaction (1) 

and becomes less positive as the pH is increases.  This phenomenon was observed and explained 

in Chapter 2 (section 2.5.1.3).  The most significant deviations in the U charge from Glu are 

seen for reaction (3).  This links back to the previously observed deviations of the bond 

distances, frequencies and interaction energies, albeit small, being the largest at reaction (3). 

 

Fig. 3.28 U Hirshfeld charge for the uranyl-L products of reactions (1)-(3) in U4 geometries.  L = 
Glu and Group A ligands 

 

Fig. 3.29 Oax average Hirshfeld charge for the uranyl-L products of reactions (1)-(3) in U4 
geometries.  L = Glu and Group A ligands 
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Overall, as the ligand is shortened the U charge becomes less positive and the O charges 

become more negative, suggesting an increase in electron donation from the ligands to the 

uranyl unit.  Again, this is seen mostly for reaction (3), and might relate to the orbital interaction 

contribution of the dehydroxylated ligands being larger in UO2L(OH)2(OH2)
- than at 

UO2L(OH)(OH2)2 from reaction (2) (the orbital term of the interaction energy contains all the 

charge transfer interactions).  For UO2L(OH)(OH2)2, the stabilising interactions were on average 

27% orbital and 73% electrostatic, whereas for UO2L(OH)2(OH2)
- the orbital interaction 

contributes more (34%) towards the favourable interactions.   

3.3.8.2 Energy Cycle 

Changes in the Hirshfeld charges may serve as a guide as to why the interaction energies vary 

so much between uranyl-Glu and uranyl-A_6C and uranyl-A_3C, even though the differences in 

reaction and interaction energies are not very large.  For example, the differences for calculated 

solvent ∆Gr and ∆Hr between uranyl-Glu and uranyl-A_4C U4 geometries for reaction (3) are 6 

and 20 kJ/mol respectively.  To understand these values further, the reaction was broken down 

into the steps required to construct an “energy cycle”.  The energies contributing to each step of 

the reaction are compared for reactions (2)-(3).  The energy cycle and its respective reactions 

are shown in Fig. 3.30, where reaction (2) is used as an example. 

 

Fig. 3.30 Scheme for energy cycle for reaction (2)  

 

Reaction (2): UO2(OH)2(OH2)2 + HL → UO2L(OH)(OH2)2 + H2O 

Step 1 (∆E1): UO2(OH)2(OH2)2 + LH → UO2(OH)(OH2)2
+ + L- + H2O 

Step 2 (∆E2): UO2(OH)(OH2)2+ + L- + H2O → UO2(OH)(OH2)2
+ + L-* + H2O 

Step 3 (∆E3): UO2(OH)(OH2)2
+ + L-* + H2O → UO2(OH)(OH2)2

+* + L-* + H2O 

Step 4 (∆E4): Interaction Energy of (OH)(OH2)2UO2
+ / L- 
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∆E1 is the energy required to ionise the reactants into the respective anionic and cationic 

species.  ∆E2 and ∆E3 are the energy required to impose the structural reconfiguration of the ions 

into the geometries needed to form the joint complex.  (OH)(OH2)2UO2
+* + L-* represent the 

fragments of the (OH)(OH2)2UO2L product.  ∆E4 accounts for the overall stabilising interaction 

energy upon joining both fragments.  ∆E4 is obtained from calculating the difference between 

∆E1 + ∆E2 + ∆E3 and ∆H.  The energy values for each step of the cycle, when L = Glu, A_6C 

and A_4C, for reactions (2)-(3) are shown in Fig. 3.31 and Fig. 3.32 respectively.   

 

Fig. 3.31 Solvent energy (kJ/mol) for steps 1-4 for the formation of uranyl-L in reaction (2) in U4 
geometry.  L = Glu, A_6C, A_4C  

 

Fig. 3.32 Solvent energy (kJ/mol) for steps 1-4 for the formation of uranyl-L in reaction (3) in U4 
geometry.  L = Glu, A_6C, A_4C 

The de-hydroxylated ligands, A_6C and A_4C in reactions (2) and (3) have larger ∆E1 

than Glu, hence require more energy to be deprotonated.  For reaction (3), ∆E2 represents the 

conformational changes of the ligands, which are very similar for all three.  ∆E2 has larger 

changes in the gas-phase (Appendix B Fig. B.5) than in solvent because COSMO stabilises the 

L- ion.  ∆E2 is very low relative to the other ∆E for the three ligands.  This was evident earlier 
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during the linear transit calculation of a dihedral angle in A_6C, where many torsional 

conformations were energetically accessible.  ∆E3 is similar for Glu, A_6C and A_4C in 

reaction (2).  However, for reaction (3) there is a 24 kJ/mol difference between the ∆E3 of 

uranyl-Glu and uranyl-A_4C.  This energy difference is of a similar magnitude for ∆E1 and ∆E4.  

 For both reactions (2) and (3) when L = A_6C and A_4C, the interaction energies, ∆E4, 

are more negative than when L = Glu.  This was seen earlier when the total interaction energy of 

the gas-phase fragments was calculated (Fig. 3.25).  Despite differences in interaction energies, 

the overall ∆Hr for the formation of uranyl-Glu, uranyl-A_6C and uranyl-A_4C, are very close 

due to the large positive ionisation energy in ∆E1.  ∆Hr of reaction (2) for uranyl-A_6C and 

uranyl-A_4C are 6 and 10 kJ/mol less negative than that of uranyl-Glu.  The differences at 

higher pH are slightly larger, whereby ∆Hr of reaction (2) for uranyl-A_6C and uranyl-A_4C 

are 13 and 21 kJ/mol more positive than uranyl-Glu.   

The differences in energy for species in Step 1 and Step 4 can potentially be related to 

the charge distribution across the ligands.  In Step 1, deprotonating the organic ligand requires a 

re-distribution of the newly acquired negative charge.  In principle it should be easier (therefore 

less energetic) to accommodate the charge on a ligand with more oxygen atoms.  In Step 4, the 

dehydroxylated ligand fragments have their negative charge localised at the carboxylic end, 

whilst the hydroxylated Glu can distribute it across the whole ligand.  Upon interaction of the 

ligand and uranyl fragments, the overall stabilisation might be greater for the de-hydroxylated 

ligands because the partial atomic charges will undergo greater changes (more charge re-

distribution). 

To validate this hypothesis, the changes in partial atomic charges, ∆q, of the ligands 

during Steps 1 and 4 were calculated.  Fig. 3.33 presents the ∆q for the O and C atoms in Glu, 

A_6C and A_4C before and after Step 1.  The ∆q of O1-O3 atoms is smaller for Glu than A_6C.  

This suggests the oxygen atoms are better at distributing the newly acquired negative charge in 

Glu as there are more oxygen atoms present.  The ∆q for the C atoms closest to the carboxy end 

of the ligand, C1-C3, is also higher for A_6C than Glu.  This indicates A_6C is not as efficient at 

distributing the charge as Glu.  

However, this argument does not hold for A_4C.  The ∆q in A_4C for O1 and O2 is 

below Glu and A_6C’s and above for O3.  This implies the difference with the A_4C ligand and 

Glu might not be due to the de-hydroxylation (as with A_6C), but rather to length of the chain.  

The A_4C chain is shorter, and the O1-O3 and C1-C4 atoms ∆q are closer to each other than in 

Glu or A_6C.  A_4C accommodates the same amount of negative charge as Glu or A_6C on 

fewer atoms.  It is possible that ∆E1 is larger when L = A_4C than Glu or A_6C because it is 

harder to spread this charge across the shorter ligand.   
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Fig. 3.33 Changes in Hirshfeld charge, ∆q, on C and O atoms during Step 1 for Glu, A_6C and 
A_4C.  COSMO.  See Fig. 3.24 for labelling.   

The ∆q was calculated for Step 4 for UO2L(HO)(H2O)2 and UO2L(HO)2(H2O)- from 

reactions (2) and (3) respectively.  The result for the product of reaction (2) can be found in 

Appendix B (Fig. B.6 and Fig. B.7) whilst those of reaction (3) are in Fig. 3.34 and Fig. 3.35.  

The differences between the ∆q of the three ligands are more evident for the high pH species 

than the neutral.   

If the negative charge is more localised on the carboxy end of the dehydroxylated 

ligands than of the Glu, one would expect more charge rearrangement (larger ∆q) upon binding 

to uranyl.  Fig. 3.34 shows the O1 and O2 atoms have greater ∆q than O3 because they are the 

two atoms on the ligand that come into contact with the uranyl fragment.      

 Upon interaction of the two fragments, the Glu undergoes less charge rearrangement 

than A_6C.  This indicates the charge on the Glu is more evenly distributed, as it possesses 

smaller ∆q in Fig. 3.34 and Fig. 3.35.  This supports the less negative interaction energy for 

uranyl-Glu than uranyl-6_AC. 

Similarly to the Step 1 analysis, the ∆q on A_4C atoms is not entirely consistent with 

this argument because the O charges are both above (O1) and below (O2) Glu and A_6C.  

However, contrary to Step 1, in Step 4 A_4C exhibits a wider range of ∆q values for O1 and O2, 

implying the charge is strongly concentrated on one end of the ligand. This strong localisation 

can lead to a more negative stabilisation energy upon interaction, as in Fig. 3.32.  Fig. 3.35 

shows the C1 undergoes the greatest ∆q for it is closest to the binding end of the ligand.  The ∆q 

for C1 is larger for A_6C and A_4C compared to Glu, supporting a greater change in charge re-

arrangement in the de-hydroxylated ligands than the hydroxylated Glu.   
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Fig. 3.34 Changes in Hirshfeld charge, ∆q, on O atoms during Step 4 for Glu, A_6C and A_4C.  
COSMO at high pH reaction (3).  See Fig. 3.24 for labelling 

 

Fig. 3.35 Changes in Hirshfeld charge, ∆q, on C atoms during Step 4 for Glu, A_6C and A_4C.  
COSMO at high pH reaction (3).  See Fig. 3.24 for labelling 

3.3.9 Uranyl-A_4C·4H2O 

The optimised geometry of the product of reaction (1) had three equatorial water ligands in the 

primary coordination shell, yielding a 5-coordinate species.  A_4C and A_3C, smaller than Glu, 

also converged with four waters on the equatorial plane in U4 geometry.  The optimised solvent 

geometry of UO2A_4C(OH2)4
+ is shown in Fig. 3.36.  When L = A_4C, UO2L(OH2)4

+ is 15 

kJ/mol more stable than UO2L(OH2)3
+ + H2O.  In the solvent geometry the calculated U-Oax and 

U-Oeq bond distances are the same for UO2A_4C(H2O)3
+ and UO2A_4C(H2O)4

+.  Slight 

differences in the partial atomic charges between the two species were seen in the uranyl unit 

only.  The addition of the fourth equatorial H2O ligand leads to a slightly increased electron 

density in the uranyl unit.  The U charge becomes less positive (0.838 to 0.799) and the axial 

oxygen becomes more negative (-0.299 to -0.306). 
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Fig. 3.36  Ball and stick representation of UO2L(OH2)4
+ where L = A_4C in the U4 geometry 

3.3.10 Uranyl:Ligand Ratio 

In Chapter 2 the uranyl-Glu uranyl:ligand ratio was varied to 1:2 and 1:3.  There is no 

experimental evidence for a 1:3 uranyl-Glu species, unlike uranyl-A_4C/A_3C.  Calculations on 

1:2 and 1:3 uranyl:ligand ratio for uranyl-A_4C and uranyl-A_3C were performed using the U4 

and U6 geometries.  The calculated uranyl-(A_4C)3 species in the U4 geometry is shown in Fig. 

3.37. 

 

Fig. 3.37 Ball and stick representation of solvent uranyl-(A_4C)3 U4 geometry 

Table 3.1 presents key bond distances and O=U=O �̅P.Á�	of uranyl-A_4C complexes as 

A_4C ligands are added to the equatorial plane.   

Table 3.1 Key calculated solvent bond distances (Å) and gas-phase º»¼½¾¿ (cm-1) for uranyl-A_4C 
complexes in the U4 geometry with various uranyl:ligand ratios.   

L = A_4C uranyl:ligand ratio 

Bond distance (Å) �̅P.Á� (cm-1) U-Oax U-Oeq U-C 

UO2L(H2O)3
+ 1:1 1.795 2.411 2.813 961 

UO2L(OH)(H2O)2 1:1 1.820 2.497 2.892 927 

UO2L2(H2O)2 1:2 1.804 2.430 2.827 941 

UO2L3
- 1:3 1.816 2.486 2.883 928 

 

As the A_4C ligands replace the equatorial primary shell waters in UO2L(H2O)3
+, the 

U-Oax and U-Oeq distances increases.  This effect is accompanied by a decreasing vibrational 

stretching frequency.  However, when one OH ligand is present in the primary solvation shell, 

the bond distances are longer than in UO2L3
-.  This demonstrates the OH ligand is a stronger 

donor than 1, or even 2, A_4C ligands, re-iterating the point made in Chapter 2.   

  



111 
 

3.3.11 NMR 

Telchadder measured the 13C chemical shifts of the A_4C and A_3C ligands, and of uranyl-

A_4C and uranyl-A_3C complexes in 1:1, 1:2 and 1:3 ratios.  The calculated 13C chemical 

shifts, δ, are compared to experiment in Fig. 3.39 to Fig. 3.41.   
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Fig. 3.38 Labelled carbon atoms for left) A_4C right) A_3C 

Fig. 3.39 presents calculated and experimental chemical shifts of the A_4C ion and 

uranyl-A_4C for each C atom labeled in Fig. 3.38.  The calculated and measured chemical shifts 

of the A_4C ion are very close; the MAD (mean absolute deviation) is only 4 ppm.  The 

agreement with experiment is slightly worse for uranyl-A_4C species, particularly for C1 and 

C3.  Overall, the MADs for the U4 and U6 geometries are both c. 8 ppm.   

The calculated shifts for the A_3C ion in Fig. 3.40 do not agree as well with experiment 

as A_4C.  The MAD of the A_3C ion is 8 ppm, double that of the A_4C ion.  The MADs for the 

uranyl-A_3C in the U4 and U6 geometries are 11 ppm apart.  Overall, the best agreement with 

experiment is for C2, the least shielded C.  

The calculated δ for the 1:2 and 1:3 species are compared to experiment in Fig. 3.41.  

The average chemical shift of each C in each ligand was used.  The agreement between 

experiment and theory improves as more ligands are added to the uranyl.  The MADs for the 1:2 

species are 5-7 ppm, whereas the MADs for the 1:3 species are 4-5 ppm.  The agreement is best 

for the 1:3 ratio in the U4 geometry, where a deviation of less than 5 ppm from experiment is 

obtained. 
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Fig. 3.39 Calculated and experimental127 13C NMR chemical shifts, δ (ppm), for A_4C and uranyl-
A_4C.  Data found in Appendix B Table B.1. 

 

 

Fig. 3.40 Calculated and experimental127 13C NMR chemical shifts, δ (ppm), for A_3C and uranyl-
A_3C.  Data found in Appendix B Table B.2. 

 

 

Fig. 3.41 Calculated and experimental127 13C NMR chemical shifts, δ (ppm), for uranyl-4C 1:2 and 
1:3 uranyl:ligand ratios. Data in found in Appendix B Table B. 3 

C1  C2  C3 C4 

C1  C2  C3 C4 

C1  C2  C3 

Calcd Uranyl-A_4C U6 

Calcd Uranyl-A_3C U6 

Calcd 1:3 U6 

Calcd Uranyl-A_4C U4 

Expt pH 4.1 Uranyl-A_4C 

Expt pH 4.1 A_4C 

Calcd A_4C ion 

Calcd Uranyl-A_3C U4 

Expt pH 4 Uranyl-A_3C 

Calcd A_3C ion 

Expt pH 4.09 A_3C 

Calcd 1:3 U4 

Expt pH 4.71 1:3 

Calcd 1:2 U6  

Calcd 1:2 U4 

Expt pH 4.04 1:2 
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3.4 Conclusion 

The Glu ligand was varied in three different ways, and the energies of reactions (1)-(3) were 

calculated for all the organic ligands.  Emphasis was placed on the changes in reaction energies 

as the uranyl-Glu is modified.  Numerous functionals were compared and significant differences 

in reaction energies trends were found, especially between LDA and GGA functionals.  Meta-

GGA and hybrid functionals did not exhibit significant differences between each other and the 

trends resembled those calculated with PBE.  Calculations using the MP2 method resulted in 

similar trends as PBE.  There was good correlation between the same functionals in different 

programs, validating the use of the PBE functional in ADF.  

Reactions (1)-(3) were investigated to address why uranyl-A_4C and uranyl-A_3C 

complexes are unstable in solution with pH > 7 whilst uranyl-Glu is not.  At the low pH mimic 

(reaction (1)) the calculated solvent ∆Gr are less positive for the smaller complexes than for 

uranyl-Glu.  As the pH increases, reaction (2), similar ∆Gr values were obtained for uranyl-Glu 

and uranyl-A_4C/A_3C.  At high pH, reaction (3), the formation of uranyl-A_4C/A-3C is less 

favourable than that of uranyl-Glu, although these ∆Gr are small.  Although the difference in 

energies is small, the calculated values are highly dependent on the functional employed.  At 

high pH, the calculated solvent ∆Gr for uranyl-A_4C was 6 kJ/mol more positive than uranyl-

Glu, roughly one log K unit. 

Two coordination geometries were investigated, U4 and U6, with the former being more 

stable in most cases.  Although one chelate binding mode is favoured, many structural isomers 

can exist in solution.   

The interaction energies between uranyl and the organic ligands were calculated and are 

strongly dominated by electrostatic interactions.  There is a higher contribution of orbital 

interactions in the high pH product than the neutral one, presumably due to the increased 

presence of OH- ligands in the equatorial plane.  The interaction energy for uranyl-Glu is 

smaller than that of uranyl-A_6C/A_4C.  Similarly to the uranyl-Glu systems in Chapter 2, the 

increase in pH of the uranyl-Group A species is accompanied by an increased charge donation 

to the uranyl unit, shown by the partial atomic Hirshfeld charges.   

Reactions (2) and (3) were broken down in 4 reactions, referred to as Steps 1-4.  The 

energy required for each step was compared for the formation of uranyl-Glu, uranyl-A_6C and 

uranyl-A_4C.  The changes in energy for Step 1 and 4 were first related to the changes in 

Hirshfeld charges during these steps, and subsequently to the ability of distributing the charge 

across the ligand.    

The 13C chemical shifts were calculated for the free A_4C and A_3C ligands and when 

coordinated to the uranyl in the U4 and U6 geometries.  The 1:2 and 1:3 uranyl:ligand ratio 

complexes and were calculated for uranyl-A_4C and A_3C.  The differences between U4 and U6 
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were not sufficient to identify which species was measured during experiments.  Overall, the 

agreement for predicted and experimental chemical shift is extremely good, with the largest 

deviation being 8 ppm.   
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4 Actinide and Lanthanide Main Group Complexes 

4.1 Background 
This chapter is dedicated to understanding the nature of metal-metal bonds, specifically between 

f-elements (Group 3/lanthanides/actinides) and main group metals, using concepts such as 

covalency and ionicity as a measure.  Aside from being scientifically interesting, the nature of 

the bonding in f-elements is studied for multiple applications.  Two examples are nuclear waste 

remediation135 and catalysis.136  A recent exciting application for uranium as a catalyst was 

reported by Cummins et al.137   

Terms such as polar, covalent and ionic are difficult to quantify.  The description of the 

interaction between two atoms will depend on the method used, whether the model is based on 

quantum mechanics and physically observable properties, such as QTAIM, or on concepts 

which have been derived from orbital analysis, such as MPA.  Using different methods does not 

always yield the same chemical interpretation.138,139 

4.1.1 Group 13  

The lighter elements of Group 13 (G13) can form stable ions in the form of diazabutadiene 

(DAB) ligands, shown in Fig. 4.1.  DAB-G13 compounds were predicted computationally with 

G13 = B, Al, Ga and In,140 before their synthesis with G13 = B141 and low valent G13 = Al142 

and Ga141, 143 were reported.  These systems are of interest for the monovalent G13 atom has a 

lone pair of electrons which can potentially be available to a Lewis acid.  Yamashita et al. were 

the first to make this particular boryl anion.141  It exhibits nucleophilic behaviour unusual for 

boron compounds, as most boron compounds used for synthetic chemistry are 

electrophilic.144,141   

N

G13

N
RR

N

G13

N
RR

 

Fig. 4.1 Canonical Structures of DAB-G13 compounds 

The two canonical structures in Fig. 4.1 show possible electronic arrangements of such 

compounds.  Schoeller et al. used density functional methods to compare these heterocyclic 

rings with G13 = B, Al, Ga and In.140, 145  The structure on the right of Fig. 4.1 is dominant when 

G13 is more electropositive, i.e., Al, Ga and In, as the formal negative charge is located on the 

more electronegative nitrogens.  The structure on the left better suits when G13 = B, where a 

strong B-N polar covalent bond is present.  Although differences in charge distribution are 

found when G13 = B and G13 = Al, Ga or In, the geometries are very similar.140, 145 
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Yamashita et al.
146 investigated the electronic structure of the boryl anion and a 

boryllithium complex.  The shapes of the HOMOs, shown in Fig. 4.2, reflect the sp2 lone pair 

character on the boron.  Further QTAIM analysis suggested the B-Li bond has a strong 

ionic/polar character due to a small density and positive Laplacian at the b.c.p.146  

 

Fig. 4.2 HOMO of left) free boryl anion and right) Boryllithium with two THF molecules.  Figure 
reproduced from Yamashita et al.

146   

The recently discovered heterocyclic boryl anion has been used in the form of 

boryllithium to make novel metal-boron bonds, such as the first two Group 4 transition metal-

boryl, TM-B, bonds: Ti-B and Hf-B.147  DFT calculations on these TM-B complexes revealed 

the HOMO character of both complexes was similar to a π orbital of a diazaborole ring, whereas 

the HOMO-1 was similar to the HOMO of boryllithium (Fig. 4.2 right).  QTAIM analysis 

suggested the nature of the Ti-B and Hf-B bonds is covalent due to negative Laplacian values at 

the b.c.p.     

Other TM-B complexes such as Os-BX2,
148 Rh-BX2

149 and Fe-BX2
150 have been studied 

computationally, where some examples of X are OH-, H, F-, Cl-.  In these systems, the BX2 

boryl behaves like an electrophile and B has an empty π symmetry orbital.  In Os-BX2 

compounds, where BX2=BF2, B(OH)2, B(OHC=CHO) and BO2C6H4, the stability of the 

complexes was accounted for by π donation from the X ligand to the B, and Os→B π donations 

were found not to be important.  The authors suggest the Os-B bond is a strong covalent σ-bond 

that is polarised towards the TM, yet held together by strong coulombic interactions.148  

Aldridge et al.
150 and Cundari et al.,151 explored the extent of TM-boron π bonding in TM-BX2.  

Both research groups support the conclusion the TM-boron bond is dominated by σ-donation 

from the boryl to the metal with insignificant π back donation.    

4.1.2 Actinide-Group 13 Complexes 

Despite the fact most of literature on metal-boryl complexation revolves around transition 

metals, the work performed here is geared toward heavier metals such as actinides and 

lanthanides.  The main actinide studied here is uranium, and to lesser extent thorium, actinium 

and lawrencium.  The latter two actinides will be described at the end of this Background 

section.    

The 5f valence orbitals play an important role in chemical bonding of the early 

actinides.  As mentioned in Chapter 1 (section 1.4), the 5f valence orbitals are destabilised and 
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expanded as a results of relativistic effects, allowing the possibility of f-ligand interactions.  

Chapters 2 and 3 focused on U(VI), which has an empty valence shell, and its interaction with 

organic ligands.  There is however, a significant amount research on the interaction of uranium 

when not in +6 oxidation state with organic ligands.  Studies which describe uranium(III) 

bonding to CO,152 CO2,
153 or alkenes154 have shown there is a clear interaction between the f-

orbitals and the ligand where they engage in covalent bonding.  

The actinides, An, here are in the +4 oxidation state.  The An4+ ions can be treated as 

hard Lewis acids, therefore their interaction with ligands is considered acid-base like.  Similar to 

TM-B bonding, G13 is the base and is expected to donate electron density to a vacant actinide 

orbital.   

There are examples of synthesised uranium-metal bonds (U-Re155 and U-Sn156) but there 

is limited literature on uranium-G13 compounds.  Arnold et al.
157 synthesised (CpSiMe3)3U-

AlCp* (Cp* = C5Me5) which was the first unsupported An-G13 bond.  Electronic structure 

calculations showed the U-Al bond to be σ type bonding, with no evidence of π bonding 

character.  The results suggest the U-Al bond exhibits some covalent nature, mainly due to a 

slight charge transfer from the AlCp* ligand to the uranium.  This work was followed by the 

discovery of the first U-Ga bond by Liddle et al.;158 [(tren-SiMe3)U{Ga(NArCH)2}(thf)] where 

Ar = 2,6-iPr2C6H3.  The authors carried out spin density calculations and Mulliken population 

analysis which suggested there was some ligand to metal charge transfer and no π back-

donation from the metal to the ligand.  Calculations showed the principal molecular orbitals in 

the U-Ga bond were the expected σ-bonding seen in other systems (U-Al), along with a π type 

bonding MO.  Both MOs are shown in Fig. 4.3.   

 

Fig. 4.3 Kohn-Sham α-spin orbitals of left) π-bonding HOMO -2, right) σ-bonding HOMO-3 for 
[(tren-SiMe3)U{Ga(NArCH)2}(thf)].  Image reproduced from Liddle et al.

158   

Interaction energy calculations concluded the U-Ga bond is dominated by electrostatic 

interactions with a small degree of orbital interactions, suggesting the U-Ga bond is of a polar-

covalent nature.  Aside from the electronic structure, interestingly, the x-ray crystallography 

results yielded two molecules where the only difference laid in the U-Ga bond distance.  The 

two molecules had U-Ga bond lengths of 3.212 Å and 3.298 Å.  This was justified by proposing 

the U-Ga bond is “elastic” and easily perturbed by crystal packing forces. 
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Similar type bonding orbitals to that of the U-Ga bond were found via DFT calculations 

of a U-Re bond in a [{N(CH2CH2NSiMe3)3}URe(η5-C5H5)2] complex made by Liddle et al.
155  

This actinide-metal (U-Re) bond also features both σ and π character and suggests the bond is 

mainly covalent, although the extent of covalency should not be overstated.  This conclusion is 

not entirely supported Gagliardi et al.
159 They claim there are no “true” σ or π bonds present, 

and instead suggest the U-Re interaction is dominated by a σ-type donation from the Re to U, 

with a very weak π-type interaction, ultimately concluding the bonding is mostly ionic.   

Thorium is also studied here in its +4 oxidation state. The first actinide-boron multiple 

bond was synthesised by forming F2Th=BF.160 Calculations on the Th-B interaction show the 

HOMO corresponds to a π molecular orbital, analogous to F2M=BF complexes where M is a 

Group 4 metal, such as Ti, Zr and Hf. 

A study conducted by Marsden et al.
161 compared the covalent character in the bonding 

of various actinides and Group 16 “hard” O and “soft” S atoms in AnO and AnS systems where 

An = Ac, Th, Pa, U, Np, Pu, Am and Cm.  The results show the ionicity of the An-S bond is 

only slightly lower than that of An-O.  This was an unexpected result due to the differences in 

electronegativity between the O and S atoms.  The authors also find the 5f valence electrons do 

not play a significant role towards bonding, concluding the nature of the bonding between An 

and the O and S is similar.  

4.1.3 Lanthanides 

Similarly to the actinides, the lanthanides, Ln, are heavy metals and have f orbitals in the 

valence shell which also experience destabilisation and expansion due to relativistic effects.  

However, these effects are not as great for the 4f valence orbitals in the lanthanides as the 5f in 

the actinides; the 4f orbitals undergo less destabilisation and expansion than the 5f.  Moreover, 

the 4f orbitals do not have radial nodes and therefore penetrate the core much more than the 5f, 

as seen in Fig. 4.4. 
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Fig. 4.4 “Orbital density probabilities. The core orbitals (limited down to 4f) [of W] are represented 
with dashed lines and the valence orbitals with continuous lines (the 5d and 5f orbitals are in bold). 

The importance of the penetration of the valence orbitals into the ionic core can be seen.” Image 
and caption reproduced from Yoca et al.

162 

Consequently, the 4f electrons in lanthanides are less able to participate in bonding 

compared to the 5f in the actinides.  The electrons of the fully filled 5s and 5p orbitals will 

shield the 4f electrons from ligand interactions, which means the lanthanides normally have a 

more ionic, than covalent, bonding character than the actinides.  Although it has been 

established the 4f electrons do not typically participate in bonding,163, 164 the degree of covalent 

interactions in lanthanide metal bonding is still debated as the 5d electrons can participate. 

Despite the contraction of the 4f orbital, the Ln are still large and have high charge 

densities due to their high oxidation states.  The preferred oxidation state for most lanthanides is 

+3 because the 3 electrons in the 6s and 5d shells are readily ionised.  The Ln3+ ionic radii 

decrease from La to Lu, as shown in Fig. 4.5.  The contraction in ionic radii arises from the poor 

ability of the 4f electrons to screen the other valence electrons from the nuclear charge, mainly 

due to their high angular nodality.  The effective nuclear charge of all the valence electrons in 

each Ln+3 ion increases as each additional 4f electron supposes poorer screening of the nucleus, 

leading to the ion contracting.101    

 

Fig. 4.5 +3 Ionic radius (pm) for lanthanides (http://www.chem.ox.ac.uk/icl/heyes/lanthact/L6.html) 
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Ln3+ ions generally have “hard” ion properties and act as Lewis acids.  They prefer to 

coordinate to hard Lewis bases (F-, H2O, etc.).  Ln3+ ions are also susceptible to nucleophilic 

attack from the boryllithium mentioned earlier.   

The differences in bonding between lanthanides and actinides to other metals are 

exemplified here by comparing complexes containing a Y-Re bond to, the already mentioned, 

U-Re species by Liddle et al.
155  Kempe et al.

28 and Gagliardi et al.
159, 165 both studied the Y-Re 

interaction using different methods.  Kempe et al. classified it as a donor-acceptor interaction 

and Gagliardi et al. claimed it was an ionic bond dominated by electrostatic interactions, 

whereas U-Re had evidence of covalency.155   

Gagliardi et al. performed comparisons on the nature of An- and Ln- metal bonds.159 

Specifically, they compared Th/U- and Lu/Y/Yb- Ru/Re/Ga/Si bonds in a variety of complexes.  

The electronic structures and energy decomposition analysis were explored via DFT and multi-

configurational wavefunction based methods.  A key conclusion, which is relevant to the 

methods used in this thesis, was that the electronic structure description obtained using 

wavefunction based methods was the same as that of DFT.  With respect to the An/Ln-metal 

bonding, it was demonstrated the bonds are mainly ionic and σ-type donation from the metal 

ligand to the An/Ln is present.  Finally, the f–electrons are localised on the An/Ln and do not 

take part in bonding with the Ru/Re/Ga/Si metals.  Thus, they do not find any obvious 

difference between the An and Ln metal bonding, despite the actinides being known for having 

more diffuse f-electrons that the lanthanides.  The authors suggest “the lanthanides and actinides 

in these systems can be thought of as hard d-elements”.     

On the other hand, Boucekkine et al. compared U(III) and Ce(III) in metal-borohydride 

(M-BH4) complexes166 and U(III) to Nd(III) in [metal-(dddt)3]
3- (dddt = 5,6-dihydro-1,4-dithiin-

2,3-dithiolate)complexes167 using population and MO analysis tools.  Using the first study as an 

example, for both U(III) and Ce(III) there is no evidence of metal→ligand back-donation, but 

the MOs that represent the two bonding interactions are very different.  In the case of the 

actinide, the bonding MOs between the U-BH4 have significant 5f and 6s actinide contributions, 

whereas the Ce-BH4 equivalent MOs have less weight on Ce and hardly display any 4f orbital 

participation with the borohydride ligand.  The second example studied the interaction between 

the U/Nd and donor ligands, where “striking differences between electronic structures” are 

found.  

4.1.3.1 Lanthanide-Transition Metal Complexes 

The first unsupported Ln(III)-transition metal bond, a Lu-Ru system, was reported in the early 

1990s by Beletskaya et al.  The authors discuss X2Ln-TM(CO)2Cp species, where X = Cp and 

Cp*, and debate the possibility of obtaining direct metal-metal (Ln-TM) or bridging Ln-CO-TM 

type bonding complexes.  They relate the formation of the compound to Pearson’s HSAB 
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principle: “The formation of a direct lanthanide-metal bond is more likely for hard anions, in 

which the charge is localized at the metal atom.”   

Sc and Y can fall into the category of f-elements and for practical purposes are referred 

to as Ln here.  Kempe et al. have more recently reported Ln-Re bonds in [Cp2Ln-ReCp2]
165 

systems, where Ln = Y and Yb, and [Ln(ReCp2)3],
168 where Ln = Sm, Lu and La.  These 

systems were investigated by means of DFT and topological analysis and Ln-TM bonds were 

considered polarised covalent bonds dominated by electrostatic interactions.  The strong 

indication of polarity in the bond is consistent with the majority of the electron population lying 

closer to the transition metal than to the lanthanide.     

Diaconescu et al.
169 synthesised a series of Sc-alkyl complexes supported by a ferrocene 

ligand.  They performed DFT calculations on model compounds where the calculated Sc-Fe 

distances were slighter larger than the sum of their covalent radii.  The authors reveal the 

Fe→Sc donor-acceptor interaction is stronger when the electrophillicity of Sc is decreased, 

which required solvent ligands coordinating to the Sc.  This interaction is predominantly ionic, 

with the greatest Sc contribution to the MOs involved in bonding being 13.9%. 

4.1.3.2 Lanthanide-Group 13 Complexes 

Aside from transition metal bonding, there have been some recent breakthroughs with respect to 

lanthanide-Group 13 systems.  The first Ln-G13 bond was reported by Roesky,170 who made a 

(Cp*)2Ln-Al(Cp*) donor-acceptor complex where Ln = Eu and Yb.  The Ln-Al bonding 

interaction is considered mostly ionic, with negligible covalent contributions or charge transfer.  

The measured Ln-Al bond lengths are longer than the sum of their covalent radii and DFT 

calculations confirmed the oxidation states of the Ln was +2.  The Ln-Al dative interaction is 

considered weak, explaining why these species were unstable in solution.   

Shortly after, a stable Ln-Ga complex was reported by Arnold et al.
171  They 

synthesised a Nd-Ga bond which, in contrast to Roesky’s Ln-Al, displayed evidence of Ga→Nd 

charge transfer and covalent character, claiming to be the first polar-covalent lanthanide-Group 

13 bond.  More recently, a lanthanum-gallium based complex was made by Fedushkin,172 again 

a highly polarised covalent bond. 80% of the contribution towards the metal-metal bond 

belonged to the Ga and the remaining 20% to La.  

The synthesis of (CpSiMe3)3Ce-G13Cp* adducts, where G13 = Al and Ga, was reported 

by Krinsky et al.,173 along with results of DFT calculations on Cp3Ln-G13Cp model 

compounds, where Ln = La-Lu and G13 = Al and Ga.  Electronic structure analysis indicated 

the Ln-G13 interaction is primarily a charge-transfer type with very weak covalent 

contributions.  Such covalent interactions do not imply they are a key component of a strong 

bond between Ln and G13, on the basis that “significant electron sharing need not result in a 

strong interaction if those electrons are not tightly bound to either partner.”  
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The first lanthanide-boryl based compounds were discovered recently by Mountford 

and Aldridge et al.
174 who used the boryllithium complex introduced by Yamashita et al. shown 

earlier in Fig. 4.2.  The complexes were Ln{B(NArCH)2}(CH2SiMe3)2)(THF)n, where Ln = Sc, 

Y, Lu, Ar = 2,6-C6H3
iPr2 and n = 1 or 2.  The electronic structure was studied and results are 

presented herein.  A second f-element boryl complex was made by Hou et al.,175 who designed 

Sc-B and Gd-B compounds using a similar synthesis route to Mountford and Aldridge.   

4.1.4 Actinium and Lawrencium   

Actinium, Ac, and lawrencium, Lr, represent the beginning and end of the actinide series and 

respectively lie below La and Lu. 

Despite the debate on the position of actinium in the periodic table,176, 177 here it is 

considered an actinide.  Actinium chemistry and its reactivity are generally studied as a 

comparison to that of its lighter homologue lanthanum,178-180 as chemical properties such as 

hydrolysis are similar.  Marsden et al.
161 conducted a study using density functional methods on 

actinide sulfides and actinide oxides, comparing AcS and AcO to ThS and ThO.  Energetic 

properties such as the dissociation energy, ionisation energy for AcO and AcS were estimated as 

comparisons to experiment are not possible.  The authors’ results exhibit significant differences 

in computed properties between the Ac and Th complexes.  For example, the dissociation 

energy for AcS is about 100 kJ/mol smaller than for ThS.  They also mention this is not the case 

in the lanthanide series, where La and Ce exhibit similar properties.  Ac favours a trivalent state 

where the 5f orbital shell remains unoccupied and Ac3+ ions are stable in aqueous solution.   

Lawrencium, the last of the actinide series, was only discovered in 1961, and its longest 

lived isotope, 262Lr, has a half-life of 3.6 hours, justifying why Lr literature is extremely limited.  

Various studies have estimated physical properties such as sublimation enthalpies,181 heats of 

vaporisation182 and atomic volumes182 which are similar to those of Lu.  The electronic 

configuration for ground state Lr ([Rn] 5f14 6d1 7s2) is similar to that of Lu ([Xe] 4f14 5d1 6s2).  

The trivalent nature of the Lr ion in solution chemistry was confirmed in the late 1980s.183 

The bonding character between these two extremes of the series is expected to be 

different: the 5f orbitals of the early actinides generally have greater overlap than the later ones, 

and therefore the Th/U- boron interactions should have more covalent contributions than Lr.  

Towards the end of the actinides series, elements such as Lr resemble those of the 

lanthanides.101  The 5f orbitals of later actinides are more contracted and thus will participate 

less in bonding.  One can predict Lr bonding will be more ionic like the lanthanides and less 

covalent than earlier actinides.   

4.1.5 Pearson’s Rules 

Ralph G. Pearson’s theory regarding the different affinities of Lewis bases to Lewis acids,184 is 

used here to classify elements in Group 3 and Group 13 in terms of hard and soft acids and 
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bases.  According to Pearson, “hard” refers to non-polarisable atoms with small ionic radii, with 

high charge in the case of acids and high electronegativity in the case of bases.  The “soft” 

Lewis acid/base has larger radii and is strongly polarisable.  Loosely speaking, soft acids react 

with soft bases mostly via covalent interactions and hard acids react with hard bases through 

ionic ones. 

Applying this theory, the Ln3+ ions are hard acids, whereas the hard/soft nature of 

Group 13 elements changes.  Boron is a hard base and the degree of softness and polarisability 

progressively increases in the group with increasing atomic mass. 

4.2 Introduction 
This chapter studies the interaction between metals and main group elements in Group 13 (G13) 

of the periodic table.  The results are divided into three sections.  The first part studies the nature 

of the interaction between actinides and B, Al and Ga.  The second part looks at the bonding 

between lanthanides with all the elements in Group 13.  The final section is a short extension 

comparing Ac and Lr interactions with boron.  The analysis is carried out using the population 

analysis tools outlined in Chapter 1 (section 1.6) 

In the first part of the results, the nature of the U-B bond is explored and compared to 

U-Al and U-Ga bonds using a combination of electronic structure methods.  Tren based 

compounds (Tren-SiH3 = [N(CH2CH2NSiH3)3]) were used to investigate the nature and 

electronic structure of the An-G13 bond.  Fig. 4.6 shows the species calculated.  The complexes 

are composed of a boryl, allyl or gallyl anion and an actinide Tren-SiH3 based cation.  The main 

actinide used is U(IV) although comparisons with closed shell thorium(IV) are included. 

G13

An

NN
R R

NN
N

N

SiH3H3Si SiH3

 

Fig. 4.6 Schematic of [(Tren-SiH3)An-G13(R)2], An_G13_R.  G13 = B, Al and Ga, An = U, Th 

The substituent R groups on the boryl/allyl/gallyl anions can be varied.  This is 

interesting because by altering the R groups certain properties can be tailored.  For example, 

changing the size or the aromaticity of the R groups can influence the electron donating or 

accepting properties of the anion, and thus alter the degree they behave as π acceptors or π 

donors.     
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The trends in covalency between B, Al and Ga actinide bonds, differences between the 

U and Th Group 13 bonds and how the R group affects π donating abilities are investigated.  

One would expect the U-B interaction to be more ionic than U-Al and U-Ga due to the hard 

nature of the An4+ ion and the decreasing hardness from B to Ga.  The chosen R groups are 

Dipp (2,6-iPr2-C6H3), methyl (CH3) and hydrogen, therefore R = Dipp, Me or H.  The R group is 

also varied to assess the extent its “bulkiness” affects the structure and bonding.  If there is no 

significant effect on the An-G13 bonding, model compounds with smaller R groups instead of 

the commonly used Dipp can be used in theoretical studies.  The [(tren-SiH3)An-G13(R)2] 

species is labelled as An_G13_R. 

Following on from the actinide-Group 13 study the lanthanide-Group13 results are 

presented.  The pursuit of a lanthanide-boron bond has interested many experimental research 

groups, in particular that of Professors Mountford and Aldridge at the University of Oxford.  

The first Ln-B bond, in Ln{B(NArCH)2}(CH2SiMe3)2)(THF)n, where Ln = Sc, Y, Lu, Ar = 2,6-

C6H3
iPr2 and n = 1 or 2 shown in Fig. 4.7, was synthesised and investigated computationally in a 

joint collaboration with our group at UCL.174  The Ln atoms are attached to 2 SiH3 groups and 2 

THF solvent ligands (the Sc complexes only have 1 THF).  The notation used to represent 

Ln{G13(NArCH)2}(CH2SiMe3)2)(THF)n is Ln_G13_R.   

The trivalent Ln behaves as a hard acid and forms stable complexes with the strongly 

nucleophilic boryl anion developed by Yamashita et al.  These lanthanides were chosen as they 

exhibit different ionic radii; the source of the difference in reactivity between early and late 

lanthanides.185 This study presents the already reported Sc, Y and Lu boryl complexes, with 

added comparisons of theoretical analogues where Ln = La and G13 = Al, Ga, In and Tl.  Such 

novel systems are expected to have different behaviour to transition metal-boron complexes as 

the d0 electronic configuration implies π back-bonding stabilisation is absent.   
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Fig. 4.7 Labelled schematic representation of Ln_G13_R where G13 = B, Al, Ga, In, Tl. Ln = Sc, Y, 
La, Lu. R = Ipr, H. 

The main aim was to investigate the trends down Group 13 and Group 3/Ln elements in 

terms of covalency and polarisation using the complexes shown in Fig. 4.7.  The G13 fragments 

are the same as the previous section; the compounds synthesised by Aldridge et al. (Ln = Sc, Y, 
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Lu and G13 = B) used Dipp as a substituent on the boryl.  However, the R group variations 

investigated computationally are different to those of the earlier actinide section.  Following 

Fig. 4.7, two variations of Ln_G13_R are R = Ipr and R = H.   

Referring back to Pearson’s principle, the acid-base relationship can be extrapolated to 

Ln and G13: the B-Tl atoms go from hard to soft character.  One can predict the hard Ln acid 

bonded to the small electronegative boron will have a lower covalent contribution and higher 

polarity than when bonding to In or Tl which act as soft bases. 

The final section of the results compares the X_G13_R systems based on Fig. 4.7 (X 

instead of Ln), when X = Ac and Lr and G13 = B, Al, Ga, In, Tl.  

4.3 Computational Details 
The geometries were optimised in ADF2009 using the PBE functional and the following scalar 

relativisitc ZORA basis sets: TZ2P/5d for Ac, Th, U and Lr, TZ2P/2p for Sc, TZ2P/3d for Y, 

TZ2P/4d for La and Lu, DZP/2p for Si and Al, DZP/3p for Ga, DZP/1s for C, N, B and DZP for 

H.  The NMR calculations were performed using spin orbit coupling and all electron ZORA 

basis sets on all atoms.   

The Gaussian calculations for QTAIM analysis of An_G13_R and X_G13_R employed 

ANO DZP basis sets for U and Th, SARC-ZORA basis sets for Ac and Lr and the 6-311G* 

basis sets for the remaining atoms.  The Ln_G13_R QTAIM details are described in the relevant 

sections. 

4.4 Results  

4.4.1 Actinide–Group 13 Complexes 

Geometry optimisations and SCF convergences were initially performed using the smearing 

option for the open shell U(IV) compounds.  Th(IV) did not require smearing as it is a closed 

shell atom.  In essence, the smearing parameter increases the “spread” over which electrons are 

found near the Fermi level.  This smearing step was very important in reducing the total energy 

of the system and obtaining a converged SCF energy.  For instance, an initial geometry 

calculation would “smear” the 2 unpaired f electrons over multiple higher energy orbitals.  The 

smearing parameter was continuously refined until an optimised geometry was obtained with 2 

U f electrons in 2 orbitals, ensuring an Aufbau configuration. 
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4.4.1.1 Geometrical Parameters 

 

Fig. 4.8 Geometry optimised molecular structure of U_B_Dipp 

Fig. 4.8 shows the converged geometry of U_B_Dipp.  As mentioned before, the R groups on 

the anions were varied from Dipp, to Me, and to effectively no R group, a H.  Table 4.1 shows 

selected bond distances and angles for the U(IV) and Th(IV) compounds with different R 

groups. 

The calculated An-G13 bond distances are without precedent, but are within the sum of 

their covalent radii:186 2.90(9), 2.80(10), 3.17(11) and 3.18(10) Å for Th-B, U-B, U-Al and U-

Ga respectively.  The measured U(III)-Al bond distance of Arnold’s (CpSiMe3)3U-AlCp* 

complex is 3.177(3) Å.157  This value is close, but slightly longer than the calculated U(IV)-Al 

distances in Table 4.1, presumably due to the smaller ionic radius of 0.89 Å of U4+ as opposed 

to 1.025 Å of U3+.19  Experiments by Liddle et al. measured two different U-Ga bond distances 

of 3.212(8) Å and 3.298(9) Å in the Tren based U-Ga complex,158 indicating the possible 

“elastic” nature to the bond.  Their calculated U-Ga bond distance was 3.086 Å, which is very 

close to the U-Ga distances in Table 4.1. 

 

  

Namido 

Namine 

N 
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Table 4.1 Key geometrical parameters for An_G13_R complexes.  An-Namido bond distances (Å) are averages 

An_G13_R Bond distance (Å) Bond angles (°) 

An G13 R An-G13 G13-N An-Namido An-Namine An-G13-N G13-An-Namine 

Th B Dipp 2.814 1.471, 1.479 2.331 2.714 127, 131 170 

U B Dipp 2.701 1.477, 1.472 2.273 2.647 128, 129 174 

U B Me 2.669 1.458, 1.459 2.252 2.656 127, 132 125 

U B H 2.659 1.460, 1.453 2.263 2.666 124, 136 171 

U Al Dipp 3.154 1.887, 1.889 2.243 2.636 136, 138 175 

U Al H 3.166 1.882, 1.881 2.252 2.656 133, 141 170 

U Ga Dipp 3.042 1.985, 1.952 2.241 2.645 122, 152 171 

U Ga H 3.016 1.949, 1.955 2.242 2.612 139, 131 103 
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The bond distances in the Th_B_Dipp complex are slightly longer than those of 

U_B_Dipp.  This is in line with the ionic radius of Th4+ being larger than that of U4+, 0.94 and 

0.89 Å respectively,19 an effect arising from the actinide contraction.  There are larger 

differences in the bond distances when the G13 atom is varied.  As the G13 atom is substituted 

from B to Al and Ga, the U-G13 bond distance increases, but not in the expected B < Al < Ga 

fashion.  The U-B is the shortest bond, followed by U-Ga with U-Al being the longest.  This 

effect can be referred to as the alternation effect and is a consequence of the filling of the 3d 

orbitals in Ga.  This is also observed and discussed further in the lanthanide-Group 13 

complexes in section 4.4.2.   

The two An-G13-N angles describe the extent of bending of the G13 group with respect 

to the actinide.  Looking at the An-G13-N column in Table 4.1, one angle is slightly smaller 

than the other, indicating these structures are not symmetrical along the An-G13 axis.  The G13-

An-Namine angle indicates the linearity between the G13 and Tren-SiH3 groups.  These angles are 

close to 180° for all An_G13_Dipp complexes and remain similar as the G13 atom is varied.  

The U-G13 and G13-N bond distances do not vary significantly when Me and H replace 

the Dipp groups.  The bond angles however differ with R groups in some cases.  The U_B_Dipp 

and U_Ga_Dipp complexes have significantly more linear G13-U-Namine angles than their 

smaller R group counterparts.  Two complexes that should be highlighted are U_B_Me and 

U_Ga_H, where the G13-U-Namine angles deviate away from linearity.  The U_Ga_R optimised 

geometries, where R = Dipp and R = H, are compared in Fig. 4.9: 

 

Fig. 4.9 Side view of U_Ga_R with labelled G13-U-Namine angles left) R = Dipp, right) R = H.  

The energy with respect to variations of the G13-U-Namine angle was surveyed for 

U_Ga_H via a linear transit calculation and the results are shown in Fig. 4.10.  Two integration 

grid sizes (4.5 and 6) were tested.  All the geometries converged at the specified angles during 

the linear transit, except when the Ga-U-N angle was 158° and the lower integration grid was 

used.  Even though straightening this angle during the linear transit calculation results in a more 

stable geometry (by 4 or 7 kJ/mol depending on the integration grid), for unknown reasons, the 

bent 103° structure  (Fig. 4.9 right) is the converged geometry obtained when the system was 

allowed to relax.  

171° 

103° 
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Fig. 4.10 Relative linear transit bonding energies (kJ/mol) with respect to Ga-U-Namine angle for 
U_Ga_H.  Int = integration grid   

4.4.1.2 Charge Analysis 

The Mulliken, M, and Hirshfeld, H, charges, along with the respective spin densities, SD, of the 

An and G13 atoms are presented in Table 4.2.   

Table 4.2 Calculated Hirshfeld (H) and Mulliken (M) charges and spin densities (SD) of An and 
G13 atoms of the An_G13_R complexes in ADF and Gaussian (G09).   

  Th_B_R  U_B_R  U_Al_R U_Ga_R 

Property and Programme R An G13 An G13 An G13 An G13 

H charges ADF Dipp 0.63 -0.06 0.60 -0.04 0.54 0.25 0.55 0.21 

M charges ADF Dipp 2.37 0.31 2.11 0.35 1.67 0.74 1.87 0.62 

M charges G09 Dipp 0.84 0.42 0.73 0.48 1.03 0.23 0.92 0.32 

H charges ADF Me - - 0.55 -0.06 - - - - 

H charges ADF H - - 0.57 -0.06 0.52 0.19 0.52 0.13 

H SD G09 Dipp - - 2.03 -0.02 2.07 0.00 2.14 0.01 

M SD G09 Dipp - - 2.19 -0.05 2.28 -0.05 2.35 -0.03 

M SD ADF Dipp - - 2.22 -0.06 2.25 -0.05 2.31 -0.01 

H SD G09 Me - - 1.87 -0.01 - - - - 

H SD G09 H - - 1.92 -0.01 2.15 0.00 2.17 0.00 

 

The Hirshfeld charges for Th_B_Dipp and U_B_Dipp are very similar.  However, when 

B is replaced with Al or Ga in the U_G13_R complexes, the charges on the G13 atom become 

more positive, whilst U becomes less positive. 

The trends in the Hirshfeld charges are also seen with Mulliken ADF and G09 charges, 

even though the absolute values differ.  The Mulliken ADF charges of the U atoms of U_Al_R 

and U_Ga_R have larger differences between them than the Hirshfeld ADF or Mulliken G09 
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ones.  Overall, as explained in Chapter 1, the partitioning method for the Hirshfeld charges is 

preferred over Mulliken.   

The data plotted in Fig. 4.11 shows the difference in the Hirshfeld charge between the 

An and the G13 atom for each respective bond: ∆q(An-G13).  The larger ∆q between the two 

atoms represents a more polarised, hence, ionic bond.  The An-G13 bond is less polarised when 

G13 is Al or Ga, indicating the U-Al and U-Ga bonds are less ionic than the An-B bonds.   

 

Fig. 4.11 Hirshfeld charge difference between An and G13 atoms, ∆q(An-G13) for An_G13_R 
complexes when R = Dipp and R = H 

Referring back to Table 4.2, the Hirshfeld charges for the An atom are similar when R 

is changed from Dipp to H, but the charges on the G13 atom vary, especially when G13 = Al or 

Ga.  This is reflected by the ∆q(An-G13) in Fig. 4.11.  The U-Al and U-Ga bonds become 

slightly more polarised when the larger Dipp groups are removed.   

The spin density (SD) for an isolated U(IV) ion with an f2 electronic configuration is 

expected to be 2 and close to 0 for the G13 atoms.  Table 4.2 shows the Mulliken SD from both 

ADF and G09 programmes are very similar.  The SD for U is closest to 2 and slightly closer to 

0 for G13 with the Hirshfeld SD rather than the Mulliken.  The U SD increases slightly as the 

G13 atom is changed from B to Al and Ga in U_G13_R.  The higher SD in U for the U-Al and 

U-Ga bonds is supportive of there being more ligand to metal charge donation when G13 is Ga 

and Al, implying a lesser degree of ionicity, than the U-B bond.   

Overall, from the charge distribution data, the U-Al and U-Ga bonds can be considered 

less ionic than the U-B.  This agrees with Pearson’s rules; the B is a harder anion than the Al or 

Ga and would form the more ionic interaction with the hard U cation.  MPA might not be 

accurate for these systems and may perform better for systems which are of similar polarity and 

and have less ionicity.   
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4.4.1.3 Molecular Orbital Analysis 

The Kohn-Sham orbitals of U_G13_R were analysed.  The HOMO and HOMO-1 of the 

U_G13_R complexes correspond to orbitals with 1 unpaired electron each and are dominated by 

f character.  The lower lying HOMO-2 and HOMO-3 primarily lie between the U and G13 

atoms, and are σ and π type.  The energy ordering of σ and π orbitals varies for each complex.  

Examples are shown in Fig. 4.12 and Fig. 4.13.   

 

Fig. 4.12 U_B_Dipp HOMO-2 σ type bonding orbital.  H atoms omitted for clarity. Iso-surface 
value = 0.035.     

 

Fig. 4.13 U_B_Dipp HOMO-3 π type bonding orbital.  H atoms omitted for clarity.  Iso-surface 
value = 0.035.   

The normalised Mulliken contributions of An and the G13 atoms in the π and σ bonding 

molecular orbitals are presented in Table 4.3.  The Th-B and U-B bonds are predominantly 

comprised of σ type orbitals, although the U-B shows some evidence of π bonding.  The U-Al 

and U-Ga bonds feature both types of bonding.  The σ MO becomes gradually more polarised 

towards the G13 going from U-B to U-Al to U-Ga bonds.  There is also significant increase in π 

donation from the G13 ligand to the uranium in the U-Al and U-Ga bonds compared to the U-B.  

There is agreement with Liddle et al. who found the U-Ga bond to have both σ and π 

donation158 and defined such U-G13 bonds as polar-covalent bonds.  There is less agreement 

with Arnold et al.’s Cp3U-AlCp species, where one σ MO represented the U-Al bonding 

interaction, and no π-bonding character was found.  U(IV) has 1 fewer f electrons than U(III) 
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from Arnold’s work, and is therefore more susceptible to π-bonding from the Al.  The f-based 

orbitals in U(IV) lie closer in energy to the G13 p orbitals than the U(III), making π-donation 

from the ligand more accessible.   

In all the U_G13_R compounds, removing the Dipp groups leads to both σ and π 

orbitals becoming slightly less polarised towards the G13.  The increased mixing of the U-G13 

bond can indicate a higher degree of covalency.  The Dipp groups are more electron 

withdrawing than the Me, which in turn are more than the H.  The absence of the large Dipp 

aromatic groups can make the boryl ligands more electron donating and lead to higher ligand to 

metal charge transfer.   

Table 4.3 Normalised Mulliken An/G13 (%) contributions to HOMO-2 and HOMO-3 of 
An_G13_R complexes 

Complex Th_B_R U_B_R U_Al_R U_Ga_R 

R MO type Th/B U/B U/Al U/Ga 

Dipp π 
0/100 

HOMO-3 

5/95 

HOMO-3 

34/66 

HOMO-2 

47/53 

HOMO-2 

 σ 
28/72 

HOMO-2 

36/64 

HOMO-2 

32/68 

HOMO-3 

23/77 

HOMO-3 

Me π - 
7/93 

HOMO-3 
- - 

 σ - 
44/56 

HOMO-2 
- - 

H π - 
9/91 

HOMO-3 

43/57 

HOMO-2 

56/44 

HOMO-2 

 σ - 
40/60 

HOMO-2 

33/67 

HOMO-3 

29/71 

HOMO-3 
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4.4.1.4 Density Surfaces 

The difference in the nature of the U-G13 bonds was also assessed by calculating the density 

and Laplacian surfaces.  The density iso-surfaces for U_B_Dipp and U_Ga_Dipp are compared 

in Fig. 4.14.  The density surface around the B and Ga atoms is different, reflecting the 

previously seen negative charge on B and positive charge on Ga, along with the different 

degrees of polarisation in ∆q(An-G13).  In the case of U_B_Dipp, the density near the boron 

lies closer towards the inter-nuclear U-B region, whereas the density in the U_Ga_Dipp is 

contracted away from the U-Ga region towards to the nuclei.     

           

Fig. 4.14 SCF density surface (iso-surface value = -0.035) for U_G13_Dipp left) G13 = B and right) 
G13 = Ga.  Pink = uranium, dark green = boron and light green = gallium. 

Fig. 4.15 shows the differences in the Laplacian in U_B_Dipp and U_Ga_Dipp.  The 

Laplacian of the electron density measures the curvature of the density in 3 dimensions.  The 

Laplacian can either be positive (blue) or negative (red), indicating regions of local depletion 

and concentration, respectively, in the molecule. The contour lines around the U are similar for 

both plots, but if one focuses on the U-G13 and the N-G13-N regions of both plots, the 

Laplacians are very different.  The red lines indicate areas of charge concentration and are 

predominant in the U-B bond adjacent to the small electronegative B atom, in line with the U-B 

being the more heavily polarised bond.  By contrast, the red lines are significantly reduced in 

the case of the Ga, where the positive blue lines represent local charge depletion in the U-Ga 

region.   
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Fig. 4.15 Coloured contour plane of the Laplacian on the U-B-N plane for An_G13_Dipp top) G13 = 
B and bottom) G13 = Ga.  H atoms have been removed for clarity.  Red lines indicate negative 

values and blue are positive 

4.4.1.5 QTAIM Analysis 

As explained in the Section 1.6.1.4 in Computational Methods, QTAIM tools can be used as a 

measure of covalency between two atoms.  To remind the reader, the main indicators of 

covalency when using QTAIM are: the density, ρ, the Laplacian of the density, ∇2
ρ, and the 

energy density, H.  For a bond to be considered to have covalent character it requires a large 

density, ρ > 0.2, a negative Laplacian, ∇2
ρ < 0, and a negative energy density, H < 0, at its b.c.p.  

Fig. 4.16 plots the values of these three parameters at the An-G13 b.c.p. of the An_G13_Dipp 

complexes.   

B 

Ga 

Concentration 

Depletion 
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Fig. 4.16 Density ρ (e Bohr-3), Laplacian Ä2
ρ (e Bohr-5) and energy density H (kJmol-1Bohr-3) at the 

An-G13 b.c.p. for An_G13_Dipp complexes.  Data found in Appedix C (Table C.1) 

The U-B bond can potentially be considered the bond with the highest degree of 

covalency of the four bonds shown in Fig. 4.16, contradicting the results shown by the charge 

and MO analysis.  The U-B bond has highest ρ and most negative H at the b.c.p.  However, 

even though the ∇2
ρ at U-B b.c.p is small, it is still positive, indicating there is a local depletion 

of charge density.  On the other hand, the U-Al b.c.p. has a negative Laplacian, implying it 

could be the most covalent interaction.  Either the density and Laplacian contradict the MO and 

charge analysis or the An-G13 interaction exhibits both ionic and covalent features.  For 

example, using solely the ρ and H to interpret degrees of covalency, the U-B bond is more 

covalent than U-Al and U-Ga.  Judging by the ∇2
ρ, the U-Al bond is considered the most 

covalent.  However, even though the U-Al and U-Ga bonds have very similar ρ and H at the 

b.c.p., their ∇2
ρ values are of opposite signs.  This is also the largest difference in ∇2

ρ in Fig. 

4.16, by only 0.028 e Bohr-5.  U-Al is the longest bond of the four and a very small deviation in 

the density can cause larger differences in the second derivative (seen by comparing U-Al and 

U-Ga).  This dependence on bond length will be analysed further in the following lanthanide-

G13 section. 

A similar conclusion of the trend between the U-B, U-Al and U-Ga bonds is obtained 

when R = H instead of R = Dipp.  These results are compared in the Appendix C (Table C.1).    

The QTAIM values for the U-G13 bonds at their respective b.c.p.s were compared to 

other b.c.p.s in An_G13_R that can be considered “real” covalent bonds, along with b.c.p.s in 

the free boryl anion.  This is important to place the An-G13 QTAIM values in perspective.  The 

results for the B-N, N-C and C=C b.c.p.s are shown in Fig. 4.17.   
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Fig. 4.17 Density ρ (e Bohr-3), Laplacian Ä2
ρ (e Bohr-5) and energy density H (kJmol-1Bohr-3) for 

G13-N and C=C BCP’s for the boryl anion and An_G13_Dipp.  Data in Appendix C (Table C.2) 

The QTAIM parameters of the B-N, N-C and C=C b.c.p.s of the free boryl anion follow 

the expected trends in ρ, ∇2
ρ, and H.  The C=C double bond is definitely the most covalent, as it 

has the highest ρ, most negative ∇2
ρ and negative H.  The properties at the N-C b.c.p are very 

similar to those of the C=C b.c.p.  This is also the case for the three U_G13_Dipp complexes.  

However, the G13-N b.c.p.s are different, and again there is a discrepancy between the ρ and 

∇2
ρ.  According to the ρ (and H), the B-N bond is more covalent than the Al-/Ga-N bonds.  

However, the Al-/Ga-N bonds have a more negative ∇2
ρ, indicating these should be more 

covalent, or more correctly, less ionic.  It must be noted all the ∇2
ρ are positive, indicating the 

overall degree of covalency is still low for all the G13-N b.c.p.s in the complexes.  

A possible explanation for the different interpretation of the ρ and ∇2
ρ in the 

U_G13_Dipp complexes might due to the very small density values at the U-G13 b.c.p.  For 

example, covalent bonds in diatomic molecules such as H2, N2 and NO have respective ρ values 

of 0.273, 0.722 and 0.593 e Bohr-3.187  Closed-shell ionic bonds such as NaCl and LiCl have 

values of 0.036 and 0.046.187  In U_B_Dipp, the B-N and U-B b.c.p. have densities of 0.172 and 

0.063 e Bohr-3 respectively, which are smaller than the clear covalent bonds but larger than the 

ionic bonds.  Furthermore, the atoms-in-molecules method of characterising covalency is widely 

used for organic and lighter metals.  Common indicators might not be entirely appropriate for 

heavy actinides or should be used as a “rough guide” to assess covalency. 
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Summary 

Overall, the Th and U complexes show very similar features and trends in bond lengths, 

charges, MOs and QTAIM data.  The differences in the An_G13_R complexes are more 

noticeable when the G13 atom is changed from B to Al and Ga.  The trends in the charges and 

∆q(U-G13) indicate the U-B bond is a more polarised bond than U-Al/U-Ga.  

The spin density is located primarily in 2 non-bonding f-orbitals when An = U and there 

is evidence of G13→An charge transfer in all the species.  Two Kohn-Sham orbitals, σ and π 

type orbitals, were identified with the An and G13 bonding interaction.  The majority of the 

orbital contribution is from the main group ligand.  As the G13 atom was changed from B to Al 

and then to Ga, the σ contribution of the G13 atom increased and the π contribution decreased.  

The surface density and the Laplacian plots illustrate the differences in the density between the 

U-B and U-Ga regions of U_G13_Dipp.   

The effect of varying the R groups on the heterocycles was evaluated by replacing the 

Dipp groups with Me and H.  Minimal differences are found in the geometries, except for the U-

Ga complex where it undergoes a significant structural change on going from R = Dipp to R = 

H.  However, this geometrical rearrangement does not invoke any major changes in the 

electronic structure of the U-Ga bond.     

Overall, the QTAIM data indicate the Th-B and the U-B bonds are very different to the 

U-Al and the U-Ga ones.  However, placing them in order of covalency using QTAIM tools 

appears to be contradictory depending on which properties are analysed.  The calculated values 

for the density, Laplacian and energy density are relatively small for the U-G13 bonds 

compared to the G13-N, N-C and C=C bonds, which might explain why there are some 

discrepancies in the results.  At this point, a tentative prediction is that the Laplacian is not a 

suitable indicator of covalency when the bond density at b.c.p is low.  Possibly other, less 

general, approaches of classifying interactions such as those by Espinosa188 or Bianchi46 might 

be more fruitful for metallic complexes.    
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4.4.2 Lanthanide–Group 13 Complexes 

As noted in the Introduction, this section analyses Ln{G13(NArCH)2}(CH2SiMe3)2)(THF)n, 

where Ln = Sc, Y, Lu, La, G13 = B, Al, Ga, In, Tl, Ar = 2,6-C6H3
iPr2 and n = 1 or 2 (Fig. 4.7 in 

section 4.2).  These complexes are named Ln_G13_R, where R = Ipr or H.      

4.4.2.1 Geometrical Parameters 

To identify trends in the Ln of the Ln_G13_R complexes, the results using B as the G13 atom 

are presented first.  These will be followed by the results showing the variation down Group 13.   

Table 4.4 presents the principal geometrical parameters of the lanthanide boryl, 

Ln_B_R, compounds, where there is a good overall agreement between the experimental and 

calculated bond lengths and angles.  In particular with the Ln-B bond distance, there is very 

good agreement for the Sc-B and Y-B bonds.  The calculated Lu-B bond distance is slightly 

overestimated (by 0.077 Å) when compared to experiment. 

The order of increasing Ln-B and Ln-C bonds lengths is: Sc < Lu < Y < La.  The Lu-B 

bond is shorter than the La-B, yet very close to the Y-B bond.  The lanthanide contraction 

mentioned in the Background offers an explanation as to why the Lu-B bond is shorter than La-

B even though the Lu has a larger atomic number.   

The measured Sc-B bond distance in Hou et al.’s Sc_B_Ipr compound is 2.433(12) 

Å,175 close to the calculated value in Table 4.4.  All the calculated Ln-B bond lengths in Table 

4.4 are well within the sum of their covalent radii.  

The differences in bond distance between the calculated complexes with R = Ipr and R 

= H are minimal, but more noticeable for bond angles, especially the dihedrals.  The C-N-N-C 

bond represents the “twist” in the aryl groups on the boryl ring.  This is the largest structural 

change when the Ipr groups are replaced by H atoms.   
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Table 4.4 Selected bond distances (Å) and bond angles (°) of Ln_B_R compounds (see Fig. 4.7 for labelling). Calcda has 1 THF, Calcdb has 2 THF. SCR = 
Sum of covalent radii. 

   Bond distance, Å Bond angles (°) Dihedral angles (°) 

Ln R  Ln-B B-N Ln-O2 Ln-C12 C12-Ln-C B-Ln-O2 N-N-B-Ln C22-N-N-C35 

Sc Ipr Expt174 2.422 1.458, 1.453 2.118 2.174 118.4 111.5 171.7 12.5 

 Ipr Expt175 2.433  2.116 2.170     

 Ipr Calcda 2.458 1.468, 1.469 2.193 2.198 117.2 110.2 179.6 -1.5 

 H Calcda 2.513 1.474, 1.479 2.298 2.243 129.9 97.0, 44.0 176.2 74.0 

 H Calcdb 2.460 1.474, 1.479 2.184 2.214 115.5 104.5 178.7 63.7 

  SCR 2.54(10)        

Y Ipr Expt174 2.697 1.455, 1.467 2.370 2.424 135.8 93.9, 106.3 178.0 19.9 

 Ipr Calcd 2.692 1.475, 1.479 2.456 2.413 130.2 94.4, 100.3 176.3 32.0 

 H Calcd 2.655 1.477, 1.476 2.418 2.414 129 87.5, 88.8 178.7 89.1 

  SCR 2.74(10)        

La Ipr Expt n/a 

 Ipr Calcd 2.829 1.472, 1.473 2.638 2.551 130.6 98.5, 96.0 180.0 30.0 

 H Calcd 2.804 1.475, 1.475 2.616 2.556 129.7 85.4, 86.6 177.6 91.2 

  SCR 2.91(11)        

Lu Ipr Expt174 2.556 1.490, 1.487 2.315 2.353 149.2 105.3, 105.9 177.1 -5.0 

 Ipr Calcd 2.633 1.478, 1.473 2.385 2.367 130.9 94.7, 99.4 179.0 36.0 

 H Calcd 2.599 1.474, 1.476 2.361 2.370 128.7 87.5, 89.1 179.0 88.6 

  SCR 2.71(11)        
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The potential energy surface of the Ln-B bonds was probed by varying the Ln-B bond 

distance and calculating the energy at various points.  Fig. 4.18 shows the Ln_B_Ipr compounds 

have very shallow potential energy surfaces for the Ln-B bond, where small shifts in bond 

length induce a small energy change.  Taking the least shallow energy surface as an example, 

the Lu-B bond, a 0.1 Å elongation about the Lu-B equilibrium distance requires a 2.8 kJ/mol 

increase in energy, and shortening it by 0.1 Å costs only 3.8 kJ/mol.  The remaining Ln-B bonds 

behave similarly and can be considered “elastic” long-bonds.  The calculated Lu-B bond 

distance has the worst agreement with experiment compared to the other Ln-B bonds, though 

this can be reconciled by their elastic nature.   

 

Fig. 4.18 Relative changes in energy (kJ/mol) with respect to Ln-B bond displacement from the 
optimised value in Ln_B_Ipr complexes  

A similar exploration of the energy surface of the Ln-C bond was performed using Sc as 

an example and is shown in Fig. 4.19.  This energy surface is not as flat as the Sc-B bond.  A 

0.1 Å shift from the minimum energy point points entails a rise of 4.4 kJ/mol, which is slightly 

larger than the Sc-B case.  This is still a small value considering a separate calculation on N2 

found that stretching the N-N bond by 0.08 Å raised the energy by 35 kJ/mol. 
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Fig. 4.19 Relative change in energy (kJ/mol) with respect to relative Sc-C and Sc-B bond 
displacement from the optimised value in Sc_B_Ipr. 

The Mayer, MBO, and Gopinathan-Jug, GJBO, bond orders of the Ln-B, Ln-C and Ln-

O bonds were calculated and are presented in Fig. 4.20.  The three bond lengths increase in the 

order of Sc < Lu < Y < La.  One would expect the bond order to increase in the reverse 

direction, or, more generally, expect the La bonds to have the smallest bond order and the Sc 

bonds the largest.  However, the calculated bond orders in Fig. 4.20 generally do not mirror the 

bond lengths.   

 

Fig. 4.20 MBO and GJBO for Ln-B, Ln-C and Ln-O bonds in Ln_B_Ipr complexes. 

The Sc-B/C/O bond orders correlate the most with the bond distances, but the La-B/C/O 

bond orders are not the lowest.  The Ln-C, Ln-B and Ln-O exhibit different trends in bond 

orders despite having the same trends in bond distances.  A reason why the trends in the bond 
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orders and the distances do not correlate might be due to the bonds orders being a product of the 

Mulliken population analysis, which depends on the overlap between orbitals.  The interaction 

between hard Ln acids and non-polarisable hard B, C, and O atoms is expected to be mainly 

ionic.  The ionic nature of these bonds can lead to a reduced orbital overlap, as the majority of 

the charge density would be centred on the closed shell atoms.  If the charge density of the bond 

is too low, the bond orders via the Mulliken population might not be accurate. 

4.4.2.2 Charge Analysis 

The Hirshfeld charges for the Ln_B_Ipr complexes were calculated and are presented in Table 

4.5.  The most significant change in the charges across all the Ln_B_Ipr complexes is 

experienced by the Ln atom, whilst the B and N maintain similar Hirshfeld charges throughout. 

The positive charge on the Ln increases from Sc to Lu.  The charge differences between the Ln 

and the B, ∆q(Ln-B), and the Ln and the whole boryl group (R inclusive), ∆q(Ln-Boryl), were 

also calculated.  The Sc complex has the smallest charge difference for both, ∆q(Ln-B) and 

∆q(Ln-Boryl), indicating this is probably the least polar bond of the four presented.  The ∆q(Ln-

B) and ∆q(Ln-Boryl) practically have the same trend across all the complexes, indicating most 

of the charge difference of the Ln-B bond is attributed to the B atoms and not to the rest of the 

boryl ring or R groups.  

The same properties were calculated for the Ln_B_H complexes and are included in 

Table 4.5.  There are no significant charge differences between R = Ipr and R = H for the Ln, B 

or ∆q(Ln-B) charges, but there are some differences in the total charge of the boryl group, and 

hence ∆q(Ln-Boryl).  The boryl group becomes less negative when the electron donating Ipr 

substituents are replaced by H, thus ∆q(Ln-Boryl) decreases.  This implies the ionic character is 

slightly decreased.  However, the change in the absolute charges is small, and the trends 

observed from the Sc to Lu boron complexes are the same irrespective of the R group. 

Table 4.5 Hirshfeld charges for Ln_B_R complexes when R = Ipr and R = H 

  Charges 

Ln R Ln B N ∆q(Ln-B) Boryl group ∆q(Ln-Boryl) 

Sc Ipr 0.51 -0.05 -0.10 0.55 -0.18 0.69 

Y Ipr 0.57 -0.07 -0.10 0.64 -0.24 0.82 

La Ipr 0.57 -0.07 -0.10 0.65 -0.25 0.82 

Lu Ipr 0.59 -0.06 -0.11 0.65 -0.23 0.82 

Sc H 0.46 -0.06 -0.11 0.52 -0.19 0.65 

Y H 0.55 -0.07 -0.10 0.62 -0.21 0.76 

La H 0.54 -0.07 -0.10 0.62 -0.20 0.74 

Lu H 0.57 -0.07 -0.10 0.63 -0.21 0.77 
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4.4.2.3 Ln_G13_R Geometry and Charge 

The following results include the Ln_G13_R complexes with the remaining elements of Group 

13.  The calculated Ln-G13 bond distances for all the species are presented in Fig. 4.21.  The 

data can be found in Appendix C Table C.3. 

 

Fig. 4.21 Ln-G13 distances (Å) for all Ln_G13_Ipr complexes.  Bold lines are calculated bond 
lengths, dotted lines are the sum of Ln and G13 covalent radii 

All the Ln-G13 bonds, with the exception of G13 = Al, are within the sum of their 

covalent radii.  The (Cp*)2Ln-Al(Cp*) complex reported by Roesky,170 mentioned in the 

Background, has a measured Yb-Al bond length of 3.198 Å which is larger than the sum of Yb 

and Al covalent radii of 3.08 Å.  Yb neighbours Lu in the lanthanide series.  The calculated Lu-

Al bond length is 3.084 Å, smaller than the Yb-Al bond due to the lanthanide contraction.   

The La-G13 bond is the longest for all G13 atoms, as seen previously in the Ln-B case 

(Table 4.4).  The presence of an alternation effect from Al to Tl lanthanide bond lengths is 

evident.  This effect is related to the order the orbitals are filled as Group 13 is descended and 

was observed in the earlier An_G13_R study.  One would expect the Ln-G13 bond distance to 

increase from B to Tl, due to an increase in atomic number, in a similar trend as the sum of 

covalent radii.  However, the calculated Ln-Ga is shorter than Ln-Al, and the Ln-Tl is shorter 

than Ln-I.  

The “zig-zag” trend observed down Group 13 is due to a combination of d- and f-block 

contraction effects.  The shorter Ga bonds, with respect to the Al bonds, are due to the presence 

of the filled 3d orbitals in the Ga.  The 3d electrons in Ga do not screen the additional nuclear 

charge of this heavier element, and the outer electrons in Ga experience a higher effective 

nuclear charge than Al and thus the radius decreases.  Similarly, Ln-Tl being shorter than Ln-In 
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is explained by the poor shielding of the electrons in the filled 4f orbital in Tl, which also occurs 

in the lanthanide contraction. 

The Hirshfeld charges were calculated for all the species.  The charge differences 

between the Ln and the G13 atoms, ∆q(Ln-G13), are presented in Fig. 4.22.  The Ln and G13 

partial atomic charges can be found in Appendix C (Fig. C.1 and Fig. C.2).  The positive charge 

on the G13 atom increases from B to the other homologues, also seen by Schoeller and 

Grigoleit’s study on diazabutadiene complexes.145   

 

Fig. 4.22 Hirshfeld charge difference between Ln and G13 atoms, ∆q (Ln-G13), for Ln_G13_Ipr  

It was shown earlier how the Sc-B bonds are the least polarised of the Ln-B bonds.  Fig. 

4.22 shows this is the case irrespective of the G13 atom, because the Sc-G13 bonds all have the 

lowest ∆q(Ln-G13).  The large ∆q(Ln-B) indicates the species containing boron as the G13 

atom have the most ionic/polar bonds from Group 13.  The ∆q generally decreases as we 

descend Group 13, though the alternation effect observed in the bond lengths is also present 

amongst the Hirshfeld charges. 

The largest change in ∆q(Ln-G13) is seen from B to Al.  The electronegativity, χ, of 

the G13 atom decreases down the group in an alternating way too.  From B to Tl χ is 2.04, 1.61, 

1.81, 1.78 and 2.04 for oxidation state III.189  Tl(I) has a χ value of 1.62.189  B is substantially 

more electronegative than Al, and therefore one might expect Ln_B_R complexes to have more 

ionic character than Ln_Al_R.  The χ of Ga is higher than Al due to the d-block contraction, a 

feature reflected in the Hirshfeld charges in Fig. 4.22.  Al has the lowest electronegativity, 

implying it attracts electrons the least.  This might explain why the Ln-Al bond lengths are the 

only ones larger than the sum of covalent radii.       
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4.4.2.4 NMR 

The 11B chemical shifts, δ, were calculated for the Ln_B_Ipr complexes and are compared to 

experiment in Table 4.6.  The calculated 11B δ underestimate the experimental ones, with the 

maximum deviation being 17 ppm for Lu_B_Ipr.  However, the calculated results reproduce the 

trend of increasing 11B chemical shift from the Sc to Y to Lu complexes.  The filled 4f orbital in 

Lu, compared to Sc, Y and La, presumably leads to a poorer shielding of the outer valence 

electrons consequently leading to higher chemical shifts.  The Hirshfeld charges on the Ln 

(Table 4.5) become more positive as the 11B δ increases.  However, the 11B δ do not correlate 

with the Hirshfeld B charges, as these become more negative as the δ is deshielded.       

Table 4.6 Experimental and calculated 11B chemical shifts (ppm), for Ln_B_Ipr. 

 11B Chemical shifts (ppm) 

Complex Expt174 Expt175 Calcd 

Sc_B_Ipr 38 36 31 

Y_B_Ipr 45 42 37 

La_B_Ipr -  33 

Lu_B_Ipr 62 62 45 

4.4.2.5 Interaction Energies 

The Ln_B_R complexes were separated into fragments to calculate the interaction energies via 

the Ziegler-Rauk energy decomposition scheme.  This was done using both charged and neutral 

fragments by dividing the complex at the Ln-B and Ln-C bonds as shown in Fig. 4.23.  

Calculations were initially performed on complexes with R = H instead of R = Ipr, as similar 

structural and charge distribution properties were found between them.  The difference in the 

Hirshfeld charges of the fragments was also explored.  One would expect the charged fragments 

to have larger interaction energies and charge differences between the Ln and B atoms.  The 

results are found in Table 4.7.  

N

B

N

Ln

R

R R

R

THF

SiH3

SiH3  

Fig. 4.23 Schematic of Ln_B_R complex.  The red marker indicates separation for Ln/B fragments, 
whereas the blue indicates the separation for the Ln/C.  Ball and stick images are shown in Fig. 4.27 

and 4.28. 
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Table 4.7 Interaction energies (kJ/mol) and Hirshfeld charges of fragments Ln_B_H complexes 

 Interaction energies, kJ/mol Hirshfeld charges of fragments 

 Charged fragments Neutral fragments Charged Neutral 

Ln Ln+/B- Ln+/C- Ln/B Ln/C Ln+ B- Ln B 

Sc -660 -656 -345 -378 0.78 -0.78 0.14 -0.13 

Y -656 -647 -363 -386 0.81 -0.81 0.15 -0.15 

La -615 -609 -344 -362 0.79 -0.79 0.17 -0.17 

Lu -673 -660 -378 -400 0.80 -0.80 0.14 -0.13 

 

On the right hand side of Table 4.7 the difference in charges between Ln and the B 

atoms is larger in the charged fragments than the neutral.  For both type of fragment 

calculations, the positive charge on the Ln metal is almost equivalent and opposite to the G13 

charge.  This suggests that the overall trends obtained from using charged or neutral fragments 

is the same, and difference lies in the magnitude of the absolute numbers.      

The interaction energies of the charged Ln+/B- fragments become more negative in the 

following order: La < Y < Sc < Lu whilst the order of the neutral Ln/B fragments is La ≤ Sc < Y 

< Lu.  The La and Lu complexes are at both ends and are most different in terms of interaction 

energies.   

Fig. 4.24 shows the values of the components of the Ziegler-Rauk energy 

decomposition scheme for Lu_B_H.  The unfavourable Pauli repulsion is larger in the neutral 

fragments, as they have an unpaired electron each.  However, the charged fragments lead to 

larger stabilising electrostatic interactions.  The resulting steric energy (sum of the Pauli 

repulsion and electrostatic attraction) is favourable for the charged fragments, and unfavourable 

for the neutral.  The total interaction energy (sum of the steric and the orbital energy) is heavily 

dominated by electrostatic interactions for the charged fragments, therefore they might not be as 

good a measure of bond strength as the neutral ones.  Furthermore, the absolute values of the 

neutral fragments are smaller than the charged, which might serve as better indicators in the 

search for differences amongst all the other complexes.   
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Fig. 4.24 Lu-B interaction energy of charged Lu+/B- and neutral Lu/B fragments of the Lu_B_H 
species and the respective energy breakdown  

In the case of the neutral Ln/C fragments, the increasing order of the absolute 

interaction energies is also La < Sc < Y < Lu.  The differences in interaction energy using 

neutral fragments of the La and Lu complexes are 33 and 38 kJ/mol, for the Ln-B and Ln-C 

bonds respectively.   

The relative interaction energies and the steric and orbital contribution of the Ziegler-

Rauk breakdown for the neutral Ln/B fragments of Ln_B_Ipr are compared in Fig. 4.25. 

 

Fig. 4.25 Interaction energies, steric and orbital contribution (kJ/mol) of neutral Ln/B fragments of 
Ln_B_Ipr compounds.  All values are relative to Sc_B_Ipr. Data found in Appendix C (Table C.4) 

The interaction energies for the species with R = Ipr becomes increasingly negative in 

the order La < Sc < Y < Lu.  This is due to the larger stabilisation in energy of the favourable 

orbital term (red), compared to the unfavourable steric term (blue) going from La, Sc, Y and Lu.  
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La has the smallest differences in energy between the two terms, which increases steadily to Y 

and Lu, accompanied with increasing total interaction energy.  

The variation in interaction energies on going down Group 13 was studied using 

Y_G13_Ipr, where G13 = B, Al, Ga, In and Tl.  The results are presented in Fig. 4.26.   

 

Fig. 4.26 Interaction energies, steric and orbital contribution (kJ/mol) of neutral Y/G13 fragments 
of Y_G13_Ipr compounds.  All values are relative to Y_B_Ipr.  Data found in Appendix C (Table 

C.5) 

There is a significant difference (c. 100 kJ/mol) between the interaction energies of the 

five compounds.  The percentage of the orbital term contribution to the total interaction energy 

decreases from 67% to 61% from Y-B to Y-Tl.  Therefore, as the % of the favourable orbital 

term decreases, the interaction energy becomes less favourable (more positive).  This suggests 

there is less orbital overlap between Y and G13 on descending Group 13.  A reason could be 

related to the character of the G13 atoms going from non-metallic to metallic, hence orbital 

overlap is reduced for metallic type bonding.  On the other hand, following Pearson’s theory, 

the atoms become “softer” down Group 13 as the outer orbitals are not as tightly bound to the 

core.  This however does not imply there should be a greater orbital overlap.  The G13 atoms 

are bonding to a hard cation and according to Pearson, hard-hard interactions are more 

favourable than hard-soft interactions belonging to the lower Group 13 atoms.   

4.4.2.6 Molecular Orbital Analysis 

Similarly to the earlier actinides section, the Kohn-Sham MO approach was applied to the 

lanthanide systems to assess the character of the Ln-G13 bonds.  The Ln-G13 bonding MO was 

identified when G13 = B, Al and Ga.  The Ln-B bonding MO is shown in Fig. 4.27 and is the 

HOMO.  The Ln-Al lies at HOMO-1 and the Ln-Ga is shared between the HOMO-1 and 

HOMO-2.  However, descending down Group 13 the MOs became more delocalised and 

therefore the Ln-G13 bonding MOs could not be analysed.  The heaviest two Ln-G13 bonds 
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showed evidence of high levels of orbital mixing.  The Ln-In bond was shared over a number of 

orbitals and the Ln-Tl bond was unidentifiable.  This in line with the “softer” character of In and 

Tl compared to B, Al and Ga, and with the hard lanthanide cations’ ability to polarise the 

heavier atoms more.  It is possible that Ln-In and Ln-Tl compounds have not been made 

because, unlike the Ln-B/Al/Ga compounds, their charge is delocalised all over the system.  As 

mentioned in the Introduction, a direct lanthanide-metal bond is more likely to form with the 

hard anion where the charge is localised at the metal atom.190 

 

Fig. 4.27 Sc_B_Ipr HOMO.  Iso-surface value 0.05.  Green = B, grey = Sc 

For this reason, unlike the earlier actinide section, the Kohn-Sham molecular orbital 

approach is a less useful tool to assess degrees of ionicity and covalency down Group 13.  The 

MO approach is therefore employed to describe the bonding for only the four Ln_B_Ipr 

complexes.  Other tools, such as QTAIM, are required to compare the bonding down Group 13.   

The Ln-B bond bonding orbital is dominated by a sigma orbital shown in Fig. 4.27.  

The Ln-B MO is similar to that previously seen in the U-B in the U_B_R complexes.  However, 

there is no evidence of any π bonding in the lanthanide systems.  The molecular orbital of the 

Ln-C bond is also of σ nature and is shown in Fig. 4.28. 

 

Fig. 4.28 Sc_B_Ipr HOMO-2.  Iso-surface value = 0.05.  Green = B, grey = Sc 
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Table 4.8 presents the normalised % contribution of the Ln and B atoms to the Ln-B σ 

bonding HOMO.  B is a greater contributor to the bond than Ln, indicating they are mainly ionic 

bonds (or highly polarised covalent bonds).  The Sc-B MO shows the largest degree of mixing 

between the two atoms, thus is the most delocalised MO and can be considered the least ionic 

bond.  The Y-B and La-B MOs have the least amount of mixing between the Ln and B 

contributions, thus are considered the most ionic bonds.   

Table 4.8 Normalised (%) contribution of Ln and B atoms to the HOMO for Ln_B_Ipr complexes.   

 Ln 

 Sc Y La Lu 

Ln/B % 38/62 30/70 30/70 34/66 

 

The overall interpretation from all the results so far is that all the bonds are largely 

ionic, but contain a degree of covalency.  The Hirshfeld charge differences suggest that from the 

lanthanides studied, the Sc-G13 bonds are the least ionic, whereas the La-G13 are the most 

polarised.  Descending down Group 13, the Ln-B are the most ionic, and the Ln-In/Tl the least, 

as expected by Pearson’s rules.  The HOMO of each Ln_B_R was found to be primarily a Ln-B 

orbital, heavily polarised towards the B, with the Sc-B bond being the least polar.  Therefore, 

the most ionic bond will have G13 = B and Ln = La, and the least ionic will have Ln = Sc, and 

G13 = In/Tl.   

4.4.2.7 QTAIM Analysis 

4.4.2.7.1 Benchmarking 

Atoms-in-Molecules analysis tools were employed to place the 20 complexes in relative order 

of covalency by interpreting the properties of the bond critical point between the Ln and G13 

atoms.  A variety of basis sets were tested, mostly using Sc_G13_Ipr and Y_G13_Ipr as 

examples.  The results are presented in Fig. 4.29 and Fig. 4.30.  The nomenclature used 

indicates the basis set for the Ln atom first, followed by the basis set for the G13 atom.   

Initially, ANO DZP level basis sets were employed for Sc, Y, La and Lu atoms.  Some 

anomalies were found for Sc_B_Ipr so other Sc basis sets, ANO TZP and Pople’s 6-31G*, were 

also tested.  Fig. 4.29 shows the density, ρ, and energy density, H, values at the Sc-B b.c.p. are 

close for the DZP, TZP and 6-31G* Sc basis sets.  However, the Laplacian, ∇2
ρ, when an ANO 

DZP basis set is used is very different, and even an opposite sign.  ANO TZP and Pople basis 

sets were compared using the Sc atom in the Sc_G13_Ipr complexes and no significant 

differences in the values of the properties at the b.c.p.s were found.  Generally, changing TZP to 

6-31G* leads to ρ decreasing, H becoming less negative and ∇2
ρ becoming more positive.  The 
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largest difference between the two basis sets is seen in ∇2
ρ of the Sc-Al b.c.p, where it changes 

sign. 

The use of TZP and DZP basis sets on the Ln atoms was compared using Sc_Ga_Ipr.  

Unlike the Sc-B b.c.p. example, where there is a significant difference in the Laplacian (both in 

magnitude and sign), hardly any difference is found between the Sc TZP and DZP basis sets at 

the Sc-Ga b.c.p.    

 

Fig. 4.29 Density, ρ (e Bohr-3), Laplacian	ÄÅÆ (e Bohr-5), and energy density H (kJmol-1Bohr-3), of 
Sc-G13 b.c.p. of respective Sc_G13_Ipr complexes, for different basis sets.  Ln basis set/G13 basis 

set.  Data in Appendix C (Table C.6). 

The large change in ∇�� observed for the Sc-B b.c.p when using different ANO basis 

sets (TZP and DZP) was not evident for the Sc-Ga b.c.p.  Therefore the QTAIM calculations 

were performed on a different lanthanide atom, Y, in search of any similar basis set dependence.  

Fig. 4.30 shows the QTAIM results for Y_G13_Ipr compounds using different basis sets.  The 

first two columns indicate there is no major difference when using the TZP or the DZP basis set 

on the Ln for the Y-B b.c.p., unlike the Sc-B example.    

The use of the ultrafine grid, uf, to improve the quality of the QTAIM results, was 

tested on Y_B_Ipr and Y_Tl_Ipr.  The ρ and ∇�� at the Y-B and Y-Tl b.c.p.s remained 

practically equivalent when using uf and the default grid, though there is a slight difference in H 

for the Y-B.  Even though the use of an ultrafine grid led to H changing sign at the Y-B b.c.p, 

the absolute change is very small.    

The 6-31G* Pople basis sets used for B, Al and Ga were unavailable for In and Tl and 

ANO ones were employed instead.  The 4th and 5th sets of results in Fig. 4.30, DZP/6-31G* and 

DZP/DZP, yield very similar values at the Y-Al b.c.p. despite using different types of basis sets 

on the G13 atoms.   
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Fig. 4.30 Density ρ (e Bohr-3), Laplacian Ä2
ρ (e Bohr-5), and energy density H (kJmol-1Bohr-3), of Y-

G13 b.c.p. of respective Y_G13_Ipr complexes for different basis sets.  Ln basis set/G13 basis set.  
Uf = ultrafine grid.  Data in Appendix C (Table C.7). 

To summarise, the largest difference amongst the results was in the ∇2
ρ value for the 

ANO TZP and DZP basis sets, but this was applicable only to the Sc_B_Ipr complex.   

Therefore, the optimum basis sets for QTAIM calculations in this study are ANO TZP for Sc, 

ANO DZP for Lu, La, Y, In and Tl and 6-31G* basis sets for B, Al and Ga.   

The increasing order of the density at Y-G13 b.c.p.s in Fig. 4.30 is Y-In < Y-Tl < Y-Al 

< Y-Ga < Y-B, which is practically the reverse order of the bond distances.  This direct 

relationship between the bond distance and ρ was questioned earlier in the actinide section, and 

is investigated further here.  Firstly, the Y-B bond distance in Y_B_Ipr was varied from its 

equilibrium position whilst keeping the rest of the distances fixed.  Secondly, the Y-B and the 

Y-Al bonds of their respective Y_G13_Ipr complexes were fixed to the equilibrium Y-Ga bond 

distance (which lies in between Y-B and Y-Al).  All the relevant parameters were calculated at 

the b.c.p. and the results are shown in Fig. 4.31.   
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Fig. 4.31 Density, ρ (e Bohr-3), Laplacian Ä2
ρ (e Bohr-5), and energy density H (kJmol-1Bohr-3), of Y-

G13 b.c.p. of respective Y_G13_Ipr complexes at different Y-G13 bond distances. 

Shortening the equilibrium Y-B distance of 2.692 Å to 2.592 Å (+1.8 kJ/mol in energy) 

led to an increase in ρ and |�| at the b.c.p.  Lengthening the same bond to 2.794 Å (+4.3 kJ/mol 

in energy) decreases ρ and |�|.  This is expected for the bonds are all Y-B (the same atoms).  

However, when the Y-B is lengthened and the Y-Al shortened to match the Y-Ga equilibrium 

bond distance of 3.000 Å, their properties at the b.c.p. are all different.  The Y-Al now has the 

largest the ρ and |�| and most negative ∇2
ρ, indicating it is the most covalent of the three bonds 

at 3.000 Å.  This is intuitive because if the Y-G13 bond distance is maintained and the G13 

elements become “softer”, with less tightly bound outer shells descending the group, there will 

be a higher density at the bond critical point.  This suggests the density is not purely a reflection 

of bond length.   

4.4.2.7.2 Ln_G13_Dipp QTAIM Results 

The following three plots present ρ, ∇2
ρ and H for the 20 complexes using the optimum basis 

sets.  The density of the complexes at their Ln-G13 b.c.p. is compared in Fig. 4.32.  The Sc 

containing Ln-G13 b.c.p.s have the highest ρ of all the lanthanides.  When the G13 atoms are 

varied, the trend is the same irrespective of the Ln used; ρ decreases in the order B > Ga > Al > 

Tl > In.  The alternation effect seen in bond lengths is reflected here (even though fixing the Y-

Al/Y-B bonds at Y-Ga distance demonstrated ρ was not solely a consequence of the distance).  

The Sc-B b.c.p. has the highest ρ and can be considered the most covalent interaction; whereas 

the La-In has the lowest ρ therefore would be considered the most ionic by the QTAIM 

measure.   
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Fig. 4.32 Density, ρ (e Bohr-3) at Ln-G13 b.c.p. for Ln_G13_Ipr complexes 

Fig. 4.33 plots the value of the Laplacian at each Ln-G13 b.c.p.  All ∇2
ρ values are 

positive (or very close to zero) indicating the presence of ionic bonds.  Across the lanthanide 

metals, the Sc b.c.p.s have the smallest ∇2
ρ, and generally the Lu ones have the largest (though 

∇2
ρ for the Y and La bonds are very close to Lu).  The decreasing order of the absolute ∇2

ρ for 

Ln-G13 b.c.ps is Tl > B > Ga > In > Al for all Ln bonds.  However, more generally, the Ln-B, 

Ln-Ga and Ln-In b.c.p.s have similar ∇2
ρ values, the Ln-Al has the smallest and Ln-Tl has the 

largest.  So far, the Ln-Tl b.c.p. has a very small ρ and the largest positive ∇2
ρ therefore 

potentially considered the most ionic bond. 

 

Fig. 4.33 Laplacian, Ä2
ρ (e Bohr-5) at Ln-G13 b.c.p. for Ln_G13_Ipr complexes 

The Ln-Ga and Ln-In ∇2
ρ are slightly less positive than the Ln-B, which would indicate 

the latter is slightly less covalent.  This contradicts the densities in Fig. 4.32, where Ln-B 
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showed most covalency through the highest ρ.  Even though a ∇2
ρ > 0 tends to indicate the 

presence of an ionic bond, these ∇2
ρ (and ρ) values are very small compared to the B-N, C-N 

and C=C b.c.p. data presented in section 4.4.1.5. 

It was already mentioned how a small change in ρ can have a larger effect on the ∇2
ρ 

(because it is a 2nd derivative of the ρ).  Earlier in Fig. 4.31, the densities at the b.c.p. for Y-B 

and Y-Al were presented at the Y-Ga equilibrium bond distance.  The ρ (blue columns) of the 

three bonds varied when they were fixed at the same distance, however the change in the ∇2
ρ 

(the red columns) was far greater.  This indicates how the ∇2
ρ varies significantly as a function 

of ρ.  Furthermore, the “elastic” nature of these bonds was highlighted via their shallow 

potential energy surfaces; therefore if there is relation between bond length and ρ, the effect on 

∇2
ρ will be even larger.  This influence on ∇2

ρ was evident in Fig. 4.29 when properties at the 

Sc-B and Sc-Al b.c.p.s were compared using different basis sets.  The change in ρ and H 

between basis sets was far smaller than in ∇2
ρ, where it even changed sign.   

The energy density values at the b.c.p.s between the Ln and G13 atoms of all the 

complexes are presented in Fig. 4.34.  Unlike the ρ values in Fig. 4.32, there is no evidence of 

an alternation effect with H, possibly implying there is less relation to the bond lengths.  The B 

complexes have by far the most negative H at their Ln-B b.c.p.s compared to the other main 

group metals.  |�| gradually gets smaller and approaches zero as Group 13 is descended.  Sc 

and Lu are the lanthanides with the lowest energy density, or most covalent character.   

 

Fig. 4.34 Energy density, H (kJmol-1Bohr-3), at Ln-G13 b.c.p. for Ln_G13_Ipr complexes 

Overall, from the ρ and H results of Ln_G13_Ipr, the scandium and boryl compounds 

have highest density and most negative H.  Thus, the Sc-B bond can be considered to have the 

highest degree of covalency of all the Ln_G13_R compounds listed here.  The La-In interaction 

can be considered the least covalent, therefore the most ionic bond.  The Sc-In and La-B 

complexes (interchanging the Ln and G13 atoms the two extremes) would lie in between.  The 
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conclusions obtained with QTAIM oppose Pearson’s rules and the interpretation from the 

charge analysis. 

According to Bianchi et al.
46, 47 and their bond classification description given in 

Chapter 1 (1.6.1.4), these Ln-G13 bonds, bar G13 = B, fall under the category of metallic bonds.  

Metallic bonds have mixed ionic and covalent contributions.  Their small densities, ρ ≈ 0, and 

small positive Laplacian,	∇2
ρ ≥ 0, are evidence of an ionic interaction, whereas the H < 0 is 

indicative of a covalent one.  In principle, the more negative the H at the b.c.p. the more shared 

the interaction.  This suggests the boron, the hardest ion of Group 13, is involved in the most 

shared interactions.    

At this point the components of the total energy density are analysed, along with other 

data on the Ln-G13 interaction which do not rely on b.c.p. properties.   

H is the sum of the potential and kinetic energy densities, V and G, respectively, at the 

b.c.p.  If H < 0, the potential energy outweighs the kinetic energy (|| > G) suggesting there is a 

local charge concentration in the contact region of the two interacting atoms.  This can be 

referred to as a shared interaction, typical of a covalent or polar-covalent bond.  A closed shell 

interaction, where H ≈ 0 or H > 0, is more dominated by the kinetic energy rather than the 

potential energy in the b.c.p. region (G ≈ ||) because there is a depletion of ρ in the interatomic 

region.  Closed shell interactions can be metallic, ionic or Van der Waals.46 

In all the complexes of Fig. 4.34, the Ln-G13 b.c.p has H < 0 because || > G, 

confirming there is a degree of shared interaction within the Ln and G13 systems.  The Sc-G13 

interactions are the most shared of all the lanthanides, along with the Ln-B interactions amongst 

the G13 atoms.  Therefore, according to the “four corners” of Fig. 4.35, the Sc-B should have 

the highest degree of potential energy at the bond critical point, whereas the La-In should have 

the most kinetic energy: 

 

Fig. 4.35 Representation of lanthanides and Group 13 in periodic table and trends interpreted from 
the QTAIM results 

Fig. 4.36 shows the proportion of V vs G for H at each b.c.p.  The most closed-shell 

interaction, La-In, has the smallest V% and largest G%.  The Sc-B b.c.p has the highest V%, and 

lowest G%, as expected; indicating it is the least ionic bond. 
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Fig. 4.36 % of kinetic and potential energy density at each Sc-B, La-B, Sc-In and La-In b.c.p.s for 
respective Ln_G13_Ipr complexes 

The electron delocalisation index, DI, can be interpreted as a bond index (similar to 

bond orders) when the atoms are connected via a bond path.  The DI between the Ln and G13 

atoms of Ln_B_Ipr, Sc_In_Ipr and La_In_Ipr was calculated.  The top graph in Fig. 4.37 shows 

the DI is 0.45-0.52 for the Ln-B complexes, whereas when the Ln is connected to In the DI 

drops lower than 0.40.  This indicates there are more electrons shared between the Ln and B 

atoms than heavier G13 atoms. 

The lower plot in Fig. 4.37 shows there is a significant difference between the % of 

electrons in G13 atoms shared with Ln atoms when G13 is B instead of In.  This supports the 

QTAIM conclusions that In leads to more closed shell interactions with the Ln’s, hence a more 

ionic/metallic bonding than B.  The G13 atoms presented are the two extreme cases, so it is 

expected the %Deloc(G13,Ln) for G13 = Al, Ga would fall in between that of B and In.  The 

delocalisation % was also analysed in the opposite direction, i.e., % of electrons on the Ln 

shared with the G13 atom.  Sc is clearly the Ln atom that has the largest amount of shared 

electrons, whereas Lu and La have the least.  This re-affirms Sc has the least ionic bonds of all 

the lanthanides studied.   
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Fig. 4.37 Above: Electron delocalization index (average number of electrons shared between atoms 
Ln and G13) for Ln-B, Sc-In and La-In interactions.  Below: %Deloc(Ln,G13) = percentage of 

average number of electrons in atom Ln that are shared with atom G13, %Deloc(G13,Ln) = 
percentage of average number of electrons in atom G13 that are shared with atom B for for Ln-B, 

Sc-In and La-In interactions.  

The electron localisation index (LI), as the name suggests, indicates the opposite of the 

DI; the number of electrons localised on a specific atom.  Fig. 4.38 presents the LI for Ln and 

G13 atoms of the same six complexes shown in Fig. 4.37.  As expected, the LI is inversely 

proportional to the DI.  For example, the LI of the Ln atoms is highest for Lu and La and lowest 

for Sc, indicating Sc has the smallest amount of average number of electrons localised because 

it is delocalising, or sharing, more of them.  The LI of the G13 atoms is very small for B 

compared to In.  This again shows how B has a much lower average number of electrons 

localised on it, hence bonds formed when G13 = B are significantly less polarised than G13 = 

In.    
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Fig. 4.38 LI(Ln) = Electron localisation index of atoms Ln (average number of electrons localised in 
the atom Ln) (equivalent for LI(G13). 

The final data obtained from QTAIM analysis are the partial atomic charges for Ln and 

G13 atoms, shown in Fig. 4.39.  The conclusions extracted from the plot below are different to 

those of earlier Hirshfeld charges (Fig. 4.22 in 0).  They both agree that the Sc-G13 interaction 

is the least polar of the lanthanides, however the results contrast in the ordering of the G13 

atomic charges.  The Hirshfeld charges show the B containing bonds were clearly the most polar 

of all Group 13, presumably due to its high electronegativity.  The Bader charges indicate the 

Ln-In bonds are more polarised than the Ln-B ones, in agreement with the other QTAIM results. 

 

Fig. 4.39 Ln and G13 Bader charges for Ln_B_Ipr, Sc_In_Ipr and La_In_Ipr 

Using the QTAIM data in conjunction with Bianchi’s description, the Ln-G13 

interactions range from shared to closed shell.  Ln-G13 with G13 = B has the highest ρ, most 

negative H and V  >> G at the b.c.p., falling into the polar-covalent type bonds category.  By 

contrast, the heavier elements in Group 13 such as In and Tl have ρ and H values which 

approach 0 and V ≈ G; tending towards a more metallic/ionic bonding type interaction, contrary 

to Pearson’s rules.     
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In regard to the lanthanides, according to QTAIM the Sc and the La lie at the two ends 

of types of interaction for these complexes.  Although the absolute numbers do not differ 

significantly, the data point towards the Sc-G13 bonds being more shared and polar-covalent 

than the lanthanum ones which have more metallic or ionic type bonds, characteristic of a 

closed-shell interaction.   

Density iso-surfaces of Sc_B_Ipr and La_In_Ipr are shown in Fig. 4.40.  The 

differences between the shared and close shell interactions are clearly seen; Sc_B_Ipr has a 

region of electron density concentration along the Sc-B bonds, whereas in La_In_Ipr the density 

contracts away from the inter-nuclear region and towards the La and In atomic centres. 

 

Fig. 4.40 Density iso-surfaces for left) Sc_B_Ipr and right) La_In_Ipr. Iso-surface value = 0.03 

4.4.2.8 Summary 

All the Ln-G13 bonds show evidence of ionic interactions, with varying degrees of covalent 

contributions indicated by the presence of a σ bond.  These bonds are fairly “elastic”, shown by 

the weak changes in energy when shortening or lengthening the Ln-G13 bond.  The Hirshfeld 

charges serve as an indicator of the degree of polarisation and resulted in the boryl bond being 

the most polarised of Group 13, in agreement with Pearson’s rules.  Overall, the Hirshfeld 

∆q(Ln-B) increases as the charge on the Ln becomes more positive, indicating the Sc-B has 

more covalent character than the Y-, La- and Lu-B bonds.   

The interaction energy shows that the Lu-B and Lu-C bonds are stronger than La/Sc-B 

or La/Sc-C bonds, and the Y-B bonds lie in between.  The molecular orbital analysis proved 

fruitful only for the lighter members of Group 13.  This analysis was effective for boron 

containing compounds, where the Ln-B orbitals were clearly identified and each contribution 

could be calculated.  The Ln-B bond was primarily σ type bonding, with Sc-B having the largest 

degree of mixing, indicating this is the most covalent bond.  The MOs for the Ln-G13 bond of 

the heavier G13 elements were delocalised over many orbitals, implying these softer atoms are 

less polarised and the charge is delocalised all over the system.   
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The ionisation energies of the compounds were not calculated, but the sum of the first 

three ionisation energies of the Sc, Y and Lu atoms are 4255, 3755, and 3886 kJ mol-1, 

respectively.174, 191  The most ionic bond will be formed by the metal whose outer electrons are 

easiest to remove, supporting Sc bonds as the least ionic ones.   

QTAIM analysis was performed after testing a variety of basis sets.  A difference 

between ANO and 6-31G* basis sets was evident only for the scandium complexes, specifically 

in the Laplacian values.  The conclusion on how to categorise the 20 complexes in terms of 

covalency was different to the Hirshfeld charge analysis and MPA.  All the QTAIM data point 

towards the heavier In and Tl containing bonds corresponding to closed shell (metallic or ionic) 

interactions, whilst the B ones are the shared polar-covalent ones.  This is supported by the 

density iso-surfaces.  QTAIM solely depends on the density between the two atoms in question.  

Therefore, QTAIM analysis on systems such as Ln-In, where the density is very flat in the 

interatomic region, might lead to different interpretations compared to other methods such as 

MPA.  Although QTAIM results disagree with Pearson’s rules, one can understand how on 

descending Group 13, the behaviour of the elements tends towards more metallic.     

4.4.3 Actinium and Lawrencium Complexes 

As detailed in the Background and the Introduction, the Ln_G13_Ipr complexes were extended 

to actinium, Ac, and lawrencium, Lr, which respectively lie below lanthanum and lutetium in 

the periodic table.  These two actinides, X, favour +3 oxidation states and therefore the X-G13 

bonds were compared to the Ln-G13 bonds in analogous Ln_G13_Ipr complexes.  In this 

section the G13 atom is limited to boron.   

Table 4.9 presents key geometrical properties of the calculated X_B_Ipr complexes.  

The Ac-B bond is significantly longer than Lr-B.  In fact, the Ac-B distance is closer to that of 

the La-B (2.829 Å).  This can be explained by the actinide contraction, an effect similar to the 

lanthanide contraction which described why Lu-B is shorter than La-B.  The effect in the 

actinides is greater because relativistic effects play a bigger role than in the lanthanides.     

Table 4.9 Geometrical properties for Ac_B_Ipr and Lr_B_Ipr complexes 

 Bond distance, Å Bond angles (°) Dihedral (°) 

X X-B B-N X-O X-C C-X-C B-X-O N-N-B-X C-N-N-C 

Ac 2.917 1.471,1.471 2.706 2.663 123.9 98.4,99.2 179.9 23.4 

Lr 2.663 1.475,1.471 2.455 2.423 130.4 95.7,99.0 179.7 33.4 
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Table 4.10 shows the Hirshfeld charges on the X and B atoms and ∆q(X-B).  The data 

indicate the Ac-B bond is slightly more polar than the Lr-B.  The ∆q(X-B) is larger than the 

∆q(Ln-B) equivalent, which ranged from 0.55-0.65.  The normalised Mulliken X/B (%) 

contributions to the X-B bonding orbital are also presented in Table 4.10.  These however 

indicate the opposite of the Hirshfeld charges and suggest the Lr-B bond is more polar than the 

Ac-B, as the latter has a higher degree of mixing.  The Ac-B bonding orbital has the same 

contributions from both atoms as did La-B (30/70%).  In the lanthanide series, the bond at the 

end of the series (Lu-B) was more shared (34/66%) and hence less polar than the earlier La-B.  

However, the differences are 4%, which is relatively small and we can therefore say they are 

similar in terms of ionic/covalent degree.   

Table 4.10 Hirshfeld charges, difference in charges and normalised Mulliken (%) contributions to 
the X-B bonding orbital for X_B_Ipr complexes (X = Ac, Lr) 

 Hirshfeld charges Normalised Mulliken % contributions 

X X B N ∆q(X-B) X/B % 

Ac 0.68 -0.08 -0.11 0.76 30/70 

Lr 0.64 -0.06 -0.11 0.70 26/74 

 

QTAIM analysis was performed on the X_B_Ipr complexes and the relevant results are 

in Fig. 4.41.  The earlier results from the Th and U tren based An_B_Dipp complexes (Section 

4.4.1) are included for comparison.       

 

Fig. 4.41 Density ρ, e Borh-3, Laplacian Ä2
ρ, e Borh-5, and energy density H (kJmol-1Bohr-3), for An-

B b.c.p. bonds in X_B_Ipr (X = Ac, Lr) and An_B_Dipp (An = Th, U) 

The Lr-B b.c.p has larger density and more negative H than Ac-B and is therefore 

slightly less ionic.  The actinide trends resembles the lanthanide in that the same relationship 

was observed with the ends of the Ln series; Lu-B was less ionic than La-B.  Lu and Lr are one 

element away from the start of a new d-block series (Hf and Rf) and therefore it might be 

possible their d-orbitals participate in a small degree of bonding. 
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Lanthanides tend to have less covalent interactions than actinides due to the tightly held 

4f electrons.  Elements at the end of the actinide series have very contracted 5f electrons due to 

relativisitic effects and the actinide contraction.  Therefore, if bonding in actinides such as Lr is 

expected to resemble that of the lanthanides, the Lr-B interaction should be more ionic in nature 

than the Th-B and U-B.  This is evident in Fig. 4.41, where the degree of covalency increases 

from Ac to Th to U (ρ rises, ∇2
ρ becomes less negative and H becomes more negative) and then 

decreases again for Lr-B.   

4.5 Conclusion  
The bonding interactions between various hard lanthanides and actinides with elements from 

Group 13 of the periodic table were studied using a selection of population analysis tools.   

The first part of the results analyses U and Th interactions with B, Al and Ga.  Minor 

differences between U and Th complexes were found.  The U-B, U-Al and U-Ga bonds were 

compared.  The U-B bond was very different to U-Al and U-Ga, where the latter two exhibit 

more similarities than differences.  Evidence of mixed π and σ bonding between the An and the 

G13 atom was found for U_Al_R and U_Ga_R complexes.  The charge analysis suggests the U-

B was significantly more polarised, hence ionic, bond than U-Al and U-Ga, however the 

QTAIM analysis indicates the opposite.   

The second part of the results the interactions between Sc, Y, La and Lu with B, Al, Ga, 

In and Tl were studied based on the complexes synthesised by Aldridge and Mountford.  Similar 

contradictions as those from the actinide section were found.  The Hirshfeld and Mulliken 

population analysis suggest B forms the most ionic bonds with the Ln.  As the G13 atoms 

increase in size, the interaction becomes less polar and the G13 ligand becomes more 

delocalised, in line with Pearson’s interpretation of increasing softness down the group.  On the 

other hand, the QTAIM analysis suggests the bonds become less covalent decreasing down 

Group 13.  This is in line with the increasing metallic character the elements gain down 

Group13.  This is exhibited in their local b.c.p. properties, but disagrees with common concepts 

that relate higher electronegativity with ionicity.  The population methods do agree when 

classifying Sc, Y, La and Lu in terms on ionicity and covalency, in that all the results show the 

Sc bonds have the highest degree of covalency.            

Different substituent groups were tested for both the lanthanide and actinide complexes.  

Changing the R group altered the geometries to some extent, but did not affect the electronic 

structure of the system.   

The final section of the results studied the parent actinide, Ac, and the last actinide, Lr, 

interaction with boron.  Parallels with La and Lu are drawn.  The nature of the bonding at the 

end of the series is slightly less covalent than that of the earlier actinides (Th, U).   
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Overall, the interpretation of the nature of the bonding differs depending on the tools 

used.  One can use QTAIM to classify the bonds as closed shell or shared shell interactions (i.e., 

in terms of increasing metallic/ionic or covalent bond character) and use Mulliken and MO 

analysis to understand how the HSAB rules or polarisation between the atoms changes.  It is 

also possible that the Mulliken population analysis is better suited for systems with soft acids 

and soft bases with stronger covalent interactions.  As quoted by Pearson himself, over nearly 

50 years ago, “Mulliken's treatment is intended chiefly for charge transfer complexes which 

involve type b [soft] acids.”184  On the other hand, one should also be prudent when making 

conclusions from QTAIM when bonds are “elastic” as the results are extremely sensitive to 

bond lengths.    

Finally, the conclusions regarding how the bonds are classified strongly depend on the 

classification method employed: “If only one “chemical bond” existed in nature, all methods 

would yield the same answer to the question.”192  
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5 Divalent Group 14 

5.1 Background  
The most common oxidation states for elements in Group 14 of the periodic table are +4 and +2.  

The +4 oxidation state arises with the loss of the valence ns
2
 np

2 electrons.  Sn and Pb lie at the 

bottom of Group 14 and tend to favour a single oxidation state, +2, more so than C, Si and Ge.  

This is due to the inert pair effect, where the heavier elements experience greater relativistic 

effects and the s orbitals are stabilised with respect to the p.  In the case of Sn, the 5s2 electrons 

are considered the “inert pair” hence Sn(II) is predominant over Sn(IV).   

Sn(II) complexes tend to deviate from simple tetrahedral complexes due to their stereo-

chemically active lone pair of electrons.  Simple examples that illustrate this are SnCl3
- and 

SnCl2: 

 

 

Fig. 5.1 Examples of Sn(II) complexes and stereo-chemically active lone pair of electrons (two dots). 
Top) SnCl3

-, bottom) SnCl2 

Sn(II) formally has a filled 5s orbital and vacant 5p (4d10 5s2 5p0).  The s electrons are 

stabilised, but although they have a degree of chemical inertness, they are not necessarily 

sterically inert.  The steric activity of the lone pair arises from the orbital also having some p 

character and not just spherically symmetric s character due to hybridisation of the s and p 

orbitals.  This concept is normally associated with the Pb(II) lone pair,193, 194 but can also be 

applied to Sn(II).194, 195  The lone pair of electrons thus remains sterically active yet chemically 

inert due to an asymmetric density on the Sn.  This is manifested via structural distortions196 i.e., 

the bent SnCl2.      

Sn(II) compounds have a wide variety of functionalities ranging from pharmaceutical 

applications197 to the production of superconductors198 and nanowires.199  There is even potential 

to use Sn(II) compounds to capture CO2 gas.200  To develop such materials a better 
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understanding of the electronic structure, the effect the lone pair of electrons has on the system, 

and reactivity is required.  

Very recently two stannylene compounds, Sn{B(NDippCH)2}2 (2_Sn) and 

Sn{B(NDippCH)2{NSiMe3)Dipp} (3_Sn) (Dipp = 2,6-iPr2C6H3) were synthesised by Professors 

Mountford and Aldridge and studied computationally by our group at UCL.201  The structures 

are shown in Fig. 5.2 and Fig. 5.3 and will be discussed further in following sections.  

 

Fig. 5.2 Molecular Structure of Sn{B(NDippCH)2}2, 2_Sn.  Image reproduced from Protchenko et 

al.
201 

 

Fig. 5.3 Molecular structure of Sn{B(NDippCH)2{NSiMe3)Dipp}, 3_Sn.  Image reproduced from 
Protchenko et al.

201 
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Unlike tin which is likely to form divalent compounds, divalent silicon complexes are 

less known.  Simple monomeric divalent silicon compounds, known as silylenes, are generally 

unstable, highly reactive and decompose quickly.202  Such silylenes are typically used 

transiently as intermediates (the first divalent Si was identified this way)203 before they dimerise 

to form tetravalent compounds.  Until recently, the instability was overcome by stabilising the 

silylenes in cyclic networks204 or by increasing the Si coordination number.205  The first stable 

isolated acyclic silylenes, Si{B(NDippCH)2{NSiMe3)Dipp} and Si(SArMe6)2, were reported very 

recently.201, 206 They do not dimerise and decompose only at temperatures above 130 and 146 °C 

respectively.  Further comparisons of the two silylenes complexes can be found elsewhere.207, 208 

Si{B(NDippCH)2{NSiMe3)Dipp}, 3_Si, analogous to 3_Sn in Fig. 5.3, features boryl 

and amido substituents.  The germanium equivalent, 3_Ge, was also synthesised.  The Si and Ge 

analogues for 2_Sn were not synthesised, but their electronic structures were calculated using 

DFT methods.201  An important feature of these systems is the energy gap between the singlet 

and the triplet species, as it provides a measure of reactivity and stability.   

A powerful analytical tool to study Sn systems is NMR spectroscopy.  119Sn has been 

studied computationally by Nakatsuji et al.
209, 210 and Bagno et al.,70, 211 whose studies will be 

referred to in the relevant sections.    

5.2 Introduction 
Our experimental collaborators, Prof. Mountford and Prof. Aldridge, synthesised some novel 

Sn(II) compounds, specifically bis(boryl)tin(II), 2_Sn, and amidotin(II)boryl, 3_Sn, systems,201 

shown in Fig. 5.2 and Fig. 5.3.  There were a few concerns regarding the stereochemistry of 

these compounds, particularly in relation to the orientation of the boryl ligands.  The results of 

the structural analysis identified a bent B-Sn-B angle and the Sn centre was found to lie above 

the BC2N2 plane, and so we wanted to gain an understanding of the origin of these effects.   

The geometric and electronic structure of 2_Sn was investigated computationally and 

the results are presented herein.  The origin of the structural manifestations was questioned: are 

they related to a sterically active lone pair of electrons? If so, what role does the bulkiness of the 

ligand play?  11B and 119Sn chemical shifts were calculated for 2_Sn and simpler model 

compounds.  The electronic structures were studied by analysing the composition of the highest 

occupied molecular orbital and partial atomic charge distributions.   

To obtain more information on the chemical shifts, the contributions to the total 

shielding constants were analysed for 2_Sn.  The total isotropic shielding is composed of 

paramagnetic, diamagnetic and spin-orbit shielding components.  The origin of these shielding 

components and some of their effects is explained in Chapter 1 (1.8.1.1).   

The results for 3_Sn are presented subsequently.  3_Sn undergoes a similar, but less 

extensive, analysis.  The Ph2Sn complex was investigated computationally, along with two 
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Hg(II)boryl complexes which were synthesised by our collaborators.  The last section in this 

chapter studies the excited states of the two stannylene systems, 2_Sn and 3_Sn, together with 

the effect of replacing Sn for Si and Ge.201 

5.3 Computational Details 
The spin restricted geometries were optimised in ADF2009 (unless stated otherwise) using the 

PBE functional.  The following scalar relativistic ZORA basis sets were used: TZP/4p for Sn, 

DZP/1s for B, N, C and H, TZP/2p for Si, TZP/3p for Ge, TZP/4d for Hg and DZP/3d for Br.  

The details for the NMR calculations are given in the relevant sections.   

5.4 Results 

5.4.1 Sn{B(NDippCH)2}2 

Fig. 5.4 shows Sn{B(NDippCH)2}2, 2_Sn: 

N

B

N
Sn

B

N

N

 

Fig. 5.4 Schematic of 2_Sn 

5.4.1.1 Geometry and NMR 

The geometry of 2_Sn was at first calculated using the ADF2008 and Gaussian (G09) programs.  

ADF2009 was released during this project; therefore the two versions of the programmes were 

compared.  The experiment was carried out in solvent, and this effect was investigated using 

polar and non-polar solvents such as water and toluene in the calculations.  The 2_Sn complex 

can be idealised to C2 symmetry during the calculations and this was evaluated.  The key 

geometrical parameters are compared to experiment in Table 5.1. 
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Table 5.1 Key structural parameters for 2_Sn gas-phase geometries, unless specified.  Calculated 
Sn-B and B-N bond distances are averages. ω = N-B-B-N and θ = N-N-B-Sn.   

  Bond distance (Å) Bond angle (°) Dihedral angles (°) 

Program Environment Sn-B B-N B-Sn-B ω Θ 

Expt201 2.294, 2.285 
1.444, 1.443 

1.433, 1.450 
118.8 46.2 155.5, 159.3 

ADF2009 C2 2.328 1.455 115.6 45.8 155.7 

ADF2009 no symmetry 2.328 1.455 115.6 46.4 155.5 

G09 no symmetry 2.334 1.464 117.2 45.2 155.9 

ADF2008 C2 2.323 1.454 115.7 45.7 155.6 

ADF2008 C2 toluene 2.324 1.454 115.6 45.8 156.0 

ADF2008 C2 water 2.323 1.454 115.6 45.7 156.1 

G09 C2 toluene 2.332 1.463 118.0 44.3 155.9 

 

The calculated geometries with and without C2 symmetry have very similar bond 

distances and angles and their total electronic energies differ only by 0.3 kJ/mol, thus justifying 

the use of C2 symmetry.  The two measured Sn-B bond distances were different from each 

other, a trait absent in the calculated geometry without symmetry constraints.  This suggests the 

Sn-B bond might have a shallow potential energy surface.   

There is no significant difference between the gas-phase geometries of ADF2008 and 

ADF2009, therefore the upgraded version of the programme is suitable.  In both programs, ADF 

and G09, the solvents (toluene and water) did not have any significant effect or improvements to 

the gas-phase geometry; therefore the gas-phase geometry was used for further calculations.   

The ADF2009 and G09 gas-phase Sn-B and B-N bond distances slightly overestimate 

the experimental ones, however the bond angles and dihedrals have a very good agreement.  

The G09 bond distances have a worse agreement with experiment than ADF, but the G09 B-Sn-

B bond angles are extremely close to experiment, deviating only by c.1°. 

There is very little difference between the dihedral angles across the geometry 

calculations.  The N-B-B-N dihedral angle, ω, Fig. 5.5 left, indicates the extent to which the 

boryl groups are twisted with respect to each other.  The N-N-B-Sn dihedral angle, θ, in Fig. 5.5 

right, defines the “out-of-plane-angle” measuring the distortion of Sn out of the BC2N2 plane, 

i.e., when θ = 180°, Sn is in the plane of the BC2N2 ring.  The importance of the out-of-plane-

angle (experimentally measured as the least square plane) is highlighted because the unexpected 

θ ≠ 180° is replicated by calculations and its origin is investigated in relation to the lone pair of 

electrons.  
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Fig. 5.5 2_Sn stick geometry with labelled dihedral angles in red.  Left) N-B-B-N, ω and right) N-N-
B-Sn, θ.  

Before calculating the 11B and 119Sn chemical shifts for 2_Sn, a comparison of the 

calculated 119Sn shielding constants of the SnMe4 reference compound was made with other 

reported values.  The earlier section on uranyl D-gluconate (Chapter 2) showed Gaussian was 

more effective at agreeing with experimental chemical shifts than ADF.  However, as 

mentioned in the Computational Methods (1.8.1.2), calculated chemical shifts are very 

susceptible to changes in geometry and electronic structure.  This chapter does not treat heavy 

actinides or long carbon chains, therefore the behaviour might be different and thus both 

programs were compared again.  Table 5.2 shows a range of values which span from 2283 to 

3006 ppm obtained using different computational parameters.  Even though the absolute values 

calculated here differ from each other and from literature, the systematic errors cancel out when 

the chemical shift is calculated (only when using the same method for both the reference and 

target molecule).   

Table 5.2 Calculated 119Sn shielding constants, σ (ppm), for SnMe4.  Fc = frozen core basis set, ae = 
all electron basis set 

Author Computational details σ (ppm) 

Nakatsuji et al.
209 Ab initio, MIDI-1 (Huzinaga basis sets) 3006 

Bagno et al. 70 BP, ZORA TZ2P ae scalar 2283 

Bagno et al. 70 BP, ZORA TZ2P ae SOC 2749 

Geerlings et al.
68 B3PW91, IGLO II (non-relativistic) 2527 

Harris et al.
69 B3LYP, TZV  2619 

This work ADF2009 PBE, ZORA TZ2P ae SOC 2772 

This work ADF2009 PBE, ZORA TZ2P ae scalar 2305 

This work ADF2009 PBE, ZORA TZ2P fc SOC 2758 

This work ADF2009 PBE, ZORA TZ2P fc scalar 2808 

This work G09 PBE, ANO-RCC TZP 2495 

θ 

ω 
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The 11B and 119Sn chemical shifts in 2_Sn were calculated and compared to experiment 

and the results are found in Table 5.3.  Scalar and spin orbit coupling, SOC, relativistic effects 

were compared, together with the use of frozen core versus all electron basis sets.  The scalar 

calculation with frozen core basis sets is very far off compared to experiment for both 11B and 
119Sn.  The agreement between theory and experiment improves when using SOC and all 

electron basis sets.  There is a bigger improvement in chemical shift in changing from scalar to 

SOC than from frozen core basis sets to all electron basis sets.  The Gaussian 119Sn chemical 

shift is very close to ADF’s SOC all electron one.  On the other hand, the 11B shift for the 

Gaussian calculation is far from experiment. 

Overall, including spin-orbit coupling and all electron basis sets in ADF led to the best 

agreement with experiment.  These conditions are used for further calculations.        

Table 5.3 Experimental and calculated (ADF gas-phase C2 geometries) 119Sn and 11B chemical 
shifts, δ (ppm), for 2_Sn.  ADF NMR calculations: PBE and TZ2P basis sets on all atoms, and G09 

NMR calculations: PBE, cc-pVDZ basis sets on C, N, H, B and Si, TZP ANO-RCC on Sn.    

 

  δ (ppm) 

Programme Computational details 119Sn 11B 

Expt201 - - 4755 96 

Calcd ADF2009 SOC all e 4560 69 

Calcd ADF2009 SOC fc 3993 65 

Calcd ADF2009 Scalar fc 3645 28 

Calcd G09 DHKSO 4593 46 

 

The unusually deshielded chemical shift of 119Sn is also noted.a  The experimental value 

was unresolvable at first, but the calculated chemical shift guided the experimentalists towards 

searching, and subsequently identifying, the 119Sn signals which lay more downfield than 

expected.   

As mentioned earlier, the origin of the large N-N-B-Sn angle, θ, was unknown.  To 

assess the effect of the bulky Dipp ligands, calculations varying the ligands on the boryl groups 

were performed.  The four variations to the large bulky steric groups (R groups) on 2_Sn are 

illustrated in Fig. 5.6. 

                                                      
a 119Sn chemical shifts tend to range from ca. +4000 to -2500 ppm using tetramethyltin (SnMe4) as a 
reference 
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Fig. 5.6 Schematic of 2_Sn variations 

The B-Sn-B angle was frozen to 115.6° for the four variations of 2_Sn and the 119Sn and 
11B chemical shifts were calculated.  The geometries with frozen angles were then allowed to 

relax and the chemical shifts were recalculated.  The calculations were done under C2 symmetry 

constraints.  An additional calculation was performed freezing θ = 179.9°, allowing the rest of 

the geometry to relax, to force the Sn to lie in the BC2N2 plane.  The frozen and relaxed 

calculations were compared with a 4.5 and 6 integration grid.  There were minimal differences 

in the results between the two so the values presented have an integration grid of 4.5.  Table 5.4 

presents the results of all the structural variations on 2_Sn.    
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Table 5.4 Key calculated bond distances (Å), angles (°) and chemical shifts, δ (ppm), for 2_Sn and 
respective variations (shown in Fig. 5.6).  Sn-B and B-N bond lengths are averages 

  Bond length  Angle  Dihedral angles  δ  

Compound Geometry  Sn-B B-N B-Sn-B ω θ 119Sn 11B 

2_Sn C2 2.328 1.455 115.6 45.8 155.7 4560 69 

2_Sn Frozen θ=179.9° 2.347 1.455 114.7 54.3 179.9 4822 71 

2_Sn_var_i Frozen B-Sn-B 2.290 1.449 115.6 74.5 164.7 5175 80 

2_Sn_var_ii Frozen B-Sn-B 2.292 1.451 115.6 32.2 173.7 3517 61 

2_Sn_var_iii Frozen B-Sn-B 2.288 1.453 115.6 45.5 170.2 4846 81 

2_Sn_var_iv Frozen B-Sn-B 2.294 1.448 115.6 1.0 180.0 4488 73 

2_Sn_var_i Relaxed 2.308 1.453 105.6 75.4 164.2 4008 68 

2_Sn_var_ii Relaxed 2.323 1.455 95.6 32.3 176.8 2969 56 

2_Sn_var_iii Relaxed 2.306 1.455 99.6 51.4 171.8 3588 69 

2_Sn_var_iv Relaxed 2.311 1.449 91.5 38.0 174.8 3421 63 

 

θ increases as the substituent groups are removed, indicating steric effects are relevant 

to the out-of-plane angle.  The increase in θ is slightly more pronounced whilst the B-Sn-B 

angle is frozen; θ increases and straightens for 2_Sn_var_i, culminating at 180° when there are 

no R groups on the boryl (2_Sn_var_iv).  Allowing the B-Sn-B angle to relax is followed by it 

becoming smaller as the steric groups reduce in size (with the minor exception of 2_Sn_var_iii).  

The ω angle also exhibits dependence with the size of the substituent group, but none of the 

variation’s ω is that different to the 2_Sn ω of 45.8°.   

5.4.1.1.1 Relationship between B-Sn-B Angle and 11B and 119Sn Chemical Shifts 

The geometries with frozen B-Sn-B angles have the same trend in chemical shift as the relaxed 

geometries, possibly implying there is no link between the B-Sn-B angle and chemical shift.  

However, there is a decrease in the B-Sn-B angle in every case where the frozen and relaxed 

geometries are compared, accompanied by a decrease in 119Sn and 11B chemical shifts.  For 

example in 2_Sn_var_i, the B-Sn-B angle is narrowed from 115.6° to 105.6° and the 119Sn and 
11B chemical shifts change from 5175 to 4008 and 80 to 68 ppm respectively.  To further 

investigate the relationship between the B-Sn-B angle and chemical shifts, a linear transit 

calculation was performed on 2_Sn_var_iv.  The change in energy during the linear transit 

calculation is shown in Fig. 5.7.  The B-Sn-B original angle of 91.5° was increased to 115.5° in 

four steps, with a total energy cost of 17 kJ/mol.   
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Fig. 5.7 Relative energy (kJ/mol) during a linear transit calculation of the B-Sn-B angle for 
2_Sn_var_iv.   

Chemical shifts were calculated by performing single point calculations at the different 

B-Sn-B angles and are presented in Fig. 5.8.   

 

 

Fig. 5.8 2_Sn_var_iv all electron SOC and scalar chemical shifts δ (ppm), as a function of the Sn-B-
Sn angle. Top) 119Sn and bottom) 11B  
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The two plots are evidence of a direct link between the B-Sn-B angle and the chemical 

shifts of both nuclei, which are deshielded with increasing angle.  The trends of both 11B and 
119Sn SOC calculations are the same, and the differences become larger as the angle is 

increased.  The influence of the central bond angle on the 119Sn chemical shifts has previously 

been noted in the literature.69   

The scalar calculations for the 119Sn exhibit similar trends to the SOC results but are 

slightly more upfield (lower chemical shifts).  However, the 11B SOC and scalar results show no 

correlation, with the latter having very little dependence on the B-Sn-B angle.  In the absence of 

SOC, only the 119Sn chemical shifts are affected by the change of angle.  The different 

contributions to the total shielding used to calculate the chemical shifts are compared for both 

the scalar and spin-orbit coupled results in Table 5.5.  As a reminder, the scalar shielding, σtotal, 

is made up of two components, the paramagnetic and diamagnetic: σp and σd.  Spin-orbit 

coupling provides an additional contribution, σso, to the total shielding.   

Table 5.5 shows the 119Sn or 11B σd contributions for the SOC calculations hardly 

change as a function of B-Sn-B angle.  The 11B σp contribution does not vary much in the spin-

orbit coupled calculations, but the 119Sn σp does.  However, the σso contribution varies for both 

nuclei, becoming more negative as the B-Sn-B angle increases.  

The significant change of the 119Sn σtotal of the scalar calculation is mainly due to σp.  

The scalar 11B σtotal is not dependent on the B-Sn-B angle; the σp and σd hardly change.  The 

difference between the two plots in Fig. 5.8 lies in the presence of spin-orbit coupling effects.    

Furthermore, as the B-Sn-B angle increases, the ratio of σp/σso changes for both nuclei.  

The relative % contribution of the negative contributors (σp and σso without σd) to the total 

shielding of B and Sn nuclei was calculated at each angle for the SOC calculations.  Fig. 5.9 

shows the % of σso is larger in 11B than in 119Sn, whereas the main contributor to the 119Sn 

chemical shielding is σp, explaining why the trends in the scalar and SOC NMR calculations of 
119Sn (Fig. 5.8 top) were similar.  However, as the B-Sn-B angle increases, the σso contribution 

for both nuclei is enhanced.  This effect is likely to be a result of the σp becoming smaller for 

reasons explained further on.  
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Table 5.5 Individual shielding, σ, contributions (ppm) to the SOC and scalar total shieldings, as a 
function of the B-Sn-B angle (°) in 2_Sn_var_iv.   

   
σ (ppm) for each B-Sn-B angle (°) 

 
Nucleus σ contribution 91.5 97.5 103.6 109.6 115.6 

SOC 

11B 

σd 193 193 193 193 194 

σp -128 -128 -128 -128 -128 

σso -33 -36 -42 -50 -63 

σtotal 31 29 23 15 3 

119Sn 

σd 5038 5038 5038 5037 5037 

σp -5603 -5880 -6227 -6654 -7196 

σso -84 -221 -410 -675 -1071 

σtotal -649 -1064 -1599 -2291 -3230 

Scalar 

11B 

σd 193 193 193 193 194 

σp -129 -128 -128 -128 -129 

σtotal 64 65 65 65 65 

119Sn 

σd 5035 5035 5035 5035 5035 

σp -5650 -5956 -6349 -6853 -7533 

σtotal -615 -921 -1314 -1818 -2498 

 

Fig. 5.9 % contribution of spin-orbit and paramagnetic shielding towards the total shielding, σ, for 
119Sn and 11B for 2_Sn_var_iv as a function of B-Sn-B angle 

The paramagnetic shielding contribution arises from the interaction of the nucleus with 

the field generated by the paramagnetic currents and depends on the ability of the applied field 

to mix the excited states with the ground state.77  I.e., σp is strongly dependent on the HOMO-

LUMO (H-L) gap.  Therefore, a decrease in the energy of the H-L gap as a function of B-Sn-B 

linearity, as shown in Fig. 5.10, might explain why the % contribution of σp decreases.  
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Fig. 5.10 HOMO-LUMO Gap (eV) for 2_Sn_var_iv 

There is evidence to suggest the Sn 5p atomic orbitals are the main contributors to the 

paramagnetic terms in small organotin complexes.209  Calculating the type of contribution of 

each atomic orbital to the total shielding is beyond the scope of this research, but the 

composition of the HOMO and its changes in energy with respect to the B-Sn-B angle are 

explained later.     

The σso term, on the other hand, is important for the 11B calculations but not as vital for 

the 119Sn, as was illustrated by Table 5.5.  A possible reason for the major difference between 

the SOC and scalar calculation may lie in the so called heavy atom effect.  Work in the literature 

shows that when the Sn is next to a heavy atom, such as heavy halides, it is unusually shielded 

and has a large up-field shift due to the spin-orbit coupling of the adjacent heavy atom, which 

makes a large contribution to the overall shielding.  The inclusion of SOC was found to be 

essential for accurate predictions of 119Sn shielding constants when bound to a heavy atom, as 

the scalar calculations did not correlate well with experiment.70, 73  One would not expect spin-

orbit coupling to have a large effect on the B atom, but it might be possible that including SOC 

is essential for accurate 11B NMR when it is bound to a heavy Sn, and that this heavy atom 

effect is induced by the Sn on the B.   

5.4.1.1.2 Relationship between N-N-B-Sn Dihedral and 11B and 119Sn Chemical Shifts   

To obtain an insight into the distortion of the BC2N2 plane, and why θ is 155.7° and not 180°, 

the 2_Sn geometry was optimised whilst freezing θ at 179.9° (on both sides of the Sn).  Key 

structural changes are tabulated in Table 5.4.  In order to maintain θ = 179.9°, the Sn-B bonds 

elongate by 0.019 Å and the two opposite boryl groups “twist” slightly more (ω increases by 

8.5°).  The energy of the system when θ = 179.9° is 17 kJ/mol higher in energy than that when  

θ = 155.7°.  
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The 119Sn and 11B chemical shifts when θ = 179.9° are more downfield than when θ = 

155.7°.  Their B-Sn-B angles are within 1°, therefore this is unlikely the reason for such a 

difference.  However, if one looks at the chemical shifts of the frozen and relaxed geometries of 

2_Sn_var_i, θ is almost the same (164.7° and 164.2°) but their chemical shifts vary significantly 

(119Sn 5175 to 4008 and 11B 80 to 68 ppm). Chemical shifts are known to be sensitive to any 

structural change.  It might be likely that the longer Sn-B bonds when θ = 179.9° lead to less 

shielding of the Sn nucleus and a downfield shift.  

5.4.1.1.3 Relationship between Substituent Groups and 11B and 119Sn Chemical Shifts   

The chemical shifts, δ, of 2_Sn and its four variations were tabulated earlier in Table 5.4 and are 

plotted in Fig. 5.11.  The 119Sn and 11B chemical shifts decrease from 2_Sn to 2_Sn_var_ii and 

increase slightly for 2_Sn_var_iii and 2_Sn_var_iv. 

 

Fig. 5.11 Chemical shifts (ppm) for 2_Sn and variations.  Left axis 119Sn in blue and right axis 11B in 
red.   

The chemical shift is obviously not proportional to the size of the bulky groups across 

this series and instead might be linked to the B-Sn-B angle, electronegativity68 or π donating 

ability of the ligands attached to the central metal.212  It has already been shown how the B-Sn-B 

angle affects NMR properties, with wider B-Sn-B angles resulting in higher δ.  This argument 

explains the trends seen between 2_Sn and 2_Sn_var_iii, but fails for 2_Sn_var_iv 

(2_Sn_var_iv should have the lowest δ because it has the smallest angle).  However, the 

differences in the B-Sn-B angle across the variations are relatively small, and might not be 

reflected in the δ.   

In principle, the shielding and chemical shift of the B can be related to the electron 

withdrawing or donating capabilities of each substituent on the boryl.  For example, the phenyl 

group is less electron donating than the methyl, so one would expect the B in 2_Sn_var_ii to be 
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the less shielded, with a higher δ, than 2_Sn_var_iii.  This however is not the case, as shown by 

Fig. 5.11.  A reason might be that these R groups are not directly bound to the 11B.  

Furthermore, the changes within the 11B shifts of the 5 compounds are minor (the largest 

difference is 13 ppm).   

Rationalising the chemical shift with the donating ability of the substituent groups 

might not be as straightforward as shown in literature.  All the 2_Sn systems here contain 

aromatic ligands which can produce ring currents.  These will affect the extent of shielding 

perceived by each B and Sn atom and further complicate the interpretation of the chemical 

shifts.   

The contributions to the total shielding constants were calculated for 2_Sn and the four 

variations and the data can be found in Appendix D (Table D.1).  As before, the σd did not vary, 

but the other contributions did.  Fig. 5.12 shows the % of σp and σso towards σtotal, neglecting the 

diamagnetic contributions.  One can see most of the % contributions are the same for all 

variations, except for 2_Sn_var_ii, which has the highest σp % and lowest σsoc %.  As was shown 

by the variation in B-Sn-B angle, the highest % paramagnetic contribution resulted in the lowest 

chemical shift. 

 

Fig. 5.12 % contribution of spin-orbit and paramagnetic shielding towards the total shielding for 
119Sn and 11B for 2_Sn and variations 

5.4.1.2 Molecular Orbital Analysis 

The extent of delocalisation, or localisation, of the lone pair of electrons was probed by 

analysing the HOMO shown in Fig. 5.13.  The HOMO is tin-centred and features mostly Sn p 

and s and some B p and s orbital character.  The normalised contributions to the HOMO of 2_Sn 

and its variations are detailed in Table 5.6.   
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Fig. 5.13 2_Sn HOMO.  H and atoms omitted for clarity.  Iso-surface value = 0.03 

 

Table 5.6 Normalised Sn/B/C,N Mulliken (%) contributions to the HOMO and 119Sn and 11B 
chemical shifts, δ (ppm), in 2_Sn and variations 

Complex Sn B C,N 119Sn δ 11B δ 

2_Sn  61 23 16 4560 69 

2_Sn θ = 179.9° 72 27 1 4822 71 

2_Sn_var_i 68 26 6 4008 68 

2_Sn_var_ii 59 23 18 2969 56 

2_Sn_var_iii 65 24 11 3588 69 

2_Sn_var_iv 68 27 5 3421 63 

 

The distribution of the HOMO does not change significantly with the variations.  

2_Sn_var_ii has the least Sn and B contributions and the most from the C and N on the boryl 

rings.  However, when the contributions to the HOMO are normalised to the Sn and B atoms 

only, they are all 72% and 28% or 73% and 27%.  

The change in the composition of the HOMO with respect to the B-Sn-B angle was 

studied using 2_Sn_var_iv.  The normalised Sn/B Mulliken % contributions to the HOMO 

gradually move from 72/28 to 76/24 when the angle is increased from 91° to 115°,  becoming 

slightly more localised on the Sn.   

Fig. 5.14 shows the % contribution of the Sn and B s and p orbitals in the HOMO as 

they change with the B-Sn-B angle in 2_Sn_var_iv.  As the angle increases, the Sn 5p 

contribution increases whereas the Sn 5s contribution decreases slightly.  The Sn 5p atomic 

orbitals are higher in energy than 5s, therefore increasing the contribution of a p orbital leads to 

an overall increase of the energy of the HOMO.  The importance of the Sn p atomic orbital to 

the σp contribution was shown by Nakatsuji et al.
209 and in this work.  The energy change of the 

HOMO is not related to changes taking place with the B atomic orbital contributions, as they 
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remain almost constant throughout, explaining why there were no changes in the 11B σp 

paramagnetic contribution as the angle was varied.      

 

Fig. 5.14 Normalised Sn and B s and p Mulliken (%) contributions of the HOMO for 2_Sn_var_iv 
as a function of the B-Sn-B angle. 

5.4.1.3 Charge Distribution 

To investigate electronic effects of the different substituent groups on the BN2C2 rings, the 

partial atomic charge distributions was analysed, along with the effect of the variations of the 

two key structural variables (the N-N-B-Sn dihedral, θ, and the B-Sn-B angle).  The charge 

distribution with respect to B-Sn-B angle was explored via 2_Sn_var_iv, and the Hirshfeld 

charge results are in Fig. 5.15.  As B-Sn-B angle increases, the Hirshfeld charge on the Sn 

becomes less positive whereas the B becomes slightly less negative.  The charge of the whole 

boryl group (BN2C2H4) was calculated and also becomes less negative, implying there is a small 

degree of charge transfer from the boryl group to the Sn.  This is also shown by the difference 

between the Sn and B atoms, ∆q(Sn-Boryl), becoming smaller.  The Sn gains negative charge 

whilst the shielding constants become more negative, leading to an increase in the 119Sn 

chemical shift.     
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Fig. 5.15 Hirshfeld charges for 2_Sn_var_iv as a function of B-Sn-B angle (°) 

The Hirshfeld charges were compared to the Mulliken and Bader charges found in 

Appendix D (Fig. D.1 and Fig. D.2).  Each charge method has very different values, even 

different signs.b  The Mulliken charges do not exhibit the same trends as the Hirshfeld or Bader 

charges; the charge on Sn and B hardly varies with the B-Sn-B angle.  The Bader charges show 

more similarity to the Hirshfeld, in that the Sn becomes less positive and B becomes more 

positive, and have similar (but to a smaller degree) charge transfer.  

Table 5.7 compares the differences between the partial atomic charges (and other 

properties) when the 2_Sn θ was frozen to 179.9° and then relaxed to its optimum 155.6°.   

Table 5.7 Selected properties for calculated 2_Sn, and when θ is frozen to 179.9°  

 θ (°) 

Properties 155.6 179.9 

Sn-B distances (Å) 2.328 2.347 

Norm. Mull. Sn/B (%) contributions to HOMO 72/28 73/27 

Sn Hirshfeld Charge 0.29 0.27 

B Hirshfeld Charge 0.01 0.02 

Sn Mulliken Charge 0.69 0.71 

B Mulliken Charge 0.31 0.32 

Sn Bader Charge 0.57 0.56 

B Bader Charge 1.02 1.04 
119Sn chemical shift (ppm) 4560 4822 
11B chemical shift (ppm) 69 71 

                                                      
b The Hirshfeld charges have positive Sn and a negative B, the Mulliken charges have a negative Sn and 
positive B and the Bader charges have both positive Sn and B.   
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The charge on the Sn becomes slightly less positive whereas the B becomes more 

positive, indicating there is some charge transfer from the B to the Sn when θ is increased and 

Sn enters the BC2N2 plane.  There is no correlation between the charges and chemical shifts on 

the Sn and B.  One would expect the Sn to be more shielded when θ = 179.9° because the Sn 

charge becomes less positive, however this is not the case.   

The Hirshfeld charges for the Sn, B and ∆q(Sn-B) when the R groups on 2_Sn are 

varied are presented in Fig. 5.16.   

 

Fig. 5.16 Key Hirshfeld charges of 2_Sn and 2_Sn_var_i to 2_Sn_var_iv (Data in Appendix D  

Table D.2) 

There is a sharp decrease in positive charge on the Sn as the 2_Sn R groups are reduced in size.  

This is also the case for the Mulliken and Bader charges (Appendix D Table D.3 and Table 

D.4), although there is a slight difference with 2_Sn_var_iii and 2_Sn_var_iv.  The most 

significant difference between the Hirshfeld and Bader charge distribution is the relative 

ordering of the Sn and B charges.  However, the trends in the difference in charge between the 

two atoms, ∆q(Sn-B), are similar.  The Hirshfeld charges in Fig. 5.16 show the ∆q(Sn-B) 

gradually decreases with respect to the size of the R group, whereas with Bader charges this 

change is less steep.   

The charge on the B atom also becomes less positive, although 2_Sn_var_ii is an 

exception for all three charge families, with the charge on the B atom becoming negative when 

the phenyl groups are removed (2_Sn_var_iii and 2_Sn_var_iv).  The ∆q(Sn-B) decreases as a 

function of R group size.  This could potentially be due to a loss of electrostatic interaction, 

however the trend in the Sn-B bond lengths (Table 5.4) does not agree with this.   
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5.4.1.4 Summary 

The bent B-Sn-B angle in 2_Sn is a result of both steric and electronic effects.  This angle 

becomes smaller (bends further) with smaller substituents.  The single point calculations on 

2_Sn_var_iv show how the composition of the HOMO varies as a function of angle.  The 

chemical shift is strongly dependent on the B-Sn-B angle but not on the out-of-plane angle.  It 

appears the Sn lies out of the boryl plane because of the size of the substituent groups, 

suggesting θ is dominated by steric, rather than electronic, effects.  Neither the change in θ or R 

group had a major effect on the composition of the HOMO.     

The different contributions to the 119Sn and 11B shieldings were obtained.  The 

paramagnetic shielding was key for the 119Sn chemical shifts, due to strong contribution of Sn p 

atomic orbitals.  As the B-Sn-B approaches linearity the Sn 5p orbitals increase in energy.  This 

leads to the HOMO increasing in energy and a decreasing H-L gap.  The smaller H-L gap leads 

to the paramagnetic shielding becoming more negative and the total chemical shift becoming 

more positive. 

The spin-orbit coupling contribution was necessary to obtain appropriate 11B chemical 

shifts, probably due to the heavy atom effect.     

One might suppose the link between charges and electron density might be similar to 

that between electron density and chemical shielding, therefore inferring that charge can be 

related to chemical shielding.  This is not the case as the shielding constants are not directly 

related to the electrostatics or to the different donating properties of the R groups.  The 

magnitude of the shielding (and chemical shift) depends on local density properties, therefore 

further investigations would require looking at the B-Sn bonding orbital as a function of R 

group, or utilising QTAIM tools.   
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5.4.2 Sn{B(NDippCH)2}{N(SiMe3)Dipp} 

5.4.2.1 Geometry and NMR 

 

Fig. 5.17 Ball and stick representation of 3_Sn.  H atoms omitted for clarity. Purple = Sn, green = , 
blue = N, grey = Si, black = C 

The geometry of the Sn(II)borylamido, Sn{B(NDippCH)2}{N(SiMe3)Dipp}, 3_Sn was 

calculated in gas-phase, water and toluene environments, similarly to 2_Sn.  The gas-phase 

optimised geometry is shown in Fig. 5.17 and key parameters are tabulated in Table 5.8.   

Table 5.8 Experimental and calculated key geometrical parameters for 3_Sn 

  Bond distance (Å) Bond angle (°) θ (°) 

Programme Environment B-Sn Sn-N B-Sn-N N-N-B-Sn 

Expt201 - 2.334 2.069 106.7 n/a 

ADF2009 Gas-phase 2.369 2.131 107.6 160.0 

G09 Gas-phase 2.367 2.112 108.9 162.0 

ADF2008 Toluene 2.361 2.134 107.6 161.3 

G09 Toluene 2.362 2.113 109.4 162.5 

ADF2008 Water 2.354 2.134 107.9 162.3 

 

There are more structural variations between the different environments of the 3_Sn 

geometries than there were for 2_Sn.  Despite this, the largest difference in the calculated B-Sn 

distance is between the gas-phase and water ADF calculations, only of 0.015 Å.  The results 

from ADF and G09 are very close and reproduce experimental values well.  In order to maintain 

consistency, the ADF gas geometry was used for further calculations.   

The out-of-plane angle of the Sn, N-N-B-Sn θ, was probed by performing single point 

energy calculations freezing θ at values between 160° and 180°, whilst allowing the rest of the 

Sn 

Si 

N B 
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geometry to relax.  The results are found in Table 5.9.  The B-Sn-N angle does not change, but 

the B-Sn and N-Sn distances elongate as the Sn enters the BC2N2 plane.  The change in energy 

to place the Sn in the BC2N2 plane, with respect to lowest energy geometry (θ = 160°) is 6 

kJ/mol.  This value is low compared to the 17 kJ/mol in the case of 2_Sn.         

Table 5.9 Key geometrical parameters of 3_Sn with frozen θ and relative total electronic energy 
(kJ/mol) with respect to the θ = 160° optimised geometry 

 Bond distance (Å) Angle (°)  

θ (°) B-Sn N-Sn B-Sn-N Energy (kJ/mol) 

160 2.369 2.131 107.6 0 

165 2.373 2.132 107.7 1 

175 2.380 2.134 107.3 4 

180 2.389 2.135 107.3 6 

 

Table 5.10 compares measured and calculated 3_Sn 119Sn and 11B chemicals shifts.  

Similarly to 2_Sn, the SOC all electron results agree best with experiment for both nuclei.  The 

KT2 functional was also tested.  KT2 performs better than the PBE scalar calculations, although 

the PBE SOC all electron calculation still has the best agreement with experiment.   

Table 5.10 Experimental and calculated 119Sn and 11B chemical shifts, δ (ppm), on 3_Sn.  Fc = 
frozen core, ae = all electron.  All calculations done in ADF2009, with PBE functional and TZ2P 

basis sets on all atoms unless stated otherwise.   

  δ (ppm) 

 Computational details 119Sn 11B 

Expt201 - 1918 70 

Calcd SOC ae 1917 57 

Calcd SOC fc 1643 52 

Calcd Scalar ae 1417 24 

Calcd Scalar fc 1393 23 

Calcd SOC KT2 1865 53 

Calcd Scalar KT2 1788 21 

 

There is extremely good agreement for 119Sn.  Such good agreement is previously is 

unseen in literature where DFT has been employed to calculate 119Sn chemical shifts in large 

organo-tin systems.68,69  A possible reason is due to such publications not using relativistic 

effects.  The cancellation of error between the reference and target molecule allows correct 

trends to be predicted instead of correct absolute values.  Smaller systems that use relativistic 

effects and SOC have found better agreement with experiment.70  

Schreckenbach investigated different frozen core sized basis sets and their effect on 

chemical shifts.  He concluded that for elements in the 4th period or higher the ns, np, (n-1)p and 
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(n-1)d shells should be included in the valence region (where n is the number of the period in 

the periodic table).54  According to this, in the case of Sn, where n = 5, the 5s, 5p, 4p and 4d 

shells should be in the valence region.  A suitable frozen core basis set is not available with 

ADF ZORA, as the largest valence basis set includes the 4d functions in the core.  

5.4.2.1.1 Relationship between the N-N-B-Sn Dihedral and 11B and 119Sn Chemical Shifts 

The 119Sn and 11B chemical shifts were calculated for the different θ and the results are found in 

Table 5.11.  The Sn is deshielded as it enters the BC2N2 plane and the 11B remains unchanged.  

A possible reason might be the lengthening of the Sn-B and Sn-N distances, to accommodate 

the Sn nucleus in the same plane, leads to a decrease in shielding and hence an increase in 

chemical shift.  This was also the case with 2_Sn, although the changes are much smaller with 

3_Sn.  The maximum deviation in 119Sn δ for 3_Sn between the different θ is 33 ppm, whereas 

in 2_Sn the change in θ from 155° to 179.9° supposed a change of 262 ppm.   

Table 5.11 119Sn and 11B PBE/TZ2P all electron SOC chemical shifts δ (ppm), for 3_Sn with respect 
to the N-N-B-Sn dihedral angle, θ (°). 

 δ (ppm) 

θ (°) 119Sn 11B 

160 1917 57 

165 1940 57 

175 1957 57 

180 1951 57 

5.4.2.2 Molecular Orbital Analysis and Charge Distribution 

The molecular orbital containing the lone pair of electrons, the HOMO, of 3_Sn is similar to 

that of 2_Sn and is shown in Fig. 5.18.  The Mulliken contributions to the HOMO are presented 

in Table 5.12.  The HOMO does not lie only on the Sn but is also delocalised on the B of the 

boryl ring and the N on the amido group.  The normalised Sn/B Mulliken % contribution to the 

HOMO is 69/31 when θ = 160° and 165° and 68/32 when θ = 175° and 180°.  

Table 5.12 Mulliken atomic contributions (%) to the 3_Sn HOMO 

Sn B N 

θ (°) S p s p p 

160 18.45 38.90 12.56 13.65 2.38 

165 18.59 38.83 12.66 13.32 2.28 

175 18.74 38.42 12.81 13.62 2.74 

180 18.70 38.17 12.95 13.61 3.90 
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Fig. 5.18 3_Sn HOMO.  H and atoms omitted for clarity. Iso-surface value = 0.03 

 

Unlike 2_Sn, the contribution of the Sn p atomic orbital does not increase as a function 

of θ.  Therefore the energy of the HOMOs (and H-L gap) remains the same for all 3_Sn with 

different values of θ.  The lack of change of the H-L gap would suggest the paramagnetic 

shielding contribution hardly varies, explaining why the change in the chemical shifts as a 

function of θ for 3_Sn is so much smaller than in 2_Sn.   

The Hirshfeld charge distribution as θ is modified was explored and presented in Fig. 

5.19.  The changes are minor, with a slight overall decrease in positive charge of the Sn and a 

proportional decrease in ∆q(Sn-B).  This loss of electrostatic interaction is in line with the 

observed increase in Sn-B bond lengths (Table 5.9).   

 

Fig. 5.19 Sn, B and ∆q(Sn-B) Hirshfeld charges for 3_Sn 

N 

B 
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5.4.2.3 Summary 

Various properties were studied as a function of the Sn out-of-plane-angle in 3_Sn.  A small 

dependence of the chemical shift with θ is found, especially for the 119Sn nucleus, whilst the 

energy and composition of the HOMO and charge distribution remain practically constant.  The 

change of shifts observed when θ is modified might be accounted for by the structural changes 

rather than electronic changes.  

5.4.3 Ph2Sn  

The geometry of Ph2Sn was calculated using C2 symmetry constraints and is shown in Fig. 5.20.  

The Sn out-of-plane-angle, θ = C1-C2-C3-Sn in this case, was found to be very different to the 

previous 2_Sn and 3_Sn systems.  Fig. 5.20 (right) shows the Ph2Sn molecule has the two 

phenyl rings almost in the same plane as the Sn (θ = 174°) but not in the same plane as each 

other, seen by a C2-C3-Sn-C4 dihedral, α, of 32°.    

Sn

C3 C4

C2

C1  

Fig. 5.20 Ph2Sn.  Left) labelled structure and right) side view of the optimised “non-flat” geometry 
labelled with α and θ dihedral angles 

The geometry with a C2-C3-Sn-C4 α dihedral angle of c.360°, referred to as “flat 

geometry”, was also calculated and compared to the lowest energy system.  Table 5.13 shows 

the flat geometry has the Sn in the boryl plane, with a wider C3-Sn-C4 angle and slightly longer 

C-Sn bonds.     

Table 5.13 Selected structural properties and 119Sn chemical shift, δ (ppm), of Ph2Sn.  NMR 
calculations with all electron TZ2P basis sets on all atoms and spin orbit coupling.  

 Bond distance (Å) Bond angle (°) Dihedral angle (°) δ (ppm) 

Geometry C-Sn C3-Sn-C4 θ Α 119Sn 

Non-flat 2.222 95.5 174.2 32.0 2219 

Flat 2.234 104.9 179.9 359.9 2141 

 

The twisted, non-flat geometry seen in Fig. 5.20 lies at a minimum with no imaginary 

frequencies.  The flat converged geometry lies 8.6 kJ/mol higher in energy than the non-flat one.  

The flat geometry has one imaginary frequency, whose vibration corresponds to a “twisting” out 

of the plane torsion indicated by the arrows in Fig. 5.21.    

θ = 174° 

α = 32° 
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Fig. 5.21 Ph2Sn flat geometry.  Arrows depict the motion of the imaginary vibrational bending 
frequency.   

The difference in δ between the flat and non-flat geometries is less than 100 ppm, which 

is relatively small on the 119Sn NMR scale.  The 119Sn chemical shift of non-flat Ph2Sn is in 

between that of 2_Sn and 3_Sn, but closer to the latter.   

The HOMO of Ph2Sn is shown in Fig. 5.22.  The normalised Sn/C Mulliken % 

contribution of the orbital of both, flat and non-flat, Ph2Sn is 67/33, similar to the 2_Sn and 

3_Sn systems.    

 

Fig. 5.22 Ph2Sn HOMO.  H and atoms omitted for clarity.  Iso-surface value = 0.04 
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5.4.4 Mercury Complexes 

Mercury(II)bis(boryl), 2_Hg, and dimeric bromomercury(II) boryl, 4_Hg, compounds were 

synthesised by Prof Mountford and Aldridge.  2_Hg is shown in Fig. 5.23 and comparisons of 

the calculated and experimental structures are shown in Table 5.14. 

 

Fig. 5.23 Ball and stick representation of 2_Hg.  Yellow = Hg, green = B, blue = N.  H omitted for 
clarity. 

There is a slight overestimation in the calculated bond lengths with respect to the 

experimental ones.  However, there is no significant difference between calculating the 

geometry with or without C2 symmetry constraints.  The agreement between experiment and 

theory for the angles and dihedrals is very good, surpassing that of 2_Sn.  The 2_Hg geometry is 

very different from its Sn analogue in that the B-Hg-B unit is linear (180°) whereas the 

calculated B-Sn-B was bent (115.6°).  The ω angle (N-B-B-N) of 2_Hg is similar to that of 

2_Sn but the θ out-of-plane-angles are very different (θ = N-N-B-Hg in this case).  The Hg 

remains in the plane of the boryl rings, similarly to Ph2Sn, shown by θ = 180°.  There was an 

attempt to freeze the B-Hg-B angle to 115° allowing the rest of the geometry to relax, but 

geometry convergence was not successful.  

Table 5.14 Key geometrical parameters and 11B chemical shifts, δ (ppm), of 2_Hg.  B-N distances 
are averages.  NMR calculations with all electron TZ2P basis sets on all atoms and spin orbit 

coupling. 

  Bond distance (Å) Bond angle (°) Dihedral angle (°) δ (ppm) 

  Hg-B B-N B-Hg-B ω θ 
11B 11B 

Expt  2.148, 2.147 1.434 179.1 40.6, 46.3 176.3 n/a n/a 

Calcd 

C2 2.179, 2.177 1.449 180 44.6, 44.6 180 54 54 

No C2 2.178, 2.179 1.450 179.8 43.7, 44.4 180 52 59 
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The 11B NMR parameters were calculated including SOC using all electron TZ2P basis 

sets on all the atoms.  The 11B chemical shifts are slightly more upfield in this system than in the 

tin ones (11B in 2_Sn and 3_Sn are 69 and 57 ppm respectively).  Even though the C2 and non-

C2 geometries are extremely close, the variation in the δ between them is evidence of the 

extremely high susceptibility of δ to structural changes.  

There is no lone pair of electrons in this Hg(II) complex and the HOMO corresponds to 

a π type orbital lying on the boryl ring.  The Hg-B bonding orbital lies lower in energy, as the 

HOMO-2.  The normalised Hg/B Mulliken % contributions to this bonding orbital are 21/79, 

with most of the orbital localised on the B atoms, shown in Fig. 5.24.  The Sn-B bond orbital of 

2_Sn (HOMO-2) had normalised Sn/B Mulliken % contributions of 40/60.  The greater 

contribution of the B in 2_Hg towards the Hg-B MO, than of the B in 2_Sn towards the Sn-B 

bond, might suggest why the 11B shift is more shielded in 2_Hg rather than in 2_Sn. 

 

Fig. 5.24 2_Hg HOMO-2.  H and atoms omitted for clarity.  Iso-surface value = 0.03 

The dimeric boryl compound is shown in Fig. 5.25 and key calculated properties are 

compared to experiment in Table 5.15.  Again, the calculated bond lengths slightly overestimate 

the measured ones but there is a very good agreement with bond distances and angles.  The 

distance between the two compounds is shorter in the calculation (seen by the Br-Br distance).  

If one wanted an accurate intermolecular distance, one would have to take into account the basis 

set superposition error, or perform periodic calculations to simulate the surrounding molecules 

in the rest of the crystal.  
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Table 5.15 Key geometrical parameters and 11B chemical shifts, δ (ppm), of 4_Hg.  B-N distances 
are averages.  NMR calculations with all electron TZ2P basis sets on all atoms and spin orbit 

coupling. 

 Bond distance (Å) Bond angle (°) Dihedral angle (°) δ (ppm) 

 Hg-B B-N Hg-Br Br-Br B-Hg-Br θ 
11B 

Expt 2.115 1.416 2.115 3.779 169.0 172.6 n/a 

Calcd 2.124 1.439 2.124 2.561 171.1 178.0 20 

 

The nearly planar θ shows the Hg is in plane with the boryl, unlike the Sn compounds.  

The 11B δ in 4_Hg is the same for both B atoms and significantly lower than in 2_Hg. 

 

Fig. 5.25 Ball and stick representation of 4_Hg.  H omitted for clarity.  Yellow = Hg, dark red = Br.   

5.4.5 Silylene and Germylene 

The energies of the singlet and triplet states were calculated for 2_Sn and 3_Sn and compared to 

the equivalent species substituting Sn with Si and Ge, 2_G14 and 3_G14 respectively (G14 = Si, 

Ge and Sn).  The calculations for the 3_G14 results presented here were performed by Prof. 

Kaltsoyannis.  All the calculations presented in this section were done using ADF 2010.   

The main geometrical parameters and charges are compared in Table 5.16.  The 

agreement with experiment for the bond lengths is very good.  The largest deviation for the 

measured B-G14-B angle is for G14 = Ge, which is c.4°, with the calculated Si analogue only 1° 

away from experiment.  The bond angles for both 2_G14 and 3_G14 are very close, with the 

former being marginally wider.  The Si complexes have slightly wider B-G14-B/B-G14-N 

angles than Sn.   

The θ are very similar throughout, although there is a slight increase from 3_Si to 3_Ge 

to 3_Sn, which is absent in the 2_G14 complexes.  The Si-B and Si-N distances are shorter than 

the Ge equivalents, which in turn are shorter than the Sn ones.  There is no evidence of the 

alternation effect seen in the previous chapter with Group 13 complexes.  As the bonds lengthen 

from Si to Ge to Sn, ∆q(G14-B) also increases, indicating an increasing ionicity in the G14-B 
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bond going down G14.  The longer bond distances in Sn are probably a result of the less 

chemically active (inert pair) s electrons, which are less involved in Sn-B and Sn-N bonding 

compared to the lighter G14 atoms.   

Table 5.16 Key geometrical parameters and Hirshfeld charges for 2_G14 and 3_G14.  G14 = Si, Ge 
and Sn  

Bond distance (Å) Bond angle (°) Dihedral (°) Hirshfeld charge 

G14-B G14-N 

B-G14-B/ 

B-G14-N θ ∆q(G14-B) 

Expt201 3_Si 2.066 1.731 109.7 - 

Calcd 3_Si 2.092 1.773 108.6 154.9 0.20 

Expt201 3_Ge 2.141 1.861 112.9  - 

Calcd 3_Ge 2.168 1.898 108.4 155.1 0.23 

Calcd 3_Sn 2.369 2.131 107.6 160.0 0.36 

Calcd 2_Si 2.051 - 117.3 158.4 0.18 

Calcd 2_Ge 2.130  114.2 158.7 0.18 

Calcd 2_Sn 2.328 - 115.6 155.7 0.27 

 

The HOMOs of the silylene and germylenes are largely localised on the G14 atoms.  

Their shapes bear close resemblance to the 2_Sn and 3_Sn respective HOMOs (Fig. 5.13 and 

Fig. 5.18).  The LUMOs of 2_Si and 3_Si are found in Fig. 5.26.   

               

Fig. 5.26 LUMO of left) 2_Si right) 3_Si.  H and atoms omitted for clarity.  Iso-surface value = 0.03 

The Mulliken contributions for the HOMO and LUMO, together with normalised 

G14/B contributions, of the 3_Si, 3_Ge and 3_Sn ground states are found in Table 5.17.  Similar 

data for 2_G14 are in Appendix D (Table D.5).  The normalised G14/B % contributions show 

the HOMO becomes more delocalised going down the group.  This can be related to an increase 

in the degree of softness; as the principal quantum number increases the orbitals become more 
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diffuse due to their larger radial extensions, the atoms become less electronegative and therefore 

there is more mixing in the HOMO.  

The N in the amido substituent contributes slightly more to the LUMO in 3_G14.  The 

LUMO has no G14 s contribution and only features G14 p, N and B p, forming a π type MO.  

The G14 p orbitals are destabilised down the group and therefore contribute more to the LUMO.  

Table 5.17 Individual Mulliken contributions and normalised Mulliken G14/B contributions (%) to 
HOMO and LUMO of 3_G14 

  Individual contributions Normalised contributions 
  G14 p G14 s B p B s N C G14/B 
HOMO 3_Si 41.7 22.8 9.8 8.2 3.7 1.5 78/22 

3_Ge 40.6 18.1 11.0 10.1 6.9 4.8 74/27 

3_Sn 38.3 18.7 13.2 12.7 3.5 2.7 69/31 

LUMO 3_Si 70.1 - 2.8 - 8.3 - 96/4 

3_Ge 75.0 - 1.2 - 10.2 - 98/2 

3_Sn 79.7 - 1.2 - 7.9 - 98/2 

 

The singlet-triplet (S-T) energy gaps are compared in Table 5.18.  The narrower S-T 

gaps of 2_G14 compared to 3_G14 are indicative of higher reactivity of the former, predicting 

the amidoboryls, 3_G14, to be more stable.  The 2_Si analogue has a smaller S-T gap than 2_Ge 

and 2_Sn, also implying a higher reactivity.  The negative sign indicates the formation of a 

stable compound is not likely.  On the other hand, the S-T gaps for the 3_G14 complexes are 

significantly larger, with 3_Sn having the smallest energy gap.  Such calculations imply stable 

Si and Ge analogues of the 3_Sn compounds could be synthesised, whereas equivalents of the 

2_Sn are unlikely.     

Table 5.18 Singlet-Triplet gaps (kJ/mol) of 2_G14 and 3_G14 systems 

 S-T Gap (kJ/mol) 

G14 2_G14 3_G14 

Si -0.3 103.9 

Ge 17.9 123.0 

Sn 39.2 121.7 
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5.5 Conclusion 
The steric activity of the lone pair of electrons in divalent Sn systems was analysed by 

studying selected structural changes such as the B-Sn-B angle, the out-of-plane angle and the 

size of the substituents groups.  The orbital containing the lone pair of electrons, the HOMO, is 

delocalised over atoms connected to the Sn.  The HOMO of 2_Sn features a combination of Sn 

and B s and p orbitals, providing it with orientation which is the main reason the B-Sn-B angle 

is bent.  The HOMOs of 3_Sn and Ph2Sn were also analysed and a similar conclusion was 

reached.   

The B-Sn-B angle is bent due to a combination of steric and electronic effects, whereas 

the origin of the large out-of-plane-angle (θ ≠ 180°) is mostly dependent on the size of the 

substituent group.   3_Sn was studied by analysing the HOMO at various values of θ and very 

few changes were found.  

  The effect of different B-Sn-B bond angles on 119Sn and 11B chemical shifts was 

calculated in 2_Sn. The chemical shifts cannot be rationalised from the partial atomic charge 

distribution.  Overall, frozen core basis sets worsen the agreement with experiment for the δ and 

all electron basis sets calculations, with the inclusion of SOC, are significantly better.  The 119Sn 

chemical shifts are strongly governed by the paramagnetic contribution, where the energy of the 

Sn p atomic orbital is the most likely factor.  The importance of accurate descriptions of orbital 

energies for good results of paramagnetic shieldings, as highlighted by Schreckenbach and 

Ziegler, is because “¬� depends critically on the small differences between just a few of these 

eigenvalues”.3  The diamagnetic contribution is also large but not a dominant factor.  The 11B 

chemical shifts on the other hand, are mostly dominated by the SOC contribution, probably a 

result of an induced heavy atom effect by the Sn.   

In addition, two mercury boryl complexes were studied.  The central B-Hg-B angle in 

2_Hg was linear and θ = 180°.  2_Hg and 4_Hg do not contain lone pairs of electrons and 

therefore comparisons of the HOMO are not suitable.  Further insight into the B-Hg bonding 

orbital is required.       

Two acyclic divalent silylenes were studied, 2_Si and 3_Si, along with analogous Ge 

complexes, and compared to experiment when possible.  The atomic contributions to the 

HOMOs of the Si and Ge complexes are similar to their Sn ones, although there is a clear trend; 

the HOMO becomes more delocalised as the G14 becomes heavier.  The calculation of the 

energy between singlet and triplet states of the 2_G14 and 3_G14 species provided rationale 

regarding their relative stabilities.    
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6 Thallium bis(boryl) – the 1st Tl(II) compound? 

6.1 Background 
The elements of Group 13 favour the +1 or +3 oxidation states due to their valence electron 

configuration (ns
2
 np

1).  The heavier elements of the p-block are affected by the inert pair effect 

and thus favour the +1 state over the +3.  Thallium lies at the bottom of Group 13 and tends to 

be monovalent, Tl(I), though there are examples of Tl(III).213  

A Tl(II) compound would have an unpaired electron and therefore display paramagnetic 

behaviour identifiable via techniques such as ESR.  The first proposed thallium(II) compound 

was reported by Kinkhammer et al.
214 who synthesised [{Me3Si}3Si]2TlTl{SiMe3}3]2.  This 

compound readily decomposes in solution and therefore could not undergo spectroscopic 

characterisation.  There another instance that claims the existence of a Tl(II) radical: a Pt(II)-

Tl(II)-Pt(II) based compound by Uson et al.,215 [Tl{Pt(C6F5)4}2]
2-, shown in Fig. 6.1.  To my 

knowledge, Tl-Pt based compounds published in the literature have monovalent Tl and Pt(II).216-

218  The exceptions are a Pt(II)-Tl(III) based compound by Glaser et al.
219 and the already 

mentioned Tl(II)-Pt(II) compound by Uson et al.,215 where the presence of the unpaired electron 

in the latter renders it paramagnetic and hence ESR active. 

 

Fig. 6.1 [Tl{Pt(C6F5)4}2]
2-, 3_Tl_Pt.  Orange = Tl, blue = Pt and green = F 

6.2 Introduction 
A thallium bis(boryl) complex, Tl{B(NDippCH)2}2 in Fig. 6.2, was synthesised by Professors 

Mountford and Aldridge’s research groups at Oxford University in 2011, who suspected the Tl 

centre to be a Tl(II).  Unpublished experimental structural analysis found it to be linear with 

respect to the B-Tl-B angle, though there was asymmetry in the B-Tl distances.  The Tl(II) state 

was proposed on the basis of preliminary NMR results, which indicated the presence of a 

paramagnet (broad, very shifted NMR signals and an indication of a simple paramagnet from 
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preliminary SQUID data).  The Aldridge and Mountford groups have yet to confirm the 

oxidation state of the compound using other methods (Evans methods, ESR and reactivity 

experiments).  Meanwhile, the geometry and electronic structure was analysed by DFT 

calculations and is presented here. 

N3

B1

N1

Tl B2

N

N2

 

Fig. 6.2 Schematic of Tl{B(NDippCH)2}2, 2_Tl 

The first aim was to obtain an insight into the geometry and electronic structure of 2_Tl, 

to answer questions regarding the linear TlB2 geometry or if there is indeed asymmetry in the 

Tl-B distances.  From an electronic structure perspective, the main objective was to understand 

the location of the unpaired electron, investigate if there is any spin density on the Tl atom and 

decipher the composition of the relevant orbital(s) corresponding to the unpaired electron 

(SOMO).  Finally, as both, the compound made in Oxford (2_Tl) and that of Uson et al. 

(3_Tl_Pt), claimed to be of Tl(II) nature and contain an unpaired electron, their SOMOs were to 

be compared.  

 Electron Spin Resonance (ESR, or Electron Paramagnetic Resonance, EPR) is a 

powerful technique to study radical systems such as the Tl(II) compounds.  ESR calculations are 

employed here to investigate properties of the unpaired electron.  There is limited literature on 

ESR calculations using DFT for Group 13 systems, especially Tl(II), therefore preliminary 

benchmarking was required and is presented first.   

 The benchmarking section is followed by three sets of results.  The first describes the 

geometry and electronic structure of 2_Tl and its variations.  The second describes the 

compound reported by Uson et al. (3_Tl_Pt) and the final section presents the ESR results of the 

two compounds and draws comparisons between them.  
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6.3 ESR Benchmarking  
As mentioned in the Background, there is only one reported instance of a paramagnetically 

active thallium, therefore ESR data from other paramagnetic Group 13 compounds were used as 

benchmarks.  A series of diazabutadiene-Group 13, DAB_G13, compounds reported by Jones et 

al.,220 shown in Fig. 6.3, were used.  Geometries, isotropic g-values and hyperfine coupling 

constants, hfc, were calculated with G13 = Al, Ga, In and Tl and compared to experiment where 

possible.  Various programs, functionals and basis sets were tested, along with the effect of spin 

orbit coupling, SOC, and spin restricted, R, vs unrestricted, UR, geometry calculations.  

C2C1

N1

G13

N2

X2X1

 

Fig. 6.3 Schematic of DAB_G13 compounds G13 = Al, Ga, In, Tl and X = I, when for G13 = In, X = 
Cl and an additional THF on the G13 is present.   

6.3.1 Computational Details 

The spin restricted geometries were obtained using the PBE functional without SOC in ADF.  

The basis sets used were DZP/1s for C, N, O; DZP for H; TZ2P/2p for Al, TZP/2p for Cl, 

TZP/4d for I, TZ2P/3p for Ga; TZ2P/4p for In and TZ2P/4d for Tl.  Various functionals for the 

ESR calculation were tested and compared, along with different programmes (ADF and 

Gaussian).  One would expect less of a basis set dependence for ESR g-values than with NMR.  

NMR is a property which depends on core electrons as much as valence, whereas the g-tensor is 

more a valence or semi-core property.  However, an adequate description of the core electrons is 

still needed, especially when calculating the hfc (interaction of electron with nucleus).  Basis set 

dependence has thus been investigated using five different ADF ZORA Slater type basis sets 

described below.  There is particular emphasis on the differences between the use of DZP, TZP 

and TZ2P for the smaller atoms (basis set 1, 2 and 4) and the role of frozen core basis sets 

compared to all electron basis sets (basis set 2, 3 5).   

Basis set 1 – Al: TZ2P/2p, I: TZP/4d and C, N, H: DZP/1s 

Basis set 2 – Al: TZ2P/2p, I: TZP/4d and C, N, H: TZP/1s 

Basis set 3 - Al: TZ2P and I, C, N, H: TZP  

Basis set 4 - Al: TZ2P/2p, I: TZ2P/4d, and C, N, H: TZ2P/1s 

Basis set 5 – Al: TZ2P, I: TZ2P/4d, and C, N, H: TZ2P/1s 
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Basis se t 5 only differed from basis set 4 in the use of an all electron basis set on Al.  

This was chosen to see if the frozen 2p in Al might improve results.  The all electron version of 

basis set 2 and 4 was performed too. 

As mentioned in the Computational Methods, there are a number of ways of obtaining 

the g and hfc values.  In ADF, the scalar optimised geometry was calculated and followed by an 

ESR calculation with an increased integration grid (int = 6).  The g and hfc values can be 

calculated simultaneously (by performing a spin unrestricted SOC calculation using the 

collinear approximation) or separately (a SOC spin restricted calculation for the g-value and a 

second scalar spin unrestricted calculation for the hfc).  These two methods were also compared.   

 In Gaussian, the g-value and the hfc are calculated separately.  Each calculation 

employs different types of basis sets.  The g-values in Gaussian were calculated using:  

Basis 2: 6-311G** for all atoms 

Basis 3: cc-pVDZ for Al, C, N and H, and cc-pVDZ-PP for I.   

The hfc in Gaussian were obtained using the following basis sets:  

Basis 1: EPR-III for H, C, N and 6-311G** for Al and I 

Basis 2: 6-311G** on all atoms 

6.3.2 Benchmarking Results 

The geometries were optimised using both SOC and scalar relativistic effects and key features 

are presented in Table 6.1.  The differences between SOC and scalar calculated geometries are 

negligible for the Al and Ga geometries; therefore the scalar option was used for further 

calculations.  The calculated G13 bond lengths are slightly overestimated when compared to 

experiment.  Nevertheless, the agreement is very good for the Al and Ga compounds; the bond 

angles deviate a maximum of 2.0° from experiment.  In the case of the In compounds, the 

deviation from experiment is slightly greater, with the largest being the G13-N1 bond distance, 

overestimated by 0.128 Å.  However, the N-I-N bond angle is only 2.2° out.  Overall, the 

agreement with experiment was considered satisfactory to proceed with ESR calculations. 
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Table 6.1 Key spin restricted geometrical parameters for DAB_G13 compounds.  (See Fig. 6.3 for 
labelling) 

  Bond distances (Å) Bond angle (°) 

DAB_G13 Geometry G13-N1 G13-X G13-X N1-C1 C1-C2 N-G13-N 

DAB_Al Expt221 1.889 2.496 2.532 1.337 1.409 87.4 

SOC 1.933 2.551 2.552 1.344 1.402 86.0 

Scalar 1.933 2.550 2.549 1.344 1.402 86.0 

DAB_Ga Exp222 1.945 2.498 2.540 1.339 1.406 85.7 

SOC 1.999 2.566 2.566 1.340 1.403 83.8 

Scalar 1.998 2.564 2.564 1.340 1.404 83.9 

DAB_In Expt220 2.157 2.365 2.363 1.341 1.384 77.0 

 Scalar 2.285 2.445 2.444 1.339 1.405 74.8 

DAB_Tl Scalar 2.792 3.032 3.035 1.285 1.463 62.2 

Non-rel 2.328 2.859 2.859 1.339 1.405 74.7 

 

The DAB_Tl geometry was also calculated without ZORA adapted basis sets (non-rel) 

for reasons explained later.  The calculated geometries differ significantly; the absence of 

relativistic effects lengthens the N-C bond and shortens the Tl-N1, Tl-I and C=C bonds, 

widening the N-Tl-N angle.  The electronic effects of the lack of appropriate relativistic 

methods for Tl compounds are described in more detail later.    

A summary of the results for DAB_Al is presented in Table 6.2.  The full set of results 

can be found in Appendix E Table E.1 (including a comparison of different versions of ADF, 

2009 and 2010, justifying the use of both versions of the code in this study).  Starting with the 

ADF hfc results, the calculations using basis set 1 (same basis sets as the geometry 

optimisation) do not have a good agreement with experiment.  Increasing the size of the basis 

sets on the small atoms, basis set 2, improves the agreement for the G13 and N hfc nuclei.  The 

all electron version of basis set 2 further improves the hfc for G13, however significantly 

worsens that of the N and I.  The results of the hybrid functionals using basis sets 1 and 2 are 

worse than the GGA ones (Table E.1).  The collinear approximation was tested on the SOC and 

spin unrestricted, UR, calculation using basis set 2 and although the g-value is very close to 

experiment, the hfc for the Al and I are not.  Basis set 3 worsens the agreement with experiment 

for all hfc (to the extent where the hfc for G13 and N appear to be reversed) for both, PBE and 

B3LYP calculations.   

The hfc of all nuclei has very good agreement with experiment for basis set 4 with the 

PBE functional.  However, trying to improve the quality of the basis sets by making them all 

electron basis sets leads to a worsening of agreement with experiment.  For this reason basis set 
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5 was tested, where only the Al has an all electron basis set and the other atoms have frozen 

cores.  Unfortunately, basis set 5 does not provide any significant improvement in the hfcs.   

The calculated g-values are not as basis set dependent as the hfc, but they do exhibit a 

functional dependence.  The PBE functionals result in g-values < 2, whereas the hybrid 

functionals are > 2.  Overall, the MAD values indicate the PBE functional leads to a better 

agreement with hfcs whereas B3LYP results in slightly more accurate g-values. 

The results of the ESR calculations performed in Gaussian, using the ADF scalar 

optimised geometry, showed little difference between basis sets and functionals.  These 

calculations demonstrate a lack of consistency, in that the hfc values of G13 nuclei improve 

significantly compared to the ADF ones, whilst the N and I increase so much they exhibit the 

worst agreement with experiment.  The Gaussian g-values are all larger than 2 (unlike the ADF 

PBE g-values), though the agreement with experiment is not as good as B3LYP in ADF.      

Similar calculations were done for the DAB_Ga compounds.  The summarised results 

are found in Table 6.3 (the complete results are in Appendix E Table E.2).  PBE calculations for 

basis sets 2 and 4 are very similar, although an all electron version of basis set 2 significantly 

improves the hfc for the Ga and N nuclei (unlike in DAB_Al in Table 6.2).  The g-values show 

the same functional dependence (above or below 2 depending on hybrid or GGA).   

It must be noted that calculated isotropic hfc generally have worse agreement with 

experiment because they are more sensitive to the choice of basis set and functional than 

anisotropic hfc.223   Overall, the ADF PBE basis sets 2 and 4 show the best agreement with 

experiment across the hfcs for all the atoms.   
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Table 6.2 Summary of DAB_Al ESR calculated g-values and isotropic hfc (Gauss) of Al, N and I nuclei compared to experiment.  Ae = all electron, MAD = 
Mean absolute deviation of calculated values with respect to experiment 

       Hfc (Gauss)  

Program Functional Basis set SOC/Scalar Spin g-value g-value MAD Al N1 N2 I I hfc MAD 

Expt220 2.0038  2.85 6.75 6.75 0.38 0.38  

ADF 2009 PBE 1 SOC R 1.9976 0.0062 - - - - -  

ADF 2009 PBE 1 Scalar UR -  -6.13 8.34 8.33 0.02 0.06 2.57 

ADF 2009 PBE 2 SOC R 1.9978 0.0060 - - - - -  

ADF 2009 PBE 2 Scalar UR -  -5.94 6.12 6.13 0.90 1.01 2.24 

ADF 2009 PBE 2 ae SOC  R 1.9962 0.0076 - - - - -  

ADF 2009 PBE 2 ae Scalar  UR -  -3.83 1.05 1.04 1.01 1.12 3.89 

ADF 2010 PBE 2 SOC UR 2.0053 0.0015 -6.64 6.16 6.16 3.23 3.58 3.34 

ADF 2009 PBE 3 SOC R 1.9967 0.0071 - - - - -  

ADF 2009 PBE 3 Scalar UR -  -6.04 2.75 2.76 3.60 3.91 4.73 

ADF 2009 B3LYP 3 SOC R 2.0034 0.0004 - - - - -  

ADF 2009 B3LYP 3 Scalar UR -  -8.43 4.49 4.50 3.47 3.82 4.46 

ADF 2009 PBE 4 SOC R 1.9979 0.0059 - - - - -  

ADF 2009 PBE 4 Scalar UR -  -5.78 6.24 6.25 1.21 1.34 2.29 

ADF 2010 PBE 4 ae SOC  R 1.9968 0.0070 - - - - -  

ADF 2010 PBE 4 ae Scalar  UR   -5.98 2.88 2.88 3.48 3.79 4.62 

ADF 2009 B3LYP 4 SOC R 2.0030 0.0008 - - - - -  

ADF 2009 B3LYP 4 Scalar UR -  -7.96 8.07 8.08 1.08 1.21 3.00 
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ADF 2010 PBE 5 SOC R 1.9981 0.0057 - - - - -  

ADF 2010 PBE 5 Scalar UR -  -5.91 6.27 6.28 1.20 1.32 2.29 

G09 EPR PBE 1 EPR -  1.24 9.13 9.13 12.81 13.81 6.45 

G09 ESR PBE 2 ESR 2.0026 0.0012 - - - - -  

 
Table 6.3 Summary of DAB_Ga ESR calculated g-value and isotropic hfc (Gauss) of Ga, N and I nuclei compared to experiment. Ae = all electron, MAD = 

Mean absolute deviation of calculated values with respect to experiment 
       Hfc (Gauss)  

Program Functional Basis set SOC/Scalar Spin g-value g-value MAD Ga N1 N2 I I 

hfc 

MAD 

Experiment220 2.0036  25 5 5 unresolved unresolved  

ADF 2010 PBE 2 SOC R 1.9994 0.0042 - - - - -  

ADF 2010 PBE 2 Scalar UR -  -12.57 6.85 6.85 2.63 2.64 13.76 

ADF 2010 PBE 2 ae SOC R 1.9988 0.0048 - - - - -  

ADF 2010 PBE 2 ae Scalar  UR -  -22.12 5.22 5.22 5.32 5.34 15.85 

ADF 2010 B3LYP 2 SOC R 2.0040 0.0004 - - - - -  

ADF 2010 B3LYP 2 Scalar UR -  -16.46 8.85 8.85 2.18 2.19 16.39 

ADF 2010 PBE 4 SOC R 1.9997 0.0039 - - - - -  

ADF 2010 PBE 4 Scalar UR -  -12.29 6.95 6.95 2.41 2.41 13.73 
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The ESR parameters were calculated for DAB_Tl using basis set 4, the PBE functional 

and ADF 2010.  There are no experimental data available for comparison and the results are 

shown in Table 6.4.  The absence of relativistic effects in the geometry calculation and in the 

ESR calculation was studied.  It must be noted the hfc units here are GHz.  Conversion from 

GHz to Gauss units requires the g-value however; this was unobtainable as SOC cannot be 

employed without relativistic effects.  The non-relativistic calculation employed a TZP basis set 

for Tl instead of the preferred TZ2P, as TZ2P is not available without ZORA.  There is a 

significant difference in the hfc of the Tl nuclei when the geometry used for the ESR calculation 

lacks treatment of relativistic effects.  There is a clear indication the unpaired electron couples 

strongly with Tl when ZORA basis sets are used and this interaction is missing when relativity 

is unaccounted for.  

Table 6.4 Calculated g-values and hfc (GHz) on Tl, N and I nuclei of DAB_Tl   

Geometry   Hfc (GHz) 

calculation ESR calculation g-value Tl N I 

Scalar relativistic Relativistic SOC R 2.1380 - - - 

Scalar relativistic Relativistic Scalar UR - 26.59 0.01 0.01 

non-relativistic non-relativistic Scalar UR - -0.28 0.02 0.01 

Scalar relativistic non-relativistic Scalar UR - 25.94 0.02 0.17 

6.3.3 Identifying the SOMO 

The work carried out by Jones et al. used the measured hfc to calculate the spin density, SD, to 

interpret the distribution of the unpaired electron density and assess if it is located across the 

DAB ligand or on the G13 metal.  The spin density for the Al, Ga and In atoms in their 

respective DAB_G13 compounds were all under 0.5% (e. g., 0.3% for Al, 0.49% for Ga and 

0.36% for In)220 indicating the SD is primarily located on the ligand.  Here, the SOMO of each 

DAB_G13 was identified as it was of interest to see if the calculations reproduced the 

conclusions obtained from experiments.     

Fig. 6.4 shows the SOMO for DAB_Al.  The SOMO’s are similar when G13 = Ga and 

In.  The atomic contributions are found in Table 6.5.  There is evidence of substantial 

delocalisation of the unpaired electron over the organic ligand.   
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Fig. 6.4 SOMO for DAB_Al. Iso-surface value = 0.03.  Green = Al, purple = I, black = C and     
white = H 

Table 6.5 Normalised Mulliken contributions (%) to the SOMO for DAB_G13 complexes,           
G13 = Al, Ga, In, Tl, X = I (except for DAB_In where X = Cl) See Fig. 6.3 for labelling.   

 % in SOMO 

DAB_G13 G13 N1 + N2 C2 + C2 X1 + X2 R groups 

DAB_Al 1.5 48.0 43.1 7.4  

DAB_Ga 0.0 50.9 43.6 5.5  

DAB_In 0.0 56.0 44.0 0.0  

DAB_Tl 21.6 0.0 0.0 78.4  

DAB_Tl non-relativistic 1.3 52.4 40.9 2.7 2.7 

 

DAB_Tl has a very different composition of the SOMO compared to the other 

DAB_G13 compounds.  Table 6.5 shows the majority of the SOMO is located on Tl and the 

halide atoms.  On the other hand, the SOMOs for DAB_G13 when G13 = Al, Ga and In, hardly 

have any contribution from the metal because most of it is from the N and C atoms on the ring.  

The SOMO corresponding to DAB_Tl are in Fig. 6.5 and clearly show the unpaired electron 

density is localised on the Tl and halide atoms.   

 

Fig. 6.5 SOMO for DAB_Tl.  Left) front view, right) top view. Iso-surface value = 0.03 Purple = I 

Returning to Table 6.4 and comparing the hfc of the Tl for the relativistic and non-

relativistic geometry optimised DAB_Tl, one can see the hfc of the former is a lot greater than 

the latter (~27 GHz vs 0 GHz).  The hfcs are a measure of the interaction between the electron 
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and nuclear spin.  There is an interaction between the unpaired electron and the Tl atom when 

relativistic effects are included and the same interaction is absent without them.  Therefore, 

whether the spin density lies on the metal centre depends on relativistic effects.  This is 

demonstrated by the population distribution of the SOMO in Table 6.5 along with Fig. 6.6. 

where the SOMO for the non-relativistic DAB_Tl is shown.  The electron density clearly lies on 

the N-C=C-N ring and not on the Tl.     

 

Fig. 6.6 SOMO for non-relativistic DAB_Tl.  Iso-surface value = 0.03.  Orange = Tl and purple = I 

6.3.4 Relativistic Effects 

The inclusion of relativistic effects becomes increasingly important for heavier metals, as 

demonstrated by the different compositions of the SOMO in Table 6.5.  The DAB_G13 non-

relativistic geometry exhibited differences to the relativistic one, as shown earlier in Table 6.1.  

The effect relativity has on the geometry and contributions to the SOMO can be related to the Tl 

atomic energy levels.  Two energy level diagrams are presented in Fig. 6.7:     

 

Fig. 6.7 Molecular orbital energy level diagram featuring the HOMO-LUMO region for the 
DAB_Tl compound.  SOMO, LUMO and atomic orbitals with their respective energies below (eV).  

left) with relativity right) non-relativistic 

The energy level diagram on the left includes relativistic effects and the diagram on the 

right is without relativity.  On the diagram on the left, the Tl s atomic orbital interacts with the I 

p orbital to form the SOMO and the C and N p atomic orbitals contribute to the formation of the 

LUMO.  The absence of relativistic effects (right hand side) destabilises the Tl s atomic orbital 

by 1.93 eV, whereas the lighter C, I, N p atomic orbitals remain unaffected.  The non-relativistic 

Relativistic DAB_Tl  Non-relativistic DAB_Tl  
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Tl s atomic orbital also interacts with the I p but, due to the destabilisation, forms the LUMO 

instead.  Thus, the character of the SOMO is different as it is now composed of C and N p 

orbitals.  The resulting effect is that the LUMO of the relativistic calculation has similar energy 

and atomic contributions as the SOMO of the non-relativistic calculation.  

The SOMO of DAB_In strongly resembles that of the non-relativistic DAB_Tl.  The In 

5s orbital lies at -8.16 eV, and contributes to the formation of the LUMO instead of the SOMO.  

The In is smaller than Tl and therefore not as susceptible to relativistic effects; the 5s orbital in 

In is not as stabilised as the 6s in Tl.  

6.4 Computational Details 
The following geometries were calculated in ADF, with the PBE functional, without imposing 

symmetry constraints unless specified otherwise.  The scalar relativistic ZORA basis sets used 

are the following: TZ2P/4d for Tl and Pt, DZP/1s for B, N, C and F and DZP for H.   

The NMR gas-phase calculations were performed using all electron TZ2P basis sets on 

all atoms and spin orbit coupling.  Details for the ESR calculations are given in the relevant 

sections. 

6.5 Results 

6.5.1 Tl{B(NDippCH)2}2 and Variations  

The Tl{B(NDippCH)2}2, 2_Tl, geometry was calculated and is compared to experiment in Table 

6.6.  Two experimentally obtained geometries were provided by our collaborators.  The 

calculated geometry did not agree with the 1st experimental polymorph, Expt 1, in that the 

calculations showed no evidence of asymmetry in the Tl-B bond distances.  The experimental 

bond distances of the 2nd polymorph, Expt 2, do match the calculated geometries well.  The 

geometry was also calculated using SOC and unrestricted spin, but no significant changes were 

found.   C2 symmetry constraints were also tested, resulting in Tl-B bond distances of 2.184 Å, 

very close to those without symmetry.   

To decide if the linear character was due to electronic or steric effects, variations on the 

R groups of the boryl ring shown in Fig. 6.8 were calculated, along with the ionic forms of 2_Tl 

([2_Tl]+ and [2_Tl]-) and 2_Tl_var iv ([2_Tl_var iv]+ and [2_Tl_var iv]-). The geometrical 

parameters of the 2_Tl variations are presented in Table 6.7.   
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Table 6.6 Key calculated (without symmetry constraints) and measured geometrical parameters and calculated 11B chemical shifts, δ (ppm), for 2_Tl.  (See Fig. 6.2 
for labelling) 

 Bond distance (Å) Angles (°) δ (ppm) 

2_Tl Tl-B B-N B-Tl-B N1-B1-B2-N1 N1-N3-B1-Tl 11B 

Expt 1 2.165, 2.216 1.420, 1.454, 1.402, 1.425 176.3 44.9 176.1  

Expt 2 2.162, 2.167 1.438, 1.417, 1.434, 1.428 177.8 -47.7 175.7  

Calcd 2.185, 2.188 1.448, 1.447, 1.448, 1.447 179.6 34.4, 33.6 180.3 33 

 

Table 6.7 Key calculated (without symmetry constraints) geometrical parameters and calculated 11B chemical shifts, δ (ppm).  (See Fig. 6.8 for labelling) 

 Bond distance (Å) Angles (°) δ (ppm) 

Compound Tl-B B-N B-Tl-B N1-B1-B2-N2 N1-N3-B1-Tl 11B 

[2_Tl]+ 2.205, 2.206 1.433, 1.433, 1.434, 1.434 179.7 39.5, 42.5 178.7 - 

[2_Tl]- 2.437, 2.437 1.469, 1.471, 1.469, 1.471 119.3 36.8, 36.6 156.6 - 

2_Tl_var_i 2.181 1.444, 1.445 174.8 40.6 178.6 33 

2_Tl_var_ii 2.191 1.454, 1.455 178.6 3.1 179.0 43 

2_Tl_var_iii 2.295 1.444, 1.446 138.2 53.2 173.1 232 

2_Tl_var_iv 2.291 1.441, 1.443 143.9 59.5 172.5 278 

[2_Tl_var_iv]+ 2.210 1.433 179.6 89.8 180.0 60.7 

[2_Tl_var_iv]- 2.531 1.463 85.8 46.3 171.6 127.8 
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Fig. 6.8 Schematic of variations of 2_Tl  

The Tl-B bond elongates and there is a loss of linearity in the B-Tl-B angle as the bulky 

groups are removed (Table 6.7).  The removal of the phenyl groups in particular, 2_Tl_var_ii → 

2_Tl_var_iii, has a clear effect on the linearity of the B-Tl-B bond, along with the addition of 1 

electron to the 2_Tl and 2_Tl_var_iv radicals (to make the anions) which also lead to bending. 
11B NMR was calculated and also shows a clear change when the bulky groups, 

especially the phenyl groups, are removed.  The 11B chemical shifts of 2_Tl_var_iii and 

2_Tl_var_iv are significantly more deshielded than other compounds.  This indicates there 

might be a relationship between 11B chemical shifts and the B-Tl-B angle, similar to that seen in 

the previous chapter for 2_Sn compounds.   

The SOMO of 2_Tl and 2_Tl_var_iii are shown in Fig. 6.9.  The SOMO of 2_Tl is 

composed of a π molecular orbital.  The SOMOs of 2_Tl_var_i and 2_Tl_var_ii resemble 

2_Tl’s whereas the 2_Tl_var_iv SOMO is similar to that of 2_Tl_var_iii.  This indicates the 

presence of the phenyl groups and their effect on the B-Tl-B bond strongly affects the character 

of the SOMO. 
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Fig. 6.9 SOMO for left) 2_Tl right) 2_Tl_var_iii.  Iso-surface value = 0.03. Orange = Tl, green = B.  
H omitted for clarity 

The Mulliken contributions to the SOMO and the normalised Tl/B contribution of the 

Tl-B bond for all the variations are presented in Table 6.8.  As the bulky groups are removed, 

the Tl loses p character and gains more s character (because the linearity is broken) but the 

majority of the spin density (unpaired electron density) remains on Tl. 

Table 6.8 Mulliken contributions (%) to SOMO and normalised contributions (%) to the Tl/B for 
2_Tl and variations.    

 Individual Mulliken contributions 

Norm. Tl/B Compound Tl pz Tl s Tl py B pz B s B py/px N pz C pz/px 

2_Tl 61.71   10.92 - - - - 85/15 

[2_Tl]- 39.88 12.39  16.22 16.56    62/39 

[2_Tl]+ - - - 16.29 - 3.13 14.95 53.01 0/100 

2_Tl_var_i 76.35 - - 11.81 - - 9.31 2.52 87/13 

2_Tl_var_ii 67.81 - - 16.34 - - 11.78 4.08 81/19 

2_Tl_var_iii 68.25 10.68 - - 10.23 10.84 - - 79/21 

2_Tl_var_iv 62.54 10.16 7.43 - 10.62 9.25 - - 80/20 

 

Table 6.6 shows the N1-N3-B1-Tl out-of-plane-angle in 2_Tl is a linear 180°, unlike 

2_Sn (Chapter 5) where it was around 155.7°.  The [2_Tl]- anion does resemble 2_Sn, in that the 

N1-N3-B1-Tl angle is 156.6° (Table 6.7).  The [2_Tl]+ cation retains the linear B-Tl-B bond, but 

the [2_Tl]- anion bends to 119°, indicating the bulky groups are not enough to overcome the 

electronic effects of the presence of the lone pair.  Fig. 6.10 shows the HOMO of the 2_Tl 

cation and anion.  The HOMO of the cation, [2_Tl]+ without an unpaired electron, lies mainly 

on the boryl ring, whereas the HOMO of the anion, corresponds to the lone pair of electrons and 

resembles the HOMO from 2_Sn. 
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Fig. 6.10 HOMO for left) [2_Tl]+ and right) [2_Tl]-.  Iso-surface value = 0.03.  Orange = Tl,       
green = B.  H removed for clarity 

The Hirshfeld charges for all the complexes are collated in Table 6.9.  The charges on 

the Tl and B become less positive as the R groups are removed.  The charge difference between 

the metal and the B becomes smaller as the bulky groups are reduced in size, (highlighted in 

bold) leading to a loss of electrostatic attraction explaining why the Tl-B bond distance also 

increases.     

Table 6.9 Metal and B Hirshfeld charges and charge differences, ∆q(M-B), for 2_Sn, 2_Tl and 2_Tl 
variations. 

Compound Metal B ∆q(M-B) 

2_Sn C2 0.30 0.01 0.27 

2_Tl C2 0.30 0.02 0.29 

[2_Tl]+ 0.56 0.03 0.53 

[2_Tl]- 0.07 -0.03 0.10 

2_Tl_var_i 0.28 0.01 0.27 

2_Tl_var_ii 0.24 0.01 0.24 

2_Tl_var_iii 0.17 -0.01 0.18 

2_Tl_var_iv 0.13 -0.02 0.14 

[2_Tl_var_iv]+ 0.57 0.02 0.55 

[2_Tl_var_iv]- -0.29 -0.09 -0.20 

 

Structural distortions of the 2_Tl geometry were performed.  Firstly, a potential energy 

surface of the Tl-B bond was constructed by varying the Tl-B bond distance, whilst keeping the 

rest of the geometry frozen.  The results are shown in Fig. 6.11.  A change of 0.1 Å from the 

equilibrium is only a 5 kJ/mol increase in energy, resulting in a very shallow potential energy 

surface.  This value corresponds to an upper limit of the true potential energy surface because 

the remaining coordinates were frozen.  The flexibility of this bond may also explain why two 

different polymorphs were identified experimentally. 
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Fig. 6.11 Relative energy (kJ/mol) of Tl-B bond in 2_Tl from the optimised value with respect to 
bond distance  

The second distortion was bending the B-Tl-B bond angle in 2_Tl whilst keeping all 

else frozen.  The steep blue curve in Fig. 6.12 shows the B-Tl-B does not have such a flat 

potential energy surface and it favours linearity.  Bending the B-Tl-B from 180° to 170° leads to 

an increase of 11 kJ/mol, with the energy increasing non-linearly every 10° thereafter.         

 

Fig. 6.12 Relative energy (kJ/mol) of B-Tl-B bond angle for 2_Tl, [2_Tl]- and 2_Tl_var_iii  

[2_Tl]- does not favour linearity as straightening the bond angle from 120° to 130° leads 

to increase of 12.3 kJ/mol.  The anion energy curve is asymmetrical and narrowing the B-Sn-B 

angle is also unfavourable.  This is due to the lone pair of electrons shown earlier in Fig. 6.10, 

which prevents the boryl groups coming closer together.  By contrast, the removal of the bulky 
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groups increases the flexibility of the B-Tl-B bond.  When the phenyl groups are removed, the 

scan of the energy surface of the B-Tl-B bond angle on the 2_Tl_var_iii shows bending or 

straightening the angle c.10° results in an increase of under 2 kJ/mol.   

A QTAIM calculation was performed on 2_Tl to compare the degree of covalency at 

the b.c.p. between the Tl and B atoms with that of the An_B_Dipp or Ln_B_Ipr compounds in 

Chapter 4, where An = U, Th and Ln = Sc, Y, La and Lu.  The local properties at the Tl-B b.c.p. 

are compared to some examples from Chapter 4 in Table 6.10.  There is a larger ρ, more 

negative ∇2
ρ and a more negative H for Tl-B than rest.  This indicates the Tl-B interaction is 

more covalent than the Ln-B or An-B.  This is expected as the Ln-B and An-B bonds were 

mainly closed shell metallic interactions, with low ρ, small positive ∇2
ρ and small negative H 

(La-B), or highly polarised covalent bonds (Sc-B and U-B).  The Tl and B are in the same group 

of the periodic table, where closer electronegativity values would lead to a more covalent 

interaction. 

Table 6.10 Density ρ (e Bohr-3), Laplacian Ä2
ρ (e Bohr-5) and energy density H (kJmol-1Bohr-3) for 

Tl-B, Sc-B, La-B and U-B b.c.ps in 2_Tl, Sc_B_Ipr, La_B_Ipr and U_B_Dipp respectively.    

b.c.p. ρ ∇2
ρ H 

Tl-B 0.101 -0.021 -0.042 

Sc-B 0.060 0.020 -0.010 

La-B 0.046 0.033 -0.009 

U-B 0.063 0.007 -0.018 

6.5.2 [Tl{Pt(C6F5)4}2]2- 

The linear [Tl{Pt(C6F5)4}2]
2-, 3_Tl_Pt, compound was calculated using D4 symmetry constraints 

and key geometrical parameters are compared to experiment in Table 6.11.  The calculated Pt-Tl 

bond distance with spin restricted geometry overestimates that of experiment by c.0.06 Å.  The 

only difference between the spin restricted and unrestricted geometries is that the latter has a 

slightly better agreement for the Pt-Tl bond distance.  Finally, a non-relativistic spin restricted 

geometry was calculated, resulting in elongated Pt-Tl and Pt-C bonds.   

Table 6.11 3_Tl_Pt experimental and D4 symmetry calculated geometries.  

  Bond distance (Å) Bond angle (°) 

  Pt-Tl Pt-Tl Pt-C Pt-Tl-Pt 

Expt215  2.708 2.698 - 179.1 

Calcd Spin restricted 2.764 2.008 180 

Calcd Spin unrestricted 2.757 2.008 180 

Calcd 

Non-relativistic 

spin restricted 2.851 2.173 180 
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For a compound such as 3_Tl_Pt to have an ESR active signal, it has to be 

paramagnetic and hence a radical.  The discovery of 3_Tl_Pt states “the unpaired electron on a 

[Tl] p orbital perpendicular to the Pt-Tl-Pt axis, which would interact with suitable empty 

orbitals of the Pt atoms to give π molecular orbital with the unpaired electron shared by the 

three metals”.215  The calculated SOMO of the 3_Tl_Pt ground state, shown in Fig. 6.13, has a 

shared electron between Pt and Tl which is not perpendicular to Pt-Tl-Pt axis, but instead lies 

along it.  The nature of the SOMO also appears to be of a σ, rather than π, type molecular 

orbital.  The composition of this orbital, shown in Table 6.12, has some Tl s contribution but no 

Tl p and is mainly Pt based.  The combined results of these electronic structure calculations 

suggest that 3_Tl_Pt does not contain a Tl(II) compound and the interpretation made by Uson et 

al. may not be correct. 

 

Fig. 6.13, Ground state SOMO.  Iso-surface value = 0.03.  Light blue = Pt, green = F  

The calculated 2_Tl SOMO, shown earlier in Fig. 6.9 and Table 6.8, does fit the 

description of the unpaired electron made by Uson et al. in the literature: the SOMO lies 

perpendicular to B-Tl-B axis, is π molecular orbital and although it is shared with neighbouring 

B atoms it lies mainly on Tl.   

Table 6.12 Mulliken orbital contributions (%) to SOMO for 3_Tl_Pt and normalised Pt/Tl 
Mulliken contributions (%) to SOMO for ground and 60 a2 and 116 e excited states.   

 Individual contributions  

 Tl s Tl pz Tl px Pt s Pt pz Pt dz2 C  F Norm. Pt/Tl 

Ground state 17.63 - - 11.61 2.64 48.15 11.15 - 78/22 

60 a2 - 27.39 - - 23.89 4.21 33.42 1.36 51/49 

116 e - - 52.27 - - - 26.51 - 0/100 

 

Two molecular orbitals with p character from the Tl were found for 3_Tl_Pt, but lie 

higher in energy than the SOMO.  They correspond to the LUMO (60a2) and 116e, whose 

compositions are in Table 6.12. The LUMO, 60a2, is composed of Tl and Pt pz σ type orbital 
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along the Pt-Tl-Pt axis as shown in Fig. 6.14.  The higher excited orbital 116e, shown in Fig. 

6.15, has two components (Tl px and Tl py) which lie perpendicular to the Pt-Tl-Pt axis and have 

no contributions from Pt.  These molecular orbitals from 3_Tl_Pt are the closest equivalents to 

the 2_Tl SOMO. 

 

Fig. 6.14 3_Tl_Pt 60a2 orbital Iso-surface value = 0.03.  Orange = Tl, light blue = Pt, green = F 

                       

Fig. 6.15 3_Tl_Pt 116e orbitals left) e1 right) e2 Iso-surface value = 0.03.  Orange = Tl, light blue = 
Pt, green = F 

6.5.3 ESR Results 

The hfcs and g-values were calculated for 3_Tl_Pt in the ground state and two excited states (by 

exciting the unpaired electron from the ground state SOMO to the 60a2 and 116e orbitals) and 

compared to experiment and to the 2_Tl ESR results.  Firstly, comparisons between functionals, 

PBE and B3LYP, and basis sets were performed for the 3_Tl_Pt ground state.  The basis sets 

used in the ESR calculations in ADF were DZP for C, N, B and H, and TZ2P for Tl.  Spin 

unrestricted geometry calculations were also included as this is recommended for open-shell 

systems.224  The results are presented in Fig. 6.13.   
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Table 6.13 Calculated and measured ESR g-value and anisotropic hfc (GHz) for 3_Tl_Pt ground state. Fc = frozen core, ae = all electron. PBE unless stated 
otherwise. MAD = Mean absolute deviation for calculated Tl and Pt hfc combined with respect to experiment. 

     Hfc (GHz)   

 
   g-value Tl Pt  

Expt215    2.1 33.97 35.88 2.17 2.87  

Calcd geometry Calcd ESR       

Spin SOC/scalar Spin fc/ae 
  

 
  

MAD 

Res SOC Res Fc 2.2 - - - -  

Res Scalar Unres Fc - 21.83 21.88 1.91 2.19 6.76 

Res SOC Res Ae 2.2 - - - -  

Res Scalar Unres Ae - 29.37 29.45 2.63 2.98 2.90 

Res SOC B3LYP Res Ae 2.2 - - - -  

Res Scalar B3LYP Unres Ae - 32.60 33.00 2.62 2.95 1.20 

Unres SOC Res Fc 2.2 - - - -  

Unres Scalar Unres Fc - 22.23 22.28 1.89 2.17 6.58 

Unres Scalar Unres Ae - 29.92 29.99 2.61 2.96 2.62 

Res Scalar Unres fc non-rel - 25.13 25.18 0.68 0.93 5.74 
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Unlike the earlier DAB compounds, the improvement on going from frozen core to all 

electron basis sets is now noticeable.  The calculated Tl hfcs are only 4-6 GHz lower than the 

measured ones and those of Pt are almost exact.  The best agreement with experiment, the 

lowest MAD value, is with the all electron basis sets and the B3LYP functional.  A spin 

restricted or unrestricted geometry does not result in any significant improvement; therefore the 

restricted geometry was used to save time.  The g-values are also very close to experiment and 

do not deviate significantly from ge. 

The best results for the 3_Tl_Pt ground state were compared to those of the excited 

states, to 2_Tl and 2_Tl_var_iv, using the all electron basis sets and the B3LYP functional.  The 

results are found in Table 6.14 and additional functional and basis set comparisons for 2_Tl can 

be found in Appendix E (Table E.3). 

The good agreement between the calculated and measured 3_Tl_Pt ESR values supports 

the SOMO having Tl s character rather than p.  The calculated hfc and g-value of 2_Tl are a 

long way from Uson et al.’s experimental hfc, suggesting the spin density of the two 

compounds is very different.  The g-value in 2_Tl is a lot smaller than ge, indicating the 2_Tl 

SOMO has gained more orbital angular momentum than the 3_Tl_Pt SOMO.  This is supportive 

of the unpaired electron residing in different orbitals of different angular momenta (s and p).  

The different hfcs on the Tl atom also indicate the interaction of the electron with the Tl nucleus 

is different.  The Tl hfc in 2_Tl is a lot lower than with the Tl in 3_Tl_Pt because the Fermi 

contact interaction in 2_Tl is presumably very small.  The p orbital in 2_Tl SOMO has a node at 

the Tl nucleus (which is absent in 3_Tl_Pt), therefore the interaction between the electron and 

the nucleus is smaller than 3_Tl_Pt.  In the case of 3_Tl_Pt, the SOMO is an s orbital without 

nodes.  The electron can interact with the Tl nucleus more in 3_Tl_Pt, leading to a larger Fermi-

contact interaction and larger hyperfine coupling. 

Placing the unpaired electron in one of the 3_Tl_Pt excited orbitals results in a hfc 

closer to 2_Tl than 3_Tl_PT in its ground state.  However, it is very unlikely Uson et al. 

measured the ESR spectrum of an excited state, as it requires 3 eV to excite the electron from 

ground state orbital to the 60a2 orbital and 5 eV for the 116e orbital.   
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Table 6.14 Calculated and measured (B3LYP and all electron basis sets) ESR g-value and anisotropic hfc (GHz) for 3_Tl_Pt and 2_Tl compounds.  MAD = Mean 
absolute deviation for calculated Tl and Pt hfc combined with respect to experiment.   

   Hfc (GHz)   

Compound SOMO g-value Tl  Pt  MAD 

3_Tl_Pt Expt215 2.1 33.97 35.88 2.17 2.87  

3_Tl_Pt Calcd ground state 2.2 32.60 33.00 2.62 2.95 1.20 

3_Tl_Pt Calcd 60a2 - 0.22 2.62 0.15 0.68  

3_Tl_Pt Calcd 116e - 8.37 9.53 0.67 0.75  

2_Tl Calcd ground state 1.0 -1.10 2.33 -0.02 -0.01  

2_Tl_var_iv Calcd ground state 1.4 7.25 10.47 0.09 0.10  
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The Mulliken spin densities for key atoms in both 3_Tl_Pt and 2_Tl are compared in 

Fig. 6.16.  These spin densities have the same implications as the contributions of the Tl to the 

SOMOs (18% and 86% in 3_Tl_Pt and 2_Tl respectively) and are a clear indicator that there is 

a much larger proportion of spin density on the Tl in 2_Tl than in 3_Tl_Pt.   

 

Fig. 6.16 Mulliken spin densities for Tl and Pt/B atoms for 3_Tl_Pt and 2_Tl 

Examples in the literature have shown the interpretation from ESR measurements can 

overestimate the % occupations of metals towards the spin density.78, 79, 225  The SD obtained 

from ESR experiments neglects spin polarisation effects, which is acceptable in organic systems 

where spin polarisation is small but can lead to errors in organometallic systems.  If one uses the 

experimental hfc to calculate the spin density of the presumably pz orbital in the Tl(II) atom in 

3_Tl_Pt following the method described by Morton and Preston,226 the orbital is 51% Tl pz in 

character.  This implies the spin density lies primarily on the central metal and explains Uson et 

al.’s conclusion, although it has already been shown this is not the case as the unpaired electron 

density (SOMO) does not lie in a pz orbital.   

6.6 Conclusion 
The calculation of ESR parameters was initially explored with DAB_G13 compounds, where 

experimental data were available.  There was a high dependence of the hfc and g-values on the 

functional and basis set.  Generally, frozen core basis sets and the PBE functional resulted in the 

best calculated hfc and B3LYP performed better for the g-values.   

 Structural features, such as the linearity of the Tl-B bond, of 2_Tl were analysed using 

variations of the compound.  The phenyl groups have a significant steric effect in maintaining 

linearity in B-Tl-B bond; however, this linearity is also due to electronic effects of the unpaired 

electron.  Adding 1 electron to the system to change the 2_Tl radical to an anion, leads to the B-

Tl-B bond bending to 120°.  Therefore, the B-Tl-B linearity is a combination of steric and 

electronic effects.  Analysis of the electronic structure of 2_Tl suggests the unpaired electron 

lies mainly on the central Tl atom forming a π molecular orbital.          
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The electronic structure of 3_Tl_Pt was analysed and the unpaired electron density was 

very different to that of 2_Tl.  The SOMO for the Pt compound was was a σ type orbital and the 

contributions were mainly from Pt.  The description given by Uson et al. regarding the SOMO 

does not agree with the calculated one.  However, there is very good agreement between 

experiment and theory for the anisotropic hfc and g-values for 3_Tl_Pt.  The best ESR results 

were obtained using the B3LYP functional and all electron basis sets, rather than the optimum 

parameters from the Benchmarking section 6.3.  This could be due to two reasons: calculated 

anisotropic hfc tend to agree better with experiment than the isotropic hfc and if spin 

polarisation effects are important in the Tl-Pt compounds, the presence of HF exchange in the 

B3LYP functional can further improve the results.78   

The calculated metal contribution to the SOMO in 3_Tl_Pt is not as high as expected by 

experiment.  Here, a different interpretation of the unpaired electron density distribution was 

presented, even though the agreement between calculated and measured hfc is extremely good.  

Overall, is it proposed that 3_Tl_Pt is not a Tl(II) paramagnetic compound, whereas 2_Tl is.     
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Conclusion 

A wide variety of inorganic systems featuring heavy metal compounds have been studied using 

density functional theory.  The importance of theory to aid experimental interpretation has been 

demonstrated throughout this thesis. 

In Chapter 2, the speciation of uranyl D-Gluconate and uranyl α-Isosaccharinate was 

explored and compared to experimental data.  Although there is scope to improve the modelling 

of effects such as solvation or pH, calculations presented here identified the most stable 

compounds.  These findings can be used to develop the current understanding of the species in 

low level waste nuclear repositories, in order to improve treatment and storage methods. 

The D-gluconate and α-Isosaccharinate ligands and their uranyl species were 

systematically compared and many similarities were found.  It was proposed that Gluconate can 

be used as an analogue for α-Isosaccharinate when studied on a molecular scale.  On the other 

hand, the shorter versions of Gluconate studied in Chapter 3 are not as effective model 

compounds. 

The nature of the interaction between various actinides and lanthanides with Group 13 

elements was studied in Chapter 4.  There was good agreement between calculated geometries 

and NMR properties with experimental data.  A variety of population analysis tools were 

employed to classify the interactions in terms of covalency.  During comparison of orbital and 

density based analysis methods, it was observed that the relative degree of covalency amongst 

the complexes differed.  The interpretation of the nature of the bonding strongly depends on the 

method used. 

The calculations presented in Chapter 5 helped guide experimentalists to identify 

features such as 119Sn chemical shifts, explain structural artefacts and account for the stability of 

unusual Si(II) complexes.  Chapter 6 analysed two experimentally proposed Tl(II) radical 

compounds.  ESR calculations and molecular orbital analysis disproved the existence of one and 

verified the other.  

NMR and ESR calculations were preceded by benchmarking and comparisons to 

experimental data, where programs, basis sets, functionals and environments were tested.  There 

is no single method to calculate such properties and optimum parameters were found to differ 

depending on the system. 
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Appendix A 

 

Fig. A.1 Ball and stick representation of left) [UO2(CO3)3]
-4 and right) [(UO2)3(CO3)6]

-6 
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Table A.1 Comparison of key bond distances (Å) in [UO2(CO3)3]
-4.  Basis set I: TZ2P on all atoms.  Basis sets II: TZP on U and TZ2P on C, O.  Basis set III: TZ2P 

on U and TZP on C, O.  Basis set IV: TZVP for O and C and Stuttgart small core RECP on U.  Basis set V: ANO for O and C and Küchle ECP for U. See Fig. A.1 
for labelling. 

    Bond distance (Å) 

Reference Method Basis set State U-Oax C=O C-O U-Oeq U-Odist U-C 

Allen et al. 227 X-Ray - solid 1.79 - - 2.42 4.12 2.89 

Mereiter228 X-Ray - solid 1.77-1.78   2.434   

Coda et al.
229 X-Ray - solid 1.78-1.81 1.29 1.26-1.31 2.41-2.46   

Anderson et al.
230 X-Ray - solid 1.802 1.24 1.31 2.43 4.09-4.12 2.87-2.88 

Allen et al. 227 EXAFS - solid 1.80 1.288 - 2.43 4.13 2.89 

Vazquez et al.
102 PW91  II gas-phase 1.850 - - 2.560 4.290 3.010 

de Jong et al.
231 SVWN  IV  gas-phase 1.835 1.280 1.304 2.462 4.197 2.916 

de Jong et al.
231 PBE IV gas-phase 1.825 1.277 1.311 2.527 4.271 2.994 

Gagliardi et al.
232 MBPT2 V gas-phase 1.894 1.297 1.321 2.426 4.790 2.893 

This work PW91  I gas-phase 1.849 1.289 1.312 2.545 4.293 3.004 

This work PW91  II gas-phase 1.849 1.289 1.312 2.545 4.293 3.004 

This work PW91  III gas-phase 1.852 1.293 1.315 2.544 4.297 3.003 

This work VWN III gas-phase 1.841 1.280 1.303 2.466 4.199 2.919 

This work VWN I gas-phase 1.837 1.276 1.299 2.469 4.197 2.921 

This work PBE  III gas-phase 1.853 1.295 1.317 2.545 4.299 3.004 

This work BLYP III gas-phase 1.874 1.300 1.323 2.578 4.342 3.042 

This work PBE III gas-phase 1.853 1.295 1.317 2.545 4.299 3.004 
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This work BLYP III gas-phase 1.874 1.300 1.323 2.578 4.342 3.042 

Bernherd et al.233 EXAFS - solution 1.800 -  2.440 4.200 2.890 

Docrat et al.234 EXAFS - solution 1.80± 0.02   2.43±0.02 4.13± 0.04 2.89±0.04 

Vazquez et al.
102  PW91  I solution 1.860 - - 2.480 4.210 2.930 

Vazquez et al.
102 PW91 II solution 1.850 - - 2.460 4.160 2.900 

Gagliardi et al.
232 MBPT2 V  solution 1.881 1.164 1.377 2.407 4.111 2.841 

This work PW91 I solution 1.850 1.263 1.314 2.453 4.169 2.905 

This work PW91  II solution 1.850 1.264 1.314 2.453 4.168 2.905 

This work PW91  III solution 1.854 1.267 1.317 2.452 4.172 2.905 

This work VWN III solution 1.841 1.254 1.305 2.393 4.096 2.842 

This work VWN I solution 1.838 1.251 1.302 2.393 4.093 2.842 

This work PBE III solution 1.854 1.269 1.319 2.454 4.176 2.907 

This work BLYP III solution 1.875 1.273 1.325 2.482 4.214 2.941 
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Table A.2 Comparison of key bond distances in [(UO2)3(CO3)6]
-6 (Å) bond distances are averages. Basis set III: TZ2P on U and TZP on C, O. Basis set IV: TZVP for 

O and C and Stuttgart small core RECP on U. ae = all electron. See Fig. A.1 for labelling 

     Bond distance (Å) 

Reference  Method Basis set State U=Oax C=O C-O U-Oeq
  U-C U-Odist U-U 

Allen et al. 227  EXAFS - Solid 1.79     2.45 2.90 4.16 4.91 

Allen et al. 227  X-ray - Solid 1.78 1.33, 1.27 1.26 2.454 (av) 2.88 4.14 4.97 

This work  VWN III  1.817 1.288 1.292 2.476 2.897 4.176 5.099 

This work  VWN IIIae  1.818 1.273 1.292 2.473 2.893 4.148 5.094 

This work  PBE III  1.830 1.287 1.319 2.554 2.976 4.238 5.292 

Allen et al.227  EXAFS - Solution 1.79 - - 2.46 2.90 4.17 4.92 

Aberg et al.235  X-ray - Solution 1.80 - - 2.43 - - 4.94 

de Jong et al.231  VWN IV Gas-phase 1.811 1.289 1.295 2.475 2.898 4.155 5.104 

This work  VWN III Solution 1.820 1.279 1.290 2.424 2.831 4.055 4.904 

This work  VWN IIIae Solution 1.820 1.247 1.290 2.411 2.828 4.051 4.902 

This work  PBE III Solution 1.833 1.261 1.322 2.478 2.897 4.125 5.044 
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Table A.3 Calculated relative energies (kJ/mol) of optimised [UO2(oxalate)3]
4- isomers labelled in 

Fig. A.2.  VWN, PBE, BP86 and BLYP calculations used frozen core TZP basis sets on all atoms 
(U.5d, C.1s, O.1s).   

Complex  MP2//HF104 VWN//VWN PBE//PBE BP86//BP86 BLYP//BLYP 
A Gas-

phase 
0 6 16 17 18 

B 32 0 0 0 1 
C n/a 50 81 84 89 
D 14  - -  -  -  
E 15 2 15 16 21 
F   78 15 4 2 0 
A Solvent 0 14 0 0 0 
B 38  - 26 26 25 
C 36 0 9 10 14 
D 17 13 16 17   
E 20 28 15 17 20 
F  86 91 52 53 47 
  

 

Fig. A.2 Image of perspective views of [UO2(oxalate)3]
4- isomers optimised by Vallet et al.

104  
Distances are in Å.  Relative energies are compared in Table A.3. 
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Table A.4 Measured and calculated 13C chemical shifts (ppm), of uranyl-Glu species.  All geometry calculations are COSMO and in ADF.  MAD = Mean average 
deviation and MAX = Maximum absolute deviation of calculated chemical shifts with respect to experiment.   

Geometry calculation NMR calculation Chemical shift (ppm)   

Species Code Gas/Solv Functional Spin C1 C2 C3 C4 C5 C6 MAD MAX 

Expt1 191.0 88.5 85.6 77.7 74.4 65.1 

PBE U6 UO2Glu(OH)2(H2O)- G09 Gas PBE Scalar 179.1 80.9 82.5 80.9 79.6 63.6 5.4 11.9 

PBE U4 UO2Glu(OH)2(H2O)- G09 Gas PBE Scalar 186.2 84.9 76.9 83.5 75.9 69.3 4.8 8.7 

PBE U5 UO2Glu(OH)2(H2O)- G09 Gas PBE Scalar 177.8 80.9 77.8 83.8 75.6 68.7 6.6 13.2 

PBE U6 UO2Glu(OH)2(H2O)- G09 Gas PBE DKHSO 179.1 80.9 82.5 80.9 79.6 63.6 5.4 11.9 

PBE U4 UO2Glu(OH)2(H2O)- G09 Gas PBE DKHSO 186.1 84.9 76.9 83.5 75.9 69.3 4.8 8.7 

PBE U6 UO2Glu(OH)2
- G09 Gas PBE Scalar 181.0 95.5 92.2 98.3 81.0 73.0 9.8 20.6 

VWN U6 UO2Glu(H2O)3
+ ADF Solv SAOP Scalar 175.7 84.3 85.2 78.5 80.6 66.3 4.7 15.3 

VWN U6 UO2Glu(OH)(H2O) ADF Solv SAOP Scalar 156.0 136.7 128.5 136.6 216.3 69.9 55.3 141.9 

VWN U6 UO2Glu(OH)2
- ADF Solv SAOP Scalar 130.2 157.5 171.8 195.3 312.5 83.0 98.3 238.1 

VWN U6 UO2Glu(H2O)3
+ ADF Gas SAOP Scalar 167.1 81.0 82.8 76.8 80.0 64.7 6.8 23.9 

VWN U6 UO2Glu(OH)(H2O) ADF Gas SAOP Scalar 168.7 84.7 82.5 77.6 79.3 66.8 6.0 22.3 

VWN U6 UO2Glu(OH)2
- ADF Gas SAOP Scalar 170.8 83.9 79.7 78.7 78.3 68.9 6.6 20.2 

VWN U6 UO2Glu(H2O)3
+ ADF Gas KT2 Scalar 161.7 79.1 83.1 75.9 77.7 62.3 8.2 29.3 

VWN U6 UO2Glu(OH)(H2O) ADF Gas KT2 Scalar 165.4 84.5 81.8 77.1 77.2 64.6 6.2 25.6 

VWN U6 UO2Glu(OH)2
- ADF Gas KT2 Scalar 166.6 83.9 78.8 78.3 76.6 66.9 6.7 24.4 

VWN U6 UO2Glu(H2O)3
2+ ADF Gas PBE SOC 164.3 81.4 91.6 77.2 78.0 62.6 7.7 26.7 

VWN U6 UO2Glu(H2O)3
+ ADF Gas PBE SOC 171.3 87.1 85.9 77.5 78.9 64.6 4.4 19.7 
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VWN U6 UO2Glu(OH)(H2O)2 ADF Gas PBE SOC 174.4 85.2 82.3 76.9 80.3 65.0 5.0 16.6 

VWN U6 UO2Glu(OH)(H2O) ADF Gas PBE SOC 176.7 88.9 83.1 77.6 78.8 65.8 3.7 14.3 

VWN U6 UO2Glu(OH)2(H2O)- ADF Gas PBE SOC 182.0 79.4 83.6 77.8 77.2 62.3 4.3 9.0 

VWN U6 UO2Glu(OH)2
- ADF Gas PBE SOC 177.8 87.1 81.9 77.2 77.3 66.5 3.9 13.2 

VWN U6 UO2Glu(OH)2
2- ADF Gas PBE SOC 183.1 94.6 94.1 98.4 77.4 71.4 8.7 20.7 

VWN U6 UO2Glu(OH)2(H2O)2- ADF Gas PBE SOC 182.8 95.5 92.3 91.7 78.4 70.2 7.5 14.0 

VWN U6 UO2Glu(OH)3
2- ADF Gas PBE SOC 176.4 87.4 77.6 82.3 78.8 68.8 6.1 14.7 

VWN U6 UO2Glu(OH)3
3- ADF Gas PBE SOC 180.8 94.3 94.7 100.8 80.0 67.7 9.4 23.1 

PBE U6 UO2Glu(OH) (H2O)2 ADF Gas PBE SOC 185.3 81.9 88.2 79.5 82.8 70.0 5.0 6.6 

PBE U6 UO2Glu(OH)2(H2O)- ADF Gas PBE SOC 185.1 83.2 84.4 81.6 80.0 64.0 3.8 5.9 

VWN U5 UO2Glu(H2O)3
+ ADF Gas PBE SOC 172.7 100.1 82.8 86.7 95.8 79.0 12.8 21.4 

VWN U5 UO2Glu(OH) (H2O)2 ADF Gas PBE SOC 186.6 81.5 76.9 67.4 76.1 63.1 5.7 10.4 

VWN U5 UO2Glu(OH) H2O) ADF Gas PBE SOC 183.7 83.9 77.6 66.8 76.2 63.0 5.8 10.9 

VWN U5 UO2Glu(H2O)(OH)2
- ADF Gas PBE SOC 183.9 79.9 74.1 70.0 76.4 63.3 6.5 11.5 

VWN U5 UO2Glu(OH)2
- ADF Gas PBE SOC 179.2 87.1 74.8 87.9 74.8 71.3 6.8 11.8 

VWN U5 UO2Glu(OH)2
2- ADF Gas PBE SOC 190.2 95.2 79.7 88.6 78.8 70.8 5.7 10.9 

VWN U5 UO2Glu(OH)2(H2O)2- ADF Gas PBE SOC 194.9 95.5 84.4 79.1 77.0 65.9 2.8 7.0 

VWN U5 UO2Glu(OH)3
2- ADF Gas PBE SOC 182.9 77.0 74.1 72.6 77.5 65.6 6.6 11.5 

PBE U4 UO2Glu(OH)2(H2O)- ADF Gas PBE SOC 188.8 88.4 77.6 84.3 76.8 69.2 3.9 8.0 
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Table A.5 Measured and calculated chemical shifts on uranyl-A_4C(H2O)3
+ All geometries were optimised with PBE COSMO in ADF. MAD = Mean average 

deviation and MAX = Maximum absolute deviation of calculated chemical shifts with respect to experiment.  

 NMR calculation   Chemical shift (ppm)   

Species Code Gas/Solv Functional Spin C1 C2 C3 C4 MAD MAX 

Expt127     186.5 47.1 65.5 22.1   

U4 ADF Solv PBE SOC 195.4 120.2 93.5 23.0 27.8 73.2 

U6 ADF Solv PBE SOC 172.6 54.1 87.5 23.4 11.1 22.0 

U4 G09 Gas PBE DK 207.5 43.1 72.4 21.9 8.0 21.0 

U6 G09 Gas PBE DK 175.9 43.7 82.4 22.1 7.8 16.9 

U6 G09 Gas B3LYP DK 182.4 45.7 84.5 23.3 6.4 19.0 

U6 G09 Solv CPCM B3LYP DK 189.0 46.9 84.0 23.2 5.6 18.5 

U4 G09 Solv CPCM PBE DK 205.2 48.0 72.8 22.9 7.0 18.7 

U6 G09 Solv CPCM PBE DK 183.5 47.6 84.6 22.3 5.7 19.1 

U4 G09 Solv PCM PBE DK 205.2 48.0 72.8 22.9 6.9 18.7 

U4 G09 Gas PBE DKHSO 207.4 42.7 72.6 21.8 8.2 20.9 

U6 G09 Gas PBE DKHSO 175.8 43.5 82.3 22.1 7.7 16.8 
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Table A.6 Gas-phase ∆Gr (kJ/mol) for reactions (1)–(4) 

 Reaction pH U4 Geometry U5 Geometry U6 Geometry 

Uranyl-Glu 1 Low -168.35 -169.10 -177.63 

2 Neutral -55.13 -43.38 -48.13 

3 High -237.28 -224.91 -219.42 

4 V. High -272.03 -274.91 -279.96 

Uranyl-Isa 1 Low -146.10 -191.95 -121.53 

2 Neutral -7.67 -35.22 -3.71 

3 High -159.11 -119.62 -124.40 

4 V. High -226.60 -231.17 -166.23 

 

Table A.7 COSMO ∆Gr (kJ/mol) for reactions (1)–(4)  

 Reaction pH U4 Geometry U5 Geometry U6 Geometry 

Uranyl-Glu 1 Low -7.97 10.02 8.98 

2 Neutral -24.00 -15.73 -15.92 

3 High 65.22 90.96 73.04 

4 V. High 2.98 -38.13 -37.29 

Uranyl-Isa 1 Low 5.03 -1.79 32.49 

2 Neutral -6.54 -5.77 10.01 

3 High 76.75 93.28 102.08 

4 V. High -17.38 -52.09 -60.25 

 

Table A.8 H-bonding interaction distances (Å) between the Isa ligand and uranyl for COSMO 
uranyl-Isa optimised geometries. See Fig. 2.11 for labelling.  Osolv = oxygen in the primary solvation 

shell. Oax = uranyl oxygen, n/a = no H-bonding between the Isa ligand and uranyl.   

 U4 geometry U5 geometry U6 geometry 

Reaction Distance Description Distance Description Distance Description 

1 n/a n/a 1.627 H4-Osolv n/a n/a 

2 n/a n/a 2.079 H5-Oax n/a n/a 

3 2.030 H3-Oax 1.679 H5-Osolv n/a n/a 

4 n/a n/a 1.820 H5-Osolv n/a n/a 

4b n/a n/a 1.634 H5-Osolv n/a n/a 
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Table A.9 Experimental and calculated 13C NMR chemical shifts δ (ppm) for D-gluconic acid and 
UO2Glu(H2O)(OH)2

- in the U4, U5 and U6 geometries.  MAD = Mean absolute deviation of 
calculated chemical shifts with respect to experiment.  See Fig. 2.11 for atom labelling. 

Species  C1 C2 C3 C4 C5 C6 MAD 

D-gluconic acid pH 7 Expt1 178.8 74.1 71.0 72.5 71.2 62.6  

D-gluconate ion  176.2 84.5 78.1 93.8 81.1 72.3  

Absolute deviation  2.6 10.4 7.2 21.3 9.9 9.7 10.2 

Uranyl gluconate pH 11 Expt1 191.0 88.5 85.6 77.7 74.4 65.1  

UO2Glu(H2O)(OH)2
- U4 Calcd 186.2 84.9 76.9 83.5 75.9 69.3  

Absolute deviation  4.8 3.6 8.7 5.8 1.5 4.2 4.8 

UO2Glu(H2O)(OH)2
- U5 Calcd 177.8 80.9 77.8 83.8 75.6 68.7  

Absolute Deviation  13.2 7.6 7.8 6.1 1.2 3.6 6.6 

UO2Glu(H2O)(OH)2
- U6 Calcd 179.1 80.9 82.5 80.9 79.6 63.6  

Absolute Deviation  11.9 7.6 3.1 3.2 5.2 1.5 5.4 

 

Table A.10 COSMO calculated ∆Gr (kJ/mol) for 1:2 uranyl-Glu and uranyl-Isa complexes  

  L1/L2 coordination ∆Gr (kJ/mol) 

 Reaction U4 / U4 U5  / U5 U6  / U6 U5 / U4 

Uranyl-Glu 7 44.97 48.03 31.99 - 

8 -34.70 -21.73 -35.44 - 

9 99.30 94.61 99.02 - 

10 - 149.21 - 128.70 

11 - 79.27 - 62.86 

12 - - - 170.40 

13 - - - 90.73 

Uranyl-Isa 7 59.19 60.29 49.84 - 

8 -24.94 -31.43 -23.38 - 

9 114.99 97.52 107.78 - 

10 - 167.09 138.07 - 

11 - -0.48 -23.40 - 

12 138.06 183.99 152.04 - 

13 53.93 16.42 -9.42 - 
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Table A.11 COSMO calculated ∆Gr (kJ/mol) for 1:3 UO2Glu3
- and UO2Isa3

- complexes 

 Reaction U4 Geometry U5 Geometry U6 Geometry 

Uranyl-Glu 14 116.3 128.9 138.3 

15 20.6 33.2 42.6 

16 -1.8 10.9 20.2 

Uranyl-Isa 14 131.5 168.8 156.9 

15 35.8 73.1 61.2 

16 13.4 50.7 38.8 
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Appendix B 

 

Fig. B.1 Gas-Phase ∆Gr (kJ/mol) for the formation of UO2(OH)(H2O)L in reaction (2) in the U6 
geometry.  L = Glu and Group B ligands 

 

 

Fig. B.2 Gas-Phase ∆Gr (kJ/mol) for the formation of UO2(OH)(H2O)L in reaction (2) in the U6 
geometry.  L = Glu and Group C ligands 
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Fig. B.3 Gas-Phase ∆Gr (kJ/mol) for the formation of UO2(H2O)3L
+ in reaction (1) in the U6 

geometry.  L = Glu and Group C ligands 

 

Fig. B.4 Oeq Hirshfeld charge for the uranyl-L products of reaction (1)-(3) in the U4 geometries. L= 
Glu, Group A ligands. 
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Fig. B.5 Gas-phase energy (kJ/mol) for steps 1-4 for reaction (3) in U4 geometry for uranyl-Glu, 
uranyl-A_6C and uranyl-A_4C.   

 

Fig. B.6 Changes in Hirshfeld charge, ∆q, on O atoms during Step 4 for Glu, A_6C and A_4C.  
COSMO at neutral pH reaction (2).  See Fig. 3.24 for labelling 



 

247 
 

 

Fig. B.7 Changes in Hirshfeld charge, ∆q, on C atoms during Step 4 for Glu, A_6C and A_4C.  
COSMO at neutral pH reaction (2).  See Fig. 3.24 for labelling 

 

Table B.1 13C NMR chemical shifts for A_4C, δ (ppm). See Fig. 3.38 for C atom labelling.  MAD = 
Mean absolute deviation of calculated chemical shifts with respect to experiment. 

Species  C1 C2 C3 C4 MAD 

A_4C  pH 4.1 Expt127  176.8 43.6 64.6 21.7  

A_4C Calcd 177.6 47.7 73.2 25.2 4.2 

Uranyl-A_4C pH 4.1 Expt127 186.5 47.1 65.5 22.1  

Uranyl-A_4C(H2O)3
+ U4 geometry Calcd 207.5 43.1 72.4 21.9 8.0 

Uranyl-A_4C(H2O)3
+ U6 geometry Calcd 175.8 43.7 82.5 22.1 7.7 

 

Table B.2 13C NMR chemical chifts for A_3C, δ (ppm). See Fig. 3.38 for C atom labelling.  MAD = 
Mean absolute deviation of calculated chemical shifts with respect to experiment. 

Species  C1 C2 C3 MAD 

A_3C pH 2.93 Expt127 176.7 36.8 57.4  

A_3C acid Calcd 173.5 38.2 66.9 4.7 

A_3C pH 4.09 Expt127 178.1 38.0 57.9  

A_3C ion  Calcd 172.1 45.5 69.4 8.4 

Uranyl-A_3C pH 4 Expt127 185.0 38.6 55.3  

Uranyl-A_3C(H2O)3
+ U4 geometry Calcd  208.1 38.0 63.4 10.5 

Uranyl-A_3C(H2O)3
+ U6 geometry Calcd 173.5 31.3 70.5 11.3 
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Table B. 3 13C NMR chemical shifts for uranyll:ligand ratios of uranyl:A_4C, δ (ppm). See Fig. 3.38 
for atom labelling.  MAD = Mean absolute deviation of calculated chemical shifts with respect to 

experiment. 

Species   C1 C2 C3 C4 MAD 

1:2 pH 4.04 Expt127 186.9 46.9 65.1 22.0  

1:2 U4 geometry Calcd 200.0 46.9 72.3 22.9 5.3 

1:2 U6 geometry Calcd 177.6 45.1 80.4 23.6 7.0 

1:3 pH 4.71 Expt127 187.2 47.0 65.0 21.9  

1:3 U4 geometry Calcd 195.6 46.6 72.3 23.5 5.2 

1:3 U6 geometry Calcd 181.4 49.9 76.2 24.0 4.6 
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Appendix C  

 

Table C.1 Density, ρ (e Bohr-3) Laplacian, Ä2
ρ (e Bohr-5) and energy density, H (kJmol-1Bohr-3) for 

An-G13 b.c.p for An_G13_R complexes 

  b.c.p 

R b.c.p property Th-B U-B U-Al U-Ga 

Dipp 

ρ 0.055 0.063 0.038 0.040 

∇2
ρ 0.014 0.007 -0.002 0.026 

H -0.014 -0.018 -0.009 -0.009 

H 

ρ  - 0.070 0.037 0.041 

∇2
ρ - -0.008 -0.001 0.022 

H - -0.022 -0.009 -0.009 
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Table C.2 Density, ρ (e Bohr-3) Laplacian, Ä2
ρ (e Bohr-5) and energy density, H (kJmol-1Bohr-3) for G13-N and C=C b.c.p.s for the boryl anion and An_G13_Dipp 

complexes 

 
Free boryl U_B_Dipp U_Al_Dipp U_Ga_Dipp 

 
B-N N-C C=C B-N N-C C=C Al-N N-C C=C Ga-N N-C C=C 

ρ 0.164 0.292 0.330 0.172 0.294 0.331 0.074 0.296 0.328 0.090 0.304 0.325 

Ä2
ρ 0.559 -0.838 -0.912 0.572 -0.834 -0.920 0.465 -0.843 -0.913 0.346 -0.829 -0.898 

H -0.122 -0.385 -0.353 -0.132 -0.419 -0.355 -0.002 -0.427 -0.348 -0.023 -0.460 -0.341 

 

Table C.3 Ln-B distances (Å) for all Ln_G13_Dipp complexes 

  G13 

  B Al Ga In Tl 

Ln 

Sc 2.458 2.971 2.801 2.987 2.960 

Y 2.692 3.151 3.000 3.181 3.111 

La 2.633 3.084 2.944 3.126 3.062 

Lu 2.829 3.327 3.183 3.340 3.278 
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Fig. C.1 Ln atom Hirshfeld charge for all Ln_G13_Ipr complexes 
 

 
Fig. C.2 G13 atom Hirshfeld charge for all Ln_G13_Ipr complexes 

Table C.4 Interaction energies and contributions (kJ/mol) for Ln_B_Ipr compounds, using neutral 
Ln/B fragments 

Ln Pauli Electrostatic Steric Orbital Interaction energy 

Sc 745 -429 316 -663 -347 

Y 831 -479 352 -712 -359 

La 746 -459 386 -629 -342 

Lu 893 -507 287 -761 -375 

 

Table C.5 Interaction energy and contributions (kJ/mol) of Y_G13_Dipp compounds, using neutral 
Y/G13 fragments 

G13 Pauli Electrostatic Steric Orbital Interaction energy 

B 831 -479 352 -712 -359 

Al 770 -394 376 -751 -374 

Ga 970 -551 419 -782 -364 

In 923 -568 354 -635 -281 

Tl 1153 -701 452 -707 -254 
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Table C.6 Density, ρ (e Bohr-3) Laplacian, Ä2
ρ (e Bohr-5) and energy density, H (kJmol-1Bohr-3) of 

Sc-G13 b.c.p. of respective Sc_G13_Ipr complexes, for different basis sets.  Ln basis set/G13 basis 
set. 

  b.c.p. property 
Sc-G13 b.c.p Basis sets ρ ∇2

ρ H 

Sc-B 
 

TZP/6-31G* 0.060 0.020 -0.017 

DZP/6-31G* 0.052 -0.020 -0.013 

6-31G*/6-31G* 0.058 0.037 -0.012 

Sc-Al TZP/6-31G* 0.034 -0.002 -0.008 

6-31G*/6-31G* 0.032 0.011 -0.005 

Sc-Ga TZP/6-31G* 0.039 0.022 -0.008 

DZP/6-31G* 0.036 0.018 -0.007 

6-31G*/6-31G* 0.038 0.033 -0.005 

Sc-In TZP/DZP 0.030 0.019 -0.006 

6-31G*/DZP 0.029 0.030 -0.003 

Sc-Tl TZP/DZP 0.031 0.032 -0.005 

6-31G*/DZP 0.030 0.044 -0.002 

 

Table C.7 Density, ρ (e Bohr-3) Laplacian, Ä2
ρ (e Bohr-5) and energy density, H (kJmol-1Bohr-3) of 

Y-G13 b.c.p. of respective Y_G13_Ipr complexes for different basis sets.  Ln basis set/G13 basis set.  
Uf = ultrafine grid.  

  b.c.p. property 

Y-G13 b.c.p Basis sets Ρ ∇2
ρ H 

Y-B DZP/6-31G* 0.046 0.040 -0.009 

DZP/6-31G* (uf) 0.046 0.041 0.009 

Y-Al DZP/6-31G* 0.029 0.013 -0.005 

DZP/DZP 0.029 0.014 -0.005 

Y-Ga TZP/6-31G* 0.033 0.029 -0.006 

DZP/6-31G* 0.032 0.033 -0.005 

Y-In DZP/DZP 0.025 0.026 -0.003 

Y-Tl DZP/DZP 0.027 0.046 -0.002 

DZP/DZP (uf) 0.026 0.056 -0.001 
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Appendix D 

Table D.1 Individual shielding, σ, contributions (ppm) to the SOC total shieldings of 2_Sn and 
variations.  

Nucleus σ contribution 
Shielding for each variation (ppm) 

2_Sn 2_Sn_var_i 2_Sn_var_ii 2_Sn_var_iii 2_Sn_var_iv 

119Sn 

σd 5037 5039 5038 5038 5037 

σp -6416 -6039 -5219 -5742 -5603 

σso -406 -234 -16 -111 -84 

σtotal -1788 -1236 -196 -816 -649 

11B 

σd 190 188 189 192 193 

σp -125 -123 -124 -133 -129 

σso -40 -39 -27 -34 -33 

σtotal 25 27 38 25 31 

 

 

Fig. D.1 Mulliken charges for 2_Sn_var_iv as a function of B-Sn-B angle (°) 
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Fig. D.2 Bader charges for 2_Sn_var_iv as a function of B-Sn-B angle (°) 

 

Table D.2 Hirshfield Charges for selected atoms in 2_Sn and variations 

 Atom 

Complex Sn B N1 N2 C1 C2 

2_Sn 0.29 0.01 -0.10 -0.10 -0.03 -0.03 

2_Sn_var_i 0.22 0.01 -0.10 -0.10 -0.03 -0.03 

2_Sn_var_ii 0.17 0.02 -0.10 -0.10 -0.04 -0.04 

2_Sn_var_iii 0.12 -0.01 -0.100 -0.10 -0.04 -0.04 

2_Sn_var_iv 0.10 -0.02 -0.15 -0.15 -0.04 -0.04 

 

Table D.3 Mulliken Charges for selected atoms in 2_Sn and variations  

 Atom 

Complex Sn B N1 N2 C1 C2 

2_Sn 0.69 0.31 -0.68 -0.65 0.13 0.13 

2_Sn_var_i 0.59 0.37 -0.67 -0.65 0.14 0.14 

2_Sn_var_ii 0.45 0.40 -0.63 -0.64 0.14 0.14 

2_Sn_var_iii 0.30 0.33 -0.65 -0.65 0.16 0.17 

2_Sn_var_iv 0.34 0.31 -0.54 -0.53 0.16 0.17 
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Table D.4 Bader charges for selected atoms of 2_Sn and variations 

 Atom 

Complex Sn B N1 N2 C1 C2 

2_Sn 0.57 1.02 -1.22 -1.22 0.23 0.23 

2_Sn_var_i 0.53 1.02 -1.21 -1.21 0.22 0.22 

2_Sn_var_ii 0.48 1.04 -1.23 -1.20 0.22 0.23 

2_Sn_var_iii 0.40 1.00 -1.24 -1.21 0.24 0.27 

2_Sn_var_iv 0.42 1.00 -1.26 -1.28 0.23 0.26 

 

Table D.5 Individual contributions and normalised Mulliken G14 and B contributions (%) to 
HOMO and LUMO of 2_G14 

  Individual contributions Norm. contributions 

  G14 p G14 s B p B s N C H G14/B 

HOMO 

2_Si 43.04 13.56 6.51 6.31 10.06 12.58 - 82/18 

2_Ge 40.7 12.11 8.25 8.21 10.08 14.19 - 76/24 

2_Sn 43.32 12.97 11.21 10.33 5.95 9.35 - 72/28 

LUMO 

2_Si 79.01 - 4.28 - 3.42 1.24 1.56 95/5 

2_Ge 83.03 - 3.7 - 1.68 - 1.52 96/4 

2_Sn 85.17 - 4.05 - 1.29 - - 95/5 
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Appendix E  
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Table E.1 DAB_Al ESR calculated g-values and isotropic hfc (Gauss) of Al, N and I nuclei compared to experiment. Ae = all electron  

      Hfc (Gauss) 

Program Functional Basis Set SOC/Scalar Spin g-value Al N1 N2 I I 

  Expt220 2.0038 2.85 6.75 6.75 0.38 0.38 

ADF 2009 PBE 1 SOC R 1.9976 - - - - - 

ADF 2009 PBE 1 Scalar UR - -6.13 8.34 8.33 0.02 0.06 

ADF 2009 B3LYP 1 SOC R 2.0042 - - - - - 

ADF 2009 B3LYP 1 Scalar UR - -8.12 10.69 10.70 -0.04 0.00 

ADF 2010 B3LYP 1 SOC R 2.0042 - - - - - 

ADF 2010 B3LYP 1 Scalar UR - -8.12 10.69 10.70 -0.05 0.00 

ADF 2009 PBE0 1 SOC R 2.0052 - - - - - 

ADF 2009 PBE0 1 Scalar UR - -8.10 10.66 10.68 -0.30 -0.27 

ADF 2009 PBE 2 SOC R 1.9978 - - - - - 

ADF 2009 PBE 2 Scalar UR - -5.94 6.12 6.13 0.90 1.01 

ADF 2009 PBE 2 ae SOC  R 1.9962 - - - - - 

ADF 2009 PBE 2 ae Scalar UR - -3.83 1.05 1.04 1.01 1.12 

ADF 2009 B3LYP 2 SOC R 2.0028 - - - - - 

ADF 2009 B3LYP 2 Scalar UR - -8.05 7.96 7.96 0.66 0.76 

ADF 2010 PBE 2 SOC UR 2.0053 -6.64 6.16 6.16 3.23 3.58 

ADF 2009 PBE 3 SOC R 1.9967 - - - - - 

ADF 2009 PBE 3 Scalar UR - -6.04 2.75 2.76 3.60 3.91 

ADF 2009 B3LYP 3 SOC R 2.0034 - - - - - 
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ADF 2009 B3LYP 3 Scalar UR - -8.43 4.49 4.50 3.47 3.82 

ADF 2009 PBE 4 SOC R 1.9979 - - - - - 

ADF 2009 PBE 4 Scalar UR - -5.78 6.24 6.25 1.21 1.34 

ADF 2010 PBE 4 ae SOC  R 1.9968 - - - - - 

ADF 2010 PBE 4 ae Scalar  UR  -5.98 2.88 2.88 3.48 3.79 

ADF 2009 B3LYP 4 SOC R 2.0030 - - - - - 

ADF 2009 B3LYP 4 Scalar UR - -7.96 8.07 8.08 1.08 1.21 

ADF 2010 B3LYP 4 ae SOC  R 2.0036 - - - - - 

ADF 2010 B3LYP 4 ae Scalar UR 
 

-8.39 4.59 4.60 3.51 3.86 

ADF 2009 BP86 4 SOC R 1.9979 - - - - - 

ADF 2009 BP86 4 Scalar UR - -5.55 6.58 6.58 1.23 1.36 

ADF 2009 BHandLYP 4 SOC R 2.0081 - - - - - 

ADF 2009 BHandLYP 4 Scalar UR - -9.64 10.40 10.41 0.96 1.09 

ADF 2010 PBE 4 SOC UR 1.9979 -6.52 6.29 6.30 3.49 3.85 

ADF 2010 PBE0 4 SOC UR 2.0085 26.86 7.92 7.93 1.36 2.98 

ADF 2010 PBE 5 SOC R 1.9981 - - - - - 

ADF 2010 PBE 5 Scalar UR - -5.91 6.27 6.28 1.20 1.32 

G09 EPR PBE 1 EPR 
 

- 1.24 9.13 9.13 12.81 13.81 

G09 ESR PBE 2 EPR 
 

- 1.25 8.90 8.91 13.08 14.08 

G09 ESR B3LYP 2 EPR 
 

- 1.10 9.75 9.76 10.86 11.69 

G09 ESR PBE 2 ESR 
 

2.0026 - - - - - 

G09 ESR PBE 3 ESR 
 

2.0018 - - - - - 
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Table E.2 DAB_Ga ESR calculated g-values and isotropic hfc (Gauss) of Al, N and I nuclei compared to experiment. Ae = all electron 

      Hfc (Gauss) 

Program Functional Basis Set SOC/Scalar Spin g-value Ga N1 N2 I I 

 Expt220 2.0036 25 5 5 Unresolved unresolved 

ADF 2009 PBE 1 SOC R 1.9996 - - - - - 

ADF 2009 PBE 1 Scalar UR - 12.44 9.15 9.15 1.93 1.94 

ADF 2009 B3LYP 1 SOC R 2.0049 - - - - - 

ADF 2009 B3LYP 1 Scalar UR - 16.48 11.84 11.84 1.70 1.70 

ADF 2010 PBE 2 SOC R 1.9994 - - - - - 

ADF 2010 PBE 2 Scalar UR - 12.57 6.85 6.85 2.63 2.64 

ADF 2010 PBE 2 ae SOC R 1.9988 - - - - - 

ADF 2010 PBE 2 ae Scalar  UR - 22.12 5.22 5.22 5.32 5.34 

ADF 2010 B3LYP 2 SOC R 2.0040 - - - - - 

ADF 2010 B3LYP 2 Scalar UR - 16.46 8.85 8.85 2.18 2.19 

ADF 2010 PBE 4 SOC R 1.9997 - - - - - 

ADF 2010 PBE 4 Scalar UR - 12.29 6.95 6.95 2.41 2.41 

 

  



 

260 
 

Table E.3 Calculated isotropic and anisotropic hfc (GHz) and g-values for 2_Tl and 2_Tl_var_iv.  G09 basis sets are EPR-II, ANO Minimal Basis for Tl. ADF 
basis sets  TZ2P on Tl and DZP on all other atoms.   

       Tl hfc, (GHz) B hfc, (GHz) 

Program Compound Functional Basis set SO/Scalar Spin g-value Tliso Tl x Tl y Tl x B iso B x B y B z 

G09 2_Tl PBE    - 0.0 -1.53 -1.52 3.05 - -1.13 -0.67 1.79 

G09 2_Tl B3LYP   
 

- - -1.70 -1.68 3.38 - -0.84 -0.27 1.12 

ADF 2_Tl PBE fc SO R 1.23 - - - - - - - - 

ADF 2_Tl PBE fc Scalar UR - -0.20 -0.96 -0.96 0.13 -0.01 -0.01 -0.01 -0.01 

ADF 2_Tl PBE ae SOC R 1.03 - - - - - - - - 

ADF 2_Tl PBE Ae Scalar UR - -0.46 -1.47 -1.47 1.56 -0.01 -0.01 -0.01 -0.01 

ADF 2_Tl B3LYP Ae SOC R 1.00 - 
       

ADF 2_Tl B3LYP Ae Scalar UR - 0.04 -1.10 -1.10 2.33 -0.01 -0.02 -0.01 -0.01 

ADF 2_Tl_var_iv PBE Ae SOC R 1.35 
        

ADF 2_Tl_var_iv PBE Ae Scalar UR - 7.63 6.61 6.63 9.66 0.08 0.08 0.08 0.09 

ADF 2_Tl_var_iv B3LYP Ae SOC R 1.29 
        

ADF 2_Tl_var_iv B3LYP Ae Scalar UR - 8.30 7.18 7.25 10.47 0.09 0.09 0.09 0.10 


