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Abstract 

Density functional theory based methodologies are applied to the study of nuclear spin- 

spin couplings. In the first part, an existing nonrelativistic implementation has been 

employed for the investigation of metal-ligand NMR coupling constants in a series of 

transition-metal systems. These include 3d-, 4d- and Sd-transition-metal carbonyl, 0x0, 

fluoro, and phosphine complexes. By means of a molecular orbital-based analysis, insight 

into the origin of the Fexmi-contact and paramagnetic spin-orbit coupling contribution 

has been gained. The experimental trends have also been rationalized in tenns of simple 

criteria that can help to qualitatively predict the magnitude of the coupling constants. In 

the second part, two approximate frozen-core relativistic correction schemes have been 

developed and evaluated on one-bond couplings to heavy main-group and transition- 

metal atoms. The second correction scheme, which only accounts for the relativistic 

contraction of s orbitals at the heavy metal nucleus, can satisfactorily recover the 

relativistic increase on the metal-ligand coupling constants for both main-group and 

transition-metal systems. The connection between the trans influence and coupling 

constants has been found to be mainly of electronic nature and can be rationalized using a 

perturbation theory-based molecular orbital approach. 
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Chapter 1 

Introduction 

1.1 Motivation and Objectives 

Over the last two decades, Density Functional Theory (DFT) has established itself as a 

powerful and flexible tool in investigations of a wide range of chemical and physical 

phenomena. Traditionally, it has been applied to calculations of molecular structure, 

bonding energies and reaction pathways. Yet, the potential of this promising electron 

structure theory has not been l l l y  explored. New application fields such as second-order 

magnetic properties (for example, NMR shifts1 and coupling parameters2 have recently 

emerged. NMR spectroscopy is among the most important tools in the contemporary 

chemist's kit. Because of the extraordinary sensitivity of the shift and coupling 

parameters to small chemical changes, a first-principles quantum mechanical study is 

often desirable for their prediction and interpretations. 

The goal of this work is to develop and apply DFT based techniques to the study 

of NMR spin-spin coupling constants. Presented here is a thesis consisting of two major 

parts. In the first part, an existing DFT based nonrelativistic nuclear coupling 

implementation is applied to NMR coupling constants in a variety of 3d-, 4d- and 5d- 

transition-metal systems. The purpose of this part of the study is to validate the current 

nonrelativistic methodologies and to rationalize the experimental observations. The latter 

is made possible by the molecular orbital-based analysis of the principal contributions. 

The second part of the thesis deals with two approximate fiozen-core scalar relativistic 

correction schemes. These relativistic corrections are evaluated on one-bond spin-spin 

coupling constants involving heavy main-pup and transition-metal elements. The 

intention of this part of the work is to develop some simple schemes to account for the 

major relativistic effects on the spin-spin coupling, and to apply them to the systems of 

our major interest: heavy transition-metal complexes. From the point of view of a 

theoretical chemist, the ultimate goal of the thesis is to contribute to the understanding of 



2 

the electron-coupled nuclear spin-spin coupling phenomenon and the manifestation of 

electronic effects of relativity in this property. For a practical chemist, the presented work 

is aimed at providing some rationales on theoretical footings that can help in 

understanding the structure-coupling relation and possibly make predictions. 

1.2 Kohn-Sham Density Functional Theory 

Density fhctional theory (DFT)~ is based on the theorem of Hohenberg and Kohn, 

which states that the ground state energy of an electronic system is uniquely determined 

by the electron density: 

The electron density represents the number of electrons per unit volume and is uniquely 

defined by the wavehction: 

Electron density can be put in the place of wavebetion as a basic variable in describing 

the electron structure. Further, DFT by Hohenberg and Kohn expresses the total 

electronic energy as: 

Here, the first term is the kinetic energy of the non-interacting electrons with the same 

density as the interacting system, the second term represents the nuclear-electron 

attraction, the third term is the classical electron-electron Coulomb repulsion, and the last 

term represents the exchange-correlation (XC) energy functional, whose exact form 

remains unknown and only approximations are available. 

Based on the Variational principle, the optimal density that minimizes the total energy 

can be found by solving a set of Kohn-Sham 6s)  equations: 

The electron density is then given in tenns of the e i g d c t i o n s ,  referred to as K S  

molecular orbitals, as: 



The KS operator kip J is given by: 

where the first term represents the kinetic energy operator, the second term represents the 

nuclear potential, the third term represents the Coulomb potential, and last term is the 

exchange com1ation potential obtained as the firnctional derivative of the XC energy 

Exc[pl: 

Because of its lower computational demands and yet sufficient accuracy, Kohn-S ham 

DFT has become a method of choice over the traditional highly correlated ab initio 

theory in studying medium to large-sized chemical systems. The Amsterdam density 

functional package (ADF)4,5 is a DFT code developed in both the Vrije Universitet 

Amsterdam and the University of Calgary. It makes extensive use of Slater-type basis 

functions and the recently developed advanced numerical techniques. ADF has proven to 

be one of the most successful DFT tools in serving the needs of computational chemistry 

both in academia and in industry. 

1.3 Double Perturbation Theory and Second-Order Properties 

Often encountered in chemistry are effects arising from two simultaneous perturbations 

to the total electronic energy. The associated second-order properties can be viewed 

theoretically as the second-order derivative of energy with respect to two (external or 

internal) parameters: 

Examples of chemically relevant second-order propaties are: NMR chemical shifts and 

ESR g-tensors (kl=extemal magnetic field, h2=nuclear or electronic spin magnetic 
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moment); NMR nuclear-nuclear couplings and ESR hyperfine couplings (2. =nuclear spin 

magnetic moment, hz=nuclear or electronic spin magnetic moment); harmonic force 

constants (h 1, hz=nuclear displacements); electric polarizability (h ,, A2=external electric 

field); and diamagnetism (A*, h2=extemal magnetic field). 

On the basis of Hellmann-Feynman theorem, the double perturbation theory is 

developed to deal with these properties quantum mechanically. Thus, a second-order 

property P can be written as: 

Here in the first step, use is made of Hellmann-Feynman theorem (see Discussions in ref 

3). Eq. (1.9) shows that in order to calculate a second-order property, one has to calculate 

the first-order change in the wavefunction due to one perturbation. This can be obtained 

via analytical approaches such as the coupled perturbed Hartree-Fock and the uncoupled 

perturbed Kohn-Sham method or via a finite perturbation approach. The details of the 

uncoupled perturbed Kohn-Sham method as well as the finite perturbation approach are 

given in Chapter 2. 

1.4 The NMR Spin-Spin Coupling Code 

The nonrelativistic NMR spin-spin coupling code was developed and implemented by 

Ross Dickson within the ADF package version 1.1.2 This program has been modified and 

ported to the more recent release of ADF: ADF 2.3.3. While the key functionality is 

maintained, alterations have been introduced partly to fix known bugs but more 

importantly to perform efficient V 0  and memory handling as well as to adapt to the new 

features of the standard ADF package. Below is the outline of the spin-spin couplhg 

code within ADF. As shown, the three contributions to the total spin-spin coupling tensor 

are computed separately. A detailed technical description can be found el~ewhere.~ 



Standard ADF routine for calculating molecular properties 

a 
Initialize spin-spin coupling code 

~ a a 
Diamagnetic spin- 
orbit contribution: 

Integrate using the 
unpemrrbad ADF 
fitted density. 

Paramagnetic spin- 
orbit contribution: 

Obtain u q m t u k d  
eigenvectors. 
Calculate the ht-order 
cbange in the MO 
coefficients. 

I Fermi-contact 
contribution: 

Obtain 6agment orbital 
value at the nuclear 
sites. 
Obtain first -order 
sph-density matrix 
h m  a self-consistent 
calculation with FC 
pamnbation. 
Calculate the FC 

\ 
Integrate thePS0 
operator against the 
unperhrrbed MOs. 

0 contniution. 

Total spin-spin coupling tensor 



Chapter 2 

Nonrelativistic Nuclear Spin-spin Couplings: A DFT study of NMR 

Coupling Constants in Transition-Metal Systems 

2.1 Introduction 

The observation of couplings between nuclear spins on different nuclei as recorded in 

nuclear magnetic resonance experiments is used extensively to deduce molecular 

structures and other properties of chemical interest. The full quantum mechanical 

treatment of nuclear spin-spin coupling was first formulated by ~amsey7 based on 

perturbation theory. In this nonrelativistic formulation the coupling has four contributions 

fiom respectively: (1) Fermi-contact (FC), (2) paramagnetic spin-orbit coupling (PSO), 

(3) diamagnetic spin-orbit coupling @SO) and (4) spin-dipolar (SD) interactions. The 

theory has later been refined by other9 and modified to include relativistic effects? 

Earlier semi-empirical studies 10- were able to differentiate the magnitude of the 

four contributions and give semi-quantitative results for couplings between the light 

nuclei in some organic and inorganic systems. More recently use has been made of a6 

initio methods8,1e16 in studies of spin-spin coupling and quantitative results have been 

obtained in cases where most of electron correlation has been taken into account. 

Density hctional  theory has emerged as a tangible alternative to traditional ab 

initio methods since it is able to include electron correlation in a computationally efficient 

way that makes it possible to treat even large size molecules quantitatively. The use of 

DFT in spin-spin coupling calculations was pioneered by Malkin et al. 17J8 in an 

implementation based on Gaussian orbitals within the deMon program system. 

Subsequently, Dickson and ~ i e g l d  presented an implementation into the Amsterdam 

density functional package (ADF) based on Slater type orbitals. 

Mallcin et al. 17318 have examined the performance of their methodology on some 

organic and main group inorganic molecules. Their conclusion is that the current method 
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based on DFT yields very reliable results for lighter main group elements. The same 

conclusion was reached by Dickson and 2iegler2. The latter authors were further able to 

present promising results for couplings between carbon and some 3d-transition-metaI 

nuclei. 

The objective of the present study has been to extend the work by Dickson and 

Zieglerz on metal-ligand spin-spin coupling. For this purpose, we choose to calculate a 

large number of experimentally known one-bond reduced coupling constants 'K(M-X) in 

small to medium sized carbonyl, 0x0, fluoro and phosphine complexes of 3d-, 4d-, and 

Sd-metals. In particular, we shall analyze the Fexmi-contact and paramagnetic spin-orbit 

coupling contributions in tenns of the mo1ecular orbitals and provide a theoretical 

rationalization for the observed periodic trends in the reduced coupling constants. We 

shall fiuther analyze the core and valence orbital contributions to the Ferrni-contact term 

and discuss the applicability of neglecting core polarization by using core orbitals &om 

atomic calculations. Finally, we will demonstrate the significant improvement of the 

calculated coupling constants in 4d- and especially 5d-transition-metal systems by 

adopting a quasi-relativistic treatment1922 and conclude with the need for more elaborate 

relativistic models. 

2.2 Computational Method and Details 

The way in which spin-spin couplings are calculated in the ADF program has already 

been sketched in the original work by Dickson and Ziegler.2 We shall in the following 

provide a more comprehensive account of the approximations involved as well as a 

detailed discussion of the special assumptions that are unique to DFT. 
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2.2.1 General Formulation 

A nucleus G with the inninsic angular momentum 7, has an associated magnetic dipole 

F ,  given by 

where is Planck's constant divided by 2n and y~ is the experimentally obtained 

magnetogyric mtio between rG and j l ,  . The dependence of the total electronic energy on 

the nuclear magnetic moments can be expressed as7.8 a simple Taylor expansion 

where i and j rum over the Cartesian components and ff is the electronic energy in 

absence of the magnetic interaction from the nuclear magnetic moments. The second 

derivative for A + B is often referred to as the reduced coupling constant798 

K(A, B), = 
dpl d2E dp', I C ~ > ~ = O >  

for which the trace 

1 
K = - ( K ,  + K ~ + K , )  

3 

is the reduced spin-spin coupling cons'ant of NMR spectroscopy. 

The electronic energy in ~ F T 2 3 - 2 ~ 9 3 9 ~ ~  can, in the absence of magnetic 

interactions, be written as 

where 
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represents the electron density of the n-electron system and {@:} is a set of n 

orthonormal and occupied (occ) one-electron functions. 

The first term in Eq. (2.5) represents the kinetic energy of a model system with the 

same density, but without eIectron-electron interactions. The second term describes the 

interaction of the electrons with the external (nuclear) potential v(r; ) . The third term is 

the so-called Hartree term. It describes the interaction of the electron density with itself 

The exchange-correlation (XC) energy E:= is a functional of the electron density. E:, 

contains the difficulties of the many-electron problem, and some approximation has to be 

used, as will be specified in the section on computational details. 

It is now possible to derive oneelectron equations, the so-called Kohn-Sham (KS) 

equationsz4, fiom the energy expression Eq. (2.5) 

where 

Furthennore, the XC potential P$ is the firnctional derivative24 of the XC energy E& : 

The KS equations are derived under the condition that the n occupied solutions {a:} 

with the lowest eigenvalues (E:) minimize the energy expression of Eq. (2.5). The 

solutions to Eq. (2.7) with eigenvalues {E,? ) of higher energy are referred to as v i r t d  

orbitals (vir). In order to evaluate the energy derivatives of Eq. (2.2), magnetic terms must 

be introduced into the many-electron Harniltonian that couple the nuclear magnetic 

moments to the electronic degrees of freedorn26-28. These terms must M e r  be linear in 

one of the magnetic moments corresponding to nuclei A and B, hEd , ĥ'' or bilinear in 

both, h ^ ' ~ . @ ~  . After the introduction of the magnetic terms the total energy reads 



where (ai is obtained from the new set of KS equations 

ĥ yi = =([p ] + A("^' +$@.) + h ^ ( P * P . ) ) y  = ~~y , . .  (2.1 1) 

We note that E' in Eq. (2.10) and Lo in Eq. (2.1 1) can now be expressed in terms of the 

occupied solutions {mi ) to Eq. (2.1 O), and the associated density 

Also, we assume that the fbnctional dependence of Ex on the density is unchanged by the 

introduction of magnetic terms and that E, has no cwent density dependence: 

E , [ P , ~ I ~ E ; ~ [ P I .  (2.13) 

By substituting E of Eq. (2.10) into Eq. (2.3) we obtain the following expression 

for the reduced coupling tensor 

where we have used that 

since EO [a0] of Eq. (2.5) is determined variationally. Further, we have introduced the 

notation 

There are four terms2628 that contribute to the magnetic terms in Eq. (2.1 1). Three are 

linear in the magnetic moment 



and one is bilinear 

In the equations above, is the permeability of the vacuum, f l  is the Bohr magneton, and 

FG is the position vector of the electron with respect to nucleus G. Each of the four terms 

will contribute to the reduced coupling constant tensor 

K(A, B), = K(A, B)F +K(A,B);= + K ( A ,  B)Y + K ( A , B ) ~ -  (2.17) 

Since the spin-dipolar contribution K(A,  B)$ is usually very smalll3, it will not be 

considered M e r  in the present work. However, we shall now in turn discuss the 

evaluation of the remaining three terms in Eq. (2.17). The discussion will be restricted to 

the diagonal terms K(A, B), for which experimental data are available primarily in terms 

of the reduced coupling constant of Eq. (2.4). 
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2.2.2 Diamagnetic spin-orbit term 

The diamagnetic spin-orbit coupling Hamiltonian iaM of Eq. (2.16d) is bilinear in the 

magnetic moments on A and B. We can, as a consequence of Eq. (2.149, write its 

contribution K ( A , B ) ~  to the coupling constant of Eq. (2.4) directly in terms of the 

unperturbed KS orbitals of Eq. (2.7) as 

The component K(A, B ) : ~  is related to the interaction energy between the diamagnetic 

orbital cment density induced by the first nucleus and the magnetic nuclear dipole of the 

second nucleus. 

2.2.3 Paramagnetic spin-orbit term 

The operator hPY7 h m  the paramagnetic spin-orbit coupling term is linear in the nuclear 

magnetic moment. Thus, according to Eq. (2.1 4) the evaluation of K(A, l?)iW requires 

the specification of the first-order change to the KS orbitals, 8f'.~"', induced by iPSo . 
(AAo 1 We can obtain 0, &om Eq. (2.1 I )  by collecting all terms that are first order 

( P L . ~ )  in the perturbation hPS0 and solve for a, as a linear combination of the unperturbed 

KS orbitals . We obtain in this way by standard technique28 

rntb-irJ(*: (7)) '6(~W)~p(7)f i  
@:';.M'= 

&,O - E; 
8: (f 1. 

l t k  (2.1 9) 

In Eq. (2.19) the summation over I includes both occupied and virtual zeroth-order 

KS orbitals. we note that c is purely imaginary, since hPSO is purely imaginary and all 

zeroth-order KS orbitals are real. Purely imaginary first order changes in the orbitals do 

not change the total electron density to first order. There is as a consequence no first- 

order contribution h x n  of Eq. (2.8). Such a first-order contribution would have 
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been possible if we had avoided the approximation to Ex in Eq. (2.13) and allowed for a 

specific current density dependence292o. 

Finally a substitution of @YL."' h m  Eq. (2.19) into Eq. (2.14) allows us to write 

mx ,ti. (1 (a; @I). h ( p i . m )  a; ( ~ ) m J ( a ;  (7))' h";.=) a; (F)& 
K ( A , B ) F O  = 2 x x  

& I &; --E; 
(2 -20) 

~ e r e ~ ( ~ , L ? ) z ~  is related to the interaction energy between the paramagnetic current 

density induced by one nuclear magnetic dipole with another magnetic nuclear dipole. 

Note that we have omitted the occupied orbitals in the summation over I since this 

sumation has zero contribution to the coupling. 

2.2.4 Fermi-contact term 

Evaluation O~K(A, B): :Corn the Fermi-contact operator h" requires again a 

specification of the first order change in the KS orbitals, Q:'~', since iFc is linear in 

the nuclear magnetic moment. We can find o:'~' fiom 

by collecting terms to first order in pf . The operator iFc is real and will as a 

consequence induce a real first-order change in the density as well as in AO[p].  Thus, 

( p i x )  finding O, h m  Eq. (2.21) by collecting first-order terms will lead to a set of 

coupled perturbed equations, which will require a special programming effort29~30914-16 

to solve. 

Alternatively, we might make use of finite perturbation theory and solve Eq. 

(2.21) self-consistently by adding LFc to d o [ p ]  in our standard ADF program with a 

minimum of effort. The execution of two separate SCF calculations with as the basis 

and p: in ĥ" represented by respectively h and -h affords the solutions @,(A) and 
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0, (-A) respectively, where A is a perturbation parameter. The two solutions allow us to 

The original zeroth order basis 8: is normally expressed in terms of a product of 
* 

spin and space hc t ions  = @iy,, where is an eigenhction to the z-component S, 

of the spin operator 9 .  By a unitary transformation of =a:, =q$'y:, we can 

generate an equivalent zeroth-order basis, cDt = @:y,. , where 9:; and a:, have the 

same spatial parts, #: , whereas their spin parts, and are eigenfunctions to 

respectively i, and Si with the same eigenvalues. It is thus clear that solving Eq. (2.20) 

for the three different components i=x,y,z with the corresponding basis Q: = #:yz 

(i=x,y,z) will afford the same expansion coefficients U, - and spatial orbital parts for 

@:;"' with i=x,y,z. This is a simple consequence of the fact that the spatial part of Eq. 

(2.20) will be the same for i=x,y,z. Thus, 

As a consequence of Eq. (2.23) only two SCF calculations are required to determine all 

( p i J r  ) ( p i s r  ) three components of Q, with i=x,y,z. A substitution of ak fiom Eq. (2.23) into 

Eq. (2.14) finally allows us to write 

( P : ~  1 The accuracy by which @, is determined fiom the £bite perturbation 

expression in Eq. (2.22) depends on an appropriate choice of the parameter A. Too large a 

value of li introduces higher order terms into the difference of Eq. (2.22). On the other 

hand, numerical emom in the determination of @, (A) and mk (-A) fiom the numerical 
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integration used in ADF as well as the SCF convergence will be amplified in the 

calculation of 8y'"' if h is too small. We found h = 10" to be an optimal value in 

connection with a SCF convergence threshold of lo4 for the density matrix and an 

integration accuracy of 10" for the KS matrix elements. 

In Eqs. (2.22) and (2.23), nucleus A is the perturbing center whereas B is the 

responding nucleus. We can in principle choose either the metal or the ligand center as 

the perturbing atom. In practice the calculated value for K(A, B)F will depend 

somewhat on the choice of the perturbing atom due to numerical inaccuracies. We find 

the choice of the perturbing atom to have a small effeft (less than 3%) for complexes of 

3d and 4d elements whereas the difference is much larger for 5d elements. We have in the 

following chosen the ligand center as the perturbing atom since it gives rise to results that 

are numerically stable with respect to reasonable variations in h as well as the parameters 

for the numerical accuracy and the SCF convergence threshold. 

2.2.5 Computational Details 

We performed all calculations using the nuclear spin-spin coupling code2 incorporated 

into the ADF~I-34. The self-consistent DFT calculations were carried out based on the 

1 ocal exchange-correlation potential due to Vosko, Wilk and ~usair3S augmented with 

Becke's nonlocal exchange correction1* and Perdew's nonlocal correlation 

Unless otherwise specified, we used uncontracted double-g core and triple-c valence 

basis36 for all atoms in the all-electron calculations and a triple-( valence basis in the 

fiozen-core calculations. The metal center valence space included ns, np, nd, and (n+l)s 

shells. The integration and SCF convergence parameters were set to 10" and lo4, 

respectively. Structures used were taken fkom experimental results if available. In the 

finite difference calculations of the FC term, we chose the lighter atom as the perturbing 

center and used 10" for the perturbation parameter. Since the sign of coupling constants 

are not always expeIimentally available, we only compare the absolute value of calculated 

and measured coupling constants. 
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2.3 Results and Discussion 

23.1 Transition-metal carbonyls 

Table 2.1 compares our calculated metal-carbon nuclear coupling constants for 3d-, 4d- 

and Sd-transition metal carbonyls to experimental val~es3~f 8. For the 3d-complexes we 

contrast the results f?om all-electron (AE) and frozen-core (FRC) calculations. For the 4d- 

and Sd- complexes the comparison is between results fkom nonrelativistic and 

quasirelativistic (QR) calculations. The calculated coupling constants for the 3d- 

complexes are in good agreement with experiment whereas the theoretical estimates for 

the 4d- and 5d- complexes are consistently smaller thm the experimental values, 

especially without the inclusion of relativistic effects. 

An analysis of the calculated coupling constants for the transition metal carbonyl 

systems reveals that the Fermi-contact coupling term dominates whereas contributions 

from the spin-orbit coupling terms amount to less than a few percent. Thus, our analysis 

of the calculated coupling constants for the carbnyls will be restricted to the Fermi- 

contact term. 

The major part of K(A, B);', Eq. (2.24), can be written directly in the uncoupled 

form by neglecting any contribution from k t  order changes to L o ,  Eq. (2.8), induced by 
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Table 2.1 Reduced coupling constantsh K(M-C) in some 3d-, 4d- and 5d-transition-metal 

carbonyls. 

molecule FRC AE ~ M C  (A) K~ 
V(c0); 158 129 1 .96Ba 146' 

Fe(CO), 259(e4) 24qq.I  1 .827(eqlb 239' 
236(ax) f 80(ax) 1.807(ax)~ 239' 

Co(CO),- 333 348 1.794= 40qt20f 

NR OR 

'Optimized geometry. keference 52. 'Reference 53. d~eference 54. 
-2 2 'Reference 55. f~eference 37. gReference 38. '1n SI units of kg m i A - ~ .  

It follows from Eq. (2.25) that contributions to K(M,c),FC come fiom pairs of 

one occupied orbital 9: and one virtual orbital 9;. Further, appreciable contributions 

are only possible if and 9; are non-zero on both nuclei. Thus, core orbitals are not 

going to add much to K(M, c);' as they are localized on one of the centers only. 

It is possible to give a detailed analysis of the contribution to K(M,c)F fiom 

each pair of occupied and virtual orbitals. However, it will be more useful to divide 

K ( M ,  C)iC into contributions £?om one occupied and all virtual orbitals. Because of the 

unique symmetry of the delta function operator involved, such an analysis is meaningful 

for the FC coupling term but not for the PSO coupling texm (see discussions below and 

section 2.4.2). For the same reason, there are only a few occupied orbitals in transition 

metal complexes that can give contributions (see discussions below). 
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This suggests the possibility of making qualitative predictions regarding the magnitude of 

K(M,c)LC by looking at just a few MOs of the metal complexes. In the following we 

shall conduct such an analysis for the carbonyl systems and extend it to other metal 

complexes, including those dealt with in later sections. 

For the metal center only atomic s-type orbitals have non-zero values at the 

nucleus. Furthemore, s-type orbitals on the metal span the totally symmetric 

representation, which implies that only occupied and virhd molecular orbitals from this 

representation will contribute significantly to K(M,  C)LC . The totally symmetric valence 

orbitals 0; and are made up of the ns and (n+ 1)s metal orbitals (n=3,4,5) and the 

ligand based orbitals 1 aL and 2aL, Figure 2.1. The ligand-based orbitals 1 aL and 2aL are 

symmetry combinations of the highest occupied a-orbitals, 40 and 5% on each CO 

ligand. Here 40 and 5a are the only occupied CO orbitals with substantial contributions 

from 2s on carbon, Figure 2.2. The resulting molecular orbitals from the interaction 

between ns, (n+l)s and lab 2oL give rise to three occupied (la, 2a and 3a) and one 

unoccupied (4a) orbitals, Figure 2.1. The actual composition of 2a and 3a is shown in 

Table 2.2 for the three 3d-complexes. We shall in the following refer to orbitals in the 

totally symmetric representation as na (n= 1,2,3) without subscripts applicable to the 

specific point groups. 

The la level of lowest energy is represented by a ns based orbital (stabilized fkom 

above) with in-phase bonding contributions from laL, 2nL and (n+l)s in accordance with 

general considerations based on perhubation theory. It is too low in energy to couple with 

the virtual orbitals on account of the factor I/(& - E?) of Eq. (2.25). We note that the 

virtual orbitals (including 4a) will all be destabilized (from below) with out-of-phase 

contributions from as, 1% and 2ab again in accordance with perturbation theory. Thus 

ns, l aL  and 2oL will be of the same phase in the unoccupied orbitals. 



Figure 2.1 Interaction diagram for the MOs contributing to the FC coupling term in 

carbonyl complexes. 

Figure 2.2 Composition of the carbonyl a orbitals containing the carbon 2s AO. 

The level 2a is 1- based whereas 3a is dominated by 2aL. Both are destabilized 

(fkom below) by out-of-phase contributions from ns and stabilized (fkom above) by in- 

phase contribution &om (n+l)s and other s-type metal orbitals of even higher energy. In 

2a the orbital 2aL will add (fkom above) in-phase so that the contributions to 2a £kom l a L  

and 2aL are of the same sign. By contrast, lq will add (&om below) out-of-phase to 3a 

with the result that the contributions to 3a h m  1- and 2aL are of different signs, Table 

2.2. 



Table 2.2 Molecular orbital expansion coefficients' in terms of metal and figand 

fragment orbitals for 2a and 3a in some 3d-transition metal carbonyl complexes. 

Fragment 2a 3a 

'laLforV(CO)i is 10, =1/&(~,+4a,+@~+~~+~,+@,) 

b 2 q  for V(CO)< is 2aL = 1 1 A(*, + W2 + 50, + 50, + -5 + -6 

'Equatorial component, 1 oz, , of 1 o, in Fe(C0) ,, where 

la: = I I J T ( M ~  +W;P +&SO) 
* ~ x i a l  component, lbf  , of 1 q in Fe(CO),, where 10," = 1 /fi(@f + M y )  
'Equatorial component, 2 uIq , of 2 q in Fe(C0) ,, where 
20;~ = 1 I &(SO: + SOT + 50: ) 

'Axial component, 20: ,  of 2 4  in Fe(CO),, where 20: = 1 / f i (SOf  + SO?) 
'I q for CO(CO); is 10, = 1 / 2 ( ~ ,  + 40, + 40, + 404) 

h20L for CO(CO)~- is 2 q  = 1/2(5Cl + + 5 0 ,  + 5 0 , )  

The coefficients listed are tiom the all-electron calculations. 

Both 2a and 3a are of sufficiently high energy to couple with virtual orbitals and 

contribute to K(M, C')Lc. We present in Table 2.3 the contributions to K(M, c);' fiom 

the couplings of 2a and 3a, respectively, with all virtual orbitals. It is not surprising that 

the contribution from 2a is large because l aL  and 2% both enter with the same sign into 

that orbital, Tables 2.2 and 2.3. On the other hand, substantial cancellations will take 

place in the contributions fiom 3a where laL and 2aL enter with opposite signs. The 

contribution h m  3a is as a consequence small and in some cases of opposite sign. 



Table 2 3  Molecular orbital contributionsa to K(M,c)~ with frozen-core and all-electron 

basis in some 3d-carbonyl complexes. 

moiecule 2a 3a Total K(M,c)~ 

FRC AE FRC AE FRC AE 

-2 -2 
'III SI units of t 0l9 kg m s A - ~ .  

The contributions to K(M,  C)Lc will in general come f?om a few occupied ligand 

based orbitals of sufficiently high energy to couple with the virtuals. The magnitude, and 

even the sign, will depend fiom case to case on the nodal structure of the tigand-based 

orbitals. We shall now state a few more general observations in connection with the 

results presented in Table 2.1. 

We note that K(M, c)F decreases along the 3d-series Co(CO)i, Fe(CO), and 

V(CO),' with increasing coordination number. A similar trend is found for the 4d-series, 

Rh(CO),, Nb(C0l6-. The trend is readily understood when we note that the contribution to 

2a and 3a fiom laL and 2aL is roughly the same for all complexes, Table 2.2. However 

the contribution from 4a and 5a on any single ligand to laL and 2oL decreases as 11 & 
with the coordination number n, Table 2.2. Thus the value of the 2a and 3a orbitals on 

any single carbon nucleus will diminish with increasing coordination number n. As a 

result K(M,c)F is seen to decrease through the series Co(CO);, Fe(CO), and V(CO),', 

and Rh(CO),-, Nb(CO),-. 

It follows fiom Table 2.1 that the coupling constants calculated by the 

nonrelativistic method (NR) are too small for the 4d- and Sd-transition metal carbonyls. 

The inclusion of relativistic effects (QR) brings the calculated values into better 

agreement with experiment by increasing the coupling constants from 20% for the 4d- 

complexes to 50% for the Sd-complexes. The major impact of relativity is to reduce the 
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kinetic energy of electrons passing at high instantaneous velocities near the nucleus3943. 

The reduction in the destabilization from a high kinetic energy will enhanc&9,41A2 the 

finite probability of finding ns and (n+l)s valence electron near the nucleus and thus 

increase K(M,c)F. The reduction in kinetic energy will also result in a contraction of 

the chemical bond39.41, which indirectly would increase K ( M ,  c); . However, this 

effect is not included in the reported calculated differences between coupling constants 

obtained &om nonrelativistic and quasirelativistic methods since both sets of calculations 

were carried out at the same geometry, Table 2.1. The quasi-relativistic method employed 

here is only applicable for valence orbitals and might suffer variational collapse if 

extensive basis sets are employed near the nucle~s19-*~. We hope later to remove these 

deficiencies by resorting to a more refined relativistic t rea t~nent~~-~~ .  Such a treatment 

should also improve on the coupling constants calculated for the 4d-, and especially, 5d- 

complexes. 

We shall finally comment on the influence of the frozen-core approximation. Our 

analysis of the results f?om all-electron caiculations clearly indicates that the contribution 

to K ( M ,  c): of Eq. (2.25) fiom occupied core orbitals, in the summation over k, is 

completely negligible. This is so because the wre orbitals are localized on one center and 

too low in energy to couple with the virtuals. Thus, as mentioned before, only couplings 

between the occupied 2a and 3a valence orbitals and the virtuals are of importance. These 

couplings are nevertheless influenced indirectly by the core description, Table 2.3. As the 

core is unfrozen in the all-electron zeroth order molecular calculation, ?he core orbitals 

will relax in comparison to the atomic state. This relaxation will in turn influence the 

composition of valence orbitals such as 2a and 3% and modify the calculated coupling 

constant K ( M ,  c)F . 



23.2 Transition-metal 0x0 complexes 

Table 2.4 summarizes our calculated nuclear coupling constants in 3d- and 4d-transition 

metal 0x0 complexes. The Fermi-contact and paramagnetic spin-orbit cuntributions are 

listed separately. Again we compare fioz-core and all-electron results for 3d-complexes 

and nonrelativistic fiozen-core calculations and relativistic fiozen-core calculations for 

4d-complexes. It is clear that the all-electron results for 3d-complexes are in good 

agreement with experiment (except for M a - ) ,  while both nonrelativistic and quasi- 

relativistic calculations give values that are 10% lower than the experimental estimates 

for the 4d-complexes. 

Table 2.4 Reduced coupling constantsg K(M-0) in some 3d-, 4d- and Sd-transition-metal 

0x0 complexes. 

molecule r ~ a  K(M-0)" K(M-o)- KW-0) Pf 
FRC AE FRC AE FRC AE 

'~eference 56. b~eference 57. 'Ref-ce 5 8. d~efereace 59. aeference 60. '~eference 
2 2 61. SI units of lot9 kg m- s- A'~.  



24 

We shall first discuss the FC coupling term in the 0x0-complexes using the 

concepts introduced in the last section. In the tetroxo complexes, l a L  and 2oL of Figure 

2.1 are represented by 2s(O) and 2p(0), respectively. The 2a orbital is an out-of-phase 

combination of metal ns and 2s(0) with nearly equal contniutions as 2s(0) is close in 

energy to ns. Thus, the contribution to K(M,O)FC fkom the coupling of 2a with all virtual 

orbitals in 0x0 complexes, Table 2.5, is expected to be larger than in the carbonyl 

complexes, Table 2.3, where 2a is made up mostly of carbonyl sigma orbitals of much 

higher energy than 2s(0). The 3a orbital consists of in-phase (n+l)s and 2p(0) 

components with an in-phase contribution from 2s(0). As Zs(0) enters with different 

signs relative to the leading s-component in 2a and 3% respectively, the latter orbitals will 

have contributions of different signs to K(M,O)FC, Table 2.5. Further, it follows fiom 

Table 2.5 that the contribution fkom 2a and 3a increases across the first transition metal 

series from VO:- to MnOi in absolute terms. This can be explained again by the increase 

in the covalent character of both 2a and 3a The total K(M,O)~', however, hardly changes, 

because 2a and 3a contributions have different signs. 

Table 2.5 Molecular orbital contributionsa to K(M-0)" fkom fkozen-ore and all- 

electron calculations in some 3d-transition-metal tetroxo complexes. 

molecule 2a 3a Others 

FRC AE FRC AE FRC AE 

- - 

2 2 'In SI units of 1019 kg m- s- A-'. 

The PSO coupling term of Eq. (2.20) can be written in a compact form as 
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In contrast to the carbonyls, K(A, l?)Fo is seen to be important for the 0x0 systems. It 

can numerically be of the same magnitude as the FC coupling term, but is of opposite 

sign, Table 2.4. The diagonal terms K(A, l?)eSO (i=x,y,z) are all equal for the orientation 

shown in Figure 2.3. Thus, each of the components will represent the PSO contribution, 

K(A, 13)Lm, to the reduced coupling constant of Eq. (2.4). 

The magnetic operator M: = (F. x Vl i  / r i  = i ~ :  / ri of Eq. (2.26) is effectively 

localized on one center G=A,B, due to the l /ri  dependence. It is thus clear that the 

occupied, @:, and virtual, a;, orbitals must have contributions on both metal (G=A) 

and ligand (G=B) atomic orbitals in order for the product of the two integrals in Eq. 

(2.26) to be nonvanishing. We shall refer to this as the polarization factor. Also, it is 

evident that K(A, l?)em is determined by couplings fkom the firontier occupied and virtual 

orbital pairs due to the inverse energy dependence I/(&: -$). The effect of the 

rotational operator i: on p and d orbitals has been tabulated in the litera&*. 

In Table 2.6 we present the significant contributions to K(M,o)"O h m  the 

occupied-virtual eontier orbital pairs in the case of the 3d-transition metal tetroxo 

complexes. Because our calculations reveal that the PSO coupling term is insensitive to 

the size of basis set and the inclusion of the core electrons, we only show the results fiom 

all-electron calculations. The molecular fiontier orbitals are linear combinations49 of 

metal based d-components and ptype oxygen orbitals that can be characterized as either 

of o or x symmetry, Figure 2.3. We present their composition in Table 2.7. 

It follows from Table 2.6 that 'K(M,O)~~' can be attributed mainly to the 

couplings between the occupied orbitals of highest energy st2, 6t2 and the virtual orbitals 

7t2*, 2e0 of lowest enerdg. Here St2, 6t2 and 7tz0 represents the bonding (between metal 

d and oxygen p orbitals), non-bonding (oxygen lone pair p orbitals) and anti-bonding 

orbitals of t2-symmetry, respectively, whereas 2e' is anti-bonding with respect to metal d 

and oxygen ~c-orbitals, Table 2.7. Due to the relative energies of the metal and oxygen 

AOs, the occupied orbitals are polarized toward oxygen and the vixtual ones are polarized 

toward metal. For all three complexes, the coupling 5t2-7t; gives the largest contribution, 
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whereas the smaller contributions h m  st2-26 and 6t2-7t2* couplings are of 

approximately the same magnitude but of opposite sign. An additional small contribution 

comes fiom the 6t2-2e' coupling. 

Table 2.6 Molecular orbital contributionsa to ~ ( b l - 0 ) ~ ~ ~  in some 3d-transition-metal 

tetroxo complexes. 

Figure 2.3 The orientation of the ligand O1 orbital in a tetroxo complex. 

1 1 
The direction cosines are: CF : zX :-(1,-1,0); zy : -(-1,-1,2). 

J5 45 



Table 2.7 Molecular orbital coefficientsabvc in the fiontier orbitals of CI-O~~-. 

The detailed composition of the molecular orbital of do tetroxo complexes has been 

discussed in Reference 49 . b e  coordinate system for ~x-0~" and the definition of the 

oxygen a, and 5 orbitals on any single center are given in Figure 2.2. The d, &' and 

5' orbitals are linear symmetxy combinations of the a, rg, and 5 orbitals from each 

oxygen center. They are defined in Reference 49. 

For the x-component, K ( A ,  l3)LW, the operator M: will couple t*,, with t ~ ,  and 

t2x with e, g through rotations48 by iz of respectively the d-based metal orbitals and 

the p-type oxygen orbitals of a and x symmetry, Table 2.7. As the most important 

contributions, we consider the coupling of St2 and 6t2 with 7t2 and 2%, respectively. It 

follows fiom Table 2.7, that St2, has large coefficients on both metal d, and oxygen a 

and ~r, orbitals whereas 6t2, is mainly a nonbonding orbital with large coefficients on 

oxygen a, rr, and 5 orbitals, only. It is thus clear why st2 is better able to couple with the 

virtual orbitals although it is of lower energy, Table 2.6. On the metal center, a rotation 

about the x axis will bring dJM) in 7thm to dX2(M) so that it can overlap with the same 

orbital in while on the ligand center a and 5 orbitals in 7ta* are rotated about the 

same axis to a, and n, which then overlap with the same orbitals in st2,. 



In the same way, both 2%' and 2%' can couple with St2, through the rotation 

about the x axis. However, the contniutions fiom 2%' and 2%' are of opposite signs, 

which makes the contribution from the stz-2e' coupling smaller than what one might 

expect fiom relative energies and orbital compositions, Table 2.6 and 2.7. 

Across the series VO:-, C& and Mn04-, the contributions fiom the three most 

important couplings are seen to increase in absolute terms, Table 2.6. This is due to a 

decrease in the energy gaps between occupied and virtual orbitals across the series, Table 

2.6, as well as the increasing covalent character of both occupied and virtual MOs. Here 

the energy and the bond polarization criteria work in the same direction to increase 

K(M,O)~'O. For the 4d-0x0 complexes we have carried out both nonrelativistic and 

quasirelativistic calculations. Relativistic corrections are seen to be minor for PSO and 

FC contributions, and the calculated coupling constants are in good agreement with 

experiment, Table 2.4. 

The dominance of the polarization factor makes the interpretation of PSO 

coupling tensors in terms of MO-MO contributions different fkom the interpretation of the 

related paramagnetic (spin-orbit) shielding tensorsso. In the common-gauge-origin DFT 

formulationl, the paramagnetic shielding on nucleus G can be expressed as 

Here, the local magnetic operator is present only in the h t  integral, whereas in the 

second integral the rotational operator has contxibutions from all centers. Accordingly, 

orbitals localized on G would give a very large contribution to the paramagnetic 

shielding. This is why the lone pair orbital 6t2 plays an important role in the 170 

shieldingo but not in the PSO M-0 coupling, as it is only localized on one nucleus. Also, 

the important magnetic dipole transitions, which give significant contributions to 170 

NMR shielding, are not of importance in nuclear M-0  couplings. In fact, the strong 

magnetic dipole transition l t -2e' contributes considerably to the "0 paramagnetic 

shielding in the tetmxo complexes~o, but gives only negligible contribution to the M - 0  

PSO coupling tenn. 
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Compared with experiment, the exceptionally large discrepancy of the calculated 

coupling constant in MnQ- could be related to the error in the present DFT formulation 

of the PSO coupling term due to the neglect of current density, Eq. (2.13). A large 

disagreement was also found in the NMR shielding calculation of Mn04- where the same 

approximation was invoked.5*~*l Another source of error might be the FC term. 

2.3.3 Transition-metal hexafluom complexes 

The nuclear spin-spin coupling in transition metal do fluoro complexes can be analyzed in 

a way similar to that of the coupling in do 0x0 complexes. We present in Table 2.8 our 

calculated K(M,F) coupling constants for some transition-metal hexa fluon, complexes. 

The nonrelativistic hzen-core results are given for the 3d-complexes while results for 

the 4d- and Sd-complexes are based on both of the non- and quasirelativistic methods. An 

extended basis set was required on the fluorine atom in order to converge the calculated 

FC coupling constants. A similar extended basis was required for an accurate 

determination of FC coupling terms in the fluorinated main-group compounds2. It can be 

seen fiom Table 2.8 that the FC and PSO terms are of equal importance for nuclear 

couplings in the fluoro complexes. In some cases, for example VFL, the PSO contribution 

is even larger than the FC contribution. The calculated values are in general lower in 

absolute terms than the experimental estimates, especially for the 3d-complex SCF:- and 

the 4d-complex NbFL. 



Table 2.8 Reduced coupling constantsh K(M-F) in some 3d-, 4d- and Sd-transition-metal 

hexafluoro complexes. 

molecu r~~ (A) K ( M - F ) ~ ~  K ( M - F ) ~ ~ O  K(M-F) K? 

S C F ~ ~ -  2.035' 77 -30 49 59.6' 

'Reference 62. keference 63. 'Optimized geometry. d~eference 64. aeference 44. 
f -2 -2 Reference 65. 'Reference 66. h ~ n  SI units of l0I9 kg m s A - ~ .  Results are fkom the 

fiozen-core dculations. 

The do transition-metal fluoro complexes have two valence type orbitals, 2a and 

3% contributing to the FC tenn. The 2a orbital of lower energy is an out-of-phase 

combination between ns on the metal and 2s(F), Figure 2.1. The 3a orbital is 2p(F) based 

with in-phase contributions &om (n+l)s(M) and 2s(F). The composition and phases of 

both orbitals are analogous to the 0x0 systems and readily understood fiom 

considerations based on perturbation theory, Section 2.3.1. 

The fluoro complexes have in general smaller FC contributions than their 0x0 

analogies. For instance, the 2a contribution to the FC coupling is 23 1 in VFi, compared 

with 453 in VO& Tables 2.5 and 2.9. This can be attributed mainly to the higher 

coordination number. The higher coordination number results in a smaller coefficient on 

the AO's in 2a and 3a fiom the fluorine ligand under consideration, Section 2.3.1. We 

note M e r  that the FC contributions fkom 2a and 3a are of opposite sign in analogy with 

the carbonyls and the 0x0 complexes. The origin of the sign changes is simply that 2 s Q  

and the leading metal s-contribution is out of phase in 2a and in phase in 3a. Further, 2a 

contributes more in absolute terms as it has the larger 2s(F) component. From Table 2.8, 
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we find no obvious trend for the FC contributions across the periodic series SCF:-, T ~ F ~ ~ -  

and VF6-. Down a periodic triad VF6- and NbF6', however, the FC coupling is increasing 

because of the greater value of the ns and (n+l)s orbitals on the nucleus for the heavier 

element. 

Table 2.9 Molecular orbital contributionsa to K(M-F)" in some 3d- and 4d-transition- 

metal hexa fluoro complexes. 

molecule 2a 3a Others 

2 2 aIn SI units of 10"kgm- i A-*. 

In the transtion-metal carbonyl systems, we have seen that relativity significantly 

increases the magnitude of K(M,F)", especially in the Sd-complexes. However, for the 

fluoro complexes, Table 2.8, the quasirelativistic calculations on the FC coupling term 

exhibit smaller values than the nonreiativistic ones. As mentioned before, the relativistic 

enhancement of the electron density at the nucleus increases both the 2a and 3a 

contribution to the FC term. Consequently, in the case of both contributions having the 

same sign, the magnitude of K(M,F)" increases. On the other hand, in the case of two 

contributions having opposite sign, the K(M,F)" value will decrease if the magnitude of 

the increase in the negative contniution is larger. This is the reason why relativistic 

effects reduce the FC term in both NbF6- and WF6 complexes, Table 2.9, and also in the 

4d-transition metal 0x0 complexes, Table 2.4. Since the FC term in NbFi is the same 

order of magnitude as the PSO term, the relativistic correction with respect to the total 



coupling constant in NbFi is seen to be much larger than in the 4d-transition-metal oxo 

complexes, Table 2.4 and Table 2.8. The large underestimation of the coupling value in 

NbFL is in accordance with our calculations in the 0x0 complexes. Finally, it is also 

observed that in contrast to the FC term, scalar relativity seems to have much smaller 

influence on the PSO term, Table 2.4 and Table 2.8. 

As discussed in Section 2.3.2, the main contributions to K(M,F)"O come from the 

couplings between metal-ligand bonding and anti-bonding firontier orbitals with both 

metal d- and ligand a or z components. In the hexafluoro complexes, 3eg and ltzg 

represent the occupied ligand-metal bonding orbitals of respectively a- and n- symmetry 

with I tzg of highest energy. Furthennore, 4e; and 2 t 2 i  are the corresponding empty anti- 

bonding orbitals with 2t2g'of lowest energy. 

Figure 2.4 illustrates the couplings of occupied and virtual orbitals in the 

evaluation of K(M,FI)*O, where FI lies along the positive y-axis. There are two 

equivalent contributions to K(M,FI)~~O &om the components of K ( M ,  c)iSO (i=x.z) 

perpendicular to the M-Fl bond axis as well as one unique contribution, K ( M ,  &):SO, 
from the direction along the M-FI bond axis. For i=x,r the operators i, (i=x,s) rotate 

d(M), into d(h& and P(F)~  into PO,, thus orbitals tzg couples with eg, Figure 2.4a. For 

i=y the i, operator rotates one set of d m  and p(Flx components into another, thus two 

different tzg components couple with each other, Figure 2.4b. 

The 3eg(o)-2t2g'(x') and 1 t2g(n)-2t2e' (IP) pairs of occupied and virtual orbitals 

have the smallest energy gaps, Table 2.10, and afford in all cases principal contributions 

to K(M,F,)~,  with 3 e & ~ ) - 2 t ~ ~ * ( e )  being more important as it has two contributions 

from the components perpendicular to the M-F bond. Another pair of importance is 

1 tzs(x)-4ege(tP) with a larger energy gap. The periodic trend in K(h4,F)PSo for the 3d- 

transition metal fluoro complexes is readily understood in terms of the change in the 

energy gap between occupied and virtual orbitals as well as the degree of covalency, 

Table 2.8 and Table 2.10. 



Figure 2.4 PSO coupling in octahedral complexes. 

Table 2.10 Molecular orbital contributions to K(M-F)"' in some 3d-transition-metal 

fluoro complexes. 

1 t,,(rr)-2t2,'(n*) 8.29 1 5 7.365 I4 5.719 36 

1 t2g(n)eg*() 7.563 - 1 9.589 - 10 8.508 -57 

1 t2,(rr)-5e,'(a) 10.599 -1  1 1 0.943 - 16 13.377 -3 
Others -8 -14 - 10 

ah SI units of 1 0 ' ~  kg m" s-' A". 



2.3.4 Transition-metal trifluorophosphine complexes 
Our calculations of metal-phosphorus coupling constants in 3d- and 4d- transition-metal 

tri fluoro phosphine complexes show generally good agreement with experiment. The 

results £?om calculations in which the core was fkozen on the metal center are presented in 

Table 2.11. Unlike the calculations shown before, we observe no systematic trend in the 

errors for the 3d-complexes. However, the absolute deviation from the experimental 

values is o v d l  about 17%. Since nuclear coupling constants are very sensitive to 

geometrical changes, one might ascribe part of the error to the inaccuracy in the geometry 

optimizations. Comparing theoretical coupling constants in the 4d-transition metal 

phosphine complexes with experiment, one can see that the nonrelativistic method gives 

1 0% lower values and the quasirelativistic method gives 1 0% higher values. Finally, it is 

not surprising to see that the extraordinary large coupling in the Sd-complex Pt(PF3)4 is 

only partly reproduced (60 %) by our quasi-relativistic calculation. 

Table 2.11 Reduced coupling constantsf K(M-P) in some 3d-, 4d- and Sd-transition- 

metal trifluorophosphine complexes. 

molecule CM-P (A) K(M-P) K"" 
V(PF3); 2.3 1 Oa 466 399" 

CT(PF3)6 2.276" 460 3 86d 

Co@'F3)4- 2.076= 86 1 1063~ 
Ni(PF314 2.1 1 6 ~  903 1 08Oc 

NR OR 

aOptimized geometry. '~eference 67. '~eference 68. %eference 69. E ~ e f e r e n ~ e  70. 'In SI 
-2 -2 units of 1 0 ' ~  kg m s A-~ .  
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The PSO contribution to the K(M,P) coupling constant in the phosphine 

complexes was found to be negligible. Thus, as in the carbonyls the calculated coupling 

constants can be analyzed and understood solely in terms of the FC contribution. We note 

fruther that the ratio between the metal-phosphorus coupling in phosphine complexes and 

the metal-carbon coupling in the corresponding carbonyls with the same metal center is 

larger than one and nearly constant. The stronger coupling in the phosphine complexes is 

due to the larger value in absolute terms of the 3s(P) orbital on the phosphorus nucleus 

compared to the absolute value of 2s(C) on the carbon nucleus. 

The PF3 ligand has three a-type orbitals with contributions fiom Ssp), Figure 2.5, 

for which the importance of the phosphorus 3s atomic orbital is in the order: 

4oL>2aL>3aL. The interaction between these orbitals and the two s-based metal orbitals, 

Figure 2.6, will give rise to four totally symmetric occupied orbitals. The 1 a orbital is too 

low in energy and too polarized toward metal ns to contribute to the FC component of the 

coupling constant. The orbitals 2% 3% and 4a have major contribution fkom 2aL, 3 ~ ,  and 

4aL, respectively, as well as ns and (n+l)s. Given the composition of 2% 3% and 4a in 

terms of 2aL, 361, and 4aL, as well as the relative occurence of 3s(P) in the a-type 

orbitals, one can understand why the contributions fiom the na orbitals to the FC 

component of the coupling constant come in the order 4a>2a>3a, Table 2.12. 

Table 2.12 Molecular orbital contributionsa to ~Q4i-p)" in Ni(PF3)4. 

Orbital 2a 3a l a  Others 

ICFC 325 147 476 -37 
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The trends observed experimentally for the K(M,P) coupling constants across a 

series and down a triad for the 3d- and 4d-complexes are well reproduced by our 

calculations although there are deviations b-een experimental and theoretical values. 

As in the case of the carbonyls, quasi-relativistic calculations on the 4d-phosphine 

complexes are seen to increase the FC coupling constant compared to the wnrelativistic 

estimates as the values of the ns and (n+l)s orbitals on the metal center are increased in 

absolute terms. Even the quasirelativistic calculation on the Sd-complex Pt(PF& fails to 

account for the large K(M,P) coupling constant. Here a better relativistic treatment will 

be required. 

Figure 2.5 Composition of the trifluorophosphine ligand orbitals containing the 

phosphorus 3s AO. 

metal la  PF3 ligands 

Figure 2.6 Interaction diagram for the MOs contributing to the FC coupling 

trifluorophosphine complexes. 
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2.4 Concluding remarks 

A newly implemented DFT based scheme for the calculation of nuclear magnetic 

resonance spin-spin coupling constants has been applied to the study of various 

transition-metal systems of affordable size, for which experimental coupling constants are 

available. We have presented results for metal-ligand one-bond couplings l ~ , X ) ,  in 

3 d-, 4d- and Sd-transition-metal carbonyl, 0x0, fluoro, and phosphine complexes. 

The two major contributions to the metal-ligand coupling constant come from the 

Fermi- contact term (FC) and the paramagnetic spin-orbit term (PSO). The FC 

contribution was evaluated by finite perturbation theory and the PSO part by an 

uncoupled perhubation approach. The finite perhubation theory, Eq. (2.22), was found to 

be numerically stable provided that the ligand is used as the perturbing atom. The 

uncoupled PSO approach, Eq. (2.20), in which any influence of the current density on the 

exchange correlation energy is neglected (see Eq. 2.1 3), performs well with the notable 

exception of Mn04-. 

The results of the calculations on 3d- and 4d- complexes with trozen-core basis 

sets are (for the most part) in good agreement with experimental data and thus confirm 

the promising applicability of the current methodology. Using the quasirelativistic 

correction on top of the fiozen- core treatment, the results on Sd-complexes are 

significantly improved. However, a more elaborate relativistic model is required to 

describe the nuclear region more accurately and bring the calculated results closer t o  

experiment. 

Contributions to 'K(M,x) from FC were analyzed in terms of couplings between 

one occupied and all v i d  molecular orbitals based on Eq. (2.25). Only molecular 

orbitals with contributions from s-type orbitals on both the ligand a d  the metal center 

contributes to l~ (~-x)Fc .  This precludes core orbitals and valence orbitals other than 

those in the totally symmetrical representation. Thus, the FC term can be viewed as a 

valence property, which allows the adoption of the hzen-core approximation for the 

calculation of systems containing heavy atoms. Furthermore, the contributions from the 

totally symmetrical representation involves the coupling of a few occupied valence 

orbitals (2-3) with the virtuals above. 
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The occupied valence orbitals are linear combinations of ns, (n+l)s on the metal and n s ~  

on the ligand. The sign of the contributions depends on the phases of the participating ns, 

(n+l)s and n s ~  orbitals and can vary. The absolute magnitude decreases as the 

contributing orbital is polarized towards the ligand or the metal. Relativity enhances the 

contributions in absolute tenns as the density of the ns and (n+l)s orbitals on the metal is 

increased. However, this might not result in a total increase in 'KWX) fC due to the 

different signs of the individual contributions. 

A sirnilar analysis in tenns of couplings between occupied and virtual orbitals has 

been carried out for the PSO tenn, Eq. (2.26). Again, only valence orbitals with 

contributions on both the metal a d  the ligand contribute. Thus core and lone-pair 

orbitals are not important. Using the MO based approaches, we have analyzed and 

rationalized trends in the calculated FC and PSO contributions to 'K(MJ() of 3d-, 4d- and 

Sd-transition metal-carbon, -oxygen, -fluorine and -phosphorus couplings. 



Chapter 3 

Scalar Relativistic Corrections to the Nuclear Spin-Spin Couplings 

3.1 Introduction 

The rapid development of high-speed computing resources and the recent advances in ab 

inirio and Density hctional theory @FT) have enabled the theoretical prediction and 

interpretations of NMR chemical shifts and indirect spin-spin coupling constants. Since 

NMR parameters are used extensively by experimental chemists to identify and probe the 

structure of inorganic and organic compounds, the importance of their theoretical study 

cannot be overestimated. Over the last few years, a large number of papers has been 

published on calculations of NMR chemical shifts or shieldings. The interested reader 

may refer to the recent review articles by Helgaker71 and Jameson72. In contrast, the 

theoretical aspects of nuclear spin-spin couplings have not yet attracted as much 

attention. So far, approaches based on the traditional ab initio methods such as 

CCSD73974, MCSCF75, and IMP276 have been developed. Due to the high computational 

demand of these methods, the applications are however restricted to selected diatomic 

molecules, second-row hydrides and a few small organic molecules71. More recently, the 

implementations in the DFT framework were reported by Malkin et al.77 as well as by 

Dickson and Zieglerz. The latter implementation was later applied by us78 to the study of 

nuclear spin-spin couplings in a series of transition-metal complexes. This work has 

demonstrated the ability of the currently used nonrelativistic DFT-based techniques to 

provide quantitative predictions of the coupling constants between 3d transition metals 

and directly bonded ligand atoms such as carbon, oxygen, fluorine and phosphorus. The 

fact that the nuclear spin-spin interactions involving oxygen and fluorine are less well 

described by the present methodology can be attributed to the deficiency of the existing 

exchange-correlation hctionals in dealing with large electron correlations79 and to the 

lack of the current dependency80. Further, the comparison of the nonrelativistic 
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predictions with experimental coupling values for Sd-transition-metal systems in this 

work78 suggested that relativistic treatment is required for a quantitative description. 

The study of relativistic e f f ~  on the indirect nuclear spin-spin coupling has 

rarely been attempted in the literature. In the seventies, Pyykki, et al. introduced a 

multiplicative '%ydrogen-like" relativistic correction factor, originating fkom Breitg 1, to 

account for the relativistic effects in Fermi-contact contribution to the nuclear 

couplings82-84. Later, Pyykkii developed a relativistic analogue85 of Ramsey's spin-spin 

coupling expression7, which in the early eighties was incorporated into the semi- 

empirical relativistic extended Hiickel (REX) method86. With this approach, Pyykkii and 

Wiesenfeld calculated one-bond couplings in some small main-group compounds. The 

relativistic increase in 'J(M-H) and 'J(x-C) was found to be approximately 30% for 

Sn& and SII(CH~)~, as well as more than 125% for the analogous lead compounds. They 

also found that the relativistic isotropic coupling constant is dominated invariably by the 

term, which has the nonrelativistic Fenni-contact (FC) origin. Recently, Kirpekar et al.88 

has applied the MCSCF method to investigate spin-orbit effects on the coupling constants 

in XI&. The spin-orbit contribution to 'J(M-H) was shown to be very small, amounting to 

about 1 % for S a .  The findings by Pyykkd and Kirpekar et al. imply that the relativistic 

alteration of the coupling constant may be recovered by a scalar relativistic correction to 

the FC tenn without resorting to the two- or four-component relativistic coupling 

formalism. In the present work, we shall follow this idea and develop some simple 

relativistic correction schemes to account for the relativistic effects on the metal-ligand 

coupling constant. 

In Ramsey's nonrelativistic nuclear spin-spin coupling theory7, there are four 

terms contributing to the indirect nuclear spin-spin coupling constant: the Fermi contact 

and spin dipolar (SD) terms arising lbm the spin of the electron, and the para- and 

diamagnetic spin-orbit terms originating fiom the orbital motion of the electron. The FC 

operator takes effect whenever there is a finite electron density (s orbitals) at one nucleus 

and creates a net spin density (in a closed-shell molecule), which then interacts with the 

magnetic dipole of the second nucleus. The FC term gives in most cases the dominant 

contribution and is particularly sensitive to relativistic effects as a result of the orbital and 
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bond length contractions. Bond length shortening can be taken into account by making 

use of experimental geometries in the calculation. In the present paper, the remaining 

relativistic effects on the FC term can be accounted for to a first approximation by the 

following two approaches based on the nonrelativistic coupling formalism. The first 

approach involves the quasi-relativistic Pauli Hamiltonian1920.892* and is a 

straightforward analogue to the nonrelativistic method. The second scheme treats the 

effect of (s) orbital contraction on the FC tam explicitly by replacing s orbitals in the 

self-consistent nonrelativistic Kohn-Sham orbitals by the relativistic ones without 

changing orbital expansion coefficients. We will describe in detail these two relativistic 

correction schemes in section 3.2. In section 3.3.1, we will test these schemes by 

calculating the metal-ligand coupling constants 'J(M-L) in a series of group 12 and group 

14 alkyl, cyano and hydrido complexes. In section 3.3.2, we will M e r  validate the 

relativistic correction schemes on couplings involving a platinum atom, and examine the 

connection between tram influence and spin-spin couplings. 

3.2 Computational Method and Details 

3.2.1 The Quasi-Relativistic Kohn-Sham Method 

Perhaps one of the most successll approaches to include relativity due to the first-order 

(1 /c2) relativistic operators is the f?ozn-core based quasi-relativistic (QR) method. In QR 

method, unlike in other perturbation approaches, the relativistic corrections to the valence 

density due to the first-order relativistic operators are calculated variationally up to all 

orders. Consequently, the total Kohn-Sham electronic energy can be written as a 

functional of the quasi-relativistically modified den~ity3~: 

where the sum in the second term runs over occupied valeace electrons and the constant 

core terms are omitted h m  both of the terms here. Given in atomic units, the first-order 

relativistic operator 



hQR = h M Y  +hb +hSO 

contains the mass-velocity operator 

the Darwin operator 

and the spin-orbit (SO) operator 

where VN and Vef refers to the nuclear and electron potential, respectively. d is the 

electron spin operator. hQR is the one-electron form of Pauli Hamiltonian. However, 

combined with the fkozen-core approximation, the QR method elegantly bypasses the 

unboundness problem inherent in the Pauli Hamiltonian. In Eq.(3.1), E NR [p  " ] is the 

nonrelativistic energy expressed in terms of the quasi-relativistic Kohn-Sham orbitals 

that are obtained as the solution to the quasi-relativistic Kohn-Sham equation: 

f QR\yy(r;) = €Yyl,.Qyf;), (3 -6) 

by requiring that E * [ p  QR ] is minimized with respect to the quasi-relativistic valence 

density pp given as 

P ~ ( 5 )  =EV,P~'(~)VY(<) 
i 

(3.7) 

The QR Kohn-Sham operator can be written as 

f Q R ( < )  = hrn(<)+hW(<) (3-8) 

with h NR (5  ) representing the nonrelativistic Kohn-Sham operator25. For closed-shell 

systems, spin-orbit effects can often be neglected and h w ( 4 )  is replaced by the scalar 

relativistic (SR) operator hU(f ; )  that includes only the MV and Darwin terms. The 

related SR Kohn-Sham operator s m e s  as a basis of our relativistic modification 

schemes. 
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B. Formulation of the scalar relativistic correction schemes 

In nonrelativistic theory, the four operators (FC, PSO, DSO, and SD) that give rise to the 

nuclear spin-spin coupling can be derived fiom the nonrelativistic Hamiltonian by 

applying the minimal coupling (9 + 9 + d ) to the momentum operator and including 

an extra term that accounts for the interaction between the electron spin and the magnetic 

field due to nuclei (8 ). These operators are widely known as hyperfine terms, since 

they describe the interaction between electrons and nuclei. These interactions then give 

rise to the indirect nuclear spin-spin coupling via the so-called double perturbation. 

Rigorously, the relativistic spin-spin coupling constant should be calculated fiom the 

relativistic hyperfine terms, which can be derived fiom the Dirac Hamiltonian or some 

approximate two-component Hamiltonian such as ZORA~O. Because relativistic 

hyperfine terms require at least a two-component wavefunction, calculation of the spin- 

spin coupling is often very time consuming. The goal of this work is however to devise 

some approximate schemes that can account for most of the relativistic effects on the 

nuclear coupling while still maintaining the computational ease of the non-relativisitc 

approach. As stated in the previous section, the mass-velocity correction and Darwin tenn 

introduce the major scalar relativistic modifications to the electronic structure. This 

would in turn influence the nuclear spin-spin couplings even if the hyperfine interactions 

stay formally unaltered. On the basis of these considerations, our first approach (we shall 

call it SRI) to estimate relativistic effects on the coupling constant involves the scalar QR 

Hamiltonian and utilizes the nonrela tivistic hyperfine operators. Here, the scalar 

relativistic reduced spin-spin coupling tensor is expressed as the second derivative of the 

scalar QR energy: 

In the above equation, is the total scalar relativistic electronic energy, i and j run over 

the three Cartesian components, and ~2 ,pL represent the magnetic moments due to 

nucleus A and B respctively. The evaluation of K ( A , B ) ~  follows the same 

procedures78 as for the nonrelativistic coupling tensor, except that now the unperturbed 
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orbitals are derived from the QR Hamiltonian. Also, the FC perturbation is now added to 

the QR KS operator to yield the perturbed spin density matrix. Thus, the isotropic DSO 

and PSO contributions can be written in SI units as: 

and 

where 

In the above equations, Y? denotes the unperturbed QR KS orbitals obtained via Eq. 

(3.6), and represent the Bohr mapeton and vacuum permeability respectively. The 

final formula for the FC contribution is given by: 

with P F . ' ~ : . ~ ~ '  being the first-order spin-density matrix in basis of QR atomic orbitals 

@y ( F )  and is determined via: 

where P," (A), P! (A) are the perturbed density matrix for a and f l  spin, respectively. 

These density matrices are constructed h m  the p a b e d  KS orbitals obtained by 

solving the KS equations with a finite Fermi-contact perturbation self-consistently: 

( ~ Q ~ [ ~ Q ~  ] + ~ ( r , ) o ,  )IJ[~ = E:~YF. (3.15) 

Here, 1 is the finite perturbation parameter, P R v R ]  is the scafar KS operator as a 

hctional of the unperturbed QR density, and &A) is the Dirac Delta function. The 
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superscript FC is used for KS orbital firnctions and energies to emphasize that they are 

perturbed by the Fenni-contact term. 

Relativity has impact on each of the three contributions to the nuclear coupling. 

However, the relativistic correction to the FC contribution is presumably the largest for 

~ K O  reasons. Firsf the FC term is the predominant contributor to the total coupling. 

Second, since the FC operator describes the electron-nuclear interaction at the nuclear 

site, the FC contribution is most sensitive to relativistic effects. According to Eq. (3.13), 

the FC contribution suffers the relativistic orbital contraction, which affects both the first- 

order spin-density matrix ~ 2 ~ ~ " '  and the atomic orbital values: 

@, (F = Fa) and #s (7 = 5). However, since we are dealing with couplings involving only 

one heavy atom, we can deliberately choose the light atom as the perturbing center A and 

neglect the relativistic effects on the lint-order density matrix due to the perturbation of 

the light atom. In other words, we need to take into account only the relativistic effects on 

@, (7 = FB ) and 0, (7 = FB ) . Our previous experience has shown that choosing the lighter 

atom as the perturbing center gave rise to results that are numerically stable with respect 

to computational parameters.78 Based on these considerations, we can write down an 

approximate form for the relativistically corrected FC contributio~ as: 

NR.(lr: .FC) where #? (F = rB ) is obtained from the QR calculation for atomic B, and P, 

corresponds to the nonrelativistic form of Eq43.14). In contrast to the SRI approach, SRII 

scheme is computationally less expensive, because only QR atomic calculation is 

required in addition to computing the nonrelativistic spin-spin coupling. 
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3.23 Computational details 

All calculations were performed using the NMR spin-spin coupling which was 

implemented within the Amsterdam Density Functional (ADF) package41*. The S M  

correction was carried out with an auxiliary program. We chose all-electron triple zeta 

plus double polarization (ADF set V) basis for the coupling ligand atoms, while for the 

metal and other ligand atoms the frozen-core triple zeta plus single polarization (ADF set 

JY) basis sets were employed. The valence space for the coupling transition and main- 

group metals contains subvalence in addition to the true valence electrons. In the self- 

consistent finite perturbation procedure of calculating FC contribution, the figand atoms 

were always used as perturbing center78 and the perturbation parameter was set to loe3. 

In the calculation of coupling constants involving main-group elements, the 

experimental structure parameters from the following references are used: Ref 91 for 

C&; Ref 92 for S ib ,  Ge&; and S-; Ref 93 for Zn(CH3)2, and Cd(CH3)2; Ref 94 for 

Hg(CH3)2; Ref 95 for [z~(cN)~]~-; Ref 96 for [cd(CN)4l2*; Ref 97 for [H~(cN)~]~-. For 

Pb& the theoretically optimized bond length from Ref 98 is adopted. 

In the calculation of couplings involving platinum atom, the structure data for 

[P~(NH~)~]~ '  and Pt(PF3l4 are taken from Ref 99 and Ref 100, respectively. The metal- 

ligand bond distances as well as angles between them for cis-, trans-PtClz(PMe3)2, and 

cis-, trans-PtC4(PEt3h are taken fkom Ref 101, while the metric data for the ligands are 

taken from compilations of crystal structure data.lO2 For cis- and trans-PtCl~(NH3)2, we 

assume R(P~-~)=2 .osA, R(P~-CI)=~.SO& 8(NPtN)--90°, (N-H)= 1 -0 1 & and 

B(NPtN)= 109.5' based on the crystal structure data lo39102 and theoretical calculationlo4. 

The structure data for czk- and tra~ts-PtH~(PMe~)~ are taken from refl05, where Pt-H bond 

distance for the cis isomer is computationally optimized- 



47 

3.3 Results and Discussions 

3.3.1 Couplings to main-group metals 

In order to test the scalar relativistic correction schemes described in the last section, we 

calculated the one-bond coupling constants for a series of group 4 and 12 compounds. 

Table 3.1 presents the total coupling constants obtained with the nonrelativistic method 

(PR), the quasi-relativistic scalar correction SRI (p") and SRII (p"3 in comparison 

with experimental values (KE""). Overall, the SRII scheme gives better results than the 

SRI method. It can also be seen that relativity already starts to take effect on couplings 

involving the fourth-row dements such as Zn and Ge. An increase of 1 5% seems to be an 

average for couplings to H or C. For the sixth-row elements Pb and Hg, the SRII scheme 

enhances the total coupling constants by 70%, 96% and 70?! for Pb&, Hg(CH3)4, and 

[ H ~ ( c N ) ~ ] ~ - ,  respectively. With the experimental values as reference, a factor of 2 seems 

to be appropriate as a rough estimate of the relativistic increase. If this were true, then we 

could ascribe the large discrepancy between the predicted and measured coupling 

constant in Pb(CH3I4 to the underestimation before relativistic effects are taken into 

account. According to the nonrelativistic calculation, a relativistic increase factor of 

550% would be anticipated to recover the experimental value, which seems to be 

unreasonable. 



Table 3.1. Calculated one-bond reduced coupling constants (in l0I9 J-1 T~) for some 
main-group 4 and 12 compounds using nomelativistic method and SRI and SRII 
schemes. 

Molecule Coupling Pp R 7 
S i b  K(Si-H) 84.79= 88 87 89 

G e b  K(Ge-H) 232b 188 207 2 17 

s a 4  K(Sn-H) 431" 294 304 293 

PbH4 K(Pb-H) 923' 50 1 629 85 1 

Ge(cH3)~ K(Ge-C) - 86 89 108 

Sn(CH3)4 K(Sn-C) 3 0 2 ~  195 187 20 1 

Pb(CH3)4 K(Pb-C) 396d 72 -147 207 

Zn(CH3)2 K(Zn-C) - 299 309 349 

Cd(CH3)2 K(Cd-C) 797= 485 488 634 

Hg(CH3)2 K(Hg-C) 126e 666 460 1309 

[Z~(CN)~]'- K(Zn, C) 46Se 405 449 458 

[c~(cN),]'- K(Cd, C) 648 794 82 1 

[H~(cN)~]'- K(Hg,C) 2832e 1039 147 1 1857 

'From Reference 59. b ~ o r m  Reference 60. 

"Taken from the measured coupling constant 'J(P~-H) in PbH(CH3)3.61 
d From Reference 62. ' From Reference 63. 

Because of their simplicity, group 4 tetrahydrides are perhaps the best model 

compounds for investigation of relativistic effects due to a heavy metal on the spin-spin 

coupling. For the purpose of assessing the quality of the DFT based calculations and 

studying the effects of electron correlation, we carried out calculations with several 

different XC functionals. These include L D A ~ ~  and GGA type of functionals due to 

Becke and Perdew (BP86) 122-123 , Perdew and Wang (PW91)1O6 and Becke, Lee, Yang 

and Parr (BLYP) 122.124 . It is found that LDA gives results roughly 10% smaller than 

BP86, while other GGA hct ionals  yield values very close to BP86. Therefore, we shall 
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focus on comparison of the BP86 and LDA results. In Table 3.2, all contributions 

obtained with BP86 and LDA without relativistic corrections are presented. We also 

show the few available numbers from the MCSCF calculations88. Comparing LDA with 

BP86, we note that all FC and PSO contributions from the BPS6 calculations are larger in 

magnitude. The DSO contributions are numerically very small and will therefore not be 

discussed. The change in the FC contribution induced by the gradient correction (also 

called nonlocal correction) to the density functional can be attributed to the change in 

electron density due to the gradient correction. Fan and 2ieglerIz6 have shown that 

nonlocai corrections generally increase the density at the core region and the valence tail. 

Since the FC contribution is extremely sensitive to the change in the core region of the 

valence orbitals, the increase due to nonlocal corrections is readily understandable. The 

fact that the BP86 results compare better with experimental values is another proof that 

nonlocal corrections are important for describing sensitive molecular properties such as 

nuclear couplings. Comparing DFT results with Hartree-Fock (HF) and post-HF results, 

we find that for the PSO and DSO contributions, which are singlet properties, DFT agrees 

extremely well with the HF-based methods. For FC contributions, a triplet property, DFT 

generally gives lower values than RPA and MCSCF based approaches. The only 

exception is S i b ,  where BP86 yields higher coupling constant than CAS B does. It is 

interesting to note that the nonrelativistic MCSCF calculations agree perfectly with 

experiments for G e b  and Sn& and as a consequence leave no room for any relativistic 

corrections in contrast to DFT calculations. However, as mentioned before, it seems 

peculiar that ow scalar relativistic scheme does not give any correction to the coupling 

' K ( s ~ - H ) .  Also, even with relativistic correction, DFT based 'K(G~-H) is smaller than the 

measured value. All these facts indicate that there is an underestimation on the 

nonrelativistic level for the DFT approach. However, since, as seen fiom Table 2, the 

spin-orbit effects are of no importance for all couplings, and there are no scalar 

relativistic ab  initio results available, it remains unclear to which extent the DFT results 

are underestimated. 
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Table 3.2 Comparison of DFT, HF and post-HF calculationsa for one-bond coupling 

constants in group 4 tetrahydrides. 

Complex Method p; Kg* K;& KE K,:; K fip 

Si- BPS6 88.3 -0.170 0.013 88.1 0.5 84.79 

LDA 

RPA 96.64 -0.138 0.0084 96.51 0.025 

CAS B 78.2 1 -0.084 0.0126 78.14 

GeH4 BPS6 189.0 -0.482 0.019 188.5 28.2 232 

LDA 170.0 -0.362 0.016 169.65 25.6 

CAS B 232.66 -0.499 0.0238 232.18 

SnH4 BPS6 295.5 -1.221 0.0 13 294.3 -1 -3 43 1 

LDA 266.7 -1.074 0.013 265.6 0.6 

RPA 485.48 -1.394 0.0067 484.09 4.71 

RAS B 42 1.75 - 1.227 0.0067 420.53 

PbH-4 BPS6 504.3 -2.8 1 0.010 50 1.5 349.2 923 

LDA 442.1 -2.54 0.0 10 439.6 3 12.3 

'Results taken from Reference 88. RPA refers to the lower level random-phase 

approximation (RPA) while CAS B and RAS B refer to the correlated results with CAS B 

and RAS B as reference MCSCF wavefunctions. 
b Scalar relativistic corrections with SRII scheme are listed for BPS6 and LDA 

calculations. The spin-orbit corrections are shown for RPA results. 

Finally, we shall give some comments on the relativistic effects on the spin-spin 

coupling and try to understand why the SRII correction scheme works better. As already 

known, effects of relativity manifest themselves in both the molecular geometry and 

electronic structure.107 The former can be observed in the contraction of the bond length 

when one (or both) of the bonding atoms belongs to the fifth- or higher row elements in 

the periodic table. The latter gives rise to the orbital contraction and stabilization (s and 
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p) as well as the orbital expansion and destabilization (d and f). It seems surprising that 

although the relativistic effects on KS orbitals are l l l y  taken into account in our SRI 

scheme, it gives less improvement than the SRII scheme where only the s-contraction is 

accounted for. This may be attributed to the deficiency in the current implementation of 

the quasi-relativistic approach, where the valence orbitals are subjected to the relativistic 

core potential but orthogonalized onto the nonrelativistic core orbitals. Also, it is difficult 

to justify whether the simple incorporation of the nonrelativistic hyperfine texms to the 

Pauli Hamiltonian is an appropriate approach to satisfactoriIy treat the relativistic effects 

on the spin-spin coupling. On the other hand, the consequences of the approximate SRII 

approach are more apparent, since it only accounts for the s-orbital contraction, which is 

the predominant relativistic effect on the contact-type nuclear spin-spin interactions. 

3.3.2 Couplings to Platinum 

To examine the validity of the proposed relativistic correction scheme SRII for couplings 

involving transition metals, we have performed calculations on some platinum 

complexes. Table 3.3 presents both predicted and experimental 'K(P~-N) and 'K(P~-P) for 

some platinum amine and platinum phosphine complexes. Again, it can be seen that SRII 

correction is able to recover most of the anticipated relativistic increase with an average 

deviation of around 25% from experiment, whereas the SRI method fails completely. 



Table 3 3  Calculated one-bond reduced coupling constants (in loi9 .I-' T*) for some 

platinum using nonrelativistic method and scalar relativistic correction SRI and SRII 

schemes. 

Molecule Coupling K ~ P  K~~~ 7 R 

"From Reference 1 19. b ~ r o m  Reference 120. 'From Reference 611. d~rom Reference 1 1 1. 

vrom Reference 1 10. 

SR"/pR with pp~&?R, Figure 3.1 shows how the calculated By comparing K 

relativistic correction is related to the experimentally predicted relativistic increase. From 

the shape of the curve P/pR it is obvious that the extent of relativistic modification 

depends on the chemical environment of the coupling nucleus. This can certainly not be 

described by the "hydrogen-like" relativistic correction of ~yykk683, where a 

multiplicative factor is assigned for each heavy metal and applied on top of the 

nonrelativistically calculated total coupling constants. In contrast, our SRII correction can 

mimic the trend of relativistic influence in different ligand environments to a certain 

degree. Evidently, our correction is more flexible than the "hydrogen-like" correction. 



Figure 3.1 Correlation between the calculated and experimentally predicted relativistic 

increase in coupling constants for some platinum complexes. 

The thermodynamic trans influence, defined as the extent to which a ligand 

labilizes the bond opposite to itself in the ground state, is a well-established concept in 

transition-metal chernistry.lo8Jo9 The trans influence is experimentally measurable 

through the use of X-ray crystallography, vibrational spectroscopy, nuclear magnetic 

resonance, nuclear quadruple resonance, and photoelectron spectroscopy. The order of 

trans influence obtained by these techniques for common ligands is similar but not 

unique since it reflects one or more aspects of the electronic structure of the complex. 

Maybe the most widely known r m  influence series is provided by the determination of 

the bond length M-A that is mans to the influencing ligand L. Consequently, ligands such 

as amine, chloride, phosphine and hydride in square planar Pt(LI) complexes can be 

placed in the order of their structural mans influence as:lo8 N H ,  = Cl- < PR, < H-.  In 

our discussion, we will refer the influencing ligand L to the ligand which exerts a 

stronger trans influence according to this series. 

The connection between trans influence and the magnitude of NMR coupling 

constants for stereoisomers of platinum square planar and octahedral systems was 

discussed in Ref. 1 08, 1 1 0 and 1 1 1. Thus, for the complexes PtC12(PR3)2, a greater value 

of 'K(P~-P) is always observed for the cis isomers than for the trans isomers. It was 

proposed that the trans influence of a ligand is to reduce the s-character of the platinum 
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hybrid orbital and consequently to decrease the coupling between platinum and 

phosphorus. l 3  However, until now no first-principles calculation has addressed this 

issue. Therefore, it seems worthwhile to investigate this relation through DFT based 

calculations. The first important question in this conjunction is whether the difference in 

the coupling constant for cis and Runs isomers can be ascribed to the difference in the 

bond distance due to the structural trans influence as addressed in Ref. 110. For this 

purpose, we shall examine how the calculated 'K(P~-P) changes at various bond lengths, 

angles and geometrical arrangements. 

Figure 3.2 The dependence of the coupling constants (calculated with SRI correction 

scheme) on the structural parameters. 



It can be seen fiom Figure 3.2 that, if R(Pt-P) is increased from 2.25 A in the 

equilibrium geometry of cis-Clz(PMe3)zY 1, to 2.3 1 A, 2, K(P~-P) decreases from 1 609 to 
19 -1 147 1  (1  0 J T'). At this new bond distance R(Pt-P), if R(Pt-CI) is shortened to 2.3 1 A, 

and the angles B(P-Pt-P), B(C1-Pt-Cl) are arranged to be 90°, 3, 'K(P~-P) reduces further 

to 1203 (1019 J - ~  T ~ ) ,  which is about 25% lower than the value at the equilibrium 

geometry, 1. Finally, keeping the bond lengths and angles fixed, if the position of one 

chlorine ligand is exchanged with that of one phosphine ligand, 4 (the equilibrium 

geometry of trans-Ptcl~(PMq)t), 'K(P~-P) goes further down by about 20% to 892 ( 1019 

J-' T~). Similar calculations have also been conducted for PtH2(PMe3)2 isomers. They 

reveal a variation of 'K(P~-P) fiom 654 at the cis geometry, 5, over 430, at the bond 
19 1 distance and angles from the trans configuration, 6, to 839 (10 J- T'), at the trans- 

geometry, 7. Thus, apart ffom the outcome of the structural trans influence, there is a 

more important electronic factor that determines the spin-spin coupling in these square 

planar systems. This factor explains the change in the coupling in going from the cis 

isomer 3 to the trans isomer 4, or tiom 6 to 7. We shall in the following borrow the idea 

fiom Burdett and ~ lb r i~h t "*  to rationalize this electronic influence. 

For an ideal pans complex with symmetry DZh, the a interactions between metal 

and ligands give rise to three ligand-based occupied MO's: 1 a,, 2% and b3,, and the 

corresponding metal-based anti-bonding virtual orbitals, Figure 3.3. Here, it is assumed 

that the Pans influencing ligand is L2, identical to h, and the influenced ligand is LI, 

identical to L3. Obviously, Zag is the orbital that contributes to the spin-spin coupling.78 

Now if the ligand L2 is replaced with Lzf, which has a higher electronegativity or a lower 

a-donor ability, the symmetry of the system is reduced to Czv, with L2'-M-L4 as the Cr 

axis. Consequently, the initial b3. orbital becomes a total symmetrical orbital 3a1, and can 

be perturbed by the virtual orbital 2alW to form a new orbital, which represents the 

bonding interaction of the metal hybrid sp, orbital with the a ligand orbitals trans to each 

other (L2' and L4), as shown in Figure 3.4. 



Figure 3.3 m e  important a interactions in a trans planar complex with symmetry D2h. 

Figure 3.4 The polarization of the virtual orbital on the trans a bond L'-M-L" in a trans- 

ML2L'LW complex with symmetry Cz,. 

This perturbation is favored because of the small energy gap between the high- 

lying occupied orbital 3al and the low-lying virtual orbital 2al*. Since L2 has a higher 

electronegativity, the phase of the mixing is determined such that the resultant orbital has 

a larger electron density at Lz. It is clear fiom the shape of this orbital that there is a large 

overlap population between the metal s-orbital and the a-orbitd at Lq, and hence it can 

add to the PC term of the M - h  spin-spin coupling. In other words, 'K(M-L) becomes 

larger if the trans ligand Lz is replaced by a weaker d o n o r  ligand Lz'. This predicts that 
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'K(M-h) in trans-PtClz(PMe3)C1 should be larger relative to that in wans-Pt Clz(PMe3)2, 

as C1- is a weaker a-donor. 

Let us examine now the situation when the position of L2 is switched with that of 

LI. In this case, the molecule still transforms as Czv, but with the Cz axis cutting through 

the two identical ligands. Consequently, the initial 2%' orbital will mix with an occupied 

orbital that is a linear combination of the initial orbitals bzU and b3", and gives rise to a 

new bonding orbital that contains a large overlap population between the metal s-orbital 

and both of the a-orbitals fiom L4 and Lz, Figure 3.5. Therefore, the coupling 'K(M-L) 

is anticipated to increase with respect to the original trons configuration. This explains 

why IK(M-P) for ~ i s -P tCl~(PMe~)~  is larger than that for its trans isomer. 

Figure 3.5 The polarization of the virtual orbital on the trans a bond L-M-L' in a cis- 

ML2Lt2 complex with symmetry Ctv. 

After establishing the link between electronic trans influence, o-donor ability and 

the magnitude of spin-spin coupling constants, we can understand the results for other 

stereoisomers of Pt(II) and Pt(IV) complexes. Our calculations show a slightly larger 

coupling for trans- than for ci~-PtCl~(NH3)~, Table 3.3. However, experimental values 

give a reversed trend. This can be explained, as the a-donor abilities of C1- and NH3 are 

very close and our approximate method may not be able to pick up the fine difference. 

For hydrido phosphine complexes, both theoretically and experimentally the ham-isomer 

exhibits larger 'K(P~-P) since the hydrido ligand is a stronger a-donor than phosphine. 

Moving to the octahedral Pt(1V) complexes PtC14(PEt3)2, it is noted that Pt-P coupling is 

much smaller than the analogous square planar complexes. The correlation of the 

oxidation state with the magnitude of the coupling constant is however accidental. As 

pointed out in Ref 78, complexes with a larger coordination number generally should 
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have smaller coupling constants, owing to the smaller normalization factor 1 / & , where 

n represents the coordination number. 

3.4 Concluding remarks 

Based on the nonrelativistic hyperfine operators, two approximate frozen-core scalar 

relativistic corrections are devised to account for the major relativistic effects on one- 

bond metal-ligand nuclear spin-spin coupling constants. In the first scheme, SRI, the 

quasirelativistic approach is incorporated into the nonrelativistic coupling calculation. In 

the second scheme, SRII, a refined version of Pyykkij's "hydrogen-like" hyperfine 

correction is used, which only involves the correction of the s orbital value at the heavy 

nucleus in the evaluation of the Ferrni-contact contribution. 

The calculations have revealed that SRiI gives significant improvement over SRI 

for couplings to sixth-row main-group elements. It is also able to satisfactorily recover 

the bulk of the relativistic increase for couplings to platinum and reproduce the 

experimental trends in different ligand environment due to the relativistic effects, 

whereas SRI scheme fails almost completely. We rationalize this, as the SRII method 

accounts for the s-orbital contraction, which is the predominant relativistic effect on the 

contact-type nuclear spin-spin interactions. However, one of the limitations of this 

scheme is that it can treat couplings involving only one heavy nucleus. Also, owing to its 

highly qualitative nature, an approach to the systematic improvement of the correction is 

not obvious. Therefore, a rigorous approach departing fiom a relativistic hyperfine 

operator would be desirable. 

Finally, as an interesting application, the connection between the structural trans 

influence and the magnitude of coupling constants has been explored on the basis of the 

calculations. It has been found that, although the metal-ligand bond distance and angles 

influence the magnitude of the coupling, the major factor that give rise to the difference 

between cis and trans configuration is of electronic nature. This can be attributed to the 

change in the overlap population between the metal s and ligand a orbitals under the 
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influence of a trans ligand, which is caused by the polarization of the anti-bonding virtual 

orbital (between metal s and ligand a orbitals) on the occupied trans d bonds. 



Chapter 4 

Summary and Future Prospects 

The goal of this thesis was to develop and apply DFT based methodologies to the study 

of nuclear spin-spin couplings. Towards this goal, an existing nonrelativistic 

implementation was applied to the study of metal-ligand N M R  coupling constants in a 

series of transition-metal systems. In the course of the calculations, insight into the origin 

of the Fermi-contact and paramagnetic spin-orbit coupling contribution has been gained 

by means of a molecular orbital-based analysis. Also, rationales have been found to 

explain the trends and to qualitatively predict the size of the coupling constants based on 

some simple criteria. It was also demonstrated that nuclear spin-spin coupling is a 

valence property, which allows the adoption of frozen-core approximation to facilitate 

applications to heavy-metal systems. However, in order to study NMR couplings in these 

systems, a relativistic approach has to be developed to model the relativistic effects. 

Towards this goal, two approximate frozen-core relativistic correction schemes have been 

developed and evaluated on one-bond couplings to heavy main-group and transition 

metal atoms. It was found that a simple correction that accounts only for the relativistic 

contraction of s orbitals at the heavy metal nucleus can satisfactorily recover the bulk of 

the relativistic increase in the metal-ligand coupling constants for both main-group and 

transition-metal systems. The relationship between the trans influence and coupling 

constants was examined on the basis of the calculations and rationalized using a 

perturbation theory-based molecular orbital approach. 

One of the limitations of the presented relativistic correction scheme is that it can 

treat couplings involving only one heavy nucleus. Also, owing to its highly qualitative 

nature, an approach to the systematic improvement of the correction is not obvious. 

Therefore, a rigorous approach departing fiom a relativistic hyperfine operator would be 

desirable. One of such methods is based on the ZORA (zeroth-order regular 

approximation) harniltoniango, which can be derived fiom the Dirac hamiltonian using an 
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alternative expansion in contrast to the Pauli hamiltonian. ZORA hamiltonian was shown 

to be able to describe near-nuclear region more accurately than the Pauli hamiltonian. 

Also, it is variationally stable and has been shown to yield better energies and 

wavefbnctions, especially for the ultra relativistic elements such as Gold and Uranium. 

Below is a brief derivation of the relativistic hyperfine operators fiom the ZORA 

hamiltonian. The details and the description of possible implementation in ADF is given 

in reference 12 1. 

By replacing the nonrelativistic Pauli kinetic energy operator with the 

corresponding ZORA kinetic operator, one can obtain the ZORA Kohn-Sham operator: 

Here V&- is the effective potential which is the sum of the nuclear, coulomb and XC 

potentials, d is the Pauli spin matrices, and K = 
1 

1 - v / 2 c 2  - 
- 
A 

By introducing the minimal coupling: jj + = jj + - , the magnetic field- 
C 

dependent ZORA KS operator, after some manipulations, can be written as, 

The magnetic moment of a nucleus arising fiom the nuclear spin and the related magnetic 

vector potential are given by: 

pv - g~ f v a n d j '  = pv xc , , respectively, 
2Mc 

(4.3) 
r" 

where g, is the nuclear g value, M is the proton mass, I ,  is the nuclear spin and < is the 

position vector relative to the nucleus, which defines the gauge. The corresponding 

magnetic field (flu density) is then: 
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where a delta function at the nuclear position is introduced. In the presence of two 

magnetic active nuclei, we have A' (or B ') and A' (or B') denoting the vector potential 

(or magnetic field) due to nucleus 1 and nucleus 2, respectively. We are interested in 

terms within the ZORA operator (Eq. 4.2), which are linear in either the magnetic vector 

potential or magnetic field due to these nuclei. These terms form the so-called ZORA 

hypefine operator: 

Here we have introduced a factor of - to terms linear in the magnetic field to account (; 1 
for the quantum electrodynamics effects. By inserting the explicit form of the magnetic 

field and vector potential (Eq. 4.3 and 4.4) into Eq. 4.5, the hyperfine operator becomes: 

where the superscripts (or subscripts) 1 and 2 refer to nucleus 1 and 2, respectively. The 

first two terms in the hyperfine operator describe the interaction between the electronic 

and nuclear spin magnetic moments. The first one corresponds to the nonrelativistic spin- 

dipolar (SD) term and the second one to the Ferrni-contact (FC) term. The third term 

originates fkom the field-fkee spin-orbit operator and is called the spin-orbit Zeeman 

gauge correction (SOZC) term. The last two terms describe the magnetic interaction of 

the nuclear spin and the electron orbital current and corresponds to the nonrelativistic 

paramagnetic spin-orbi t (PSO) and diamagnetic spin-orbit (DSO) term. 
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